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Abstract
The microbial production of fumaric acid by Rhizopus arrhizus NRRL 2582 has been evaluated using soybean cake from
biodiesel production processes and very high polarity (VHP) sugar from sugarcane mills. Soybean cake was converted into a
nutrient-rich hydrolysate via a two-stage bioprocess involving crude enzyme production via solid state fermentations (SSF) of
either Aspergillus oryzae or R. arrhizus cultivated on soybean cake followed by enzymatic hydrolysis of soybean cake. The
soybean cake hydrolysate produced using crude enzymes derived via SSF of R. arrhizuswas supplemented with VHP sugar and
evaluated using different initial free amino nitrogen (FAN) concentrations (100, 200, and 400 mg/L) in fed-batch cultures for
fumaric acid production. The highest fumaric acid concentration (27.3 g/L) and yield (0.7 g/g of total consumed sugars) were
achieved when the initial FAN concentration was 200 mg/L. The combination of VHP sugar with soybean cake hydrolysate
derived from crude enzymes produced by SSF of A. oryzae at 200 mg/L initial FAN concentration led to the production of 40 g/L
fumaric acid with a yield of 0.86 g/g of total consumed sugars. The utilization of sugarcane molasses led to low fumaric acid
production by R. arrhizus, probably due to the presence of various minerals and phenolic compounds. The promising results
achieved through the valorization of VHP sugar and soybean cake suggest that a focused study on molasses pretreatment could
lead to enhanced fumaric acid production.
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Introduction

There is growing concern regarding the utilization of fossil
fuels for the production of fuels and chemicals mainly due to
their immense environmental impact. From 2004 until 2014,
in Europe, the production of electricity from renewable re-
sources has almost doubled from almost 500 TWh to more
than 900 TWh (Eurostat 2016). However, although energy
can be produced from different technologies and sources, the
sustainable production of chemicals can only be achieved
using renewable biomass.

Sugarcane is used industrially for sugar production and is
the major crop cultivated globally mainly in tropical countries,
such as Brazil, China, India, and Thailand. Brazil is the
world’s largest sugarcane producer with 39% of the world’s
total production with almost 740 million t (FAOSTAT 2014).
In 2014, the global sugar production was more than 170 mil-
lion t (FAOSTAT 2014). During sugar extraction, large
amounts of molasses are generated as by-product. It is
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estimated that from 100 t of sugarcane, around 3–7 t of mo-
lasses are generated. Molasses are mainly composed of sugars
(40–60%), proteins, inorganic components, and vitamins. The
composition of molasses varies widely, depending on the sug-
arcane variety and maturity, climate, and the process
employed for sugar extraction (Sindhu et al. 2016). Its high-
sugar content and its relatively low market price constitute
sugarcane molasses an alternative feedstock for fermentation
processes, which is currently used mostly for ethanol produc-
tion (Cazetta et al. 2007). Besides ethanol, sugarcane molasses
has also been evaluated for the production of various bio-
based chemicals and polymers, including propionic acid, lac-
tic acid, succinic acid, and 2,3-butanediol (Koutinas et al.
2014).

An important field for the use of renewable resources as
raw material is the biotechnological production of platform
chemicals, such as succinic acid, lactic acid, fumaric acid,
1,3-propanediol, and 1,4-butanediol, which are used as pre-
cursors for the production of various end-products (Jang et al.
2012). Fumaric acid is considered as one of the most impor-
tant platform chemicals with applications in medicine, food,
and chemical industries (Das et al. 2016). Fumaric acid is
currently produced via chemical synthesis via isomerization
of maleic acid, which is produced frommaleic anhydride (Roa
Engel et al. 2008). Filamentous fungi, such as Rhizopus sp.,
are usually employed for microbial production of fumaric acid
as has been reported in several literature-cited studies. Roa
Engel et al. (2008) and Xu et al. (2012) reported that the
biotechnological production of fumaric acid is more efficient
when mainly glucose is utilized as carbon source. Fu et al.
(2010) reported that the highest fumaric acid concentration
(56.2 g/L) and yield (0.56 g/g) were achieved when
R. oryzae was cultivated on glucose using a two-stage dis-
solved oxygen control strategy, starting with 80%DO concen-
tration until 18 h followed by 30% DO concentration. Most
literature-cited studies are focusing on the utilization of glu-
cose, with only few studies reporting the use of crude renew-
able resources for fumaric acid production. Carta et al. (1999)
reported the production of fumaric acid from cassava bagasse
hydrolysate through the screening of several Rhizopus strains
with the highest fumaric acid production (21.28 g/L) achieved
by the strain R. formosa. Petruccioli et al. (1996) investigated
the production of fumaric acid from glucose molasses using
R. arrhizus immobilized in polyurethane sponge particles
leading to the production of 17.5 g/L fumaric acid.

Industrial production of fumaric acid production by fungal
strains is impeded due to problems associated with the low
solubility of fumarate salts, fungal morphology, dissolved ox-
ygen limitations, and selection of appropriate fermentation
media composition (Koutinas et al. 2014). For instance, the
low solubility of fumarate salts produced via neutralization of
the broth during fermentation results in the formation of vis-
cous broths limiting oxygen transfer rate. Fermentation

efficiency could be improved via fermentation media optimi-
zation, cell immobilization, and integrated fumaric acid pro-
duction via fermentation with separation using adsorption on
selective resins (Koutinas et al. 2014).

The main objective of this study was the evaluation of very
high polarity (VHP) sugar and molasses produced from sug-
arcane mills and soybean cake for fumaric acid production
using the fungal strain R. arrhizus NRRL 2582. This study
also focused on the development of a two-stage bioprocess for
soybean cake hydrolysis in order to obtain a nutrient-rich
feedstock suitable for fumaric acid production.

Materials and methods

Microorganisms

Τhe fungal strains Rhizopus arrhizus NRRL 2582, purchased
from the ARS Culture Collection (NRRL, USA), and
Aspergillus oryzae, kindly provided by Prof. Colin Webb
(University of Manchester, Manchester, UK), were utilized
for the production of crude proteolytic enzymes. Also,
R. arrhizus NRRL 2582 was utilized in submerged fermenta-
tion for fumaric acid production. Maintenance, sporulation,
and inoculum preparations of both fungal strains have been
previously described (Kachrimanidou et al. 2013; Papadaki
et al. 2017).

Raw materials used as fermentation feedstock

VHP sugar and molasses were provided by the sugarcane
industry Cruz Alta (Guarani, São Paulo, Brazil). The soybean
cake was provided by the biodiesel production industry
BSBios (Passo Fundo, Rio Grande do Sul, Brazil).

Crude enzyme production and enzymatic hydrolysis
of soybean cake

Solid state fermentations (SSF) for the production of crude
enzyme consortia were conducted in 250 mL Erlenmeyer
flasks, which contained 5 g (dry basis, db) of soybean cake.
In the case of SSF using A. oryzae, the moisture content of the
substrate was adjusted to 65% (w/w, db) by inoculating a fun-
gal spore suspension with a concentration of 2 × 106 spores/
mL (Kachrimanidou et al. 2013; Dimou et al. 2015). The SSF
of R. arrhizuswas carried out using a fungal spore suspension
of 1.5 × 108 spores/mL at the same conditions as in the SSF of
A. oryzae. The solid substrates used in all SSF were sterilized
at 121 °C for 20 min, and after inoculation, all cultures were
incubated at 30 °C. At the end of fermentation, the fermented
solids were suspended in sterile water and macerated using a
blender under aseptic conditions. The suspended macerated
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solids were mixed with untreated soybean cake in order to
promote the enzymatic hydrolysis of soybean cake.

The enzymatic hydrolysis of soybean cake using the crude
enzymes of A. oryzae has been described by Papadaki et al.
(2017). The same protocol was followed in soybean cake hy-
drolysis carried out using the crude enzymes produced by
R. arrhizus. The hydrolysis process was carried out in Duran
bottles containing 50 g/L total solids that contained untreated
soybean cake (90%) and fermented soybean cake derived
from SSF (10%). The SSF derived fermented solids provided
the crude enzymes required for the production of the nutrient-
rich hydrolysate. The Duran bottles containing the untreated
soybean cake were sterilized at 121 °C for 20 min. Then the
macerated and suspended fermented solids from SSF cultures
were added in the bottles under aseptic conditions. The effect
of temperature (40, 45, and 50 °C) and initial enzyme activity
(2.7, 5.4, and 6.7 U/mL) on soybean cake hydrolysis were
evaluated. All hydrolysis experiments were agitated using
magnetic stirrers, while the pH was not controlled. The time
course of free amino nitrogen (FAN) and inorganic phospho-
rus (IP) production was studied during hydrolysis. The sam-
ples were collected at regular intervals, and the enzymatic
reaction was terminated by adding trichloroacetic acid (5%,
w/v). The solids were separated via centrifugation (3000×g,
5 °C, 10 min), and the supernatant was used for the analysis of
FAN and IP. Hydrolysis yield was expressed as the percentage
of total Kjeldahl nitrogen (TKN) to FAN conversion. The
experiments were carried out in duplicates, and the results
represent mean values.

After the hydrolysis, remaining solids were removed by
centrifugation (9000×g, 5 °C, 15 min) and vacuum filtration.
The pH of the hydrolysate was adjusted to 6 with 5 M KOH
and then it was autoclaved at 121 °C for 15 min.
Subsequently, the hydrolysates were used as pre-culture media
at different concentrations and evaluated for fumaric acid
production.

Submerged fermentations

Batch and fed-batch fermentations were conducted in
Erlenmeyer flasks of 250 mL containing 50 mL of fermenta-
tion media, which was consisted of (g/L): pure sugars (≥ 99%,
PENTA) (glucose:fructose 1:1 ratio, ~ 50 g/L), VHP sugar (~
25 g/L, which contains predominantly sucrose at more than
99%, w/w), molasses (~ 25 g/L total sugar concentration,
mainly consisted of sucrose, glucose, and fructose as shown
in Table 1); CaCO3 was added as neutralizing agent and
source of CO2 (20 and 40 g/L when the initial total sugar
concentration was 25 and 50 g/L, respectively); (NH4)2SO4,
0.2; KH2PO4, 0.6; MgSO4·7H2O, 0.4; ZnSO4·7H2O, 0.044;
FeCl3·6H2O, 0.016; tartaric acid, 0.0075; corn steep liquor,
0.5 mL; and methanol 15 mL. The initial CaCO3 concentra-
tion used in each fermentation was at 80% of the initial carbon

source concentration, because higher CaCO3 concentrations
would cause problems in the regulation of the pH value. In the
case of fed-batch fermentations, a concentrated VHP sugar
solution (400 g/L) was added to the medium at random inter-
vals in order to maintain the total sugar concentration above
5 g/L.

Batch fermentations were also carried out using pretreated
molasses. Different pretreatments, which are described in a
following section, were applied for molasses clarification.
The pH of the culture was controlled during fermentation at
the optimum pH value of 5.5 using 5MKOHor 5MHCl. The
medium was autoclaved at 121 °C for 20 min, whereas corn
steep liquor and ammonium sulphate were autoclaved sepa-
rately, and methanol was filter-sterilized. All components
were added to the sterilized medium prior to inoculation under
aseptic conditions. Dispersed mycelia were utilized as inocu-
lum, because Papadaki et al. (2017) showed that this is the
optimum morphology for the R. arrhizus strain used in this
study. The inoculation of the fermentation medium was per-
formed using a 10% (v/v) pre-culture medium, which
consisted of (g/L): glucose, 25; soybean cake hydrolysate at
varying FAN concentrations; KH2PO4, 0.6; MgSO4·7H2O,
0.4; ZnSO4·7H2O, 0.044; FeCl3·6H2O, 0.016; corn steep li-
quor, 3 mL; corn starch, 30; and agar, 1. The pH of the
preculture medium was controlled at 6.0 with 5 M KOH or
5 M HCl. The pre-culture medium was incubated at 30 °C for
24 h in a rotary shaker with an agitation speed of 180 rpm. The
data presented are the mean values of duplicate experiments.

Soybean cake hydrolysate used in pre-culture media

The effect of soybean cake hydrolysate, as a nutrient and
nitrogen-rich feedstock, was evaluated on fumaric acid pro-
duction. Specifically, different initial FAN concentrations
(100, 200, and 400 mg/L) in the pre-culture medium were

Table 1 Composition of sugarcane molasses

Component Quantity (w/w, %)

Moisture 29.7

Solids 70.4

Sugars: 46.9

Sucrose 33.6

Glucose 5.3

Fructose 6.3

TKN 0.5

Protein (TKN × 6.25) 3.2

Free amino nitrogen 1.1

TPCa 0.065

a Total phenolic content is expressed as g gallic acid equivalents per 100 g
molasses. The determination of TPC was carried out using the method
described by Faustino et al. (2010)
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tested. The pre-culture medium without the nitrogen sources
was autoclaved at 121 °C for 20 min and then the hydrolysate
was added in aseptic conditions.

Pretreatment of molasses

Fumaric acid production was also studied using clarified mo-
lasses as substrate. Specifically, a molasses solution contain-
ing 30% (w/v) total sugar concentration was acid-treated using
5 M H2SO4 in order to obtain a final pH of 3.5. Subsequently,
the molasses temperature was increased to 100 °C for 1 h. The
treated molasses was centrifuged (9000×g, 5 °C, 15 min)
(Xiao et al. 2007; Liu et al. 2008), and the supernatant was
used as a substrate after adjusting the pH at 6.5. Also, cationic
resin (Amberlite IR 120H, Sigma-Aldrich) of sulfonic (SO3H)
type based on a polystyrene-divinylbenzene copolymer was
utilized for further treatment of the acid clarified molasses.
Specifically, after the acid pretreatment, the pH of molasses
solution was adjusted at 2 and then was passed through a
column of resins at room temperature. The pH of the clarified
molasses solution was adjusted at 5.5 and utilized in sub-
merged fermentations.

Analytical methods

Determination of TKN, FAN, IP, and elements

The TKN concentration of soybean cake and molasses was
determined using a Kjeltek TM 8100 distillation Unit (Foss,
Denmark). FAN and IP concentrations in the hydrolysates
were measured according to the ninhydrin colorimetric meth-
od and the ammonium molybdate spectrophotometric meth-
od, respectively (Lie 1973; Harland and Harland 1980).

An inductively coupled plasma optical emission spectrom-
eter (ICP-OES, Ultima 2, Horiba Jobin Yvon) was used for
elemental determination of the molasses and VHP sugar, with
slight adaptation of the ASTM-D1976 method (ASTM
D1976-12 2012). Samples were diluted in water when it was
necessary.

Determination of total phenolic content in the extract
from molasses

The phenolic compounds in molasses were extracted follow-
ing the methodology presented by Alexandri et al. (2016).
Specifically, a molasses aqueous solution (~ 280 g/L) was
prepared regulating the pH at 2 with concentrated HCl. The
molasses was subsequently treated with ethyl acetate for
30 min, using a 1:3 (v/v) of molasses to solvent ratio at room
temperature. After phase separation, the ethyl acetate extract
was collected and the solvent was vacuum-evaporated. The
extract was weighed, and 5 mL of methanol was added. The
methanolic solution was stored at − 20 °C for further analysis.

The determination of total phenolic content (TPC) was carried
out using the Folin-Ciocalteu colourimetric method as de-
scribed by Faustino et al. (2010). The TPC was expressed as
gram of gallic acid equivalent (GAE) per gram of molasses.

Determination of antioxidant activity in the extract
from molasses

Τhe antioxidant activity of the molasses extract was deter-
mined according to the DPPH • (2,2-diphenyl-1-
picrylhydrazyl) scavenging radical method (Scherer and
Godoy 2009). The sample (0.1 mL) was mixed with 3.9 mL
of DPPH• solution (31.6 μg/mL), and the mixture was agitat-
ed before incubation at room temperature in the dark for
90 min. Aqueous methanol (0.1 mL, 70:30 v/v) mixed with
3.9 mL DPPH• was used as control. A double-beam UV-Vis
spectrophotometer (Jasco V-530, Tokyo, Japan) was used to
measure the decrease in absorbance at 517 nm.

Determination of individual phenolic compounds
by HPLC-DAD

The individual phenolic compounds in the extract were deter-
mined by high-pressure liquid chromatography coupled with a
diode array detector (HPLC-DAD) analysis following the
methodology described by Alexandri et al. (2016).

Determination of proteolytic activity

The enzymatic activity of proteases produced during SSF of
R. arrhizus on soybean cake was evaluated following the
method described by Kachrimanidou et al. (2013). One unit
of protease activity (U) was defined as the protease required
for the production of 1 μg FAN in 1 min at 55 °C and pH 6.0.
The results were expressed as unit per gram of fermented
solids.

Determination of metabolic products

Fumaric acid determination in culture broths was carried out
via dilution with deionized water and 3 M H2SO4 to dissolve
the residual CaCO3 and reduce the pH to less than 1.0, follow-
ed by treatment at 80 °C until the broth became clear
(Goldberg et al. 1983). Suspensions were filtered, and the
biomass was washed with deionized water. Samples from
the clear filtrate were obtained, and sugar consumption,
fumaric acid, and other by-products were quantified using
high-performance liquid chromatography (HPLC) analysis
(Shimadzu) equipped with a Bio-rad Aminex HPX-87H col-
umn (300mm length × 7.8 mm internal diameter) coupled to a
differential refractometer. The mobile phase was a solution of
10 mM H2SO4 with 0.6 mL/min flow rate and 65 °C column
temperature. The sugar to fumaric acid conversion yield was
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expressed as gram of fumaric acid produced per gram of con-
sumed sugars.

Results and discussion

Composition of molasses and VHP cane sugar

The composition of sugarcane molasses is presented in
Table 1. The TPC was 0.065 g GAE per 100 g of molasses.
The antioxidant activity index (AAI) of the phenolic extract
was 0.1, which is characterized as poor antioxidant activity as
indicated by the scale proposed by Scherer and Godoy (2009)
where poor antioxidants are considered those with AAI lower
than 0.5.

The phenolic compounds in the extract derived from mo-
lasses were determined by HPLC-DAD analysis. The main
phenolic compounds identified were 3,4-dihydroxybenzoic
acid (2.9 mg/100 g molasses), p-coumaric acid (1.0 mg/
100 g molasses), and 4-hydroxybenzaldehyde (0.9 mg/100 g
molasses) . Lower concentra t ions of vani l l in , 2-
hydroxycinnamic acid, syringic acid, 4-hydroxybenzoic acid,
vanillic acid, and ferulic acid were also detected. The phenolic
compounds of syringic acid, vanillic acid, vanillin, and p-
coumaric acid have been determined in sugarcane molasses
(Hashizume et al. 1967). Obata et al. (1963) identified seven
phenolic compounds in beet molasses, including catechol, 2-
hydroxydihydrocinnamic acid, 4-hydroxybenzoic acid,
syringic acid, and vanillin and vanillic acid. Chen et al.
(2015) reported that gallic acid, vanillin, hydroxybenzoic acid,
syringic acid, and ferulic acid were identified in sugar beet
molasses.

ICP-IOS analysis (Table 2) showed that molasses
contained mainly 6.67 mg/g Ca, 5.23 mg/g S, 4.7 mg/g Mg,
and 1.75 mg/g K. Lower quantities of P, Fe Mn, Zn, and Co
were also detected. Teclu et al. (2009) reported that molasses
contained Al, As, Cu, Fe, Mn, and Zn in concentrations of
0.54, 0.24, 8.7, 0.35, 11.1, and 19.7 μg/g, respectively. The
elemental analysis carried out in the case of VHP cane sugar
showed that the major elements were K, Ca, S, and Mg, but in
significant lower concentrations than in molasses.

Crude enzyme production and soybean cake
hydrolysis

The high-protein content (47%, w/w) of soybean cake
(Papadaki et al. 2017) could provide an alternative exploitation
of this cake as nitrogen-rich source for microbial fermentations.
In this study, the protein fraction of soybean cake was hydro-
lyzed using crude enzymes produced via SSF of two fungal
strains, namely A. oryzae and R. arrhizus. The time course
profile of proteases produced by A. oryzae has been presented
by Papadaki et al. (2017). The time course profile of the

proteolytic activity produced by R. arrhizus during SSF is pre-
sented in Fig. 1. The highest proteolytic activity (155.4 U/g)
was achieved at 73 h. The proteolytic activity produced by
R. arrhizuswas lower than the corresponding activity achieved
by A. oryzae (205 U/g at 70 h) using soybean cake under the
same SSF conditions (Papadaki et al. 2017). A. oryzae has been
extensively studied for protease production (de Souza et al.
2015). Ito et al. (2017) showed that soybean meal led to the
highest proteolytic activity of R. microsporus var. oligosporus
(50 U/g at 72 h). Furthermore, R. oligosporus presented pro-
teolytic activity in the range of 162–195 PU/g during SSF in
different amounts of sunflower meal (Rauf et al. 2010).

An enzymatic hydrolysis process was employed to gener-
ate a nutrient-rich feedstock from soybean cake using the
fermented solids of R. arrhizus. The temperature (40, 45,
and 50 °C) and the initial enzyme activity (2.7, 5.4, and
6.7 U/mL) employed during hydrolysis were evaluated by
comparing the production of FAN and IP. The production of
soybean cake hydrolysate using the fermented solids of
A. oryzae has been presented by Papadaki et al. (2017).

Table 2 Elemental analysis of VHP sugar and sugarcane molasses

Elements VHP sugara (mg/g) Molassesa (mg/g)

Ca 0.034 6.67

S 0.027 5.23

Mg 0.014 4.70

K 0.052 1.75

P 0.002 0.21

Fe 0.001 0.12

Mn < 0.0005 0.03

Zn 0.0002 0.003

Co < 0.0005 < 0.0005

a Expressed as milligram per gram of VHP sugar or sugarcane molasses
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Figure 2a shows that the optimum temperature of protein hy-
drolysis was 45 °C with the highest FAN production (775 mg/
L) achieved at 46 h. The highest IP production (260 mg/L at
48 h) was observed at 50 °C (Fig. 2b). Figure 3a shows that
increasing initial proteolytic activity led to increasing FAN
concentration. The highest FAN concentration (989 mg/L)
was achieved when 6.7 U/mL of initial proteolytic activity
was utilized. However, proteolytic activities of 5.4 and
6.7 U/mL led to similar FAN production. IP production was
not improved with increasing initial crude enzyme activity.
The highest IP concentration in the hydrolysate was around
200 mg/L (Fig. 3b). Previous studies have focused on the
optimization of oilseed cake hydrolysis using the crude en-
zymes produced by A. oryzae showing that the optimum hy-
drolysis conditions were 40–50 °C and approximately 6 U/mL
of initial proteolytic activity (Dimou et al. 2015;
Kachrimanidou et al. 2013; Papadaki et al. 2017; Tsouko
et al. 2017; Wang et al. 2010). Although chemical hydrolysis
of soybean cake has been studied for fumaric acid production

(Zhang et al. 2015), this study proposes the development of a
soybean cake hydrolysis process utilizing crude enzymes pro-
duced by R. arrhizus, the same strain that is subsequently used
for fumaric acid production.

Fermentations carried out with VHP cane sugar

High concentrations of fumaric acid have been achieved using
various Rhizopus species. The fungal strain R. arrhizusNRRL
2582 was selected in this study, since it can consume sucrose
for fumaric acid production (Rhodes et al. 1959). The fungal
morphology has a significant effect on fumaric acid produc-
tion (Liao et al. 2007; Roa Engel et al. 2011; Zhang et al.
2015; Zhou et al. 2011). Therefore, regular monitoring of
the fungal morphology was conducted throughout fermenta-
tion (Papadaki et al. 2017).

Since VHP sugar contains sucrose and molasses con-
tain sucrose, glucose, and fructose, the ability of
R. arrhizus to metabolize a co-substrate containing pure
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glucose and fructose was studied in batch fermentation
(Fig. 4). Based on the results presented by Papadaki et al.
(2017), the highest fumaric acid production was achieved
with a soybean cake hydrolysate of 200 mg/L initial FAN
concentration. Thus, the pre-culture medium used in the
fermentation, presented in Fig. 4, was carried out with a
FAN concentration of 200 mg/L. Glucose was depleted at
around 180 h, whereas the consumption rate of fructose
was slower (Fig. 4). The highest fumaric acid concentra-
tion (30.8 g/L) was achieved at 140 h, and the yield was
0.98 g/g. In the case of Rhizopus sp., a conversion yield
of more than 1.0 g/g could be achieved, since the theoret-
ical stoichiometry shows that 1 mol of glucose requires
2 mol of CO2 to produce 2 mol of fumaric acid (Roa

Engel et al. 2008). Under nitrogen-limited conditions,
Rhizopus sp. catabolize glucose via the reductive TCA
cycle. The CO2 required in the reductive TCA cycle is
supplied through the reaction of CaCO3 with fumaric acid
leading to the production of calcium fumarate and CO2

(Roa Engel et al. 2008).
Subsequently, VHP cane sugar was used in fed-batch fer-

mentation (Fig. 5). The pre-culture medium used in this
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fermentation contained 200 mg/L of FAN concentration pro-
vided by a soybean cake hydrolysate produced with crude
enzymes derived from A. oryzae SSF cultures. The highest
fumaric acid concentration (40 g/L) with a yield of 0.86 g
fumaric acid per gram consumed sugars was achieved at
219 h. The main by-product at 219 h was succinic acid
(2.8 g/L), whereas negligible ethanol was determined. Zhang
et al. (2015) reported the production of 50 g/L fumaric acid
with a yield of 0.72 g/g by R. oryzae ATCC 20344 using a
chemically derived soybean meal hydrolysate in the pre-
culture medium and commercial glucose as carbon source.

Figure 6 presents three fed-batch fermentations carried out
with R. arrhizus cultivated on VHP cane sugar using three
pre-culture media that were produced with three different ini-
tial FAN concentrations (100, 200, and 400 mg/L) provided
by soybean cake hydrolysate produced with crude enzymes
derived from R. arrhizus SSF cultures. Figure 6 shows that the
highest initial FAN concentration used (400 mg/L) led to the
highest fumaric acid concentration (30.8 g/L). At 100 and
200 mg/L initial FAN concentration in the pre-culture media
used, the fumaric acid production reached 19.3 and 27.3 g/L,
respectively. The total consumed sugar to fumaric acid

conversion yield (ca. 0.7 g/g) observed in the fermentations
carried out with 100 and 200 mg/L initial FAN concentration
in the pre-culture mediumwas higher than the respective yield
(0.50 g/g) achieved at 400 mg/L FAN.

The results presented in Figs. 5 and 6b show that
higher fumaric acid concentration and yield are achieved
when the pre-culture medium is prepared with soybean
cake hydrolysate produced using crude enzymes derived
from A. oryzae SSF cultures. It should be stressed that the
same initial FAN concentration (200 mg/L) was used in
both cases for the production of pre-culture media. The
pre-culture medium produced using soybean cake hydro-
lysate derived from R. arrhizus SSF cultures is apparently
not as efficient to stimulate fumaric acid production by
R. arrhizus. These results indicate that the enzymes pro-
duced by the two fungal strains are different leading to the
production of soybean cake hydrolysates with different
nutrient composition. Although the same FAN concentra-
tion was initially used for the production of the two pre-
culture media, the presence of specific peptides or other
nutrients was not quantified in the two soybean cake hy-
drolysates. However, using R. arrhizus for soybean cake

Table 3 Fumaric acid and ethanol production in batch fermentations
carried out with molasses or pretreated molasses with an initial total sugar
concentration of around 25 g/L and two different soybean cake

hydrolysates (SBC) using 200 mg/L FAN concentration for the produc-
tion of pre-culture medium

Carbon source Nitrogen source Time (h) FA (g/L) YFA/S
a (g/g) EtOH (g/L)

Molasses SBC hydrolysate produced
by A. oryzae enzymes

48 4.04 0.19 6.2

Acid-treated molasses—NMb,c 38 6.37 0.29 4.9

Acid- and resins-treated molasses—NMb,c,d 40 7.60 0.31 5.8

Molasses SBC hydrolysate produced
by R. arrhizus enzymes

44 3.60 0.18 5.9

Acid-treated molassesc 48 2.35 0.18 4.9

Acid-treated molasses—NMb,c 52 7.06 0.32 3.7

Acid- and resins-treated molasses—NMb,c,d 44 7.90 0.32 6.0

a The yield was expressed as gram of fumaric acid (FA) produced per g of consumed sugars
b NM: no mineral supplements were added in the fermentation medium
cMolasses were treated with H2SO4

d The H2SO4 treated molasses was subsequently treated with resins
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Fig. 7 Mass balance of the
proposed bioprocess using VHP
sugar and soybean cake
hydrolysate produced with crude
enzymes derived by A. oryzae
SSF culture



hydrolysis has the processing advantage that the same
fungal strain is used for both soybean cake hydrolysate
and fumaric acid production.

Fermentations carried out with sugarcane molasses

Table 3 presents the final fumaric acid and ethanol concentra-
tions and the consumed sugar to fumaric acid conversion yield
in batch fermentations conducted using molasses or pretreated
molasses supplemented with two different soybean cake hy-
drolysates produced by crude enzymes derived from either
A. oryzae or R. arrhizus. A significant reduction in fumaric
acid concentration and yield was observed when either un-
treated or pretreated molasses was used as fermentation feed-
stock compared to the respective fumaric acid concentration
and yield achieved when VHP sugar was used as carbon
source. In particular, when untreated molasses was used, the
final fumaric acid concentration was 4.04 g/L, whereas the
ethanol concentration was 6.2 g/L, when A. oryzae-derived
enzymes were used for the production of soybean cake hydro-
lysates. The fumaric acid production was slightly enhanced
when molasses was pretreated by acid or combined acid and
resin treatment and the fermentation medium was not supple-
mented with any minerals. Acid treatment of molasses that
was combined with mineral supplementation led to the lowest
fumaric acid production (2.35 g/L). The highest fumaric acid
concentration (7.9 g/L) and yield (0.32 g/g) were achieved
when the acid- and resin-pretreated molasses were used and
the fermentation medium was not supplemented with min-
erals. The acid and resin treatment of molasses have been
successfully studied in other microbial fermentations. The ac-
id treatment of sugarcane molasses increased the citric acid
production by A. niger (Ashraf et al. 2015; Kundu et al. 1984),
mainly because of the reduction of mineral concentration (e.g.
Cu, Fe, Mn, Zn) as these are involved in the activation of
enzymes associated with the TCA cycle (Kundu et al. 1984).
Acid and cation exchange resins treatment of cane molasses
led to higher succinic acid production by Actinobacillus
succinogenes (Liu et al. 2008).

Table 3 shows that higher ethanol production was observed
when molasses was used than in the case that VHP sugar was
used as carbon source. This could be attributed to the forma-
tion of fungal biomass agglomerates during fermentation that
led to the conversion of carbon sources to ethanol that is ob-
served under micro-aerobic or anaerobic conditions (Meussen
et al. 2012). It has been reported that the concentrations of
metal ions have a key role in the metabolism of Rhizopus
species and affect fungal morphology. Zhou et al. (2000)
underlined the significant effect of four metal ions on the
morphology of R. oryzae. The optimum metal ion concentra-
tion in the medium was 50 ppm of Mg, 4 ppm of Zn, and
100 ppb of Fe and no addition of Mn, while other
concentrations led to different cell morphologies and lower

fumaric acid concentrations. Das et al. (2015) stated that these
metal ions act as cofactors or activators for many cellular
enzymes involved in catabolism and biosynthesis of
macromolecules. The phenolic compounds present in
molasses may have also caused the reduction in fumaric acid
production by R. arrhizus. Zhang et al. (2016) studied the
individual effect of many phenolic compounds on the activity
of the enzymes of R. oryzae, which are involved in lactic acid
production, using corn cob and corn stover hydrolysates. It
was observed that the activity of the lactate dehydrogenase,
which is responsible for lactic acid production, was strongly
inhibited by phenolic compounds whereas the activity of al-
cohol dehydrogenase, involved in ethanol production, was
enhanced. The lactic acid production was significantly
inhibited (over 90%) in the presence of trans-cinnamic acid
or syringaldehyde in the medium. Moreover, lactic acid pro-
duction was reduced up to 71% when 3,4-dihydroxybenzoic
ac id , 4 -hydroxybenzo i c ac id , van i l l i c ac id , 4 -
hydroxybenzaldehyde, and vanillin were used. Zhang et al.
(2016) also stated that syringic, ferulic, and p-coumaric acids
presented the lowest toxicity, reducing lactic acid production
by less than 10%. The effect of phenolic compounds varies
with the type of compound, their combination and concentra-
tion (Zhang et al. 2016; Hu et al. 2009; Kumar et al. 2015),
and it is dependent on the microbial strain used (Delgenes
et al. 1996; Martín and Jönsson 2003). Other studies have
highlighted that the combination of different phenolic com-
pounds in the medium influenced negatively the performance
ofmicroorganisms during fermentation (Alexandri et al. 2016;
Hu et al. 2009; Zhang et al. 2012).

Conclusion

This study demonstrated that soybean cake and VHP sugar
could be used as fermentation feedstocks for fumaric acid
production using the fungal strain R. arrhizus NRRL 2582.
The nutrient-rich hydrolysate produced via enzymatic hydro-
lysis of soybean cake using crude enzymes produced by
A. oryzae led to the highest fumaric acid production (40 g/
L), when VHP sugar was utilized as carbon source. The sig-
nificantly lower fumaric acid concentration and yield ob-
served when untreated or pretreated molasses was used as
fermentation feedstock may be attributed to its composition
that influences the metabolism of R. arrhizus. Molasses-based
fermentation media contained higher quantities of various
metal ions, compared to VHP sugar media. Moreover, the
presence of phenolic compounds in molasses may have led
to lower fumaric acid concentrations. The inhibition effects of
phenolic compounds and metal ions on the metabolism of
R. arrhizus should be studied further.

Figure 7 presents a mass balance of fumaric acid produc-
tion (0.86 kg) from 1 kg VHP sugars and 6.25 g soybean cake
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when A. oryzae crude enzymes were used for the production
of soybean cake hydrolysates. The use of VHP sugar as car-
bon source led to low succinic acid and ethanol production as
by-products, which is essential in order to enhance sucrose to
fumaric acid conversion yield.
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