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ABSTRACT

Aim of the presen study was to investigate the biochemical potentialities of two

mould strains belonging to the order of Mucorales, in particular Cunninghamella

echinulata and Mortierella isabellina, of accumulating single cell oil containing

important quantities of -linolenic acid (GLA, 6,9,12C18:3), an unsaturated fatty acid

of significant medical and nutritional importance, during their growth on sugar-

based renewable carbon sources. The substrates used for this purpose were industrial

glucose, industrial fructose, industrial sugar and molasse, in an initial carbohydrates

concentration of 60 g/L. All cultures were conducted in batch-flask type, while in all

experiments, nitrogen-limited media were employed in order to direct the microbial

metabolism towards the synthesis of reserve lipid (initial molar C/N ratio 200

moles/moles). In the case of industrial glucose, both strains grew satisfactory.

Specifically, Cunninghamella echinlata produced 12.9 g/L biomass, with 3.8 g/L of

lipid, containing 740 mg/L GLA, whereas Mortierella isabellina produced 13.2 g/L

biomass with 9.85 g/L of lipid, containing 345 mg/L. Growth on commercial fructose

resulted in 16.7 g/L of biomass with 3.6 g/L of oil, containing 473 mg/L GLA for

Cunninghamella echinlata, wheras Mortierella isabellina produced 12.1 g/L biomass,

with 7.36 g/L of oil containing 110 mg/L -linolenic acid. Mortierella isabellina failed

to grow satisfactory on industrial sugar [biomass produced of 5.0 g/L containing

10% (wt/wt) lipid] with negligible quantities of extra-cellular invertase produced,

while Cunninghamella echinlata yielded 17.6 g/L of biomass, with 3.1 g/L of oil

containing 310 mg/L. Also, Cunninghamella echinlata produced a maximum of 0.5

U/mL of extracellular invertase. Moreover, both moulds showed remarkable growth

on molasse [12.1 g/L of biomass with 3.8 g/L of oil containing 490 mg/L GLA for

Cunninghamella echinlata and 11.3 g/L of biomass with 4.8 g/L of oil containing 168

mg/L GLA). Worth noticing is the fact that Cunninghamella echinlata decolozised the

medium containing molasse up to 75%. Last but not least, further analysis via

fractionalization was conducted in single cell oil obained from lipid-accumulating

period of Mortierella isabellina, showed that the composition of fatty acids of the

neutral fraction resembles with that of total lipids. Phospholipids contained a



somehow higher quantity of unsaturated fatty acids (and principally -linolenic acid)

compared with total Mortierella isabellina lipid.
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. 

.1 
.1.1 

,  (Polyunsaturated fatty acids – PUFAs)

 ( -9, -7, -6 -3). , 

-6 -3 

 (Essential fatty acids - EFAs). 

de novo ,

. , 

,  (C18:2, -6) 

 (C18:3. -3). -3 -6

, 

(Jiang et al. 1998; Certik and Shimizu 1999; Tapiero et al. 2002)

 (EFAs) 

. 

 (

), 

, 

. , 

, 

 (Horrobin 1992). , 

,

, , ,

, 

 (Horrobin 1992; Certik and Shimizu 1999; Ratledge 2005).

,  (LA, C18:2, -6) 



2

 (GLA, C18:3, -6)  (AA, C20:4, -

6), ’ ,  (ALA, C18:3,

-3)  (EPA, C 20:5, -

3)  (DHA, C22:6, -3) (Tapiero et al. 2002). 

 (C18:0), 

:

.1. de novo  (PUFA)

(Certik and Shimizu 1999)
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. , 

.

’ , 

 (Lehninger 1993; Tapiero et al. 2002; Dyal and Narine 2005). 

, 

 (Lehninger 1993). , 

. 

, . , 

, 

’ 

.

, 

. , 

, , 

, , 

 (Certik and Shimizu 1999). , 

 ( .  (GLA),

C18:3, -6), , 

,  ( .  stress,

, , ) 

.
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.1.2  (GLA, C18:3, -6) in vitro

, ,

6  (C18:2, -

6). 

,  (Oenothera

biennis),  GLA  8-10% (w/w), 

Borago officinalis  24-25% (w/w) 

Ribes nigrum  16-17% (w/w) (Ratledge 1994; Chen and Liu 1997;

Certik and Shimizu 1999). , 

, 

, , , 

 (Horrobin 1992).

in vitro

Caco-2.  Caco-2 

. , 

. ,  Caco-2 

, , , .. 

 PUF

.

. 

 (GLA),  (AA) -

 (DHA), 

(Das 1999).  PUFA 

. , 



5

, 

, 

.  BCL-2), 

 (Das 1999; Roynette et al. 2003).

, 

, 

 PUFAs (Jiang et

al. 1998; Roynette et al. 2003). 

,  DNA, 

. 

,  (Das

1999).

 PUFAs

, 

, 

 DNA ,

 (Mengeaud et al. 1992;

Seegers et al. 1997; Hrelia et al. 1999; Nano et al. 2003). , 

, 

 PUFAs . 

,

 BCL-2 

 (Mengeaud et al. 1992; Das 1999; Nano et al. 2003).
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. 

, . 

 PUFAs 

. , 

, 

, 

, 

. 

. , 

 PUFAs, 

 (Menendez et al. 2001). , 

 (GLA, C18:3, -6) 

 (Menéndez et al. 2001). , 

, 

. 

, ,

. , 

 (Hrelia et al. 1999; Menéndez et al.

2001)

.1.3 

, 

, 

,  20% .

, 

   70% . .  (Ratledge 2002). 



7

. 

, 

 55-80% (w/w) 

(Papanikolaou et al. 2001; Fakas et al. 2006; 2007). 

,  sn2 

 (Ratledge 1994; Ratledge 2005). 

, 

 ( . 9,12C18:2), 

 ( . )  PUFAs « »

,  GLA. , 

, 

, .

.1. 

 (PUFAs) (Certik and Shimizu 1999; Van Beelen et al. 2007)

- 

 (GLA)

C18:3 -6 (Oenothera biennis, Borago

officinalis, Ribes nigrum)

(Mucor spp., Mortierella spp.,

Cunninghamella spp.)

 (ARA)

C20:4 -6 Mortierella spp.)

(Porphyridium cruentum)

(EPA)  C20:5 -3

 (Mortierella spp.)

 (DPA)  C 22:5 -6

 (Schyzochytium sp.)

(DHA)  C22:6 -3 (Thraustochytrium spp.)

(Crypthecodinium cohnii)
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 (Ratledge

2004). , 

, 

.

, 

Candida curvata  Yarrowia lipolytica. 

, 

 (  60%),  35% 

 25%  (Papanikolaou et al. 2001; 2003; Dyal and Narine

2005). ,   

, 

. 

 (Davies et al. 1990), 
9  (

) (Moreton

1985), 
9  (Ykema et al. 1989; Ykema et

al. 1990), , 

 (Papanikolaou et al. 2001; Papanikolaou et al. 2003).

. 

, . 

 ( -3

 DHA), 

 ( , PCBs, )
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’  (Ratledge 2004). 

Muira et al. (1997) 

Chlorella sp., 

Parietochloris incisa,  50% 

. , Crypthecodinium cohnii

 Schizochytium sp.  DHA, 

Nitzchia laevis  EPA (van Beelen et al. 2007).

, Spirulina platensis

.  Tantichroen et al (1994) 

, 

19  2.4 % 

. ,  Chi et al (2007) Schizochytrium

limacinum ,  DHA 

 100 mg/L  (C 22:6 -3).

, 

. 

, 

Mucorales (Certik et al. 1999; Dyal et al. 2005). ,

Mortierella ( . alpina, M. elongata, M. hyaline) 

 C20 ( , ), 

Micromucor  C18

 ( , ). 

,  , 

, 

 (Certik and Shimizu 1999).
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.2 

, 

. 

, 

 ( ) 

, 

. 

 (Acetyl-CoA) 

. 

 NADPH, 

.

.2  Krebs (transhydrogenase cycle)  

 (citrate/malate cycle)   (acetyl-CoA) 
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NADPH . : 1

, 2. , 3. ,

4. , 5. , 6. : , 7. 

/ 

. (Ratledge 2004)

, 

 Krebs ( .2). 

, 

3. , 

 (Ratledge

1994; Papanikolaou et al. 2004), 

. , 

, 

.  (acetyl-

CoA) 

 (ACL), 

 (Ratledge 2005). 

:

 + CoA ACL         CH3COSCoA +  + ADP + Pi

 NADPH :

 +NADP+  + CO2 +NADPH

, 

 (acetyl-CoA) , 

. 

 (Ratledge 2004).
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, 

, 

. , 

,

, 

 (Anastassiadis and Rehm 2005).

, ,  (

Yarrowia lipolytica) 

/ 

 (  C/N) 

, 

,

 (Papanikoalou et al. 2002b;

Papanikolaou and Aggelis 2002). 

, 

.
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.3 .

. a,b,c: 

, d:

.

TAGs: , EMP: Embden- Mayerhoff-Parnas (Papanikolaou 2008)

Glycerol

3-P-Glycerol

Pyruvate
a

Pyruvate CH3COSCoA

Oxaloacetate

Malate
MDm

Malate

PD

CS
Citrate

Iso-citrate
Ac

a-ketoglutarate
ICDH

Citrate
ACL

CH3COSCoA

Malonyl-SCoA

FAS

FFA

Oxaloacetate

MDc

ME
NADPH2 -CO2

NADPH2

NADP

GK

3-P-Dihydroxyacetone

ATP
ADP

EMP

Hexose
Gluconeogenesis

NADH2

NAD

GDH

NADP

NADPH2

CYTOSOL

MITOCHONDRION

b
c

d

ATP
ADP

3-P-GDH

Succinyl-CoA

Succinate

Malate

Iso-citrate
ICL

CH3COSCoA
Malate

PEROXYSOMETRSP

ATP ADP

Citrate EXTRA-CELLULAR MEDIUM

Biomass

ATP ADP

NAD NADH2

Glucose
ATP ADP

NAD NADH2

Biomass

ATP

ADP

ATP

ADP

Glyoxylate+Succinate
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I.3 

. 

 ( )

(Aggelis et al. 1996; Chen and Chang 1997),  (Papanikolaou and Aggelis

2002),  (Aggelis and Sourdis 1997) 

 (Papanikoalou et al 2001; 2002a; Mli kova te al. 2004a; b)

 n-  (Fickers et al. 2005). , 

, 

. 

, 

 ( , ) , 

 (

 « ») (Papanikolaou and

Aggelis 2002), 

.

, 

. 

, 

 ( ). , 

, 

 (Peters

2006). 

, . 

. , 

. 
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, 

, 

. , 

, 

, 

. , 

, , 

 (Dahiya et al. 2001; Peters 2006).

, . 

 3-8%  1% 

. 

,

 ( ) Candida sp., Cryptococcus sp. Apiotrichum sp.

(Ykema et al. 1988; 1990; Davies et al. 1990; Davies and Holdsworth 1992) 

Mortierella sp. (Papanikolaou et al. 2007). 

, 

 (Ykema et al. 1988; 1990; Davies et al. 1990;

Davies and Holdsworth 1992 Ratledge 1994; 2005), 

Mucorales .

. 

, 

. , 

 ( .2).

, 

 ( . , n- ), 
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 (Aggelis and Sourdis 1997; Papanikolaou et

al. 2001; 2002a; Papanikoalou and Aggelis 2003a). , 

 Krebs, 

 ( , , 

), 

 (Mlickova et al. 2004a; b; Fickers et al. 2005). ,

 (biomodification) 

, 

. , 

, 

, 

 ( . ). 

 ( ) 

.4.

.4  (Papanikolaou and

Aggelis 2003b).
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.4 

, 

. 

  

. ,  ( 6,9,12C18:3, -6) 

, 

. ,  (C 22:6 -3) 

, 

, 

.

, 

. , 

, 

.

, 

Cunninghamella echinulata Mortierella isabellina, 

, 
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II. 

II.1 

Cunninghamella echinulata

ATHUM 4411 Mortierella isabellina ATHUM 2935.

 PDA (Potato Dextrose Agar)  4 °C, 

, 

. , 

, 

.

II.2 

,  250 mL,  1/5  (50±1 mL)

. 

, , 

, , 

. 

 60%  (

,  50%). 

.

, 

:
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  II.1 .

 (g/L)

KH2HPO4 7

Na2HPO4 2.5

MgSO4 × 7H2O 1.5

FeCl3 × 6H2O 0.15

ZnSO4× 7 H2O 0.02

MnSO4×H2O 0.06

CaCl2× 2H2O 0.15

: Papanikolaou et al. 2002)

 (nitrogen-limited)

.  [(NH4)2SO4] 

 0.5 g/L  (yeast extract)  0.5 g/L,

 C/N  200 mol/mol.  pH 

 6.0±0.1.

 250 mL, 

 50±1 mL 

 (115°C,  20 min). 

, 

50 mL, . 

, 

, . 

, 

, , 

, . 

 (1 mL),  105-107 cfu. 

, 

(New Brunswick Sc, Usa; 180 rpm, 28ºC)  180 rpm =28°C.
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II.3 

II.3.1 2  pH

2  Lovibond Oxi200

Sensodirect. , 

.

 10min 

(dissolved oxygen – D.O.%). 

 (qO2 – mg/mg*h),  mg/L 

.  (rO2 – g/L* sec)

 [ 2] = a * t 

.

To p  pH-  Jenway 3020 pH meter.

,

 pH 

,  pH 

 6.0.  pH 

 ( ) 5 .

II.3.2 

 Heraeus Sepatech

Suprafuge 22 (10000 rpm, 15 min). 

. 

 (90±5°C)

. 

Sartorius basic,  g/L.
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II.3.3 

 (DNS) (Miller 1959). 

 3,5-  3- -5-

 NaOH 

.

 0.5 mL  0.5 mL  DNS .

 (100°C)  5 min 

2  (25°C).  5 mL 2 ,

 540 nm. 

,  g/L . 

 Hitachi U-2000

Spectrophotometer.

0

0.5

1

1.5

2

0 0.5 1 1.5 2 2.5 3

y = -0.011048 + 0.51977x   R= 0.99

G
lu

co
se

 (
g/

L)

Absorbance (a.u.)

 II.1.  DNS
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0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1 1.5 2 2.5 3

y = -0.020143 + 0.55091x   R= 0.999

Fr
uc

to
se

 (
g/

L)

Absorbance (a.u.)

 II.2.  DNS

II.3.4   

 Dubois et al. (1957). 

, , 

.

 2 mL  0.050 mL  5 mL 

 (95% w/v). , 

 490 nm. 

 g/L . 

 Hitachi U-2000 Spectrophotometer.



23

0

0.5

1

1.5

2

0 0.5 1 1.5 2 2.5 3

y = -0.102 + 0.7284x   R= 0.99274

Su
cr

os
e 

(g
/L

)

Absorbance (a.u.)

 II.3.  Dubois.

II.3.5 

, 

.

,  mL

 (CHCl3)-  (Methanol)  2:1

(Folch et al. 1957; Papanikolaou et al. 2001). 

 (total) 

, . 

. 

, 



24

. 

 g/L.

, 

, 

0.88% KCl, ’ . , 

 Na2SO4, 

.

,  (25mm × 100mm) 

 silicic acid  (110°C)  24

.  1-2 mL 

 Pasteur . 

 (100 mL  100 mg ) 

 (NL). , 

 (S+G) , 

 (P). 

, 

.

, 

,  AFNOR (1959), 

. 

, 

. 

, 

. , 
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. 

.

 o

 10 mL  (MeO-Na+).

 15 min 

 5-10 mL  (

)  15 min. 

.  6 mL , 

 (

). 

 (Na2SO4) 

. 

 (GC)

 1-2 L 

 8000 series FISONS.

•  250°C

•  (FID) 250°C

•  He (  1.38 mL/min), H2 (60 kPa), O2 (110 kPa)

•  Fused silica WCOT: CP-Sill 88 (0.2 l)

 50 m

 0.32 m

 DF= 0.2 m.
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 200 C  20 min. 

.

, . 

.

II.3.6 

,  HACH Sension2 Electrode Model

51927-00. ,  10 mL

. , 

, 

, 

 300 L  HACH Ammonia ISA

Solution. 

.
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.3.7 

(INVERTASE ASSAY)

,  Oliveira et al. (2006). ,

 pH, 

. 

 pH  5  7, 

 0.05  0.2 .  pH

 7, 

 0.05 . , 

,

,  50 °C

 30 .

 1 mL 

1% (w/v), 2.7 mL  Na2HPO4-NaH2PO4  0.05 

 pH= 7,  0.3 mL , .

 50°C  30 

 (100°C,  5 ) 

. 

 DNS ( .3.3).

 (Unit) 

mol  50°C.

.3.8 

, 

, 

 475 nm,

 1/10 (Dahiya et al. 2001; Thakkar et al. 2006). ,



28

. 

 %.
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III. 

 ( ,

, , 

) , Cunninghamella echinulata

Mortierella isabellina, 

, . 

, 

, 

(Papanikolaou et al. 2004a; b; 2007; Fakas et al. 2006; 2007). , 

, 

, , 

 0.5 g/L yeast extract  0.5 g/L (NH4)2SO4. 

,  (S0)  60 g/L, 

C/N  (200 mol/mol), 

 (Evans and Ratledge 1985; McKay et al. 1994).

, 

, 

. , 

 (  75±10 h, 

 110±15 ppm  5±3

ppm).  pH, 

 (5.5±0.2), 

  .

, 

Cunninghamella echinulata

. 
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 (12.9-17.6 g/L), 

 (3.1-3.8 g/L). 

Cunninghamella echinulata

,  30-40% 

.

 III.1

Cunninghamella echinulata

, .

(h)

X (g/L) Sf (g/L) Lmax (g/L) YL/X

%

GLA

(mg/L)

 309 12.9 23.8 3.8 29 740

 405 16.7 22.1 3.6 21 473

 376 17.6 37.1 3.1 18 310

 356 12.1 30.9 3.8 32 490

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 DO2>50%). 

.

X:  (g/L)

Lmax:  (g/L)

Sf:  (g/L)

L/X:

YXf/L: .

GLA:  ( 6,9,12C18-3, -6)

, 

Mortierella isabellina, 

. 

 (

 9.85 g/L ), 

 (74% w/w – . .2). ,

, 

Mortierella isabellina, 

, ,
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. , 

, 

.

 III.2

Mortierella isabellina

, .

(h)

X (g/L) Sf (g/L) Lmax (g/L) YL/X

%

GLA

(mg/L)

 237 13.2 0.6 9.85 74 345

 405 12.1 0.0 7.36 61 110

 309 5.2 38.2 0.48 9 32

 237 11.3 36.2 4.8 42 168

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 DO2>50%).

X (g/L), L (g/L), Sf (g/L), GLA: .  III.1

, 

  Cunninghamella echinulata

. 

Mortierella isabellina  (

, 

). 

 (

)  (

. ) 

 ( .1 

.2). , 

, , 

.
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.1.1 Cunninghamella echinulata

 (S0=60 g/L)
.1.1.1 , 

.

Cunninghamella echinulata

, 

III.1.1.1. . 

,  309h 

,  12.9 g/L. 

, 

.  40-50% 

.

0

10

20

30

40

50

60

70

0

2

4

6

8

10

12

14

0 100 200 300 400 500

Glucose (g/L)
biomass (g/L)

Lipid (g/L)

G
lu

co
se

 (
g/

L)
B
iom

ass (g/L)
Lipid (g/L)

Time (h)

 III.1.1.1.  ( ),  ( ) 

 ( ) Cunninhamella

echinulata, , 
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. :  (180 rpm) 

 28 C,  (S0) 60 g/L, 4+ 110±15

ppm,  (  DO2>50%).

, 

 III.1.1.1. . 

 (%) 

, 

, . , 

.

0

20

40

60

80

100

0 100 200 300 400 500

O
xy

ge
n 

%

Time (h)

 III.1.1.1. :  %  Cunninghamella echinulata.

: 

 (60 g/l),  (180 rpm)  28 C, 

(DO2 > 50 %).

 75±10h

, ,

 ( .1.1.1. .). 
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 3.6 g/L,  ( L/X) 0.29 g

 g .

0

20

40

60

80

100

120

0

1

2

3

4

0 100 200 300 400 500

Nitrogen (ppm) Lipid (g/L)
N
itr

og
en

 (
pp

m
)

Lipid (g/L)
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.1.1.1. .  ( )  ( )

Cunninghamella echinulata

, . 

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 (  DO2>50%).

. 

:  (ME), 

 (LE) 

 (S). 

. 

.
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.3 Cunninghamella echinulata.

 %

 (h) C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3 

187 17.2 1.3 9.1 34.2 16.1 19.1 2

LE 283 15.3 1.1 5.1 46.3 15.1 16.1 2

284 13.2 1.6 3.5 45.5 16.5 15.2 1.9

S 354 16.9 1.6 3.5 48.4 15.4 13.5 1.1

432 13.1 1.4 2.2 45.5 16.3 19.5 2

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 DO2>50%).

 ( 6,9,12 C18:3)

. , , 

 ( 9C18:1), . ,

, ,

. , 

 740 mg/L.

.1.2. Cunninghamella echinulata

 (S0=60 g/L).
.1.2.1. , 

.

Cunninghamella echinulata

, 

III.1.2.1. . 

,  405h 

,  16.7 g/L. , 

30% .
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 III.1.2.1.  ( ),  (•) 

 ( ) Cunninhamella

echinulata, , 

. :  (180

rpm)  28 C,  (S0) 60 g/L, 

4+ 110±15 ppm,  (  DO2>50%).

,  3.6 g/L, 

 0.22 g/g . 

, 

.  GLA  473 mg/L.
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.4. Cunninghamella echinulata

 %

 (h)

C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3 

167 21.1 1.3 6.2 42.1 17.1 10.2 2

LE 236 17.2 1.4 4.5 48.3 29.5 7.6 1.5

S 333 20.1 1.5 5.3 43.4 17.5 10.1 2.1

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 DO2>50%).

.1.3. Cunninghamella echinulata

 (S0=60 g/L).
.1.3.1. , 

.

, Cunninghamella

echinulata . 

Cunninghamella echinulata, 

, ,  17.6 g/L,

376h . ,

,  3.1 g/L, 

 0.18 g/g . 

, 

. 

 ( .1.3.1. .)
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.1.3.1. .  (•),  ( ) ,

 ( )  ( ) 

Cunninhamella echinulata, ,

. : 

 (180 rpm)  28 C,  (S0) 60 g/L, 4+

110±15 ppm,  (  DO2>50%).

Cunninghamella echinulata , 

. 

 38-40h 

 0.5 U/ml ( .1.3.1. ).
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:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm,

 DO2>50%).

, 

. , , 

, 

.

.5. Cunninghamella echinulata

 %

(h)

C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3 

184 2.1 1.2 9.1 56.2 15.1 14.2 2.1

LE 263 7.2 1.1 8.4 52.2 16.5 12.5 2.1

S 330 15.2 1.4 5.1 46.3 15.4 13.5 3.1



40

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 DO2>50%).

.1.4. Cunninghamella echinulata

 (S0=60 g/L).
.1.4.1. , 

.

Cunninghamella echinulata

. , 

 ( .1.4.1. ).  13.7 g/L,

 406h . 

 3.8 g/L,  0.32 g/g

. , ,

. 

.  30% 

.
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, , 

 75%, 

, 

Cunninghamella echinulata.  ( .1.4.1. .)

.
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, .
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.6. . Cunninghamella echinulata

 %

(h)

C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3 

184 19.1 2.1 8.2 40.3 18.1 10.3 1.9

LE 330 23 2.3 2.7 48.4 13.3 8.3 2.2

S 406 17.5 1.4 5.5 48.6 14.1 11.3 1.6

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 DO2>50%).

.2.1 Mortierella isabellina

 (S0=60 g/L)
.2.1.1 , 

.

, Mortierella isabellina

. ,  13.2

g/L,  9.85 g/L, 

 (YL/X),  0.74 g/g . , 

 345 mg/L. 

, Mortierella

isabellina

(III.2.1.1. .).

, , 

. Mortierella isabellina

,  250h .
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, .

:  (180 rpm) 

 28 C,  (S0) 60 g/L, 4+ 110±15

ppm,  (  DO2>50%).

. ,

 3.5% (w/w).

, , 

 (C16:0) , 

( 9C18:1)  ( 9,12C18:2). , 

.
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.7. Mortierella isabellina

 %

(h)

C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3 

 94 38.8 2.6 4.6 43.5 4.7 1.7 4.1

 168 28.5 3.2 2.5 53.4 7.2 1.1 4.1

LE 189 25.1 3.3 2.1 56.5 10.3 1.5 1.2

 212 16.4 2.8 1.7 60.6 13.1 2.9 2.5

S 283 28.1 3.3 3.1 53.3 7.2 3.5 1.5

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 (  DO2>50%).

, 

. 

. , ,

, 

Mortierella isabellina.

.8..

Mortierella isabellina

 %

 C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3

Total Lipid 28.5 3.2 2.5 53.4 7.2 1.1

NL 30.3 3.1 3.2 52.6 6.8 1.9

G+S 37.5 2.3 9.4 40.9 5.8 1.7

P 27.6 3.4 14.2 46.5 6.3 2.1

NL: 

G+S: 

P: 

:  (180 rpm)  28

C,  (S0) 60 g/L, 4+ 110±15 ppm, 

 (  DO2>50%).
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.2.2. Mortierella isabellina

 (S0=60 g/L)
.2.2.1. , 

.

Mortierella isabellina

. Mortierella isabellina

,  12.1 g/L  7.36

g/L .  110 mg/L. 

, 
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ppm,  (  DO2>50%).
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, 

, 

, .

, 

,  (C16:0)

 (C18:0),  ( 9,12C18:2) -

 ( 6,9,12C18:3),  ( 9C18:2) 

.

.9 Mortierella isabellina

 %

 (h) C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3 

167 33.2 2.5 4.1 50.4 6.3 1.6 1.9

LE 332 38.2 2.6 3.2 46.5 5.2 1.4 2.9

S 405 28.5 3.8 2.2 51.3 9.6 2.5 2.1

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 (  DO2>50%).

, , 

.

.10. Mortierella isabellina.

 %

 C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3

Total Lipid 33.2 2.5 4.1 50.4 6.3 1.6

NL 37.2 2.6 4.7 47.1 6.5 1.2

G+S 35.1 1.4 12.2 45.1 4.2 1.5

P 20.1 2.1 8.2 51.3 12.1 4.2

NL: 

G+S: 
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P: 

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 (  DO2>50%).

.2.3. Mortierella isabellina

 (S0=60 g/L)
.2.3.1. , 

.

Mortierella isabellina, 

 ( .2.3.1. .). ,

, Mortierella isabellina

 5.2 g/L , -

 (0.48 g/L  32 mg/L GLA).  30% 

, 

. , 

.

, 

  

.
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.



51

.11 Motrierella isabellina

 %

(h)

C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3 

 140 29.1 2.1 3.8 51.2 10.1 2.1 1.5

LE 332 22.3 1.7 5.5 48.5 16.4 3.3 2.3

S 406 23.1 2.2 2.4 51.4 15.2 3.5 2.2

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 DO2>50%).

, , 

.

.12.

Mortierella isabellina.

 %

 C 16:0 9C 16:1 C 18:0 9C18:1 9,12C18:2 6,9,12 C18:3

Total Lipid 29.1 2.1 3.8 51.2 10.1 2.1

NL 33.1 2.2 5.4 50.1 6.8 1.3

G+S 43.5 1.8 14.6 33.4 3.8 1.9

P 32.1 2.1 15.7 36.4 10.2 2.8

NL: 

G+S: 

P: 

:  (180 rpm)  28 C,

 (S0) 60 g/L, 4+ 110±15 ppm, 

 DO2>50%).
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V. 

. , 

, 

 (Losel 1989). 

 (

, 

, , 

, 

) , Cunninghamella echinulata

Mortierella isabellina . 

,

,

, 

 ( ) 

(Papanikolaou et al. 2004a; b; 2007; Fakas 2007; Fakas et al. 2006; 2007; 2008). 

Cunninghamella echinulata Mortierella isabellina , 

, . , 

 60 g/L, 

 (  C/N 200 moles/moles)

(Moreton 1988; Ratledge 1994; 2005;  2007).

Cunninghamella echinulata

, 

12.9 g/L,  3.8 g/L . 



50

 35-40% . . 

 (  Gema et

al. 2002) 

, 

 ( de novo

 – Ratledge 1994; 2005;  2007) 

 (multiple limitation) 

 (repression) 

 ( , -SCoA , 

 by-pass – Papanikolaou et al. 2004b). 

,

 740 mg/L. ,  GLA 

R. arrizus

(400 mg/L – Kristofikova et al. 1991), M. ramanniana (437 mg/L- Hannson and

Dostalek, 1988), Mucor mucedo

(373 mg/L – Certik et al. 1997). , C. echinulata CCRC 31840

 964 mg/L  (Chen

and Chang 1996), , 

 1349 mg/L,  5  (Chen and Chang, 1997).

 (C. echinulata ATHUM 4411), 

 (  100 g/L) 

 (7.8 g/L )  (  800 mg/L) (Fakas et al.

2007). ,  GLA  L 

 (mutant) Mortierella

ramanniana,  5.5 g/L

 (Hiruta et al. 1997).

, o

Mortierella isabellina , 

 12.2 g/L  9.85 g/L (
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 0.74 g/g ). , 

Mortierella isabellina

,  345 mg/L. 

Mortierella isabellina

9.85 g/L) . 

 18 g/L 

,  10

g/L  (Ratledge 1994). 

 IV.1. 

.

V.1.  (GLA) 

 L

(g/l)

L/X

(g/g)

GLA

mg/l

M. circinelloides Batch Glucose 4.5 0.73 216 Aggelis et al. 1988

M. ramanianna Batch Glucose 3.6 0.24 437 Hansson and Dostalek

1988

M. rouxii Continu us Glucose 1.0 0.07 324 Hansson et al. 1989

C. echinulata Batch Starch 8.0 0.27 964 Chen and Chang 1996

M. mucedo Batch Glucose/Oil 12.0 0.62 379 Certik et al. 1997

C. echinulata Batch Glucose/Oil 10.6 0.58 373 Certik et al. 1997

C. echinulata Batch Starch 11.5 0.30 1349 Chen and Liu 1997

M. ramanniana Fed-batch Glucose 31.3 0.50 5501 Hiruta et al. 1997

M. circinelloides Fed-batch Acetic acid 2.6 0.11 505 Immelman et al. 1997

Z. moelleri Batch Glucose 1.2 0.15 182 Kavadia et al. 2001

C. echinulata Batch Glucose 4.4 0.49 721 Gema et al. 2002

M. isabellina Batch Glucose 18.1 0.50 801 Papanikolaou et al. 2004a

C. echinulata Batch Tomato-

waste

7.8 0.31 800 Fakas et al. 2007

C. echinulata Batch Glucose 3.8 0.29 740 

M. isabellina Batch Glucose 9.85 0.74 345 



52

 Mucorales, 

. , 

, 

, 

,  GLA (Chen

and Chang, 1996; Certik and Shimizu 1999; Kavadia et al. 2001; Dyal et al. 2005). 

, 

 GLA 

 (Aggelis et al 1990; Kavadia et al. 2001). , 

, 

 (PUFAs 

), 

 (  – biodiesel)

 2007; Papanikolaou 2008). , 

Mortierella isabellina

. 

 (waste-waters)  ( .

, . 

) 

 (Papanikolaou

et al. 2004a). 

 (Certik and Shimizu 1999; Ratledge 2005) 
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, . 
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Cunninghamella echinulata  16.7 g/L , 

 3.6 g/L  473 mg/L GLA. Mortierella isabellina

 12.1 g/L ,  7.36 g/L  110 mg/L

. , , 

, 

. C. echinulata

 (shift) 

 « » (direction) 

, 

.  C/N 

 (  % . . 

) . 

 % . . ) 

 (Papanikolaou et al. 2007; Fakas 2007).

 (C/N) 

 C/N 

 C/N  (Moreton 1988), 

 ( ) 

. 

C. echinulata

. , 

, 

 (Dyal and Narine 2005;  2007; Papanikolaou et al. 2007). 

. isabellina , 
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, , 

 (

, 

 – Papanikolaou et al. 2007).

, , 

Cunninghamella echinulata , 

Mortierella isabellina, 

, . , 

Cunninghamella echinulata  17.6 g/L  3.1 g/L, Mortierella

isabellina  5.2 g/L 

 (0.5 g/L). 

C. echinulata , 

 (  X 

X/S, 

). 

 ( ) 

, 

 ( )  ( .

.1.3.1. .) 

, Cunninghamella echinulata,  435

mg/L,  « » Mortierella

isabellina ,  32 mg/L 

. , 

Mortierella isabellina.

, 

. , 

, , 

,  (Isla et al. 1999; Pessoni et al.

1999; Romero-Gomez et al. 2000; Hölker et al. 2004; Ng 2004). ,
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. , 

Cunninghamella echinulata  0.5 U/ml,  40 h 

.

Saccharomyces sp. Candida sp., 

Aspergillus sp. , , 

 (solid-

state fermentation), 

(Dworschack et al. 1960; Rubio and Maldonado, 1995; Ng 2004;

Hölker et al. 2004). , 

, 

.

V.2. .

 U/mL

Aspergillus niger  2.85 Rubio et al. 1995

Aspergillus niger  4.48

1.28

Gomez et al. 2000

Cladosporium herbarum  0.16 Skowronek  et al. 2003

Penicillium janczewskii     0.5 Rubio et al. 2002

Cunninghamella echinulata   0.5 

, 

. 

, , 

, 

Rhodotorula glutinis (Alvarez et al. 1992; Johnson et al. 1995), 

, 

 PUFAs 

 ( ). Cunninghamella
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echinulata  12.1 g/L ,  3.8 g/L  490 mg/L -

, Mortierella isabellina  11.3 g/L  4.8 g/L

 168 mg/L .

. , 

 (  50% 

), Mortierella isabellina

. , 

, 

. , , 

, 

, 

 ( ) 

.

, 

Cunninghamella echinulata  75%.

 (

 Maillard ,

’ ), 

. , 

. , 

. 

, 

. , 

10-30% .

Phanerochaete chrysosporium Trametes versicolor, 
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, 

, 

 82% (Dahiya et al. 2001; Raghukumar et al. 2004;

Thakkar et al. 2006; Satyawali et al. 2008).

,  ( . isabellina

C. echinulata), 

. , 

 ( 9C18:1),  (C16:0), 

 (C18:2)  ( 6,9,12 C18:3). Cunninghamella

echinulata  20% , Mortierella isabellina

3.5-4% GLA. , 

Mortierella isabellina

 (

Cunninghamella echinulata ATHUM 4411 

,  Fakas et al. 2006),

. , 

 90-92% . 

, 

 6-7 %  3-4% . , 

), 

 ( 9C18:1)  ( 9,12C18:2) 

 ( 6,9,12C18:3) . 

Mucorales (Fakas et al. 2006).

,  (

 – .

.2 .3), 

 (Holdsworth and
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Ratledge 1988; Aggelis and Sourdis 1997; Papanikolaou et al. 2001; Papanikolaou and

Aggelis 2003; Fakas et al. 2007). , 

, , 

 (Papanikolaou et al. 2004b). 

 « »  (

), 

 (Aggelis and Sourdis 1997;

Papanikolaou and Aggelis 2003). 

 (Fakas et al. 2007). 

Rhodococcus (Alvarez et al. 2000). 

. , 

-

.  (

 – . C.

echinulata M. isabellina ) 

.

 1/1.7

g/g (Ratledge 2005)  1.0 g/g (

Papanikolaou et al. 2004b; Fakas et al. 2007).

, 

(Peters 2006). 

, ’ 
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 (Peters 2006). -

: 1 kg Oenothera bienis (  GLA 8-10% .

. )  40 US $. 

 GLA 

.
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