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Abstract
Non-ochratoxigenic Aspergillus tubingensis G131 is a filamentous fungus that can produce naphtho-gamma-pyrones (NγPs), 
polyketide pigments that exhibit interesting antioxidant properties. This study aims to investigate the effect of two critical 
parameters, temperature and moisture content on the fungus grown in solid-state fermentation using agricultural by-products 
(vine shoots and wheat bran) as sole medium. From the kinetic productions of secondary metabolites NγPs (asperpyrone E, 
dianhydroaurasperone C, fonsecin, fonsecin B and ustilaginoidin A), alkaloids (nigragilin and aspernigrin A), degradation 
products from the solid medium (β-d-glucose, p-coumaric acid and trans-ethyl ferulate), ergosterol and conidia obtained for 
different temperatures and moisture contents, a principal component analysis (PCA) was carried out to highlight the produc-
tion patterns of these compounds. This approach allowed us to determine that fonsecin, the compound of higher interest—
exhibiting the most interesting antiradical potential—is particularly more produced at 25 °C and 66% of moisture content. 
This study underlines the importance of temperature and moisture content on naphtho-gamma-pyrones and hydroxycinnamic 
acid production using solid-state fermentation and contributes to the development of agroindustrial by-product valorization.

Keywords  Solid-state fermentation · Aspergillus tubingensis · Naphtho-gamma-pyrones · Hydroxycinnamic acids · 
Principal component analysis · Vine shoots

Introduction

Among the culture methods available, solid-state fermen-
tation (SSF) is a technic that is thousands of years old, 
first used by mankind for food production but now own-
ing a diversity of applications [1]. It is defined as a micro-
bial culture involving a solid medium in the absence (or 
near absence) of free water; however, substrate must pos-
sess enough moisture to support growth and metabolism 
of micro-organism [2]. Another important parameter to 

consider is the temperature inside the bioreactor bed. For 
that matter, heat removal is one of the major constraints 
in SSF, especially in large-scale processes where meta-
bolic heat is proportionally generated [3]. By the way, heat 
removal through water evaporation is a possible way to 
manage the energy inside the bioreactor but requires water 
replenishment through aeration with vapor saturated air [4].

The influence of moisture content and temperature is 
essential in the growth and secondary metabolite produc-
tion of fungi [5, 6]. However, although some tendencies have 
been described regarding the effects of moisture content and 
temperature on secondary metabolism, each fungal strain 
has its own behavior when facing environmental conditions 
changes [7, 8]. It is, therefore, important to empirically study 
those effects when dealing with a strain of industrial interest 
to optimize the production.

Another essential parameter is the medium composition 
which has a direct influence on numerous anabolic path-
ways and, therefore, on the production yields. Besides the 
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selection of a proper medium having economic repercus-
sions on the overall process, the valorization of local by-
products as culture medium should be considered to the 
extent possible [9, 10]. In the case of southern France, the 
vine shoots are common by-products and to date, various 
studies investigated them as a solid medium for the SSF, for 
the production of feruloyl esterases using Aspergillus terreus 
and for the production of cellulolytic enzymes by Aspergil-
lus uvarum [11–13].

The black aspergilli (Aspergillus section Nigri) are an 
important group of species in food mycology, medical 
mycology and biotechnology [14]. In biotechnology, they 
are used in many processes for the production of biomass, 
organic acids, enzymes, and secondary metabolites [15–17]. 
Aspergillus tubingensis is commonly described as a xero-
philic fungus with the optimum growth temperature ranging 
from 10 to 44 °C [18]. For that reason, A. tubingensis is a 
post-harvest mold frequently encountered in grapes where 
it might cause mycotoxin problems [19]. A. tubingensis 
strain G131 isolated from grape from a vineyard in South-
ern France can produce naphtho-gamma-pyrones (NγPs) 
[20]. These secondary metabolites exhibit a broad spec-
trum of biological activities and particularly radical scav-
enging activities which depend on the number of hydroxyl 
groups on the NγP skeleton [21–23]. Also, this fungus is 
non-mycotoxigenic as genome sequencing revealed that the 
synthetic genes required for the production of ochratoxin A 
and fumonisin are absent [24]. A study carried out in a liq-
uid medium showed that the production could be improved 
by decreasing the water activity or by adding an oxidative 
stress [25].

Overall compounds of interest found in a fermentation 
extract can be classified into two categories: the com-
pounds directly produced by the fungus—like the secondary 
metabolites—and the compounds resulting from the fungal 
enzymatic degradation of the medium—composed by by-
products of vegetal origin. Indeed, plants produce during the 
phenylpropanoid biosynthesis pathway phenolic hydroxycin-
namic acids which have a defensive role as they ensure the 
transversal junction between polysaccharides—hemicellu-
lose and pectin—and phenolic compounds like lignin [26]. 
The action of specific fungal enzymes that release them is 
particularly valuable, e.g., hydroxycinnamic acids—p-cou-
maric acid or trans-ferulic acids—exhibit antioxidant prop-
erties [27].

An antioxidant prevents the oxidation of oxidizable mat-
ter such as foodstuffs and reduces oxidative stress in living 
cells, the latter being the physiological consequence of fac-
tors such as sunburns, airborne pollutants, or disease [28]. 
Antioxidant applications, therefore, include various indus-
trial sectors such as health, food, and cosmetics [29]. Moreo-
ver, as the demand of products of natural origin increases, 
microbial non-toxic antioxidant compounds are particularly 

sought-after for their ability to substitute their synthetic 
counterparts.

The present study aims to investigate the effect of mois-
ture content and temperature on the NγP and hydroxycin-
namic acid production by A. tubingensis G131 cultivated 
under SSF on a medium composed of vine shoots and wheat 
bran as sole nutrient source. Kinetics of production of vari-
ous metabolites—including secondary metabolites like NγPs 
and degradation products—and conidia have been carried 
out under various levels of moisture contents and tempera-
tures. A statistical approach was used through a principal 
component analysis (PCA) to visualize rapidly and simul-
taneously the collected data from all kinetics of production 
to compare them easily, to highlight eventual production 
patterns following the various experimental conditions and 
to interpret the correlations between the different identi-
fied compounds to optimize the antioxidant potential of the 
crude extract. Furthermore, this study contributes to a better 
knowledge of the growth of A. tubingensis in SSF using by-
products as a culture medium.

Materials and methods

Fungal strain

A. tubingensis G131 was provided by École Nationale Supé-
rieure Agronomique de Toulouse (France). The strain was 
conserved at 4 °C in a 5-ml bottle on potato dextrose agar 
(PDA). The inoculum stock was prepared by propagating the 
fungus in Erlenmeyer flasks containing PDA. The cultures 
were incubated at 25 °C for 7 days. The inoculum suspension 
was prepared by adding 0.01% (v/v) Tween 80 and scraping 
with a magnetic stirrer to recover the conidia. The number of 
conidia was counted using a Malassez cell before the inocu-
lation of the solid medium.

Solid‑state fermentation (SSF)

SSF was carried out in duplicate in Erlenmeyer flasks of 
250 mL on 5 g (dry matter) occupying nearly 40% of the 
volume. Particle size ranged from 0.5 to 1 cm. The previ-
ously autoclaved solid medium was composed of 50% vine 
shoots—acting as a solid support, bringing physical proper-
ties like an adapted porosity to the medium—and 50% wheat 
bran (w/w)—acting mainly as substrate, bringing nutrients 
to the fungus—and was inoculated with 2 × 107 conidia 
g−1 (dry matter) and put in an incubator at various temper-
atures. The vine shoots were provided by the Laboratoire 
Européen d’Extraction (La Laupie, France) after they were 
previously exhausted of their polyphenol content through 
ethanol extraction to produce value-added compounds [30].
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Effect of temperature and moisture content

The temperature effect was investigated at a fixed moisture 
value of 66% following four incubation temperatures: 25, 30, 
35, and 40 °C. Moisture effect was studied at a fixed temper-
ature of 25 °C following three initial moisture values: 50, 60, 
and 66%. In both cases, production kinetics were established 
for the following variables: NγPs including asperpyrone E, 
dianhydroaurasperone C, fonsecin, fonsecin B and ustilagi-
noidin A; some other fungal alkaloids including nigragilin 
and aspernigrin A; some degradation products from the solid 
medium tied to the fungal enzymatic activity such as β-d-
glucose, p-coumaric acid and trans-ethyl ferulate; a mem-
brane lipid, ergosterol, and the conidia. The cultures were 
carried out during 14 days and samples have been collected 
every 2 days.

Ergosterol extraction

The extraction protocol has been adapted from Saxena 
et al. (2001) [31]. Briefly, 1 g of fermented material was 
introduced in 10 mL of methanol (> 99.5%, Sigma-Aldrich, 
Saint-Louis, USA) solution containing 0.2 M of potassium 
hydroxide and put in a water bath at 55 °C for 20 min. The 
methanol extracts (5 mL) were collected and stirred with 
water (5 mL) and hexane (10 mL) (Sigma-Aldrich, Saint-
Louis, USA). After decantation, the hexane phase was 
removed. The hexane extraction step was carried out two 
times. The obtained hexane phase was then evaporated under 
reduced pressure at 30 °C. The dry extract was solubilized in 
methanol (2 mL), filtered with a 0.2-μm filter (GE Health-
care Systems, Chicago, USA) for subsequent quantifica-
tion by high-performance liquid chromatography (HPLC) 
analysis.

Other compound extraction

The extraction of the investigated compounds (NγPs, degra-
dation products, and other fungal alkaloids) was performed 
on 1 g of moist fermented material with analytical ethanol 
(10 mL) (> 99.5%, Sigma-Aldrich, Saint-Louis, USA) fol-
lowing a self-developed protocol. The mixture was stirred 
during 1 h. The crude ethanol extract was then filtered with 
a 0.2-μm filter before HPLC analysis.

HPLC analysis

The HPLC system (Agilent Technologies, Santa Clara, 
USA) was equipped with a diode array detector (DAD), an 
RP18 analytical column (150 × 5 mm, 4.6 μm particle size, 
Zorbax Eclipse XDB, Agilent Technologies, Santa Clara, 
USA), fitted to an RP18 guard column (10 × 4 mm, Agilent 
Technologies, Santa Clara, USA) and kept at 30 °C during 

the analysis. The metabolites were monitored at 280 nm and 
the subsequent peaks were observed using ChemStation 
B.02.01 (Agilent Technologies, Santa Clara, USA).

Ergosterol quantification

The methanol extracts (30 μL) were injected using an auto-
sampler. The isocratic elution was carried out with analytical 
methanol at a flow rate of 1 mL min−1 for 15 min. Ergosterol 
concentration was determined using a commercial ergosterol 
standard (Sigma-Aldrich, St. Louis, USA). The results were 
expressed in mg per g of dry matter based on the calibration 
curve obtained from the analysis of standard solutions rang-
ing from 10 to 500 mg L−1.

Other compound quantification

The crude ethanol extracts (40 μL) were injected using an 
auto-sampler. The mobile phase consisted of acidified water 
(0.2% glacial acetic acid) (A) and analytical acetonitrile (B) 
(Sigma-Aldrich, Saint-Louis, USA). The linear gradient 
started with 30–100% of B for 45 min and then 100% B for 
5 min at a flow rate of 1 mL min−1. The secondary metab-
olites investigated being mostly NγPs, the concentrations 
were determined using the commercial standard rubrofusa-
rin A (> 98% purity, Bioviotica Naturstoffe GmbH, Drans-
feld, Germany). The results were expressed in mg equivalent 
rubrofusarin per gram of dry matter based on the calibration 
curve obtained from the analysis of standard solutions rang-
ing from 2 to 200 mg L−1.

Isolation and radical scavenging assays 
of the compounds

Isolation and radical scavenging capacity assays of the com-
pounds were studied in a previous work [23]. Briefly, the 
radical scavenging capacity assay was carried out as fol-
lows: a solution of radical monocation ABTS•+ reacted with 
10 µmol L−1 of the assayed compound for 5 min, at 25 °C, in 
96-well plates. The subsequent decolorization of the mono-
cation in the presence of a radical scavenging compound 
was measured at 734 nm using a microplate reader Infinite 
200 (Tecan©, Mennedorf, Switzerland). The results were 
expressed in Trolox equivalent antioxidant capacity using a 
calibration curve of 3,4‐dihydro‐6‐hydroxy‐2,5,7,8‐tetrame-
thyl‐2H‐1‐benzopyran‐2‐carboxylic acid (Trolox) ranging 
from 15.625 to 1000 μmol L−1. Among the various metabo-
lites that own antioxidant properties, fonsecin and usti-
laginoidin A exhibit the highest potentials of 13.32 ± 0.08 
and 14.59 ± 1.75, respectively (not significantly differ-
ent from the radical scavenging activity of ascorbic acid: 
13.23 ± 0.05), when measured with an ABTS assay. This 
antioxidant potential then decreases as follows: trans-ethyl 
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ferulate (8.32 ± 0.85), p-coumaric acid (6.86 ± 0.43), fon-
secin B (5.12 ± 0.08), dianhydroaurasperone C (4.57 ± 0.36) 
and asperpyrone E (3.29 ± 0.11) [23].

Conidium counting

1 g of each sample was collected, put in distilled water with 
Tween 80 (Sigma-Aldrich, St. Louis, USA) 0.01% (v/v), and 
stirred for 5 min. After appropriate dilution, the conidia were 
counted using a Malassez cell.

Water content

The results were expressed in dry weight. To determine the 
dry weight of a sample, 1 g of moist fermented material 
was put in an oven at 105 °C for 24 h and was reweighted to 
measure the percentage of lost water.

Statistical analysis

Standard deviation was calculated from the duplicate sam-
ples and kinetic production curves were made using R soft-
ware (4.0.0., R Core Team).

PCA was used for reducing the dimensionality of data-
sets, increasing interpretability but at the same time mini-
mizing information loss. It allowed an interpretable over-
view of the main information in a multidimensional array 
[32]. PCA was performed using Unscrambler X software 
version 10.3 (CAMO, Oslo, Norway).

13 explicative variables were considered: β-d-glucose, 
p-coumaric acid, trans-ethyl ferulate, nigragilin, asperni-
grin A, asperpyrone E, dianhydroaurasperone C, fonsecin, 
fonsecin B, ustilaginoidin A, ergosterol concentrations and 
conidia. All were centered, reduced, and divided with the 
standard deviation to avoid giving importance to high val-
ues. The concentration values have not been determined for 
all moisture contents and temperatures: two matrices were 
generated. One using the data of kinetics realized under con-
stant moisture content (66%) at four different temperatures 
(25, 30, 35 and 40 °C) and another with kinetic data with 
variable moisture contents (50, 60 and 66%) at constant tem-
perature (25 °C). The number of principal components (PCs) 
was determined through a cross-validation. Result interpre-
tation was done from the score plots that allowed explain-
ing the position of samples in the two-dimensional plane 
generated by the PCs, thanks to certain variables, identified 
on the plot of correlation loadings. For the analysis related 
to the temperature effect, 74 samples were used with 962 
values for metabolite concentrations and conidium produc-
tion. Concerning the moisture content effect, 70 samples and 
910 concentration values were used.

Results and discussion

The effects of temperature and moisture content were 
tested on the growth and metabolite productions within a 
range of 25 and 40 °C and 50 and 66%, respectively. Those 
values were chosen because these ranges were typically 
used for A. tubingensis optimization and included optimal 
values for mycotoxins and enzyme production [33–35].

All the tested moisture contents correspond to modali-
ties in which the solid medium is saturated with water, 
with the presence of a thin aqueous film. Moreover, these 
moisture contents are constant during the culture process. 
First of all, we can observe the evolution of the number 
of conidia and the biomass from the ergosterol produc-
tion (Fig. 1). Indeed, SSF final product is a fermented 
matrix for which the separation between the fungus and 
the culture medium is very challenging, especially when 
this medium is made of agricultural by-products that are 
consumed during the fungal growth. Ergosterol is a sterol 
from the fungal membrane, so it can be used as an indirect 
biomass indicator [36]. However, it is difficult to convert 
ergosterol content to a precise biomass value because the 
ergosterol production depends on the physiological state 
of the fungus itself depending on many parameters [37]. 
In this study, two tendencies can be observed: higher tem-
peratures—35 and 40 °C—seem to favor the fungal growth 
as the fungus produces more ergosterol and earlier than 
when the fungus is cultivated under lower temperatures. 
This production tends to equalize itself from day 7. This 
observation is in accordance with the study by Parra and 
Magan [6] for A. niger which showed that for a fixed water 
activity value, the growth rate was higher for temperatures 
of 35, 30, 25, and 20 °C, respectively [6]. The moisture 
content does not lead to major differences in the ergosterol 
production. Conidia seem to be produced with delay as 
temperature increases whereas moisture content seems to 
have a small effect on it.

During the stationary phase, when biomass production 
decreases, the secondary metabolism starts through endog-
enous and environmental regulations. Ecologically speak-
ing, this environmental regulation corresponds to a change 
toward more stressful medium conditions (an oxidative 
stress, a decline of the carbon source, a temperature rise, 
etc.) against which the fungus will develop mechanisms 
of protection through active compound production [38].

The fonsecin and ustilaginoidin A are proportionally 
produced as moisture content increases and temperature 
decreases (Figs. 2, 3). This tendency seems to be ampli-
fied for the fonsecin production as temperatures of 30, 35 
and 40 °C almost completely shut down the production. 
Although the increasing moisture contents favor fonsecin 
B, diahydroaurasperone C and asperpyrone E, temperature 
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exhibits different effect on the production as compared 
with the previous NγPs. Indeed, fonsecin B production is 
maximized for temperatures of 30 and 35 °C, dianhydro-
aurasperone C, for 35 °C and asperpyrone E for 30 °C.

As for the hydroxycinnamic acids, p-coumaric acid and 
trans-ethyl ferulate are proportionally released into the 
medium as temperature decreases and as moisture content 
increases.

Concerning the NγP yields, a study dealing with the 
production of NγPs using the same strain of A. tubingen-
sis G131 cultivated in Erlenmeyer flask reported a pro-
duction of 20 mg g−1 of dry biomass cultivated in liq-
uid conditions using Czapek yeast broth with an osmotic 
stress—the water activity was set at 0.95—during 9 days 

in static conditions [25]. Comparing these results with 
the one obtained in our study—a total NγP production of 
0.62 mg g−1 of dry matter obtained after 7 days of growth 
at 25 °C and with a moisture content of 66%—is compli-
cated because unlike in SSF although the quantifications of 
the NγPs were carried out using the same HPLC technic, 
the downstream quantification of fungal biomass is easier 
in liquid systems as it is direct. Using the dry biomass per 
dry solid medium ratio (0.02 g g−1) obtained by Steudler 
and Bley (2015) through the biomass determination of 
ergosterol measurement for a strain of Trametes hirsuta 
grown in SSF on corn silage after 7 days, our NγP pro-
duction yield would be of 31 mg g−1 of dry biomass [39]. 
This is, however, speculative as there are many different 

Fig. 1   Fungal growth curves of ergosterol and conidia under various temperatures (■ 25 °C ◆ 30 °C  + 35 °C × 40 °C) and moisture contents 
(+ 50% ◆ 60% ● 66%). Error bars represent the variability associated with the measurements of samples (color figure online)
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parameters between the two studies, for example, T. hir-
suta is a Basidiomycota whereas A. tubingensis is an Asco-
mycota. To carry out a proper comparison between the 
solid and liquid modalities of culture, efficient biomass 
estimation has to be developed for the solid system. This 
determination could be carried out by determining the 
right relation between ergosterol and A. tubingensis G131 
biomass production.

As a complement of the observation of the kinetic pro-
duction curves, another possibility to analyze the data is 
to use a PCA approach to observe the metabolite behavior 
under different experimental conditions (kinetics of produc-
tion related to the temperature and the moisture content vari-
ations) and compare them.

In the case of the PCA of the data related to the tem-
perature variations, the cluster of samples in (PC1, PC2) 
score plot suggests a temporal evolution on PC1 axis with 
an explained variance of 46% (Fig. 4a). This PC1 axis gath-
ers in its negative part the first 2 days of fermentation of the 
temperature conditions at 25, 30 and 35 °C and the whole 
kinetic carried out at 40 °C, suggesting a strong negative 
impact of a temperature of 40 °C on the metabolism when 
compared to the others. The PC2 with an explained vari-
ance of 23% shows nonetheless a similar behavior of the 
data for later times of the kinetics (after day 2) related to 35 
and 40 °C which points are clustered in the positive part of 
this axis. Points corresponding to higher times of fermenta-
tion at 25 °C follow a distinct pattern as they are located 
in the negative part of PC2. The points associated with the 
same time values but with a temperature of 30 °C exhibit 
an intermediary behavior as they are placed in the center of 
PC2. Those various patterns associated with the different 
conditions are explained by differential production quantities 
related to each compound.

The interpretation of the correlation loadings allows 
highlighting the correlations existing between the response 
variables. Two groups appear: at 25 °C, days 5–13 are char-
acteristic of a group of molecules comprising fonsecin, usti-
laginoidin A in addition to the hydroxycinnamic acids such 
as the p-coumaric acid and the trans-ethyl ferulate (Fig. 4b). 
By the way, this result suggests that the fungal p-coumaroyl 
and feruloyl esterases have a temperature optimum of 25 °C. 
Unlikely, feruloyl esterases of an A. niger strain growing 
in solid state have shown a temperature optimum for the 
enzyme activity of 40 °C [40]. As suggested by the cor-
relation loadings, a second group of compounds which 
variables are negatively correlated with the previous ones 
emerges at 35 °C and after 5 days of fungal growth including 

aspernigrin A, nigragilin, dianhydroaurasperone C, sugars 
and to a lesser extent fonsecin B.

A difference of 10 °C is thus responsible for radical 
change in the metabolite production.

Concerning data related to the moisture content variation, 
again the discrimination of samples in (PC1, PC2) score plot 
suggests a temporal evolution on PC1 axis with this time an 
explained variance of 63% (Fig. 5a).

The PC1 axis gathers in its negative part the points asso-
ciated with the first days of culture (days 1–4) related to 
moisture contents of 66 and 60% and almost all the points 
of the kinetic (except day 15) related to the moisture content 
of 50%. The kinetic data obtained for a moisture level of 
50 and 60%, for a duration superior to 3 days are, however, 
more clustered along the PC1 than the data obtained for a 
moisture level of 66%, indicating that an increase of mois-
ture content is characteristic of a higher metabolic maturity. 
On the other hand, points associated with the early days of 
fermentation (until the day 3) for the data related to moisture 
contents of 50 and 60% are associated in the negative part 
of PC2 (explained variance of 13%) with the whole kinetic 
production point with a moisture content of 66%. Positive 
part of the PC2 gathers points higher to day 3 of the kinetics 
assigned to 50 and 60% of moisture contents.

The observation of correlation loadings shows that most 
of the NγPs as well as the hydroxycinnamic acids are pro-
duced in higher quantities with moisture content levels of 
60 and 66% for a culture duration ranging between 7 and 
15 days. Fonsecin is particularly favored by a moisture con-
tent of 66% (Fig. 5b). Moreover, there is a negative correla-
tion for conidia and aspernigrin productions with the other 
compounds, suggesting that, for a culture time exceeding 
7 days, the production of conidia and aspernigin are favored 
at a lower moisture content of 50%.

In a strategy of maximization of the antioxidant prop-
erties of the crude extract, fonsecin and ustilaginoidin A 
are the most desirable compounds of the crude extract as 
they are the most antioxidant compounds [23]. Therefore, to 
obtain a crude extract with maximum antioxidant properties 
and because there is a net quantitative difference in the pro-
duction between fonsecin and the other compounds, fonsecin 
production must be favored. This pattern of production that 
maximizes fonsecin production also includes ustilaginoidin 
A and the hydroxycinnamic acids p-coumaric acid and trans-
ethyl ferulate.

The NγP production process is sensitive to a variation 
of temperature: this one should be fixed at 25 °C. Indeed, a 
temperature rise to a value of 35 °C increases proportionally 
the production of less hydroxylated NγPs that are, therefore, 
less antioxidant. Finally, a temperature of 40 °C disrupts the 
production. The impact of moisture content on the second-
ary metabolite production is also significant, in particular, 
fonsecin production—and to a lesser extent, ustilaginoidin A 

Fig. 2   Fungal growth kinetic curves of metabolites under various 
temperatures (square 25 °C diamond 30 °C plus symbol 35 °C mul-
tiplication symbol 40 °C). Error bars represent the variability associ-
ated with the measurements of samples (color figure online)

◂
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and hydroxycinnamic acids. Temperature and moisture con-
tent have to be carefully monitored around 25 °C and 66%, 
respectively. This affirmation is equally more important if 

the process is up-scaled. Indeed, the cultures have been per-
formed in flasks at laboratory scale and it is notorious in 
SSF; an increase of production scale leads to the formation 

Fig. 3   Fungal growth kinetics curves of metabolites under the variation of moisture content (plus symbol 50% diamond 60% circle 66%). Error 
bars represent the variability associated with the measurements of samples (color figure online)
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of important thermic and water gradients in the medium 
bed that can negatively affect the production [41]. However, 
encouraging results have been obtained at pilot scale for NγP 
production [42].

Also, although the focus is made on the most antioxi-
dant compounds in the crude extract, the complexity of the 
latter may increase its overall radical scavenging potential 
through synergistic effects due to other bioactive com-
pounds presence. Further studies have thus to be carried 
out to determine an eventual synergy. This point supports 
the fact that the use of the crude extract may be more con-
venient; also because it would not require implementing 
an expensive purification process and is notably allowed 
by the non-mycotoxigenic nature of the fungus. It is also 

interesting to mention that the culture medium is com-
posed of 50% of vine shoots and 50% of wheat bran, mak-
ing the process based on the valorization of by-products. 
Concerning vine shoots, it is a local by-product widely 
produced during the vine pruning in wine-producing 
French regions. Precisely, the vine shoots used here are 
previously exhausted of their polyphenol compounds—
the recovered polyphenol are used as value-added mol-
ecules—thus making the NγP production through SSF, a 
second way of valorization for this by-product. To com-
plete the circle in a biorefinery approach, it is possible to 
consider a final way of valorization through composting of 
the residual fermented matrix to produce fertilizing mate-
rial for the vine culture.

Fig. 4   PCA of the metabolic production related to the temperature variations (square 25 °C diamond 30 °C plus  symbol 35 °C multiplication  
symbol 40 °C) in the (PC1, PC2) plane: score plot (a) and correlation loadings (b) (color figure online)
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Conclusion

The PCA approach on the kinetics of fungal compound 
production under various temperatures and moisture con-
tents rapidly allowed highlighting the patterns of the com-
pound production during the time. Unlike the conidia pro-
duction which was relatively stable with the various levels 
of moisture contents and temperatures, the NγP production 
was sensitive to the variation of these parameters. There-
fore, although NγP production was associated with conid-
iogenesis on a temporal aspect, it was not correlated to it 
during the variation of the studied factors. The approach 
used in this study, growth kinetics under controlled levels 
of temperature and moisture content, allowed the insight 
of the metabolic process that was developed during the 
time. Fonsecin and to a lesser extent ustilaginoidin A and 
hydroxycinnamic acids are the compounds with higher 
radical scavenging properties and they follow a similar 

production pattern depending on temperature and mois-
ture contents changes. In the case of fonsecin, a rise of 
temperature of 5 °C over the optimum of 25 °C drastically 
diminished the production. This approach also allowed us 
to determine the optimal temperature and moisture con-
tent conditions to maximize the production of antioxidant 
compounds. Potential applications—for example, included 
in cosmetic formulations or as a food additive—of the 
obtained crude extract enriched in non-toxic antioxidant 
compounds have yet to be investigated.
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