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Abstract: Ochratoxin A (OTA) is one of the most prevalent mycotoxin contaminants of food crops.
Among the agricultural products consequently contaminated by OTA is wine. In the present study,
a sample of wines sourced from the United States was assessed for OTA. Wines were primarily
analyzed by high-performance liquid chromatography with fluorescence detection (HPLC-FD)
coupled to a liquid-liquid extraction (LLE) technique which was developed and validated as
a simplified sample preparation approach. More than 85% of the wines evaluated were found
to contain OTA, at levels above the limit-of-detection (LOD = 0.1 µg L−1), and 76% were above
the limit-of-quantitation (LOQ = 0.3 µg L−1) for the LLE/HPLC-FD method. More than two-thirds of
the wines above the LOQ were found to exceed 1 µg L−1. Complementary analysis by HPLC coupled
to tandem mass spectrometry (HPLC-MS/MS) confirmed OTA in 74% of the OTA-positive wines
(i.e., >LOQ by HPLC-FD). Overall, both the occurrence and measured levels of OTA were generally
high, specifically relative to previous assessments of OTA in wine, and two of the wines were
above the only current (European Union) regulatory limit of two parts-per-billion (ppb, ~2 µg L−1).
Possible trends with respect to geographical region and/or growing climate are noted. As the first
assessment of U.S. wines in more than a decade, the overall high occurrence and levels of OTA
in wine, and possible geographic and climatic trends, point to a need for regular surveillance of
wines, as well as investigation of the relevant contributors to OTA occurrence toward mitigating
contamination and exposure risks.
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1. Introduction

Ochratoxins are produced by several species of the fungal genera Aspergillus and Penicillium, and are
among the most widely reported of the nearly 400 recognized mycotoxin contaminants of agricultural
products [1,2]. Of the known variants, the most prevalent congener, ochratoxin A (OTA), has been shown
to be potently toxic in various systems [3,4]. Toxicity includes nephrotoxicity, and associated pathologies
(i.e., nephropathy), in several mammalian and non-mammalian systems, as well as both genotoxic
and non-genotoxic carcinogenicity [3,5]. Epidemiologically, OTA contamination of various crops has
been linked, for example, to a geographically specific form of tubulointerstitial nephrites, namely
Balkan Endemic Nephropathy, in areas of Southeastern Europe, and in particular, the agriculturally fertile
Danube River Basin [5]. Based on the links between OTA and human health effects, regulatory limits
have been established, particularly within the European Union (EU), for several agricultural products
with respect to this toxin [6].
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Among the agricultural products associated with OTA contamination, and of possible human health
concern, is wine. Wine as a source of OTA is highlighted by considerable, and continuing, global increases
in wine consumption [7,8]. As the leading consumer of wine, the United States (U.S.) has, in particular,
seen consumption steadily rise with incremental increases—every year between 1996 and 2016—by more
than 55% over the last two decades, or from 1.89 to 2.94 gallons per person per year [9]. Presence of OTA
in wine occurs via fungal contamination of grapes, and subsequently must (i.e., crushed grapes including
juice and, in the case of red wines, skins) used to make wine [10,11]. It has, in turn, been shown that OTA
is not entirely removed during fermentation, and can be consequently found in the final product [10,11].
Accordingly, the EU has established limits on the levels of OTA for wine, and these current regulatory
guidelines specifically prohibit wines with levels of OTA above two parts-per-billion (ppb), i.e., ~2 µg L−1.
No such regulatory limits, however, have been currently established for OTA in wine in the U.S., or other
parts of the world.

Although numerous prior studies have investigated OTA in wine [12–38], very limited
studies [14,16,19], and none in well over a decade have investigated OTA in U.S. wines. That said,
several lines of evidence suggest significant impacts of climate change and related factors, on a decadal
scale, with respect to the prevalence (i.e., increases) of OTA in agricultural products including
wine [39], and regular surveys will, therefore, be essential to mitigating risk exposure to OTA and
other mycotoxins.

Alongside emerging concerns regarding OTA as a toxic contaminant, analytical techniques to
detect and/or quantify OTA in agricultural products have evolved. Of these, sensitive detection and
quantitation by high-performance liquid chromatography (HPLC) coupled to fluorescence detection
(HPLC-FD)—specifically taking advantage of the inherent fluorophore of OTA—has been the most
frequently utilized, and repeatedly validated [40]. When coupled to sufficient sample preparation,
HPLC-FD is capable of detecting and measuring OTA in wine well below the established EU
guideline (i.e., 2 µg L−1), and typically, in the parts-per-trillion range, e.g., ≥0.01 µg L−1 [40]. Although
HPLC-FD has been, by far the most commonly employed analytical method, alternative approaches
based, in particular, on mass spectrometry coupled to HPLC have been, likewise, developed for OTA
in wine, and a range of relevant matrices [41,42], and specifically enable confirmatory identification of
OTA by means of highly selective tandem mass spectrometry (i.e., HPLC-MS/MS).

Methods for extraction of OTA from diverse biological matrices, as well as subsequent sample
preparation, have simultaneously evolved. The extraction/sample preparation step is, in fact, cited
as a major bottleneck in the analysis of mycotoxins [43]. Notable advances include solid-phase
extraction (SPE) and, in particular, commercially available (although potentially cost prohibitive)
immunoaffinity columns (IAC) for highly selective cleanup and enrichment of OTA prior to
analysis [44,45]. However, a growing trend with respect to the extraction and sample preparation steps
has been targeting of so-called “quick, easy, cheap, effective, rugged and safe” (QuEChERS) and other
simplified, and streamlined, methods [45]. Numerous studies have, indeed, reported the development
and application of such techniques including very simple “dilute and shoot”, and other approaches
that require little or no sample preparation [38,41,46,47].

In the present study, we developed and validated a simple and rapid liquid/liquid extraction (LLE)
technique coupled to HPLC-FD, and subsequently evaluated a representative sample of wines from
domestic U.S. wineries. Analysis was complemented by HPLC-MS/MS as a confirmatory technique.
Results of this study—as the first survey of U.S. wines in more than a decade—were, in turn, evaluated
relative to current regulatory guidelines, and compared to previous assessments of both U.S. and
internationally sourced wines specifically with respect to the proposed contributions of geographic
variability, including possible contributions of growing climate, to the occurrence of OTA in wine.
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2. Results and Discussion

2.1. Analytical Performance of HPLC-FD Coupled to LLE

Toward the development of a simplified approach to analysis of OTA in wine, the present study
adapted LLE to a previously developed HPLC-FD analytical technique [48], and subsequently applied
this methodology to the survey of OTA in U.S. wines (see Section 2.2, below). Sample preparation
was achieved by LLE of OTA from wine (i.e., aqueous phase) into chloroform, followed by recovery of
OTA-containing organic phase (and evaporation to remove extraction solvent). This simplified approach
to extraction and sample preparation effectively replaces the use of IAC, and other SPE techniques, which
add to both time/labor and cost of analyses. Assessment of accuracy and precision suggest LLE is
generally sufficient in a relevant concentration range. Both parameters were specifically assessed at
two concentration levels (i.e., 0.5 and 1.0 µg L−1) of OTA spiked into wine; these two concentration
levels were specifically selected as 87% (27 out of 31) of wines above the limits-of-quantitation (LOQ)
were found to contain OTA within this range (i.e., 0.5 to 2.0 µg L−1; Table 1). Accuracy, measured
as a mean percent of recovery, was 83% and 99%, respectively, whereas precision (i.e., %RSD) was
15% and 18%, respectively, for the two spiked concentration levels. Furthermore, precision based on
repeated measurement of selected wines (measured in the range of 1.0 to 2.2 µg L−1) was found to be
much better (i.e., 0.3–9.0%).

Table 1. Prevalence and measured concentrations (µg L−1) of OTA among U.S. wines.

Type (# Wines) >LOD (%) Mean Median Range
1 Number (%) of Wines in the Concentration Range, µg L−1

<0.3 0.3–0.5 0.5–1.0 >1.0 2 >2.0 3 >5.0

Red (31) 28 (90.3) 1.0 1.0 0.3–2.1 3 (9.7) 2 (6.5) 6 (19.4) 17 (54.8) 1 (3.2) 0 (0.0)
Sweet (3) 2 (66.7) 0.8 0.7 0.5–1.1 0 (0.0) 0 (0.0) 1 (33.3) 1 (33.3) 0 (0.0) 0 (0.0)
Dry (28) 26 (92.9) 1.0 1.1 0.3–2.1 3 (10.7) 2 (7.1) 5 (17.9) 16 (57.1) 0 (0) 0 (0.0)

White (10) 7 (70.0) 2.6 1.2 0.6–8.6 1 (10.0) 0 (0.0) 2 (20.0) 4 (40.0) 1 (10.0) 1 (10.0)
Sweet (7) 4 (57.1) 5.0 5.0 1.4–8.6 1 (14.3) 0 (0.0) 1 (14.3) 2 (28.6) 1 (14.3) 1 (14.3)
Dry (3) 3 (100.0) 0.9 1.1 0.6–1.2 0 (0.0) 0 (0.0) 1 (33.3) 2 (66.7) 0 (0.0) 0 (0.0)

Sweet (10) 6 (60.0) 2.5 1.1 0.5–8.6 1 (10.0) 0 (0.0) 2 (20.0) 3 (30.0) 1 (10.0) 1 (0.0)
Dry (31) 29 (93.5) 1.0 1.1 0.3–2.1 3 (9.7) 2 (6.5) 6 (19.4) 18 (58.1) 1 (3.2) 0 (0.0)
Total (41) 35 (85.4) 1.3 1.1 0.3–8.6 4 (9.8) 2 (4.9) 8 (19.5) 21 (51.2) 2 (4.9) 1 (2.4)

1 Categories include only samples above LOD. Percent of wines (given in parentheses) represent number within
each range divided by total number of wines of each “Type”. Samples in the “<0.3” µg L−1 category are below
LOQ. 2 Category includes samples counted in >2.0 and >5.0 categories. 3 Category includes samples counted in
>5.0 category.

Alongside the simplified LLE sample preparation step, the method developed in the present
study adapted the readily available and relatively inexpensive 7-methoxycoumarin (7-MC), as a novel
fluorescent internal standard. The internal standard and OTA were well resolved by HPLC-FD
(Figure 1), and very high linearity (R2 = 0.9994) between peak ratios (i.e., OTA/7-MC) and OTA
concentration, over a wide concentration range (0–90 µg L−1), was observed. Linearity is comparable
with previous studies that utilized parabens for HPLC-FD (R2 = 0.9999 [49]), as well as HPLC-MS
techniques employing the structurally unrelated mycotoxin, zearalenone (R2 > 0.999 [50]), and stable
isotope dilution (R2 = 0.9981 [51]).

In terms of sensitivity, the limits of detection and quantitation (LOD and LOQ) of the analytical
method were, on the other hand, relatively high (i.e., 0.1 and 0.3 µg L−1, respectively) compared to
previous studies that typically report sensitivity on the order of parts-per-trillion [40]. The lower
sensitivity is likely due, in part, to the relatively minimal sample preparation used in the present
study. Most prior studies have utilized highly specific IAC cleanup, or other types of SPE, to remove
constituents that might interfere with spectroscopic detection (i.e., HPLC-FD). The approach used
in the present study, in contrast, employed simplified LLE, and subsequent sample concentration,
as the only sample preparation step. Despite the lower sensitivity, however, the current method would
be more than sufficient to meet the current (i.e., EU) regulatory guidelines of 2 µg L−1 OTA in wines.
Taken together with good linearity, accuracy and precision, therefore, these results suggest that LLE
coupled to HPLC-FD represents a sufficient method for rapid quantitative analysis of OTA in wine.
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Further supporting validation of the method, complementary analysis of samples by HPLC-MS/MS
confirmed identity of OTA in both validation study samples, and subsequent assessment of U.S. wines
(as discussed below).

Figure 1. Chromatogram showing resolution of ochratoxin A (OTA) (2 µg L−1) and internal standard,
7-methoxycoumarin (100 µg L−1), by HPLC-FD.

2.2. Incidence and Measured Levels of OTA in U.S. Wines

Following validation of the LLE/HPLC-FD method, a sample (41 in total) of U.S. wines was
evaluated for OTA. Wines included a range of varietals, and both red and white, as well as dry and
sweet, representatives. The sample, furthermore, represented geographically diverse sources within
the U.S. including growing regions in 8 states, although owing to a disproportionately large share of
the market and, thus, available wines, the overall sample was heavily biased (>50%) toward wines
sourced from California. California, in fact, includes four primarily recognized growing regions
(namely the North Coast, Central Coast, South Coast and Central Valley) each of which is comparable
in size to the growing regions of any of the other states. The current study included wines from three
of these four growing regions in California (i.e., North Coast, Central Valley and Central Coast) and,
therefore, 11 growing regions in total. Vintages of the wines spanned 2010 to 2015.

Both relatively high incidence, and measured levels, of OTA, were generally observed compared,
in particular, to previous surveys of wines (Table 2; discussed below). Of the 41 wines evaluated by
HPLC-FD (Table 1), more than 85% (i.e., 35 out of 41) were above the LOD (>0.1 µg L−1), and 31 of
these OTA-positive wines (i.e., 89%) were above the LOQ (>0.3 µg L−1). In a complementary analysis,
HPLC-MS/MS confirmed the identity of OTA in nearly three-quarters (i.e., 26 of the 35) of the wines
positive (>LOD) by HPLC-FD, as well as 70% (22 out of 31) of the wines above LOQ. With respect
to levels of OTA, the average concentration (for all wines) was approximately 1.3 µg L−1 with more
than half (21 out of 41) of all wines—and 68% of wines above the LOQ (21 out of 31)—with levels
greater than 1 µg L−1. Moreover, two wines had measured levels of OTA greater than the current
EU regulatory limit (i.e., 2 µg L−1), and one was repeatedly measured to be remarkably high at
approximately 8.6 ± 4.8 µg L−1. Presence of OTA was confirmed, in both cases, by HPLC-MS/MS.
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Table 2. Comparison of OTA measured in the present study to previous studies.

Region Range
(µg L−1)

>2 µg L−1

# Wines (%)
Analytical Method

(Sample Preparation) Reference

North America
U.S.A. 0.3–8.6 2/41 (4.9%) HPLC-FD (LLE) Present study

0.01–1.68 - HPLC-FD (IAC) [16]
Canada 0.050–0.393 - HPLC-FD (IAC) [19]

Europe
Italy 0.2–3.177 N/A HPLC-FD (IAC) [13]

0.1–7.63 6/55 (10.9%) HPLC-FD (IAC) [48]
0.2–4.93 9/112 (8.0%) HPLC-FD (IAC) [24]
0.03–7.50 22/783 (2.8%) HPLC-FD (IAC) [25]
0.01–2.63 29/1206 (2.4%) HPLC-FD (IAC) [32]

Greece 0.05–2.00 1/105 (<1.0%) HPLC-FD (IAC) [33]
0.05–2.69 N/A HPLC-FD (IAC) [18]
0.02–3.20 3/35 (8.6%) HPLC-FD (IAC) [17]

Spain 0.02–4.63 18/188 (9.6%) HPLC-FD (IAC) [23]
Croatia 0.014–0.021 - HPLC-FD (IAC) [28]
Turkey 0.01–2.3 1/47 (2.1%) HPLC-FD (LLE/SPE) [21]

[27]
Slovakia 0.036–0.463 - HPLC-FD (IAC) [22]
Moravia 0.001–0.072 - HPLC-FD (IAC) [35]
Portugal 1.23–2.4 1/60 (1.7%) HPLC-FD (direct inject) [30]
France 0.31–0.92 - HPLC-FD (IAC) [29]

South America HPLC-FD (IAC)
Argentina 0.028–0.042 - HPLC-FD (IAC) [20]

2.00–4.82 3/47 (6.4%) HPLC-FD (IAC) [31]
0.05–0.98 - HPLC-MS/MS (SPE) [38]

Chile 0.028–0.071 - HPLC-FD (IAC) [20]
0.14–0.35 - HPLC-FD (IAC) [36]

Brazil 0.028–0.042 - HPLC-FD (IAC) [20]
Africa

South Africa 0.04–0.39 - HPLC-FD (IAC) [15]
Tunisia 0.09–1.50 - HPLC-FD (IAC) [37]
Morocco 0.028–3.24 1/30 (3.3%) HPLC-FD (SPE) [12]

Asia
China 0.09–1.18 - HPLC-FD (IAC) [34]

Relevant characteristics of wines (i.e., dry versus sweet, red versus white) were considered
with respect to presence and levels of OTA. Previous studies have reported higher levels of OTA
in red wines [48,52–54]. Specifically, it has been argued that musts used to make red wine tend to
have higher levels of OTA due to the extended period of contact between the skins and juice, as
compared to white wines, during fermentation [54]. Similarly, previous studies have suggested that
sweet wines are higher in OTA due to later harvest, and longer time spent on the vine, and thus,
extended potential for exposure to OTA-producing fungal contaminants [23]. A higher number of
red (54.8%) than white (40.0%) wines were found to contain OTA levels >1 µg L−1 in the present
study (Table 1). However, this difference was not significant (Chi-Square test, p > 0.05), and averaged
OTA concentrations for red versus white wines (Table 1) were, likewise, not significantly different.
Interestingly, in contrast to previous studies, a higher number of dry (58.1%) versus sweet (30%) wines
were found (Table 1) to contain these higher levels (>1 µg L−1) of OTA, although the difference was also
not statistically significant (Chi-Square test, p > 0.05). This observed difference between dry and sweet,
in the present study, may be confounded by a highly disproportionate number of dry red (29 of 32)
versus dry white (3 of 9) wines such that this difference may simply reflect relatively higher levels of
OTA in red wines (and, more generally, lower number of sweet wines) in the current study. Indeed,
one of the two wines above the 2 µg L−1 regulatory guideline—and in fact, the highest measured OTA
concentration (Table 1)—was a sweet, white wine.
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Prevalence and levels of OTA observed in the current study are generally higher than reported
in previous surveys including assessments of U.S. wines. Notably, the present study is the first
in more than a decade to survey OTA in U.S. wines. In a global survey, Soleas et al. (2001) [14]
reported only 11% of U.S. red wines with OTA concentrations above a reporting limit of 0.05 µg L−1;
none of the white wines assayed were positive for OTA. Similarly, as part of a broader comparative
assessment between Canadian and various international wines [19], OTA was detected in only 8.7% of
the U.S. representatives, and moreover, none were above the LOQ (0.050 µg L−1) of the method used
(i.e., HPLC-FD coupled to IAC). The sample, in this previous report, however, was relatively smaller
(i.e., 23 wines), and regional diversity was not reported. In the only other subsequent study [16] to
specifically assess U.S. wines (including 84 from 9 states), on the other hand, OTA was quantifiable in
approximately 31% of the wines with concentrations as high as 1.68 µg L−1. The mean concentration
of OTA in this 2003 study, however, was nearly two-orders of magnitude lower (i.e., 0.044 µg L−1 for
red wines, 0.010 µg L−1 for white wines) than present study results (~1.3 µg L−1).

Compared to numerous studies of internationally (i.e., non-U.S.) sourced wines, and particularly
those analyzed by similar (i.e., HPLC-FD) methods, both frequency and levels of OTA in the current
study, likewise, rank amongst the highest reported (Table 2). Prevalence and measured levels of
OTA among U.S. wines in the present study are seemingly comparable, however, to similar previous
surveys of wines from several climatically warmer Southern European and Mediterranean sources
which are, in particular, associated with the so-called “Mediterranean” viticultural classification
of climate (loosely based on the Köppen–Geiger climate classification system [55,56]). The previously
highest reported incidences and/or measured levels of OTA have, indeed, been found among wines
from Italy, Spain, Portugal, Greece, Turkey, Morocco and Tunisia [12,13,17,18,21,23–25,30,32,33,37,48].
And OTA levels exceeding the EU limit (i.e., 2 µg L−1) have been regularly reported for wines from
each of these countries—with the exception of Tunisia for which a maximum of 1.50 µg L−1 OTA has
been reported [37]—at frequencies ranging in frequencies from ≤1% to more than 10% of the wines
evaluated (Table 2). With very few exceptions, on the other hand, wines in excess of the 2 µg L−1 limit
have not been reported from previous surveys spanning geographically diverse regions including
Northern and Central Europe (e.g., France, Croatia, Slovakia, Moravia, [22,28,29,35]), Canada [19],
South America (e.g., Chile, Argentina, Brazil [20,31,36,38]), Asia (e.g., China [34]) and South Africa [15]
which are, on the other hand, largely associated with either more climatologically drastic continental,
or moderated maritime (i.e., oceanic), viticultural climate classifications.

Further studies and, in particular, a larger and more inclusive sample are clearly needed, but
a regional assessment suggests a possible pattern with respect to the geographical source of the U.S.
wines in relation to OTA (Figure 2). High levels of OTA (e.g., >1 µg L−1) were restricted to wines
from Pacific coastal (i.e., California, Oregon and Washington) and warmer, more southerly Midwest
(i.e., Oklahoma, Kansas) growing regions (Figure 2) which are classified (in the Köppen–Geiger climate
classification system) as either Mediterranean or sub-tropical, respectively. Levels of OTA in excess
of 1 µg L−1 are, however, absent from wines sourced from more “continental” climates (i.e., New York,
Wisconsin, North Carolina highlands). The same trend is more generally reflected in the regional
differences between measured levels of OTA in wines (Table 3).
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Figure 2. Incidence of high OTA levels of wines overlaid on Köppen–Geiger climate classifications of
the U.S. Prevalence of wines with measured levels of OTA greater than 1 µg L−1 are shown by pie-charts:
Black indicates percent of wines >1 µg L−1. Wines above the current EU regulatory limit (2 ppb) are
denoted by +. Reproduced from [56], 2006, Schweizerbart science publishers.

Table 3. Levels of OTA in U.S. wines by growing region.

State
(# Wines) 1

Region
(# Wines) >LOQ (%) Average [OTA], µg L−1 Range 2, µg L−1

CA (24) 21 (87.5%) 1.0 0.3–2.1
Central Coast (2) 2 (100.0%) 0.9 0.7–1.1
Central Valley (4) 3 (75.0%) 1.0 0.6–1.4
North Coast (18) 16 (88.9%) 1.0 0.3–2.1

KS (1) 1 (100.0%) 1.4 ≤1.4
NC (1) 1 (100.0%) 1.0 ≤1.0
NY (3) 1 (33.3%) 0.5 ≤0.5
OK (2) 1 (50%) 8.6 ≤8.6
OR (3) 2 (66.7%) 1.4 1.3–1.5
WA (3) 3 (100%) 0.9 0.6–1.1
WI (2) 0 (0%) <LOQ N/A

1 State abbreviations: CA = California; KS = Kansas; NC = North Carolina; NY = New York; OK = Oklahoma;
OR = Oregon; WA = Washington; WI = Wisconsin; 2 For regions with only one wine above the LOQ, only this
measured concentration (as maximum concentration) is given. For regions with no wines above LOQ, no
concentration range is available (N/A).

Notably, this pattern seems to mirror international patterns, as discussed above, whereby higher
levels of OTA are largely associated with wines from regions classified among the Mediterranean
viticultural classification, or otherwise consistently warmer climates, compared with continental
sources (Table 2). A similar observation has, indeed, been previously reported in multiple surveys
of European wines. Multiple studies [13,24,25] have, for example, documented higher levels of
OTA among wines from southern Mediterranean, compared to northern continental, regions of Italy.
In addition, a more general trend with respect to southern and northern regions of Europe has been
noted [57,58], although a more recent study of Mediterranean wines has questioned this trend [59].
Similarly, previous studies in both Italy and Greece have also noted higher occurrence and levels of
OTA among wines from coastal (i.e., island) regions, and have attributed this to climatic conditions
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including higher moisture due, in particular, to seasonal winds from, in these cases, the Mediterranean
Sea [17,25]. Whether geographic variability in the current survey might be related to local growing
climate, or related environmental factors, or to varietals grown in these regions (or other factors),
remains to be investigated in future studies.

3. Conclusions

The current study demonstrated a simplified HPLC-FD method, specifically coupled to LLE, to be
both rapid and sufficiently quantitative for assessment of OTA in wine. And subsequent assessment of
U.S. wines revealed a relatively high incidence, and measured levels, of OTA compared to previous
surveys. The factors which contribute to the occurrence of OTA in wine, including those related to
harvesting practices (e.g., sweet versus dry) and to the wine-making process (i.e., red versus white),
as well as growing conditions, remain to be clarified. Emerging evidence, however, suggests an effect
of climate and, thus, climate change including both long term (e.g., decadal) rises, and even sporadic
(e.g., single year) increases, in temperature and other related variables (e.g., humidity/moisture) to
the occurrence of mycotoxins in agricultural products [60–62]. Apparent geographic patterns observed
in the present study, and in particular, higher levels of OTA in wines from warmer “Mediterranean”-like
and sub-tropical climates (Figure 2 and Table 3), would align with a role of climate in the occurrence
of OTA in wine. Moreover, the generally high incidence and measured levels of OTA observed in
the current survey—as the first in more than a decade—would be consistent with a possible role of
climate change on a decadal scale. Future studies, to investigate this proposed role of climate, are
clearly needed. More generally, however, the current study reinforces the need for regular surveillance
of OTA in wine, and other agricultural products, as well as investigation of factors which drive
OTA contamination.

4. Materials and Methods

4.1. Wine Samples and Chemicals

A representative sample of U.S. wines was obtained through donation from the Chaplin School
of Hospitality and Tourism Management at FIU. In total, 41 wines were analyzed, including 31 red
(28 dry and 3 sweet) and 10 white (3 dry and 7 sweet) wines. Wines represented 10 growing regions
from 8 states (including 3 of the 4 primary growing regions in California). No regional information
was available for two wines. Vintages of the wines spanned 2010 to 2015. Samples were transferred
by pipetting in the laboratory from bottles to 15-mL polypropylene tubes, and stored at −20 ◦C until
analysis. All analyses were done between May and August 2015.

Chemicals and reagents were purchased from several vendors: OTA standard was purchased
from Enzo Life Sciences (Farmingdale, NY, USA); all solvents including chloroform, acetonitrile
and methanol (MeOH) used were LC-MS grade (OmniSolv®, VWR Scientific, Radnor, PA, USA);
and 7-methoxycoumarin (7-MC) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Extraction and Sample Preparation for HPLC Analysis

For HPLC-FD and HPLC-MS/MS analyses, wine samples were extracted by a liquid/liquid
extraction (LLE) method. Briefly, to a 1.5-mL Eppendorf tube containing a 500 µL aliquot of each
wine sample, 100 µL of internal standard (i.e., 100 µg L−1 7-MC) and 1 mL of chloroform were added.
The sample was vortex-mixed for 10 s, and allowed to equilibrate for 10 min. The aqueous layer was
removed by pipetting, and the chloroform layer was dried under a stream of air. The residue was
subsequently reconstituted with 200 µL of HPLC mobile phase (consisting of water, acetonitrile and
2% glacial acetic acid (49.5:49.5:1)), and transferred into HPLC vials (containing 200-µL inserts) for
subsequent analyses.
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4.3. HPLC-FD of OTA in Wines

Following extraction and subsequent sample preparation, OTA from wine was evaluated in
triplicate (n = 3) by HPLC-FD using a method adapted from Visconti et al. [48], and a Shimadzu
Prominence UFLC system equipped with autosampler and fluorescence detector. The injection volume
was 20 µL per sample, and separation was accomplished using Sonoma C18 (2) analytical column (5 µm,
100 Å pore size, 250 mm × 4.6 mm; ES Industries, West Berlin, NJ, USA) by isocratic elution (49.5:49.5:1
water/acetonitrile/2% glacial acetic acid) at 1.0 mL/min. Column oven temperature was kept at 30 ◦C.
Fluorescence detector wavelengths for OTA (and internal standard) were 333 nm excitation and 460 nm
emission. Peak integration was done with Shimadzu EZStart software (Ver. 7.4, Shimadzu Scientific
Instruments, Inc., Canby, OR, USA). Quantitation of OTA was based on commercially available OTA
standards, and internal standard, i.e., 7-MC, spiked into a red wine, previously determined to contain
no toxin, which was extracted alongside samples. Ochratoxin A and the internal standard were
detected at retention times 10.9 and 6.0 min, respectively (Figure 1), and concentration was correlated
to relative peak area (i.e., OTA/MC-7) by the method of least squares.

4.4. Analytical Performance of HPLC-FD

As the primary analytical method, HPLC-FD coupled to LLE, and specifically using 7-MC
as internal standard, was validated for OTA over a range of <LOQ to 90 µg L−1. Linearity was
assessed by method of least squares, and associated correlation coefficient (R2), based on linear
regression (i.e., calibration curve) between relative peak area of OTA/7-MC and OTA concentration.
Sensitivity was evaluated in terms of limits of detection (LOD) and limits of quantitation (LOQ),
and calculated as 3 s/m and 10 s/m, respectively, where s is the standard deviation from repeated
(n = 4) measurement of a blank sample, and m is the slope of the calibration curve (between relative
peak area of OTA/7-MC and OTA concentration). Recovery, accuracy and precision were assessed
for two relevant concentration levels (0.5 and 1.0 µg L−1) of OTA spiked into a red wine previously
confirmed to contain no detectable OTA. Accuracy was calculated as percent recovery, and associated
error, from the two concentration levels (n = 6). Precision was determined as percent relative standard
deviation (%RSD) for repeated measurements (n = 6). Uncertainty (%RSD) was additionally assessed
by repeated measurement (n = 3) of wine samples.

4.5. HPLC-MS/MS of OTA in Wines

In parallel with HPLC-FD, OTA extracted from wine (by LLE) was analyzed by HPLC-MS/MS
as a confirmatory method. Analyses were conducted using Thermo Scientific TSQ Quantum Access
instrument equipped with Accela HPLC. The injection volume was 20 µL per sample (via autosampling
system), and analytical separation was achieved using a Kinetex® C18 column (2.6 µm, 100 Å, 50 × 2.1 mm)
with isocratic elution by 49.5:49.5:1 water/acetonitrile/2% acetic acid with flow rate of 350 µL min−1.
The ion source settings were as follows: discharge current of 4.0, vaporization temperature of 150 ◦C,
sheath gas pressure of 30 units, ion sweep gas pressure of 0 units, auxilliary gas pressure of 20 units,
capillary temperature of 300 ◦C, capillary offset of 35 units, tube lens offset of 93 units, skimmer offset
of −7 units. Selected Reaction Monitoring (SRM) was used for MS/MS analysis; OTA was monitored
in negative ionization mode, where the parent ion was m/z 402, and the daughter ions were m/z 358
and 314.
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