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f apple pomace into fumaric acid
in a rotating drum type solid-state bench scale
fermenter and study of the different underlying
mechanisms

Ratul Kumar Das,a Linson Lonappan,a Satinder Kaur Brar*a and Mausam Vermab

Utilization of apple industry solid waste, apple pomace (AP) for the production of fumaric acid (FA) using

a rotating drum type solid-state bench scale fermenter was studied under optimized conditions and

different mechanisms underlying the conversion were investigated. The filamentous fungal strain,

Rhizopus oryzae 1526 was used in the study. The solid-state fermentation was carried out in continuous

rotation, intermittent rotation and static mode of the fermenter operations for a maximum of 21 days.

Two different moisture contents (70% and 50%, w/w) of AP were applied for each batch. The highest FA

concentration (138 � 9.11 g per kg dry weight of AP) was achieved at 50% moisture content and under

continuous rotation after 14 days. Viability checking of the fungus showed maintenance of a high cell

count (2.74 � 108 spores per g dry apple pomace) during fermentation. Analysis of AP fibre composition

confirmed the conversion of insoluble dietary fibers into soluble dietary fibers and utilization of the

dietary fibres for FA production. Total phenolic content of AP was considerably increased (by around

86%) from 185 � 10.5 to 345 � 8.5 mg per g lyophilizate after 18 days. LC/MS/MS analysis confirmed the

consumption of sugars (glucose fructose and sucrose) present in AP by the fungus during fermentation.

The presence of different phenolic compounds and changes in their content after fermentation was also

confirmed by LC/MS/MS analysis. Two other operating conditions produced 82 � 6.8 and 58 � 8.5 g of

FA per kg dry weight of AP, respectively after 18 days of fermentation.
1. Introduction

In recent times, advancement in biotechnological approaches
and utilization of the natural ability of microorganisms has
enabled the bioconversion of different waste biomass into value-
added products. The global message of developing a sustainable
and green option for each chemically produced product has been
very successful for many platform chemicals.1 Although, the
number of reports in this research area are piling up at a great
pace, scale-up studies are scarce and this might be caused by the
unfeasibility constraints generated as a result of experimental
volumetric expansion from laboratory to industrial scale. Among
the different biotechnological processes, fermentation has been
the most explored and successful option for the bioproduction of
many high-value chemicals. In this regard, the recent progress
made in the biological production of ‘fumaric acid’ (FA), the
organic acid with diverse applications is worthy of attention.2–4 FA
and its ester derivatives have emerged as a multifaceted molecule
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with newer applications in bio-medical eld with previous
conventional uses.5–9 The growing demand of FA can be well
understood by looking at its current market volume statistics.
The report published in 2014 stated that the current market
volume of FA is around 240 000 t and the projected market
volume is 350 000 t by 2020.10 Biological route of FA production
over chemical method is being preferred due to human and
environmental health issues.4,11 In fact, FA has been identied as
one of the top ten value-added chemical that can be produced
from sugars by means of biological conversion.12 In the last four
decades, lots of efforts have been made to produce FA from
different waste carbon sources employing various microorgan-
isms in particular, different strains of the lamentous fungus
Rhizopus oryzae.3,13 Bibliographic data shows that most of the
fermentation studies carried out so far on FA production were
submerged fermentation (SmF); while experimentation on solid-
state fermentation (SSF) based FA production is yet to drawmuch
attention. SSF has many technical advantages over SmF and this
issue has been extensively reviewed by experts.14–16 However,
nding a suitable solid substrate with good potential of serving
the purposes of carbon, micro and macro nutrients is vital for
SSF. Moreover, for every new combination of a solid substrate
and microbial strain, extensive study on process optimization is
This journal is © The Royal Society of Chemistry 2015
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required. In this regard, the apple industry origin waste solid
biomass ‘apple pomace’ (AP), can be considered as SSF substrate.
The AP is the le over solid residue aer apples are pressed for
juice collection and separated from the liquid. Although, AP is an
apple industry waste by-product, it represents around 20–35% of
the original fruits.17,18 AP is shown to be a very good source of
nutrition formicroorganisms and this alsomake AP highly prone
to microbial attack and thus unsafe for environmental
disposal.19–23 High apple production in Canada (around 382
million kg as of 2014 report) and demand for apple juice makes
AP production unavoidable.24 Looking at the possibility of
utilizing AP as a good carbon source for FA producing fungal
strain such as Rhizopus oryzae 1526 AP was considered as a solid
substrate for FA production in a rotating drum type solid-state
bench scale fermenter. The selection of R. oryzae 1526 for FA
production was made on the basis of important sequential
ndings of decade old research on FA production ability of this
fungal strain. In the 1950s and 1980s the genus Rhizopus gained
tremendous importance as different species of this genus were
found to capable of producing FA at commercial level. The
companies ‘National Distillers and Chemical Corporation’ (1958)
and ‘Du Pont’ (1986) manufactured FA employing species of
Rhizopus.25–27 For species selection, advantage of using Rhizopus
oryzae over other FA producing species (such as R. nigricans, R.
formosa and R. arrhizus) is supported by previous ndings. It has
been shown that Rhizopus oryzae has simple nutritional
requirement for its growth and metabolism and this facilitates
the utilization of low cost carbon sources. Moreover, Rhizopus
oryzae species resulted in the highest productivity (4.25 g L�1 h�1)
of FA in a rotary reactor.2 These research outcomes have estab-
lished R. oryzae as the frontliner in the production of FA. To be
specic in strain selection, it's worth mentioning that among
different strains of R. oryzae tested for FA production, the strain
NRRL 1526 is one of the best strains.28 Thus, considering the
general acceptance, technical feasibility and advantages over
other FA producing species and strains, the fungal strain
Rhizopus oryzae 1526 (to be called R. oryzae hereaer) was
selected for the present research work. To the best of author's
knowledge, no prior study with rotating drum type solid-state
bench scale fermenter has been carried out for FA production
and this implies the novelty elements of the present study.
2. Experimental
2.1 Materials

The fungal strain used for FA production was Rhizopus oryzae 1526
and was procured from Agricultural Research Services (ARS)
culture collection, IL, USA. The apple industry waste biomass with
rice husk was procured from Lassonde Inc., Rougemont, Mon-
treal, Canada. All the chemicals used in the present study were of
analytical grade and purchased from Fisher Scientic (Ottawa,
Ontario, Canada).
2.2 Culture of Rhizopus oryzae 1526

The procured fungal strain was revived on potato dextrose agar
(PDA) slant aer incubating at 37 � 1 �C for 4 days (d) and then
This journal is © The Royal Society of Chemistry 2015
propagated on Petri dishes with PDA. The inoculated PDA Petri
dishes were incubated for a period of 72 h at 37 � 1 �C. Aer 3
d of incubation, the fully grown and sporulated fungus was
washed with distilled water (d.H2O) and the sporangiospores
were collected by ltering through glass wool. The stock of the
spore suspension was maintained at 1 � 108 spores per mL and
stored at 4 � 1 �C for regular uses. For long time storage, spore
suspension was mixed with 20% glycerol and kept at �80 �C.

2.3 Rotating drum type solid-state bench scale fermenter:
operating conditions

An in situ sterilizable solid-state bench scale fermenter (BSF) of
12 kg capacity (Model: Terrafor-IS, Make: Infors HT, Switzer-
land) with maximum 3–4 kg working volume was used for the
present study. To prepare for each batch of SSF, operating
conditions of BSF was set as follows: (a) aeration rate of 1 vvm
(rotameter controllable); (b) maximum operating pressure: +2.0
bar; (c) feed 1 pump (condensate line return to vessel) at 10%;
(d) feed 2 pump connected to reagent bottle (lled with steril-
ized water) with the T-piece and manually controlled; (e) push
valves of condensate return lines were opened and; (f) operating
temperature (for inoculation) was set at 30 � 1 �C.

2.4 Substrate preparation for solid-state fermentation

To prepare for SSF, oven dried AP (with 6–10% of moisture
content; MC%) was rst moisture adjusted (50 and 70%, w/w) by
homogenously mixing with distilled water (d.H2O). For each
batch, 1 kg (dry weight) of AP was used. In situ sterilization of
MC adjusted AP was carried out at 121 � 1 �C for 20 min. Push
valves of condensate return lines were closed during steriliza-
tion. A test run was done to see the change in the MC of the AP
substrate before and aer sterilization. Sterilized AP was
allowed to cool down to the inoculation temperature of 30 � 1
�C. Before inoculation, pH of sterilized AP was adjusted to 5.5–
6.0 by aseptically adding required amount of sterilized CaCO3

powder and rotating the BSF continuously for at least 12 h at 5
rpm. Well mixed AP samples were collected through the sample
collection port (Tri-Clamp port) under aseptic condition
(aming method) and analyzed for changes in MC and pH. If
required, MC and pH was further adjusted before inoculation.

2.5 Inoculation and solid-state fermentation

Aer cooling down to inoculation temperature (30 � 1 �C), AP
was inoculated with R. oryzae spores at a concentration of 1 �
107 spores per g dry AP. The inoculation was done following
standard procedure for BSF. Briey, spore suspension was lled
in sterilized syringe and pierced through the septum (piercing
membrane) in the 19 mm port of the BSF under aseptic
conditions (amingmethod) and later set to SSF conditions. For
optimization of FA production, BSF was run under different SSF
conditions for a maximum of 21 d. Two parameters, viz. MC of
AP and mode of rotation of BSF were considered. Three modes
of operation (continuous rotation, intermittent rotation and
static mode) of BSF were tested for FA production. In the
continuous mode of operation, 2 rpm for counter-clockwise for
12 h and 2 rpm clockwise for the next every 12 h was followed.
RSC Adv., 2015, 5, 104472–104479 | 104473
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For the intermittent rotation, programme was set at 2 rpm for
60 min counter-clockwise and at 2 rpm for 60 min clockwise,
aer every 12 h. AP adjusted with 50% and 70% (w/w) of MC
were used for each run of SSF with different modes of operation.
2.6 Sample collection and downstream processing

For FA estimation, 5 g of fermented samples was collected
through the Tri-Clamp port of BSF under aseptic condition
(aming method) at 3 d, 5 d, 7 d, 9 d, 12 d, 14 d, 16 d, 18 d and
21 d intervals of SSF. Sterilized d.H2O at 1 : 10 solid to liquid
ratio was mixed with the collected samples and then kept in
a shaking incubator at 200 rpm at 30 � 1 �C for 1 h. For the
removal of solid residues and fungal mycelia from the mixture,
samples were ltered through glass wool. Downstream pro-
cessing of the fermented broth samples was carried out
following the standard method.29 Briey, ltered samples were
treated with simultaneous heating and acidication (90 � 1 �C,
5 N H2SO4) until clear and later centrifuged (8000 � g, 10 min,
20 � 1 �C) and supernatants were collected. FA concentrations
in the supernatant were estimated by using high performance
liquid chromatography (HPLC) technique and the FA concen-
trations were expressed in g per kg dry apple pomace.
2.7 Analytical techniques

Estimation of total dietary bre (TDF), insoluble dietary bre
(IDF) and soluble dietary bre (SDF) of unfermented and fer-
mented dried AP samples were carried out following the AOAC
(Association of Official Analytical Chemists) methods.30

To determine the water holding capacity (WHC) of AP, the
previously mentioned method was followed with some modi-
cations.31 Briey, 5 grams of dried AP was vigorously mixed with
100mL of d.H2O for 10 min and then centrifuged at 8000� g for
15 min at 20 � 1 �C. The supernatant was carefully discarded
and the centrifuge bottles with AP pellets were kept inverted
until free water droplets stopped running from the AP pellets.
Finally, the MC of the AP pellets was determined following
standardmethod andWHC (g g�1) was accordingly calculated.32

For pH measurement, 2 g fermented AP sample was mixed
with 20 mL of d.H2O and kept for vortexing for 10 min and
ltered through lter paper (Whatman # 4). Filtrate was
analyzed for pH measurement using a pH meter equipped with
glass electrode (EcoMet P25). Oven-dry method was used for the
analysis of moisture content (MC) of AP samples (raw and fer-
mented).26 Briey, about 5 g of AP sample was allowed to dry at
60 � 1 �C until a constant weight was achieved. The MC in
PPSW was calculated as per eqn (1):

MC ¼ initial weight� oven dry weight

initial weight
�100 (1)

For the extraction of phenolic compounds from the AP (raw
and fermented) samples, the procedure of previously
mentioned method was followed.33 The phenolic content was
estimated by Folin–Ciocalteu method taking gallic acid as
standard. Optical density (OD) was measured at lmax ¼ 765 nm
using a 96 well plate reader (BioTek Instruments, Epoch, USA).
104474 | RSC Adv., 2015, 5, 104472–104479
For the identication and estimation of different phenolic
compounds, liquid chromatography-mass spectroscopy (LC/
MS-MS) analysis was performed. To prepare sample for LC/
MS-MS analysis, lyophilized phenolic extract was rst resus-
pended in water and methanol (1 : 1) and later analyzed.32

To prepare samples for sugar (glucose, fructose and sucrose)
consumption analysis, 5 g of oven-dried (for both raw and fer-
mented) sample was mixed with 30 mL of d.H2O and kept under
shaking condition for 1 h at 200 rpm and 25 � 1 �C. The
samples were then centrifuged (8000 � g for 15 min at 25 � 1
�C) and collected supernatants were checked for pH (5.0) and if
required, the pH was adjusted with NaOH solution (10 N) and
paper ltered (Whatman # 44). Finally, ltrates were syringe-
ltered (0.45 mm) and analyzed for sugars using LC/MS-MS
method.

For viability check of R. oryzae at different time intervals of
SSF, around 100 mL sample (prepared for downstream pro-
cessing for FA estimation) was taken and total spore count (per
gram dry AP) was done using a haemocytometer.

The quantication of FA in the downstream processed AP
samples was carried out by HPLC technique. Sample prepara-
tion for HPLC analysis was carried out following standard
procedure.34 The specication of the HPLC used was as follows:
System: DIONEX DX500, with an Acclaim OA, 5 mm, (4.6 � 150
mm) column with a refractive index detector (PDA-100 DIONEX,
UV, 210 nm). The mobile phase was 2.5 mM methanesulfonic
acid (CH3SO3H) at a ow rate of 1 mL min�1 and column
temperature of 30 � 1 �C. For the identication and estimation
of sugars (glucose, fructose and sucrose) and different phenolic
compounds (gallic acid, ferulic acid, 4-amino-benzoic acid,
vanillic acid and vanillin) in the fermented AP samples, LC/MS/
MS technique was employed. The technical details of the LC/
MS/MS instrument used for the analysis were: (a) for sugar
estimation: Thermo TSQ Quantum model, equipped with an
Electrospray Ionization (ESI) in negative ion mode; Zorbax
Carbohydrate (4.6 mm � 150 mm; 5 mm, Agilent) analytical
column; 75% acetonitrile; 0.1% NH4OH; 25% water and 0.1%
NH4OH mobile phase and 10 mL injection volume. Glucose-D2,
D-(�)-fructose and sucrose (all from Sigma) was used as the
internal standards; (b) for phenolic compound estimation:
Thermo TSQ Quantum model, equipped with an Electrospray
Ionization (ESI) in negative ion mode, Thermo Scientic Beta-
Basic C18 LC column (100 mm � 2.1 mm; 3 mm); mobile phase
of methanol and acidied water (0.1% acetic acid) at a ratio of
17.5 : 82.5; ow rate of 0.3 mL min�1 and 20 mL injection
volume. Gallic acid, ferulic acid, 4-amino-benzoic acid, vanillic
acid and vanillin (all from Sigma) were used as internal
standards.

3. Results and discussion
3.1 Effects of AP moisture content and BSF mode of
rotations on FA production

The FA concentrations (g per kg dry AP) achieved with 70% (w/
w) and 50% (w/w) MC of AP is shown in Fig. 1 and 2, respec-
tively. The FA concentration varied under continuous rotation,
intermittent rotation and static mode of BSF. At 70% (w/w) of
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The fumaric acid concentrations (g per kg dry apple pomace)
achieved with 50% (w/w) of moisture content of apple pomace under
continuous rotation, intermittent rotation and static mode of the
bench scale fermenter.
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MC and under continuous rotation, the FA concentration
reached up to 22.6 � 3.5 g kg�1 at the end of 5 d of SSF. From 5
d onwards, production of FA started decreasing and at the end
of 12 d of SSF, only 4.5 � 1.8 g per kg of FA was recorded. With
50% (w/w), there was a continuous increase in the FA concen-
tration from 5 d to 14 d of SSF and then became static onwards.
At the end of the 14 d of SSF, FA concentration reached 138 �
9.1 g kg�1. In comparison to the highest FA concentration (22.6
� 3.5 g kg�1) achieved with 70% (w/w), the FA production was
enhanced by about 6.1 folds. In the intermittent mode of rota-
tion, similar trend of effects of MC and mode of rotation of BSF
on FA production was observed. AP with 70% (w/w), FA
concentration started increasing on 5 d onwards and reached
up to 31 � 3.1 g kg�1 at the end of 9 d of SSF and declined
thereaer. For 50% (w/w) MC, the production level of FA was
82 � 6.8 g kg�1 at the end of 18 d of SSF. In the static mode
of rotation of BSF, with 70% (w/w) of AP, FA concentration
reached 17.3 � 3.5 g kg�1 at the end of 12 d of SSF. When
experimented for 50% (w/w) MC, the FA production was
increased to 58 � 8.5 g kg�1 aer 18 d of SSF.

The MC of SSF substrate is a fundamental parameter for
controlling the growth and metabolism of lamentous fungi. In
general, a MC that allows to maintain the conditions: (a) no
free-moving water and (b) air as the continuous phase are
considered suitable for SSF.14–16 These conditions are met by
optimization studies on each new combination of SSF substrate
and fungal strain. In the present SSF study with AP and R. ory-
zae, the production prole of FA changed as responses to the
changes made in the MC of AP. Apart from MC, mode of
operations (continuous rotation, intermittent rotation and
static mode) of BSF also inuenced the FA production level.
Thus, it will be pertinent to elaborate the obtained results for
each combination of MC and mode of operations of BSF. The
variations in the FA production proles under continuous mode
of rotation of BSF can be well explained with some basic prin-
ciples of SSF. It was observed that, under continuous mode of
Fig. 1 The fumaric acid concentrations (g per kg dry apple pomace)
achieved with 70% (w/w) of moisture content of apple pomace under
continuous rotation, intermittent rotation and static mode of the
bench scale fermenter.

This journal is © The Royal Society of Chemistry 2015
rotation, AP with 70% (w/w) formed agglomerates of different
sizes (4–5 cm) and shapes aer 5 d of SSF. Most of the
agglomerates were roughly spherical shaped and highly com-
pacted, while others were of irregular shapes. Only small frac-
tions of AP were le without agglomeration. However, this was
not the case with 50% (w/w) MC of AP under continuous mode
of rotation of BSF. No agglomerates were formed up to 18 d of
SSF and before this time period, FA reached its maximum
concentration 138 � 9.1 g kg�1 at the end of 14 d of SSF.
Although, it was difficult to pinpoint the exact contributing
factor for the agglomeration of AP, still high MC of AP and
continuous rotation might have helped in the process. To rule
out the possibility of any inuence of speed (rpm) and direction
(clockwise and anticlockwise) of rotation of BSF on agglomer-
ation of AP, apart from 2 rpm, three more different speeds (1, 3
and 4) at clockwise or anticlockwise directions, were experi-
mented with 70% (w/w) MC. In all applied speeds, agglomera-
tion of AP could not be avoided. Direction of BSF rotation did
not show any impact on the agglomeration of AP. In either
clockwise or anticlockwise direction of BSF, there was agglom-
eration with 1, 3 and 4 rpm speeds. Under all such applied
conditions, AP resulted in lower FA production (data not
shown). The continuous rotation mode of BSF selected for the
present study was intended for the proper mixing of the
substrates with CaCO3 (pH maintenance) and aeration
throughout the substrate during SSF. Worth mentioning, the
design of the BSF allowed aeration only on the top layer of the
solid substrate and the approximate height of the 1 kg AP inside
the vessel of BSF was around 11–12 cm. Penetration of air to the
middle and lower portions of AP layer of this height, was not
possible without rotation. FA being an aerobic process, without
proper supply of air, production level is considerably affected.35

The agglomeration of AP under continuous rotation might be
the consequence of high MC as it is of general acceptance that
high MC of SSF substrate can cause particle agglomeration
RSC Adv., 2015, 5, 104472–104479 | 104475

http://dx.doi.org/10.1039/c5ra22898k


RSC Advances Paper

Pu
bl

is
he

d 
on

 0
3 

D
ec

em
be

r 
20

15
. D

ow
nl

oa
de

d 
by

 I
ns

tit
ut

 n
at

io
na

le
 d

e 
la

 r
ec

he
rc

he
 s

ci
en

tif
iq

ue
 (

IN
R

S)
 o

n 
26

/0
2/

20
16

 1
6:

00
:1

9.
 

View Article Online
along with limiting the air transfer.14 This became evident as
agglomeration of AP was not caused at 50% (w/w) MC of AP
under continuous mode of rotation. It was obvious that
agglomerates being highly compacted were not supportive of air
supply and fungal growth inside and thus lowered FA produc-
tion. Although, AP formed smaller agglomerates in the inter-
mittent mode of rotation with 70% (w/w), much of the AP was
le as free biomass as compared to continuous mode of rota-
tion. The 2.64 folds enhancement in FA concentration for 50%
(w/w) MC could be attributed to non-agglomeration behaviour
of AP. However, 82 � 6.8 g per kg of FA concentration was
achieved at the end of 18 d of SSF and this was much longer
incubation compared to with 70% (w/w). It was obvious that
50% (w/w) MC supported higher FA production but intermittent
mode of rotation might have supported air supply less effi-
ciently as compared to continuous mode of rotation and this
delayed the process of FA production. Under static conditions,
air supply will be sufficient only on the top part of AP and
cannot reach most portions of the 11–12 cm height AP bed. This
caused least FA production as compared to continuous and
intermittent mode of BSF rotations for both applied MCs. To
ensure that estimation of FA was carried out for the whole AP,
the substrate was rst mixed with a sterilized iron rod through
the Tri-Clamp port of BSF under aseptic condition (aming
method) and samples were collected for FA estimation. The
variation in FA concentrations with 50% (w/w) and 70% (w/w)
MC may be due to the limitation of air supply at higher MC
compared to lower MC of AP. The overall ndings on the effects
of MC and BSF mode of rotation on FA production suggested
that 50% MC and continuous rotation (2 rpm) were optimum
for enhanced FA production with AP and R. oryzae.

3.2 Water holding capacity (WHC) of AP

The WHC of AP was found to be around 8.12 � 1.25 g water per
gram of AP dry weight. This value is comparable to previous
ndings.31,36 The higher WHC of AP showed AP bres to be good
water binder. For the long-term maintenance of MC by a solid
substrate, higher WHC is important. As SSF represents
a condition of no free-moving water, WHC actually is the
maximum water content for the dissolution of solutes (nutri-
ents) in aqueous phase throughout the substrate.37,38 In the
present study, the spore germination, propagation and sporu-
lation of the fungus R. oryzae were supported under SSF
conditions. These fungal processes used sufficient amount of
water held by AP. Moreover, agglomeration of AP at 70% MC
was also caused by the high WHC of AP. High WHC and colli-
sion of AP particles during the rotational motion of the drum of
BSF led to adhesion of AP particles and hence formation of
agglomerates. This was also supportive of the interstitial liquid
induced agglomeration of solid particles.39

3.3 Sugar consumption and FA production

To nd out the exact carbon source for the fungus R. oryzae
during SSF, concentrations (mg per g dried AP) of sugar mole-
cules (glucose, fructose and sucrose) in the raw (before SSF)
and fermented AP samples were estimated. The residual
104476 | RSC Adv., 2015, 5, 104472–104479
concentrations (mg g�1) of these three sugar molecules at
different time intervals of SSF are shown in Fig. 3A. The initial
concentrations of glucose, fructose and sucrose were estimated
to be 128 � 5.6, 270 � 7.5 and 35 � 4.5 mg per g of dried AP
samples, respectively. Fructose was consumed very fast and at
the end of 7 d of SSF, the residual concentration of fructose was
found to be 19 � 3.5 mg g�1. Aer same SSF time (7 d), the
residual glucose concentration was estimated to be 8.6� 1.5 mg
g�1. At the end of 12 d of SSF, the residual fructose concentra-
tion decreased to 4.5 � 1.4 mg g�1. In Fig. 3A, it was important
to observe that residual glucose concentration suddenly
increased from 8.6 � 1.5 to 36 � 2.8 mg g�1 aer 7 d of SSF and
was brought down from 36 � 2.8 to 5 � 1.1 mg g�1 aer 14 d.
Consumption of sucrose was slowest, because the microor-
ganisms are favorable to use glucose and fructose rst. Sucrose
reached its minimum residual concentration of 3.2 � 1.2 mg
g�1 aer 14 d of SSF. To have a better understanding of the
preferential consumption of the sugar molecules under SSF
conditions, sugar consumption rates (mg per g dried AP per h)
were estimated for glucose, fructose and sucrose. The results
are displayed in Fig. 3B. At the end of 3 d, glucose consumption
rate was around 0.72 � 0.1 mg g�1 h�1. For fructose,
consumption rate was much higher (2.08 � 0.2 mg g�1 h�1) in
the rst 3 d of SSF. As mentioned before, aer 7 d of SSF,
glucose concentration increased from 8.6 � 1.5 to 36 � 2.8 mg
g�1 and this corresponded to the negative value (�0.57� 0.1 mg
g�1 h�1) of glucose consumption rate recorded aer 9 d of SSF.
At the end of 5 d, fructose consumption rate decreased to 0.89�
0.1 mg g�1 h�1 and in between 5 d to 7 d, it was slightly
increased from 0.89 � 0.15 to 1.2 � 0.2 mg g�1 h�1. Similar
changes in consumption rate was also observed for glucose.
From 9 d onwards, consumption rate of glucose and fructose
started decreasing until 16 d and 12 d respectively and then
remained almost unchanged. For sucrose, the consumption
rate was slower (0.1 � 0.05 mg g�1 h�1) in the rst 5 d and
increased to 0.34 � 0.1 mg g�1 h�1 aer 7 d of SSF. At the end of
9 d, consumption rate considerably decreased to 0.014 � 0.01
mg g�1 h�1 and maintained negligible changes onwards.
Overall, fructose consumption rate was highest among the three
sugar moieties followed by glucose and sucrose.

During SSF under continuous rotation with 50% MC, the
fungus utilized the sugar molecules in a preferential manner.
This is a well-known fact that microorganisms prefer hexose
sugars for their metabolic activities.40 In the present study, the
fungus consumed the easily available hexose sugar moieties
(glucose and fructose) and bioconverted it into FA. As
mentioned earlier, under continuous rotation with 50%MC, FA
concentration reached the highest concentration of 138 � 9.1 g
kg�1 at the end of 14 d of SSF. This was quite supportive, if
residual concentrations of glucose and fructose at the end of 14
d are considered. The increase in glucose concentration from
8.6 � 1.5 to 36 � 2.8 mg g�1 aer 7 d of SSF can be attributed to
the hydrolysis of cellulose and hemicellulose moieties into
fermentable sugars, such as glucose. The fungus, R. oryzae is
known to produce different intracellular and extracellular
cellulolytic, hemicellulolytic, pectinolytic and amylolytic
enzymes that can help in accessing the alternative carbon
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/c5ra22898k


Fig. 3 (A) Changes in the concentrations (mg per g dry apple pomace) of residual glucose, fructose and sucrose and (B) changes in the
consumption rate (mg per g dry apple pomace per h) of glucose, fructose and sucrose, during solid state fermentation under continuous rotation
and with 50% (w/w) of moisture content of apple pomace.
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sources for metabolic activity and growth.41 Fibre compositional
analysis of AP samples before and aer SSF conrmed the
utilization AP dietary bres for FA production by the fungus.
Discussion on this analysis has been detailed in the proceeding
sub-section. In the present study, once the easily available
hexose sugars were exhausted, the fungus started to feed on the
structural bres of AP. Aer 14 d of SSF, the residual glucose
concentration was brought down suggesting utilization of both
free and lignocellulose derived glucose for bioconversion into
FA. Estimation of sugar moieties in the fermented AP samples
conrmed the utilization and bioconversion of available carbon
sources in AP into FA during SSF.
3.4 Analysis of bre composition of AP

The bre compositional analysis of AP showed changes in the
content of TDF, IDF and SDF before and aer SSF. The pre- and
post-SSF estimated values of TDF, IDF and SDF are presented in
Table 1. Before SSF, the TDF, IDF and SDF contents were around
39.4 � 1.5, 32.5 � 0.7 and 6.80 � 0.65 (% w/w), respectively.
Aer 21 d of SSF (under continuous rotation with 50% MC) the
TDF, IDF and SDF contents were estimated to be 19.15 � 1.2,
17.35 � 1.3 and 2.3 � 0.45 (% w/w), respectively.

The decrease in TDF was an interesting nding of the
present study. It further conrmed the hydrolysis of cellulose
and hemicellulose of AP by the activities of the enzymes
released by the fungus R. oryzae during SSF. The mono-
saccharides derived were utilized as carbon source and bio-
converted into FA. The decrease in IDF aer SSF suggested
solubilization of IDF constituents (cellulose and hemicellulose)
by the fungal enzymatic action. This initially increased the SDF
content but as the fungus started utilizing these sugar reserves,
Table 1 Fibre composition (dry weight basis) and total phenolic conten
(values represent means � standard deviation of three analyses)

Apple pomace sample
Total dietary
bre% (w/w)

Insoluble d
ber% (w/w

Before fermentation 39.4 � 1.5 32.5 � 0.7
Aer fermentation 19.15 � 1.2 17.35 � 1.3

This journal is © The Royal Society of Chemistry 2015
SDF was almost exhausted aer 18 d of SSF. As mentioned
earlier, the glucose concentration was enhanced from 8.6 � 1.5
to 36 � 2.8 mg g�1 aer 7 d of SSF which further supported the
increase in SDF during SSF.

3.5 Viability check of R. oryzae during SSF

The viability check of R. oryzae was carried out at different time
intervals of SSF (under continuous rotation with 50% MC) and
the obtained results are presented in Fig. 4. The inoculum
contained a spore count of 1 � 107 spores per g dried AP
samples. In the rst 3 d of SSF, the spore count decreased to 5�
104 spores per g dried AP samples. Aer 3 d of SSF, the spore
count considerably increased and reached 3.2 � 108 spores per
g dried AP samples at end of 7 d of SSF. From 7 d to 12 d of
incubation, the spore count remained almost unchanged.
Towards the last phase (12 d to 16 d) of SSF, spore count
decreased to 2.74 � 108 spores per g dried AP samples.

The initial decrease in the spore count from 1� 107 to 5� 104

spores per g dried AP samples during 0 d to 3 d of SSF was caused
by the germination, mycelial propagation and adaption to applied
fermentation conditions (colonization) of the fungus.19 However,
the increase in the spore count during SSF suggested AP to be
a good source of carbon and micronutrients for the fungus that
supported sporulation, germination and then mycelial propaga-
tion. FA production prole recorded 3 d onwards also supported
the higher metabolic activities of the fungus (Fig. 2).

3.6 Phenolic content and proling

As presented in Table 1, the TPC of APwas considerably increased
(by around 86%) from 185 � 10.5 to 345 � 8.5 mg per g lyophi-
lizate aer 18 d of SSF under continuous rotation with 50% MC.
t of apple pomace samples before and after solid state fermentation

ietary
)

Soluble dietary
ber% (w/w)

Total phenolic content
(mg per g lyophilizate)

6.80 � 0.65 185 � 10.5
2.3 � 0.45 345 � 8.5

RSC Adv., 2015, 5, 104472–104479 | 104477
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Fig. 4 Changes in the spore count (per gram dry apple pomace) of the
fungus R. oryzae during solid state fermentation under continuous
rotation and with 50% (w/w) of moisture content of apple pomace.
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LC/MS/MS proling of AP samples showed the presence of some
of the important phenolic acids viz. gallic acid, ferulic acid, 4-
amino-benzoic acid and vanillic acid and the phenolic aldehyde
compound vanillin, as presented in Table 2. Among the different
phenolic acids, gallic acid, ferulic acid and vanillic acid displayed
considerable increase in their content aer 18 d of SSF. The
increase in the contents for gallic acid, ferulic acid and vanillic
were by around 6.2 folds (from 6.2 � 1.3 to 38.56 � 3.6 mg per g
lyophilizate), 6 folds (from 13.54 � 2.7 to 82.5 � 5.6 mg per g
lyophilizate) and 5.8 folds (from 7.23� 1.4 to 42.5� 3.8 mg per g
lyophilizate), respectively. 4-Amino-benzoic acid content was
almost doubled (from 3.4� 1.1 to 6.5� 1.4mg per g lyophilizate),
while vanillin content changed only marginally (from 1.8 � 0.35
to 2.3 � 0.45 mg per g lyophilizate).

Quantitative estimation of TPC before and aer SSF
conrmed the efficacy of the fungus R. oryzae in degrading AP
under the applied SSF conditions. About 86% increase in total
phenolic content aer 18 d of SSF strongly suggested the release
of different phenolics (free, esteried and insoluble-bound) from
the hydrolyzable lignin and cellulose of AP.33 During SSF, the
fungus utilized lignocellulosic moieties for nutrition and this
caused the cleavage of the bonds of phenolics with lignin and
Table 2 Phenolic composition of apple pomace before and after solid
state fermentation (values represent means � standard deviation of
three analyses)

Compound

Concentration
(mg per g lyophilizate)
before solid state
fermentation

Concentration
(mg per g lyophilizate)
aer solid state
fermentation

Gallic acid 6.2 � 1.3 38.56 � 3.6
Vanillin 1.8 � 0.35 2.3 � 0.45
Ferulic acid 13.54 � 2.7 82.5 � 5.6
4-Amino-benzoic
acid

3.4 � 1.1 6.5 � 1.4

Vanillic acid 7.23 � 1.4 42.5 � 3.8

104478 | RSC Adv., 2015, 5, 104472–104479
cellulose. For this purpose, lamentous fungi including R. oryzae
use extracellular carbohydrolisases and ligninolytic oxidative
system for the degradation of phenyl ring and it causes higher
TPC. In order to grow and sporulate, R. oryzae degraded lignin of
AP during SSF and released ferulic acid (a constituent of
lignin).42,43 As the SSF was carried out under aerobic conditions,
there was a higher chance that most of the vanillin present in AP
was oxidized into vanillic acid during SSF. As the initial vanillic
acid content was lower, the enhancement in its content was the
result of bioconversion of high vanillin (increased from 7 d to 12
d of SSF, data not shown) into vanillic acid. The estimation of
TPC and proling of phenolic compounds thus conrmed the
biodegradation of lignocellulosic moieties of AP by the fungus, R.
oryzae for its nutritional purpose.
4. Conclusions

From the present optimization study on the fumaric acid
production using the rotating drum type solid-state bench scale
bioreactor, it was conrmed that apple pomace worked as the
sole source of carbon, micro and macro nutrients for the growth
and reproduction of the fungal strain, Rhizopus oryzae 1526. The
fungus bio-converted the sugars and lignocellulosic biomasses
present in apple pomace into fumaric acid under optimum
fermentation conditions. The maximum fumaric acid concen-
tration (138 � 9.1 g kg�1 at the end of 14 days) was obtained
under continuous mode of rotation of the fermentor and with
50% moisture content (w/w) of apple pomace. Sugar consump-
tion analysis conrmed the utilization of glucose, fructose and
sucrose by the fungus for fumaric acid production. Analysis of
apple pomace bre composition also conrmed the conversion of
insoluble dietary ber into soluble dietary ber and utilization of
the dietary bre for fumaric acid production. Viability check
during fermentation showed maintenance of a high cell count of
2.74 � 108 spores per g dry apple pomace samples at end of 16
days. Total phenolic content analysis strongly suggested for
biodegradation of lignin and cellulose moieties by the fungus
during fermentation. LC/MS/MS proling of AP samples showed
the presence of different phenolic constituents (gallic acid, ferulic
acid, vanillic acid, vanilli and 4-amino-benzoic acid) and changes
in their content aer fermentation. Enhancement in ferulic acid
content conrmed lignin degradation, while higher content of
vanillic acid suggested the maintenance of an aerobic condition
during the solid-state fermentation. The outcome of the present
investigation ensures the scale-up application of apple pomace
for fumaric acid bioproduction.
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