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Abstract Studies on fungal metabolites have pro-

duced an overwhelming expectation concerning the

production of novel bioactive compounds for phar-

maceutical applications. The adding of various bio-

synthetic precursors and the changing of nutritional

components in the fermentation medium can change

biosynthesis pathways, also leading to the production

of novel metabolites. In addition, several growing

conditions can be classically manipulated to modify

fungal metabolite profiles. Recently, modern genome

sequence tools have shown that not all gene clusters

are regularly expressed in conventional growing

conditions, thus expanding the possibilities of modu-

lating the chemical metabolite profiles produced by

filamentous fungi. This review discusses and exem-

plifies classical and epigenetic tools successfully

applied to diversify metabolite production and to

produce fungal metabolites from silent metabolic

pathways.
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Introduction

Fungi have been gaining attention regarding the

production of novel bioactive metabolites used in

several applications. They have been found to be

prolific sources of chemicals to be used as prototypes

in pharmaceutical, agrochemical, food, and cosmetic

industries. This success story began in 1928 with

Fleming’s isolation of penicillin from Penicillium

crysogenum (Fleming 1944). For years, this metabo-

lite seemed to have no match in importance and

potential of application. However, over time, several

other interesting substances, such as cephalosporins,

micophenolic acid, statins, and other compounds, not

only sustained, but also broadened the search for

bioactive compounds from filamentous fungi (Demain

and Sanchez 2009). Fungal secondary metabolites are

quite diverse structurally, and their function mostly

relies on self-defense against other microorganisms,

considering that natural habitats provide ecological

challenges (Shwab and Keller 2008; Sun et al. 2011).

In addition to their important ecological functions,

fungal metabolites are also outstanding, because they
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can act outside of the fungal habitat. Therefore, they

are widely used as antioxidant (Zheng et al. 2010;

Huang et al. 2012), antitumor (Godio and Martı́n

2009; Zheng et al. 2011), antiviral (Zhang et al. 2011),

and antiparasitic (Gao et al. 2012a; Stadler et al. 2003)

agents.

Fungi possess a mechanism for the regulation of

metabolism and the control of metabolite biosynthesis so

as to assure that energy and chemical precursors are only

used in environments where metabolite production is

advantageous (Hoffmeister and Keller 2007). Surpris-

ingly, several other compounds can also be produced in

the laboratory, although under these conditions, there is

no need to produce defensive chemicals.

General remarks in fungal metabolites expression

Two major approaches have been used in the discov-

ery and production of new bioactive fungal secondary

metabolites, the major targets of which are generally

increases in yields or enhancements of chemical

diversity by producing novel metabolites. The first

approach concerns the isolation of fungi from new

biomes (tropical environments, deserts, glacial areas,

etc.), or from new sources (endophytes, endolichenic,

etc.) (Gunatilaka 2006), aimed at the isolation of new

useful species. Although fungal libraries isolated from

different environments have been widely reported in

the literature (Takahashi et al. 2008), mycologists

infer that many fungi have yet to be isolated and

chemically studied (Hawksworth 2001).

The second approach relies on the manipulation of

fermentation conditions in order to control biosyn-

thetic pathways, given that secondary metabolite

production is directly dependent on the conditions

under which the fungus is grown. Nutritional manip-

ulation, the addition of components to simulate native

environments, as well as changes in temperature, pH,

luminosity, and oxygen uptake have been traditionally

performed without taking into account the genetic

sequencing of the studied species (Bode et al. 2002).

Although in most eukaryotic cells the genes

involved in a single metabolic pathway are usually

scattered throughout the genome, in fungi the genes

responsible for the production of secondary metabo-

lites are instead grouped in clusters (Shwab and Keller

2008). Gene clusters are either a few or several genes,

arranged alongside the chromosomes. Modern genome

achievements showed that, although fungi possess the

ability to produce a great number of metabolites, most

clusters responsible for the regulation of biosynthetic

pathways remain silent within the cultivation patterns

most commonly employed in research laboratories

(Asai et al. 2012b).

With the development of genetic sequencing tech-

niques, metabolite production by fungi started to be

performed under a new perspective when researchers

began to understand that the production of certain

secondary metabolites is related to silent genes that

may not be expressed because of inappropriate

culturing conditions (Wijeratne et al. 2010). New

tools have been developed to fix this gap and

nowadays many recent studies involving the discovery

of new metabolic pathways focus not only on classical

modifications in the culturing conditions, but also on

genetic manipulation and epigenetic modulation.

Cultivation-dependent approaches

Considering the assumption that even small alterations

in the culture medium modulate secondary metabolite

biosynthesis, some strategies were developed to

maximize fungal metabolite productivity, varying

the composition of the culture medium, pH, temper-

ature, aeration, and luminosity (Bode et al. 2002). This

methodology can also include the addition of precur-

sors or inhibitors of metabolite biosynthesis (Rateb

and Ebel 2011). The term widely used for this

approach is one strain, many compounds (OSMAC)

(Bills et al. 2008; Elias et al. 2006). The success of

OSMAC lies in the fact that suitable culture media and

optimal growing conditions play important roles in

fungal growth and mycelium formation, consequently

influencing the efficiency of secondary metabolite

biosynthesis. OSMAC methodology has proven to be

versatile in generating intracellular signals that max-

imize the enzymatic synthetic potential of a fungal

species (Paranagama et al. 2007), often resulting in the

production of metabolites considered unusual in

natural biosynthesis.

Modifications of culturing media

Fungi are heterotrophic organisms and therefore

require a variety of organic nutrients to carry out all
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biochemical functions. Nevertheless, carbohydrates

are still their best source of energy. The influence of

glucose concentrations in secondary metabolite pro-

duction and in the amount of biomass has been widely

reported for Penicillium species. Penicillium scabro-

sum produced a maximum fumagillin yield (1, Fig. 1)

when the medium contained 1 % glucose, while 3 %

glucose was necessary to attain a higher biomass

formation. Therefore, when biomass growth reached a

maximum level, fumagillin production was repressed

(Barboráková et al. 2012). In Penicillium janthinel-

lum, the number of metabolites produced also

decreased in direct proportion to the increase in

carbohydrate concentrations—while seven metabo-

lites were produced upon adding 10 % sucrose, only

two metabolites were produced when the sucrose

concentration was raised to 40 %. The same was

reported for Penicillium duclauxii. From the eight

metabolites produced in a medium containing 10 %

sucrose, only three were expressed when the sucrose

concentration was raised (Zain et al. 2011).

In an attempt to obtain bioactive substances from

Penicillium verrucosum, four culture media and

different cultivation times were studied. Extracts with

greater Trypanossoma sp. inhibition were obtained

utilizing Takeuchi medium, a starch-based culture

medium (Elias et al. 2006). Penicillium citrinum,

grown in a mixture of salts (10 %) and nutrients

(60 %), achieved optimum conditions for the produc-

tion of several metabolites, including citrinalin A (2)

and B (3, Fig. 2). A nearly tenfold increase in the yield

of citrinalin B and the suppression of citranilin A was

reported when the proportion of salts and nutrients

varied within the medium (Pimenta et al. 2010).

Metabolic diversification of an Aspergillus tubing-

ensis strain isolated from the Southern China sea was

achieved by using rice as a carbohydrate source to

produce eight compounds, four of which were new

dimeric nafto-c-pirones, as well as rubasperones D (4),

E (5), F (6), and G (7) (Fig. 3). Moreover, rubasperone

D proved to be active in toxicity assays against tumor

cells (Huang et al. 2011a).

Corn bran, varied carbon, and nitrogen sources at

different temperatures were screened for improvements

in mevastatin (8, Fig. 4) production by P. citrinum. In

this case, inoculum volume proved to be an important

parameter, as did medium supplementation with low

amounts of glucose and sodium (Mahesh et al. 2012).

Less common carbon sources, such as linoleic acid,

have been used to improve lovastatin production by

Aspergillus terreus (Barrios-González and Miranda

2010). The production of the hypoglycemic agent

acarbose by Actinoplanes utahensis was performed

using maltose, glycerol, and glutamate (Wang et al.

2012). The production of the immunosuppressant

agent cyclosporin A by Beauveria nivea was activated

by fructose (Huijun et al. 2011), while Gibberella

fujikuroi required a mixture of glucose and corn oil on

an experiment to produce gibberellic acid, a plant

growth hormone (Rios-Iribe et al. 2011). These

illustrate good examples of how different fungi have

different carbohydrate requirements.

The nitrogen source is another important factor in

secondary metabolite production. Microorganisms are

able to use a large amount of organic and inorganic

molecules, as well as complex mixtures, such as

peptones and beef, yeast, corn, and soy extracts, as a

source of nitrogen in generating the growth and

production of secondary metabolites. Experiments

that have studied the effects of the different nitrogen

sources necessary to produce PP-V (a strong reddish

pigment) by a strain of Penicillium sp. have shown that

the use of ammonium was in fact more effective than

nitrate, whereas the use of a yeast extract proved

ineffective (Arai et al. 2012).

Mannitol and sucrose were reported to promote

alkaloid biosynthesis caused by P. citrinum. The
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Fig. 1 Molecular structure of fumagillin (1)
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Fig. 2 Molecular structures of citrinalin A (2) and B (3)
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concentration and the proportion of sucrose/mannitol

influenced the type of alkaloid produced. Using urea as

a nitrogen source favored flavonoid biosynthesis,

while adding iron and copper inhibited flavonoid

production (Kozlovsky et al. 2010).

The OSMAC approach was used to modify the

metabolic profile of the fungal species Spicaria

elegans isolated from marine sediments collected in

Jiaozhou Bay, China. The fungus was cultivated for

8 days to produce six new compounds: spicochalasin

A (9) and five new aspochalasins (10–14). Compounds

9 and 10 presented modest cytotoxic activity against

HL-60 cells (Lin et al. 2009). Later, three new

aspochalasins R–T (15–17) were isolated from the

same fungus, S. elegans, grown in the same medium

for a longer fermentation length (14 days) (Lin et al.

2010). Structures of compounds 10–17 can be found in

Fig. 5. Additional compounds were isolated from the

same strain of S. elegans, again applying the OSMAC

strategy by adding D or L-tryptophan to the fermenta-

tion. Three new cytochalasins (18–20, Fig. 6) were

obtained and evaluated for their cytotoxic activities

against the HL-60, A-549, BEL-7402, and P388 cell

lines. Compounds 18 and 19 showed cytotoxic activity

against A-549 cell lines (Wang et al. 2011a).

Modifications of culturing conditions

The pH of the fermentation broth is a key feature to

generate metabolic diversification, given that, along

with temperature, pH also is directly involved in

enzyme activation/deactivation. Together, they act by

broadening or limiting the number of active enzymes

in the secondary metabolite production (Sood 2011).

Other physical conditions, such as the availability of

light, are also mandatory in the activation of physio-

logical biochemical functions. The manipulation of

these experimental growing conditions usually results

in a great differentiation among metabolic profiles.

Jain and Pundir (2011) investigated the effect of pH

and temperature variation in the production of biolog-

ically active metabolites caused by a bioactive A. terreus

species grown in potato dextrose broth at different pH

levels (5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0). The extracts

obtained at pH 6.0 presented a massive production of

metabolites that proved to be active against Streptococ-

cus mutans, Staphylococcus aureus, Lactobacillus ca-

sei, Escherichia coli, Pseudomonas aeruginosa,

Candida albicans, and Saccharomyces cerevisiae. An

increase in the active metabolite production could also

be observed when the temperature was raised from 20 to

25 �C and a decline when the temperature was raised

beyond this level (from 25 to 35 �C).

Among the physical factors able to activate the

expression of silent compounds, light exposure, its

intensity, and wavelength are able to affect fungal
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Fig. 3 Molecular structures of the dimeric nafto-c-pirones, rubasperone D (4), E (5), F (6) and G (7)
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species that contain photoreceptors. It has been

reported that the use of red or blue lights stimulates

the formation of mycophenolic acid (21, Fig. 7) by

Penicillium brevicompactum. Maximum production

was reached at 900 lux, using red light, and at 600 lux,

using blue light. It could also be observed that red light

stimulates biomass production, while blue light

inhibited it (Shu et al. 2010).

Metabolic diversification upon exposure of the

fungus Sphaeropsidales sp. to ultraviolet light led to

the isolation of a new metabolite, mutolide (22,

Fig. 8), which presented antibacterial activity against

Bacillus subtilis and E. coli (Bode et al. 2000).

Modifications in the cultivation conditions, in

addition to promoting the biosynthesis of silent

metabolites, can be alternatively used to delete

metabolic routes of toxic metabolite biosynthesis.

The production of food toxin ochratoxin (23, Fig. 9),

by species such as Penicillium nordicum and

P. verrucosum, proved to be sensitive to temperature.

The suppression of these factors minimized or

suppressed the production of this toxic metabolite by

the fungi (Schmidt-Heydt et al. 2011).

Addition of biotic and abiotic challenges

This strategy consists of providing adverse conditions

to activate silent biosynthetic pathways. A marine

strain of A. terreus, isolated from sediments of the
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Putian Sea, Fujian (China), when submitted to

fermentation under high salinity produced twelve

metabolites, including three new compounds: terre-

mides A (24) and B (25), which are active against

P. aeruginosa and Enterobacter aerogenes, respec-

tively, and terrelactone (26) (Fig. 10) (Wang et al.

2011b). However, the osmotic stress caused by high

concentrations of salts in the fermentation medium, in

some cases, decreases the fungal growth rate (Huang

et al. 2011b).

The use of sea water rather than distilled water

promoted effective changes in the metabolic profile of

Aspergillus versicolor, which had been isolated from

the sea sponge, Pestrosia sp., resulting in the isolation

of an aromatic polyketide (27), xanthones (28 and 29),

and anthraquinones (30–34, Fig. 11). In vitro toxicity

assays against tumor cell lines (A-549, SK-OV-3,

SK-MEL-2, XF-498, and HCT-15) showed cytotoxic

activity for compounds 28, 30, and 31 (Lee et al.

2010).

The use of either sea water or sodium chloride

solutions as challenging agents has been applied to

many Penicillium species. The marine fungus Peni-

cillium commune, known to produce azaphilones

when cultivated in potato dextrose agar, was able to

produce two new compounds, isophomenone (35) and

3-deacetylcitreohybridonol-3 (36, Fig. 12), in a

peptone supplemented rice agar prepared with seawa-

ter (Gao et al. 2012b). Cultivation of Penicillium

terrestre in a medium prepared with sea water enabled

the fungus to express halogenases, which until then

had remained silent, with the production of two new

chlorinated sorbicillinoids, chloctanspirone A (37)

and B (38), along with their precursors, terrestrol K

(39) and L (40, Fig. 12) (Li et al. 2011). The

production of chlorinated antimicrobial metabolite

sclerotiorin by Penicillium sclerotiorum was 54 %

higher than the control when a sodium chloride

supplemented medium was employed in the fermen-

tation (Lucas et al. 2010).

By contrast, there are examples in the literature in

which an increase in sodium chloride concentrations

inhibited fungal metabolic expression. From the

metabolites produced by P. janthinellum in a sodium

chloride-free medium, five were not produced when

salt concentrations in the medium were [5 %, while

some metabolites were only produced in a medium

containing a narrow range of NaCl (between 1 and

3 %). The same effect was shown by P. duclauxii,

which produced six metabolites in a sodium chloride-

free medium; however, none of these were produced

when the salt concentration in the medium was higher

than 3 % (Zain et al. 2011).

Calcium bromide showed an inability to induce the

production of either halogenated pyranopyranones or

bromomethyilchlamydosporols A (41) and B (42)

(Fig. 13) by a Fusarium tricinctum strain isolated

from Sargassum ringgoldium, an edible brown marine

algae (Nenkep et al. 2010).

By contrast, cadmium inhibited the biosynthesis of

metabolites caused by P. janthinellum. From the seven

metabolites produced in a cadmium nitrate-free cul-

ture medium, only two were produced when cadmium

nitrate was added. P. duclauxii, however, produced

only three metabolites in a medium containing

cadmium, while nine metabolites were produced in a

cadmium-free medium (Zain et al. 2011).
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In one interesting approach, the metabolic profiles

of four species of Penicillium sp., isolated as parasites

of the plant Allium sp. when cultivated in traditional

media supplemented with Allium sp., enhanced sec-

ondary metabolites production (Overy et al. 2006).

Another quite effective strategy for chemical

diversification is co-culturing, also called mixed

culturing. In this approach, a challenging environment

is provided by adding another microorganism to the

fermentation broth. This is a very efficient methodol-

ogy to bring about silent metabolic biosynthesis that is

not expressed in environments that lack ecological

competitiveness (Teles and Takahashi 2013). Antibi-

otic production is especially targeted by co-culturing,

as can be seen in the introduction of a bacterium into

the culturing medium, in turn stimulating antibiotic

production by a fungal species (Cueto et al. 2001;

Zuck et al. 2011; Hailei et al. 2011).
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Fig. 10 Molecular structures of terremides A (24), B (25) and terrelactone (26)
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Metabolites expression modulated by genetic

manipulation

The development of advanced genetic tools has

allowed for the mapping of genetic fragments respon-

sible for important biochemical mechanisms, such as

the production of polyketide synthase (PKS) enzymes

and non-ribosomal peptides (NRPS). This achieve-

ment allowed for the reshaping of the biosynthetic

potential of fungal species. Literature has shown that

\30 % of 31 NRPS, 15 PKS, and 9 hybrid PKS–

NRPS of Aspergillus niger biosynthetic gene clusters

have been mapped under laboratory conditions to date

(Henrikson et al. 2009).

Mapping genetic fragments of fungal species has

been helpful in the investigation of biosynthetic

routes. In this context, it has been shown that the

acetylation of histone H4 in gene clusters responsible

for aflatoxin biosynthesis in Aspergillus species are

related to toxin expressions; therefore, a decrease in

this acetylation inhibits aflatoxin production (Roze

et al. 2011). The availability of genomic sequence

databases contributed to identifying the genes respon-

sible for the biosynthesis of major bioactive metabo-

lites (Arnaud et al. 2012).

Some interesting studies on Botytis cinerea genetic

profiles have also been reported in the literature. B.

cinerea is a sever phytopathogen that kills host-cells

by producing two types of phyto-toxins: a sesquiter-

pene, called botrydial, and the polyketide botcinic

acid. Recent research in this field enabled the identi-

fication of two PKS, encoding genes related to botcinic

acid biosynthesis, demonstrating that botrydial plays a

role of redundant virulence (Dalmais et al. 2011). B.

cinerea mutants have been screened for mapping the

proteins responsible for colonization efficiency in

different host plants and tissues, as well for toxin

production (Temme et al. 2012).

Metabolite diversification can be accomplished by

the genetic mapping of a fungal metabolic expression,

followed by gene inactivation and subsequent exam-

ination of the metabolic profile produced by the

mutant, as compared to the wild type. Using this

approach, six NRPS from an Aspergillus nidulans

strain were randomly selected and deleted. The

selective perturbation of each gene was verified by

polymerase chain reaction (PCR) and fungal meta-

bolic expression was analyzed to confirm an exotic

metabolic profile from the mutants in relation to the

control species (Chiang et al. 2008).

A study analyzed the role of COMPASS, an

enzyme present in the Set1 complex, responsible for
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catalyzing the methylation of lysine 4 on histone H3 in

A. nidulans. It was determined that the loss of function

of a critical COMPASS component enabled the

expression of clusters related to secondary metabolite

production. One of the clusters, called MDP, was

related to the production of monodictyphenone (43),

emodin (44), and emodin derivatives (45–50, Fig. 14)

(Chiang et al. 2010).

The inhibition of a specific gene through the use of

interference RNA (RNAi or RNAi plasmid) can be

carried out, considering that the knowledge of genes

involved in metabolite biosynthesis allows for a broad

control of their production. In Penicillium chrysoge-

num, gene suppression was responsible for the

production of a methyltransferase capable of convert-

ing meleagrin (51) into glandicolin B (52), in turn

inhibiting the production of 51 and enhancing the

production of 52. The suppression of two other genes

located within the same cluster was able to inhibit

meleagrin and roquefortine C (53) (Fig. 15) produc-

tion, showing that this cluster is responsible for the

biosynthesis of both metabolites (Garcı́a-Estrada et al.

2011).

In another strain of P. chrysogenum, the silencing of

the gene responsible for oxalate production resulted in

an increased production of adipoyl-6-aminopenicillic

acid (ad-6-APA), a cephalosporin precursor (54, Fig. 16).

The gene was identified as an oxalate producer after

its cloning on S. cerevisiae. Depletion of this gene in

P. chrysogenum resulted in a strain with a higher

production of ad-6-APA (54) than the control strain

(Gombert et al. 2011). The depletion of genes respon-

sible for adipic acid oxidation (55) (Fig. 16) has also

increased the production of ad-6-APA (54), since

adipic acid oxidation blocks the biosynthesis from

proceeding (Veiga et al. 2012).

In a related experiment, a similar effect was

observed for Penicillim aethiopicum. The inhibition

of a gene responsible for griseofulvin (56) production

resulted in the accumulation of the precursor dechlo-

rogriseofulvin (57). Comparing their structures shows

that the inhibited gene was responsible for the

production of a chlorinase enzyme. Follow-up studies

demonstrated that the two clusters responsible for the

biosynthesis of this chlorinated metabolite were also

responsible for producing another metabolite with a

more complex structure, viridicatumtoxin (58) (Chooi

et al. 2010). For structures of 56–58, see Fig. 17.

In Penicillium expansum, the inhibition of the gene

responsible for the biosynthesis of the toxin patulin

(59, Fig. 18) was carried out in an attempt to reduce

the toxicity of this microorganism associated with the
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intake of patulin as a contaminant of foods like orange

juice. The gene disruption technique was able to

generate two mutants with a low production of patulin

(Sanzani et al. 2012).

In addition to the modulation of metabolite pro-

duction, genetic engineering has also made it possible

to transfer genes between fungi in an attempt to

produce new molecules. A strain of P. chrysogenum

was able to produce adipoyl-7-amino-3-carbamoylox-

ymethyl-3-cephem-4-carboxylic acid (ad7-ACCCA)

(60, Fig. 19) after cloning and expressing both an

Acremonium gene that expresses the enzymes expan-

dase and hydrolase as well as a Streptomyces gene

expressing carbamoyltranferases in a P. chrysogenum

strain (Harris et al. 2009). In the same way, a gene

producer of CoA ligase induced by phenylacetic acid

(PAA), present in P. chrysogenum, was able to be

cloned and expressed in E. coli. Studies have shown

that the new strain was able to produce PAA-CoA,

resulting in an efficient gene expression (Yu et al.

2011).

Metabolite expression modulated by epigenetic

modifiers

The study of the mechanisms that lead to the

suppression of biosynthetic transcription, as well as

the development of methodologies to induce the

expression of these genes, represents an important

role in the search for new secondary metabolites. The

regulation of enzymes that control metabolite produc-

tion can be obtained by changing epigenetic mecha-

nisms, such as that which involves DNA methylation,

which is related to gene silencing, and histone

modifications. In the later, acetylation and phosphor-

ylation are the most studied mechanisms, determining

the conformation of chromatin (Fisch et al. 2009). This

can be obtained using epigenetic modifiers.

Histone deacetylases (HDAC) and methyltransfer-

ase inhibitors of DNA are the most commonly used

tools to track biosynthetic silent pathways (Asai et al.

2012b), as they are capable of activating silent gene

clusters. The addition of epigenetic agents has been

applied to change the transcription rate of some genes,

thus inducing the expression of those responsible for

the production of novel secondary metabolites (Hen-

rikson et al. 2009). In some cases, this approach

increases the yield of secondary metabolites already

produced by the fungal species under classical condi-

tions (Williams et al. 2008).

Among the HDAC, suberoylanilide hydroxamic

acid (SAHA) (61), presented in Fig. 20, stands out.
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The usefulness of this class of substances relies on the

fact that, among the chemical changes that a DNA

histone may undergo, its acetylation is generally

associated with gene silencing. Histone acetyltrans-

ferases are responsible for this step, while HDAC

follow the reverse pathway, activating inactive clus-

ters. SAHA is able to interact with the catalytic site of

histone-deacetylases. The most commonly used

methyl transferase inhibitor, 5-azacytidine (5-AZA)

(62, Fig. 20), interacts with methyltransferase, in turn

resulting in DNA hypomethylation, which subse-

quently leads to chromatin restructuring (Fisch et al.

2009).

Aspergillus niger has been targeted by an epige-

netic methodology in which this species was culti-

vated over a 2-week-period in a vermiculite based

semi-solid medium treated with SAHA, leading to the

isolation of nigerone (63, Fig. 21), exemplifying the

importance of epigenetic modulation to produce

unknown natural products (Henrikson et al. 2009).

Working with the same fungal species, a successful

combination of SAHA (61) and 5-AZA (62) was used

to obtain secondary metabolites related to other silent

genes (Fisch et al. 2009).

A class 2 histone deacetylase hdaA was used to

regulate the production of secondary metabolites by

Aspergillus fumigatus. The suppression of the hdaA

gene generated an increase in the production of

secondary metabolites and a reduction in the produc-

tion of gliotoxin (64, Fig. 22), a toxin produced by this

fungus. On the other hand, overexpression of the hdaA

gene promoted an increase in gliotoxin production

(Lee et al. 2009).

The production of new metabolites by Penicillium

citreonigrum has been induced by AZA. The addition

of this epigenetic agent to a culture medium contain-

ing rice, oatmeal, cornmeal, nutrient broth, and

vermiculite induced the production of metabolites

65–72 (Fig. 23) (Wang et al. 2010).

The effect of epigenetic modulators SAHA and

AZA on the production of volatile organic compounds

(VOCs) by the endophytic fungus Hypoxylon sp. has

been reported in the literature. Analysis performed by

gas chromatography coupled to mass spectrometry

(GC/MS) of 8-day-old Hypoxylon sp. cultures

revealed significant variations in the VOCs profiles,

with the production of several new compounds when

using epigenetic modulators as compared to the

Hypoxylon sp. wild-type VOCs profile (Ul-Hassan

et al. 2012).

Reports of other interesting secondary metabolites

successfully obtained using epigenetic agents, such as

new tryptophan derivatives (73–75) (Fig. 24) from

Torrubiella luteorostrata (Asai et al. 2011), a new

aromatic polyketide glycoside, and indigotide B (76),

from Cordyceps indigotica (Asai et al. 2012a) have

also been described in the literature. The concomitant

addition of two epigenetic modifying agents, SBHA

and RG-108, to the culture medium of Isaria tenuipes,

induced obtaining tenuipyrone (77), a novel polyke-

tide (Fig. 24) (Asai et al. 2012b). The use of epigenetic

modulators succeeded in increasing the production of

metabolites with antimalarial and anti-MRSA activity

from the fungus Leucostoma persoonii, endophyte

from Rhizophora mangle. The major metabolites
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cytosporones B (78), C (79), and E (80) (Fig. 25) had

their yields considerably enhanced in the HDAC-

inhibited fermentation (360, 580, and 890 %, respec-

tively). Moreover, cytosporone R (81, Fig. 25), a new

compound of this class, was also isolated from HDAC-

inhibited cultures (Beau et al. 2012).

Final remarks and conclusions

Medium modification, changes in culture parameters

and epigenetic modifiers provide a modulation of

secondary metabolite production resulting from dif-

ferent gene expressions. Although they are usually

studied separately, these factors attempt to achieve the

same goal: change the chromatin condensation level in

such a way that new genes will be expressed and new

compounds will be produced.

Other approaches, such as the introduction of biotic

stress, are also promising. For instance, interaction

between A. nidulans and bacterium Streptomyces

rapamycinicus resulted in the production of orselinic

acid (82) and derivatives (83–85), also influencing the

production of sterigmatocystin (86), terrequinone A

(87), and penicillin (88) (Fig. 26). This stress factor

was able to promote an increase in lysines 9 and 14

acetylation on histone H3, catalyzed by the SAGA/

ADA complex. This complex, containing the proteins

GcnE HAT and Adab, is required to induce these

metabolites production (Nutzmanna et al. 2011).

Some antibiotics, in addition to playing a role as a

stress factor, can induce gene resistance expressions
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that lead to the expression of other biosynthetic routes

(Chai et al. 2012). In this manner, Penicillium

purpurogenum, when treated with high concentrations

of the antibiotic gentamicin, acquired resistance. The

resistant mutant strain was capable of producing four

new metabolites: janthinone (89), fructigenine (90),
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aspterric acid methyl ester (91), and citrinin (92)

(Fig. 27). Hanlon (2006) added a xenobiotic agent,

cyclosporine, to the culture medium when cultivating

Aspergillus sp. so as to induce the biosynthesis of three

colored compounds.

Since there are various factors that can be changed

to activate the production of silent metabolites, or even

to increase their yields, the use of statistical techniques

have gained importance in the simultaneous assess-

ment of several culturing alterations. For example,

antitumor metabolite production by a marine species

of Penicillium was achieved by conducting an initial

screening of seven factors (glucose, sucrose, K2HPO4,

FeSO4, pH, temperature, and stirring), using the

Plackett-Burman design. The factors that proved to

be significant were analyzed by response surface

methodology to successfully determine the exact

amounts of culture medium ingredients, as well as

fermentation conditions (Guo et al. 2012).

Another broad study guided by statistical tools was

carried out with Penicillium steckii aimed at the

production of antifungal agents, in which several

parameters were evaluated: the concentration of

potato extracts; different carbon sources, such as

dextrose and sucrose; combinations of carbon sources;

effects of the addition of glycerol; glycerol concen-

trations, different sources of amino acids; amino acid

concentrations; the addition of potassium, ammonium,

and sodium salts; as well as the addition of heavy

metals, hormones, and their concentrations. As the

result, an optimum culture medium to promote fungal

growth and the production of antifungal agents was

found to contain a mixed carbohydrate source made up

of potato extracts, sucrose, dextrose, and glycerol, in

addition to lysine at pH 5 for 6 days. The other

variables proved to be statistically irrelevant (Sabat

and Gupta 2010).

The use of statistical planning associated with the

use of OSMAC and epigenetic approaches has been

greatly speeding up the process of bringing about new

fungal secondary metabolites. The genetic mapping of

gene clusters from both known and new fungi is

expected to direct future studies toward microorgan-

isms containing promising silent biosynthetic routes.

It is possible that the combined use of OSMAC,

epigenetic, and statistical tools to modulate and

monitor secondary fungal metabolism will increase

in such a way as to rationally broaden the use of fungi

as small factories that produce numerous novel

compounds with pharmacological potentials in the

near future.

Successful examples with industrial applications

cover from antibiotics (Jonge et al. 2011) and other

drugs, such as cyclosporin (Tanseer and Anjum 2011)

and lovastatin (Jia et al. 2009), to agricultural products

(Agriquest) and broaden the activity of metabolites,

such as terrein (Yin et al. 2012) and kojic acid

(Terrabayashi et al. 2010). There is a great expectation

that the development of the ‘‘omics’’ sciences in recent

years will also bring about new perspectives on the

production of new metabolites by fungi. These

‘‘omics’’ sciences, including genomics, transcripto-

mics, metabolomics, and proteomics, have been

demonstrating that it is relatively easy to monitor,

quantify, and produce secondary metabolites. Meta-

bolomics have been greatly aiding in the identification

and quantification of metabolites in different organ-

isms, providing complete compositional representa-

tions of individual samples that can be compared with

other individuals (Gomase et al. 2008). Nuclear

Magnetic Resonance and Liquid Chromatography,

coupled with Mass Spectroscopy techniques, are also

potent tools, allowing for simultaneous analyses and

the identification of small molecules found directly in

biofluids (Smolinska et al. 2012).
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Bode HB, Bethe B, Höfs R, Zeeck A (2002) Big effects from

small changes: possible ways to explore nature’s chemical

diversity. ChemBioChem 3:619–627

Chai Y, Cui C, Li C, Wu C, Tian C, Hua W (2012) Activation of

the dormant secondary metabolite production by intro-

ducing gentamicin-resintance in a marine-derived Peni-

cillium purpurogenum G59. Marine Drugs 10:559–582

Chiang Y, Szewczyk E, Nayak T, Davidson AD, Sanchez JF, Lo

H, Ho W, Simityan H, Kuo E, Praseuth A, Watanabe K,

Oakley BR, Wang CCC (2008) Molecular genetic mining

of the Aspergillus secondary metabolome: discovery of the

emericellamide biosynthetic pathway. Chem Biol 15:

527–532

Chiang YM, Szewczyk E, Davidson AD, Entwistle R, Keller N,

Wang CCC, Oakley BR (2010) Genetic characterization of

the monodictyphenone gene cluster in Aspergillus nidu-

lans. Environ Microb 76:2067–2074

Chooi Y, Cacho R, Tang Y (2010) Identification of the virid-

icatumtoxin and griseofulvin gene clusters from Penicil-

lium aethiopicum. Chem Biol 17:483–494

Cueto PRJ, Kauffman C, Fenical W, Lobkovsky E, Clardy J

(2001) Pestalone, a new antibiotic produced by a marine

fungus in response to bacterial challenge. J Nat Prod 64:

1444–1446

Dalmais B, Schumacher J, Moraga J, Pecheur PL, Tudzynski

PB, Collado IG, Viaud M (2011) The Botrytis cinerea

phytotoxin botcinic acid requires two polyketide synthases

for production and has a redundant role in virulence with

botrydial. Mol Plant Pathol 12:564–579

Demain AL, Sanchez S (2009) Microbial drug discovery:

80 years of progress. J Antibiot 62:5–16

Elias BC, Said S, Albuquerque S, Pupo MT (2006) The influ-

ence of culture conditions on the biosyn-thesis of second-

ary metabolites by Penicillium verrucosum Dierck.

Microbiol Res 161:273–280

Fisch KM, Gillaspy AF, Gipson M, Henrikson JC, Hoover AR,
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