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Abstract

Food rest materials have the potential to be used as media components in various types of fermentations. Oleaginous fila-
mentous fungi can utilize those components and generate a high-value lipid-rich biomass, which could be further used for
animal and human use. One of the main limitations in this process is the pretreatment of food rest materials, needed to provide
homogenization, sterilization and solubilization. In this study, two pretreatment processes—steam explosion and enzymatic
hydrolysis—were evaluated for potato and animal protein-rich food rest materials. The pretreated food rest materials were
used for the production of fungal lipid-rich biomass in submerged fermentation by the oleaginous fungus Mucor circinel-
loides. Cultivation media based on malt extract broth and glucose were used as controls of growth and lipid production,
respectively. It was observed that media based on food rest materials can support growth and lipid production in M. cir-
cinelloides to a similar extent as the control media. More specifically, the use of potato hydrolysate combined with chicken
auto-hydrolysate resulted in a higher fungal total biomass weight than using malt extract broth. When the same C/N ratio
was used for glucose and rest materials-based media, similar lipid content was obtained or even higher using the latter media.
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Introduction

In the last decade, fungal biomass rich in lipids such as
single cell oils (fungal SCOs), has emerged as a potential
complementary lipid-rich raw material for food, feed and
biodiesel production. Oleaginous fungi have the ability to
accumulate up to 85% (w/w) lipid of their biomass as a stor-
age compound [1, 2]. They accumulate lipids primarily in
the form of triacylglycerols (TAGs), generally considered
as storage lipids. The fatty acids profile of the TAGs varies
between different sorts of fungal SCOs. In favorable cases
this profile can be similar to vegetable and fish oil, rich
in important polyunsaturated fatty acids (PUFA) such as,
gamma-linolenic acid (GLA) [3]. This makes lipids from
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fungal SCOs perfectly qualified as ingredients in feed, food
and pharmaceutical products.

A major bottleneck in the production of fungal biomass
is the high raw material cost, which accounts for 70% of the
production cost [4]. Utilization of cheap raw materials for
the production of fungal lipid-rich biomass would reduce the
production cost, and consequently the cost of the resulting
lipid products [5, 6]. Among different raw materials avail-
able, food rest materials could be a good alternative for fun-
gal SCOs production. These represent a wide range of raw
materials which can replace both the carbon and nitrogen
source in the fermentation medium. In addition, the lipid
products could also potentially be accepted for human use, if
all rest material handling and processing steps are performed
according to respective laws and regulations.

Potatoes are one of the main carbohydrate source in the
Western diet. The potato processing industries are pro-
ducing various products such as chips, peeled potatoes
and wedges, and during these processes they are currently
generating a large amount of starch-based waste materi-
als [7, 8]. This makes potato rest materials as one of the
prospective low cost carbon sources available. Peptones
or peptide extracts originating from fish, animal, milk,
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plant and bakers’ yeasts are traditional nitrogen sources
for fungal fermentation. Production of peptones usually
consists of a protein hydrolysis step (e.g., using enzymes
or acid/base hydrolysis), followed by purification steps [9].
A replacement of expensive nitrogen sources with new
ones based on protein-rich rest materials may contribute
to a cost reduction in fungal lipid-rich biomass production.
Animal-based food rest materials, such as bones with meat
remnants or intestines, are rich in proteins and could be
used as a nitrogen source for the production of the fungal
biomass. To the authors’ knowledge there are no studies
performed on the direct utilization of protein-rich animal
rest materials in the fermentation for production of lipid-
rich fungal biomass.

The efficient pretreatment of food rest materials, like
potato and animal protein-rich rest materials, is a key
factor for the successful bioconversion into fungal bio-
mass. Among the different pretreatment procedures,
steam explosion has been shown to be environmental and
economical friendly, providing simultaneous homogeni-
zation and sterilization of materials [10, 11]. The main
advantages of using steam explosion for the pretreatment
of food rest materials are twofold: (1) high homogeneity
of the pretreated materials that provided proper viscosity
of the fermentation medium; and (2) high sterility of the
pretreated materials that is necessary for carrying proper
fermentation. In addition, depending on the biomass, high
nutrient solubility can be achieved that provides a high
bioconversion rate. The steam explosion process has been
successfully used for the pretreatment of lignocellulose
materials for biogas and bioethanol production [10, 11].
It has also been shown that steam explosion under pro-
gressive pressure increase conditions can increase starch
solubility in potato materials. This leads to production of
a low molecular weight liquid starch-rich material suit-
able for the bioconversion of it into bioethanol [12]. In
addition to the steam explosion, enzymatic hydrolysis is a
good alternative for the pretreatment of food rest materi-
als. Despite of its high cost, it could be especially useful
in cases where the complete solubilization of nutrients is
not achieved or when other pretreatment methods, such as
steam explosion, may generate a set of inhibitors.

Recently, Miniraj et al. reported the successful use of
potato processing waste water for the production of fungal
SCO by Aspergillus and Mucor fungi [13]. To the authors’
knowledge, there is no any study performed on evaluation of
a steam explosion pretreatment and/or enzymatic hydrolysis
of potato and animal protein-rich rest materials for biocon-
version into fungal lipid-rich biomass. Thus, the main aim
of this study is to study the effects of the pretreatment of
potato and animal protein-rich food rest materials by steam
explosion and enzymatic hydrolysis for the bioconversion
into fungal lipid-rich biomass.
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Materials and methods
Food rest materials

The following food rest materials were used in the study:
(1) potato rest materials—sous-vide potatoes and potato
peels were obtained from Bama AS, Norway. The potato
and potato peel samples were freshly packed and stored at
— 20 °C; (2) animal protein-rich rest materials—chicken
rest materials (chicken intestines and chicken blood) and
pork pulp (made from various animal parts and containing
25-30% beef and 70-75% pork) were obtained from Norilia
AS, Norway. Chicken intestines, blood and pork pulp were
received fresh and stored at — 20 °C.

Experimental design

The evaluation of the pretreatment for selected food rest
materials was performed in three consecutive steps. The first
step was an initial evaluation of the soluble fraction resulting
from steam explosion of food rest materials for production
of fungal lipid-rich biomass. In this step, commercial carbon
or/and nitrogen sources of the fermentation medium were
replaced by the food rest material steam explosion liquid
product. In the second step, further evaluation of the steam
explosion pretreatment, as well as enzymatic hydrolysis was
performed. The effect of different steam explosion condi-
tions and use of enzymatic hydrolysis on (1) fungal growth
and (2) lipid production was evaluated. The media based on
the pretreated rest materials providing the best total biomass
weight and lipid content were selected for the third step-
validation, where different C/N ratios were used to study the
production of fungal lipid-rich biomass.

Pretreatment of food rest materials by steam
explosion

Steam explosion is a method where steam is incorporated
into a sample at high pressure, followed by a sudden decom-
pression. The steam explosion unit (Cambi Group AS,
Asker, Norway) used in the study has been described pre-
viously [14]. The electric steam boiler (Parat, Flekkefjord,
Norway) provides steam to the 20 1. pressure vessel through
an air-actuated valve, which maintains the vessel pressure
at set point values. An air-actuated ball valve is regulating
the explosion (rapid pressure drop) of the processed material
to the flash tank. At the bottom of the tank, the processed
material is collected within a removable bucket.

The pretreatment of food rest materials by steam explo-
sion was performed in two runs and the weight of all of the
materials was 3 kg in both runs. For the initial evaluation
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of steam explosion, the parameters used were 165 °C and
30-min exposure time. The steam exploded samples were
centrifuged (5000g, at 4 °C for 10 min) and the soluble
fraction was separated by centrifugation, lyophilized and
stored at — 20 °C before the use. In case of animal protein-
rich food rest materials, fat fraction was removed after
the centrifugation and further the fat-free water-soluble
fraction was lyophilized and stored at — 20 °C before the
use. For the second step and third step of the evaluation
and validation of pretreatment processes, different condi-
tions for the steam explosion were tested: (1) for potato
rest materials three different temperatures were used (135,
180 and 215 °C) with three exposure time points (10, 20
and 30 min) for each temperature, (2) for animal protein-
rich rest materials one temperature (135 °C) with three
exposure time points (10, 20 and 30 min) was used. The
steam exploded samples were centrifuged (5000g, at 4 °C
for 10 min) and soluble fraction was separated, lyophilized
and stored at -20 °C before use.

Hydrolysis of potato food rest materials

The potato rest materials were homogenized in a high-
speed blender (Braun combimax700, Germany) and sub-
sequently diluted 1:2 with water (w/w) to obtain a potato
slurry. Enzymatic hydrolysis was performed using thermo-
stable a-amylase from B. licheniformis (Sigma-Aldrich,
Germany) with 5 KU enzyme activity at 80 °C for 3 h, fol-
lowed by hydrolysis using a glucoamylase (Sigma-Aldrich,
Germany) with an enzyme activity of 1.5 KU at 40 °C
for 24 h. The enzymes were inactivated by either lower-
ing the pH to pH =2 (a-amylase), or boiling for 10 min
(glucoamylase).

Hydrolysis of animal protein-rich food rest materials

For the evaluation of enzymatic hydrolysis pretreatment only
chicken rest materials were selected. The chicken food rest
materials were homogenized by mincing and subsequently
diluting two times with water (w/w). One part was boiled for
10 min to inactivate endogenous enzymes, and subsequently
hydrolyzed at 60 °C for 3 h by Alcalase (1% w/w) (Novo-
zyme, Denmark). The other part was hydrolyzed at 60 °C
for 3 h by autolytic endogenous enzymes activated using
acetic acid buffer at pH 2.5. In both cases, enzymes were
inactivated by boiling samples for 10 min. Subsequently,
the samples were centrifuged (5000g, 5 min) to separate the
lipid phase and the peptide-rich water-phase. In enzymatic
hydrolysis, centrifugation is considered a standard step for
separating the lipid phase from the peptide-rich water-phase
[15, 16].

Elemental and chemical analysis of raw
and pretreated food rest materials

Both raw and pretreated food rest materials were subjected
to the elemental and chemical analysis. The elemental anal-
ysis of the food rest materials was done according to the
method described previously by Ogner et al. [17]. The food
rest materials were steam exploded and lyophilized prior
to elemental analysis. Then the samples were burnt and
their carbon and nitrogen composition was determined in
percentages.

The chemical analysis was focused on determining pro-
tein, fat and carbohydrate content. The protein, fat, and car-
bohydrate are expressed in % of the media supernatant used
in fermentations. The protein content of the samples was
determined by ISO method 5983-2:2009. The fat content of
the samples was determined by the Folch method including
an acid hydrolysis step [18]. The starch and glucose con-
tent of the pretreated potato samples were determined using
the total starch assay kit (Megazyme, Ireland) and a method
according to McCleary et al. [19], respectively. During starch
determination, thermostable a-amylase hydrolyses starch
into maltodextrins and amyloglucosidase hydrolysis malto-
dextrins to p-glucose. Finally, hydrogen peroxide, which is
released during oxidation of p-glucose to p-gluconate, was
quantitatively measured in a colourimetric reaction with
addition of peroxidase and production of quinone-imine dye.

Media formulations based on pretreated food rest
materials

Media for the initial evaluation

Two types of media were used for the initial evaluation (1) the
type 1 media (M1-M5) containing predetermined percent-
ages of the freeze dried soluble fraction resulting from steam
exploded food rest materials alongside commercial medium
components as carbon or nitrogen source; and (2) the type
2 media (M7-M10) containing only the lyophilized soluble
fractions resulting from steam exploded food rest materials as
carbon and nitrogen source (Table 1). Bacteriological peptone
and malt extract were used as commercial medium compo-
nents (Oxoid, England), and malt extract broth (M6) was used
as a growth control medium. All types of media used were
autoclaved at 121 °C for 15 min prior to fermentation.

Media for the pretreatment evaluation

The media for the pretreatment evaluation were based on
differently pretreated food rest materials combined with
commercial medium components as carbon and nitrogen
source. After the pretreatment, food rest materials were
centrifuged (5000g for 10 min) and water-soluble fat free
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Table 1_ Media forml}lated Media no. Media name Carbon source Nitrogen source
for the initial evaluation of
the steam exploded food rest Ml Potato-based 12 g potato 0.6 g peptone
materials M2 Potato peel-based 12 g potato peel 0.6 g peptone
M3 Chicken intestines-based 4 g malt extract 3 g chicken intestine
M4 Pork pulp-based 4 g malt extract 3 g pork pulp
M5 Blood-based 4 g malt extract 3 g chicken blood
M6 Malt extract broth 4 g malt extract 0.6 g peptone
M7/M8 Potato-chicken intestine 3 g/ 6 g potato 1 g chicken intestine
M9/M10 Potato peel-chicken intestine 3 g/ 6 g potato peel 1 g chicken intestine

The composition of the media described below is per 200 ml used in the fermentation

fractions (WSFFs) were separated and lyophilized. Two
pretreatment processes were used—steam explosion and
hydrolysis. Two types of media, depending on the type
of rest materials, were formulated (Table 2). The type 3
media (M11-M20) were based on the potato and potato
peel materials processed by hydrolysis (M11) and steam
explosion (M12-M20). The type 4 media (M21-M25)
were based on the chicken rest materials processed by
the hydrolysis (autolytic and enzymatic) (M21-M22) and
steam explosion (M23-M25) (Table 2). Bacteriological
peptone and malt extract used were from Oxoid, England.
All types of media used were autoclaved at 121 °C for
15 min prior to fermentation.

Media used for the validation

In the third step, for the final screening two groups of media
were used, both based on potato hydrolysate. These were

combined with different amounts of yeast extract or the
fat-free chicken intestines auto-hydrolysate (Table 3). The
glucose-based media were used as lipid production con-
trol media, using the same C/N ratios as the two groups of
media. All types of media used were autoclaved at 121 °C for
15 min prior to fermentation. The composition of the media
described in Table 3, is per 100 ml used in the fermentation.

Fungal strain and growth conditions

The oleaginous fungus Mucor circinelloides V104473 (Nor-
wegian Veterinary Institute, Oslo, Norway) was used in the
study. For the spore inoculum preparation, M. circinel-
loides V104473 was cultivated on malt extract agar (MEA)
(Sigma-Aldrich, Germany) for 5 days at 25 °C. The spore
inoculum was prepared by adding 5 ml solution of 8.5 g 17!
NaCl containing 0.1% Tween 80 to the MEA plates (Sigma-
Aldrich, Germany). The spores were collected and stored at

Table 2 Media formulated for the evaluation of steam explosion and enzymatic hydrolysis

Mediano Media name Carbon source

Nitrogen source

Ml1 Potato hydrolysate-based 15 ml potato hydrolysate supernatant
MI12 SE Potato-based 15 ml potato WSFF SE: 135 °C, 10 min
M13 15 ml potato WSFF SE: 135 °C, 20 min
M14 15 ml potato WSFF SE: 135 °C, 30 min
MI15 15 ml potato WSFF SE: 180 °C, 10 min
M16 15 ml potato WSFF SE: 180 °C, 20 min
M17 15 ml potato WSFF SE: 180 °C, 30 min
M18 15 ml potato WSFF SE 215 °C, 10 min
M19 15 ml potato WSFF SE 215 °C, 20 min
M20 15 ml potato WSFF SE 215 °C, 30 min
M21 Chicken autolytic hydrolysate 4 g malt extract

M22 Chicken enzymatic hydrolysate

M23 SE chicken-based

M24

M25

0.6 g peptone

10 ml fat-free chicken intestine (auto-hydrolysate) WSFF
10 ml fat-free chicken intestine (alcalase) WSFF

10 ml WSFF chicken intestine SE: 135 °C, 10 min

10 ml WSFF chicken intestine SE: 135 °C, 20 min

10 ml WSFF chicken intestine SE: 135 °C, 30 min

The composition of the media described below is per 200 ml used in the fermentation

SE steam explosion, WSFF water soluble fat free fraction
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Tab]e 3, Media for the . Media no. Media name Carbon source Nitrogen source C/N ratio
validation, where enzymatically
hydro‘ly zed potato was M26 Potato hydrolysate-based 100 ml enzymati- 1.32 g of yeast extract 20
combn}ed with either yeast M27 cally hydrolyzed 3 3 g of yeast extract 8
extraction or WSFFs of chicken potato WSFF
intestines auto-hydrolysate at M28 10 ml of WSFF of 20
C/N ratios 8 and 20 chicken intestines auto-
hydrolysate
M29 25 ml of WSFF of 8
chicken intestines auto-
hydrolysate
M30 Glucose-based 6.6 g of glucose 1.32 g of yeast extract 20
M31 6.6 g of glucose 3.3 g of yeast extract 8
M32 8 g of glucose 0.3 g of yeast extract 106

4 °C. For every experimental step, a fresh spore suspension
was prepared. The fungal fermentations were performed in
500 ml baffled shaking flasks (Duran, Germany) with cotton
plugs, where 200 pl of spore inoculum was added to 200 ml
of growth medium. The flasks were incubated in shaker
Innova 4000 (New Brunswick Scientific, Germany) during
4 days (28 °C, 180 rpm). After fermentation, biomass was
collected and washed by filtration (Whatman grade 1 filter
paper) and lyophilized using an Alpha 1-2 LD plus freeze-
drier (Martin Christ, Germany) (— 52 °C, 0.008 mbar). The
lyophilized biomass was stored at — 20 °C until analysis.
The fermentations for initial evaluation of steam explosion
and hydrolysis evaluation were performed with one repli-
cate, while fermentations for the validation were performed
with three replicates.

Direct FAME esterification procedure

The direct fatty acid methyl ester (FAME) esterification
was performed according to O’Fallon et al. [20] with some
modifications: 0.1 g of Iyophilized fungal biomass was dis-
solved in 5.3 ml of methanol (MeOH). Further, mycelium
was grinded using mortar and pestle, then transferred in
a glass test tube (Duran, Germany) with sealed cap and
sonicated for 30 s with a single-tip sonicator (Sonics &
Materials, USA). After sonication, the tube was placed on
ice and 0.7 ml of 10 N KOH (dissolved in distilled water)
and 1 ml of internal standard (C13:0, 1 mg ml~! dissolved
in MeOH) was added. The solution was mixed and tubes
were incubated (55 °C, 1.5 h) with an end-over-end mixing
regime every 20 min during incubation. After incubation,
tubes were cooled in a water bath, thereafter 0.58 ml of
24 N H,SO, (prepared in distilled water) was added. This
solution was mixed by vortex for ~5 min. Further, tubes
were incubated (55 °C, 1.5 h) with end-over-end mixing
regime every 20 min during incubation. After incubation,
tubes were cooled in a water bath, and 2 ml of hexane
was added. The solution was mixed by vortex for ~ 5 min.
The top hexane layer containing FAMEs was separated by

low-speed centrifugation (800 g). To remove any remain-
ing water, 0.05 g per vial of anhydrous Na,SO, was added.

Gas chromatography analysis

FAME composition was determined by gas chromatogra-
phy (HP6890N, Agilent Technologies) with a split injec-
tor, auto-sampler (7683B) and flame ionization detection,
using a SGE BPX70 column (60 m, 0.25 mm ID 0.25 pm).
Helium was used as carrier gas (1.4 ml min~!). Oven tem-
perature was initially set at 70 °C, 1 min, followed by
an increase of 30 °C per min up to 170 °C. Thereafter,
a 1.5 °C increase per min up to 200 °C, and finally 3 °C
increase per min up to 220 °C with a 5 min holding time.
Individual fatty acids were identified using external stand-
ard FAME mixture (Supelco, USA). The quantification
of lipids (C,) was based on the internal standard calibra-
tion using response factors (RF) and the internal standard
(C13:0) areas and concentrations:

AreaC, XRF C3.

C, = Concentration Cj3., X
: Area C3.0 XRFC,

Arean

andRF, = —mM8MM
" Concentration n

Fatty acid concentrations are expressed in percentages
of the sum of saturated fatty acids (SAT), monounsatu-
rated fatty acids (MUFA) and polyunsaturated fatty acids
(PUFA).

Results

Initial screening of food rest materials for fungal
lipid-rich biomass production

The aim of the initial screening was to evaluate the poten-

tial of using steam explosion for the pretreatment of food
rest materials and if it is possible to perform further
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bioconversion of the resulting soluble fractions into fun- 1501 [ Lipid content
gal lipid-rich biomass by oleaginous fungus M. circinel- _ D3 Total biomass weight
loides. To evaluate the nutrition value and to achieve a 5 ol s g
correct C/N ratio in the final validation of the rest materials- § g
based media, the elemental and chemical analysis of steam % e g
exploded potato and protein-rich animal rest materials was g = e :%
performed (Table 4). It was observed that potato and potato C
peel have the highest C/N ratio, while the lowest C/N ratio ol Lo
was observed for blood (Table 4). The protein content of _ 1007 =3 PUFA
blood was the highest followed by chicken intestines and g 80+ E’ "S"::A
pork pulp (Table 4). In addition, chicken rest materials and g o
pork pulp showed high content of fat (Table 4). The carbo- § 401
hydrate content of potato and potato peel was the highest 2 204
among all the tested food rest materials. LN

The initial screening was performed, first, for media SELELTELSLELEELE
based on food rest materials combined with commercial & v,g“\ f *Qs“ é,ot’ &S f f f\ a‘@\
media components (M1-M5), then the most promising types f <€ éé” & & & \é\" S ggf
of food rest materials were used for the screening of media < MR A | &

based on rest materials without commercial components
added (M7-M10). The total biomass weight, total lipid con-
tent and fatty acid profiles are provided in Fig. 1. The results
showed that media based on food rest materials combined
with commercial media components (M1-M5) supported
fungal growth well, while the total biomass weight was
lower than with the control growth medium (M6) (Fig. 1).
The medium based on chicken intestines (M3) resulted in
the highest total biomass weight, while potato (M1) and
potato peel-based media (M2) provided the lowest amount of
biomass compared to other tested materials. The total lipid
content in the biomass obtained from these media was lower
than on control lipid production medium (M32) (Fig. 1). The
highest total lipid content was observed for the medium
based on pork pulp (M4) followed by chicken intestines-
based medium (M3), while the lowest total lipid content
was observed for potato (M1) and potato peel-based medium
(M2) (Fig. 1). The biomass obtained after cultivation on
potato (M1) and potato peel-based media (M2) contained
the highest percentage of PUFA. The fatty acid profile of
biomass obtained after growth on chicken intestines-based
medium (M3) showed higher amount of PUFA than on pork
pulp-based medium (M4), and MUFA were the dominating
fatty acids in the biomass obtained from both media.

Fig. 1 Total biomass weight, total lipid content, and fatty acid profile
of M. circinelloides grown on initial screening media (M1-M5, and
M7-M10) and control growth and lipid production media (M6 and
M32). The total biomass weight is expressed in g, the total lipid con-
tent in mg/g of biomass and the fatty acid profiles (SAT saturated fatty
acids, MUFA monounsaturated fatty acids, PUFA polyunsaturated
fatty acids) in percentages (%) of the total lipid content

To summarize based on the above presented results,
potato and potato peel are the rest materials providing
the highest percent of PUFA in the fungal biomass while
chicken intestines providing the highest total biomass weight
and also showing a relatively high total lipid content.

In the second step of the initial screening we evaluated
media based on food rest materials—potato, potato peel, and
chicken intestines without commercial media components
added (M7-M10). It was observed that the total biomass
weight and total lipid content for the media based only on
the food rest materials (M7-M10) was much lower than for
the media where rest materials combined with commercial
media components (M1-M5) and control media (M6 and
M32). The total biomass weight and total lipid content for

Table 4 The elemental and

. . Material Elemental analysis Chemical analysis

chemical analysis of steam

exploded and, subsequently, C% N% C/N Protein % Fat % Carbohydrate % Ash %

lyophilized food rest materials
Potato 43.62 0.96 45.28 5.7 1.6 83.4 22
Potato peel 43.69 0.86 50.78 4.8 n.a 89.2 22
Chicken intestines 61.8 7.47 8.27 424 46.1 35 34
Pork pulp 59.25 7.13 8.31 424 47.1 0.5 8.2
Blood 49.78 14.56 3.42 85.2 7.2 n.a 6.6
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the media where peeled potato was combined with chicken
intestines (M7 and M8) was higher than for the media where
potato peel was combined with chicken intestines (M9 and
M10) (Fig. 1). The fatty acid profile of lipids extracted from
the biomass grown on the media with potato peel (M9 and
M10) showed slightly higher amount of polyunsaturated
fatty acids (PUFAs) than on the media with peeled potato
(M7 and MS8). Concomitantly, the amount of saturated fatty
acids (SAT) was lower on the potato peel medium than
on medium with peeled potato (Fig. 1). The total biomass
weight, total lipid content, and amounts of PUFA was lower
for media based on the rest materials than for the control
media (M6 and M32).

Because the potato-based media (M7-MS8) resulted in a
higher fungal total biomass weight and higher total lipid
content compared to potato peel, it was selected as a suit-
able carbon source to replace malt extract or glucose in the
growth and lipid production media. To replace the nitrogen
source in the growth and lipid production media, chicken
intestines were selected.

Evaluation of the pre-processing procedure
for potato and chicken rest materials

To increase the availability of nutrients, such as carbon
from potato and nitrogen from chicken rest materials, the
evaluation of pre-processing procedure was performed.
The pre-processing was performed by steam explosion and
hydrolysis (enzymatic and autolytic). Steam explosion was

applied to potato and chicken intestine rest materials, and the
main parameters evaluated were temperature and exposure
time. The enzymatic hydrolysis was performed on potato
rest materials and on chicken intestine rest materials. For
the chicken intestine rest materials we also applied autolytic
hydrolysis, utilizing the endogenous enzymes in the diges-
tive system. The use of different temperatures and exposure
time in steam explosion of potato rest materials did not result
in significant changes in the amount of soluble starch and
glucose released. One exception was at 215 °C and an expo-
sure time of 20 and 30 min, where the amount of soluble
starch and glucose as well as total amount of carbohydrates
released was the highest (Table 5). However, the use of very
high steam explosion temperatures may cause considerable
glucose losses due to caramelization, as it was observed in
our study (Fig. 2). From these results it becomes clear that
utilization of steam explosion as a pre-processing method for
potato rest materials is not a very effective approach. This
is evident by the small proportion of carbohydrates (18%)
solubilized during processing at various temperature and
time conditions (Table 5).

The pre-processed potato and chicken intestine rest mate-
rials were combined with the commercial media compo-
nents: pre-processed potato rest materials were combined
with peptone (M11-M20), and pre-processed chicken
intestine rest materials were combined with malt extract
(M21-M25). All formulated media were tested for the fungal
growth and lipid production. When these media (M11-M20)
were used for fungal growth and lipid production, it was

Table 5 Results from the

. . Sample (medium #) Steam explosion  Protein % Fat% Ash % Carb. % Glucose Starch
chf:mlca! analysm of potato a}nd conditions °C/min (mg/100 ml) (mg
chicken intestines rest materials /100 ml)
and pre-processed (steam
exploded or enzymatically Potato n.a. 1.4 03 07 189  na n.a.
:;etzts‘:fn)egoff‘;:daf'(‘i f}}l‘:ke“ Mil na. 0.4 na. 03 56 4766 0.53
preparation of media (M11- MI12 135/10 0.3 n.a. 0.2 0.7 130 0.27
M25) M13 135/20 0.3 n.a. 0.2 1 82 0.30

M14 135/30 0.1 n.a. 0.1 0.4 38 0.29
MI15 180/10 0.3 n.a. 0.2 0.8 98 0.34
Ml6 180/20 0.2 n.a. 0.1 0.5 24 0.31
M17 180/30 0.2 n.a. 0.1 0.7 17 0.34
MI18 215/10 0.2 n.a. 0.1 22 24 0.82
M19 215/20 0.2 n.a. 0.1 1.8 137 1.39
M20 215/30 0.1 n.a. 0.1 2 239 1.60
Chicken intestines  n.a. 12.7 16.6 1 0.6 n.a. n.a.
M21 n.a. 5.6 0.3 0.4 1.2 n.a. n.a.
M22 n.a. 5.5 0.1 0.4 1.3 n.a. n.a.
M23 135/10 1.1 0.8 0.2 0.6 n.a. n.a.
M24 135/20 1.4 1 0.2 0.4 n.a. n.a.
M25 135/30 1 0.5 0.1 0.5 n.a. n.a.

The amount of glucose and starch is expressed in mg per 100 ml of the soluble supernatant used in media

preparation (n.a.: not available)
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Fig.2 The color change of
steam exploded potato, using
various steam explosion condi-
tion. The boxes on the top
represent the potato samples
with steam explosion at the low-
est temperature (135 °C), the
boxes in the middle are samples
from medium temperature treat-
ment (180 °C), and the boxes

at the bottom represent samples
from the highest temperature
(215 °C). From left to right on
all rows, samples treated at the
stated temperature for 10, 20
and 30 min, respectively

observed that all of them supported the growth of fungi and
lipid production. Some variations were seen, dependent on
what type of pre-processing has been used for the rest mate-
rials (Fig. 3). The medium based on the hydrolyzed potato
(M11) showed the highest total biomass weight compared to
all other rest materials-based media and the growth control
medium (M6). The lipid production in fungi grown on the
hydrolyzed potato medium (M11) was the highest compared
to other rest materials-based media, but it was still very low
in comparison to the lipid production control medium (M32)
(Fig. 3). While amount of PUFA in the fungi grown on the
hydrolyzed potato was lower than on media based on the
steam exploded potato, and amount of MUFA and SAT was
higher. Another interesting observation was related to the
fact that various steam explosion conditions used for pro-
cessing potato did not have a strong effect on the total bio-
mass weight and lipid content, as well as the lipid profile.
All media based on the steam exploded and hydrolyzed
chicken intestines (M21-M25) supported the growth of fungi
and lipid production (Fig. 4). In general, the total biomass
weight for the media based on the steam exploded chicken
rest materials was lower than for control growth medium
(M6). The media containing steam exploded chicken intes-
tines from different combinations of temperature and expo-
sure time (M23-M25) showed a lower total biomass weight
when chicken materials steam were exploded at longer
exposure time (M25). The total biomass weight for the
media based on the hydrolyzed chicken rest materials were
much higher than media containing steam exploded chicken
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Fig. 3 The total biomass weight, total lipid content and fatty acid pro-
file of M. circinelloides grown on differently pre-processed potato-
based media (M11-M20). The total biomass weight is expressed in g,
the total lipid content in mg/g of biomass, and the fatty acid profiles
(SAT, MUFA and PUFA) in percentages (%) of the total lipid content

intestines and control growth medium (M6), where medium
with autolytic hydrolysates provided the highest total bio-
mass weight (M21) (Fig. 4). Interestingly, the medium based
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Fig.4 The total biomass weight, total lipid content and fatty acid pro-
file of M. circinelloides grown on differently pre-processed chicken
intestines-based media (M21-M25). The total biomass weight is
expressed in g, the total fat content in mg/g of biomass and the fatty
acid profiles (SAT, MUFA and PUFA) in percentages (%) of the total
lipid content

on the chicken rest materials steam exploded at the longer
exposure time (M25) resulted in higher total lipid content
in comparison to the other steam exploded chicken intestine
media (Fig. 4). The fatty acid profile of lipids from biomass
grown on the steam exploded and hydrolyzed chicken rest
materials was similar, and MUFAs were the dominating fatty
acids (Fig. 4).

Based on above observed results, potato hydrolysate and
chicken auto-hydrolysate were selected for the validation,
where media evaluations were performed according to C/N
ratios.

Evaluation of media based on C/N ratios

The results presented in Table 6 show that media based on
potato hydrolysate combined with chicken intestine auto-
hydrolysates at two different C/N ratios could substitute
glucose-based media of the same C/N ratios, producing
comparable amounts of total fat, and a higher biomass yield.

More specifically, the potato hydrolysate—chicken auto-
hydrolysate medium (M28) with C/N ratio of 20 resulted in
higher total fat content in fungal biomass compared to media
containing glucose and yeast extract (M30, M31) with C/N
ratios of 20 and 8, respectively, (p <0.05) and compared
to medium M27 (based on potato hydrolysate and yeast
extract). However, glucose-based media resulted in higher
PUFA percentages compared to the food rest materials-
based media. The main PUFA produced was GLA. The
concentrations in the biomass grown in rest materials-based
media were higher compared to the one in malt extract broth
and glucose medium at C/N ratio 8.

Discussion

A possibility to use different types of rest materials from
food and agricultural industry (waste frying oil, deprotein-
ized cheese whey wastes, olive mill wastewater, wastewater
from confectionary industries, wastes of soft drinks indus-
try, potato wastewater, tomato wastes) for single cell oil
production has been demonstrated successfully by several
researches [21-24]. According to the authors’ knowledge,
the evaluation of potato and animal food rest materials for
the production of single cell oil was performed for the first
time in this study. In the study the main focus was placed
on testing different pretreatment procedures (steam explo-
sion, enzymatic an autolytic hydrolysis) for potato and ani-
mal food rest materials, and evaluating the performance of
model oleaginous filamentous fungus Mucor circinelloides
grown rest materials-based media in comparison with

Table 6 The total biomass

. o Media C/N ratio Total biomass Lipid content mg/g ~ SAT, % MUFA, % PUFA, %

weight, tota.l lipid content weight (2) biomass + STD

and fatty acid profile of M.

circinelloides grown on M26 20 2.89 41.66+9.86 19.26 39.94 40.65

ﬁ;fg‘;g;;;:‘eeg;zt’cﬁecie";’a‘l’l‘iito M27 8 371 4020 1744 49.49 32.94

hydrolysate mixed at different M28 20 3.17 49 £2.64 20.78 46.35 32.62

C/N ratios M29 8 3.63 44+3.46 21.56 38.53 39.59
M30 20 0.72 41.33+2.51 19.20 18.79 61.96
M31 8 1.25 37.66+2.51 19.26 29.36 51.35
M6 0.79 2422 32.48 43.04

The total biomass weight is expressed in g, the total fat content in mg/g of biomass including standard
deviation (£ STD) and the fatty acid profiles (SAT, MUFA and PUFA) in percentages of total lipid content
(%). Glucose and malt extract media were used as control growth and lipid production media, respectively
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control media, with respect to growth, total biomass weight
and lipid content.

The elemental analysis of the steam exploded food rest
materials as expected showed that potato and potato peel
contain high C/N ratio. The high C/N ratio of potato and
potato peel is explained by the high amount of starch and
other carbohydrates, and low amount of nitrogen. The low
C/N ratio for pork pulp and chicken intestines is explained
by the high content of proteins. It has been reported previ-
ously that the increased C/N ratio in media can increase the
fat content in M. circinelloides biomass [25]. As the lipid
production media for M. circinelloides require a high C/N
ratio, the results from the elemental analysis give a theoreti-
cal evidence that potato and potato peel alone could be a
suitable substrate for M. circinelloides lipid production. Pork
pulp and chicken intestine can be used as a nitrogen source
for growth, but for lipid production additional glucose or
other carbohydrate-rich materials is needed. But, by mixing
potato/potato peel with pork pulp or chicken intestines in
a proper C/N ratio we could potentially replace synthetic
C- and N-source. This theoretical evidence was to some
extent confirmed in the initial screening step, where syn-
thetic C- and N-sources were replaced with sources based
on steam exploded food rest materials. They were used in
various combinations with commercial media components
(M1-M5). The highest biomass weight was observed on
the chicken intestine based medium (M3). The potato and
potato peel-based media (M1-M2) provided both a low bio-
mass and low lipid content while the amount of PUFA was
high, despite of the high C/N ratio of the media. The reason
for this could be due to the presence of inhibitors of both
growth and lipid accumulation in the steam exploded potato
and potato peel. The relative high content of PUFA in the
fungi grown on potato and potato peel media remains to be
explained.

When steam exploded potato peel, potato and chicken
rest materials were combined, a much lower total biomass
weight and lipid content was observed, in comparison to
both control media and to the media where the same rest
materials were combined with commercial medium com-
ponents. This observation could be explained by the high
level of chemical complexity of media based solely on the
rest materials. It can be argued that the fungal cells in the
utilization of complex media use most of their energy for
degrading these complex chemical components down to
the simple monomers that can be easily transported into
the cells. To facilitate a higher degree of conversion of
media components into cell growth and lipid production
by increasing the level of monomers (glucose, peptides),
steam explosion and hydrolysis procedures were tested.

It has been shown that steam explosion is an efficient
processing way for the homogenization and sterilization
of food rest materials. The use of steam explosion for

@ Springer

pretreatment of potato/potato peel and chicken rest materi-
als resulted in degradation and solubilization of starch and
protein, respectively. However, still only a small percent-
age of starch and glucose compared to the initial amount
was water soluble after steam explosion of potato and
potato peel. In addition, a lot of water was incorporated
into the steam exploded samples. Also, the use of very
high steam explosion temperatures caused considerable
glucose losses in potato and potato peel samples due to
caramelization. The use of enzymatic hydrolysis for potato
peel and potato rest materials resulted in a much higher
release of water-soluble starch and glucose content. The
use of endogenous and commercial enzymes for chicken
rest materials resulted in a higher protein release com-
pared to steam explosion. Based on the fact, that the use
of endogenous enzymes showed similar results as the use
of commercial Alcalase, the autolytic hydrolysis is sug-
gested to be the best and cheapest way to pretreat chicken
rest materials to be used in the fermentation.

It was hypothesized that enzymatically pretreated food rest
materials may provide higher biomass and lipid yield com-
pared to the steam exploded ones. This was confirmed during
tests with media based on steam exploded and hydrolyzed
rest materials combined with commercial media components.
Media based on the hydrolyzed potato (M11) and chicken
rest materials (M21) showed higher total biomass weight
compared to steam exploded rest materials-based media.
This might be due to the presence of growth stimulators in
addition to high level of glucose, soluble starch, and pro-
teins, in the hydrolyzed rest materials. The lipid yield of the
hydrolyzed potato (M11) and chicken (M21) rest materials
media was higher as compared to steam exploded rest mate-
rials-based media, but still it was very low in comparison
to the lipid production in control lipid production medium
(M32). This might be related to the use of a non-optimal C/N
ratio. Thus, enzymatically hydrolyzed potato and chicken rest
materials were selected to be used further for C/N evaluation.
During the C/N ratio evaluation, the same C/N ratios were
used for rest materials and control media. It was observed,
that total biomass weight and lipid content for hydrolyzed
rest materials-based medium was comparable or higher than
for control glucose—yeast extract medium, while content of
PUFA was lower. High biomass and lipid results obtained
after growth on rest materials medium could be due to the
presence of other nutrients, while the relatively low PUFA
content remains to be explained.

Based on the results discussed above, enzymatic hydroly-
sis is shown to be the most efficient pretreatment process of
the food rest materials chosen in this study for fungal lipid
production. However, a special focus need to be placed on
the study of the C/N ratio to be able to obtain high total
biomass weight and lipid yield, as well as high contents of
PUFA.



Bioprocess and Biosystems Engineering (2018) 41:1039-1049

1049

Acknowledgements Support for this work was provided by The
Research Council of Norway (Project no. 227356).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

10.

11.

Kendrick A, Ratledge C (1992) Lipids of selected molds grown
for production of N-3 and N-6 polyunsaturated fatty-acids. Lipids
27(1):15-20. https://doi.org/10.1007/Bf02537052

Kurashige J, Matsuzaki N, Takahashi H (1993) Enzymatic modi-
fication of canola palm oil mixtures—effects on the fluidity of
the mixture. J Am Oil Chem Soc 70(9):849-852. https://doi.
org/10.1007/Bf02545342

Certik M, Balteszova L, Sajbidor J (1997) Lipid formation and
gamma-linolenic acid production by Mucorales fungi grown on
sunflower oil. Lett Appl Microbiol 25(2):101-105. https://doi.
org/10.1046/j.1472-765X.1997.00173.x

Azocar L, Ciudad G, Heipieper HJ, Navia R (2010) Biotechno-
logical processes for biodiesel production using alternative oils.
Appl Microbiol Biot 88(3):621-636. https://doi.org/10.1007/
$00253-010-2804-z

Huang C, Zong MH, Wu H, Liu QP (2009) Microbial oil pro-
duction from rice straw hydrolysate by Trichosporon fermentans.
Bioresour Technol 100(19):4535-4538. https://doi.org/10.1016/j.
biortech.2009.04.022

Li P, Miao X, Li R, Zhong J (2011) In situ biodiesel production
from fast-growing and high oil content Chlorella pyrenoidosa in
rice straw hydrolysate. J Biomed Biotechnol 2011:141207. https
://doi.org/10.1155/2011/141207

Arapoglou D, Varzakas T, Vlyssides A, Israilides C (2010) Etha-
nol production from potato peel waste (PPW). Waste Manage
30(10):1898-1902. https://doi.org/10.1016/j.wasman.2010.04.017
Schieber A, Stintzing FC, Carle R (2001) By-products of plant
food processing as a source of functional compounds—recent
developments. Trends Food Sci Tech 12(11):401

Pasupuleti VK, Braun S (2010) State of the art manufacturing of
protein hydrolysates. In: Pasupuleti VK, Demain AL (eds) Protein
Hydrolysates in Biotechnology. ISBN: 978-1-4020-6673-3
Ballesteros M, Oliva JM, Negro MJ, Manzanares P, Ballesteros I
(2004) Ethanol from lignocellulosic materials by a simultaneous
saccharification and fermentation process (SFS) with Kluyveromy-
ces marxianus CECT 10875. Process Biochem 39(12):1843-1848.
https://doi.org/10.1016/j.procbio.2003.09.011

Hooper RJ, LiJ (1996) Summary of the factors critical to the com-
mercial application of bioenergy technologies. Biomass Bioenerg
11(6):469-474. https://doi.org/10.1016/S0961-9534(96)00054-2

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

Kobayashi F, Sawada T, Nakamura Y, Ohnaga M, Godliving M,
Ushiyama T (1998) Saccharification and alcohol fermentation in
starch solution of steam-exploded potato. Appl Biochem Biotech-
nol 69(3):177-189

Muniraj IK, Xiao L, Liu H, Zhan X (2015) Utilisation of potato
processing wastewater for microbial lipids and gamma-lino-
lenic acid production by oleaginous fungi. J Sci Food Agric
95(15):3084-3090. https://doi.org/10.1002/jsfa.7044

Horn SJ, Nguyen QD, Westereng B, Nilsen PJ, Eijsink VGH
(2011) Screening of steam explosion conditions for glucose
production from non-impregnated wheat straw. Biomass Bio-
energ 35(12):4879-4886. https://doi.org/10.1016/j.biomb
i0e.2011.10.013

Aspevik T, Oterhals A, Ronning SB, Altintzoglou T, Wubshet
SG, Gildberg A, Afseth NK, Whitaker RD, Lindberg D (2017)
Valorization of proteins from co- and by-products from the fish
and meat industry (vol 375, 53, 2017). Topics Curr Chem. https
://doi.org/10.1007/s41061-017-0146-3

Bocker U, Wubshet SG, Lindberg D, Afseth NK (2017) Fourier-
transform infrared spectroscopy for characterization of protein
chain reductions in enzymatic reactions. Analyst 142(15):2812-
2818. https://doi.org/10.1039/c7an00488e

Ogner G, Wickstrgm T, Remedios G, Gjelsvik S, Hensel GR,
Jacobsen JE, Olsen M, Skretting E, B S (1999) The chemical
analysis program of the Norwegian Forest Research Institute
2000. Norwegian Forest Research Institute, As

Folch J, Lees M, Sloane Stanley GH (1957) A simple method for
the isolation and purification of total lipides from animal tissues.
J Biol Chem 226(1):497-509

. McCleary BV, Gibson TS, Mugford DC (1997) Measurement of

total starch in cereal products by amyloglucosidase-alpha-amylase
method: collaborative study. J Aoac Int 80(3):571-579

O’Fallon JV, Busboom JR, Nelson ML, Gaskins CT (2007) A
direct method for fatty acid methyl ester (FAME) synthesis. J
Dairy Sci 90:279-280

Arous F, Ben Atitallah I, Nasri M, Mechichi T (2017) A sustain-
able use of low-cost raw substrates for biodiesel production by the
oleaginous yeast Wickerhamomyces anomalus. 3 Biotech. https://
doi.org/10.1007/s13205-017-0903-6

Arous F, Frikha F, Triantaphyllidou IE, Aggelis G, Nasri M,
Mechichi T (2016) Potential utilization of agro-industrial waste-
waters for lipid production by the oleaginous yeast Debaryomyces
etchellsii. J Clean Prod 133:899-909. https://doi.org/10.1016/j.
jelepro.2016.06.040

Fakas S, Certik M, Papanikolaou S, Aggelis G, Komaitis M,
Galiotou-Panayotou M (2008) gamma-Linolenic acid produc-
tion by Cunninghamella echinulata growing on complex organic
nitrogen sources. Bioresour Technol 99(13):5986-5990. https://
doi.org/10.1016/j.biortech.2007.10.016

Fakas S, Papanikolaou S, Galiotou-Panayotou M, Komaitis M,
Aggelis G (2008) Organic nitrogen of tomato waste hydrolysate
enhances glucose uptake and lipid accumulation in Cunningha-
mella echinulata. J Appl Microbiol 105(4):1062—1070. https://doi.
org/10.1111/j.1365-2672.2008.03839.x

Aggelis G (1996) Two alternative pathways for substrate assimi-
lation by Mucor circinelloides. Folia Microbiol 41(3):254-256.
https://doi.org/10.1007/Bf02814626

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/Bf02537052
https://doi.org/10.1007/Bf02545342
https://doi.org/10.1007/Bf02545342
https://doi.org/10.1046/j.1472-765X.1997.00173.x
https://doi.org/10.1046/j.1472-765X.1997.00173.x
https://doi.org/10.1007/s00253-010-2804-z
https://doi.org/10.1007/s00253-010-2804-z
https://doi.org/10.1016/j.biortech.2009.04.022
https://doi.org/10.1016/j.biortech.2009.04.022
https://doi.org/10.1155/2011/141207
https://doi.org/10.1155/2011/141207
https://doi.org/10.1016/j.wasman.2010.04.017
https://doi.org/10.1016/j.procbio.2003.09.011
https://doi.org/10.1016/S0961-9534(96)00054-2
https://doi.org/10.1002/jsfa.7044
https://doi.org/10.1016/j.biombioe.2011.10.013
https://doi.org/10.1016/j.biombioe.2011.10.013
https://doi.org/10.1007/s41061-017-0146-3
https://doi.org/10.1007/s41061-017-0146-3
https://doi.org/10.1039/c7an00488e
https://doi.org/10.1007/s13205-017-0903-6
https://doi.org/10.1007/s13205-017-0903-6
https://doi.org/10.1016/j.jclepro.2016.06.040
https://doi.org/10.1016/j.jclepro.2016.06.040
https://doi.org/10.1016/j.biortech.2007.10.016
https://doi.org/10.1016/j.biortech.2007.10.016
https://doi.org/10.1111/j.1365-2672.2008.03839.x
https://doi.org/10.1111/j.1365-2672.2008.03839.x
https://doi.org/10.1007/Bf02814626

	Pretreatment of different food rest materials for bioconversion into fungal lipid-rich biomass
	Abstract
	Introduction
	Materials and methods
	Food rest materials
	Experimental design
	Pretreatment of food rest materials by steam explosion
	Hydrolysis of potato food rest materials
	Hydrolysis of animal protein-rich food rest materials
	Elemental and chemical analysis of raw and pretreated food rest materials
	Media formulations based on pretreated food rest materials
	Media for the initial evaluation
	Media for the pretreatment evaluation
	Media used for the validation

	Fungal strain and growth conditions
	Direct FAME esterification procedure
	Gas chromatography analysis

	Results
	Initial screening of food rest materials for fungal lipid-rich biomass production
	Evaluation of the pre-processing procedure for potato and chicken rest materials
	Evaluation of media based on CN ratios

	Discussion
	Acknowledgements 
	References


