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Crude glycerol is a major byproduct for the biodiesel industry. Producing value-added products through
microbial fermentation on crude glycerol provides opportunities to utilize a large quantity of this
byproduct. The objective of this study is to explore the potential of using crude glycerol for producing
eicosapentaenoic acid (EPA, 20:5 n-3) by the fungus Pythium irregulare. When P. irregulare was
grown in medium containing 30 g/L crude glycerol and 10 g/L yeast extract, EPA yield and productivity
reached 90 mg/L and 14.9 mg/L ·day, respectively. Adding pure vegetable oils (flaxseed oil and
soybean oil) to the culture greatly enhanced the biomass and the EPA production. This enhancement
was due to the oil absorption by the fungal cells and elongation of shorter chain fatty acids (e.g.,
linoleic acid and R-linolenic acid) into longer chain fatty acid (e.g., EPA). The major impurities contained
in crude glycerol, soap and methanol, were inhibitory to fungal growth. Soap can be precipitated
from the liquid medium through pH adjustment, whereas methanol can be evaporated from the medium
during autoclaving. The glycerol-derived fungal biomass contained about 15% lipid, 36% protein,
and 40% carbohydrate, with 9% ash. In addition to EPA, the fungal biomass was also rich in the
essential amino acids lysine, arginine, and leucine, relative to many common feedstuffs. Elemental
analysis by inductively coupled plasma showed that aluminum, calcium, copper, iron, magnesium,
manganese, phosphorus, potassium, silicon, sodium, sulfur, and zinc were present in the biomass,
whereas no heavy metals (such as mercury and lead) were detected. The results show that it is
feasible to use crude glycerol for producing fungal biomass that can serve as EPA-fortified food or
feed.
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INTRODUCTION

Biodiesel as an alternative fuel has attracted increasing
attention in recent years. In the United States, for example, the
annual biodiesel production has increased sharply from <100
million gallons prior to 2005 to 450 million gallons in 2007
(1). During the biodiesel production process, crude glycerol is
created as a byproduct. In general, for every gallon of biodiesel
produced, 0.3 kg of glycerol is produced (2). With biodiesel
production growing exponentially, the market is being flooded
with crude glycerol. Because it is prohibitively expensive to
convert and purify the crude glycerol into material that can be
used for food, cosmetics, or pharmaceutical industries, biodiesel
producers must seek new uses.

Crude glycerol can be utilized through a variety of methods
such as combustion (3), composting (4), anaerobic digestion
(5), or feeding for various animals such as pigs (6), broiler
chickens (7), and laying hens (8). Converting crude glycerol
into valued-added products through thermochemical methods
(3, 9-11) or biological methods (12-15) is another alternative
for utilizing this waste stream.

Our laboratory has been studying the production of docosa-
hexaenoic acid (DHA)-rich algae by using crude glycerol as a
substrate (16). DHA (C22:6 n-3) is one important omega-3
polyunsaturated fatty acid that has various beneficial effects on
human health (17). Algae grown in crude glycerol-containing
medium can produce DHA at a level comparable to that obtained
with a glucose-based culture (16). The glycerol-derived biomass
was confirmed to contain no heavy metals and had a nutritional
quality similar to that of commercial algae (18).

In addition to DHA, eicosapentaenoic acid (EPA, C20:5 n-3)
is another important fatty acid in the omega-3 family on the
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basis of its medically established therapeutic capabilities against
cardiovascular diseases, cancers, schizophrenia, and Alzheimer’s
disease (19, 20). Currently, DHA-containing algae have been
developed as a replacement of fish oil for omega-3 fatty acids.
However, a microbial-based EPA source has not been com-
mercially available. Among various EPA-containing microor-
ganisms, Pythium irregulare has shown great potential as an
EPA producer. It has been reported that P. irregulare is capable
of utilizing a variety of organic waste streams for producing
EPA (21). A recent study also shows this species can use crude
glycerol as substrate to produce EPA (22).

In general, the crude glycerol contains methanol and soap as
the two major impurities, with various elements such as calcium,
potassium, phosphorus, magnesium, sulfur, and sodium present.
Little work has been done to understand the effects of these
impurities on EPA production by P. irregulare and to evaluate
the composition of P. irregulare biomass as a potential EPA
fortified food or feed additives. The objective of this work is to
address these issues by investigating the effects of crude glycerol
impurities on EPA production and biomass composition. The
potential benefit of adding vegetable oil to the glycerol-based
culture on EPA production enhancement was also investigated.

MATERIALS AND METHODS

Crude Glycerol Source. Crude glycerol used in this study was a
dark brown stream obtained from Virginia Biodiesel Refinery (West
Point, VA). The refinery used alkali (KOH)-catalyzed transesterification
of soybean oil with methanol for producing biodiesel. The crude
glycerol resulting from this process (pH ∼12) contains approximately
20% (w/w) soap residues. When this glycerol is pH-adjusted to 6.0-6.5,
which is more suitable for fungus growth (21), soaps are converted
into free fatty acids (18).

Fungal Species and Culture Conditions. P. irregulare (ATCC
10951) was used in this experiment. The organism used to be classified
as a fungus; recent taxonomic definitions of Pythium have been changed
to the Kingdom Chromista (algae) (23). In this study, we still use the
term fungus to define Pythium in order to keep our terminology
consistent with other papers (21, 24). The fungus was grown on agar
plates that were prepared by dissolving 20 g/L glucose and 10 g/L
yeast extract (Acros Organics, Fail Lawn, NJ) in water with the addition
of 1.5% (w/w) of agar (Fluka, Sigma-Aldrich, MO). The pH of this
agar medium was 5.8-5.9. After 5 days of incubation at a temperature
of 25 °C, the agar plates were washed with distilled water containing
glass beads to dislodge the spores. This spore suspension was used as
inoculum for further trials. The inoculum size was 10% (v/v) of the
total culture medium.

In the study of EPA production from crude glycerol, the fungal cells
were grown in medium containing 30 g/L crude glycerol and 10 g/L
yeast extract. The pH was adjusted to 6.0-6.5 before the medium was
autoclaved at 121 °C for 15 min. The cells were grown in 250 mL
Erlenmeyer flasks, each containing 50 mL of medium, and incubated
at 25 °C in an orbital shaker set to 170 rpm. For each experimental
condition, three replicates were used, and the standard deviation was
calculated.

Depending on the experimental conditions, soaps were either
removed from or remained in the culture medium. The preparation of
soap-free medium was the same as described previously (18). In brief,
the crude glycerol was mixed with distilled water to reduce the fluid
viscosity and then pH-adjusted to 3 with hydrochloric acid; the free
fatty acids that precipitated from the liquid were separated by
centrifugation at 5000 rpm. Then, yeast extract was added to the glycerol
solution at the desired level and the medium pH was adjusted to
6.0-6.5. To prepare soap-containing medium, the soap that was
originally precipitated from crude glycerol was spiked back into the
culture medium at the desired levels.

Analysis. Cell Dry Weight. The fungal biomass from each flask
was harvested, vacuum-filtered through Whatman no. 1 filter paper,
and washed with 25 mL of distilled water. The biomass was then

transferred to a preweighed tube and freeze-dried (model 12SL freeze
drier, The Virtis Co., Gardiner, NY). After the dry weight had been
measured, the freeze-dried biomass was used for proximate, fatty acid,
amino acid, and elemental analyses.

Glycerol Concentration. Glycerol concentrations were determined
by a Shimadzu Prominence HPLC System (Shimadzu Scientific
Instruments, Inc., Columbia, MD) with a refractive index detector. An
Aminex HPX-87H (Bio-Rad, Sunnyvale, CA) column was used with
0.1% (v/v) H2SO4 solution as mobile phase. The flow rate was
controlled at 0.6 mL/min, and the column temperature was 65 °C.

Proximate Analysis. The lipids from the freeze-dried biomass were
extracted and quantified according to the Bligh and Dyer method (25).
The protein content was estimated by summation of each amino acid.
The nonprotein nitrogen (NPN) content was determined by subtracting
protein nitrogen (PN) from the total nitrogen (TN) of the biomass. Here,
TN was determined according to the Kjehldahl method; PN was
estimated by dividing the protein content by 6.25. The ash content was
determined by heating the sample at 550 °C overnight and weighing
the remaining matter. The carbohydrate was then calculated by
subtraction.

Fatty Acid, Amino Acid, and Elemental Analysis. Fungal biomass,
vegetable oils, and the soap were analyzed for their fatty acid
compositions. The protocols for fatty acid methyl esters (FAME)
preparation and the gas chromatography analyses were the same as
previously reported (18). To analyze amino acid composition, the fungal
biomass was first defatted with hexane to reduce interference. The
defatted biomass was then analyzed chromatographically for its amino
acid composition using the methods described previously (18). The
elemental composition of the fungal biomass was determined by an
inductively coupled plasma semiquantitative scan of 69 elements
according to EPA method SW-846 6010B (SuperScan 69 performed
by Prochem Analytical Inc., Elliston, VA). EPA method SW-846 7471A
was further used to detect any trace amount of mercury possibly
contained in the biomass; the detection limit for this measurement was
0.025 ppm (25 ppb).

RESULTS

Growth Characteristics and EPA Production. P. irregulare
was grown in medium containing 30 g/L crude glycerol and 10
g/L yeast extract. When the impurities in crude glycerol were
accounted for, the “real” glycerol concentration in the medium
was 22 g/L. As shown in Figure 1A, maximum biomass value
of 6.31 g/L was reached at day 6 when glycerol was almost
completely consumed. Figure 1B shows that both the total fatty
acids (TFA) and EPA contents increased through the first 3-4
days and leveled off at a later stage of culture. The growth
kinetics and EPA production parameters are summarized in
Table 1. The specific growth rate (0.512 day-1) and the growth
yield coefficient based on glycerol (0.33 g/g) were comparable
to those of other omega-3 fatty acid-producing species grown
in crude glycerol (18).

Fungal Culture Added with Vegetable Oils. Pure vegetable
oils (soybean oil and flaxseed oil) were added to the culture of
P. irregulare to investigate if this addition would enhance the
fungal growth and EPA production. We ensured the shaking
was strong enough to disperse the oil into small droplets so the
fungal biomass could access it. As shown in Figure 2, addition
of vegetable oils appreciably increased the biomass and EPA
yield (units ) mg/L) compared with the control (oil-free)
culture. Soybean oil and flaxseed oil resulted in similar
enhancements. However, due to the different fatty acid profiles
contained in these two types of vegetable oils, the fatty acid
compositions of the resulting biomasses were quite different.
As shown in Table 2, flaxseed oil had an appreciable amount
of R-linolenic acid (C18:3), whereas soybean oil was rich in
linoleic acid (C18:2). The fungal biomasses derived from these
two types of oil culture had fatty acid distributions similar to
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that of the feedstock oil. Table 2 also shows that the TFA
content of the oil-added biomass was much higher than that of

the control. However, both EPA percentage (%TFA) and content
(mg/g of DW) of the oil-derived biomass were reduced
compared with those of the control (Table 2). Therefore, the
increase of EPA yield was due to the increase in biomass
(Figure 2).

Effects of Soap. The effects of soap on fungal growth and
EPA production were first studied by inoculating fungal spores
to the soap-containing medium. However, no cell growth was
observed in the soap-containing medium, which may be due to
the soap enveloping the fungal spores and cutting off the nutrient
and oxygen supplies. To alleviate this inhibition, we grew the
spores in soap-free medium for a period of time (3 days) until
a clump of fungal mycelium was observed; this mycelium was
then inoculated into medium with added soap. With the crude
glycerol concentration (30 g/L) and soap content (∼20%)
commonly used, the soap concentration in the medium would
be 6 g/L if not removed. Therefore, we adjusted the soap
addition level at 1, 2, 4, and 6 g/L.

As shown in Figure 3, the fungal biomass in medium with
added soap was lower than that in soap-free medium. The EPA
production was also inhibited with the addition of soap, as
evidenced by the sharp decrease of EPA yield even with a soap
addition as low as 1 g/L (Figure 3). Table 3 shows the fatty
acid composition of the soap and the fungal biomass growing
in media with different levels of soap. The soap mainly
contained C18:1 and C18:2 fatty acids, which accounted for
80% of the TFA. When this soap was added to the medium,
independent of the soap amount, the resulting biomass had about
18-19% of C16:0, 31-32% of C18:1, and 35-38% of C18:2.
The EPA (C20:5) percentage in TFA of the control (soap-free)
biomass was about 12%, whereas this percentage was reduced
(0.85-2.31%) when the fungus was grown in soap-containing
medium (Table 3). It was also found that the soap addition
appreciably increased the TFA content of the biomass (Table
3). However, this increase could not compensate for the loss of
EPA percentage in TFA; as a result, EPA content per unit of
biomass was decreased with the addition of soap to the crude
glycerol medium.

Effects of Methanol. The crude glycerol used in this work
contained ∼12% (w/w) methanol. When 30 g/L crude glycerol
concentration was used in this study, the methanol concentration
was about 3.6 g/L. It was found that this amount of methanol
was completely evaporated when the medium was autoclaved
at 121 °C for 15 min. To study the “true” effects of methanol
on fungal growth and EPA production, we prepared a medium
containing 20 g/L pure glycerol spiked with 2, 4, and 8 g/L
methanol. The medium was then passed through a 0.2 µm filter
before fungal spores were inoculatied. However, we did not
observe any growth in the methanol-containing medium (data
not shown). The result clearly indicated the negative effects of
methanol on growth and EPA production of P. irregulare.

Fungal Biomass Composition. The above results indicate
that soap and methanol, two major impurities in crude glycerol,
were inhibitory to the growth and EPA production of P.
irregulare. Fortunately, these two impurities can be removed
from the culture medium in relatively easy ways. Soap can be
precipitated from the solution by pH adjustment and then
removed through phase separation; methanol can be evaporated
during autoclaving of the medium. In this study, the fungal
biomass obtained from this soap-and methanol-free medium was
characterized in terms of its nutritional values and elemental
composition.

Table 4 shows the proximate analysis of the biomass. Lipid,
protein, and carbohydrate were the three major components of

Figure 1. Time course of biomass, residual glycerol concentration (A);
EPA content and total fatty acids (TFA) content (B) of P. irregulare grown
in medium containing 30 g/L crude glycerol and 10 g/L yeast extract.
Data are means of three replicates, and error bars show standard
deviations.

Table 1. Cell Growth and EPA Production Parameters of P. irregularea

parameter unit value

max cell dry wt, Xmax g/L 6.31 ( 0.43
specific growth rate day-1 0.512 ( 0.023
biomass productivity g/L · day 1.05 ( 0.09
growth yield, YX/S g/g 0.33 ( 0.02
EPA content mg/g of DW 14.71 ( 1.01
EPA yield mg/L 89.76 ( 7.25
EPA productivity mg/L · day 14.96 ( 1.21

a Data are means of three replicates ( standard deviations.

Figure 2. Biomass and EPA yield of P. irregulare grown in crude glycerol
medium with different vegetable oils added at 1%. Data are means of
three replicates, and error bars show standard deviations.
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the biomass. The nonprotein nitrogen content of the biomass
was 2.31% (Table 4). The fatty acid profile of the fungal
biomass is presented in Tables 2 and 3 (the “control”); the major
fatty acids were C16:0 and C18 with EPA accounting for 12%
of TFA. In addition to EPA, the fungus also contained small
amounts of C14:0 and C20:4 (arachidonic acid, AA). The amino
acid composition shows that the fungal biomass was rich in
asparagine plus aspartic acid and glutamine plus glutamic acid
(>10% of total protein each) followed by leucine and lysine
(Table 5). Table 6 shows the results of ICP elemental analysis
of the fungal biomass. The biomass had a high potassium
content, probably due to the high amount of potassium contained
in the original crude glycerol solution as the biodiesel producer
used a potassium hydroxide based transesterification process.
No heavy metals such as mercury or lead were detected by the
ICP analysis. Even specialized testing, using EPA method SW-
846 7471A with a reporting limit of 0.025 ppm, did not detect
any mercury in the algal biomass.

DISCUSSION

P. irregulare has shown to be capable of using a variety of
substrates for its growth and EPA production, such as soymeal
waste, crude soybean oil, sucrose waste stream (21), or sweet
whey permeate (24). Our previous study also showed the
feasibility of growing P. irregulare using biodiesel-derived crude
glycerol (22). The EPA production level obtained from crude
glycerol culture was comparable to those reported using
glucose or other organic waste materials (21, 22, 24, 26).

It has shown that adding soybean oil to glucose-based culture
of P. irregulare enhanced fungal growth and EPA accumulation

(21). In this study, we observed a similar phenomenon with
the crude glycerol-based culture with added flaxseed oil or
soybean oil (Figure 2). The increase of biomass was due to
the storage of excess oil in the fungal cells. As shown in Table
2, flaxseed oil contained an appreciable amount of R-linolenic
acid (C18:3 n-3), whereas soybean oil was rich in linoleic acid
(C18:2 n-6); when the two oils were added to the culture
medium, their resultant biomass contained a high proportion of
these two fatty acids. The TFA contents in oil-added biomass
were also much higher than that of the control (oil-free). All of
these results indicate the storage of excess oil in the fungal cells
(Table 2).

The storage of linoleic acid (C18:2 n-6) and R-linolenic acid
(C18:3 n-3) in the fungal cells can also serve as precursors for
the synthesis of longer chained fatty acid such as EPA. In
general, EPA can be synthesized through either the n-6 route
(i.e., from linoleic acid to arachidonic acid and subsequently to
EPA) or the n-3 route (i.e., from R-linolenic acid to EPA) (27, 28).
In the oil-free culture, P. irregulare synthesizes EPA mainly
through the n-6 route rather than the n-3 route, because most
fungi exhibit high activity of ∆12 desaturase that converts oleic
acid into linoleic acid and ∆17 desaturase that converts
arachidonic acid into EPA (27, 29). The fatty acid distribution
profile in the oil-free culture also confirms this hypothesis, as
an appreciable amount of linoleic acid (C18:2) and arachidonic
acid (C20:4) was in the fungal cells, whereas no R-linolenic
acid (C18:3) existed (Table 2). When vegetable oils were added
to the culture, flaxseed oil mainly provided R-linolenic acid
(C18:3), whereas soybean oil mainly provided linoleic acid
(C18:2), to the cells. The fungal cells can use these external
precursors for P. irregulare to synthesize EPA. As a result, the
overall EPA yield was increased in the oil addition cultures
compared with oil-free culture (Figure 2).

It should be noted that the proportions of EPA among total
fatty acids (%TFA) and cellular content of EPA (mg/g of DW)
were decreased in the oil-added cultures (Table 2). These
decreases were caused by the “dilution” effect as more fat and
biomass were accumulated in these cultures, and not all of this
accumulated fat was converted into EPA.

The beneficial effects of adding vegetable oil on the culture
of P. irregulare led us to explore the possible enhancement of
fungal growth and EPA production when soap is included in
the medium. Indeed, soap also contained high levels of C18
fatty acids (Table 3), which may serve as additional precursors
for fungi to synthesize EPA (Figure 3). However, both the
fungal growth and the fatty acid composition from the soap
addition culture (Figure 3 and Table 3) suggest that instead of
being beneficial, soap strongly inhibited the fungal growth and
EPA production. This inhibitory effect may be caused by the

Table 2. Fatty Acid Compositions of the Vegetable Oils and the Fungal Biomass Derived from Oil Addition Culturesa

control (oil free) flaxseed oil addition soybean oil addition

fatty acid unit fungal biomass flaxseed oil fungal biomass soybean oil fungal biomass

C14:0 %TFAb 7.76 ( 0.74 ndc 0.36 ( 0.01 nd 0.17 ( 0.01
C16:0 %TFA 25.25 ( 3.24 5.51 ( 0.01 11.26 ( 0.01 10.48 ( 0.44 10.75 ( 0.08
C16:1 %TFA 13.58 ( 0.15 nd 1.44 ( 0.09 nd 1.52 ( 0.01
C18:0 %TFA 3.19 ( 0.02 2.87 ( 0.02 4.03 ( 0.09 4.36 ( 0.17 4.67 ( 0.02
C18:1 %TFA 16.74 ( 0.02 16.45 ( 0.03 21.55 ( 0.64 24.83 ( 0.99 26.19 ( 0.08
C18:2 (n-6) %TFA 18.37 ( 2.32 21.01 ( 0.02 14.28 ( 0.01 56.09 ( 2.48 54.05 ( 0.28
C18:3 (n-3) %TFA nd 54.15 ( 0.04 49.09 ( 0.06 6.77 ( 0.33 nd
C20:4 (n-6) %TFA 6.79 ( 0.77 nd 0.75 ( 0.07 nd 0.89 ( 0.01
C20:5 (n-3) %TFA 12.55 ( 1.05 nd 2.21 ( 0.16 nd 2.64 ( 0.23
EPA content mg/g of DW 14.93 ( 0.68 na 10.67 ( 0.72 na 11.42 ( 0.87
TFA content mg/g of DW 119.01 ( 9.94 na 496.42 ( 14.59 na 427.34 ( 18.89

a Data are means of three replicates ( standard deviations. b TFA, total fatty acids. c nd, not detected; na, not applicable.

Figure 3. Biomass and EPA yield of P. irregulare grown in crude glycerol
medium with different levels of soap residues added. Data are means of
three replicates, and error bars show standard deviations.
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complex interaction between the cell wall/membrane and the
soap (30). As a matter of fact, we observed physical attachment
of the soap on the biomass when the fungus was grown in soap-
containing medium. After 3-4 days of incubation of the fungus
in soap-containing medium, the initial “cloudy” medium solution
became clear, whereas the surface of the fungal mycelium was
covered by greasy soaps.

In addition to soap, methanol also exhibited inhibitory effects
on fungal growth, although the mechanism of this inhibition
was unclear. In a similar study of producing DHA from crude
glycerol by the alga Schizochytrium limacinum, a similar
negative effect of methanol on algal growth was observed.

Currently, there have been no reports on the chemical
composition analyses of EPA-producing fungi, particularly P.

irregulare. We therefore use the composition of DHA-producing
S. limacinum derived from crude glycerol (18) as “baseline”
data to evaluate the quality of P. irregulare biomass. The
chemical analysis of the biomass obtained from crude glycerol
culture (soap- and methanol-free) shows that carbohydrate
accounted for the biggest portion of the dried biomass followed
by protein and the lipid (Table 4). Compared with S. limacinum,
P. irregulare has fewer lipids but more proteins. The biomass
is rich in the essential amino acids lysine, arginine, and leucine,
which will increase its value as a feed ingredient. Overall, this
amino acid distribution was similar to that of S. limacinum (18).
Elemental analysis shows that the fungal biomass did not contain
any toxic heavy metals such as mercury or lead (Table 6).
However, modest amounts of aluminum and zinc need to be
considered when the fungal biomass is developed as food or
animal feed, as excessive levels of these metals can be
damaging.

In summary, the above results indicate the great potential of
producing EPA from biodiesel-derived crude glycerol by fungal
fermentation. However, compared with microalgae (e.g., diatom)
for EPA production, particularly at heterotrophic conditions
(31-33), the biomass, EPA content, and EPA yield obtained
from this work were still low. This may be due to the use of
crude carbon substrate (crude glycerol) rather than pure glucose,
which was used for heterotrophic algal cultivation. To fully
realize the potential benefits of fungal EPA production from
crude glycerol, future work is needed to thoroughly optimize
culture conditions and develop high cell density culture techniques.

Table 3. Fatty Acid Compositions of the Soap and Fungal Biomass Growing in Crude Glycerol Medium with Added Soapa

fungal biomass grown at different soap levels

fatty acid unit soap control (soap-free) 1 g/L 2 g/L 4 g/L 6 g/L

C14:0 %TFAb ndc 7.43 ( 0.34 1.46 ( 0.26 1.03 ( 0.00 0.81 ( 0.03 0.84 ( 0.07
C16:0 %TFA 10.89 ( 0.14 21.61 ( 0.40 19.06 ( 0.15 18.92 ( 0.80 18.98 ( 0.46 19.3 ( 0.57
C16:1 %TFA nd 12.46 ( 1.14 4.59 ( 0.19 4.07 ( 0.22 3.76 ( 0.02 3.88 ( 0.19
C18:0 %TFA 5.42 ( 0.23 1.51 ( 0.06 4.37 ( 0.19 4.59 ( 0.01 4.82 ( 0.03 4.72 ( 0.03
C18:1 %TFA 24.38 ( 1.47 16.57 ( 0.42 31.51 ( 0.16 31.93 ( 1.08 32.23 ( 0.22 32.48 ( 0.24
C18:2 (n-6) %TFA 56.77 ( 2.88 18.17 ( 0.4 35.42 ( 0.72 37.07 ( 0.42 38.05 ( 0.39 37.31 ( 1.03
C18:3 (n-3) %TFA 4.83 ( 0.21 nd nd nd nd nd
C20:4 (n-6) %TFA nd 7.07 ( 0.78 1.29 ( 0.21 0.92 ( 0.01 0.63 ( 0.04 0.57 ( 0.02
C20:5 (n-3) %TFA nd 11.89 ( 0.56 2.31 ( 0.17 1.48 ( 0.09 0.85 ( 0.05 0.89 ( 0.12
EPA content mg/g of DW na 15.31 ( 0.71 8.63 ( 0.41 7.12 ( 0.62 3.97 ( 0.26 4.14 ( 0.55
TFA content mg/g of DW na 128.79 ( 11.90 373.87 ( 17.56 481.49 ( 41.92 525.89 ( 22.39 465.94 ( 32.35

a Data are means of three replicates ( standard deviations. b TFA, total fatty acids. c nd, not detected; na, not applicable.

Table 4. Proximate Analysis of Freeze-Dried Fungal Biomass Grown on
Crude Glycerola

composition mass % of dry biomass

lipid 15.29 ( 0.59
protein 35.64 ( 1.41
carbohydrate 40.09 ( 0.74
total nitrogen 8.02 ( 0.04
nonprotein nitrogen 2.31 ( 0.07
ash 8.97 ( 0.63

a Data are means of three replicates ( standard deviations.

Table 5. Amino Acid Composition of Fungal Biomass Grown on Crude
Glycerola

amino acid mass % of protein mg/g of dry biomass

Asxb 10.18 ( 0.07 36.28 ( 1.27
Ser 4.34 ( 0.03 15.47 ( 0.56
Glxb 15.60 ( 0.16 55.62 ( 2.20
Gly 4.21 ( 0.01 15.03 ( 0.61
His 2.60 ( 0.01 9.29 ( 0.41
NH3

c 2.84 ( 0.02 10.12 ( 0.43
Arg 6.54 ( 0.07 23.33 ( 1.00
Thr 4.89 ( 0.01 17.43 ( 0.70
Ala 5.61 ( 0.01 20.01 ( 0.75
Pro 3.61 ( 0.04 12.89 ( 0.57
Tyr 4.11 ( 0.04 14.66 ( 0.65
Val 5.87 ( 0.09 20.94 ( 0.99
Ile 4.88 ( 0.08 17.41 ( 0.83
Leu 7.71 ( 0.10 27.48 ( 1.24
Lys 7.67 ( 0.08 27.36 ( 1.18
Phe 4.90 ( 0.07 17.48 ( 0.82
Cysd 1.93 ( 0.15 6.88 ( 0.48
Metd 2.44 ( 0.17 8.71 ( 0.64

a Data are means of three replicates ( standard deviations. b Glx ) Glu +
Gln; Asx ) Asp + Asn. c NH3 resulted from the deamination of asparagine and
glutamine during the analysis process. d Cys and Met were oxidized quatitatively
and measured as cysteic acid and methionine sulfone, respectively.

Table 6. Elemental Composition of Fungal Biomass As Detected by ICP
Analysisa

element detection limit (ppm) content (mg/kg)

aluminum 10 12.10 ( 1.68
calcium 50 528 ( 31
copper 5 12.55 ( 0.21
iron 10 56.75 ( 3.89
magnesium 50 310 ( 2
manganese 2 2.95 ( 0.64
phosphorus 50 7795 ( 134
potassium 100 19700 ( 1131
silicon 10 72.8 ( 5.5
sodium 50 1380 ( 127
sulfur 100 3875 ( 191
zinc 2 122 ( 8

a Data are means of three replicates ( standard deviations. A total of 69
elements as described in Table 1 of ref 18 were analyzed; the elements listed in
this table were detected in the fungal biomass.
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