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Abstract

Background: Colorants derived from natural sources look set to overtake synthetic colorants in market
value as manufacturers continue to meet the rising demand for clean label ingredients — particularly in food
applications. Many ascomycetous fungi naturally synthesize and secrete pigments and thus provide readily
available additional and/or alternative sources of natural colorants that are independent of agro-climatic
conditions. With an appropriately selected fungus; using in particular chemotaxonomy as a guide, the fungal
natural colorants could be produced in high yields by using the optimized cultivation technology. This
approach could secure efficient production of pigments avoiding use of genetic manipulation.

Results: Polyketide pigment producing ascomycetous fungi were evaluated for their potential as
production organisms based on a priori knowledge on species-specific pigment and potential mycotoxin
production and BioSafety level (BSL) classification. Based on taxonomic knowledge, we pre-selected
ascomycetous fungi belonging to Penicillium subgenus Biverticillium that produced yellow, orange or red
pigments while deselecting Penicillium marneffei; a well known human pathogen in addition to other
mycotoxigenic fungi belonging to the same group. We identified 10 strains belonging to 4 species; viz. P.
purpurogenum, P. aculeatum, P. funiculosum, and P. pinophilum as potential pigment producers that produced
Monascus-like pigments but no known mycotoxins. The selection/deselection protocol was illustrated in
the pigment extracts of P. aculeatum IBT 14259 and P. crateriforme IBT 5015 analysed by HPLC-DAD-MS.
In addition, extracellular pigment producing ability of some of the potential pigment producers was
evaluated in liquid media with a solid support and N-glutarylmonascorubramine was discovered in the
partially purified pigment extract of P. purpurogenum IBT 1181 and IBT 3645.

Conclusion: The present work brought out that the use of chemotaxonomic tools and a priori knowledge
of fungal extrolites is a rational approach towards selection of fungal polyketide pigment producers
considering the enormous chemical diversity and biodiversity of ascomycetous fungi. This rationale could
be very handy for the selection of potentially safe fungal cell factories not only for polyketide pigments but
also for the other industrially important polyketides; the molecular and genetic basis for the biosynthesis
of which has not yet been examined in detail. In addition, 4 out of the 10 chemotaxonomically selected
promising Penicillium strains were shown to produce extracellular pigments in the liquid media using a solid
support indicating future cell factory possibilities for polyketide natural food colorants.
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Background

Due to the global increase in the manufacture of proc-
essed foods and the continued consumer demands for
natural food ingredients, the market for natural colorants
for food use is estimated to grow [1]. Currently, the vast
majority of the natural food colorants permitted in the
European Union and the United States are derived by
extraction of the pigments from raw materials obtained
from the flowering-plants of the kingdom Plantae [2]. The
production of many existing natural colorants of plant
origin has a disadvantage of dependence on the supply of
raw materials, which are influenced by agro-climatic con-
ditions - in addition, their chemical profile may vary from
batch-to-batch. Moreover, many of the pigments derived
from the contemporary sources are sensitive to heat, light,
and oxygen, and some may even change their colour in
response to pH changes as in case of anthocyanins [3].
Many ascomycetous fungi naturally synthesize and secrete
pigments and may thus provide a more reliable source for
natural, "organic" food colorants with improved func-
tionalities [4]. The diversity of fungal pigments is not only
found in their chemical structures but also in the colour
range of these pigments that may add new or additional
hues to the colour palette of the existing colorants derived
from contemporary sources [5].

With an appropriately selected fungus the fungal natural
colorants; unlike flowering plants, plant cell or algal
sources of colorants, could be produced in high yields by
using the available cultivation technology without poten-
tial genetic manipulation as tougher legislation and scep-
tical attitude of consumers make it rather difficult for the
acceptance of genetically modified food. The controlled
cultivation of pigment producing fungi in bioreactors has
the potential to compete with any other means of produc-
tion and can potentially provide unlimited quantities of
colourings provided that imperative toxicological studies
are carried out. However, a first requirement is that the
potential fungus producing the pigment(s) is non-toxi-
genic under the given broader range of production condi-
tions and is non-pathogenic to humans. The ability of
filamentous fungi to co-produce mycotoxins along with
industrially useful extrolites, e.g. as in case of citrinin pro-
duced by some of the pigment and statin producing
Monascus species [6], is a major bottleneck in their
approval by the legislative authorities. Some of the pig-
ment producers, for instance, Penicillium marneffei, could
even be human pathogens [7]. Different cultivation media
have been shown to induce production of different pig-
ments [5]; a systematic evaluation of the effect of different
media components on pigment production - and/or a
better understanding of the factors inducing pigment pro-
duction in fungi - is currently highly warranted in order
to optimize the pigment production.
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Another challenge in the fungal production of pigments
to be used as natural colorants is whether the pigment
producer is able to produce pigments in the liquid media
or not. Fungal pigments like most other secondary metab-
olites are preferably produced on solid substrates as these
substrates provide support for the fungal mycelia. There-
fore, we employed a combination of solid and liquid cul-
tivation technology whereby the fungal mycelia were
allowed to grow on a solid support like Lightweight
Expanded Clay Aggregates (LECA). The use of LECA has
been described as fungal support matrix by Nielsen et al.
[8]. Another advantage in this technique was the easier
separation of biomass and the fermentation broth with
secreted pigments.

Thus, it is of utmost importance to address the question of
how to rationally select a promising fungal pigment pro-
ducer - meeting the above requirements - considering the
enormous chemical and biodiversity of fungi. Moreover,
the molecular and genetic basis for the polyketide pig-
ment biosynthesis in fungi have not yet been examined in
detail leaving genomic approaches for screening unfeasi-
ble at this point of time.

In the light of this, we provide a comprehensive list, based
on chemotaxonomy, of a majority of the polyketide pig-
ment producing ascomycetous fungi, their pigment com-
position, and the toxigenic potential with a list of known
coloured as well as uncoloured toxic metabolites. Based
on taxonomic knowledge, we focussed on pigment pro-
ducing ascomycetous fungi belonging to Penicillium sub-
genus Biverticillium that produced yellow-orange-red
pigments while human pathogenic and mycotoxigenic
strains belonging to the same group were deselected. We
exemplify our chemotaxonomic selection and/or de-selec-
tion approach in two Penicillia viz. Penicillium aculeatum
and Penicillium crateriforme grown on 5 different complex
solid media to identify potential pigment producers that
produced known pigments with or without mycotoxin.
The aim of this study was to prove the pertinent use of
chemotaxonomic trait of metabolite profiling by power-
ful tools as HPLC-DAD-MS to come up with promising
polyketide pigment producing cell factories that are nei-
ther known to be human pathogens nor to produce any
known mycotoxins. The ultimate goal is to establish such
potentially safe fungal cell factories for the production of
polyketide natural colorants. In addition, we also evalu-
ated 4 potential pigment producers for their pigment pro-
ducing ability in the liquid media using solid support.

Results

Chemotaxonomic selection/de-selection for potential
polyketide pigment producing ascomycetous fungi

Many species of Penicillium and Aspergillus and their teleo-
morphs have been metabolically profiled for production
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of pigments and mycotoxins at our research center. The
major pigment profiles are listed in Table 1 with citations
to relevant literature at the species level [4,5,9-23]. In
addition to the well-known pigment producing Monascus
species used in Asia many species of Fusarium, Alternaria,
and Epicoccum are also polyketide pigment producers, and
strains from these genera have also been profiled at our
research center. Detailed profiles are listed in Table 2 with
relevant citations at the species level [5,24-28]. To illus-
trate the diversity and the potential of possible pigments
producers Table 2 also gives citations to pigment produc-
tion by Cladosporium, Cordyceps, Curvularia, Drechslera and
Paecilomyces species [4,29-31]. This a priori knowledge on
potential mycotoxin production and the evaluation of
pathogenic potential on the basis of BioSafety Level (BSL)
classification [32] formed the basis of our pre-selection/
deselection of pigment producers. Strains of the species
belonging to Penicillium subgenus Biverticillium (Table 1)
were known to produce copious amounts of yellow,
orange and red pigments on solid media; one of the rep-
resentative red pigment producers is shown in Figure 1.
These strains of the species were chosen to be studied. We
deselected strains of the 4 species viz. P. islandicum, P.
marneffei, P. variabile and P. rugulosum including the tele-
omorph Talaromyces macrosporus being either pathogenic
and/or mycotoxigenic. We screened 11 strains belonging
to the rest of the 5 species viz. P. purpurogenum, P. crateri-
forme, P. aculeatum, P. funiculosum, and P. pinophilum
where by P. crateriforme served as a positive control in
which the presence of mycotoxin was known a priori but
the pigment was still uncharacterized. The chromato-
graphic analyses of two representative pigment extracts
that illustrate our selection/de-selection approach are pre-
sented in Figure 2, Figure 3 and Figure 4. Figure 2 depicts
the extracted ion chromatogram (m/z 269.12) obtained
by positive ESI chromatography using authentic standard
of rugulovasine A and B. The pigment extracts of Penicil-
lium crateriforme IBT 5015 grown on CYA (Figure 2B),
MEA (Figure 2C), PD (Figure 2D), OAT (Figure 2E), and
YES (Figure 2F) media were found to be positive for the
presence of rugulovasine A and B. Figure 3 depicts the
absence of rugulovasine A and B in the pigment extracts of
Penicillium aculeatum IBT 14259 grown on YES (Figure
3B), PD (Figure 3C), OAT (Figure 3D), MEA (Figure 3E),
and CYA (Figure 3F). Both of these Penicillia were found
to produce a well-known orange Monascus pigment,
monascorubrin, in CYA as shown in Figure 4B and Figure
4C by means of the extracted ion chromatogram (m/z
383.19) and mass spectrum, obtained by positive ESI
chromatography using authentic standard. Since Penicil-
lium crateriforme IBT 5015 produced rugulovasine A and B,
in addition to rubratoxin, and spiculisporic acid [9], it was
deselected, while Penicillium aculeatum IBT 14259 was
selected. The rest of the 10 strains (Table 3) were found to
produce known Monascus-like azaphilone pigments but
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none of the known mycotoxins such as rubratoxin, lute-
oskyrin, islanditoxin, rugulosin, cyclochlorotine, eryth-
roskyrin, emodin, spiculisporic acid, and rugulovasine A
and B associated with this group of fungi [9]. To the best
of our knowledge, the genes or the enzymes involved in
the biosynthesis of the above-mentioned mycotoxins are
not yet characterized.

New potentially safe fungal cell factories for the
production of Monascus-like pigments

Table 3 brings out 7 strains (2, 3, 4, 5, 6, 7 and 9 in Table
3) as novel producers of Monascus-like azaphilone
polyketide based pigments such as ankaflavin, monascin,
monascorubrin, monascorubramine, PP-R, N-glutaryl-
monascorubramine, and N-glutarylrubropunctamine
(Figure 5), in addition to the 3 strains (1, 8 and 10 in
Table 3) reported previously [5,33]. None of these strains
were found to produce any known mycotoxins in the
mentioned media and under the lab conditions of pig-
ment production. Notably four of the strains tested so far
(Table 3), have been found to produce extracellular pig-
ments in the liquid media with LECA as a solid support.
For the first time, N-glutarylmonascorubramine and N-
glutarylrubropunctamine; the two known water-soluble
Monascus-pigments were discovered in the extracellular
pigment extract obtained from the liquid medium (N1) of
P. purpurogenum IBT 11181 (Figure 6). The identity was
based on the UV-vis and mass spectra (Figure 6). N-glutar-
ylmonascorubramine was also discovered in the extracel-
lular pigment extract of P. purpurogenum IBT 3645
obtained from the liquid medium (N2) as shown in Fig-
ure 7.

Discussion

Chemotaxonomic selection/de-selection for potential
polyketide pigment producing ascomycetous fungi

The strains of the species in Table 1 and Table 2 are yet to
be investigated as potential production strains on differ-
ent solid and in liquid media. Some of them may be
promising as potentially safe cell factories for pigments
with an array of different colors indicating that a lot more
fungal biodiversity is yet to be explored for the discovery
of novel sources of natural colorants. Epicoccum nigrum
(Table 2) has been evaluated for pigment production [34],
and Penicillium herquei (Table 1) has been partially evalu-
ated (data unpublished). They could be potential cell fac-
tories for natural green-yellow to yellow colorants.
Biosynthetically, a majority of pigments produced by fila-
mentous fungi are polyketide-based (some may involve
polyketide-amino acid mixed biosynthesis) and involve
complex pathways catalysed by iterative type I polyketide
synthases as exemplified in case of pigments produced by
Monascus ruber [35]. A complete knowledge about the bio-
synthetic pathway of polyketide pigments including the
extensively studied Monascus pigments is not yet available.
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Table I: Comprehensive list of polyketide pigment producing Penicillium and Aspergillus species and their known teleomorphs.

Fungal species Pigment composition Major known mycotoxic BioSafety Level (BSL) Comment? Ref.
(colour). uncolored metabolites classification'[32]
Toxic colored
compounds in bold
Penicillium subgenus Penicillium
P. atramentosum  Uncharacterized dark brown Roquefortine C unknown No [10]
Rugulovasine A & B
P. atrosanguineum  Phoenicin (red) unknown unknown TBI [rn
Uncharacterized yellow and
red
P. atrovenetum Atrovenetin (yellow) beta-Nitropropionic acid unknown No [12]
Norherqueinone (red)
P. aurantiogriseum  Uncharacterized Nephrotoxic glycopeptides | No [10]
Penicillic acid
Verrucosidin
P. brevicompactum Xanthoepocin (yellow) Botryodiploidin | No [10]
Mycophenolic acid
P. chrysogenum Sorbicillins (yellow) Roquefortine C | No [10]
Xanthocillins (yellow)
P. citrinum Anthraquinones (yellow) | No [4]
Citrinin (yellow)
P. cyclopium Viomellein Penicillic acid unknown No [10]
(reddish-brown)
Xanthomegnin (orange)
P. discolor Uncharacterized Chaetoglobosin A, B & C unknown No [10]
P. echinulatum Uncharacterized (yellow) Territrems unknown No [10]
P. flavigenum Xanthocillins unknown unknown TBI [10]
P. freii Viomellein unknown No [10]
(reddish-brown)
Vioxanthin
Xanthomegnin (orange)
P. herquei Atrovenetin (yellow) unknown unknown Yes [13]
Herqueinones
(red and yellow)
P.oxalicum Arpink red™- unknown No [3,14]
anthraquinone derivative
(red)
Secalonic acid D (yellow)
P. paneum Uncharacterized (red) Botryodiploidin unknown No [10]
Patulin
Roquefortine C
P. persicinum Uncharacterized Roquefortine C unknown No [10]
(Cherry red)
P. viridicatum Viomellein Penicillic acid unknown No [10]
(reddish-brown) Viridic acid
Vioxanthin
Xanthomegnin (orange)
Talaromyces (anamorph Penicillium subgenus Biverticillium)
T. macrosporus Mitorubrin (yellow) Duclauxin unknown No [15]
Islanditoxin
P. aculeatum Uncharacterized unknown Yes [un- pub-lished]
P. crateriforme Uncharacterized Rubratoxin unknown No [16]
Rugulovasine A &B
Spiculisporic acid
P. funiculosum Uncharacterized unknown Yes [17]
P. islandicum Emodin (yellow) Cyclochlorotine unknown No [16]
Erythroskyrin Islanditoxin
(orange-red) Rugulosine

Luteoskyrin (yellow)
Skyrin (orange)

Rugulovasine A & B
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Table I: Comprehensive list of polyketide pigment producing Penicillium and Aspergillus species and their known teleomorphs.

P. marneffei Mitorubrinol
Monascorubramine
(purple-red)
Purpactin
Rubropunctatin (orange)

Secalonic acid D (yellow)

P. pinophilum Uncharacterized

P. purpurogenum  Mitorubrin (yellow)
Mitorubrinol (orange-red)
PP-R (purple red)

Purpurogenone
(yellow-orange)
P. rugulosum Rugulosin (yellow)
P. variabile Rugulosin (yellow)

Eurotium (anamorph Aspergillus subgenus Aspergillus)

E. amstelodami Auroglaucin (orange)
Erythroglaucin (red)
Flavoglaucin (yellow)
Physcion (yellow)

E. chevalieri Auroglaucin
Erythroglaucin
Flavoglaucin
Physcion (yellow)

E. herbariorum Aspergin (yellow)

Flavoglaucin (yellow)
Physcion (yellow)
Aspergillus section Circumdati

A. ochraceus Viomellein
(reddish-brown)
Vioxanthin
Xanthomegnin (orange)
A. melleus Rubrosulphin (red)

Viomellein
(reddish-brown)
Viopurpurin (purple)
Xanthomegnin (orange)
A. sulphureus Rubrosulphin (red)
Viomellein
(reddish-brown)
Viopurpurin (purple)
Xanthomegnin (orange)
A. westerdijkiae Rubrosulphin (red)
Viomellein
(reddish-brown)
Viopurpurin (purple)
Xanthomegnin (orange)
Aspergillus section Nigri
A. niger Flavioline (orange-red),

Nnaptho-y-pyrones (yellow)

A. sclerotioniger Uncharacterized yellow

Emericella (anamorph Aspergillus subgenus Nidulantes, section Nidulantes and section Versicolores)

Em. falconensis Falconensins C-H (yellow)
Falconensones (Yellow)
Zeorin (yellow)

Em. purpurea Epurpurins A-C (yellow)

A. versicolor Sterigmatocystin (yellow)

Echinulin

Echinulin

Echinulin

Ochratoxin A
Penicillic acid

Ochratoxin A
Penicillic acid

Fumonisins
Ochratoxin A
Ochratoxin A

unknown

unknown

3

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

No [un- published]
Yes [17]

Yes [5,16,18]
No [9,16]
No [9.16]
No [9]

No [9]

No [9]

No [19]

No [19]

No [19]

No [19]

No [20]

No [20]

TBI [21

TBI [22]

No [23]

I'BSL-1: saprobes or plant pathogens occupying non-vertebrate ecological niches, or commensals. Infections are coincidental, superficial, and non-

invasive or mild. BSL-3: pathogens potentially able to cause severe, deep mycoses in otherwise healthy patients.

2Keys to selection; Yes: preselected as a possible source of pigments, No: not selected as a possible source of pigments, TBI: to be investigated as

a possible source of pigments.

The a priori species-specific major pigment and/or toxic metabolite profiles and the BioSafety Level (BSL) classification of the fungal species are
highlighted and form the basis for selection/de-selection of the species as a potential source of pigment production.
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Table 2: Selected ascomycetous fungi and their species-specific polyketide pigment and/or toxic metabolite profiles.

Fungal species Pigment composition Major known

(colour). mycotoxic uncolored

BioSafety Level (BSL) Comment? Ref.
classification' [32]

Toxic colored
compounds in bold

metabolites

Fusarium acuminatum  Antibiotic Y (yellow) Enniatins unknown No [24]
Aurofusarin (red) Moniliformin
F. avenaceum Antibiotic Y (yellow) Enniatins unknown No [24]
Aurofusarin (red) Moniliformin
2-amino-14,16-di-
methyloctadecan-3-ol
F. culmorum Aurofusarin (red) Butenolide unknown No [24]
Fuscofusarin (yellow) Fusarin C
Rubrofusarin (red) Trichothecenes
Zearalenone
F. fujikuroi Bikaverin (red) Fumonisins No [25]
Norbikaverin (red) Fusaric acid
- Gibberellins
demethylanhydrofusarubi  Moniliformin
n (red)
F. graminearum Aurofusarin (red) Butenolide unknown No [24]
Rubrofusarin (red) Fusarin C
Trichothecenes
Zearalenone
F. oxysporum 2,7-dimehoxy-6- Fumonisins 2 No [25]
(acetoxyethyl)juglone Fusaric acid
(yellow) Moniliformin
Bikaverin (red)
Bostrycoidin (red)
Nectriafurone (yellow)
Norjavanicin (red)
O-methyl-6-
hydroxynorjavanicin
(yellow)
O-
methylanhydrofusarubin
(orange-red)
O-methylfusarubin (red)
O-methyljavanicin
F. poae Aurofusarin (red) Enniatins unknown No [24]
Fusarin C
Trichothecenes
F. sambucinum Aurofusarin (red) Trichothecenes unknown No [24]
F. solani Fusarubin (red) 2 No [25]
Isomarticins (red)
O-ethylfusarubin (red)
O-
methyldihydrofusarubin
(red)
F. sporotrichioides Aurofusarin (red) Enniatins unknown No [24]
Lycopene Trichothecenes
F. stilboides Antibiotic Y (yellow) Enniatins unknown No [un-published]
Aurofusarin (red)
Nectriafurone (yellow)
F. tricinctum Antibiotic Y (yellow) Fusarin C unknown No [24]
Aurofusarin (red) Moniliformin
F. venenatum Aurofusarin (red) Trichothecenes unknown No [24]
Rubrofusarin (red)
F. verticillioides Fusarubin Fumonisins unknown No [25]
O-demethylfusarubin Fusaric acid
O-methyljavanicin Moniliformin
O-methylsolaniol
(orange-red)
Alternaria dauci Uncharacterized (red) unknown | TBI [26]
Alt. porri Altersolanol A unknown | TBI [26]
(yellow-orange)
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Table 2: Selected ascomycetous fungi and their species-specific polyketide pigment and/or toxic metabolite profiles. (Continued)

Alt. solani Altersolanol A unknown
(yellow-orange)

Alt. tomatophila Altersolanol A unknown
(yellow-orange)

Cladosporium Calphostins A, B, C, D, unknown

cladosporioides (red)

Cordyceps unilateralis 3,5 8-TMON* (red) unknown
4-O-methyl

erythrostominone (red)
Deoxyerythrostominol
(red)
Deoxyerythrostominone
(red)
Epierythrostominol (red)
Erythrostominone (red)
Curvularia lunata Chrysophanol (red) unknown
Cynodontin (bronze)
Helminthosporin
(maroon)
Drechslera spp. Catenarin (red) unknown
Cynodontin (bronze)
Helminthosporin
(maroon)
Tritisporin
(redish-brown)
Epicoccum nigrum Carotenoids unknown
Chromanone (yellow)
Epicoccarines A & B
Epicocconone
(fluorescent yellow)
Epipyridone (red)
Flavipin (brown)
Isobenzofuran derivatives
(yellow to brown)
Orevactaene (yellow)

Paecilomyces sinclairii  Uncharacterized (red) unknown

Polyketide pigment producer of Asia

Monascus pilosus Citrinin (yellow)

M. purpureus Ankaflavin (yellow) Monascopyridine A & B
Citrinin (yellow)
Monascin

Monascorubramine
Monascorubrin
Rubropunctamine
(purple-red)
Rubropunctatin (orange)

M. ruber Ankaflavin (yellow)
Citrinin (yellow)
Monascin

Monascorubramine
Monascorubrin
Rubropunctamine
(purple-red)
Rubropunctatin (orange)

unknown

unknown

unknown

unknown

unknown

TBI

TBI

TBI

TBI

TBI

TBI

Yes

TBI

Banned in the EU &
the US
Banned in the EU &
the US

Banned in the EU &
the US

[26]
[26]
[29]

[30]

(4]

(4]

[5,27,28]

31
[e]
[e]

[e]

I'BSL-1: saprobes or plant pathogens occupying non-vertebrate ecological niches, or commensals. Infections are coincidental, superficial, and non-
invasive or mild. BSL-2: Species principally occupying non-vertebrate ecological niches, but with a relatively pronounced ability to survive in
vertebrate tissue. In severely immuno-compromised patients they may cause deep opportunistic mycoses. Also pathogens causing superficial

infections are in this category.

2Keys to selection; Yes: preselected as a possible source of pigments, No: not selected as a possible source of pigments, TBI: to be investigated as

a possible source of pigments.

The a priori major metabolite profiles and the BioSafety Level (BSL) classification of the fungal species are highlighted and form the basis for

selection/de-selection of the species as a potential source of pigment production.
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Table 3: Potentially safe and toxin-free cell factories belonging to Penicillium subgenus Biverticillium that produce Monascus-like

pigments.

Fungal species IBT Culture Other culture

Source of isolation Pigments identified

Known mycotoxins

Serial No. Collection # collection #
Penicillium
purpurogenum
I. 11180!2 - Unknown Monascorubramine3, PP-R!3 None
2. 1118I2 CBS 123796 Pepper fruit N-glutarylrubropunctamine# None
N-glutarylmonascorubramine#
3. 21347 - Human saliva PP-R5> None
4. 23082 RMF 81.01 Soil PP-R3 None
5. 36452 IM1 90178 Unknown N-glutarylmonascorubramineé  None
6. 39672 NRRL | 147 Unknown Monascorubramine’ None
Monascin
Penicillium aculeatum
7. 14259 NRRL 2129 Weathering fabric Monascorubrin> None
8. 14263! FRR 1802 Soil Monascorubrin!3 None
Xanthomonasin Al3
Threonine derivative of
rubropunctatin'?
Penicillium funiculosum
9. 3954 NRRL 2119 Unknown Ankaflavin8 None
Penicillium pinophilum
10. 13104! ATCC 9644 Radio set Monascorubrin!3 None

IPreviously reported [5,33]; 2 Tested for the pigment producing ability in the liquid media and was positive; 30n YES Agar; 4In M1 liquid medium; 3

On CYA agar; ¢ In M2 liquid medium; 7 On OAT agar; 8 On MEA agar.

Also, genomic approaches of selection of potential
polyketide pigment producers may not be useful at this
point of time when none of the fungal polyketide pigment
producers are fully genome sequenced yet. Moreover, the
problem of annotating correct gene sequences is not to be
overlooked especially due to the variation in the domain
of polyketide synthases; two or more polyketide synthases
are involved in the biosynthesis of such complex second-
ary metabolites as pigments. Chemotaxonomy uses sec-
ondary metabolite profiles of filamentous fungi as the
secondary metabolites have a differentiation capability at
a genus and species level [36]. This has been used success-
fully and resulted in a lot of a priori knowledge about fila-
mentous fungi - their bio- and chemical diversity,
ecological niche, the species-specific metabolite profiles,
and optimal media and growth conditions for secondary
metabolites (including pigments) production [37]. Phyl-
ogeny as a taxonomic tool, whereby the partial sequences
of the household genes such as B-tubulin are used, on the
other hand, cannot predict the functional trait of the
organisms as described by Samson et al. [38]. Therefore,
chemotaxonomic selection would form an essential ele-
ment of high throughput screening programmes as the
use of a priori knowledge of species-specific metabolite/
pigment and/or mycotoxin profiles ensures a quick and
efficient way of selecting potentially safe pigment produc-
ers from a vast bio- and chemodiversity of filamentous
fungi. The purpose of the present work was to demon-

strate the chemotaxonomic selection and de-selection
approach in the pigment producing fungi whereby spe-
cific mycotoxin production was shown in the producer or
the non-producer in addition to the a priori knowledge of
their mycotoxin and pigment profile. Thus, the starting
point of our selection approach was the use of chemotax-
onomic knowledge about the polyketide pigment produc-
ing fungi (Table 1 and Table 2). We used this as a key to
show that only a handful of pigment producers are worth
exploring as potentially safe fungal cell factories for
polyketide pigment production (Table 3). The LC-DAD-
MS was successfully used as a powerful tool to check the
presence or the absence of mycotoxins using authentic
standard in the run and to identify pigments based on UV-
vis and mass spectra. Since, pigments have characteristic
UV-vis spectra, the use of UV-vis spectra in the identifica-
tion and de-replication was shown to be quite handy. The
two examples (Figure 2, Figure 3 and Figure 4), not only
demonstrated our chemotaxonomic selection/de-selec-
tion approach but also proved the use of LC-DAD-MS as
an efficient chemotaxonomic tool. To the best of our
knowledge, this unique and rational approach is not yet
demonstrated as a selection criterion for fungal cell facto-
ries. Thus, it signifies our findings to emphasize on the
appropriate use of chemotaxonomy in the discovery of
novel and potentially safe cell factories for the industrially
useful polyketides including pigments for food use. How-
ever, the toxicological studies are still imperative for the
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Figure |

Penicillium purpurogenum IBT 11180 on YES agar
after 7 days of incubation showing extracellular pig-
ment production.

final approval of the product and the process that would
entail the use of these pre-selected potentially safe cell fac-
tories especially for the food use.

New potentially safe fungal cell factories for the
production of Monascus-like pigments

Several of the already known Monascus-like pigments
(Table 3, Figure 4 and Figure 5) were identified in Penicil-
lium species that do not produce any known mycotoxins
when grown under the laboratory conditions used in this
study. It could be noted that these Penicillia are closely
related according to Raper and Thom [39], and Pitt [40]
and that they are also closely related according to phylo-
genetic principles [41] but distantly related to Monascus
species.

The production of extracellular pigments by some of the
tested cell factories in the liquid media using a solid sup-
port has added to the value of these cell factories as future
production strains. N-glutarylmonascorubramine and N-
glutarylrubropunctamine have been reported as water-
soluble extracellular pigments of Monascus ruber [42-44].
The identification of N-glutarylmonascorubramine was
based on mass and UV-vis spectra that matched quite well
with the previous reports [42,44]. The mass spectra of N-
glutarylrubropunctamine matched very well with the one
reported by Hajjaj et al. [44]. The UV-vis spectrum of N-
glutarylrubropunctamine was very similar to that of N-
glutarylmonascorubramine as the two compounds dif-

http://www.microbialcellfactories.com/content/8/1/24
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Figure 2

Chromatograms of rugulovasine A and B and pig-
ment extracts of Penicillium crateriforme. The extracted
ion chromatograms (m/z 269.12) of standard rugulovasine A
and B and pigment extracts of P.crateriforme IBT 5015 grown
on 5 different solid agar media depict the presence of rugu-
lovasine A and B with its mass spectrum. 2A, standard rugu-
lovasine A and B; 2B, pigment extract from CYA; 2C,
pigment extract from MEA; 2D, pigment extract from PD;
2E, pigment extract from OAT; 2F, pigment extract from
YES.

fered only in their aliphatic side chain. Multiple extracel-
lular pigments (Figure 6 and Figure 7) were formed from
a complex nitrogen source such as yeast extract (as in case
of N1 medium) or a combination of such complex nitro-
gen sources as corn steep liquor and yeast extract (as in
case of N2 medium) and rubropunctatin and/or monas-
corubrin in the media possibly by Schiff base formation
type of reaction mechanism. This mechanism was
reported previously [42,44] for the formation of these
water soluble pigments from their counter parts which are
aminophilic in nature being azaphilones. Hajjaj et al. [44]
reported the formation of 4 pigment molecules that con-
stituted 91% of the pigment production when only one
nitrogen source (monosodium glutamate) in the medium
was used with 20 g/L glucose. Our results indicate forma-
tion of much more than 4 pigment components for both
of the tested Penicillia (Figure 6 and Figure 7) possibly
due to the availability of several amino acids from the
complex nitrogen source/s provided in the media. Thus,
in the future it is possible to obtain desired number of pig-
ment components by using defined nitrogen sources that
would provide specific amino acid/s moiety to be incor-
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Figure 3

Chromatograms of rugulovasine A and B and pig-
ment extracts of Penicillium aculeatum. The extracted
ion chromatograms (m/z 269.12) of standard rugulovasine A
and B and pigment extracts of P. aculeatum IBT 14259 grown
on 5 different solid agar media depict the absence of rugu-
lovasine A and B with its mass spectrum. 3A, standard rugu-
lovasine A and B; 3B, pigment extract from YES; 3C, pigment
extract from PD; 3D, pigment extract from OAT; 3E, pig-
ment extract from MEA; 3F, pigment extract from CYA.

porated into the azaphilone pigments to form water solu-
ble extracellular pigments. As these water soluble
extracellular pigments are more stable than their orange
counterparts [45], this is very significant for the biotech-
nological production of such natural colorants in these
newly discovered cell factories Thus it can be inferred that
the discovery of such potentially safe cell factories for
polyketide natural food colorants using chemotaxonomic
approach is a milestone that would redefine the biotech-
nological production of food colorants derived from such
an agro-independent source of colorants as filamentous
fungi. Moreover, this also can tackle the current issue of
restricted use of Monascus pigments due to the co-produc-
tion of toxic metabolites.

Conclusion

In conclusion, we have shown that the use of chemotaxo-
nomic tools and a priori knowledge of fungal extrolites is
a rational approach towards selection of potentially safe
polyketide natural colorant producing fungal cell factories
considering the enormous chemical diversity and biodi-
versity of ascomycetous fungi. This approach could be

http://www.microbialcellfactories.com/content/8/1/24
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Figure 4

Chromatograms of monascorubrin and pigment
extracts of Penicillium aculeatum and Penicillium cra-
teriforme. The extracted ion chromatogram (m/z 383.19) of
standard monascorubrin and pigment extracts of P. aculeatum
IBT 14259 and P. crateriforme IBT 5015 on CYA depict the
presence of monascorubrin with its mass spectrum. Bottom
panel A, standard monascorubrin; B, pigment extract of P.
crateriforme IBT 5015 on CYA; Bl, mass spectrum of monas-
corubrin. Top panel C, pigment extract of P. aculeatum IBT
14259 on CYA; CI, mass spectrum of monascorubrin; D,
standard monascorubrin.

very handy for the selection of potentially safe fungal cell
factories not only for polyketide pigments but also for the
other industrially important polyketides; the molecular
and genetic basis for the biosynthesis of which has not yet
been examined in detail. In addition, 4 out of the 10
chemotaxonomically selected promising Penicillium
strains were shown to produce extracellular pigments in
the liquid media using a solid support; two of the pig-
ments were identified as Monascus pigment derivatives N-
glutarylrubropunctamine and N-glutarylmonascoru-
bramine, by means of LC-DAD-MS chromatography.
Work is underway for the evaluation of a few of these
promising cell factories for the controlled and robust pro-
duction of such polyketide natural food colorants.

Methods

Pre-selection of fungi, media, and cultivation conditions
All fungal isolates used in this study were procured from
the IBT Culture Collection at Center for Microbial Bio-
technology, Technical University of Denmark, Kgs. Lyn-
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Ankaflavin (C23H3005, 38648) Monascin (C21H2605, 35843)

CHj

PP-R; 7-(2-Hydroxyethyl)-monascorubramine N-glutarylmonascorubramine

(C25H31NOs, 426.23) (Cy3H33NOs, 511.23)

H;C

N-glutarylrubropunctamine (C2sH29NOs, 483.20)

Figure 5
Structures of the pigments detected and identified in the present study. Formula and calculated nominal masses are
shown in the parentheses.
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Presence of N-glutarylmonascorubramine and N-glutarylrubropunctamine in the extracellular pigment
extract of Penicillium purpurogenum IBT | 1181. The strain was grown in N1 liquid medium with LECA as a solid support.
Total ion chromatogram (m/z 100-900), on X-axis time is shown, and on Y-axis % of the ion count (A), and UV-vis chromato-
gram at 390-700 nm, on X-axis time is shown, and on Y-axis % of the sum of the absorbencies, a relative value (B), mass spec-
trum (Al) and UV-vis spectrum of N-glutarylmonascorubramine (BI), mass spectrum (A2) and UV-vis spectrum of N-

glutarylrubropunctamine (B2).

gby, Denmark. The fungal isolates were listed by the IBT
numbers. Penicillium aculeatum IBT 14259 and P. crateri-
forme IBT 5015 was cultivated on five different solid
media viz; Yeast extract sucrose (YES) agar; Malt extract
agar (MEA), Oatmeal (OAT) agar, Potato dextrose (PD)
agar and Czapek-Dox yeast autolysate (CYA) agar [46].
The cultures were incubated in the dark at 25 °C for 7 days.

For the liquid media with the solid support, CZ medium
[46] with 0.5% yeast extract (designated as N1) was used
in case of Penicillium purpurogenum IBT 11181. N2
medium; where the basal medium was kept the same as in
CZ medium except that the carbon sources and nitrogen
sources were (g/L): potato starch, 2.75; lactose, 5.5;
ammonium nitrate, 1.55; corn steep liquor, 1.55, was
used for Penicillium purpurogenum IBT 3645. The initial pH
of the medium was adjusted to 5.5 using 0.1 M HCI.
Approximately 8-9 grams of Light Expanded Clay Aggre-
gates (LECA) were used as solid support retained within a
tea paper filter (Schur Inventure A/S, Vejle, Denmark,

extra fine pores capacity 16.5 g/m?, locally purchased)
and sterilized by autoclaving. Spores harvested from a
week old culture plate (CYA) with a concentration (3 x
10°/ml) were inoculated directly onto the LECA con-
tained within the tea filter, which was then transferred
into 300 ml baffled Erlenmeyer culture flasks comprising
100 mL of the N1 or N2 media. The experiment was per-
formed in duplicate. The cultures were incubated at 25°C
in the dark under shaking conditions (120 rpm).

Extraction of fungal pigments

In case of solid media, extraction was carried out by a
modified version of the micro-scale extraction method
[47], where 6 mm plugs were extracted ultrasonically with
solvent containing ethyl acetate, dichloromethane, and
methanol in a ratio of 3:2:1 (v/v/v) with 1% formic acid.
The extract was evaporated to dryness in a rotational vac-
uum concentrator (RVC; Christ Martin, Osterode, Ger-
many). Residue was re-dissolved in 400 pL methanol, in
an ultrasonic bath (Branson 2510, Kell-Strom, Wethers-
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N-glutarylmonascorubramine
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Figure 7

Presence of N-glutarylmonascorubramine in the extracellular pigment extract of Penicillium purpurogenum
IBT 3645. The strain was grown in N2 liquid medium with LECA as a solid support. Total ion chromatogram (m/z 100-900),
on X-axis time is shown, and on Y-axis % of the ion count (C), and UV-vis chromatogram at 390-700 nm, on X-axis time is
shown, and on Y-axis % of the sum of the absorbencies, a relative value (D), mass spectrum (CI) and UV-vis spectrum of N-

glutarylmonascorubramine (D1).

field, USA) for 10 minutes, and filtered through a 0.45 pm
PTFE syringe filter (SRI, Eatontown, New Jersey, USA).
This extract was used for chromatographic analysis.

In case of liquid media with solid support, after 7 days of
incubation the tea filter comprising the majority of the
fungal biomass adhered to LECA was removed from the
flask and the fermentation broth containing extracellular
pigments was filtered through Whatman filter paper # 1 to
remove the residual biomass.

Evaluation of pigment composition from the fermentation
broth

The filtrate was subject to clean-up by solid phase extrac-
tion Strata-X-C 33 pm cation mixed mode polymer col-
umns (60 mg 1 mL, Phenomenex, Torrence, California,
USA). 1.2 mL of methanol was used for conditioning fol-
lowed by 1.2 mL of distilled water for calibration. 1.2 mL
of samples, acidified with 0.1% phosphoric acid (1: 6 v/v)
were loaded in a vacuum manifold, and washed with
0.1% phosphoric acid. Elution of the pigment mixture,
bound in the matrix of the cartridges, was carried out
using methanol which could elute neutral and acidic com-
ponents. The pigment extract so obtained was subjected to
high resolution LC-DAD-MS analysis.

Chromatographic analysis

High-resolution LC-DAD-MS was performed on an Agi-
lent HP 1100 liquid chromatograph (LC) system with a
photodiode array detector (DAD) and a 50 x 2 mm i.d., 3
pm, Luna C,g4 II column (Phenomenex, Torrance, CA).

The LC system was coupled to a LCT orthogonal time-of-
flight mass spectrometer (Waters-Micromass, Manchester,
U.K.) with a Z-spray electrospray ionization (ESI) source,
and a LockSpray probe and controlled by the MassLynx
4.0 software. MS system was operated in the positive ESI
mode using a water-acetonitrile gradient system starting
from 15% acetonitrile, which was increased linearly to
100% in 20 minutes with a holding time of 5 minutes.
The water was buffered with 10 mM ammonium formate
and 20 mM formic acid and the acetonitrile with 20 mM
formic acid. The instrument was tuned to a resolution >
7000 (at half peak height). The method is well established
at our research center for the metabolite profiling of fila-
mentous fungi grown on solid media. It is described by
Nielsen et al. [48].

For the extracellular pigments extracted from the liquid
media, the solvent system used was water with 0.1% for-
mic acid and acetonitrile with 0.1% formic acid. The gra-
dient started from 5% acetonitrile and increased to 100%
in 20 minutes and was hold at 100% for 2 minutes. The
MS conditions were the same as mentioned earlier.

Analysis of LC-DAD-MS Data

The coloured components in the pigment extract were
detected in the UV-vis chromatogram of 390-700 nm.
The identification of N-glutarylmonascorubramine and
N-glutarylrubropunctamine was based on both UV-vis
and mass spectra from total ion chromatogram (m/z 100-
900) from positive ion electro spray. The UV-vis spectrum
was obtained after background subtraction. The DAD-MS
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data for N-glutarylmonascorubramine and N-glutarylru-
bropunctamine is shown below:

N-glutarylmonascorubramine was detected as m/z 512.23
[M + H]*and confirmed by the adducts m/z 534.22 [M +
Na]+ and m/z 575.26 [M + Na + CH5;CN]*. The UV-vis
spectrum was A, 212, with a shoulder at 272, 420 and
504.

N-glutarylrubropunctamine was detected as m/z 484.20
[M + H]*and confirmed by the adducts m/z 506.21 [M +
Na]+ and m/z 547.22 [M + Na + CH5;CN]*. The UV-vis
spectrum was A ... 200, 250, 274, 430 and 522.

max-*
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