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Filamentous ascomycetes fungi  
as a source of natural pigments
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Abstract 

Filamentous fungi, including the ascomycetes Monascus, Fusarium, Penicillium and Neurospora, are being explored as 
novel sources of natural pigments with biological functionality for food, feed and cosmetic applications. Such edible 
fungi can be used in biorefineries for the production of ethanol, animal feed and pigments from waste sources. The 
present review gathers insights on fungal pigment production covering biosynthetic pathways and stimulatory 
factors (oxidative stress, light, pH, nitrogen and carbon sources, temperature, co-factors, surfactants, oxygen, tricar-
boxylic acid intermediates and morphology) in addition to pigment extraction, analysis and identification methods. 
Pigmentation is commonly regarded as the output of secondary protective mechanisms against oxidative stress and 
light. Although several studies have examined pigmentation in Monascus spp., research gaps exist in the investiga-
tion of interactions among factors as well as process development on larger scales under submerged and solid-state 
fermentation. Currently, research on pigmentation in Neurospora spp. is at its infancy, but the increasing interest for 
biorefineries shows potential for booming research in this area.
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Background
For a long time, filamentous fungi have been used for the 
industrial production of commercially relevant products, 
including enzymes, antibiotics, feed products, and many 
others [1]. The biorefinery concept, i.e., converting sub-
strates to value-added products, is widely accepted within 
the research community. Therefore, research towards the 
diversification of established and future facilities for the 
production of numerous novel and valuable products as 
well as by-products through fermentation is presently a 
hot topic. First-generation ethanol plants are good exam-
ples where side stream products are utilized to supple-
ment already existing products (e.g., ethanol, animal 
feed and  CO2) by producing substances such as organic 
acids, enzymes, ethanol, biomass for food and/or feed 
applications, and pigments [1]. In particular, the interest 
for fermentation-derived pigments in the food and feed 
industry has increased in recent years [2]. This interest in 
food-grade pigments is because of the pigments’ ability to 

enhance the products’ natural color in order to indicate 
freshness, appearance, safety, and sometimes even to add 
a novel sensory aspect to attract consumers [3, 4].

Producing pigments from filamentous fungi has great 
potential [2, 4, 5], not only as an added-value product 
for biorefineries but also as an alternative to synthetic or 
other natural pigments that have limitations [6–8]. The 
increasing demand for pigments of natural origin, par-
ticularly in the food sector [9, 10], further increases the 
interest to investigate filamentous fungi as potential pig-
ment producers. To improve the chances of the pigments 
and biomass being free from mycotoxins (toxins of fungal 
origin [11]), particular interest has been taken in edible 
filamentous fungi that have been used in traditional food 
products and that can naturally synthesize and secrete 
pigments. Figure  1 presents an overview of the sources 
of natural pigments, highlighting the main focus of this 
review.

A few strains of ascomycetes filamentous fungi being 
considered as potential pigment producers include, some 
strains of Talaromyces (e.g., T. purpurogenus and T. atro-
roseus producing red pigments), Cordyceps unilateralis 
(deep blood red pigment) [15], Herpotrichia rhodosticta 

Open Access

Fungal Biology and
Biotechnology

*Correspondence:  rebecca.gmoser@hb.se 
2 University of Borås, Allégatan 1, 503 32 Borås, Sweden
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40694-017-0033-2&domain=pdf


Page 2 of 25Gmoser et al. Fungal Biol Biotechnol  (2017) 4:4 

(orange), Curvularia lunata and several species of 
Drechslera (many different pigments). Strains of these 
species are promising because they are non-mycotoxi-
genic and non-pathogenic to humans. Nevertheless, the 
individual mycotoxin profiles of these strains remain to 
be explored [12]. Some other pigment producing fungi 
for their use in the production of potential food colorants 
are species of Eurotium and Fusarium oxysporum (yellow 
and red pigments, respectively) [13], Fusarium fujikuroi 
(red [16] and orange pigments [17]) and strains of Peni-
cillium [13] such as P. citrinum, P. islandicum [5], P. acu-
leatum and P. pinophilum [5]. However, several species of 
Penicillium are able to produce known toxic metabolites 
[5] and Eurotium spp. and F. oxysporum have been shown 
to produce mycotoxins as well. The potential produc-
tion of mycotoxins is a major problem which limits the 
commercial application of these strains of fungi [4]. This 
problem, together with the increasing demand for natu-
ral coloring alternatives from both customers and regula-
tors [4], has triggered investigations and screens for other 
potential pigment-producing genera of fungi.

After more than two centuries of research, Neurospora 
spp. have been generally recognized as safe (GRAS) [18] 
with no record of mycotoxin production [1], and thus 
considered safe for animal and human consumption [19]. 
This fungus is able to grow rapidly on various types of 
substrates [20], such as industrial residuals and lignocellu-
lose, to produce ethanol, biomass, and pigments. Particu-
larly, the ascomycete N. intermedia, used for preparation 
of the Indonesian food oncom, has recently been reported 
as a potential biomass and ethanol producer from waste 
streams of the industrial process of ethanol production 
from agricultural grains [1, 21]. However, despite ongoing 
research and the availability of microorganism-derived 

pigments, little is known about the production of pig-
ments by N. intermedia [6, 9]. Since Neurospora species 
are able to accumulate orange pigments, other species of 
Neurospora such as Neurospora crassa, which is geneti-
cally and biochemically one of the most well-studied 
eukaryotic microorganisms [22], have been investigated 
more extensively regarding the biosynthesis of carot-
enoids and its regulation [17, 23–25]. N. crassa accumu-
lates a mixture of carotenoid pigments such as γ-carotene 
and neurosporaxanthin [6, 7], the latter carotenoid acid 
has also been isolated from Neurospora sitophila [8].

Several factors have been reported to influence pig-
ment production in ascomycetes [26], although stud-
ies on most, if not all, of the mentioned factors are still 
scarce and superficial. Moreover, even though a great 
deal of research is available on pigment production by 
Monascus spp. and Fusarium spp., information on the 
performance of the process using both submerged and 
solid-state fermentation on a larger scale is missing. A 
deeper understanding and better overview of the factors 
influencing pigment production, particularly in Neuros-
pora as well as in Monascus and Fusarium spp., is thus 
desired in order to optimize the process.

The present review gathers available research on pig-
ment production by Neurospora species. It identifies 
main research gaps and consequently provides future 
research avenues and main challenges towards the use of 
Neurospora spp. for the production of pigments.

Filamentous ascomycetes fungi as pigment 
producers
Filamentous ascomycetes fungi are known to produce an 
extraordinary range of colors. There are a wide selection 
of non-pathogenic strains of filamentous fungi that are 
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Yeast Bacteria Filamentous 
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Fig. 1 Overview of some sources that can be used for extraction of synthetic or natural-origin pigments [12–14]
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non-toxin producers and can be used as potential sources 
of natural food colorants with improved functional-
ity [7]. The ability of these fungi to grow on residuals of 
different complexity (e.g., starch-based, lignocellulose-
based residuals) is well-documented, showing versatility 
regarding different processes that can be built around the 
ascomycetes fungi [1]. Unlike the use of pigments from 
vegetables and fruits, the cultivation of ascomycetes does 
not compete with agricultural land for food production, 
and therefore, the synthesis of pigments is faster due to 
time-efficient and simple fermentation processes [7, 27]. 
The fermentation processes generate high yields of bio-
mass together with value-added products such as pig-
ments, organic acids and alcohols [1].

Regarding pigment production from ascomycetes, even 
though there is much research on the factors that influ-
ence pigmentation in Monascus spp. [2, 13, 26, 28–31] 
and to some extend for Fusarium spp. [32–35], the corre-
lations between the factors are still not fully understood 
[26]. It is likely that a variety of factors with a complex 
interplay are involved and that they vary among species. 
Research using N. intermedia for pigment production is 
limited to only a few studies [6, 9, 36]. Moreover, simi-
lar to the research with Monascus, studies on large-scale 
production are nonexistent in the literature [26]. Thus, 
the specific culture conditions that induce pigment pro-
duction and their properties and the link between dif-
ferent pigments and the level and activity of carotenoid 
biosynthetic enzymes are not well understood. The phys-
icochemical properties of pigments are further discussed 
in the review by Priatni [37]. The available information on 
pigment-producing Neurospora spp. has been compiled 
in Table  1, including fermentation mode and extraction 
solvent for the produced pigments, along with the pig-
ment concentration.

The diverse classes of pigments synthesized and 
secreted by ascomycetes are commonly reported as sec-
ondary metabolites [22] of both known and unknown 
functions [5]. Pigments are generally produced in the cell 
cytoplasm as a response to disadvantageous environmen-
tal conditions, such as nutrient limitation [7, 41], and this 
process is controlled by a complex regulatory network. 
Different pigments help to improve fungal survival; for 
example, carotenoids protect against harmful ultravio-
let radiation and light (lethal photooxidation), melanins 
protect against environmental stress, and flavins serve as 
cofactors in enzyme catalysis [12]. Pigments produced by 
filamentous fungi include melanins (dihydroxynaphtha-
lene melanin; a complex aggregate of polyketides), phen-
azines, flavins (riboflavin), quinones (anthraquinones, 
naphthaquinones and azaphilones) and carotenoids [2, 
12]. Generally, these pigments are chemically classified 
as either carotenoids or polyketides [5] based on different 

biosynthetic pathways. Monascus spp. pigments are gen-
erally produced through the polyketide pathway with 
some related routes from other pathways such as fatty 
acid biosynthesis [5, 42], whereas N. intermedia pigments 
are produced through the carotenoid biosynthetic path-
way [6]. Monascus spp. are usually used as model fungi 
for polyketide biosynthesis. However, due to the complex 
pathways involved, there is only rudimentary knowledge 
about the polyketide pigment regulation. Fusarium spp. 
produces both polyketides (e.g., the polyketide-derived 
pigment bikaverins) and carotenoids (e.g., neurosporax-
anthin) [32]. Polyketides do not seem to be produced in 
Neurospora  spp. [43]. Figure  2 illustrates the different 
pathways involved in polyketide and carotenoid fungal 
pigment production in broad terms. Carotenoids are 
yellow to orange-red pigments that are widely used as 
food colorants. They are produced mainly by microbes 
belonging to Myxococcus, Streptomyces, Mycobacterium, 
Agrobacterium and Sulfolobus [3].

Carotenoids belong to the subfamily of isoprenoids, 
which include a large and diverse class of naturally occur-
ring chemicals [46]. As members of isoprenoids [47], 
these molecules are derived from eight  C5 isoprene units 
and contain 40 carbon units. Based on their molecular 
structures, carotenoids are therefore further split into 
two divisions: carotenes and xanthophylls. Carotenes are 
hydrocarbons, while xanthophylls are derivatives con-
taining oxygen in various functional groups in otherwise 
similar structures to that of carotenes [24, 48]. Examples 
of some common carotenoid structures are presented in 
Fig. 3 [14, 25, 37].

Most of the Neurospora spp. have been identified in 
tropical and subtropical areas in the world and, to some 
extent, in temperate areas of western North America and 
Europe as well [49, 50]. Five species of Neurospora were 
identified in Europe, namely, N. crassa, N. discreta, N. 
intermedia, N. sitophila and N. tetrasperma. These strains 
are similar in morphology, and the color of their conidia 
are orange or yellow-orange caused by the different types 
of carotenoids. N. crassa is the most well-known. Most 
attempts to increase its carotenoid production has been 
carried out through photoinduction [51, 52]. Since the 
carotenoid biosynthetic pathway of N. intermedia is com-
parable to that of N. crassa [53] and F. fujikuroi [14, 54], 
studies using these fungi are also of interest.

Carotenoids
Carotenoids are among the most common of all natu-
ral pigments on the market [46], and among them, 
β-carotene, lycopene, astaxanthin, canthaxanthin, lutein, 
and capxanthin have been exploited commercially 
(Fig.  3) [8]. Carotenoids are usually extracted from car-
rots, citrus peels, tomatoes, and algae [6]. Bacteria and 
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carotenogenic species of fungi can also produce them. It 
is the conjugated double bond system in the carotenoid 
structure that acts as the chromophore for wavelength-
selective (light) absorption, giving these compounds 
an attractive bright yellow to red color. The absorbed 
energy leads to electron excitation and changes in orbital 
occupancy, local bonding, and charge distribution. The 
non-absorbed light is transmitted and/or reflected to be 
captured by the eye [44]. Each desaturated reaction shifts 
the absorption maxima towards longer wavelengths 
resulting in different yellow to red colors of carotenoids 
[14]. The double bonds in the carotenoid structure can 
exist in trans and cis, but in nature, they are generally in 
all-trans form [55]. The transformation from trans to cis 
can be done by acid, heat, oxygen and exposure to light 

[56]. Nevertheless, the shift from an all-trans arrange-
ment to cis only results in a minor loss in color strength 
and hue [55].

Similar to other metabolites, carotenoids have eco-
logical functions and are of value to the fungi. For exam-
ple, as mentioned before, they can protect against lethal 
photooxidation [12]. Sterols, dolichols, and ubiquinones 
fulfill essential cell functions, while secondary carot-
enoids, such as astaxanthin and canthaxanthin, are accu-
mulated as a response to environmental stress [46]. For 
example, they can be integrated into the cell membrane 
to improve its fluidity under high or low temperatures, 
high light conditions, or when the lipids become more 
unsaturated. Furthermore, carotenoids serve as precur-
sors of several physiologically important compounds in 
fungi, such as apocarotenoids (e.g., the fungal phero-
mone trisporic acid), which are synthesized through the 
oxidative cleavage of carotenoids. Neurospora is one of 
the carotenogenic genus of fungi, producing a mixture of 
carotenoid and apocarotenoid pigments. The major com-
ponent of the carotenoids produced by Neurospora is the 
 C35-apocarotenic acid, neurosporaxanthin (see Fig. 3) [14, 
47]. The closely related filamentous fungus F. fujikuroi is 
also known to synthesis neurosporaxanthin, and have 
contributed extensively to a better understanding of the 
neurosporaxanthin pathway and its regulation [35, 57].

Carotenoid biosynthesis
There is a limited amount of knowledge on the regulation 
of carotenoid biosynthesis, accumulation, and storage in 
filamentous fungi. Studies covering this area have only 
resulted in hypotheses and further research to explain 
the regulation on a cellular level is required. It has been 
proposed that genes encoding enzymes involved in iso-
prenoid and carotenoid biosynthesis are subjected to 
positive and negative feedback regulatory processes. Sev-
eral of these molecules are able to mediate signaling pro-
cesses in order to attain a balanced supply of precursors 
and assure the adjustment of biosynthesis in response to 
developmental and environmental cues [58]. It has been 
hypothesized that the genes are silent under optimal cul-
ture conditions and only activated under certain condi-
tions [13]. Even though the molecular mechanisms are 
awaiting a more detailed understanding, the carotenoid 
biosynthesis process is undoubtedly influenced by cul-
ture conditions, and can therefore be optimized [13].

Fig. 3 Chemical structures of some common carotenoids found in 
microorganisms that are also of economic value [8] as well as the 
structure of the carotenoid acid neurosporaxanthin [22]

(See figure on previous page.) 
Fig. 2 a Structure of polyketide pigments followed by two examples of some classes of fungal polyketide pigments. Acetyl-CoA serves as a build-
ing block, condensation of acetyl unit with malonyl units and simultaneously decarboxylation result in polycarbonyl compounds that serve as 
substrates for various cyclases that produce aromatic compounds. b General carotenoid structure followed by two examples of a carotene and a 
xanthophyll carotenoid [5, 44, 45]
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Fig. 4 The possible carotenoid biosynthetic pathway of Neurospora 
crassa. The gene products/enzymes responsible for each enzymatic 
reaction are indicated. Site of chemical changes from precursor 
molecules are shaded. Molecular groups that distinguish xanthophylls 
from carotenes are marked with red circles. The pigments found in N. 
intermedia N-1 are presented in boxes

▸

It is known that filamentous fungi are able to sense and 
respond to external signals, such as environmental stress. 
Heterotrimeric G proteins (G proteins) are key signaling 
elements that communicate external signals to the cells, 
triggering the upstream regulation of fungal secondary 
metabolites (e.g., carotenoids) as a response [59]. The lev-
els and activities of carotenoid biosynthetic enzymes and 
the total carbon flux through the synthesizing system are 
also important stimuli [46]. These carotenoid molecules 
are hydrophobic, and they can generally be found in lipid 
globules and the endoplasmic reticulum membranes. 
Accordingly, the enzymes involved in carotenogenesis are 
membrane-bound. However, the regulatory mechanisms 
controlling the cell compartment where carotenoids are 
synthesized or stored are still unknown for the Neuros-
pora spp. [14]. Structural properties and biosynthesis 
aspects of carotenoids focusing on Neurospora spp. are 
available in a review by Priatni [37].

 The genes encoding the enzymes involved in carote-
noid biosynthesis have been biochemically investigated 
[14]. N. crassa have been used, along with F. fujikuroi 
that has a similar carotenoid pathway as N. crassa [60], 
as a research model to investigate the carotenoid bio-
synthesis and researcher have made discoveries on the 
regulation of pigment biosynthesis by using Fusarium 
species [61]. Acetyl-CoA has been suggested to have 
an impact on the production of secondary metabo-
lites, such as pigments, by being a primary precursor, 
depending on the available enzyme pool [59]. Fig-
ures 4, 5 and 6 show the carotenoid biosynthetic path-
way of Neurospora spp. initiated via the mevalonate 
pathway that leads to the synthesis of short, five-car-
bon isoprenoid precursors. The isoprenoid biosynthe-
sis pathway is common for all carotenoids. In addition, 
the last steps in Figs. 4, 5 and 6 present the caroteno-
genic pathway in N. crassa. It has been suggested that 
the biosynthesis pathway in N. intermedia is similar to 
that in N. crassa [37, 53, 62]. The carotenoid pathway 
is initiated by the condensation of two geranylgeranyl 
pyrophosphate (GGPP) molecules by the bifunctional 
enzyme with both phytoene synthase and lycopene 
cyclase activity, al-2 of N. crassa, to produce the color-
less carotene–phytoene, the precursor to different 
carotenoids. The corresponding enzyme in F. fujikuroi 
is named CarRA. Phytoene desaturase, encoded by 
phytoene dehydrogenases al-1 in N. crassa (CarB in 
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F. fujikuroi) (Figs.  4, 5 and 6), mediates the introduc-
tion of up to five conjugated double bonds into a phy-
toene backbone to produce dehydrogenated colored 
carotenoids [14]. The carotenoids are then subjected 
to one or two cyclization reactions by cyclases, which 
introduce α- or β-ionone rings at one or both ends of 
the polyene chain [63]. The action of al-1 and CarB 
results in different colored intermediates, namely, 

3,4-didehydrolycopene, ζ-carotene, neurosporene, 
lycopene and β-carotene. 3,4-Didehydrolycopene is 
synthesized by lycopene cyclase to yield the reddish 
carotene torulene. One cleavage reaction and two oxi-
dation steps are then required to produce the final 
apocarotenoid neurosporaxanthin in Neurospora from 
torulene. First, torulene is converted into β-apo-4-
carotenal by the torulene-cleaving oxygenase Cao-2 in 

Fig. 5 The possible carotenoid biosynthetic pathway of Neurospora crassa. The gene products/enzymes responsible for each enzymatic reaction 
are indicated. Site of chemical changes from precursor molecules are shaded. Molecular groups that distinguish xanthophylls from carotenes are 
marked with red circles. The pigments found in N. intermedia N-1 are presented in boxes
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N. crassa or CarT in F. fujikuroi. It was the identifica-
tion of carT that led to the identification of its Neu-
rospora orthologue, cao-2. Next, β-apo-4′-carotenal is 
further oxidized to neurosporaxanthin by the aldehyde 
dehydrogenase ylo-1 in N. crassa and CarD in F. fuji-
kuroi [14, 54]. In summary, the five genes needed to 
produce neurosporaxanthin in N. crassa are al-3, al-
2, al-1, cao-2 and ylo-1. Thus, the order of reactions 
in the biosynthesis and, therefore, the type of carot-
enoids produced depends on the degree of oxida-
tive stress [35] or temperature of growth [14, 37, 47], 
among other things. Singgih Marlia, et  al. [9] evalu-
ated the carotenogenesis of N. intermedia N-1 in a liq-
uid fermentation system and were able to identify five 
carotenoid compounds in the spores, namely lycopene, 
neurosporene, γ-carotene, β-carotene and phytoene 
[9]. Table 2 includes the structures and colors of carot-
enoid compounds found in N. intermedia N-1. 

Factors that have been previously reported to influence 
pigment production in other strains can thus be consid-
ered as potentially important in other filamentous fungi 
as well. Based on already existing processes and previous 
knowledge of carotenoid production pathway in filamen-
tous fungi, these factors are individually discussed in fur-
ther sections.

Factors influencing pigment production
Pigment biosynthesis is greatly influenced by fermen-
tation conditions, such as medium composition and 
process parameters. Sexual interactions have also been 
reported to increase the biosynthesis of the carotenoid 
β-carotene in some fungal species (e.g., B. trispora), 
where trisporic acids (substances with hormonal activ-
ity formed upon mating) were suggested to mediate the 
stimulatory effect [70]. Therefore, the various factors 
influencing pigmentation are interesting to consider 
in order to optimize the process of pigment produc-
tion. The factors stimulating carotenoid production for 
microorganisms are summarized by Bhosale [46]. Over-
all, conditions that typically stress the cells, thus threat-
ening cell growth, trigger carotenoid biosynthesis [8]. 
These typically include nutrition depletion (N and P) and 
certain levels of oxidative stress. Carotenoid accumula-
tion usually occurs during the later stages of cultivation 
which also indicates the association of nutrient depletion 
with carotenoid synthesis [8]. This section addresses the 
effects of light, pH, nitrogen and carbon sources, tem-
perature, co-factors, surface active agents, oxygen level, 
tricarboxylic acid intermediates and morphology in 
regards to Neurospora spp. carotenoid production, com-
plemented with interesting discoveries on the regulation 

Table 2 Structures, application areas and color of the carotenoid compounds found in Neurospora intermedia N-1 namely 
lycopene, neurosporen, γ-caroten, β-carotene and phytoene

Carotenoids Structure Applications Color

Lycopene High antioxidative activity [64] with ben-
eficial effects on health by fighting many 
diseases [65]. Used in nutraceuticals and 
related applications [66]. Used for food 
coloring (E160d) [67]

Dark red [7]

Neurosporen Antioxidative properties [68]. Data not 
found on industrial applications

Yellow-orange [68]

γ-Carotene Data not found on industrial applications Orange red [7]

β-Carotene Used for food coloring (E160a) [67]. Benefi-
cial effects on health by fighting many 
diseases [65]

Yellow to Orange [7]

Phytoene Key carotenoid intermediate as a precursor 
to other carotenoids

Colorless [69]

(See figure on previous page.) 
Fig. 6 The possible carotenoid biosynthetic pathway of Neurospora crassa. The gene products/enzymes responsible for each enzymatic reaction 
are indicated. Site of chemical changes from precursor molecules are shaded. Molecular groups that distinguish xanthophylls from carotenes are 
marked with red circles. The pigments found in N. intermedia N-1 are presented in boxes
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of pigment biosynthesis, particularly in Fusarium and 
Monascus species.

Oxidative stress
To survive and compete in the environment, fungi pro-
duce enzymes and secondary metabolites with various 
activities. One such factor influencing this processes is 
oxidative stress [71].

The degree of oxidative stress has been shown to influ-
ence pigment production in filamentous fungi, indi-
cating that these pigments are involved in the defense 
mechanism of the fungi. Numerous studies have 
reported observations [23, 37, 46, 63, 72–77] that sup-
port secondary protective roles of carotenoids against 
oxidative damage [63, 77]. For example, carotenoids 
can act as antioxidants against reactive oxygen spe-
cies (ROS) [62] or alleviate cell membrane damage [63]. 
They have been proposed to act as antioxidative agents 
to extend the survival time of the fungi by synergistic 
effects with other antioxidants [62]. The ability of carot-
enoids to function as antioxidants may be the reason 
why dietary carotenoids have been shown to inhibit the 
onset of many diseases, such as cancer, in which ROS 
are thought to play a role [46]. It is the conjugated poly-
ene chain of carotenoids that is able to chemically react 
as the quencher of singlet molecular oxygen [63], with 
varying efficiencies among carotenoids [72] depending 
on the structures beyond the polyene chain [63]. Asta-
xanthin, among other xanthophylls, have higher anti-
oxidant activities than hydrocarbon carotenes, which 
make it advantageous for the fungi to synthesize. For 
example, the fungi synthesize astaxanthin at the expense 
of β-carotene under enhanced oxidative stress. This 
was confirmed when an increased synthesis of astaxan-
thin and less β-carotene by Neurospora was observed at 
increased oxidative stress levels (by addition of  H2O2 and 
 CuSO4) [63]. Other studies exposing carotenoid produc-
ing fungal strains to oxidants in order to increase syn-
thesis of carotenoids have also been carried out [62, 78]. 
For example, in addition to the generation of reactive 
oxygen species (ROS) by respiration [8], exposure of fila-
mentous fungi to paraquat (PQ) or hydrogen peroxide 
 (H2O2) promote oxidative stress [79]. One study inves-
tigated the accumulation of the apocarotenoid neuro-
sporaxanthin in N. crassa. They induced oxidative stress 
by exposing the fungi to high concentrations of oxygen 
and extracellular hydrogen peroxide  (H2O2). In response 
to the elevated oxygen, the expression of genes encoding 
enzymes that are involved in the synthesis of carotenoids 
increased by a factor of five. On the other hand,  H2O2 
exposure resulted in a twofold increase in the accumula-
tion of al-1 mRNA [73]. Moreover, the addition of  H2O2 
to the fungi is suggested to work both as a pigmentation 

trigger and as an antimicrobial agent, making it an inter-
esting factor to consider for further research, provided 
that the fungi do not consume it too fast [62].

Stressing the cells by inducing the generation of active 
oxygen molecules in order to enhance carotenoid pro-
duction [46] can be done in different ways, which are 
proposed as secondary factors. These secondary factors 
are discussed below together with factors that are able to 
inhibit cell growth.

Light
Carotenoids, in general, protect the fungi against UV-
damage. The photoprotective function of Neurospora 
carotenoids are suggested to be due to their ability, as 
antioxidants, to quench damaging single molecular oxy-
gen species generated by UV radiation [14]. Thus, light 
has been reported to influence carotenoid synthesis by 
inducing the enzymes involved in carotenoid synthesis 
[8]. The use of light as a factor in pigment production has 
been reported for Monascus spp. [27, 31], Fusarium spp. 
[80–82] and to some extent for Neurospora spp. [14, 23, 
37, 63].

Carotenoids do not play a major physiological role in 
fungal cells, but they may have beneficial effects under 
certain adverse conditions, such as abnormal levels of 
UV light. This was corroborated by a study where albino 
mutants of carotenogenic fungi in N. crassa and others 
were compared with the counterparts of the same species 
with functional carotenoid synthesis. The lack of carot-
enoids showed no apparent phenotypic consequence on 
growth or morphology in laboratory cultures [37, 77]. N. 
crassa has been used as a model organism for photobiol-
ogy research [83].

Stimulation of carotenoid synthesis by light is achieved 
at the transcriptional level, e.g., as seen by an increase in 
the mRNA levels of structural genes (al-1, al-2 and cao-
2) when neurosporaxanthin was produced by N. crassa 
upon irradiation [63]. The al-3 gene in N. crassa, which 
is responsible for GGPP synthesis, has further been con-
firmed to be strongly regulated by light. The response 
was reported to be mediated by the photoreceptor and 
transcriptional factor called the white collar complex 
(WCC) comprised by the photoreceptors white collar 
(WC)-1 and its interacting partner WC-2 WC-1 is a blue 
light photoreceptor, responsible for the light-induced 
response. The protein contains a DNA-binding zinc-fin-
ger domain (that is able to bind specifically to the pro-
moter of a blue light-regulated gene), and a PAS domain, 
called LOV (from “light, oxygen and voltage”). The WC-1 
LOV domain binds to a light absorbing Flavin adenine 
dinucleotide (FAD) chromophore that convert light to 
mechanical energy. FAD displays a maximum absorption 
of light at 450  nm [84, 85], which explains the WC-1’s 
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sensitivity to blue light. Thus, Neurospora perceives light 
through the WCC, which is activated by blue light and 
binds directly to light regulatory elements (LRE) in the 
promoters of their target genes to activate transcrip-
tion [14, 86]. Consequently, light can be used to activate 
genes involved in the biosynthesis of pigments that have 
photoprotective functions [87]. Regarding Fusarium 
spp., carotenoid production is also stimulated by light, 
through the transcriptional induction of the structural 
genes carRA, carB, carC and carT, as the major regula-
tory. However, in F. fujikuroi, the main photoreceptor 
seemed to not be a White Collar protein, as found in e.g., 
Neurospora species [32, 35, 60]. Photocarotenogenesis in 
F. fujikuroi relies primarily on other putative photorecep-
tors, such as cryptochromes [60].

A study on carotenogenic fungi, including N. crassa, 
has shown that upon prolonged light exposure, there was 
a reduction in the level of transcription compared to that 
with exposure to light pulses [63]. Another report dem-
onstrated that exposing Neurospora to light resulted in 
a rapid accumulation of colored carotenoids after 1  h, 
with increasing concentrations for up to 12  h. Aero-
bic conditions are required for these light responses to 
keep the photoreceptor in the right oxidation state [14]. 
The observation showing a cessation in the activation of 
gene transcription by light after a certain time is probably 
due the transient nature of light-induced transcription 
in Neurospora. Incubation in the dark is thus required 
before light responding transcription can be activated 
again. Regulation by light of pigment biosynthesis (pho-
tocarotenogenesis), is mediated, as other photoresponses 
in Neurospora, by the WCC. Upon extended illumina-
tion, the WCC-dependent transcript level decreases. The 
degree of ‘photoadaptation’ is by the fungus is modulated 
by the blue-light photoreceptor VVD. Strains with muta-
tions in the vvd exhibited a sustained photoactivation of 
genes required for carotenogenesis [14, 87]. The amount 
and the intensity of light tolerated have been shown to 
vary with the strain, ranging 1000–5000 Lx [46]. Carot-
enoid photostimulation has also been reported to vary 
with different wavelengths for Neurospora spp. For 
instance, red light did not induce carotenoid biosynthesis 
in Neurospora, whereas wavelengths within 450–480 nm 
were shown to be effective [14]. Even though caroteno-
genesis in hyphal cells is induced by blue light and is lack-
ing in mycelia grown in dark conditions, the synthesis of 
carotenoids has been found to be independent of light 
when coupled to conidiation and results in a pale pig-
mentation. [87]. Thus, Neurospora cultivated in the dark 
accumulate high amounts of the colorless precursor to 
carotenoids, phytoene, in their conidia. Illumination of 
these cultures grown in the dark induces transcription 
of enzymes responsible for the desaturation of phytoene, 

which leads to the formation of colored carotenoids [87]. 
More detailed descriptions of the regulation of carot-
enoid biosynthesis by light in Neurospora are very well 
illustrated by Díaz‐Sánchez Violeta et  al. [35], Avalos 
Javier et  al. [14], Olmedo Maria et  al. [87] and Muñoz 
Victor et al. [88].

Further studies on light as a factor in pigmentation 
have found that N. crassa accumulates the orange carote-
noid neurosporaxanthin after light exposure, with higher 
pigment content correlated to strains at lower latitudes. 
The increased carotenoid accumulation was suggested to 
serve as a second protection from harmful effects of UV 
radiation in Neurospora spp., since species that accumu-
late more carotenoids are more resistant to UV radiation 
[23, 37]. The ability of the fungi to accumulate different 
amounts of carotenoids [23] and the higher resistance 
to irradiation being connected to carotenoid produc-
tion [72] strongly support light as a stimulating factor 
in pigment production. An attempt to increase carot-
enoid biosynthesis by N. intermedia in liquid substrate 
fermentation showed that fermentation with incubation 
for 3 days in the dark followed by 4 days under blue light 
was better than fermentation for 7 days in the dark. How-
ever, this difference in carotenoid production in different 
phases of life cycle has only been investigated in yeast 
(Sporobolomyces ruberrimus and Cystofilobasidium), 
and it showed a higher tolerance in the stationary phase 
compared to the exponential growth phase [89]. Direct 
information on such phenomenon for filamentous fungi 
is therefore still lacking.

Nitrogen source
Limiting the availability of nitrogen is suggested to 
increase the concentration of total pigments in most 
strains of filamentous fungi [8], and this has been inves-
tigated mainly for M. purpureus [90–93] and to some 
extend in Fusarium [17].

The pigment variation depending on the nitrogen 
source is suggested to be influenced by the rate of amino 
acid metabolism [8] rather than directly by the nitrogen 
compound itself when the source is in the form of amino 
acids [94]. In this regard, amino acids that are metabo-
lized slowly are favored since they induce nitrogen limi-
tation to a greater extent. The carbon to nitrogen (C/N) 
ratio in the culture medium has also been proposed to be 
an important factor in addition to the nitrogen source. 
Generally, a high C/N ratio has been reported to promote 
carotenogenesis in many fungi as this condition limits 
the cell’s access to nitrogen [8]. The increased synthe-
sis of pigments in limited nitrogen has been suggested 
to be related to a response mechanism to excess energy 
and carbon that cannot be used for protein synthesis or 
growth [8]. The balance between carbon and nitrogen 
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sources at C/N 9:1 was reported to increase β-carotene 
production by N. crassa. The optimal ratio of carbon and 
nitrogen for the growth of Neurospora spp. in general has 
been reported to be within 7:1 and 15:1 [95], but its link 
to pigment production has not been investigated. Simi-
lar stimulation of carotenogenesis by a limiting nitrogen 
content has been reported for Fusarium spp. Rodríguez-
Ortiz Roberto et al. [32] discovered that nitrogen exhaus-
tion increased carotenoid production in both wild type 
and the carotenoid-overproducing mutants (carS, con-
taining high levels of mRNA for the car genes) which had 
a high synthesis of carotenoids irrespective of illumina-
tion. The authors suggest regulatory connection between 
carotenoid biosynthesis and nitrogen controlled biosyn-
thetic pathways in Fusarium [22]. The results indicate 
similarities in the regulation of nitrogen on carotenoid 
synthesis with N. crassa. Incubation of N. crassa under 
nitrogen starvation also increased the levels of the cor-
responding al-1 and al-2 independent on light [9].

Using a complex nitrogen source or the addition of 
individual amino acids have been shown to influence the 
number, type and excretion rates of different pigments 
that are formed [31, 42, 75, 96]. It has been suggested that 
the stimulating effect of amino acids on the production 
or liberation of pigments is caused by an increase in solu-
bility because the derivatives linked to amino acids are 
more soluble than the original pigments [97]. It may be 
possible to obtain a desired number of pigment compo-
nents by using a defined nitrogen source which provides 
specific amino acid moieties that can be incorporated 
into water-soluble extracellular pigments [97]. However, 
both positive and negative effects of different amino acids 
and their concentration limitations on pigment produc-
tion have been reported. Furthermore, the mechanism 
behind these findings are still scarce in the literature 
and limited to only a few strains based on studies with 
Monascus spp. Such a phenomenon has not, to the best 
of our knowledge, been investigated for Neurospora spp.

Carbon source
The carbon source is the most studied parameter regard-
ing its effect on carotenogenesis in different fungi [77]. 
Singgih Marlia et  al. [9] evaluated the carotenogenesis 
of N. intermedia in liquid fermentation. The highest pro-
duction of carotenoids (24.31 µg/g spores) was achieved 
when 2% w/v maltose was used under aerobic conditions 
[9]. The other tested carbon sources included glucose, 
sucrose and maltose. Interestingly, a higher than 18  g/l 
glucose concentration was reported to reduced pigment 
production, perhaps due to respiro-fermentative metab-
olism [92]. These findings, however, oppose the previ-
ously mentioned report that suggested that an excess 
amount of energy and carbon limits the nitrogen source 

and stimulates pigmentation. The initial amount of the 
carbon source added to the cells has been investigated 
by Hailei et  al. [41]. Their findings showed that it was 
the accumulation of glucose metabolites (glycerol, etha-
nol, organic acids and other substances), not the exhaus-
tion of glucose, that played a major role [13, 41]. Another 
potential explanation for the relationship between stress 
due to carbon starvation and pigment production in Neu-
rospora spp. could be the suppression of central carbon 
metabolism, which results in an increase in the acetyl-
CoA pool available for other pathways, such as the meva-
lonate pathway (shown in part one in Figs. 4, 5, 6) [51]. 
The addition of ethanol as a carbon source has been 
reported to increase carotenoid production by growth 
inhibition, activation of oxidative metabolism and induc-
tion of HMG-CoA reductase [8], resulting in the produc-
tion of lycopene and neurosporaxanthin in N. crassa.

The specific time of addition of different carbon 
sources has also been shown to influence carotenogenesis 
in N. intermedia, with a positive effect seen by addition 
at the middle of the log phase than at the beginning of 
the stationary phase. From this the authors concluded 
that the carotenoid content likely increased in the mid-
dle of log phase and then remained constant, which is 
typical for secondary metabolites [36]. However, general 
information regarding the time of addition on pigment 
biosynthesis is scarce in the literature and needs to be 
investigated further.

Although studies regarding the effect of carbon source 
is limited for Neurospora, more extensive research can be 
found for Monascus spp. [31, 77, 90, 98–101].

pH
It has been previously reported that many kinds of fungi 
in submerged cultivation respond to more acidic pH con-
ditions with the accumulation of pigments [102], prob-
ably due to the stress condition. Changes in pH during 
growth depend primarily on the nitrogen and carbon 
source in the medium [103]. Since research studies have 
supported the influence of pH on the pigment produc-
tion by Monascus spp., it has been hypothesized as a fac-
tor to influence pigmentation in N. intermedia as well 
[31, 42, 44, 90, 92, 104]. The strong effect of pH on the 
biosynthesis of pigments in Monascus spp. has been pro-
posed to be associated with changes in the activities of 
proteins. Changing the pH from neutral or slightly alka-
line to more acidic has been shown to favor the cycliza-
tion of lycopene to β-carotene, and this has been applied 
in a patented fermentation process to improve lycopene 
yield [70]. It has also been noted that maximum pigment 
production is associated with the combined effect of pH 
and temperature in the culture medium. The effect was 
suggested to be associated with cellular growth, oxidation 
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processes and metabolic flows regulated by molecules 
such as adenosine triphosphate (ATP). A change in the 
pH affects oxidation and reduction processes of mol-
ecules in the cell, thereby affecting the redox flux and the 
oxidative state of important energy molecules such as 
ATP, which has important roles in the cell metabolism. 
Changing the pH can therefore cause different meta-
bolic pathways, substrate oxidation, and regulation of 
metabolic and osmotic processes, resulting in different 
end-products [104]. Nevertheless, the influence of pH 
on pigment production by Neurospora spp. is currently 
unexplored in the literature.

Temperature
Changes in temperature affect cellular growth and 
metabolite production by enzymes, including those 
involved in carotenoid production in microorganisms 
[46, 77]. Thus, temperature is suggested to be a factor 
that may be utilized to regulate enzymatic processes con-
nected to pigment production by the fungal cell [104]. 
The order of reactions in carotenoid biosynthesis can 
result in different carotenoids being produced depending 
on the temperature of growth [14, 47]. For example, at 
low temperature, the oxidative cleavage in the carotenoid 
pathway is favored over the cyclization reactions. This 
implies a competition between the enzymatic activities 
for the oxygenase and the cyclase for the same substrate 
(3,4-didehydro-lycopene, Fig.  4, 5, 6), and the condi-
tions favoring one or the other depends on the growth 
temperature [14]. Cultivation at lower temperatures 
has also been reported to block the production of toru-
lene and result in greater accumulation of β-carotene, 
probably due to changes in enzymatic activities [105]. 
Furthermore, illumination specifically at low tempera-
tures increased the proportion of neurosporaxanthin in 
Neurospora. In general, the temperature influences not 
only the type of carotenoids produced but also the total 
carotenoid content in various carotenoid producing fungi 
[14, 17]. Studies have shown that exposing Neurospora 
mycelia to temperatures between 12 and 6  °C with illu-
mination resulted in the highest response, although this 
phenomenon has not been described in other carote-
noid-producing fungi [14]. This increase in carotenoid 
production below the optimal growth temperature is 
suggested to be an acclimating response compensating 
for the downregulation of metabolic processes and other 
changes, such as the fluidity of the cell membranes [46]. 
This strengthens the suggestion that carotenoids serve as 
a secondary protection for the cells.

Co‑factors
Co-factors such as metal ions and salts greatly affect 
fungal metabolism [106] and have been demonstrated 

to influence carotenoid synthesis [107]. Magnesium and 
calcium are considered macronutrients for filamentous 
fungi, whereas iron, manganese, zinc and copper are 
considered micronutrients [46]. It is probable that the 
effect of such co-factors on carotenogenesis occurs due 
to an activation or inhibition mechanism on specific 
carotenogenic enzymes [77], such as microbial desatu-
rases [94]. Only a few attempts to address the biologi-
cal roles of these cations in fungi have been reported 
[46]. One of the studies added up to 12 mM Magnesium 
ions which showed a stimulatory effect on pigmenta-
tion by N. intermedia [9, 31]. The magnesium ions were 
reported to stimulate the conversion of GGPP into phy-
toene (catalyzed by phytoene-synthase enzyme). Phy-
toene is desaturated to produce lycopene, which is a 
precursor of cyclic carotenoids in N. intermedia [9, 106]. 
Another study aimed to optimize red pigment biosyn-
thesis by M. purpureus under solid-state fermentation 
and achieved higher concentrations of pigments by add-
ing manganese rather than other macronutrients such 
as magnesium and calcium. This result was in line with 
findings from another study that cultivated B. trispora in 
trace amounts of manganese ions [46] or trace amounts 
of copper ions [108]. Manganese is a known cofactor for 
enzymes involved in carotenoid biosynthesis [109]. Man-
ganese-dependent enzymes act on carotenoid production 
by influencing the concentration of cyclic AMP. cAMP 
has been shown to control a variety of functions in fungi 
[110, 111], which may include pigment production. One 
study investigated the role of exogenous cAMP on conid-
iation and carotenoid biosynthesis in N. crassa and found 
that it suppressed conidiation and lowered carotenoid 
synthesis [111]. However, the influence of abnormally 
low levels of cAMP is yet to be investigated. Neverthe-
less, another study reported that mutants of N. crassa 
with defects in the acyA gene coding for cAMP resulted 
in lower intracellular cAMP levels and contained more 
carotenoid pigments than wild-type cells [112]. García-
Martínez et al. [113] also reported enhanced production 
of red pigments by F. fujikuroi with defects in the acyA 
gene [113]. A negative relationship between cAMP level 
and the accumulation of carotenoids in N. crassa [73, 
114] has also been reported.

Another potential mechanism for how metal ions affect 
pigment production relates to the formation of active 
oxygen radicals (“Carotenoid biosynthesis” section) 
[94]. For example, pigment production was suggested to 
be induced by using ferrous ions to generate hydroxyl 
radicals  (H2O2  +  Fe2+  ->  HO−  +  HO*). Additionally, 
copper, zinc, lanthanum and cerium have been shown 
to have stimulatory effects on carotenoid yield via gen-
eration of active oxygen radicals [46]. However, negative 
effects on pigment production have also been reported 
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for ferrous or cobalt ions, thereby indicating other effects 
of the metal ions in contributing to cell growth rather 
than promoting metabolic pathways [102]. Inhibition of 
carotenoid production was also shown in the case of add-
ing manganese ions to a culture of Xanthophyllomyces 
dendrorhous containing oxygen radical generators. This 
effect was suggested to result from manganese acting 
as a scavenger or antioxidant by de-activating radicals, 
thereby resulting in lower stress to the fungi. The effect 
was thus suggested to be dependent on the concentration 
of manganese [46].

Surface active agents
It has been reported that surface active agents (also 
known as surfactants), such as corn oil [90], Triton X-100 
[13, 115], Tween-20, Tween-80 [42, 90], Span 20 [116] 
and olive oil, show positive effects on the metabolism of 
both intra- and extracellular pigments [42] depending on 
the strain and surfactant used. The amount of pigments 
that can be produced extra- vs. intracellularly varies with 
different cultivation factors and choice of strain. Secre-
tion of extracellular pigments is favored over intracellu-
lar production since it requires less work to extract the 
pigments [115]. It has been reported that pigments access 
the aqueous environment by association with proteins 
or other polar compounds [117]. Surfactants are amphi-
pathic substances that are able to adsorb onto surfaces 
of interfaces in dispersions and alter the interfacial free 
energy. Nonionic surfactants are able to form micelles 
in aqueous solutions and can be used as permeabiliza-
tion agents for the secretion of hydrophobic intracellular 
pigments [115]. Transporting intracellular pigments to 
extracellular micelles will prevent pigment degradation 
and lower the intracellular pigment concentration, which 
otherwise decreases yield by product inhibition [13]. 
Surfactants are also suggested to act on cell membranes, 
increasing their permeability to release both enzymes 
and pigments into the medium. This was observed when 
Tween 80 was added to a culture with Aspergillus amylo-
vorus, and it increased the pigment concentration in the 
medium by a factor of six [118]. It was also suggested 
that Triton X-100, which is able to solubilize mem-
brane proteins, can increase the access of carotenoids 
in Neurospora to the aqueous environment by associat-
ing the pigments with membrane-bound enzymes [111]. 
In addition, Span 20 was suggested to affect β-carotene 
production by altering the fungal morphology [116] 
(“Carotenoid biosynthesis” section). However, when 
N. crassa was cultivated with the addition of Tween 40 
(0.8%), carotene production was increased, but the caro-
tene remained inside the cells [119]. Therefore, the way in 
which surfactants act on pigments is not yet fully under-
stood since their effects are not consistent [118].

Oxygen level
Because carotenogenesis is an aerobic process, oxygen 
supply is another important parameter of carotenogen-
esis [77, 120, 121]. Poor oxygen supply to the culture has 
been reported to decrease pigment production [104], and 
a critical dissolved oxygen tension (DOT) between 15 
and 20% air saturation has been suggested for efficient 
carotenoid synthesis in fungi [8]. The crucial role of oxy-
gen in pigment production is probably due to its ability 
to act as an electron acceptor during oxidative phospho-
rylation and as a substrate of monooxygenase. Oxidative 
phosphorylation and monooxygenation are involved in 
metabolite synthesis. In particular, monooxygenases are 
more active in secondary metabolism [31]. Thus, the 
relationship between oxygen supply and pigmentation is 
important to understand in order to achieve optimal pro-
duction of pigments.

Tricarboxylic acid intermediates
Intermediates of the tricarboxylic acid (TCA) cycle, such 
as succinate, citrate and malate, have been reported to 
stimulate carotenoid biosynthesis under aerobic con-
ditions [46]. These intermediates form a carbon skel-
eton that can be used in pigment synthesis by different 
carotenoid-synthesizing species. Two potential explana-
tions for the effect on pigment production by TCA cycle 
intermediates have been put forward in the literature. 
One explanation is that these intermediates are able to 
act specifically on some of the key enzymes involved in 
the isoprenoid biosynthesis pathway such as acetyl CoA-
carboxylase, the starting substance for isoprenoid synthe-
sis. The other explanation is that the effect is caused by 
the increasing pool of oxaloacetate from the added inter-
mediates, since oxaloacetate is further decarboxylated to 
pyruvate leading to an increase of acetyl-CoA [46]. Like-
wise, high respiration rates and tricarboxylic acid (TCA) 
cycle activity are also associated with the production 
of large quantities of ROS [46], which could be another 
explanation for the increased pigment production when 
these intermediates are added.

Addition of citrate in X. dendrorhous and malate in 
Blakeslea and supplementation of 28  mM citrate to 
Blakeslea trispora have been reported to increase carot-
enoid production [8]. The degree of stimulation by the 
intermediates of the TCA cycle has also been reported 
to depend on the time during the cultivation when they 
were added to the medium [46]. However, these observa-
tions have not been investigated in ascomycetes, as far as 
we know.

Morphology
Filamentous fungi can adopt diverse morphologies 
when cultivated in submerged cultures such as uniform 
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and long filaments or entangled filaments in pellets or 
clumps. Morphology is also considered as a factor in 
pigmentation since it has been reported to influence the 
secretion of metabolites [13, 116]. A high fungal concen-
tration with entangled mycelia or filaments results in a 
highly viscous suspension with non-Newtonian proper-
ties, which reduces the homogeneity of nutrition, tem-
perature, oxygen, and other parameters. Growth in the 
form of dense pellets generates a less viscous medium 
with Newtonian properties, but the internal mass trans-
fer rate is limited by pellet size and compactness. These 
changes in gas–liquid-mass transfer can thus affect the 
formation and secretion of products/metabolites [13]. 
One specific morphology that promotes pigmentation 
could be aimed for by adjusting stimulatory factors such 
as the cAMP level or fermentation conditions such as pH 
or oxygen supply rate. The influence of pH on morphol-
ogy is explained in the study by Méndez et al. [104]. The 
study suggests that chemical or structural changes in the 
cell membrane induce morphology changes in the cell 
wall, which leads to an overproduction of pigments as a 
defense mechanism to regulate damage at the membrane 
level [104]. However, clearly established links between 
fungal morphology and pigmentation levels are still miss-
ing in the literature [104].

Isolation, analysis and identification of carotenoids
Extraction of carotenoids
In general, the isolation of intracellular carotenoids from 
filamentous fungi commonly involves a pretreatment 
step such as drying and/or cell disruption, an extrac-
tion step and a saponification step. Cell disruption is 
often necessary for intracellular carotenoids in order to 
increase the recovery. Many different methods for cell 
disruption have been suggested in the literature, includ-
ing mechanical disruption (e.g., sonication, high-pressure 
homogenization, grinding, and bead-milling), and non-
mechanical disruption (e.g., microwave assisted extrac-
tion, enzymatic hydrolysis, and ionic liquids) [122]. The 
preferred extraction procedure is based on a quick pro-
cess that efficiently releases all the pigments from the 
matrix into the solution without altering them [56], while 
using environmental-friendly solvent(s), if possible. There 
is no standard method for carotenoid extraction from 
fungi, but based on previous studies, the general process 
involves the mixing of dried or wet biomass with organic 
solvents (liquid–liquid system), followed by mechanical 
disruption of the cells and subsequent centrifugation or 
filtration (pigment particles are approximately 1–2 µm). 
After filtration, the solid residue is re-extracted, and the 
process is repeated until the residue becomes pale. Three 
extractions are usually sufficient [56]. A saponification 
step is sometimes required for fat-rich biomasses in order 

to remove lipid contamination and to hydrolyze carote-
noids found in ester or di-ester forms. The contaminating 
lipids may otherwise interfere with the chromatographic 
separation, identification and quantification of the carot-
enoids in later stages. When indispensable, saponifica-
tion is most commonly carried out with 10% potassium 
hydroxide in methanol or ethanol, at temperatures below 
60  °C to prevent carotenoid degradation [122, 123]. The 
carotenoid solution is then washed with water to remove 
the alkali. However, carotenoids with allylic hydroxyl and 
keto-groups, such as neurosporaxanthin, undergo oxida-
tion in the presence of alkali and air. Saponification is not 
recommended for these carotenoids, or it must be carried 
out anaerobically. This procedure is further described by 
Schiedt Katharina et  al. [124]. Finally, the total carot-
enoid content is commonly analyzed by measuring the 
maximum absorbance of the extracted pigments by spec-
tral analysis using a spectrophotometer. The maximum 
absorbance for these pigments is in the range of 450–
480 nm, depending on the type(s) of carotenoids present 
in the sample [14]. It should be noted that the position 
of the absorption maxima and the shape of the spectrum 
can vary by a few nanometers depending on the tempera-
ture and the presence of organic solvents [125].

There are some aspects to take into consideration when 
selecting the organic extraction solvent/solvents to use in 
order to optimize the solubility and stability of the carot-
enoids. Solvents with low boiling points are preferred 
since they are more easily removed through evaporation. 
If the fungal biomass contains large amounts of water, 
a water-miscible organic solvent (e.g., methanol or ace-
tone) should be used for better solvent penetration [56]. 
Furthermore, the choice of solvent/solvents depends on 
the polarity of the carotenoids. Organic solvents com-
monly used to extract pigments include benzene, petro-
leum ether, hexane, acetone, chloroform, dimethyl ether, 
methanol, ethanol, [126], other alcohols, and ethyl lac-
tate (described as a so-called green solvent) [127]. The 
organic solvents allowed in the EU for the extraction of 
natural food colorants are water, ethyl acetate, acetone, 
n-butanol, methanol, ethanol and hexane, while those 
allowed in the US are isopropanol, methanol, ethanol, 
hexane, and acetone [128]. Acetone is the most widely 
used solvent for carotenoid extraction since it is fairly 
harmless, inexpensive and readily available [56]. How-
ever, the polarity of the solvents and the pigments need to 
be considered. A better extraction is obtained when polar 
carotenoids, such as neurosporaxanthin, are dissolved in 
polar solvents, while less-polar carotenoids, such as lyco-
pene, and γ- and β-carotene, dissolve better in non-polar 
solvents [129]. Therefore, if the fungal biomass contains 
a mixture of pigments, two- or three-stage extraction 
methods using organic solvents of different polarity may 
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be required. A combination of different solvents has also 
been suggested to disrupt the cell and release intracel-
lular pigments to a greater extent. For example, a mix-
ture of petroleum ether, dimethyl sulfoxide and acetone 
was found to improve the extent of carotenoid recovery 
from Rhodotorula glutinis compared to the individual 
solvents [126]. Moreover, novel alternative methods that 
are more environmentally friendly compared to the con-
ventional organic solvent extraction approaches are being 
developed. These include super- or sub-critical solvent 
extraction, switchable solvent extraction, wet extrac-
tion, and, more recently, ionic liquid-assisted extraction 
[122] and  CO2 extraction [127]. These methods should 
be considered not only for environmental advantages 
but also for potential cost saving and increased efficiency 
[51, 122]. Research on “greener” extraction processes for 
fungal pigments should thus be further evaluated as an 
alternative to existing processes. The potential of emerg-
ing greener extraction systems for filamentous fungi 
pigments have been reviewed by Dufossé [15], Gong 
Mengyue et al. [122].

Only a few studies focusing on the isolation of carote-
noids from Neurospora are available. One study analyzed 
the carotenoids produced by N. intermedia in liquid fer-
mentation. Disruption and solubilization of the carot-
enoids present in the biomass were made using acetone 
as the extraction solvent and sonication for cell disrup-
tion. The total carotenoid content was determined to be 
0.8  mg/g spores by measuring their absorbance by UV/
Vis spectrophotometer at 480  nm [9]. Another study 
[36] utilized a two-stage extraction. Methanol was used 
as the first extraction solvent and acetone was applied as 
the second extraction solvent on dry mycelia, at 60 and 
50 °C, respectively. The resulting methanol/acetone frac-
tion containing the extracted carotenoids was collected, 
centrifuged and the spectral absorption at 470  nm was 
determined [36]. In another study, extraction of carot-
enoids from conidia of N. crassa was performed at an 
elevated temperature but with ethanol as the solvent, and 
the carotenoid content was estimated by measuring the 
absorbance at 475  nm [112]. The results obtained were 
expressed in terms of units of absorbance (U/g dry cell 
mass), a value proportional to pigment concentration 
[92]. The λmax values and solvents used for extraction of 
various carotenoid pigments from Neurospora spp. are 
cited in Table 1.

Purification, characterization and identification 
of carotenoids
Since N. intermedia and most other filamentous fungi 
accumulate a complex mixture of pigments, the next 
step includes techniques to purify and quantify the pig-
ments that are present in the mixture. A purification step 

is needed if the extracted carotenoids are to be used, for 
example, in food and cosmetic applications, or for certain 
quantification methods [51]. Purification and quantifi-
cation of the extracted pigments are based on chroma-
tographic and spectroscopic properties, and chemical 
tests. Column chromatography, thin-layer chromatogra-
phy (TLC), ultraviolet–visible spectrometry, and high-
performance liquid chromatography (HPLC) with online 
photodiode array detection are commonly used to sepa-
rate, identify and quantify carotenoids [130]. HPLC sys-
tems combined with photodiode array detector (PDAD) 
separates and identify carotenoids found in fungi, in view 
of their high sensitivity, reproducibility and short analy-
sis time, while minimizing isomerization and oxidation 
of unsaturated carotenoids [131]. This technique relies 
on the characteristic differences in wavelength max-
ima for each carotenoid and the spectral fine structure. 
Larger numbers of conjugated double bonds in the carot-
enoid structure will shift the wavelength maxima (λmax) 
towards longer wavelengths The long conjugated polyene 
system, which makes the trans isomers linear and rigid 
molecules, is an important property for the interaction 
of carotenoids with the stationary phase in HPLC and 
for their absorbance of light in the visible region at 400–
550 nm (Figs. 4, 5, 6). Generally, carotenoids absorb light 
maximally at three wavelengths (three-peak spectrum) 
where most other substances do not absorb. This prop-
erty can be utilized when carotenoids are to be identified 
in complex mixtures [56]. In a previous study, measure-
ments of the amount of β-carotene produced from N. 
intermedia have been carried out by HPLC using a  C18 
column with acetonitrile: methanol: 2-propanol (85:10:5) 
as the mobile phase. Detection of the carotene was car-
ried out with a UV/Vis detector at 450 nm and the com-
pound was compared with β-carotene standards [9].

Characterization and identification of carotenoids are 
described in more detail by Gross [123].

Industrial applications and challenges
Potential application areas and present status of the 
market
The pigment industry, mainly the food industry, is look-
ing for potential sources and uses of natural-origin pig-
ments without harmful environmental and health-related 
side effects, in addition to new colorants with improved 
functionality and a constant supply of raw materials from 
cheap and reliable sources. Consequently, the application 
areas of naturally derived pigments from N. intermedia 
are broad and have a bright future on the market if suc-
cessful at an industrial scale.

Potential applications of carotenoids include their use 
in animal feed to improve the nutritional profile and to 
enhance the appearance of poultry skin, salmon meat and 
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shade of egg yolks, the colors of which are determined by 
the animals’ diet. For instance, the apocarotenoid astax-
anthin, mostly produced from microalga and bacteria, 
has an orange-to-reddish color and is used currently as 
feed-additives in aquaculture due to its health-promoting 
properties. This compound provides the typical orange 
pigments to salmonids, lobsters and trout in addition 
to being used as a color enhancer in the diets of chick-
ens to improve the color of egg yolks to meet consum-
ers’ expectations [132]. Some natural-origin pigments 
are also used as intermediates for dyestuff for textiles and 
biodegradable polymers [133]. Furthermore, they can 
replace synthetic pigments used in food, drugs, cosmet-
ics and healthcare products. Extraction of pigments from 
plants has been the predominant source of natural pig-
ments thus far, but the use of these pigments is limited by 
their available quantities [134], irregularity of harvests, 
land use and labor-intensive characteristics [8]. Microbial 
pigments, on the other hand, have shown greater stabil-
ity against external stress such as light, pH and tempera-
ture and have high water solubility [6, 104] compared to 
pigments from plant sources [7]. Microbial pigment pro-
duction is also an environmental friendly method com-
pared to synthetic pigment production [8]. To date, more 
than 600 carotenoids have been found to be produced 
by carotenogenic microorganisms, but only astaxanthin 
and β-carotene are commercially produced by microbial 
fermentation. In 2010, synthetic colorants accounted for 
40% of the colorants available in the market, whereas 
natural-derived colorants and nature-identical colorants 
(i.e., man-made pigments which are also found in nature 
[135]) accounted for 31 and 29% of the market, respec-
tively. However, due to the advantageous associated with 
fermentation-derived natural pigments from microbial 
sources mentioned above [9] these may be a promising 
alternative that could tackle some of the current prob-
lems. According to Mapari et al. [7], products with natu-
ral colorants are expected to replace synthetic colorants 
in the future.

Microalgae are one alternative source of colorants, 
but their low productivity limits their use on a commer-
cial scale. The carotenoids in fungi (include β-carotene, 
γ-carotene, torulene and their hydroxyl- and keto-deriva-
tives [136]) grant industrial interest. These natural-origin 
pigments could be exploited for their antioxidant, provi-
tamin A activity [137] and beneficial effects on the onset 
of many diseases [13, 65]. Strains of Basidiomycetous 
fungi have been used for coloring silk and wool but are 
limited by their difficulty to grow under laboratory con-
ditions and are therefore not suitable for production on 
an industrial scale. On the other hand, ascomycetes have 
been traditionally used in different parts of the world 
for hundreds of years for food coloring, and they can be 

easily cultivated to give high yields [5]. The interest in 
these pigments is also growing because many ascomy-
cetes are known to secrete pigments with improved func-
tionality (e.g., with anticancer properties) [13]. Particular 
attention has been given on Monascus pigments which 
have been shown to possess heat and pH stability during 
food processing [12].

Another potential pigment producing fungi with bio-
technological applications are species of Fusarium that 
synthesize e.g., bikaverins (red pigment) [16] and carot-
enoids [32]. Research projects using Fusarium sporotri-
chioides for production of β-carotene and Lycopene [15, 
138] and F. fujikuroi for improved neurosporaxanthin 
[40] and β-carotene [139] production suggest high poten-
tial in the field. Bikaverin is also biotechnologically rel-
evant due to its selective toxic effect against tumoral cells 
[140] and its antibiotic activity against some phytopatho-
genic fungi and protozoa [141, 142]. One drawback with 
Fusarium spp. is, depending on the growth conditions, 
its potential of co-production of mycotoxins such as tri-
chothecenes, fusarins, and zearalenone [10, 22]. This can 
be overcome by carefully regulated cultivation condi-
tions or genetically modifying the fungi. Fusarium vene-
natum is known for its myco-protein production used 
for human consumption [11]. The potential industrial 
interest may increase by genetically modify the fungus to 
produce carotenoids that would add health value to the 
myco-protein product [143].

Even though most fermentative food-grade pigments 
from filamentous fungi are at a development or research 
stage [13], there are a few that already exist in the mar-
ket. These include Arpink red™ (now Natural Red™) 
from Penicillium oxalicum (manufactured from Ascolor 
Biotech) [5, 65, 83], which has received a 2-year approval 
by the EU to be used as a food additive in the Czech 
Republic from 2004 to 2006 (current status of approval 
unknown) [4], riboflavin from Ashbya gossypii [97, 144], 
lycopene and β-carotene from B. trispora (produced by 
Gist-Brocades, now DSM; approved in 2000 by the EU 
Scientific Committee on Food Safety) [46, 47, 97] and 
previously mentioned Monascus pigments [66, 97]. The 
industrial production and use of β-carotene and lycopene 
from B. trispora as food colorant have been approved by 
the European Commission in 2000 and 2006, respectively 
[51]. As an example, β-carotene has been developed to 
yield up to 30  mg/g dry mass or approximately 3  g/l of 
culture in a submerged fermentation process [2]. Produc-
tion of β-carotene and lycopene at larger scales (25 m3) 
under normal fermentation conditions are expected in 
the near future [46]. Regarding the industrial applications 
for Monascus pigments, the most common species used 
are M. purpureus, M. pilosus and M. ruber [13, 145] due 
to their production of orange, red and yellow pigments 
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[29, 30] that are used as natural colorants for making 
red rice, red soybean cheese, wine, marine and meat 
products [4, 31]. Their yellow and orange polyketide pig-
ments have been commercially produced and legally used 
as food colorants in the Southeast Asia for more than a 
thousand years [2].

Until now, β-carotene has been the most economically 
important carotenoid with a market share of US$261 mil-
lion in 2010, followed by astaxanthin and lutein [77] with 
global market shares of US$252 million (2010) and US$60 
million (2011), respectively. However, only 2% β-carotene 
is derived from natural sources [122], mainly from palm 
oil and to some extent fermentatively produced by B. 
trispora [12]. β-Carotene is the most well-known die-
tary source of provitamin A and believed to be the most 
important carotenoid in human nutrition [8]. It has been 
used in health and food products and to enhance the 
color and appearance of fish, birds, processed meats and 
tomato ketchup among other applications. Lycopene, 
produced mainly from tomatoes [12], has many applica-
tions within the food industry due to its red color and 
strong antioxidant activity (strongest among the carot-
enoids) [8], and it is used mainly as a nutritional supple-
ment or active ingredient in cosmetic products [146]. It 
has also been suggested to have anti-carcinogenic prop-
erties [147]. Additional carotenoid compounds found in 
N. intermedia and their industrial applications can be 
found in Table 2.

Challenges for large‑scale pigment production and future 
prospective
Pigments used for food colorants need to be approved 
by a regulatory agency and the most important factor 
in their consideration is safety. Consequently, there are 
many limitations and legislations covering this issue [13]. 
The approval (2000) by the EU for the use of filamen-
tous fungal carotenoids as food colorants has renewed 
the interest on the use of fungi as carotenoid producers. 
The United States regulation on the use of pigments in 
food and conditions for their use is outlined in Code of 
Federal Regulations, Title 21 (21CRF), which is also fol-
lowed by several other countries, while the Australian 
and Japanese legislations are also used in a number of 
other Asian countries. The legal use of filamentous fungi 
in different parts of the world varies with local and tra-
ditional usage of colorants [2]. For example, Monascus 
pigments have been used for more than thousands of 
years in China, Japan, and other Southeast Asian coun-
tries but are not permitted as colorants in the European 
Union and in the United States [97, 145]. A legislation by 
the European Parliament reinforced the need for altera-
tive “green” carotenoids by requesting that foods contain-
ing synthetic colorants, including quinolone yellow and 

tartrazine, require a label stating “may have an adverse 
effect on activity and attention in children” [5].

Other important desired features include a high pig-
ment yield, ability to dissolve in water and the production 
of stable pigments [7]. Furthermore, the potential pro-
duction of other secondary metabolites such as mycotox-
ins [30, 120], the kinds of carotenoids produced, [77] and 
whether the pigments are produced extra- or intracellu-
larly are important factors to consider [97]. The produc-
tion of pigments will also depend on consumer approval 
and the production costs required to bring the product to 
the market [7].

Regarding the pigment yield, there are generally two 
natural ways in which the amount of pigments can be 
increased by improving the fungal growth, or by increas-
ing the cellular accumulation of pigments [148, 149]. The 
problem, however, lies with the difficulty in increasing 
both the biomass and the pigment production, which 
would be optimal for industrial production. Biomass and 
pigment yields are suggested to be negatively correlated 
[104]. An increase in the biomass yield is connected to 
the abundance of nutrients in the medium whereas pig-
ment production seems to be increased under nutrient-
poor conditions and external stresses. Therefore, the 
relationship between biomass and pigment production 
needs to be fully elucidated in order to optimize and con-
trol pigment production. One way to control pigmenta-
tion in fungi is to use recombinant DNA techniques. 
Genetic modifications have been previously applied to 
alter the activity of enzymes involved in carotenoid bio-
synthesis [46, 148–151]. All carotenoids share a common 
precursor, which can be utilized to manipulate the carot-
enoid biosynthetic pathway by combining biosynthetic 
genes and produce a much wider range of carotenoids 
[8]. However, genetic modification lowers the acceptance 
for the use of the produced pigments in food and feed 
industries [42].

Another challenge involves the differences in bioavaila-
bility and absorption rates between different types of pig-
ments. Bioavailability refers to the amount of pigments 
absorbed in the body (to become available for physiologi-
cal functions or storage) and is thus desired if the pig-
ments are to be used in the feed industry, for instance. A 
high absorption rate, in this context, relates to the release 
of pigments to the product matrix, for example, in color-
ing a food product. Naturally, the food matrix itself will 
affect the absorption and the release of pigments [137]. 
Hence, the choice of pigment is important, as different 
pigments vary in bioavailability and absorption to the 
animal, human and food product matrices [127]. There 
are still limited data about differences in bioavailability 
and absorption between various natural-origin pigments, 
but, in general, it seems that more polar carotenoids 
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(xanthophylls) are absorbed more efficiently than hydro-
carbon carotenoids (carotenes) [152, 153].

The few strains of filamentous fungi that already exist 
in the market still have some challenges that need to 
be addressed to be able to compete with other pigment 
sources on the market. For example, the carotenoids 
produced from B. trispora exhibit good pH stability in 
most foods but are easily oxidized [12], although this can 
be countered by addition of antioxidants [154]. Chal-
lenges for the commercial production of pigments pro-
duced from Monascus include the pigments’ low water 
solubility, sensitivity to heat, instability at pH 2–10, and 
fading color intensity with light. To make the pigments 
more water-soluble, methods have been developed to 
substitute the replaceable oxygen in the pigment struc-
ture with nitrogen from the amino group of various com-
pounds such as proteins, peptides and amino acids, and 
some patents have addressed these challenges [144]. Fur-
thermore, when using Monascus for the production of 
pigments for feed and food applications, another prob-
lem is the co-production of citrinin, an azaphilone with 
nephrotoxic and hepatotoxic properties. Safety concerns 
regarding citrinin, a compound classified as a potential 
human carcinogen [30, 120], limits the use of Monascus 
pigments although some edible Monascus spp., such as 
M. purpureus, have been used for the production of red 
fermented rice for over a thousand years in Asian coun-
tries, [143]. This has prevented the approval of Monascus 
pigments as food colorants in the European Union (EU) 
and the United States (US) [5]. Similarly, P. oxalicum 
also produces the yellow toxic pigment, secalonic acid D 
[5]. On the other hand, N.  intermedia, isolated in 1842, 
has neither been observed to cause diseases in plants or 
animals nor to produce dangerous secondary metabo-
lites (e.g., mycotoxins), and thus, it has been extensively 
used in the food and beverage industry [19]. This edible 
fungus has traditionally been used for the production of 
the Indonesian fermented food oncom [6], contribut-
ing to the characteristic orange color of the dish. Hence, 
N.  intermedia is generally recognized as safe (GRAS) 
[19]. Moreover, it is closely related to N. crassa, a very 
well-evaluated model organism [155]. Nevertheless, 
among the Neurospora spp., only N. crassa has so far 
been evaluated for industrial production of pigments in 
a research project [130].

Since most fungi produce a mixture of pigments, 
another challenge is to be able to direct the pigment pro-
duction towards one specific colored dye in the future. 
The amount of different pigments can be adjusted by 
altering the substrates, the operational conditions (pH, 
dissolved oxygen, temperature) and fermentation mode 
[solid state fermentation (SSF) or submerged fermenta-
tion (SmF)].

The choice between solid state fermentation (SSF) 
and submerged fermentation (SmF) has been discussed 
extensively in previous reviews regarding pigment pro-
duction by filamentous fungi, especially for fermentation 
with Monascus spp. [26]. SSF is generally the process for 
the production of Monascus spp. pigments and is known 
to provide more pigments than SmF. However, research 
on the use of SmF has demonstrated easier handling, 
lower production costs, shorter cultivation times and 
higher product quality [31, 156]. Furthermore, there are 
several SmF techniques that can be used, such as batch 
or continuous mode, in order to achieve optimal pig-
ment yields [13]. To date, most of the industrial produc-
tion of carotenoids by filamentous fungi use SmF, while 
the use of SSF is still in the exploratory stage [107]. SmF 
may generate a higher pigmentation because oxygen and 
light are required for maximum pigmentation. To the 
best of our knowledge, studies focusing on pigmentation 
by N. intermedia have not addressed different fermenta-
tion strategies. Therefore, it remains to be seen if SSF will 
compete with SmF in the future. Furthermore, if pigment 
production is to be incorporated in an already existing 
biorefinery, the impeller design and configuration or the 
aeration rate in the stirred-tank and airlift bioreactors 
should be optimized for optimal gas exchange in order to 
increase pigmentation.

Pigments as a value‑added product within biorefineries
To produce cost-effective pigments with less environ-
mental impacts, the choice of substrate is of great impor-
tance. Using residues from industrial processes to create 
new products is certainly something worth aspiring to.

Substrates commonly used for solid state fermentation 
of Neurospora spp. have been based on waste products of 
plants or cereals that are rich in amino-acids and carbo-
hydrates [106]. β-Carotene production by N. crassa has 
been investigated in a study by Thomson ISI [39] where 
the fungi were grown on various residues with the aim 
to produce carotenoid rich feed. A mixture of tapioca 
by-product (60%) and tofu waste (40%) resulted in the 
highest β-carotene content (295  µg/g) [95]. N. interme-
dia was also suggested to produce high concentrations 
of carotenoids when the solid waste from tofu produc-
tion was used as substrate [37]. Similarly, when Neuros-
pora spp. were grown on 80% sago waste and 20% tofu 
waste, 246  µg/g of β-carotene was produced [95]. Stud-
ies on different waste sources as substrates for fermenta-
tion-derived pigment production by Neurospora spp. are 
interesting from an economical and environmental point 
of view and thus need to be investigated further.

Neurospora intermedia is under evaluation [1] as 
a second biocatalyst in the industrial production of 
bioethanol for yielding ethanol and fungal biomass 
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from fermentation left-overs [120]. The production of 
pigment-containing biomass would open the possibil-
ity for their use in salmon or chicken feed, which would 
be in line with the studies aimed to improve the nutri-
ent content in poultry feed [95]. The pigment-containing 
biomass could potentially be used for human consump-
tion as well. The process has been scaled up to 80  m3 
and further expansion is expected in the near future. 
Therefore, the successful control of pigment production 
by N. intermedia could reinforce the biorefinery charac-
ter of the 1st-generation ethanol plants via the produc-
tion of value-added products. Figure 7 shows an example 
of how pigment production can be integrated into an 
already existing biorefinery plant by using the residues as 
substrates.

Future prospects
Due to increased health and environmental concerns 
along with tougher regulations regarding the use of syn-
thetic pigments, intensive research is being carried out 
to find sources of natural-origin pigments. The use of 
filamentous fungi as an industrial source of biomass and 
value-added products such as organic acids, enzymes and 
pigments is already a reality.

Research focusing on N. intermedia is also expected 
to increase due to its potential ability to grow on more 
economically and environmentally friendly substrates 
from process leftovers. This also entails the production 

of value-added products, such as pigments, by process 
diversification. The potential use of the fungus for this 
purpose is further strengthened by its pigment produc-
tion without co-production of any mycotoxins. There-
fore, the food-grade ability of the fungus will tentatively 
aid in public acceptance regarding the use of its pigments 
for food and feed applications.

Over the years, several studies have focused on fac-
tors that stimulate pigment production in filamentous 
fungi. However, these studies have been superficial and 
have only briefly considered the optimization of pigment 
production at a larger scale and considered the circum-
stances that lead to pigment production as well as the 
potential regulation towards different color dyes. Moreo-
ver, the correlations between the factors are not entirely 
clear either. Hence, the substrate, cultivation conditions 
and bioreactor design need to be developed and opti-
mized in order to control the process towards pigments 
and other desired products. From an industrial point of 
view, it would be interesting to investigate if pigment 
optimization is correlated with other valuable features, 
such as favorable morphological structures (pellets) and/
or production of other metabolites. To date, the use of N. 
intermedia for pigment production on an industrial scale 
has not yet been explored.

As the research goes on, knowledge gaps are filled, 
hypotheses are proven and production processes are ver-
ified, it remains to be seen if pigment production using 

Fig. 7 Schematic process scheme of the main starch-based bioethanol process stages leading to the production of ethanol, DDGS and  CO2. 
Adapted from Ferreira et al. [120], and suggested production of pigments represented in dashed lines using filamentous fungi
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this fungus will be able to compete with other processes 
where plants or other organisms, such as algae, are used. 
Therefore, optimization but also comprehensive charac-
terization of pigments produced by N. intermedia will 
naturally play a crucial role in this regard.

Conclusions
Natural-origin pigments, such as carotenoids produced 
from filamentous fungi, are valuable bioactive compounds 
with an increasing market demand to replace chemi-
cally synthesized pigments. However, there is a need to 
improve fermentation strategies, control pigment produc-
tion and decrease production costs in order to compete 
with synthetic pigments. Carotenoid production in fungi 
seem to be triggered by environmental stresses, and these 
conditions can be achieved by regulation of the fermen-
tation process. N. intermedia has been foreseen to be a 
very promising candidate for pigment production due to 
its color, absence of mycotoxin production, and versatility 
regarding substrates that it can grow on. The production 
of pigments adds great potential for biorefineries in which 
filamentous fungi can be core biocatalysts to convert by-
products into several value-added products. By filling the 
gap in knowledge regarding the production of pigments 
by N. intermedia, the process of pigment-production 
might be accomplished by research efforts to include the 
fungus in 1st-generation ethanol plants.

Authors’ contributions
RG, JAF, PRL and MJT conceived the idea and the structure of the manuscript, 
RG wrote the majority of the paper. JAF, PRL and MJT revised the manuscript 
and contributed with valuable discussions. All authors read and approved the 
final manuscript.

Author details
1 Swedish Centre for Resource Recovery, University of Borås, 501 90 Borås, 
Sweden. 2 University of Borås, Allégatan 1, 503 32 Borås, Sweden. 

Acknowledgements
The authors would like to thank Lantmännen Research Foundation and the 
University of Borås for financial support. RG would like to thank Ramkumar B. 
Nair for his guidance and help.

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals 
performed by any of the authors.

Funding
This work was financially supported by Lantmännen Research Foundation and 
the University of Borås.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 28 February 2017   Accepted: 25 April 2017

References
 1. Ferreira JA, Mahboubi A, Lennartsson PR, Taherzadeh MJ. Waste biore-

fineries using filamentous ascomycetes fungi: present status and future 
prospects. Bioresour Technol. 2016;215:334–45.

 2. Dufosse L, Fouillaud M, Caro Y, Mapari Sameer AS, Sutthiwong N. Fila-
mentous fungi are large-scale producers of pigments and colorants for 
the food industry. Curr Opin Biotechnol. 2014;26:56–61.

 3. Malik K, Tokkas J, Goyal S. Microbial pigments: a review. Int J Microbial 
Res Technol. 2012;1:361–5.

 4. Caro Y, Anamale L, Fouillaud M, Laurent P, Petit T, Dufosse L. Natural 
hydroxyanthraquinoid pigments as potent food grade colorants: an 
overview. Nat Prod Bioprospect. 2012;2:174–93.

 5. Mapari Sameer AS, Thrane U, Meyer AS. Fungal polyketide azaphilone 
pigments as future natural food colorants? Trends Biotechnol. 
2010;28:300–7.

 6. Gusdinar T, Singgih M, Priatni S, Sukmawati AE, Suciati T. Neurospora 
intermedia N-1 (Encapsulation and the stability of carotenoids from 
Neurospora intermedia N-1). J Manusia dan Lingkungan. 2014;18:206–11.

 7. Pagano MC, Dhar PP. Fungal pigments: an overview. In: Gupta VK, Mach 
RL, Sreenivasaprasad S, editors. Fungal bio-molecules: sources, applica-
tions and recent developments. 1st ed. London: Wiley; 2015.

 8. Sanchez S, Rutz B, Rodríguez-Sanoja R. Microbial production of carot-
enoids. In: Brian M, David A, Ioannis G, Linda H, editors. Microbial pro-
duction of food ingredients, enzymes and nutraceuticals. Burlington: 
Elsevier Science; 2013. p. 194–223.

 9. Singgih M, Andriatna W, Damayanti S, Priatni S. Carotenogenesis study 
of Neurospora intermedia N-1 in liquid. J Chem Pharm Res. 2015;7:842–7.

 10. Umeno D, Tobias AV, Arnold FH. Diversifying carotenoid biosynthetic 
pathways by directed evolution. Microbiol Mol Biol Rev. 2005;69:51–78.

 11. Blumenthal CZ. Production of toxic metabolites in Aspergillus niger, 
Aspergillus oryzae, and Trichoderma reesei: justification of mycotoxin test-
ing in food grade enzyme preparations derived from the three fungi. 
Regul Toxicol Pharmacol. 2004;39:214–28.

 12. Mapari SAS, Nielsen KF, Larsen TO, Frisvad JC, Meyer AS, Thrane U. Explor-
ing fungal biodiversity for the production of water-soluble pigments as 
potential natural food colorants. Curr Opin Biotechnol. 2005;16:231–8.

 13. Torres FAE, Zaccarim BR, de Lencastre Novaes LC, Jozala AF, Dos Santos 
CA, Teixeira MFS, Santos-Ebinuma VC. Natural colorants from filamen-
tous fungi. Appl Microbiol Biotechnol. 2016;100:2511–21.

 14. Avalos J, Corrochano LM. Carotenoid biosynthesis in Neurospora. In: 
Kasbekar DP, McCluskey K, editors. Neurospora: genomics and molecu-
lar biology. Great Britain: Horizon Scientific Press; 2013. p. 227–41.

 15. Dufossé L. Current and potential natural pigments from microorgan-
isms (bacteria, yeasts, fungi, microalgae). In: Carle R, Schweiggert 
R, editors. Handbook on natural pigments in food and beverages: 
industrial applications for improving food color. Cambridge: Woodhead 
Publishing; 2016. p. 337–52.

 16. Wiemann P, Willmann A, Straeten M, Kleigrewe K, Beyer M, Humpf 
H-U, Tudzynski B. Biosynthesis of the red pigment bikaverin in 
Fusarium fujikuroi: genes, their function and regulation. Mol Microbiol. 
2009;72:931–46.

 17. Avalos J, Cerdà-Olmedo E. Carotenoid mutants of Gibberella fujikuroi. 
Curr Genet. 1987;11:505–11.

 18. Mahboubi A, Ferreira JA, Taherzadeh MJ, Lennartsson PR. Value-
added products from dairy waste using edible fungi. Waste Manag. 
2017;59:518–25.

 19. Perkins DD, Davis RH. Evidence for safety of Neurospora species for aca-
demic and commercial uses. Appl Environ Microbiol. 2000;66:5107–9.

 20. Pandit A, Maheshwari R. Life-history of Neurospora intermedia in a sugar 
cane field. J Biosci. 1996;21:57–79.

 21. Ferreira JA, Lennartsson PR, Taherzadeh MJ. Production of ethanol and 
biomass from thin stillage using food-grade zygomycetes and ascomy-
cetes filamentous fungi. Energies. 2014;7:3872–85.

 22. Aasen Arne J, Liaaen-Jensen SL. Fungal carotenoids П.* The struc-
ture of the carotenoid acid neurosporaxanthin. Acta Chem Scand. 
1965;19:1843–53.

 23. Luque EM, Gutiérrez G, Navarro-Sampedro L, Olmedo M, Rodríguez-
Romero J, Ruger-Herreros C, Tagua VG, Corrochano LM. A relationship 
between carotenoid accumulation and the distribution of species of 
the fungus Neurospora in Spain. PLoS ONE. 2012;7:e33658.



Page 23 of 25Gmoser et al. Fungal Biol Biotechnol  (2017) 4:4 

 24. Armstrong GA, Hearst HE. Carotenoids 2: Genetics and molecular biol-
ogy of carotenoid pigment biosynthesis. FASEB J. 1996;10:228–37.

 25. Arrach N, Schmidhauser T, Avalos J. Mutants of the carotene cyclase 
domain of al-2 from Neurospora crassa. Mol Genet Genomics. 
2002;266:914–21.

 26. Vendruscolo F, Bühler RMM, de Carvalho JC, de Oliveira D, Moritz 
DE, Schmidell W, Ninow JL. Monascus: a reality on the production 
and application of microbial pigments. Appl Biochem Biotechnol. 
2016;178:211–23.

 27. Velmurugan P, Lee YH, Venil CK, Lakshmanaperumalsamy P, Chae J-C, 
Oh B-T. Effect of light on growth, intracellular and extracellular pigment 
production by five pigment-producing filamentous fungi in synthetic 
medium. J Biosci Bioeng. 2010;109:346–50.

 28. Lin Y-L, Wang T-H, Lee M-H, Su N-W. Biologically active components and 
nutraceuticals in the Monascus-fermented rice: a review. Appl Microbiol 
Biotechnol. 2008;77:965–73.

 29. Babitha S, Soccol CR, Pandey A. Effect of stress on growth, pigment 
production and morphology of Monascus sp. in solid cultures. J Basic 
Microbiol. 2007;47:118–26.

 30. Dikshit R, Tallapragada P. Monascus purpureus: a potential source 
for natural pigment production. J Microbiol Biotechnol Res. 
2011;1:164–74.

 31. Feng Y, Shao Y, Chen F. Monascus pigments. Appl Microbiol Biotechnol. 
2012;96:1421–40.

 32. Rodríguez-Ortiz R, Limón MC, Avalos J. Regulation of carotenogenesis 
and secondary metabolism by nitrogen in wild-type Fusarium fujikuroi 
and carotenoid-overproducing mutants. Appl Environ Microbiol. 
2009;75:405–13.

 33. Giordano W, Domenech CE. Aeration affects acetate destination in Gib-
berella fujikuroi. FEMS Microbiol Lett. 1999;180:111–6.

 34. Giordano W, Avalos J, Cerdá-Olmedo E, Domenech CE. Nitrogen 
availability and production of bikaverin and gibberellins in Gibberella 
fujikuroi. FEMS Microbiol Lett. 1999;173:389–93.

 35. Díaz-Sánchez V, Estrada AF, Trautmann D, Al-Babili S, Avalos J. The 
gene carD encodes the aldehyde dehydrogenase responsible 
for neurosporaxanthin biosynthesis in Fusarium fujikuroi. FEBS J. 
2011;278:3164–76.

 36. Khiabani MS, Esfahani ZH, Azizi M-H, Sahari MA. Effective factors on 
stimulate and stability of synthesised carotenoid by Neurospora interme-
dia. Nutr Food Sci. 2011;41:89–95.

 37. Priatni S. Review: Potential production of carotenoids from Neurospora. 
Nusantara Biocenter. 2014;6:63–8.

 38. Rivera Vélez SM. Guide for carotenoid identification in biological sam-
ples. J Nat Prod. 2016;79:1473–84.

 39. Thomson ISI, Nuraini S, Suslina AL. Improving the quality of tapioca 
by product through fermentation by Neurospora crassa to produce β 
carotene rich feed. Pak J Nutr. 2009;8:487–90.

 40. Avalos J, Prado-Cabrero A, Estrada AF. Neurosporaxanthin production 
by Neurospora and Fusarium. In: José-Luis Barredo, editor. Microbial 
carotenoids from fungi: methods and protocols, vol. 898. New York: 
Springer; 2012. p. 263–74.

 41. Hailei W, Ping L, Yufeng L, Zhifang R, Gang W. Overproduction of a 
potential red pigment by a specific self-immobilization biomembrane-
surface liquid culture of Penicillium novae-zeelandiae. Bioprocess 
Biosyst Eng. 2012;35:1407–16.

 42. Chen G, Wu Z. Production and biological activities of yellow pigments 
from Monascus. World J Microbiol Biotechnol. 2016;32:1–8.

 43. Hajjaj H, Klaébé A, Loret MO, Goma G, Blanc PJ, François J. Biosynthetic 
pathway of citrinin in the filamentous fungus Monascus ruber as 
revealed by 13C nuclear magnetic resonance. Appl Environ Microbiol. 
1999;65:311–4.

 44. Delgado-Vargas F, Jiménez AR, Paredes-López O. Natural pig-
ments: carotenoids, anthocyanins, and betalains—characteristics, 
biosynthesis, processing, and stability. Crit Rev Food Sci Nutr. 
2000;40:173–289.

 45. Schuemann J, Hertweck C. Biosynthesis of fungal polyketides. In: Anke 
T, Weber D, editors. Physiology and genetics, vol. 15. 1st ed. Berlin: 
Springer; 2009. p. 331–51.

 46. Bhosale P. Environmental and cultural stimulants in the production 
of carotenoids from microorganisms. Appl Microbiol Biotechnol. 
2004;63:351–61.

 47. Estrada AF, Maier D, Scherzinger D, Avalos J, Al-Babili S. Novel apoca-
rotenoid intermediates in Neurospora crassa mutants imply a new bio-
synthetic reaction sequence leading to neurosporaxanthin formation. 
Fungal Genet Biol. 2008;45:1497–505.

 48. Kaczor A, Barańska M, Czamara K. Carotenoids: overview of nomen-
clature, structures, occurrence and functions. In: Kaczor A, Baranska M, 
editors. Carotenoids: nutrition, analysis and technology. 1st ed. London: 
Wiley; 2016. p. 1–13.

 49. Jacobson DJ, Powell AJ, Dettman JR, Saenz GS, Barton MM, Hiltz MD, 
Dvorachek WH, Glass NL, Taylor JW, Natvig DO. Neurospora in temperate 
forests of western North America. Mycologia. 2004;96:66–74.

 50. Jacobson DJ, Dettman JR, Adams RI, Boesl C, Sultana S, Roenneberg T, 
Merrow M, Duarte M, Marques I, Ushakova A. New findings of Neuros-
pora in Europe and comparisons of diversity in temperate climates on 
continental scales. Mycologia. 2006;98:550–9.

 51. Caro Y, Venkatachalam M, Lebeau J, Fouillaud M, Dufossé L. Pigments 
and colorants from filamentous fungi. In: Mérillon J-M, Ramawat KG, 
editors. Fungal metabolites. Berlin: Springer; 2015. p. 499–568.

 52. Harding RW, Turner RV. Photoregulation of the carotenoid biosynthetic 
pathway in albino and white collar mutants of Neurospora crassa. Plant 
Physiol. 1981;68:745–9.

 53. Priatni S, Singgih M, Kardono LBS, Gusdinar T. Molecular identification of 
Neurospora sp. N-1 isolated from Indonesian red fermented cake. J Pure 
Appl Microbiol. 2010;4:527–31.

 54. Jin JM, Lee J, Lee Y-W. Characterization of carotenoid biosynthetic 
genes in the ascomycete Gibberella zeae. FEMS Microbiol Lett. 
2010;302:197–202.

 55. Bauernfeind JC. Carotenoids as colorants and vitamin A precursors. 
Technological and nutritional applications. London: Academic Press; 
1981.

 56. Rodriguez-Amaya DB, Kimura M. HarvestPlus handbook for carotenoid 
analysis. Princeton: Citeseer; 2004.

 57. Prado-Cabrero A, Scherzinger D, Avalos J, Al-Babili S. Retinal biosynthe-
sis in fungi: characterization of the carotenoid oxygenase CarX from 
Fusarium fujikuroi. Eukaryot Cell. 2007;6:650–7.

 58. Baranskia R, Cazzonellib CI. Carotenoid biosynthesis and regulation in 
plants. In: Kaczor A, Baranska M, editors. Carotenoids: nutrition, analysis 
and technology. 1st ed. New York: Wiley; 2016. p. 162–89.

 59. Yu J-H, Keller N. Regulation of secondary metabolism in filamentous 
fungi. Annu Rev Phytopathol. 2005;43:437–58.

 60. Estrada AF, Avalos J. The white collar protein WcoA of Fusarium fujikuroi 
is not essential for photocarotenogenesis, but is involved in the regula-
tion of secondary metabolism and conidiation. Fungal Genet Biol. 
2008;45:705–18.

 61. Avalos J, Estrada AF. Regulation by light in Fusarium. Fungal Genet Biol. 
2010;47:930–8.

 62. Iigusa H, Yoshida Y, Hasunuma K. Oxygen and hydrogen peroxide 
enhance light-induced carotenoid synthesis in Neurospora crassa. FEBS 
Lett. 2005;579:4012–6.

 63. Avalos J, Limón MC. Biological roles of fungal carotenoids. Curr Genet. 
2015;61:309–24.

 64. Feofilova EP, Tereshina VM, Memorskaya AS, Dul’kin LM, Goncharov NG. 
Fungal lycopene: the biotechnology of its production and prospects for 
its application in medicine. Microbiology. 2006;75:629–33.

 65. López-Nieto MJ, Costa J, Peiro E, Méndez E, Rodríguez-Sáiz M, de la 
Fuente JL, Cabri W, Barredo JL. Biotechnological lycopene production 
by mated fermentation of Blakeslea trispora. Appl Microbiol Biotechnol. 
2004;66:153–9.

 66. Huang W, Li Z, Niu H, Li D, Zhang J. Optimization of operating parame-
ters for supercritical carbon dioxide extraction of lycopene by response 
surface methodology. J Food Eng. 2008;89:298–302.

 67. Currrent EU approved additives and their E Numbers. [https://www.
food.gov.uk/science/additives/enumberlist].

 68. Ramaprasad EVV, Sasikala Ch, Ramana ChV. Neurosporene is the major 
carotenoid accumulated by Rhodobacter viridis JA737. Biotechnol Lett. 
2013;35:1093–7.

 69. Meléndez-Martínez AJ, Mapelli-Brahm P, Benítez-González A, Stinco CM. 
A comprehensive review on the colorless carotenoids phytoene and 
phytofluene. Arch Biochem Biophys. 2015;572:188–200.

 70. Nelis HJ, De Leenheer AP. Microbial sources of carotenoid pigments 
used in foods and feeds. J Appl Bacteriol. 1991;70:181–91.

https://www.food.gov.uk/science/additives/enumberlist
https://www.food.gov.uk/science/additives/enumberlist


Page 24 of 25Gmoser et al. Fungal Biol Biotechnol  (2017) 4:4 

 71. Schuster A, Schmoll M. Biology and biotechnology of Trichoderma. Appl 
Microbiol Biotechnol. 2010;87:787–99.

 72. Michiko S, Takeshi E, Umeo T. Inactivation of Neurospora crassa conidia 
by singlet molecular oxygen generated by a photosensitized reaction. J 
Bacteriol. 1979;138:293–6.

 73. Yang Q, Borkovich KA. Mutational activation of a Gαi causes uncon-
trolled proliferation of aerial hyphae and increased sensitivity to heat 
and oxidative stress in Neurospora crassa. Genetics. 1999;151:107–17.

 74. Michán S, Lledías F, Hansberg W. Asexual development is increased 
in Neurospora crassa cat-3-null mutant strains. Eukaryot Cell. 
2003;2:798–808.

 75. Linden H. A white collar protein senses blue light. Science. 
2002;297:777–8.

 76. Yen H-W, Zhang Z. Enhancement of cell growth rate by light irra-
diation in the cultivation of Rhodotorula glutinis. Bioresour Technol. 
2011;102:9279–81.

 77. Mata-Gómez LC, Montañez JC, Méndez-Zavala A, Aguilar CN. Biotech-
nological production of carotenoids by yeasts: an overview. Microbial 
Cell Fact. 2014;13:1.

 78. Schroeder WA, Johnson EA. Singlet oxygen and peroxyl radicals 
regulate carotenoid biosynthesis in Phaffia rhodozyma. J Biol Chem. 
1995;270:18374–9.

 79. Angelova MB, Pashova SB, Spasova BK, Vassilev SV, Slokoska LS. 
Oxidative stress response of filamentous fungi induced by hydrogen 
peroxide and paraquat. Mycol Res. 2005;109:150–8.

 80. Avalos J, Schrott EL. Photoinduction of carotenoid biosynthesis in Gib-
berella fujikuroi. FEMS Microbiol Lett. 1990;66:295–8.

 81. Rau W, Rau-Hund A. Light-dependent carotenoid synthesis. Planta. 
1977;136:49–52.

 82. Garbayo I, Vilchez C, Nava-Saucedo JE, Barbotin JN. Nitrogen, carbon 
and light-mediated regulation studies of carotenoid biosynthesis in 
immobilized mycelia of Gibberella fujikuroi. Enzyme Microbial Technol. 
2003;33:629–34.

 83. Linden H, Ballario P, Giuseppe Macino. Blue light regulation in Neuros-
pora crassa. Fungal Genet Biol. 1997;22:141–50.

 84. Lewis JA, Escalante-Semerena JC. The FAD-dependent tricarballylate 
dehydrogenase (TcuA) enzyme of Salmonella enterica converts tricar-
ballylate into cis-aconitate. J Bacteriol. 2006;188:5479–86.

 85. Kritskiĭ MS, Belozerskaia TA, Sokolovskiĭ VY, Filippovich SY. Photoreceptor 
apparatus of a fungus Neurospora crassa. Mol Biol. 2004;39:602–17.

 86. Talora C, Franchi L, Linden H, Ballario P, Giuseppe Macino. Role of a 
white collar-1–white collar-2 complex in blue-light signal transduction. 
EMBO J. 1999;18:4961–8.

 87. Olmedo M, Ruger-Herreros C, Corrochano LM. Regulation of gene 
transcription by light in Neurospora. In: Kasbekar DP, McCluskey K, edi-
tors. Neurospora: Genomics and molecular biology. 1st ed. Great Britain: 
Horizon Scientific Press; 2013. p. 155–66.

 88. Muñoz V, Butler WL. Photoreceptor pigment for blue light in Neurospora 
crassa. Plant Physiol. 1975;55:421–6.

 89. Moliné M, Libkind D, del Carmen DM, van Broock M. Photoprotec-
tive role of carotenoids in yeasts: response to UV-B of pigmented 
and naturally-occurring albino strains. J Photochem Photobiol B Biol. 
2009;95:156–61.

 90. Carvalho JC, Pandey A, Babitha S, Soccol CR. Production of Monascus 
biopigments: an overview. Agro Food Ind Hi Technol. 2003;14:37–43.

 91. Gunasekaran S, Poorniammal R. Optimization of fermentation condi-
tions for red pigment production from Penicillium sp. under submerged 
cultivation. Afr J Biotechnol. 2008;7:1894–8.

 92. Mukherjee G, Singh SK. Purification and characterization of a new red 
pigment from Monascus purpureus in submerged fermentation. Process 
Biochem. 2011;46:188–92.

 93. Babitha S, Soccol CR, Pandey A. Jackfruit seed—a novel substrate for 
the production of Monascus pigments through solid-state fermenta-
tion. Food Technol Biotechnol. 2006;44:465–71.

 94. Milan C, Ivana M, Vladimíra H, Rapta P, Breierová E. In: Hou CT, Shaw J-F, 
editors. Biocatalysis and agricultural biotechnology. London: CRC Press; 
2009. p. 355–75.

 95. Nuraini S, Latif SA. Improving the quality of tapioca by product through 
fermentation by Neurospora crassa to produce $ carotene rich feed. Pak 
J Nutr. 2009;8:487–90.

 96. Jung H, Kim C, Kim K, Shin CS. Color characteristics of Monascus pig-
ments derived by fermentation with various amino acids. J Agric Food 
Chem. 2003;51:1302–6.

 97. Mapari Sameer AS, Meyer Anne S, Thrane U, Frisvad JC. Identification 
of potentially safe promising fungal cell factories for the production 
of polyketide natural food colorants using chemotaxonomic rationale. 
Microb Cell Fact. 2009;8:1.

 98. Kim SJ, Kim G-J, Park D-H, Ryu Y-W. High-level production of astaxan-
thin by fed-batch culture of mutant strain Phaffia rhodozyma AJ-6-1. J 
Microbiol Biotechnol. 2003;13:175–81.

 99. Gu WL, An GH, Johnson EA. Ethanol increases carotenoid production in 
Phaffia rhodozyma. J Ind Microbiol Biotechnol. 1997;19:114–7.

 100. Meinicke RM, Vendruscolo F, Esteves MD, de Oliveira D, Schmidell W, 
Samohyl RW, Ninow JL. Potential use of glycerol as substrate for the 
production of red pigments by Monascus ruber in submerged fermen-
tation. Biocatal Agric Biotechnol. 2012;1:238–42.

 101. Sharmila G, Nidhi B, Muthukumaran C. Sequential statistical optimiza-
tion of red pigment production by Monascus purpureus (MTCC 369) 
using potato powder. Ind Crops Prod. 2013;44:158–64.

 102. Cho YJ, Park JP, Hwang HJ, Kim SW, Choi JW, Yun JW. Production of red 
pigment by submerged culture of Paecilomyces sinclairii. Lett Appl 
Microbiol. 2002;35:195–202.

 103. Patakova P. Monascus secondary metabolites: production and biologi-
cal activity. J Ind Microbiol Biotechnol. 2013;40:169–81.

 104. Méndez A, Pérez C, Montañéz JC, Martínez G, Aguilar CN. Red pigment 
production by Penicillium purpurogenum GH2 is influenced by pH and 
temperature. J Zhejiang Univ Sci B. 2011;12:961–8.

 105. Hayman EP, Yokoyama H, Chichester CO, Simpson KL. Carotenoid 
biosynthesis in Rhodotorula glutinis. J Bacteriol. 1974;120:1339–43.

 106. Singgih M, Julianti E. Food colorant from microorganisms. In: Liong M-T, 
editor. Beneficial microorganisms in food and nutraceuticals, vol. 27. 
Switzerland: Springer; 2015. p. 265–84.

 107. Li XL, Cui XH, Han JR. Sclerotial biomass and carotenoid yield of Penicil-
lium sp. PT95 under oxidative growth conditions and in the presence of 
antioxidant ascorbic acid. J Appl Microbiol. 2006;101:725–31.

 108. Govind NS, Amin AR, Modi VV. Stimulation of carotenogenesis in Blakes-
lea trispora by cupric ions. Phytochemistry. 1982;21:1043–4.

 109. Goodwin TW. Biosynthesis of carotenoids. In: Goodwin TW, editor. The 
biochemistry of the carotenoids, vol. I. London: Chapman and Hall; 
1980. p. 33–76.

 110. Cohen RJ. Cyclic AMP levels in Phycomyces during a response to light. 
Nature. 1974;251:144–6.

 111. Pall ML. Adenosine 3′,5′-phosphate in fungi. Microbiol Rev. 
1981;45:462–80.

 112. Murayama T, Uno I, Hamamoto K, Ishikawa T. A cyclic adenosine 
3′,5′-monophosphate-dependent protein kinase mutant of Neurospora 
crassa. Arch Microbiol. 1985;142:109–12.

 113. García-Martínez J, Ádám AL, Avalos J. Adenylyl cyclase plays a regula-
tory role in development, stress resistance and secondary metabolism 
in Fusarium fujikuroi. PLoS ONE. 2012;7:e28849.

 114. Kritsky MS, Sokolovsky VY, Belozerskaya TA, Chernysheva EK. Relation-
ship between cyclic AMP level and accumulation of carotenoid pig-
ments in Neurospora crassa. Arch Microbiol. 1982;133:206–8.

 115. Hu Z, Zhang X, Wu Z, Qi H, Wang Z. Perstraction of intracellular pig-
ments by submerged cultivation of Monascus in nonionic surfactant 
micelle aqueous solution. Appl Microbiol Biotechnol. 2012;94:81–9.

 116. Choudhari SM, Ananthanarayan L, Singhal RS. Use of metabolic 
stimulators and inhibitors for enhanced production of β-carotene and 
lycopene by Blakeslea trispora NRRL 2895 and 2896. Bioresour Technol. 
2008;99:3166–73.

 117. Britton G. Structure and properties of carotenoids in relation to func-
tion. FASEB J. 1995;9:1551–8.

 118. Reese ET, Anne Maguire. Surfactants as stimulants of enzyme produc-
tion by microorganisms. Appl Microbiol. 1969;17:242–5.

 119. Krzeminski Leo F, Quackenbush FW. Stimulation of carotene synthesis 
in submerged cultures of Neurospora crassa by surface-active agents 
and ammonium nitrate. Arch Biochem Biophys. 1960;88:64–7.

 120. Ferreira JA. Integration of filamentous fungi in ethanol dry-mill biorefin-
ery. Doctorial thesis, University of Borås, Faculty of Textiles, Engineering 
and Business, Swedish Center for Resource Recovery; 2015.



Page 25 of 25Gmoser et al. Fungal Biol Biotechnol  (2017) 4:4 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 121. Zalokar M. Variations in the production of carotenoids in Neurospora. 
Arch Biochem Biophys. 1957;70:561–7.

 122. Gong M, Bassi A. Carotenoids from microalgae: a review of recent 
developments. Biotechnol Adv. 2016;34:1396–412.

 123. Gross J. Carotenoids. In: Gross J, editor. Pigments in vegetables: chloro-
phylls and carotenoids. New York: Springer; 2012. p. 75–254.

 124. Schiedt K, Bischof S, Glinz E. Metabolism of carotenoids and in vivo 
racemization of (3S, 3′S)-astaxanthin in the crustacean Penaeus. Meth-
ods Enzymol. 1993;214:148–68.

 125. Socaciu C. Food colorants: chemical and functional properties. Cliy-
Napoca: CRC Press; 2007.

 126. Park PK, Kim EY, Chu KH. Chemical disruption of yeast cells for the isola-
tion of carotenoid pigments. Sep Purif Technol. 2007;53:148–52.

 127. Schulz H. Carotenoid bioavailability from the food matrix: toward 
efficient extraction procedures. In: Kaczor A, Baranska M, editors. Carot-
enoids: nutrition, analysis and technology. 1st ed. London: Wiley; 2016. 
p. 191–211.

 128. Lauro GJ, Francis J. Natural food colorants: science and technology. 
London: Marcel Dekker, CRC Press; 2000.

 129. Rivera S, Canela R. Influence of sample processing on the analysis of 
carotenoids in maize. Molecules. 2012;17:11255–68.

 130. Fraser PD, Bramley PM. Methodologies for the analysis of fungal carot-
enoids. In: Barredo JL, editor. Microbial processes and products, vol. 18. 
Totowa: Humana Press; 2005. p. 273–82.

 131. Khachik F. Analysis of carotenoids in nutritional studies. In: Britton G, 
Pfander H, Synnøve Liaaen-Jensen HC, editors. Carotenoids, vol. 5. Basel: 
Birkhäuser Verlag; 2009. p. 7–44.

 132. Shah Md MR, Liang Y, Cheng JJ, Daroch M. Astaxanthin-producing 
green microalga Haematococcus pluvialis: from single cell to high value 
commercial products. Front Plant ci. 2016;7:1–28.

 133. Mohamed MS, Mohamad R, Manan MA, Ariff AB. Enhancement of 
red pigment production by Monascus purpureus FTC 5391 through 
retrofitting of helical ribbon impeller in stirred-tank fermenter. Food 
Bioprocess Technol. 2012;5:80–91.

 134. Velmurugan P, Lee YH, Nanthakumar K, Kamala-Kannan S, Dufossé L, 
Mapari SAS, Oh B-T. Water-soluble red pigments from Isaria farinosa 
and structural characterization of the main colored component. J Basic 
Microbiol. 2010;50:581–90.

 135. Mortensen A. Carotenoids and other pigments as natural colorants. 
Pure Appl Chem. 2006;78:1477–91.

 136. Sandmann G, Takaichi S, Fraser PD. C 35-apocarotenoids in the yellow 
mutant Neurospora crassa YLO. Phytochemistry. 2008;69:2886–90.

 137. Saini RK, Nile SH, Park SW. Carotenoids from fruits and vegetables: 
chemistry, analysis, occurrence, bioavailability and biological activities. 
Food Res Int. 2015;76:735–50.

 138. Jones JD, Hohn TM, Leathers TD. Genetically modified strains of Fusarium 
sporotrichioides for production of lycopene and β-carotene. San Diego: 
Society of Industrial Microbiology Annual meeting; 2004. p. 91.

 139. Prado-Cabrero A, Schaub P, Díaz-Sánchez V, Estrada AF, Al-Babili S, Ava-
los J. Deviation of the neurosporaxanthin pathway towards β-carotene 
biosynthesis in Fusarium fujikuroi by a point mutation in the phytoene 
desaturase gene. FEBS J. 2009;276:4582–97.

 140. Fuska J, Proksa B, Fuskova A. New potential cytotoxic and antitumor 
substances I. In vitro effect of bikaverin and its derivatives on cells of 
certain tumors. Neoplasma. 1974;22:335–8.

 141. Balan J, Fuska J, Kuhr I, Kuhrova V. Bikaverin, an antibiotic from Gib-
berella fujikuroi, effective against Leishmania brasiliensis. Folia Microbiol. 
1970;15:479–84.

 142. Son SW, Kim HY, Choi GJ, Lim HK, Jang KS, Lee SO, Lee S, Sung ND, 
Kim J-C. Bikaverin and fusaric acid from Fusarium oxysporum show 
antioomycete activity against Phytophthora infestans. J Appl Microbiol. 
2008;104:692–8.

 143. Shi Y-C, Pan T-M. Beneficial effects of Monascus purpureus NTU 
568-fermented products: a review. Appl Microbiol Biotechnol. 
2011;90:1207–17.

 144. Dufossé L. Microbial production of food grade pigments. Food Technol 
Biotechnol. 2006;44:313–23.

 145. Chen W, He Y, Zhou Y, Shao Y, Feng Y, Mu L, Chen F. Edible filamentous 
fungi from the species Monascus: early traditional fermentations, mod-
ern molecular biology, and future genomics. Compr Rev Food Sci Food 
Saf. 2015;14:555–67.

 146. Ciriminna R, Fidalgo A, Meneguzzo F, Meneguzzo F, Ilharco LM, Pagliaro 
M. Lycopene: emerging production methods and applications of a 
valued carotenoid. ACS Sustain Chem Eng. 2016;4:643–50.

 147. Naviglio D, Pizzolongo F, Ferrara L, Naviglio B, Santini A. Extraction of 
pure lycopene from industrial tomato waste in water using the extrac-
tor Naviglio. Afr J Food Sci. 2008;2:037–44.

 148. Loto I, Gutiérrez MS, Barahona S, Sepúlveda D, Martínez-Moya P, Baeza 
M, Cifuentes V, Alcaíno J. Enhancement of carotenoid production by 
disruptiong the C22-sterol desaturase gene (CYP61) in Xanthophyllomy-
ces dendrorhous. BMC Microbiol. 2012;12:235.

 149. Martín JF, Gudiña E, Barredo JL. Conversion of beta-carotene into astax-
anthin: two separate enzymes or a biofunctional hydroxylase-ketolase 
protein. Microb Cell Fact. 2008;7:1–10.

 150. Dannert CS, Umeno D, Arnold FH. Molecular breeding of carotenoid 
biosynthetic pathway. Nat Biotechnol. 2000;18:750–3.

 151. Duffosé L. Microbial and microalgal carotenoids as colorants and sup-
plements carotenoids. In: Britton G, Liaaen-Jensen S, Pfander H, editors. 
Carotenoids, vol. 5. Basel: Birkhäuser Verlag; 2009. p. 83–98.

 152. Furr HC, Clark RM. Intestinal absorption and tissue distribution of carot-
enoids. J Nutr Biochem. 1997;8:364–77.

 153. Salter A, Wiseman H, Tucker G. Phytonutrients. 1st ed. London: Black-
well; 2012.

 154. Ciegler A, Lagoda AA, Sohns VE, Hall HH, Jackson RW. Beta-carotene 
production in 20-liter fermentors. Biotechnol Bioeng. 1963;5:109–21.

 155. Powell AJ, Jacobson DJ, Salter L, Natvig DO. Variation among 
natural isolates of Neurospora on small spatial scales. Mycologia. 
2003;95:809–19.

 156. Evans PJ, Wang HY. Pigment production from immobilized Monas-
cus sp. utilizing polymeric resin adsorption. Appl Environ Microbiol. 
1984;47:1323–6.


	Filamentous ascomycetes fungi as a source of natural pigments
	Abstract 
	Background
	Filamentous ascomycetes fungi as pigment producers
	Carotenoids
	Carotenoid biosynthesis

	Factors influencing pigment production
	Oxidative stress
	Light
	Nitrogen source
	Carbon source
	pH
	Temperature
	Co-factors
	Surface active agents
	Oxygen level
	Tricarboxylic acid intermediates
	Morphology

	Isolation, analysis and identification of carotenoids
	Extraction of carotenoids
	Purification, characterization and identification of carotenoids

	Industrial applications and challenges
	Potential application areas and present status of the market
	Challenges for large-scale pigment production and future prospective
	Pigments as a value-added product within biorefineries

	Future prospects
	Conclusions
	Authors’ contributions
	References




