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ABSTRACT: Ochratoxin A is the main contaminant mycotoxin of grapes produced mainly by Aspergillus niger and Aspergillus
carbonarius. Besides, it is possible that the formation of modified mycotoxin occurs through the plant defense mechanism or also
by fungus actions itself. The objective of this study was to evaluate the influence of grape variety and maturation stage on the
formation of OTA and modified mycotoxin. The determination of OTA was performed by high-performance liquid
chromatography, and a high-resolution mass spectrometry was used for the detection of modified ochratoxin. A positive
correlation was observed between the following grapes physicochemical parameters: pH, total soluble solids, total glycosides in
glucose, total anthocyanin, and OTA levels produced by A. niger and A. carbonarius. Therefore, the higher the concentrations of
these parameters, the greater the production of mycotoxin in grapes. Among the elected targets, we identified the 14-decarboxy-
ochratoxin A in Muscat Italia variety at veraison and 15 days after the beginning of veraison stages; and ethylamide-ochratoxin A
as a biomarker in the Syrah variety at the ripeness stage.
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■ INTRODUCTION

European Vitis vinifera grapes, which grow better in regions
with a dry climate, high insolation, and low relative humidity,
are the most used in wine production due to their specific
organoleptic characteristics.1 However, there are many grape
varieties and cultivars with distinct physicochemical and
sensorial features in different producing regions.2 This
variability, in addition to being responsible for the typicity of
its derivatives, also influences the microbiological contami-
nation of the grapes.3

The consumption of grapes and wines has been associated
with beneficial health effects, due to the presence of phenolic
compounds, which have antioxidant, anti-inflammatory, and
bactericidal properties, and aid to prevent cardiovascular
diseases.4,5 However, microorganisms present in grapes,
besides affecting grapevines health and being responsible for
deterioration, may also produce toxic compounds to humans,
such as mycotoxins.
Among mycotoxins, ochratoxin A (OTA) is the most

commonly detected in grapes and their derivatives. OTA is
produced mainly by Aspergillus niger and Aspergillus carbonar-
ius.3,6−8 Contamination of grapes by these species can occur
since the beginning of maturation stage and becomes more
prominent near harvest time, due to the increase of both
relative humidity and temperature of the vineyard, besides
changes in physicochemical characteristics: berry softening,
sugars accumulation, and acidity reduction.9,10 However, it is
possible that, besides grape deterioration and OTA production

by these fungi, the production of modified mycotoxins still
occurs in the vineyard.
The occurrence of mycotoxicoses that did not correlate with

total levels of mycotoxin present in foods led to the emergence
of the term masked mycotoxin, nowadays also called modified
mycotoxin, characterized as conjugates formed from the
defense metabolism in plants, which cannot be detected by
traditional analytical methods.11

It is possible that these conjugates are formed at different
stages of grape development. The formation of these
conjugates is possible because plants have mechanisms that
neutralize microbial toxins through detoxification by con-
jugation of endogenous metabolites.12 Such chemical mod-
ifications are obtained through hydrolysis, reduction, and
oxidation reactions (Phase I metabolism) or by polar binding
components (such as sugars) to the parent mycotoxin (Phase
II metabolism). Such reactions facilitate sequestration of the
compound formed in the vacuole or apoplast or its
incorporation into cell wall components (Phase III metabo-
lism), leading to a decrease in the toxicity of the metabolite
formed.13−15 However, after ingestion of the conjugate,
enzymes and components of human or animal microbiota
may act on the modified mycotoxin, causing its hydrolysis, the
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release of the parent mycotoxin, and its absorption, increasing
the individual’s total exposure to the toxic compound.16

Several changes in physicochemical features of grapes occur
throughout maturation. These reactions include the increase in
berry size, color development, anthocyanins accumulation (in
red grapes), berries softening due to the transformation of
pectins, accumulation of sugars and reduction of organic acids,
synthesis of volatile aromatic compounds, and reduction and
polymerization of tannins.17 These changes have a direct
influence on toxigenic fungi contamination. However, little is
known about the effect of these parameters on OTA
production by A. carbonarius and A. niger and the formation
of modified mycotoxin. In this sense, this study aims to
evaluate the influence of maturation stage and grape varieties
on OTA production and modified mycotoxin formation.

■ MATERIAL AND METHODS
Safety Information. OTA is classified as a possible human

carcinogen (group 2B). Therefore, it must be handled with care.
Wine Grapes. Different grape varieties (Syrah, Touriga Nacional,

and Muscat Italia) were collected throughout maturation stage. The
samples were collected at the beginning of the veraison (onset of
maturation process); 15 days after the beginning of veraison; and
ripeness (in which grapes reach optimum maturation point). Grapes
were collected in a semiarid tropical region of Brazil located in the
border between the states of Pernambuco and Bahia (Brazil)
according to Freire et al.3

Physicochemical Characterization of Wine Grapes. For grape
characterization, 15 g of each grape variety was weighed and mashed
in a food processor (RI7761, Philips Walita, China) in triplicate for
each analysis performed. Titratable acidity (g of tartaric acid per 100 g
of grape), total soluble solids (% of soluble solids), and pH were
determined according to AOAC.18 A digital refractometer was used to
determine the total soluble solids (Pocket PAL-1, Atago, Ribeiraõ
Preto, SP, Brazil). For pH determination, a digital potentiometer
(K39-2014b, Kasvi, Saõ Jose ́ do Pinhais, SP, Brazil) was used. Sugars
were determined according to a methodology previously described by
Instituto Adolfo Lutz,19 and results were expressed as % of total
glycosides in glucose. Pectins were determined by gravimetry, and
results were expressed as % of pectic acid.19 Total monomeric
anthocyanin levels were measured using the differential pH method20

and results expressed as mg equivalents of cyanidin-3-glycoside per
100 g of grape. Extraction used to determine phenolic compounds,
and antioxidant activity was performed according to Paz et al.21

Determination of antioxidant activity was performed by DPPH22 and
ORAC23 methods, and results were expressed as DPPH value (μMol
Trolox equivalents per 100 g of grape) and ORAC value (μMol
Trolox equivalents per 100 g of grape), respectively. Total phenolic
compounds were obtained using the Folin−Ciocalteu reagent.24

Results were expressed as mg of gallic acid equivalents per 100 g of
grape.
Inoculum Preparation. Strains of Aspergillus carbonarius (10614)

and A. niger (10443), isolated from wine grapes and obtained from the
Culture Collection of the Department of Food Science/CCDCA-
UFLA, were used in the experiments. These strains were previously
selected in grape-based culture medium.25 Conidia suspensions of
each species were prepared individually.26 Once suspensions were
obtained, the final concentration of the inoculum was standardized at
107 conidia/mL.
Grape Berry Inoculum. Twenty-five grams of grape berries from

each sample were disinfected with 1% peracetic acid solution
(Diversey, Saõ Paulo, SP, Brazil) for 2 min and washed three times
with sterile distilled water. After that, excessive water was withdrawn
with the aid of a manual centrifuge. The inoculation was made by
spraying (in laminar flow) 1.25 mL of each conidia suspension,
individually, in triplicate. As a control, each grape variety at all
maturation stage studied was inoculated with 1.25 mL of sterile
distilled water without containing the conidial suspension. After

inoculation, grapes were placed in plastic boxes previously disinfected
with 1% peracetic acid solution for 30 min. Then, the grapes were
kept at 25 °C for 7 days in the absence of light and under high relative
humidity (95 ± 5%).27 Relative humidity was controlled using a
K2SO4

28 saturated solution and measured throughout the incubation
period with a hygrometer (LOG32TH, Incoterm, Porto Alegre, RS,
Brazil). After the incubation period, samples were used for extraction.

Determination of OTA Concentration. Sample Preparation
and Extraction. After grape homogenization with the aid of a pistil, 5
g of the sample were added to 25 mL of acetonitrile/water/formic
acid (79:20.9:0.1, v/v/v) (JT Baker, Xalostoc, Mexico), vortexed, and
extracted using a rotary shaker at 200 rpm for 90 min at room
temperature (Series 25 Shaker/Incubator, New Brunswick Scientific,
Minnesota, USA). Following, the extracts were centrifuged at 10,000g
for 10 min at 4 °C (Sorvall Legend Xtr, Thermo Scientific, Hampton,
USA) according to Nathanail et al. with modifications.29 Supernatants
obtained from the extraction procedure were filtered in polyvinylidene
fluoride (PVDF, 0.22 μm) filter membranes units (Jet Biofil,
Guangzhou, China) and used for quantification.

OTA Quantification by HPLC. For OTA quantification in grapes,
an Agilent 1290 Infinity HPLC system (Agilent Technologies, Palo
Alto, CA, USA) with a DAD detector set at a wavelength of 330 nm
and an Agilent-Zorbax Eclipse XDB-C18 column (4.6 × 250 mm, 5
μm) were used. Flow and injection volume used were, respectively,
0.5 mL/min and 20 μL. An isocratic system of acetonitrile/methanol/
aqueous acetic acid (35:35:29:1) (J.T Baker, Xalostoc, Mexico) was
used for elution. A standard curve for OTA (Sigma-Aldrich,
Darmstadt, Germany) was obtained using a stock solution previously
prepared in methanol (1 μg/mL). Subsequently, standard solutions
were prepared by serial dilutions, and their concentrations were of
0.00375, 0.015, 0.03, 0.105, and 0.135 μg/mL. OTA quantification
was performed after obtaining an analytical curve [y = 4987.8x +
86.735; coefficient of determination (R2) = 0.997]. Limits of
detection (LD) and quantification (LQ) were 0.001 and 0.004 μg/
g, respectively. Standard OTA solutions were injected in triplicate,
and all samples were analyzed in duplicate.

For the recovery test, grape berries were fortified, in triplicate, at
two levels (1.0 μg/g and 3.0 μg/g) and extracted as described above.
Results of the recovery tests were 87.61% (±5.38) and 112.64%
(±6.06), respectively.

Identification of Modified Ochratoxin by HRMS. A mass
spectrometer of the type ESI-LTQ-XL Orbitrap Discovery (Thermo
Scientific, Bremen, Germany) with a nominal resolution of 30,000
(fwhm), a flow rate at 10 μL/min, capillary temperature at 280 °C,
spray current set at 5 kV, and sheath gas at 5 arbitrary units was used
for identification of the possible elected OTA derivatives (Table 1).

Table 1. Ochratoxin A and Its Derived Metabolites

metabolites
exact mass
(g/mol) refs

ochratoxin β 222.0528 52−54
α-ochratoxin 256.0139 52−55
α-ochratoxin amide 255.0298 47
14-decarboxy-ochratoxin A 359.0924 46−48,53
ochratoxin B 369.1212 52−55
ochratoxin B methyl ester 383.1369 52−54
ochratoxin B ethyl ester 397.1525 52,54
ochratoxin A 403.0823 52−54
4-hydroxyochratoxin A 419.0772 52−54
ethylamide ochratoxin A 430.1296 54−56
ochratoxin A glucose ester 565.1351 48,54
(22 → 6′) ochratoxin A-methyl-α-D-
glucopyranoside ester

579.1507 48

ochratoxin A cellobiose ester 727.1879 48
ochratoxin A quinone 383.1005 54,57
ochratoxin A hydroquinone 385.1162 53,54,57
ochratoxin C 431.1136 52−55
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An aliquot of 10 μL of the obtained extract was diluted in 490 μL of
methanol and homogenized in a vortex for 30 s. Then, a 1 μL formic
acid 100% (Sigma-Aldrich, Darmstadt, Germany) was added, and
direct injection of the extract was performed. Data were acquired in
the survey scan mode and obtained in a positive mode in a mass range
of 200−750 m/z, in five replicates.
Statistical Analysis. The evaluation of the influence of grape

varieties at different maturation stages on OTA production by A.
carbonarius and A. niger was done through the analysis of variance
with a posthoc Tukey test. Principal component analysis (PCA) was
used to demonstrate the correlation between OTA production and
physicochemical characteristics of grapes. Partial Least Squares-
Discriminant Analysis (PLS-DA), a multivariate regression method,
was used as a tool to aid in the identification of modified mycotoxin.
Online platform MetaboAnalyst 3.0, with the option Interquartile
Range for data filtering and Normalization by a pooled sample from
the group was used.30,31 Identification of the compounds was made
through the comparison of their exact mass available in databases:
METLIN (Scripps Center for Metabolomics, La Jolla, CA, USA) and
literature references. These compounds were identified in order that a
maximum error of 2 ppm accuracy between the experimental and
theoretical values was obtained.

■ RESULTS AND DISCUSSION

Physicochemical characteristics of the different grape varieties
studied changed throughout maturation. An increase in pH
(Syrah, 29.4%; Touriga Nacional, 20%; Muscat Italia, 4.9%),

total soluble solids (Syrah, 80%; Touriga Nacional, 133.33%;
Muscat Italia, 33.33%), and total glycosides in glucose (Syrah,
123.4%; Touriga Nacional, 171.2%; Muscat Italia, 93.7%) was
observed. Total anthocyanin levels also increased throughout
maturation (Syrah, 297.8%; Touriga Nacional, 325.9%);
however, this was not observed for the white variety (Muscat
Italia) at all stages, as expected. Percentage of pectic acid also
increased for all varieties (Syrah, 80%; Muscat Italia, 37.5%),
except for Touriga Nacional, which exhibited the highest
amounts of the compound at veraison stage, whereas a
remarkable reduction was observed throughout maturation
(25%). Titratable acidity decreased for all varieties throughout
maturation (Syrah, 73.3%; Touriga Nacional, 71.4%), except
for Muscat Italia, which remains almost constant (Table 2).
Regarding the concentrations of total phenolic compounds

and antioxidant activity (DPPH and ORAC), a different
behavior was observed among varieties tested. In Syrah variety,
an increase in the concentration of total phenolics compounds
was found (52.9%). In Touriga Nacional variety, a reduction
(50.7%) followed by an increase (18.9%) was observed, and it
remained constant in Muscat Italy variety. For antioxidant
capacity (DPPH value), despite a similar behavior to the one
observed for the concentrations of phenolics compounds, a
higher concentration was observed at 15 days after the
beginning of veraison stage for Syrah variety (64.8 uM TE/100

Table 2. Physicochemical Characterization of Grapes at Different Maturation Stages

maturation stagesa

physico-chemical characteristic varieties veraison 15 after veraison ripeness

pH Syrah 3.4Aa ± 0.0 3.9Ab ± 0.0 4.4Bc ± 0.0
Touriga Nacional 3.5Ba ± 0.0 3.9Ab ± 0.1 4.2Ac ± 0.0
Muscat Italia 4.1Ca ± 0.0 4.3Bb ± 0.0 4.3Bc ± 0.0

titratable acidity (g of tartaric acid/100 g) Syrah 1.5Bc ± 0.1 0.6Bb ± 0.0 0.4Aa ± 0.0
Touriga Nacional 1.4Bc ± 0.1 0.8Cb ± 0.0 0.4Aa ± 0.0
Muscat Italia 0.5Ab ± 0.0 0.4Aa ± 0.0 0.5Aab ± 0.0

total soluble solids (%) Syrah 12.5Ba ± 0.0 17.5Cb ± 0.0 22.5Cc ± 0.0
Touriga Nacional 7.5Aa ± 0.0 12.5Ab ± 0.0 17.5Ac ± 0.0
Muscat Italia 15.0Ca ± 0.0 15.0Ba ± 0.0 20.0Bb ± 0.0

total soluble solids/titratable acidity Syrah 8.3Aa ± 0.3 28.3Bb ± 1.2 57.2Bc ± 3.8
Touriga Nacional 6.3Aa ± 1.6 16.3Ab ± 0.6 44.5Ac ± 3.0
Muscat Italia 28.6Ba ± 0.0 41.2Cb ± 1.7 47.5Ab ± 3.9

% pectic acid Syrah 0.5Aa ± 0.1 0.9ABb ± 0.0 0.9Ab ± 0.0
Touriga Nacional 1.2Cb ± 0.0 1.1Bb ± 0.1 0.9Aa ± 0.1
Muscat Italia 0.8Ba ± 0.1 0.8Aa ± 0.1 1.1Bb ± 0.0

% total glycosides in glucose Syrah 9.4Ba ± 0.1 16.7Bb ± 0.0 21.0Bc ± 0.2
Touriga Nacional 6.6Aa ± 0.0 12.8Ab ± 0.3 17.9Ac ± 0.4
Muscat Italia 9.5Ba ± 0.0 13.2Ab ± 0.0 18.4Ac ± 0.2

total anthocyanin (mg/100 g) Syrah 26.7Aa ± 2.3 69.7Bb ± 3.4 106.2Bc ± 5.4
Touriga Nacional 19.3Aa ± 5.4 46.7Ab ± 0.6 82.2Ac ± 4.5
Muscat Italia NDb NDb NDb

total phenolics (mg GAE/100 g) Syrah 87.9Ba ± 5.5 144.9Bb ± 14.8 134.4Bb ± 2.2
Touriga Nacional 295.4Cc ± 2.7 145.7Ba ± 8.2 173.2Cb ± 5.5
Muscat Italia 39.2Aa ± 1.8 56.4Aa ± 0.0 39.6Aa ± 2.0

DPPH value (μM TE/100 g) Syrah 49.1Ba ± 6.2 64.8Bb ± 3.7 50.0Ba ± 4.9
Touriga Nacional 157.1Cb ± 11.1 77.0Ba ± 3.7 86.6Ca ± 2.5
Muscat Italia 27.3Aa ± 0.0 38.6Aa ± 1.2 27.3Aa ± 2.5

ORAC value (μM TE/100 g) Syrah 5450.9Ba ± 87.0 9434.1Bc ± 279.6 7456.9Bb ± 883.2
Touriga Nacional 27845.2Cb ± 672.8 8502.2Ba ± 116.0 9593.3Ca ± 27.0
Muscat Italia 2468.6Aa ± 123.6 4014.0Ab ± 27.4 4889.6Ab ± 166.3

aAverage followed by lowercase letters compare the physicochemical characteristic in the line at maturation stages; and uppercase letters compare
the physicochemical characteristic in the column at varieties. Different letters show a statistically significant difference at p < 0.05. bND: not
detected.
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g). A similar behavior between ORAC and DPPH was
observed, except for Muscat Italy variety, which exhibited
increased levels of ORAC over maturation (98.1%).
Levels of the physicochemical parameters obtained were also

different among varieties considering the same maturation
stage. Muscat Italia variety presented higher pH values (4.1 to
4.3) and, therefore, a lower percentage of titratable acidity (0.4
to 0.5 g of tartaric acid/100 g) at all maturation stages studied.
Syrah variety showed a higher percentage of total soluble solids
(12.5% to 22.5%) and total glycosides in glucose (9.4 to 21%)
in most of the stages evaluated. A higher concentration of total
anthocyanin was also observed in this variety (106.2 mg/100
g). Touriga Nacional variety showed the highest percentage of
pectic acid in most stages (1.2 to 0.9%), except at ripeness
stage, in which the highest percentage was observed for Muscat
Italia (1.1%). Higher concentrations of total phenolics
compounds and antioxidant capacity (DPPH value and
ORAC value) were also observed in Touriga Nacional variety
in most maturation stages evaluated, 295.4 to 145.7 mg GAE/
100 g; 157.1 to 77.0 μM TE/100 g; 27,545.15 to 8,502.24 μM
TE/100 g, respectively.
A higher OTA production by A. niger species was observed

in all varieties and maturation stages, except in veraison stage,
in which A. carbonarius produced higher levels of the
mycotoxin (Table 3). Levels of OTA produced by A. niger
ranged from 73.44 μg/g in Touriga Nacional variety at the
veraison stage to 246.74 μg/g in Muscat Italia variety at
ripeness stage. For A. carbonarius, the lowest OTA production
was also observed at veraison stage for Touriga Nacional

variety (73.35 μg/g); however, its highest production was
detected in Touriga Nacional variety at ripeness stage (159.99
μg/g). Although most studies consider A. carbonarius the main
OTA-producing species at higher levels, some strains of A.
niger may be higher producers than A. cabonarius.32 In addition
to A. niger being a good competitor, the microorganism adapts
extremely well to the environment present in vineyards and
grapes.33 Thus, the highest OTA production by this species in
the grape varieties tested may be related to a better substrate
adaptation. However, the best growth conditions are not
always related to the higher production of secondary
metabolites. These same isolates presented different behavior
when evaluated in a grape-based culture medium in which A.
niger produced lower amounts of OTA compared to A.
carbonarius.25 These results demonstrate the importance of
experiments performed directly in the food.
Both Aspergillus carbonarius and A. niger species were able to

produce OTA at all stages of maturation, although OTA levels
observed were different. An increase in mycotoxin levels
produced by A. niger throughout maturation was detected for
all varieties (Touriga Nacional, 220.70%; Muscat Italia,
130.96%), except for Syrah, which exhibited the highest levels
of OTA at the 15 days after the beginning of veraison stage
(188.97 μg/g), whereas reduced levels of the compound were
observed at ripeness stage (148.04 μg/g). Similar behavior was
observed for OTA production by A. carbonarius, except for
Muscat Italia variety, in which the highest levels of the
mycotoxin were obtained at veraison stage (152.75 μg/g)
(Figure 1).

Table 3. Production of Ochratoxin A (μg/g) by A. carbonarius and A. niger in Grapes during Maturation

maturation stagesa

species varieties veraison 15 after veraison ripeness

A. niger Syrah 81.05Aa ± 0.82 188.97Ac ± 18.01 148.04Ab ± 18.26
Touriga Nacional 73.44Aa ± 1.68 235.39Bb ± 18.06 235.52Bb ± 14.84
Muscat Italia 106.83Aa ± 1.47 168.10Ab ± 2.53 246.74Bc ± 9.10

A. carbonarius Syrah 96.87Ba ± 0.16 148.55Bb ± 4.14 93.93Aa ± 2.27
Touriga Nacional 73.35Aa ± 4.53 144.39Bb ± 4.35 159.99Bb ± 3.78
Muscat Italia 152.75Cb ± 3.17 105.36Aa ± 17.52 115.21Aa ± 11.39

aAverage followed by lowercase letters compare the OTA levels in the line at maturation stages; and uppercase letters compare the OTA levels in
the column at varieties. Different letters show a statistically significant difference at p < 0.05.

Figure 1. OTA production (μg/g) by A. carbonarius (A) and A. niger (B) strains in grapes over maturation.
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Expression of strain biosynthetic genes responsible for
mycotoxins production may be related to the modification of
nutritional factors of the plant by the pathogen itself or natural
chemical components present in the plant.34 Complex
interactions between intrinsic and extrinsic factors (geographic
location, cultivation and management practices, the micro-
climate of the region, microbial competition, grape variety, and
maturation stage) will determine both the growth of toxigenic
fungi and OTA production.35

Due to changes that occur during maturation, the period
between early veraison and harvest is critical for the growth of
ochratoxigenic fungi and consequently for OTA production.
Grape variety also has influence in this contamination.36 Jiang
et al.37 detected different OTA levels in Thompson seedless
(white, low seedless storability) (30.341 ng/mL), Kyoho (red,
seeded, average storability) (13.807 ng/mL), and Red Earth
(red, seeded, high storability) (0.5 ng/mL) grapes produced by
A. carbonarius, artificially inoculated, and determined over 6
days at 25 °C. Presence of the fungus also led to changes in
physicochemical features of the grapes due to nutritional
requirements and action of its enzymatic complex in the
hydrolysis of some compounds.
Lasram et al.38 observed a higher OTA production by A.

carbonarius in early veraison stage at Cabernet Sauvignon
variety. At this stage, lower levels of sugar and higher levels of
acidity were determined. Moreover, a reduction in mycotoxin
levels throughout maturation was observed in which there was
an increase in sugars and a reduction in acidity. However, an
increase in OTA levels in the surmaturity stage was observed.
In this stage, no significant change was observed for these
physicochemical parameters, and therefore, the increase in
mycotoxin levels may be related to facilitation of fungus
penetration, probably due to the softening of the berries.
Although we observed a similar result for Moscato Italia variety
contaminated with A. carbonarius (24.58% reduction), an
increase in OTA production was observed in the other varieties

throughout maturation. This indicates an influence of grape
variety on ochratoxin A production.
Even though higher levels of OTA have been detected in late

maturation stages, this mycotoxin seems to be present since
early stages. Therefore, although more advanced stages of
maturation favor fungal growth, if the microorganism is present
in early stages, the mycotoxin will most likely be produced.9,38

OTA levels were also different among grape varieties at the
same maturation stage. Toxin levels produced by A. niger did
not differ in veraison stage. After 15 days of the beginning of
veraison stage, higher production of the mycotoxin was
observed for Touriga Nacional variety (255.39 μg/g). At
ripeness stage, the highest OTA levels were produced in
Touriga Nacional (235.52 μg/g) and Muscat Italia (246.74
μg/g) varieties. For A. carbonarius, at veraison stage, the
highest OTA production was observed in Muscat Italia variety
(152.75 μg/g). After 15 days of the beginning of veraison
stage, higher concentrations were observed for Syrah (148.55
μg/g) and Touriga Nacional (144.39 μg/g) varieties; and at
ripeness stage for Touriga Nacional variety (159.99 μg/g).
The results indicate the influence of both variety and

maturation stage of the grapes. Besides, fungal species also
have a direct influence on the levels of mycotoxins produced.
Therefore, principal component analysis (PCA) was performed
to demonstrate a possible correlation between physicochemical
parameters of the grapes and OTA production by A. niger and
A. carbonarius (Figure 2). The data were autoscaled. The first
four PC (principal components) explained 96.46% of the
variability in data obtained for A. carbonarius, and the first two
PC explained 80.68% of the variability in data obtained for A.
niger. Through the principal component 1, a positive
correlation was observed between the following physicochem-
ical parameters: pH, total soluble solids, total glycosides in
glucose and total anthocyanin, and OTA levels. Therefore, the
higher the concentrations of these parameters, the greater the
production of mycotoxin by A. niger. In contrast, a negative

Figure 2. Principal components analysis for physicochemical characterization of grapes and OTA production by A. carbonarius (AC) and A. niger
(AN), where TSS = total soluble solids; TSS-TA = total soluble solids/titratable acidity; V = veraison; 15 = 15 days after the beginning of veraison;
R = ripeness; MI = Muscat Italia; S = Syrah; TN = Touriga Nacional.
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correlation was observed between the following physicochem-
ical parameters: titratable acidity, pectic acid, total phenolic
compounds, and antioxidant activity (DPPH value and ORAC
value). Thus, the higher the concentration of these parameters,
the lower the OTA production. According to PC1 evaluation,
similar correlations were observed for OTA production by A.
carbonarius, although such correlation appears to be stronger
for A. niger.
Growth and production of metabolites by filamentous fungi

are closely linked to substrate composition. Different carbon
sources and levels of sugars available are closely related to
induction of the production of enzymes responsible for
hydrolysis and nutrients utilization.39 OTA production by A.
carbonarius was variable in the presence of different carbon
sources.40 A positive correlation between total pectin content
of the grapes and A. carbonarius presence was evidenced.3 In
contrast, inhibition of pectinases production by Aspergillus
japonicus was observed when glucose, sucrose, and pectin
concentrations were excessive.39 As observed in the present
study, an increase in OTA production by A. carbonarius was
directly proportional to an increase in pH up to 4.0.40 OTA
production by this species was also affected by pH and
chemical parameters of grape at the different maturation
stages.38 Therefore, stimulation or inhibition of fungal growth
and production of primary and secondary metabolites is
directly related to the levels that these compounds are found in
the substrate.
Some antioxidant compounds had a positive correlation with

OTA production by several species belonging to the genus
Aspergillus, whereas other species showed a negative
correlation, suggesting the role of structure-dependent
signals.41 The concentration of these compounds will also
influence mycotoxin production.42

Although a positive correlation has been previously
demonstrated between A. niger and phenolic compounds
[(−)-epicatechin, procyanidin A2, procyanidin B2, rutin,
isohamnetin-3-O-glycoside, and phenolic and gallic acids]
and between A. carbonarius and (−)-gallate epicatechin present
in grapes,3 in our work, a negative correlation between OTA
production and phenolic compounds was observed, which
indicates a possible antagonistic effect of the some grapes
phenolic compounds against the production of fungal
metabolites. Even though, mycotoxin production was not
inhibited. However, the contamination of grapes by fungi of
the genus Aspergillus is very common. This paradox indicates
that the relationship between the physicochemical composition
of the grapes and their contamination by toxigenic fungi seems
to be a complex issue.41

In addition to OTA production, some toxigenic fungi are
also able to produce modified mycotoxin through their
enzymatic complex, which acts on the metabolism of the
parent mycotoxin.25,43 Moreover, plants are also able to modify
parent mycotoxins through their defense mechanisms (phase I
and II metabolism).12 To search for these metabolites we used
high-resolution mass spectrometry (HRMS) and PLS-DA.
The loadings plot of the statistical model formed by features

selected by PLS-DA indicated the 65 main candidate
biomarkers. From this list of ions, a search for modified
mycotoxins was performed. Only two candidate OTA
derivatives were identified among the elected targets (Table
1). Modified ochratoxins were identified only in the tests
performed with A. niger. Candidate biomarkers identified were
14-decarboxy-ochratoxin A ([M + Na]+: 382.0815) in Muscat

Italia variety at maturation stages: veraison and 15 days after
the beginning of veraison and ethylamide-ochratoxin A ([M +
K]+: 469.0939) in the Syrah variety at ripeness stage.
Candidate ethylamide-ochratoxin A was previously identified

in the grape-based medium after A. niger inoculation
throughout 21 days. It is possible that such a molecule may
have been formed from the metabolism of the fungus itself.25

Fusarium spp. has already demonstrated the ability to form
ZEN sulfates through the metabolism of parent mycotoxin
(ZEN).44

However, some metabolites can also be formed from the
interaction between mycotoxigenic fungus and host, due to an
effort of the plant for detoxification.13 Seven putative phase I
and 18 putative phase II metabolites of ZEN were identified by
Rolli et al. in durum wheat.45 The reductive and oxidative
hydroxylation, followed by glycosylation and malonyl-con-
jugation, are major biotransformation pathways of ZEN as a
response to wheat detoxification.45

Some molecules searched in this work were initially
described as OTA derivatives formed from thermal processes:
ochratoxin α, ochratoxin α-amide, 14-decarboxy-ochratoxin A,
and 14-(R)-ochratoxin A.46,47 Moreover, it is possible that the
OTA binds to food components. The conjugating compounds,
ochratoxin A disaccharide esters and ochratoxin A mono-
saccharide esters, were identified during coffee roasting.48

Therefore, the formation of modified OTA can occur
throughout the production chain: still in the field, by
microorganisms or by processing.49 However, based on our
findings, it is not possible to ensure that the metabolites
identified (ethylamide-ochratoxin A and 14-decarboxy-ochra-
toxin A) have been produced by the fungus metabolism or as a
plant defense mechanism.
OTA derivatives including ochratoxin α, 4S-hydroxyochra-

toxin A, 4R-hydroxychratoxin A, hydroxychratoxin A-β-gluco-
side, ochratoxin A methyl ester, and other unidentified polar
metabolites have been previously detected in plant-cell
suspension cultures (carrots, tomatoes, cotton, soybeans,
wheat, barley, and potatoes) contaminated with OTA. The
metabolism of OTA occurred at different times in the cultures
evaluated. Production of enzymes specifically capable of
metabolizing the ochratoxin may be responsible for this
difference.50 Therefore, it is possible that the detoxification
process of OTA in plants is related to the performance of
enzymes in the conjugation or cleavage of the ochratoxin
forming modified ochratoxin.25

Although the formation of these compounds, still in the
plant, has the main purpose of detoxification, some of them,
such as hydroxyochratoxin A-β-glucoside, can be cleaved by
humans and animal metabolism or through food processing,
releasing the parent mycotoxin and increasing the overall
toxicity of food.50

It is interesting to highlight that 14-decarboxy-ochratoxin A,
a degradation compound, appeared at the initial stages of
maturation in which OTA levels were lower (106.83 μg/g in
veraison and 168.10 μg/g in 15 days after the begging of
veraison) when compared to others. However, ethylamide-
ochratoxin A, a conjugation compound, appeared in the late
stage of maturation with an intermediate OTA level (148.04
μg/g). A correlation between OTA levels and the presence of
modified ochratoxin cannot be made yet. However, some
studies indicate that the correlation between parent mycotoxin
and modified mycotoxin may exist up to a threshold
concentration of parent mycotoxin, and above that, parent
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mycotoxin conversion might be reduced. Therefore, it is
possible the there is a limitation in plant defense metabolism
when it is highly contaminated by mycotoxin.51 It is possible
that other physicochemical parameters not evaluated in this
study may affect grapes contamination by toxigenic fungi and,
consequently, OTA production. Moreover, the species also
behave differently in the same substrate.
According to our findings, the production of OTA can occur

from the initial stages of maturation, which indicates the
importance of adoption of good agricultural and production
practices throughout all stages of production and not only near
the harvest, as occurs in some vineyards. In addition, it is of
fundamental importance that predictive analyzes and risk
assessments cover a higher number of species and different
grape varieties to assist in a better understanding of the
ecosystem related to the growth and production of secondary
metabolites by fungi in the wine environment, thus ensuring
safety and quality of grapes and their derivatives.
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alimentos, 4th ed.; Zenebon, O.; Pascuet, N. S.; Tiglea, P., Eds.;
Instituto Adolfo Lutz: Saõ Paulo, SP, 2008; p 1020.
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