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Luiz Pereira Ramos

Lactic Acid Production from Steam-Exploded Sugarcane Bagasse Using Bacillus coagulans
DSM2314
Reprinted from: Fermentation 2023, 9, 789, doi:10.3390/fermentation9090789 . . . . . . . . . . . . 159
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Editorial

Upstream Bioprocesses to Biomass-Based Platform Chemicals
and Derivatives

Miguel Ladero Galán

FQPIMA Group, Department of Chemical Engineering and Materials, Faculty of Chemical Sciences, Complutense
University of Madrid, Avenida Complutense s/n, 28040 Madrid, Spain; mladerog@ucm.es

Over the past few decades, the need for new, more accessible and renewable raw
materials has become evident. The biomass or matter contained and created by living
beings through their metabolisms is created annually in quantities of more than 180 billion
tons, an amount far greater than the 8 billion tons of fossil resources mobilized each year [1].
Most of this biomass is lignocellulosic (more than 80%) and is not directly edible for
humans, which avoids tensions in the food market. Combining the plentiful availability of
biomass and the knowledge and, in part, the technology gained during the last 150 years in
crude refining and transformation, biorefineries are thought as complex, multifeedstock,
multiprocess, integrated facilities, transforming diverse biomasses in a wide range of
products via diverse platform chemicals: bio-oils, biochars, biogas, sugars, fatty acids,
proteins and more [2].

Originally, biorefineries have been inspired by processes in the food and pulp and
paper industries [3,4]. The use of food resources is typical in the so-called first-generation
biorefineries, initially meant to produce huge amounts of bioethanol by yeast fermentation
of sucrose derived from corn via enzymatic hydrolysis (in the USA) or from sugar factories
in Brazil transforming enormous quantities of sugarcane—which is the bioethanol mixed
with gasoline in various amounts, up to 85% v/v [5]. In parallel, most biodiesel is obtained
from food-grade oil that is rich in triglycerides extracted from oil palm nuts, soya beans,
rapeseed, sunflower seeds, etc. [6]. The extraction operations are typical in the food industry,
and only the transesterification of triglycerides with low-molecular-weight alcohols can be
envisaged as a different type of process; even the hydrogenation of triglycerides to HVO—a
biomass-based substitute of diesel—is based on oil hydrogenations common in margarine
manufacturing. Therefore, as biofuels are increasingly being blended with gasoline and
diesel (up to 85% in gasoline; up to 20% in diesel) and most bioethanol is still produced
via the aforementioned first-generation biorefining, a notable stress in the food sector
has emerged. HVO is emerging as a supplement for diesel, together with biodiesel from
transesterification; however, to reiterate, most oil transformed is from an edible source [7].

The second- and third-generation biorefineries emerge as a solution to the stress posed
by first-generation biorefinery processes and expand the biorefinery solution by includ-
ing the majority of biomass created annually at a global scale [8]. The huge cultivation
of macro- and microalgae needed for third-generation biorefineries is still in its infancy,
though rapidly progressing. In contrast, lignocellulosic biomass is widely available and
can originate from the agriculture, forestry and food sectors, either directly or as residues.
Lignocellulose transformation can be performed by combining physical, chemical, biocat-
alytic and microbial processes via a thermochemical approach [9], a fractionation strategy
(as shown in Figure 1) [10] or combining them. However, the high oxygen content of this
feedstock, the even higher resistance to physical and chemical change and the chemical
diversity of lignocellulosic biomass pose notable technical and scientific challenges.

Fermentation 2024, 10, 59. https://doi.org/10.3390/fermentation10010059 https://www.mdpi.com/journal/fermentation1
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Figure 1. The general fractionation biological biorefinery scheme: From biomass to chemicals and
materials via bioprocessing with enzymes and microorganisms. Pretreatments are needed to render
the most recalcitrant biomasses amenable for bioprocessing, together, sometimes, with detoxification
processes to remove acids, aldehydes, lipopolysaccharides and phenols (including diverse lignin
types and lignin oligosaccharides). Enzymatic and microbial bioprocessing can be applied in-series
(SHF: separated hydrolysis and fermentation) or together (SSF: simultaneous saccharification and
fermentation). Some microorganisms are capable of using pentoses from hemicelluloses and pectin
and hexoses from all polysaccharides at the same time (CF: co-fermentation) and can be combined
with enzyme cocktails working at the same bioreactor in a one-pot strategy to obtain the targeted
compounds (SsCF: simultaneous saccharification and co-fermentation). The ultimate approach is
to create genetically engineered microorganisms that can synthetize enzymes, which are able to
degrade the biomass to low-molecular-weight compounds that can be transported within the cell
and metabolize to products of interest (CB: consolidated bioprocessing).

In this Special Issue, several of the key processes in the upstream section of biore-
fineries, devoted to the creation of platform chemicals and industrial intermediates, key
ingredients or reagents for the final market products, are tackled. It is a collection of notable
contributions showcasing diverse key aspects of the first processes of a biorefinery: the
upstream section.

Contribution 1 focused on the statistical optimization of steam explosion [11] as a
pretreatment that renders a lignocellulose biomass suitable for the next transformation here
studied: the production of bioethanol at high-solid load after the enzymatic transformation
of the pretreated biomass into a glucose-rich hydrolysate. To this end, the authors employed
both horizontal and vertical fermenters which had suitable propellers for operation, with
large solid concentrations. In contribution 8, the authors applied an empirical modeling of
the response surface, severity factor and multi-response desirability function methodology
to explore the feasibility of soybean hull, a major lignocellulosic residue, as a source of
bioethanol. To this end, a thermochemical pretreatment based on H2SO4 was optimized
and supported the SHF process to bioethanol with Saccharomyces cerevisiae as the biocatalyst
in good mass yields.

Pretreatments open the door to economically feasible productions of bioethanol, lactic
acid, succinic acid, fumaric acid, microbial alginate—a most promising exopolysaccharide—
and bioplastics, all of which are potential substitutes, at least partially, of petrochemical-
based polymers [12–14], to name but a few of the large diversity of potential biorefinery
platform chemicals and material ingredients. The importance of bioethanol as co-fuel has
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been commented before; even if it is not a perfect substitute for gasoline, its power as a polar
solvent is of utmost importance in the extraction of bioactive, antimicrobial, antioxidant
mixtures out of several lignocellulose biomasses. Lactic, succinic and fumaric acids act as
acidulants and flavors in the food and feed industry, but they are also considered promising
biomonomers to synthetize biobased polyesters and polyamides.

Lactic acid production is the target of contribution 3, where the authors start from
steam-exploded sugarcane bagasse that is hydrolyzed through a mixture of Cellic CTec3
and Cellic HTec3 enzymatic cocktails and further transformed into the acid by Bacillus
coagulans DSM 2314 with high yields and productivities. Furthermore, the importance
of inhibitor elimination and its relation to pretreatment conditions was evidenced. The
authors in contribution 5 explore the possibility of using a lignocellulose-rich source, cow
manure, as feedstock for lactic acid production, showing that the proper application of a
SHF strategy resulted in promising results for lactic acid production with Bacillus coagulans
DSM 2314 regarding yield, productivity and titer. Contribution 2 highlights the importance
of novel and cost-effective membranes for microbial fuel cells able to treat animal slurry,
thus reducing the polluting potential of these concentrated wastewater streams, while
producing electricity and struvite, a fertilizer rich in nitrogen, magnesium and phosphate.

The development of efficient operations and biocatalysts and of empirical, simple
kinetic models aid their future implementation at an industrial scale. In this sense, authors
of contributions 4 and 11 explore diverse operation types for the production of succinic acid
from glucose and from xylose using Actinobacillus succinogenes DSM 22257, proposing and
fitting non-segregated unstructured empirical kinetic models suitable for data retrieved in
a wide variety of conditions, including nitrogen stress.

Fumaric acid is another dicarboxylic acid and a top biorefinery platform of interest
in the food and the chemical industries. Its production via biotechnological strategies
using Rhizopus arrhizus NRRL 1526, glucose as the carbon source and batch and fed-batch
processing as operational approaches is the subject of contribution 6. Here, the authors
show how, under adequate conditions and, as a consequence, morphology, the fungus is
able to produce up to 195 g/L of the target biomonomers, reaching industrial-relevant
concentrations of the acid within 16 days under closely controlled pH by CaCO3 addition.

Moreover, the need to more efficiently create enzymes and microorganisms, from
agricultural and food waste (such as lactose in whey), as well as efficient biocatalysts to
transform biomass is presented. In this regard, the obtention of thermostable enzymes,
which are key for cellulose saccharification, with a natural higher stability at higher process
temperatures shows the need for novel saccharification processes under more efficient con-
ditions [15]. This issue is addressed in contribution 7, where a thermostable endoglucanase
(MtEG5-1) from Myceliophthora thermophila is overexpressed in Pichia pastoris GS115 and is
fully characterized. The authors observe that the enzyme expressed in this new host had
an even higher thermostability than when expressed in others.

Likewise, the use of food residues to obtain these critical enzymes alleviates the
production costs, one of the main economical hindrances in the implementation of second-
generation biorefineries [16]. In contribution 9, Trichoderma guizhouense NJAU4742 is shown
to produce high levels of cellulase under lactose, but not with other carbon sources such as
glucose, galactose and sucrose. Additionally, the combination of lactose and wheat straw
resulted in higher activities of the targeted enzymes. Moreover, the authors performed a
detailed study to show that TgRas family genes are critical to the growth of fungi, whereby
this family’s proteins play key effects on cell wall integrity, growth site selection, polarity
establishment and maintenance. In fact, this work sheds more light on the evidence that
TgRas family genes play an indispensable role in fungal survival and lactose metabolism.

Furthermore, in this Special Issue, the production of bioplastics and biomonomers from
food wastes is also presented. The authors of the review presented in contribution 12 dwell
on the use of sugar beet pulp—a plentiful waste carbon source—for the production of two
key precursors of bioplastics: lactic acid and polyhydroxyalkanoates (PHAs). Microbial
exopolysaccharides can also be used as ingredients for biomaterials, in addition to notable
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applications in the food and fine chemistry sectors. In this regard, in contribution 10,
the authors set the conditions for the continuous production of alginate from Azotobacter
vinelandii under diazotrophic and nondiazotrophic conditions. The results of this work
show the feasibility of enhancing alginate production (yields and specific productivity
rates) and quality (molecular weight) under nitrogen-fixing conditions.

If carbon sources in bioprocesses present an important raw material cost, complex
nitrogen sources such as peptone, tryptone or yeast extract is an even higher economical
expenditure [17]. The proper consideration of all operational costs (OPEX) should be
carefully performed to ensure the economic feasibility of industrial-scale lignocellulose-
based biorefineries.
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Abstract: Succinic acid (SA) is one of the main identified biomass-derived chemical building blocks.
In this work we approach the study of its production by Actinobacillus succinogenes DSM 22257
from glucose, focusing on the development and application of a simple kinetic model capable of
representing the evolution of the process over time for a great diversity of process variables key
to the production of this platform bio-based chemical: initial biomass concentration, yeast extract
concentration, agitation speed, and carbon dioxide flow rate. All these variables were studied
experimentally, determining the values of key fermentation parameters: titer (23.8–39.7 g·L−1), yield
(0.59–0.72 gSA·gglu

−1), productivity (0.48–0.96 gSA·L−1·h−1), and selectivity (0.61–0.69 gSA·gglu
−1).

Even with this wide diversity of operational conditions, a non-structured and non-segregated kinetic
model was suitable for fitting to experimental data with high accuracy, considering the values of
the goodness-of-fit statistical parameters. This model is based on the logistic equation for biomass
growth and on potential kinetic equations to describe the evolution of SA and the sum of by-products
as production events that are not associated with biomass growth. The application of the kinetic
model to diverse operational conditions sheds light on their effect on SA production. It seems that
nitrogen stress is a good condition for SA titer and selectivity, there is an optimal inoculum mass for
this purpose, and hydrodynamic stress starts at 300 r.p.m. in the experimental set-up employed. Due
to its practical importance, and to validate the developed kinetic model, a fed-batch fermentation was
also carried out, verifying the goodness of the model proposed via the process simulation (stage or
cycle 1) and application to further cycles of the fed-batch operation. The results showed that biomass
inactivation started at cycle 3 after a grace period in cycle 2.

Keywords: succinic acid; fermentation; kinetic model; operational conditions; carbon dioxide

1. Introduction

The growing concern about the effects of climate change and the depletion of fossil
resource reserves have driven a movement focused on the use of new renewable energy
sources and bio-based chemicals [1]. One of the most promising alternatives is the devel-
opment of biorefineries, where biomass will be sustainably processed into bioproducts
(materials and chemicals) and bioenergy (biofuels, electricity, and heat) [2].

Within the top 12 high-value-added chemicals from biomass, according to the US
Department of Energy (DOE) [3], succinic acid is considered one of the key carboxylic
acids for the bioeconomy era. Although this compound is widely used in the production
of polyesters, polyols, resins, coatings, and pigments, and in the pharmaceutical and
food industries, in the context of biorefineries, its main applications are the generation of
intermediate chemical products such as 1,4-butanediol, tetrahydrofuran, 2-pyrrolidine, or
maleic acid. Furthermore, the potential application of succinic acid and its derivatives for
the manufacture of biodegradable polymers should also be mentioned [4–6].

Fermentation 2023, 9, 222. https://doi.org/10.3390/fermentation9030222 https://www.mdpi.com/journal/fermentation6
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Currently, the production volume of succinic acid through the biological route has
already exceeded that generated by traditional chemical production. In addition, this
growth is expected to continue in the coming years, so that the biotechnological production
of this compound will go from generating a market value of USD 170 million in 2020 up to
USD 2.22 billion by 2026 [7].

Among the microorganisms that produce succinic acid, it is worth highlighting
Actinobacillus succinogenes, isolated from the rumen, as one of the most promising bacteria,
since this acid is a final product during its anaerobic metabolism [8,9].

Numerous studies have been carried out focused on determining the influence of
different variables on the production process of succinic acid using this microorganism as
a biocatalyst. Despite the initial concentration of substrate being one of the most studied
operating conditions, there is not yet a scientific consensus on its optimal value. For
example, in the experiments carried out by Luthfi et al. [10] and Salvachúa et al. [11], the
highest yields were achieved in fermentations starting from a concentration of 60 g L−1

of glucose, while Ferone et al. [12] achieved the best results when this concentration was
reduced to 40 g L−1. These latter authors also observed that low concentrations of xylose,
around 5 g L−1, increased the yield of succinic generation. However, Pateraki et al. [13],
when using a mixture of sugars rich in xylose as a carbon source, achieved better results at
a total sugar concentration of 32.5 g L−1.

Another of the most studied parameters is the CO2 source. Diverse authors have
employed different carbonates (NaHCO3, K2CO3, CaCO3, or MgCO3) at several concen-
trations [14,15], comparing them with pure gaseous CO2 or biogas at different partial
pressures [16–19], and even maximizing their solubility by increasing the pressure in the
reactor [20,21]. Other studies have focused on cell status and on the mode of operation,
performing experiments with free, immobilized cells or resting cells in batch, repeated
batch, fed-batch, and continuous mode operations [22–28]. It is worth noting the work of
Kim et al. [23], who carried out a continuous fermentation of recycled cells to maximize the
biocatalytic activity, achieving a productivity of 3.86 g L−1 h−1 of succinic acid. However,
the yields and productivities are especially high when working with immobilized cells,
operating both in repeated batch. For example, Cao et al. [27] increased the production
of succinic acid by approximately 50% compared to the batch operation. Furthermore, in
continuous mode, Ercole et al. [25] produced 36.5 g L−1 h−1 of succinic acid with cells
entrapped in alginate beads.

However, there is a lack of knowledge on other conditions that also affect the fer-
mentation process with this microorganism, such as the initial biomass concentration or
the agitation speed. In addition, until now, studies focused on the nitrogen source are
scarce and the impact that this variable may have on production has not been fully ex-
plored [16,29,30]. It is worth noting the work of Tan et al. [31], who compared the use of
15 g L−1 of yeast extract (YE) and corn steep liquor (CSL), achieving a succinic acid amount
3.7% lower than using yeast extract as the nitrogen source and reducing by a fifth the costs
associated with the nitrogen source. Xi et al. [32] studied the effect of using CSL at different
initial concentrations, obtaining similar yields in fermentations with CSL and YE as long
as the amount of CSL doubled that of YE. Jiang et al. [33] successfully replaced the yeast
extract with a spent brewer′s yeast hydrolysate with vitamin supplements.

Besides the many studies and proofs of concept published for the development of
biorefinery processes, the main drawback of most of the proposed concepts is their viability
at industrial scale. To carry out the scaling of a fermentation process, it is essential to
develop kinetic models with equations capable of predicting the behavior of the species
involved throughout production. These models allow an adequate selection of the type
of operation, as well as the optimal design and operation of the bioreactor. In addition,
they are very useful for the implementation of the control system and the performance of
techno-economic studies [7,34].

However, the state-of-the-art research shows that the kinetic models developed on
succinic acid production are based on results of fermentations carried out at different initial
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concentrations of substrate. Therefore, as these studies are empirical in nature, they are only
valid for the particular experimental conditions tested. Furthermore, there are no kinetic
studies taking into account the effects of other operating conditions that are as influential as
the concentration of the main carbon source. For these reasons, this work goes beyond the
state-of-the-art research, using a novel approach to accomplish an exhaustive study of the
influence exerted by diverse key operation variables—the initial concentration of biomass,
the speed of agitation, and the concentration of yeast extract—in a batch production of
succinic acid from glucose through the action of A. succinogenes. The developed new kinetic
model is simple but capable of predicting the evolution of the concentration of biomass,
glucose, succinic acid, and by-products for each of the experiments, and it was also applied
to the production stages of a fed-batch fermentation.

2. Materials and Methods

2.1. Microorganism

Actinobacillus succinogenes DSM 22257, supplied by the German Collection of Microor-
ganisms and Cell Cultures GmbH, was used in all experiments.

2.2. Culture Media

For storage, a 1:1 v/v glycerol/Tryptic Soy Broth (TSB) mixture was used [15,23,35]
and for its subsequent reactivation, only TSB was used. TSB composition was (in grams
per liter): 17 tryptone, 3 soytone, 2.5 glucose, 5 NaCl, 2.5 K2HPO4.

The medium for inoculum preparation as well as for the production reactor was the
same [36] (in grams per liter): 3 K2HPO4, 0.43 MgCl2.6H2O, 0.2 CaCl2, 1 NaCl, 40 glucose,
2.5/5/7.5/10 yeast extract. In the case of the inoculum, 40 g L−1 of NaHCO3 was added as
a CO2 source and for pH control. Carbon and nitrogen sources were autoclaved separately.

2.3. Cultivation Conditions

First, the stored cells were thawed at −80 ◦C and injected into bottles with 60 mL of
TSB, which were previously purged with N2 for 2 min at a flow rate of 1 L min−1. After
incubating the bottles at 37 ◦C and 200 rpm for 24 h, the inoculum was grown under the
same conditions, but using, in this case, the production medium.

The study of the influence of operating conditions was carried out in a 2 L stirred tank
bioreactor (STBR) BIOSTAT B-Plus (Sartorius AG, Göttingen, Germany) with a working
volume of 1 L. In all runs, 0.1 vvm CO2 was bubbled into the broth while operation was
performed at 37 ◦C and a pH of 6.8 controlled by automatic addition of 5 M NaOH. The
production medium was (in grams per liter): 3 K2HPO4, 0.43 MgCl2.6H2O, 0.2 CaCl2,
1 NaCl, 40 glucose, 2.5/5/7.5/10 yeast extract. Experiments were carried out at different
stirring speeds: 150, 200, 250, and 300 rpm, as well as at three different initial biomass
concentrations: 0.05, 0.075, and 0.1 g L−1.

In the fed-batch-type operation, the fermentation was carried out in the same reactor
and with the same culture medium as in the batch type operations, working at 37 ◦C,
300 rpm, and pH 6.8 (5M NaOH), with an initial biomass concentration of 0.05 g L−1 and a
yeast extract concentration of 10 g L−1. After the first stage, a concentrated glucose solution
was fed at the start of each of the following stages.

2.4. Analytical Methods

A spectrophotometer (Shimadzu UV-vis spectrophotometer UV-1603) was used to
measure the biomass concentration, obtaining optical density data at 600 nm.

Glucose, succinic acid, and by-products (formic and acetic acids) were quantified by
high-performance liquid chromatography (HPLC) (Agilent Technologies 100 series). The
column employed for this analysis was a REZEX ROA-Monosaccharide H+ (8%) column
(300 × 7.8 mm, Phenomenex, Torrance, CA, USA) at 80 ◦C pumping a H2SO4 5 mM solution
as mobile phase at a flow rate of 0.5 mL min−1. The refraction index detector worked at
55 ◦C.
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3. Results and Discussion

The results for succinic acid titer (CSA), yield with respect to the initial concentration of
the carbon source (YSA), productivity (PSA), and selectivity (SSA) of the batch experiments
carried out under different conditions of CO2 flow, agitation speed, and yeast extract and
initial biomass concentrations are shown in Table 1.

Table 1. Summary of succinic acid titers, yields, productivities, and selectivity values under different
operational conditions. The first run is the reference one.

Run
Type of

Operation
Cbiomass

(g·L−1)
Agitation

(rpm)
CO2 Flow
(L·min−1)

CYE

(g·L−1)
CSA

(g·L−1)
YSA

(g·g−1)
PSA

(g·L−1·h−1)
SSA

(g·g−1)

1 Batch 0.05 300 0.1 10 27.4 0.68 0.83 0.62

2 Batch 0.075 300 0.1 10 28.5 0.71 0.96 0.64

3 Batch 0.1 300 0.1 10 28.3 0.70 0.76 0.66

4 Batch 0.05 300 0.5 10 27.6 0.69 0.84 0.63

5 Batch 0.05 300 1 10 26.1 0.65 0.81 0.63

6 Batch 0.05 150 0.1 10 23.6 0.59 0.72 0.61

7 Batch 0.05 200 0.1 10 26.4 0.66 0.78 0.62

8 Batch 0.05 250 0.1 10 28.5 0.71 0.84 0.62

9 Batch 0.05 300 0.1 2.5 23.8 0.59 0.48 0.68

10 Batch 0.05 300 0.1 5 26.8 0.66 0.53 0.66

11 Batch 0.05 300 0.1 7.5 28.9 0.72 0.58 0.64

12 Fed-batch 0.05 300 0.1 10 39.7 0.67 0.72 0.69

It should be noted that the first experiment was taken as the reference one, because its
operating conditions are those that can be considered standard or intermediate between
those more used in batch-type fermentation for the production of succinic acid using
A. succinogenes as a biocatalyst [10,11,13,23,26,37–42].

In runs 1, 2, and 3, the initial concentration of biomass is a factor whose variation
mainly affected the productivity of the process. It was observed that at an initial concentra-
tion of 0.075 g L−1, the intermediate value of those studied, the productivity of succinic
acid reaches a maximum value of 0.96 g L−1 h−1. However, if the cell concentration is
further increased to 0.1 g L−1, productivity is reduced by 21%. In addition, a slight increase
in selectivity was observed at higher initial amounts of biomass in the reactor.

Until now, an optimal initial concentration of biomass in the production process of
succinic acid by A. succinogenes has not been determined in the literature, although a couple
of studies have been carried out in which an attempt has been made to determine the
optimum inoculum size, arriving at certainly different conclusions. On the one hand,
Wan et al. [43] observed that an inoculum size of 10% compared to 2% or 5% led to higher
yields of succinic acid, which can be justified by relating a greater amount of cell density
with reduced latency time. However, Anwar et al. [44] studied the effect of the inoculum
size in a succinic acid production process through simultaneous saccharification and
fermentation, concluding that increasing the inoculum size from 5% to 15% reduced the
final concentration of succinic acid generated by 50%. The latter authors attributed this
reduction in yield to the strong competition for nutrients that occurs in the culture broth
when cell density is very high.

Considering these observations and the results of this work, it seems that an initial
biomass concentration of an intermediate value is required that, on the one hand, is
sufficient to avoid long latency times, but, on the other hand, does not lead to too rapid
consumption of the carbon and nitrogen source. Other authors have also observed, in
studies carried out in different fermentation processes, that excessive initial amounts of
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biomass also lead to inhibitions by the product and accumulation of metabolites, which
considerably impair the performance of the process [45,46].

However, these reflections do not seem to be sufficient to justify the increase in
selectivity that occurs at higher initial biomass concentrations. This reduction in the
number of by-products seems to be associated with possible variations in metabolism. To
clarify this matter, it would be necessary to conduct metabolic analysis by carrying out
fermentations with A. succinogenes under different inoculum size conditions. This was
undertaken by Din et al. [47] with Saccharomyces cerevisiae, who observed large changes in
glucose metabolism intermediates, amino acids, and metabolites related to the structure of
the cell membrane by modifying the inoculum size.

In runs 1, 4, and 5, the CO2 gas flow rate was increased from 0.1 to 1 L min−1, values that
include those that can be found in the literature on succinic acid production [10,11,13,23,26,37–42].
In this study, no significant variations in yield, productivity, or generation of by-products
were observed in the range of flows studied. Taking into account the work of Xi et al. [17]
and Zou et al. [18], who observed differences in the production of succinic acid working with
mixtures of N2 and CO2 until reaching saturation of the latter gas, it is concluded that, as in the
present work, fermentations with an excess of CO2 do not favor the deviation of the metabolism
towards the generation of succinic acid to the detriment of other metabolites. This means that most
of the studies on succinic acid production by A. succinogenes published to date were carried out
under conditions that involve higher economic costs and do not offer any additional advantage.

The increase in the agitation speed between 150 and 300 rpm, the range of values
typically used in the literature [10,11,13,23,37–41,48,49], of runs 1, 6, 7, and 8, shows
a considerable improvement in performance and productivity at high stirring values,
reaching the best results at a stirring speed of 250 rpm. This operating condition is one of
the factors with the greatest impact on the transfer of gases in liquid media, decreasing
mixing time and improving mass and heat transfer rates [50,51]. Therefore, it can be
deduced that the stirring values of 150 and 200 rpm are insufficient to achieve an adequate
transfer of CO2 in the culture broth. Taking this phenomenon into account, it could be
deduced that the higher the stirring speed, the greater the generation of succinic acid;
however, excessive shearing forces can lead to cell damage and, as a consequence, to the
reduction in the process performance [52]. This seemed to happen in the run performed at
300 rpm, in which the effect of hydrodynamic stress appeared to be reflected.

In runs 1, 9, 10, and 11, the effect of the initial concentration of the nitrogen source in
the culture medium was compared. As the YE concentration increased from 2.5 to 10 g L−1,
so did the succinic acid productivity. However, the yield of succinic acid with respect to the
initial concentration of the carbon source reached its maximum in the fermentations carried
out with 7.5 g L−1 of YE. However, it should be noted that Jiang et al. [33] achieved their
maximum yield of succinic acid at around 20 g L−1 of YE, although they do not provide
data on productivity or generation of by-products to be able to make a more detailed
comparison with the present study. On the other hand, a tendency to improve selectivity
was observed as the quantity of the nitrogen source decreased, which agrees with the
conclusions of Ventrone et al [53], who observed that high C:N ratios lead to a reduction in
by-product formation. In fact, in operations in the absence of a nitrogen source, with resting
cells, Escanciano et al. [28] reduced the generation of by-products by 27.5% compared
to the equivalent operation with cells in a state of growth, that is, in the presence of a
nitrogen source.

The fed-batch run (run 12) reduced the number of by-products generated compared
to the reference experiment, increasing the selectivity from 0.62 g g−1 (run 1) to 0.69 g g−1

(run 12). During their fed-batch production of succinic acid from citrus peel waste,
Patsalou et al. [54] observed that the by-products were produced mainly in the first 24 h
in a fermentation lasting more than 60 h, while the succinate continued to be generated
throughout the entire process. In addition, these authors obtained a marked drop in
productivity, as occurred in the present work, which decreased from 0.83 g L−1 h−1 in
the batch operation type to 0.72 g L−1 h−1 in the fed-batch fermentation. The loss in the
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production rate of succinic acid in this type of operation is a conclusion shared by more
authors; for example, Kanchanasuta et al. [55] also saw a depletion in yield, a trend that
was also observed in this work, although in a less pronounced way. Taking into account
that succinic acid production appears to be favored in a non-growth steady state [56,57]
and that nutrient depletion does not appear to be an obstacle to succinic acid production
when there is already a high biomass concentration [28], it seems that the main problem
caused by this type of operation is the excessive accumulation of metabolites, which can
generate cell damage and strong inhibitions by product [7,13,37,58,59].

3.1. Development of a Simple Kinetic Model

For the development of the kinetic model, a reaction scheme was proposed based on
the time course of the biomass, substrate (glucose), and fermentation products (succinic,
acetic, and formic acids) of the reference experiment (run 1), whose evolution throughout
over time is shown in Figure 1A. It is observed that the biomass grows until reaching its
maximum at 10 h of fermentation; however, both succinic acid and by-products continue
to increase over time until the carbon source is exhausted around 33 h, indicating that
production is not associated with growth. However, the rate of formation of acetic and
formic acids slows down after approximately 20 h of fermentation, while the rate of
production of succinic acid only suffers a slight reduction in the last hours of the process.
In addition, although a greater amount of acetic acid is produced than formic acid, both
compounds follow the same growth trend, which is why it was decided to combine both
acids, as shown in Figure 1B, with the aim of proposing a model with the metabolite
“by-products” (BPs) that allows further reduction in the number of kinetic parameters and
the development of a more useful model from the point of view of chemical engineering.
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Figure 1. Evolution of the concentration of succinic acid (SA), acetic acid (AA), formic acid (FA),
biomass (X), and glucose (G) over time in run 1 (reference). (A) representation of AA and FA concen-
trations separately. (B) combining of AA and FA concentrations into by-product (BP) concentration
and kinetic model prediction. Data points: SA (•), G (�), AA (�), FA (�), X (�), BP ( �), model
predictions shown as lines.

Based on these data, a very simple reaction scheme based only on Equations (1)–(3)
is proposed. It is an unstructured non-segregated model, that is, the microorganism is
considered as a single component, the biomass. This scheme is made up of a first reaction
(r1) for the consumption of glucose (S) for the generation of biomass, a second reaction
(r2) for the generation of succinic acid (P) and by-products (BPs), and a last reaction (r3)
for the independent generation of by-products. Their corresponding rates are shown
in Equations (4)–(6), while the consumption and formation rates (Rj) of compounds ‘j’
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are described in Equations (7)–(10). Therefore, the biomass has a growth rate based on
the logistic equation, whose kinetic parameters are the specific growth rate (μ) and the
maximum biomass concentration (CXm). The generation of succinic acid and by-products
is governed by potential equations independently of the growth of the microorganism
in a proportional way to their kinetic constants Kp1 and Kp2. In addition, together with
these parameters, the formation and consumption rates are also defined by the macroscopic
yields YS/X, YS/P1, YS/BP, and YS/P2.

Reaction network
YS/XS

r1→ X (1)

YS/P1S
r2→ P + YS/BP·BP (2)

YS/P2S
r3→ BP (3)

Reaction rates

r1 = μ·CX·
(

1 − CX

CXm

)
(4)

r2 = kP1·CS·CX (5)

r3 = kP2·CS·CX (6)

Production and consumption rates

RS =
dCS

dt
= −YS/X·r1 − YS/P1·r2 − YS/P2·r3 (7)

RP =
dCP

dt
= r2 (8)

RX =
dCX

dt
= r1 (9)

RBP =
dCBP

dt
= YS/BP·r2 + r3 (10)

Applying this model, the calculation of its kinetic parameters (Table 2) was performed
from the data of the reference experiment (run 1). The simulation of the evolution of the
biomass, substrate, product, and by-products is shown in Figure 1B, together with the
experimental data, obtaining an excellent fit despite the simplicity of the model and the
reduced number of parameters. In addition, Table 3 presents the statistical parameters that
reflect the goodness of fit. A value of Fisher’s F (F95) of 41,242 was obtained, much higher
than its tabulated value at 95% (where 8.55 is the value of F tabulated at that probability)
and a percentage of explained variation very close to 100% (99.5%). In addition, very low
values were obtained in those parameters that should be as close to zero as possible, with a
sum of squared residuals (SSR) of 6.47 and a residual mean squared error (RMSE) of 0.67.
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Table 3. Summary of statistical parameters under different operational conditions.

Run
Type of Cbiomass Agitation CO2 Flow CYE F95 RMSE SSR

VE
Operation (g·L-1) (rpm) (L·min-1) (g·L-1) %

1 REF. Batch 0.05 300 0.1 10 41,242 0.67 6.47 99.5

2 Batch 0.075 300 0.1 10 13,660 1.09 11.26 98.2

3 Batch 0.1 300 0.1 10 40,640 1.00 10.04 98.7

4 Batch 0.05 300 0.5 10 8457 1.14 12.17 98.5

5 Batch 0.05 300 1 10 8457 1.14 12.17 98.5

6 Batch 0.05 150 0.1 10 19,384 0.92 9.01 99.0

7 Batch 0.05 200 0.1 10 19,684 1.03 9.99 98.6

8 Batch 0.05 250 0.1 10 11,751 1.07 11.70 98.5

9 Batch 0.05 300 0.1 2.5 5037 1.19 14.29 97.3

10 Batch 0.05 300 0.1 5 22,441 1.10 11.57 98.9

11 Batch 0.05 300 0.1 7.5 17,270 1.00 6.32 98.9

12 Fed-batch
cycle 1 0.05 300 0.1 10 41,242 0.67 6.47 99.5

12 Fed-batch
cycle 1 0.05 300 0.1 10 13,512 1.05 8.97 98.4

12 Fed-batch
cycle 1 0.05 300 0.1 10 24,175 0.95 6.09 99.6

After verifying the validity of this model with the reference experiment, it was applied
to all the other fermentations carried out under different operating conditions (runs 2–12),
with the aims of verifying its robustness, studying the variation in the parameters, and
knowing in greater depth the real impact of each of the operating conditions in the succinic
acid production process. The estimated kinetic parameters for each of the experiments are
shown in Table 2, while the statistical parameters are presented in Table 3.

Until now, the kinetic models of succinic acid production by A. succinogenes have been
scarce and of the unstructured non-secreted type. In addition, they are usually limited to the
study of the rate of biomass formation, leaving aside the evolution of the metabolites present
in the broth [12,60,61], although some authors such as Pateraki et al. [13] Lin et al. [37], and
Vlysidis et al. [58] have also focused on the carbon source, as well as on the evolution of
succinic acid and the generated by-products. Lin et al [37] proposed a biomass growth
equation from glucose based on a combination of the Monod equation and the Luong
equations for substrate and product inhibition. Vlysidis et al. [58] and Pateraki et al. [13]
coincided in using the same combination of equations but used a Haldane–Andrews-type
substrate inhibition term. Despite its low value, in all these works Pirt′s maintenance
coefficient is taken into account when estimating the consumption of the carbon source.
In addition, they have in common that they resort to the Luedeking–Piret expression to
predict the generation of succinic acid and by-products [7].

Although, on the one hand, they are very complete models that can provide a large
amount of information about the fermentation process, on the other hand, the fact that they
are precisely made up of long equations with a large number of parameters is impractical
when, for example, carrying out an industrial scaling process, designing a control system,
or carrying out a techno-economic analysis. In these circumstances, as demonstrated in
this work, it is also possible to predict the evolution of the biomass and the same quantity
of metabolites with a simpler system of equations based on the previous study of the
relationship between the species present in the culture broth.
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3.2. Kinetic Study Based on the Initial Biomass Concentration

After applying the kinetic model to runs 1, 2, and 3, a good adjustment to the ex-
perimental data was achieved, as shown by the corresponding statistical parameters in
Table 3. In these experiments, carried out at increasing initial biomass concentrations, it was
observed that most of the estimated kinetic parameters did not suffer variations despite the
modification of this operating condition (Table 2). However, three parameters of the model
experienced considerable modifications and their variation is represented in Figure 2.
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Figure 2. Kinetic parameters that are modified as a function of the initial biomass concentration.

On the one hand, the Cxm parameter shows that the increase in the initial biomass
also leads to a higher maximum concentration of biomass in the culture broth once the
stationary phase of its growth has been reached, with a practically linear trend, as expected.
On the other hand, a drop in the kinetic constant of the by-product formation reaction (KP2)
is also observed, independent of that of succinic acid as the cell density increases in the
broth, which agrees with the upward trend in selectivity previously discussed. Finally,
the correlation between succinic acid productivity (Table 1) and the kinetic constant of
the succinic acid formation equation (KP1) is observed, reaching its maximum at an initial
biomass concentration of 0.075 g L−1.

3.3. Kinetic Study Based on the CO2 Flow

As discussed in Section 3.1, despite modifying the CO2 flow between values typically
used in the literature [10,11,13,23,37–41,48,49], no variations were observed in the yield,
productivity, or selectivity of the process (Table 1). The reason for this is that it seems that
the excess of this gas does not propitiate the displacement of the metabolic route towards
the formation of succinic acid. This deduction was confirmed with the application of the
kinetic model to runs 1, 4, and 5, which enabled a simultaneous estimation of the three
experiments without variation in the kinetic parameters (Table 2) and adequate goodness
of fit (Table 3). Figure 3 shows the evolution of the experimental data of biomass, glucose,
succinic acid, and by-products over time of runs 1, 4, and 5, together with the representation
of the prediction of the evolution of their concentrations made on the whole.
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Figure 3. Kinetic model of the evolution of succinic acid (SA), by-products (BPs), biomass (X), and
glucose concentrations (G) over time depending on CO2 flow (0.1, 0.5, 1 L min−1). Data points:
SA (•), G (�), X (�), BP ( �), 0.1 L min−1 close symbol, 0.5 L min−1 open symbol, 1 L min−1 half open
symbol, model predictions shown as lines.

3.4. Kinetic Study Based on the Stirring Speed

Agitation is an operating condition whose increase favors the transfer of gas in the
culture broth and the homogeneity of the compounds, in turn improving the productivity
and yield of succinic acid (Table 1); in this case, the maximum reached was 250 rpm.
However, above this speed, the cells seem to suffer damage, negatively affecting the
development of the process. This behavior is reflected exactly in the parameters of the
kinetic model, showing growth in the kinetic constant of the reaction for the formation of
succinic acid (KP1) until reaching a maximum at 250 rpm, and then a considerable reduction
at 300 rpm, as shown in Figure 4.
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Figure 4. Kinetic parameters that are modified as a function of the stirring speed.

Despite the fact that, in this case, it was possible to observe an increase in productivity
and possible cell damage, it should be noted that these conclusions differ from those of
other authors such as Bevilaqua et al. [62], who did not observe significant variations in
the performance of the process despite increasing the agitation up to 300 rpm, using the
same microorganism as a biocatalyst although using hydrochloric hydrolysates of RH as
the substrate instead of glucose. Gonzales et al [30] also studied the effect of stirring speed,
performing experiments between 100 and 300 rpm. They only observed variations in the
biomass concentration and determined that the optimum was to operate at low agitation
speeds (100 rpm). These differences in the conclusions clearly open a door to the extension
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of the study of the influence of this operating condition, whose real impact seems yet to
be determined.

3.5. Kinetic Study Based on the Yeast Extract Concentration

As discussed in Section 3.1, the concentration of yeast extract is a variable that has a
great impact on the performance and productivity of the process, so that as the nitrogen
source increases, higher productivity is achieved. However, the succinic yield peak was not
reached at the maximum concentration studied (10 g L−1), but at 7.5 g L−1. Figure 5 shows
that the kinetic estimations made in runs 1, 9, 10, and 11 led to the variation in six kinetic
parameters. First, in the experiment at 2.5 g L−1 of YE (run 9), the values of the maximum
biomass concentration (Cxm) and the macroscopic yield of biomass production (YS/X) were
approximately half of those corresponding to all other fermentations carried out at higher
concentrations of the nitrogen source (runs 1, 10, 11). Therefore, taking into account that
there was not a great decrease in yield between run 9 and the rest of the experiments, it
can be deduced that the amount of succinic acid and by-products generated per gram of
biomass is much higher at 2.5 g L−1 of YE than in the experiments carried out at higher
concentrations of YE, which results in an increase in the values of KP1 and KP2.
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Figure 5. Kinetic parameters that were modified as a function of the yeast extract concentration.

It can also be observed that starting from 5 g L−1 of YE, the increase in the nitrogen
source leads to the same increasing evolution of KP1 and KP2 as that of productivity. De-
spite this, an increase in the yield parameters related to the by-products (YS/BP, YS/P2) was
observed as the initial concentration of YE increased, both in the simultaneous generation
reaction of succinic acid and by-products (r2), as well as in the isolated by-product gener-
ation reaction (r3). This is consistent with the data presented in Table 1, that is, with the
increase in selectivity with the decrease in the initial amount of YE.
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3.6. Kinetic Estimation of the Stages of a Fed-Batch Type Operation

To check the robustness of the model for long fermentation times, a fed-batch fermen-
tation (run 12) was performed. Kinetic estimates were made for each of the three stages,
and simulations of the evolution of the biomass, substrate, product, and by-products over
time were performed from maximum and minimum values of the kinetic parameters
within the confidence interval. Figure 6 shows the experimental concentrations of biomass
and metabolites over time, along with the prediction lines of the kinetic model and those
simulated from the confidence interval. The yield values of succinic acid with respect to
consumed glucose (YS/Gc) are also included, as well as the productivity and selectivity of
succinic acid in the three stages. Figure 7 shows the kinetic parameters that underwent
modifications throughout the three stages of the process.
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Figure 6. Evolution of the concentration of succinic acid (SA), by-products (BPs), biomass (X) and
glucose (G) over time in run 11 (fed-batch). YSA/Gc: yield as a function of glucose consumed, PSA:
succinic acid productivity, SSA: selectivity. Data points: SA (•), G (�), X (�), BP ( �), model estimations
and simulations shown as lines.
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Figure 7. Kinetic parameters that were modified as a function of the fed-batch cycle.
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It should be noted that, in the second stage, in line with the increase in selectivity
with respect to the previous stage, there was a decrease in the yield parameter towards
by-products (YS/BP) of reaction 2. Therefore, due to a greater use of glucose in succinic
acid instead of by-products, it is logical that there is an increase in yield and productivity in
this intermediate stage, without the need to alter any other kinetic parameter of the model.

Due to the increase in the selectivity of the third stage with respect to the previous
stages, the macroscopic performance regarding by-products of reaction 2 (YS/BP) suffers a
considerable reduction. However, the drop in succinic acid productivity is only reflected in
the decrease in the kinetic constants of reactions 2 and 3 (KP1 and KP2), parameters that
decrease the reaction rate in a directly proportional manner. The simulation of the first
cycle of run 12 could be carried out with the parameters estimated for run 1, since they
share the same operating conditions.

4. Conclusions

In this work, an exhaustive study of critical variables in the bioproduction process of
succinic acid by A. succinogenes was carried out to determine the effect of variables such as
the initial concentration of biomass, the agitation speed, the concentration of yeast extract,
and the CO2 flow. A simple but robust kinetic model was developed which, unlike the
models currently found in the literature, is capable of predicting the evolution of glucose,
succinic acid, by-products, and biomass with few kinetic parameters. Its application to
a reference run allowed verification of the goodness of fit, obtaining high values of F95
(41,242) and VE (99.5%), and values of RMSE and SSR close to zero. Subsequently, its
validity was also demonstrated by estimating the evolution of metabolites in experiments
in which the initial biomass concentration, the yeast extract concentration, agitation, and
CO2 flow were modified. Until now, these variables have not been used in the literature
for the development of a succinic acid production kinetic model. Finally, the model was
applied to a fed-batch type operation, performing simulations based on the confidence
intervals of the estimated parameters for each of the stages. In this way, it was possible to
develop and validate a model, having significant robustness and simplicity, which is very
useful from the point of view of chemical engineering for the scaling of the process, the
design of a control system, or the performance of techno-economic analyses.
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Abstract: Alginate is a biomaterial produced by Azotobacter vinelandii, a diazotroph that, under
nitrogen-fixing conditions, can fix nitrogen under high oxygen levels. In A. vinelandii, alginate is syn-
thesized from fructose-6P via synthesis of precursor, polymerization, and modification/exportation.
Due to its viscosifying, gelling, and thickening characteristics, alginate is widely used in food, phar-
maceutical, and cosmetical industries. This study aimed to develop a continuous bioprocess and a
comparative analysis of alginate production under diazotrophic and nondiazotrophic conditions.
Continuous cultures were developed at three dilution rates (0.06, 0.08 and 0.10 h−1). In steady
state, the respiratory activity, alginate production, alginate molecular weight and the genes encoding
alginate polymerase were determined. Under the conditions studied, the specific oxygen uptake
rate and respiratory quotient were similar. The diazotrophic conditions improved the conversion
of sucrose to alginate and the specific productivity rate, which was 0.24 ± 0.03 g g−1 h−1. A higher
alginate molecular weight (725 ± 20 kDa) was also achieved under diazotrophic conditions, which
can be explained by an increase in the gene expression of genes alg8 and alg44 (encoding polymerase).
The results of this work show the feasibility of enhancing alginate production (yields and specific
productivity rates) and quality (molecular weight) under nitrogen-fixing conditions, opening the
possibility of developing a continuous bioprocess to produce alginate with specific characteristics
under conditions of diazotrophy.

Keywords: alginate; mean molecular weight; diazotrophy; chemostat

1. Introduction

Alginates are polysaccharides formed by monomers of β-D-mannuronic acid (M)
and its epimer α-L-guluronic acid (G). Alginate applicability for practical biomaterials
has been proven in applications such as hydrogels for three-dimensional extrusion bio-
printing [1], due to their ability to form gels. Azotobacter vinelandii is a bacterium able to
produce polymers such as poly-3-hydroxybutyrate (P3HB) and alginate during cellular
growth [2]. Alginate monomers can be arranged in chains of different molecular weights
and distributed in MMMM, GGGG, and MGMG blocks [3].

Alginates are also produced by brown algae, but their production presents several
disadvantages, which may limit their industrial use. Algal alginates are complex polymer
mixtures with a wide range of molecular weights and compositions of M and G residues.
Thus, alginates with a well-defined composition cannot be obtained. Current information
about the costs of alginate production is not readily available; it is estimated that commercial
alginates used in the food and cosmetic industries can be acquired at prices below 5 USD per
kilogram. From a commercial standpoint, the most important characteristics of alginates are
their viscosity in solutions and their capacity as gelling agents. The aforementioned alginate
properties depend largely on the relative content of the two monomers (G and M), the
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degree of acetylation, as well as the molecular weight of the polymer [4]. The manipulation
of the molecular weight and its distribution can improve the physical properties of resultant
gels [5]. One strategy to produce alginates with varied and reproducible physicochemical
characteristics is through the manipulation of culture conditions during the bioprocess.

The biosynthesis of alginate in A. vinelandii involves three enzymatic stages: synthesis
of precursor, polymerization, and modification/secretion [6]. The alginate polymerase
complex is composed of glycosyl-transferase/polymerase (Alg8) and copolymerase (Alg44),
which are encoded by the genes alg8 and alg44 [6]. Díaz-Barrera et al. [7] observed an
increase in the relative expression of alg8 in chemostat cultivations of A. vinelandii at
D = 0.1 h−1 and a correlation between the mean molecular weight and the gene expression
of alg8, while in their later work [8] conducted under chemostat cultivations at D = 0.07 h−1,
the alginate molecular weight synthesized in those cultivations did not correlate with a
high relative expression of alg8 or alg44, which can be indicative of a balanced transcription
of alginate polymerization genes.

A. vinelandii is a bacterium able to fix atmospheric nitrogen, a reaction catalyzed by the
enzyme nitrogenase, which converts a molecule of N2 into two molecules of ammonia [9].
If the cellular growth is developed in the absence of a fixed nitrogen source (e.g., without
ammonium) the culture is performed under diazotrophic conditions, whereas if the culture
medium is supplemented with a fixed nitrogen source, the growth condition is nondia-
zotrophic. Although the enzyme nitrogenase is highly sensitive to oxygen, A. vinelandii has
a greater capacity to fix nitrogen because of its ability to fix nitrogen even at high oxygen
levels [9]. This capability has been related to a higher respiration rate when this bacterium
is grown under diazotrophic conditions and high oxygen levels [10]. The effect of oxygen
availability in diazotrophic cultivations on the biosynthesis of alginate has been studied by
several authors [11–17]. A modality adequate to evaluate alginate production is the use of
continuous cultures, in particular, chemostat cultures, in which the cells can be cultivated
at a constant specific growth rate (which can be established by the different dilution rates)
which allows for distinguishing between the effect of a specific nutrient such as ammonium
or oxygen, as well as for monitoring the specific growth rates [8,11].

Based on genome-scale modeling, Tec-Campos et al. [18] described that under dia-
zotrophic conditions, the carbon and nitrogen fluxes through A. vinelandii could decrease
as a response to nitrogen limitation, whereas when ammonium is supplemented, the cell
growth rate and alginate production rate increase. Although there are studies in the liter-
ature about alginate synthesis by A. vinelandii under diazotrophic and nondiazotrophic
conditions [7,14,19], those works are not comparable due to differences in their operating
conditions. For this reason, the present study aimed to develop a continuous bioprocess to
produce alginate with different molecular weights using A. vinelandii in cultures under dia-
zotrophic and nondiazotrophic conditions. In this sense, a bioprocess to produce alginate
under similar conditions of cultivation, such as culture medium composition, agitation rate,
and particularly specific growth rate (in chemostat-mode) is implemented, because only
the condition diazotrophic or nondiazotrophic was varied in this study.

2. Materials and Methods

2.1. Microorganism, Culture Medium, and Inoculum Preparation

A. vinelandii ATCC 9046 (wild-type strain) was used for this study. Chemostats were
developed under diazotrophic (nitrogen-fixing) and nondiazotrophic (using ammonium
in the culture medium) conditions. The diazotrophic conditions were evaluated using
a culture medium that contained gaseous nitrogen coming from the air incorporated as
a nitrogen source alone. The culture medium for diazotrophic conditions contained (in
g L−1): sucrose, 20; K2HPO4·3H2O, 0.2; CaSO4·2H2O, 0.056; NaCl, 0.2; MgSO4·7H2O, 0.2;
Na2MoO4·2H2O, 0.0029; FeSO4·7H2O, 0.027. Solutions of medium were dissolved and au-
toclaved at 121 ◦C for 20 min. To avoid precipitation, NaCl, MgSO4·7H2O, Na2MoO4·2H2O,
FeSO4·7H2O, and CaSO4·2H2O were separated for sterilization, while the rest of the nu-
trients were dissolved and autoclaved in the bioreactor. For nondiazotrophic conditions,
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the culture medium described supplemented with 0.8 g L−1 of (NH4)2SO4 was used. A.
vinelandii cells were incubated at 200 rpm and 30 ◦C in an orbital incubator shaker (Daihan
LabTech CO, Namyangju, Kyungki-Do, Republic of Korea) in a 500 mL Erlenmeyer flask
with 100 mL of culture medium. After 20 h of cultivation, the bioreactor was inoculated
with 10% v/v inoculum.

2.2. Culture Conditions

Chemostat cultures were conducted in a 3 L bioreactor (Applikon, Schiedam, The
Netherlands) with a working volume of 1.5 L. The pH was controlled at 7.0 ± 0.2 using a
2 N NaOH solution via a peristaltic pump coupled to an EZ-2-Control unit. The bioreactor
was equipped with two Rushton turbines and aerated at 1.5 L min−1. Dissolved oxygen
tension (DOT) was measured by polarographic and was not controlled. After 24 h of cellular
growth, the fresh culture medium was fed to the bioreactor, and the broth culture was
removed from the bioreactor via a continuously operated peristaltic pump (Cole-Parmer,
Vernon Hills, IL, USA).

The chemostat was operated at D values of 0.06, 0.08, and 0.10 h−1. After at least
3 residence times, 20 mL samples were taken from the reactor at different times. Steady-
state conditions were reached once the optical density reached 540 nm and the sucrose
concentration had a variation coefficient below 10%. The results shown are the mean
value of two independent chemostat runs, and error bars correspond to the range among
the replicates.

2.3. Analytical Methods

Biomass and alginate concentrations were estimated gravimetrically. A 20 mL sample
of culture broth was mixed with 2 mL EDTA (Ethylenediaminetetraacetic acid disodium
salt) (0.1 M) and 2 mL NaCl (0.1 M) and then centrifuged at 10,000 rpm (Thermo Scientific
SL-16R, Waltham, MA, USA) for 10 min. The pellet of biomass was washed three times
using distilled water and then dried at 100 ◦C to a constant weight. For alginate quan-
tification, 10 mL of supernatant was mixed with cold propan-2-ol in a 3:1 vol ratio. The
resultant precipitate was filtered through 0.45 μm Millipore filter paper and dried at 70 ◦C
to a constant weight. The sucrose concentration was determined by the dinitrosalicylic
acid (DNS) reagent [20] after acid hydrolysis with HCl. The alginate mean molecular
weight (MMW) was determined by gel permeation chromatography (GPC) in an HPLC
with a differential refractometer detector (Jasco, Mary’s Court Easton, MD, USA), according
to Díaz-Barrera et al. [19]. The P3HB content was determined by extracting the P3HB
from the cell and hydrolyzing it to crotonic acid, which was measured by an HPLC-UV
(Jasco, Mary’s Court Easton, MD, USA) system [21]. The ammonium concentration in the
supernatant was determined by the phenol-hypochlorite method [22], and the phosphate
concentration was determined by an automatic analyzer Random Access Y15 (BioSystem,
Barcelona, Spain).

2.4. Gene Expression Analysis

The cells were harvested by centrifugation at 10,000 rpm (4 ◦C) for 4 min (Thermo
Scientific SL-16R), and the pellet was washed three to five times. The mRNA was stabilized
and protected by adding RNAlater solution (Thermo Fisher Scientific, Waltham, MA, USA)
to the biomass pellet and stored at −80 ◦C for posterior RNA isolation. RNA was isolated
using a High Pure RNA Isolation Kit (Roche Life Sciences, Penzberg, Germany) and treated
with RNase-free DNase (Roche) according to the fabrication protocol. The RNA was
quantified using a BioSpec-nano system (Shimadzu, Kyoto, Japan). cDNA was synthesized
using a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the fabrication protocol. Reverse transcription-real-time
PCR (RT-qPCR) was carried out with specific primers shown in Table 1.
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Table 1. Primers designed for gene expression by qPCR.

Gene Primers Gene Primers

alg8-F 5′-TGTTGAACCAGCTCTGGAAG-3′ alg8-R 5′-CCTACCCGCTGATCCTCTAC-3′
alg44-F 5′-CGACAACTTCACCGAAGGG-3′ alg44-R 5′-CGACAACTTCACCGAAGGG-3′
gyrA-F 5′-ACCTGATCACCGAGGAAGAG-3′ gyrA-R 5′-AGGTGCTCGACGTAATCCTC-3′

For RT-qPCR, 100 ng of total RNA was reverse transcribed. Real-time PCR was
performed in the AriaMx Real-Time PCR system (Agilent Technologies, Santa Clara, CA,
USA) using Brilliant II SYBR@ Green QPCR Master Mix (Agilent Technologies, Santa Clara,
CA, USA). The samples were initially denatured at 95 ◦C for 5 min. A 40-cycle amplification
and quantification protocol was used for RT-qPCR (95 ◦C for 15 s, 59 ◦C for 15 s and 72 ◦C
for 15 s). Melting curve analyses confirmed the amplification of a single product for each
primer pair. The results were analyzed using the 2−ΔΔCT method [23,24].

Relative gene expression values were normalized using gyrA as a housekeeping
gene [16] and presented as fold changes in transcription levels of culture sample growth in
diazotrophic conditions with respect to the transcript levels of cultured sample growth in
nondiazotrophic conditions.

2.5. Specific Oxygen Uptake Rate and Respiratory Quotient Determination at the Steady State

The respiratory quotient (RQ) was determined using oxygen transfer rate (OTR)
and carbon dioxide transfer rate (CTR) data from the ratio CTR/OTR. Gas analysis was
performed by measuring oxygen and carbon dioxide in the exit and inlet gas with a
BlueVary gas analyzer (BlueSense, Herten, Germany). The OTR (mmol L−1 h−1) and
CTR (mmol L−1 h−1) were calculated using a steady-state gas phase balance, according to
Equations (1) and (2):

OTR =
C Fin

G
VRVM

(
Xin

O2
− Xout

O2

(
1 − Xin

O2
− Xin

CO2

1 − Xout
O2

− Xout
CO2

))
(1)

CTR =
C Fin

G
VRVM

(
Xin

CO2

(
1 − Xin

O2
− Xin

CO2

1 − Xout
O2

− Xout
CO2

)
− Xout

CO2

)
(2)

where C is unit conversion factor (1000), Fin
G is the volumetric inlet air flow under standard

conditions (L h−1); VR is the working volume (L); VM is the mol volume of the ideal gas
under standard conditions (L mmol−1); Xin

O2
is the molar fraction of oxygen in the inlet

air (mol mol−1); Xout
O2

is the molar fraction of oxygen in the outlet fermentation gas of
the bioreactor (mol mol−1); Xin

CO2
is the molar fraction of carbon dioxide in the inlet air

(mol mol−1); and Xout
CO2

is the molar fraction of carbon dioxide in the outlet fermentation
gas of the bioreactor (mol mol−1).

During continuous operation in the steady state, dCL
dt = 0 (CL, dissolved oxygen con-

centration in the liquid) and the OTR is considered to be equal to the oxygen uptake
rate (OUR).

2.6. Carbon Balance

Carbon distribution to the different steady states evaluated was determined from
reactor mass balances. For the analysis, the calculation was performed considering that the
carbon source is converted mainly into biomass, P3HB, alginate and CO2 [25].

2.7. Fermentation Parameters

The yields of biomass and alginate based on sucrose (Yx/s and Yp/s, respectively), the
yield of alginate based on biomass (Yp/x), specific oxygen uptake rate (qO2), and specific
production rate (qp) were calculated at a steady state for each condition, considering the
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dilution rate (D; h−1), alginate concentration in the steady state (P; g L−1), OTR values
(mmol L−1 h−1), biomass concentration (X; g L−1) in the steady state, sucrose concentration
in the steady state (S; g L−1), and sucrose concentration in the feed medium (Sr; g L−1), as
indicated by the following equations:

Yx/s =
X

(Sr − S)
(3)

Yp/s =
P

(Sr − S)
(4)

Yp/x =
P
X

(5)

qp =
DP
X

(6)

qO2 =
OTR

X
(7)

3. Results and Discussion

3.1. Biomass, P3HB, and Alginate Concentration in the Steady State under Diazotrophic and
Nondiazotrophic Conditions

Figure 1 shows the biomass, alginate, and P3HB concentrations at steady state in the
chemostat cultures performed under diazotrophic and nondiazotrophic conditions. In all
the conditions evaluated, the biomass concentration was higher under nondiazotrophic
conditions (Figure 1a), which could be related to the availability of ammonium to stimulate
the production of biomass. In this context, under nondiazotrophic conditions, the energetic
requirements to produce cells are lower than those in cultivations in which nitrogen
fixation occurs [26,27]. Under the conditions evaluated, low P3HB production was obtained
(Figure 1b). Thus, the highest P3HB concentration (0.35 ± 0.05 g L−1) and polymer content
in the cells (34.3 ± 3.0% w w−1) were obtained under diazotrophic conditions at a D
of 0.06 h−1. In the steady states conducted at a D of 0.08 and 0.10 h−1, a low P3HB
concentration (less than 0.09 g L−1) and P3HB content (less than 8.5 ± 2.0% w w−1) were
obtained. Similarly, Díaz-Barrera et al. [8] observed that in diazotrophic chemostat cultures,
the highest P3HB content was achieved at 0.07 h−1, and it dropped at 0.09 h−1. These
results agree with other studies in which it has been reported that P3HB biosynthesis is
mainly enhanced at low specific growth rates [14].

It is known that acetyl-CoA is the acetyl donor for alginate acetylation and is a
precursor for P3HB biosynthesis [6]. In this regard, it is possible that under diazotrophic
conditions and a low D (in which more P3HB was produced, such as in Figure 1b), a higher
proportion of acetyl-CoA could be canalized to synthesize P3HB instead of being used
for acetylation of alginate. Other analyses of alginate composition could be carried out to
evaluate this possibility.

It is clear from the results that the cultivation conditions were not propitious to
produce P3HB. Considering the P3HB content in the cells, the biomass concentration values
without including the P3HB content were also highest under nondiazotrophic conditions
(Figure 1c).
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Figure 1. Steady-state biomass concentration (a), P3HB concentration (b), biomass concentration with-
out P3HB (c) and alginate concentration (d) under diazotrophic (black circles) and nondiazotrophic
(white circles) conditions in A. vinelandii continuous cultures.

Regarding the alginate concentration in the steady state, independent of the cultiva-
tion conditions, the alginate concentration decreased with increasing D (Figure 1d). The
highest alginate concentration (3.06 ± 0.02 g L−1) was obtained at the lowest D assayed
under nondiazotrophic conditions (Figure 1d). In this condition, the steady-state carried
out to the higher D (0.10 h−1) showed the lowest alginate production, which reached
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1.55 ± 0.02 g L−1. Previously, under noncontrolled oxygen conditions (as in this study),
a decrease in the alginate concentration by increasing D was observed [8,28]. However,
under DOT control (for example, DOT of 1%), by increasing D (from 0.06 to 0.10 h−1), the
alginate concentration also increased [19]. From a productive point of view, this evidence is
important because to develop a bioprocess without DOT control (and hence develop it in a
way that is less expensive), it is necessary to perform cultures with a lower D at the highest
residence time, but also at a higher alginate production rate. Chemostat cultures provide
nutrient-limiting conditions specific for a single nutrient in a medium with stable levels
of the nonlimiting components [29]. In our study, the cultures were not limited by carbon
because between 8.1 and 16 g L−1 sucrose remained in the bioreactor at a steady state
(Table 2). In addition, the ammonium concentration in the steady state was not detected in
all the conditions evaluated (data not shown), and phosphate levels under nondiazotrophic
conditions were tenfold lower than those reached during diazotrophic conditions (Table 2).
In light of this evidence, it is possible that under nondiazotrophic conditions, phosphate
could be a nutrient limiting cellular growth.

Table 2. Sucrose and phosphate concentrations in steady state during continuous cultures of A.
vinelandii conducted under diazotrophic and nondiazotrophic conditions.

D
(h−1)

Diazotrophy Nondiazotrophy

Residual Sucrose
(g L−1)

Residual Phosphate
(mg L−1)

Residual Sucrose
(g L−1)

Residual Phosphate
(mg L−1)

0.06 14.2 ± 0.6 38.7 ± 11.9 8.9 ± 0.2 3.4 ± 0.6
0.08 14.2 ± 0.5 24.2 ± 0.4 8.1 ± 0.5 2.7 ± 0.9
0.10 16.1 ± 0.6 29.6 ± 5.2 9.0 ± 3.1 0.7 ± 0.2

3.2. qO2 and RQ at Different Dilution Rates under Diazotrophic and Nondiazotrophic Conditions

In all the steady states evaluated, the DOT was nearly zero (data not shown), which
has been previously reported [7]. This condition (DOT~0) is indicative that the steady
states were conducted under oxygen limitation. In each culture developed, the qO2 and
RQ were evaluated at the steady state in the chemostat cultures (Figure 2). Comparing
diazotrophic and nondiazotrophic conditions reveals that the qO2 did not show significant
differences at the three D evaluated (Figure 2a), which was not expected. Previous evidence
has indicated that a higher qO2 is expected during diazotrophic cultivation as a response
to the protection of the nitrogenase complex during nitrogen fixation [9,11].

Nevertheless, recent quantitative mathematical models of nitrogen fixation in A. vinelandii
have shown that oxygen-scavenging respiration is not a “switch-on/switch-off” mechanism
but is performed at different carbon-nitrogen ratios (C/N), even when the cells do not fix
nitrogen [10]. Inomura et al. [10] proposed controlling respiration via the C/N ratio, in
which excess substrate respiration increases with the C/N ratio until nitrogenase can be
derepressed when the C/N ratio is high. It is known that A. vinelandii possesses the capacity
to fix nitrogen at high oxygen concentrations [30], which depends on different mechanisms
to protect nitrogenase from inactivation by oxygen [9]. One mechanism involves respiratory
protection, which is based on a high respiration rate to maintain a low oxygen concentration.
In light of the evidence, a similar qO2 under diazotrophic and nondiazotrophic cultivation
conditions (Figure 2a) could be explained by the excess respiration mechanism remaining
active independent of nitrogen-fixing activity. In this regard, Alleman et al. [31], suggested
that the respiratory protection mechanism might be a core principle of metabolism using a
genome-scale metabolic model.
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Figure 2. The specific oxygen consumption rate (qO2) (a) and respiratory quotient (RQ) (b) un-
der diazotrophic (black circles) and nondiazotrophic (white circles) conditions in A. vinelandii
continuous cultures.

Similar RQ values over 1.0 were obtained under the conditions studied, reaching
between 1.2 ± 0.02 and 1.42 ± 0.28 (Figure 2b). Similar values were reported by Sabra
et al. [28] in oxygen-limiting chemostat cultivations under diazotrophic conditions. Those
authors [28] calculated a theoretical RQ value of 0.8 associated with higher conversion of the
carbon source to alginate, whereas for PHB synthesis, an RQ value of 1.33 was calculated.
In concordance, similar RQ values obtained in our experiments can be related to a similar
alginate concentration reached in the steady state under diazotrophic and nondiazotrophic
conditions (Figure 1d). Our evidence (RQ above 1.0) shows that it is possible to manipulate
culture conditions (for example, increasing the agitation rate and hence OTR) to decrease
the RQ during the steady state to improve alginate production. Similarly, Díaz-Barrera
et al. [17], in batch cultures of A. vinelandii, related a decrease in the RQ from 1.3 to 0.8 with
an increase in the alginate concentration from 2.1 to 3.3 g L−1.

3.3. Alginate-Specific Production Rate and Yields in Continuous Cultures

Figure 3 shows the alginate-specific production rate and the yields in the steady state
under diazotrophic and nondiazotrophic conditions. Under diazotrophic conditions, a
higher qp was obtained, with values that varied between 0.21 and 0.24 g g−1 h−1 (Figure 3a).
It is clear that under diazotrophic conditions, a lower biomass concentration was reached
(Figure 1a,c), which can explain the highest specific production rate obtained in the steady
state conducted under diazotrophy. Previously, García et al. [32] described an increase in
qp under ammonium limitation in chemostat cultures of A. vinelandii compared to cultures
with an excess ammonium concentration at steady state.
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Figure 3. Alginate specific production rate (qp) (a), yield of biomass based on sucrose (Yx/s) (b), yield
of alginate based on biomass (Yp/x) (c), yield of alginate-based on sucrose (Yp/s) (d) in continuous
cultivations of A. vinelandii grown under diazotrophic (black circles) and nondiazotrophic conditions
(white circles).

Similar Yx/s values were obtained under both conditions at a D of 0.06 and 0.08 h−1

(Figure 3a). Under nondiazotrophic conditions, the Yx/s was similar at all the D values
studied, reaching a value of approximately 0.10 g g−1 (Figure 3b). However, under dia-
zotrophic conditions, a higher Yx/s (0.13 ± 0.01 g g−1) was observed when the cultures
were conducted at a D of 0.10 h−1 (Figure 3b). In this case, this increase in the Yx/s can be
explained by a higher level of carbon diverted to the biomass (see below Table 3). Under
diazotrophic conditions, the Yp/x decreased from 3.5 ± 0.3 to 2.3 ± 0.2 g g−1 as D increased
from 0.06 h−1 to 0.10 h−1 (Figure 3c). In cultures conducted at a D of 0.06 and 0.10 h−1,
the Yp/x was significantly higher under diazotrophic conditions, which could be associ-
ated with the protection of nitrogenase for nitrogen fixation, as previously described by
Sabra et al. [11]. In this sense, it is possible that under diazotrophy the quantity of alginate
by a unit of cells produced is increased as a mechanism to decrease the oxygen diffusion
to the cells. Comparing the alginate yields reveals that the yield of alginate based on
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biomass obtained in our study is about 25-fold higher than those reported from algae [33].
A possible reason for this difference could be related to the process of extraction of alginate
algal, whereas the produced A. vinelandii cells are excreted, and depending on the growth
conditions, its biosynthesis could be favored over biomass production.

Table 3. The carbon distribution in A. vinelandii continuous cultures under diazotrophic and nondia-
zotrophic conditions.

Condition Diazotrophy Nondiazotrophy

D
(h−1)

0.06 0.08 0.10 0.06 0.08 0.10

Biomass
(%C-mol)

10.0 ± 1.3 10.7 ± 0.5 14.0 ± 1.6 11.7 ± 1.6 11.2 ± 3.2 10.1 ± 0.1

Alginate
(%C-mol)

27.5 ± 1.5 25.3 ± 4.8 26.1 ± 0.7 26.8 ± 0.1 15.2 ± 2.60 13.0 ± 0.2

P3HB
(%C-mol)

6.2 ± 0.1 1.2 ± 0.3 1.0 ± 0.1 1.8 ± 0.3 1.0 ± 0.1 1.2 ± 0.4

CO2

(%C-mol)
58.9 ± 3.1 56.0 ± 3.9 51.5 ± 4.9 63.1 ± 7.3 57.3 ± 17.2 35.7 ± 2.3

C-recovered
(%mol)

103 93 93 103 85 60

Similar to the evidence obtained for qp (Figure 3a), under diazotrophic conditions,
Yp/s was not affected by changes in D, reaching a value of approximately 0.30 g g−1

(Figure 3d). However, under nondiazotrophic conditions, the Yp/s decreased from 0.29 g g−1

to 0.15 g g−1 by increasing the D. Comparing the evidence obtained in the conditions eval-
uated indicates that under diazotrophy, a higher conversion of sucrose to alginate can
possibly be obtained at D values of 0.08 and 0.10 h−1 (Figure 3d). Based on this, the effect of
D on the Yp/s could be related to changes in carbon flux that allow a higher proportion of
sucrose to be diverted to the alginate. To the best of our knowledge, the evidence obtained
in this study is the first to evaluate alginate production (yields and specific production
rates) under diazotrophic and nondiazotrophic conditions in chemostat cultures limited
by oxygen.

3.4. Carbon Balance at Different Dilution Rates under Diazotrophic and
Nondiazotrophic Conditions

The carbon distribution (percentage of carbon atoms from sucrose converted to algi-
nate, biomass, P3HB and CO2) at each steady-state condition is shown in Table 3. A higher
percentage of carbon diverted to biomass (14.0 ± 1.6%) was obtained at a D of 0.10 h−1

under diazotrophic conditions. In all the other conditions evaluated, the carbon diverted
to biomass only varied between 10 and 11% (Table 3). In agreement with this evidence,
Inomura et al. [10] observed that the carbon flux destined for biomass formation is simi-
lar for both diazotrophic and nondiazotrophic conditions using mathematical modeling.
Under diazotrophic conditions, the carbon diverted to alginate reached values between
25.3% and 27.5%. Nevertheless, under nondiazotrophic conditions, the carbon diverted to
alginate decreased approximately twofold by changing the D from 0.06 to 0.10 h−1 (Table 3).
Independent of the conditions evaluated, more carbon was diverted to CO2 (above 51%
under diazotrophic conditions), which could be indicative of a carbon flux more active
through the TCA cycle. This finding confirms that under the conditions assayed, it is
necessary to operate the chemostat under diazotrophic conditions to improve the carbon
into alginate.

Under diazotrophic conditions, the carbon balances were between 93–103%, which
indicates that the cells utilized sucrose efficiently to produce biomass, alginate, and CO2.
Under nondiazotrophic conditions and D values of 0.08 and 0.10 h−1, the carbon balance
was close to 85% and 60%, respectively (Table 3), which is a clear indication that other
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carbon products were produced. Therefore, a change in metabolism could improve the
production of organic acids or amino acids excreted into the culture medium [7,34]. Based
on this evidence, further research could be developed to evaluate the effect of nitrogen
fixation on the metabolism of carbon in A. vinelandii cells.

3.5. Alginate Molecular Weight and Gene Expression of alg8 and alg44 in Continuous Cultures

The algal alginates have several problems concerning their production which may
limit their use in many interesting contexts, especially in the pharmaceutical and chemical
industries, where polymers with a very well-defined composition are required. In the
cultivations of A. vinelandii, the G/M ratio, molecular weight, and acetylation degree might
be manipulated through the manipulation of culture conditions during the bioprocess.
Specifically, the molecular weight is one of the most important chemical characteristics
of alginates because this characteristic determines the rheological properties of this poly-
mer [35]. In the present study, independent of the D assayed, higher alginate MMW values
were obtained under diazotrophic conditions, particularly for D values of 0.08 and 0.10 h−1

(Figure 4a). The alginate MMW values obtained from the steady state under diazotrophic
conditions showed a bell-shaped behavior, achieving a maximum value of 725 ± 20 kDa at
D = 0.08 h−1 (Figure 4a). Under nondiazotrophic conditions, no significant differences were
found in the alginate MMW produced at 0.06 and 0.08 h−1. The higher values of alginate
MMW achieved under diazotrophic conditions compared to nondiazotrophic conditions
might be related to the protection of the nitrogenase complex, as has been previously
proposed [11,26]. Sabra et al. [11] observed that alginate plays an important role in the
protection of nitrogenase because it can form a capsule around the cells, decreasing oxygen
diffusion to the cell. Those authors concluded that the alginate quality, not quantity, is the
most important characteristic for the protection of nitrogenase for the diazotrophic growth
of A. vinelandii in terms of the MMW.

Considering that at D = 0.08 h−1, a greater difference was found in the alginate MMW
synthesized under the conditions studied, the expression of the alg8 and alg44 genes was
evaluated (Figure 4b). Figure 4b clearly shows that the expression of both alg44 and alg8 was
higher under diazotrophic conditions, in which the expression of the alg8 and alg44 genes
was 2.2- and 1.8-fold higher. These data suggest that both alg44 and alg8 gene expression
can be influenced by nitrogen fixation conditions. Therefore, in cultures of Pseudomonas
aeruginosa, the expression of the operon of alginate biosynthesis is negatively regulated by
the sigma factor RpoN when ammonium is present in the medium [36].

Similar evidence has been reported in batch and continuous cultures of A. vinelandii [7,37].
In chemostat cultures, higher alg8 expression can be related to a higher alginate molecular
weight [7], suggesting an explanation at the cellular level for the changes in molecular weight.
In agreement, Flores et al. [37] evaluated the transcription of genes involved in alginate
polymerization and depolymerization under controlled DOT in batch cultures of A. vinelandii.
These authors found that in cultures in which a high-molecular-weight alginate (1200 kDa)
was synthesized, the transcriptions of alg8 and alg44 was considerably greater compared to
those in cultures conducted at 5% DOT. The higher expression of alg8 and alg44 observed
under diazotrophic conditions could explain the highest molecular weight obtained when the
cells grew diazotrophically. In this study, we have demonstrated the feasibility of enhancing
alginate production and quality (molecular weight) under nitrogen-fixing conditions in a
continuous mode of operation. Although at present there is no information on production
costs of alginates from A. vinelandii, since there is no commercial production, a process like the
one described in the present study could be competitive for medical applications. This being
said, pharmaceutical grade alginates with defined composition (molecular weight and G/M
profiles) can have costs about 480 USD per gram (NovaMatrix, web catalog 2023).
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Figure 4. The mean molecular weight (MMW) of alginate a different dilution rate (a) and gene
expression of alg8 and alg44 (b) in continuous cultures of A. vinelandii operated to D of 0.08 h−1.
Cultures under diazotrophic (black) and nondiazotrophic (white) conditions.

4. Conclusions

A comparative analysis of bacterial alginate production under diazotrophic and non-
diazotrophic conditions was performed in a continuous bioprocess. A higher conversion of
sucrose to alginate and alginate-specific production rates were obtained under diazotrophy
(nitrogen-fixing condition). Under diazotrophic conditions the specific productivity was
0.24 ± 0.03 g g−1 h−1. A higher alginate molecular weight (725 ± 20 kDa) was produced
under diazotrophic conditions. Greater gene expression of alg8 and alg44 (encoding poly-
merases) can explain the higher molecular weight obtained. This study demonstrates that
under nitrogen-fixing conditions, alginate production can be enhanced. The ability to
maintain constant molecular weight in bacterial alginate production on batch cultures is
recognized as a problem. The findings obtained in this study using continuous culture
operating in a steady state indicate that this modality can be an appropriate way to control
the characteristics of the alginate synthesized, and thus, this modality could be used for a
potential industrial production of alginate under diazotrophic conditions.
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Abstract: Trichoderma is one of the fungi commonly used in fermentation engineering. The hydrolytic
enzymes secreted by Trichoderma have great economic value. Trichoderma guizhouense NJAU4742 is
a branch of Trichoderma harzianum, which also has application potential. Lactose can induce fungi
to secrete cellulase. Unfortunately, neither the lactose-inducing effect nor the mechanism of lactose
metabolism in the study of Trichoderma guizhouense NJAU4742 is clear. Our study showed that
carbon sources such as glucose, galactose, and sucrose could not induce cellulase secretion from
Trichoderma guizhouense NJAU4742. Lactose induced the filter paper activity of the cellulase secreted
by Trichoderma to reach 4.13 ± 0.11 U·mL−1. The ratio of 0.4% lactose–0.6% straw is the best way
to induce cellulase and is better than adding only straw or lactose. TgRas family genes respond
differently to different carbon sources at the gene level, and these proteins may be involved in
different carbon source metabolisms. The results of transcriptional responses under different growth
conditions showed that TgRas1 occupies a dominant position among TgRas family genes. The growth
of the ΔTgRas1 mutant on the plate was inhibited, and the hyphae were dense, thick, and swollen.
Under the condition of lactose, the biomass of ΔTgRas1 was severely inhibited in liquid fermentation,
and its biomass decreased by 91.43% compared with WT. The liquid fermentation of ΔTgRas1 under
other carbon source conditions was not affected.

Keywords: Trichoderma guizhouense NJAU4742; TgRas1; cellulase; fermentation; lactose metabolism

1. Introduction

Trichoderma is a fungus with high utilization value and is often used in fermentation
engineering [1]. The secondary metabolites of Trichoderma also have the effect of inhibiting
the growth of pathogenic microorganisms and stimulating plant growth [2–4]. Trichoderma
harzianum and Trichoderma reesei can secrete a variety of lignocellulose-decomposing en-
zymes, which are widely used in the production of biological products such as cellulase [5].
Trichoderma guizhouense NJAU4742, which evolutionarily belongs to one of the clades of
Trichoderma harzianum, was isolated from soil samples in Guizhou Province, China [6].
Trichoderma guizhouense NJAU4742 has been elucidated to promote root growth and devel-
opment and activate plant innate immune response [7]. In addition, Trichoderma guizhouense
NJAU4742 retains the straw-degrading characteristics of Trichoderma, which also has ap-
plication value. The expression and secretion mechanisms of cellulases have been studied
for decades [8]. Studies have shown that the expression of cellulase genes is not only de-
pendent on the induction of cellulose, but can also be induced by other carbon sources [9].
Lactose is an inexpensive inducer that has attracted widespread attention because of its
low cost.
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Lactose is composed of D-galactose and D-glucose linked by β-1,4 glycosidic linkages.
Previous studies have shown that lactose is an inexpensive carbon source. Not only can it
be used for fermentation to produce cellulase [10], but it is also the only cheap and soluble
substrate currently available for Trichoderma reesei fermentation engineering [11,12]. Lactose
as a carbon source has also been shown to enhance the ability of Vibrio cellulolyticus C-1 to
produce cellulase [13]. Although the cheap properties of lactose can be used in microbial
fermentation technology, not all microorganisms can effectively utilize lactose, which is
one of the reasons that limits the development of the fermentation industry.

Ras family genes are ubiquitous in mammalian and eukaryotic cells. Ras genes play
a key role in fungal carbon metabolism. A large number of studies have shown that Ras
protein is involved in the process of fungal growth and development. There are two types
of Ras proteins in Candida albicans; knocking out Ras1 can inhibit the hyphal production
and the overexpression of Ras can enhance the hyphal formation [14]. There are two Ras
genes in corn smut (U. maydis). The Ras1 mutants have been reported to be lethal, and Δras2
exhibits a reduced ability to form hyphae with a round shape [15]. It has been reported that
Ras genes in Aspergillus and Aspergillus fumigatus regulate growth and development more
extensively. The RasA gene of both filamentous fungi is involved in the process of mitosis,
as well as processes that regulate the asexual developmental cycle [16]. The Ras1 and Ras2
in Cryptococcus neoformans not only participate in the regulation of high temperature growth
process, but also participate in mycelium formation and type II transformation, which
affects the pathogenicity [17,18]. Ras regulates cellular carbon sensing by regulating its
affinity for GTP and GDP. Therefore, Ras may also play an important role in fungal lactose
metabolism. This study aimed to investigate the feasibility of lactose-induced cellulase in
Trichoderma guizhouense NJAU4742 and the effect of TgRas1 gene on lactose metabolism.

2. Methods and Materials

2.1. Determination of Enzymatic Activity of T. guizhouense NJAU4742 Solid Fermentation

Determination of endoglucanase activity: Take 480 μL 0.5% carboxymethyl cellulose
solution (CMC-Na) in a 2 mL centrifuge tube, add 500 μL 50 mM acetic acid buffer, and
finally add 20 μL crude enzyme solution. After mixing evenly, react in a 50 ◦C water bath
for 10 min, then add 1 mL of DNS reagent in a boiling water bath for 10 min and cool down.
Its absorbance value is measured at a wavelength of OD520 nm. The amount of enzyme
required to produce 1 μmol of reducing sugar per 1 min is defined as 1 unit of enzyme
activity (U).

Determination of exoglucanase activity: Take 10 μL 5 mM pNPC and add it to the
96-well plate, add 40 μL crude enzyme solution and 50 μL 50 mM acetic acid buffer, and
use the inactivated crude enzyme solution as a blank control. The 96-well plate is reacted
in a 50 ◦C water bath for 10 min, and 100 μL 1 M of Na2CO3 solution is added to terminate
the reaction. Its absorbance value is measured at OD402 nm. The content of p-nitrophenol
is calculated based on the marking. The amount of enzyme required to produce 1 μmol of
p-nitrophenol per minute for 1 min is defined as one unit of enzyme activity (U).

Determination of xylanase activity: Take 480 μL of xylanase in a 2 mL centrifuge tube,
add 500 μL of 50 mM acetic acid buffer, and finally add 20 μL of crude enzyme solution.
After mixing evenly, react in a 50 ◦C water bath for 20 min, then add 1 mL of DNS reagent
in a boiling water bath for 10 min and cool down. Its absorbance value is measured at
OD520 nm. The amount of enzyme required to produce 1 μmol of reducing sugar per 1 min
is defined as 1 unit of enzyme activity (U).

Determination of enzyme activity of filter paper: Take 50 μL of crude enzyme solution,
add 500 μL of 50 mM acetic acid buffer and 450 μL of deionized water, and put two small
discs of filter paper (Whatman No. 1 filter paper; use a hole puncher to obtain a small
disc of filter paper; approximately 10 mg) and add it to a 2 mL centrifuge tube. After the
reaction in a water bath at 50 ◦C for 20 min, add 1 mL of DNS reagent and cool in a boiling
water bath for 10 min. Its absorbance value is measured at OD520 nm. The amount of
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enzyme required to produce 1 μmol of reducing sugar per 1 min is defined as 1 unit of
enzyme activity (U).

The crude enzyme solution inactivated in a 100 ◦C water bath for 10 min is used as the
comparison solution, and the remaining steps are the same. Enzyme activity refers to the
results calculated after deducting the reducing sugar in the comparison solution. Drawing
of glucose standard curve: Add different volumes of glucose standard solution, deionized
water, and DNS reagents to each centrifuge tube and mix well, then place each centrifuge
tube in a boiling water bath at the same time and react for 10 min. After cooling, the
absorbance value is measured at OD520 nm, with glucose content as the abscissa and OD
value as the ordinate, and the standard curve of glucose is drawn. The enzyme inactivated
in a 100 ◦C water bath for 10 min is used as the control solution, and the remaining steps are
the same. The production of 1 μmol of reducing sugar per minute is defined as 1 enzyme
activity (unit U).

Drawing of the standard curve of p-nitrophenol: Different volumes of standard
solution of p-nitrophenol (1 mg·mL−1), deionized water and Na2CO3 solution are drawn
in a 96-well plate, and the absorbance is measured at OD402 nm after mixing. The content
of p-nitrophenol is used as the abscissa, and the OD value is used as the ordinate to make a
standard curve of p-nitrophenol.

2.2. Identification of TgRas Gene in the Genome of T. guizhouense NJAU4742

The TgRas protein sequence was retrieved from the Trichoderma guizhouense NJAU4742
database using the accession number search keywords obtained from the Saccharomyces
cerevisiae database, while the Ras gene family hidden Markov model domain (PF00071) was
downloaded from the Pfam database. The NCBI BLASTP homepage (http://www.ncbi.
nlm.nih.gov (accessed on 30 March 2023)) was used to perform homologous alignment
with the T. guizhouense NJAU4742 genome database, and at the same time use HMMER
software was used to perform domain alignment and identify all potential Ras genes. All
TgRas gene family members of T. guizhouense NJAU4742 were subsequently determined
using the online tools CDD (https://www.ncbi.nlm.nih.gov/cdd/ (accessed on 30 March
2023)) and SMART (http://smart.embl.de/ (accessed on 30 March 2023)). The software
DNAMAN (https://www.lynnon.com/ (accessed on 30 March 2023)) was used to compare
the primary structure of the TgRas family proteins and the ExPASy online tool was used
to calculate the chemical characteristics of the TgRas protein in T. guizhouense NJAU4742
(http://web.expasy.org/protparam/ (accessed on 30 March 2023)), such as theoretical
isoelectric point (pI), amino acid number, and molecular weight (Da).

2.3. Phylogenetic Analysis of TgRas Gene, Conserved Motif Analysis, Gene Structure Analysis

MUSCLE software (https://www.ebi.ac.uk/Tools/msa/muscle/ (accessed on 30 March
2023)) was used to perform multiple sequence alignment of the amino acid sequence
of TgRas protein, MEGA v7 was used to select the maximum likelihood method for
phylogenetic analysis and construct the phylogenetic tree, where the bootstrap value was
set to 1000, and finally the online interactive tool iTOL was used for data visualization
(https://itol.embl.de/ (accessed on 30 March 2023)). The online tool MEME (http://
memesuite.org/ (accessed on 30 March 2023)) was used to identify the conserved protein
structure of the TgRas family protein, with the maximum motif value set to 10, and the
software TBtools was then used to analyze the motif structure of the TgRas family protein
to visualize. The exon/intron and CDs structures of the TgRas gene were predicted using
the online tool GSDS (http://gsds.cbi.pku.edu.cn/ (accessed on 30 March 2023)).

2.3.1. Cultivation, Determination of Biomass, and Preparation of Intracellular Material

T. guizhouense NJAU4742 was selected for this study, and it was cultured on PDA
medium for conidia production and incubated at 28 ◦C under static cultivation conditions
for seven days. The conidia were then harvested by washing the plate with 10 mL of
sterile double-distilled water (ddH2O) followed by removal of mycelia by filtration through
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four layers of gauze. The conidia were resuspended, and the concentration was adjusted
to 1 × 107 conidia·mL−1. Mandel’s salt solution without organic components (1.4 g·L−1

(NH4)2SO4, 2.0 g·L−1 KH2PO4, 0.3 g·L−1 CaCl2, 0.3 g·L−1 MgSO4, 5 mg·L−1 FeSO4·7H2O,
20 mg L−1 CoCl2, 1.6 mg L−1 MnSO4, and 1.4 mg L−1 ZnSO4) was supplemented with 1%
(w/v) lactose for liquid fermentation. The biomass in submerged cultures was determined
by filtering the cultures onto preweighed filter paper (Whatman No. 1), and the harvested
biomass was dried at 70 ◦C for 24 h before being quantified. After being washed once
with sterile water, the fresh mycelia were disrupted using glass beads (0.1 mm) and liquid
nitrogen and then centrifuged at 10,000× g for 10 min to remove cell debris. The supernatant
was frozen in liquid nitrogen and stored at –20 ◦C for subsequent experiments.

2.3.2. Construction of Functional Fractions for Gene Deletion Complementation

A fragment of approximately 1 kb upstream and downstream of the target gene from
the genome of NJAU4742 (NCBI accession number: GQ337429) and a hygromycin frag-
ment from the vector of PcDNA13.1 (Invitrogen, Waltham, MA, USA) were amplified with
primers. After purification with the AxyPrep DNA Pure Cycle Kit (Axygen, Hangchow,
China), the PCR products of these three genes were ligated together by the HiFi enzyme
(KAPA Biosystems, KK2102, Wilmington. MA, USA). After agarose gel electrophoresis
analysis, the fusion-completed fragments were recovered by an AxyPrep DNA gel pu-
rification and extraction kit (Axygen, Hangchow, China). The gene deletion cassette was
obtained with the primer’s gene-up-F and gene-down-R (Table S1).

Seven-day-old spores were harvested from PDA solid medium with 10 mL of freshly
sterilized water. The spore suspension was filtered through four layers of sterile medical
gauze and then collected in a 1.5 mL sterile centrifuge tube for subsequent experiments.
Fifty microliters of the spore solution were spread on the cellophane-covered plates and
then incubated at 28 ◦C for 16 h. After incubation, the cellophane was transferred into
a new Petri dish, and then 5 mL of solution A (0.1 M KH2PO4, 1.2 M sorbitol, pH 5.6,
filter sterilized 0.15 g lyase (Sigma-Aldrich, St. Louis, MO, USA)) was used to wash the
germinated spores on cellophane to make protoplast suspensions. The protoplast was
extracted as follows: the harvested suspension was incubated at 28 ◦C for 100 min and then
centrifuged at 100 rpm, after which the cells were gently disrupted with autoclaved tweezer
tips; the suspension was filtered with four layers of sterile medical gauze in a 50 mL sterile
centrifuge tube, and then the protoplast suspension was obtained by centrifugation at
2000 rpm at 4 ◦C for 10 min; the supernatant was discarded, and the pelleted protoplasts
were resuspended with 5 mL of solution B (1 M sorbitol, 50 mM CaCl2, 10 mM Tris-HCl,
pH 7.50) and then centrifuged at 2000 rpm for 10 min at 4 ◦C. The supernatant was then
discarded, and the pelleted protoplasts were resuspended with 200 μL of solution B and
kept at 4 ◦C for the subsequent experiment. The functional fragments were transferred
into the protoplasts of Trichoderma guizhouense NJAU4742 by the polyethylene glycol (PEG)-
mediated method according to Miao et al. [19], with some modifications. The mixture
containing 200 μL protoplasts, 10 μL ligated fragments (concentration should be greater
than 250 ng·μL−1), and 50 μL PEG (1 M PEG 6000, 50 mM CaCl2, pH 7.50) was placed
on the ice bath for 20 min, and then an additional 2 mL of PEG (room temperature) was
added and mixed gently. After 5 min of incubation at room temperature, 3 mL of solution
B was added to the system and mixed gently, and then 0.5 mL of the mixture was spread
on PDA medium containing 1 M sucrose and incubated at 28 ◦C for 16 h. The germinated
protoplasts were overlaid with PDA medium containing 200 ng·mL−1 hygromycin B and
incubated at 28 ◦C for 72 h. Some single colonies were selected and then transferred into
new PDA medium containing 200 ng·mL−1 hygromycin B and incubated at 28 ◦C for
48 h. The mutants were directly screened for positive deletion mutants by PCR with primer
validation (Table S1) and purified into single spores. The construction method of the gene
complementary strain is similar to the previous gene-knockout method.
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3. Results

3.1. The Combination of Straw and Lactose Can Effectively Promote the Secretion of Cellulase by
T. guizhouense NJAU4742

Firstly, the differences in cellulase secretion in Trichoderma guizhouense NJAU4742
under different carbon source conditions were compared. The enzymatic activities of
various cellulase enzymes in the liquid fermentation process were measured to show the
induction effect of carbon source. The whole process is based on MM medium, to which
1% glucose, galactose, sucrose, lactose, and straw carbon sources are added, respectively.
After culturing for 4 days, the extracellular enzyme solution was taken to measure the
enzyme activity. It can be seen from Figure 1 that glucose, galactose, and sucrose cannot
induce the secretion of cellulase. Both rice straw and lactose could induce Trichoderma
guizhouense NJAU4742 to secrete cellulase. Under lactose conditions, the filter paper
enzyme activity of the cellulase secreted by Trichoderma guizhouense NJAU4742 reached
4.13 ± 0.11 U·mL−1, which was slightly lower than that induced by straw. In addition,
under the condition of lactose, the activity of endoglucanase reached 3.66 ± 0.17 U·mL−1,
the activity of exoglucanase reached 3.54 ± 0.22 U·mL−1, and the activity of xylanase
activity reached 3.60 ± 0.25 U·mL−1.

Figure 1. Enzyme activity of cellulase measured under different conditions. (a) Cellulase activity
measured under different carbon sources; (b) cellulase activity measured under different concentra-
tions of lactose; (c) cellulase activity measured under different lactose and straw ratios. The “abcde”
shows significant differences separately. Different letters represent significant differences from
each other.

In addition, we also obtained the best lactose-inducing concentration of Trichoderma
guizhouense NJAU4742 to secrete cellulase. We added 0.2–1.4% lactose to MM medium.
The enzyme activity data showed that both endoglucanase and exoglucanase had the
maximum enzymatic activity under the condition induced by 1% lactose, which were
4.84 ± 0.05 U·mL−1 and 7.22 ± 0.06 U·mL−1, respectively. At this time, xylanase also
had a high activity (7.48 ± 0.15 U·mL−1). It is worth noting that cellulase is often a
mixture of various enzymes. We further measured the enzyme activity of filter paper
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to comprehensively measure the effect of cellulase. The results showed that when the
lactose concentration was 0.8%, 1%, and 1.2%, the filter paper enzyme activities were
4.80 ± 0.09 U·mL−1, 5.37 ± 0.08 U·mL−1, and 4.72 ± 0.08 U·mL−1, respectively. Therefore,
the addition of lactose can induce Trichoderma guizhouense NJAU4742 to secrete cellulase.
When the amount of lactose added was approximately 1%, the induction effect was most
obvious. However, too much lactose may affect cellulase induction.

Both straw and lactose induction data showed a high activity of cellulase. We then
adjusted the ratio of lactose to straw to try to obtain the best solution. The total con-
tent of lactose and straw was still 1% in the MM medium, and the content of individual
components fluctuated from 0% to 1%. The results showed that the endoglucanase ac-
tivity of adding 0.4% lactose–0.6% rice straw was not significantly different from that of
0.2% lactose–0.8% rice straw, which were 6.83 ± 0.07 U·mL−1 and 6.79 ± 0.06 U·mL−1,
respectively. However, the enzyme activities induced by 1% straw increased by 9.22% and
8.69%, respectively. For exoglucanase, only the combination of 0.4% lactose–0.6% rice straw
had the maximum induction effect, and the enzyme activity reached 9.68 ± 0.11 U·mL−1.
Compared with adding 1% rice straw, the enzyme activity increased by 10.95%. Adding
an appropriate proportion of lactose can also improve the activity of xylanase. When
0.2% lactose–0.8% straw was added, the enzyme activity reached 9.26 ± 0.06 U·mL−1, an
increase of 11.56% (compared with 1% straw). Among many combinations, the combination
of 0.4% lactose and 0.6% rice straw had the largest filter paper enzyme activity, reaching
7.30 ± 0.05 U·mL−1. Compared with the treatment of 1% rice straw, the activity increased
by 18.52%. In summary, the induction effect of lactose and straw mixed was significantly
better than that of single straw or lactose. When proportioned, it can most effectively
increase the enzymatic activity of hydrolytic enzymes such as cellulase.

3.2. Functional Identification of TgRas Family Genes in T. guizhouense NJAU4742

Previous studies have shown that the Ras gene family is involved in the growth and
development of organisms, including the metabolism of various carbon sources. The
TgRas family gene sequence was downloaded from the T. guizhouense NJAU4742 database.
TgRas family protein domains were further analyzed by searching candidate TgRas family
proteins in HMMER and NCBI databases. Twenty-two candidate TgRas genes were identi-
fied in the genome of Trichoderma guizhouense NJAU4742. They were sorted according to
homology. Table 1 shows information such as chromosome location, amino acid (length),
molecular weight, and isoelectric point (pI). The results showed that the length of TgRas
family genes ranged from 765 (TgRas9) to 1260 (TgRas14) bases. TgRas family proteins
range in length from 194 (TgRas14) to 336 (TgRas22) amino acids. The PI values were be-
tween 4.79 (TgRas11) and 9.61 (TgRas22), and the protein molecular weights were between
20.761 kDa (TgRas4) and 36.096 kDa (TgRas22) (Table 1).

Next, the structures of 22 TgRas genes were analyzed. The blue squares represent
the upstream and downstream segments of the gene. The yellow squares represent exons
of genes. Introns are indicated by black lines. The results showed that the exon numbers
of 22 genes varied widely, ranging from one (TgRas6) to eight (TgRas3). The difference in
the number of exons in the TgRas family may occur during the evolution of the TgRas
gene, which may also be one of the reasons for the different functions of the TgRas family
(Figure 2a). In addition, we identified 10 conserved motifs associated with TgRas. The
identified motifs range in length from 11 to 50 amino acids. The color of each square in the
figure represents a conserved motif. As can be seen in Figure 2b, the motif combinations
of different TgRas proteins are not the same. The conserved motifs and distribution order
of TgRas1 and TgRas2 are consistent, which means that the similarity is high. TgRas4,
TgRas14, and TgRas18 have specific Motif 6. It is worth noting that some TgRas proteins
also have Motif 8, and all of them are located at the amino acid terminal. Motif 8 is a CAAX
motif sequence consisting of a cysteine residue followed by two aliphatic residues and a
C-terminal X residue. X can be C, S, M, Q, or A. CAAX motifs are premodified targets
for protein transport and have important biological functions in organisms. The results
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showed that the end of TgRas1–4 has a CAAX structure (orange Motif8), which is closely
related to the membrane localization function. Figure 2c shows the analysis of the amino
acid composition of each functional domain. An amino acid with a larger font size (such as
C in Motif 8) means that among the 22 TgRas proteins, more TgRas proteins have amino
acid C (such as C in Motif 8) at this position. For Ras family proteins, this motif appears to
contribute to membrane localization and signal transduction.

Table 1. General information of TgRas family in Trichoderma guizhouense NJAU4742.

Gene ID Name Location Gene Length Amino Acid Quantity pI Molecular Weight (kDa)

A1A109149.1 TgRas1 TGA1_S20 991 214 4.85 24,205.32
A1A102886.1 TgRas2 TGA1_S07 931 237 9.2 26,098.67
A1A109579.1 TgRas3 TGA1_S20 1181 217 5.73 24,447.57
A1A102432.1 TgRas4 TGA1_S06 822 186 6.43 20,761.59
A1A109628.1 TgRas5 TGA1_S20 998 206 5.56 22,977.12
A1A111449.1 TgRas6 TGA1_S23 795 264 5.27 28,640.29
A1A103922.1 TgRas7 TGA1_S08 1111 202 5.47 22,448.3
A1A104429.1 TgRas8 TGA1_S10 922 212 5.61 23,192.99
A1A108119.1 TgRas9 TGA1_S18 765 254 7.65 27,544.88
A1A108307.1 TgRas10 TGA1_S18 1053 208 7.7 23,332.35
A1A110534.1 TgRas11 TGA1_S22 1010 206 4.79 23,136.02
A1A106211.1 TgRas12 TGA1_S15 832 229 5.14 24,249.11
A1A103198.1 TgRas13 TGA1_S07 926 220 8.74 23,990.25
A1A106127.1 TgRas14 TGA1_S15 1260 194 5.83 21,546.93
A1A109539.1 TgRas15 TGA1_S20 994 204 8.2 22,445.79
A1A100568.1 TgRas16 TGA1_S02 1015 216 6.91 24,354.95
A1A105281.1 TgRas17 TGA1_S13 1012 249 8.52 27,671.72
A1A101316.1 TgRas18 TGA1_S03 1311 195 6.21 21,515.72
A1A105388.1 TgRas19 TGA1_S13 943 200 5.44 21,999.18
A1A110131.1 TgRas20 TGA1_S20 1086 307 8.46 33,673.86
A1A106470.1 TgRas21 TGA1_S15 979 207 4.68 23,029.93
A1A110255.1 TgRas22 TGA1_S21 1221 336 9.61 36,096.6

Figure 2. Identification and analysis of TgRas family genes and TgRas family proteins. (a) Gene
structure of TgRas genes; (b) distribution of conserved motif of TgRas proteins; (c) motif analysis of
TgRas proteins.
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We analyzed the expression profile of TgRas family genes when glucose or rice straw
was used as a carbon source. The heatmap shows the quantitative results for 22 TgRas
genes. The results showed that the type of carbon source did not affect the high-level
expression of TgRas1, TgRas2, TgRas3, TgRas9, TgRas21, and TgRas22. Only under the
condition of glucose as a carbon source did TgRas5, TgRas7, TgRas8, TgRas10, TgRas11,
TgRas13, TgRas16, TgRas17, TgRas18, and TgRas19 show higher expression levels. TgRas14
and TgRas15 only showed higher expression levels on a rice straw medium. In summary,
TgRas family genes respond to different types of carbon sources at the gene level, and these
proteins may be involved in different carbon source metabolisms (Figure 3).

Figure 3. Expression profile of TgRas family genes for different carbon sources and times. Darker red
indicates higher gene expression and darker blue indicates lower gene expression.

3.3. The T. guizhouense NJAU4742 Mutant Has a Reduced Ability to Utilize Lactose, Resulting in
Abnormal Growth

Based on the TgRas family analysis results of T. guizhouense NJAU4742, we selected
TgRas1, TgRas2, TgRas3, and TgRas4 genes for follow-up research. The methods included
construction of mutants and validation. These four mutants were named ΔTgRas1, ΔTgRas2,
ΔTgRas3, and ΔTgRas4. We compared the transcriptional responses of TgRas family genes
in wild-type strains under different temperatures and carbon sources.

The results showed that the expression of TgRas1 had the highest expression level
regardless of the carbon source. The results induced by lactose and sucrose were 54.13%
and 62.93% higher than those induced by glucose, respectively. The expression of TgRas4
was low, while the expression of TgRas2 and TgRas3 was very low (Figure 4a). Therefore,
TgRas1 may be the key gene of carbon source metabolism in T. guizhouense NJAU4742.
The wild type was cultured under liquid conditions with ammonium sulfate, ammonium
nitrate, and sodium nitrate as nitrogen sources, respectively. The expression of TgRas1 was
still the highest, and there was no significant difference between different nitrogen sources.
It is worth noting that TgRas4 showed an increased expression level, which was close to
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that of TgRas1, when nitrate was used as a nitrogen source (Figure 4b). This means that
TgRas4 may be involved in the regulation of nitrogen sources. For the results of liquid
culture at different temperatures, the expression level of TgRas1 was still high, and the
change of temperature seemed to have no effect on TgRas family genes (Figure 4c). In
addition, under the growth conditions of pH 9 and pH 3, the expression of TgRas1 gene was
significantly lower than that of pH 6, which decreased by 44.71% and 36.33%, respectively
(Figure 4d). Interestingly, the expression of TgRas1 tended to increase under the light-only
culture condition, but that may also be due to experimental error (Figure 4e). In short,
the results suggest that in T. guizhouense NJAU4742, TgRas1 may play a leading role and
perform a major function in the organism.

Figure 4. Transcriptional responses of TgRas family genes in wild-type strains under differ-
ent carbon sources, nitrogen sources, temperatures, pH levels, and light conditions. (a) Tran-
scriptional responses of TgRas family genes in wild-type strains under different carbon sources;
(b) transcriptional responses of TgRas family genes in wild-type strains under different nitrogen
sources; (c) transcriptional responses of TgRas family genes in wild-type strains under different
temperatures; (d) transcriptional responses of TgRas family genes in wild-type strains under different
pH levels; (e) transcriptional responses of TgRas family genes in wild-type strains under different
light conditions. The “*” shows significant differences separately.

Furthermore, we evaluated the effect of TgRas family genes on the growth of
T. guizhouense NJAU4742. Wild types (WT) ΔTgRas1, ΔTgRas2, ΔTgRas3, and ΔTgRas4
were inoculated on PDA plates for one week, and the daily growth was recorded, as shown
in Figure 5a. There was no significant difference in growth between ΔTgRas3 and WT
during 7 days of continuous culture. The phenotype of ΔTgRas1 had the greatest influence.
The hyphae of ΔTgRas1 could not fill the entire plate, and the colony edge grew irregularly
and the colony size was small. The growth of ΔTgRas2 was slow and the colony edge grew
irregularly, indicating that the growth polarity of this strain may be limited. ΔTgRas4 was
less affected but had slower growth and greater spore production. Irregular colony edges
were simultaneously observed in ΔTgRas1, ΔTgRas2, and ΔTgRas4, suggesting that the
main function of TgRas family genes may be to affect polar growth (Figure 5b).
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Figure 5. Growth of single-knockout strains of the TgRas family gene on the plate. (a) Growth of
TgRas family single-knockout strains on PDA; (b) growth of TgRas family single-knockout strains on
galactose, sucrose, and microcrystalline cellulose.

Further, we observed the hyphal growth and spore germination of each mutant
strain on the plate. We observed the fungal border phenotype at 24 h and 48 h time
points. ΔTgRas2, ΔTgRas3, and ΔTgRas4 all showed denser hyphae numbers with more
mycelial branches. ΔTgRas1 exhibited a fully dysplastic fungal hyphal morphology from
the very beginning, with swollen and smooth edges (Figure 6a). The spore germination
observed under the microscope showed that as the germination time passed (12–18 h), the
hyphae of ΔTgRas2, ΔTgRas3, and ΔTgRas4 were similar to those of WT, and all of them
could obviously produce hyphae. However, the germination process of ΔTgRas1 spores
was affected, and the spores were large, and no obvious mycelial growth could be seen
(Figure 6b). We measured the length of the hyphae to represent the growth rate of the
fungus. The results showed that the radial growth rate of ΔTgRas1 was the slowest, and
there were almost no elongated hyphae within 72 h. ΔTgRas2 and ΔTgRas4 had slower
growth rates, but ΔTgRas3 had little difference in growth rate from WT (Figure 6c,d).
Colony edge growth and spore germination also confirmed that the deletion of the TgRas
gene had an effect on the polar growth of hyphae, and TgRas1 played a major role in the
TgRas gene.
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Figure 6. Mycelial growth and spore germination of TgRas family single-knockout strains growing
on PDA. (a) Mycelial growth at the colony edge of the TgRas family single-knockout strain; (b) spore
germination of the TgRas family single-knockout strain; (c) mycelium length of single-knockout
strains of TgRas family genes. The “ab” shows significant differences separately. Different letters
represent significant differences from each other.; (d) radial growth of mycelium of single-knockout
strains of the TgRas family genes.

3.4. Liquid Fermentation of TgRas1 Mutants from other Carbon Sources Was Not Affected

The above experimental results have shown that TgRas1 is the main functional gene.
Therefore, we observed the growth of wild-type and TgRas1 mutants (ΔTgRas1) in a Biolog-
FF medium and investigated the response of ΔTgRas1 to different carbon sources. Each
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legend and number in Figure 7 represent an individual carbon source. The unmarked
numbers indicate that neither wild type nor ΔTgRas1 can grow on this carbon source.
The carbon source corresponding to each number is listed in detail in the appendix. The
thickened light green line in Figure 7 represents the growth of glucose, the thickened black
line represents the growth of lactose, and the thickened dark blue line represents the growth
of arabinose. The wild-type strain grew rapidly under the condition of glucose, but after
96 h, the growth of the wild-type strain under the lactose condition gradually increased
(Figure 7a). However, during the growth process of ΔTgRas1, the growth of ΔTgRas1 under
lactose conditions was much weaker than that under glucose conditions (Figure 7b), which
formed a significant contrast with WT. The results showed that ΔTgRas1 could not utilize
lactose well, but glucose utilization was not affected (Figure 7).

Figure 7. Growth of WT and ΔTgRas1 on Biolog-FF plates. (a) WT; (b) ΔTgRas1.

According to the growth and development of ΔTgRas1 on Biolog-FF plates, glucose
and lactose were selected as carbon sources for liquid fermentation. The dry weight of
the mycelia was measured after 4 days of culture. The results showed that the growth of
WT and ΔTgRas1 was basically the same under glucose liquid culture conditions. After
standing still for 10 min, the liquid was still cloudy, which was due to the floating of
hyphae scattered throughout the medium. Under the condition of lactose liquid culture, the
growth status of WT was not inhibited, and the medium was always turbid. Interestingly,
the ΔTgRas1 liquid medium became clear after standing for 10 min. ΔTgRas1 sank to the
bottom of the medium, and a small amount of granular ΔTgRas1 could be clearly observed.
This indicated that the hyphae of ΔTgRas1 might be stunted in growth and more likely to
sink to the bottom. Under the glucose carbon source condition, the biomass of ΔTgRas1
increased by 16.36% compared with WT, which is an interesting phenomenon. However,
when lactose was used as the sole carbon source, the biomass of ΔTgRas1 was severely
suppressed, decreasing by 91.43% compared with WT (Figure 8a,b).
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Figure 8. Growth of ΔTgRas1 strain under different carbon source conditions. (a,b) Growth of
ΔTgRas1 strain under different carbon source conditions selected according to the results of Biolog-FF
plate; (c,d) growth of ΔTgRas1 strain under different common carbon source conditions. The “*”
shows significant differences separately. Different letters represent significant differences from each
other. The “**” represents a very significant difference.

In the process of utilizing carbon sources, fungi may secrete relevant hydrolytic
enzymes to decompose carbohydrates. In order to avoid the influence of the type of
polysaccharides on the bacteria, we additionally selected common carbohydrates (glucose,
galactose, lactose, sucrose, soluble starch) for verification. This cultivation was carried out
under liquid conditions. WT was turbid in all media, and mycelia were evenly distributed
in the media. For carbon source media that do not affect the growth of ΔTgRas1, ΔTgRas1
will naturally settle to the bottom of the bottle. The growth of ΔTgRas1 in lactose medium
was still inhibited. We further measured the dry weight of mycelia. ΔTgRas1 exhibited
increased biomass under glucose, galactose, sucrose, and starch conditions, which increased
by 39.52%, 24.17%, 60.71%, and 36.33%, respectively, compared with WT. Similarly to
the previous experimental results, under lactose conditions, the growth of ΔTgRas1 was
significantly inhibited, and its biomass was reduced by 94.12% compared with WT. The
reason for the biomass growth of ΔTgRas1 under other carbon source conditions is unclear.
However, it can be clearly shown that only lactose can severely inhibit the growth of
ΔTgRas1, and TgRas1 may be involved in the lactose metabolic pathway (Figure 8c,d).

3.5. Growth in Liquid Fermentation and Solid Fermentation with Straw as the Sole Carbon Source

For fungi, liquid culture conditions allow easy access to nutrients for growth. In the
above liquid fermentation results, the growth of ΔTgRas1 under lactose-free conditions was
better than that of the wild type, so we further compared the performance of ΔTgRas1 in
liquid fermentation and solid fermentation. The only carbon source in the medium was
straw. The results showed that WT could grow normally on straw under solid fermentation,
and mycelium extended to the whole surface and crevices of straw, while ΔTgRas1 only
grew on the surface of straw without mycelium growth. ΔTgRas1 clustered tightly on the
straw surface, similarly to the growth form on agar plates (Figure 9a). In liquid culture,

49



Fermentation 2023, 9, 440

the biomass of ΔTgRas1 was slightly higher than that of WT. However, the growth of
ΔTgRas1 in solid culture was inhibited, and the biomass was 17.91% lower than that of WT
(Figure 9b).

Figure 9. ΔTgRas1 cultured under liquid and solid conditions with rice straw as the sole carbon
source, respectively. (a) Growth morphology of bacteria during solid fermentation; (b) biomass
of ΔTgRas1 cultured in liquid and solid conditions with rice straw as the sole carbon source;
(c) en-doglucanase of ΔTgRas1 cultured under liquid and solid conditions with rice straw as the sole
carbon source; (d) exoglucanase of ΔTgRas1 cultured under liquid and solid conditions with rice
straw as the sole carbon source; (e) xylanase of ΔTgRas1 cultured under liquid and solid conditions
with rice straw as the sole carbon source. The “*” shows significant differences separately. Different
letters represent significant differences from each other.

Next, the activities of cellulose-related enzymes were measured. Under liquid fer-
mentation, there was no significant difference in the endoglucanase activities of WT and
ΔTgRas1. However, under solid fermentation, the enzymatic activity of ΔTgRas1 was
70.83% lower than that of WT (Figure 9c). Likewise, there was no significant difference in
exoglucanase activity between WT and ΔTgRas1 in liquid fermentation. In solid fermenta-
tion, the enzymatic activity of ΔTgRas1 was 85.45% lower than that of WT (Figure 9d). In
the liquid fermentation condition, the xylanase activity of WT and ΔTgRas1 did not show a
significant difference. Under solid fermentation conditions, the enzyme activity of ΔTgRas1
decreased by 54.29% compared with WT (Figure 9e).

4. Discussion

Most microbial cellulases are inducible hydrolases that are secreted by microorganisms
growing on cellulosic substrates [20,21]. Different microorganisms can utilize agricultural
residues to produce cellulases and xylanases [22,23]. Straw and bran from cereals, corncobs,
and bagasse are the most popular substrates in different regions [24,25]. Enzyme yields can
be increased by using a mixture of different substrates instead of a single substrate [26,27].
Lactose is a low-cost additive used to induce fungal secretion of cellulase and xylanase [28].
Lactose has been reported to regulate the secretion of hydrolases from Trichoderma reesei,
including xyn1, xyn2, cbh1, cbh2, and egl1-encoded xylanase I, xylanase II, cellulosic
biohydrolase II, and endoglucan carbohydrase I [29]. Despite their positive impact on
cellulase production, the addition of such additives in inappropriate amounts can lead
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to inhibitory effects. In summary, the secretion of cellulase depends on the medium and
culture conditions, and the types of inducers will have different effects.

In almost all eukaryotes, Ras proteins play a key role in sensing and responding to
environmental signals [30,31], and the Ras gene is highly conserved in evolution [32]. In
particular, the genome of Saccharomyces cerevisiae contains highly homologous genes to the
mammalian Ras gene, which contains two Ras genes (Ras1 and Ras2), one Rap (Rsr1/Bud1),
and one Rheb (Rhb1) direct homologue. It is significantly homologous to the mammalian
Ras gene, with Ras1 and Ras2 containing 309 and 322 amino acids, respectively, and the
first 180 amino acids of these two proteins are nearly 90% homologous [33–35].

There have been few reports of obtaining mutants of deleted genes in filamentous
fungi, suggesting that Ras activity in some species is essential [36]. In the reported studies,
Ras1 deletion mutants were obtained in Aspergillus fumigatus, but there were no successful
cases in other filamentous fungi. Ras mutants from other families are easier to obtain [37,38].
In this study, we successfully obtained TgRas1-deleted mutants. It was found that the
deletion of the TgRas1 gene affected the polar growth of hyphae and the production and
germination of conidia. The marked growth inhibition caused by the ΔTgRas1 mutant
may be due to the critical role of TgRas1 in maintaining the survival of filamentous fungi.
Two proteins in Saccharomyces cerevisiae, Ras1 and Ras2, are thought to be involved in a
range of fungal physiological processes in an antagonistic or cooperative manner, such as
asexual development, polarization morphogenesis, and pathogenesis [39]. Fungal hyphae
are usually able to maintain their growth direction for a considerable period of time, and
from time to time they establish new growth axes, such as lateral branching. Fungal hyphae
typically grow in polarity, and once polarity is established, they spread at an alarming rate.

In fact, conidial germination and mycelial growth of ΔTgRas1 were affected to varying
degrees on agar solid plates, especially the polar growth of mycelium. Similarly, RasA1
mutants in yeast severely delay polarity establishment, which is characterized by the
hyperswelling of conidia [40]. Previously, the ΔAoRas2 mutant of Arthrobotrys oligospora
exhibited hyphal swelling, a phenotype similar to that of ΔTgRas1 [41]. The abnormal
spore characteristic of ΔTgRas1 is manifested by the swelling of nascent hyphae during
germination. These results may imply that the function of TgRas1 is more focused on the
growth and survival of Trichoderma guizhouense NJAU4742. Mature hyphae were also found
in the ΔTgRas1 mutant, but the hyphae growth rate was significantly inhibited. The growth
speed of the other three TgRas mutants also showed obvious differences.

We observed that ΔTgRas1 hyphae showed edge swelling during the growth process,
and the growth direction of ΔTgRas1 hyphae was affected. Ras mutants in filamentous
fungi such as Neurospora crassa and Schizophyllum exhibit defects in twisted mycelial growth.
In Neurospora crassa, there are ropy-like mutants. By destabilizing the apical vesicle supply
center, it leads to a deviating growth trajectory [42].

Growth inhibition of the ΔTgRas1 strain further revealed inappropriate development
of conidia structure. TgRas in this study also appears to be involved in a pathway that
regulates conidia production. The knockout of the TgRas1 gene affected the conidial
germination and hyphal development of Trichoderma and changed the colony morphology.
This is similar to previous reports of the effects of Ras on other fungi. For example,
disruption of Ras2 had no effect on the germination pattern of germ tubes in Fusarium
graminearum but slowed conidia germination [43]. RasB knockout mutants in A. fumigatus
exhibit delayed initiation of germination, but subsequent processes are not observed, in
contrast to the slowed germination in the dominant-negative form of RasA. Germination
was not affected in dominant-active forms of RasA or RasB [44]. However, in N. crassa, the
germination rate of ΔRas2 did not change significantly [45]. In this study, spore germination
was significantly delayed in all four TgRas single-knockout mutants. In ΔTgRas1 with
the most obvious phenotype, not only the germination of spores was delayed but the
production of conidia was also greatly delayed. WT will produce green conidia in about
4 days, but the conidia of ΔTgRas1 will be delayed to about 10 to 14 days. Obviously, the
germination of spores and the generation of conidia in Trichoderma guizhouense NJAU4742
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are positively regulated by TgRas family genes. In addition to being involved in the positive
regulation of sporulation, TgRas1 was also found to alter mycelial branching in Trichoderma
guizhouense NJAU4742. Two or more germ tubes were observed in ΔTgRas1. Fungal
germination usually causes germ tubes to sprout from the apical rather than lateral sides of
the conidia [46]. However, in our study, multiple germ tubes aberrantly sprouted laterally
from the conidia and were dysplastic in ΔTgRas1, which shows disordered branching
and slow growth. This phenomenon may be due to the instability of the polar axis of
cell development. This phenomenon is very similar to the hyperbranched or serrated
hyphae observed in mutants of RasB of A. fumigatus, Ras2 of Neurospora crassa, and Ras of
A. gossypii [47].

In this study, ΔTgRas1 was cultured on solid plates with different carbon sources, and
a reduction in radial growth, serrated colony edges, and aerial hyphae were observed.
This occurs regardless of the type of carbon source. Although the ΔTgRas1 mutant had
reduced radial growth on plates, its growth rate in liquid culture was indistinguishable
from its wild type. This situation is similar to that seen in A. fumigatus ΔRasB mutants.
Interestingly, liquid-fermented ΔTgRas1 showed severe inhibition of mycelial cell growth
under a lactose carbon source, but the growth of ΔTgRas1 under other carbon source liquid
fermentation conditions returned to normal levels, and polar growth inhibition was also
observed. The above results indicate that TgRas1 may be related to the lactose metabolism
pathway in Trichoderma guizhouense NJAU4742. In short, the TgRas family genes are critical
to the growth of fungi, and most of the proteins in this family have important effects on
cell wall integrity, growth site selection, polarity establishment, and maintenance. At the
same time, the results of this study complement the evidence that TgRas family genes play
an indispensable role in fungal survival and lactose metabolism.
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//www.mdpi.com/article/10.3390/fermentation9050440/s1, Table S1: Primers used to obtain mutant
strains.

Author Contributions: Conceptualization, J.M. and D.L.; methodology, J.M. and D.L.; software, C.C.
and H.Z.; validation, C.C., Y.G. and J.M.; resources, Q.S.; data curation, Y.G.; writing—original draft
preparation, H.G.; writing—review and editing, D.L.; supervision, Q.S.; project administration, D.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research was financially supported by the National Natural Science Foun-
dation of China (31972513 and 32172680) and the Fundamental Research Funds for the Central
Universities (KYZ201716). All authors agreed to publish. There is no conflict of interest between
the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brotman, Y.; Kapuganti, J.G.; Viterbo, A. Trichoderma. Curr. Biol. 2010, 20, R390–R391. [CrossRef] [PubMed]
2. Contreras-Cornejo, H.A.; Lopez-Bucio, J.S.; Mendez-Bravo, A.; Macias-Rodriguez, L.; Ramos-Vega, M.; Guevara-Garcia, A.A.;

Lopez-Bucio, J. Mitogen-Activated Protein Kinase 6 and Ethylene and Auxin Signaling Pathways Are Involved in Arabidopsis
Root-System Architecture Alterations by Trichoderma atroviride. Mol. Plant-Microbe Interact. 2015, 28, 701–710. [CrossRef]

3. Contreras-Cornejo, H.A.; Macias-Rodriguez, L.; Vergara, A.G.; Lopez-Bucio, J. Trichoderma Modulates Stomatal Aperture and
Leaf Transpiration Through an Abscisic Acid-Dependent Mechanism in Arabidopsis. J. Plant Growth Regul. 2015, 34, 425–432.
[CrossRef]

4. Zin, N.A.; Badaluddin, N.A. Biological functions of Trichoderma spp. for agriculture applications. Ann. Agric. Sci. 2020, 65,
168–178. [CrossRef]

52



Fermentation 2023, 9, 440

5. Peterson, R.; Nevalainen, H. Trichoderma reesei RUT-C30–thirty years of strain improvement. Microbiology 2012, 158, 58–68.
[CrossRef]

6. Li, Q.R.; Tan, P.; Jiang, Y.L.; Hyde, K.D.; McKenzie, E.H.C.; Bahkali, A.H.; Kang, J.C.; Wang, Y. A novel Trichoderma species
isolated from soil in Guizhou, T. guizhouense. Mycol. Prog. 2013, 12, 167–172. [CrossRef]

7. Xu, Y.; Zhang, J.; Shao, J.H.; Feng, H.C.; Zhang, R.F.; Shen, Q.R. Extracellular proteins of Trichoderma guizhouense elicit an
immune response in maize (Zea mays) plants. Plant Soil 2020, 449, 133–149. [CrossRef]

8. Saloheimo, M.; Wang, H.; Valkonen, M.; Vasara, T.; Huuskonen, A.; Riikonen, M.; Pakula, T.; Ward, M.; Penttila, M. Charac-
terization of secretory genes ypt1/yptA and nsf1/nsfA from two filamentous fungi: Induction of secretory pathway genes of
Trichoderma reesei under secretion stress conditions. Appl. Environ. Microbiol. 2004, 70, 459–467. [CrossRef]

9. Sternberg, D.; Mandels, G. Induction of cellulolytic enzymes in Trichoderma reesei by sophorose. J. Bacteriol. 1979, 139, 761–769.
[CrossRef]

10. Ivanova, C.; Bååth, J.A.; Seiboth, B.; Kubicek, C.P. Systems analysis of lactose metabolism in Trichoderma reesei identifies a lactose
permease that is essential for cellulase induction. PLoS ONE 2013, 8, e62631. [CrossRef]

11. Porciuncula, J.D.; Furukawa, T.; Shida, Y.; Mori, K.; Kuhara, S.; Morikawa, Y.; Ogasawara, W. Identification of Major Facilitator
Transporters Involved in Cellulase Production during Lactose Culture of Trichoderma reesei PC-3-7. Biosci. Biotechnol. Biochem.
2013, 77, 1014–1022. [CrossRef]

12. Seiboth, B.; Hofmann, G.; Kubicek, C. Lactose metabolism and cellulase production in Hypocrea jecorina: The gal7 gene, encoding
galactose-1-phosphate uridylyltransferase, is essential for growth on galactose but not for cellulase induction. Mol. Genet. Genom.
2002, 267, 124–132. [CrossRef]

13. Karaffa, L.; Fekete, E.; Gamauf, C.; Szentirmai, A.; Kubicek, C.P.; Seiboth, B. d-Galactose induces cellulase gene expression in
Hypocrea jecorina at low growth rates. Microbiology 2006, 152, 1507–1514. [CrossRef]

14. Yaar, L.; Mevarech, M.; Koltint, Y. A Candida albicans RAS-related gene (CaRSRl) is involved in budding, cell morphogenesis and
hypha development. Microbiology 1997, 143, 3033–3044. [CrossRef]

15. Weeks, G.; Spiegelman, G.B. Roles played by Ras subfamily proteins in the cell and developmental biology of microorganisms.
Cell Signal. 2003, 15, 901–909. [CrossRef] [PubMed]

16. Martin-Vicente, A.; Souza, A.C.O.; Al Abdallah, Q.; Ge, W.; Fortwendel, J.R. SH3-class Ras guanine nucleotide exchange factors
are essential for Aspergillus fumigatus invasive growth. Cell Microbiol. 2019, 21, e13013. [CrossRef]

17. Fortwendel, J.R.; Seitz, A.E.; Askew, D.S.; Rhodes, J.C. Aspergillus Fumigatus rasA: A Non-Essential Gene that Regulates
Germination, Mitosis and Hyphal Morphology. Ph.D. Thesis, University of Cincinnati, Cincinnati, Ohio, 1999.

18. Zhu, Z.; Ma, G.; Yang, M.; Tan, C.; Yang, G.; Wang, S.; Li, N.; Ge, F.; Wang, S. Ras subfamily GTPases regulate development,
aflatoxin biosynthesis and pathogenicity in the fungus Aspergillus flavus. Environ. Microbiol. 2021, 23, 5334–5348. [CrossRef]

19. Miao, Y.; Xia, Y.; Kong, Y.; Zhu, H.; Mei, H.; Li, P.; Feng, H.; Xun, W.; Xu, Z.; Zhang, N.; et al. Overcoming diverse homologous
recombinations and single chimeric guide RNA competitive inhibition enhances Cas9-based cyclical multiple genes coediting in
filamentous fungi. Environ. Microbiol. 2021, 23, 2937–2954. [CrossRef]

20. Kubicek, C.P.; Messner, R.; Gruber, F.; Mach, R.L.; Kubicek-Pranz, E.M. The Trichoderma cellulase regulatory puzzle: From the
interior life of a secretory fungus. Enzym. Microb. Technol. 1993, 15, 90–99. [CrossRef] [PubMed]

21. Mach, R.; Zeilinger, S. Regulation of gene expression in industrial fungi: Trichoderma. Appl. Microbiol. Biotechnol. 2003, 60,
515–522. [CrossRef]

22. Techapun, C.; Poosaran, N.; Watanabe, M.; Sasaki, K. Thermostable and alkaline-tolerant microbial cellulase-free xylanases
produced from agricultural wastes and the properties required for use in pulp bleaching bioprocesses: A review. Process Biochem.
2003, 38, 1327–1340. [CrossRef]

23. Delabona, P.d.S.; Pirota, R.D.P.B.; Codima, C.A.; Tremacoldi, C.R.; Rodrigues, A.; Farinas, C.S. Using Amazon forest fungi and
agricultural residues as a strategy to produce cellulolytic enzymes. Biomass Bioenergy 2012, 37, 243–250. [CrossRef]

24. Mussatto, S.I.; Ballesteros, L.F.; Martins, S.; Teixeira, J.A. Use of agro-industrial wastes in solid-state fermentation processes. Ind.
Waste 2012, 274. [CrossRef]

25. Santos, F.A.; Carvalho-Gonçalves, L.C.T.d.; Cardoso-Simões, A.L.d.C.; Santos, S.F.d.M. Evaluation of the production of cellulases
by Penicillium sp. FSDE15 using corncob and wheat bran as substrates. Technol. Rep. 2021, 14, 100648. [CrossRef]

26. Adsul, M.G.; Bastawde, K.B.; Varma, A.J.; Gokhale, D.V. Strain improvement of Penicillium janthinellum NCIM 1171 for increased
cellulase production. Bioresour. Technol. 2007, 98, 1467–1473. [CrossRef]

27. Steudler, S.; Werner, A.; Walther, T. It is the mix that matters: Substrate-specific enzyme production from filamentous fungi and
bacteria through solid-state fermentation. Solid State Ferment. 2019, 169, 51–81.

28. Singhania, R.R.; Sukumaran, R.K.; Patel, A.K.; Larroche, C.; Pandey, A. Advancement and comparative profiles in the production
technologies using solid-state and submerged fermentation for microbial cellulases. Enzym. Microb. Technol. 2010, 46, 541–549.
[CrossRef]

29. Stricker, A.R.; Steiger, M.G.; Mach, R.L. Xyr1 receives the lactose induction signal and regulates lactose metabolism in Hypocrea
jecorina. FEBS Lett. 2007, 581, 3915–3920. [CrossRef]

30. Fortwendel, J.R.; Juvvadi, P.R.; Rogg, L.E.; Asfaw, Y.G.; Burns, K.A.; Randell, S.H.; Steinbach, W.J. Plasma Membrane Localization
Is Required for RasA-Mediated Polarized Morphogenesis and Virulence of Aspergillus fumigatus. Eukaryot. Cell 2012, 11, 966–977.
[CrossRef]

53



Fermentation 2023, 9, 440

31. Arkowitz, R.A.; Bassilana, M. Regulation of hyphal morphogenesis by Ras and Rho small. GTPases. Fungal Biol. Rev. 2015,
29, 7–19. [CrossRef]

32. Yang, L.; Li, X.; Xie, M.; Bai, N.; Yang, J.; Jiang, K.; Zhang, K.-Q.; Yang, J. Pleiotropic roles of Ras GTPases in the nematode-trapping
fungus Arthrobotrys oligospora identified through multi-omics analyses. iScience 2021, 24, 102820. [CrossRef] [PubMed]

33. Casas-Flores, S.; Rios-Momberg, M.; Rosales-Saavedra, T.; Martinez-Hernandez, P.; Olmedo-Monfil, V.; Herrera-Estrella, A.
Cross talk between a fungal blue-light perception system and the cyclic AMP signaling pathway. Eukaryot. Cell 2006, 5, 499–506.
[CrossRef] [PubMed]

34. Tamanoi, F. Ras Signaling in Yeast. Genes Cancer 2011, 2, 210–215. [CrossRef]
35. Knapp, G.S.; McDonough, K.A. Cyclic AMP Signaling in Mycobacteria. Microbiol. Spectr. 2014, 2, 2. [CrossRef]
36. Nogueira, K.M.V.; Costa, M.d.N.; de Paula, R.G.; Mendonça-Natividade, F.C.; Ricci-Azevedo, R.; Silva, R.N. Evidence of cAMP

involvement in cellobiohydrolase expression and secretion by Trichoderma reesei in presence of the inducer sophorose. BMC
Microbiol. 2015, 15, 195. [CrossRef]

37. Som, T.; Kolaparthi, V.S. Developmental decisions in Aspergillus nidulans are modulated by Ras activity. Mol. Cell Biol. 1994, 14,
5333–5348. [CrossRef]

38. Boyce, K.J.; Hynes, M.J.; Andrianopoulos, A. The Ras and Rho GTPases genetically interact to co-ordinately regulate cell polarity
during development in Penicillium marneffei. Mol. Microbiol. 2005, 55, 1487–1501. [CrossRef] [PubMed]

39. Lengeler Klaus, B.; Davidson Robert, C.; D’Souza, C.; Harashima, T.; Shen, W.-C.; Wang, P.; Pan, X.; Waugh, M.; Heitman, J. Signal
Transduction Cascades Regulating Fungal Development and Virulence. Microbiol. Mol. Biol. Rev. 2000, 64, 746–785. [CrossRef]

40. Brown, N.A.; Ries, L.N.A.; Goldman, G.H. How nutritional status signalling coordinates metabolism and lignocellulolytic enzyme
secretion. Fungal Genet. Biol. 2014, 72, 48–63. [CrossRef]

41. Schuster, A.; Tisch, D.; Seidl-Seiboth, V.; Kubicek, C.P.; Schmoll, M. Roles of Protein Kinase A and Adenylate Cyclase in
Light-Modulated Cellulase Regulation in Trichoderma reesei. Appl. Environ. Microbiol. 2012, 78, 2168–2178. [CrossRef] [PubMed]

42. Riquelme, M.; Roberson, R.W.; McDaniel, D.P.; Bartnicki-García, S. The effects of ropy-1 mutation on cytoplasmic organization
and intracellular motility in mature hyphae of Neurospora crassa. Fungal Genet. Biol. 2002, 37, 171–179. [CrossRef]

43. Bluhm, B.H.; Zhao, X.; Flaherty, J.E.; Xu, J.R.; Dunkle, L.D. RAS2 Regulates Growth and Pathogenesis in Fusarium graminearum.
Mol. Plant-Microbe Interactions® 2007, 20, 627–636. [CrossRef] [PubMed]

44. Fortwendel, J.R.; Panepinto, J.C.; Seitz, A.E.; Askew, D.S.; Rhodes, J.C. Aspergillus fumigatus rasA and rasB regulate the timing
and morphology of asexual development. Fungal Genet. Biol. 2004, 41, 129–139. [CrossRef] [PubMed]

45. Kana-uchi, A.; Yamashiro, C.T.; Tanabe, S.; Murayama, T. A ras homologue of Neurospora crassa regulates morphology. Mol. Gen.
Genet. MGG 1997, 254, 427–432. [CrossRef]

46. D’Enfert, C. Fungal Spore Germination: Insights from the Molecular Genetics ofAspergillus nidulansandNeurospora crassa.
Fungal Genet. Biol. 1997, 21, 163–172. [CrossRef]

47. Bauer, Y.; Knechtle, P.; Wendland, J.; Helfer, H.; Philippsen, P. A Ras-like GTPase is involved in hyphal growth guidance in the
filamentous fungus Ashbya gossypii. Mol. Biol. Cell 2004, 15, 4622–4632. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

54



Citation: Gil Rolón, M.; Leonardi,

R.J.; Bolzico, B.C.; Seluy, L.G.; Benzzo,

M.T.; Comelli, R.N. Multi-Response

Optimization of Thermochemical

Pretreatment of Soybean Hulls for

2G-Bioethanol Production.

Fermentation 2023, 9, 454.

https://doi.org/10.3390/

fermentation9050454

Academic Editors: Miguel Ladero

and Victoria E. Santos

Received: 31 March 2023

Revised: 5 May 2023

Accepted: 5 May 2023

Published: 10 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Article

Multi-Response Optimization of Thermochemical Pretreatment
of Soybean Hulls for 2G-Bioethanol Production

Martín Gil Rolón, Rodrigo J. Leonardi, Bruna C. Bolzico, Lisandro G. Seluy, Maria T. Benzzo and Raúl N. Comelli *

Grupo de Procesos Biológicos en Ingeniería Ambiental (GPBIA), Facultad de Ingeniería y Ciencias
Hídricas (FICH), Universidad Nacional del Litoral (UNL), Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET), Ciudad Universitaria CC 242 Paraje El Pozo, Santa Fe 3000, Argentina
* Correspondence: rcomelli@fich.unl.edu.ar

Abstract: Soybean is a major crop used in the production of human food. The soybean hull (SH)
is also known as the seed coat and it constitutes about 5–8% of the total seed on a dry weight
basis, depending on the variety and the seed size. Dilute sulfuric acid was employed for the
thermochemical pretreatment of SH prior to enzymatic saccharification and alcoholic fermentation.
Empirical modeling of response surface, severity factor and multi-response desirability function
methodology, were used to perform the process optimization. Temperature, acid concentration and
reaction time were defined as operational variables, while furfural, 5-hydroxymethylfurfural and
solubilized hemicellulose and cellulose were defined as response variables. Mathematical models
satisfactorily described the process and optimal conditions were found at 121 ◦C; 2.5% w/v H2SO4

and 60 min. More than 80% and 90% of hemicelluloses and celluloses, respectively, were able to
solubilize at this point. The fermentation performance of an industrial Saccharomyces cerevisiae strain
was also evaluated. The glucose available in the hydrolysates was completely consumed in less than
12 h, with an average ethanol yield of 0.45 gethanol/gglucose. Thus, the thermochemical conditioning
of SH with dilute sulfuric acid is a suitable operation for 2G-bioethanol production.

Keywords: soybean hull; pretreatment; bioethanol; multi-response optimization; severity factor

1. Introduction

The transportation sector is an important industrial player in the worldwide economy,
which deals with the movement of people and products. This is one of the main energy-
claimants: it consumes more than a quarter of the energy produced in the world and
also emits high levels of CO2 [1,2]. It is necessary to transform the transport system
towards a more sustainable model, which allows the reduction of greenhouse gasses in the
atmosphere. One of the main strategies considered to achieve this goal is the replacement
of fossil fuels with biofuels.

Bioethanol is one of the most important renewable fuels. It is added to gasoline to
reduce the negative environmental impact generated by the worldwide use of fossil fuels.
Several energy crops including sugarcane, corn and jatropha are used as raw materials
for bioethanol production [1]. The high worldwide bioethanol demand exerts enormous
pressure on primary production capacity. Thus, it is imperative to identify new renewable
sources for the production of this ‘green’ fuel. Several alternatives have received increased
focus, such as lignocellulosic biomass [2] and agro-industrial wastewaters [3]. Lignocel-
lulosic biorefineries can be applied to the production of second generation (2G) biofuels,
including bioethanol, as well as a number of high value products [4–6].

Soybean (Glycine max L.) is one of the most important crops for the production of
human food. The United States, Brazil, Argentina, China and India are the top-five pro-
ducers, whereas Argentina is the world’s top exporter of flour and oils. The processing of
soybean grains results in two main products: soybean meal and soybean oil (also used for
biodiesel production). Thus, soybean processing generates different by-products, such as
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hulls, molasses, and okara. Soybean hulls (SHs) are the main residue of soybean processing,
representing about 5–8% of the whole grain dry matter, and containing about 85% of com-
plex carbohydrates [7]. Because the SH has low weight, large storage areas are necessary to
manage this waste. This complicates and makes SH handling more expensive. Thus, the
bioconversion of this waste in added-value compounds emerges as a promising alternative
to valorize a waste with a circular economy approach [8].

Because SHs are essentially lignocellulosic residues, the polymers cellulose, hemicellu-
lose and lignin are the core components of them. Cellulose is a polysaccharide consisting of
a linear chain of D-glucose units, whereas hemicellulose contains pentoses, hexoses and/or
uronic acids. Unlike cellulose, hemicellulose composition varies depending on cell tissue
and plant species. The low lignin content (6–8%) of the SH is noteworthy, which makes it a
golden waste [9,10].

In general, a process to produce bioethanol from lignocellulosic biomass (LB) com-
prises four sequential stages: (1) LB pretreatment; (2) saccharification, i.e., enzymatic
hydrolysis of cellulose and hemicellulose; (3) fermentation and (4) ethanol distillation and
then rectification to achieve fuel specifications. The major drawbacks for the use of LB
are: (i) the recalcitrance to degradation of the lignocellulosic matrix, which is comprised of
covalent and hydrogen bonds; and (ii) the poor utilization by Saccharomyces cerevisiae of
D-xylose and L-arabinose, which are the main pentoses present in hemicellulose polymers.
This work is focused on the first step of the process: the pretreatment operations.

Pretreatment is a crucial step because it breaks down the complex chemical structures
of the LB, making cellulose more accessible to subsequent enzymatic hydrolysis. This
stage has a significant influence on the overall process economy since it represents up to
35% of the total cost for bioethanol production [11]. The development of efficient, robust,
easy-to-upscale and environmentally friendly pretreatment techniques is crucial in order
to achieve competitive biorefineries based on LB. The selection of a pretreatment method
depends on the chemical composition and physical nature of the material. For this reason,
an ideal pretreatment must: consider the sugar loss from pretreated fractions; reduce the
production of inhibitory compounds for enzymatic hydrolysis and fermentation; minimize
enzyme loading for efficient hydrolysis; decrease energy consumption; and permit the
delignification and recovery of other promising compounds. Currently, the thermochemical
conditioning processes are the preferred ones for large scale application [12]. Dilute acid
hydrolysis was extensively investigated as a pretreatment alternative for LB conversion,
with a focus on the use of carbohydrates for bioethanol production [13–18]. This method
aims to break and solubilize the hemicelluloses and lignin, allowing cellulose to be more
accessible to enzymatic attack.

In this work, the thermochemical pretreatment of SH with dilute sulfuric acid was
evaluated. The hydrolysis was performed in batch-type reactors and a multi-response
optimization methodology based on a desirability function was also applied. The aim of
the factorial-type experimental design was to identify the relationship between the main re-
action conditions (temperature, acid concentration and reaction time) and the hemicellulose
rupture and solubilization, as well as furans production. The effect on cellulose accessibility
to subsequent enzymatic hydrolysis was also considered. Finally, several fermentation
tests were performed with an industrial strain of Saccharomyces cerevisiae to evaluate the
potential inhibitory compounds released.

2. Materials and Methods

2.1. Characterization of SH and Hydrolysates

The SHs were provided by a local soybean processing company (Vicentin S.A.I.C.,
https://www.vicentin.com.ar, accessed on 13 April 2023). The material was ground and
sieved to obtain particles with a size in the range between 1 to 2 mm. The ash and mois-
ture content of SHs were determined following the LAP-NREL/TP-510-42622 procedure
reported by the National Renewable Energy Laboratory (NREL) [19].
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The carbohydrate content (cellulose and hemicellulose) was measured according
to the LAP-NREL/TP-510-42618 protocol [20] with some modifications: a two-step acid
hydrolysis was performed using sulfuric acid. Firstly, 3.00 ± 0.01 mL of 72% v/v H2SO4
was added to 300.0 ± 10.0 mg of ground SHs and incubated at 30 ◦C for 1 h. Then, distilled
water was added to reach a 4% v/v H2SO4 solution and it was autoclaved at 121 ◦C for
1 h. A sample of the liquid phase of the hydrolysate was stored at −20◦ C for further
determinations of soluble hydrolysis products, including pentoses, glucose, furans and
acid-soluble lignin. The pH of the remaining hydrolysate was adjusted to 5.0 ± 0.2 using
NaOH beads and a commercial enzyme mixture with cellulase activity (Novozyme, Cellic
CTec2®) was added following the supplier’s recommendations for the dosage (mass of
enzymes: mass of solids ratio). The reaction was kept at 50 ◦C for 72 h. Glucose was
measured using an enzymatic kit (SB Lab., Santa Fe, Argentina), whereas the remaining
solid fraction in the hydrolysate was employed for acid-insoluble lignin determination.
HMF and furfural were quantified by HPLC-UV (Thermo UltiMate 3000) using a C18
ODS Hypersil column, water:acetonitrile (80:20) as mobile phase and detection at 260 nm.
The identity of the main monosaccharides released from SHs were evaluated by HPLC-RI
using a Hypersil™ APS-2 (250 × 4.6 mm, 5 μm) column and water:acetonitrile (20:80) as
mobile phase.

Hydrolysate samples were centrifuged for 10 min at 10,000 rpm and filtered through
a 0.45 μm nylon membrane. C5 sugars were estimated by a colorimetric method using
hydrochloric acid, acetic acid and phloroglucinol [21]. A modified Klasson methodology
was followed to determine the lignin content [22]. This procedure was selected because
it considered the influence of the furans (HMF and furfural) in the medium. Ethanol was
quantified by gas chromatography-flame ionization detection (GC–FID, SHIMADZU GC
Solution). A 30 m Agilent J&W DB-1 column was used. A sample volume of 1 μL was
injected and butanol was used as an internal standard.

2.2. Experimental Design

A Central Composite Design (CCD) that included the time, temperature and sulfuric
acid concentration as independent variables (factors) was performed to determine the
optimal relationship of these factors. The axial distance (α value) was chosen to be 1.287.
For predicting the optimal point, a second-order polynomial function was fitted to correlate
the relationship between the independent variables and the response. The values for each
factor are shown in Table 1. The experiment was conducted in three blocks, with each
condition being studied in triplicate, and the order of the experiments was completely
randomized. In total, 48 experimental runs were performed, including 2 central points
per block, resulting in 36 degrees of freedom for error estimation. Factor combinations for
pretreatment are detailed in Table 2. The reaction time is defined as the period of time in
which the temperature is maintained constant, considering the zero time (t = 0) to be the
instant where the desired temperature is reached.

Table 1. Factors and higher and lower values defined.

Factors Units Lower Value Higher Value

Time min 30 180

Temperature ◦C 80 125

H2SO4 concentration % w/v 0.5 2.5

57



Fermentation 2023, 9, 454

Table 2. Experimental design.

Treatment Time (min) Temperature (◦C) H2SO4 (% w/v)

1 105 103 2.79

2 105 103 0.21

3 9 103 1.50

4 30 80 0.50

5 202 103 1.50

6 180 80 2.50

7 1 105 103 1.50

8 105 131 1.50

9 180 125 2.50

10 180 125 0.50

11 180 80 0.50

12 105 74 1.50

13 30 80 2.50

14 30 125 0.50

15 30 125 2.50
1 The central point of each block was performed by duplicate, so this condition was evaluated in sextuplicate.

All analysis of statistical experimental designs and results was performed using
Statgraphics Centurion XV v15.2.06 (StatPoint Inc., Suite, VA, USA), R Studio (R Core Team,
Vienna, Austria), MATLAB (MathWorks Inc., Natick, MA, USA). The statistical analysis was
performed in the form of analysis of variance (ANOVA). The significance of the regression
coefficients and the associated probabilities p(t) were determined by Student’s t-test. The
variance explained by the model is given by the multiple determination coefficients, R2,
and the parameter values should be close to 1.0 for a good statistical model, while a value
above 0.75 indicates the suitability of the model.

The percentage of hemicelluloses solubilization (%HC) was defined as follows:

%HC =
Cpentoses

Csolids∗ XHemicelluloses
∗ 100 (1)

where, Cpentoses is the concentration of pentoses in the liquid phase of the hydrolysate (g/L),
Csolids is the concentration of SHs in the reactor (g/L) and Xhemicelulloses is the fraction of
hemicellulose in dry SHs.

Acid hydrolysis was carried out in borosilicate glass tubes with screw caps (HACH,
Loveland, CO, USA) and using a dry block with heating system for temperature control.
The reaction volume was 10 mL, with 150 gSH/L.

2.3. Enzymatic Saccharification

After thermochemical pretreatment, the pH of the hydrolysates was adjusted to
5.0 ± 0.2 by adding NaOH beads. Chloramphenicol at final concentration of 2.5 ppm
was also incorporated to avoid bacterial proliferation. Then, a cellulase commercial enzyme
(Novozyme, Cellic CTec2®) was added as aforementioned. Reactors were kept under orbital
shaking at 50 ◦C for 72 h. Samples of the liquid fraction were taken at regular intervals
and the glucose concentration was determined. The cellulose conversion percentage was
calculated as follows:

%CEL =
Cglucose

Csolids∗ Xcelullose
∗ 100 (2)
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where, Cglucose is the glucose concentration (g/L), Csolids is the concentration of solids (g/L)
and Xcellulose is the fraction of cellulose in the dry material.

2.4. Fermentation

Fermentations were performed in triplicate using a 500-mL glass reactor (300-mL
working volume) operated in batch mode under anaerobic conditions and at a constant
temperature of 30 ◦C, as described previously [23]. The pH was initially adjusted to
4.50 ± 0.10, and orbital shaking (150 rpm) was maintained throughout the experiments
to avoid biomass precipitation. The initial concentration of yeast in each experiment was
1.00 ± 0.10 g/L. The samples were collected immediately after inoculation (t = 0) and
every 2 h until the end of the experiments. During the fermentation experiments, samples
(1 mL) were taken in duplicate and immediately centrifuged for 5 min at 1200× g. The
initial supernatants were transferred to sterile 1.5 mL tubes and stored at −20 ◦C until the
corresponding determinations.

The industrial strain Saccharomyces cerevisiae var. Ethanol red (Fermentis Ltd., Lille,
France) was selected for fermentation experiments. The performance of this strain on con-
trol media and sugar-sweetened high-strength wastewaters from the soft drinks industry
was previously studied [24]. Yeast strain was maintained at 4 ◦C on YPG solid medium
(yeast extract 5 g/L, peptone 3 g/L, D-glucose 20 g/L and agar 15 g/L). Pre-culture was
obtained by propagation of colonies at 30 ◦C overnight in a shaken Erlenmeyer flask with
liquid YPG. The cells had been previously grown at 30 ◦C for 12–18 h and were then
harvested by centrifugation for 5 min at 4500 rpm, washed twice using distilled water and
finally resuspended in a small volume of water before the reactors’ inoculation. A biomass
concentrated suspension was used to inoculate the fermentation reactors to reach an initial
concentration of 1 g/L. The biomass concentration was indirectly determined by turbidity
measurements at 600 nm using a VIS spectrophotometer (DR/2010, HACH, Loveland, CO,
USA). These measurements were correlated to biomass concentration using a calibration
curve built according to the standard technique for determination of Volatile Suspended
Solids (VSS) [25]. To build the calibration curve, the yeasts were grown on YPD medium
at 30 ◦C for 12–18 h and were then harvested by centrifugation for 5 min at 1200× g, then
washed five times using distilled water. Several dilutions of distilled water were made by
triplicate. An aliquot of each diluted sample was used for measure of turbidity (at 600 nm)
using distilled water as blank. Another aliquot of the well-mixed sample (50-mL) was
filtered in vacuum through a weighted standard Whatman GFC glass fiber filter (47 mm
diameter and 1.2 mm nominal pore size, Biopore, Buenos Aires, Argentina) and the residue
retained on the filter was dried to a constant weight at 103–105 ◦C. The increase in weight
of the filter represents the total suspended solids (TSS). The next step was the combustion
of the filter at 500 ◦C for 15 min and the weight lost after combustion represents the weight
of Volatile Suspended Solids (VSS) in the sample [23].

SH hydrolysate was fermented in a batch mode at a constant temperature of 30 ◦C
and stirring at 150 rpm. Previous yeast adaptation to the SH hydrolysate was not required.
Neither nitrogen source nor additional nutrients (salts or vitamins) were added to the
fermentation media. For comparative purposes, the yeast fermentative performance was
also evaluated in a synthetic medium containing D-glucose 60 g/L and commercial yeast
extract 5 g/L under the same experimental conditions. Duplicate fermentation experiments
were conducted for each medium. Finally, the performance of yeasts was evaluated using
several parameters defined in a previous work [26].

3. Results and Discussion

3.1. Characterization of Soybean Hull

Variation in the chemical composition of SHs usually depends on the cultivation
characteristics, influence of environmental factors (soil and climate), type of grain and
genetic factors, among others [27]. The composition of the employed SHs, determined on
a dry basis, consisted of 45.0 ± 1.21% cellulose, 15.1 ± 0.92% hemicelluloses, 4.0 ± 1.03%
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lignins, and 2.0 ± 0.13% ashes (Table 3). These results are in agreement with reported ones
by different authors [23–28] and support the idea that SHs contain relatively high amounts
of carbohydrates (cellulose and hemicellulose) and low lignin content. Thus, the SH is an
interesting platform for the development of biorefinery strategies [8], mainly those based
on bioprocesses. Because of its potential to obtain fermentable sugars with low generation
of lignin degradation compounds, which can be toxic to microbial metabolism, the SH has
a high potential as a feedstock for the production of added-value compounds applying
biological processes.

Table 3. Soybean hull compositions.

Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%) Reference

51.2 15.9 1.5–4.2 ND 1 [28] 2

36.4 12.5 18.2 4.2 [29]

39.7 25.5 9.1 NI [9]

39.0 24.0 12.0 NI [30]

52.3 18.5 3.7 2.5 [31]

40.6 33.8 7.8 4.2 [32]

45.0 15.1 4.0 2.0 This work
1 ND: Not determined. 2 Estimates by Van Soest method.

3.2. SH loading Selection for Pretreatment

The solid loading is an operational variable that commonly has a significant impact on
the efficiency of thermochemical pretreatment and enzymatic hydrolysis processes [33–35].
High solid loadings could increase the availability of fermentable sugar for the subsequent
fermentation stage, and contribute to decrease the cost of the recovery of ethanol by
distillation. However, a high solid concentration is also associated to challenges such as
(i) slurry’s high viscosity, (ii) limitation in the effectiveness of both the pretreatment and the
enzymatic hydrolysis, (iii) improperly enzyme distribution, (iv) sub-optimal solubilization
of carbohydrates, and (v) ineffective mixing of slurry and heat/mass transfer. These
topics could lead to an increase in consumption of energy due to additional operations
needed [33,36,37].

Since the initial solid content can have an impact on carbohydrate recovery, the
selection of an appropriate loading is a crucial factor to consider before commencing the
process. Then, a thermochemical hydrolysis screening was performed using 50, 100, 150
and 200 gSH/L. At the highest loading, the solids completely absorbed the liquid, resulting
in a mixture without a free aqueous phase (not shown). Because it was difficult to mix
and manage the solids at this loading, it was discarded for future experiments. In the
remaining reactors, the proportion of pentoses in the liquid phase was evaluated after
chemical hydrolysis. Since the measurement was statistically similar for all three conditions
(50, 100 and 150 gSH/L), the loading with the highest initial solid content was selected
for further experiments. Thus, the study of the impact of the pretreatment conditions on
carbohydrate recovery was performed at 150 gSH /L (dry basis). The best initial loading is
out of scope of this work and this topic may be addressed in future works.

3.3. Relation between Pretreatment and the Hemicellulose Solubilization

The acid-catalyzed hydrolysis leads to breaking of intermolecular and intramolecular
bonds, releasing oligosaccharides and soluble monomers, primarily pentoses, from the
hemicellulose. A series of reactions on both the hemicellulose and their hydrolysis prod-
ucts also take place at high temperature and acidic conditions. These reactions include
dehydration, oxidation, isomerization, decarboxylation and re-hydration, among others.
Thus, in order to study the effect of pretreatment conditions on hemicellulose, the release
soluble pentoses were measured, as well as the presence of furfural, the main product of the
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degradation of C5 sugars at high acidic and temperature conditions. Xylose and arabinose
are the main pentoses present in the hemicellulose structure. Partial hydrolysis of hemi-
cellulose to pentose oligomers like arabinoxylan-oligosaccharides could also occur. Both
monosaccharides and oligomers are soluble products of the hydrolysis of hemicellulose.
Thus, an encompassing variable named generically “pentoses” can be taken as a direct
indicator of the effectiveness of chemical hydrolysis; when more pentoses are present in
the liquid phase, more hemicellulose has been solubilized.

The conditions evaluated for thermo-chemical hydrolysis of the SHs were listed in Table 2.
The solubilization of hemicellulose (%HC) varied between 1.6% and 87.4%, whereas three
different conditions reached mean effectiveness above 80%: (i) 81.17 ± 1.99% for treatment
15 (2.50% w/v H2SO4; 125 ◦C; 30 min); (ii) 83.42 ± 3.78% for treatment 8 (1.50% w/v H2SO4;
131 ◦C; 105 min); and (iii) 84.34 ± 0.60% for treatment 9 (2.50% w/v H2SO4; 125 ◦C; 180 min).
Analysis of variance of these treatments indicated that they were not statistically different.
(p-value > 0.35; alpha = 0.05). These results are slightly higher than others informed by similar
studies that use dilute sulfuric acid to pretreat SHs. A solubilization close to 76% was reported
at 1.4% v/v H2SO4, 125 ◦C and 60 min of hydrolysis [38]. A level of 67% of solubilization was
observed at 2.2% w/w H2SO4/135 ◦C/40 min), whereas more severe conditions (1.7% w/w
H2SO4; 153 ◦C; 60 min) lead to a 77% of hemicellulose solubilization [9]. The highest values in
literature fall into the range of 90–96% of pentoses and it was obtained after steam explosion
pretreatment with dilute sulfuric acid (2% w/w H2SO4; 140 ◦C; 30 min) [29].

In order to search the optimal pretreatment operative conditions, a linear regression
analysis method was applied. The statistical approach of experimental design allowed
data acquisition in proper quantity and quality for the built and evaluation of multiple-
regression mathematical models. A quadratic polynomial type model, with interactions of
three factors (Time, Temperature and Sulfuric acid concentration) was initially built and
evaluated to predict the degree of hemicellulose solubilization (Equation (3)).

Y = β0 + β1T + β2t + β3 A + β11T2 + β22t2 + β33 A2 + β12Tt + β13TA+
β23tA,

(3)

where, Y is the percentage of solubilized hemicellulose (%); βi and βij are regression
coefficients, whereas A, T and t are the Sulfuric acid concentration (% w/v); the temperature
( ◦C) and the reaction time (min), respectively.

Statistical evaluation of the polynomial model was performed through t test, ANOVA
and AIC (Akaike Information Criterion), choosing a significance level of 95%. Analysis
showed that the interaction terms, those involving the time factor and the square of the
temperature, were not significant enough to explain response variations (β2, β11, β22, β12,
β13, β23 = 0). These terms were eliminated one by one and the resulting models were re-
evaluated after each elimination round. The regression analysis of the data showed that a
second order linear model (Equation (4)) was a suitable model to describe the hemicellulose
solubilization as a function of temperature (T) and sulfuric acid concentration (A), with
adjusted R2 value of 0.97.

%HC = −81.67 + 0.76 T + 53.87 A − 10.07 A2, R2 = 0.97 (4)

The surface response for different temperatures and acid concentrations is shown
in Figure 1.
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Figure 1. Response surface showing %HC after acid pretreatment.

As the model shows, in the upper limits of the space studied, the predicted and
observed values correspond to 80–90 of %HC. Considering that the goal of the treatment
with diluted acids is the solubilization of hemicellulose, the results were close to maximum
effectiveness conditions. Sulfuric acid concentration and Temperature were the most
important factors that had a significant impact on solubilization of the hemicellulose. The
interaction between the temperature and the sulfuric acid concentration was particularly
interesting (Figure 2). These findings may be mainly due to the range of conditions tested.
A wider range of conditions (100–170 ◦C and 1.4–3.2% w/w H2SO4) lead to obtaining
response surface models for the release of xylose and arabinose, in which, a significant
interaction between temperature and sulfuric acid concentration can be observed [9]. In
the range of conditions evaluated in this work, the surfaces resemble planes, presenting
curvatures in higher values, and being influenced primarily by the temperature.

Figure 2. Effects graph for Temperature and Sulfuric acid concentration over %HC. Parallel lines
show that no interaction exists.

Figure 3 summarizes the effects of the factors studied: bars correspond to the average
values of %HC reached at the corner points of the factorial design. It can be seen that
at low and high temperature values, 80 ◦C and 125 ◦C, respectively, the %HC increased
significantly as the acid concentration increased and the reaction time was maintained
constant. On the other hand, non-significant changes can be observed by increasing reaction
time and leaving the other variables fixed. This suggests that a significant fraction of the
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hemicellulose was solubilized relatively quickly and/or during the transient state (heating
stage). Similar observations were reported for the hydrolysis of Pinus taeda with dilute
sulfuric acid at pH = 1.65 and 150 ◦C; a significant amount of hemicellulose was also
solubilized during the heating of the reactor [39].

Figure 3. Bar graph for %HC at T = 80 ◦C (a) and T = 125 ◦C (b). No significant differences were
observed when reaction time increased from 30 min to 180 min.

3.4. Furans Formation

There are two main reasons why monitoring the concentrations of HMF and furfural
is relevant: (i) because they are the products of degradation of hexoses and pentoses,
respectively, their presence implies the loss of fermentable sugars, and (ii) depending on
their concentration levels, these compounds can act as an inhibitor to the metabolism of a
wide range of fermenting microorganisms [40–44].

Figure 4 shows the production of furans in all the evaluated treatments. It can be
seen that the more severe the treatment, the more furans are produced. As expected, the
generation of furfural is always higher than HMF, suggesting that pretreatment mainly pro-
duces the hydrolysis of hemicellulose, i.e., the source of pentoses. The maximal production
of furfural and HMF were recorded in treatment 9 (2.50% w/v H2SO4; 125 ◦C; 180 min).
In these conditions, an average of 392.6 mgFurfural/L and 75.4 mgHMF/L were reached.
Additionally, treatment 8 (1.50% w/v H2SO4; 131 ◦C; 105 min) accumulated an average
of 229.5 mgFurfural/L and 63.5 mgHMF/L, suggesting an interaction between the factors.
ANOVA showed that the productions of furfural and HMF in treatment 9 are significantly
higher than treatment 8 (p-value < 0.4 × 10−3 and p-value < 0.8 × 10−3). An average of
60.7 mgFurfural/L and 38.2 mgHMF/L were produced in treatment 15 (2.50% w/v H2SO4,
125 ◦C, 30 min), which ranked third. However, the furfural concentrations in treatment 15
were significantly lower than treatments 8 and 9, but were not significantly superior to any
other, whereas the HMF concentrations were significantly lower with respect to treatments
8 and 9, but significantly superior to the rest (p-valor < 0.2 × 10−4).

The furan concentrations presented in this section were in agreement with those
reported in the literature. In particular, values of 190 and 280 mgFurfural/L were reported
in SH hydrolysates treated 60 min with sulfuric acid (1.4% v/v) at 120 ◦C and 125 ◦C,
respectively [38].

By applying multiple regression analysis, a mathematical relationship between the fu-
rans production and the pretreatment conditions was obtained. Both models are exponential-
type and show effects of the three factors and their interactions, satisfactorily representing
the data dispersion in the range of study (Equations (5) and (6)).
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(a) (b) 

Figure 4. Boxplot that shows the furfural (a) and HMF (b) production by treatment. The treatment
sequence is running from low to high concentrations.

Fur
(mg

L
)
= exp

(
4.49 − 1.70 A − 1.43 ∗ 10−2 T − 1.55 ∗ 10−2 t + 1.78 ∗ 10−2 AT + 2.94 ∗ 10−3 At + 1.43 ∗ 10−4 Tt

)
,

R2 = 0.80
(5)

HMF
(mg

L
)
= exp

(
2.17 − 0.50 ∗ 10−2 T − 1.42 A − 0.60 ∗ 10−2 t + 0.75 ∗ 10−4 Tt + 0.93 ∗ 10−3 At + 0.02 AT

)
,

R2 = 0.86
(6)

The surfaces obtained with both models are shown in Figure 5 for a reaction time of
180 min, in which, the exponential effect on the responses occurs towards at the upper
values of temperature and acid concentration. The temporal evolution of furfural and
HMF concentrations at constant temperature or acid sulfuric concentration, with the other
operative conditions free in the studied range are also shown.

 
(a) (d) 

Figure 5. Cont.
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Figure 5. Relations between operational variables (Temperature, Sulfuric acid concentration and
Time) over furans production. Response surfaces obtained for furfural (a) and HMF (d) production
for a reaction time of 180.0 min. Temporal evolution of furans production predicted for different
sulfuric acid concentrations when T = 135.0 ◦C, (b,e); and for different temperatures when sulfuric
acid concentration was 3.0% w/v, (c,f), respectively.

3.5. Enzymatic Saccharification

The glucose concentration in the liquid phase was monitored in all reactors by sam-
pling every 2 h, for a duration of 72 h. In order to analyze the effects of pretreatment
on cellulose conversion, glucose concentration was analyzed 12 h after the starting of
the enzymatic saccharification. A mathematical relationship with high goodness of fit
(R2 = 0.98) for %CEL (Equation (7)), as a function of temperature, sulfuric acid concentra-
tion and time was encountered. The surface response for different temperatures and acid
concentrations is shown in Figure 6.

%CEL = −26.29 A + 0.12 T + 0.07 t + 0.40 AT, R2 = 0.98 (7)

Maximum glucose concentration after 12 h of enzymatic hydrolysis was detected
in treatment 9 (2.50% w/v H2SO4; 125 ◦C; 180 min), with an average glucose release of
86.90 ± 4.11%; followed by treatments 8 (1.50% w/v H2SO4; 131 ◦C; 105 min) and 15 (2.50%
w/v H2SO4; 125 ◦C; 30 min), with 73.85 ± 6.71% and 69.53 ± 4.11%, respectively. ANOVA
shows that treatment 9 is the only one significantly different (T9 > T8 ≈ T15). These
amounts of glucose released are similar to those reported by Corredor et al. (2008) [30]
and Yoo et al. (2011) [45], which report values around 70% of hexose release after 24 h of
enzymatic treatment and a previous pretreatment with dilute sulfuric acid (2.50% w/w) at
140 ◦C for 30 min.
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Figure 6. Response surface showing %CEL at 12 h of enzymatic saccharification after acid pretreat-
ment during 30 min using different combinations of temperature and acid concentration.

It is noteworthy that a direct and positive relationship between solubilized hemicellu-
lose during thermochemical pretreatment and the amount of glucose released after 12 h of
enzymatic hydrolysis was observed (Figure 7). The high correlation (R2 = 0.90) between
these two variables suggests that the interactions between cellulose and hemicellulose
would represent the main bottleneck for the use of lignocellulosic material in general, and
SHs in particular.

Figure 7. Dispersion graph showing relation between %HC and %CEL at 12 h of enzymatic saccharification.
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3.6. Optimization of Pretreatment Conditions

During the acid pretreatment of a lignocellulosic material, a set of chemical reactions
takes place both in series and in parallel. These reactions generate and/or consume
relevant compounds of the 2G-bioethanol production processes. The study of the dynamics
(evolution of the concentration) of these compounds both during and after pretreatment
operations could provide valuable information about the effects of operational variables
(temperature, reaction time and acid concentration) on the global process. However, the
nature of the phenomena that take place during the pretreatment means that some of the
compounds involved in the reactions may have an opposite effect on the goal of increasing
ethanol production. Then, optimal conditions for the overall process cannot be proposed
based on optimal individual conditions. Evaluating the models obtained for chemical
pretreatment (%HC, furfural, and HMF) and enzymatic hydrolysis (%CEL) in separate
ways could be insufficient when searching for optimal operational pretreatment conditions
with the goal of maximizing the subsequent ethanol production.

3.6.1. Severity Factor

Since the mid-twentieth century, various severity indices have been proposed to de-
scribe pulp and paper industry processes based on correlations between soluble lignins and
hemicelluloses and operating conditions, defined by temperature and reaction time [37–39].
This concept has been extended to the study of LB processes with the aim of contributing
to both operative aspects and the phenomenological understanding of pretreatment pro-
cesses. Abatzoglou et al. (1992) [46], developed a modified factor, RoH, that allows for an
accounting of the influence of a catalyst on the fractionation of lignocellulosic materials
using a complex factor that includes adjustment parameters based on a chemical analysis.

In this work, a modified severity factor (Equation (8)) was adopted in order to identify
causal relationships and trends:

R0 = tx Ax exp
(

T − Tr

14.75

)
, (8)

where, t is the reaction time, A is the sulfuric acid concentration and T is the temperature of
the reaction, whereas Tr is the reference temperature (100 ◦C).

Figure 8 shows the positive relationship between severity factor R0′ , the solubilization
of structural polymers of SH and the monosaccharide degradation products (furfural
and HMF). It can be seen that the solubilization of hemicellulose increases rapidly as the
severity of pretreatment increases, becoming almost asymptotic for values greater than
400, with %HC between 80–90 for a wide range of R0′ values (Figure 8a). Analysis of the
variance of the most severe treatments indicates that there are not significant differences
in the %HC (%HC (R0′ = 400) = %HC (R0′ = 1300) = %HC (R0′ = 2500); p-value > 0.34).
A similar tendency was observed when a relationship between the glucose release after
12 h of enzymatic hydrolysis and the factor R0′ was established (Figure 8b). Moreover,
furans production increase slightly in the severity range from 0 to 400 but an exponential
increase is observed when more severe conditions were evaluated ([Furans] (R0′ = 400) <
[Furans] (R0′ = 1300) < [Furans] (R0′ = 2500); p-value > 0.4 × 10−3). The analysis suggests
that an optimal pretreatment would be performed with 2.5% w/v H2SO4 at 125 ◦C for a
duration of 30 min. These conditions correspond to a R0′ = 400, whereas a high %HC and
low production of furans were obtained at this point.
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(a) (b) 

 
(c) (d) 

Figure 8. Dispersion graphs showing relations between Severity Factor R0′ and %HC (a), %CEL (b),
HMF (c) and Furfural (d), respectively.

3.6.2. Multiresponse Optimization

Pretreatment optimization was approached as a multi-response optimization problem.
Desirability functions, di(ŷ(x)), were constructed using the previously modeled responses
(%HC %CEL, furfural and HMF concentration). The optimization of a particular response
in the space of conditions (defined by the factors temperature, sulfuric acid concentration
and time) was evaluated through the construction of a global desirability index, D = f(di),
by combining individual desirability [47,48].

Two optimization problems of identical structure were defined, varying the function
to be maximized, %HC or %CEL:

maximize%HC and %CEL
minimize [Furfural]

minimize [HMF]

subject to

⎧⎨
⎩

75 ◦C ≤ T ≤ 135
0.5 % ≤ A ≤ 2.5 %

30 min ≤ t ≤ 200 min

(9)

Maximum desirability values (0.83) were found for a sulfuric acid concentration of
2.5% w/v, in the range of 115–125 ◦C and reaction times between 40–60 min (Figure 9).
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This result agrees with the treatments with the maximum %HC and less severity presented
in Figure 7, supporting the idea that the severity factor R0′ constitutes a good tool for
prediction and decision-making.

 
(a) (b) 

Figure 9. Desirability surfaces obtained by resolving the optimization problem described by Equation (9),
maximizing %HC (a) and %CEL (b) at 12 h of enzymatic hydrolysis with sulfuric acid 2.5% w/v.

3.7. Separate Saccharification and Fermentation

To verify the predicted results, three independent experiments were performed on
SHs pretreated at the optimal conditions previously identified (121 ◦C; 2.5% w/v Sulfuric
acid and 60 min). The pH value of the medium was initially adjusted to 5.00 ± 0.10,
and chloramphenicol (1 mg/L) was added to prevent contamination with Gram-positive
sporulating microorganisms, which were found in both the raw material and some process
supplies. The cellulolytic enzyme complex was added and the reactors were maintained
under orbital shaking at 50 ◦C for 24 h. In all the reactors an average %CEL of 98 ± 2%
was obtained.

The values predicted by the models built for %HC, furfural and HMF concentrations,
and the values experimentally obtained under optimal conditions selected are shown in
Table 4. As can be noted, the models were highly accurate in predicting the responses in
different conditions than the ones used for their construction (Table 2).

Table 4. Observed values of response variables defined and predicted values by models built.

Response Variable Predicted Observed

%HC 82.07 ± 5.07 90.42 ± 3.90

Furfural (mg/L) 85.06 ± 4.25 97.00 ± 12.07

HMF (mg/L) 80.68 ± 4.03 68.78 ± 10.39

Fermentation in batch mode under anaerobic conditions while a constant temperature
of 30 ◦C was performed. The industrial yeast strain Saccharomyces cerevisiae var. Ethanol
Red® (Fermentis-Lesaffre, Milwaukee, WI, USA) was used for all the experiments. Because
this strain was originally adapted to fast growth in corn-based media, it is the industry
standard in 1G-bioethanol production, and all the media were inoculated at 1.00 ± 0.10 g/L
with exponential-growth biomass. The yeast culture was previously proliferated under
aerobic conditions for 12–18 h. A set of reactors with synthetic medium was included
as control. The concentrations of sugar and ethanol were monitored over time, whereas
the biomass change was also evaluated in control reactors (Figure 10). Concerning the
evaluation of the fermentation performance, some useful parameters were calculated
following a previous method [24] and are displayed in Table 5.
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(a) (b) 

Figure 10. Yeast performance during batch fermentation experiments on a synthetic medium (a),
where changes in biomass are indicated by a dashed line, and SH hydrolysates (b). The reported
values represent the means of three independent experiments.

Table 5. Fermentation parameters for S. cer-ER over SH hydrolysates and synthetic medium.

Fermentation
Media

Yet/glu Yx/glu
rx

(g/L.h)
rs

(g/L.h)
rp

(g/L.h)
Initial Glucose

conc. (g/L)
Glucose

Consumption (%)
Max. Biomass

conc. (g/L)
Max. Ethanol
conc. 1 (g/L)

SH Hydrolysates 0.45 - - 8.65 3.63 69.5 100 - 36.6

Synthetic control
medium 0.44 0.15 1.34 8.65 3.63 60.0 100 10.5 26.40

1 Values for 12 h fermentation.

Sugar was completely depleted in all media in less than 12 h. Despite the presence of
potential inhibitory compounds on SH hydrolysates, it is noteworthy that no latency time
for sugar consumption was detected (Figure 10b). Fermentation on SH hydrolysates occurs
without nutrient supplementation. S. cerevisiae is a non-diazotrophic and non-proteolytic
organism (i.e., it cannot fix nitrogen and it is incapable of using proteins as a nitrogen
source). Thus, the SH hydrolysates should contain readily utilizable sources of nitrogen to
support a suitable fermentation. The free amino nitrogen (FAN) content is a measure of
assimilable nitrogen, i.e., individual amino acids and small peptides, which can be utilized
by microorganisms for cell growth and proliferation. This parameter is frequently used
in brewing, particularly as an indicator of good procedure in beer wort preparation. FAN
content in the SH hydrolysate previously to fermentation experiments was measured using
the ninhydrin method [49], obtaining values of 196.29 ± 6.03 mg/L. This FAN content is
similar to those commonly present in beer wort (approx. 250 mg/L), where subsequent
fermentation occurs successfully [50].

Both the profile of glucose consumption and the ethanol production were very sim-
ilar for the evaluated conditions. Complete glucose starvation occurs between 8–10 h
and the maximum ethanol concentration was obtained at 12 h. Ethanol accumulation
was slightly different: 36.6 g/L for SH hydrolysate and 26.40 g/L for control media.
This result was possibly due to differences in initial glucose content (69.5 gglucose/L and
60.0 gglucose/L in SH hydrolysates and control media, respectively). The ethanol yield
was 0.45 gethanol/gglucose in experiments on SH hydrolysate, which was close to 90% of the
theoretical value (0.51 gethanol/gglucose). Thus, the S. cerevisiae var. Ethanol Red emerges as
a useful and interesting strain to develop robust processes for the 2G-ethanol industry.

It is of note that present work was focused on pretreatment conditions that maximize
the release of glucose from SHs with the minimal accumulation of potential inhibitory
compounds. Thus, pentoses were not really considered as substrates for ethanol production.
However, for a complete use of the fermentable sugars present in SH hydrolysates, the
pentoses derived from hemicellulose also should be metabolized to increase the ethanol

70



Fermentation 2023, 9, 454

concentration, or to produce other value-added products, such as xylitol [51,52]. Because
the pentose-metabolization machinery is absent or silent in Saccharomyces, it is necessary
to use yeast strains naturally capable of consuming pentoses, such as Spathaspora passal-
idarum or Scheffersomyces stipitis [53], or genetically modified strains, such as S. cerevisiae
TMB3400 [54].The recombinant strains S. cerevisiae YRH396 and YRH400 were able to
ferment soybean and oat hull hydrolysates obtained by pretreatment with dilute sulfuric
acid [10]. Total glucose consumption and ethanol yields between 0.34–0.38 gethanol/gglucose
were obtained in media with a significantly higher concentration of HMF (380 mgHMF/L). In
another work, S. cerevisiae AY-15 was studied in Saccharification and Simultaneous Fermen-
tation (SSF) processes on detoxified and nutrient-supplemented corn stover hydrolysates.
The ethanol yields obtained for cellulose was 0.538 gethanol/gcellulose [55]. Fermentations by
Wickerhamomyces sp. UFFS-CE-3.1.2 on SH hydrolysates obtained with subcritical water,
showed concentrations of acetic acid, HMF and furfural of 3.41, 0.16 and 0.31 g/L, respec-
tively, and a total inhibition of yeast growth. However, Wickerhamomyces sp. UFFS-CE-3.1.2
was able to consume 10 g/L of glucose on a 1

2 dilution of these hydrolysates [56]. Table 6
summarizes results in published works that used soybean hydrolysate or related materials,
for comparative purposes.

Table 6. Fermentations parameters obtained in published experiences over different hydrolysates.

Fermentation Media Pretreatment
Yp/s

(gethanol/gglucose)
rp

(g/L.h)
Initial

Glucose (g/L)
Final Ethanol

(g/L)
Fermentation

Time (h)
Ref.

Detoxified corn stover
hydrolysate. Nutrient

supplementation.
Dilute H2SO4 0.538 ND 1 SSF 37.85 120 [55]

Soybean and oat hulls
hydrolysate. Dilute H2SO4 0.34–0.38 NI 60.12 ± 2.03 24.2 ± 2.10 120 [10]

Soybean straw and hulls
hydrolysates (SS&HH)

supplemented with 10 g/L
glucose.

Subcritical
water (200 ◦C) - - 10.96 - 96 [56]

SS&HH diluted 1
2 and

supplemented with 10 g/L
of glucose.

Hydrolysis
with subcritical
water (200 ◦C)

0.557 NI 10.96 6.11 ± 0.11 96 [56]

Soybean hull hydrolysate Dilute H2SO4 0.45 3.63 69.5 36.6 ± 0.50 12 This work

1 ND: Not determined.

Concerning the utilization of antibiotics in low concentrations in 1G bioethanol produc-
tion at industrial scale, this is a cost-effective strategy that is frequently used for controlling
bacterial contamination, whereas it has vertiginously increased over the past few years [57].
The use of antibiotics in fermentation at industrial scale has been extensively studied as
a tool to stop the proliferation of contaminant microorganisms, as well as its impact on
yeast performance and ethanol yields. In the fuel ethanol industry, control of bacterial
contamination has been achieved by using antibiotics such as penicillin G, streptomycin,
tetracycline, virginiamycin or monensin, or mixtures of these antibiotics [58,59]. Lactrol®

(virginiamycin) is commonly used in a concentration range of 0.25–2.00 ppm at industrial
scale. The enzymatic hydrolysis and fermentation processes were carried out using Lactrol®

at 2 ppm as well, obtaining the same results (data not shown) as those exposed next in
this section using chloramphenicol. Alternatively, a simultaneous saccharification and
fermentation (SSF) strategy is an interesting option for reducing or entirely avoiding the
use of antibiotics [60]. In this scenario, yeast is present in the fermentation medium at the
initial stage of sugar liberation, and it modifies the medium properties (e.g., pH), displacing
other microorganisms such as lactic acid bacteria.

As aforementioned, the pH should be adjusted after preconditioning operations to
suitable values for both enzymatic hydrolysis and yeast metabolism. To adjust the pH
from 0.7–0.8 to 5.5 of 100 mL of SH hydrolysates with a solid loading of 150 gSH /L, it
was necessary to add 2.5 g of NaOH (final concentration of sodium of 14.363 gNa/L).
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This represents a quantity of 0.167 gNaOH/gSH or 0.096 gNa/gSH. Conventional strains
of S. cerevisiae tolerate a sodium chloride concentration of 2 M (45.978 gNa/L). The final
concentration of sodium was almost three times smaller than the maximum tolerance
concentration values reported in the literature. Moreover, the fermentation performance
and evolution of the SH hydrolysates and control (synthetic medium) was very similar for
the evaluated conditions. Because the control does not contain sodium added to adjust the
pH, it is possible to assume that sodium concentration used was not detrimental for yeast
growth and fermentation in the reactors containing hydrolyzed and neutralized SH.

Finally, another compound still remains in fermentation media after ethanol separation:
lignin. Although the study of this aromatic biopolymer was outside the scope of the
present work, it has the potential to produce various compounds of interest, such as lignin-
based hydrogels, surfactants, three-dimensional printing materials, electrodes and fine
chemicals through biorefinery activities. Therefore, it is expected to benefit the future
circular economy [61]. This aspect will be addressed in future research.

4. Conclusions

This study demonstrates that dilute sulfuric acid, a well-known method, is a suitable
option for pretreating a new feedstock in order to develop robust second-generation
bioethanol processes. Pretreated hydrolysates were suitable for subsequent enzymatic
saccharification, with almost complete recovery of the glucose from the cellulose in 24 h.
Neither detoxifying operations nor nutritional supplementation were necessary to ferment
the hydrolysates of SH. Additionally, S. cerevisiae var. Ethanol Red was able to completely
consume the available glucose in less than 12 h with an ethanol yield of 0.45 gethanol/gglucose.
Thus, the feasibility of the pretreatment of SH with dilute sulfuric acid was demonstrated.

The developed empirical mathematical models can satisfactorily describe the effects
of the thermochemical pretreatment factors on SH hydrolysis. This results in accurate and
reliable prediction of hemicellulose solubilization and furans (HMF and furfural) accu-
mulation, as well as the efficiency in the release of glucose during subsequent enzymatic
saccharification. Based on these models, it was possible to optimize pretreatment con-
ditions by applying a multi-response methodology. Moreover, the severity factor is an
extremely useful tool to guide decision-making in this type of thermochemical processes.
Thus, transversal criteria could be included during a process of 2G-bioethanol production.

Last but not least, it is of note that the process has some interesting advantages:
(i) absence of latency time to sugar consumption, (ii) short fermentation time (less than 12 h),
(iii) high initial glucose content, (iv) absence or minimal inhibitory effect on saccharification
and/or fermentation, (v) high ethanol yields and (vi) the fact that SH hydrolysates provide
nutrients in sufficient quantities for suitable fermentation. Thus, the thermochemical
process evaluated and the SH constitute promising actors for the 2G-ethanol production.
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Abstract: Thermophilic endoglucanases have become of significant interest for effectively catalyz-
ing the hydrolysis of cellulose. Myceliophthora thermophila is an ideal source of thermophilic en-
zymes. Interestingly, different hosts differently express the same enzymes. In this study, we suc-
cessfully overexpressed endoglucanase (MtEG5-1) from M. thermophila in the methylotrophic yeast,
Pichia pastoris GS115, via electroporation. We found that purified MtEG5-1 exhibited optimum activity
levels at pH 5 and 70 ◦C, with 88% thermal stability after being incubated at 70 ◦C for 2 h. However,
we observed that purified MtEG5-1 had a molecular weight of 55 kDa. The Km and Vmax values
of purified MtEG5-1 were approximately 6.11 mg/mL and 91.74 μmol/min/mg at 70 ◦C (pH 5.0),
respectively. Additionally, the optimum NaCl concentration of purified MtEG5-1 was found to be
6 g/L. Furthermore, we observed that the activity of purified MtEG5-1 was significantly enhanced by
Mn2+ and was inhibited by K+. These results indicated that MtEG5-1 expressed by P. pastoris GS115
is more heat-tolerant than that expressed by A. niger and P. pastoris X33. These properties of MtEG5-1
make it highly suitable for future academic research and industrial applications.

Keywords: endoglucanase; enzymatic activity; Pichia pastoris GS115; Myceliophthora thermophila

1. Introduction

Currently, 88% of global primary energy use is still derived from fossil fuels [1]. How-
ever, due to their depleting reserves and serious environmental impact, it is imperative to
find sustainable and renewable alternatives to fossil energy sources [2]. Cellulose is consid-
ered to be one of the best alternatives to fossil energy, as it is a renewable energy source that
is abundantly available in many forms, such as corn straw and bagasse [3]. Nevertheless,
the widespread use of cellulose has been limited by the high energy consumption and
pollution associated with chemical and physical pretreatment methods [4]. Fortunately, the
emergence of synthetic biology provides novel methods to address this problem. Cellulose
can be efficiently and gently degraded by cellulase, providing more opportunities to apply
it in a wide range of industrial processes.

Cellulose is a macromolecular polysaccharide composed of repeating glucose units
with β-1,4-glycosidic bonds [5]. The complete conversion of cellulose to glucose requires the
combined action of three enzymes: cellobiohydrolases (CBHs, EC3.2.1.9), endoglucanases
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(EGs, EC 3.2.1.4), and β-glucosidases (BGLs, EC 3.2.1.21) [6,7]. The principle of the cellulase
synergistic decomposition of cellulose is shown in Figure 1. EGs, as the most important
rate-limiting enzyme in cellulose degradation, focus on the hydrolysis of β-1, 4-glucosidic
glucan linkages [8]. This result in the conversion of long cellulase chains into short chains,
thereby increasing the amount of reducing ends exposed in the cellulose chain [9]. Conse-
quently, EGs are not only a prerequisite for the quick initial liquefaction of biomass, but
they are also a key biocatalyst for cellulose biodegradation [10]. Increasing the system tem-
perature for cellulose degradation may reduce the risk of contamination with mesophilic
microorganisms and increase the reaction rate [11]. In addition, thermostable enzymes can
be transferred and stored more easily than mesophilic enzymes can [12]. Therefore, it is
necessary to screen for thermostable EGs and apply them to cellulose degradation.

 

Figure 1. The synergistic effect of cellulase for cellulose decomposition [6,7]. CBH: cellobiohydrolase,
EG: endoglucanase, BGL: beta-glucosidase. The red arrows indicate the sequence of cellulase synergy
required for the complete degradation of cellulose into monosaccharides.

Myceliophthora thermophila is a thermophilic fungus with a good cellulose-degrading
ability. Its cellulase products are generally recognized as safe [13]. Additionally, EGs possess
a high catalytic efficiency and thermal stability, making them ideal candidates for industrial
cellulose degradation. However, when cellulase is overexpressed in M. thermophila, several
endogenous enzymes, such as xylanase [14], are overexpressed, which complicates the
isolation of cellulose and makes it difficult to study the enzymatic properties and structure
of the enzyme.

Pichia pastoris is a methylotrophic strain that is widely used as a potent heterologous
protein expression system, owing to its high cell density and low levels of endogenous
protein expression [11]. Furthermore, the expressed protein always exhibits higher stability
for glycosylation and other posttranslational modifications [15]. Consequently, P. pastoris is
becoming increasingly popular for academic or industrial applications. Although MtEG5-1
has been successfully overexpressed in Aspergillus niger and P. pastoris X33, the results
indicate that MtEG5-1 has poor thermal stability and a higher molecular weight [16,17]. In
contrast, an expression system constructed using P. pastoris GS115 as the host strain can
produce a thermally stable MtEG5-1.

In this study, we used the enzyme obtained from M. thermophila and analyzed some
enzymatic properties of MtEG5-1 overexpressed in P. pastoris GS115. Therefore, this work
provides a thermo-acid-stable enzyme for the utilization of cellulose resources.

2. Materials and Methods

2.1. Strains and Culture Conditions

M. thermophila ATCC 42464 and the P. pastoris GS115 strain were obtained at the
Tianjin Institute of Industrial Biotechnology. M. thermophila was routinely grown in/on
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GY broth/agar (30 g/L glucose and 8 g/L yeast extract) at 45 ◦C. P. pastoris GS115 was
grown in/on YPD broth/agar (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose, and
15 g/L agarose) at 30 ◦C. Escherichia coli DH5α (Biomed, Beijing, China) was used for gene
cloning and vector construction, and it was grown in/on LB broth/agar (10 g/L NaCl,
10 g/L peptone, and 5 g/L yeast extract) at 37 ◦C.

2.2. Chemicals

The SE Seamless Cloning and Assembly Kit was purchased from Beijing Zoman
Biotechnology Co., Ltd. (Beijing, China). All restriction endonucleases were purchased
from Guangzhou Chuangrong Biotechnology Co., Ltd. (Guangzhou, China). The pre-
stained protein marker and the DNA maker were purchased from Beijing Yishan Huitong
Technology Co., Ltd. (Beijing, China). PCR primers were prepared by QingKe Biotechnol-
ogy Company (Beijing, China). The DNA agarose recycling kit and the plasmid extraction
kits were purchased from Omega (Norcross, GA, USA). The total RNA Extraction Kit was
purchased from Shenzhen Yibaishun Technology Co., Ltd. (Shenzhen, China). SuperScript
II reverse transcriptase was purchased from Thermo Fisher Scientific (Wilmington, MA,
USA). All chemicals used were of analytical grade.

2.3. Bioinformatics Analysis of MtEG5-1

The evolutionary location of MtEG5-1 was analyzed using MEGA 7.0 software [18].
The signal peptide of MtEG5-1 was predicted using the Signal P online website [19]. The
tertiary structure of MtEG5-1 was predicted using the SWISS-MODEL online website and
PyMOL software [20].

2.4. Expression Vector Construction

M. thermophila was inoculated into GY liquid medium at 45 ◦C and 180 rpm for 24 h
with shock culture. After filtration, mycelium was collected and stored in liquid nitrogen.
The total RNA of M. thermophila was extracted using the total RNA Extraction Kit, and
cDNA was obtained using reverse transcriptase. The entire coding region of mtEG5 in
M. thermophila was amplified via PCR from cDNA as a template using the primer EcoRI-
mtEG5-F/R. The PCR program was set up with an initial denaturation step of 95 ◦C for
5 min, followed by 38 cycles of 95 ◦C for 10 s, 55 ◦C for 15 s, and 72 for 60 s, and a final
extension at 72 ◦C for 10 min. The PCR product was purified using the glue recovery kit
according to the manufacturer’s protocol. The mtEG5 PCR product with the EcoRI fragment
was ligated to the EcoRI-digested and dephosphorylated vector, pPIC9K, at a 5:1 M ratio of
insert: vector. The recombinant plasmid was transformed into E. coli DH5α. The correct
vector was verified by sequencing after verification by performing colony PCR with the
primers YmtEG5-F/R. All the primers are listed in Table 1.

Table 1. Primers were used in this study.

Primers
Sequence (5′-3′) Restriction

Italic/Underlined
Restriction Sites

EcoRI-mtEG5-F CTGAAGCTTACGTAGAATTC a

GGTCCGTGGCAGCAATGTGG EcoRI a

EcoRI-mtEG5-R
CGGCCGCCCTAGGGAATTC a

TTAATGGTGATGGTGATGATG b

CGGCAAGTACTTCTTCAAGA
EcoRI a

YmtEG5-F CGATGTTGCTGTTTTGCCAT
YmtEG5-R GGTTACAAATAAAAAAGTAT

a The EcoRI restriction site is underlined. b The HIS label is marked in italics.

2.5. Transformation and Selection of Positive Transformants

The PmeI-linearized pPIC9K-mtEG5 plasmid and pPIC9K plasmid were transformed
into the P. pastoris GS115 strain via electroporation (BTX, ECM630 at 1.5 kV, 200 Ω, 25 μF,
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and 5–10 ms with a 0.2 cm cuvette) [21]. After the transformation, 100 μL cuvette contents
was spread on minimal dextrose agar plates (0.2 mg/mL biotin, 20 g/L glucose, 15 g/L
agarose, and 13.4 g/L yeast nitrogen base, with ammonium sulfate and without amino
acids) and incubated at 30 ◦C for 36 h. As a negative control, the plasmid of linearized
pPIC9K was transferred onto the plates. Positive transformants were screened with YPD
medium containing 1.75 mg/mL G418 and confirmed via PCR. One transformer, P. pastoris
GS115, expressing the highest recombinant MtEG5-1 activity level was selected for the
analysis of recombinant enzymatic properties.

2.6. Fermentation of MtEG5-1 in P. pastoris GS115

A positive colony of P. pastoris GS115 expressing MtEG5-1 was cultured in 100 mL of
buffered glycerol-complex medium (10 g/L yeast extract, 20 g/L peptone, 13.4 g/L yeast
nitrogen base with ammonium sulfate and without amino acids, 0.2 mg/mL biotin, 100
mM (pH 6.0) potassium phosphate, and 1.0% glycerol) grown at 30 ◦C and 180 pm for 48 h.
The yeast cells were resuspended in 100 mL of buffered methanol-complex medium via
the natural sinking method (10 g/L yeast extract, 20 g/L peptone, 13.4 g/L yeast nitrogen
base with ammonium sulfate and without amino acids, 0.2 mg/mL biotin, 100 mM (pH 6.0)
potassium phosphate, and 1.0% methanol). The suspension was grown in a 1 L baffled flask
at 30 ◦C and 200 rpm for 48 h and supplemented with 1% methanol every 24 h for induction.
To determine the time course of MtEG5-1 expression in P. pastoris GS115, the fermented
supernatant was collected daily (0–7 d), and the total MtEG5-1 concentration (BCA Protein
Assay Reagent) and the activity of MtEG5-1 were analyzed [22]. Three replicates of each
experiment were performed to obtain accurate data.

2.7. Enzymatic Assay of MtEG5-1

The activity of MtEG5-1 was determined via the DNS method [23], which is based on
the generation of reducing sugar ends from carboxymethyl cellulose (CMC) as a substrate
and its reaction with dinitro salicylic acid. The activity of MtEG5-1 was determined in an
assay using 1% CMC in 50 mM citrate buffer (pH 4.8) at 50 ◦C for 30 min, and then the
reaction was stopped with the addition of 3 mL of DNS reagent. The resulting mixture was
placed in boiling water for 5 min for color development, and the amount of reducing ends
was determined by measuring absorbance at 540 nm. As a negative control, the enzyme
was replaced by the pPIC9K vector in P. pastoris. An endoglucanase unit (IU) is defined as
the amount of enzyme that generates the equivalent to 1 μmol of glucose per minute in the
abovementioned reaction conditions. Cell-free supernatant (CFS) was extracted from a 1%
methanol-induced P. pastoris GS115 converter for 1–7 days, enzyme activity was measured
daily, and 2 mL of CFS was collected and stored at −20 ◦C. Finally, CFS was run through
SDS-PAGE from 1 to 7 days.

2.8. Activity Was Determined via Congo-Red Staining

P. pastoris GS115 transformant cultures were centrifuged at 12,000 rpm for 10 min,
and the clarified CFS obtained after passing it through a 0.2 μm filter was used as the
source of extracellular enzymes for the agar well diffusion assay. A total of 1% agarose
gel supplemented with 1 g/L CMC and Congo-red was cast on a plate, and wells were
made [24]. After adding 100 μL of CFS to each well, the CMC plate was incubated at 50 ◦C
for 1 h. Gels were stained for 1 h, followed by de-staining with 1 mol/L NaCl for another
10 min (they were washed until there was no color).

2.9. Scanning Electron Microscopy (SEM) Analysis

As a natural lignocellulose material, corn straw has a dense and stable structure, which
inhibits the decomposition and utilization of polysaccharide, thereby reducing the treat-
ment efficiency and greatly increasing the production cost of industrial ethanol and other
products [25]. To remove lignin and solubilize hemicellulose to break down the natural
barrier of lignocellulose and increase the contact area with enzymes and microorganisms,
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corn straw pretreatment is necessary, which can greatly improve the availability of corn
straw [26]. Dilute acid pretreatment can break the structure of lignocellulose and expose
cellulose, thus providing hydrolysis sites for cellulase [27]. Zhang et al. pretreated rice
straw with HCl, and the cellulose content of the pretreated straw increased from 38.10
to 52.54~56.09% [28]. In the study, corn straw was cut into long strips of 0.5 × 1.0 cm,
pretreated with 2 mol/L HCl at 28 ◦C for 24 h, washed with distilled water until neutral,
and dried at 60 ◦C. Pretreated corn straw was reacted with 1.5 mL of crude enzyme so-
lution and sterile water in a water bath at 70 ◦C for 7 days. At the same time, untreated
corn straw was also reacted with 1.5 mL sterile water in a water bath at 70 ◦C for 7 days
as a blank control. The samples were sputter coated with platinum nanoparticles in an
ion-sputter coater before viewing via SEM at 10 mm and 3 kV acceleration voltage and
1000× magnification [29].

2.10. Purification of Recombinant MtEG5-1 from P. pastoris GS115

In the process of protein purification, liquids used were filtered through a 0.22 μm
filter membrane and ultrasonicated for more than 15 min. MtEG5-1 was purified via Ni2+

affinity chromatography [30]. The system was balanced with 3–5 times more of the volume
of Tris-HCl (pH 7.0). The supernatant after centrifugation was taken and slowly allowed
to flow through the Ni column at a flow rate of 1 mL/min. The protein was eluted with
the same buffer at a flow rate of 5 mL/min, the system pressure was no more than 1 MPa,
and 2 mL of eluent was collected in each tube using AKTA Purifier 10. The weakly bound
hetero proteins were washed with 10 mM imidazole, and the proteins were eluted with
60 mM imidazole. The target protein was eluted with 400 mM imidazole. The purified
recombinant protein MtEG5-1 was run using an SDS-PAGE gel.

2.11. Enzyme Characterization

The optimum pH for MtEG5-1 was determined via the standard assay at different
pH values (3–11) using either 50 mM sodium citrate buffer at pH 2–5, 50 mM phosphate
buffer at pH 6–8, 100 mM Tris-HCl buffer at pH 9, or 50 mM NaHCO3-NaOH buffer at pH
9–11. On the other hand, the stability at different pH conditions was determined after the
incubation of MtEG5-1 in the abovementioned buffers at 4 ◦C for 24 h and the measurement
of the remaining activity after the standard assay. The optimal temperature of MtEG5-1 was
estimated by using the standard assay procedure at varying temperatures (30–90 ◦C) for 2 h.
The highest activity level obtained under standard conditions was defined as 100% activity.
To determine temperature stability, 0.38 mg of purified MtEG5-1 was incubated at various
temperatures (50, 60, and 70 ◦C) for different time intervals, and the residual activity level
was measured via the standard assay procedure. The thermostability of MtEG5-1 was
tested at an optimal pH value. The optimal NaCl concentration of MtEG5-1 was estimated
via the standard assay procedure at NaCl final concentrations of 1–10 g/L at 50 ◦C for 2 h.
The influence of metal ions on purified MtEG5-1 activity was determined by incorporating
metal ions such as 0.33 mol/L Na2SO4, MgSO4, MnSO4, CuSO4, K2SO4, FeSO4, and NiSO4
solutions during the standard assay procedure; however, the reaction duration was 2 h.

2.12. Enzymatic Kinetics of MtEG5-1

CMC (0.2–2.0%) was used as a substrate to measure enzyme kinetics under standard
conditions (50 mM sodium citrate buffer, pH 5.0, 70 ◦C). Michaelis–Menten constants (Km)
and the maximum velocity (Vm) of purified MtEG5-1 were determined by measuring the
rate of CMC hydrolysis using a Lineweaver—Burk plot, as shown in Equation (1), where V
is the reaction rate and [S] is the substrate concentration [31].

1
V

=
Km
Vm

× 1
[S]

+
1

Vm
, (1)
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3. Results and Discussion

3.1. Bioinformatics Analysis of MtEG5-1 and Construction of pPIC9K-mtEG5

The mtEG5 gene (NCBI: XP_003659014.1) was obtained from M. thermophila ATCC
42464, which is also known as Sporotrichum thermophile ATCC 42464, Thielavia heterothallica
ATCC 42464, and Thermothelomyces thermophilus ATCC 42464 (https://www.uniprot.org/
taxonomy/573729 (accessed on 8 May 2023)). This species can grow at 45–55 ◦C [32]. The
enzyme expressed by the mtEG5 gene in P. pastoris GS115 was named MtEG5-1 in this study.
MtEG5-1 (UniProtKB: G2Q5D8) has 389 amino acids and an 18-aa N-terminal signal peptide,
as depicted in Figure 2a. Carbohydrate-active enzymes are classified based on their protein
sequence and structure [33]. MtEG5-1 belongs to glycoside hydrolase family 5 (GH5), one
of the largest families among all GHs. The two catalytic residues in GH5 enzymes are both
glutamic acids: one is a nucleophile and the other is a catalytic proton donor [34]. The
carbohydrate-active enzyme database (http://cazy.org (accessed on 8 May 2023)) lists 53
sub-families, with approximately 80% of all known GH5 sequences falling into one of these
subfamilies [35]. MtEG5-1 belongs to the GH5-1 subfamily. The 3D structure of MtEG5-1
was predicted to be a classical (α/β)8 TIM-barrel, which was connected to eight parallel
β-strands and eight parallel α-helices through αβ or βα loops [33] (Figure 2b). These loops
are typically found on the protein surface and play a key role in the interactions between
the catalytic core and substrate [36,37]. During protein folding, the (α/β)8 barrel protein
provides stability for hydrogen bonds and non-covalent interactions between amino acid
residues to resist the local tendency for unfolding [38]. A mutation in these loops can alter
their flexibility and improve the biochemical properties of cellulase [39]. The neighbor-
joining method was used to further analyze the evolutionary position of MtEG5-1, and we
found that it shares 99% identity with homologous proteins from Precursor Humicola insolens
(Figure 2c). Finally, the expression vector pPIC9K-mtEG5 was constructed following the
described procedure (Figure 2d).

Figure 2. Bioinformatics analysis of MtEG5-1. (a) The number and location of MtEG5-1’s signal
peptide according to the Signal P 5.0 online website. (b) Homology-based (3D) model showing the
barrel (α/β)8 fold in mtEG5. The labels α1-α8 are the eight parallel α-helices located on the outside
of the TIM-barrel, and the labels β1-β8 are the eight parallel β-strands located on the inside of the
TIM barrel. (c) Neighbor-joining phylogenetic tree constructed using MtEG5-1’s amino acid sequence
along with other cellulase sequences retrieved from the NCBI database using MEGA 7.0 software.
The digit at each branch point represents the percentage of bootstrap support calculated from 1000
replicates. The deduced amino acid sequence of MtEG5-1 exhibited maximum homology with the
endoglucanase of P. Humicola insolens. (d) Construction map of the recombinant expression vector
pPIC9K-mtEG5 in P. pastoris GS115 obtained using SnapGene 6.0.2 software.
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3.2. Selection of P. pastoris GS115 Positive Transformants and Heterologous Expression

The sequencing of the mtEG5 gene fragment revealed that it consists of 1174 base
pairs. In order to identify positive transformants, eight random samples were selected,
all of which showed the same band expansion as the target band in PCR amplification.
Based on this result, transformants 1, 3, 6, and 8, which produced wide and bright bands,
were selected for further experiments, as depicted in Figure 3a. Four transformants were
then tested every 24 h, and with MtEG5-1 activity induced by 1% methanol, and positive
transformants with high copy numbers were selected for subsequent experiments. No
corresponding bands were amplified in the CK control group. The hydrolysis of cellulose
was observed in cellulose plates inoculated with the CFS of MtEG5-1 culture, indicating
the production of MtEG5-1 by P. pastoris GS115 transformants. Cellulose hydrolysis was
detected on the first day, indicating that MtEG5-1 is capable of decomposing cellulose,
as shown in Figure 3b. Daily detection of the CFS of cultured P. pastoris GS115 via 12%
SDS-PAGE revealed a protein with a molecular weight of approximately 55 kDa, compared
to that of wild-type yeast. The protein bands were clear from day 1 to day 7, indicating that
MtEG5-1 had good stability (Figure 3c). The concentration of MtEG5-1 was 0.95 g/L on day
1, and the highest concentration was observed on day 5 at 1.15 g/L. The activity level of
MtEG5-1 was 133.76 IU/mL on day 1, with the highest activity level being observed on day
5 at 162.39 IU/mL. Furthermore, the enzyme activity level was maintained at above 100
IU/mL from days 1–7, providing further evidence of the stability of MtEG5-1, as shown in
Figure 3d.

Figure 3. Positive transformants were screened for molecular identification and activity detection.
(a) P. pastoris GS115 transformants of mtEG5 verified by PCR. Lane M, marker 10,000 kb; Lanes 1–8,
different mtEG5 colonies; Lane 9, pPIC9K plasmid. (b) The CFS of P. pastoris transformed with pPIC9K-
mtEG5 was stained with Congo-red on the CMC plate for the first day. The CK well was supplemented
with 100 μL of CFS from pPIC9K yeast transformation, while well 1 was supplemented with 100 μL of
CFS from pPIC9K-mtEG5 yeast transformation. (c) The expression of MtEG5-1 induced for different
times was detected via 12% SDS-PAGE. Lane M, molecular weight marker; Lane CK, fermentation
broth of P. pastoris transformed with pPIC9K induced by methanol; Lanes 1–7, fermentation broth of
P. pastoris transformed with pPIC9K-mtEG5 induced by methanol for the first day to the seventh day.
Twenty microliters of pretreated sample were loaded in every lane. (d) The expression of MtEG5-1 on
different induction days was measured via the BCA method, and the activity of MtEG5-1 on different
induction days was measured via the DNS method.
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3.3. Scanning Electron Microscopy of Hydrolyzed Corn Straw

We further studied whether the crude enzyme solution of MtEG5-1 has an obvious
ability to degrade corn straw. SEM can help to identify morphological changes in pretreated
lignocellulosic materials [40]. SEM was used to compare the morphological changes in
pretreated corn straw samples before and after catalysis by MtEG5-1. Prior to pretreatment,
the fiber surface of corn straw was smooth, with a dense and rigid structure and only a few
cracks (Figure 4a). However, after the HCl pretreatment, the fiber of corn straw broke and
disconnected at many points, which exposed the cellulose fibrils partially to the surface,
thereby increasing the size of the contact site of cellulose with cellulase (Figure 4b). In
contrast to the previous two images, the surface of the corn straw decomposed as a result
of the use of MtEG5-1 and displayed more fibrous nematocytic filaments, as demonstrated
in Figure 4c. The findings indicate that MtEG5-1 decomposed the pretreated corn straw.
Nevertheless, future research is required to determine the specific decomposition capacity.

 

Figure 4. Analysis of the results of scanning electron microscopy. (a) Corn straw without any
treatment. (b) Corn straw pretreated with 2 mol/L HCl for 24 h. (c) The CFS of 1.5 mL crude enzyme
solution was mixed with the pretreated corn straw at 70 ◦C for seven days.

3.4. Characterization of Purified MtEG5-1

In this study, the purified recombinant, MtEG5-1, demonstrates a clear band in the
SDS-PAGE results, with an approximate size of 55 kDa (Figure 5a), which differs from the
theoretical value of 43 kDa. Typically, cellulases are glycosylated enzymes [41]. Enzymatic
modifications can increase the actual molecular weight beyond the theoretical value, as
demonstrated by Karnaouri et al., who obtained a purified recombinant enzyme with a
molecular weight of 83 kDa by using a purified protein expressed by yeast; deglycosylation
reduced the molecular weight to 66 kDa [42].

Figure 5b, and c demonstrates that the recombinant enzyme reaches its maximum
activity at an optimum pH of 5 and a temperature of 70 ◦C. After incubation in different
pH buffers for 24 h, MtEG5-1 was most stable at pH 5 and least stable at pH 11, with
approximately 30% at pH 2. Therefore, MtEG5-1 is an acidic and highly stable protein at
pH 4–6 (Figure 5d). Furthermore, MtEG5-1 also exhibited good thermal stability, retaining
a relative activity level of above 88% at all temperatures until it was incubated for 2 h.
Subsequently, the relative activity levels decreased to approximately 97, 85, and 72% at
temperatures of 50, 60 and 70 ◦C, respectively, after 3 h of incubation (Figure 5e). The glyco-
sylation of the protein may contribute to its thermal stability. Moreover, the optimization of
glycosylation sites may serve as an effective and feasible strategy to enhance the enzymatic
activity and thermostability [43]. In addition, the relative activity of MtEG5-1 incubated
with NaCl (1–10 g/L) at 50 ◦C for 2 h was above 80%, and the optimal salt concentration of
MtEG5-1 was 6 g/L (Figure 5f).

Metal ions have been found to cause structural changes in enzymes [44], resulting in
alterations to their activity. This study investigates the effect of Na+, Mg2+, Mn2+, Cu2+,
K+, Fe2+, and Ni2+ on the activity level of MtEG5-1, which was incubated at 50 ◦C for
2 h. The results showed that Mn2+ increased the activity level of MtEG5-1 by 142.6%,
while K+ decreased its activity level by 76.1% (Table 2). These results indicate that MtEG5-
1 has remarkable tolerance to harsh conditions, such as high salt concentrations, high
temperatures, and low pH, making it an ideal candidate for cellulose degradation.
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Figure 5. Effects of different factors on the activity of purified MtEG5-1. (a) Purified MtEG5-1
expression was detected via 12% SDS-PAGE. Lane M, molecular weight marker; Lane 1, a purified
MtEG5-1 protein. (b) Effects of assay pH on MtEG5-1 activity. The standard assay was used, except
the reaction pH is shown in the graph. (c) Effects of assay temperature on MtEG5-1 activity. The
standard assay was used, except the reaction temperature is shown in the graph. (d) Effects of pH
on MtEG5-1 stability. The enzyme was incubated for 24 h at 4 ◦C, and the pH values are indicated,
followed by an activity assay under standard conditions. (e) Effects of temperature on MtEG5-1
stability. The enzyme was incubated for the times plotted at the temperatures indicated and at pH 5
for 24 h, followed by an activity assay under standard conditions (black circle is 50 ◦C, white circle
is 60 ◦C, and black pentagram is 70 ◦C). (f) Effects of NaCl concentration on MtEG5-1 activity. The
enzyme was incubated for 2 h at 50 ◦C and various NaCl concentrations indicated, followed by an
activity assay under standard conditions.

Table 2. Effect of various metal ions on MtEG5-1 activity. The standard assay was used, except the
reaction duration was 2 h.

Metal Ion Relative Activity (%) Metal Ion Relative Activity (%)

None 100 Cu2+ 100.2 ± 2.9
Na+ 86.1 ± 2.4 K+ 76.1 ± 1.6
Mg2+ 97.4 ± 1.3 Fe2+ 123.3 ± 3.8
Mn2+ 142.6 ± 2.5 Ni2+ 87.6 ± 2.2

Interestingly, the experimental results differ from those reported in another published
paper. While MtEG5-1 was successfully expressed in P. pastoris X33 [17] and A. niger [16],
the properties of MtEG5-1 expressed by P. pastoris GS115, as displayed in Table 3, were
dissimilar. The optimal temperature and pH of MtEG5-1 expressed by the three strains were
70 ◦C and 5, respectively. However, the relative activity levels of the enzyme expressed by
A. niger, P. pastoris X33, and P. pastoris GS115 were determined at different temperatures and
pH 5 levels. The results showed that the relative enzyme activity levels were still above 80%
in the temperature ranges of 60–70 ◦C, 60–75 ◦C, and 60–80 ◦C. The relative activity levels
of the enzyme expressed by P. pastoris X33 and P. pastoris GS115 were measured at 4 ◦C and
different pH values for 24 h, while the relative activity level of the enzyme expressed by A.
niger was measured at 37 ◦C and different pH values for 2 h. The results showed that the
relative enzyme activity levels were still above 80% in the pH ranges of 4–6, 4–6, and 5.5–6.5.
Notably, although there was no significant difference in the optimal temperature and pH
of the expressed MtEG5-1 among the three hosts, MtEG5-1 exhibited a greater tolerance
to high temperatures than the enzymes expressed by P. pastoris X33 and A. niger did. For
instance, the thermal stability of MtEG5-1 expressed by P. pastoris GS115 remained at the
88% residual activity level after 2 h at 70 ◦C, compared to the 25% residual activity level of
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the enzyme expressed in P. pastoris X33 after 2 h at 65 ◦C and the complete inactivation of
the enzyme expressed in A. niger after 2 h at 60 ◦C. Altogether, the enzyme expressed by P.
pastoris GS115 was resistant to a wider range of temperatures than the enzyme expressed by
A. niger and P. pastoris X33 was. Moreover, the molecular weight of MtEG5-1 expressed by
P. pastoris X33 was 75 kDa, while the molecular weight of MtEG5-1 expressed by P. pastoris
GS115 was smaller (55 kDa). Generally, larger molecular weight proteins are less stable as
they are more susceptible to denaturation as a result of chemical and physical factors [45,46].
Although A. niger, P. pastoris X33, and P. pastoris GS115 expressed the enzyme encoded by
the mtEG5 gene, the enzymatic properties and molecular weight of the expressed enzymes
were different. Future analysis of the crystal structure of MtEG5-1 could help to explain
its characteristics. Therefore, the diverse expression of MtEG5-1 in different hosts requires
further investigation. The microbial cell factory constructed in our study can be applied
more widely in the industry. As the properties of MtEG5-1 were further verified and
improved, this study provides an effective strategy for the utilization of cellulose resources.

Table 3. Differences between MtEG5-1 in this experiment and other experiments.

Karnaouri [17] Tambor [16] This Study

The optimum temperature 70 70 70
The optimum pH 5–6 6 5

Source of mtEG5 gene Genomic DNA RNA to cDNA RNA to cDNA
Host strain P. pastoris X33 A. niger P. pastoris GS115

The expression of the vector pPICZαC pDONR201 and
pGBFIN-GTW pPIC9K

The molecular weight of MtEG5-1 75 kDa – 55 kDa
The relative activity of MtEG5-1 was above 80%

at different temperatures (pH 5) for 2 h 60–75 60–70 60–80

Comparison of the stability of MtEG5-1 25% residual activity
after 2 h at 65 ◦C inactivity after 2 h at 60 ◦C 88% residual activity

after 2 h at 70 ◦C
The relative activity of MtEG5-1 was above 80%

at different pH for 24 h at 4 ◦C 4–6 5.5–6.5 (2 h, 37 ◦C) 4–6

Maximum level obtained MtEG5-1 expression 0.98 g/L >0.3 g/L 1.15 g/L

3.5. Enzyme Kinetic Parameters of Purified MtEG5-1

For different carbon source substrates, GH5 family cellulases have different substrate
binding manners [47]. They are known to hydrolyze cellulose and non-cellulose substrates,
usually acting on β-1,4 linkages [48]. In most cases, CMC is one of the best substrates for
fungal cellulase [49]. For example, Ma et al. showed that Cel-5A was highly effective at
hydrolyzing CMC [50]. By studying the cellulose decomposition activity of endoglucanase
caused by bacterial flora, Salehi et al. suggested that endoglucanase could decompose all
three types of substrates, including CMC, cellulose, and Avicel. The results showed that
CMC was the best substrate for the purified enzyme, which was considered to have 100%
activity. There was no significant difference between the specificity of the enzyme in the
presence of CMC and cellulose. However, the activity levels recorded were 90% in the pres-
ence of cellulose and 35% in the presence of Avicel [51]. Based on the Lineweaver—Burk
double inverse method, the values of Km and Vmax for purified MtEG5-1 were approxi-
mately 6.11 mg/mL and 91.74 μmol/min/mg at 70 ◦C (pH 5), respectively (Figure 6). The
kcat value was found to be 84.94/s.
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Figure 6. Lineweaver—Burk plot for MtEG5-1 with CMC as substrate.

4. Conclusions

In this study, MtEG5-1 was successfully overexpressed in P. pastoris GS115, and the
enzymatic properties were characterized. Recombinant protein, MtEG5-1, was stable in
extreme environments, such as an acidic pH (4–6), a high temperature (60–80 ◦C), and
the presence of salt (6 g/L), in our study. MtEG5-1 expressed by P. pastoris GS115 is
more tolerant to high temperatures than the enzyme expressed by P. pastoris X33 and
A. niger. These unique characteristics suggest that MtEG5-1 has a lot of potential for
practical applications under extreme environmental conditions, including varying pH
levels, osmolarities, and temperatures.
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Abstract: Fumaric acid is used in various areas of the chemical industry due to its functional groups.
For example, it is used in the polymer industry to produce unsaturated polyester resins, which are
nowadays mostly produced from fossil raw materials. With regard to sustainable biotechnological
fumaric acid production, the main challenge is to develop a cost-effective and robust fermentation
process with industrially relevant final titers, productivities and yields. For biotechnological fumaric
acid production, mainly fungi of the genus Rhizopus are used, which require very complex and chal-
lenging morphology control. The aim of this work is the development of an effective biotechnological
fumaric acid production process with R. arrhizus NRRL 1526. Significant insights into the morphology
control of the fungus and optimization of production characteristics were obtained, and a final titer of
86.3 g/L fumaric acid was achieved in a batch cultivation, with a yield of 0.67 g/g and a productivity
of 0.60 g/(L·h). In addition, a fed-batch process was developed, in which the production phase was
extended, and a maximum final titer of 195.4 g/L fumaric acid was achieved. According to current
knowledge, this value is the highest final concentration of fumaric acid produced using biotechnology.

Keywords: fumaric acid; Rhizopus arrhizus; process optimization; fermentation

1. Introduction

Fumaric acid (FA) is a naturally occurring unsaturated dicarboxylic acid with diverse
fields of application. Due to its double bond and two carboxylic groups, FA is used
as comonomer for polymerization and esterification reactions, resulting in unsaturated
polyester resins and alkyd resins. In the pulp industry, FA is applied as acidic tackifier for
the production of rosin paper [1–3]. Additionally, FA is used as acidulant and nutritional
additive in the food and feed sector [1,4,5]. More recently, derivatives of FA like fumaric
acid esters have been identified to have potential biomedical applications, such as multiple
sclerosis and psoriasis treatment [6–8]. All these different fields of application lead to a
growing demand for FA, which is currently fulfilled exclusively through the chemical
synthesis of petroleum-derived maleic acid anhydride. However, as petroleum prices are
rising and the emphasis on low carbon footprint production strategies is increasing, there
is a renewed interest in the biotechnological production of FA, which was operational
during the 1940s by Pfizer, but was discontinued due to the more economical method of
petrochemical-based synthesis [4].

For the microbial production of FA, multiple fungal strains have been identified
as natural overproducers, including Rhizopus species (e.g., arrhizus and oryzae) as the
most promising productions strains [9–12]. In fungal metabolism, the substrate glucose,
after conversion into pyruvate, is converted into fumaric acid via two different metabolic
pathways: (1) in the tricarboxylic acid (TCA) cycle, which is present in all eukaryotic
organisms and occurs in the mitochondria and (2) in the reductive TCA cycle, which occurs
in the cytosol. The reductive TCA cycle is responsible for the overproduction of fumaric
acid in filamentous fungi, and requires CO2 fixation [1,13].
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Depending on the metabolic pathway, different theoretical yields are calculated.
(1) The formation of fumaric acid via the TCA cycle allows a theoretical yield of a maximum
of 1 mol of fumaric acid/mol of glucose consumed, or 0.64 gFA/gglucose. (2) Reductive car-
boxylation allows a maximum yield of 2 moles of fumaric acid/mole of glucose consumed,
or 1.29 gFA/gglucose. In practice, however, a lower yield is expected, since an exclusive
course of reductive carboxylation would lead to an energy deficit due to ATP consump-
tion during CO2 fixation. Therefore, in the fermentative production of fumaric acid, the
oxidative citric acid cycle is also active to maintain the energy balance [14–16].

To reach high product titer, productivity and product yield via submerged fermen-
tations, the control of fungal morphology is one of the most challenging tasks within the
bioprocess. In general, the formation of fungal biomass can be distinguished as clumps,
disperse filaments or pellets [1,17]. Taking the specific production potential into account,
clump and filamentous morphologies show a high tendency to grow on cultivation equip-
ment like bioreactor internals and walls [18–20]. This growth behavior causes a poor
oxygen supply and leads to the unintentional production of ethanol [13]. In contrast, the
formation of small spherical pellets promotes oxygen mass transfer due to a lower overall
medium viscosity [13,15,21]. In recent decades, a wide variety of scientific research has
been published in the field of morphological control, focusing on the influence of different
cultivation parameters. Identified factors affecting the growth behavior and the production
performance include physical and chemical parameters like the cultivation system itself,
inoculum size, working volume, agitation, aeration, pH and temperature. The second
group of factors are medium-related parameters such as nutrient supply, the use of com-
plex medium components and the concentration of metal ions [18]. The concentration of
provided nitrogen in particular affects the relationship between additional biomass growth
and the accumulation of FA during the production phase [3]. All the previously mentioned
parameters influence the final type of morphology and necessitate a targeted optimization
of each process stage during the development of a promising strategy for biotechnological
FA production.

Comparing the numerous published approaches, Ling and Ng (1989) described in a
patent of Du Pont a fermentation procedure with a regulated oxygen concentration of 80%
during the production phase [12]. This strategy allowed the production of 135.3 g/L FA with
a productivity of 1.77 g/(L·h) and a yield of 1.04 g/g. To date, this fermentation represents
the best biotechnological production of FA with the highest final titer. Furthermore, later
published studies stayed remarkably far behind these results [1,13,17,22], making the
fermentative procedure of Ling and Ng (1989) [12] a highly interesting template for further
investigations [23].

To control the morphology and, therefore, achieve reproducible and comparable
cultivations, the effect of the carbon to nitrogen (C/N) ratio was investigated. Based on this
batch fermentation, a specific feeding strategy of glucose and ammonium was developed
to extend the production phase and reach industrially relevant final titers of FA.

2. Materials and Methods

2.1. Microorganism and Inoculum Preparation

Rhizopus arrhizus NRRL 1526 was obtained from the Agricultural Research Service
Culture Collection (Peoria, IL, USA). For experimental usage, the strain was stored in the
form of spores in 50% glycerol at −80 ◦C (stock culture). For inoculum preparation, a stock
culture was spread on agar plates (medium A) at 32 ◦C, containing 4 g/L glucose, 10 mL/L
glycerol, 6 g/L lactose, 0.6 g/L urea, 0.4 g/L KH2PO4, 1 mL/L corn steep liquid, 1.6 g/L
tryptone/peptone, 0.3 g/L MgSO4 × 7 H2O, 0.088 g/L ZnSO4 × 7 H2O, 0.25 g/L FeSO4
× 7 H2O, 0.038 g/L MnSO4 × H2O, 0.00782 g/L CuSO4 × 5 H2O, 40 g/L NaCl, 0.4 g/L
KCl and 30 g/L agar-agar. After six days of sporulation, the spores were suspended by
adding 0.9 % (w/w) NaCl solution. The resulting spore solution was stored at 4 ◦C until
inoculation. The spore concentration was determined using a counting chamber (Thoma)
and a Zeiss microscope (Axioplan, Carl Zeiss AG, Oberkochen, Germany). Chemicals were
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either purchased from Merck KGaA (Darmstadt, Germany), Carl Roth GmbH and Co. KG
(Karlsruhe, Germany) or from Sigma Aldrich (St. Louis, MO, USA) in an appropriate purity
for biochemistry.

2.2. Pre-Culture Conditions

For pre-culture, 500 mL shaking flasks (unbaffled) with 50 g/L CaCO3 (precipitated,
≥99%, VWR) were sterilized (20 min at 121 ◦C) then 100 mL of sterile fermentation medium
B was added. The composition of medium B was 130 g/L glucose, 1.2 g/L (NH4)2SO4,
0.3 g/L KH2PO4, 0.4 g/L MgSO4 × 7 H2O, 0.044 g/L ZnSO4 × 7 H2O and 0.0075 g/L
FeCl3 × 6 H2O. All components of medium B were prepared separately in stock solutions
and heat-sterilized; the iron solution was sterile-filtered. For inoculation, spore suspension
was added to ensure an initial concentration of 1 × 105 spores/mL. Pre-cultures were
carried out at 34 ◦C and 200 rpm in a rotary shaking flask incubator for 24 h.

2.3. Batch Fermentations

Batch cultivations were studied in 500 mL shaking flasks (unbaffled), each containing
50 g/L CaCO3 and 90 mL medium B at 34 ◦C, in a rotary incubator at 200 rpm. Then, 10 mL
of the 24 h seed culture was transferred into the fermentation medium for inoculation.
The solubility of FA at room temperature is very low, 5–7 g/L [22]. CaCO3 is used as
neutralizing agent, so calcium fumarate precipitates due to low solubility [17]. Next, 2 mL
well-mixed samples were taken periodically, diluted with a 5% (w/w) HCl solution and
heated to 80 ◦C to remove excessive CaCO3 and resolve precipitated calcium fumarate.
After 2 d of fermentation, 20 g/L CaCO3 was added under sterile conditions to maintain a
pH value of approximately 6.0. Within all shaking flask cultivations, the weight loss due
to evaporation was balanced by the addition of deionized water. All cultivations were
performed in duplicate.

2.4. Fed-Batch Fermentations

To prolong the phase of FA production, batch fermentations in shaking flasks were
extended by the addition of 40 g/L or 80 g/L glucose (solid) before reaching a glucose
concentration of less than 30 g/L. In addition, whenever the cultivation showed decreasing
FA productivity, 0.6 g/L or 1.2 g/L (NH4)2SO4 (200 g/L stock solution) was transferred into
the broth. Depending on the over production of organic acids, portions of 20 g/L CaCO3
were added periodically for pH control. Within all shaking flask cultivations, the weight
loss due to evaporation was balanced by the addition of deionized water. All cultivations
were performed in duplicate.

2.5. Analytical Methods

Glucose, FA, other organic acids (malic acid and succinic acid) and ethanol were
quantified through high-performance liquid chromatography (HPLC) with an HPX-87H
ion-exclusion column (300 × 7.8 mm) (Bio-Rad, Hercules, CA, USA), a refraction index
(RI) detector (Shodex RI-101, Shōwa Denkō, Tokyo, Japan) and ultraviolet (UV) detector
(LaChrom Elite L-2400, Hitachi, Tokyo, Japan) at 250 nm. The column was tempered at
40 ◦C and eluted with a 5 mM H2SO4 solution at a flow rate of 0.6 mL/min.

The concentration of the cation ammonium and the anion phosphate were deter-
mined through ion chromatography (IC) (Dionex ICS-100 IC, Thermo Fisher Scientific Inc.,
Sunnyvale, CA, USA). Cations were quantified with an IonPac CS16 column (cation-IC,
5 × 250 mm) and a suppressor CSRS-500 (4 mm) at 88 mA and a temperature of 40 ◦C, and
eluted with 30 mM methlysulfonic acid at a flow rate of 1 mL/min. Anions were quantified
with an IonPac AG11-HC (cation-IC, 4 × 250) and a suppressor ASRS-300 (4 mm) at 68 mA
and a temperature of 40 ◦C, and eluted with 25 mM sodium hydroxide at a flow rate of
1 mL/min. For measurement, samples were diluted with ultrapure water, filtered using
a nylon syringe filter (pore size 0.22 μm), and a sample volume of 2 mL was transferred
to a Dionex Polyvial with a filter cap (Thermo Fisher Scientific Inc., Sunnyvale, CA, USA).
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External cation and anion multi-element standards (Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) were measured for each series of measurements to calibrate the IC system.

The morphology of R. arrhizus NRRL 1526 was documented with a phase-contrast
microscope (Axioplan, Carl Zeiss AG, Oberkochen, Germany) and processed with the
software Analysis (Analysis 5.0, Soft Imaging System GmbH).

The yield is calculated from the product concentration of fumaric acid relative to the
concentration of substrate consumed up to that cultivation time and is described by the
product yield coefficient (Equation (1)).

YP/S = cFAt/(cs0 − cSt), (1)

where:

YP/S—product yield coefficient (g/g);
cFAt—fumaric acid concentration at time t (g/L);
cS0—initial concentration of the substrate (g/L);
cSt—substrate concentration at time t (g/L).

Productivity is calculated from the quotient of the concentration of fumaric acid
formed and the cultivation period required for this (Equation (2)). Here, the maximum
productivity is defined as the productivity that assumes the highest value between two
sampling points.

P = (cFat − cFA0)/Δt, (2)

where:

P—productivity (g/(L·h));
cFAt—fumaric acid concentration at time t (g/L);
cFA0—initial concentration of fumaric acid (g/L);
Δt—cultivation period (h).

3. Results and Discussion

Based on the procedure of Ling and Ng (1989) as a benchmark, an effective manufac-
turing process for the biotechnological production of fumaric acid was investigated in the
present study [12].

Cultivation with the process strategy of Ling and Ng (1989) allowed the production of
29.5 g/L fumaric acid within 6 d in shake flasks. Under complete glucose consumption,
this corresponds to a yield of 0.26 g/g, with a productivity of 0.21 g/(L·h). As by-products,
malic and succinic acid with, in sum, a maximum of 5.7 g/L after 5 d were detected. The
main by-product produced within the first two days of cultivation time was ethanol, formed
at a concentration of 18.1 g/L. The accumulation of ethanol here indicates oxygen-limiting
conditions within the cultivation system. The biomass of R. arrhizus NRRL 1526 was pre-
dominantly present as dense pellets with a diameter of >1 mm in the main culture. This
form of compact biomass creates potentially anaerobic conditions inside the pellets that
favor ethanol formation while negatively affecting fumaric acid production [24]. Compa-
rable to the findings in the literature, a direct transfer of Ling and Ng’s (1989) cultivation
strategy and their published results of 135.3 g/L FA with a productivity of 1.77 g/(L·h) and
a yield of 1.04 g/g was not possible.

Therefore, the influence of different cultivation parameters on morphology, repro-
ducibility, productivity and yield was investigated in the following experiments. Subse-
quently, a process strategy was developed on the basis of the findings obtained.

3.1. Optimizing Cultivation Parameters

• Influence of process steps

According to Ling and Ng (1989), three individual process steps (spore production, pre-
culture and main culture) and glucose as the carbon source were used for FA production [12].
To date, no cultivation conditions have been observed to induce and favor submerged spore

92



Fermentation 2023, 9, 588

production of R. arrhizus NRRL 1526. Therefore, spores were produced via the surface
method using agar plates.

Within the overall process, during the pre-culture, the germination of spores and
building up biomass take place. Various cultivation parameters, such as the size of shake
flasks, the shaking speed, the cultivation temperature or the composition of the medium,
have a major influence on the morphology of the pre-culture and, thus, also on the cul-
tivation result of the main culture [17,21,25,26]. The morphology of Rhizopus sp. can be
divided into three different growth forms: clumps, pellets and mycelium. The production
behavior of FA differs significantly depending on the corresponding growth form of the
fungus [1]. Which form of morphology is formed within the cultivation system depends
largely on the process parameters described above. However, these influencing factors
cannot be considered alone. Rather, the morphology results from a complex interaction of
all cultivation parameters. This fact not only limits the comparability of different research
studies with each other, but also makes it difficult to identify generally valid regularities in
the targeted control of morphology [3,25].

Regarding the potential to accumulate fumaric acid, various publications exist that
achieved more effective production of FA with either mycelium or pellet morphology. For
example, Rhodes et al. (1962) and Papadaki et al. (2017) realized better FA production using
mycelium morphology than pellets [26,27]. Opposing results were obtained in studies
by Liao et al. (2007) and Zhou et al. (2011) [21,28]. The contradictory results of these
publications thus indicate that a generally valid preference of a certain growth form is not
possible. Rather, when developing an effective cultivation system for the production of FA,
it makes sense to identify specifically occurring problems and optimization potentials in
the context of morphology and, if necessary, to counteract them specifically by controlling
the morphology.

In order to perform an optimization of the actual fermentation (main culture) despite
this complex interplay of different influencing factors, the main culture was directly in-
oculated with the spore suspension. By omitting the pre-culture, the influence of process
changes on the production of fumaric acid could be directly investigated. The direct spore
inoculation of the main culture also allowed an increase in the general reproducibility
of cultivations.

• Influence of spore concentration

To investigate the influence of spore concentration, cultivations were inoculated with
different amounts of spores (1 × 104, 1 × 105, 1 × 106 spores/mL). Cultivations with
concentrations <1 × 105 spores/mL were found to cause clump morphology and, thus,
were not suitable for fumaric acid production. Above a concentration of 1 × 105 spores/mL,
R. arrhizus NRRL 1526 grew as loose mycelium, and the production of approximately
50 g/L of fumaric acid was observed after a duration of 7 d, with yields of 0.44 and
0.43 g/g, respectively. A comparison of this result with the literature data shows that the
use of higher spore concentrations is quite common in cultivations for the production of
fumaric acid. For example, Riscaldati et al. (2000), Zhou et al. (2011) and Das et al. (2015)
used a spore concentration of 1 × 106 spores/mL to inoculate the pre-culture [21,29,30]. At
1 × 107 spores/mL, Fu et al. (2010), Ding et al. (2011) and Gu et al. (2014) used the highest
spore concentration reported in the literature for inoculating cultivations [31–33]. A further
increase in spore concentration during cultivation inoculation did not improve fumaric
acid production in this work. Thus, a spore concentration of 1 × 105 spores/mL was used
for subsequent cultivations with direct spore inoculation.

• Influence of corn steep liquor

According to Ling and Ng (1989), different amounts of corn steep liquor were used
for preparing the different culture media (sporulation: 1 mL/L; germination: 0.5 mL/L;
production: 0.5 mL/L) for FA production [12]. Corn steep liquor is a complex medium
component that can differ significantly in composition depending on the batch and manu-
facturer. It contains different concentrations of peptides, amino acids, vitamins, nucleotides
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and various trace elements [34]. Thus, by using two different batches of corn steep liquor
and different concentrations in the range of 0.1 to 1 mL/L, corn steep liquor resulted in
different morphologies and, thus, a different production of fumaric acid could also be ob-
served. Alternatively, different concentrations of yeast extract (0.1 until 1 g/L) were used in
cultivations. However, all cultivations using corn steep liquor or yeast extract yielded lower
concentrations of fumaric acid compared to cultivations without the addition of a complex
medium component. The morphology obtained exhibited almost exclusively mycelial
morphology. In the literature, several publications have already described biomass and
fumaric acid production using minimal media [35–37]. For example, in Wang et al. (2013),
using pre-culture and main culture without complex medium components, cultivation was
able to produce 56.5 g/L of fumaric acid, with yields of 0.71 g/g and productivities of
0.67 g/(L·h) [36].

Therefore, in the adapted cultivation strategy, the addition of complex medium com-
ponents was completely omitted and, thus, a precisely defined minimal medium was used.

• Influence of tartaric acid

Tartaric acid is a saturated dicarboxylic acid. In the cultivation medium of Ling and
Ng (1989), 0.0075 g/L tartaric acid was used [12]. To investigate the principle necessity of
tartaric acid for the production of fumaric acid, cultivation with 0.0075 g/L (2S,3R)-tartaric
acid and cultivation without the addition of tartaric acid were performed. Cultivation with
R. arrhizus NRRL 1526 with and without the addition of tartaric acid demonstrated that a
concentration of 0.0084 g/L (2S,3R)-tartaric acid × H2O had no effect on the fermentation
process. An identical concentration of fumaric acid of approximately 50.5 g/L, with a yield
of 0.41 g/g and productivity of 0.31 g/(L·h), was obtained in both preparations after 7 d.
Thus, the addition of tartaric acid was omitted in subsequent studies.

• Influence of calcium carbonate

To regulate the pH value, 50 g/L calcium carbonate was added to the system in previ-
ous cultivations. Due to the optimizations made and the resulting increase in the production
of fumaric acid, the calcium carbonate is completely consumed during cultivation. This was
recognizable by a drop in the pH value as the production of fumaric acid progressed. To
counteract a drop in pH occurring too early on, which negatively influences the formation
of fumaric acid, a threefold feed of 10 g/L calcium carbonate was performed after 3, 4 and
5 d. This successfully stabilized the pH at a value of 6, thus realizing an improvement in
fumaric acid production. In addition, the calcium carbonate particle size and shape have
been shown to be very important parameters for the building of a proper morphology and,
therefore, have direct effects on the FA production, productivity and yield [16]. Depending
on the particle size of CaCO3, different morphologies of R. arrhizus NRRL 1526 occurred.
Using CaCO3 (precipitated, ≥99%, VWR), which has the smallest particle size, the best
production of fumaric acid was obtained for loose mycelial morphology [38].

• Influence of ammonium and phosphate

For biomass formation, 1.8 g/L (NH4)2SO4 is used as the nitrogen source in the
main culture medium, according to Ling and Ng (1989) [12]. To optimize the amount
of growth-relevant ammonium, different initial concentrations of 0.3–3.6 g/L (NH4)2SO4
were used. Using 0.3 g/L (NH4)2SO4, only a low growth of R. arrhizus NRRL 1526 could
be detected, which only allowed a very slow production of fumaric acid. In contrast,
at concentrations of 3.6 g/L, excessive biomass formation was documented, leading to
clump formation. At initial concentrations between 0.6 g/L and 1.8 g/L ammonium sulfate,
an increasing production of by-products (e.g., ethanol) could be shown under mycelial
morphology. This resulted in a decrease in the yield of fumaric acid with increasing
concentrations of ammonium sulfate. With regard to the effective production of fumaric
acid, an initial concentration of 1.2 g/L (NH4)2SO4 showed an ideal compromise in terms
of productivity and yield. Therefore, for further cultivations, 1.2 g/L (NH4)2SO4 was used
in the fermentation medium.
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Besides ammonium, phosphate is another component of the main culture medium
that significantly influences the biomass growth of R. arrhizus NRRL 1526. Cultivations
with 0.05–0.60 g/L KH2PO4 were performed to identify the ideal initial concentration. This
series of experiments showed that the best cultivation result in terms of final titer, yield
and productivity was achieved with 0.30 g/L KH2PO4. Thus, the concentration of KH2PO4
determined according to Ling and Ng (1989) was not changed.

• Influence of initial glucose concentration

So far, an initial glucose concentration of 130 g/L has been used, according to Ling
and Ng (1989) [12]. However, a comparison with the literature shows that the use of lower
concentrations such as 80 g/L glucose is quite common [39,40]. In addition to being a
carbon and energy source and being used for the production of fumaric acid, glucose is also
used for the production of biomass. With regard to an optimal ratio of built-up biomass
and the potential to produce fumaric acid, the C/N ratio thus plays a decisive role in
cultivation [32,41].

Therefore, cultivations with different initial concentrations of glucose (40–200 g/L)
were carried out. In all cultivations, a drop in the pH value was prevented by adding
additional calcium carbonate. Furthermore, the medium contained a concentration of
1.20 g/L (NH4)2SO4. The resulting different C/N ratios are shown comparatively in
Table 1. In addition, this table contains an overview of the morphology achieved and the
corresponding cultivation time until complete conversion of the glucose.

Table 1. Cultivations with different initial concentrations of glucose (40–200 g/L) using R. arrhizus
NRRL 1526 with direct spore inoculation (1 × 105 spores/mL) and optimized medium (100 mL of
medium B) in 500 mL shake flasks without baffles at 34 ◦C and 200 rpm, and 50 g/L CaCO3 with
addition of 10 g/L CaCO3 after 3, 4 and 5 d.

Experiment 1 2 3 4 5 6 7

Initial
glucose (g/L) 40 60 80 100 130 160 200

C/N-ratio (gC/gN) 63 94 126 157 204 252 314
Morphology - clumps mycelium mycelium mycelium mycelium mycelium mycelium

Duration (d) 2 3 4 6 7 11 15

In relation to the morphology obtained, the growth of R. arrhizus NRRL 1526 in the
form of loose mycelial flakes was observed in a concentration range of 60–200 g/L initial
glucose. In contrast, in the cultivation approach with the lowest glucose concentration of
40 g/L, clumps formed, which are unsuitable for the production of fumaric acid. Taking
into account the C/N ratio of 63 gC/gN used in this approach, a critical minimum of
approximately 60–90 gC/gN can thus be identified, which should not be fallen short of
in order to form the preferred mycelial morphology. In the cultivations described in
the subsection “Influence of ammonium and phosphate”, the formation of mycelium
was observed at a glucose concentration of 130 g/L and 1.80 g/L (NH4)2SO4 (C/N ratio
of 136 gC/gN). In contrast, the cultivation batch with 130 g/L glucose and 3.60 g/L
(NH4)2SO4 (C/N ratio of 68 gC/gN) showed compact clumps. Thus, based on these results,
the influence of the C/N ratio on the growth form could be confirmed and, thus, a targeted
control of the morphology in the cultivation system used here could be made possible.

In order to investigate the influence of the initial glucose concentration on the pro-
duction of fumaric acid, the results of the individual cultivation approaches were shown in
Figure 1 after complete consumption of glucose.
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Figure 1. Cultivations with different initial concentrations of glucose (40–200 g/L) using R. arrhizus
NRRL 1526 with direct spore inoculation (1 × 105 spores/mL) and optimized medium (100 mL of
medium B) in 500 mL shake flasks without baffles at 34 ◦C and 200 rpm, and 50 g/L CaCO3 with
addition of 10 g/L CaCO3 after 3, 4 and 5 d.

With increasing initial glucose concentration, more product is formed, and with
200 g/L glucose, the highest final concentration of 108.1 g/L FA was achieved in this set of
experiments (Figure 1). However, this tendency could not be confirmed in terms of yield
and productivity. Rather, with regard to these two process parameters, an optimum range
of 80–130 g/L initial glucose was identified. Thus, the cultivation approach with 100 g/L
glucose showed the highest yield (0.57 g/g). At initial glucose concentrations higher than
100 g/L, however, only a minimally lower yield of 0.55 g/g was detected. With regard
to the achieved productivities, the highest productivities were detected in the range of
80–130 g/L glucose, with 0.43 and 0.42 g/(L·h), respectively. A further increase in the initial
glucose concentration leads to lower productivities. This showed that FA concentrations
above 100 g/L are possible, but that a fed-batch strategy should be investigated.

3.2. Direct Spore Inoculation Compared to Pre-Culture Inoculation with Optimized Parameters

Based on the previously described optimizations (Section 3.1), the cultivation process
shown in Figure 2 was developed.

In the optimized cultivation with direct spore inoculation, a lag phase caused by
spore germination of 1 day without fumaric acid production was observed. A final titer of
73.5 g/L fumaric acid was achieved after the present concentration of glucose was used up
after approximately 7 d. This corresponds to a yield of 0.55 g/g and a total productivity
of 0.42 g/(L·h). A positive aspect is the reduced accumulation of ethanol, which can be
attributed to the improved oxygen supply of the biomass.

With regard to the most efficient cultivation process possible for the production of
fumaric acid, the cultivation strategy described above with direct spore inoculation still
has potential for optimization. For example, due to the initial germination of the spores, no
production of fumaric acid takes place within the first 24 h of the main culture. In order
to recognize the effects and influences during optimization, the production strategy using
spores as an inoculum of the main cultivation has advantages. For an optimized process,
on the other hand, the use of a pre-culture has its advantages, e.g., with regard to the key
parameters of productivity and yield. Therefore, the use of the previously omitted pre-
culture as a process step was reconsidered and further developed. This involves growing
biomass (pre-culture) within 1 d, using (10% (vpre-culture/vmain-culture)) as the inoculum.
For this purpose, the optimized medium B was used in the pre-culture as well as in the
subsequent main culture (Figure 3).
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(a) (b) 

Figure 2. (a) Cultivation of R. arrhizus NRRL 1526 with direct spore inoculation (1 × 105 spores/mL)
and optimized medium (100 mL of medium B) in 500 mL shake flasks without baffles at 34 ◦C and
200 rpm, and 50 g/L CaCO3 with addition of 10 g/L CaCO3 after 3, 4 and 5 d (left). (b) Morphology
of R. arrhizus NRRL 1526 cultured with direct spore inoculation after 3 d (right).

 

(a) (b) 

Figure 3. (a) Cultivation of R. arrhizus NRRL 1526 with 10 % (v/v) pre-culture and optimized medium B
in 500 mL shake flasks without baffles at 34 ◦C and 200 rpm, and 50 g/L CaCO3 with addition of 20 g/L
CaCO3 after 2 d (left). (b) Morphology of R. arrhizus NRRL 1526 using pre-culture after 3 d (right).
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Due to the outsourced cultivation of the biomass (pre-culture), a direct production
of fumaric acid could be detected in this cultivation. With an almost linear increase in
fumaric acid, a final titer of 86.3 g/L fumaric acid was reached after 6 d at almost complete
conversion of glucose. This corresponds to a yield of 0.67 g/g, with a total productivity of
0.60 g/(L·h). Thus, compared to cultivation with direct spore inoculation, the lag phase
occurring there was successfully transferred to the pre-culture. Since only 10 % (v/v, based
on the main culture volume) is required for this, the efficiency of fumaric acid production
was successfully improved. In addition, the final titer of fumaric acid as well as the yield
and productivity show significantly increased values, which confirm the success of this
cultivation strategy. With regard to the yield, it should be noted that a yield higher than
0.64 g/g can no longer be explained exclusively by the oxidative synthesis pathway. Thus,
the yield of 0.67 g/g identified here indicates at least partial production of fumaric acid by
means of reductive carboxylation [13,16].

Since the production of fumaric acid in this cultivation was completely stopped by
the consumption of the supplied amount of glucose, no conclusion can be made about a
possible final titer of fumaric acid at this point. However, a comparison of this final titer
and especially of the yield with the literature shows that the optimized process conditions
and achieved morphology are very well suited for efficient biotechnological production of
fumaric acid using R. arrhizus NRRL 1526 (Table 2).

Table 2. Overview of FA production and yield based on glucose as substrate in batch cultivations
using Rhizopus spp.; STR—stirred tank reactor, SF—shaking flask.

Year Strain System FA (g/L) Yield (g/g) Source

1962 R. arrhizus NRRL 2582 STR 90 0.7 [27]
1989 R. arrhizus NRRL 1526 STR 130 1.0 [12]
2000 R. arrhizus NRRL 1526 STR 38 0.3 [29]
2002 R. oryzae STR 37 0.5 [42]
2010 R. oryzae STR 56 0.7 [39]
2022 R. arrhizus NRRL 1526 SF 65 0.46 [16]
2023 R. arrhizus NRRL 1526 SF 86 0.67 Present study

3.3. Fed-Batch Cultivation

In order to further increase the final titer of FA, the addition of glucose during the
cultivation process was investigated. For this purpose, different process strategies involving
an additional dosage of a N-source and CaCO3 were applied, which are described in more
detail in the following subsections.

3.3.1. Glucose Feed

The absolute amount of glucose to be converted into FA was increased during cultiva-
tion by adding glucose several times. Glucose was added in the form of solids and in an
amount leading to an additional 40 g/L in the cultivation medium (Figure 4). The regular
addition of calcium carbonate also prevented a drop in pH throughout the cultivation process.

Under continuous consumption of glucose within 14 d, the total added amount
of glucose was not completely metabolized. During the cultivation time, the glucose
consumption rate decreased, and a glucose concentration of 55.0 g/L was still detected at the
end of cultivation. With respect to the production of fumaric acid, a final titer of 103.2 g/L
was achieved after 14 d with the formation of mycelial morphology. This corresponds to a
yield of 0.52 g/g, with a productivity of 0.31 g/(L·h). During the cultivation time, the FA
production rate decreased and this prevented effective production of fumaric acid.
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Figure 4. Fed-batch cultivation of R. arrhizus NRRL 1526 with 10% (v/v) pre-culture and optimized
medium B (130 g/L initial glucose) in 500 mL shake flasks without baffles at 34 ◦C and 200 rpm, and
50 g/L CaCO3 with addition of 40 g/L glucose after 2, 5 and 9 d and addition of 20 g/L CaCO3 after
2, 4, 6, 8, 10 and 13 d.

Overall, it was demonstrated that glucose can be metabolized even if it is added
subsequently during cultivation. However, without further optimization, this process
strategy is not suitable for effective FA production, constant glucose consumption rates and
constant FA production or FA concentrations higher than 100 g/L.

3.3.2. Glucose and Ammonium Feed

Neither the addition of glucose nor the use of a high initial concentration of glucose
provided an effective cultivation system. In particular, the decrease in productivity with
advancing cultivation time proved to be problematic. A possible cause for this observation
was identified as aging or damage to the biomass formed with increasing cultivation time.
In this context, it was hypothesized that the formation of new biomass in an advanced cul-
tivation period could potentially improve productivity. Thus, a process strategy combining
the addition of glucose, the usage of a high initial concentration of glucose and the addition
of ammonium during cultivation, which, in principle, enables a further growth phase, was
investigated (Figure 5).

During the first 7 days, the usage of a high initial glucose concentration (200 g/L initial
glucose) allowed a constant production of 107.0 g/L fumaric acid without any intervention
in the cultivation system. At this point, at which approximately 30 g/L glucose remained,
glucose and (NH4)2SO4 were added in the form of solids and in amounts leading to an ad-
ditional 80 g/L glucose and 1.2 g/L (NH4)2SO4 in the cultivation medium. In the following
two days, only a small amount of FA was formed under increasing substrate consumption
rate. However, ethanol was formed during this period, and its concentration reached a
maximum of 14.1 g/L after 8 d. Therefore, the addition of ammonium was omitted during
the second addition of 80 g/L glucose (after 9 days). As a result of this adjustment, only
low glucose consumption and low FA production were detected between the ninth and
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tenth day of cultivation. To counteract this trend, a concentration of 0.6 g/L (NH4)2SO4
was added to the cultivation system after 10 d, 12 d and 14 d. Through this process strategy,
a complete consumption of the total amount of glucose was documented after 16 d under
increased glucose consumption. In relation to the production of FA, a maximum titer of
195.4 g/L could be identified after a cultivation time of 15 d. This corresponds to a yield
of 0.54 g/g, with a total productivity of 0.54 g/(L·h). It was shown that very high produc-
tivities are possible at late cultivation times and that effective production of fumaric acid
was still possible even at concentrations of >150 g/L fumaric acid. For example, maximum
productivities of 0.72 g/(L·h) (13–14 d) and 0.74 g/(L·h) (14–15 d) were detected at the end
of cultivation.

Figure 5. Fed-batch cultivation of R. arrhizus NRRL 1526 with 10% (v/v) pre-culture and optimized
medium B (200 g/L initial glucose) in 500 mL shake flasks without baffles at 34 ◦C and 200 rpm, and
50 g/L CaCO3 with addition of 80 g/L glucose after 7 and 9 d, addition of 1.2 g/L (NH4)2SO4 after
7 d, addition of 0.6 g/L (NH4)2SO4 after 10, 12 and 14 d and addition of 20 g/L CaCO3 after 2, 4, 6, 7,
9, 11, 13 and 15 d.

Related to the obtained morphology of R. arrhizus NRRL 1526, the formation of
mycelium was also documented during this cultivation. With increasing cultivation time,
the aggregation of individual mycelial flakes into larger agglomerates was observed.

Fumaric acid is currently produced petrochemically. It has a high potential to be pro-
duced using biotechnological processes and it has been designated by the US Department
of Energy (DOE) as one of the top 12 valuable chemicals to be produced from biomass [43].

This requires the development of a fermentation process that allows specific morphol-
ogy control of the production strain used and, at the same time, enables effective production
of fumaric acid. Biotechnologically produced fumaric acid, in a multi-feedstock biorefinery,
could contribute to the development of the circular economy and the bioeconomy [44,45].

The results of this work successfully demonstrated that effective biotechnological
fumaric acid production with a high final titer of FA is possible using the provided process
strategy. The combined addition of glucose and ammonium provides a promising pos-
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sibility to build up new biomass during cultivation and, thus, to produce FA constantly
over long cultivation periods. As shown, this resulted in very high final titers of 195.4 g/L
FA. To our knowledge, this is the highest biotechnologically produced concentration of FA
(Table 2). Furthermore, the only slight decrease in yield and productivity compared to the
reference cultivation (without the addition of glucose and ammonium, Figure 3) illustrates
the high potential of this cultivation approach.

4. Conclusions

In this work, different fermentation strategies were developed on the basis of the
substrate glucose and with the production strain Rhizopus arrhizus NRRL 1526, and the
respective production behavior was characterized. The patented cultivation procedure
of Ling and Ng (1989) served as a template. Based on this, an initial cultivation strategy
could be developed on a shake flask-scale, consisting of direct spore inoculation of the main
culture. By omitting a pre-culture, a significantly simplified process could be investigated,
which allowed systematic medium and process optimization. Significant insights regarding
morphology control could be gained. For example, the use of calcium carbonate with a
smaller particle size, which was used to regulate pH, allowed the formation of individual
mycelial flakes, instead of the unsuitable clump morphology or growth in the form of large
and compact pellets. In addition, by varying the C/N ratio used, medium optimization
identified a critical minimum of about 90 gC/gN, which should not be fallen below to
avoid lumps. Deviating from the starting point, the optimized fermentation medium did
not contain any complex medium constituents such as corn steep liquor or yeast extract,
the use of tartaric acid was also omitted and a reduced concentration of growth-relevant
ammonium sulfate was used. Based on these optimizing cultivation parameters, a different
cultivation strategy could be developed on a shake flask-scale.

In another cultivation strategy, the germination of the spores and, thus, the first
cultivation of biomass were carried out in a pre-culture. In contrast to cultivation with
direct spore inoculation, the occurrence of a lag phase could thus be successfully outsourced
to the pre-culture. This had a positive effect on the overall balance of the production process
and resulted in a final titer of 86.3 g/L fumaric acid, with a yield of 0.67 g/g and an overall
productivity of 0.60 g/(L·h).

Furthermore, the maximum possible final titer of fumaric acid was determined on the
shake flask-scale. For this purpose, the cultivation strategy was modified and extended
by adding additional glucose and ammonium during the main culture. Depending on the
absolute amount of substrate used, the production phase could be successfully extended to
a duration of 15 d. This allowed a final concentration of fumaric acid to be determined. As
a result, a final titer of fumaric acid of 195.4 g/L could be achieved. These values are by
far the highest final titers of fumaric acid achieved through fermentation that have been
published, according to the best of our knowledge.
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Abstract: The production of cow manure far exceeds the quantity that can be utilized in primary
applications such as fertilizer or for the generation of biogas. As a result, alternative value-added
applications are being investigated. The purpose of this study is to evaluate the production of lactic
acid, using cow manure as the raw material. The methodology involved the implementation of
thermochemical pretreatment for the cow manure, followed by simultaneous saccharification and
fermentation for lactic acid production. Response surface methodology based on a central composite
design was employed to analyze the simultaneous saccharification and fermentation process. The
factorial design of the experiments was carried out with three factors, cow manure concentration,
temperature, and enzyme concentration, with 80 g·L−1, 50 ◦C, and 212.5 IU/gCMDry Matter as central
point values, respectively. Following the addition of Bacillus coagulans DSM2314 inoculum to enzy-
matically hydrolyzed cow manure at pH 5.0, after a 24 h period the concentration of lactic acid was
recorded at 13.65 g·L−1, with a conversion efficiency of 33.1%. Studies were conducted until 48 h
to analyze time impact. Characterization studies for native cow manure and that pretreated using
acid reagent were conducted. Sugar content and by-product formation were analyzed, resulting in
23.24 g·L−1 of sugar remaining as the maximum after fermentation, while low values of furfural
(1.04 g·L−1), 5-hydroxymethylfurfural (1.35 g·L−1), and acetic acid (1.45 g·L−1) were found. Optimal
conditions were calculated at 24 and 48 h with R software, obtaining the lactic acid, with yields
of 13.4 g·L−1, 36.28% (for 24 h) and 15.27 g·L−1, 32.76% (for 48 h), respectively. Experimental and
statistical studies of enzymatic hydrolysis and fermentation stated that cow manure was a feasible
substrate for the production of lactic acid.

Keywords: bioplastic; lactic acid; response surface methodology; optimization; cow manure

1. Introduction

In the culinary, pharmaceutical, cosmetic, and textile industries, lactic acid (LA) is
employed as an acidulant and a preservative [1]. In the baking industry, it serves as a
precursor in the manufacturing of emulsifiers such as stearoyl-2-lactylates. It performs a
wide range of tasks, including flavoring, regulating pH, acting as an acidulant, enhancing
the microbiological quality, fortifying minerals, and extending shelf life [2].

Lactic acid can be produced either by chemical synthesis or by the fermentation of
renewable carbohydrates. It is possible to produce LA by using biomass as a source of
carbohydrates. Lactic acid is an organic acid that occurs naturally and serves as the primary
metabolic intermediate in the majority of organisms, including in people and anaerobic
prokaryotes [3]. It is classified as Generally Recognized As Safe (GRAS) for general purpose
food additives by the United States Food and Drug Administration (USFDA) [4]. Due to
the high cost of product recovery and purification, as well as the expensive base materials,
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production costs are high. So that it can be produced economically, it is essential to find
low-cost raw materials for lactic acid fermentation. Typically, lactose, maltose, or glucose
are employed in its production [5]. Lactic acid is in high demand as a raw material for the
synthesis of poly(lactic acid) (PLA) due to the recent increase in interest in the creation
of biodegradable plastic [6]. To produce highly crystalline PLA, which results in the
polymer’s high strength and chemical and heat resistant qualities, optically pure lactic acid
is required [7].

The most prevalent type of agricultural waste is cow manure, which is also a ligno-
cellulosic substance [8]. Enzymatic hydrolysis into fermentable sugars could successfully
disrupt the treated lignocellulosic fraction [9]. Bacillus coagulans DSM 2314 is a fascinating
strain to use for manufacturing lactic acid from lignocellulose using a Simultaneous Sac-
charification and Fermentation (SSAF) technique [10]. With conversion efficiencies above
90 wt.%, it can homoferment glucose and xylose. Furthermore, B. coagulans has a high
productivity, from 2.5 to 3 g·L−1·h−1 of lactic acid. It can thrive in surroundings that are
slightly acidic and it is a moderate thermophile with an ideal growth temperature of about
50 ◦C, which is comparable to the ideal circumstances for commercial enzyme combina-
tions like GC220 (Genencor, Denmark) and CTeC2 (Novozymes, Denmark). However,
byproducts of processed lignocellulose can hinder the growth of Bacillus coagulans DSM
2314 [11].

Byproducts are produced in every pretreatment techniques. Phenolic compounds,
furans, and tiny organic acids have been recognized as the three main groups of byproducts.
Based on the quantities present and their inhibitory effects, these byproducts may block the
fermentation that leads to the production of biochemicals, reducing productivity, growth,
and occasionally the yield of the microorganisms in these processes [12].

The process from cow manure to lactic acid consists of raw material milling, acid
pretreatment, and SSAF, as reviewed in [13]. While physical pretreatments involve size
reduction and steam explosion, chemical pretreatments involve changing the structure
of biomass with solvents that stimulate the breakdown of cellulose, hemicellulose, and
lignin [14]. To convert the majority of lignocellulose into dextrose, a fermentable sugar,
amylolytic enzymes such as amylase and glucoamylase must first hydrolyze it twice. The
first stage is typically rapidly finished at high temperatures (between 90 and 130 ◦C), and the
second stage is typically finished at lower temperatures after an extended saccharification
to dextrose process. For many years, this technology has been used on an industrial basis.
Industrial enzyme manufacturers like Novozymes and Genencor, for example, offer highly
developed, effective, and reasonably priced enzymes for this process. This procedure yields
dextrose, which can be used to ferment lactic acid [15].

The bioconversion of carbohydrate materials to lactic acid can be considerably en-
hanced by combining the microbial fermentation of the resulting sugars and the enzymatic
hydrolysis of the carbohydrate substrates into a single phase, known as SSAF [16]. Enzy-
matic hydrolysis should progress considerably faster when fermentation and enzymatic
hydrolysis are combined in an SSAF process, because the microbe can directly absorb
the monomerized sugars, reducing product inhibition. Consequently, an SSAF process’
processing time can be significantly reduced [17].

Presently, there are no available tests for using cow manure as a feedstock for lactic
acid production. This paper describes the conversion of cow manure into lactic acid through
pretreatment and efficient enzymatic hydrolysis and fermentation. Furthermore, this study
determined the most common composition of cow manure, inhibitors, byproducts, and
LA production performance. Cow manure could be effectively disrupted by enzymatic
hydrolysis into fermentable sugars to produce lactic acid. Taken together, the research has
implications for all cow farms as it is the first attempt to investigate the potential utilization
of cow manure for lignocellulosic–lactic acid in combination with lignocellulosic enzyme
production, which could serve as a reference for improving bovine waste economics. The
aim of this study was to reach lactic acid productivity in SSAF experiments using cow
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manure, similar to what has been reported for fermentations using high-grade sugars or
lignocellulose as feedstock.

2. Materials and Methods

2.1. Raw Material (Cow Manure)

Raw material was collected in cattle fattening stables of a farm located in Lleida
(Spain), with straw and compound feeding regime. Collection was carried out inside the
stable and in the manure heap, collecting a total of nine samples in each section. Samples
were subjected to drying at 55 ◦C for 72 h in a SELECTA oven (DIGITRONIC-TFT) and
ground to an average diameter of 1 mm in a MOULINEX fruit grinder in 50 g portions for
5 s. Dried and milled cow manure was subjected to experimental steps and analysis.

2.2. Cow Manure Analysis

Cellulose, hemicellulose, and lignin content were determined using an Ankrom
200 fiber analyzer. Samples were weighted in a Mettler-Toledo balance, model XS204.
Acid Detergent Fiber (ADF) analysis, Neutral Detergent Fiber (NDF), and Crude Fiber
Analysis (CFA) were performed. The ADF reagent consisted of 20 g of cetyl trimethylammo-
nium bromide (CTAB) with 1 L 1.00 N H2SO4 previously standardized. The NDF reagent
consisted of 30 g sodium dodecyl sulfate, 18.61 g ethylenediaminetetraacetic disodium salt
(dehydrate), 6.81 g sodium borate, 4.56 g sodium phosphate dibasic (anhydrous), and 10 mL
of triethylene glycol to 1 L distilled water. pH was controlled from 6.9 to 7.1. CFA reagent
consisted of sulfuric acid (72% by weight), and reagent grade H2SO4 diluted to a specific
gravity of 1634 g·L−1 at 20 ◦C (24.00 N) by adding 1200 g H2SO4 to 350 mL H2O in a 1 L of
mono chloracetic acid (MCA) volumetric flask with cooling. Solution was standardized to
1634 g·L−1 at 20 ◦C specific gravity by removing solution and adding H2O or H2SO4 as
required. ADF and NDF were performed on 0.5 mg of milled and dried samples, sealed
in a filter bag F57 from Ankrom. After analysis, samples were rinsed with tap water and
dried at 105 ◦C for 2 h. After that, ADF, NDF, and CFA were performed. Lignin content
was determined directly by CFA. Cellulose was determined as ADF minus CFA. Finally, to
account for hemicellulose content, NDF minus ADF and CFA was calculated. Ash [18] and
humidity [19] values were obtained using gravimetric analysis.

2.3. Microorganism

Bacillus coagulans DSM 2314 was acquired as freeze-dried stock from the German
collection of microorganisms and cell cultures (Deutsche Sammlung von Mikroorganismen
und Zellkulturen, Braunschweig, Germany).

Strain was grown in culture medium, TrypticSoy Broth (TSB), Scharlau 02-200-500,
batch 132425. The composition was (per liter of medium) 17 g casein peptone, 3 g soy
peptone, 5 g sodium chloride, 2.5 g dipotassium phosphate, 2.5 g dextrose, 1000 mL
deionized water, and 7.3 ± 0.2 pH ready-to-use. The incubation temperature was 50 ◦C and
time 24 ± 3 h. Optical density (absorbance) was measured by means of culture medium
plate count. Plate count growth parameters medium consisted of Tryptic Soy Agar (TSA)
and biocardiagnostics BK047HA, batch 0016009. The composition (per liter of medium) was
15 g tryptone, 5 g papaic of digested soybean meal, 5 g sodium chloride, 15 g bacteriological
agar, 1000 mL deionized water, and 7.3 ± 0.2 pH ready-to-use. A 300 mL quantity of TSB
medium in borosilicate glass bottles with non-hermetic closure was constantly shaken
at 150 rpm in an orbital incubator. Peptone saline medium was used to correct dilution.
The composition (per liter of medium) was 1 g tryptone, 8.5 g sodium chloride, 1000 mL
deionized water, and 6.8 ± 0.2 pH ready-to-use. It was sterilized at 121 ◦C for 15 min.

2.4. Process Flow

The process of producing acid lactic from cow manure consisted of cow manure
collection; cow manure mixing, drying and grinding/sieving; chemical pretreatment; and
simultaneous saccharification and co-fermentation process, as shown in Figure 1.

106



Fermentation 2023, 9, 604

 

Figure 1. Process flow for lactic acid production.

The chemical hydrolysis pretreatment was carried out with 96% sulfuric acid (Panreac),
using 0.5 wt.% of acid on cattle manure on a dry basis, which has been used successfully
in similar lignocellulosic raw materials. Dilute acid pretreatment has low requirements,
minimizes possible environmental impacts in the proposal, and its effectiveness has been
demonstrated in the hydrolysis of cellulose and hemicellulose [11]. The process was
carried out in a glass reactor with an effective capacity of 5 L, treating 2.5 L of cow manure
suspension in deionized water. It was stirred at 250 min−1 using a propeller stirrer with the
geometrical diameter relation of 0.25 reactor diameter. It was operated isothermally at 90 ◦C
for 120 min, by circulating thermal oil P20.275.50 from a HUBERT thermostat through the
jacket. The process gases were recovered through a reflux condenser with water circulation.
The acid hydrolysate was subjected to vacuum filtration. The amount of glucose, galactose,
mannose, xylose and arabinose, acetic acid, furfural and 5-hydroxymethylfurfural (HMF)
was determined from the filtered liquid. The fluid was subjected to drying at 55 ◦C for 72 h
in a SELECTA oven (DIGITRONIC-TFT).

The cow manure mixture from the chemical pretreatment was subjected to SSAF in a
glass reactor with an effective capacity of 3 L, treating 0.7 L. It was stirred at 150 min−1 using
a propeller stirrer with 0.25 diameter agitator/reactor relation. It was operated isothermally.
Temperature regulation was carried out by circulating deionized water from a SELECTA
thermostat (DIGITERM 200) through the jacket. Pre-saccharification was carried out for 18 h.
At the beginning, the acid hydrolysate pH was adjusted to 5 ± 0.1 by adding a 6.25 mol·L−1

NaOH suspension, and 75% of the enzymatic cocktail SAE0020 corresponding to each run
was added. The SAE0020 enzyme cocktail with enzyme activity of 1000 IU/g was supplied by
SIGMA-ALDRICH. After 18 h of presaccharification, the pH of the medium was adjusted to
5.8 ± 0.1 by adding a suspension of NaOH at 6.25 mol·L−1. The rest of the enzymatic cocktail
corresponding to each run was added and supplemented with 1 g·L−1 of KCl, 1 g·L−1 of
Na2HPO4, 1.25 g·L−1 of NH4Cl, 3 g·L−1 of yeast extract, 5 g·L−1 of glucose, and 10 g·L−1 of
casein. The enriched medium was inoculated with a 5 vol.% suspension of Bacillus coagulans
DSM 2314 and non-active aeration was maintained for 48 h of fermentation under isothermal
conditions corresponding to the temperature of each experiment.
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2.4.1. Experimental Design

Response surface methodology (RSM) is an approach that brings several benefits to
traditional one-variable-at-a-time optimization, including the ability to generate a large
amount of data from a small number of tests, and the ability to assess how the interaction
between factors affects the answer [20]. The application of RSM as an experimental design
allows the extraction of complex information, while reducing costs associated with labor,
supplies, and time [21].

The experimental design was generated by R language [22] with the RSM package [23].
It consisted of a 2k full factorial design for the factorial portion of a central composite design
(CCD), four central points in the cube, and 3 factors (k), with 6 axial points at a rotational
distance of α = 1.682, for a total of 18 runs. The quadratic model was selected for predicting
the optimal point, and is expressed as Equation (1):

Y = b0 + b1X1 + b2X2 + b3X3 + b11X12 + b22X22 + b33X32 + b12X1X2 + b13X1X3 + b23X2X3 (1)

where Y represents response variables (LA, productivity, yield); b0 is the interception
coefficient; b1, b2, and b3 are the linear terms; b11, b22, and b33 are the quadratic terms;
and X1, X2, and X3 represent the variables studied.

As experimental factors, the solids concentration in the reaction medium subjected
to SSAF was considered and expressed as CM (gCM·L−1), the concentration of enzymatic
cocktail SAE0020 was expressed as E (IU·gCMDry Matter

−1) (DM), and temperature was
expressed as T (◦C). Table 1 shows a summary of independent variables, ranges, and levels.

Table 1. Experimental range and levels of independent process variables.

Independent Variables Symbol
Range and Levels

−α −1 0 1 +α

Cow manure (g·L−1) X1 46.36 60 80 100 113.63

Enzyme (IU·gCMDM
−1) X2 141.02 170 212.5 255 283.97

Temperature (◦C) X3 41.59 45 50 55 58.41

2.4.2. Analysis of Monomeric Sugars, Lactic Acid, and Byproducts

The equipment used to analyze the sugar content [24–27] was a Waters chromatograph,
model Acquity UPLC binary, a CORTECS C18+ 1.6 μm, 2.1 mm × 100 mm column and
a Waters Mass spectrometry, Xevo TQS model. To prepare pattern samples, a solution of
each aldose (mannose, glucose, galactose, arabinose, and xylose) was separately prepared,
together with a 500 ppm (μg/mL) sample of glucose 13C6 (internal standard–IS1), as refer-
ence. To analyze it, 100 μL of 3-methyl-1-phenyl-2-pyrazoline-5-one solution and 200 μL
of the 25.9% ammonium hydroxide solution were mixed together in each Eppendorf tube.
This was stirred and heated at 70 ◦C for 40 min, then cooled at room temperature and
200 μL of formic acid added to each to neutralize. It was filtered with a 0.22 μ hydrophilic
polytetrafluoroethylene (PTFE) sample and injected into the mass spectrometer. The mate-
rial from the SSAF was subjected to vacuum filtration. Glucose, galactose, mannose, xylose
and arabinose, acetic acid and lactic acid content were measured from the filtered liquid.
The fluid was subjected to drying at 55 ◦C for 72 h in a SELECTA oven (DIGITRONIC-TFT).
Sugar content was analyzed after chemical pretreatment to check its effectiveness, and after
SSAF to check the remaining quantity which was not used by microorganism.

To analyze the lactic acid and byproducts (acetic acid, ethanol, furfural, and 5-HMF),
gas chromatography with Flame Ionization Detector (FID) was used. The reactives used
were MilliQ water and phosphoric acid. The patterns used were lactic acid, acetic acid,
ethanol, furfural, and 5-HMF, respectively. The samples were filtered with a 3 mL aliquot,
1:3 dilutions with 0.35% phosphoric acid solution, using a gas chromatography vial to inject.
The equipment for the lactic acid analysis was an HP-5MS UI 30 m × 0.25 mm × 0.25 μm
column chromatography. The configuration parameters were an injection split of 1:50; a
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flux of 1 mL/min He; an injector temperature of 250 ◦C; an oven ramp with an initial
temperature of 65 ◦C for 1 min, 20 ◦C/min ramp, ending at 290 ◦C for 5 min; and the
flame ionization detector using an injector temperature of 290 ◦C. The equipment for the
by-products’ analysis was ZB-FFAP 30 m × 0.25 mm × 0.25 μm column chromatography.
The configuration parameters were an injection split of 1:10; a flux of 1 mL/min H2; an
injector temperature of 230 ◦C; an oven ramp with an initial temperature of 70 ◦C for 1 min,
15 ◦C/min ramp up to 200 ◦C, and a ramp of 30 ◦C until 240 ◦C for 6 min; and an FID
injector temperature of 240 ◦C.

2.5. Experimental Results Calculation

LA production refers to the grams of LA produced per liter of substrate. LA yield (Y)
was calculated as the ratio between lignocellulosic material included in CM and LA pro-
duction. LA productivity (P) was calculated as LA production per hour. Sugar production
was determined as the total quantity of sugars (mannose, glucose, galactose, arabinose,
and xylose) in diluted acid and SSAF (after 24 and 48 h), minus glucose added.

3. Results and Discussion

3.1. Results

The resulting parameters of the central composite design, specified per experimental
set, are summarized in Table 2.

Table 2. Central composed design parameters.

Run

Codified Variables Experimental Levels

X1 X2 X3
Cow Manure

(g·L−1)
Enzyme

(IU·gCMDM
−1)

Temperature
(◦C)

1 1 −1 −1 100 170 45

2 1 1 1 100 255 55

3 1 −1 1 100 170 55

4 0 0 0 80 212.5 50

5 1.682 0 0 113.636 212.5 50

6 −1 1 1 60 255 55

7 1 1 −1 100 255 45

8 −1 −1 1 60 170 55

9 −1 −1 −1 60 170 45

10 −1.682 0 0 46.364 212.5 50

11 −1 1 −1 60 255 45

12 0 1.682 0 80 283.976 50

13 0 0 1.682 80 212.5 58.41

14 0 0 0 80 212.5 50

15 0 −1.682 0 80 141.024 50

16 0 0 0 80 212.5 50

17 0 0 0 80 212.5 50

18 0 0 −1.682 80 212.5 41.59

Homogenized samples were analyzed to determine initial humidity, cellulose, hemi-
cellulose, and lignin content. Results are shown in Table 3.
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Table 3. Cow manure lignocellulosic material analysis.

Sample Hemicellulose (%) Cellulose (%)
Lignin

(%)
Ash
(%)

Humidity
(%)

Manure heap A * 27.3 24.5 3.8 17.69 2.32

Manure heap B * 26.3 25 3.8 18.85 2.5

Farm 1A 28.3 23.4 3.5 18.04 2.32

Farm 1B 30.2 21.7 3.1 17.43 2.11

Farm 2A 28.4 23.6 4.1 17.13 2.76

Farm 2B 28.3 22.9 5.3 16.5 2.23

Average 28.1 23.5 3.9 17.6 2.4

* A and B distinguish different locations.

The components analyzed represent approximately 75% of the total. The remaining
percentage was not analyzed, and nutrients and other components were left out of this
study, as the focus was on Table 3 components. The average portion of hemicellulose plus
cellulose obtained was 51.6%, which means that cow manure has a biodegradable potential
for obtaining value-added products. This result, higher than reported in studies to obtain
bioethanol from this raw material [8], was associated with a high proportion of lignocel-
lulosic fiber in cow diets. According to the cow manure composition, proximity to other
lignocellulosic residues used for same purpose (such as sugarcane bagasse [11] and corn
forage [28]) converts this material in a novel and attractive alternative for this (or similar)
purpose. A reported average lignin content of only 3.9% was lower than that studied in
lignocellulosic materials [29]. Therefore, it does not constitute a significant barrier in the
development of these processes. These results allowed the evaluation of the production of
lactic acid from cow manure as a raw material, also considering the values obtained of sug-
ars and inhibitory compounds in the stages of the process. Nevertheless, possible barriers
should be studied, such as inhibition by product, to improve the current production.

Determinations of sugar concentrations in the liquid fraction of the substrate showed
a dependence on the experimental operating conditions. Glucose and xylose were found in
high concentrations after chemical pretreatment and also after SSAF. The same behavior
was observed in pretreated sugarcane bagasse sugar analysis papers [30]. This means there
was a sugar fraction which had not been consumed by the microorganism.

During the pretreatment stage with acid at a high temperature, cow manure content
was considered for the central composite design runs. The summary of the analysis of the
sugar content after the solubilization of the substrate and the release of sugar oligomeric
polymers and monosaccharides is shown in Table 4, as a percentage of lignocellulosic
fraction. Xylose and glucose concentrations showed a dependence on the experimental
conditions. The highest xylose rating was achieved with 48 h SSAF, high cow manure
content, high temperature, and high enzyme value (the same as glucose), as shown in
Table 5. Higher sugar concentrations were obtained at higher temperatures, combined with
high concentrations of cow manure.

Table 4. Sugar content per experimental run after chemical pretreatment.

Cow Manure
(g/L)

Mannose
%

Glucose
%

Galactose
%

Arabinose
%

Xylose
%

Total
%

46.4 0.08 10.09 6.36 18.63 48.30 44.56

60 0.06 4.32 - 4.39 3.02 - 3.44 10.66 - 11.14 22.75 - 25.06 22.36 - 23.10

80 0.04 - 0.53 5.85 - 52.89 3.55 - 6.40 8.84 - 15.68 26.35 - 31.77 25.53 - 47.19

100 0.04 - 0.32 8.93 - 47.84 4.23 - 4.48 9.53 - 10.34 28.58 - 31.10 29.12 - 45.00

113.6 0.22 8.34 4.50 11.04 28.62 27.98
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Table 5. Sugar content per experimental run after SSAF process.

Run
Mannose
(g·L−1)

Glucose
(g·L−1)

Galactose
(g·L−1)

Arabinose
(g·L−1)

Xylose
(g·L−1)

Total
(g·L−1)

1 0.48 21.23 1.35 2.82 11.59 32.47

2 0.61 40.53 2.09 3.4 11.68 53.31

3 0.29 24.76 1.37 2.36 8.23 32.01

4 0.31 12.9 2.32 2.2 9.7 22.43

5 0.55 29.07 3.91 3.4 11.64 43.57

6 0.31 15.86 0.75 1.9 6.96 20.78

7 0.45 20.81 1.13 2.34 9.65 29.38

8 0.19 12.89 0.55 1.49 5.79 15.91

9 0.21 15.29 0.11 1.52 6.77 18.9

10 0.2 7.21 1.13 1.52 5.91 10.97

11 0.21 17.25 0.12 0.93 9.15 22.66

12 0.42 18.37 3.21 2.41 9.33 28.74

13 0.27 24.66 1.33 2.45 8.07 31.78

14 0.29 12.43 2.33 2.14 8.53 20.72

15 0.41 25.26 2.98 2.71 10.15 36.51

16 0.48 27.15 1.29 2.88 11.16 37.96

17 0.37 18.15 1.11 2.1 8.44 25.17

18 0.23 14.6 0.94 2.0 8.15 20.92

Total sugar concentration reached its maximum value for the upper level of the cow
manure factor, while regarding the axial point a decrease in concentration was registered.
Lower cow manure values reached a high sugar content, which should be evaluated in
future experimentations. The substrate was subjected to SSAF for 48 h, and the variation
in cow manure, enzymes, and temperature according to the central composite design was
analyzed, showing an increase in the concentration of dissolved monosaccharides, as a
result of the depolymerization enzymatic activity. Table 5 shows the resulting sugar content
analyzed after the complete process.

Maximum sugar concentration was reached, as for the previous stage, with a cow
manure content of 100 gCM·L−1, together with lower values of the enzyme and temperature
factors. When the substrate concentration’s extreme point was analyzed after chemical
pretreatment, there was a decrease in the reaction mixture’s monosaccharide content, which
suggests a limitation of the long-chain cleavage and large-molecule survival for a high
concentration of suspended solids [31]. After SSAF, this behavior had the same effect on
the enzymatic reaction rate. The reason for the sugars remaining after SSAF should be
studied, as a way to increase current production ratios.

Various byproducts are created during chemical preparation. There are variations
in byproduct production depending on the lignocellulosic source or the pretreatment
technique used to decompose the lignocellulose. Furans, organic acids, and phenolics are
the three major subgroups of byproducts produced [32]. Acetic acid, furfural, and 5-HMF
were measured after pretreatment. Acetic acid was analyzed again after SSAF.

On substrates high in lignocellulosic byproducts, the addition of furfural to precultures
of Bacillus coagulans may improve growth and lactic acid production [11]. Compared to
furfural, 5-HMF inhibits dehydrogenase enzymes to a lesser degree [33]. All strains were
inhibited by concentrations of furfural and 5-HMF above 5 g·L−1 and 8 g·L−1, respectively,
while some strains were already noticeably inhibited at concentrations of 1 to 2 g·L−1 of
furans. At concentrations of 15 g·L−1 of acetic acid, growth rates were badly inhibited but
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productivity was not significantly affected. It should be mentioned that when determining
the toxicity of acids, pH is always a crucial consideration. At pH 3.5, 3.5 g·L−1 of acetic acid
has the same inhibitory impact as 9 g·L−1 of acetic acid at pH 5 [34]. When determining
the toxicity of lignocellulose substrates as a whole, combined effects should be taken into
account. Research carried out with pure compounds provides an indication of the inhibitory
effect of lignocellulose byproducts. Ethanol was analyzed and no content was found. The
content analysis of inhibitors showed low concentrations, as summarized in Table 6.

Table 6. Inhibitors content.

Run

Acetic acid
(g·L−1)

Furfural
(g·L−1)

5-HMF
(g·L−1)

Acetic Acid
(g·L−1)

Chemical Pretreatment SSAF

1 1.44 0.74 0.94 1.80

2 2.00 1.26 5.00 2.20

3 2.00 1.26 5.00 1.72

4 0.96 1.43 0.33 1.08

5 2.14 1.14 1.38 1.90

6 0.58 0.42 0.48 0.90

7 1.44 0.74 0.94 1.80

8 0.58 0.42 0.48 0.96

9 0.62 0.80 0.38 1.24

10 0.81 1.00 0.33 0.81

11 0.62 0.80 0.38 1.00

12 2.14 1.14 1.38 1.05

13 1.36 0.74 0.54 1.38

14 0.96 1.43 0.33 1.20

15 0.94 0.68 0.61 1.70

16
1.04 0.76 3.92

2.00

17 1.14

18 1.36 0.74 0.54 1.92

Average 1.33 1.04 1.35 1.45

The results of this research, including the dependent (or response) variables lactic acid
content, yield, and productivity, are given in Table 7.

The highest values of lactic acid concentration and productivity were reported for
a substrate concentration of 80 g/L and a temperature of 50 ◦C, which is optimal for
the growth of Bacillus coagulans DSM 2314. In a period of 24 h of SSAF, the highest
values of lactic acid content and productivity were reported for substrate concentrations
of 60 g·L−1 and 80 g·L−1, and temperatures corresponding to the central point (50 ◦C).
The enzyme concentration, with a variable behavior, maximizes both responses for its
central point value. If the SSAF time is increased to 48 h, a considerable increase in product
formation is also highlighted for cow manure concentrations of 100 g·L−1. On the other
hand, the yield increases for substrate concentrations corresponding to the lower limit
and the lower axial point, according to the lactic acid content measured. The maximum
lactic acid value of 13.65 g·L−1 was obtained with 212.5 IU·gCMDM

−1 of enzyme, also
achieving the maximum yield (33%) and maximum productivity of 0.57. At 48 h of SSAF,
the same conditions showed better results for LA production and yield, as shown in Table 7.
The 16th run achieved 15.09 g·L−1 of LA at 48 h, while the 10th run achieved a yield of
49.91%. The maximum productivity was achieved at 24 h, obtaining a value of 0.57 g
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LA·(g lignocellulosic portion)−1. These effects would suggest carrying out an analysis
to establish a compromise between the values of the study factors that maximize the
responses evaluated.

Table 7. Experimental design results obtained after 24 and 48 h.

Run

24 h 48 h

LA
(g·L−1)

Productivity
(g·L−1·h−1)

Yield wt.%
(LA/Lignocellulosic)

LA
(g·L−1)

Productivity
(g·L−1·h−1)

Yield wt.%
(LA/ Lignocellulosic)

1 3.21 0.13 6.22 15.06 0.31 29.19

2 2.04 0.09 3.95 2.52 0.05 4.88

3 1.89 0.08 3.66 2.16 0.05 4.19

4 12.45 0.52 30.16 13.2 0.28 31.98

5 2.13 0.09 3.63 2.43 0.05 4.14

6 6.36 0.27 20.54 11.82 0.25 38.18

7 5.34 0.22 10.35 14.34 0.30 27.79

8 4.80 0.20 15.50 7.38 0.15 23.84

9 11.10 0.46 35.85 14.31 0.30 46.22

10 9.18 0.38 38.37 11.94 0.25 49.91

11 11.55 0.48 37.31 12.51 0.26 40.41

12 11.01 0.46 26.67 12.9 0.27 31.25

13 1.83 0.08 4.43 2.01 0.04 4.87

14 11.13 0.46 26.96 12.06 0.25 29.22

15 9.90 0.41 23.98 10.44 0.22 25.29

16 13.65 0.57 33.07 15.09 0.31 36.56

17 11.13 0.46 26.96 12.45 0.26 30.16

18 13.41 0.56 32.49 13.65 0.28 33.07

The reported yield values of the product, taking into account the stoichiometry of the
consumed sugars, xylose and glucose, were between 30% and 99%, registered after the
use of Bacillus coagulans strains, from lignocellulosic raw materials in different operational
configurations [35]. The above evidences the potential of cow manure for its use for this pur-
pose. However, the conversion rate of total sugar into lactic acid depends on the conditions,
according to the levels established for the experimental factors [36], where elevated xylose
and glucose concentrations were reported after SSAF (Table 5). These effects on enzymatic
catalysis and fermentation must be evaluated through kinetic studies such as the one devel-
oped by [37], which allows the visualization of the growth phases of the microorganism as
well as the possible existence of inhibition by substrate or byproduct formation.

3.2. Statistical Evaluation

A regression analysis was performed to fit response functions and experimental data.
During the statistical evaluation, the analysis of variance indicated that the adjusted models
were significant (p-value < 0.05), while not all the terms had significant results. In addition,
determination coefficients (R2) higher than 80% were verified in all cases. A quadratic
model was obtained, excluding those non-significant terms. This procedure was carried
out for all models. Two Way Interaction (TWI) for cow manure content against enzyme
and temperature versus enzyme was not significant in any case. A summary can be found
in Table 8.
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Table 8. Model values at 24 h and 48 h for lactic acid, productivity, and yield.

Time Model Intercept
Cow Manure

Content
(CM)

Enzyme
E

Temperature
(T)

CM:T CM2 E2 T2 Adjusted
R2

p-
Value

24 h

LA −2.2024
× 102

-- -- 7.4187 -- −6.6988
× 10−3

−5.4426
10−4

−7.9398
× 10−2 0.8537 <0.0001

Y −2.5511
× 102 −2.3562 5.7394

× 10−1 1.4827 3.5200 -- −1.2879
10−3

−1.9009
× 10−1 0.8647 <0.0001

P −5.5552 1.8012 × 10−2 -- 2.4129 ×
10−1

3.6250 ×
10−4

−2.5738
× 10−4 -- −2.9163

× 10−3 0.818 <0.0001

48 h

LA −2.0978
× 102 1.6774 7.1460 -- −2.1375

× 10−2
−4.4435
× 10−3 -- −6.1962

× 10−2 0.8755 <0.0001

Y −320.523 0.87509 -- 15.3092 −0.02912 -- -- −0.14735 0.9039 <0.0001

P −4.3588 3.4893 × 10−2 -- 1.4845 ×
10−1

−4.4500
× 10−4

−9.2354
× 10−5 -- −1.2865

× 10−3 0.8745 <0.0001

Based on the projected regression model, Figure 2 shows the response surfaces to
estimate the lactic acid production relative to the independent variables: cow manure,
enzyme, and temperature at 24 h of SSAF. Figure 2a shows how LA increases signifi-
cantly with enzyme and cow manure, until it reaches its maximum at 13.65 g·L−1, with
cow manure and enzyme values around the central point. In Figure 2b, the maximum is
obtained with a lower value of temperature and cow manure. In Figure 2c, the curved
graphic shows the maximum lactic acid production with the lower temperature value,
and the central point for the enzyme. Figure 2d shows the productivity reaching its
maximum of 0.57 g·L−1·h−1 around the central point for temperature and cow manure,
to decrease again at high values of both variables. Figure 2e shows a linear relationship
of the yield against cow manure, while the enzyme maximizes the yield around the
central point, decreasing it at high or low values. In Figure 2f, the maximum yield
is produced at low values of cow manure and temperature, decreasing when both
variables increase. Figure 2g shows the maximum yield at the enzyme’s central point
and lower temperatures. It decreases when the temperature increases, or if the enzyme
is away from the central value.

In Figure 3, the response surfaces estimation at 48 h are presented. Figure 3a shows
the lactic acid response against enzymes and cow manure, with a curved relation. The
maximum was reached at lower or central values of both cow manure and temperature. In
Figure 3b, maximum productivity was also reached at lower or central values of both cow
manure and temperature. Figure 3c reaches the maximum yield at lower values of cow
manure and temperature.

Based on the model, a numerical optimization according to RSM results was carried
out with the software R. The optimal working conditions with a combined desirability
bigger than 0.9, based on the three variables, were obtained. Results are summarized in
Table 9.

Table 9. Numerical optimization calculated with R.

Process
Time (h)

Cow Manure
(g·L−1)

Enzyme
(IU·gCM DM

−1)
Temperature

(◦C)
Lactic Acid

(g·L−1)
Productivity
(g·L−1·h−1)

Yield
(wt. %)

Desirability

24 h 71 220 45 13.4 0.53 36.28 0.952

48 h 86 140 42.5 15.27 0.317 32.76 0.917
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Figure 2. Cont.
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Figure 2. Surface plot effects of enzyme, temperature, and cow manure interactions at 24 h SSAF
process. (a) Cow manure (g·L−1) and enzyme (IU·gCMDM

−1) on lactic acid (g). (b) Cow manure
(g·L−1) and temperature (◦C) on lactic acid (g). (c) Temperature (◦C) and enzyme (IU·gCMDM

−1)
on lactic acid (g). (d) Cow manure (g·L−1) and temperature (◦C) on productivity (g·L−1·h−1).
(e) Cow manure (g·L−1) and enzyme (IU·gCMDM

−1) on yield (wt.%). (f) Cow manure (g·L−1) and
temperature (◦C) on yield (wt.%). (g) Enzyme (IU·gCMDM

−1) and temperature (◦C) on yield (wt.%).
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Figure 3. Surface plot effects of enzyme, temperature, and cow manure interactions at 48 h SSAF
process. (a) Cow manure (g·L−1) and temperature (◦C) on lactic acid (g). (b) Cow manure (g·L−1)
and temperature (◦C) on productivity (g·L−1·h−1). (c) Cow manure (g·L−1) and temperature (◦C) on
yield (wt.%).

Comparing 24 with 48 h of SSAF process, there was no considerable increase in lactic
acid production. Therefore, yield and productivity decreased. The results for 24 h were
lower than those achieved with the use of the same microbial strain on sugarcane bagasse
in the same operational strategy [11].

Studies using pretreated bagasse, with same microorganism, and enzyme cocktail
GC220, reported a yield of 74%, producing 55.6–59.3 g·L−1. Productivities during SSAF
of 0.78–1.14 g·L−1 were achieved, which were lower compared to the productivities of
2.5–3 g·L−1 reached in research carried out with high-grade sugars [17].

However, the yield was close to values obtained with the same microorganism on wheat
straw with basic pretreatment [10], and improved values reported using Bacillus coagulans
LA-15-2 on rice straw hydrolysate in a batch process [38]. On the other hand, lactic acid values
and productivity obtained under these conditions were higher than other studies utilizing
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different lignocellulosic materials, pretreatments, microorganisms, and operational strategies.
Such is the case in the study to obtain this product with Lactobacillus brevis ATCC 8287 on
spent coffee ground hydrolysate [39] and Saccharomyces cerevisiae on spent coffee grounds [40].
In the first case, the reported performance was slightly higher than results obtained in this
study, while in the second one it was lower.

4. Conclusions

The production of lactic acid from cow manure was performed using an SSAF process.
Lactic acid productivity experimentation showed similar values to fermentations using
high-grade sugars or lignocellulose as feedstock. The data collected through the central
composite design (24 h and 48 h) fit well to a quadratic model with interactions of all
variables. TWI was only significant for cow manure and temperature. The least significant
of the three factors analyzed was the enzyme.

The cellulose and hemicellulose composition of cow manure (similar to commonly
used lignocellulosic materials, also with low lignin content) makes it a biodegradable
material with great potential for obtaining lactic acid.

The maximum lactic acid production conditions were reached at 48 h of fermentation
consisting of 15.09 gLA·L−1, productivity of 0.31 gLA·L−1 h, and a yield of lactic acid
based on cellulose and hemicellulose of 36.56% wt.%. Concerning the 24 h SSAF analysis,
higher LA values were obtained around the central point or with low values of temper-
ature and cow manure, achieving values from 11 to 13.5 g·L−1. The enzyme quantity
was not so decisive. At high temperatures and/or high cow manure concentrations, LA
production was lower. The best yield values were obtained together with higher LA pro-
duction. With the 48 h SSAF process, moderate increases in the LA product were obtained,
reaching 13.5 to 15 g·L−1. The trend continues to reach best values around the central
point or for lower temperatures and cow manure. Additionally, the enzyme quantity was
not determinative.

Along with statistical evaluation, the adjusted quadratic models turned out to be
significant, where the optimal values obtained in the study range showed that if time was
increased up to 48 h, LA production increased by 1.87 gLA·L−1 and the enzyme amount
was reduced, but performance and productivity decreased compared to a 24 h time period.
The remaining sugar quantity increased after SSAF, and there is potential to increase LA
production in this step.

The experimentally determined composition of byproducts did not impair bacterial
activity, so the process does not require additional pretreatment. Nevertheless, the signifi-
cant presence of sugars in the medium after the SSAF process suggests the possibility of
inhibitory effects, which should be further evaluated by means of a kinetic study.

The best operational conditions should be determined based on an economical and
environmental function, based on maximizing productivity, lower economic cost, or en-
vironmental benefits by using as much cow manure as possible for the process. Possible
barriers for product formation should be studied, such as the inhibition of byproducts, to
improve the current production, taking into account that not all sugars are consumed after
SSAF. Future research on new operational conditions is recommended.
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Abstract: The production of bioplastics from renewable materials has gained interest in recent years,
due to the large accumulation of non-degradable plastic produced in the environment. Here, sugar
beet pulp (SBP) is evaluated as a potential raw material for the production of bioplastics such as
polylactic acid (PLA) and polyhydroxyalkanoates (PHAs). SBP is a by-product obtained in the
sugar industry after sugar extraction from sugar beet, and it is mainly used for animal feed. It has
a varied composition consisting mainly of cellulose, hemicellulose and pectin. Thus, it has been
used to produce different value-added products such as methane, hydrogen, pectin, simple sugars,
ethanol, lactic acid and succinic acid. This review focuses on the different bioprocesses involved in
the production of lactic acid and PHAs, both precursors of bioplastics, from sugars derived from SBP.
The review, therefore, describes the pretreatments applied to SBP, the conditions most frequently used
for the enzymatic hydrolysis of SBP as well as the fermentation processes to obtain LA and PHAs.

Keywords: enzymatic hydrolysis; fermentation; bioplastics; lactic acid; polyhydroxyalkanoates;
pretreatment; biorefinery; sugar beet pulp; solid-state fermentation

1. Introduction

The use of plastics has increased exponentially in different sectors that affect our
daily lives, such as packaging, building, automotive, medical devices, etc. This trend
is the result of the good properties of this material, such as its flexibility, lightness, or
strength in addition to its simple and productive manufacturing process [1]. However,
different characteristics are required for each application and can be changed by switching
the component materials. Therefore, the characteristics of plastic can be adjusted for the
intended application. The main problem is that plastics are used only for a short period
or even just one time, and after that are discarded. If not properly collected, this waste is
deposited and accumulates in the environment, contaminating the different ecosystems of
all living beings. According to the report data, global plastic production reached 367 million
tons in 2020, of which 55 million tons were produced in Europe [2]. On the other hand, only
29 million tons of plastic residue were recovered, corresponding to recycling of only 34.6%.
The remainder was used to recover energy (42%) or disposed of in landfill (23.4%) [2].
Consequently, a wide variety of studies are centered on the search for renewable materials
with properties similar to plastic but that can be degraded easily after use, thus helping to
reduce environmental contamination.

Bioplastics represent an environmentally friendly alternative to plastic. They have the
advantage of being biobased, biodegradable or both, which means that they are a product
obtained from biomass (biobased) and/or they can be degraded by microorganisms into
water and CO2 (biodegradable) [3]. Thus, bioplastics are classified according to these
properties (Figure 1): biobased and non-biodegradable, biobased and biodegradable or
fossil-based and biodegradable.
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Figure 1. Classification and examples of each type of plastic. PA: polyamide, PTT: polytrimethylene
terephthalate; PE: polyethylene; PET: polyethylene terephthalate; PP: polypropylene; PLA: poly-
lactic acid; PHA: polyhydroxyalkanoates; PBS: polybutylene succinate; PBAT: polybutylene adipate
terephthalate; PCL: polycaprolactone. Adapted from [4].

The most studied examples are polylactic acid (PLA) and PHAs, as they are biobased
and biodegradable bioplastics. PLA is a polymer composed of lactic acid (LA) monomers
and qualifies as a linear aliphatic thermoplastic polyester [5]. LA molecules contain chiral
carbon, for which there are two isomeric forms: L (+) lactic acid and D (−) lactic acid.
The properties of PLA can change according to the proportion of L-LA to D-LA. PLA
can be used in different areas of our lives such as in medical devices, 3D printers or
food packaging [6–9]. LA can be obtained by chemical synthesis or through fermentation.
However, fermentation is usually preferred, as it can produce optical pure isomers of LA
instead of a racemic mixture of L-LA and D-LA [5]. Through the fermentation pathway,
LA is produced from sugars, mainly glucose, by lactic acid bacteria (LAB) through three
different metabolic pathways, which influence the required carbon source and the obtained
LA yield.

On the other hand, PHAs are a polymer classified as polyesters consisting of units
of (R)-hydroxy fatty acid linked by ester bonds [10]. PHAs are generated by some mi-
croorganisms, in which they accumulate when the microorganism is under stress due to a
lack of nutrients [11]. Various strategies have been studied to induce the accumulation of
PHAs inside cells, for instance via limitation of the nitrogen source or oxygen concentration
in fermentation using pure cultures. On the other hand, continuous cycles of fest and
famine can be used in mixed cultures to select microorganisms able to accumulate PHAs.
To date, more than 150 different monomers have been identified, and they can be combined
to modify or improve the properties of the bioplastic. In general, they provide excellent
benefits, including 100% biodegradability, biocompatibility, non-toxicity and antioxidant
and immunotolerant properties [12]. As in the case of PLA, the bioplastic PHA has multiple
uses, such as in packaging, coatings, and pharmaceutical and medical applications [13].

These bioplastics have many benefits over petroleum-based plastics. However, the
biggest drawback is their production cost, which is 3 to 4 times higher. Different ways
of reducing this cost are currently being studied, one of which is through using cheaper
raw materials as alternatives [14]. Bioplastics are usually produced from pure sugars or
fatty acids and, in some cases, also from first-generation raw materials such as corn or
sugarcane [15]. Although high yields are obtained, the use of edible raw materials for
bioplastic production raises concerns about food prices and quantity. As an alternative,
second-generation feedstocks, such as agriculture or food industry residues, can also be
used. These materials do not compete with human food, are found in abundance and
are inexpensive. An additional advantage of these materials is they help to reduce the
problems associated with the treatment of these wastes.

The majority of second-generation feedstocks are classified as lignocellulosic biomass
(LCB) because they are mainly composed of cellulose, hemicellulose and lignin [16,17].
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LCB is considered the largest renewable source on Earth [18]. The composition of this
biomass depends on its source, but they are generally composed of 35–50% cellulose,
20–35% hemicellulose and 10–25% lignin [19]. As seen in Figure 2, the typical lignocellulose
structure is composed of a matrix of crystalline cellulose surrounded by hemicellulose,
pectin and lignin polymers [19]. This structure prevents the degradation of cellulose and
confers rigidity to cell wall plants and, thus, resistance against insects and pathogens [20].

Figure 2. Structure of lignocellulosic biomass. Adapted from [21].

Sugar beet pulp (SBP) is a lignocellulosic by-product of the sugar industry that has
traditionally been used for animal feed [22]. However, it has also been used as raw material
to produce a wide range of value-added products, such as LA or PHAs, through biotech-
nological processes. In this review, each of the main stages involved in the production of
bioplastics from this by-product are studied in detail (Figure 3). In this way, an evalua-
tion of the different pretreatments applied to SBP to facilitate the subsequent enzymatic
hydrolysis has been made. In addition, the influence of the enzymatic cocktail used for
the hydrolysis of the biomass is analyzed. Regarding this, and with the aim of reducing
the cost of processing the sugar beet pulp, enzymes are sometimes produced directly on
the biomass via solid-state fermentation. This novel aspect is also described in detail in
the review. Finally, the different strategies used to increase the yield of lactic acid and
polyhydroxyalkanoates from SBP hydrolysates will be compared.
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Figure 3. Flowchart showing the main steps in the production of bioplastics from sugar beet pulp,
for which the associated issues are addressed in this review.

2. Exhausted Sugar Beet Pulp as a Renewable Feedstock

Sugar beet (Beta vulgaris L.) is one of the main sugar crops, along with sugarcane,
used to produce sucrose for human consumption. As one of the main sugar crops, sugar
beet accounts for about 20% of global sugar production, with sugarcane making up the
remaining 80% [22]. This crop thrives in moderate-temperature regions in the northern
hemisphere, where the climate is suited to its growth and development. The top sugar beet
producers in the world in 2021 were the European Union (112,847.63 tons), the Russian
Federation (47,500 tons), and the United States (32,364.15 tons) [23].

The sugar content of sugar beet can vary from 12% to 20%, making it a valuable raw
material. The sugar industry can also achieve a financial gain of up to 10% through the use
of by-products generated during production. The three main by-products are beet pulp,
lime sludge and molasses, which can be used as renewable materials to produce energy or
other value-added products [22]. For instance, one ton of sugar beet yields 160 kg of sugar,
500 kg of wet exhausted pulp and 38 kg of molasses [24] (see Figure 4A).

Figure 4. (A) Products obtained from 1 ton of sugar beet and (B) chemical composition of sugar
beet pulp.

2.1. Processing of Sugar Beet

The diagram in Figure 5 shows the steps for producing white sugar from sugar beets.
Sugar beetroots, or taproots, are harvested mechanically, separating the leaves from the
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bulbs. The bulbs are washed, and the washing sludge is decanted to reuse the water [25].
The roots are then cut into thin strips, called cossettes, which are moved to stainless steel
tanks, called diffusers, where they are mixed with hot water (55–75 ◦C) at a solid/liquid
ratio (SLR) of 1:2 w/w with residence times from 1 to 2 h [22]. The juice obtained, called
raw juice, contains mainly sucrose, but other compounds also that have been extracted
from the root can hinder the crystallization of sugar. For this reason, the raw juice is
purified before crystallization, with calco-carbonic treatment being the most commonly
used approach [26,27]. The clean juice obtained after this step, the thin juice, is concentrated
with multi-effect evaporators to obtain the final juice (thick juice) [28]. Finally, the thick juice
is introduced into the crystallizers, where sugar is produced through crystallization [29,30].
Crystals are later separated from the liquid by centrifugation, dried in continuous rotary
dryers and sieved [22]. The residual liquid stream, called molasses, contains 50% w/w
sugars and other substances, such as oligosaccharides and organic acid salts.

 

Figure 5. Flowchart of sugar beet processing. Adapted from [22].

The remaining pulp obtained after the diffusion step, named exhausted SBP, is pressed,
and the retained juice is recovered. The pulp then contains a humidity of 70% and can
be conformed into pellets of approximately 5 cm in length and 0.5 cm in diameter by
extrusion [31]. These pellets are preserved by drying to reach a final humidity lower
than 10%.

SBP is commonly used as animal feed. However, it has been also used as a raw material
for the extraction of pectin and phenolic compounds and for producing several value-
added products (VAPs), such as biogas by anaerobic digestion, hydrogen by acidogenic
fermentation, or hydrolysates rich in sugars that can be fermented into several bioproducts
such as ethanol, lactic acid, succinic acid or polyhydroxyalkanoates, among others. The
digestate from the anaerobic digestion of SBB has also been used as an organic fertilizer in
agriculture [32–34].
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2.2. Chemical Composition of SBP

SBP contains between 87 and 92% of dried matter [35] and is mainly composed of
24–32% of hemicelluloses, 22–30% cellulose, 15–32% pectin, 1–2% lignin, 7–8% protein,
7.5–12% minerals and 1–2% fats [36–38] (see Figure 4B). The pulp composition can vary
depending on the process of sugar extraction, the degree of maturation of the root and the
sugar beetroot’s geographical origin.

Among the sugar industry effluents, beet pulp stands out as a material rich in carbon
sources [39]. Hence, component sugars from chemically or enzymatically hydrolyzed
polysaccharides from SBP are appropriate raw materials for fermentation. There are several
papers reporting on the total sugar composition of SBP after complete hydrolysis as being
D-glucose (21–26%), D-galacturonic acid (14–21%) and L-arabinose (21–23%) the majority.
The next highest sugar contents were D-galactose (5–6%), L-rhamnose (2.5%), D-xylose
(about 2%) and mannose (1%) [40].

In a recent study comparing different agri-food wastes for biopolymer production,
the feedstock quality was determined based on having high cellulose and low moisture
and lignin content. Low moisture and lignin contents mean lower energy requirements
for drying and easier processing, respectively. The residues generated in the harvest and
processing stages of the food supply chain of wheat, barley, oats, rapeseed, sugar beet,
carrots and onions were analyzed, and the percentage of moisture, cellulose, and lignin
ranged from 7–87%, 10–42%, and 2–39%, respectively. Although sugar beet pulp has
medium-high cellulose content (around 32%), it showed the lowest lignin (less than 5%).
Regarding moisture content, vegetable wastes had a much higher percentage, between 77
and 87%, compared to the cereal residues (less than 20%). However, other factors such as
the annual production, seasonality and feedstock cost should be taken into account [41].

3. Production of Bioplastic Precursors from Sugar Beet Pulp

The production of bioplastics, such as PLA and PHAs from SBP, can be performed
through a biotechnological process such as the one proposed in Figure 3, which is most
applied in the valorization of lignocellulosic biomass. Usually, the biomass is pretreated
to enable access to the enzymes used in the saccharification step, where the biomass is
hydrolyzed to produce a medium rich in sugars. This medium can be fermented to produce
LA or PHAs, which are the precursor molecules to produce PLA and PHAs, respectively.

3.1. Pretreatments Applied to Sugar Beet Pulp

Pretreatment is an important step in the valorization of biomass because it helps to
separate lignin and hemicellulose structures from cellulose. In this way, enzymes have
easier access to cellulose [42,43]. Depending on the working principle, the pretreatments
can be classified as physical, chemical, physicochemical and biological pretreatments [44].

The aim of physical pretreatment is to increase the surface area of the biomass par-
ticles. This can be achieved by reducing the particle size with mechanical comminution.
Thus, the crystallinity of the cellulose structure is also damaged, which facilitates enzyme
accessibility [44,45].

The results achieved with chemical pretreatments will depend on the reagent added,
its concentration and the pretreatment duration. Thus, alkalis, such as sodium or potassium
hydroxides, are used with the intention to solubilize lignin and hemicellulose [46]. On the
other hand, acids, such as sulfuric or hydrochloric acids, are more efficient in degrading
only hemicellulose [45]. Moreover, oxidant agents such as alkaline hydrogen peroxide or
organic acids are chosen to degrade lignin [42].

Physicochemical pretreatments attempt to solubilize hemicellulose and lignin by
changing the temperature, pH and moisture of the biomass [42]. In this way, pretreatments
such as steam explosion, ammonia fiber explosion (AFEX), wet oxidation, CO2 explosion
and thermal (liquid hot water) treatment can be performed, where high-temperature
exposure is usually combined with high pressure [47].
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Biological pretreatments degrade part of the biomass structure by the action of mi-
croorganisms [42]. Usually, this is performed using fungi because they can more easily
penetrate solids. In this pretreatment, not only might hemicellulose and lignin be degraded
but part of the cellulose may also be consumed by the microorganism [45].

Most pretreatments applied to SBP are diluted acid and thermal pretreatment, which
produce the highest hydrolysis yields. Other studied SBP pretreatments include size
reduction (milling), ultrasound, steam explosion, ensiling and solid-state fermentation,
which are all summarized in Table 1. For example, ultrasound pretreatment was applied
on SBP using SONOPULS HD 2200 homogenizer in continuous mode with 400 W for
20 min [24]. However, the hydrolysis yield did not increase. On the other hand, for thermal
pretreatment of SBP, the hydrolysis yield was increased from 0.70 to 0.85 g of reducing
sugars per gram of SBP (gRS/gSBP) [24]. This pretreatment was carried out in an autoclave
at 120 ◦C for 30 or 60 min [24]. Another study performed by Rezic et al. also focused on
the effect of these pretreatments on SBP, and similar results were obtained [24,48]. In this
case, thermal pretreatment was performed in the autoclave for 20 min, and ultrasound
pretreatment was carried out at 200 W for 5 to 45 min [48].

Table 1. Pretreatments applied to SBP. YH: hydrolysis yield (gRS/gSBP).

Pretreatment Type Conditions YH Reference

Physical

Milling 0.8–1.0 mm 0.71 g/g [24]

Milling + Ultrasound
0.8–1.0 mm

50% or 100% amplitude, 20 min, water or
2% w/w H2SO4

0.70–0.76 g/g [24]

Chemical

Dilute acid Autoclave, 150 ◦C, 10 min, 1.1% w/w H2SO4 0.82 g/g [49]
Dilute acid 120 ◦C, 6 min, 0.1 N HCl 0.86 g/g [50]
Dilute acid 120 ◦C, 0.66% H2SO4 0.63 g/g [51]
Dilute acid 1% H2SO4 0.49 g/g [52]

Physicochemical
Milling + Thermal Autoclave, 121 ◦C, 30 or 60 min, 2% w/w H2SO4 0.85 g/g [24]
Milling + Thermal Autoclave, 120 ◦C, 30 or 60 min, water 0.75 g/g [24]

Thermal Autoclave, 121 ◦C, 20 min 0.60 g/g [52]

Biological
Ensiling Lactobacillus species 0.95 g/g [53]

Solid-state
fermentation

Aspergillus awamori,
70% moisture, 5 days 0.34 g/g [52]

Several authors have studied the effect of diluted acid pretreatment on SBP, resulting
in the solubilization of pectin and hemicellulose fractions [50]. For instance, SBP was
pretreated with sulfuric acid (1.1% w/w) at 150 ◦C for 10 min and solid loading of 10% w/w,
and the hydrolysis yield reached 0.82 gRS/gSBP [49]. However, this yield can be improved to
0.86 gRS/gSBP by performing the pretreatment at the optimal conditions found by El-gendy
et al. of 120 ◦C, 0.1 N HCl, 14% w/w of solid loading and 6 min [50]. Nonetheless, a higher
hydrolysis yield (0.92 gRS/gSBP) was achieved when SBP was pretreated with sulfuric acid
(0.66%) with a solid loading of 6% at 120 ◦C [51]. More recently, Marzo et al. performed
diluted acid pretreatment on SBP, studying the effect of sulfuric acid concentrations of 0.25,
0.5, or 1% w/v [52]. The pretreatment was performed by soaking the solid at a solid/liquid
ratio of 1:20 (w/v) with a solution of sulfuric acid and autoclaving the mixture at 120 ◦C for
20 min. The results showed an increase in the production of glucose as the concentration of
acid was increased, reaching a hydrolysis yield of 0.45 gRS/gSBP.

Another lesser-studied pretreatment is the steam explosion. The optimum conditions
of pressure and pretreatment time found by Cárdenas–Fernández et al. were 5.3 bar and
24.4 min [54]. With this pretreatment, solubilization of both pectin and the insoluble
cellulose fraction was achieved, thereby increasing the ethanol yield due to the increased
solubilization of cellulose.

Biological pretreatments such as ensiling or solid-state fermentation have been also
studied for SBP. For instance, SBP was pretreated using the ensiling methodology, where
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several Lactobacillus species were involved [53]. This increased the enzymatic digestibility
of SBP by 35% [53]. In this case, the microorganism degraded some fraction of the biomass.
As this technique is usually employed for long-term storage of biomass, it seems an
interesting option to stabilize SBP and pretreat it at the same time. Additionally, SBP was
also pretreated via solid-state fermentation [52]. Fermentation was carried out with the
fungus Aspergillus awamori at 70% moisture content and incubation at 30 ◦C for 5 days. The
results obtained after the enzymatic hydrolysis of the pretreated SBP showed a decrease
in the concentration of total reducing sugars produced compared with the non-pretreated
solid. However, the same glucose concentration was obtained, showing that only the
hemicellulose and pectin content has been removed by the fungus.

3.2. Enzymatic Hydrolysis of SBP

The production of sugars from SBP can be performed through acid or enzymatic
hydrolysis. Acid hydrolysis is carried out with concentrated or diluted acids such as hy-
drochloric acid or sulfuric acid, which degrade the lignocellulose structure [19]. Although
a pretreatment step before acid hydrolysis is not necessary, this step has numerous disad-
vantages compared to enzymatic hydrolysis. For example, a special material is required for
the equipment used in this type of hydrolysis to ensure it can resist the corrosion resulting
from the acids [19]. However, one of the main issues of this process is the production of
compounds that are inhibitory for the microorganisms, such as furfural or its derivates,
which are generated after the degradation of sugars due to acidic conditions. On the other
hand, enzymatic hydrolysis is a more environmentally friendly process.

Enzymatic hydrolysis is based on the use of hydrolytic enzymes that hydrolyze the
lignocellulose structure into simple sugars. There is a wide variety of enzymes that are
necessary to hydrolyze the whole biomass, with the most important being cellulases,
hemicellulases and pectinases [55]. The proportion of each will depend on the composition
of the biomass that is hydrolyzed. One of the main advantages of enzymatic hydrolysis
is the use of mild conditions for temperature (45–50 ◦C) and pH (4.8–5.0) [56]. Moreover,
inhibitory compounds are not generated, and the equipment is not damaged by corrosion.
On the other hand, the main problem of enzymatic hydrolysis is the high cost of enzymes
and the occasional need for prior pretreatment.

Several authors have studied the enzymatic hydrolysis of SBP with the aim of maxi-
mizing sugar production from SBP (Table 2). Some of them studied the influence of the
enzymatic cocktail. In this sense, the main enzymes used are commercial cocktails com-
posed of a mixture of cellulase, xylanase and pectinase. The optimum conditions of these
cocktails are very similar; thus, the hydrolysis of SBP is generally performed at 50 ◦C,
pH 4.8, 150 rpm and 2% w/w of solid loading (Table 2). One of the main cocktails used is
called “Celluclast® 1.5 L”, and it is added to correspond to enzyme activity in the range of
4–30 filter paper units per gram of dry matter (FPU/g). Depending on the added enzyme
activity, the hydrolysis yield can be improved from 0.27 to 0.49 gRS/gSBP when the cellulase
activity is increased from 5 to 30 FPU/g [57]. However, other cellulase cocktails richer in
cellobiase, xylanase or pectinase, such as Novozyme 188, Novozyme 431, Viscozyme L,
Pectinex®, Celustar XL or Agropect pomace, can be also used. For example, the hydrolysis
yield was increased from 0.15 to 0.70 gRS/gSBP when a cocktail combining cellulase and cel-
lobiase was supplemented with hemicellulases and pectinases [58]. Due to the composition
of SBP, the addition of these enzymes solubilizes the fraction of hemicellulose and pectin,
making cellulose more accessible to enzymes.

Other authors focused their studies on the pretreatment of SBP to improve the en-
zymatic hydrolysis yield. For example, the hydrolysis yield was increased from 0.15 to
0.5 gRS/gSBP when SBP was pretreated with ammonia (0.5 mL/g of ammonia, 80 ◦C, 5 min)
and the enzymatic hydrolysis was performed with cellulase and cellobiase [58]. However,
the hydrolysis yield decreased from 0.7 to 0.61 gRS/gSBP when SBP was pretreated in
the same conditions but the hydrolysis was carried out with cellulase, cellobiase, hemi-
cellulase and pectinase [58]. The hydrolysis yield was also increased from 0.2 gRS/gSBP
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for non-pretreated SBP to 0.48 and 0.38 gRS/gSBP when SBP was pretreated with thermal
and chemical pretreatment with hydrochloric acid, respectively [59]. The same effect was
observed in other papers, where the hydrolysis yield was increased from 0.18 gRS/gSBP for
non-pretreated SBP to 0.38, 0.49, 0.23 and 0.25 gRS/gSBP, when hydrochloric acid, ammonia,
pectinase or ammonium oxalate was added to pretreat SBP [60].

3.3. Enzyme Production by Solid-State Fermentation

Enzymatic hydrolysis is the stage of the process that most influences the overall cost
of the process, due to the high cost of the enzymes. To render the process more profitable,
various approaches have been explored, such as looking for new sources of enzymes
or alternative techniques to submerged fermentation [61]. One such technique is the
production of hydrolytic enzymes by solid-state fermentation (SSF) [62,63]. The advantage
of this fermentation is that different types of biomass, such as agri-food industry wastes or
bioproducts, can be used as raw material, acting as a source of carbon and nutrients and as
solid support for fungal growth and enzyme production [64].

SSF is a heterogeneous fermentation that takes place in the absence or near absence
of visible water between particles [65]. It is usually carried out by filamentous fungi that
grow on the surface of the solid due to their ability to colonize the interparticle spaces of
porous materials [66], although bacteria and yeasts can also be used. Most fungal species
employed for this technique belong to the genera Aspergillus, Pleurotus and Trichoderma [67].

SSF is a complex process where parameters such as temperature, aeration rate, pH,
initial moisture, particle size, agitation, water activity or inoculum concentration should
be optimized, and most will depend on the microorganism selected to produce the en-
zymes [68]. Depending on the fungal species, the optimum temperature for growth can
vary from 20 to 55 ◦C, while the optimum moisture content can change in the range of
40 and 70% [69]. However, the pH is usually adjusted to 5 [70], and aeration is mainly used
in pilot-scale reactors [71].

Table 2. Conditions for enzymatic hydrolysis of SBP. T: temperature; SL: solid loading; EA: enzyme
activity; YH: hydrolysis yield (gRS/gSBP).

Reference T pH Agitation SL Enzyme Type 1 EA 2 Pretreatment YH

[58]

40 ◦C 4.8 - 5% w/w Celluclast® 1.5 L
Novozyme 431

4.2 FPU/g d.m.
28.4 CBU/g d.m.

Ammonia
0.5:1, 85 ◦C, 5 min 0.50 g/g

40 ◦C 4.8 - 5% w/w
Celluclast® 1.5 L
Novozyme 431
Viscozyme L

4.2 FPU/g d.m.
28.4 CBU/g d.m.
0.85 HU/g d.m.

60.2 PGU/g d.m.

Ammonia
0.5:1, 85 ◦C, 5 min 0.61 g/g

40 ◦C 4.8 - 5% w/w Celluclast® 1.5 L
Novozyme 431

4.2 FPU/g d.m.
28.4 CBU/g d.m. Untreated 0.15 g/g

40 ◦C 4.8 - 5% w/w
Celluclast® 1.5 L
Novozyme 431
Viscozyme L

4.2 FPU/g d.m.
28.4 CBU/g d.m.
0.85 HU/g d.m.

60.2 PGU/g d.m.

Untreated 0.70 g/g

[53] 50 ◦C 4.8 150 rpm 2% w/w Celluclast® 1.5 L
Novozyme 188

15 FPU/g d.m.15
CBU/g d.m.

Ensilage
90 days 0.19 g/g

[57]
40 ◦C 4.8 150 rpm 2.5% w/w Celluclast® 1.5 L 5 FPU/g d.m. HCl pH 1.5, 85 ◦C, 4 h 0.27 g/g

40 ◦C 4.8 150 rpm 2.5% w/w Celluclast® 1.5 L 30 FPU/g d.m. HCl pH 1.5, 85 ◦C, 4 h 0.49 g/g

[72] 50 ◦C 5 - 10% w/w Celustar XL
Agropect 0.75 FPU/g d.m. Untreated 0.3 g/g

[51] 50 ◦C 4.8 150 rpm 2% w/w
Celluclast® 1.5 L
Novozyme 188

Pectinex®

15 FPU/g d.m.
15 CBU/g d.m.
60 PGU/g d.m.

Diluted acid H2SO4,
0.66%,

120 ◦C, 2% solid
loading

0.63 g/g
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Table 2. Cont.

Reference T pH Agitation SL Enzyme Type 1 EA 2 Pretreatment YH

[59]

45 ◦C 4.8 - 2% w/w Celluclast® 1.5 L 20 FPU/g d.m. Untreated 0.20 g/g

45 ◦C 4.8 - 2% w/w Celluclast® 1.5 L 20 FPU/g d.m. HCl pH 1.5, 85 ◦C, 4 h 0.38 g/g

45 ◦C 4.8 - 2% w/w Celluclast® 1.5 L 20 FPU/g d.m.
Autoclave

(2.1 bars, 30 min),
water 1:20 (w/v)

0.44 g/g

[60]

50 ◦C 4.8 - 5% w/w Cellulase 20 FPU/g d.m. Untreated 0.18 g/g

50 ◦C 4.8 - 5% w/w Cellulase 20 FPU/g d.m. HCl 1% w/w, 80 ◦C, 6 h 0.38 g/g

50 ◦C 4.8 - 5% w/w Cellulase 20 FPU/g d.m. Ammonia
10% w/w, 80 ◦C, 6 h 0.49 g/g

50 ◦C 4.8 - 5% w/w Cellulase 20 FPU/g d.m. Pectinase 30 U/g,
50 ◦C, 6 h 0.23 g/g

50 ◦C 4.8 - 5% w/w Cellulase 20 FPU/g d.m. Ammonium oxalate
5% w/w, 80 ◦C, 6 h 0.25 g/g

[73] 50 ◦C 5.0 150 rpm 10% w/w

Celluclast® 1.5 L
β-glucosidase

xylanase
exo-

polygalacturonase

2200 FPU/g d.m.
6 CBU/g d.m.

300 HU/g d.m.
110 PGU/g d.m.

Autoclave 120 ◦C,
20 min 0.71 g/g

1 Novozyme 188: Cellobiase; Novozyme 431: Cellobiase; Pectinex®: Pectinase; Agropect pomace: Pectinase;
Celluclast® 1.5L: Cellulase, xylanase, pectinase, mannanase; Viscozyme L: arabinase, cellulase, β-glucanase,
hemicellulase and xylanase; Cellustar XL: xylanase, cellulase, β-glucanase. 2 FPU: filter paper cellulase unit; CBU:
cellobiase activity units; PGU: polygalacturonase activity units; HU: hemicellulase activity units; d.m: dry matter.

A noteworthy substrate for this process is lignocellulosic biomass due to its rich
composition of cellulose, hemicellulose and pectin. This type of substrate can induce
the production of different enzymes by fungi [65,74]. In this sense, SBP seems to be a
suitable substrate to produce hydrolytic enzymes. For instance, hydrolytic enzymes, such
as xylanase, exo-polygalacturonase and cellulase, were produced via SSF of SBP, reaching
35 U/g of xylanase and 28 U/g of exo-polygalacturonase after 8 days of fermentation
with Aspergillus awamori [75]. These values were higher than those for production from
orange peel waste under the same conditions [75]. Dextranase was also produced by
SSF of SBP, reaching peak activity (1057 U/g) after three days of growth of A. awamori
F-234 [76]. This result was obtained in a study where various residues, such as olive mill
solid waste, jojoba mill solid waste and sugar cane bagasse, and different fungi strains,
such as Aspergillus niger F-93, Aspergillus fumigatus F-993, Penicillium funiculosum NRC289,
Trichoderma koningii F-25 and Aspergillus awamori F-234, were tested. However, SBP was also
studied in combination with other residues such as wheat bran [77]. The results showed
that the enzyme production depended on the medium and the fermentation conditions
and that polygalacturonase production was induced when wheat bran was mixed with
30% of SBP, reaching 909 U/g with A. sojae ATCC 20235 after 8 days at 30 ◦C [77].

Other studies were performed to increase enzyme production by adding extra nitro-
gen sources to the raw material. For example, wastewater from monosodium glutamate
production was added as a nitrogen and water source to improve pectinase production
from the fermentation of SBP with Aspergillus niger (CGMCC0455) [78]. Thus, the enzyme
activities were increased achieving 15.6 × 10−3 U/g of endopectinase, 3.6 × 10−3 U/g of
polygalacturonase and 16 × 10−3 U/g of pectin-lyase [78]. Ammonium sulfate was also
tested as a nitrogen source on the production of α-L-arabinofuranosidase by SSF of SBP
with Trichoderma reesei, reaching 433 U/g of α-L-arabinofuranosidase [79].

To conclude, SSF is a flexible process that can be adapted to produce a wide range of
hydrolytic enzymes. However, enzymes are usually extracted and purified to be used in
enzymatic hydrolysis, which also raises the overall cost of the process. As an alternative
process, some authors have studied the addition of fermented solid directly to the medium
to be hydrolyzed, avoiding the enzyme extraction step. Leung et al. were one of the
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first to propose this process in the SSF of waste bread [80]. They produced protease and
glucoamylase by SSF of waste bread and, subsequently, the fermented solid was added
to fresh waste bread to produce a hydrolysate, which then was fermented to succinic
acid. The same strategy was followed by other authors, such as Pleissner et al., Kwan
et al. or Dessie et al., for different wastes, such as food waste, bakery waste, and fruit
and vegetable waste [81–83]. More recently, Marzo et al. used the same strategy on SBP,
where the enzymes were produced through the SSF of SBP and then added to fresh SBP to
produce a hydrolysate rich in sugars [84]. The hydrolysis yield was increased from 0.45 to
0.55 gRS/gSBP when a fed-batch strategy was applied. Thus, 15 g of fermented solid and
13.75 g of fresh solid were mixed at the beginning of the hydrolysis, and then the same
amount of fresh solid was added 3 times every 2.5 h [84].

3.4. Lactic Acid Fermentation

The medium obtained after enzymatic hydrolysis has a high content of sugars, such
as glucose. Therefore, it can be a raw material to produce a wide variety of VAPs through
submerged fermentation. LA is a common product obtained through the fermentation of
sugars and is commonly used in cosmetic formulations and in the food and pharmaceutical
industries. For example, in the food industry, it is used as a flavor-enhancing agent and
acidifier [85–87]; in cosmetics formulations, it is added for its emulsifying properties and the
moisturizing effects produced on the skin; and in the pharmaceutical industry, it is used for
the synthesis of dermatologic products and drugs against osteoporosis [88]. Additionally,
LA has recently received special attention for being the precursor of PLA, a bio-degradable
and bio-based bioplastic [89]. It is also considered a platform chemical to produce different
products, such as acrylic acid, pyruvic acid, ethyl-lactate, 2,3-pentanedione, acetaldehyde
and propylene glycol [90].

3.4.1. Metabolic Pathways to Produce LA via Fermentation

LA can be produced by a wide variety of microorganisms such as bacteria, fungi, yeast,
cyanobacteria or algae [14]. However, the most studied are LAB, which includes genera
such as Carnobacterium, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus,
Pediococcus, Streptococcus, Tetragenococcus, Vagococcus and Weissellla [91]. These LAB require
the optimum conditions of temperature (30–45 ◦C) and pH (6–7) to grow and produce
LA [92]. They also require the proper amount of nitrogen, vitamins and minerals for
optimal growth. These nutrients may be contained in the hydrolysate obtained from agri-
food waste, but they are usually supplemented in the medium. For instance, yeast extract
is one of the most used nitrogen sources, however, its supplementation in the hydrolysates
increases the total cost of the LA production process [93].

LAB are classified as homofermentative, heterofermentative or facultative heterofer-
mentative, according to the metabolic pathways used to produce LA. Thus, the conversion
of sugars to LA by LAB is produced through three different pathways (Figure 5): the
Embden–Meyerhof–Parnas (EMP) pathway, the pentose phosphate (PP) pathway and the
phosphoketolase (PK) pathway [88].

Homofermentative LAB ferment hexoses via the EMP pathway, producing theoreti-
cally 2 mol of LA per mol of glucose. In addition, some strains also convert glucose via the
PP pathway instead of the EMP pathway, producing 1.67 mol of LA per mol of glucose [88].
On the other hand, heterofermentative LAB can ferment hexoses and pentoses exclusively
via the PK pathway, producing LA, acetic acid or ethanol, and CO2. Thus, the theoretical
yield obtained is 1 mol of LA per mol of glucose or pentose [88]. By contrast, facultative
heterofermentative LAB can metabolize hexoses via the EMP pathway and pentoses via
the PK pathway, obtaining 2 mol of LA per mol of glucose and 1 mol of LA per mol of
pentose [88].
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3.4.2. Production of LA from SBP Hydrolysates

Different studies have been performed to produce LA from SBP (Table 3). To increase
the LA yield, several authors have varied the pH regulation mode, nutrient supplementa-
tion and the type of processing, such as separate hydrolysis and fermentation, simultaneous
saccharification and fermentation, fed-batch fermentation or continuous fermentation. For
instance, Marzo et al. studied the effect of supplementing the SBP hydrolysate with dif-
ferent nitrogen sources, finding that it is necessary to supplement it with yeast extract to
increase the production of LA [94]. Additionally, they also studied pH regulation during
the lactic fermentation of SBP hydrolysate with Lactobacillus plantarum, reaching 30 g/L
of LA with a yield of 0.12 gLA/gSBP by adding 27 g/L of CaCO3 [94]. In another report,
the same authors evaluated the pretreatment of SBP, testing acid, alkaline and biological
pretreatment. They increased the production of LA to 50 g/L with a yield of 0.5 gLA/gSBP
when the SBP was pretreated with 1% H2SO4 [52]. Díaz et al. studied different simultane-
ous saccharification and fermentation strategies to produce LA from SBP with Lactobacillus
casei [95]. They achieved the maximum concentration of 27 g/L of LA with a yield of
0.13 gLA/gSBP using a fed-batch SSF process with pH control (by adding 30 g/L CaCO3)
and nutrient supplementation (by adding MRS medium 0.2 mL/mL).

Table 3. Lactic acid production from SBP. YLA: lactic acid yield (gLA/gSBP).

Reference Strain Conditions Concentration YLA

[24] Lactobacillus plantarum HII &
Lactobacillus brevis PCM 488 SSF with co-culture 60 g/L 0.55 g/g

[96] L. coryniformis subsp. torquens DSM 20005
& L. preudomesenteroides SHF with co-culture 22 g/L 0.78 g/g

[94] Lactobacillus plantarum SHF 30 g/L 0.12 g/g
[52] Lactobacillus plantarum SHF with pretreated SBP 50 g/L 0.5 g/g
[95] Lactobacillus casei Fed-fach SSF 27 g/L 0.13 g/g
[97] Bacillus coagulans Continuous fermentation 35 g/L 0.71 g/g

Due to the composition of SBP, the hydrolysis of SBP produces a medium rich in glu-
cose, but other sugars such as fructose, mannose, arabinose galactose, raffinose, rhamnose,
xylose and galacturonic acid are also included [24]. It is difficult for a single microbial
species to completely assimilate such a medium. Lactic acid production from arabinose,
galactose and xylose derived from SBP is not as efficient as from glucose [98]. For example,
Bacillus coagulans was used to produce lactic acid from sugar beet pulp hydrolysates [97].
This strain was able to consume glucose and xylose; however, arabinose was not totally
consumed at the end of fermentation. Most homofermentative LAB, such as Lactobacillus
delbrueckii and Lactobacillus acidophilus, can produce lactic acid from glucose but not from
sugars derived from hemicellulose, such as arabinose and xylose [99]. For better utilization
of the substrate, it is necessary to use LAB able to utilize pentoses. However, pentoses are
only utilized by some lactobacilli. This is the case of the facultative heterofermentative
microorganism Lactobacillus casei 2246, which degrades hexoses, mainly glucose, through
the EMP pathway, and pentoses by the PK pathway [95]. This strain has been demonstrated
to produce lactic acid from glucose and arabinose from simultaneous saccharification and
fermentation of SBP. Moreover, lactic acid fermentation can be improved by using a mixed
population of LAB with different assimilation profiles [100]. In fact, the effectiveness of
LA production can be improved by 10–30% by using mixed cultures. Hence, Berlowska
et al. studied the effect of mixed cultures of LAB species through simultaneous saccharifi-
cation and lactic fermentation [24]. They performed the fermentation in two steps: the first
one with a monoculture able to ferment mainly glucose and the second one with another
strain able to consume unfermented sugars (arabinose and xylose). Using this procedure,
most sugars were consumed by the mixed culture, reaching a LA concentration of 60 g/L
with a yield of 0.55 gLA/gSBP with the strain Lactobacillus plantarum HII in the first step
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and Lactobacillus plantarum HII and Lactobacillus brevis PCM 488 in the second. The same
strategy was followed by Alexandri et al. after observing the non-complete consumption
of the hydrolyzed sugars from SBP [96]. They produced 22 g/L of LA with a yield of
0.78 gLA/gSBP with the strains L. coryniformis subsp. torquens DSM 20005 and isolate A250
(most likely L. preudomesenteroides), adding the second strain when half of the glucose was
consumed [96]. Additionally, a similar procedure was performed by Diaz et al., where
SBP hydrolysate was fermented first to ethanol and then to LA with the strain Lactobacillus
plantarum [73]. In that study, the complete use of sugars was achieved by producing ethanol
and LA sequentially.

An interesting biorefinery process was presented by Oliveira et al. [97]. This process
can be implemented inside the processing of sugar beet to produce sugar. They produce
LA from SBP via continuous fermentation with Bacillus coagulans, reaching 2781.01 g of LA
from 3916.91 g of sugars with a maximum productivity of 18.06 g/L/h.

3.5. Polyhydroxyalkanoates Fermentation

The first identification of poly-3-hydroxybutyrate (P(3HB)) was performed in the strain
Bacillus megaterium by Lemoigne in 1926 [101]. Afterward, more than 300 bacterial strains
have been identified as PHA producers. Some examples include Cupriavidus necator (also
named Ralstonia eutropha), Pseudomonas aeruginosa, Pseudomonas oleovarans and Pseudomonas
stutzeri [102]. These bacteria are able to accumulate PHA inside the cell cytoplasm as a
reserve of carbon and energy. Therefore, they are produced when the microorganisms
cannot grow normally due to a deficiency of nutrients and an excess of carbon.

3.5.1. Metabolic Pathway to Produce PHAs via Fermentation

The production of PHAs is induced by the limitation of nutrients in the medium
used for microorganism growth. This limitation activates the pathways of metabolism that
bacteria use to produce PHAs [11]. The metabolic pathways involved in the production of
PHA depend on the carbon source and the microorganism used. These bacteria can use
different carbon sources to produce PHAs, such as carbohydrates or volatile fatty acids
(VFAs) [103].

In pure culture fermentation, carbohydrates are metabolized to pyruvate via the
Enter–Doudoroff pathway. Afterward, pyruvate is converted to acetyl-CoA and, un-
der growth-limiting conditions, acetyl-CoA is transformed into P(3HB) by the action of
three enzymes: 3-ketothiolase (PhaA), acetoacetyl-CoA reductase (PhaB) and PHA syn-
thase (PhaC) [103]. Through this pathway, the obtained yield will depend on the carbon
source. Thus, glucose produces the highest yield (0.40 g PHA/g); however, other sugars
such as xylose or arabinose can also be used to produce PHAs, although at lower yields
(0.17–0.19 g PHA/g) [104].

The production of PHAs from VFAs follows the same route for metabolism once
they are converted to the corresponding acyl-CoA, being the precursors for different
hydroxyalkanoate monomers. In this way, P(3HB) is produced from acetate, and 3HV, 3-
hydroxy-2-methylvalerate (3H2MV) or 3-hydroxy-2-methylbutyrate (3H2MB) are produced
from propionate [11].

PHAs can be produced from pure cultures following a two-step process: growth
phase and accumulation phase [11]. Firstly, the strain is cultivated in a medium with a
proper ratio of carbon, nitrogen and nutrients. Secondly, one of the essential nutrients
(nitrogen, phosphorus or oxygen) is restricted to induce the accumulation of PHA inside
the cell. PHAs can also be produced by mixed cultures through the fermentation of VFAs
and the process requires two stages [11]. First of all, microorganisms with high PHA
storage capacity are selected by imposing cycles where an essential nutrient is restricted.
Afterward, the selected microorganisms are cultured to produce PHAs by restricting the
same essential nutrient restricted in the previous step. The advantage of using mixed
culture is the reduction in production cost due to sterilization is not required and the
culture can adapt to various complex feedstocks [105,106].
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3.5.2. Production of PHAs from SBP

As previously mentioned, SBP hydrolysate is a complete medium with a great variety
of sugars, including glucose, rhamnose, arabinose, galactose, xylose and galacturonic acid.
However, there are no published papers on the production of PHA from SBP-derived
sugars different from glucose.

Kurt-Kızıldoğan et al. produced poly(3-hydroxybutyrate) (PHB), one of the main
PHAs, with Haloarcula sp. TG1 from glucose derived from different agricultural wastes [107].
Among them, the highest PHA content (45.6% of the biomass) was achieved using SBP
treated with rCKT3eng, a recombinant endoglucanase of Haloarcula sp. CKT3 expressed in
E. coli BL21 (DE3) cells (pH 7.35, 72 h, 37 ◦C).

The most common pathway in bacteria, yeast and fungi to convert glucose to PHAs is
the EMP [108,109]. However, the model organism for PHA production, C. necator, lacks the
gene for the key enzyme of this pathway, utilizing the Entner–Doudoroff (ED) pathway
instead [110]. There are only a few strains able to convert C5 sugars and produce PHAs, but
when they do, the conversion efficiencies are very low [111]. It has been demonstrated that
some microorganisms are able to perform this conversion from hemicellulose hydrolysates
derived from rice straw, sugarcane bagasse, sugar maple wood chips, etc., such as Bacillus
firmus, Cupriavidus necator, Burkholderia cepacia, etc. [109]. However, no papers have been
found describing PHA production from C5 sugars derived from SBP. Numerous metabolic
engineering strategies have been explored for metabolizing pentose sugars available in
lignocellulosic hydrolysates. For example, a strain of C. necator has been modified to metab-
olize arabinose through heterologous expression of a set of E. coli genes for L-arabinose
uptake and metabolism [112].

As stated above, VFAs are another carbon source to produce PHAs. SBP has also been
studied as raw material to produce VFAs, with acetic, lactic, caproic and butyric being
the main acids produced [113]. These acids are commonly produced through acidogenic
fermentation by mixed microbial cultures. This fermentation involves two steps of the
anaerobic digestion process, hydrolysis and acidogenesis, and the inhibition of methano-
genesis [114]. In this process, the organic matter is hydrolyzed into sugars, amino acids and
fatty acids. Afterward, these compounds are converted into VFAs by acidogenic bacteria.

4. Conclusions and Future Directions

Bioplastic production from renewable sources is a topic that has gained interest in
recent years. In this direction, SBP is a versatile by-product from the food industry that
can be used as raw material to produce value-added products, such as LA and PHAs,
through biotechnological processes. Although several studies have been performed on
pretreatments and enzymatic hydrolysis of SBP, only a few focused on the production of LA
or PHAs, which can be used as precursors of bioplastics. Only one study was found where
PHAs are obtained from SBP through a sequential process of hydrolysis and fermentation.

Focusing on another alternative process to produce PHAs, that is from VFAs, there is
also a lack of studies where VFAs produced from SBP are used to obtain PHAs. However,
there are several studies based on the production of hydrogen and VFAs through the
anaerobic digestion of SBP. Hence, it seems that it is a feasible process that has not yet been
studied in depth.

Additionally, SBP is composed of similar percentages of cellulose, hemicellulose and
pectin. This characteristic makes it an interesting raw material to use in the framework of a
biorefinery. Only a few authors have proposed a biorefinery process applied to this material,
where pectin, phenolic compounds and sugar-rich hydrolysates can be fermented to ethanol,
LA or succinic acid, among others, facilitating the preparation of valuable products. Further
research should be carried out in this direction to implement a cost-effective process in the
sugar industry.
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Abbreviations

CBU Cellobiase activity units
PGU Polygalacturonase activity units
COD Chemical oxygen demand
d.m. Dry matter
FPU Filter paper unit
HU Hemicellulase activity units
LA Lactic acid
LAB Lactic acid bacteria
LCB Lignocellulosic biomass
MRS Man, Rogosa and Sharpe broth
PA Polyamide
PBAT Polybutylene adipate terephthalate
PBS Polybutylene succinate
PCL Polycaprolactone
PE Polyethene
PET Polyethene terephthalate
PGU Polygalacturonase activity units
PHA Polyhydroxyalkanoate
PLA Poly-lactic acid
POS Pectin-derived oligosaccharides
PP Polypropylene
PTT Polytrimethylene terephthalate
RS Reducing sugars
SBP Sugar beet pulp
SLR Solid-liquid ratio
SSF Solid-state fermentation
TS Total solids
U Unit of enzyme
VAP Value-added product
VFAs Volatile fatty acids
VS Volatile solid
YH Hydrolysis yield
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Abstract: Succinic acid (SA) is one of the most prominent C4 biomass-based platform chemicals
that can be biologically obtained. This article verifies, for the first time, the possibility of producing
succinic acid with fed-batch or repeated batch operations with Actinobacillus succinogenes in a resting
state, that is, in the absence of a nitrogen source. In this work it is possible to optimise separately
the stages of cell growth and production in the fed-batch or repeated batch modes, minimising the
costs associated with the nitrogen source and facilitating the subsequent purification of SA. These
experiments were carried out with xylose, the most abundant monosaccharide in hemicelluloses,
with the results subsequently being compared to those obtained in equivalent operations carried out
with cells in a state of growth. First, a cost-effective synthetic growth medium was proposed and
successfully employed for SA production. Biocatalysts’ reutilisation showed that the bioprocess can
be carried out successfully in repeated batch and fed-batch modes. The best mode for growing cells is
repeated batch, achieving a maximum productivity of 0.77 g·L−1·h−1, a selectivity of 53% and a yield
of 51% with respect to xylose consumed. In contrast, the fed-batch mode was found to be the most
convenient mode with resting cell biocatalyst, reaching a maximum productivity of 0.83 g·L−1·h−1,
a selectivity of 0.78 g·g−1 and a yield of 68% with respect to the xylose consumed. In addition,
by-product formation is significantly reduced when employing resting cells. An unstructured non-
segregated kinetic model was developed for both biocatalysts, capable of simulating cell growth,
xylose consumption, SA production and by-product generation, with successful estimation of kinetic
parameters supported by statistical criteria.

Keywords: succinic acid; xylose; Actinobacillus succinogenes; resting cells; kinetic model

1. Introduction

Currently, one of the main challenges in the fight against climate change is the search
for renewable raw materials that replace fossil resources to generate energy, chemicals
and materials. As a consequence, there is an urgent need for platform chemicals obtained
through sustainable bioprocesses as alternatives to processes and products obtained via
petroleum-based conventional refineries [1,2]. The majority of the processes and products
deemed promising are being developed in second-generation biorefineries based on lig-
nocellulosic biomass (LCB). LCB is especially attractive, as it is the most abundant and
sustainable group of raw materials available worldwide and does not interfere in any
food chain [3]. LCB is mainly composed of cellulose (40–50%), hemicellulose (25–30%)
and lignin (15–20%). Depolymerised hemicellulose is composed of 90% xylose, being
this monosaccharide the second most abundant sugar available in LCB after glucose, a
constituent of cellulose [4]. However, the number of wild-type microorganisms that can
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metabolise xylose as a carbon source is very low, meaning that the hemicellulosic part of
the waste is usually disposed of instead of being used as a carbon source.

One of the most promising microorganisms in the conversion of xylose into SA is a
facultative anaerobic bacterium isolated from the rumen of cattle, Actinobacillus succinogenes.
This bacterium is capable of naturally generating C4 dicarboxylic acids during the pregastric
digestion of polysaccharides. In other words, it can produce high amounts of succinic acid
from a wide variety of carbon sources. In addition, its use does not generate excessive
difficulties in fermentation or in the separation and purification processes, which occurs
with certain fungi. This microorganism transforms xylose into glyceraldehyde 3-phosphate
through the pentose phosphate pathway. Subsequently, the bacterium incorporates the final
product of glycolysis, phosphoenolpyruvate, into the tricarboxylic acid cycle, as shown
in Figure 1. This occurs under anaerobic conditions and is facilitated by CO2 insufflation,
resulting in the production of a substantial amount of succinic acid (SA) [5,6]. According
to the US Department of Energy (US DOE), SA is one of the main chemical platforms
due to its potential to produce a great diversity of chemicals traditionally produced from
fossil sources [7]. This organic acid is widely used in the production of polybutylene
succinate, polyester, polyols and in the food and pharmaceutical industries as well as in
resins, coatings, pigments and biodegradable polymers [8].
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Figure 1. Metabolic pathways of A. succinogenes for SA production from glucose and xylose.

In recent years, the lack of sustainability of traditional petrochemical SA production
has led to a considerable increase in its production through fermentation processes. In
2015, the market price of this acid produced by the biological route was 2.86 USD·kg−1,
while that obtained by the traditional route was 2.50 USD·kg−1 [9]. However, due to the
great interest in biotechnological processes involving SA, currently, some economically
competitive processes have already been developed and even implemented at an industrial
level, producing SA with a market price between 2.00 and 2.50 USD·kg−1 [10]. With a
20% compound annual growth rate (CAGR), the bio-derived SA market is expected to
reach 900 USD million by 2026, much higher than that of 2017 (175.7 USD million) [11].
The three main factors to consider in the implementation of a successful SA bioprocess
at an industrial scale are the following: (i) availability of raw material, (ii) adequate SA
productivity and titre and (iii) economically viable isolation and purification steps [12].
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Ferone et al. (2017) [13] studied the production of succinic acid in batch operational
mode by A. succinogenes employing a synthetic mixture of sugars representative of a lig-
nocellulosic hydrolysis, obtaining a concentration of SA (27 g·L−1) higher than the ones
obtained by a combination of fermentations of each single sugar, as well as a better selectiv-
ity for SA. Using the same microorganism, Bukhari et al. (2020) [14] used oil palm trunk
as carbon source after its hydrolysis with oxalic, formic and acetic acid. Carrying out the
bioprocess to obtain SA with hydrolysed waste, they obtained a yield of 0.47 g·g−1 in batch
bottle fermentation and a maximum concentration of succinic acid of 10.62 g·L−1. In order
to enhance yield and productivity, some researchers have recently focused on optimising
the operational mode. Bradfield et al. (2016) [15] reached productivities of 3.4 g·L−1·h−1

and a maximum SA titre of 10.9 g·L−1 from xylose operating in continuous mode in a
biofilm reactor. Jokodola et al. (2022) [16] opted for a fed-batch operational mode, produc-
ing 33.6 and 28.7 g·L−1 of succinate from hydrolysates of olive pits and sugarcane bagasse,
respectively, with same conversion yield (0.27 g·g−1). Considering that downstream op-
erations represent approximately 60% of the overall operating costs in the SA production
process, it is essential to reduce the by-product generation during fermentation in order to
design a competitive process on an industrial level. To do this, this research group carried
out a previous study on the viability of succinic acid production employing a biocatalyst
composed of A. succinogenes cells in a resting state [17]. Operating under nitrogen-limited
conditions, and formulating a medium composed exclusively of a carbon source and a
buffer solution to maintain osmotic pressure, resting cells are metabolically active even
though cell growth is impeded. In this way, the metabolic pathways are active towards
SA production and cellular maintenance, but there is no bacterial growth. Concurrently,
the number of by-products is also reduced dramatically [18–20], this being one of the main
advantages associated with this type of operation. In fact, Escanciano et al. (2022) [17]
managed to reduce the quantity of by-products generated by 27.5% in the production of
SA from xylose. In order to obtain cells for subsequent use in the production stage in
resting state, it is necessary to carry out a conventional fermentation, although it requires
the optimisation of conditions so that the cells have the appropriate metabolic state for their
subsequent use in resting cells. A notable advantage of separating the stages of growth
(or obtaining the biocatalyst) and production (with the cells in the resting cell state) is the
culture medium needed in the stages. Generally, to carry out production with growing
cells, culture media with components such as yeast extract are used, which, although they
do not have a high concentration in the medium, if the total mass is calculated to carry
out the process in industrial bioreactors, would entail a high price. When the biomass is
produced, it is done on a much smaller scale, so the need for such culture media is consid-
erably reduced. However, the medium used for resting cell production is very simple and
cost-effective, devoid of nitrogen sources and usually expensive. Separating growth and
production into two different steps allows for a better optimisation of each step and of the
overall process. Considering the scale-up, the proposed bioprocess would lead to higher
productivity linked to the reduction of dead times as well as to avoid substrate inhibition
that was observed when using growing cells as biocatalyst [18,20,21].

In this present study, SA production using A. succinogenes in both growth and resting
states was researched, exploring different forms of operation through biocatalyst reuse
by means of fed-batch and repeated batch operations. This is the first work in which
the operation with resting cells is studied in different types of operation, allowing us to
optimise the stages of cell growth and SA production separately and reduce the operating
costs associated with the nitrogen source and SA purification. Additionally, the effect on
production with cells in growth and resting state of the use of a cheaper culture medium
than the one used in previous studies of the research group was compared [17]. Finally,
kinetic modelling of the bioprocess was developed to predict the evolution of biomass,
xylose, succinic acid and the by-product concentration throughout the fermentation time.
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2. Materials and Methods

2.1. Bacterial Strain, Adaptation, Preinoculum and Inoculum Stages

The strain Actinobacillus succinogenes DSM 22,257 was provided by the Leibniz Institute
DSMZ-German Collection of Microorganisms and Cultures GmbH (https://www.dsmz.
de/accessed on 15 February 2023). The bacterial strain was reactivated on one agar plate
with Brain Heart Infusion (BHI) for two days. A single bacterial colony was inoculated in a
bottle containing 60 mL of sterile Tryptic Soy Broth (TSB) [22–24]. The bottle was incubated
for 1 day at 37 ◦C. For the long-term preservation, the culture was mixed with glycerol
(1:1 v·v−1) and stored at −80 ◦C.

Following the procedure described in a previous study [17], thawed bacteria were
incubated at 37 ◦C for 24 h in anaerobic bottles with TSB medium. Subsequently, a two-
step procedure was developed to adapt the biocatalyst to the carbon source. Broth from
anaerobic bottles was employed as inoculum in a 5% (v·v−1) ratio by inoculating it in
a second bottle containing the production medium (PM) at 37 ◦C [25]. This production
medium contained (in g·L−1): yeast extract, 10; K2HPO4, 3; MgCl2.6H2O, 0.427; CaCl2, 0.2;
NaCl, 1; NaHCO3, 10; and commercial xylose, 10. Using an inoculum of this second bottle,
another stage of adaptation in a third bottle was carried out, increasing the concentration
of xylose and NaHCO3 to 20 g·L−1 and the biomass initial inoculation volume from the
previous step to 10% (v·v−1).

2.2. Succinic Acid Production Employing Growing Cells as the Biocatalyst

Runs were carried out in duplicate in a 2 L stirred tank bioreactor (STBR) BIOSTAT B-
Plus (Sartorius AG, Göttingen, Germany) with a working volume of 1 L. Batch experiments
were carried out with PM medium. The initial amount of xylose was 20 g·L−1 in all runs.
The pH was maintained at 6.8 (NaOH 5 M) at 37 ◦C and CO2 was sparged at 0.1 vvm with
a stirring speed of 300 rpm. The experiments were carried out starting from 0.05 g·L−1 of
biomass in the exponential phase of growth, obtained in the final adaptation step in bottles.

2.3. Succinic Acid Production Employing Resting Cells as the Biocatalyst

To successfully perform a fermentation process employing cells in a resting state
as the biocatalyst, it is necessary to previously carry out a batch operational mode with
growing cells as was described in previously, in order to obtain a high amount of initial
biomass. After 15 h of fermentation, suspended biomass was separated from the broth by
centrifugation (9000 rpm, 5 min), washed with a K2HPO4 solution and transferred to a 1 L
STBR with 0.5 L of working volume at 37 ◦C and 300 rpm. The production media consisted
of a buffered solution (K2HPO4 50 mM) of xylose 20 g·L−1. The pH was controlled at
6.8 (NaOH 5 M), and carbon dioxide was supplied at 0.1 vvm. Runs were performed
in duplicate.

2.4. Succinic Acid Production Operating Fed-Batch and Repeated Batch Fermentations

Fed-batch and repeated batch runs were carried out in duplicate with PM medium
both with growing cells and resting cells biocatalysts, In the case of the fed-batch operation,
three stages were carried out, feeding a concentrated solution of xylose at the beginning
of each one of them. In repeated batch fermentations, at the end of the first and second
stages, the suspended biomass was separated from the liquid broth by centrifugation
and subsequently inoculated in the reactor of the next stage. The pH was maintained at
6.8 (NaOH 5 M), temperature at 37 ◦C and the stirring speed at 300 rpm, and CO2 was
sparged at 0.1 vvm.

2.5. Analytical Methods

Biomass concentration was determined by measuring the optical density of broth
samples at 600 nm using a spectrophotometer (Shimadzu UV-Vis spectrophotometer UV-
1603, Kyoto, Japan).
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Xylose and fermentation products (ethanol and succinic, lactic, acetic and formic acids)
were analysed through an Agilent Technologies 100 series equipment by high-performance
liquid chromatography (HPLC) equipped with a refractive index detector (RID) at 55 ◦C and
a REZEX ROA-Monosaccharide H+ (8%) column (300 × 7.8 mm, Phenomenex, Torrance,
CA, USA) at 80 ◦C. Acid water (H2SO4 5 mM) was eluted at a flow of 0.5 mL·min−1.

2.6. Mathematical Methods

The estimation of the model kinetic parameters was carried out by means of the
computer software Aspen Custom Modeler v11 (AspenTech, Bedford, MA, USA), using an
implicit Euler method to integrate the ODEs of the kinetic model coupled to a non-linear
least-squares solver algorithm (NL2SOL) to obtain optimal values of the kinetic parameters.

To assess the adequacy of the fit, it is necessary to ensure that Fisher’s F-value (F)—as
seen in Equation (1)—has a higher value than the critical value at a 95% confidence level.
Additionally, the sum of squared residuals (SSR) and the residual mean-squared error
(RMSE) should be minimised, approaching zero as closely as possible—as seen in Equation
(2)—and the variation explained (VE) should be close to or equal to 100%—as seen in
Equation (3).

F =
∑N

i=1

(
yi, calc

K

)2

∑N
i=1

(
SSR
N−K

) (1)

RMSE =

√
SSR

N − K
(2)

VE(%) = 100

(
1 − ∑L

l=1 SSQl

∑L
l=1 SSQmeanl

)
(3)

where K is the number of parameters, SSR is the squared sum of residues, N is the total
number of experimental data, SSQl is the sum of the quadratic residues and SSQmeanl is the
squared sum of deviations between the experimental and the mean score with respect to
the calculated values.

In order to determine the influence of initial substrate concentration, consumed sub-
strate, product distribution and cell metabolism on succinic acid production, the following
parameters were defined:

Succinic acid yield : ηSA = [SA]max/[Xyl]0 (4)

Succinic acid macroscopic yield : YSA/Xyl.cons = [SA]max/[Xyl]cons (5)

Specific succinic acid yield : YSA/X = [SA]max/[X]max (6)

Selectivity on succinic acid : SSA = [SA]max/
(
[SA]max + [BP]max) (7)

Succinic acid productivity : PSA = [SA]max/time (8)

Specific succinic acid productivity : PSA/X = [SA]max/
(
[X]max·time

)
(9)

where [SA]max is the maximum concentration of succinic acid (SA) (gSA·L−1), [Xyl]0 is the
initial concentration of xylose (gXyl.0·L−1), [Xyl]cons is the concentration of consumed xylose
(gXlycons·L−1), [X]max is the maximum concentration of biomass (gX·L−1) and [BP]max is the
maximum concentration of by-products [BP] (gBP·L−1).
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3. Results and Discussion

3.1. Influence of Medium Composition on Succinic Acid Production Employing Growing Cells and
Resting Cells as the Biocatalyst

Growth medium composition as well as type and availability of carbon source play
an important role in SA titre and productivity. Furthermore, the development of an
effective biocatalyst is also a key factor that determines the viability of the bioprocess.
Recently, A. succinogenes in the resting state was proven to be a promising biocatalyst,
revealing a higher selectivity to the target acid when compared to growing cells [17]. In
that previous study [17], a complex growth medium, TSB, had been selected due to its
richness in nutrients, considered in the bibliography as a preferred medium to promote
cell growth [22–24]. However, with the aim of reducing the cost of the process, the present
study verifies the viability of carrying out cell growth, prior to the operation with resting
cells, with a lower-cost synthetic medium, PM.

Table 1 summarises the obtained results in batch runs, in terms of the maximum
product concentration achieved; its selectivity, yields and productivities in each evaluated
medium culture (PM and TSB); and the biocatalyst state (growing and resting cells). Regard-
ing product concentration, it is noticed that the synthetic medium promotes SA production,
whose final concentration in broth reaches the highest values when the PM medium is
employed (11.7 g·L−1 and 12.5 g·L−1 using growing and resting cells, respectively). As a
consequence, in these conditions, higher values of SA yield with respect to initial carbon
source are achieved (0.55 gSA·gXyl.0−1 for growing state and 0.65 gSA·gXyl.0−1 for resting
state) than in runs in which the TSB medium was used. However, in fermentations with
PM medium culture, an increase of by-product production (acetic acid and formic acid) is
observed, a fact that is reflected in a slight reduction of selectivity values.

Table 1. Concentrations, selectivity, yield and productivity of SA production with growing and resting
cells and two different complex growth mediums in batch runs employing 20 g·L−1 of carbon source.

Biocatalyst Growing Cells Resting Cells

Growth medium TSB MP TSB MP
CSA (gSA·L−1) 8.72 11.7 8.51 12.5
SSA (gSA·gSA + SP

−1) 0.64 0.55 0.75 0.68
ηSA (gSA·gXyl.0−1) 0.44 0.55 0.43 0.65
YSA/Xyl.cons (gSA·gXylcons

−1) 0.44 0.55 0.81 0.65
YSA/X (gSA·gX

−1) 2.80 2.74 2.03 2.91
PSA (gSA·L−1·h−1) 0.36 0.25 0.18 0.43
PSA/X (gSA·gX

−1·h−1) 0.12 0.06 0.04 0.10

Reference [17] This work [17] This work

Medium composition barely affects SA yield respect to final biocatalyst concentration
employing growing cells. However, a biocatalyst composed of resting cells cultivated in
synthetic broth presents cell metabolism pathways that more actively produce SA. This is
reflected in the increase of this acid yield respect to biocatalyst concentration (2.91 gSA·gX

−1)
in comparison to the value when TSB is employed (2.03 gSA·gX

−1). A similar tendency
is observed for productivity (PSA), whose meaning is closely linked to a macroscopic SA
production rate. This acid productivity is boosted by the PM medium employing the
resting cells as a biocatalyst. However, this is not improved in growing cell. As the results
showed, acid production from resting cells takes place 2.4 times faster due to the change of
the medium composition (with synthetic medium culture: 0.43 gSA·L−1·h−1; when using
complex medium culture: 0.18 gSA·L−1·h−1).

Based on these results, it can be concluded that the employment of the synthetic
growth medium PM using A. succinogenes in growing and resting states enhances SA
production in terms of final titre and yield with respect to initial xylose concentration.
In addition, productivity and yield with respect to cell concentration are also improved

146



Fermentation 2023, 9, 663

for the biocatalyst in resting cells. In short, an expensive complex growth medium such
as TSB is not necessary when producing with resting cells; an economical and synthetic
medium such as PM is a promising alternative for the development of the bioprocess on an
industrial scale.

Figure 2 shows the evolution of xylose (Xyl), product (SA), by-product (BP) and
biomass (X) concentrations in batch bioreactor employing the PM medium. Substrate
exhaustion is reached at around 30 h for both biocatalysts. However, the experimental
tendencies are different: whereas lag phase of growth leads to slower substrate consumption
and product production rates at the beginning of the fermentation (Figure 2A), a quick
decrease on xylose concentration and, therefore, SA production is observed when a resting
cells biocatalyst is employed (Figure 2B). Even if the achieved target product concentration
is similar in both cases, the global by-product concentration is reduced employing resting
cells biocatalyst. This behaviour is also reflected in the parameters showed in Table 1. When
synthetic medium is used, all the evaluated parameters are improved by resting cells in
comparison to growing biocatalyst. This means that cells under nitrogen-limited conditions
reveal a metabolism more specific and selective towards the production of SA from xylose
as sole carbon source.

Figure 2. Evolution of substrate, product, by-product and biomass concentrations in batch bioreactor
employing (A) growing cells as the biocatalyst and (B) resting cells as the biocatalyst. Key: SA (•),
Xyl (�), BP (�), X (�); dots: experimental data; solid lines: model prediction; dashed lines: error
model prediction.
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3.2. Succinic Acid Production in a Repeated Batch Bioreactor

As previously mentioned, some authors had managed to significantly increase their
yields and/or productivities by carrying out fermentations with growing cells in other
modes of operation [15,16,26]. In addition, in previous studies this research group demon-
strated in previous works that successive growth stages prior to the inoculum stage improve
the yield and productivity of the process. Therefore, successive repeat batch fermentations
could have this same effect [17]. For this reason, with the aim of improving the production
process of succinic acid with resting cells, as well as further reducing the costs associated
with the separation stages, it was decided to carry out fermentations through a repeated
batch operation.

In the present section, the possibility of reusing the biocatalyst in three consecutive
cycles was evaluated. Essentially, repeated batch experiments explored the viability of
separating the biocatalyst at the end of the fermentation and, afterwards, harvested cells
were employed as inoculum in the next cycle, as was explained in Section 2.4. Whereas the
PM synthetic medium is used for the maintenance of the growing biocatalyst in repeated
batch runs, only the carbon source and a buffer solution are employed as the medium for
resting cells.

Each batch run was conducted employing approximately 20 g·L−1 of initial xylose
concentration, which corresponds to the concentration range of carbon source found
in raw vegetable materials [27]. When carbon substrate concentration reached 5 g·L−1,
the experiment was stopped in order to avoid a metabolic stress to the bacterial cells.
Subsequently, the biocatalyst was separated from the broth by means of centrifugation
and the recovered pellet was employed as a biocatalyst in the next batch run. The main
advantage of repeated batch in comparison to fed-batch operation is that repeated batch
avoids inhibition due to the accumulation of cytotoxic compounds in the broth, as may
occur with the fed-batch operation [28].

Figure 3 shows the evolution of xylose, biomass, SA and by-product concentrations
in repeated batch cycles evaluating the influence of the state of the biocatalyst: growing
cells (Figure 3A) and resting cells (Figure 3B). While three consecutive cycles employing
growing cells took less than 60 h, the use of the resting cells biocatalyst extended the
fermentation time by 40 h. However, the first cycle using a biocatalyst composed of resting
cells was much faster than the analogous experiment for growing cells, which is probably
due to the greater biocatalyst concentration at the beginning and throughout the run. In the
following steps, a deceleration of substrate consumption rate is observed when resting cells
are reused. Resting cells concentration decreases progressively, due to the experimental
cell recovery procedure between cycles. It was observed that, although in the second cycle
the cells were still considerably active, in the third cycle, the process suffered a significant
slowdown, probably caused by the mechanical stress of the biocatalyst separation process
and the scarcity of nutrients during the consecutive fermentation cycles.

Regarding repeated batch working with the growing biocatalyst, it is to be noted that
productivity is enhanced throughout the cycles, in terms of both substrate consumption
and acid production, as is shown in Table 2. Although the initial biomass concentration at
the beginning of each step is increased, the importance of the bacteria adaptation to carbon
source also plays an important role in the bioprocess, as has previously been demonstrated
by Escanciano et al. [17]. In fact, with growing cells, the yield with respect to the xylose
consumed and the productivity in the third stage are 72% and 56% higher than those
corresponding to the first stage, respectively, reaching an average yield with respect to
xylose consumed of 0.51 g g−1 and a productivity of 0.53 g·L−1·h−1 (Table 2). Regarding
specific SA productivity, cells in growth state obtain higher values than the resting cells,
maintaining practically constant productivities throughout the three stages, while in the
runs with resting cells, the specific productivity is already reduced by 70% from the first to
the second stage.
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Figure 3. Evolution of substrate, product, by-product, and biomass concentrations in repeated batch
bioreactor employing (A) growing cells as the biocatalyst and (B) resting cells as the biocatalyst. Key:
SA (•), Xyl (�), BP (�), X (�) dots: experimental data; solid lines: model prediction; dashed lines:
error model prediction.

Table 2. Concentrations, selectivity, yields and productivity of SA production with growing and
resting cells operating in repeated batch runs.

Biocatalyst State Growing Cells Resting Cells

Cycle 1 2 3 Average 1 2 3 Average

CSA (gSA·L−1) 8.39 8.56 10.8 9.25 8.13 6.90 1.55 5.53
SSA (gSA·gSA + BP

−1) 0.53 0.52 0.54 0.53 0.65 0.92 0.60 0.72
ηSA (gSA·gXyl.0−1) 0.38 0.42 0.54 0.45 0.41 0.35 0.08 0.28
YSA/Xyl.cons (gSA·gXyl.cons

−1) 0.50 0.48 0.54 0.51 0.55 0.51 0.30 0.45
YSA/X (gSA·gX

−1) 3.21 1.95 1.83 2.33 1.94 2.25 0.71 1.63
PSA (gSA·L−1·h−1) 0.35 0.48 0.77 0.53 0.83 0.18 0.03 0.35
PSA/X (gSA·gX

−1·h−1) 0.13 0.11 0.13 0.12 0.20 0.06 0.01 0.09

In conclusion, although selectivity was favoured by production with resting cells, the
reuse of growing cells led to better overall SA production, in terms of concentration, yield,
and productivity, which results improve from batch to the next one.

3.3. Succinic Acid Production in a Fed-Batch Bioreactor

To avoid cell damage during separation processes between cycles, fed-batch operation
was explored as an alternative to extend operational time and, therefore, increase final SA
titre and productivity. Three feeding pulses were carried out (at the beginning and when
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substrate concentration was around 5 g·L−1) to obtain similar conditions as the repeated
batch operation, which allows for the comparison of the results.

Figure 4 shows the evolution of xylose, biomass, SA and by-product concentrations
in the fed-batch operation employing different biocatalysts: growing cells (Figure 4A)
and resting cells (Figure 4B). Table 3 summarises the obtained results in terms of final
concentrations, selectivity, yields and productivity after the consumption of each feeding
pulse as well as overall parameters.

Figure 4. Evolution of substrate, product, by-product, and biomass concentrations in fed-batch
bioreactor employing (A) growing cells as the biocatalyst and (B) resting cells as the biocatalyst. Key:
SA (•), Xyl (�), BP (�), X (�); dots: experimental data; solid lines: model prediction; dashed lines:
error model prediction.

As can be observed, the duration of the first two stages of the fed-batch operation
with resting cells was considerably shorter than the corresponding ones with growing cells.
In both cases, the total substrate consumption was not reached in the last step. In fact, in
the operation with resting cells, after 30 h of fermentation, only approximately half of the
xylose fed in the third stage was consumed.

The slowdown of the processes in the last part of the experiments can be caused
by various factors: the depletion of essential nutrients that are not added in the pulse
feeding, the aging of the cells, the accumulation of acids (both the target product as well
as by-products) or toxins with an inhibitory effect [29]. This reduction in productivity
at long fed-batch fermentation times has also been observed by other authors, such as
Jiang et al. [25], who, with fermentation from glucose, noted a drop in the growth rate of
A. succinogenes and of the succinic acid generated from the third production cycle (14 h of
fermentation), which became especially pronounced in the fourth cycle.
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Table 3. Concentrations, selectivity, yields and productivity of SA production with growing and
resting cells operating in fed-batch runs.

Biocatalyst Growing Cells Resting Cells

Cycle 1 2 3 Overall 1 2 3 Overall

CSA (gSA·L−1) 8.02 3.85 3.64 15.9 7.50 6.99 8.45 22.9
SSA (gSA·gSA + BP

−1) 0.54 0.52 0.76 0.57 0.63 0.87 0.89 0.78
ηSA (gSA·gXyl.0−1) 0.40 0.21 0.20 0.35 0.40 0.40 0.47 0.53
YSA/Xyl.cons (gSA·gXyl.cons

−1) 0.56 0.30 0.38 0.43 0.56 0.57 1.00 0.68
YSA/X (gSA·gX

−1) 3.15 1.09 1.03 4.48 1.79 1.74 2.15 5.46
PSA (gSA·L−1·h−1) 0.36 0.23 0.10 0.21 0.83 0.54 0.21 0.36
PSA/X (gSA·gX

−1 h−1) 0.14 0.07 0.03 0.06 0.20 0.13 0.05 0.09

It should also be noted that, when using cells in resting state, the selectivity of SA
is fully enhanced, reaching a final concentration of SA 3.6 times higher than the global
concentration of by-products. However, in the case of using growing cells, only a final
concentration of SA 1.4 times higher than the total concentration of by-products is reached.
Regarding SA yields, they had a decreasing trend between cycles in the growing cell
experiment (cycle 1: 0.40 g·g−1, cycle 2: 0.21 g·g−1, cycle 3: 0.20 g·g−1), while the opposite
behaviour was observed with resting cells (cycle 1: 0.40 g·g−1, cycle 2: 0.21 g·g−1, cycle 3:
0.20 g·g−1). The concentration of the final product was 1.5 times higher using resting cells
(22.9 g·L−1). In both cases, productivity was drastically reduced throughout the cycles,
with a higher average value in the case of operating with resting cells (0.36 g·L−1·h−1).
These results showed that the metabolism of the biocatalyst slowed down throughout
the cycles but was more selective. In conclusion, the fed-batch operation with cells in the
resting state leads to higher yield, productivity and selectivity than with growing cells.

Based on these results, the possibility of a reusing biocatalyst by means of repeated
batch and fed-batch operational modes was successfully proven. Specifically, employing
growing cells under repeated batch conditions and resting cells in fed-batch mode led to
better SA production yields (0.51 g·g−1 and 0.68 g·g−1, respectively). In terms of productiv-
ity, production by growing cells in repeated batch mode took place faster (0.12 g·L−1·h−1

and 0.09 g·L−1·h−1, respectively). Moreover, working with growing cells in repeated batch
mode, the third cycle results did not show inhibition or aging cell phenomena. However, in
fermentation with resting cells in fed-batch mode, it was possible to increase the selectivity
by 32% with respect to the operation in repeated batch with growing cells. This is of great
importance if we consider that one of the main operating costs in the production of succinic
acid is found in the purification process [30].

Table 4 summarises published results regarding the production of SA mainly from
xylose, using A. succinogenes as s biocatalyst. Up to now, most of the studies have been
undertaken with conventional submerged growth culture. The authors who carried out batch-
type operations from xylose with growing cells did not achieve yields greater than 55% [13]
nor SA productivities higher than 0.36 g·L−1·h−1 [17]. However, substantially higher yields
have been achieved with other types of operation, as in the case of Patsalou et al. [31], who
managed to produce SA using citrus peel waste hydrolysate as a renewable carbon source
with fed-batch type fermentation, reaching a yield of 0.73 g·g−1. To date, the fermentations
carried out operating in repeated batch mode have mostly been studied with glucose as
carbon source (or hydrolysates rich in this sugar) and with immobilised cells, which is why
this study has focused in part on the production of SA through this operation mode from
xylose with free cells, achieving a yield of 51% and an average productivity of 0.12 g·L−1·h−1.

Productions with A. succinogenes in a resting state were evaluated for the first time
in a previous study of this research group [17], achieving a batch yield of 43% while
the productivity was 0.18 g·L−1·h−1. In this present work, it was possible to double the
productivity thanks to the operation in fed-batch conditions. Therefore, these results
are considered to pave the way for development novel biocatalyst and give new insight
towards operational modes in SA production.
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3.4. Kinetic Modelling of the Bioprocess

Kinetic modelling enables the simulation of bio/chemical processes and facilitates
their implementation and operational control. To obtain a mathematical model able to fit
the kinetic data in this work, a very simple unstructured and non-segregated kinetic model
was proposed, which describes the observed experimental tendencies regarding xylose,
biomass, SA and by-product concentrations. The following considerations were taken into
account:

- A laboratory-scale bioreactor was considered as a completely mixed tank bioreactor.
- The only by-products detected in the culture medium were acetic and formic acids,

which are formed almost directly from pyruvate, as is reflected in Figure 1. Moreover,
the evolution of their concentrations exhibited remarkable similarity across all experi-
ments. Based on that, acetic and formic acids concentrations were lumped or summed
to obtain a global by-product concentration in the kinetic model.

- Growth, SA production and BP generation depend proportionally on the availability
of carbon source and the biocatalyst concentration.

Considering this information, a sole kinetic model (Equations (10)–(15)) was developed
to describe the behaviour of growing cells and resting cells as biocatalysts for all operational
modes. Employing resting cells as a biocatalyst, the biomass concentration remains constant,
resulting in zero yield of biomass from product and biomass growth rate.

• Reaction network
YS/P S r→ YX/P X + P + YBP/P BP (10)

• Reaction rate
r = kP·[X]·[S] (11)

• Production and consumption rates

Substrate consumption rate

RS =
d[S]
dt

= −YS/P ·r (12)

Product production rate
RP =

d[P]
dt

= r (13)

Biomass growth rate
RX =

d[X]

dt
= YX/P ·r (14)

By-product production rate

RBP =
d[BP]

dt
= YBP/P ·r (15)

where Yi/j is the macroscopic yield of compound “i” with respect to compound “j”, and kP
is the second-order kinetic constant in the SA production.

The fitting of the proposed kinetic equation to experimental data (substrate, biomass,
product and by-products) for each cycle employing both biocatalysts was carried out to
estimate the value of each kinetic parameter involved in the kinetic model. The model
prediction fits very reasonably to all relevant data, as is reflected in Figures 3 and 4 as
solid lines. Consequently, the hypotheses assumed in the model are valid in the studied
conditions, where no substrate or product inhibition phenomena were considered.

Tables 5 and 6 show the estimated kinetic parameters, as well as the statistical pa-
rameters that provide the information on the goodness of fit. Fitting of experimental data
regarding batch run and first cycles of repeated batch and fed-batch runs were carried
out together. Goodness-of-fit statistical parameters indicate a high value for Fisher’s F,
considerably above the limiting value, and a low value for the RMSE and the SSR. Moreover,
the experimental tendencies and those predicted from the model are quite similar, as the
higher than 90% VE percentages showed.
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Table 5. Kinetic and statistical parameter values calculated by fitting the kinetic model to experimental
data of growing cells runs.

Cycle Kinetic Parameter
Operational Mode

Batch Repeated Batch Fed-Batch

1

kP (L·g−1·h−1) (3.02 ± 0.11)·10−2

YX/P (g·g−1) (3.41 ± 0.15)·10−1

YS/P (g·g−1) 1.83 ± 0.03
YBP/P (g·g−1) (8.21 ± 0.20)·10−1

2

kP (L·g−1·h−1) - (1.51 ± 0.04)·10−2 (6.50 ± 0.19)·10−3

YX/P (g·g−1) - (2.65 ± 0.16)·10−1 (2.88 ± 0.25)·10−1

YS/P (g·g−1) - 2.14 ± 0.04 2.94 ± 0.08
YBP/P (g·g−1) - (9.46 ± 0.22)·10−1 (9.39 ± 0.03)·10−1

3

kP (L·g−1·h−1) - (1.38 ± 0.07)·10−2 (2.33 ± 0.01)·10−3

YX/P (g·g−1) - (3.89 ± 0.42)·10−1 0.00
YS/P (g·g−1) - 1.92 ± 0.08 2.77 ± 0.12

YBP/P (g·g−1) - (8.64 ± 0.54)·10−1 (4.45 ± 0.05)·10−1

Cycle Statistical
Parameter

Operational Mode

Batch Repeated Batch Fed-Batch

1

F 4715
RMSE 0.59

SSR 32.1
VE (%) 96.4

2

F - 8723 21,562
RMSE - 0.24 0.25

SSR - 2.15 3.88
VE (%) - 99.7 98.8

3

F - 1129 18,932
RMSE - 0.80 0.32

SSR - 33.4 4.89
VE (%) - 96.0 96.1

Table 6. Kinetic and statistical parameter values calculated by fitting the kinetic model to experimental
data of resting cells runs.

Cycle Kinetic Parameter
Operational Mode

Batch Repeated Batch Fed-Batch

1

kP (L·g−1·h−1) (1.84 ± 0.03)·10−2

YX/P (g·g−1) -
YS/P (g·g−1) 1.80 ± 0.03

YBP/P (g·g−1) (5.30 ± 0.16)·10−1

2

kP (L·g−1·h−1) - (5.36 ± 0.14)·10−3 (1.10 ± 0.02)·10−2

YX/P (g·g−1) - - -
YS/P (g·g−1) - 2.08 ± 0.06 1.74 ± 0.04

YBP/P (g·g−1) - (9.17 ± 2.49)·10−2 (1.64 ± 0.02)·10−1

3

kP (L·g−1·h−1) - (9.11 ± 0.57)·10−4 (4.43 ± 0.10)·10−3

YX/P (g·g−1) - - -
YS/P (g·g−1) - 3.80 ± 0.25 (9.99 ± 0.29)·10−1

YBP/P (g·g−1) - (6.39 ± 0.74)·10−1 (1.24 ± 0.21)·10−1

Cycle Statistical
Parameter

Operational Mode

Batch Repeated Batch Fed-Batch

1

F 3512
RMSE 0.61

SSR 57.1
VE (%) 96.8

2

F - 5090 19,278
RMSE - 0.49 0.28

SSR - 20.4 4.54
VE (%) - 94.8 98.5

3

F - 25,099 20,931
RMSE - 0.27 0.36

SSR - 6.09 7.15
VE (%) - 90.7 96.5
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The influence of biocatalyst state and reutilisation cycles on the kinetic parameters
values is shown in Figure 5. The second-order kinetic parameter kP decreases along the
cycles of reutilisation, independently of biocatalyst state and operational mode. These
results point at a biocatalyst deactivation throughout the fermentation cycles. However, the
deactivation of growing cells under repeated batch takes place slower than it does under
other conditions. Regarding yields (substrate from product, by-product from product and
biomass from product), smaller values indicate an effective SA production bioprocess, as it
requires less substrate and biomass for product generation and minimises side products
generation. As it is reflected on yield tendencies, biocatalyst composed of resting cells is
more specific for SA production, especially in the second and third uses.

 

 

Figure 5. Influence of reusing (i) growing cells and (ii) resting cells as the biocatalyst under different
operational mode on (A) second-order kinetic parameter of product formation, (B) pseudo-empirical
stoichiometric coefficient substrate from product, (C) pseudo-empirical stoichiometric coefficient
by-product from product and (D) pseudo-empirical stoichiometric coefficient biomass from product.
Key: light grey: repeated batch, dark grey: fed batch.
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4. Conclusions

In the present study, a bioprocess for SA production using a synthetic growth medium
and xylose as the carbon source was analysed, which proved to offer economic advantages
over a medium based on complex carbon and nitrogen sources. Furthermore, for the first
time, the reutilisation of the biocatalyst composed by A. succinogenes cells under growing
and resting states was explored under diverse operation modes. Interestingly, whereas the
highest average SA yield and productivity in repeated batch mode were observed with
growing cells, the best results in fed-batch mode were reached with resting cells, which
had limited nutrients availability. In fact, in fed-batch mode, the yield of SA with respect to
xylose consumed was 66% higher with resting cells than with growing cells. Furthermore,
the selectivity was 37% higher. This means that, for the first time, it was possible to produce
succinic acid during three cycles of xylose feeding in the absence of a nitrogen source from a
single stage of cell growth, also achieving yields and selectivities superior to the equivalent
operation with growing cells, in other words, in a culture medium with nitrogen source.

Carrying out the bioprocess with resting cells presents several biological and tech-
nical advantages: (i) metabolic pathways towards the target product are promoted, as
indicated by the reduction in by-product generation; (ii) the culture medium only contains
phosphate and sugar, eliminating the use of expensive nitrogen sources; and (iii) SA is accu-
mulated in the broth during the cycles, resulting in a higher final concentration compared
to using a growing cells biocatalyst. All these factors contribute to cost reduction in sub-
sequent purification and isolation operations. Thus, the possibility of producing SA with
A. succinogenes in resting state becomes an innovative option with great potential and opens
up new opportunities for bioprocess intensification (e.g., biocatalyst immobilisation).

Finally, a simple non-structured non-segregated kinetic model was successfully devel-
oped to describe cell growth, SA production and by-product generation. The estimated
kinetic parameters are supported by the observed experimental trends and provide valuable
information for a later bioprocess scale-up. In short, this research affords key progresses
towards the incorporation of SA in biorefineries on an industrial scale.
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Abstract: This work aimed at producing lactic acid (LA) from sugarcane bagasse after steam explosion
at 195 ◦C for 7.5 and 15 min. Enzymatic hydrolysis was carried out with Cellic CTec3 and Cellic
HTec3 (Novozymes), whereas fermentation was performed with Bacillus coagulans DSM2314. Water
washing of pretreated solids before enzymatic hydrolysis improved both hydrolysis and fermentation
yields. The presence of xylo-oligosaccharides (XOS) in substrate hydrolysates reduced hydrolysis
efficiency, but their effect on fermentation was negligible. The presence of fermentation inhibitors in
C5 streams was circumvented by adsorption on activated carbon powder with no detectable sugar
losses. High carbohydrates-to-LA conversions (Yp/s) of 0.88 g·g−1 were obtained from enzymatic
hydrolysates of water-washed steam-exploded materials that were produced at 195 ◦C, in 7.5 min,
and the use of centrifuged-but-never-washed pretreated solids decreased Yp/s by 16%. However,
when the detoxified C5 stream was added at a 10% ratio, Yp/s was raised to 0.93 g·g−1 for an
LA productivity of 2.55 g·L−1·h−1. Doubling the pretreatment time caused a decrease in Yp/s to
0.78 g·g−1, but LA productivity was the highest (3.20 g·L−1·h−1). For pretreatment at 195 ◦C for
7.5 min, the elimination of water washing seemed feasible, but the use of longer pretreatment times
made it mandatory to eliminate fermentation inhibitors.

Keywords: sugarcane bagasse; steam explosion; enzymatic hydrolysis; fermentation; lactic acid

1. Introduction

Lactic acid is a valuable chemical platform with applications in different industrial
sectors such as food, cosmetics, textiles, pharmaceuticals, and chemical synthesis [1]. The
global lactic acid market increased from 1220 kilotons in 2016 to 1960 kilotons in 2025. This
represents a revenue of USD 11.51 billion globally [2,3]. The production of polylactic acid
(PLA), a biodegradable polymer, accounts for about 50% of the lactic acid demand [4].
The other half is mainly used as an acidulant, preservative, flavoring, emulsifier, and pH
regulator in the food industry [5].

Lactic acid has two types of enantiomers (L or D). The pure enantiomers have greater
value than the racemic mixture because they are used for special industrial applications.
For instance, the L isomer is preferable for food, beverages, and pharmaceuticals because
it is metabolized more rapidly by the human body than the D isomer. L-Lactic acid is
used to synthesize poly-L-lactic acid (PLLA), while D-lactic acid is used to produce poly-
D-lactic acid (PDLA). Both are semi-crystalline bioplastics, while PDLLA, made with the
racemic mixture, is amorphous and relatively easy to break down, ideal for developing
drug delivery systems. However, due to its biocompatibility and high mechanical strength,
the L isomer predominates in biomedical applications, including bone fixation supports and
biodegradable sutures [6]. Food packaging, injection molding, and additive manufacturing
(resins for 3D printing) are other applications in which PLA has been widely used [7].
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Optically pure lactic acid can be produced by fermentation, while chemical synthesis
leads to racemic mixtures [8]. Fermentation is also advantageous because it uses renewable
resources and mild process conditions [9]. Several bacteria, fungi, and yeasts can produce
high optical purity lactic acid in high yields [10]. However, lactic acid bacteria (LAB) such
as Lactobacillus delbruckii, Lb. rhamnosus, Lb. casei, and Lb. plantarum, and bioengineered
bacteria, such as Escherichia coli and Corynebacterium spp., are the most widely used for
lactic acid fermentation [2,11]. The process is performed by submerged fermentation, and
the substrate accounts for almost 70% of the production cost. Starch is the predominant
raw material for industrial manufacturing, with about 90% of globally traded lactic acid
being produced from corn [12]. Thus, identifying cheaper and widely available substrates
is pivotal to reduce process costs [13].

Agro-industrial residues such as sugarcane bagasse (SCB) are lignocellulosic materials
with a high potential to reduce industrial costs. However, before fermentation, plant cell
wall polysaccharides such as cellulose and hemicelluloses must be converted to simple
sugars (primarily glucose and xylose). Pretreatment techniques such as hydrothermolysis,
steam explosion, acid-catalyzed organosolv, and dilute acid hydrolysis can provide high
yields of fermentable sugars in the form of C5 and C6 streams [14]. C5 sugars are obtained in
pretreatment acid hydrolysates, while C6 sugars are derived from enzymatic hydrolysis of
pretreated cellulosic materials. However, the use of high pretreatment temperatures (>200 ◦C)
or long residence times result in partial dehydration of pentoses and hexoses, causing the
release of fermentation inhibitors such as furfural and 5-(hydroxymethyl)furfural (5-HMF)
that reduce process yields [15,16]. Such aromatic aldehydes are known to inhibit key
enzymes of microbial carbon metabolism [17]. Other inhibitors such as low molar mass
phenolic compounds may also be released from lignin. Also, mild pretreatment severities
are enough to release inhibitory acetic acid (pKa = 4.76) from hemicellulose O-acetyl
groups [16]. Weak acids diffuse through the cell membrane and lower the intracellular
pH, affecting cell growth due to their effect on the proton transport activity of the plasma
membrane [18,19].

Steam explosion uses saturated steam at high pressures to produce pretreated cel-
lulosic materials with high accessibility to enzymatic hydrolysis [20]. While enzymatic
hydrolysates of water-washed steam-exploded materials are easy to ferment, the C5 frac-
tion typically contains inhibitory concentrations of organic acids (primarily acetic) and
furan compounds (mostly furfural) [21]. Oligosaccharides released from hemicelluloses
can also act as inhibitors for enzymatic hydrolysis [22], and in both situations, the release
of inhibitory compounds will largely depend on pretreatment conditions and feedstock
composition. High pretreatment severities will release more fermentation inhibitors by
carbohydrate dehydration and lignin hydrolysis. At the same time, oligosaccharides
will prevail at low severities, particularly when pretreatment is carried out without an
exogenous acid catalyst [23].

Several detoxification techniques have been used to reduce the inhibitory effect of
biomass acid hydrolysates. Furans can be removed by physical adsorption [24], liquid–
liquid extraction [25], evaporation [26], freeze-drying [27], enzymatic treatments using
laccases and other oxidative enzymes [28], or overliming [29] while reducing acetic acid to
non-inhibitory concentrations may be more problematic. The most widely used detoxifi-
cation techniques are adsorption on activated carbon powder and overliming. However,
their efficiency depends on the type and concentration of fermentation inhibitors released
in pretreatment liquors [30]. Physical adsorption was chosen in this work for simplicity,
efficiency, and selectivity toward fermentation inhibitors. Furthermore, physical adsorption
would not dilute the sugar stream while bringing these chemicals to non-inhibitory levels.

Bacillus sp. strains are more tolerant to inhibitory compounds. In a hydrolysate broth
containing 4.01 g·L−1 acetic acid, 0.08 g·L−1 formic acid, 0.05 g·L−1 furfural, and 0.08 g·L−1

5-HMF, B. coagulans IPE22 converted 96% of sugars into LA [31]. Also, B. coagulans JI12
could tolerate up to 20 g·L−1 acetic acid and 4 g·L−1 furfural by metabolizing it to 2-furoic
acid [32], while Bacillus sp. P38 was tolerant to 10 g·L−1 furfural and 6 g·L−1 vanillin or
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acetic acid [33]. This indicates that Bacillus spp. may be promising organisms to produce
L-LA from biomass hydrolysate without a robust detoxification step. No information was
found in the literature about the tolerance and inhibitory levels of B. coagulans DSM2314 to
the organic acids and furan compounds listed above.

Second-generation lactic acid can be produced by C5 plus C6 fermentation or by
co-fermentation of C5/C6 mixtures. For acid pretreatments such as steam explosion, C6
sugars are mainly produced from enzymatic hydrolysis of water-washed pretreated ma-
terials. By contrast, C5 sugars are recovered in pretreatment liquors (C5 streams) that
must be detoxified before fermentation. B. coagulans has become one of the most popular
organisms due to its capacity to metabolize C5 sugars via the pentoses phosphate (PP)
pathway and produce optically pure L-LA with high yields [34]. Enzymatic hydrolysis
and fermentation can be performed separately or simultaneously. Based on this, different
bioprocessing strategies have been designed to produce biobased materials such as sepa-
rate hydrolysis and fermentation (SHF), separate hydrolysis and co-fermentation (SHCF),
simultaneous saccharification and fermentation (SSF), and simultaneous saccharification
and co-fermentation (SSCF). SHF and SHCF involve enzymatic hydrolysis of the polysac-
charides and subsequent fermentation of the sugars released. By contrast, SSF and SSCF
are one-pot methods where enzymatic hydrolysis and microbial fermentation occur simul-
taneously. Combining these operations results in lower capital cost and higher productivity
since enzymes perform better due to lower levels of end-product inhibition and sugars are
released and readily consumed [33–40].

Michelson et al. [41] compared the performance and yield of two LA producers,
Lb. delbrueckii ssp. lactis DSM 20,073 and B. coagulans SIM-7. The latter strain achieved
final LA concentrations of 91.5 g·L−1 and 91.6 g·L−1 in batch and fed-batch cultivations
for 23 and 21 h, respectively. The LA concentration in 10 h was already 56 g·L−1, whereas
comparable results (52 g·L−1) were achieved only in 24 h by DSM 20073. The maximal
production rates of SIM-7 and DSM 20,073 strains were 9.9 and 5.6 g·L−1·h−1, respectively.

Different enzymatic hydrolysis and fermentation conditions were used in this work
to produce LA from steam-exploded SCB. Hydrolysis was performed with Cellic CTec3
(Novozymes, Bagsværd, Denmark) cellulases in the absence and presence of Cellic CTec3
hemicellulases at relatively high total solids (TS), using water-washed and centrifuged-but-
never-washed steam-exploded materials. Fermentation inhibitors were removed from C5
streams using physical adsorption on activated carbon powder, while fermentation was
carried out with B. coagulans DSM2314 using both SHF and SHCF protocols.

2. Materials and Methods

The overview of the experimental setup is given in Figure 1, in which the complexity
and interrelationship of the main activities (chemical characterization, pretreatment, hy-
drolysis, and fermentation) are observed. Also, the sequence in which the experiments are
performed is inferred by step connectors, while red and blue circles indicate processes of
intermediates and final products, respectively. Further details about the experimental setup
are given below.

2.1. Sugarcane Bagasse (SCB) Pretreatment and Characterization

Fresh SCB was kindly donated by Raízen (Piracicaba, SP, Brazil). Pretreatment was
carried out by steam explosion at 195 ◦C for 7.5 and 15 min using a 10 L stainless-steel
high-pressure steam reactor and SCB with a moisture content of 50 wt% [27]. Pretreatment
slurries (20–25 wt% total solids) were centrifuged inside a cotton fiber bag to remove
water-soluble hemicellulose sugars and low molar mass lignin components (C5 stream).
Half of the unwashed centrifuged fiber cake (SEB7.5-UW and SEB15-UW) was reserved
for enzymatic hydrolysis. The other half was water washed at 5 wt% TS for 1 h at room
temperature (~25 ◦C) under constant mechanical stirring, followed by centrifugation to
recover the water-washed fiber cake (SEB7.5-WW and SEB15-WW) for its subsequent
characterization and enzymatic hydrolysis. Both SEB-UW and SEB-WW substrates, with
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35–40 wt% total solids after centrifugation, were stored in vacuum-sealed plastic bags at
4 ◦C before chemical characterization and enzymatic hydrolysis.

Figure 1. Experimental setup for lactic acid production from sugarcane bagasse.

The composition of untreated and pretreated materials was characterized following
National Renewable Energy Laboratory (NREL, Golden, CO, USA) protocols for total
moisture (drying at 105 ◦C until constant mass) [42], ash (calcination at 575 ◦C) [43], total
extractives (exhaustive Soxhlet extractions with water and ethanol 95%) [44], and carbo-
hydrates plus total lignin content (acid-soluble lignin and acid-insoluble lignin) following
a two-stage sulfuric acid hydrolysis [45]. All reagents and solvents were obtained in an-
alytical grade from Labsynth (Diadema, Brazil) and used as received. Chromatographic
standards (>98% purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Mass
balances and process yields were calculated according to the above-mentioned standard
procedures. To this end, theoretical conversion factors were considered to express recovery
yields concerning each raw SCB macromolecular component.

The pretreatment liquor (C5 fraction) was detoxified over activated carbon [46]. Detox-
ification was performed in 250 mL Erlenmeyer flasks that were loaded with 100 mL of
liquid and 10 g of activated carbon powder (Neon, Suzano, Brazil), having a surface area of
507.9 m2·g−1 and an average pore size of 1.29 nm. The flasks were covered with Parafilm
M to prevent evaporation and placed on a shaker incubator at 25 ◦C and 120 rpm for
10 min. Then, the suspension was centrifuged at 2500 rpm for 15 min, and aliquots were
removed from the supernatant, filtered through a 0.22 μm PVDF filter (Millipore, Burling-
ton, MA, EUA), and analyzed by high-performance liquid chromatography (HPLC) to
quantify furfural, 5-HMF, acetic acid, formic acid, xylose, glucose, and arabinose, using
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the chromatographic conditions that are described in Section 2.4. Then, the supernatant
was passed through a 0.1-μm ash-less quantitative filter paper (Whatman® (Maidstone,
UK)) to remove any remaining suspended solids. The detoxification process was repeated
three times to ensure that acetic acid, furfural, and 5-HMF were brought to non-inhibitory
concentrations.

2.2. Enzymatic Hydrolysis

The commercial enzymes used for hydrolysis were provided by Novozymes Latin
America (Araucária, SP, Brazil). Cellic CTec3 is a commercial cellulase preparation while
Cellic HTec3 contains hemicellulase activity predominantly [20]. Enzyme loading was
always based on the wet weight of the commercial enzyme preparation that was added to
the reaction system for enzymatic hydrolysis.

Enzymatic hydrolyses of SEB-UW and SEB-WW substrates were performed at 50 ◦C
and 150 rpm for 96 h in acetate buffer (50 mmol·L−1, pH 5.2) using 250 mL Erlenmeyer flasks
in a shaker incubator (Ecotron, Infors HT). The best condition was derived from a factorial
design that was based on three independent variables in two levels (23): substrate TS
(10 and 20 wt%), Cellic CTec3 loading (20 to 60 mg g−1 TS), and Cellic HTec3 addition in a
10% mass ratio (wet basis) to Cellic CTec3 (2 to 6 mg·g−1 TS) [20]. Four quadratic polynomial
equations were obtained using the R Studio® 3.4.3 software to describe the mathematical
relationship between glucose release (g·L−1) and the selected process variables. The
goodness-of-fit of the models was evaluated by determining their adjusted R2. For yield
calculations, aliquots were collected at different incubation times and analyzed using HPLC
to quantify cellobiose, glucose, and xylose using the chromatographic conditions described
in Section 2.4. Hydrolysis yields were determined in percentage by expressing the total
glucose release (glucose equivalents) in relation to the total glucose content (quantified as
glucans) of the pretreated solids. Xylose was not considered in yield calculations because it
was always found in very low quantities.

Enough substrate hydrolysate (C6 stream) for fermentation was obtained by perform-
ing the best hydrolysis conditions from the factorial design in a 3.6 L Labfors bioreactors
(Infors HT, Bottmingen-Basel, Switzerland). Enzymatic hydrolyses of SEB-UW and SEB-
WW substrates were performed at 50 ◦C and 150 rpm for 72 h in acetate buffer (50 mmol·L−1,
pH 5.2) using 20 wt% TS and 60 mg g−1 TS of Cellic CTec3, with and without addition of
Cellic HTec3 (6 mg·g−1 TS). The total volume of this reaction system was 1000 mL. Aliquots
were collected once again at different incubation times and analyzed using HPLC, and
hydrolysis yields were determined as described above.

2.3. Microorganism and Fermentation

B. coagulans DSM2314 was acquired as a freeze-dried stock from the Germany Collec-
tion of Microorganisms and Cell Cultures (DSMZ, Leibniz Institute, Germany). Cells were
grown on Man, Rogosa, and Sharpe (MRS) agar medium (HiMedia, Mumbai, India) and
transferred to 50 mL flasks of MRS medium to be cultured for 16 h at 50 ◦C. The media were
pre-sterilized for 15 min at 121 ◦C. When the optical density measured at 660 nm reached
two, the pre-culture was added as inoculum to the fermentation, which was carried out at
50 ◦C and 150 rpm for 24 h in Multifors 2 bioreactor (Infors HT) that were pre-sterilized
empty for 20 min at 121 ◦C.

Both SHF and SHCF fermentation experiments were carried out in duplicate in the
Multifors 2 bioreactor using a working volume of 300 mL for a total volumetric capacity of
500 mL. SCB hydrolysates (C5, C6 and C5/C6 mixtures) were transferred to the bioreactor
vessel and mixed with 1% yeast extract (Kasvi®, Conda Laboratories, Madri, Spain) and
10% (v/v) inoculum (30 mL). Temperature and agitation were set at 50 ◦C and 150 rpm,
respectively, and dilute NaOH (5 mol L−1) was used to maintain the fermentation broth
at pH 6.0 during the entire reaction course. Fermentation ran for 24 h under anaerobic
conditions using continuous N2 purging. Aliquots were obtained at different times and
analyzed using HPLC for carbohydrates and LA as described below. LA yields were
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determined as percentage in relation to the theoretical amount of LA that could have been
produced from the fermentable sugars available in substrate hydrolysates.

2.4. Chromatographic Analysis

C5 (from pretreatment) and C6 (from enzymatic hydrolysis) streams and fermentations
broths were analyzed at 65 ◦C using a Shimadzu HPLC, LC-20AD series, and a Rezex
RHM column (Phenomenex, 300 × 7.8 mm) that was preceded by a Carbo H guard
column (300 × 7.8 mm). The column was eluted with 5 mmol L−1 H2SO4 at a flow
rate of 0.6 mL min−1. Sample injection (20 μL) was performed using a Shimadzu SIL-
10AF autosampler. Quantitative analyses were carried out by external calibration using
differential refractometry (Shimadzu RID-10A) for carbohydrates and organic acids, while
UV spectrophotometry (Shimadzu SPD-M10AVP) at 280 nm was used to quantify furfural
and 5-HMF. HPLC calibration curves were based on analyzing six independent primary
standard solutions, and the corresponding linear regression coefficients (R2) were always
around 0.99.

2.5. Statistical Analysis

The Tukey’s Test (p ≤ 0.05) was applied to evaluate the statistical significance of the
experimental data, and the experimental design was validated with analysis of variance
(ANOVA) using the R Studio® 3.4.3 software [47]. Hydrolysis and fermentation yields
were expressed as averages with their corresponding standard deviations for experiments
carried out in two or three replicates.

3. Results

3.1. SCB Pretreatment and Characterization

The chemical composition of SCB before and after pretreatment is shown in Table 1.
The untreated material had glucans (mainly cellulose), hemicelluloses (mostly xylans), total
lignin, total extractives, and ash contents like those already reported elsewhere [20,21,27,31].
Variations in SCB chemical composition are attributed to its source and maturation stage
upon harvesting, as well as the edaphoclimatic conditions used for cultivation and the
technology used for its industrial processing [48].

Table 1. Chemical composition (%) of untreated and water-insoluble steam-exploded SCB and the
corresponding mass recovery (%) of the main SCB components after pretreatment.

Component Untreated
195 ◦C, 7.5 min 195 ◦C, 15 min

Content Recovery Content Recovery

Glucans 1 37.8 ± 0.7 54.7 ± 2.4 89.7 ± 1.8 55.5 ± 0.7 82.5 ± 1.1
Xylans 2 21.0 ± 0.8 3.0 ± 0.4 5.9 ± 0.1 1.2 ± 0.1 3.8 ± 0.1
Arabinosyl residues 2 1.3 ± 0.3 bdl 3 - - -
Acetyl groups 2 2.6 ± 0.1 bdl 3 - bdl 3 -
Hexoses identified as 5-HMF 4 1.1 ± 0.2 bdl 3 - bdl 3 -
Pentoses identified as furfural 4 0.6 ± 0.1 bdl 3 - bdl 3 -
Total lignin 5 22.8 ± 0.7 30.5 ± 0.8 92.2 ± 1.9 31.2 ± 0.2 96.6 ± 0.3
Acid-soluble lignin 5.0 ± 0.1 5.7 ± 0.2 70.4 ± 1.5 5.9 ± 0.2 78.5 ± 0.2
Acid-insoluble lignin 19.1 ± 0.6 27.8 ± 0.8 96.3 ± 0.9 28.9 ± 0.1 101.4 ± 0.3
Ash 4.0 ± 0.1 6.1 ± 1.5 93.7 ± 1.9 6.8 ± 1.1 113.8 ± 0.3

Total 98.2 94.3 94.7
1 Present as β-(1→4)-D-glucans (cellulose). 2 Present as heteroxylan components (hemicelluloses). 3 bdl, below the
detection limit of the method. 4 5-HMF and furfural are released in pretreatment liquors by hexose and pentose
dehydration, respectively. 5 Summation of acid-soluble and ash-free acid-insoluble lignin.

Steam explosion at 195 ◦C for 7.5 and 15 min reduced the SCB hemicellulose content
by 85.7 and 94.3%, respectively, with a corresponding rise in both glucans and total lignin
content (Table 1) [49]. Hemicelluloses were almost entirely depleted of their arabinosyl
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residues and acetyl groups because HPLC did not detect arabinose and acetic acid in
sulfuric acid hydrolysates. Pentoses and hexoses were partly detected as furfural and
5-HMF due to dehydration, but in both situations, the reported values were not added to the
corresponding polysaccharide quantification because their actual source was not elucidated.
Hence, SCB hemicellulose content would be the summation of xylans, arabynosyl residues,
and pentoses identified as furfural and acetyl groups, totaling 25.5%. Likewise, the total
glucan content in Table 2 should be estimated at 38.9%, even though some 5-HMF may
have come from hemicelluloses as well. The 5-HMF formation was higher in sulfuric acid
hydrolysates because furfural was partially involved in side-reactions producing humins,
while furans were not formed after acid hydrolysis of steam-treated materials because their
hemicellulose content was very low [50,51].

Table 2. Chemical composition of pretreatment liquors before and after detoxification.

Component (g·L−1)
SEB7.5 1 SEB15 1

Untreated Detoxified Untreated Detoxified

Glucose 2.2 ± 0.1 2.2 ± 0.1 2.2 ± 0.1 2.1 ± 0.1
Xylose 11.2 ± 0.2 11.1 ± 0.2 4.3 ± 0.1 4.3 ± 0.2
Arabinose 0.6 ± 0.1 0.60 ± 0.04 0.5 ± 0.1 0.4 ± 0.1
HMF 2 1.6 ± 0.2 0.02 ± 0.02 1.6 ± 0.1 0.03 ± 0.01
Furfural 2 0.8 ± 0.1 0.04 ± 0.02 1.4 ± 0.3 0.03 ± 0.01
Acetic acid 3 9.7 ± 0.3 4.4 ± 0.5 12.1 ± 0.5 5.2 ± 0.2

1 SEB7.5 and SEB15, steam explosion of cane bagasse (SEB) at 195 ◦C for 7.5 and 15 min; 2 5-HMF and furfural are
released in pretreatment liquors by hexose and pentose dehydration; 3 Acetic acid is released in pretreatment
liquors by hemicellulose deacetylation.

Table 1 reveals the total recovery of SCB components in water-washed steam-exploded
materials, in which the mass recovery of pretreated solids was also considered. Glucan
recovery was around 90% when steam explosion was carried out at 195 ◦C for 7.5 min
but doubling the pretreatment time to 15 min decreased this value by roughly 9%. The
hemicellulose content (mostly xylans) in steam-exploded materials was very low and some
lignin condensation may have occurred mainly at the highest pretreatment severity, in
which lignin recovery was above 100%. Finally, ash recoveries above 100% may have
indicated partial corrosion or abrasion of reactor walls [21,27].

3.2. Chemical Composition of Pretreatment Liquors before and after Detoxification

Pretreatment liquors were characterized using HPLC for their carbohydrate, acetic
acid, 5-HMF, and furfural contents before and after detoxification with activated carbon
powder (Table 2). Post-hydrolysis of these fractions with dilute sulfuric acid revealed
xylose concentrations of 13.2 ± 0.4 and 10.5 ± 0.5 g·L−1 for pretreatments carried out for
7.5 and 15 min, respectively. The presence of acetic acid in pretreatment liquors was due
to hemicellulose deacetylation, and its concentration was higher when pretreatment was
carried out at more drastic conditions (p < 0.05). Acetic acid coming from O-acetyl groups is
partially responsible for the auto-hydrolysis effect, which converts hemicelluloses to mono
and oligosaccharides even without an exogenous acid catalyst. Furfural and 5-HMF derived
from pentose and hexose dehydration, respectively, were also detected in pretreatment
liquors in concentrations that increased with pretreatment severity. Accumulating organic
acids, furans, and phenolic compounds in pretreatment liquors is undesirable due to their
inhibitory effect on hydrolysis and fermentation [52,53].

Controlling microbial inhibition is essential for maximizing biomass conversion. Du
et al. [54] identified and quantified 40 potentially toxic compounds after pretreating three
different lignocellulosic materials with eight different pretreatment techniques. Fockink
et al. [20] demonstrated that the autocatalytic steam explosion of SCB at 205 ◦C induced
the accumulation of formic, levulinic, and acetic acid in the C5 fraction. Concerning
furan compounds, furfural was present in higher concentration, while the accumulation of
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5-HMF and 5-methyl-furan (5-MF) was higher at the highest pretreatment temperatures.
This clearly indicates that a detoxification stage must be carried out for pretreatment liquors
in which the presence of fermentation inhibitors is unavoidable [20,21].

The data presented in Table 2 showed that, by treating SCB pretreatment liquors with
activated carbon powder, furfural and 5-HMF concentrations were reduced by 97–98%
(p < 0.05), regardless of conditions used for pretreatment. Acetic acid removals were
55.2 and 57.2% for pretreatments carried out at 195 ◦C for 7.5 and 15 min, respectively. By
contrast, no sugar losses were observed after adsorption on activated carbon powder at
ambient temperature.

In our work, detoxification with activated carbon was highly efficient at room tempera-
ture, while other studies required heating to be effective. Lu, Dong, and Yang [55] reported
using 2% (m·v−1) commercial activated carbon to remove 80% and 87.9% of furfural and
5-HMF present in wood chips acid hydrolysates, respectively. Adsorption was performed
at 90 ◦C for 30 min under constant stirring (150 rpm). Miura, Suzuki, and Aoyama [56]
detoxified wood acid hydrolysates using adsorption on 10% (m·v−1) activated carbon
powder at 30 ◦C for 1 h. Around 83% of furfural and other low molar mass phenolic
compounds were removed, while carbohydrate and acetic acid concentrations remained
practically unaltered. Better detoxification efficiencies may have been due to the better
textural properties of the activated carbon used in our studies.

3.3. Enzymatic Hydrolysis

Enzymatic hydrolysis of unwashed (SEB-UW) and water-washed (SEB-WW) sub-
strates was investigated using an experimental design that was based on the following
variables: substrate TS, Cellic CTec3 loading, and Cellic HTec3 supplementation. The latter
variable was introduced because pretreatment liquors contained oligosaccharides that are
known to inhibit total cellulase activity [57,58]. The results obtained after 96 h of hydrolysis
were subjected to multiple linear regression analyses to generate mathematical models that
could describe trends to the response function, which corresponded to the release of glucose
equivalents in the reaction environment (in g·L−1). This was the only response function
treated statistically because of its relevance for LA production since high concentrations of
fermentable sugars are desirable to achieve high fermentation yields. Table 3 shows the
mathematical equations that were generated to fit the experimental data for both SEB-UW
and SEB-WW enzymatic hydrolyses, whereas Table 4 presents their corresponding analysis
of variance (ANOVA). The quadratic models developed to adjust the enzymatic hydrolysis
data were generally adequate, with adjusted regression coefficients (R2) always above 0.99.

Table 3. Mathematical models for glucose release (g/L) from enzymatic hydrolysis experiments
performed in shake flasks for 96 h.

Substrate Equation R2

SEB7.5-WW Glc = −17.36(x1)2 + 11.35x1 + 4.24x2 + 3.32x3 + 2.36x1x2 + 0.79x1x3 + 2.27x2x3 + 52.32 0.9986

SEB15-WW Glc = −10.84(x1)2 + 17.84x1 + 10.95x2 + 2.29x3 + 5.79x1x2 − 0.48x1x3 + 2.02x2x3 + 57.65 0.9982

SEB7.5-UW Glc = −18.36(x1)2 + 11.54x1 + 4.43x2 + 2.86x3 + 4.22x1x2 + 0.17x1x3 + 3.32x2x3 + 50.73 0.9969

SEB15-UW Glc = −0.30(x1)2 + 16.78x1 + 10.08x2 + 4.86x3 + 6.30x1x2 − 1.47x1x3 + 3.04x2x3 + 36.58 0.9998

Table 4. Analysis of variance (ANOVA) of the mathematical models presented in Table 3 at a
confidence level of 95% (p < 0.05).

Substrate Conditions Degrees of Freedom RSR * Adjusted R2 F-Value p-Value

SEB-WW
195 ◦C, 7.5 min 10 0.5219 0.9986 1702 1.459 × 10−14

195 ◦C, 15 min 10 0.8164 0.9969 779 7.208 × 10−13

SEB-UW
195 ◦C, 7.5 min 10 0.9194 0.9982 1337 4.867 × 10−14

195 ◦C, 15 min 10 0.9317 0.9980 1207 8.156 × 10−14

* Residual standard error.
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The highest glucan conversion (74.4%) was obtained from SEB15-WW in the presence
of Cellic HTec3 for a final glucose concentration of 84.5 g·L−1 after 96 h or hydrolysis
(Table 5). This value was 25% higher than that obtained with the same substrate in the
absence of Cellic HTec3 (67.2% glucan conversion for a 78.25 g·L−1 glucose concentration).
In fact, Cellic HTec3 improved the hydrolysis performance of Cellic CTec3 in all reaction
configurations. Therefore, residual xylans that were retained in steam-exploded materials
seemed to have a role in limiting cellulose accessibility. Also, for SEB-UW substrates,
additional hemicellulase activity helped converting water-soluble xylo-oligomers to fer-
mentable xylose, justifying the achievement of slightly higher xylose recoveries. However,
it is worth noticing that Cellic HTec3 contains some residual cellulase activity (~5 FPU g−1),
which may have been partially responsible for its boosting effect over Cellic CTec3.

Table 5. Glucose and xylose release after enzymatic hydrolysis of both SEB-UW and SEB-WW in
shake flasks for 96 h using Cellic CTec3 in the absence and presence of 10% Cellic HTec3 (wet basis).

Parameter
SEB-WW 1 SEB-UW 2

CTec3 CTec3/HTec3 CTec3 CTec3/HTec3

Steam explosion at 195 ◦C for 7.5 min
Glucose concentration (g·L−1) 46.17 ± 0.13 59.65 ± 0.33 45.61 ± 0.30 59.50 ± 0.37
Cellobiose concentration (g·L−1) 1.50 ± 0.12 2.52 ± 0.04 1.53 ± 0.12 2.25 ± 0.16
Glucan conversion (%) 39.26 ± 0.07 51.23 ± 0.19 38.27 ± 0.17 50.15 ± 0.22
Xylose concentration (g·L−1) 2.59 ± 0.15 3.00 ± 0.09 6.24 ± 0.12 6.89 ± 0.11
Xylan conversion 40.52 ± 0.32 46.9 ± 0.19 97.5 ± 0.16 97.7 ± 0.25

Steam explosion at 195 ◦C for 15 min
Glucose concentration (g·L−1) 78.25 ± 0.28 84.52 ± 0.31 63.72 ± 0.13 75.14 ± 0.11
Cellobiose concentration (g·L−1) 3.09 ± 0.12 3.40 ± 0.06 1.51 ± 0.11 2.63 ± 0.12
Glucan conversion (%) 67.02 ± 0.16 74.44 ± 0.20 52.93 ± 0.08 63.15 ± 0.10
Xylose concentration (g·L−1) 1.78 ± 0.09 2.16 ± 0.12 2.88 ± 0.07 3.30 ± 0.02
Xylan conversion 27.8 ± 0.17 33.7 ± 0.11 45.0 ± 0.31 51.6 ± 0.47

1 Water-washed steam-exploded sugarcane bagasse. 2 Unwashed steam-exploded sugarcane bagasse.

SEB-WW was better than SEB-UW for enzymatic hydrolysis, but the difference was
minor for substrates produced at the lowest severity (195 ◦C, 7.5 min). Comparing the
total processing time and the resulting glucose concentration in Table 5, water washing
seems to be dispensable when pretreatment was carried out for 7.5 min, but mandatory
when pretreatment was carried out for 15 min. This suggests that, by doubling the reaction
time, the accumulation of potential hydrolysis inhibitors in the C5 stream became critical
and this could not be attributed to XOS because these oligos tend to be almost completely
hydrolyzed under more drastic pretreatment conditions. On the other hand, in both
scenarios, better substrates for hydrolysis were produced when steam explosion was
carried out for a longer reaction time or higher pretreatment severity.

Enzymatic hydrolysis of pretreated cellulosic materials was subsequently scaled-up
by a factor of 10. Selected hydrolysis conditions (20 wt% TS and 60 mg g−1 TS of Cellic
CTec3 plus 6 mg g−1 TS of Cellic HTec3) were used in the Infors-HT bioreactor to produce
enough substrate hydrolysate for fermentation [20,22,59]. Figure 2 shows the hydrolysis
profile of both SEB-UW and SEB-WW, with the results given in glucose release in g·L−1.
The effects of pretreatment severity, water washing, and Cellic HTec3 supplementation
on hydrolysis efficiency were the same as those observed in shake flasks. Cellobiose was
always within 1 and 3% of the total glucose release, meaning that the b-glucosidase activity
of Cellic CTec3 was high enough to keep it below inhibitory levels. Xylan conversion was
higher for SEB7.5-UW, which may have been caused by the xylose concentration of the C5
stream that was retained in the steam-exploded material after centrifugation.
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Figure 2. Glucose released (in g·L−1) during the enzymatic hydrolysis of steam-exploded substrates
for experiments that were carried out in Infors HT bioreactors.

3.4. Fermentation of SEB Pretreatment Liquors

SEB pretreatment liquors and enzymatic hydrolysates were fermented either alone or
in combination using SHF and SHCF protocols. Initially, both fractions were fermented
separately to evaluate the influence of detoxification on fermentation yields. There was a
visual difference in the turbidity of the media (increase in cell biomass) and a significant
difference in LA production between undetoxified and detoxified fractions (p < 0.05).
Table 6 compares the fermentation profiles of SEB7.5 and SEB15 pretreatment liquors.

Table 6. Lactic acid fermentation of the pretreatment liquors before and after detoxification with a
commercial activated carbon powder.

Parameter
SEB7.5 Liquor SEB15 Liquor

Non-Detoxified Detoxified Non-Detoxified Detoxified

Initial Xyl (g·L−1) 1 11.2 ± 0.2 11.1 ± 0.2 4.3 ± 0.2 4.3 ± 0.1
Initial Glc (g·L−1) 1 2.2 ± 0.2 2.3 ± 0.1 2.2 ± 0.1 2.1 ± 0.2
Initial Ara (g·L−1) 1 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.2 0.4 ± 0.1
Lactic acid (g·L−1) 2 2.3 ± 0.6 13.4 ± 0.5 1.7 ± 0.4 6.6 ± 0.6
Yp/s (g·g−1) 3 0.17 ± 0.03 0.96 ± 0.02 0.25 ± 0.10 0.97 ± 0.12
Yx/s (g·g−1) 4 0.19 ± 0.03 0.16 ± 0.04 0.09 ± 0.05 0.11 ± 0.07
PLA (g·L−1·h−1) 5 <0.01 0.54 ± 0.02 <0.01 0.24 ± 0.03
OD600

6 1.0 ± 0.3 5.9 ± 0.1 1.6 ± 0.4 3.8 ± 0.6
1 Xyl, Glc, Ara—xylose, glucose, and arabinose. 2 Lactic acid produced by fermentation. 3 Lactic acid yield
(gram of product per gram of substrate). 4 Biomass yield (gram of biomass per gram of substrate). 5 Lactic acid
productivity (gram of product per liter per hour). 6 Optical densities at 600 nm.

After fermentation, LA contents in non-detoxified pretreatment liquors were lower
than those obtained from detoxified fractions for both pretreatment conditions. LA produc-
tion from non-detoxified media was 2.3 and 1.7 g·L−1 for SEB7.5 and SEB15, respectively.
These values are statistically equal at a 95% confidence level, meaning that pretreatment
liquors without detoxification have similar fermentation performances. By contrast, LA
contents from detoxified samples were 13.4 and 6.6 g·L−1, respectively. Lower residence
times into the steam reactor led to a lower level of carbohydrate degradation and lower
release of fermentation inhibitors in pretreatment hydrolysates. By contrast, the poor
fermentation performance of non-detoxified samples was attributed to the presence of
inhibitory compounds such as furans, organic acids, and phenolic compounds.

Oliveira et al. [60] used a synthetic media containing xylose and glucose to produce
LA, as well as SCB hemicellulose hydrolysates that were obtained by acid hydrolysis at
10% TS using 0.5% (v/v) HCl at 140 ◦C for 15 min. This acid hydrolysate, containing
48 g·L−1 xylose, 7.86 g·L−1 glucose, 0.08 g·L−1 5-HMF, and 0.01 g·L−1 furfural, was
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supplemented with 20 g·L−1 yeast extract and fermented with B. coagulans 14–300 to
produce 56 g·L−1 lactic acid for a theoretical yield of 87%. However, an evaporation step
was added to concentrate the acid hydrolysate, which may have reduced its already low
concentration of inhibitory compounds [21,27].

Ahorsu et al. [61] used B. coagulans DSM2314 to ferment nutshell hydrolysates obtained
by microwave-assisted autohydrolysis. The experiments were carried out at 190 ◦C for up
to 25 min in an equipment configuration that allowed five reactions to occur simultaneously.
An LA productivity of 0.2 g·L−1·h−1 was obtained, which corresponded to a 93% xylose
conversion (6 g·L−1 of LA). Furthermore, 0.45 g·L−1 furfural and 2.42 g·L−1 acetic acid
did not affect the B. coagulans DSM2314 fermentation performance. However, the presence
of xylo-oligosaccharides was not investigated, although probably present in pretreatment
liquors, while fermentation times were up to 48 h.

van der Pol et al. [62] pre-cultured B. coagulans DSM2314 in the presence of fermen-
tation inhibitors using glucose and xylose as carbon source. Inhibitors were found in the
following concentrations: 1.6 g·L−1 furfural, 0.2 g·L−1 HMF, and 3.1 g·L−1 acetic acid. Al-
though an increase in LA production was observed in the presence of furfural, fermentation
trials were only carried out in synthetic media that simulated the carbohydrate composition
of hemicellulose hydrolysates. Furthermore, the observed increase in productivity was not
directly associated with furfural consumption or conversion.

A possible explanation for the albeit small formation of LA in the non-detoxified
environment (Table 6, Figure 2) would be that, despite the toxicity of furfural being mainly
caused by the formation of reactive oxygen species [63,64], several B. coagulans genes
are known to encode for enzymes such as superoxide dismutase and catalase that can
reduce these reactive species to less inhibitory compounds such as 2-furoic acid [65].
Since the DSM2314 strain is catalase-positive, this mechanism may be involved in its
tolerance to the presence of furfural [62]. Ye et al. [66] used B. coagulans JI12 to ferment
cellulosic and hemicellulosic hydrolysates from oil palm empty fruit bunches that contained
glucose and xylose in different proportions (1:10 and 1:1). The strain was able to ferment
both hydrolysates in the presence of 4 g·L−1 furfural, which was partially metabolized to
2-furoic acid.

3.5. Fermentation of SEB-UW and SEB-WW Enzymatic Hydrolysates

Table 7 presents the fermentation profile of both SEB-UW and SEB-WW enzymatic
hydrolysates. C6 (glucose) fermentation predominated in both systems, but the former
involved more C5/C6 co-fermentation because the substrate retained part of the pretreat-
ment liquor (C5 stream) after centrifugation. Carbohydrates-to-LA conversions (Yp/s) of
0.88 and 0.93 g·g−1 were achieved for SEB7.5-WW and SEB7.5-UW, while these values
decreased to 0.61 and 0.78 g·g−1 for SEB15-WW and SEB15-UW, respectively. Therefore,
UW hydrolysates were not inhibitory to LA fermentation and microbial growth (see OD600
values in Table 7). Also, B. coagulans DSM2314 consumed both glucose and xylose indistinc-
tively, as demonstrated by the percentages of residual sugar detected after fermentation.
On the other hand, lower Yp/s values for both SEB15-WW and SEB15-UW hydrolysates
were probably due to the higher osmotic stress caused by applying higher initial glucose
concentrations in the fermentation media.

For SHCF co-fermentation experiments, the C5/C6 ratio was based on van der Pol
et al. [62], which was achieved by combining pretreatment liquors (C5 stream) and SEB-
WW enzymatic hydrolysates to achieve 10% C5 and 90% C6. For this, pretreatment liquors
were used without any further treatment (e.g., filtration or rotary evaporation) or after
physical adsorption on activated carbon power to eliminate most fermentation inhibitors
(detoxification). Table 8 presents the fermentation profile for SEB-WW enzymatic hy-
drolysates to which non-detoxified or detoxified C5 streams were added. Adding non-
detoxified pretreatment liquor to the corresponding SEB7.5-WW enzymatic hydrolysate
decreased fermentation efficiency (Yp/s) by ~90%, from 0.88 ± 0.01 to 0.07 ± 0.02 g·g−1.
This fact was observed by the low conversion of carbohydrates in the medium and the
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low cell density at the end of fermentation. Likewise, Yp/s decreased from 0.93 ± 0.01 to
0.07 ± 0.01 g·g−1 after adding the untreated C5 stream to SEB7.5-WW hydrolysates. Nev-
ertheless, B. coagulans DSM 2314 produced 4.6 g·L−1 LA in the presence of fermentation
inhibitors, demonstrating its ability to adapt to relatively high concentrations of furanic
compounds such as furfural. It is important to notice that a possible elimination of the
washing stage decreased LA production from 64.2 g·L−1 to 48.8 g·L−1 LA for SEB7.5, nearly
24% of reduction. SEB15 also showed a decrease in LA, from 56.9 g·L−1 to 52.4 g·L−1,
nearly 8%. In fact, these results can be explained by the superior hydrolysis performance of
water-washed substrates, which also impacted the subsequent fermentation yields.

Table 7. Lactic acid fermentation of enzymatic hydrolysates derived from water-washed (SEB-WW)
and unwashed (SEB-UW) pretreatment solids.

Parameter SEB7.5-WW SEB7.5-UW SEB15-WW SEB15-UW

Initial Xyl (g·L−1) 1 2.1 ± 0.1 6.4 ± 0.3 0.9 ± 0.7 4.9 ± 0.9
Initial Glc (g·L−1) 1 71.0 ± 0.4 59.8 ± 0.3 93.0 ± 1.8 89.9 ± 1.6
Residual Xyl (g·L−1) 1 0.2 ± 0.1 2.1 ± 0.3 0.13 ± 0.07 2.4 ± 0.8
Residual Glc (g·L−1) 1 17.1 ± 1.2 14.3 ± 1.6 34.6 ± 1.7 42.0 ± 1.1
Lactic acid (g·L−1) 2 64.2 ± 1.3 48.8 ± 0.5 56.9 ± 1.2 52.4 ± 0.8
Yp/s (g·g−1) 3 0.88 ± 0.01 0.74 ± 0.01 0.61 ± 0.01 0.55 ± 0.02
Yx/s (g·g−1) 4 0.09 ± 0.02 0.09 ± 0.01 0.08 ± 0.01 0.08 ± 0.3
PLA (g·L−1·h−1) 5 2.68 ± 0.08 2.03 ± 0.03 2.37 ± 0.07 2.19 ± 0.05
OD600

6 14.6 ± 0.8 15.3 ± 0.9 14.1 ± 0.3 15.9 ± 0.4
1 Xyl, Glc —xylose and glucose. 2 Lactic acid produced by fermentation. 3 Lactic acid yield (gram of product per
gram of substrate). 4 Biomass yield (gram of biomass per gram of substrate). 5 Lactic acid productivity (gram of
product per liter per hour). 6 Optical densities at 600 nm.

Table 8. Lactic acid fermentation of enzymatic hydrolysates derived from water-washed (SEB7.5-WW)
pretreatment solids with the addition of non-detoxified and detoxified pretreatment liquors
(C5 stream) for a C5/C6 ratio of 1:10.

Parameter
SEB7.5-WW Hydrolysates Containing: SEB15-WW Hydrolysates Containing:

Non-Detoxified C5 Detoxified C5 Non-Detoxified C5 Detoxified C5

Initial Xyl (g·L−1) 1 6.9 ± 0.7 6.4 ± 0.3 8.9 ± 0.9 5.5 ± 0.6
Initial Glc (g·L−1) 1 54.4 ± 0.9 59.8 ± 0.3 87.2 ± 0.9 91.0 ± 1.4
Residual Xyl (g·L−1) 1 4.4 ± 0.9 1.1 ± 0.5 6.2 ± 0.6 1.2 ± 0.3
Residual Glc (g·L−1) 1 51.9 ± 0.3 3.8 ± 0.7 85.7 ± 0.4 26.4 ± 0.2
Lactic acid (g·L−1) 2 4.6 ± 0.3 61.4 ± 1.8 4.1 ± 0.5 76.7 ± 1.4
Yp/s (g·g−1) 3 0.07 ± 0.02 0.93 ± 0.02 0.04 ± 0.02 0.78 ± 0.02
Yx/s (g·g−1) 4 0.07 ± 0.01 0.07 ± 0.02 0.07 ± 0.01 0.08 ± 0.01
PLA (g·L−1·h−1) 5 0.19 ± 0.06 2.55 ± 0.11 0.17 ± 0.03 3.20 ± 0.08
OD600

6 3.7 ± 0.2 16.2 ± 0.4 3.3 ± 0.2 16.0 ± 0.7
1–6 See legends in Table 6.

Organic acids and phenolic acids are toxic to the bacteria because they can cross the
cell membrane, decreasing the intracellular pH and causing damage to cell functions. Upon
inhibition, the metabolic energy is spent to maintain homeostasis instead of being used for
cell growth. Protein denaturation, metabolism inhibition, and cell death may also occur in
the presence of potent inhibitory compounds [67–69].

Cubas-Cano et al. [34] studied the effect of inhibitory compounds on lactic acid
fermentation using B. coagulans A162 and DSM2314 strains. Acid hydrolysates from garden
plant waste acid-catalyzed steam explosion (180 ◦C for 10 min plus 60 mg·g−1 H2SO4) were
used as carbon source. After pretreatment, the hemicellulose hydrolysate presented the
following composition: 5 g L−1 glucose, 15 g L−1 xylose, 3.4 g L−1 arabinose, 0.20 g L−1

furfural, 0.23 g L−1 5-HMF, 1.15 g L−1 acetic acid, and 0.23 g L−1 formic acid. The highest
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LA productivity of 2.4 g·L−1·h−1 was attained by the A162 strain, which was tolerant to
the presence of fermentation inhibitors at these concentrations.

van der Pol et al. [70] applied pSSF for LA production using H2SO4-impregnated
steam-exploded SCB (170 ◦C for 15 min using 0.72 vol% H2SO4 in relation to SCB dry
mass). The substrate was pre-saccharified for 4 to 6 h with an enzyme cocktail containing
both xylanase and cellulase activities (15 FPU·g−1 Genencor GC220 in relation to the
substrate dry mass), when an inoculum (5%, v/v) that was pre-cultured in the presence of
furfural was added to the medium. LA production reached 70.4 g·L−1 in 68 h, representing
89.7% carbohydrate conversion and an estimated productivity of 0.98 g·L−1·h−1. LA
concentrations above 90 g·L−1 have already been reported in other studies for fermentation
times up to 50 h [71].

4. Conclusions

Sugarcane bagasse steam explosion was successfully used to produce second gen-
eration LA by SHF and SHCF under anaerobic conditions. The pretreatment liquor
(C5 stream) was shown to be highly inhibitory to B. coagulans DSM2314. This problem
was circumvented by adsorption of fermentation inhibitors on activated carbon powder
without causing noticeable sugar losses. Furan compounds such as furfural and 5-HMF
were almost completely removed, while acetic acid was decreased by nearly 50%. The pres-
ence of xylo-oligosaccharides in substrate hydrolysates reduced hydrolysis efficiency, but
their effect on fermentation was negligible. SHF and SHCF produced 64.2 and 61.4 g·L−1

LA from materials pretreated for 7.5 min, while samples pretreated for 15 min produced
56.9 and 76.7 g·L−1, respectively. However, lactic acid yields were better for pretreatment at
195 ◦C for 7.5 min, reaching Yp/s values of 0.88 and 0.93 g·L−1 for SHCF with and without
adding the detoxified C5 stream. Doubling the pretreatment time caused a decrease in
Yp/s to 0.78 g·g−1, but the corresponding LA productivity from SHCF with the detoxified
C5 stream reached 3.20 g·L−1·h−1. For pretreatment at 195 ◦C for 7.5 min, elimination of
substrate water washing seemed feasible, while the use of longer pretreatment times made
it mandatory to eliminate fermentation inhibitors.
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Abstract: The implementation of a microbial fuel cell for wastewater treatment and bioenergy
production requires a cost reduction, especially when it comes to the ion exchange membrane part
and the catalysts needed for this purpose. Ionic liquids in their immobilized phase in proton exchange
membranes and non-noble catalysts, as alternatives to conventional systems, have been intensively
investigated in recent years. In the present study, a new microbial fuel cell technology, based on an
ionic liquid membrane assembly for CoCu mixed oxide catalysts, is proposed to treat animal slurry.
The new low-cost membrane–cathode system is prepared in one single step, thus simplifying the
manufacturing process of a membrane–cathode system. The novel MFCs based on the new low-cost
membrane–cathode system achieved up to 51% of the power reached when platinum was used as a
catalyst. Furthermore, the removal of organic matter in suspension after 12 days was higher than that
achieved with a conventional system based on the use of platinum catalysts. Moreover, struvite, a
precipitate consisting of ammonium, magnesium, and phosphate, which could be used as a fertilizer,
was recovered using this membrane–cathode system.

Keywords: microbial fuel cell; ionic liquid membrane; slurry treatment; fertilizer production

1. Introduction

Microbial fuel cells (MFCs) form part of an emerging technology that makes it possible
to convert the chemicals and biowastes contained in wastewater into electrical energy
and other high-value products. Most publications are related to laboratory-scale appli-
cations, although there are also pilot- or semi-industrial-scale publications. The change
of scale requires the search for cheaper and more efficient materials than conventional
materials [1–6]. A microbial fuel cell consists of a cathode, an anode, and an ion exchange
membrane. Platinum (Pt) is widely used as a catalyst in cathode systems to combat slow
reactions, but it is expensive and prevents commercialization progress; Pt is also used
in the ion exchange membrane, which is usually a perfluorinated organic polymer [7,8].
The research in this area in recent years has focused on the development of new nanos-
tructured chemical catalysts, which are comparable with platinum in terms of reaction
velocity, by using low-cost catalysts based on non-noble metals, in the hope of developing
technologies that can be industrially implemented. Specifically, the catalysts described
below were developed and tested in MFCs: (i) iron streptomycin [9], (ii) MnO2 [10,11],
(iii) iron aminoantipyrine [12], (iv) ferroelectric materials such as LiTaO3 [13], (v) activated
carbon [14], and (vi) biocathodes [15–17].
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Regarding the proton exchange membrane, ionic liquids are used in proton exchange
membranes as the active phase being used in the innovative phase in proton exchange mem-
branes. Ionic liquids (ILs) are salts that exist in a liquid state at or near room temperature.
Ionic liquids are composed of organic cations, the most common of which are tetraalky-
lammonium, tetraalkylphosphonium, N-alkylpyridine, and N,N′-dialkylimidazolium, and
anions, such as hexafluorophosphate, tetrafluoroborate, triflimide, and triflate anions. Due
to their unique properties, such as high ionic conductivity, a wide electrochemical stability
window, and thermal stability, they were extensively studied as alternative electrolytes for
various electrochemical devices, including batteries, capacitors, sensors, and electroplat-
ing [18]. Furthermore, as was recently demonstrated, they allow for the selective transport
of ions [19]. Three generations of proton exchange membranes composed of ionic liquids
were used in MFCs: (i) supported ionic liquid membranes [20]; (ii) polymeric ionic liquid
membranes, which are also called ionogel, based on ionic liquids [21] (the advantage of
the latter over the former being that they allow for a much larger quantity of ionic liquids
to be immobilized, while increasing stability); and (iii) polymeric ionic liquid inclusion
membranes, based on ionic liquids assembled onto the catalyst [22]. For these last mem-
branes, the catalyst was sprayed on a carbon cloth, and the ionogel was created on the
carbon cloth, which allows for close contact between the membrane and the cathode, with
a consequent reduction in electrical resistance. In this work, a new simple procedure was
assayed, in which the catalyst is located within the ionogel, based on the ionic liquid phase,
which also favors contact between the proton exchange membrane and catalyst. These new
membranes were assayed for slurry treatment.

Livestock farms are one of the sectors with great economic activity in Europe. In-
creased demand for meat products led to the development of intensive farming, which
results in large amounts of slurry, contaminating both our atmosphere and soils due to the
nitrogenous content. This made conventional treatment for slurry infeasible and, therefore,
motivated the scientific community and business sector to seek new and sustainable so-
lutions for the treatment of slurry. Slurry is a mixture of animal excrement, unconsumed
feed material, and water, and it is commonly used in agriculture as a fertilizer and soil
conditioner. However, if not managed properly, slurry can cause environmental problems.
The high concentration of nitrogen and phosphorus in slurry can contribute to eutrophica-
tion in watercourses and reservoirs, leading to ecological imbalances in aquatic ecosystems.
Furthermore, slurry has high values of biochemical and chemical oxygen demand (BOD
and COD), which make slurry treatment by conventional methods difficult. The high COD
and BOD levels can lead to oxygen depletion in water bodies, causing harm to aquatic
life [23].

In the present study, slurry at a high COD concentration was used as a fuel in a
microbial fuel cell technology based on a new type of ionic-liquid-type membrane–cathode
assembly. The methodology proposed in this study requires only one step, i.e., the impreg-
nation of the diffusion layer with a mixture of the ionic liquid and catalyst. This novel
approach simplifies the fabrication of the membrane–catalyst system, thus reducing costs,
especially with a view of industrialization. The bioenergy produced by microbial fuel
cells, as well as the reduction in COD, BOD, and other physical–chemical parameters, was
analyzed. The chemical composition and the morphology of the membrane–catalyst system
were extensively studied using SEM–EDX techniques.

2. Materials and Methods

2.1. Fuel and Chemicals

Livestock slurry from the livestock farm of the Veterinary Faculty of the Universidad
de Murcia was used as fuel. The wastewater also acted as the inoculum for the formation of
an anodic bacterial community. The wastewater’s soluble chemical oxygen demand (COD)
was found to be 2540 mg/L.

Polyvinylidene chloride and ionic liquids, which were used for preparing the ionic
liquid membranes, were purchased from Sigma-Aldrich-Fluka, Kawasaki, Japan.
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2.2. Synthesis of Copper and Cobalt Mixed Valence Oxides

Thermal decomposition method was used to synthesize (Cu0.3Co0.7)Co2O4 [9,23].
Previous studies prepared copper–cobalt oxides at varying atomic ratios of Cu/Co and
found that (Cu0.3Co0.7)Co2O4 had the highest power output [9]. This catalyst also showed
up to three Co oxidation states in its structure [24]. To prepare the co-precipitates of copper
and cobalt hydroxides (CoOH2, CuOH2), an excess quantity of 3 M NaOH solution was
slowly added over a mixture of CuCl2 and CoCl2, stirred for 7 h at 25 ◦C, and filtered. The
resulting precipitates ((Cu0.3Co0.7)Co2O4) were washed with deionized hot water and
dried at 60 ◦C for 24 h. The dried powder was heated between 350 and 400 ◦C for 8 h.

The crystallographic structure and purity of the oxides were characterized using X-ray
diffraction (XRD) with a Bruker D8 Advance diffractometer (Bruker; Karlsruhe, Germany)
with a generator of X-ray, Kristalloflex K 7608-80 F, with a copper anode. Particle size was
measured with a JEOL JEM2100 transmission electron microscopy (TEM).

The TEM images showed copper–cobalt oxides nanoparticle with dimensions ranging
between 17 and 45 nm. The XRD patterns of the catalyst revealed that the oxides have
spinel lattice packed in cubic structure and purity of 100% (semi-quantitative analysis),
with no other phases appearing in the samples analyzed.

2.3. Preparation of New Proton Exchange Membranes with Catalytic Activity Based on Ionic Liquids

The embedded membrane–cathode assembly was a polymeric inclusion membrane
type. Polymer inclusion membranes based on ionic liquids were obtained by casting
methods using PVC polymer and methyltrioctyl ammonium chloride ([MTOA+][Cl−]).
The amount of ionic liquid was 70% w/w of the PVC/IL mixture. Two new types of
embedded membrane–cathode assemblies were prepared and tested in MFCs. In the first
preparation (P1), the IL and PVC base polymer were dissolved in THF, and 10 mg of
the catalyst was added to the solution, which was then stirred for 10 min. The resulting
suspension was poured into a Fluka glass ring (28 mm inner diameter, 30 mm height) on a
glass plate and left to settle overnight until complete evaporation of THF. After evaporation,
a thin plastic membrane was obtained, which was carefully peeled off the glass plate.
Finally, the membrane and a piece of 3 cm diameter carbon cloth (Fuel Cell Earth, EEUU)
were fixed with a round joint clip. In the second procedure (P2), the mixture of the IL
methyltrioctylammonium chloride, ([MTOA+][Cl−]), with PVC (polyvinyl chloride), THF
(tetrahydrofuran), and 10 mg of catalyst were poured directly onto a piece of 3 cm diameter
carbon cloth cathodes placed between a Fluka glass ring and a Fluka glass plate. This
protocol produces a composite material comprising proton exchange membrane, catalyst,
and diffusion layer.

As a control (C), a PILIM based on [MTOA+][Cl−] and PVC 70% w/w and a platinum
cathode was used. The membrane was manufactured by dissolving the IL and PVC in THF,
before pouring the solution into a Fluka glass ring (Sigma-Aldrich International GmbH;
Buchs, Switzerland) and evaporating the THF [25]. The cathode, based on platinum on
carbon cloth, was fixed together with the ionic liquid membrane with a round join clip.
The cathode was a mixture of 10.5 mg of a Pt/C mixture (nominally 60% platinum on a
high surface area advance carbon support, Thermo Scientific, Waltham, MA, USA), water,
isopropanol, and PTFE sprayed onto a 3 cm diameter piece of 10% water-proof carbon cloth
(Fuel Cell Earth, Sacramento, CA, USA). The final load of platinum on the carbon cloth was
0.5 mg Pt cm−2.

2.4. MFC Studies

Newly embedded membrane–cathode assemblies were employed in one-chamber
MFCs for slurry treatment and evaluated in terms of power output, COD, and BOD
reduction (Figure 1).
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Figure 1. Schematic diagram of the reactor used in the experiments. P1 is the catalyst suspended
in the mixture IL/PVC, and the synthesized catalytic ionogel is placed on carbon cloth. P2 is the
catalytic ionogel synthesized in the carbon cloth. C is a conventional method in which the catalyst is
sprayed on carbon cloth and then the proton exchange membrane base on ionic liquid is placed on
the carbon cloth.

The experimental setup consisted of reactors made from modified 250 mL glass bottles
with cylindrical flanges, where the temperature was maintained at 25 ◦C. The proton
exchange membrane–cation system was identified by the labels P1, P2, and C, as mentioned
earlier. The cathode was connected to the anode using a 1 kΩ resistor. The anode was
composed of 100 g of graphite granules with a diameter of 3–5 mm and a graphite rod
with a diameter of 3.18 mm. Anode chambers contained 200 mL of feed and were sealed
with a lid equipped with a sampling port, ensuring anaerobic conditions throughout the
experiment. The membrane–cathode system was securely fastened to the reactor flange
using a round joint clip (see Figure 1). All tests were conducted in batch mode using
wastewater as the sole source of microorganisms and fuel.

To establish biofilm attachment and stabilization, an initial period was required, after
which polarization experiment was carried out at 192 h. Anodes and membrane–cathode
systems were replaced for each trial, and daily sampling was performed by extracting a
5 mL aliquot with a syringe, which was then filtered through a 0.45 μm pore diameter
membrane filter. A 2 mL aliquot was retained for COD analysis, which was carried out
throughout the experiment. To ensure accuracy, three MFC replicates were run, and the
data presented are an average of three reactor runs for each system.

2.5. Analytical Methods
2.5.1. Chemical Analysis

During treatment, the wastewater was characterized in terms of COD (chemical
oxygen demand), BOD5 (biochemical oxygen demand at 5 days), and UV254 (absorbance at
254 nm). Wastewater samples were collected regularly, using 0.45 nm nylon syringe filters
(Fisher brand of Fisher Scientific, Waltham, MA, USA). When necessary, the samples were
digested in a TR 420 thermoreactor of Spectroquant, from Merck Millipore, Burlington, MA,
USA. The chemical composition of the samples was determined with spectrophotometry
using Spectroquant 300 prove equipment from Merck Millipore (Danvers, MA, USA) using
kits. The methods used were as follows:

• COD (chemical oxygen demand): test conducted in COD 145541 Supelco cuvettes
(Sigma-Aldrich). Procedure was according to DIN ISO 15705 and approved by the
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USEPA for wastewater. The relative standard deviation of the assay was found to be
less than 3%, indicating a high degree of repeatability.

• Biochemical oxygen demand at 5 days (BOD5): A system of six Velp Scientifica DBO
sensors was used for the manometric determination of BOD, using dicyanamide as an
inhibitor for nitrification and sodium hydroxide as alkali to capture CO2.

• Absorbance at 254 nm (UV254): as described previously [26], there is a correlation
between dissolved organic matter and absorbance at 254 nm. The reduction in UV254
has also been related to the removal of organic micropollutants [27].

• Other parameters, including pH, conductivity, and temperature, were determined
with a digital multimeter (sensION + MM150 from Hach Company; Loveland, CO,
USA).

2.5.2. Electrochemical Analysis

To analyze the performance of the new fuel material (wastewater) in terms of electricity
generation, polarization, internal resistance, and Coulombic efficiency were calculated.

Polarization Test

The voltage was continuously monitored every minute by a PCI 6010 data acquisition
system (National Instruments, Austin, TX, USA). The voltage was also read intermittently
off-line using a DVM891 digital multimeter (HQ Power, Berlin, Germany). Polarization
was measured using a variable resistor box (5.77 MΩ, 953 kΩ, 486 kΩ, 96.5 kΩ, 50 kΩ,
11 kΩ, 6 kΩ, 1.1 kΩ, 561 Ω, 94.5 Ω, and 1.5 Ω) after 192 h of operation.

The voltage measurement was performed when the cell had reached a pseudo steady
state under a specific resistor value. The time taken for the cell to reach the pseudo steady
state was approximately 1 min. To ensure the reliability of the results, each measurement
was conducted three times, and the mean value was reported. The relative standard devia-
tion of the assay was found to be less than 10%, indicating a high degree of repeatability.

Internal Resistance

The internal resistance Rint (Ω) of each MFC was determined from Equation (1) [28]:

Rint(Ω) =
OCV (V)

I(A)
− Rext(Ω) (1)

where OCV is the open circuit voltage, I is the current density at maximum power, and Rext
is the external resistance at maximum power.

Coulombic Efficiency

The concept of selectivity is used to evaluate Coulombic efficiency in microbial fuel
cells, which measures the electric charge accumulated during substrate removal. Coulombic
efficiency is determined by calculating the ratio of the number of coulombs transferred
to the anode from the substrate to the maximum number of coulombs that would be
transferred in the theorical case such that the entire substrate is transformed to current [28]:

YQ =
coulombs transferred

total theoretical coulombs produced
·100 (2)

YQ =
Mm

∫ t
0 i(t)dt

FΔDQObV
·100 (3)

where Mm is the molar mass of oxygen (32 gmol−1), i(t) is the current intensity at a given
time t, F is Faraday constant (96,485 Cmole−1), ΔCOD is the variation of COD in (mg/L),
b is the number of moles of electrons produced per mole of oxygen (b = 4), and V is the
volume of liquid in the anodic chamber (0.2 L).

179



Fermentation 2023, 9, 844

2.6. SEM-EDX Characterization

To study the morphological characteristics, chemical composition, and distribution
of elements in the membranes, a SEM equipped with an energy-dispersive X-ray (EDX)
analyzer (APREO S and a JEOL-6100, from Jeol Ltd., Tokyo, Japan) was employed. The
PILIMs were characterized using SEM-EDX immediately after preparation (referred to as
fresh membranes) and after MFC operation (referred to as test membranes).

3. Results and Discussion

3.1. Electrochemical Analysis

Initially, 200 mL of slurry was added to form a biofilm around the graphite granules.
The MFC voltage was continuously monitored for more than 280 h with a 1 kΩ external
resistor, for different membrane–cathode systems. During the first 72 h (maturation period),
the voltage increased until a plateau was reached. For the tests, fresh fuel was added, wait-
ing 192 h for the voltage to reach a pseudo-steady state, after which the polarization tests
were carried out. Polarization curves were obtained by varying the resistance between both
electrodes and determining at which resistance the maximum current density is produced.

Figure 2 shows the polarization curves with different embedded membrane–cathode
assemblies (P1, P2, and C). Figure 2 shows the maximum value of OCV for C at 500 mV. P1
and P2 OCV´s values were around 430 mV. At low intensities, data represent the activation
overpotential of the electrodes, the linear part then represents the ohmic losses of the system
and finally mass transfer losses can be determined at high current concentrations. P1 and
P2 show two different slopes corresponding to activation and ohmic losses, with limiting
current densities reached at 653 mA m−2 and 1478 mA m−2 for P1 and P2, respectively. In
the case of membrane–cathode system C, polarization behavior was linear throughout, and
with limiting current densities of around 1753 mA m−2.

Figure 2. Polarization (A) and power (B) curves of MFCs with different embedded membrane–
cathode assembly systems (P1, P2, and C). Calculations are based on the surface of the membrane–
cathode assembly.

The power output curves (Figure 2B) showed that the highest power densities were
obtained with the control membrane–cathode system based on platinum, with a maxi-
mum value of 230 mWm−2. The power density for the P2 membrane–cathode system
was 118 mWm−2 (51% the value of C), and for P1, the maximum recorded power was
52 mWm−2 (23% the value of C) (see Figure 2B). Kiely et al. [29] used an air cathode
microbial fuel cell where the cathode is constructed by applying platinum (0.5 mg/cm2)
and four diffusion layers (PTFE) to 30% wet-proofed carbon cloth. They used dairy manure
wastewater with a soluble chemical oxygen demand of 450 mg/L. The maximum power
density was 189 mW/m2.

Polarization curves provide information on the electrochemical behavior of system and
help determine the internal resistance (see Figure 2). The different embedded membrane–
cathode assembly systems showed different internal resistances due to their composition
and the way in which they are manufactured. The control (C), which is composed of
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platinum, showed the lowest internal resistance (833 Ω), and consequently, the greatest
maximum power. The resistance of P2 (1093 Ω) was similar to that of the MFC with
platinum and lower than a half of the resistance of P1 (2465 Ω). The greater power
produced by P2 compared with P1 could be due to the membrane–cathode system of P2
being manufactured in one step. For P1, the catalytic membrane is placed on a carbon
cloth after the ionogel is prepared, which would increase the internal resistance compared
with P2.

In all cases, the Coulombic efficiency increased with time, which could be due to
a more efficient oxygen reduction reaction and, consequently, a better utilization of the
chemical energy contained in organic matter. In general, the Coulombic efficiency of P2
was always higher than that of P1 (Figure 3). This could be explained by the fact that the
new composite material P2 offers less ionic resistance since it is prepared in one single step.

Figure 3. Profile of the Coulombic efficiency (YQ) of the MFC with different membrane–cathode
systems (P1, P2, and C).

The most common method for preparing the cathode involves spraying Pt/C, water,
isopropanol, and PTFE on a diffusion layer and used a proton exchange membrane on the
diffusion layer [9]. The proposed method is simpler, as it is based on mixing the ionic liquid
phase, which also acts as a membrane, and the catalyst. The new preparation technique is
also malleable if intended for industrial purposes.

3.2. Slurry Wastewater Treatment Using Microbial Fuel Cell

The initial COD of the slurry wastewater sample was found to be 2540 mg/L, and its
behavior was assessed over the test time (288 h) for the three types of microbial fuel cells (P1, P2,
and C). The data obtained provided the COD reduction percentage for each MFC (Figure 4).

Figure 4. COD reduction (%) in MFC for each membrane–cathode system (P1, P2, and C).
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The rate of COD reduction was nearly constant during the first 96 h with a 41%
reduction obtained for P2, and around 25% for P1 and C. After this time, the rate of COD
reduction decreased, reaching a COD reduction during the last phase (192–288 h) of 54%
for the P2 system, 41% for the P1 system, and 31% for C. Considering the removal of COD
at initial time (until 96 h), the COD removal rate values were 10 mg L−1 h−1 for P1 and 6.3
mg L−1 h−1 for P2 and C. Furthermore, taking into account the higher Coulombic efficiency
of platinum compared with P1 and P2, the higher values of COD reduction for P1 and P2
could be explained due to the organic matter oxidation in the anodic compartment. The
formulation of the platinum cathodes could affect the activity of microorganisms in the
anodic compartment decreasing their natural activity towards the degradation of organic
matter. The results of the analysis of dissolved organic compound (DOC) based on the
absorbance at 254 nm are shown in Table 1.

Table 1. % DOC reduction in MFC based on membrane–cathode systems of P1, P2, and C.

Absorbance at 254 nm (Dilution 1:10)

MFC [UV254]0 [UV254]t=288 h [%DOC]t=288 h

P1 0.847 0.3465 59.09
P2 0.847 0.269 68.24
C 0.847 0.393 53.60

A similar trend was observed for %COD and %DOC removal, since higher values
were observed for P2 and lower values for P1. Indeed, these two parameters correlated
well with the literature. The initial value of biodegradable organic matter was 1167 mg L−1.
The % of BOD reduction reached at the end of the experiment was 89%, 77%, and 63% for
P1, P2, and C, respectively.

In the literature, there are very few research works that analyze the use of slurry as fuel
in microbial fuel cells. Furthermore, other works usually consider slurry with considerably
less COD than the one used in this work. Yokohama et al. [30] studied the purification of
slurry containing the feces and urine of Holstein cows using cathode-in-air microbial fuel
cells. The cathode contained 0.5 mg/cm2 of platinum catalyst, attached to a Nafion-115
proton exchange membrane. The initial COD values were 1010 mg/L. In this work, the BOD
reduction was around 80% at 70 h, and the COD reduction was around 70%. The maximum
power density was around 0.34 mW/m2. Similar BOD reduction values were found in both
research works; however, higher COD reduction was found in the Yokoyama’s work [30].
The lower COD reduction could be due to the higher ammonium concentration in our
sample. The initial ammonium concentration in our wastewater was around 620 mg/L and
in the previous work was around 38.9 mg/L. The high values of COD could involve a high
value of ammonium, which is toxic and hinders the degradability of the COD. However,
the BOD values are relatively high, and they are similar to those obtained in the literature.

3.3. Characterization of the Membrane–Catalyst Assembly

The membrane–catalyst assembly systems (P1, P2, and C) were characterized using
SEM-EDX before and after use in the MFCs. Figure 5 shows the SEM micrographs corre-
sponding to the P1 membrane on the side in contact with the anodic solution before testing
and after >280 h of testing. The air side after operation is also shown in Figure 5.

Figure 5A shows a relatively homogeneous surface, with some roughness and grooves.
After using the catalytic membranes (Figure 5B), the surface becomes more homogeneous,
and deposits appear on it, which are assumed to be salts from the anodic solution as are
discussed below in Table 2. Figure 5C shows the SEM micrograph of the side in contact
with the carbon cloth after 280 h of operation. This side presents a more homogeneous
appearance than the opposite face in contact with the anodic solution (Figure 5B), with no
deposits on its surface.
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Figure 5. Scanning electron micrographs of PEM–catalyst assembly (P1) based on [MTOA+][Cl−]
ionic liquids, 30% PVC, and (Cu0.3Co0.7)Co2O4. (A) Anodic solution side before operation; (B) anodic
solution side after operation; and (C) air side after operation.

Table 2. Peak element vs. weight (%) and atomic (%) for EDX spectra of PEM–catalyst assembly (P1)
based on [MTOA+][Cl−] ionic liquids, 30% PVC, and (Cu0.3Co0.7)Co2O4. (A) Anodic solution side
before operation; (B) anodic solution side after 280 h operation; (B*) analysis of the surface deposits
observed on the anodic solution side after 280 h operation; and (C) air side after 280 h operation.

PEM–Catalyst Assembly (P1) ([MTOA+][Cl−]-PVC-(Cu0.3Co0.7)Co2O4)

Peak Element Weight % A Atomic % A Weight % B Atomic % B Weight % B* Atomic % B* Weight % C Atomic % C

C K 56.25 74.46 53.87 75.30 16.69 33.55 40.16 65.15
N K 1.57 1.78 −0.43 −0.51 3.11 5.36 2.45 3.40
O K 8.23 8.18 3.62 3.81 - - 4.38 5.34

Na K 1.82 1.26 4.54 3.32 22.75 23.89 - -
S K - - 0.79 0.41 0.49 0.37 1.64 1.00
Cl K 31.65 14.20 34.22 16.22 51.03 34.76 37.88 20.82
K K - - 0.80 0.34 0.44 0.27 - -
Ca K - - 2.13 0.89 0.84 0.51 2.16 2.05
Co K 0.36 0.10 0.38 0.11 0.37 0.15 6.49 2.15
Cu K 0.13 0.03 0.07 0.02 0.07 0.03 0.62 0.9
Zr K - - - - 4.22 1.12 4.22 0.9

Table 2 shows the results of the EDX technique applied to the surface of the catalytic
membrane of P1 before and after use in a single-chamber microbial fuel cell for 280 h. Note
that the EDX spectra are from a sample of up to a few micrometers thick/deep so surface
catalytic membrane is analyzed.

The EDX spectrum of PVC presented the characteristic peaks assigned to the C and
N K lines corresponding to the chemical formulation of PVC. Hydrogen and other light
elements were not detected using EDX. The EDX study of the membrane–cathode assembly
was based on the selection of characteristic elements: N and Cl for [MTOA+][Cl−], Cl
for PVC, and Co and Cu for the metallic catalyst (Cu0.3Co0.7)Co2O4. The relative peak
heights of identical elements in the different compounds were roughly related with their
respective concentrations.

The nitrogen peaks are mainly due to the presence of the ionic liquid [MTOA+][Cl−].
Nitrogen is present in fresh (unused) P1 (Table 2, column A), which disappears when EDX
is applied to the entire surface in contact with the anodic solution for 280 h (Table 2, column
B). However, when the EDX was carried out for the deposits observed on the surface (see
Figure 2B), traces of nitrogen were evident (Table 2, column B*). On the face in contact
with the carbon cloth (external face), the presence of nitrogen was still evident after 280 h
of use (Table 2, column C). As previously mentioned, EDX provides information on the
composition of the first few micrometers of the membrane. Taking this into account and
from the results discussed above, we can assume that the ionic liquid has been washed,
to a certain extent, on the outermost surface of the face of P1 in contact with the anodic
solution meanwhile the ionic liquid remained on the outer face (in contact with the carbon
cloth). The selection of the ionic liquid ([MTOA+][Cl−]) was made taking into account the
low solubility of this ionic liquid in water (<0.02% (v/v)), in order to increase the stability
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of the membrane in aqueous solutions. Furthermore, the inclusion method with PVC has
been demonstrated to increase the stability of the liquid membrane in the face of aqueous
media [31].

The deposits found in the membranes after use (Figure 2B), besides the ionic liquid,
included other elements (Table 2, column B*) such as sodium, sulfur, potassium, and
calcium, probably from salts contained in the anodic solution.

However, the proportion of catalytic metals, Co and Cu, remained practically constant
before and after the test in the fuel cell (Table 2, columns A and B), which demonstrated the
stability of the catalyst in the membrane during the test time (280 h).

The morphology of the P2 (Figure A1) type membrane–cathode assembly differs from
that of P1. In P2, the ionic liquid and PVC solution, together with the catalyst, are poured
onto a carbon cloth that acts as a diffusion layer and electrical conductor. The fiber-like
appearance is due to the carbon cloth. P2 has a larger active surface than P1, which may
be important for the rate of the chemical reactions taking place in it and, therefore, in
the power of the fuel cell. SEM micrographs corresponding to the side in contact with
the anodic solution before the test (A), the same side after 280 h of testing (B), and the
side that is in contact with air after 280 h (C) (Figure 1, Appendix A). There is no great
morphological difference between them, although, in micrograph C, a uniform layer is
evident on the carbon cloth. This morphology may be explained by the fact that this side
was the one that remained in contact with a glass sheet (upside down) when P2 was formed
and, consequently, the ionic liquid and PVC mixture accumulated on this face. Table 3
shows the results of the EDX technique applied to the surface of the catalytic membrane of
P2 before use and after use in a single-chamber microbial fuel cell for 280 h.

Table 3. Peak element vs. weight (%) and atomic (%) for EDX spectra of PEM–catalyst assembly (P2)
based on [MTOA+][Cl−] ionic liquids, 30% PVC, and (Cu0.3Co0.7)Co2O4. (A) Anodic solution side
before operation; (B) anodic solution side after 280 h operation; and (C) air side after 280 h operation.

PEM–Catalyst Assembly (P2) ([MTOA+][Cl−]-PVC-(Cu0.3Co0.7)Co2O4)-Carbon Cloth

Peak Element Weight % A Atomic % A Weight % B Atomic % B Weight % C Atomic % C

C K 68.46 86.56 74.92 90.76 52.08 75.34
N K 1.88 2.04 −3.17 −3.29 0.46 0.57
F K - - 5.85 4.48 - -
O K - - - - 2.84 3.09
Si K - - - - 0.62 0.38
S K - - 0.29 0.13 1.10 0.59
Cl K 23.51 10.07 15.41 6.32 39.43 19.39
Ca K - - 2.22 0.80 - -
Co K 3.02 0.78 0.69 0.17 0.47 0.14
Cu K 0.41 0.10 0.27 0.06 −0.10 −0.03
Zr K 2.72 0.45 3.53 0.56 3.09 0.59

As a first observation, it should be noted that the % weight of the carbon element
is greater in P2 than in P1, which would be related with the composition of P2 based
on carbon cloth. The nitrogen element, related with the composition of the ionic liquid,
[MTOA+][Cl−], disappears from the side in contact with the anode compartment due to
the partial washing of the first micrometers of depth of the catalytic membrane (column B).
However, it does not disappear from the side of the catalytic membrane in contact with
air (column C). Furthermore, both Co and Cu catalysts remain on the membrane after
use (columns C and B). Other elements present in the sample such as calcium, silicon, or
fluorine may come from the residual water or impurities of the raw materials.

In the case of PEM–catalyst assembly control system (C) (Figure A2), the fresh mem-
brane (A) had a smooth surface that began to show deposits after 280 h of operation (B). The
side of the membrane in contact with the carbon cloth (C) had less deposits than B after 280 h
of operation. The morphology of the carbon cloth in contact with the membrane–catalyst
assembly after 280 h of operation (D) showed a conventional crossed-fiber appearance. The
side of the carbon cloth in contact with the air after operation (data not shown) was similar
in appearance to the side in contact with the membrane–catalyst assembly (D).
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The behavior of the control system (composed of ionic liquid-based proton exchange
membrane and diffusion layer impregnated with Pt with Teflon) (Table 4) was similar
to that found in previous studies (P1 and P2) (Tables 2 and 3). The side in contact with
the anodic dilution lost ionic liquid from the surface after 280 h of operation (column B),
while the liquid remained on the membrane side in contact with the diffusion layer (carbon
cloth) because the N element appeared in the EDX spectrum (column C). This surface
also contained Pt since it was in contact with the diffusion layer, which was impregnated
with Pt. The diffusion layer in contact with the ionic liquid-based PEM also contained
Pt and F (column D). F element was used in the protocol to support Pt on the carbon
cloth. In regards the SEM-EDX analysis, it is important to point out that crystals of struvite
were found on the anodic side of the membrane–catalyst assembly systems (P1, P2, and
C) (see Figure A3). Struvite (magnesium ammonium phosphate) is a phosphate mineral
with the formula NH4MgPO4·6H2O, which crystallizes with an orthorhombic geometry.
Struvite is used as an agricultural fertilizer since it contains P and N, two of the three major
plant macronutrients, along with Mg as a minor macronutrient. SEM micrographs showed
orthorhombic crystals on the surface of the membrane–catalyst systems. The EDX spectrum
of struvite crystal showed two big peaks, which corresponded to Mg K and P K.

Table 4. Peak element vs. weight (%) and atomic (%) for EDX spectra of PEM–catalyst assembly (C-control)
based on a PEM ([MTOA+][Cl−]/PVC, 70/30) and (Cu0.3Co0.7)Co2O4 supported on carbon cloth.
(A) Anodic solution side before operation; (B) anodic solution side after 280 h operation; and (C) air
side after 280 h operation.

Control System (C) [MTOA+][Cl−]-PVC-Pt-Carbon Cloth

Peak Element Weight % A Atomic % A Weight % B Atomic % B Weight % C Atomic % C Weight % D Atomic % D

C K 64.53 83.05 46.31 74.12 55.82 77.85 71.91 80.45
N K 2.22 2.44 −3.98 −5.47 1.17 1.40 0.73 0.70
F K - - - - - - 26.54 18.77
OK - - - - 4.26 4.46 - -
S K - - 2.87 1.72 2.10 1.10 - -
Cl K 33.25 14.50 53.09 28.79 31.15 14.42 0.06 0.02
K K - - 1.72 0.85 - - -
Pt M - - - - 5.51 4.47 0.75 0.05

Recently, there has been a great deal of interest in the production of struvite in microbial
fuel cells. Furthermore, previous work reported on the accelerated recovery of struvite
with the addition of magnesium [32]. The effluent from this process was used to obtain
bioenergy and to reduce its COD more efficiently.

When the concentrations of Mg2+, NH4
+, and PO4

3− exceed the limit for struvite for-
mation, it leads to the precipitation of struvite crystals. The solubility of struvite decreases
as the pH increases, and it is also influenced by the ionic strength of the solution [33].
The decrease in pH and the reduction in ionic strength favor the formation of struvite. In
this work, it is observed that struvite precipitation occurred on the membrane–catalyst
assembly, indicating that the pH near the cathode should increase.

During oxygen reduction reactions, protons are consumed at the electrode surface, and
an increase in pH in the vicinity of the electrode surface is expected [34]. Furthermore, the
effect of the ionic liquid of the membrane in the cathode microenvironment also needs to
be considered. Similar results were found by Ichihashi and Hirooka [35] when they treated
swine wastewater by using microbial fuel cell technology. According to their proposal,
struvite crystal formation was triggered by the cathodic reaction and resulted from the rise
in pH near the cathode.

Although we have worked in an experimental one-chamber lab system, for an indus-
trial application, we propose to work with a stack made up of different membrane–electrode
assemblies (MEAs). During the MEA cleaning process, the struvite could be detached and
recovered for fertilizer application since struvite is precipitated as microcrystals, which are
easy to remove from the MEA. Also, it is important to point out that in this study, the lack of
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any biofilms observed in the membranes based on ionic liquids was due to the antibiofilm
activity of ionic liquids at high concentration as it seen in ionic liquid membranes.

4. Conclusions

In this work, microbial fuel cell technology based on a new type of membrane–cathode
systems was studied for slurry purification. In these new membrane–cathode systems,
the non-noble catalyst copper and cobalt mixed valence oxides are suspended in the ionic
liquid phase and not sprayed on the diffusion layer as it is conventionally conducted.
In the P2 membrane–cathode assembly, the internal resistance was significantly reduced,
and the maximum power reached was 120 mWm−2, which corresponds to 51.3% of the
value obtained with the control using a platinum-based cathode. This membrane–cathode
system P2 attained >50% organic matter removal at 288 h, which was higher than that
was achieved with the platinum based-cathode. This novel membrane–cathode system
allows easier manufacturing and production of cheaper membranes and catalysts than
that conventionally used in microbial fuel cells. This would reduce the capital and the
processing costs involved in the case of the industrial manufacture of membrane–cathode
systems. Furthermore, struvite fertilizer was obtained as a precipitate in all the membrane–
cathode assemblies. The proposed MFC permits the optimal use of slurry wastewater for
bioenergy and fertilizer production, accompanied by water decontamination.
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Appendix A

Figure A1. Scanning electron micrographs of PEM–catalyst assembly (P2) based on [MTOA+][Cl−]
ionic liquids, 30% PVC, (Cu0.3Co0.7)Co2O4 and carbon cloth. (A) Anodic solution side before
operation; (B) anodic solution side after 280 h operation; and (C) air side after 280 h operation.
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Figure A2. Scanning electron micrographs of PEM–catalyst assembly C—control (C-control) based
on PEM ([MTOA+][Cl−]/PVC, 70/30) and (Cu0.3Co0.7)Co2O4 supported on carbon cloth. (A) An-
odic solution side before operation; (B) anodic solution side after 280 h operation; (C) membrane
catalyst assembly in contact with carbon cloth; and (D) carbon cloth side in contact with membrane
catalyst assembly.

Figure A3. SEM details of orthorhombic crystal of struvite on anodic side of PEM–catalyst systems
P1, P2, and C.
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Abstract: Steam explosion pretreatment is suitable for bioethanol production from Eucalyptus globulus
wood. Multifactorial experiment designs were used to find the optimal temperature and residence
time required to obtain the best glucose yield from the enzymatic hydrolysis of pretreated materi-
als. The chemical composition, crystallinity index, morphology and polymerization degree of the
pretreated materials were correlated with enzymatic accessibility. Simultaneous saccharification
and fermentation (SSF) using a fed-batch strategy was applied to three different laboratory-scale
fermenters. The optimization of the pretreatment was obtained at 208 ◦C and 11 min. However, the
enzymatic hydrolysis performance did not show significant differences from the material obtained
at 196 ◦C and 9.5 min, which was determined to be the real optimum, owing to its lower energy
requirement. The vertical fermenter with type “G” blades and the horizontal fermenter with helical
blades were both highly efficient for reaching ethanol yields close to 90% based on dry wood, and
ethanol concentrations close to 9.0% v/v.

Keywords: high-concentration bioethanol; response surface; simultaneous saccharification and
fermentation; fed batch; fermenters design; steam explosion pretreatment

1. Introduction

Lignocellulosic biomass (LCB) is considered to play an important role in the building
of a sustainable society, as it has the potential to replace fossil fuels and chemicals. For
the conversion and use of biomass in value-added products, the “biorefinery” concept has
emerged, which can contribute to the development of the circular economy by recovering
and recycling bio-based products [1]. Currently, one of the main products of biomass
is biofuels, which are estimated at a world production of 137 billion liters in 2016 [2].
Currently, bioethanol is the most ideal bio-based fuel or fuel additive for use in motor
vehicles as a partial substitute for fossil fuels. Compared to gasoline, bioethanol contains
34.7% oxygen, which enables a 15% higher combustion efficiency, thereby resulting in fewer
emissions of particulate nitrogen oxides, which are harmful to the environment [3]. The
production of second-generation bioethanol (from lignocellulosic materials) requires several
stages: pretreatment, hydrolysis, fermentation and distillation, where each stage will have
consequences for the quality and cost of bioethanol [4]. The objective of pretreatments is to

Fermentation 2023, 9, 965. https://doi.org/10.3390/fermentation9110965 https://www.mdpi.com/journal/fermentation190
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increase the susceptibility of the material to obtain a reactive lignocellulosic substrate that
is accessible to the enzyme. The efficiency of pretreatment is measured by the intensity at
which hydrolysis becomes easier with minimal degradation and/or loss of carbohydrates,
avoiding the formation of inhibitory compounds for the fermentative process. Among the
different kinds of pretreatment methods, steam explosion (SE) is one of the most successful
and widely used for fractionating lignocellulosic biomass [5,6]. This pretreatment has its
origin in the Masonite process to produce fiber boards, described in 1930, where the high-
pressure vapor penetrates the cell structure for a short time, and is then released, expanding
rapidly when the reactor is depressurized, thereby causing the cell system to deconstruct
(as a result of mechanical force by pressure drop). Before depressurization, a hydrolytic
mechanism occurs that promotes the breakdown of hemicelluloses (autohydrolysis of the
acetyl group), lignin modifications and cellulose exposure, promoting the formation of
pores in the biomass and improving the efficiency of hydrolysis and saccharification during
the bioethanol production process. It is known that the biomass depressurizes quickly in
the expansion chamber. It is also known that the rapid depressurization of the biomass in
the expansion chamber, causes a subito stress, which disrupts the glycosidic linkages and
hydrogen bonds, facilitating enzymatic hydrolysis of the sugars (pentoses and hexoses)
released from the hemicellulose and cellulose [7–9].

Additionally, another challenge for the viability of the bioethanol process and for
bioethanol production is obtainment of highly concentrated ethanol during the fermenta-
tion or saccharification and simultaneous fermentation (SSF) stage, which would allow for
an optimization of the energy consumed during distillation. Approximately 37% of the
energy required by the bioethanol production plant is consumed during distillation [10].

To achieve a higher ethanol concentration, high pretreated substrate loading is crucial
for the economy of the SSF process [11–13]. Working with the highest solid load has a
significant effect on the capital and production cost of the process due to the reduction
in size of the required equipment, such as tanks and distillation columns, as well as the
reduced amount of energy utilized during distillation and the reduced production of
wastewater [14]. For bioethanol produced from lignocellulosic material to be economically
feasible on an industrial scale, the ethanol produced must be above 4% (w/v) [15]. High
substrate loadings mean that the process is taking place at pretreated solid levels where
there are not significant initial amounts of free water [16]. Less water causes an increase
in the viscosity of the substrate matrix and creates rheological problems when the mass
transfer rate in the substrate matrix is obstructed, thereby increasing the time required
to liquefy the matrix and to perform efficient hydrolysis by the enzymes using classical
batch-mode SSF [12], [17]. Thus, it has been demonstrated that the glucose and ethanol
yields in enzymatic hydrolysis and SSF, respectively, decreased linearly with increasing
solid concentration [18,19]. However, this statement has been subject to debate taking into
consideration the efficiency and amount of enzyme used during mixing [20].

It is well known that the enzymatic activity of the cellulases complex decreases the
viscosity of the lignocellulosic substrate during enzymatic hydrolysis. Some authors have
proposed a gradual increment in the substrate concentration, in the fed-batch mode, instead
of adding all of the substrate initially in the batch mode [21]. This strategy helps to maintain
the viscosity at relatively low levels, thereby avoiding mixing and heat and mass transfer
problems [13,22]. Several works using the fed-batch SSF approach have been performed
using different raw materials and pretreatments, demonstrating the feasibility of this
strategy, not only due to the improvement of the ethanol concentration obtained, but also
due to the product yields achieved [17,23]. Guigou et al. [24] published a comparison of
ethanol yields and concentrations achieved using different species of Eucalyptus, with
initial solid percentages ranging from 4%wt to 27%wt and concentrations between 5.4 g/L
to 30.7 g/L. The highest ethanol concentration was achieved using the presaccharification
and simultaneous fermentation (PSSF) strategy for Eucalyptus grandis pretreated by steam
explosion and S. cerevisiae PE-2 as the fermentative microorganism.
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This work was focused on the optimization of the SE pretreatment for Eucalyptus
globulus, a most important commercial hardwood species in the world and the second most
important in Chile [25,26]. A multifactorial experimental design was used. The optimal
parameters of pretreatment were obtained by using a response surface methodology, fol-
lowed by a physicochemical characterization of pretreated materials to different severities.
The physicochemical characteristics of these materials were correlated with the efficiency
of enzymatic hydrolysis. The best-pretreated materials, with high enzymatic accessibility,
were evaluated in bioethanol production, showing high yields and high concentrations
when using fermenters designed for a SSF process with high solid loads.

2. Materials and Methods

2.1. Raw Material

Woodchips from 10- to 12-year-old E. globulus trees were donated by CMPC Cellulose
S.A., Chile. The woodchips were selected to be a specific size of 2.5 cm × 1.5 cm × 0.3 cm
to obtain a homogeneous sample. They were air-dried to a moisture content of 10% and
stored under dry conditions until they were used.

2.2. Chemical Characterization of Samples

The woodchips were milled using a knife mill (Maestranza Proinco S.A., Concepción,
Chile) and then classified using an ASTM sieve (45–60 mesh). The milled wood was
extracted with a 90% acetone solution for 16 h in a Soxhlet extractor to measure the amount
of extractives present. The steam-exploded samples were dried until they reached a
humidity level of 10% and then they were milled and sieved. However, the sample from
pretreatment process not were extracted with acetone. To hydrolyze the milled samples,
3 mL of 72% sulfuric acid was added to 300 mg of each sample and incubated at 30 ◦C
for 1 h. The acid was then diluted to 4% by the addition of 84 mL of water, and the
mixture was heated at 121 ◦C (1 atm) for 1 h. Finally, the resulting residual material was
cooled and filtered through a number 4 porous glass filter. The solids fractions were dried
at 105 ◦C until a constant weight was achieved, and then determined to be insoluble
lignin. The concentration of soluble lignin in the filtrate was determined by measuring
the absorbance at 205 nm, using an absorption coefficient of 110 L/g cm. Glucose, xylose,
and acetyl groups were analyzed using a HPLC (Merck Hitachi, Tokyo, Japan) equipped
with a refractive index detector and an Aminex HPX-87H (Bio-Rad, CA, USA) column
at 45 ◦C, eluted at a flow rate of 0.6 mL/min with 5 mM H2SO4 [27]. To convert sugar
monomers to anhydromonomers, 0.90 for glucose (reported as glucan) and 0.88 for xylose
(reported as xylans) were used. These factors were calculated based on the water added to
polysaccharides during acid hydrolysis, taking into account the molar mass of each original
anhydromonomer in the polysaccharide. This resulted in a 10% increase for glucose (from
162 g/mol in the anhydromonomer to 180 g/mol in glucose) and a 12% increase for xylose
(from 132 g/mol in the anhydromonomer to 150 g/mol in xylose). The acetyl content
was calculated by multiplying the acetic acid content by 0.7. The percentages of reaction
products (glucan, xylan, and lignin) in the solid and liquid fractions were calculated based
on the initial amount of each component loaded into the SER (w/w dry basis). The moisture
content of the solid fraction was determined using a moisture analyzer (Sartorius MA35).

2.3. Experimental Design to Optimize Steam Explosion Pretreatment

The range of variables for this study was defined based on previous work and the
safety restrictions of the reactor and its boiler. Response surface methodology (RSM) was
used to determine the optimal pretreatment condition that yields the highest glucose (YEH)
in enzymatic hydrolysis. The influence and optimization of the variables, temperature and
residence time were determined using Central Composite Circumscribed design (CCC)
with Modde 7.0 software (Umetrics, Sweden). A two-level factorial design was used for
each parameter, with levels of −1 and +1, star points with levels of −√

2 and +
√

2 and a
central point (0, 0) which is performed in triplicate to obtain the experimental standard
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deviation, as shown in Table 1. The temperature range evaluated was 180–213 ◦C while
the residence time range was 4–15 min. The response variable, YEH, was obtained through
enzymatic hydrolysis for 72 h. The data were analyzed using Modde 7.0 software to obtain
the polynomials related to the reaction system and the response surface plot. The model
was statistically validated using analysis of variance (ANOVA) with a confidence level
of 95%, using the same software. Variables such as wood particle size (3 × 3 cm2), and
impregnation reagent (2 L of water for 200 g of dry base wood) were kept constant.

Table 1. Experimental design results and optimal conditions for steam explosion pretreatment of
E. globulus. Solid yield, raw material and pretreated materials chemical composition, glucose yields
obtained in enzymatic hydrolysis.

Pretreatment Conditions
Raw and Pretreated Material Composition

(% dwb) a
%YEH

e

(dwb) (72 h)

Exp N◦ Temperature
(◦C)

Time
(min)

Log S0 Solid Yield Glucans Xylans Lignin Glucose Yield

E.g. b -- -- -- -- 45.5 15.3 23.5 --
1 180 (−1) 4 (−1) 2.96 92.0 47.0 16.9 28.0 6.4
2 213 (+1) 4 (−1) 3.93 71.9 64.9 3.2 35.3 71.2
3 180 (−1) 15 (+1) 3.53 85.1 53.1 12.1 31.4 28.5
4 213 (+1) 15 (+1) 4.50 68.1 68.4 1.6 41.3 73.1
5 173 (−1.4) 9.5 (0) 3.13 93.0 48.2 18.3 26.0 8.1
6 220 (+1.4) 9.5 (0) 4.51 66.6 66.8 1.5 40.3 76.9
7 196 (0) 1.7 (−1.4) 3.06 74.3 50.6 15.3 29.3 19.8
8 196 (0) 17 (−1.4) 4.06 68.6 65.0 3.2 36.6 75.9

9 c 196 (0) 9.5 (0) 3.80 70.9 ± 3.0 63.2 ± 1.3 4.4 ± 0.4 35.1 ± 1.0 73.3 ± 4.8
10 d 208 11 4.22 67.5 ± 0.9 58.3 ± 1.4 2.7 ± 0.1 31.8 ± 0.7 74.5 ± 2.3

a Dry wood basis. b Eucalyptus globulus chips. c Exp N◦ 9 represents the average of triplicate experiments at the
central point. d Average values obtained from triplicate pretreated material under optimized conditions. e Yield
enzymatic hydrolysis.

2.4. Steam Explosion Pretreatment

Wood chips were pretreated in a steam explosion reactor (SER) (Maestranza Proinco
S.A., Concepción, Chile) consisting of a steam generator, 5 L vessel reactor and an expansion
chamber. The steam generator has a volumetric capacity of 150 L and a 25 kW electric
heater, allowing it to generate saturated steam between 220 ◦C and 230 ◦C. The expansion
chamber with a capacity of 120 L is equipped with an automated fast open valve. The
reaction vessel is equipped with temperature and pressure sensors. The reaction time
and temperature are controlled using a console (control keypad), as shown in Figure 1.
For each experiment, the reactor was loaded with 200 g of E. globulus woodchips, based
on dry wood basis (dwb). Saturated steam at various temperatures (ranging from 173 to
220 ◦C) was then introduced for different residence times (ranging from 1.7 to 17 min),
following the multivariate experimental design outlined in Table 1. Finally, the reactor
was depressurized to atmospheric pressure. The slurry was collected and filtered, and
the liquid was then stored a temperature of 4 ◦C for further determine of glucose, xylose
and arabinose contents. In order to determine the solids yield (%), the pretreated wood
chips were left to dry in air for approximately 24 h. After this period, the wood chips were
weighed, and the moisture content was measure. These two data were utilized to calculate
amount of dry mass obtained after the pretreatment process. The severity factor (S0) was
calculated using Equation (1):

(S0) = log(t × exp
[

TH − TR

14.75

]
) (1)
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where t is the reaction time in minutes, TH is the hydrolysis temperature in ◦C and TR is a
reference temperature of 100 ◦C. The value of 14.75 represents a constant (ω), which is an
empirical parameter related to the activation energy and temperature of the reaction.

Figure 1. This is a schematic representation of the steam explosion reactor located at the Renewable
Resources Laboratory of the University of Concepción.

2.5. Xylose Recovery from Liquid Fraction Post Steam Explosion Pretreatment

The liquid fraction was processed according the method outlined by Castro et al. [28]
to measure the amount of xylose present in the liquid fraction. In this method, a sample
of containing primarily xylose and xylooligomers is subjected to hydrolysis using 0.6%
H2SO4 at 121 ◦C for 60 min in an autoclave. After hydrolysis, the sample is filtered through
0.22 μm porosity membranes. The total xylose is determined using HPLC described above
for the quantification of carbohydrates. The proportion of xylooligomers in the liquor is
calculated by subtracting the xylose content in hydrolyzed liquor from the xylose content
in the non-hydrolyzed liquor.

2.6. Characterization of Cellulose
2.6.1. Cellulose Extraction

The cellulose isolation of pretreated pulps with a wood-like texture at low severity
(2.96; 3.53; 3.13 and 3.06) was conducted using the following procedure [29]: 2 g of the
sample were treated with an aqueous solution consisting of 80 mL of water, 2.50 g NaClO3
and 2.0 mL of acetic acid at 80 ◦C for 90 min. The resulting insoluble residue (holocellulose
= cellulose + hemicellulose) was cooled, filtered through a glass filter number 2 and washed
with distilled water and acetone. The holocellulose was then dried at 40 ◦C, weighed, and
0.5 g it was treated with 12.5 mL of 0.5% KOH at 20 ◦C for 5 min. The obtained cellulose
was filtered through a glass filter number 4, washed with distilled water, a 1 M solution of
acetic acid and water again. Finally, it was dried at 40 ◦C. The cellulose isolation of high
severity pretreated materials with a pulp-like texture (3.93; 4.50; 4.51; 4.06 and 3.80) was
performed as follows: 1 g of the sample was treated with an aqueous solution consisting
of 40 mL of water, 1.25 g of NaClO2 and 0.5 mL of acetic acid at 80 ◦C for 25 min. The
resulting insoluble residue (holocellulose = cellulose + hemicellulose) was cooled, filtered
through a sintered glass filter number 2 and washed with distilled water and acetone. The
holocellulose was then dried at 40 ◦C, weighed, and 0.5 g it was treated with 12.5 mL of
0.5% KOH at 20 ◦C for 5 min. Subsequently, 12.5 mL of water was added, and the mixture
was treated for additional 5 min at 20 ◦C. The obtained cellulose was filtered through a
glass filter number 4, washed with distilled water, a 1 M solution of acetic acid and water
again. Finally, it was dried at 40 ◦C.
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2.6.2. Average Degree of Polymerization

The average degree of polymerization (DP) of isolated cellulose samples was calcu-
lated from its intrinsic viscosity [η] using the equation: DP0.90 = 1.65 [η], as described by
Monrroy et al. [29]. Specifically, the viscosity of a 0.5% cellulose solution in 0.5 M cupper
ethylenediamine was measured using a capillary viscometer (Cannon Fenske Viscometer,
Cannon Instrument Co., State College, PA, USA).

2.6.3. The Cellulose Crystallinity Index by Spectroscopic FT-IR

The cellulose crystallinity index (CrI) was determined using FT-IR. FTIR spectra of
isolated cellulose samples were measured by directly transmitting light through a KBr
pellet. To prepare the pellet, 1.5 mg of dried sample was mixed with 200 mg of KBr
(spectroscopy grade, Merck, Germany) in an agate mortar. The resulting mixture was then
pressed at 5000 psi for 2 min. Spectra were recorded between 4000 and 400 cm−1, using a
Perkin Elmer System 2000 FT-IR (Perkin Elmer, Inc., Waltham, MA, USA) equipped with a
DTGS detector. The background used for FT-IR measurements was a KBr pellet that did
not contain any sample. All spectra were measured at a spectral resolution of 8 cm−1 and
64 scans were taken per sample. These spectra were normalized to the intensity of the
band at 2900 cm−1 (C–H stretching vibration), which is a relatively constant band that does
not change with the temperature of pretreatment (ranging from 30 to 250 ◦C). This band
was used as a reference to compare the spectra from different samples and determine the
cellulose crystallinity. The CrI was evaluated by calculating the ratio of the absorption
bands H1372/H2900, which was determined from the averages of four measurements for
each sample. The band at 1372 cm−1 is related to cellulose crystallinity. The ratio of peak
heights at 1372 and 2900 cm−1 (H1372/H2900), which represents the ratio of C–H bending
to C–H stretching, has been used in various studies to predict cellulose crystallinity [30].

2.7. Surface Morphology by Scanning Electronic Microscopy

Images were captured of the fiber surfaces both before and after pretreatment using
a JSM- 6380LV SEM instrument (Jeol, MA, USA) under high vacuum conditions. The
SEM is equipped with a secondary electron detector. The samples were dried at room
temperature and then coated with conductive gold paint (particle size 500 Å) using an S150
Edwards Sputter Coater (Atlas Copco Group, Stockholm, Sweden). The imaging process
was conducted at a beam-accelerating voltage of 20 kV with a tungsten filament serving as
the electron source.

2.8. Enzymatic Hydrolysis

Enzymatic hydrolysis (EH) experiments were conducted in 125 mL Erlenmeyer flasks
at 50 ◦C using an orbital shaking incubator (Labtech LSI-4018A, Sorisole, BG, Italy) set
at 150 rpm for 72 h. Each experiment was performed in triplicate with a total volume of
50 mL containing 10% solid pretreated material (w/v). A commercial cellulase enzyme
complex (NS-22128 CCN3128; 71 FPU mL/mL) supplemented with β-glucosidase (NS-
22128 DCN00216; 370 CB mL/mL) and a pH 4.8 buffer of 0.05 M sodium citrate were used.
The enzyme dosages employed were 20 FPU and 20 CBU of cellulase and β-glucosidase,
respectively, per gram of dry material. The glucose content released during the enzymatic
treatment was analyzed by HPLC [8]. Enzymatic digestibility was expressed as enzymatic
hydrolysis yield (%YEH) and was calculated using Equation (2):

%YEH =

(
Gs

dry substrate loading (g)

)
× %SR

Gi
× 100 (2)

where Gs represents the amount of glucose released in grams, the dry substrate loading of
pretreated biomass in grams, the percentage of solid recovered after the pretreatment (%SR)
and Gi denotes the initial amount of glucose in wood expressed as grams of monomer.
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2.9. Description of the Horizontal Fermenter with Helical Blades

The horizontal fermenter (HF) is a stainless-steel container with a semi-cylindrical
shape and an internal volume of 500 mL. To regulate the temperature, it was designed
with a double jacket. The helical blade, made of 316 stainless-steel are responsible for
agitating the pretreated material. The fermenter is equipped with an acrylic cover, allowing
for observation of the agitation. To facilitate gas exchange during fermentation, a rubber
stopper with a syringe needle is placed on the acrylic cap. Rubber seals are used to ensure
a hermetic seal for the fermenter. The stirring speed is externally controlled at 50 rpm
using motor.

2.10. Description of the Vertical Fermenter with Type “G” Blades

The vertical fermenter (VF) consisted of a glass container with an internal volume
of 420 mL. It was provided by a plastic cover with a rubber stopper to which a syringe
needle was connected to allow gaseous exchange during fermentation. The cover and blade
assembly were designed using Teflon seals to remain airtight throughout the fermentation
stage. The stirring speed was maintained at 50 rpm by using an external motor. The
fermenter was immersed in thermostatic water bath to maintain a constant fermentation
temperature. The blades are made of 316 stainless steels.

2.11. Simultaneous Saccharification and Fermentation

Thermotolerant Saccharomyces cereviseae IR2-9a [31] was used as the fermentative
microorganism. S. cereviseae IR2-9a are maintained in agar plates with a medium composed
of 20 g/L of glucose, 20 g/L of agar, 20 g/L of peptone and 10 g /L of yeast extract; in
a grow oven at 40 ◦C. Prior to the simultaneous saccharification and fermentation (SSF)
and fed-batch SSF (FB-SSF) process, an inoculum of yeast was prepared in a growth liquid
medium; contained 100 g/L of glucose, 10 g/L of yeast extract, 10 g/L of peptone, 4.14 g/L
NH4Cl, 1.17 g/L of KH2PO4 and 0.36 g/L of MgSO4 × 7H2O. They were then inoculated
with colonies isolated from an agar plate. The mixture was incubated at 40 ◦C with
shaking at 150 rpm for 24 h. Subsequently the cells were harvested by centrifugation at
2500× g rpm, washed four times with sterile 0.9% w/v NaCl and suspended in the same
solution. The cell concentration was determined gravimetrically. SSF experiments were
performed at two dry-substrate loadings, 10 and 20% w/v. The enzyme dosages employed
were 20 FPU and 20 CBU per gram of pretreated material and initial inoculums of 12 g/L
of S. cereviseae IR2-9a. Samples were collected after 24, 48 and 72 h, unless otherwise stated.
FB-SSF experiments were performed a final dry-substrate loading of 20% w/v. The initial
substrate loading was 12%, and every two hours, the substrate loading was increased by 2%
until the final concentration was reached; this process took a period of 8 h. Samples were
collected at 24, 48 and 72 h, unless otherwise. The enzyme dosages and initial inoculum of
S. cerevisiae IR2-9a were the same as those used in the SSF. All SSF and FB-SSF experiences
were performed in 50 mM citrate buffer (pH 4.8) supplemented with 10 g/L of yeast extract,
10 g/L of peptone, 4.14 g/L NH4Cl, 1.17 g/L of KH2PO4 and 0.36 g/L of MgSO4 × 7H2O.

The ethanol yield of the reactions was calculated on a dry wood basis (%YE) according
to Equation (3), considering the ethanol in grams produced, dry substrate loading in grams
of pretreated biomass, percentage of solid recovered after the pretreatments (%SR) and
potential ethanol from the stoichiometric conversion of potential glucose in the feedstock.

%YE =

(
ethanol (g)

dry substrate loading (g)

)
× %SR

potential glucose in wood × 0.51
× 100 (3)

2.12. Ethanol Analysis

The ethanol concentration was determined using a Merck Hitachi (Tokyo, Japan)
HPLC system equipped with a refractive index detector, a Aminex HPX 87H column (Bio-
Rad, Hercules, CA, USA) at 45 ◦C and H2SO4 5.0 mM as mobile phase at a flow rate of 0.6
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mL/min was using to determination of ethanol concentration. The ethanol standards were
prepared using commercial grade ethanol.

3. Results and Discussion

The chemical composition of E. globulus woodchips and pretreated materials by SE is
summarized in Table 1. The solid yields ranged from 66 to 93% (dry matter), depending on
the severity of pretreatment, expressed as S0.

3.1. Steam Explosion Pretreatment Optimizaztion by CCC Design

A set of 11 experiments were performed for the different pretreatment conditions,
defined by the CCC design. The effects of the pretreatment condition on the pretreated
materials and experimental %YEH are shown in Table 1. The responses were fitted to a
second-order polynomial equation using Modde 7.0 software (Unimetrics), as shown in
Equation (4). The model equation was validated through ANOVA with 95% confidence
level. The predicted polynomial responses were close to the experimental responses with a
correlation coefficient r2 = 0.95.

%YEH = 74.31 + 25.74 T + 12.52 t − 15.82 T2 − 13.42 t2 − 45.25 Tt (4)

where %YEH is the enzymatic hydrolysis yield predicted, (in Wood dry weight basis);
T = temperature, ◦C and t = time, minutes.

The contour diagram describing the estimated response surface for %YEH on a wood
dry weight basis of E. globulus pretreated with SE is shown in Figure 2. Through the
response surface and applying least squares regression, the optimal pretreatment values
for the temperature and reaction time predicted by mathematical model were 208 ◦C
and 11 min. These parameters were used to validate the optimal condition predicted by
polynomial. The chemical composition of the materials pretreated under optimal conditions
is shown in Table 1, codified as Exp. N◦ 10 and represents the average of three experiments.
The %YEH of the pretreated material under optimal predicted conditions reached a value of
74.5 ± 2.3% glucose on a dry wood basis with a S0 of 4.22. Similar values were obtained for
the materials obtained from experiments 2, 4, 6, 8 and 9, with %YEH ranging from 71 to 77%
of glucose. Considering the energy involved during pretreatments (S0), it was evident that
the center point experiments (S0 = 3.80) were more competitive than those obtained under
the optimal predicted condition. To verify this, a statistical test (Student’s t-test) allowed
asseveration that there is no significant difference between %YEH reached by the material
obtained at optimal conditions (208 ◦C for 11 min) compared to those obtained from the
center point conditions (196 ◦C for 9.5 min). For the statistical test, a population of nine
replicates per material was considered, resulting in t-calculated = 0.79, which was less than
the t-critical (1.74); therefore, there was no significant difference at p = 0.05.

3.2. Analysis of Chemical Composition

The chemical composition of E. globulus used in this research is detailed in Table 1.
The main component found were glucans with 45.5% followed by hemicellulose with
15.3% and lignin with 23.5%. In relation to the pretreated materials, it was observed that
the chemical composition of each biomass samples pretreated at low severity, showed no
greater removal of wood components towards the liquid fraction during the pretreat-ments.
As S0 increased above 3.8, the increase in dissolved materials became evident, and mainly
hemicellulose and lignin were removed. At higher severity values, the degradation of xylan
to xylose, which degrades products such a furfural and carboxylic acids, is favored. The
curves of xylose and xylooligomer content in the liquid phase versus severity are shown in
Figure 3a. It was possible to observe the depolymerization of hemicellulose to xylose up to
a severity factor of 4.3. Above this value, xylose concentrations begin to decrease, probably
due to its conversion into other compounds such as those mentioned above.
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Figure 2. Estimated second-order polynomial response surface to enzymatic hydrolysis yield (%YEH)
expressed in glucose released, in dry wood basis of the Eucalyptus globulus pretreated by steam
explosion. Blue: lower glucose yields. Red: higher glucose yields.

In contrast, the amount of residual xylans obtained in the materials subjected to
pretreatment between S0 2.96 and 4.51 ranged from 18.9% to 1.5%, approximately 100% and
1.0%, respectively, of the original amount in the wood. The solubility of xylans depends on
their molecular weight and the presence of side-chain substituents. Chen et al. [32] mention
that acetyl groups, arabinose and uronic acid increase the solubility of xylans. Other authors
have described SE pretreatment as an effective method for reducing LCB recalcitrance by
removing hemicellulose, disrupting the lignin-hemicellulose matrix, and redistributing
lignin in the cell wall layers [8,33] and thus allowing the preservation of glucans under
controlled conditions. The increases in S0 in the pretreatments, also a glucan preservation
varied between 100% and 82.6%, while the lignin content in the same pretreated materials
varied between 21.5% and 28.1% (Table 1), slightly higher than the lignin content in the
raw material. As mentioned above, the reason for this increase could be the generation of
pseudo-lignin during the SE pretreatment. Araya et al. [34] indicated that the increase in
the lignin content of autohydrolysis pretreated materials at higher severity conditions is
partly due to the concomitant loss of polysaccharides and the formation of condensed lignin
products. This increase can also be attributed to the formation of lignin-like compounds
from lignin and carbohydrate degradation.

3.3. Structural Changes in Cellulose in Pretreated Materials

The DP and crystallinity of cellulose are considered important factors in the recalci-
trance of LCB [35]. The DP of cellulose in the raw material and pretreated materials was
determined by the intrinsic viscosity method, while its crystallinity index (CrI) was deter-
mined by the ratio of bands of the infrared spectrum. E. globulus wood showed an initial
DP of 3493, decreasing rapidly as the severity of the pretreatment increased, until reaching
a value of 317 with the maximum severity (Figure 3b). The FTIR crystallinity index was
calculated using the absorbance ratio of the 1372 and 2900 cm−1 bands. The CrI is between
0.45 and 0.38, observing a slight decrease as the severity increases (Figure 3b). Therefore,
it is possible to attribute a good performance in enzymatic hydrolysis to materials that
present a high removal of hemicellulose (xylan in E. globulus) and a lower DP of cellulose;
however, it cannot be established that CrI plays an important role in the performance value
of EH.
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(a) (b) 

Figure 3. (a) Correlation between the recovery of xylose and xylo-oligomers in the liquid fraction
with the severity of pretreatment and (b) relationship between the severity factor of the process
with the degree polymerization and the crystallinity index of the cellulose isolated from pretreated
material by steam explosion.

3.4. Scanning Electron Microscopy

Figure 4 shows images and scanning electron microscopy images for the most represen-
tative materials of the present study, that is, the pretreated material with the least severity
(Exp. 1: 2.96), with the highest severity (Exp. 6: 4.51), central point of the design (Exp 9:
3.80) and material optimized by response surface (Exp. 10: 4.22). The first row shows a
photograph of the materials pretreated by steam explosion, the second row shows scanning
electron microscopy (SEM) images at a magnification of 130× to obtain a general idea of
the fiber arrangement, and the third row shows SEM images at 1400× magnification to
further characterize the surface of the fibers. A low severity does not manage to deconstruct
the fibrillar structure of the wood, probably due to the high content of hemicellulose still
present in the pretreated material. By applying a high severity of pretreatment, it is possible
to completely deconstruct the structure of the wood, and even shorter fibers are observed,
which is probably related to the drastic decrease in the DP of cellulose. At intermediate
severities (Exp. 9 and Exp. 10), a mixture is observed between structures that have not
yet been deconstructed and detached fibers, although they are longer than those present
in Exp. 6. This can be explained for the sudden depressurization led to an “explosion” of
the steam inside the lignocellulosic matrix, which promotes breakdown and defibrillation
of its structure generating a solid fraction which a more open structure. The good-results
were observed in the enzymatic hydrolysis of Exp. 9 and Exp. 12 indicate that no further
deconstruction is necessary to achieve good glucose release if a significant amount of xylan
is removed.

3.5. Simultaneous Sacharification and Fermentation

In Section 3.1 it was mentioned that the pretreated material obtained under the conditions
of the central point of the experimental design (Exp. 9) presented a similar performance to
the material obtained under the optimization conditions (Exp. 10), but with a lower energy
expenditure from the pretreatment point of view (less severity). Severity it was used in
subsequent studies. The fermentability of the Exp. 9 pretreated material were studied by SSF
at two different substrate loads, 10% and 20% w/v. With a load of 20% solids, the challenge
of achieving good agitation that allows the diffusion of the enzymes, liberating the glucose
from the cellulose and then its fermentation to ethanol was verified. Agitation is an important
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parameter for overcome mass transfer related limitations. To overcome the agitation barrier,
a fed-batch strategy was implemented (Figure 5), which allows the feeding of pretreated
material to the SSF reactor as it is liquefied by the action of enzymes. This strategy was
successfully implemented in three types of laboratory-scale fermenters.

 

Figure 4. Macroscopic and microscopic images of pretreated materials selected according to severity.
(A,D,G,J) correspond to the original texture of samples Exp. 1, Exp. 6, Exp. 9 and Exp. 10, respectively.
(B,E,H,K) correspond to images by scanning electron microscopy with 130× magnification of samples
Exp. 1, Exp. 6, Exp. 9 and Exp. 10, respectively. (C,F,I,L) correspond to images by scanning electron
microscopy with 1400× magnification of samples Exp. 1, Exp. 6, Exp. 9 and Exp. 10, respectively.

Figure 5. Fed-batch SSF strategy with 20 FPU/20 CBU and 12 g/L of S. cereviseae IR2-9a. Every two
hours, the substrate loading was increased in 2% until to reach the final concentration, this process
took a period of 8 h.

The first laboratory-scale fermenter was a traditional orbitally stirred Erlenmeyer flask.
The second and third SSF fermenters are scalable prototypes of the original design with
blade systems for high solid loads. The second fermenter corresponds to a horizontal
design with helical-type blades, where its design can be seen in Figure 6A and the third
fermenter is of a vertical design with “G-type” blades shown in Figure 6B.
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Figure 6. (A) Schematic representation of the horizontal fermenter (HF) with helical blades and
(B) schematic representation of the vertical fermenter (VF) with “type G” blades.

In a traditional fermenter (Erlenmeyer flask), when the solid pretreated biomass was
increased from 10% w/v to 20% w/v, the yield decreased from 61.9% to 55.0%. At high
substrate loading, a slower rate of mass transfer of enzyme as well also soluble products.
Diffusional limitation of enzymes increases with elevated substrate concentration and the
same is responsible for slower mass transfer of enzymes [36]. However, when the fed-batch
strategy was implemented, the glucose yield increased to 70.6%. SSF increases the yields
because the glucose released by the enzymes is rapidly consumed by the yeast, reducing
the inhibition per product. Table 2 shows a significant increase in the yield of FB-SSF with
20% w/v of pretreated material, which reached 78.0% at 72 h. However, the profitability
and productivity of future bioethanol production plants remain very low. Very promising
results were achieved with fermenter two and three, where we achieved a yield of 87.7%
equivalent to 8.3% v/v of ethanol with the horizontal fermenter, and 92.5% equivalent to
9.1% v/v of ethanol with the vertical fermenter, both yields reached at 48 h of FB-SSF. Cost
and energy studies are required to determine whether a vertical or horizontal fermenter is
more viable for scaling up the bioethanol production.
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Table 2. Glucose and ethanol yields (wood dry weight basis) obtained by EH, SSF and FB-SSF.
Comparison between different fermenter designs.

Solids

SSF Erlenmeyer Flasks (Orbital
Agitation)

SSF in Horizontal Fermenter (Helical
Blades)

SSF in Vertical Fermenter (Type “G”
Blades)

Ethanol Yields Ethanol Ethanol Yields Ethanol Ethanol Yields Ethanol

% % g/L %v/v % g/L %v/v % g/L %v/v

10 63.8 ± 0.7 (72) a 24.7 ± 0.3 3.2 ± 0.0

20 61.0 ± 0.1 (96) 44.6 ± 0.1 5.7± 0.0 78.6 ± 1.2 (72) 60.0 ± 1.0 7.7 ± 0.8 77.7 ± 2.3 (72) 57.0 ± 2.1 7.3 ± 2.0

20 b 78.0 ± 0.6 (72) 58.0 ± 0.4 7.4 ± 0.1 87.7 ± 0.9 (48) 65.0 ± 0.8 8.3 ± 0.6 92.5 ± 1.9 (48) 71.0 ± 1.5 9.1 ± 1.4

a Time in hours of the process at which the yields were reached. b Fed-batch strategy in first 8 h.

4. Conclusions

SE pretreatment of E. globulus was optimized using RSM. The response polynomial
allowed us to obtain the optimal parameter combination of 208 ◦C and 11 min to maximize
glucose release by EH. The study of samples generated during optimization allowed us to
determine the physicochemical changes in a wide range of severities, where the removal of
xylans and decrease in the DP of cellulose were the main effects caused by SE pretreatment.
These effects correlated with the SEM images and YEH. Finally, a high YE was achieved,
which is necessary to lower distillation costs through novel SSF fermenter designs and
fed-batch strategies.

The combination of fermenters with blades designed for a high concentration of
pretreated solids and their incorporation in the fed-batch mode allowed us to achieve
a high ethanol concentration without sacrificing the potential yield. Furthermore, this
strategy enabled us to achieve the highest ethanol concentration in a shorter time for SSF
compared with the conventional orbital agitation method.
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