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Abstract: Yeast assimilable nitrogen (YAN), besides the oenological parameters (sugar content,
titratable acidity, and pH) in grape musts of sixteen native and international varieties of Vitis vinifera
cultivated in six regions of Northern Greece, was assessed in the frame of the present study. Low
levels of YAN are frequently thought to be the cause of problematic fermentations and originate
significant changes in the organoleptic aspects of the finished product. The objective of this multi-
variety study was to assess factors affecting the YAN amount and composition in technologically
mature grapes and, therefore, to evaluate the necessity of YAN supplementation with ammonium
salts in musts across different native and international grape varieties. Free amino nitrogen was
measured colorimetrically, ammoniacal nitrogen was measured enzymatically, and their values for
each must sample were summed to obtain the total amount of YAN. Statistical analysis was carried
out including principal component analysis (PCA) to discover relationships among must samples and
the parameters studied. PCA analysis classified samples depending on grape varieties and region
of origin, bringing knowledge about native and international cultivars of great commercial interest.
Moreover, these findings could help to understand how commercial varieties can behave in different
climates in the climate change context.
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1. Introduction

Nitrogen is an important parameter to monitor in grapes for wine production. Differ-
ent factors influence nitrogen quantity in grapes, with the nitrogen fertilization of vines
being the most important. Amino acids represent one of the most important groups of
nitrogen compounds present in grapes, must, and wine. The quantity of amino acids
in grape juice can vary significantly depending on the climate as well as the ripeness of
the grapes [1]. Among the amino acids present in the must, only a-amino acids, named
free amino nitrogen (FAN), are used by the Saccharomyces cerevisiae yeasts during their
growth. Together with ammoniacal nitrogen (ammonia NHj plus NH4* nitrogen), x-amino
acids represent yeast assimilable nitrogen (YAN), also called by some authors “promptly
assimilable nitrogen by yeasts” (PAN) [2].

Nitrogen compounds in grapes usually reach maximum values at the technological
maturity stage, according to Garde-Cerdan et al. [3], who studied grape ripening in con-
junction with the evolution of assimilable nitrogen (amino and ammoniacal nitrogen). The
nitrogen content of the grape juice can highly affect the yeast metabolism and different
critical aspects of fermentation, i.e., the amount of yeast biomass, the rate of fermentation,
the time for complete fermentation, as well as the type and quantity of end products [4].
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Lack of assimilable nitrogen sources during alcoholic fermentation can delay fermenta-
tion [5,6] or produce high amounts of non-desirable by-products (fusel alcohols, as well
as hydrogen sulfide) [1,7]. On the other hand, high levels of assimilable nitrogen increase
the rate and decrease the overall time of fermentation [8] and favor the synthesis of high
levels of acetate esters [9]. Low ammoniacal nitrogen content could increase the production
of higher alcohols as the yeasts have the ability to use amino acids as a nitrogen source.
Yeast metabolism allows the transformation of amino acids. The corresponding o-keto
acids, produced during the transamination process, are transformed by decarboxylation
into aldehydes that are reduced further to higher alcohols [10].

The yeasts prefer nitrogen sources that can be converted quickly into vital elements of
their metabolism, but parameters such as the strain, carbon source, and growth conditions
can affect the order of utilization of available nitrogen sources in the must [7,11]. Yeasts
utilize a-amino acids present in the must for their growth, and their lack is linked with
the formation of fusel alcohols and hydrogen sulfide [1]. On the other hand, elevated
YAN concentration may result in microbial instability, the production of carcinogens (ethyl
carbamate), allergens (biogenic amines), and haze formation [12]. The type of nitrogen also
affects the aroma profile. So, higher alcohols are produced when amino acids are added
compared to the ammonium form [13].

It is commonly accepted that a minimum of 140 mg of assimilable nitrogen per liter
is indispensable for a complete and good-quality fermentation; musts with lower levels
have a reduced capacity to produce alcohol, resulting in a slow or stationary fermentation
Butzke [14]. The addition of diammonium hydrogen phosphate or ammonium sulphate at
levels up to 1 g L™! (expressed in salts) or ammonium bisulphate up to 0.2 g L~ (expressed
in salts) is allowed by European legislation [15] in order to help increase the amount of
assimilable nitrogen needed for yeast fermentation. If used in excess, it can promote
the production of higher concentrations of ethyl carbamate [16]. Generally, nitrogen
fertilization in the field during growth represents an alternative for increasing the YAN of
the must [17-20]. Nitrogen fertilization increased YAN levels by over 50% in the must of
the Greek variety Vitis vinifera L. cv. Savvatiano (considered a “neutral variety”), whereas
in the respective wine, it increased the intensity of aroma [17]. It seems that the effect
of fertilization on YAN levels depends on factors such as timing, irrigation, and climate,
besides cultivar [18,19].

Different surveys on YAN content have been conducted for Vitis vinifera varieties
in diverse grape-growing regions differing in climate and growing practices (i.e., United
States [14,21]), South Africa [22] and Europe (Italy [2], Spain [23], France [24], Czech
Republic [25], and Germany [26]). Some authors have focused their investigation on the
variability of YAN depending on the variety [27,28]) region or district ([27,28]), ripeness [27]
and vintage [27,28]), while others have been involved in prediction studies to establish
variety-specific regression models based on YAN measurements before harvest [21,29].
Differences in YAN between cultivars, vintage, and vineyard locations were reported in the
literature [27]. According to Petropoulos et al. [30], climatic conditions and the cultivar are
more likely to be the key parameters affecting amino acid concentration in grapes.

However, due to the variable nature of YAN, the information gathered in these surveys
may not necessarily be applicable in a Greek context. Limited research was done to assess
YAN in local and foreign grape types cultivated in Greece’s major wine-producing regions.
Only one study monitored the effect of climatic conditions and vineyard altitude on YAN
concentration in a native Greek grape variety (Vitis vinifera L. cv. Agiorgitiko) during a
three-year period in one single region [30]. Since the nitrogen amount in the must represents
a crucial factor for quality wines, monitoring this parameter considering the factors that
affect it (i.e., climate and variety) is of help to the wine industry. Therefore, it would
be beneficial to gain insight into the nitrogen status of the Greek grapes used for wine
production since no study exists about YAN in Greek musts for wine production from
international and native grape varieties.
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In this context, the aim of the study was (i) to assess the nitrogen status of grape
juices currently used to make commercial wines in Northern Greece, and (ii) to examine
the impacts of variety and climate on yeast assimilable nitrogen of grape musts. This
investigation was conducted with the aim to bring into consideration international grape
varieties that are not reported in the literature, besides native Greek varieties. The aim was
accomplished by evaluating a large number of grape musts for free amino nitrogen (FAN)
and ammoniacal nitrogen and by employing exploratory statistical methods.

2. Materials and Methods
2.1. Samples

A survey of the YAN status of 274 musts (132 white and 142 red), corresponding
to 16 different grape varieties from six regions of Greece and 12 regional units from the
northern part of Greece (see Figure 1), was conducted during the 2017 harvest period. Grape
samples were harvested at a ripeness level suitable for commercial winemaking according
to the various producers’ (wineries’) harvest protocols. Upon collection, samples were
coded and analyzed immediately. The grape bunches were pressed by hand to separate
the must from the pomace. The distribution of samples according to variety and region
appears in Table 1.

Figure 1. Regional units of Greece involved in the present study (noted in pink).

Table 1. Name, color, origin of grape variety, number of the must samples collected and regional
units of cultivation.

Variety Origin of  Number of

Grape Variety Color Variety Samples Regional Units
Assyrtiko 1 N 5 Chalkidiki
Cabernet Sauvignon 2 I 2 Chalkidiki
Chardonnay 1 I 11 Pella, Rodopi
Cinsault 2 I 16 Serres
Debina 1 N 8 Larissa
Grenache Rouge 2 I 4 Chalkidiki
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Table 1. Cont.

Variety Origin of  Number of

Grape Variety Color Variety Samples Regional Units
Limnio 2 N 6 Rodopi
Chalkidiki, Kavala, Kilkis,
Merlot 2 I 74 Larissa, Thessaloniki, Rodopi
Muscat Hamburg 2 I 4 Larissa
Muscat of Alexandria 1 I 12 Lemnos
.. Chalkidiki, Larissa, Mount
Roditis 172 N 33 Athos, Thessaloniki
. Chalkidiki, Kavala, Mount
Sauvignon Blanc 1 I 54 Athos, Rodopi, Thessaloniki
Imathia, Kilkis, Larissa,
Syrah 2 I 12 Rodopi
Ugni Blanc 1 1 6 Larissa
Xinomavro 2 N 23 Chalkidiki, Florina, Kilkis
Zoumiatiko 1 N 4 Serres

Variety color: 1: white; 2: red; origin of variety: I: international; N: native.

2.2. Enological Parameters and Yeast Assimilable Nitrogen Analysis

The fresh must aliquot for chemical analysis was centrifuged (4000 rpm, 10 min) and
classical enological parameters, namely Baume, pH, and titratable acidity (expressed as
g L~! tartaric acid), were determined according to the official methods of OIV [31].

The components of YAN, free amino nitrogen (FAN) and ammoniacal nitrogen were
measured separately. Free amino nitrogen was measured by the NOPA (Nitrogen by o-
Phthaldialdehyde) colorimetric method [32]. Ammoniacal nitrogen (NH4-N) was measured
enzymatically using Ammonia (Rapid) Assay (K-AMIAR 07/14, Megazyme, Ireland).
Values for FAN and ammonia were then summed to obtain the total amount of YAN
(expressed as mg N L) available in the must.

2.3. Meteorological Data

Meteorological data were collected from each grape production area in order to assess
the effect of climatic factors on the YAN of grape musts. Therefore, a dataset containing
temperature and rainfall data for each region, comprising the period from April to October,
was built (see Supplementary Table S1). This frame period was chosen since it covers the
grape growth phases.

2.4. Statistical Analysis

Statistical data processing was performed using IBM SPSS Statistics, v.25 statistical
software (International Business Machines—IBM Corporation, Chicago, IL, USA). Non-
parametric tests for independent samples were performed. Kruskal-Wallis tests (when
compared more than two independent variables) were used to detect evidence of differences
among the grape varieties and the regional units (p < 0.05). Dunn’s post hoc tests with
Bonferroni adjustment are carried out on each pair of groups. The median test and Mann—
Whitney U test were used to test two independent variables differences.

Pearson linear and Spearman’s correlation (2-tailed, p < 0.05) were employed to recognize
any relationship between the parameters studied, depending on the type of data distribution.

The mathematical processing of the standardized data was done by hierarchical cluster
analysis (HCA) using Ward’s method. The results from the cluster analysis are presented
by a dendrogram. HCA analysis was performed using the statistical software package J]MP
14 (SAS Institute Inc., Cary, NC, USA).
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3. Results
3.1. YAN Status of Grape Samples

A very broad variation was observed in the values of FAN (31-223 mg N L~!) and
ammoniacal nitrogen (1-123 mg N L~!) among the studied samples, resulting consequently
in an 8-fold variation in the YAN (sum of them) values (Table 2). Nevertheless, the variation
observed for YAN (40 to 332 mg N L) in this study was lower than those reported by
other authors [2,14,22]. Besides the cultivar, identified as the principal factor affecting
YAN concentration, vintage and climate are of great importance [22]. Petrovic, Kidd and
Buica [22] reported an 11-fold variation for South African musts however, their samples
were spread over two vintage years and belong to many other cultivars besides those
included in this study. In a similar way, Nicolini, Larcher and Versini [2] attribute the
very high (25-fold) variation found in Italian samples to varietal and vintage differences.
A 13-fold variation (40 to 559 mg N L~!) observed by Butzke [14] for musts, besides the
varietal differences, could be accounted for by the different climates of the three grape-
growing regions in the United States (California, Oregon and Washington) from where the
samples were collected.

Table 2. Yeast assimilable nitrogen, free amino nitrogen, ammoniacal nitrogen and oenological
parameters of the musts according to the grape color 2.

B R 1. 1
Samples SaNrr(:;’lfes YAN (N L-1) FAN(NL-1) NHy ul\il?ﬁllr)noma Baume (Be) pH TOt"T"lag:;?chc(i%)L
All samples 274 39.79-277.50 30.58-222.90 0.70-142.86 9.10-16.10 2.87-3.79 3.51-10.59
(161.20/158.90) (107.77 /103.90) (53.43/56.15) (11.85/11.90) (3.42/3.44) (6.41/6.34)
White grapes 13 39.79-277.50 30.58-222.90 0.70-142.86 9.10-16.10 3.15-3.65 4.46-8.81
(166.68/172.67)  (117.44/117.25)2 (49.24/47.14) 2 (11.39/11.35)@  (3.40/3.41)2 (6.46/6.51)
Red grapes 142 41.73-265.55 30.77-193.00 2.30-112.40 9.96-14.10 2.87-3.79 3.51-10.59
(156.11/155.39) (98.77/94.36) @ (57.33/59.59) 2 (12.28/12.30)@  (3.44/347)2 (6.36/6.14)

L The mean/median values of the measurements are shown in parentheses. 2. Within the same column, medians
between white and red groups of musts with the same letter differ significantly from each other (p < 0.05), as
determined by the independent median test.

Significant statistical differences were observed between the medians of red and white
varieties in terms of FAN and ammoniacal nitrogen, while medians of YAN do not differ
significantly. White grape varieties exhibited higher FAN but lower ammoniacal nitrogen
than the red ones. The literature associates red cultivars with lower YAN and FAN val-
ues than white cultivars [22]. An increase in FAN content in grapes is reported during
ripening, starting from veraison, with the level reaching in some varieties a maximum
before harvest [33]. Similarly, the total nitrogen level of grapes rises during maturation,
but can stabilize after an initial increase and, in some situations, may even start to drop as
ripening progresses, as reviewed by Bell and Henschke [12]. On the contrary, the concen-
tration of ammoniacal nitrogen varies widely in grapes and declines between veraison and
harvest [12].

The collected must samples were characterized by a broad variation in the sugar
content and total acidity (expressed as tartaric acid), while they showed less than 1 unit
of pH range variation (Table 1). Red and white samples differed in pH and sugar content
while exhibiting statistically similar total acidity. The red musts were higher in sugars and
exhibited higher pH values than the white samples. This behavior is in agreement with
correct oenological practices for producing red wines with higher alcohol content and with
the literature that reports pH and TA (as tartaric acid) values in the range of 3.0-3.4, and
6-9 g/L for white and 3.3-3.7, and 5-8 g/L for red wines, respectively [34].

3.2. Grape Variety

The nitrogen content of the samples, as well as basic oenological parameters, catego-
rized based on the grape variety, are presented in Table 3. According to the Kruskal-Wallis
test, significant differences in the medians of all the determined must parameters were
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observed among the varieties. Among the varieties considered, Chardonnay had the high-
est YAN value (mean 254 mg N L™ 1), followed by Cinsault, Syrah and Sauvignon Blanc.
Average concentrations of YAN in international varieties cultivated in Greece followed
the ranking: Chardonnay > Cinsault > Syrah > Sauvignon blanc > Merlot > Ugni blanc >
Muscat Hamburg > Cabernet Sauvignon > Grenache rouge > Muscat of Alexandria (also
known as Zibibbo in Sicily, Italy). Nevertheless, the differences in the number of samples
tested for each variety could affect this classification, especially for the samples present in
low numbers (Ugni Blanc, Cabernet Sauvignon and Grenache Rouge). Different surveys
conducted in various countries do not concord in ranking specific varieties according to
YAN [2,14,21,28]. Butzke [14] found a similar ranking, (i.e., Sauvignon blanc > Merlot
> Cabernet Sauvignon) while Hagen, Keller and Edwards [28] and Petrovic, Kidd and
Buica [22] reported a slightly different one for grape musts from the Pacific Northwest
(U.S.A)) (Chardonnay > Syrah > Cabernet Sauvignon > Merlot) and South Africa (Chardon-
nay > Sauvignon blanc > Cinsault > Syrah > Cabernet Sauvignon > Merlot), respectively. In
all those studies, the average YAN content of the Chardonnay variety exceeds 200 mg L.

Overall, despite the fact that the absolute YAN numbers vary amongst the numerous
studies, what is remarkable is the proximity in ranking. Our results regarding the red
varieties Merlot and Syrah are much higher than those reported by Petrovic, Kidd and
Buica [22]. In addition, other studies performed in various world wine areas have consis-
tently indicated Chardonnay to have a high average YAN level [2,14,21]. To our knowledge,
no information on the YAN levels of Grenache rouge, Ugni blanc, Muscat of Alexandria,
and Muscat Hamburg grapes have been reported in the literature. Yet, in this investigation
was discovered that all four varieties had mean YAN levels lower than 140 mg L~1, exhibit-
ing values of 110 mg L™ (n=4),126 mgL~! (n=6),104 mg L~! (n =12), and 118 mg L~!
(n = 4), for Grenache rouge, Ugni blanc, Muscat of Alexandria, and Muscat Hamburg,
respectively. Since the nitrogen content of grapes varies with the vintage [22] but also with
viticultural techniques [35], differences among the studies conducted in different countries
are expected. Nevertheless, regardless of the study location, they serve to evidence the
influence of cultivars on the YAN levels.

The highest mean value of YAN among Greek native varieties found in Roditis
(157 mg N L) is nearly 80 mg N L~! less than the highest value presented in the in-
ternational variety Chardonnay. Based on YAN concentration, the native varieties are
ranked as follows: Roditis > Xinomavro > Debina > Assyrtiko > Zoumiatiko > Limnio.
Although the mean YAN value of international varieties is higher than that of native, only
a few differences were observed between the values of single cultivars. No clear trend
was observed among native and international varieties regarding the median values of
YAN. This fact could be due to a high variation detected among the samples collected.
Statistical analysis revealed the existence of only a few Greek varieties that differed from
the international ones (Table 3). In a previous study, Bouloumpasi et al. [36], reported that
international Vitis vinifera varieties (i.e., Chardonnay, Sauvignon blanc, Malvasia aromatica)
had a significantly (p < 0.05) higher average soluble protein content in comparison to grapes
of Greek native Vitis vinifera varieties (i.e., Malagousia, Roditis). Possibly genetic factors
are those affecting YAN accumulation in grapes. The literature suggests that YAN may be a
cultivar-specific trait [22]. In general, it seems that native cultivars have similar contents of
FAN but different ammoniacal nitrogen from the international ones.
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Table 3. Variation (minimum-maximum value observed) of yeast assimilable nitrogen, free amino nitrogen, ammoniacal nitrogen and oenological parameters in

grape musts categorized per grape variety (mg N L~! must

) 1,2'

No of

Total Acidity (g L1

; -1 -1 R ; -1
Variety Samples YAN (NL-1) FAN (NL-1) NH4-N Ammonia (N L-1) Baume (Be) pH Tartaric Acid)
. 110.02-271.86 61.36-176.90 15.56-142.86 9.10-13.00
Sauvignon blanc 54 (190.43/187.99) aeksw (119.88/119.10) elm (70.55/81.33) ek (10.80/10.60) abc 3.15-3.58 (3.34/3.36)f  5.02-8.81(6.87/673) af
178.14-277.50 136.80-222.90 10.50-12.49
Chardonnay 11 (2356722820 bfilogixe (18655 /194 80] betid 10.61-79.51 (49.11/47.10) (110 326-3.61(343/340)  6.19-8.44 (7.27/7.16)b
Ugni blanc 6 (122%2%11?61'1()) op 54.71-160.60 (95.14/6858)  10.00-63.18 (29.41/2221)  9.80-11.67 (10.80/10.65)  3.32-3.45 (3.38/3.37) 5.43-6.64 (6.00/5.95)
. 39.79-174.94 30.58-145.60 9.21-31.67 10.90-13.20
Muscat of Alexandria 12 (104.01/86.86) klmn (82.40/66.64) cd (21.62/20.92) fghijk (12.55/12.65) aeg 3.33-3.58 (3.49/3.50) a 4.87-7.39 (5.93/5.97)
Zoumiatiko 4 " Ogig?;ézo%gfgh (gé'gi’;gz'éé) 3126-35.76 (33.76/3401)  9.11-10.40 (10.00/1025)  3.34-3.40 (3.38/3.39) 5.17-5.48 (5.39/5.45)
. 107.80-192.96 . 11.30-12.50
Debina 8 {135.20/126.00) &t 4633-9532 (67.41/66.13)ab  47.17-97.64 (67.79/61.96) i (115771200 341-355(348/350)b  5.17-7.20 (5.81/5.66)
Assyrtiko 5 100.80-154.00 (133.45/13325)  44.84-76.33 (65.73/67.14)  55.96-77.94 (67.72/68.98) (g'gg;ggg) 3.17-3.35 (3.23/3.20) 7.09-8.4 (7.68/7.54)
. 70.00-275.41 62.04-212.10 0.70-83.51 10.20-16.10
Roditis 3 (156.85/154.00) zo (134.76,/133.20) fi (22.09/14.90) abcde (11.79/11.60) j 3.24-3.65(3.48/349) cg  446-7.95(586/5.85) f
89.71-238.86 50.46-148.90 10.80-14.00
Merlot 74 (152,66/150.05) wxy (69.7/65.19) elgh 18448996 (294/6153)bh () (NPT 327068 (348/350) dh 351878 (627/6.19)c
. 110.76-265.55 92.72-193.00 9.96-12.70 3.83-6.38
Cinsault 16 (211.75/217.00) cgjmpruye (156.67/160.90) dgj 18.04-81.87 (55.08/59.30) cg (11.17/11.10) def 3.52-3.79 (3.60/3.59) fgh (4.93/4.91) abcde
Grenache rouge 4 73.06-124.60 (109.67/120.50) ij (291'7066‘/19137 '8790) 2.30-30.43 (15.61/14.85) (g’gg;%;g) 3.45-3.49 (3.46/3.46) 5.00-6.08 (5.54/5.53)
148.40-252.00 82.35-170.60 . 11.50-13.70
Syrah 12 (205,66 /209.41) dh (130 55/ 140.65) 2 33.30-112.40 (73.14/71.44) dij (125712 50) cf 326-3.57 (345/347) e 6.04-8.66 (7.00/6.73) d
Cabernet Sauvignon 2 (ﬁi}ﬁiiﬁ) 59.50-64.88 (62.19/62.19)  45.71-58.32 (52.02/52.02) (E'gg;ggg) 341-352 (347/347)  5.29-5.95 (5.62/5.62)
Muscat Hamburg 4 (191%%)05‘/114147'.25)0) (1%78'321‘/11258'.1905) 3.40-16.10 (9.95/10.14) (Eﬁg}ﬁjﬁ,& 3.51-3.6 (3.57/3.58) 3.60-4.56 (4.00/3.92)
. 63.12-204.65 31.53-141.00 17.08-87.49 10.30-12.80 2.87-347
Xinomavro 2 (142.08,/149.33) stuv (86.07/95.25) fjkm (56.01/57.79) af (11.55/11.50) gh (3.19/3.15) abede 4.61-10.59 (8.00/7.61) e
o 41.73-110.88 4.12-67.59 10.80-12.20
Limnio 6 (72557655 abed 30.77-43.66 (39.33/41.15) (351 56.00) (1138/11.30) 3.21-3.43 (3.32/3.33) 5.63-7.91 (6.40/6.19)

1 The mean/median values of the measurements are shown in parentheses. > Within one column, medians of groups of grape musts with the same letter differ significantly from each

other (p < 0.05), as determined by the independent samples Kruskal-Wallis test followed by Dunn’s pairwise tests adjusted using the Bonferroni correction.
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Concerning the FAN values, the literature reports that Grenache Rouge wines had
a high amino acid content, higher than Syrah and Merlot [37]. However, in this study,
Syrah grapes had higher mean FAN content, followed by Grenache Rouge and Merlot. As
only four samples of Grenache Rouge were examined in the current survey, this amount
could not be considered enough to draw conclusions about the variety. The FAN content of
Merlot musts ranged from 50 to149 mg L. Etiévant et al. [38] reported average Merlot
amino acid content of 124 mg L~ for wines originating from France, well within the above
range. Muscat of Alexandria wines also have been reported to contain low amounts of
FAN [39]. The low levels found could not be explained in terms of grape variety or the
location because the samples originated from a single region (Lemnos—Aegean Islands)
characterized by semi-arid climate and mainly rocky soils.

Ammoniacal nitrogen in our study ranged from 1-123 mg N L™}, while other authors
reported values ranging between 5 and 325 mg N L~! [5,8,14]. The NH4-N contribution
to YAN varies highly among varieties (i.e., between 2 and 53% of the YAN as reported
by Huang and Ough [40], and it is variety-related, as in varieties of high proline accu-
mulation (e.g., Cabernet Sauvignon) the FAN contribution to YAN is lower, resulting in
a higher contribution by NHy4-N to YAN compared with varieties that are high arginine
accumulators [40].

Significant differences are observed, in general, in oenological parameters between
native and international varieties. Native varieties seem to have more sugars, higher pH
values and lower acidity than the international varieties. This behavior could be due to
genetic factors or viticultural techniques applied by vine growers.

As displayed in Figure 2, for most of the varieties, the mean concentration of YAN does
not exceed 140 mg N L1, which is widely considered to be the minimum requirement for a
successful fermentation for Saccharomyces, as reviewed by Nicolini, Larcher and Versini [2],
Bell and Henschke [12], and Verdenal et al. [41], otherwise, there is a high risk for the
fermentation to stop prematurely, while the risk factor is moderate when the YAN content
ranges from 140 to 200 mg N L~! [12]. This amount of YAN is necessary, especially for
white musts. On the other hand, Australian Wine Research Institute [42] recommends a
minimum of 100 mg N L~! YAN for red musts due to extended contact with grape skins,
which leads to the extraction of more nitrogen [43]. The international varieties Sauvignon
blanc, Chardonnay, Merlot, Cinsault and Syrah, along with the native varieties Xinomavro
and Roditis, had more than 140 mg N L~! YAN on average. On the contrary, international
varieties Ugni blanc, Muscat of Alexandria, Grenache rouge, Cabernet Sauvignon, Muscat
Hamburg, and the natives Zoumiatiko, Debina, Assyrtiko, and Limnio did not exceed the
minimum required quantity of YAN. Limnio, followed by Zoumiatiko found to have the
lowest average concentration of YAN, at 73 mg N L~! and 100 mg N L~!, respectively. It
appears that most native Greek varieties are deficient in YAN and would probably need
nitrogen supplementation in order to achieve a successful fermentation. The percentage
(36%) of Greek must samples with YAN levels below the threshold level of 140 mg N L~!
was lower than that reported for Italian musts (58%) [2] but higher than that of must grapes
from the West Coast of United States (13%) [14]. However, as depicted in Figure 2, high
variance exists in the values within varieties. This behavior is in line with the findings of
Petrovic, Kidd and Buica [22] and also Nicolini, Larcher and Versini [2]. The latter noted
that YAN was the most variable factor in grape juice used to evaluate the quality of the
grape at harvest. High variation in the YAN values within the same variety could be due to
the growing region characteristics and differences in cultivation techniques adopted.
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Figure 2. Average YAN concentrations (in mg N L) according to variety, represented as a stacked
plot of FAN and ammonia concentrations.

3.3. Region and Effect of Climate

The collected samples originated from 12 different regional units belonging to six
regions: the Central Macedonia region (Chalkidiki, Imathia, Kilkis, Serres, Thessaloniki,
and Mount Athos), Western Macedonia (Florina, Pella), Eastern Macedonia (Kavala), Thrace
(Rodopi), Aegean Islands (Lemnos), and Thessaly (Larissa). (Supplementary Table S2).
We elected to examine the effect of grape origin based on regional units (smaller areas
than regions) as it would reflect better climatic conditions in the respective vineyards. In
order to evaluate each region’s climate, data regarding precipitation and temperatures were
collected from each regional unit for the period between May and September, as most of
the varieties are harvested during August and September.

For the explanatory analysis, grape varieties with fewer than eight samples were not
included. Merlot and Sauvignon Blanc samples were collected from six and five different
regional units, respectively, trying to represent each regional unit. With respect to the
climatic data, the general description of each regional unit based on the collected data is
as follows:

m  Thrace/Rodopi: high temperatures over 25 °C during July-August, rainfall of 5 mm
during July-September, and rainfall of 62 mm during May-September.

m  Eastern Macedonia/Kavala: high temperatures over 25 °C during July-August, rain-
fall of 18 mm during July—September, and rainfall of 62 mm in May-September.

m  Central Macedonia/Serres: high temperatures over 25 °C during July—August, rainfall
of 254 mm during July-September, and high rainfall (357 mm) in May-September.

m  Central Macedonia/Kilkis: high temperatures over 25 °C during June-August, 27 mm
of rainfall during June-August and >100 mm in September, and a total rainfall of
292 mm during May-September.

[ ] Central Macedonia/Thessaloniki: high temperatures over 25 °C during June-August,
rainfall of 47 mm during June-August and >90 mm in September, and a total rainfall
245 mm in May-September.
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m  Central Macedonia/Chalkidiki: high temperatures > 25 °C July—August, rainfall of
43 mm during June-August and >350 mm in September, and a total rainfall 460 mm
in May-September.

m  Central Macedonia/Athos: high temperatures > 25 °C July-August, rainfall of 16 mm
during June-August and >75 mm in September, and a total rainfall of 233 mm in
May-September.

m  Central Macedonia/Imathia: high temperatures > 25 °C July-August, rainfall of
42 mm during June-August and >100 mm in September, total rainfall < 250 mm in
May-September.

m  Central Macedonia/Pella: high temperatures > 25 °C July—August, rainfall of 78 mm
during June-September, 10 mm in September, and a total rainfall of 186 mm in May—
September.

m  Western Macedonia/Florina: low temperatures below 25 °C during all months, rainfall
of 300 mm during July-September, 150 mm in September, and a total rainfall of
420 mm in May-September.

m  Thessaly/Larissa: high temperatures over 25 °C during June-August and low total
rainfall of 150 mm during May and September (none during July-August, and nearly
100 mm in September).

m  North Aegean/Lemnos: high temperatures during June—August, no rainfall during
June-September, and a total rainfall of 45 mm in May-September.

Cluster analysis was performed to find relationships among the samples collected
using nitrogen composition, basic oenological parameters and climate data (rainfall and
temperatures), which are different per regional unit. Genetic classification of different plant
matrices (e.g., wine, maize, and sweet cherries) has been done previously using cluster
analysis, occasionally or in conjunction with principal components analysis [44—47].

3.3.1. White Grape Varieties

In the previous sections, it was noted that the high variation in FAN and YAN content
cannot be attributed only to the grape variety. Therefore, cluster analysis was performed to
reveal possible relationships between the nitrogen fractions and oenological attributes and
climate data (Figure 3), as climate affects both maturity (sugar content, titratable acidity)
and nitrogen compounds in grapes [30]. Samples from white varieties were divided into
groups of increasing dissimilarity according to the heat map generated. White samples
were arranged in seven well-defined groups (noted with different colors: red, blue, green,
brown, blue-green, violet, and yellow), suggesting similar composition within the same
group. It seems that the arrangement is done mainly according to the grape variety and
regional unit of origin.

On the other hand, the variables are organized into two clusters (shown in red, and
blue). The red cluster comprises variables FAN, NH,-N, total acidity, total rainfall (May-
September), as well as rainfall for each month from June to September. The rainfall during
ripening and total acidity have been correlated. Tartaric and malic acids build up before
the veraison. Due to respiration and the loss of malic acid, as well as berry enlargement
(and the dilution of both acids), the acid concentration reduces during ripening and sugar
accumulation. Because the rate of malic acid breakdown increases as the temperature
rises, grapes cultivated in cooler climates or harvested earlier in the season typically have
higher amounts of acidity in the must and wine. In the blue cluster are the variables linked
with temperatures from May to September, rainfall in May, pH value, and sugar level
(Baume) [48].
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Figure 3. Heatmap of correlations for musts from white grape varieties between the nitrogen composition, basic oenological parameters, and climate data (rainfall

and temperatures for months May to September. Rainfall (rain) and temperatures (temp) for months May (5) to September (9); Blue areas in the map dendrogram

indicate low values,

whereas the red areas indicate high values.
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Grouping in clusters of different colors revealed differences among white grape musts.
More specifically, the red group consisted of Sauvignon Blanc and Chardonnay samples
from Rodopi and Kavala regional units, characterized by medium-to-higher FAN content,
low-to-no rainfall (<5 mm) in July—August, and low total rainfall (<62 mm) from May to
September. The green cluster grouped Sauvignon Blanc and Roditis varieties from the
regional unit Thessaloniki and appeared to be closely related to the blue group consisting
of the Chardonnay variety from the Pella regional unit. Those groups were characterized
by 67 mm of rain during July and August, higher FAN values, and less than 250 mm
of rainfall during May and September. The brown group included various subgroups
from two cultivars Sauvignon Blanc and Roditis, from regional units of Thessaloniki and
Chalkidiki, which are geographically close to each other. These samples were characterized
by intermediate-to-higher FAN levels, rainfall over 90 mm during September and >245 mm
during May-September, rainfall during June and August, and lower sugar levels. The
samples in the blue-green clusters were of Sauvignon Blanc and Roditis grapes from the
Mount Athos regional unit, which were distinguished by low FAN and NH4-N levels,
nearly no rain during the June to August period, high temperatures during August and
September, higher-than-average sugars and pH values, and lower total acidity. The purple
group contained Muscat of Alexandria grapes from the Lemnos regional unit, with low-to-
intermediate FAN values, low NHy-N, higher pH values, dry thermal climate (a total lack
of rainfall from June to September, and high temperatures during August and September).
Lastly, the yellow group grouped two Greek native cultivars, Roditis and Debina, from the
Larissa regional unit. Those samples were characterized either by high FAN values and
lower NH4-N values (Roditis), or low FAN and higher NH4-N (Debina), higher pH values,
intermediate levels of sugars, high temperatures from June to September, and almost no
rainfall during the summer months. Specific clusters were identified based on regions.

It appears that the same white variety was grouped in separate clusters based on the
regional units where it was cultivated. This was the case for Sauvignon blanc, Roditis,
and Chardonnay grapes, suggesting different compositions for each group. Soufleros,
Bouloumpasi, Tsarchopoulos, and Biliaderis [39] noted differences in the a-amino acid con-
tent of Roditis wines cultivated in different regions, with samples originating from Mace-
donia, Central Greece, and Peloponnesos containing on average 496, 428, and 394 mg L1
of x-amino acids. Soufleros et al. [39] and Schrader et al. [49] have previously reported that
the region’s climate and the grapes’ level of maturity could affect the total content of amino
acids in the juice. Petropoulos, Metafa, Kotseridis, Paraskevopoulos, and Kallithraka [30]
found that the temperature generally increased amino acid content, although rainfall
showed the opposite trend. Garde-Cerdan, Lorenzo, Lara, Pardo, Ancin-Azpilicueta, and
Salinas [3] also noted that the amount of nitrogen compounds in grapes depended on their
maturation stage.

A principal component analysis (PCA) was performed for white grape varieties using
FAN (a-amino acids), ammoniacal nitrogen (NH4-N), basic must analyses (Be, pH, and total
acidity), and climate data to examine whether these compounds may lead to any grouping
of samples according to variety. The resulting plots for white must are presented in Figure 4.
The PCA results showed that the two main components (Component 1 x Component 2)
explained only 54.2% of the total variance (Components 3, 4, and 5 explained other 13%,
11%, and 6.56%, explaining about 84.76% of the total variation). The PCA score plot
(Figure 4, left) shows a pattern in which the samples from Muscat of Alexandria are placed
closely together in the lower right quartile, the samples from Debina are placed together
in the upper right quartile, and the samples from other varieties form separate groups.
The Chardonnay, Sauvignon blanc, and Roditis samples are spread in two or more groups.
Specifically, the Chardonnay samples are all placed in the lower left quartile, forming two
separate groups, one of which is located in the left lower part and comprises samples from
a single regional unit (Pella), thus suggesting grouping not only based on the cultivar but
also on the regional unit.
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Figure 4. Plots of principal component analysis scores (left) and loadings (right) for the composition
of the white musts. Rainfall (rain) and temperatures (temp) for months May (5) to September (9);
rainmaysep is total rainfall from months May to September.

The loading plots (Figure 4, right) show that amino acids were negatively affected by
both components, while ammoniacal nitrogen and total acidity were negatively affected
by the first component and positively by the second component. Amino acid content
(FAN) appears to be positively correlated with rainfall during June and July and negatively
to temperature from May to July. Ammoniacal nitrogen positively correlated with total
rainfall during May-September, especially rainfall in August and September, and a negative
correlation with pH, Baume, the temperature during August (ripening period), and the
rainfall during May (growing period). No correlation was found between amino acid and
ammoniacal nitrogen levels. Similarly to the heat map, the PCA grouped samples based on
both the variety and the region, suggesting that the region, with its unique climate, has a
significant input on the content of assimilable nitrogen compounds in the grape.

3.3.2. Red Grape Varieties

Similarly to the white grape samples, a heatmap cluster analysis for the red grape
samples based on nitrogen status, oenological parameters, and climate data for rainfall
and temperature revealed the presence of seven clusters (Figure 5). On the other hand,
the variables are organized into three clusters (shown in red, blue, and green). The red
cluster comprises the variables FAN, total acidity, and rainfall for June, July, and August.
The blue cluster groups variables such as NH-N content, Baume, total rainfall (May—
September), as well as rainfall in August and September. Lastly, in the green cluster the
rest of the variables (temperatures from May to September and pH value) are included.
The grouping of red musts under different colors reveals differences among the samples.
More specifically, the red cluster is composed of Merlot and Syrah samples from Rodopi
and Kavala regional units, characterized by low FAN content, medium-to-higher NH;-N
content, nearly no rainfall (<5 mm) during July-August, and low total rainfall (<62 mm)
from May to September. The green group, which appears to be closely related to the
red group, includes Syrah and Merlot samples from the Larissa regional unit and is also
characterized by a lack of rainfall (<1 mm) during July-August, low total rainfall from
May-September (<140 mm), and higher temperatures from May to September in contrast to
the red group. The blue cluster comprises the Merlot variety from the Thessaloniki regional
unit and is characterized by intermediate-to-higher FAN levels and high temperatures from
May to September. The brown cluster includes two cultivars, Xinomavro and Syrah, from
the Kilkis regional unit and is characterized by low-to-intermediate FAN levels, low NH4-N
levels, high temperatures from May to August, and rainfall of 150 mm during May-June.
The blue-green group includes the Cinsault variety from the Serres regional unit, and its
characteristics include the highest FAN along with low NHy4-N, sugar, total acidity levels,
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intermediate temperatures, and rainfall of 360 mm from May to September. The purple
cluster comprises three cultivars, Merlot, Syrah, and Xinomavro, from three regional units,
Thessaloniki, Chalkidiki, and Imathia, and consists of several subgroups. It is characterized
by low FAN content, low rainfall from June to August but high in September, intermediate-
to-high sugars, and ammoniacal nitrogen values. Lastly, the yellow cluster includes the
Xinomavro variety grown in the Florina regional unit and differs from the others due to
higher total acidity, lower sugar content, rainfall of 240 mm from May to July, and lower
temperatures from May to September in comparison to other groups.

It appears that the heat map grouped samples based primarily on the climate condi-
tions of the regional unit and secondarily on the variety. Regional units such as Florina,
Larissa, and Rodopi/Kavala are distinguished based on rainfall and temperatures (low
or high), independently of the variety, while the other regional units of Central Macedo-
nia do not discriminate much. Petropoulos, Metafa, Kotseridis, Paraskevopoulos, and
Kallithraka [30] reported that rainfall had a detrimental impact on the amino acid content
of Agiorgitiko grapes in the viticultural region of Nemea from veraison through harvest,
although the increased ambient temperature had the reverse effect.

The principal component analysis performed for red grape varieties explained 62.6%
(Component 1 x Component 2) of the total variance (Component 3 and 4 explained the
other 12.3% and 7.92%, explaining about 82.82% of the total variation) (Figure 6). The PCA
score plot (Figure 6, left) grouped the Xinomavro cultivar originating from the Florina
regional unit positioned upon the horizontal axis at the far-left side. The other Xinomavro
samples are positioned near the center of the plot, together with the other samples from the
Central Macedonia region (the Chalkidiki, Thessaloniki, Imathia, Kilkis, and Serres regional
units). All those areas are characterized by a lack of rainfall during ripening and high
temperatures during the June—August period. Similarly, the Syrah cultivar is spread into
four groups depending on the origin (Rodopi, Kilkis, Imathia, and Larissa). The placement
of the samples from the same variety in different quartiles or the same implies that they are
arranged based on other parameters, e.g., samples placed in the upper right quartile are
affected by temperatures during May-September, the period of growing and ripening of
grapes, and Larissa is the area with the highest mean temperatures among the examined
regional units for all months, except September (see Supplementary Table S2).

The loading plots (Figure 6, right) reveal that amino acids were positively affected
by the second component, while ammoniacal nitrogen was negatively affected by both
components. No correlation was found between amino acid and ammoniacal nitrogen
levels. In conclusion, the heat map and PCA grouped the red must samples based on both
the variety and the region.
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Figure 5. Heatmap of correlations for musts from red grape varieties between the nitrogen composition and basic oenological parameters and climate data rainfall

(rain) and temperatures (temp) for months May (5) to September (9)); Blue areas in the map dendrogram indicate low values whereas the red areas indicate

high values.
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Figure 6. Plots of principal component analysis scores (left) and loadings (right) for the composition
of the red musts. Rainfall (rain) and temperatures (temp) for months May to September; rainmaysep
is total rainfall from months May to September.

4. Conclusions

In the present study, the yeast assimilable nitrogen status of the musts of several
Greek grape-growing areas and varieties, both native and international, was surveyed. The
musts from technologically ripe grapes analyzed varied largely in their assimilable nitrogen
content. The content of international varieties cultivated in Greece fell within the range
noted by other researchers. About 36% of the Greek samples were below the suggested
by some authors deficiency threshold of 140 mg L™}, thus posing a danger of problems
with the nutrition of yeasts in the course of fermentation unless it occurs an addition of a
nitrogen source. Significant differences were observed among varieties, with international
varieties found to be richer in assimilable nitrogen than most of the natives included in
this survey. Some international varieties had a high content of YAN, similar to surveys
conducted in Italy and the United States. This study also revealed that not only grape
variety but also cultivation region is a determinator of the concentration and composition
of YAN. This work brings insights into the knowledge about native and international
cultivars of great commercial interest. In addition, this work can be useful to understand
how commercial varieties included in this study can behave in different climates in the
context of climate change.
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gen in grape musts categorized per grape origin (mg N L~! must).
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