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ABSTRACT Xanthophylls, primarily hydroxyl- and keto-derivatives of B-carotene (such as
zeaxanthin, B-cryptoxanthin, canthaxanthin, echinenone and astaxanthin) have powerful antioxi-
dant activity. Due to several positive effects on human and animal health, industrial application
of xanthophylls shows an increasing tendency. In our previous study, carotenoid biosynthesis
of the B-carotene producing zygomycetes, Mucor circinelloides was modified by integrating
the B-carotene ketolase encoding gene (crtW) of Paracoccus sp. N81106 into the genome. The
isolated mutants accumulated mainly canthaxanthin and echinenone. Although, the fungus
has B-carotene hydroxylase activity the astaxanthin production remained low even under dif-
ferent cultivation conditions, whereby canthaxanthin accumulation was further enhanced. In
this study, the B-carotene hydroxylase encoding gene (crtZ) of the same bacterium was intro-
duced into these canthaxanthin producing mutants of M. circinelloides either on autonomously
replicating plasmids or by integrating it into the genome using the REMI method. Increased
astaxanthin accumulation was observed in the transformants, which together with zeaxanthin
and B-cryptoxanthin content could be further enhanced several fold by the modification of
the cultivation conditions. An effective method for the extraction of carotenoids from Mucor
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mycelia grown in liquid culture was also developed.

Mucor circinelloides (Mucoromycotina) is an intensively
studied carotenoid producing zygomycetes; well-developed
transformation systems are available for the fungus and most
of the genes involved in the carotenoid biosynthesis have been
isolated and characterized (Velayos et al. 2000a, 2000b, 2003,
2004; Papp et al. 2006, 2010; Csernetics et al. 2011). Caro-
tenoids are tetraterpene molecules and synthesized via the
mevalonate — isoprenoid pathway in fungi. Condensation of
two molecules of geranylgeranyl pyrophosphate, several de-
hydrogenation and two cyclisation steps lead to the formation
of B-carotene in M. circinelloides (Fig. 1.), which is the major
carotenoid compound in the fungus, but intermediates (such
as lycopene and y-carotene) are also accumulated (Velayos
et al. 2000a, 2000b; Csernetics et al. 2011; Papp et al. 2013).
Furthermore, M. circinelloides shows a weak [-carotene
hydroxylase activity, therefore it is able to synthesize zeax-
anthin (3,3'-dihydroxy-f,3-carotene) and B-cryptoxanthin
(3-hydroxy-p,B-carotene) (Papp et al. 2006, 2013; Csernetics
et al. 2011). At the same time, several microorganisms, such
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as Paracoccus sp. N81106 able to accumulate canthaxanthin
(B,B-carotene-4,4’-dione), echinenone (B,p-carotene-4-on)
and astaxanthin (3,3'-dihydroxy-f3,3-carotene-4,4'-dione)
as well; formation of astaxanthin from [-carotene requires
a B-carotene hydroxylase and a ketolase activity (Misawa
et al. 1995). These xanthophylls have powerful antioxidant
properties and their preventive action against different types
of cancer, age-related macular degeneration, heart- or bone
disease makes them dietary important (Chew et al. 1999;
Nishino et al. 2002; Mares-Perlman et al. 2002; Guerin et al.
2003; Beatty et al. 2004; Yamaguchi 2004; Kumaresan et al.
2008). Besides, they are frequently used in pharmaceutical
and cosmetic industry and also in feed additives (Bhosale
and Bernstein 2005). Today, most of the commercially avail-
able xanthophylls are synthesized chemically. Biosynthesis
of astaxanthin is limited to microorganisms and along with
other carotenoids an increasing demand can be observed to
replace chemical synthesis with natural sources (Bhosale and
Bernstein 2005).

In our previous studies, crtW and crtZ genes of the Para-
coccus sp. N81106, encoding B-carotene ketolase and hy-
droxylase, respectively, were expressed in M. circinelloides
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Figure 1. Carotenoid biosynthesis pathway in M. circinelloides and possible steps of the B-carotene — astaxanthin conversion in M. circinelloides
transformants harbouring the Paracoccus sp. N81106 crtW and crtZ genes (based on Misawa et al. 1995). HMG-CoA - 3-hydroxy-3-methylglutaryl-
CoA; IPP —isopentenyl pyrophosphate; DMAP - dimethylallyl pyrophosphate; GPP — geranyl pyrophosphate; FPP — farnesyl pyrophosphate; GGPP
—geranylgeranyl pyrophosphate. M. circinelloides genes: ipi — IPP isomerase; isoA — FPP synthase; carG — GGPP synthase; carRP - phytoene synthase/
lycopene cyclase; carB — phytoene desaturase. Paracoccus sp. N81106 genes: crtZ — B-carotene hydroxylase and crtW — B-carotene ketolase.
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MS12 strain on autonomously replicating plasmids (Papp et
al. 2006). Introduction of the crtZ enhanced the zeaxanthin
and B-cryptoxanthin accumulation, while introduction of the
crtW lead to the presence of canthaxanthin, echinenone and
astaxanthin in low amount. Co-expression of the crzZ and
crtW genes increased the canthaxanthin and pB-cryptoxanthin
production compared to the introduction of only the single
crtW (Papp et al. 2006). Integration of the Paracoccus crtW
gene into the Mucor genome by double homologous recom-
bination and restriction enzyme-mediated integration (REMI)
led to transformants accumulating 123-148 pg g canthax-
anthin and 117-135 pg g echinenone [dry mass] (Papp et al.
2013). At the same time, production of astaxanthin remained
low in these transformants. It is supposed that the endogenous
B-carotene hydroxylase has poor activity and able to convert
canthaxanthin to astaxanthin with low efficiency (Papp et al.
2013). Another explanation could be that Mucor -carotene
hydroxylase does not able to catalyse this conversion but the
low amounts of zeaxanthin and B-cryptoxanthin accumulated
by the fungus may serve as substrates to the Paracoccus
[B-carotene ketolase to form low amount of astaxanthin.

In this study, our aim was to express the crtZ gene of Para-
coccus sp. N81106 in canthaxanthin producing mutants of M.
circinelloides to enhance the astaxanthin accumulation. The
crtZ was introduced on autonomously replicating plasmids
and, in parallel, it was integrated into the Mucor genome
using the REMI method. Carotenoid content of the resulting
transformants and effect of different culturing conditions on
their carotenoid composition were also investigated.

Materials and Methods
Strains, media and growth conditions

The M. circinelloides strains, MS12+pCAS8If/1 and
MS12+pPT51°R3/2, which have leuA*, pyrG- crtW* genotype
(Papp et al. 2013) and are derived from the leuA; pyrG mutant
MS12 (Benito et al. 1992), were used in the transformation
experiments. These strains are auxotrophic for uracil and har-
bours the crtW gene encoding the -carotene ketolase of Para-
coccus sp. N81106 (formerly Agrobacterium aurantiacum)
integrated into their genome by homologous double recom-
bination (MS12+pCAS8If/1) or REMI (MS12+pPT51°R3/2)
methods. Both strains accumulate mainly canthaxanthin
and echinenone and small amount of astaxanthin (Papp et
al. 2013).

Escherichia coli TOP10F was used in plasmid amplifica-
tions. E. coli was cultivated on Luria-Bertani medium (LB,
10 g tryptone; 5 g yeast extract; 10 g NaCl and 20 g agar for
solid medium per litre) containing 100 pg mL* ampicillin
at 37 °C.

For growth tests, nucleic acid and carotenoid extraction,
M. circinelloides strains were cultivated on solid minimal
medium (YNB, 10 g glucose; 0.5 g yeast nitrogen base with-
out amino acids; 1.5 g (NH,),SO,, 1.5 g sodium glutamate
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Figure 2. Plasmid construction used to transform the canthaxanthin
producing mutants MS12+pCA8If/1 and MS12+pPT51'R3/2. The plasmid
harbours the Paracoccus sp. N81106 crtZ gene encoding a f-carotene
hydroxylase between the Mucor gpd1 promoter and terminator re-
gions. The Mucor pyrG gene is responsible for the complementation
of the uracil auxotrophy and ampR (gene for ampicillin resistance)
for the bacterial selection. The fragment obtained by digesting with
the restriction enzymes Nael and Ncol corresponds to pPT50'R used
for REMI transformation.

and 20 g agar per litre) supplemented with uracil and leucine
(0.5 mg mL™) if required. Fungal cultures were grown for
4 days at 25 °C under continuous light. Effect of cultivation
temperature on carotenoid accumulation of the fungal strains
was tested on YNB plates at 20, 25, 30 and 37 °C. To examine
the effect of carbon sources on carotenoid production, glucose
was replaced with fructose, trehalose, mannose, galactose,
glycerol-L-monoacetate, dihydroxyacetone and L-aspartic
acid in a final concentration of 1% in YNB. Combinations
of different carbon sources were also tested. The carotenoid
content was also determined from liquid cultures when strains
were grown in YNB medium without agar for 6 days on 25
°C under continuous light and shaking (110 rpm). Mycelia
were separated from the media by filtration using 0.45 pm
pore size filters (Millipore).

For growth test, 10° spores were inoculated onto the centre
of YNB plates. To test the mitotic stability of the transfor-
mants solid malt extract medium (MEA, 10 g glucose; 10
g malt extract; 5 g yeast extract and 20 g agar per litre) was
used as a complete medium.

Molecular techniques

Purification of plasmid DNA was performed with the Viogene
Mini Plus and Midi Plus Plasmid DNA Extraction Systems
(Viogene). DNA fragments were purified from agarose gel
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Table 1. Different methods and solvents tested to improve the carotenoid extraction efficiency from liquid cultures.

Extraction method Pre-treatment

Extraction solvent

Conventional ?

Lyophilisation for 45 min.

i Drying at 40 °C overnight
Reduction of the 10%
moisture content 20%
50%
100%

Desiccation with Na SO,

0.2M

03 M heating to 120 °C
04M

Pre-treatment

with lactic acid 2M

4M heating to 50 °C

Acetone

Petroleum ether

DMSO, partition in petroleum ether
DMSO, partition in hexane

Acetone and petroleum ether

Acetone

2The method, which was used for solid cultures and described in Materials and Methods, is regarded as the conventional method.

using the Silica Bead DNA Gel Extraction Kit (Thermo
Scientific). General procedures for plasmid DNA manipula-
tion, transformation of E. coli and Southern blotting were
performed by following standard methods (Sambrook et al.
1989). For fungal DNA preparation, mycelium was disrupted
with a pestle and mortar in liquid nitrogen and DNA was
isolated according to Iturriaga et al. (1992). CrtZ gene probe
for Southern hybridization was constructed by amplifying a
DNA fragment from the plasmid pPT50 using the crtZ1 (5’
ATG ACC AAT TTC CTG ATC 3’) and crtZ2 (5’ CGT GCG
CTC CTG CGC CTC 3’) primers and the digoxigenin-based
PCR DIG Probe Synthesis Kit (Roche). The DIG Nucleic
Acid Detection Kit (Roche) was used for immunological
detection of the nucleic acid blots, following the instructions
of the manufacturer.

Plasmid construction and transformation

The plasmid pPT50 harbouring the crtZ gene of Paracoccus
sp. N8106 under the control of the promoter and terminator
regions of the Mucor glyceraldehyde-3-phosphate dehydro-
genase (gpdl) gene was used in all transformation experi-
ments (Fig. 2) (Papp et al. 2006). As a selection marker, the
plasmid holds the Mucor pyrG encoding the orotidine-5
"-phosphate decarboxylase, which complements the uracil
auxotrophy of M. circinelloides strains MS12+pCAS8If/1 and
MS12+pPT51°R3/2.

For PEG/CaCl,-mediated transformation, protoplasts of
M. circinelloides were prepared following the next steps:
spores of MS12+pCAS8If/1 and MS12+pPT51’R3/2 were har-
vested from four days old cultures and inoculated into small
drops onto cellophane sheets placed on YNB media supple-
mented with uracil and grown at 25 °C for 16 h. Colonies
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were washed in protoplast-forming solution (10 mM sodium-
phosphate buffer, pH 6.4; 0.8 M sorbitol; 1.5% home-made
snail enzyme) and incubated at 25 °C for 3 h under continuous
gentle shaking. Protoplasts were separated from the mycelia
by filtration through 3 sheets of gauze. Protoplasts were col-
lected by centrifugation (3200 rpm, 15 min, 4 °C), washed
with SMC buffer (50 mM CaCl,; 10 mM 3-(N-morpholino)
propanesulfonic acid and 0.8 M sorbitol) and re-suspended
in 0.25 ml SMC. Thereafter, the PEG/CaCl -mediated trans-
formation of MS12+pCASIf/1 and MS12+pPT51°R3/2
protoplasts with circular plasmid was performed according
to van Heeswijck and Roncero (1984). For REMI, the pPT50
plasmid was digested with Nael - Ncol enzymes (to avoid the
re-circularization) and the resulting pPT50’R linear fragment,
which harboured the cr?Z gene fused with the gpdl promoter
and terminator regions and the pyrG gene, was introduced
into the recipient MS12+pCAS8If/1. The REMI transforma-
tion of protoplasts was performed according to the PEG/
CaCl,-mediated transformation method, except that 30-30
U restriction enzymes used for preparation of the linearized
DNA were added to the protoplasts together with 5-10 pg
linear fragment and the solution was incubated for 0.5 h on
ice and 1.5 h at 33 °C. Transformants were selected on the
basis of auxotrophy complementation on YNB solid medium.
Introduction of the pPT50 plasmid into MS12+pCAS8]If/1 and
MS12+pPT51°R3/2 resulted the MS12+pCAS8If/1+pPT50
and MS12+pPT51°R3/2+pPT50, while introduction of
the pPT50’R fragment into MS12+pCAS8If/1 resulted the
MS12+pCAS8If/1+pPT50’R transformants.

Carotenoid extraction and analysis

Carotenoids were extracted from 500 mg mycelial powder



with 700 pl acetone and vortexing (Papp et al. 2006). This
extraction step was repeated until the pellet was found to be
devoid of pigments. Extracts were collected in 50 ml Falcon
tube, combined and partitioned in an equal volume of 10%
diethyl ether in petroleum ether. To facilitate the separation
2 ml distilled water was added and centrifuged (3200 rpm,
8 min, 4 °C). The petroleum ether fraction was dried under
nitrogen. To determine the dry mass, 500 mg mycelial powder
was dried at 70 °C overnight.

The carotenoid extraction was performed from liquid
cultures, as well. Filtrated Mucor mycelia was disrupted with
liquid nitrogen and was partitioned to test different extraction
methods, such as lyophilisation, drying at 40 °C or desic-
cation with sodium-sulphate with different concentrations,
solvents (such as acetone, petroleum ether and DMSO) and
acid pre-treatment combined with heating (0.2-5 M lactic acid
at 50-120 °C) (Table 1). Other steps of the extraction were
performed as described above.

For high-performance liquid chromatography (HPLC),
samples and standards were analysed by using a modular
Shimadzu low-pressure gradient HPLC system. The dried
samples were re-dissolved in 100 pl tetrahydrofuran supple-
mented with butylated hydroxytoluene (100 pg mL™") directly
before the analysis and 2 pl was subjected to HPLC analysis
on a Phenomenex Prodigy column (4.6 x 250, ODS 3 um).
The separation was performed with a gradient (where min/
solvent A%/solvent B% was 0/99/1; 8/60/40; 13/46/54;
15/0/100; 18/0/100; 21/99/1; 25/99/1) using 4% water-96%
methanol as solvent A and 100% methyl-terc-butyl ether as
solvent B, at a flow rate of 1 mL min'. The detection wave-
length was 450 nm and the column thermostat temperature
was 35 °C. For identification of carotenoids the following
standards were used: astaxanthin, lycopene, B-carotene
(Sigma), B-cryptoxanthin, canthaxanthin, zeaxanthin (Carl
Roth) and echinenone (DHI Water and Environment). For
y-carotene, standard was purified by HPLC from Mucor
azygosporus.

Results and discussion

Introduction of the crtZ gene into
MS12+pCAS8If/1 and MS12+pPT51'R3/2 strains

Introduction of the pPT50 circular plasmid into can-
thaxanthin and echinenone producing MS12+pCA&8I{/1
and MS12+pPT51°R3/2 mutants resulted in 20-25
transformants/10° protoplasts. The transformation frequency
was similar to those in our previous studies, in which au-
tonomously replicating plasmids harbouring the bacterial
crtW and crtZ genes were used to transform the MS12 strain
(Papp et al. 2006; Csernetics et al. 2011). The REMI trans-
formation method was applied successfully for zygomycetes
firstly by our research group (Papp et al. 2013). Similarly to
those experiments, two to three colonies could be isolated
per transformation of 10°MS12+pCA8If/1 protoplasts using

Astaxanthin producing Mucor circinelloides

the pPT50’R linear DNA. Southern hybridization analysis
verified the presence of the exogenous DNA in the transfor-
mants (results not shown), which proved to be mitotically
stable on selective (YNB) and non-selective (MEA) media
after ten consecutive cultivation cycles and no differences in
their growing ability was observed compared to the recipient
or the wild-type strains. Five-five isolates per transformation
experiments were selected for further analysis.

Carotenoid content of the transformants

Carotenoid content of five-five transformants was analy-
sed at the 4" and 10" cultivation cycle after the transfor-
mation by HPLC. Strains MS12, MS12+pCAS8If/1 and
MS12+pPT51°R3/2 were used as controls (Table 2). After
the 4 cultivation cycle, low amount of astaxanthin and
decreased canthaxanthin and echinenone content were ob-
served in all transformants. After the 10" consecutive cul-
tivation cycle on YNB, MS12+pCAS8If/1+pPT50/1-5 and
MS12+pPT51°R3/2+pPT50/1-5 accumulated 737 and 611
pg g' [dry mass] total carotenoid and 6 and 14 pg g' [dry
mass] astaxanthin, respectively. Astaxanthin content was
around 1-2% of the total carotenoids in these transformants.
Compared to the recipient strains, significantly increased
echinenone, PB-carotene and y-carotene content and de-
creased canthaxanthin content were also observed, mainly
in MS12+pPT51’R3/2+pPT50/1-5 (Table 2). Integration of
the crtZ gene into the genome of MS12+pCASIf/1 resulted
in 741 pg g' [dry mass] average total carotenoid content
and, similarly to the transformants harbouring the crtZ
gene on autonomusly replicating plasmids, canthaxanthin,
echinenone and -carotene remained the major carotenoid
components. These integrative transformants accumulated
significantly higher amounts of total carotenoids, as well
as canthaxanthin, echinenone and zeaxanthin than those
harbouring the crtW and crtZ genes on autonomously repli-
cating plasmids (Papp et al. 2006). However, they produced
similar amounts of astaxanthin. As higher level of astaxanthin
accumulation was observed by introducing the crfZ gene on
autonomously replicating plasmids than by integrating it
into the genome (Table 2), MS12+pCASIf/1+pPT50/1-3 and
MS12+pPT51°R3/24+pPT50/1-3 transformant were selected
for further investigations.

Effect of the cultivation conditions on the
carotenoid accumulation

Carotenoid accumulation of MS12+pCAS8If/1+pPT50/1-3
and MS12+pPT51°R3/2+pPT50/1-3 was analysed at dif-
ferent cultivation temperatures and compositions of media
(Table 3). Effect of carbon sources on the carotenoid pro-
duction of MS12+pCAS8If/1 was analysed in our previous
study and the tested carbon sources were selected based
on these results (Papp et al. 2013). Cultivation on fructose,
trehalose and mannose as sole carbon sources increased
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Table 2. Total carotenoid content and composition of the transformants, MS12 and the recipient MS12+pCA8If/1 and

MS12+pPT51'R3/2 strains.

Strain Total caro- B-carotene B-cryptoxanthin Zeaxan- Echinenone Canthax- Astaxan- Lycopene y-carotene
tenoid thin anthin thin

MS12 422+25 268+18 25+3 6+2 - - - 14+3 23+4
MS12+pPT51'R3/2 51127 56+11 16+4 10+2 103x4 11010 21 11£2 32+4
MS12+pPT51'R3/2+pPT50/1-5 611£55 201+23 111 12+2 137+15 3611 142 19+6 6510
MS12+pCA8If/1 534+29 38+10 27+5 4+2 11411 151+£19 2+1 21+5 34+4
MS12+pCA8If/1+pPT50/1-5 737+75 14615 24+4 14+4 203+36 103+£14 6x4 24+7 87+15
MS12+pCA8If/1+pPT50'R/1-5 741112 23637 144 6+3 171£15 145+47 3+1 12+1 36+11

Average values (ug g' [dry mass]) were calculated from carotenoid content of five transformants in three independent carotenoid extractions and measurements.

the total carotenoid, zeaxanthin and echinenone content of
MS12+pPT51°R3/2+pPT50/1-3 in comparison with cultiva-
tion on glucose. Astaxanthin accumulation significantly in-
creased on fructose, L-aspartic acid and mannose; on the latter,
28 pg g [dry mass] astaxanthin content was measured (Table
3). Glucose, mannose, trehalose and fructose had also positive
effect on the carotenoid content of both MS12+pCAS8If/1 and
MS12+pPT51°R3/2 (Papp et al. 2013).

Effects of combinations of carbon sources (such as di-
hydroxyacetone and L-aspartic acid combined with glu-
cose, trehalose and mannose) on the carotenoid content of
MS12+pPT51°R3/2+pPT50/1-3, MS12+pCAS8I{/1+pPT50/1-3
and the recipient strains were also tested. Most combinations
resulted in slight increase in the total carotenoid content.
However, glucose combined with dihydroxyacetone led to
the highest total carotenoid content in all strains (Table 3),
approximately 2-3 times higher amounts were measured
than on glucose or dihydroxyacetone, separately. Simul-
taneously, enhanced B-cryptoxanthin, canthaxanthin and
echinenone production was detected in MS12+pCAS]If/1 and
MS12+pPT51’R3/2 and increased astaxanthin, zeaxanthin,
B-cryptoxanthin, canthaxanthin and echinenone accumula-
tion was observed in MS12+pPT51’R3/2+pPT50/1-3 and
MS12+pCAS8If/1+pPT50/1-3 (Table 3). Application of glu-
cose and dihydroxyacetone supposedly resulted the induction
and increased activity of the gpd1 promoter, which enhanced
the expression of the crtW and crtZ genes. Dihydroxyacetone
as sole carbon source resulted decreased total carotenoid
content, however, the proportion of xanthophylls within it
increased in MS12+pPT51°R3/2+pPT50/1-3.

We also tested the effect of the cultivation temperature
on the carotenoid content. Temperature is an important en-
vironmental factor affecting the biosynthesis of carotenoids
(Bhosale 2004). Cultivation at 30 °C had a positive effect on
the total carotenoid and astaxanthin content compared to culti-
vation at 25 °C in the case of MS12+pPT51°R3/2+pPT50/1-3.
The transformants were able to survive at 37 °C as well, with
lower production of carotenoids. Similarly, transformants
harbouring the Paracoccus crtW gene integrated into the
genome (MS12+pCAS8If/1 and MS12+pPT51°R3/2) were
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able to survive at 37 °C, in contrast with the wild-type MS12
(Papp et al. 2013). Xanthophylls, including astaxanthin has
better antioxidant activity than -carotene and may protect
cells against increased levels of reactive oxygen species and
may contribute in higher thermo tolerance through decreasing
the fluidity and stabilizing the structure of the membranes
(Palozza and Krinsky 1992; Tjahjono et al. 1994; Liang et
al. 2009).

Development of carotenoid extraction method
for liquid cultures

For fermentation developments, it would be advantageous
if carotenoid and xanthophyll production in liquid culturing
would be developed and optimized. Therefore, carotenoid
production of our transformants was also tested in liquid
cultures. It was observed that the extraction method used
for mycelia harvested from solid media (Papp et al. 2006;
Csernetics et al. 2011) is not effective for those from liquid
media. Relatively high amounts of pigments remained after
several extraction steps. It was presumed, that high moisture
content of mycelia or formation of thicker cell wall in liquid
media may cause the low efficiency of the carotenoid ex-
traction. Thus, different methods were tested to improve the
extraction efficiency. The conventional method was used as
a control (Table 1).

To reduce the moisture content, lyophilization for 45
min. or overnight drying at 40 °C was applied together with
acetone and petroleum ether extractions. Sodium-sulphate,
which has desiccating effect, was also tested. It was applied
in 10, 20, 50 and 100% (m/m) of mycelial mass combined
with acetone extraction. Among the tested processes, lyo-
philisation combined with acetone extraction proved to be
the most effective. In case of the astaxanthin producer Phaffia
rhodozyma, which has thick cell wall, DMSO or acid pre-
treatment is used for cell lysis before carotenoid extraction
(Sedmak et al. 1990; Xiao et al. 2009). Therefore, different
acids were tested to enhance cell lysis and avoid degradation
of astaxanthin and lactic acid was found to be the most ap-
propriate for this purpose (Ni et al. 2008). Extraction with
DMSO and partition of carotenoids in hexane instead of



Table 3. Carotenoid composition of transformants under different cultivation conditions.

Astaxanthin producing Mucor circinelloides

Strain Carbon source/ Total B-carotene B-crypto- Zeaxan- Echinenone Canthax- Astaxan- Lycopene y-carotene
temperature xanthin  thin anthin thin
MS12+pPT51’R3/2+pPT50 Glucose 61155 201+23 11£1 12+2 137+15 36+11 142 19+6 65+10
MS12+pCA8If/1+pPT50 u 737+75 146+15 24+4 14+4 203+36 103+14 64 24+7 8715
MS12+pPT51'R3/2+pPT50 Fructose 694+72  233x21 10+2 16+2 165+22 23+4 17+4 165 68+25
MS12+pCA8If/1+pPT50 705+81 134+19 19+3 111 195+£31 97+11 6+1 22+7 8131
MS12+pPT51'R3/2+pPT50 L asoartic acid 400+49  72+9 71 13+3 10114 19+2 17+3 10+2 44+12
MS12+pCA8If/1+pPT50 P 259+25 3247 9+2 6+2 64+12 47+13 5+2 6+1 26+15
MS12+pPT51°R3/2+pPT50 Trehalose 806+92 309+31 214 16+4 159+18 29+7 12+3 17+5 71x23
MS12+pCA8If/1+pPT50 409+31 57+15 12+3 10+2 108+27 80+9 6+2 10+1 33x11
MS12+pPT51'R3/24+pPT50 Mannose 73462 175+19 7+1 17+2 202+20 39+4 28+3 214 80+21
MS12+pCA8If/1+pPT50 497+59 7511 23+7 10+3 143+19 74+9 5+1 19+6 59+15
MS12+pPT51'R3/2+pPT50 Calactose 63565 26131 17+2 13+2 123£13 22+2 8+2 12+2 50+18
MS12+pCA8If/1+pPT50 579+53 12422 15+3 16+3 150£17 86+7 71 17+7 54+11
MS12+pPT51°R3/2+pPT50 Glycerol-L-mono- 465+35 200+16 14+3 9+4 67+9 2311 6+1 6+2 2243
MS12+pCA8If/1+pPT50 acetate 588+57  201x21 8+2 12+4 124123 7517 5+2 135 45+7
MS12+pPT51°R3/2+pPT50 Dihvdroxvacetone 395+41 54+7 16+5 29+5 70+16 69+21 11+2 5+1 17+4
MS1 2+pCA8|f/1 +pPT50 y y 20716 24+6 6+1 8+2 307 58+22 5+1 4+2 113
MS12+pPT51'R3/2+pPT50 Clucose. on 20 °C 614+44  262+31 20+7 10+2 90+17 20+2 6+1 20+7 51«11
MS12+pCA8If/1+pPT50 . 653+71 168+19 13+5 13+4 17119 68+11 3+1 19+5 71+9
MS12+pPT51°R3/2+pPT50 Glucose. on 30 °C 694161 20611 18+4 12+4 105+23 3117 3045 214 73x27
MS12+pCA8If/1+pPT50 s 507+67  94x19 16+4 10+3 98+21 49+15 6+2 3219 87+24
MS12+pPT51'R3/2+pPT50 Glucose. on 37 °C 447+36 199+14 10+2 4+1 26+6 31 4+1 16+6 55+31
MS12+pCA8If/1+pPT50 ' 500+81 182+19 91 3+1 7311 16+7 1+0.5 23+12 7337
MS12+pPT51'R3/2 959+189 36x15 123£25 10«2 161+£24 300+55 21 133+£34 128+29
MS12+pPT51'R3/2+pPT50 Glucose + 989+183 62+24 102+£31  30+7 223+35 115+42  35+4 7419 128+44
MS12+pCA8If/1 Dihydroxyacetone 1171+227 4411 151£31  2#1 225+41 44371 3+1 161+41 159+33
MS12+pCA8If/1+pPT50 1032+205 50+23 113£27 27+8 211+45 299+34  29+3 125+21 137+54

Average carotenoid values (ug g [dry mass]) were calculated from biological replicates in three independent carotenoid extractions and measurements.

petroleum ether significantly increased the carotenoid yield.
In our tests, 0.2-0.5 and 2-5 M lactic acid was added to the
mycelial powder and the resulting samples were heated to
120 °C and 50 °C, respectively. After a centrifugation step,
the extraction was continued with the repeated addition of
acetone and vortexing. In most of the tested cases, mycelia
became completely colourless after 6-8 extraction steps.
Finally, extraction with DMSO or 4 M lactic acid combined
with heating to 50 °C were found to be the most effective for
carotenoid extraction, which resulted 120-200% effectiveness
in comparison with the conventional method. Additionally,
HPLC analysis verified that these conditions did not resulted
in significant degradation of pigments. Carotenoid composi-
tion of MS12+pPT51’R3/2+pPT50/1-3 was analysed from
mycelia cultivated in liquid YNB medium (containing glucose
as carbon source) using the above described method. Total
carotenoid content was around 398 ug g!' [dry mass] and 10-
25% increase in the proportion of canthaxanthin, echinenone,
B-cryptoxanthin, zeaxanthin and astaxanthin content was ob-
served, however it was still below of the xanthophyll content
of mycelia harvested from solid media.
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