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a b s t r a c t

This study highlights the potential of oleaginous fungus, Mucor circinelloides in adsorbing/assimilating oil
and nutrients in thin stillage (TS), and producing lipid and protein-rich fungal biomass. Fungal cultivation
on TS for 2 days in a 6-L airlift bioreactor, resulted in a 92% increase in oil yield from TS, and 20 g/L of
fungal biomass (dry) with a lipid content of 46% (g of oil per 100 g dry biomass). Reduction in suspended
solids and soluble chemical oxygen demand (SCOD) in TS were 95% and 89%, respectively. The polyunsat-
urated fatty acids in fungal oil were 52% of total lipids. Fungal cells grown on Yeast Malt (YM) broth had a
higher concentration of c-linolenic acid (17 wt.%) than those grown on TS (1.4 wt.%). Supplementing TS
with crude glycerol (10%, v/v) during the stationary growth phase led to a further 32% increase (from
46% to 61%) in cellular oil content.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Corn ethanol production in the United States has doubled from
6500 in 2007 to 13,230 MGY in 2010 (Renewable Fuels Association,
2011). For every gallon of ethanol produced, 5–6 gallons of stillage
is generated (Rasmussen et al., in press) which is composed of corn
fiber, oil, protein, other unfermented components of the grain and
yeast cells (Kim et al., 2008). This whole stillage is then centrifuged
to produce a liquid (called thin stillage) and a solid fraction (called
wet distillers grains). Less than 50% of the thin stillage (TS) is recy-
cled back as backset for liquefaction of ground corn (Sankaran
et al., 2010). The rest goes through multiple effect evaporators
requiring substantial amounts of energy to make a condensed syr-
up, that later ends up in Dried Distillers Grains and Solubles
(DDGS) (Kim et al., 2008) and is sold at low margins as animal feed
(Moreau et al., 2011). In a study by Moreau et al. (2011), it was
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found that TS contained the highest amount of corn oil on a dry ba-
sis, among the various pre- and post-fermentation corn fractions in
the dry-grind corn ethanol process. In recent years, recovery of
corn oil from post-fermentation corn fractions has drawn consider-
able interest for use as a biodiesel feedstock (Noureddini et al.,
2009).

The presence of oil in a microbial growth medium increases the
lipid accumulation in the microbial cells, and the composition of
the accumulated intracellular lipid reflects the length of the carbon
chain and structure of the oil source (Szczesna-Antczak et al.,
2006). Certain mucoralean fungal strains like Mucor circinelloides
are known to be efficient producers of intracellular lipases, which
display very high hydrolytic and synthetic activities (Szczesna-
Antczak et al., 2006). Fungal biomass has also been documented
as excellent biosorbent material (Ozsoy et al., 2008) capable of
removing oil from oil–water emulsions (Srinivasan and Viraragha-
van, 2010). Based on the above facts, we hypothesized that grow-
ing M. circinelloides on TS would help in both oil recovery and
production since the fungal cells would not only adsorb and re-
move the oil from TS but would also be able to metabolize the corn
oil and use the end products (fatty acids) for further lipogenesis.
Since, triglycerides are the main constituent of both corn and
fungal lipids (Vicente et al., 2009), they could serve as suitable
feedstock for biodiesel production, which could then be used
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in-house by the corn-ethanol plants or sold. Our hypothesis is fur-
ther supported by the fact that M. circinelloides is oleaginous in nat-
ure and accumulates high levels of lipids in its mycelia (Vicente
et al., 2009). More significantly, its oil has been found to be rich
in c-linolenic acid, which has a growing market demand due to
its high value as a nutraceutical (Ratledge, 2004). Xia et al.
(2011) tested the effect of culture conditions such as pH and tem-
perature on growth and lipid production by M. circinelloides in a
synthetic medium. In this study, fatty acid characteristics of Mucor
oil, especially the presence of high-value PUFAs were examined by
growing the fungi in both a synthetic (YM), and a complex organic
medium (TS).

Despite the numerous favorable impacts of biodiesel produc-
tion, its economic aspect suffers from the high cost of raw material
(Miao and Wu, 2006). Plant-based oil feedstocks account for al-
most 85% of total biodiesel production cost and also lead to food
vs. fuel controversy (Miao and Wu, 2006). Microbial lipids in con-
trast, do not require fertile land and also have much higher yields
(Meng et al., 2009). Especially mucoralean fungi are known to grow
rapidly and contain almost 40–50% oil (Sergeeva et al., 2008;
Vicente et al., 2009). These are also excellent enzyme producers
and can be grown on various substrates. For example, Rhizopus
microsporus (var. oligosporus) has been successfully grown on TS
from corn ethanol plants (Rasmussen et al., in press) for use as ani-
mal feed. To our knowledge, this is the first study of TS as a growth
medium for the production of M. circinelloides biomass and fungal
oil. Our study also reports the change in fatty acid composition of
lipids produced by M. circinelloides when grown on an oil-free syn-
thetic medium, YM broth (Difco Laboratories, Sparks, MD, USA) as
compared to the oil-containing TS medium. The sustainability and
profitability of biodiesel plants also requires value-addition to its
co-products especially crude glycerol, which is being generated
in surplus amounts (Nitayavardhana and Khanal, 2011). Due to
its easy availability, inexpensive nature and existing evidence of
its consumption by fungal strains (Nitayavardhana and Khanal,
2011), crude glycerol was investigated in this study as a supple-
mentary carbon source.

Microbial cell disruption, in order to release intracellular lipids,
is a fairly new technique and has been employed in a few studies.
Ultrasonication assisted oil extraction was used by Cravotto et al.
(2008) to extract intracellular oil from a marine microalga and
higher yields were obtained with ultrasonication compared with
microwaves or Soxhlet extraction. In this study, we have applied
ultrasonication to disrupt the cell wall of M. circinelloides prior to
solvent extraction. The Folch, Lees and Stanley method (Christi
and Han, 2010) is one of the most popular oil extraction methods
and involves the use of chloroform, which is very toxic and hazard-
ous to human health with increasing restrictions on its use. In this
study, we have investigated the efficacy of the toluene/methanol
solvent pair (1:1) for oil extraction instead of chloroform/metha-
nol, and compared the yields from both methods.

Some of the research results from this study resulted in an R&D
100 Award from R&D Magazine in 2009 (http://www.rdmag.com/
Community/Blogs/RDBlog/Helping-The-Third-World/).

2. Methods

2.1. Thin stillage (TS)

Thin stillage was obtained from Lincolnway Energy (Nevada, IA,
USA), a local dry-grind corn ethanol plant and stored in sterile 10-L
carboys at 4 �C prior to use. Two batches of stillage were used for
the entire study. Both batches were chemically characterized and
were noted to have similar compositions. The solids in the TS were
seen to settle upon storage for 3–4 days, leaving a clearer liquid on
top. The top layer was decanted and centrifuged at 5000�g for
15 min. Both regular thin stillage (TS) without settling (% total sol-
ids = 6.1) and centrifuged thin stillage (CTS, % total solids = 3.8)
were used as fungal growth media following heat sterilization at
121 �C for 15 min.

2.2. Fungal strain, media and inoculum preparation

Lyophilized culture of M. circinelloides f. lusitanicus CBS 277.49
was purchased from CBS-KNAW Fungal Biodiversity Centre, The
Netherlands. The frozen culture was soaked in sterile deionized
water and revived by spread plating onto Bacto PDA (Potato Dex-
trose Agar, Difco Laboratories, Sparks, MD, USA) plates and incu-
bating for 5–7 days at 37 �C until white sporulation was
observed. Fungal spores and mycelia were lightly scraped off from
the plates aseptically using a sterile solution of 0.1% (w/v) Bacto
peptone and 0.2% (v/v) Tween 80 (Fisher Scientific, Fair Lawn, NJ,
USA). The spore and mycelial suspension was then passed through
a 20 mL syringe containing glass wool which removed the mycelia.
The filtrate or spore suspension was mixed with Bacto potato dex-
trose broth (PDB) in a 1:1 ratio and glycerin was added to a final
concentration of 20% (v/v). The glycerin-spore stock was distrib-
uted into sterile 2 mL cryo-vials and preserved in a �75 �C freezer.
The spore count of the stock was determined by a haemocytometer
and found to be �8 � 104 spores/mL.

The fungal inoculum for the shake flask studies was prepared by
adding 0.2% (v/v) of spore suspension to 50 mL of heat sterilized
(121 �C, 15 min) YM broth (Difco Laboratories, Sparks, MD, USA)
in 200 mL Erlenmeyer flasks with foiled covered mouth. The inoc-
ulum for the 6-L bioreactor was prepared by adding 0.2% (v/v) of
spore suspension to 500 mL YM broth contained in a 2-L flask with
cotton plugged mouth. Centrifuged thin stillage (CTS) was also
tested for inoculum preparation in an attempt to acclimate the fun-
gal cells to stillage nutrients, for enabling higher biomass yields
from the main cultivation process in TS. Inoculum flasks were incu-
bated on a shaker at 150 rpm, 37 �C for 24 h. The fungal cells that
grew as small compact mycelial pellets were then filtered using
Whatman No. 1 filter paper, rinsed with sterile saline to remove
media components and used as the inoculum. Quality control tests
were performed to confirm uniformity in inoculum cell weight
added to each cultivation batch. In a separate batch experiment,
the fungal mycelial inoculum was shredded using a homogenizer
to test the ability of smaller mycelial fragments in producing high-
er fungal growth as compared to compact pellets.

2.3. Fungal cultivation

Growth conditions of M. circinelloides were optimized in a series
of shake flask experiments in 2 L Erlenmeyer flasks containing
500 mL of TS. The TS was heat sterilized (121 �C, 15 min) unless
otherwise mentioned. A 10% (v/v) mycelial inoculum was added
and the flasks were incubated on a shaker at 150 rpm agitation
speed and 37 �C for 2 days or longer when required. The optimized
culture conditions were scaled up in the 6-L airlift draft-tube bio-
reactor with a 5 L working volume. An aeration rate of 7 SLPM
(standard liters per minute; 1.4 vvm) was used. The draft tube
facilitated proper air circulation and mixing of the reactor
contents.

2.3.1. Optimization of growth conditions in flasks
The growth of the fungus was tested in whole thin stillage (TS,

total solids = 6.1%) and centrifuged thin stillage (CTS, total sol-
ids = 3.8%). Since significantly higher (p < 0.05) fungal biomass
yield (g/L) was obtained from TS as compared to CTS (as discussed
in Section 3), TS was chosen to be used in the rest of the optimiza-
tion studies. The effect of sterilization on fungal growth was
checked by autoclaving TS in flasks at 121 �C for 15 min. Since
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sterile TS gave consistently higher fungal cell yields than non-ster-
ile TS under the same culture conditions (as discussed in Section 3),
further growth optimizations were done using autoclaved TS. The
effect of pH on fungal growth was tested by adjusting the initial
pH of TS to 4, 5, 6 and 7, before sterilization using 1 N HCl/1 N
NaOH. The flasks with TS adjusted to different pH levels were then
inoculated with mycelia and incubated under similar conditions. A
range of incubation temperatures viz. 25, 30, 37 and 45 �C were
examined and optimized conditions favoring highest growth were
selected. In another optimization study, the length of the incuba-
tion period required for the highest biomass and oil yield was
determined. Flasks containing TS inoculated with fungal mycelia
were incubated for 1, 2, 4, 6, 8 and 10 days. At each time period,
two flasks (duplicates) were randomly removed from the shaker
and screened to determine the fungal biomass and oil yield. The ef-
fect of the physiological state of the fungal inoculum (i.e. spores vs.
mycelia on the fungal growth rate and final biomass yield) was also
evaluated. One set of flasks with TS was inoculated with 0.2% (v/v)
spore stock, while the other set was inoculated with 10% (v/v)
mycelia and the biomass yields were compared.

2.3.2. Optimization of growth and oil production conditions in 6-L
airlift reactor

The optimized growth conditions determined by the shake flask
studies were scaled up to the draft-tube 6 L airlift bioreactor. The
fungal culture was grown for 72 h on sterile TS with a working vol-
ume of 5-L adjusted to pH 6, at 37 �C and 7 SLPM aeration rate.
Samples were periodically removed from the broth during the cul-
tivation process, filtered aseptically using a screen (pore-size of
1 mm � 1 mm) and the fungal cells were returned to the reactor.
The effluent/filtrate was analyzed for total solids, COD, soluble sug-
ars, acids, glycerol and nitrogen content. At the end of each run, the
entire culture broth was filtered and the biomass yield and oil con-
tent were measured.

In another batch of fungal cultivation on TS, a supplemental car-
bon source in the form of crude glycerol (10%, v/v) was fed to the
fungal culture and its effect on fungal oil production was tested.
The crude glycerol was obtained as a by-product from a local
soy-biodiesel plant. The glycerol was added to the fungal culture
broth at the stage where the glycerol and lactic/acetic acid concen-
tration in TS had just started falling. This phase indicated the
exhaustion of available sugars and the shift of the fungal metabo-
lism towards consumption of alternative carbon sources in the stil-
lage. After glycerol addition, the fungi were allowed to grow for
another 2 days. As a control, the fungal culture was grown in un-
supplemented TS for the same time period. Fungal biomass and li-
pid yields from both cultivation batches were then measured and
compared.

2.4. Analytical methods

2.4.1. Fungal biomass yield
The fungal biomass with attached stillage solids was filtered out

from the culture broth using a stainless steel screen of pore size of
1 mm. The biomass was then oven dried at 80 �C for 24 h. The dried
solids were measured gravimetrically and the biomass yield was
reported in terms of ‘grams of dried biomass per liter of stillage’.

2.4.2. Fungal biomass characterization
Proximate analysis of dried fungal cells was done to investigate

its suitability as an animal feed. Total crude protein was measured
by the AOAC official combustion method (AOAC 990.03) and an Ele-
mentar Vario Max Carbon Nitrogen analyzer (Elementar Analysen-
systeme GmbH, Hanau, Germany). Total carbohydrate content in
the biomass was calculated by adding the starch, fiber and soluble
sugar. Starch was measured by the amyloglucosidase/a-amylase
method (Knudsen, 1997); while the amylase neutral detergent fiber
method (Van Soest et al., 1991) and phenol–sulfuric acid colorimet-
ric assay (Dubois et al., 1956) were used to measure the fiber and
soluble carbohydrate contents, respectively. Total fat was measured
using the SoxCap 2047 with Soxtec extraction systems (Foss Ana-
lytical AB Soxtec System Application Note AN3906 (2007)), fol-
lowed by the ether extraction method for crude fat estimation
(AOAC Official Method 920.39). The ash content was determined
as the residue after ignition of the biomass at 600 �C for 3 h. The
percent moisture content was measured by heating the samples
to 105 �C and calculating the loss in moisture gravimetrically as de-
scribed in the Standard Methods for the Examination of Water and
Wastewater (2005). The total carbohydrate and fat measurements
were performed by Dairyland Laboratories Inc., WI.

2.4.3. Chemical analyses of culture broth
The effluent TS after removal of fungal cells was analyzed for

nitrogen, soluble sugars, acids, glycerol and soluble chemical oxy-
gen demand (SCOD). The soluble sugars, lactic and acetic acids, and
glycerol were measured using a Waters Model 401 HPLC system
with an RI detector, equipped with a column heater, auto-sampler,
and computer controller. A Bio-Rad Aminex HPX-87H column
(300 � 7.8 mm; Bio-Rad Chemical Division, Richmond, CA, USA)
was used with 0.012 N sulfuric acid as the mobile phase with a
flow rate of 0.8 ml/min, injection volume of 20 ll, and a column
temperature of 65 �C. Total crude protein was measured as de-
scribed earlier. SCOD was calculated using the Hach COD kit
(COD Vials 200–15,000 mg/L, High Range Plus, Hach company,
Loveland, CO, USA). Total and suspended solids in TS were mea-
sured as described in the Standard Methods for the Examination
of Water and Wastewater (2005).

2.4.4. Intracellular fungal-oil extraction using high-power
ultrasonication and organic solvents

The oven-dried fungal cells were subjected to ultrasonication in
the presence of organic solvents in order to mechanically disrupt
the cell wall and enable extraction of the intracellular oil by the
solvents. A Branson 450 Series bench-scale ultrasonics unit (Bran-
son Ultrasonics, Danbury, CT) with a maximum power output of
400 W and frequency of 20 kHz was used. The ultrasonic cell-dis-
ruptor horn used was a tapered microtip titanium horn with a flat
1/8 in. (3 mm) diameter face. The solvent system comprised of
methanol and toluene (1:1). Toluene was tested as a substitute
for chloroform, which is the standard solvent used in the standard
Folch, Lees and Stanley method (Christi and Han, 2010). As a con-
trol, the oil content (wt.%) in the fungal biomass was also measured
by the standard method (Christi and Han, 2010) and compared.
Other solvent systems that were investigated were – toluene,
methanol, hexane, and methanol:toluene (1:5), methanol:hexane
(1:1). One gram of dried fungal biomass was mixed with 20 mL
of the solvent system and sonicated at 70% amplitude (494 lmpp)
for 3 min. The optimum time of sonication was found to be
3 min after testing 0.5, 1, 2, 3, 4 and 5 min (data not shown). The
glass container with the fungal cell samples was placed in an ice
bath during the sonication process to prevent temperature rise.
After sonication, anhydrous magnesium sulfate was added to re-
move any water present and the mixture was filtered through
Whatman No. 1 filter paper. The filter paper was rinsed with tolu-
ene to wash away any residual oil sticking to the paper. The sol-
vents were removed from the filtrate using a rotary evaporator at
65 �C (Buchi rotavapor R124) and the weight of the oil was deter-
mined gravimetrically. The lipid concentration was calculated as
percent oil yield (g of extracted oil per 100 g of dry biomass). The
lipid productivity (g L�1 day�1) obtained from each culture med-
ium was determined as the product of biomass productivity
(g L�1 day�1) and lipid content (g of oil per g of biomass) as
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follows: PL = CL � DCDW/t; where PL is the lipid productivity,
DCDW is the accumulated dry cell weight from inoculation to har-
vest time, t and CL is the cellular lipid content. The efficiency of the
sonication method of cell disruption was compared to other
mechanical shearing techniques such as magnetic stirring (with
glass beads) and rotary mixing, using the same solvent system
and the same batch of fungal biomass. The oil content in TS itself
was determined by freeze-drying one liter of TS and extracting
the corn oil from the dried stillage solids using the sonication–sol-
vent method. All the lipid samples were analyzed for their fatty
acid composition by thin layer chromatography (TLC) and gas chro-
matography (GC).

2.4.5. Fatty acid analysis of lipids
The oil samples extracted from fungal biomass grown on TS and

YM as well as the stillage oil samples were subjected to fatty acid
profiling using GC. Methyl heptadecanoate (C17:0) was added as
an internal standard to 30 mg of oil sample. The total lipids were
esterified to fatty acid methyl esters (FAMEs) by treatment with
3% (v/v) sulfuric acid in methanol for 2 days at 60 �C. The FAMEs
were extracted by hexane and washed with water and then ana-
lyzed with a Hewlett–Packard 5890 series II GC equipped with a
flame ionization detector and a SPB-2330 fused silica column
(15 m � 0.25 mm id and 0.20 lm film thickness) (Supelco, Belle-
fonte, PA, USA). The initial oven temperature was 100 �C, the oven
temperature program was ramped up from 100 to 200 �C at a rate
of 5 �C/min and the injector and detector temperatures were
230 �C. The sample injection volume was 1 lL. The carrier gas (he-
lium) flow rate was 3.5 mL/min.

The lipid classes in the oil samples were characterized by thin
layer chromatography (TLC). About 50–60 mg of oil sample was
dissolved in hexane (1 mL) and acetone (2 drops) and applied to
a preparative TLC plate (20 � 20 cm, 500 lm thickness). The plate
was developed using hexane/diethyl ether/acetic acid (70:30:1, v/
v/v), then sprayed with 2,7-dichlorofluorescein and viewed under
UV light. The TAG and FFA bands were scraped off and extracted
twice with 10 mL of diethyl ether. The scraped DAG and polar lip-
ids bands were extracted twice with 10 mL of chloroform/metha-
nol (2:1, v/v). The solvents were removed by using a flow of
nitrogen. The fatty acids were transesterified into FAMEs following
the procedure given above. All analyses were done as duplicates.

2.5. Statistical analysis

The Analysis of Variance (ANOVA) was performed using JMP
8.0.2 (Cary, NC, USA), to determine significant differences among
the various treatments. Least Significant Means Differences (LSD)
were calculated at p = 0.05 by Student’s t test. All treatments were
carried out in triplicates (except fatty acid analysis) and the results
are shown as the means of three replicates ± standard deviation
(SD).

3. Results and discussion

3.1. Optimization of M. circinelloides growth in flasks

3.1.1. Effect of corn solids on fungal morphology and biomass yields
The dry fungal biomass yield from CTS averaged about 8 g/L

while unsettled (original) TS gave an average biomass yield of
20 g/L when cultivated in a 6-L airlift bioreactor for 2 days. When
unsettled TS (without fungal cells) was passed through the same
screen (pore size, 1 mm � 1 mm), 2 g/L (dry) of corn solids were re-
tained. Several factors contributed to the lower yields obtained from
CTS, among which lower nitrogen and insoluble sugar contents, due
to the removal of suspended solids, were most influential. The
suspended solids consisted of both corn solids left-over after
ethanol separation from the corn mash, as well as some residual
yeast cells and some possible bacterial contaminants too. Due to
the higher biomass yields, TS was used in all further experiments in-
stead of CTS. M. circinelloides is known to produce cellulolytic and
other extracellular enzymes (Botha et al., 1997) which could have
aided in degrading and utilizing the insoluble di- and polysaccha-
rides present in TS. The total dissolved solids were quite similar in
CTS (40 g/L) and TS (43 g/L), while the total nitrogen content was
much lower in CTS (1.5 g/L) compared to TS (5.5 g/L).

Filamentous fungi are known to grow as loose hyphal aggre-
gates called ‘‘mycelial clumps’’, or as denser, often spherical aggre-
gates called ‘‘pellets’’ (Paul and Thomas, 1998). Visual observations
showed distinct morphological differences in the growth of M. cir-
cinelloides in TS as compared to CTS. In TS it grew as branched
mycelia, while in CTS it grew as compact pellets. Similar observa-
tions were made by Rasmussen et al. (in press) in the case of Rhi-
zopus oligosporus, where they found a distinct change in fungal
morphology from compact pellets to filaments when the fungus
was grown on settled thin stillage supernatant and TS respectively.
The presence of corn solids in TS might serve as supports for
attachment by the fungal mycelia. We found that the fungal myce-
lial biomass adsorbed and separated most of the corn solid matter
from the TS leaving behind a relatively clearer effluent. Since the
mycelial form is known to contain higher chitosan than the
yeast-like form (discussed later), the mycelial biomass of M. circi-
nelloides facilitated the agglomeration of corn solids within and
around the fungal filaments resulting in the efficient removal of
corn solids from the thin stillage. Solids content in stillage between
3% and 6% supported good fungal growth, but 8% or more was
found unfavorable for fungal cultivation and dilution was required.
Concentrated thin stillage also known as ‘‘syrup’’, or ‘‘condensed
distillers’’ solubles (CDS) has a high solid content (�25% total sol-
ids). When it was tested as a growth medium for M. circinelloides
cultivation, no screenable (pore size, 1 mm) fungal growth could
be seen unless the syrup was diluted.

Dimorphic growth is a typical feature of representatives from
the genus Mucor. Sporangiospores are specialized fungal cells
which germinate under favorable conditions to produce mycelia,
while the yeast-like budding cells are the pre-dominant forms
present under stressed conditions such as low pH, high glucose,
low nitrogen or anaerobic atmosphere (Funtikova and Mysyakina,
2003). Extensive research has been done on the correlation be-
tween fungal morphology and intracellular lipid composition.
The lipids in these yeast-like cells differed from mycelial cells
and were found to contain higher concentrations of polar lipids
and lower concentrations of unsaturated fatty acids and glycolip-
ids, which makes it unsuitable as a biodiesel feedstock (Mysyakina
and Funtikova, 2008). Therefore, careful study of the fungal mor-
phological adaptations in response to the characteristics of the TS
(e.g. solid content, nitrogen and glucose levels) is vital for lipid pro-
duction. Microscopic observations of M. circinelloides when grown
on CTS and CDS indicated more yeast-like cells than mycelia. The
possible explanation could be the low nitrogen content in CTS
and high solid content in CDS creating unfavorable culture condi-
tions for the fungus and promoting its growth in yeast-like form.
As a consequence, the fungal growth in CTS and CDS could not
be harvested via screening (pore size, 1 mm) and required high-
speed centrifugation. On the other hand, mycelia were easier to
harvest and gave higher yields than the yeast-like form. Thus,
our findings indicate that M. circinelloides should be grown in its
mycelial form for ease of operation and for better quality biomass.

3.1.2. Effect of TS sterilization on fungal biomass production
Autoclaved TS was found to produce consistently high fungal

biomass yields (20 ± 2 g/L, dry). However, unsterilized TS used
after prolonged storage (>15 days) in carboys at 4 �C, showed lower



Fig. 1. Effect of inoculum preparation on the growth characteristics of M.
circinelloides in thin stillage contained in 2-L Erlenmeyer flasks and incubated for
4 days at pH 6, 37 �C and 150 rpm agitation. Data are means ± SD, n = 3.

Fig. 2. (a) Change in glucose, fructose, maltose and DP4 + (sugars containing 4 or
more monomers) concentrations in thin stillage during the growth of M. circinello-
ides for 48 h at pH 6, 37 �C and 7 SLPM aeration rate in a 6-L airlift bioreactor. Data
are means ± SD, n = 3. (b) Change in fungal biomass and fungal lipid concentrations,
and change in soluble chemical oxygen demand (SCOD) and total nitrogen (TN) in
TS, during the growth of M. circinelloides for 72 h at pH 6, 37 �C and 7 SLPM aeration
rate in a 6-L airlift bioreactor. Data are means ± SD, n = 3.
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fungal yields (5 ± 1 g/L, dry). On plating a 20-day old TS sample on
nutrient agar (Difco Laboratories, Sparks, MD, USA), bacterial
growth was observed confirming contamination of TS during stor-
age probably by psychrophilic bacteria. Bacterial growth lowered
the nutrient content of TS especially sugars and prevented fungal
growth. Therefore, heat sterilization was recommended as a pre-
treatment step for stillage before M. circinelloides cultivation, espe-
cially when it is stored for long periods. However, on a commercial
scale, a continuous system enabling the transfer of TS directly from
the corn-ethanol plant into the fungal reactor could omit the stor-
age period and heat-sterilization steps. Unsterilized and fresh TS
from the ethanol plant when used directly without storage gave
a biomass yield of 18 ± 2 g/L (dry).

3.1.3. Effect of pH, temperature, inoculum preparation and incubation
period on biomass production

Fungal members of the Mucorales order are reported to grow
best in the pH range of 5–7 (Funtikova and Mysyakina, 2003; Mys-
yakina and Funtikova, 2008; Xia et al., 2011). Similar results were
found in this study with a pH of 5.5 ± 1.5 giving the highest bio-
mass yield. A temperature range of 25–30 �C is the commonly re-
ported incubation temperature for M. circinelloides (Mysyakina
and Funtikova, 2008; Xia et al., 2011). Our findings however indi-
cate a higher growth rate of 15 g/L/day in TS at 37 �C as compared
to 10 g/L/day at 25 �C. The highest biomass yields were
18.5 ± 0.5 g/L after 8 days at 25 �C, 19.2 ± 0.4 g/L after 5 days at
30 �C and 20.0 ± 0.3 g/L after 2 days at 37 �C. Thus, on day 2 a sig-
nificantly higher (p < 0.05) biomass yield was observed at 37 �C
compared to 25 and 30 �C. However, a temperature of 45 �C was
found to be too high and resulted in negligible fungal growth. M.
circinelloides strains are known to be isolated from human or ani-
mal sources (http://www.cbs.knaw.nl/) and could explain the pref-
erence for a higher incubation temperature observed in this study.
However, no specific information could be found from the culture
collection center on the specific strain used in this study.

When spore stock was used as the inoculum in the main fungal
cultivation process, a long lag phase of 2 days was followed by the
log phase from day 2 to day 4 (Fig. 1). A mycelial inoculum pre-
pared in both YM and CTS produced a shorter lag phase (18–
24 h) with the growth rate being highest from day 1 to day 2 of
incubation. The final biomass yields on day 4 produced by the dif-
ferent inoculum preparations were however not significantly dif-
ferent (p > 0.05). Homogenization of the fungal inoculum did not
lead to any significant increase in yields (p > 0.05).

3.2. Growth and oil production by M. circinelloides in an airlift
bioreactor

3.2.1. Change in TS characteristics during fungal growth
During the fungal cultivation, periodic sampling of the fungal

culture broth was done and the TS ‘effluent’ after removal of fungal
biomass was analyzed for compositional changes. Sugar analysis
by HPLC showed a sharp fall in the concentration of the monosac-
charides present in TS (glucose and fructose) in the first 18 h of
growth. Samples collected after 18 h showed a gradual fall in the
concentration of the more complex sugars, maltose and DP4 + sug-
ars (sugars with four or more monomeric units) as shown in
Fig. 2a. M. circinelloides is known to produce a-D-glucosidase en-
zyme needed for breaking down and assimilating maltose sugar.
It also produces other essential enzymes for sugar assimilation like
b-glucosidase and amylase (Botha et al., 1997) required for break-
down of cellobiose and starch respectively. Although our HPLC was
not standardized to measure the polysaccharides in TS, other re-
search suggests that M. circinelloides is capable of metabolizing
xylose, arabinose, cellulose, and starch, known to be present in
TS (Kim et al., 2008).
Original TS contained glycerol and organic acids (lactic and ace-
tic) carried over from the yeast fermentation. An initial rise (be-
tween 0 and 24 h) was recorded in their concentrations in the TS
effluent during M. circinelloides cultivation. However, culture broth
samples collected after 24 h showed a gradual decrease in these
concentrations, as illustrated in Fig 2b. A probable explanation
could be the exhaustion of simple sugars during fungal growth
on TS, triggering a shift in fungal metabolism, where the formation
of glycerol and acids was replaced by their utilization as carbon
sources. A similar observation was also made by Rasmussen et al.
(in press) for R. oligosporus grown on TS. After 48 h of M. circinello-
ides cultivation in the airlift bioreactor, yellow-colored fungal
mycelial clumps were observed in the bioreactor leaving the rest
of the culture broth with substantially lower amounts of corn

http://www.cbs.knaw.nl/
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solids. The SCOD in TS was reduced from 45 ± 4 to 5 ± 0.5 g/L; while
the total solid content was decreased from 66 ± 5 to 6.6 ± 0.3 g/L
and pH increased from 4.2 ± 0.3 to 5.4 ± 0.3; after 48 h of fungal
growth. Initial total nitrogen load of 5.5 g/L in TS was reduced to
�0.5 g/L, a part of which could be from the soluble fraction of dead
fungal cells. The filamentous nature of the fungal growth is known
to increase the viscosity of the cultivation broth unlike pelleted
fungal suspensions (Metz et al., 1979). In our study with M. circi-
nelloides cultivation in TS, we made similar observations. The high
viscosity caused by the fungal filaments led to some mixing prob-
lems with a few stagnant and oxygen-limited zones in the airlift
bioreactor. A fungal biomass yield of 20.0 ± 1.2 g/L was obtained
from the fungal cultivation in the bioreactor after 48 h of
cultivation.

Proximate analyses of M. circinelloides cells grown on TS indi-
cated higher fat and crude fiber content as compared to DDGS
(Belyea et al., 2004). The protein contents of the M. circinelloides
biomass and DDGS were quite similar (Table 1). Thus, high fiber
and protein content in the fungal biomass indicated its potential
application as an animal feed. It should be noted that M. circinello-
ides also has GRAS (Generally Regarded As Safe) status from the
Food and Drug Administration.

3.2.2. Optimization of oil extraction
Among the different solvent systems tested, toluene:methanol

(1:1) solvent system was quite comparable (p > 0.05) to the meth-
anol:hexane (1:1) and chloroform:methanol (2:1) solvent pairs.
The oil yields using the three solvent systems were �46.2 ± 3.1;
45.5 ± 3.5; and 43.6 ± 3.3 g oil/100 g biomass, respectively. Due to
toluene being a relatively safer solvent than either hexane or chlo-
roform, the toluene:methanol solvent pair was selected for rest of
the oil extractions in this study. A significant difference (p < 0.05)
in oil yields was observed when methanol (16.8 ± 2.3 g oil/100 g
biomass), hexane (23.5 ± 1.5 g oil/100 g biomass) and toluene
(21.0 ± 1.8 g oil/100 g biomass) were used as single solvents and
when they were used as pairs. Among the three cell-disruption
methods, both magnetic and rotary mixing took almost 12 h to
produce the same oil yields (9.2 g of oil/L stillage) as achieved by
the sonication method in 3 min. Sonication was also faster than
the standard Folch, Lees and Stanley method (Christi and Han,
2010) which required a homogenization step before solvent addi-
tion and �4 h of mixing/contact times. The oil yield using this stan-
dard method involving chloroform:methanol (2:1) was found to be
43% (g of oil/100 g dry fungal cells), which was comparable to the
yields from the ultrasonication–solvent method.

3.2.3. Fungal oil production
Freeze dried TS solids were found to contain 8.0 ± 2.0% oil (g of

oil/100 g stillage solids). Hence, TS with 6% total solids contained
Table 1
Proximate analysis showing the chemical characteristics of M. circinelloides biomass
grown on thin stillage (TS) for 48 h in a 6-L airlift bioreactor, harvested by screening
and oven-dried at 80 �C for 24 h, as compared to the properties of DDGS. Data are
means ± SD, n = 3.

Chemical component (%) (dry basis) M. circinelloides biomass DDGSa

Moisture 2.1 ± 0.3 NA
Ash 4.0 ± 0.5 4.6

Total carbohydrates 23.1 ± 1.3 44
Starch 0.8 ± 0.1 5.1
Crude fiber 19.6 ± 1.5 10.2
Soluble sugars 2.2 ± 0.2 NA

Total fat 39.4 ± 2.1 11.9
Total protein 30.4 ± 2.5 31.3

a Belyea et al. (2004); NA: Data not provided in referred article (Belyea et al.,
2004).
4.8 ± 1.2 g of oil/L. After fungal cultivation on TS, the oil concentra-
tion in the effluent was negligible. The corn oil was almost com-
pletely removed from TS during the growth of M. circinelloides.
The oil could have been utilized as a carbon source for intracellular
lipid production by employing the fatty acids from the corn oil
breakdown as precursors or as backbone to synthesize the fungal
storage lipids. Or they could have been degraded into basic skele-
tons (such as acetyl CoA) serving biomass synthesis (Ratledge,
1989). The corn oil could also have been removed from TS via
adsorption (Srinivasan and Viraraghavan, 2010).

The oil content in the dried fungal biomass grown on TS was
found to be in the range of 46.0 ± 2.0% (wt of oil per 100 g of dry
biomass). When grown on YM broth under the same culture condi-
tions with only glucose as the carbon source, the biomass yield ob-
tained was 5.0 ± 0.5 g/L (dry) and the oil content was 20.0 ± 1.5% or
�1 g/L (Table 2). Thus, the M. circinelloides cells were found to have
much higher oil content when grown on TS, as compared to syn-
thetic media such as YM broth or the one used by Xia et al.
(2011) which resulted in cells with 30% of their dry weight as oil
at the highest carbon/nitrogen ratio. The lipid content in the fungal
cells was found to be the highest at the stationary phase of growth
(between day 2 and day 3) under nitrogen limited conditions
(Fig. 2b). An average fungal biomass yield of 20 g/L from TS with
an oil content of 46% (wt of oil per 100 g of dry biomass) led to
an oil yield of 9.2 g/L of TS after 3 days of incubation. Since TS orig-
inally has an oil concentration of �4.8 g/L, fungal processing led to
a 92% increase in oil production.

Crude glycerol was supplemented to TS on the fourth day of
fungal cultivation when the fungal cells were seen to reach the sta-
tionary phase, possibly due to nitrogen exhaustion. After supple-
mentation, cells were allowed to grow till day 6 and their oil
content showed a 32% increase (46–61 g of oil/100 g dry biomass)
as compared to the control cells. However, glycerol supplementa-
tion did not have a pronounced effect on biomass yield due to
the nitrogen limited conditions and led to an increase of only
8 ± 2%.This indicated a future avenue of recycling crude glycerol
generated during biodiesel production and simultaneously boost-
ing fungal oil production.
3.2.4. Oil characterization
The nomenclature used in this study for the oil samples ex-

tracted from fungal biomass grown on YM and TS, and from TS it-
self, was Mucor-YMoil, Mucor-TSoil and TSoil respectively. Table 4
shows the major lipid class distribution in Mucor-YMoil, Mucor-
TSoil and TSoil oil samples. Triacylglycerol (TAG) was found to be
the most dominant class (64.5 wt.%) in TSoil sample followed by
free fatty acids (FFA) (6.4 wt.%). Oil from fungal cells grown on
YM with glucose as the only carbon source (Mucor-YMoil) also con-
tained TAGs as the dominant lipid class (34.2 wt.%). However, oil
from fungal cells grown on TS which contained a mixture of carbo-
hydrates and oil (Mucor-TSoil) was composed of FFA as the major
lipid class (38.4 wt.%). This also indicated the lipase activity of M.
Table 2
Biomass and oil yields after growing M. circinelloides in thin stillage (TS) and YM broth
for 48 h, pH 6, 37 �C, 7 SLPM aeration rate in a 6-L airlift bioreactor. Data are
means ± SD, n = 3.

Parameters Growth media

YM TS

Biomass yield (g/L) 5.0 ± 0.5 20.0 ± 0.5
Biomass productivity (g/L/day) 2.5 ± 0.25 10.0 ± 0.25
Oil content in fungal cells (%) 20.0 ± 1.5 46.0 ± 2.0
Oil yield (g/L) 1.0 ± 0.2 9.2 ± 1.0
Oil productivity (g/L/day) 0.5 ± 0.1 4.6 ± 0.5
PUFA content in fungal oil (% total lipids) 33.2 ± 1.2 51.4 ± 2.6



Table 4
Total lipid fatty acid composition of oil extracted from fungal cells grown on YM broth
(Mucor-YMoil) and thin stillage (Mucor-TSoil), as well as oil from thin stillage alone
(TSoil). Compositional analysis was done by GC with prior transesterification to
FAME’s. Data are means ± SD, n = 2.

Lipid class Total fatty acid composition (wt.%)

Mucor-YMoil Mucor-TSoil TSoil

C 13:0 12.5 ± 1.4 NA NA
C 14:0 2.3 ± 0.1 NA NA
C15:0 0.6 ± 0.0 NA NA
C16:0 15.8 ± 0.4 15.7 ± 1.0 15.0 ± 0.2
C16:1 6.3 ± 0.0 NA NA
C18:0 4.0 ± 0.2 2.3 ± 0.1 2.2 ± 0.0
C18:1 24.4 ± 0.7 29.6 ± 0.5 28.7 ± 0.2
C18:2 15.7 ± 0.2 50.0 ± 1.6 52.5 ± 0.2
C18:3 17.5 ± 0.1 1.4 ± 0.1 NA
C20:0 0.6 ± 0.0 1.2 ± 0.1 1.5 ± 0.1
C22:0 0.4 ± 0.0 NA 0.1 ± 0.1

Table 3
Lipid class composition of oil extracted from fungal cells grown on YM broth (Mucor-
YMoil) and thin stillage (Mucor-TSoil), and from thin stillage alone (TSoil). The different
lipid classes were separated by TLC and their quantities were measured by GC. Data
are means ± SD, n = 2.

Lipid composition (wt.%) Mucor-YMoil Mucor-TSoil TSoil

TAGa 34.2 ± 0.7 14.7 ± 1.8 64.5 ± 4.3
FFAb 4.2 ± 0.5 38.4 ± 6.1 6.4 ± 0.8
DAGc 1.5 ± 0.1 8.4 ± 1.1 1.1 ± 0.3
Polar 4.1 ± 0.3 3.2 ± 0.4 0.4 ± 0.1
Total quantified lipids by TLC

in lipid extract (wt.%)
44.0 ± 0.4 64.7 ± 2.3 72.4 ± 1.4

FAMEd converted from total lipids
in extract (wt.%)

69.7 ± 5.3 70.0 ± 4.3 87.5 ± 13.8

a TAG: Triacylglycerol.
b FFA: Free fatty acids.
c DAG: Diacylglycerol.
d FAME: Fatty acid methyl esters.
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circinelloides, which may have hydrolyzed the TAGs in corn oil
leading to the high FFA content in the Mucor-TSoil samples. The
fatty acid methyl ester (FAME) directly converted from the total li-
pid extracts did not add up to a 100% due to the unsaponifiable lip-
ids and the presence of glycolipids and phospholipids, which have
non-acyl groups that cannot be converted to FAMEs, but these non-
acyl portions did contribute to the total oil weight. The FAME con-
tent (in wt.%) of Mucor-YMoil, and Mucor-TSoil samples was almost
the same but the lipid class distribution was quite different. Also,
the total estimated lipids (in wt.%) in the fungal oil samples were
much lower than 100%. This result suggests that Mucor-YMoil

and Mucor-TSoil contain large amount of unsaponifiables. Many
unidentifiable TLC bands were also observed, which were probably
carotenoids, hydrocarbons, cholesterol or other sterols; and some
other polar complex lipids. These unknown TLC bands, which were
not included in the transesterification process, represented a non-
negligible quantity according to the band width shown on the TLC
plate. Since these unsaponifiable lipid materials and unknowns
were not accounted for, they contributed to low total lipid percent-
ages as in Table 3. Other factors for the low total lipid values may
be the presence of residual solvent in the lipid extracts, and the ob-
served non-lipid fine particles that may be difficult to remove. The
much lower total quantified lipids in Mucor-YMoil than in Mucor-
TSoil may suggest that when the oil is fully synthesized de novo
by the microbe, the oil will contain more non-acyl lipids.

Table 4 illustrates the fatty acid composition of the three oil
samples, Mucor-YMoil, Mucor-TSoil and TSoil. The fatty acid compo-
sition of Mucor-TSoil matched closely with that of TSoil and further
proved that the nature of the oil present in the growth medium
greatly influences the fatty acid composition of the intracellular
microbial oil. The fatty acid with the highest concentration in Mu-
cor-YMoil sample was C18:1 (oleic acid) at 24.4 ± 0.7 wt.%; while
Mucor-TSoil and TSoil samples contained C18:2 (linoleic acid) as
the primary fatty acid at 50.0 ± 1.6 wt.% and 52.5 ± 0.2 wt.% respec-
tively. This is similar to the corn oil FAME composition with C18:2
at �57% and C18:1 at �28% (Majoni and Wang, 2010). Mucor-YMoil

sample contained certain unique saturated fatty acids, such as
C13:0 (tridecylic acid), C14:0 (myristic acid) and C15:0 (pentade-
cylic acid) and a monounsaturated fatty acid C16:1 (palmitoleic
acid), which were absent in the other two oil samples. Another
interesting finding was the presence of c-linolenic acid (C18:3)
in Mucor-YMoil (17.5 ± 0.1 wt.%) which was much higher than that
in Mucor-TSoil (1.4 ± 0.1 wt.%) and not detected in TSoil. This again
proved that this microbe is able to synthesize lipids from media
that do not contain acyl compounds, and the de novo synthesis
and assimilation from the environment produce lipids with differ-
ent composition. The presence of linolenic acid (C18:3) in fungal-
based lipids is well documented and fungal oil is known to be a
rich source of gamma linolenic acid (GLA), an omega 6, a PUFA of
nutritional and dietary importance (Ratledge, 2004). Overall, fun-
gal oil grown on TS was not found to be suitable for biodiesel pro-
duction using the common alkaline transesterification process due
to its high FFA content. However, acid esterification could be a via-
ble alternative. On the other hand, the low percentage of both sat-
urated and polyunsaturated fatty acids and high percentage of
monounsaturated fatty acids (oleic) were favorable properties for
biodiesel production (Durrett et al., 2008). TS-derived fungal oil
could also have applications in the production of high-value fatty
acids like linoleic and oleic acids. Considering the encouraging fun-
gal biomass yields from TS, other oleaginous strains could be tested
as part of a future study and targeted specifically towards produc-
tion of high-value fatty acids such as GLA.
4. Conclusion

This work provided four main findings: (1) efficient method of
converting TS into oil and animal feed with the effluent containing
much lower organic load facilitating water reclamation; (2) fungal
growth and morphology were affected by the solids content in TS
and highest biomass and lipid yields from TS (total solids = 5–7%)
were 20.0 and 9.2 g/L, respectively; (3) fatty acid composition of
fungal lipids was influenced by the nature of growth medium
(YM/TS); and (4) YM and TS-derived fungal oil contained high-va-
lue PUFAs. Overall, oleaginous fungal cultivation on TS has the po-
tential to boost the profitability of the corn-ethanol industry.
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