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Research Article

Conversion of biodiesel-derived glycerol into
biotechnological products of industrial
significance by yeast and fungal strains

Oleochemical activities (e.g. biodiesel production, fat saponification) generate an-
nually very high amounts of concentrated glycerol-containing waters (called crude
glycerol) as the principal residues of these processes. Crude glycerol is an indus-
trial residue the valorization of which attracts remarkable and constantly increasing
interest. In the current investigation, biodiesel-derived glycerol was employed as
substrate for yeast and fungal strains cultivated under nitrogen-limited conditions
in shake flasks. Glucose was employed as reference substrate. Several yeasts ( Candida
diddensiae, Candida tropicalis, Pichia ciferrii, Williopsis saturnus, Candida boidinii,
and Candida oleophila) rapidly assimilated glucose and converted it into ethanol, de-
spite aerobic conditions imposed, and were Crabtree-positive. None of these yeasts
produced ethanol during growth on glycerol or accumulated significant quanti-
ties of lipid during growth on glucose or glycerol. Only Rhodosporidium toruloides
produced notable lipid quantities from glucose and to lesser extent from glycerol.
Yarrowia lipolytica LFMB 20 produced citrate ~58 g/L growing on high-glucose
media, while on high-glycerol media ~42 g/L citrate and ~18 g/L mannitol. During
growth on glucose/glycerol blends, glycerol was assimilated first and thereafter glu-
cose was consumed. Fungi produced higher lipid quantities compared with yeasts.
High lipid quantities were produced by Mortierella ramanniana, Mucor sp., and
mainly Mortierella isabellina, with glycerol being more adequate for M. ramanniana
and glucose for Mucor sp. and M. isabellina. M. isabellina ATHUM 2935 produced
lipids of 8.5 g/L, 83.3% w/w in dry cell weight (DCW) and conversion yield per
unit of glucose consumed ~0.25 g/g. The respective values on glycerol were 5.4 g/L,
66.6% w/w in DCW and ~0.22 g/g. Lipids of all microorganisms were analyzed
with regards to their fatty acid composition, and M. isabellina presented the closest
similitude with rapeseed oil. Crude lipids produced by this fungus and extracted
with chloroform/methanol blend, were composed mostly of triacylglycerols, thus
indicating that these solvents are adequate for triacylglycerol extraction.
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Biodiesel production originated from trans-esterification of
vegetable oils, microbial lipids and animal fats constitutes a

(dry cell weight); Yasalol or YasGlc, conversion yield of the product A per
unit of glycerol (Glol) or glucose (Glc) consumed; Yyx, lipid in dry cell
weight (%, w/w)
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constantly growing industrial application. In 2021, the world-
wide biodiesel production from edible vegetable oils is expected
to be up to 30 x 10° T. [1]. With the production of 10 kg of
biodiesel, 1 kg of glycerol is generated; therefore, the expected
biodiesel production will result in the generation of 3 x 10°
T. of glycerol as side by-product [1]. On the other hand, very
high quantities of glycerol-containing water can also be gen-
erated through bioethanol and/or alcoholic beverage produc-
tion units [2] or through oleochemical production facilities [3],
thus, valorization of glycerol through microbial and/or chem-
ical conversions presents enormous interest [4,5]. Concerning
the former ones, glycerol has been used in many reports as a
substrate for the production of single cell oils — SCOs [6-24],
citric acid [25-30], polyols [10, 31, 32], and other compounds.
Nevertheless, the research for new microbial strains able to con-
vert efficiently industrial glycerol into microbial metabolites of
interest is still of high significance.

Aim of the present study was to investigate the capabil-
ity of a relatively broad spectrum of eukaryotic microbial
strains (yeasts and fungi), toward their potentiality to assim-
ilate biodiesel-derived glycerol and convert it into secondary
metabolites, useful in the Industrial and Food Biotechnology.
The yields recorded on glycerol containing media were com-
pared to those obtained on glucose, which is considered as ref-
erence substrate, being preferably assimilated by most yeasts
and fungi. Biochemical and technological considerations con-
cerning the microbial behavior were assessed and critically
discussed.

2 Materials and methods
2.1 Microorganisms, media and culture conditions

The yeast strains used in the current study were as follows:
Candida diddensiae NRRL Y-7589, C. tropicalis NRRL Y-12968,
Pichia ciferrii NRRL Y-1031, Williopsis saturnus NRRL Y-17396,
C. boidinii ATCC 32195, C. oleophilaNRRLY-1613, Rhodosporid-
ium toruloides DSM 4444, C. guilliermondii NRRL Y-2075,
Yarrowia lipolytica LFMB 20, Y. lipolytica ACA-YC 5030, Y. lipoly-
tica ACA-YC 5029, Lipomyces starkeyi LGAM 235, and Pichia
membranifaciens LFMB 1. The fungal strains employed were as
follows: Aspergillus sp. ATHUM 3482, Cunninghamella echinu-
lata LEMB 5, Mortierella ramanniana MUCL 9235, Mucor sp.
LGAM 366, Rhizopus sp. LFMB 6, and M. isabellina ATHUM
2935. Strains with the characteristic code NRRL Y were pro-
vided by the NRRL culture collection (Peoria, USA), the strain
DSM was provided by the DSMZ culture collection (Leibniz,
Germany), strains with the code LGAM were provided by the
Laboratory of General and Agricultural Microbiology (Agri-
cultural University of Athens — Greece), strains with the code
LEMB were isolates from the Laboratory of Food Microbiology
and Biotechnology (Agricultural University of Athens — Greece),
strains with the code ATHUM were purchased by the culture
collection of the Department of Biology of the National and
Kapodistrian University of Athens (Greece), while strains with
the code ACA-YC were isolates from the Laboratory of Dairy
Science and Technology (Agricultural University of Athens —
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Greece). Finally the strain with the code MUCL was purchased
by the Laboratory of Mycology (Catholic University of Louvain,
Belgium). All strains were maintained on potato dextrose agar
at T = 4 % 1°C. For all trials performed, the salt composi-
tion of the basal medium used was the following one (in g/L):
KH,PO,, 7.0; Na,HPO,, 2.5; MgSO,-7H,0, 1.5; FeCl;-6H,0,
0.15; ZnSO,4-7H, 0, 0.02; MnSO,-H,0, 0.06; CaCl,-2H,0, 0.15.
The nitrogen sources employed were (NH,),SO, (containing c.
21%, w/w, of nitrogen) and yeast extract (containing c. 7%, w/w,
of nitrogen and ¢. 8%, w/w, of carbon), both at concentration
of 0.5 g/L. The carbon source used in all trials was industrial
(biodiesel-derived) glycerol (Agroinvest SA — Achladi, Fthiotis
prefecture, Greece) with a purity of ¢. 81% w/w. The impurities
were composed of: 11-12% w/w water, 5-6% w/w potassium
salts, 1% w/w free-fatty acids, and less than 0.2% w/w methanol.
Commercial glucose provided by the “Hellenic Industry of Sugar
SA” (Thessaloniki, Greece) [purity 95%; impurities composed of
maltose (2%, w/w), malto-dextrines (0.5%, w/w), water (1.5%,
w/w), and salts (1.0%, w/w)] was used as control experiment.
Both substrates, glucose and glycerol, were employed at initial
concentration (Glcy and Gloly) of ¢. 30 g/L. The initial molar
ratio in these cultures was high (=100 moles/moles) since it
was desirable mainly to direct the cellular metabolism of the
yeast and fungal strains used toward the synthesis of microbial
lipids [3,33]. Moreover, given that it was desirable to study in
more details the strain Y. lipolytica LEMB 20, in a number of
trials performed with this microorganism glucose and indus-
trial glycerol were employed at higher initial concentrations. In
these cases, (NH4),SO, and yeast extract were employed at ini-
tial concentration of 1.0 g/L. It is evident that when industrial
glycerol was used as substrate, the appropriate calculations were
performed in order to achieve the requested, in each experiment,
Gloly concentration.

All experiments were carried out in 250-mL Erlenmeyer
flasks, containing 50 £ 1 mL of growth medium, sterilized at
T = 121°C/20 min and inoculated with either 1 mL of spore
suspension (in the case of fungi), or 1 mL of 24-h exponen-
tial pre-culture in the case of yeasts. The yeast pre-culture was
carried out in yeast-peptone-dextrose medium with 10 g/L of
each. Irrespective of the trials performed with yeast or fungal
strains, the initial dry cell weight (DCW) concentration (X,)
was ¢. 0.15 g/L. All cultures were done in an orbital shaker (New
Brunswick Sc, USA) at T = 28 4+ 1°C and 185 £ 5 rpm and
periodically removed from the incubator for further analyses. In
all of the trials performed, medium pH value was maintained
within 5.0-6.0 by adding into the flasks when needed, an ap-
propriate volume of KOH (5M) (e.g. 500-600 L) under aseptic
conditions.

2.2 Analytical methods

The kinetics of DCW production, carbon substrate (glucose
and/or glycerol) assimilation, ammonium ions decrease, organic
acids (e.g. citric acid, oxalic acid, etc.) and alcohols (ethanol,
mannitol, erythritol) secretion and intra-cellular lipid produc-
tion was assessed. In the case of Y. lipolytica LFMB 20, besides
intra-cellular total lipids, also total intra-cellular sugars were
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quantified. Erlenmeyer flasks were removed from the incubator
and initially the dissolved oxygen (DO) concentration was de-
termined with the aid of a selective electrode (OXI 96, B-SET,
Germany) [34]. In all cases, the DO concentration was >5% v/v
for all growth steps of the cultures. Thereafter, pH in the cul-
ture medium was measured (Jenway 3020 pH-meter, UK), and,
as previously stated, it was corrected (if needed) in order to be
maintained within the range of 5.0-6.0. Moreover, and before
the quantitative determination of the substrate (glycerol or glu-
cose) and the metabolic compounds, after the measurement of
DO concentration and the tentative correction of pH, the vol-
ume of the collected cultures was corrected to the value of 50
£ 1 mL. Due to the water evaporation, the volume of medium
in the flasks after their harvesting was 46 = 2 mL). It is evident
that the more the culture duration was elevated, the more water
evaporation of the medium occurred. Nevertheless, the volume
of the medium was never lower than 44 mL, it was always cor-
rected (to 50 & 1 mL) and the whole content of the flask was
used in order to quantify the DCW concentration of the cul-
tures. Cells, pellets, or mycelia were collected, either by filtration
through a 0.09 mm stainless steel sieve (for the case of fungi,
except the fungus M. isabellina) or centrifugation (12 000 x g/15
min) (for yeasts and M. isabellina) in a Hettich Universal 320-
R (Germany) centrifuge and washed twice with distilled water.
Thereafter, wet pellets, mycelia, or cells were placed at c. 95°C/24
h and, thus, DCW (X, g/L) was determined. Glycerol (Glol, g/L),
glucose (Glc, g/L) and metabolic products were determined with
the aid of HPLC analysis [10]. In the case of Y. lipolytica LFMB
20, total intra-cellular sugars were quantified [35]. Moreover, to-
tal cellular lipids (L, in g/L) were extracted from the DCW with
a mixture of chloroform/methanol (C/M) 2/1 (v/v) (“Folch” ex-
tract) [36] and were determined gravimetrically. In addition,
in some cases cellular lipids were fractionated into their lipid
fractions over a column of silicic acid while lipids were con-
verted to their fatty acid methyl-esters and were analyzed with
the aid of GC [37]. Ammonium ions determination was done
with the aid of an ammonium selective electrode (Hach 95-12,
Germany).

In some cases (e.g. lipids of M. isabellina), the crude lipid
extract (“Folch” extract) was washed with one fourth its vol-
ume of 0.88% w/v KCl solution [38], was dried over anhydrous
Na,SO,, and TLC analysis was performed in both the crude
lipid (“Folch” extract) and the washed lipid (“Folch” washed ex-
tract). The separation was performed on glass precoated silica-
gel G plates (Merck, Germany) (20 cm x 20 cm; thickness =
0.25 mm), with development of 17 cm and origin 2 cm from the
bottom of the plate. The plates were prewashed before use, by
running them with C/M 2/1 (v/v) and were activated by heat-
ing for 1 h in an oven at T = 110°C. The separation of crude
lipid and “Folch” washed extract was carried out with petroleum
ether/diethyl ether/glacial acetic acid (80:20:1, v/v/v), in an all-
glass chromatography chamber at room temperature. The plate
application of samples and lipid standards was carried out with
a semi-automatic injector Linomat IV, Camag (Switzerland). Vi-
sualization was achieved by spraying with 3% cupric acetate in
8% phosphoric acid solution and heating at T = 180°C for 30
min. Lipid standards were used for the identification of the main
bands on TLC plates.
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3 Results and discussion

3.1 Growth of yeast strains on industrial glycerol;
comparisons with glucose

In the first part of this work, trials were performed on indus-
trial glycerol and commercial glucose used as control employed
at initial concentration (Gloly or Glcy) of ¢. 30 g/L and initial
C/N molar ratio adjusted at c¢. 100 moles/moles. As indicated,
the fermentations were performed under nitrogen limitation in
order to investigate the potential of the microorganisms tested
to accumulate lipids and/or produce secondary metabolites. The
obtained results for the screening on glucose-based media are
illustrated in Table 1A, while the respective ones on industrial
glycerol are shown in Table 1B.

According to the results obtained during growth on glucose,
most of the yeast strains produced low lipid quantities, i.e. 0.05—
0.59 g/L, while only R. toruloides DSMZ 4444 presented lipids in
DCW (Yyx) values >20% w/w. The strains Williopsis saturnus,
Pichia ciferrii, Candida tropicalis, C. boidinii, C. oleophila, and C.
diddensiae assimilated the carbon source in a short period of 20—
44 h and converted glucose to ethanol in maximum quantities
2.9-10.0 g/L. C. oleophila demonstrated the highest ethanol pro-
duction with a maximum quantity of ethanol achieved of 10 g/L
and a concomitant conversion yield of ethanol produced per
glucose consumed = 0.31 g/g. We can also consider the strain C.
tropicalis that produced a maximum ethanol quantity of c. 9 g/L
with a concomitant yield of 0.27 g/g. All other ethanol-producing
yeast strains produced lower quantities of ethanol (conversion
yield lower than 0.15 g/g). All these yeasts are positive to the
so-called “Crabtree” effect, since they can produce ethanol un-
der aerobic conditions if glucose concentration is higher than a
critical value [2,39-43].

The conversion yield of ethanol produced per glucose con-
sumed in the present study was lower than the maximum theo-
retical one ( = 0.51 g/g; see: Sarris and Papanikolaou [2]). Other
Crabtree-positive yeast strains demonstrated significant differ-
entiations in relation with the currently presented results as far as
ethanol production was concerned; for instance, Saccharomyces
cerevisiae cultivated in shake flasks under aerobic conditions
demonstrated an ethanol yield on glucose assimilated ranging
between 0.34 and 0.49 g/g, depended on the initial concentra-
tion of sugar, the initial C/N ratio and the addition of natu-
ral substances into the medium (like phenol-containing wastes)
[41,42]. Higher conversion of glucose into ethanol than in the
current study has been reported by other Crabtree-positive yeasts
like Sac. weihenstephan (0.50 g/g), Sac. paradoxus (0.43 g/g), Sac.
uvarum (0.43 g/g), and Kazachstania exiguous (0.43 g/g) [40].
Other Crabtree-positive yeast strains cultivated under aerated
conditions, like Nakaseomyces glabrata, Nak. castellii, Vanderwal-
tozyma polysporus, Lachancea kluyveri, Zygosaccharomyces rouxii
and Zsa. bisporus, presented conversion yields similar with the
current investigation (0.04-0.36 g/g) [40].

For the ethanol-producing yeasts during growth on glucose
and considering the conversion yield of DCW produced per unit
of sugar consumed without taking into account ethanol oxida-
tion (in most but not all of the cases of the microorganisms
tested here, the maximum concentration of ethanol achieved
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Table 1. Growth of yeast strains on glucose (Glco=30 g/L, nitrogen added into the medium in the form of ammonium sulfate at 0.5 g/L
and yeast extract at 0.5 g/L) (A) and biodiesel-derived glycerol (Glolo=30 g/L, nitrogen added into the medium in the form of ammonium
sulfate at 0.5 g/L and yeast extract at 0.5 g/L) (B).

A
Yeast strains Time Glceons (g/L) X (g/L) L (g/L) Yi/x (%, wiw)
Candida diddensiae NRRL Y-7589 a, b*! 112 29.5 7.9 0.48 6.0
c**1 44 26.5 5.9 0.13 2.2
Candida tropicalis NRRL Y-12968 a, b*? 141 33.7 7.3 0.44 6.1
c**2 42 33.2 5.8 0.26 4.4
Pichia ciferrii NRRL Y-1031 a,b*3 72 31.2 7.8 0.55 7.0
c**3 44 31.2 4.5 0.30 6.6
Williopsis saturnus NRRL Y-17396 a, b*t 68 334 8.7 0.52 5.7
e 44 33.4 7.0 0.05 0.7
Candida boidinii ATCC 32195 a, b*? 100 31.1 7.6 0.36 4.7
b**3 31 29.2 4.9 0.10 2.0
Candida oleophila NRRL Y-1613 a, b*¢ 166 32.9 5.2 0.52 10.0
c**6 20 32.2 3.4 0.14 4.1
Rhodosporidium toruloides DSMZ 4444 a,b 120 334 9.7 3.84 39.6
Candida guilliermondii NRRL Y-2075 a,b 112 31.0 9.3 0.57 6.1
Yarrowia lipolytica ACA-YC 5030 a*’ 144 35.5 6.2 0.30 4.8
b 48 12,5 5.9 0.59 10.0
Yarrowia lipolytica ACA-YC 5029 a*8 118 25.7 4.9 0.20 4.0
b 48 5.9 3.9 0.37 9.5
Yarrowia lipolytica LEMB 20 a*? 120 29.5 6.9 0.35 5.0
b 48 8.2 4.1 0.33 8.1
Lipomyces starkeyi LGAM 235 a,b 120 28.1 10.7 1.28 11.9
Pichia membranifaciens LEMB 1 a,b 180 28.9 11.2 1.02 9.1
B
Yeast strains Time Gleeons (g/L) X (g/L) L (g/L) Yix (%, wiw)
Candida diddensiae NRRL Y-7589 a 164 333 9.1 0.03 0.3
b 21 7.0 3.9 0.45 11.3
Candida tropicalis NRRL Y-12968 a 96 4.9 3.1 0.16 5.1
b 67 24 2.1 0.14 6.5
Pichia ciferrii NRRL Y-1031 a,b 238 30.7 9.5 1.32 13.9
Williopsis saturnus NRRL Y-17396 a 96 30.3 10.0 0.20 2.0
b 16 6.5 3.3 0.29 8.8
Candida boidinii ATCC 32195 a,b 111 16.4 6.0 0.08 1.2
Candida oleophila NRRL Y-1613 a 118 29.8 13.3 0.09 0.6
b 24 6.1 3.9 0.18 4.5
Rhodosporidium toruloides DSMZ 4444 a,b 160 26.9 8.0 1.91 23.7
Candida guilliermondii NRRL Y-2075 a, b 272 33.3 11.2 0.92 8.2
Yarrowia lipolytica ACA-YC 5030 a’ 110 30.2 7.3 0.37 5.1
b 22 6.7 5.7 1.91 33.5
Yarrowia lipolytica ACA-YC 5029 at* 95 29.1 5.5 0.21 3.8
b 22 5.9 3.2 0.29 9.0
Yarrowia lipolytica LEMB 20 ™ 120 31.0 8.7 0.44 5.1
b 48 9.0 5.0 0.49 9.8
Lipomyces starkeyi LGAM 235 a 188 28.1 8.8 0.62 7.0
b 95 19.2 5.2 0.46 8.9
Pichia membranifaciens LEMB 1 a 190 31.5 10.7 0.16 1.5
b 24 1.6 1.5 0.23 15.6

A: *1EtOH = 2.9 g/L, *1EtOH = 0.5 g/L; **2EtOH = 8.9 g/L, Cit = 1.9 g/L, *2EtOH = 0.2 g/L; **3EtOH = 5.3 g/L, *3EtOH = 0.5 g/L; *4EtOH =
3.4 g/L, *4EtOH = 0.2 g/L; **5EtOH = 5.1 g/L, *5EtOH = 1.2 g/L; **6EtOH = 10.0 g/L, *6EtOH = 2.1 g/L; *7Cit = 12.9 g/L; *8Cit = 11.0 g/L, Ace =
1.9 g/L; *9Cit = 13.9 g/L.

X: biomass in g/L; Glc: glucose in g/L; L: lipid in g/L; EtOH: ethanol in g/L; Cit: citric acid in g/L; Ace: acetic acid in g/L.

B: *Cit = 2.5 g/L, Ml = 9.0 g/L; *Cit = 8.5 g/L, Ml = 6.9 g/L; **Cit = 5.5 g/L, Ml = 4.0 g/L.

X: biomass in g/L; Glol: glycerol in g/L; L: lipid in g/L; Cit: citric acid in g/L; Ml: mannitol in g/L.

Representations: (a) When the maximum concentration of biomass (X, g/L) is achieved; (b) When the maximum quantity of lipids in dry cell weight
(Yr/x, % w/w) is achieved; (c) when the maximum ethanol (EtOH, g/L) is achieved (ethanol production occurred only from glucose). Each point is the
mean value of two independent measurements (SE < 10%).

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 265



Engineering
in Life Sciences
www.els-journal.com

coincided with the complete disappearance of glucose from the
medium) this yield ranged between 0.22 g/g (case of C. didden-
siae) and 0.11 g/g (case of C. oleophila). Concerning this yield
(always without considering ethanol oxidation), for the classi-
cal Sac. cerevisiae, discrepancies in its value were presented that
were attributed on the initial sugar concentration, the addition
of natural compounds into the medium (e.g. phenol-containing
wastewaters), the culture configuration (e.g. batch bioreactors
versus shake-flasks), the initial C/N molar ratio and the strain
itself, with values recorded between 0.08 and 0.18 g/g [40-43].
Other Crabtree-positive yeasts like Eremothecium sinecaudum,
Zygotorulaspora mrakii, and Kluyveromyces wickerhamii pre-
sented much higher conversion yields on DCW produced per
glucose consumed (e.g. ranging between 0.40 and 0.50 g/g),
while in other cases this yield was comparable (e.g. 0.19 g/g for
Kaz. exiguous; [40]) with the current investigation. On the other
hand, as seen in Table 1A, for all of the Crabtree-positive strains
studied, ethanol assimilation was followed by a (significant in
some cases) increment of the biomass produced. This fact is
in agreement with the results reported by Sac. cerevisiae cul-
tivated in shake-flask [42] or aerated batch bioreactors [40].
Moreover, in the current investigation, increasing accumula-
tion of total lipids was also observed during alcohol oxidation
phase; in particular, in the case of the P. ciferriiand C. diddensiae
strains the lipids quantity (in g/L) was doubled or tripled (see
Table 1A). W. saturnus strain exhibited the most impressive lipid
accumulation rate among the Crabtree-positive yeasts strains
tested; the second phase of the culture in which glucose had been
already assimilated, and ethanol re-consumption occurred, was
accompanied by a ten-fold increase in the amount of the cellular
total lipids produced (0.05 g/L at the time of the complete glu-
cose assimilation, 0.52 g/L at the time of ethanol exhaustion).
Characteristic results concerning biomass production, substrate
assimilation, DO concentration, and cellular lipid evolution (in
% of lipids per DCW) during growth on glucose for C. oleophila
NRRL Y-1613 are presented in Fig. 1A and B).

The Crabtree-negative yeast strains followed different
metabolic profiles during their cultivation on glucose
(see Table 1A); in all cases, glucose assimilation was signifi-
cantly more decreased as compared with the Crabtree-positive
yeast strains, while despite the nitrogen limitation imposed,
in C. guillermondii, L. starkeyi, and P. membranifaciens the
metabolism was shifted mainly toward the synthesis of DCW
that did not contain significant quantities of lipids (i.e.: X >
9.3 g/L, Yi/xmax~12.5% w/w). Potentially, intra-cellular stor-
age compounds other than lipids (e.g. polysaccharides) were
produced by the above-mentioned yeasts strains, in accordance
with recent literature reports [24, 35]. In the case of Yarrowia
lipolytica strains cultivated on glucose, equally a different bio-
chemical behavior was observed, since growth was accompanied
by significant secretion of citric acid into the growth medium,
specifically after nitrogen depletion. What was interesting and
coincided with previously published literature refers to the fact
that these yeasts in many instances, during their cultivation on
glucose or similarly metabolized compounds (e.g. glycerol), pre-
sented higher Y/x values at the initial stages of the cultures,
decreasing afterward [13, 28, 44-46]. In general, the produc-
tion of citric acid and/or microbial lipid during growth of Y.
lipolytica strains on glucose or similarly metabolized compounds
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Figure 1. (A) Kinetics of biomass (X, g/L), ethanol (EtOH, g/L),
glucose (Glc, g/L) and (B) intra-cellular lipids produced per unit
of dry weight (Y /x, % w/w) and dissolved oxygen (DO, % v/v) of
Candida oleophila NRRLY-1613 during growth on glucose, at initial
glucose concentration (Glcg) of ¢. 30 g/L, under nitrogen-limited
conditions. Each point is the mean value of two independent
measurements (SE<10%).

(e.g. glycerol or other sugars) seems strain dependent, since
in some cases predominantly SCO is produced (Y x > 35%
w/w; [7, 18,47, 48]) whereas in other studies citric acid (and
potentially sugar-alcohols) is secreted into the growth medium
with relatively low quantities of lipid (e. g. Yix < 22% w/w)
being synthesized [13,27,44,49,50]. Summarizing the results of
Table 1A, only R. toruloides DSMZ 4444 presented notice-
able lipid accumulation on glucose-based media (L. =3.9 g/L,
Y1 x=40% w/w), indicating, thus, oleaginous character, in
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agreement with previously published reports concerning this
strain [23,51].

Summarizing the obtained results of the yeast strains growing
on biodiesel-derived industrial glycerol (Table 1B) and com-
paring these with the previous trials performed on glucose
(Table 1A), the observations that one can made are as follows:
no one of the Crabtree-positive on glucose strains was capa-
ble of producing ethanol during growth on industrial glycerol
(thus, these strains were “Crabtree-negative” on glycerol). This
result seems to be in contradiction with (the few) results al-
ready found in the literature; i.e. the microorganism Pachysolen
tannophilus CBS4044 when cultivated on industrial glycerol pro-
duced non-negligible quantities of ethanol, with a maximum
ethanol concentration of 28.1 g/L with a concomitant volumetric
productivity of c. 0.06 g L' h™" achieved [52, 53], while strains
of this species are characterized as potential ethanol producers
during their cultivation on glucose- or xylose-based media [2].
Moreover, Rivaldi et al [54] revealed the capability of at least
some yeast strains (e.g. belonging to the genus Hansenula) to
perform alcoholic fermentation on industrial glycerol. On the
other hand, in the current study, during growth on glycerol
some of the Crabtree-positive on glucose strains, produced sig-
nificant quantities of DCW (e.g. W. saturnus, C. oleophila), that
in most of the cases did not contain significant quantities of
SCO (Yyx < 15% w/w). For the microorganism C. oleophila
cultivated on glycerol or similarly metabolized compounds (e.g.
glucose), discrepancies in the literature concerning its poten-
tialities have been performed; for instance, while in the current
submission it has been demonstrated that this microorganism
could perform ethanol fermentation from glucose under aero-
bic conditions while it was unable to do so from glycerol under
nitrogen-limited conditions, other reports have indicated its ca-
pability to perform production of citric acid from glucose un-
der nitrogen-limited and aerated batch and continuous cultures
with no indication at all of production of ethanol [55,56]. More
recently and in agreement with the current investigation, the
strain C. oleophila ATCC 20177 was revealed capable to produce
significant quantities of biomass containing restricted quanti-
ties of lipids during growth on biodiesel-derived glycerol un-
der nitrogen-limited conditions [50]. In the latter case though,
slightly higher maximum lipid quantities had been produced in
comparison with the current submission (i.e. the strain ATCC
20177 has showed a Y1 /xmax value of 15.3% w/w, while in the cur-
rent investigation for the strain NRRL Y-1613 the Y xmax value
was only 4.5% w/w).

For most of the yeast strains tested, due to their virtual inabil-
ity to produce appreciable quantities of cellular lipids, these mi-
croorganisms seemed to produce other storage compounds (like
i.e. polysaccharides) during growth on nitrogen-limited glycerol-
based media (in agreement with Tchakouteu etal. [24]). Only the
microorganisms R. toruloides DSMZ 4444 and Y. lipolytica ACA-
YC 5030 produced lipid in non-negligible quantities (i.e. Yy x >
20% w/w). Specifically, the microorganism Y. lipolytica ACA-YC
5030 synthesized lipids in a DCW value presenting the non-
negligible quantity of 33.5% w/w. However, as in the previous
trials of Y. lipolytica strains performed on glucose, lipid in DCW
values were elevated at the first growth steps in the presence of
nitrogen, decreasing significantly afterward (similar trend with
lower Y1 xmax values was observed also for the strain Y. lipolytica
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Figure 2. Kinetics of biomass (X, g/L), lipid (L, g/L), and glycerol
(Glol, g/L) of Candida guilliermondii NRRL Y-2075 during growth
on industrial glycerol, at initial glycerol concentration (Gloly) of c.
30 g/L, under nitrogen-limited conditions. Each point is the mean
value of two independent measurements (SE<10%).

ACA-YC 5029 — see Table 1B). This fact could suggest that in
at least some strains of this species, lipid accumulation could
be performed with the presence of some quantities of nitrogen
found into the culture medium, before lipid breakdown in favor
of the synthesis of extracellular metabolites [13, 24, 28, 45]. Fi-
nally, concerning the yeast strains of Y. lipolytica that were studied
in the current investigation, besides citric acid that was the main
metabolic compound produced during growth on glucose, the
above-mentioned strains produced polyols (mostly mannitol)
during growth on glycerol. In one of the trials (Y. lipolytica ACA-
YC5030), this compound was the principal metabolite produced.
The kinetics of biomass and lipid production and substrate as-
similation in one of the yeasts cultivated on biodiesel-derived
glycerol in shake flasks (case of the yeast C. guilliermondii NRRL
Y-2075) is illustrated in Fig. 2.

From all the above-mentioned results, it may be deduced
that although theoretically glucose and glycerol are metabolized
through almost the same metabolic pathways (glycerol in the
eukaryotes is catabolized through the C3 pathway of the EMP
glycolysis; [2,46,57]), finally the metabolism of glucose can result
in very important variations compared with that of glycerol
when all fermentation parameters are identical, except carbon
substrate, that is employed at the same initial concentration of
these compounds.

3.2 Growth of fungal strains on industrial glycerol;
comparisons with glucose

In the next step, the potential of fungal strains growing
on industrial glycerol under nitrogen-limited conditions was
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Table 2. Growth of fungal strains on glucose (Glco=30 g/L, nitrogen added into the medium in the form of ammonium sulfate at 0.5 g/L
and yeast extract at 0.5 g/L) (A) and biodiesel-derived glycerol (Glolo=30 g/L, nitrogen added into the medium in the form of ammonium

sulfate at 0.5 g/L and yeast extract at 0.5 g/L) (B).

A
Fungal strains Time Glceons (g/L) X (g/L) L (g/L) Yi/x (%, wiw)
Aspergillus sp. ATHUM 3482 a* 92 27.7 5.7 0.18 3.1
b 50 7.0 3.5 0.47 134
Cunninghamella echinulata LEMB 5 a, b 336 32.0 11.5 3.83 33.3
Mortierella ramanniana MUCL 9235 a, b** 264 33.6 4.4 1.10 25.0
Mucor sp. LGAM 366 a, b 310 31.5 8.0 3.46 43.3
Rhizopus sp. LFMB 6 a, b*** 77 33.1 3.8 0.57 15.1
Mortierella isabellina ATHUM 2935 a 92 34.2 10.2 8.50 83.3
b 155 34.9 13.7 4.05 29.6
B
Fungal strains Time Glceons (g/L) X (g/L) L (g/L) Yix (%, wiw)
Aspergillus sp. ATHUM 3482 a 122 18.6 3.9 0.67 17.2
b* 192 21.0 3.5 1.07 30.3
Cunninghamella echinulata LEMB 5 a,b 262 12.4 2.9 1.61 55.6
Mortierella ramanniana MUCL 9235 a 255 24.0 9.3 391 42.0
b 142 14.9 7.6 3.30 434
Mucor sp. LGAM 366 a 357 25.5 8.0 2.08 26.0
b 310 20.4 6.8 2.93 43.1
Rhizopus sp. LFMB 6 a** 140 24.1 4.6 0.84 18.2
b 71 23.6 3.7 0.86 23.3
Mortierella isabellina ATHUM 2935 a 340 27.5 9.7 2.99 30.8
b 222 24.5 8.1 5.40 66.7

A:*Oxl = 13.8 ¢/L, Cit = 1.5 g/L; **Pyr = 8.8 g/L, Cit = 1.5 g/L; ***Lac = 10.1 g/L.
X: biomass in g/L; Glc: glucose in g/L; L: Lipid in g/L; Oxl: Oxalic acid in g/L; Pyr: pyruvate in g/L; Cit: Citric acid in g/L; Lac: Lactic acid in g/L.

B: *Oxl = 7.5 g/L; #Ace = 2.5 g/L.

X: biomass in g/L; Glol: Glycerol in g/L; L: Lipid in g/L; Oxl: Oxalic acid in g/L; Ace: Acetic acid in g/L).
Representations: (a) When the maximum concentration of biomass (X, g/L) is achieved; (b) When the maximum quantity of lipids in dry cell weight
(Y/x, % w/w) is achieved. Each point is the mean value of two independent measurements (SE<10%).

evaluated while control experiments on glucose employed at the
same initial concentration (Glol, or Glc, adjusted at a concen-
tration of ¢. 30 g/L) were performed. The results on glucose are
shown in Table 2A, the respective ones on glycerol in Table 2B.
From the obtained results of the fungi cultivated on glucose
and the comparison with the equivalent trials of the yeasts, it
can be seen that fungi produced higher lipid quantities than
the yeasts; during growth on glucose by the tested fungi, the
lower Yi/xmax quantity produced was that of 13.4% w/w, ob-
tained by the fungus Aspergillus sp. ATHUM 3482. (In the tri-
als performed on yeasts cultivated on glucose, with the excep-
tion of the microorganism R. toruloides DSMZ 4444, all other
yeast strains screened presented Yi/xmax Values < 12%, w/w).
In the case of Aspergillus sp. ATHUM 3482, the metabolism
of the studied strain was shifted toward the production of ox-
alic acid (Oxl = 13.8 g/L, yield of oxalic acid produced per
glucose consumed; You/61c =0.50 g/g). Interestingly, in the above-
mentioned case, the microorganism presented some accumula-
tion of storage lipids at the relatively early growth steps (Yix =
13.4% w/w) decreasing afterward. In fact, this trend has already
been reported for several Aspergillus niger strains cultivated on
biodiesel-derived waste glycerol; lipid and oxalic acid production
in these experiments, as in the current investigation, was sequen-
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tial since at the first growth steps, nitrogen limitation induced
lipid accumulation (lipogenic phase) while oxalic acid biosyn-
thesis was not very high. Thereafter, as in trials performed on
glucose, lipid turnover (degradation) occurred simultaneously
with significant oxalic acid secretion into the growth medium,
while, as in the current investigation, decrease of the Yy xmax
value occurred although non-negligible amounts of substrate
(glucose) remained unconsumed into the medium [11]. On the
other hand, in the current investigation Aspergillus sp. ATHUM
3482 did not show the same behavior during growth on glycerol,
in which simultaneously accumulated lipids (Y /xmax = 30.3%
w/w) and produced oxalic acid (up to 7.5 g/L).

The maximum production of oxalic acid achieved in the cur-
rent investigation (Oxl = 13.8 g/L, You/c1c=0.50 g/g on glucose;
Oxl = 7.5 g/L, Yoxco1=0.36 g/g on glycerol), although it is
non-negligible, compares unfavorably with the maximum val-
ues achieved in the literature; for instance, the mutant strain
A. niger XP produced oxalate to quantities ranging between 34
and 49 g/L when cultivated on media containing 30 g/L of post-
refining fatty acids used as the sole substrate with conversion
yield ranging between 1.3 and 1.8 g of oxalic acid produced per
gram of fatty acids consumed (trials performed in batch biore-
actors) [58]. Even higher quantities of oxalic acid (e.g. c. 65 g/L)
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have been achieved by the same mutant strain when it was batch
cultured on crude rapeseed oil, with conversion yields higher
than 1.0 g/g [59]. Musial and Rymowicz [60] have reported
a maximum oxalic acid concentration of 42.0 g/L by growing
the same strain a biodiesel manufacture by-product that con-
tained besides industrial glycerol also significant quantities of
free-fatty acids. Moreover, during growth on industrial glycerol,
A. niger NRRL 364 presented a maximum oxalic acid concen-
tration of ¢. 21 g/L (conversion yield 0.55 g per g of glycerol
assimilated) [11]. On sucrose, A. niger CMB 120.49 was reported
to produce 38.4 g/L of oxalic acid in fed-batch bioreactor exper-
iments, with lower conversion yield compared with the current
submission (~0.23 g/g) [61], while the genetically engineered
A. niger NW 131 (deriving from the wild strain N 400 and con-
taining the gox-C17 mutation being a glucose-oxidizing negative
mutant) growing glucose produced 34.1 g/L of oxalic acid with
a conversion yield on glucose consumed of 0.51 g/g [62].

In the current investigation and during trials on glucose,
slightly higher maximum lipid quantities compared with As-
pergillussp. ATHUM 3482 (Y1/xmax = 15.1% w/w) were obtained
by Rhizopus sp. LEMB 6, the metabolism of which also shifted
toward the production of organic acids (mainly lactate at a maxi-
mum concentration of 10.1 g/L). Biotechnological production of
lactic acid is achieved via pyruvate with lactate dehydrogenase in
lactic acid bacteria, including but not limited to Carnobacterium,
Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, and Weis-
sellagenera [1]. Fungal strains like Mucor, Monilia, and especially
Rhizopus are also used for the production of lactic acid, but in
general in higher titers than the current investigation [1, 63].
For instance, in batch bioreactor experiments, R. oryzae ATCC
9363 was reported to produce quantities of lactic acid >100 g/L
with conversion yield of 0.87 g per g of glucose consumed [64].
Bai et al. [65] reported lactic acid production of 76 g/L by the
strain R. oryzae R1021 cultured in batch bioreactor experiments
during growth on glucose (conversion yield 0.78 g/g) while the
respective values for R. oryzae NRRL 395 growing on glucose
were 93.8 g/L and 0.78 g/g [66]. Interestingly, during the cur-
rent investigation Rhizopus sp. LEMB 6 when flask-cultivated
on industrial glycerol employed as substrate, did not produce at
all lactic acid while it produced small quantities of acetic acid
(=2.5g/L). Moreover, growth on glycerol was followed by some-
how higher biomass and total lipid production compared with
the one glucose (see Tables 2A and 2B).

The four remaining Zygomycetes namely Mortierella raman-
niana MUCL 9235, Cunninghamella echinulata LEMB 5, Mucor
sp. LGAM 366, and M. isabellina ATHUM 2935 during their cul-
tivation on glucose presented the typical features of the oleagi-
nous microorganisms; they accumulated lipids in DCW basis of
at least 25% w/w, after considerable glucose exhaustion from the
growth medium. Nevertheless, for the case of the microorgan-
ism M. ramanniana MUCL 9235, non-negligible quantities of
extra-cellular organic acids were identified and quantified into
the medium (mostly pyruvate at a concentration of ¢. 9 g/L). In
general, the production of pyruvic acid is not a common feature
for several microorganisms, and has been carried out mostly
by mutant or metabolically engineered strains (e.g. Torulopsis
glabrata, Sac. cerevisiae, Y. lipolytica, Escherichia coli, etc.), with
concentrations higher than the current investigation (i.e. pyru-
vate ranging between 36.9 and 90 g/L; [63,67]. Interestingly, the
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same strain M. ramanniana MUCL 9235 presented a completely
different metabolic activity during its cultivation of industrial
glycerol; unlike the results achieved on glucose, in the trial car-
ried out on glycerol significantly higher DCW and total lipid
quantities were achieved, while no production at all of extra-
cellular organic acids was reported (see Table 2B). This microor-
ganism produced the appreciable quantity of SCO of c. 4 g/L,
with concomitant lipid in DCW quantities ranging between 42
and 44% w/w. The conversion yield of total lipid produced per
unit of glycerol consumed ranged between 0.16 and 0.22 g/g.
The same microorganism cultivated on a similar type of indus-
trial glycerol but in media presenting higher initial availability of
nitrogen showed lower lipid production compared with the cur-
rent submission (L = 2.71 g/L, Yi/xmax = 37.1% w/w; [50]). The
same strain during in its culture on pure glycerol in shake-flask
experiments produced lipid quantities of ¢. 3.7 g/L (respective
lipid in DCW value of 53.1% w/w). Interestingly, the growth
on bioreactor shifted toward the synthesis of lipid-free material
(L=32g/L, Y xmex = 32.7%, wiw) [15].

The remaining Zygomycetes, namely C. echinulata LFMB 5,
Mucor sp. LGAM 366, and M. isabellina ATHUM 2935 produced
significant quantities of lipid during their cultivation on glucose,
in shake-flask trials (in all cases Yi/xmax > 33.3% W/W; Loy >
3.46 g/L). Industrial glycerol was not so adequate substrate like
glucose, by taking into consideration both total biomass and
microbial lipid produced in absolute values (g/L) and glycerol
assimilation compared with that of glucose (see Tables 2A and
2B). The most affected by the change of the substrate strain was
that of C. echinulata LFMB 5 that produced 11.5 g/L of total
biomass containing lipids of ¢. 33% w/w, while almost complete
exhaustion of glucose from the growth medium occurred 336 h
after inoculation. The same strain produced much lower total
biomass quantities (e.g. ¢. 3 g/L) and assimilated significantly
lower glycerol quantities (12.4 g/L) after 262 h of inoculation.
Interestingly, in the above-mentioned experiment, lipid in DCW
of 55.6% w/w was produced. However, further incubation did
not ameliorate the consumption of glycerol by this strain. Ap-
parently, glycerol is not an adequate substrate for C. echinu-
lata growth and lipid production since similar mediocre results
concerning growth and lipid production on glycerol had also
been reported for the strain C. echinulata ATHUM 4411, which
in contrast, demonstrated excellent results on glucose or other
sugars [68,69].

Lower quantities of substrate assimilated, biomass produced
and lipid produced were recorded during growth on glycerol
compared with that on glucose for both Mucor sp. LGAM 366
and M. isabellina ATHUM 2935 (Tables 2A and 2B). Apparently
and in accordance with the results achieved for C. echinulata
LFMB 5, in most oleaginous fungi, poor regulation of the en-
zymes involved in the primary metabolic steps of glycerol assim-
ilation (e.g. glycerol kinase, 3-P-glycerol dehydrogenase) seems
to be the reason for which lower biomass and lipid production
and decreased lipid accumulation are observed during growth on
glycerol compared with the one on glucose [57,68,70]. Remark-
able exception in this rule was the microorganism Thamnidium
elegans CCF-1465, that produced significant and almost equiva-
lent quantities of biomass and total lipids during its cultivation
in flasks when glucose or biodiesel-derived glycerol had been
used as individual substrates [50, 71]. As far as M. isabellina
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ATHUM 2935 was concerned, its cultivation on glucose demon-
strated, indeed, excellent results; the L, concentration achieved
was 8.5 g/L with concomitant Y; /xmax value of 83.3% w/w. This
lipid in DCW value achieved is one of the highest ones ever
reported in the international literature, while the simultaneous
conversion yield of lipid produced per unit of glucose consumed
(=0.25 g/g) was, equally among the highest ones ever reported.
Microscopic observation of the strain using a light microscope
was performed when the maximum amount of lipid had been
accumulated and revealed that the mycelia were, indeed, com-
pletely and excessively saturated with storage lipids that were
found in distinct lipid droplets of different sizes (Supporting In-
formation Fig. S1). On the other hand, culture of M. isabellina
ATHUM 2935 on industrial glycerol resulted in lower substrate
assimilation rate compared with that on glucose, while DCW
and lipid production were lower compared with growth on glu-
cose (see Tables 2A and 2B). Though, appreciable quantities of
storage lipids were produced even on glycerol employed as sub-
strate; the L,,,x quantity achieved was 5.4 g/L with a concomitant
Yi/xmax Value of 66.6% w/w, while the conversion yield of lipid
produced per unit of glycerol consumed (~0.22 g/g) was very
interesting.

In the case of lipid accumulation performed through
de novobiochemical synthesis (i.e. through utilization of glucose,
glycerol, or similarly catabolized carbon sources as substrates),
for the formation of 1 mole of triacylglycerol ¢. 30 moles of
CH;COSCoA are required [72]. The stoichiometry of lipid ac-
cumulation indicates that in the (completely ideal) case in which
all of the CH;COSCoA produced through the intermediate cel-
lular metabolism is channeled toward storage lipid biosynthesis,
the maximum theoretical yield of lipid produced per unit of glu-
cose consumed would be around 0.32 g/g [72]. With reference
to glycerol, the maximum theoretical yield of lipid produced
from this substrate is around 0.30 g/g [46, 57, 73]. However, as
previously indicated, this is a completely ideal case in which all
CH;COSCoA would have been channeled toward the synthesis
of SCO, which does not happen in real fermentation conditions.
As a general rule, under ideal conditions for SCO production
(e.g. highly aerated chemostat cultures) lipid yield on glucose
consumed cannot be higher than 0.22 g/g [72, 74], whereas in
other reports this threshold is considered to be in the level of
0.20 g/g [57]. Even for genetically engineered strains cultivated
in highly aerated bioreactors, the conversion yield of lipid pro-
duced per glucose consumed is in the above-mentioned level; for
instance, in a strain of Y. lipolytica, delta-9 stearoyl-CoA desat-
urase (SCD) was identified as the rate-limiting step and target for
the metabolic engineering in order to enhance SCO production.
Simultaneous over-expression of SCD, acetyl-CoA carboxylase
(ACC1), and diacylglyceride acyl-transferase (DGAL1) resulted in
the construction of an engineered strain exhibiting highly desir-
able phenotypes of fast cell growth and lipid over-production,
with conversion yield of lipid produced per unit of glucose con-
sumed of 0.234 g/g [75] (even in the above-mentioned case
the achieved conversion yield is lower than that of M. isabel-
lina obtained in the current investigation). As far as glycerol as
substrate is concerned, its conversion threshold into SCO pro-
duction under real fermentation conditions is around 0.10 +
0.02 g/g, which, according to the previously presented analy-
sis, is somewhat lower than that obtained on glucose, for many
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oleaginous strains used [6,7,12,13,68,76]. However, the respec-
tive Yy gl value is slightly higher (e. g. =0.15 g/g) for the case of
algae like Schizochytrium limacinum growing heterotrophically
on glycerol [8,9], or of the yeast R. toruloidesNRRLY-27012 [24],
while only in a very scarce number of reports SCO conversion
yields on glycerol assimilated higher than 0.20 g/g have been
reported [50].

The same strain that was used in the current investigation
(M. isabellina ATHUM 2935) has been successfully employed for
the production of SCO from glucose and other sugars and specifi-
cally when glucose had been employed as substrate excellent con-
version yields of ¢. 0.19-0.22 g/g (close or even higher to the max-
imum potentially achievable ones) have been obtained in both
shake-flask and batch bioreactor experiments [69,77] demon-
strating that, in contrast to several reports found in the literature
that strongly claimed the opposite [72, 74], shake flasks are an
adequate mode of cultivating oleaginous Zygomycetes. The re-
sults obtained in the current shake-flask experiments (Yy/xmax
= 83.3% w/w; conversion yield of SCO produced per unit of
glucose consumed =0.25 g/g, that is one of the highest ever re-
ported) provide evidence, once more, of the above-mentioned
conclusion.

The kinetics of DCW (g/L), lipid (g/L), glucose (g/L), lipid
in DCW (%, w/w), and ammonium ions (mg/L) evolution by
M. isabellina ATHUM 2935 during its shake-flask experiment
on glucose is presented in Fig. 3A and B. Significant accumu-
lation of storage lipid was observed immediately after virtual
depletion of assimilable nitrogen (ammonium ions) from the
medium (see Fig. 3B), whereas, previously accumulated lipids
were subjected to degradation (turnover) at the late growth step,
after drop of glucose concentration below a critical value [70].
Cellular lipid biodegradation occurs regardless of the culture
“pre-history” (i.e. the carbon source that had been previously
employed in order SCO to be produced; [11,13,33,46,69,70]),
while, in any case, the cellular triacylglycerols should be sub-
jected to enzymatic hydrolysis through the use of intra-cellular
lipases, the released cellular fatty acids should be catabolized
via the process of S-oxidation and the produced acetyl-CoA
should be further converted via the anaplerotic by-pass of gly-
oxylic acid into storage polysaccharides (in Fig. 3A it is clear
that lipid biodegradation was accompanied by significant rise in
the production of total, and hence, lipid-free biomass). More-
over, the kinetics of DCW (g/L), lipid (g/L), glycerol (g/L),
lipid in DCW (%, w/w), and ammonium ions (mg/L) evolu-
tion by Mucor sp. LGAM 366 during its culture on biodiesel-
derived glycerol is presented in Fig. 4A and B. Despite the disap-
pearance from the growth medium of the assimilable nitrogen
(ammonium ions were almost exhausted from the medium at
¢. 100-h after inoculation — see Fig. 4B), at the relevant fer-
mentation period small quantities of biomass and storage lipids
had been produced, while equally insignificant amounts of glyc-
erol had been assimilated by the microorganism (see Fig. 4A).
Thereafter, at 130-150-h after inoculation, onset of glycerol as-
similation was observed resulting in non-negligible glycerol con-
sumption and DCW and lipid production (310 h after inocula-
tion, DCW~7 g/L containing total lipids of c. 43%) was observed,
followed by lipid turnover and new lipid-free material creation
being realized after glycerol concentration drop at low levels (see
Fig. 4A).
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Figure 3. (A) Kinetics of biomass (X, g/L), lipid (L, g/L), glucose
(Gle, g/L) and (B) intra-cellular lipids produced per unit of dry
weight (Yix, % w/w) and ammonium ions (mg/L) of Mortierella
isabellina ATHUM 2935 during growth on glucose, at initial glu-
cose concentration (Glco) of ¢. 30 g/L, under nitrogen-limited
conditions. Each point is the mean value of two independent
measurements (SE<10%).

3.3 Trials of Yarrowia lipolytica LFMB 20 on high
glucose and glycerol media

The microorganism Y. lipolytica LFMB 20 presented non-
negligible production of citric acid during growth on glucose,
while it also produced quantities of citric acid and mannitol
growing on glycerol. Thus, it was decided to further study this
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Figure 4. (A) Kinetics of biomass (X, g/L), lipid (L, g/L), glyc-
erol (Glol, g/L) and (B) intra-cellular lipids produced per unit of
dry weight (Y_x, % w/w) and ammonium ions (mg/L) of Mu-
cor sp. LGAM 366 during growth on industrial glycerol, at initial
glycerol concentration (Glolp) of ¢. 30 g/L, under nitrogen-limited
conditions. Each point is the mean value of two independent mea-
surements (SE < 10%).

strain. Trials were performed at higher Glc, and Glol, concentra-
tions (=100 g/L) in which nitrogen, in the form of (NH,),SO,
and yeast extract was employed at higher initial concentration
(= 1.0 g/L) in order to somehow enhance the production of
biomass and, hence, the assimilation of substrate by the strain.
The trial performed on glucose is seen in Fig. 5A. The microor-
ganism consumed all available assimilable nitrogen within 70 +
10 h after inoculation (data not presented — at that fermentation
time, the DCW concentration was at 10.4 & 0.7 g/L) and after-
ward citric acid was secreted. The highest citrate concentration
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Figure 5. (A) Kinetics of biomass (X, g/L), substrate (glucose-Glc, glycerol-Glol or glucose/glycerol blend, g/L), citric acid (Cit, g/L), and
mannitol (M, g/L) of Yarrowia lipolytica LFMB 20 during growth on glucose, at initial glucose concentration (Glco) of c. 100 g/L, (B) industrial
glycerol, at initial glycerol concentration (Glolg) of c. 100 g/L and (C) blend of industrial glycerol and glucose, at initial concentration of each
carbon source of ¢. 70 g/L, under nitrogen-limited conditions. Each point is the mean value of two independent measurements (SE < 10%).

achieved was 58.1 g/L with concomitant yield of total citrate
produced per glucose consumed ~0.55 g/g.

Shake-flask culture of Y. lipolytica LFMB 20 on glycerol re-
vealed a different kinetic profile compared with that on glucose
(Fig. 5B and Supporting Information Fig. S2), fortifying the pre-
viously indicated conclusion, meaning that that although glucose
and glycerol theoretically are metabolized through almost the
same metabolic pathways, finally the metabolism of glucose can
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result in important variations compared with that of glycerol.
Concerning the microorganism Y. lipolytica LEFMB 20, the cul-
tivation on biodiesel-derived glycerol resulted in slightly higher
DCW production (at the stationary phase of the trial on glycerol,
the Xynax concentration achieved was at 12.5 g/L) compared with
the trial on glucose. During growth on glycerol, assimilable nitro-
gen disappeared 70 & 10-h after inoculation, and thereafter sec-
ondary metabolites were accumulated into the medium. At the
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end of the culture, citric acid, at lower quantities compared with
glucose fermentation (Citym.x = 42 g/L; Yaivgio = 0.39 g/g), was
the principal metabolite. In contrast to the trial performed on
glucose, mannitol at non-negligible concentrations (Ml =
18.2 g/L; Ymyclo = 0.17 g/g) was secreted into the medium,
while its production profile coincided with the one of citric acid
and was performed at the stationary growth phase, after virtual
arrival of biomass at its plateau value, due to nitrogen exhaustion
from the culture medium (see Fig. 5B). What was also interest-
ing during the culture of Y. lipolytica LFMB 20 on high Glol,
concentration media referred to the fact that at the initial stages
after stationary growth phase had arrived (as indicated within
70 £ 10 h after inoculation), citric acid was not the princi-
pal metabolite produced; 140 h after inoculation, the secondary
metabolites that had been detected into the medium were citrate
(at 6.5 g/L), mannitol (at 11.4 g/L), and erythritol (at 13.3 g/L).
At that fermentation point, the remaining into the medium glyc-
erol concentration was c. 34 g/L and the concomitant conversion
yields concerning the polyols produced were Yy g0 = 0.16 g/g
and Ygycol = 0.19 g/g. Thereafter, and for reasons that cannot
be identified, onset of erythritol re-consumption was observed
together with the simultaneous and continuous assimilation of
glycerol, while the intra-cellular carbon flow toward the synthe-
sis of mannitol was maintained constant (the value of the yield
Ycivciol at the end of the culture was =0.17 g/g, a value that
was almost equal with that recorded 140 h after inoculation)
and citric acid in elevated quantities was finally synthesized (see
evolution of the polyols mannitol, glycerol and erythritol dur-
ing growth of Y. lipolytica LFMB 20 in Supporting Information
Fig. $2).

In a relatively scarce number of reports, secretion of poly-
ols into the culture medium, together with or independently
from the production of citric acid, has been reported when
glycerol was utilized as the sole carbon source in nitrogen-
limited submerged experiments [78—80]. When mutant Y. lipoly-
tica strains (e.g. Wratislavia AWG7 and Wratislavia K1 strains)
were used in bioreactor experiments, erythritol was the prin-
cipal polyol produced, in some cases in significant concentra-
tions (up to 47 g/L), while mannitol was secreted in smaller
quantities (up to 9 g/L) [78]. Nevertheless, citric acid was al-
ways the most important metabolite produced (and in some
cases in very high quantities, higher than these of the cur-
rent investigation, e.g. in quantities ranging between 87 and
139 g/L) [78-80]. On the other hand, production of erythritol,
in some cases in indeed high final concentrations (e.g. quantities
>45 or even 80 g/L) has been reported when industrial or pure
glycerol has been employed as fermentation substrate by wild
or mutant Y. lipolytica strains [31, 32], but in any case accord-
ing to our knowledge, it is the first time in the literature that
Y. lipolytica displays the biochemical behavior previously indi-
cated (increase of erythritol concentration followed by its almost
compete degradation whilst simultaneously significant quanti-
ties of glycerol remained into the medium, in favor of citric acid
biosynthesis).

The culture of Y. lipolytica LFMB 20 was also investigated
on media composed of blends of industrial glycerol and glu-
cose (Glcy and Glol, concentrations adjusted to c. 70 g/L of each
substrate) in order to investigate the dynamics of this microor-
ganism on this type of dual substrates employed (see Fig. 5C).
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Glycerol was rapidly and preferentially assimilated by the mi-
croorganism, while at the same time glucose remained almost
intact into the growth medium, in accordance with previously
presented results for other Y. lipolytica strains like LGAM S(7)1
and IBT 446 [49, 81], suggesting that this feature (preferential
assimilation of glycerol versus glucose in glycerol/glucose co-
fermentations) is a common behavior for all Y. lipolytica strains.
In similar types of investigations though and for other yeast
strains studied (e.g. in R. toruloides), a completely inverted trend
was observed, since glucose was much more rapidly assimilated
and after its virtual exhaustion from the medium, onset of glyc-
erol consumption was given [23]. In the current investigation
and in the glycerol/glucose co-fermentation experiment, cit-
ric acid was the main metabolite produced (see Fig. 5C) with
a maximum concentration achieved of 53.4 g/L (simultane-
ous conversion yield per unit of glucose + glycerol assimilated
~0.41 g/g), while also 7.8 g/L of mannitol were synthesized.
Comparisons of the results achieved in the current investiga-
tion related with the production of citric acid with the ones
achieved in the earlier or more recent literature are indicated in
Table 3.

In all of the trials performed with Y. lipolytica LEMB 20 grow-
ing at increased Glol, or Glc, concentration media, quantifi-
cation of intra-cellular lipids and sugars was performed for all
growth stages, and similar results have been observed; at the
relatively early growth stages of the culture and in the pres-
ence of nitrogen into the medium, the highest quantities of
cellular lipids per unit of DCW (Yy,x = 9-12% w/w) were re-
ported, constantly decreasing afterward with the final values at
the end of culture being of ¢. 2-4% w/w. The inverted trend
was observed for the total intra-cellular polysaccharide’s evolu-
tion, the concentration of which at the initial growth stages was
22-28% w/w, and their final concentration at the end of the cul-
ture was 40-45% w/w. As it was previously indicated, in many
Y. lipolytica strains growing in batch shake-flask or bioreactor
experiments with glucose or glycerol employed as the sole car-
bon source, somehow elevated quantities of total lipid in DCW
values have been reported at the early growth stages, decreasing
afterward, and simultaneously with citric acid secretion into the
medium [13,28,44,45]. In contrast, according to our knowledge
there is no available information concerning the evolution of to-
tal intra-cellular polysaccharides as function of the fermentation
time by Y. lipolytica strains, while in at least one case, inverted
trend compared with the current investigation (i.e. increased
quantity of total intra-cellular sugars per unit of DCW at the
first stages of the fermentation decreasing afterwards) has been
observed for the oleaginous strain Cryptococcus curvatus NRRL
Y-1511 [35].

3.4 Cellular lipid analysis

Analysis in the fatty acid (FA) composition of the cellular lipids
produced by the several yeast and fungal strains cultivated on
glucose or glycerol was performed and results of many of the
microorganisms tested are presented in Table 4A. In this ta-
ble, there is also presentation of an average FA composition
of the rapeseed oil (an oil that is broadly used in order to be
converted into biodiesel and is considered as a “model” oil for
this purpose [51,70], in order to be compared with that of the
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Table 3. Synopsis of results concerning citric acid production by yeasts growing on various fermentation configurations. Comparisons with
the current investigation.

Strain Substrate Culture mode Cit (g/L) Yeiys ¥ (g/g) References

Yarrowia lipolytica Industrial glycerol Batch culture, 124.5 0.62 Rymowicz et al. [25]
Wratislavia 1.31 bioreactor

Yarrowia lipolytica Industrial glycerol Batch culture, 112.0 0.60 Rymowicz et al. [26]
A-101-1.22 bioreactor

Yarrowia lipolytica Industrial glycerol Batch culture, flasks 62.5 0.56 Papanikolaou et al. [27]
ACA-DC 50109

Yarrowia lipolytica Industrial glycerol Batch culture, flasks 57.7 0.92 Papanikolaou et al. [28]
JMY 1203

Yarrowia lipolytica Industrial glycerol Repeated batch culture, 154.0 0.78 Rywinska and Rymowicz [29]
Wratislavia bioreactor
AWG7

Yarrowia lipolytica Pure glycerol Batch culture, flasks 19.1 0.55 Kamzolova et al. [30]
N15

Yarrowia lipolytica Pure glycerol Fed-batch culture, 98.0 0.70 Kamzolova et al. [30]
N15 bioreactor

Yarrowia lipolytica Industrial glycerol Batch culture, flasks 35.1 0.44 Papanikolaou et al. [49]
ACA-DC 50109

Candida oleophila Glucose Batch culture, flasks, 50.1-79.1 0.55 Anastassiadis et al. [55]
ATCC 20177 bioreactor

Saccharomycopsis Glucose Batch culture, 51.5 0.71 Klasson et al. [82]
lipolytica NRRL bioreactor
Y7576

Yarrowia lipolytica Glucose Fed-batch culture, 50.0-69.0 0.52 Moresi [83]
ATCC 20346 bioreactor

Candida lipolytica Glucose Continuous culture 40.0-50.0 0.72 Rane and Sims [84]
Y 1095 recycling, bioreactor

Yarrowia lipolytica Ethanol Fed-batch culture, 120.0 0.85 Kamzolova et al. [85]
N1 bioreactor

Yarrowia lipolytica Rapeseed oil Fed-batch culture, 135.1 1.55 Kamzolova et al. [86]
187/1 bioreactor

Yarrowia lipolyrica Pure glycerol Fed-batch culture, 115.0 0.64 Morgunov et al. [87]
NG40/UV7 bioreactor

Yarrowia lipolyrica Industrial glycerol Fed-batch culture, 112.0 0.90 Morgunov et al. [87]
NG40/UV7 bioreactor

Yarrowia lipolytica Glucose Batch culture, flasks 58.1 0.55 This study
LEMB 20

Yarrowia lipolytica Industrial glycerol Batch culture, flasks 42.0 0.39 This study
LEMB 20

Yarrowia lipolytica Industrial Batch culture, flasks 53.4 0.41 This study
LFMB 20 glycerol/glucose

blend

a)

microorganisms studied in the present investigation. The results
obtained in Table 4A can be summarized as follows: some differ-
entiations but, as a general rule, not significant can be observed
between the FA composition of the lipids produced when mi-
croorganisms are growing on glucose in comparison with the
results obtained during growth on glycerol. Also, some differen-
tiations (equally in most cases not very important and not fol-
lowing a systematic trend for the microorganisms tested) in the
FA composition are seen as function of the fermentation time of
the culture. The above-mentioned observations are in agreement
with most of the reports found in the literature [33,46,70,72,74]
in which it is indicated that the carbon source as well the fermen-
tation time can have an impact upon the total FA composition
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Yciys is the conversion yield, in g of citrate produced per g of carbon substrate consumed.

of the cellular lipids produced by the microorganisms tested. In
general, literature suggests that fatty (and not hydrophilic, as in
the current investigation) materials employed as substrates can
have the most important impact upon the microbial FA compo-
sition [33,46,70].

Another result that can be deduced from the Table 4A indi-
cates that, in agreement with the literature [33,46,70,72], fungal
lipids are more unsaturated than yeast lipids. The Zygomycetes
studied produced the y- isomer of linolenic acid (C18:3 w-6)
while the yeasts the a- one (C18:3 w-3). y-Linolenic acid is an
important FA presenting various therapeutic activities [33, 88].
The lipids of some plants that contain y-linolenic acid are cur-
rently commercialized (it is the case of the oil deriving from
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Table 4. Fatty acid composition of the cellular lipids produced by microorganisms cultivated on industrial glycerol and glucose (comparisons
of fatty acid composition with the one of rapeseed oil, for the presentation of fungi, C18:3 is the y- isomer; C18:3 w-6, while for the yeasts
it is the «- isomer; C18:3 w-3) (A) and distribution of lipid fractions for several screened strains (growth of Mortierella isabellina ATHUM
2935 on glucose, Rhodosporidium toruloides DSMZ 4444 on glucose, Mortierella ramanniana MUCL 9235 on glycerol and Yarrowia lipolytica
ACA-YC 5029 on glycerol, under nitrogen-limited conditions), in which analysis was performed when the maximum quantity of lipids in
DCW was recorded for the respective cultures (N: Neutral lipids; G+S: Glycolipids plus sphingolipids; P: Phospholipids) (B).

A
Cellular fatty acids C16:0 C18:0 C18:1 C18:2 C18:3

Cunninghammella echinulata on glycerol

94h 23.5 5.9 46.2 16.7 5.6

144 h 22.0 5.4 41.0 22.7 6.3

262h 21.7 6.0 42.5 20.8 7.5
Cunninghammella echinulata on glucose

57h 17.2 6.3 49.4 15.8 10.4

147 h 16.8 4.5 51.5 16.0 10.0

336 h 16.6 3.8 51.9 16.0 10.6
Mortierella ramanniana on glycerol

24h 26.9 6.5 37.2 20.5 8.9

93h 22.1 6.1 47.2 17.5 5.9

142h 21.4 5.4 48.9 17.8 5.4

255h 21.6 4.1 48.8 19.3 5.1
Mortierella ramanniana on glucose

24h 28.7 7.0 37.2 15.8 11.3

92h 21.4 5.0 43.4 18.6 10.5

165h 23.8 4.1 38.7 21.4 10.4

264h 22.1 3.9 41.9 22.2 10.0
Mucor sp. on glycerol

76 h 29.2 12.6 28.0 16.7 16.5

240 h 22.8 3.8 27.8 28.1 14.4

310 h 25.0 4.0 26.4 27.0 10.0
Mucor sp. on glucose

24h 21.9 7.2 31.5 20.5 17.0

125h 26.1 5.6 38.8 22.0 5.5

310 h 24.1 5.0 39.2 22.8 7.0
Mortierella isabellina on glycerol

25h 22.1 5.9 48.1 18.0 7.1

222h 22.0 3.9 51.2 18.8 4.0
Mortierella isabellina on glucose

23h 25.5 4.4 50.0 9.9 3.0

92h 20.0 2.9 53.1 12.8 3.1

155h 19.1 1.9 55.1 15.1 4.1
Candida diddensiae on glycerol

21h 23.1 3.9 26.6 33.8 6.3.

116 h 26.8 9.9 33.8 25.1 Tr.
Candida diddensiae on glucose

16 h 23.7 7.0 38.5 19.8 6.0

112h 22.7 8.4 40.1 17.8 7.5
Pichia ciferri on glycerol

21h 21.7 6.0 43.3 12.1 2.0

140 h 20.8 5.1 35.2 10.8 1.0
Pichia ciferri on glucose

16 h 25.9 10.7 42.7 13.2 Tr.

112 h 21.0 5.3 31.7 10.7 Tr.
Candida guillermondii on glycerol

16 h 21.4 22.9 40.2 11.3 Tr.

112h 22.4 4.5 59.0 5.0 Tr.
Candida guillermondii on glucose

16h 19.8 15.1 47.3 13.3 Tr.

112 h 21.0 5.7 57.5 7.7 Tr.
Rhodosporidium toruloides on glycerol

46 h 21.8 10.9 42.3 19.2 1.3

160 h 30.3 14.3 42.0 10.7 1.9

(Continued)
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Table 4. Continued.

Eng. Life Sci. 2017, 17, 262-281

A
Cellular fatty acids C16:0 C18:0 C18:1 C18:2 C18:3
Rhodosporidium toruloides on glucose
24h 26.9 10.1 40.0 17.0 4.5
120 h 27.3 10.8 48.8 9.9 3.1
Rapeseed Oil 2-7 1-3 50-66 18-28 6-14
B
Lipid fraction %, wW/w
Mortierella isabellina ATHUM 2935 N 90.1
G+S 9.1
P 0.8
Rhodosporidium toruloides DSMZ 4444 N 83.5
G+S 9.5
P 7.0
Mortierella ramanniana MUCL 9235 N 90.0
G+S 8.1
P 1.9
Yarrowia lipolytica ACA-YC 5029 N 76.5
G+S 14.8
P 8.7

A: Tr.: Fatty acid concentration <0.5% w/w.

the plant Oenothera biennis called also evening primrose oil,
that contains this FA in concentrations 8—10% w/w) and their
cost is estimated to 45-50 $ per kg [27,72]. Therefore, there is
increasing interest in the production of microbial lipids contain-
ing this FA. In the current investigation, the highest quantities of
y-linolenic acid produced were by C. echinulata LFMB 5 grow-
ing on glucose (=405 mg per L of medium), M. ramanniana
MUCL 9235 growing on biodiesel-derived glycerol (=200 mg/L),
M. isabellina ATHUM 2935 growing on biodiesel-derived glyc-
erol (=216 mg/L), and M. isabellina ATHUM 2935 growing on
glucose (=350 mg/L). The highest quantities of y-linolenic acid
that have been produced by wild-type Zygomycetes are recorded
by C. echinulata ATHUM 4411, C. echinulata CCRC 31840,
and T. elegans CCF-1465 (quantities ranging between 900 and
1200 mg/L of medium) [68,89-91].

Some of the microorganisms that presented noticeable lipid
production on glucose or biodiesel-derived glycerol, were further
studied in relation with the fractionation of their lipids into
neutral lipids (NL), glycolipids plus sphingolipids (G+S) and
phospholipids (P) (Table 4B). In all cases and in full agreement
with the literature [28,37, 44, 50, 57,69, 90] NL fraction was by
far the most abundant one of the microbial produced lipids.
It is interesting to indicate that even for the microorganism
Y. lipolytica ACA-YC 5029 that did not accumulate significant
quantities of lipids (at the time in which analysis of total lipid
into its classes was performed, lipid in DCW quantity was of 9%
w/w — see Table 1B), the NL fraction was richest one from all
fractions quantified.

Given that M. isabellina ATHUM 2935 presented very inter-
esting results concerning SCO production in both media com-
posed of glucose or glycerol (see Tables 2A and 2B), the total
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lipids of this microorganism contained a very high quantity of
NL while also their total FA composition presented remarkable
similarities with the “model” rapeseed oil (as stated the most ad-
equate oil employed for the creation of biodiesel [70]), it was de-
cided to study these lipids in more details. TLC analysis revealed
that the fraction of triacylglycerols was (by far) the most abun-
dant one of the (crude) microbial lipids produced (extraction
performed with C/M 2/1 — “Folch” extract — see Fig. 6). Visual
inspection of the chromatoplate (Fig. 6), demonstrates that the
typical washing procedure [36] performed on the “Folch” extract
of the crude microbial lipid had no effect on the concentration
of the neutral lipids. The results of visual inspection were further
supported from the integrated optical densities of the spots ob-
tained after processing the image with Image software (a public
domain, Java-based image processing program developed at the
National Institute of Health, USA) (results not shown). There-
fore, “wash” of the diluted into Folch mixture “crude” microbial
lipid with saturated solution of KCI, revealed negligible differ-
ences compared with “crude” microbial lipid, demonstrating
that the Folch extract is completely adequate in order to col-
lect the microbial triacylglycerols, amenable to be converted in
next step into biodiesel. Moreover, M. isabellina lipids contained
steryl-esters and sterols (in fact, fungal lipids cannot contain
cholesterol; most probably this spot corresponds to ergosterol
and/or potentially diacylglycerols that were not sufficiently sep-
arated) (Fig. 6). (In all cases, lipid analyses were performed at the
stationary growth phase of M. isabellina cultivated on glucose
when the maximum quantity of lipids in DCW was recorded).
From all the above-mentioned analysis it can be deduced that
although in microbial lipids several compounds can be found,
triacylglycerols are, by far, the most abundant compound.
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Figure 6. TLC analysis of the “crude” “Folch” extract before (lane
3) and after washing with saturated KCl solution (lane 2) of the
cellular lipid by Mortierella isabellina ATHUM 2935, cultivated on
glucose. Lane 1: mix of neutral lipid standards (cholesterol-CL,
oleic acid-FFA, glyceryl trioleate-TAG, cholesteryl linoleate, CE).
Analysis was performed when lipid in DCW presented its highest
value.
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4 Concluding remarks

Several Crabtree-positive yeasts produced ethanol from glucose
but not from glycerol, a substrate that was used mainly for the
production of biomass. Despite nitrogen limitation imposed, in
most of the yeast species tested, no virtual lipid accumulation
was recorded.

Although glucose and glycerol are theoretically subjected to
similar catabolism within the microbial cells, differentiations
(in some cases very important) were observed when glucose or
glycerol was employed as substrate by yeast and fungal strains.
Therefore in several cases completely different final spectra of
synthesized metabolites were recorder during growth on glucose
compared with that on glycerol.

The fungi tested presented higher production of lipid than
the yeasts.

With the exception of Mortierella ramanniana MUCL 9235,
glucose was a more adequate substrate for lipid accumula-
tion than glycerol for the employed fungal species tested. On
the other hand, M. ramanniana MUCL 9235 produced appre-
ciable quantities of lipid during growth on biodiesel-derived
glycerol (c. 4 g/L), a relatively correct quantity of the medi-
cally important y-linolenic acid (=200 mg/L) was produced,
while the conversion yield of total lipid produced per unit of
glycerol was very high (between 0.16-0.22 g/g). Concerning
the potential of SCO production by this microorganism dur-
ing growth on waste glycerol, more attention in larger-scale
production should be paid in the future.

M. isabellina ATHUM 2935 presented a very interesting lipid
production on both glucose and glycerol, with conversion yields
per unit of substrate (glucose or glycerol) consumed, almost the
highest ones ever reported (ranging between 0.22 and 0.25 g/g).
Moreover, a relatively correct quantity of the medically impor-
tant y-linolenic acid (up to 350 mg/L) was produced. The lipids
produced by this fungus consisted mostly of triacylglycerols.
Concerning the potential of SCO production by this microor-
ganism cultivated either on waste glycerol or on waste streams
composed of glucose, more attention in larger-scale production
should be paid in the future.

Even in the case that insignificant lipid accumulation oc-
curred, microbial lipids were composed mainly of neutral frac-
tions.

Yarrowia lipolytica LFMB 20 is a potential producer of citric
acid and mannitol from biodiesel-derived glycerol. Erythritol
was also produced into the medium but it was re-consumed in
favor of citric acid production. On the other hand, growth on
glucose was accompanied by the production of citric acid with
no polyols having been produced. The highest mannitol con-
centration achieved during growth on biodiesel-derived glycerol
(18.2 g/L) is among the quite correct ones recorded in the inter-
national literature. Likewise, the production of citric acid from
both glucose and waste glycerol by this strain was interesting,
thus concerning the potential of citric acid production by this
microorganism cultivated either on waste glycerol or on waste
streams composed of glucose, more attention in larger-scale pro-
duction should be paid in the future.
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Practical application

The potential increase of biodiesel production in the near
future leads to the necessity of discovering various inte-
grated (bio)-processes for valorization of crude glycerol,
the main residue deriving from this process. Here, this
residue was employed by several yeast and fungal species,
while glucose was employed as “reference” substrate. De-
spite the significant similitude of the metabolism between
glucose and glycerol, differences on the final spectrum
of the metabolites synthesized were observed between
growths on those two substrates. Several yeasts produced
ethanol from glucose under aerobic conditions but not
from glycerol. Yarrowia lipolytica LFMB 20 produced re-
markable quantities of citric acid and mannitol during
growth on glycerol. Mortierella isabellina ATHUM 2935
produced lipid amenable to be converted in high-quality
biodiesel growing on both glucose and glycerol. The cur-
rent study provides alternative ways of valorization of in-
dustrial glycerol, by using it as substrate by yeasts or fungi,
which produced a plethora of metabolic compounds on

this residue.
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