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Abstract

Understanding the dynamic changes in grape characteristics during ripening is crucial for enhancing grape quality, which, in
turn, influences overall viticulture practices. This study aimed to investigate the temporal and cultivar-specific variations in
grape characteristics, focusing on BAs, phenolic compounds, antioxidant enzymes, and organic acids. Our results revealed
that Bozcaada Cavusu*Kuntra and Kuntra grapes exhibited the most significant growth in size, weight, and maturity index
at the final developmental stage (EL-38), while Vasilaki showed a nuanced maturation pattern with significant increases
in berry width but not weight. Across all varieties, the highest maturity index and Total Soluble Solids percentages were
observed at EL-38. The investigation of BAs revealed a significant decrease in Put levels from 2.62 at EL-32 to 2.04 mg L™
at EL-38, contrasting with an increasing trend in Agm concentrations from 0.25 at EL-29 to 0.37 mg L~! at EL-38. Bozcaada
Cavusu*Kuntra stood out with the highest Cad concentration at 2.96 mg L™'. The analysis of phenolic compounds highlighted
a distinct temporal pattern for gallic acid, increasing from 1.60 at EL-29 to 3.77 g L™! at EL-32 and maintaining stability
at 3.74 g L™! at EL-38. Bozcaada Cavusu*Vasilaki consistently exhibited higher concentrations of phenolic compounds,
such as epicatechin (5.69 g L™!) and tyrosol (7.00 g L™!). Antioxidant enzymes like catalase and superoxide dismutase in
grape cultivars showed significant temporal variations, indicating a dynamic oxidative stress response during berry ripen-
ing. Catalase activity decreased from 14.04 to 11.20 EU/gr berry between EL-29 and EL-38. The multifaceted regulation
of superoxide dismutase by sampling time and cultivar highlighted the complexity of antioxidant dynamics in grapevine
physiology. In conclusion, this comprehensive study sheds light on the intricate interplay of temporal and cultivar-specific
factors influencing grape characteristics, providing valuable insights for optimizing viticulture practices and enhancing
overall grape quality.
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Agm Agmatine
Spn  Spermine
Spd  Spermidine
His  Histamine
Ser  Serotonin
Tyr  Tyramine

Tma Trimethylamine

Dop Dopamine

GSH Glutathione

SOD  Superoxide dismutase
POD Peroxidase

CAT Catalase

GR Glutathione reductase

GST Glutathione S-transferase
APX Ascorbate peroxidase
Introduction

The reproductive development of grapevines exerts a direct
influence on yield and significantly impacts the quality of
berries and wine, encompassing traits, such as berry and
cluster size, cluster compactness, and the ratio of berry skin
to pulp (Najmaddin et al. 2011). However, the flowers of
rare Vitis vinifera L. cv varieties like Bozcaada Cavusu are
not capable of being fertilized by their own pollen (Dardeniz
et al. 2011). The expression of female dominance in cer-
tain grape cultivar introduces a fascinating dimension to the
intricate world of grape reproductive biology (Jovanovi¢-
Cvetkovié et al. 2016). The downward curvature of its sta-
mens signifies a clear emphasis on the female reproductive
organs, notably the pistil, in the grapevine’s overall strategy
for reproduction. This trait is not merely a botanical peculiar-
ity; rather, it provides valuable insights into the evolutionary
history and ecological context of the cultivar. In this regards,
the physiological adaptations associated with female domi-
nance in Bozcaada Cavusu likely play a role in optimizing
pollination and fertilization processes. Grape varieties mani-
festing self-incompatibility are commonly distinguished by
a phenomenon wherein their incapacity for self-pollination
necessitates the presence of other grape cultivars harbor-
ing compatible pollen to facilitate successful fertilization
and fruit set (Tello et al. 2018). This characteristic indicates
the importance of male grape cultivars as compatible pol-
linators in achieving optimal reproductive outcomes. The
intricate fertilization biology of grape cultivars has, indeed,
been the focus of numerous studies, particularly in explor-
ing pollination and fertilization in wild grapevine relatives
and locally significant varieties facing challenges in the
processes of fertilization and berry setting (Caporali et al.
2003; Abreu et al. 2006; Gallardo et al. 2009). Although the
morphological development of grapevine inflorescences is
well documented, there is limited information concerning

varietal dynamics related to compatibility during cross-polli-
nation and cross-breeding, as well as the potential outcomes
of different cross-breeds. Despite the prevalent biological
process of pollination in cultivated grapevines, uncertainties
persist regarding the implications of cross-fertilization on
grape productivity and quality. Moreover, there is a scar-
city of research exploring the intricate relationships among
floral morphology, reproductive strategies, and nutritional
characteristics in grape varieties, with a specific emphasis
on the unique traits exhibited by different grape cultivars.
A comprehensive understanding of the nuanced aspects of
pollination, such as the distinctive downward curvature of
stamens observed in these cultivars, is essential for success-
ful cultivation, necessitating the identification of compatible
pollinizer counterparts. This knowledge holds paramount
importance for grape producers aiming to enhance fruit set-
ting volume, attain high-quality yields, and contribute to a
more comprehensive comprehension of grapevine reproduc-
tive biology and nutritional composition.

Previous studies reveal diverse approaches to pollination
in grapevine varieties (V. vinifera ssp.), combining charac-
teristics of both insect- and wind-pollinated plants (Munoz-
Rodriguez et al. 2011). The methods through which pol-
lination occurs whether by insects, wind, or self-pollination
vary among researchers. Some argue that hermaphroditic
grapevine varieties are primarily self-pollinating (Rom-
bough 2002), while others assert simultaneous self- and
cross-pollination, with self-pollination holding greater
significance (Gurasashvili and Vashakidze 2004). On the
contrary, Vashakidze et al. (1982) suggest the simultane-
ous occurrence of both types of pollination, with prevalence
determined by genotype. These varying perspectives under-
score the complex fertilization biology of grapes, necessitat-
ing further research for reliable information in hybridiza-
tion studies and to optimize yield and quality. In the realm
of grape development, while we possess a comprehensive
understanding of the inflorescence’s morphological growth,
crossing compatibility, and potential outcomes, there is a
notable lack of information concerning the interplay among
grape varieties regarding physiological femaleness (female
dominance) and their available pollinator varieties. Despite
these reports, literature investigations surprisingly offer lim-
ited insights into the impact of physiological femaleness and
their available pollinator varieties on biogenic amines, phe-
nolic compounds, antioxidant enzymes, and organic acids in
berries. This understanding is essential for grape producers
aiming to maximize fruit setting volume, attain yields of
high quality, and contribute to a more comprehensive com-
prehension of grapevine reproductive biology and nutritional
composition. The primary objectives of this study were to
(I) reveal biogenic amines, phenolic compounds, antioxidant
enzymes, and organic acids of the cross-pollination with
Vasilaki and Kuntra in berry set of Bozcaada Cavusu, the
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popular grape cultivar that is well accepted as physiologi-
cal femaleness in Tiirkiye and (ii) to compare the levels of
biogenic amines, phenolic compounds, antioxidant enzymes,
and organic acids in well-known commercial grape varie-
ties, including Vasilaki and Kuntra, with those in Bozcaada
Cavusu.

Materials and Methods
Plant Material

The study focused on 30-year-old grapevine cultivars,
namely Bozcaada Cavusu, Kuntra (Karasakiz), and Vasilaki,
all grafted onto 5 BB rootstock, situated in Bozcaada, Tur-
key (coordinates: 26° 05" 40" East Longitude and 39° 49’
11" North Latitude). The investigation included two trials:
one involving the pollination of Bozcaada Cavusu by Kuntra
and the other by Vasilaki, with a paternity (pollinator) ratio
of 2/4 for the varieties ‘Kuntra’ and “Vasilaki’ to ‘Bozcaada
Cavusu’ in the year 2022. The research encompassed two
distinct vineyard settings, each meticulously designed to
facilitate open pollination conditions for the grape varieties
under investigation. To achieve this, the vineyard layout fol-
lowed a specific trial design known as the 2/4 pattern. In this
arrangement, two Kuntra grape varieties were planted along-
side four Bozcaada Cavusu grape varieties. This pattern
was consistently applied to the other vineyard conditions
as well, where two Vasilaki grape varieties were positioned
next to four Bozcaada Cavusu grape varieties, adhering to
the same trial configuration. The Bozcaada Cavusu grape
variety is recognized for its large, amber yellow berries with
a distinctive flavor. These grapes are noted for their juicy
content and thin skin, boasting a unique flavor inherent to
the variety. The grape clusters were described as being par-
ticularly large, winged conical in shape, and relatively sparse
in density. For pollination purposes, the Bozcaada Cavusu
was crossed with Kuntra and Vasilaki pollinator varieties in
specific ratios, following the method outlined by Dardeniz
et al. (2011). The Kuntra variety, with reddish purple, round,
and large berries, ripens mid-season and is typically pruned
short. The clusters are winged conical, large, and densely
structured. Vasilaki, also pruned short and maturing mid-
season, yields yellow, round, medium-large berries, and its
clusters are cylindrical, ranging from small to medium size,
with a dense structure. The planting arrangement employed
a 1.4x 1.4 m design with a goble trellis and the spur-pruned
vines displayed 12—15 shoots per plant. This spacing allowed
for optimal sunlight exposure and air circulation, essen-
tial for vine health and disease prevention. To ensure the
well-being of the vines, a range of cultural practices was
implemented. This included regular pruning to manage
growth and enhance fruit production, meticulous canopy
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management to improve light and air around grape clusters,
and soil management techniques. Integrated pest manage-
ment and precise nutrient management were also integral
parts of the vineyard’s practices. These measures were tai-
lored to the vineyard’s specific conditions and regularly
adjusted to maintain vine health and productivity. Sample
collections were randomly conducted from the upper, mid-
dle, and lower sections of the clusters, with three collection
instances. In this investigation, the stages EL-29, EL-32,
and EL-38 corresponded to the phases where berries begin
to veraison, berries brighten in color, and berries are ripe for
harvest, respectively (Fig. 1). The sampling protocol adhered
to the guidelines outlined by Coombe (1995). Irrigation was
not employed in the vineyard at any point during the year;
viticulture was conducted under dry-farming conditions.
Climate data pertinent to the vineyard locale is provided in
Supplementary Material 1. Collected clusters were promptly
stored at 4 °C in the laboratory and subsequently preserved
at — 80 °C for further analysis.

Chemicals and Cluster Characteristics, and Must
Composition

Standard solutions encompassing spermine, agmatine, sper-
midine, serotonin, histamine, tryptamine, dopamine, nor-
epinephrine, cadaverine, trimethylamine, putrescine, and
tyramine were procured from Sigma-Aldrich Chemie, Stein-
heim, Germany. The berries were manually pressed using
a hand-press, and the resulting grape musts were promptly
subjected to analysis. Subsequently, the juice underwent
centrifugation at 4000 revolutions per minute (rpm) for a
duration of 7 min, facilitated by the Hettich Zentrifugen Uni-
versal 320 centrifuge from Germany. The resulting clarified
juice was then utilized for the assessment of titratable acidity
(TA), maturation index (MI-Brix), and total soluble solids
(TSS). Total soluble solids were quantified using a digital
refractometer (BRX-242 Erma, Tokyo, Japan). The matura-
tion index and TA were determined through the utilization
of an autotitrator. Specifically, must samples be analyzed for
TA employing 0.1-M sodium hydroxide (NaOH) with the
G20S autotitrator from Mettler Toledo, Switzerland, with
results expressed as g/L. Berry dimensions, encompassing
width and length, were meticulously measured using a preci-
sion caliper. Berry weight, on the other hand, was accurately
determined utilizing a high-precision scale.

Isolation of Amines from Grape Varieties

For each grape variety, 5 g of berries underwent homog-
enization using an Ultra-turax homogenizer with 0.5 mL of
70% perchloric acid. The resulting homogenate (X g) was
centrifuged at 10,000 rpm for 10 min, and the supernatant
was collected, filtered through a 0.22 mm membrane, and
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Fig. 1 The depicted grape clus-
ters representatively illustrate
the growth and maturation
process across the developmen-
tal stages EL-29, EL-32, and
EL-38. Each cluster is a visual
record of the berries’ develop-
ment, with noticeable changes
in size and color marking each
stage’s progression

then diluted with 10% perchloric acid to match the initial
homogenate weight. Subsequently, the sample was filtered
through 0.45 pm and injected into the HPLC.

Identification of Amines from Grape Varieties
by HPLC

The separation and quantification of biogenic amines fol-
lowed the method outlined by Incesu et al. (2022), with
adaptations. Samples were injected onto a reverse-phase
column (Bondapak C18, 300 3.9 mm, 10 mm; Waters,
Milford, MA, USA) connected to a Waters Alliance Liquid

KUNTRA

VASILAKI

EL-32

EL-38

Chromatograph with a Waters 474 fluorescence detector
(Milford, MA, USA). Post-column derivatization, employing
2-mercaptoethanol and o-phthalaldehyde, was implemented
to enhance detection. Peaks were identified using authen-
tic standards, and quantitation relied on calibration curves
within the range of 1 to 30 mg/L for spermine and 0.1 to
10 mg/L for other amines. The biogenic amine content of
samples was expressed in mg L~! fresh weight.
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Identification of Phenolic Compounds from Grape
Cultivars by HPLC

Berry samples were sourced from the grape varieties, col-
lected at different developmental stages as outlined in “Plant
Material” section, and underwent analysis for phenolic com-
pounds. Sample preparation involved triturating whole berry
samples obtained from clusters using a conventional beater
until a homogeneous berry sample was achieved for analysis.
The analyzed phenolic compounds included gallic acid, van-
illic acid, trans-caffeic acid, trans-p-coumaric acid, ferulic
acid, kaftaric acid, catechin, epicatechin, quercetin, routine,
myricetin, and tyrosol. A modified version of the method by
Barrado et al. (2009) was employed for phenolic compound
extraction, with three replications. The triturated berry sam-
ples were mixed with distilled water at a 1:1 ratio and then
centrifuged at 15.000 rpm for 15 min. The upper part of the
samples was filtered using 0.45-pum MF-Millipore filters, and
the filtered samples were injected into an HPLC device for
phenolic compound analysis. Chromatography assays were
conducted using an Agilent 1100 HPLC device equipped
with a diode array detector (Agilent, Santa Clara, CA,
USA) and a 4-um octadecyl-silica column (4.6 X 250 mm,
Hichrom, Reading, UK). The mobile phase consisted of
two components: A—methanol:water:acetic acid (10:28:2)
and B—methanol:water:acetic acid (90:8:2). Phenolic com-
pounds were detected at 254 nm and 280 nm, with an injec-
tion volume of 20 pL and a flow rate set at 1 mL/min.

Identification of Antioxidants from Grape Cultivars
by HPLC

Berry samples from grape varieties underwent a prepara-
tory process in accordance with the protocol outlined by
Keskin et al. (2022). Enzymatic activities were spectro-
photometrically detected at a temperature of 25 °C using a
Shimadzu 1208 UV spectrophotometer (Kyoto, Japan). To
assess glutathione (GSH) activity in the berries, the method
by Minucci et al. (2009) was applied, allowing for the quan-
tification of GSH activity in the raisin samples. Addition-
ally, the activities of two other enzymes, namely glutathione
reductase (GR, EC 1.8.1.7) and glutathione S-transferase
(GST, EC 2.5.1.18), were determined following the method-
ology outlined by Chikezie et al. (2009), with the initiation
of the enzymatic reactions indicated by the addition of the
enzyme solution. Furthermore, the activities of superoxide
dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.1.6),
and peroxidase (POD, EC 1.11.1.7) in the raisin samples
were assessed based on the methods outlined by Abedi and
Pakniyat (2010) and Angelini et al. (1990). These enzymatic
activities were evaluated spectrophotometrically at 25 °C.
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Identification of Organic Acids from Grape Cultivars
by HPLC

The extraction of organic acids followed the method devel-
oped by Keskin et al. (2021). The extraction process com-
menced by preparing a mixture that combined 5 mL of grape
must with 20 mL of a 0.009-M NH,SO, solution. This mix-
ture underwent thorough homogenization, 1 h of agitation
on a shaker, and subsequent centrifugation at 15.000 rpm
for 15 min. The resulting supernatants were subjected to
filtration, initially through filter paper to remove larger par-
ticles, followed by two additional filtrations using a 0.45-pm
membrane filter to eliminate finer particulate matter. The
filtered solutions underwent further purification through pas-
sage through a SEP-PAK C18 cartridge. For the subsequent
analysis of the extracted organic acids, high-performance
liquid chromatography (HPLC) was employed. An Aminex
column (HPX-87 H, 300 mm X 7.8 mm) served as the chro-
matographic medium for the separation and quantification
of organic acids in the samples. Throughout this study,
chemicals with a high degree of analytical purity were uti-
lized. Standards, specifically tartaric, malic, citric, succinic,
and fumaric acids, were sourced from Sigma-Aldrich in St.
Louis, USA.

Statistical Analysis

All descriptive analyses were executed utilizing the agrico-
lae package in R Studio (Mendiburu 2023). The influence
of sampling time, cultivar, and their interactions on biogenic
amines, phenolic compounds, antioxidant enzymes, organic
acids, and berry features was investigated through ANOVA
in R Studio (R Core 2013). A model encompassing all main
effects and interaction effects underwent testing for normal-
ity assumptions. Linear models (Im function) were applied
to assess the main effects (sampling time and cultivar) on
biogenic amines, phenolic compounds, antioxidant enzymes,
organic acids, and berry features. Post hoc analysis using
Tukey HSD was carried out with the agricolae package in R
Studio (Mendiburu 2023). Principal Component Analyses
(PCAs) for biogenic amines, phenolic compounds, antioxi-
dant enzymes, and organic acids datasets were conducted
using ggbiplot2 within R Studio (Vu 2011). PCA, being a
valuable analytical technique, aids in reducing multidimen-
sional data into a more interpretable format, facilitating the
identification of underlying patterns and trends within com-
plex datasets. The heatmap was generated using the pheat-
map package in R Studio (Kolde R 2019).
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Fig.2 Analysis of berry developmental metrics (berry weigh, berry
width, berry length, total soluble solid, titratable acidity, and maturity
index) across different sampling times for Kuntra, Bozcaada Cavusu*
Kuntra, Vasilaki, and Bozcaada Cavusu*Vasilaki grape varieties. For

Results

Figure 2 illustrates the growth metrics of grape berries
at three developmental stages.These measurements were
taken for different grape varieties and sampling times, spe-
cifically Bozcaada Cavusu*Kuntra and Bozcaada Cavusu*
Vasilaki, Kuntra, and Vasilaki. In the category of Bozcaada
Cavusu*Kuntra, the greatest berry length was observed at
EL-38 and it was significantly higher than the other sam-
pling times. The same trend was noted for Kuntra and
Vasilaki, where EL-38 presented the longest berries. For
berry weight, the highest values were again found at EL-38
across all varieties, with Bozcaada Cavusu*Kuntra and
Kuntra showing statistically significant differences from
the other sampling times, while Vasilaki did not show a sig-
nificant difference between EL-32 and EL-38. Berry width
followed a similar pattern in Bozcaada Cavusu*Kuntra and
Kuntra, with the largest widths at EL-38. For Vasilaki, the
widest berries were also observed at EL-38, significantly
wider than at EL-29, but not significantly different from
EL-32. The maturity index showed a discernible pattern as
well; the highest index was found at EL-38 for Bozcaada
Cavusu with Kuntra and a similar trend was observed for
Kuntra and Vasilaki. However, Vasilaki did not exhibit a

a given factor (different letters within a column represent significant
differences (Tukey test, *Significant at p value <0.05). Data are stated
as averages of the data and their standard deviations

significant difference between EL-32 and EL-38. The Total
Soluble Solids (TSS °Brix), visible in the Vasilaki category,
displayed the highest percentage at EL-38, markedly dif-
ferent from EL-29 and EL-32, respectively. In examining
the titratable acidity (TA) levels across grape varieties, it
was observed that the variety designated as EL-29 consist-
ently exhibited the highest TA values. This trend was marked
by a gradual decrease in TA as the examination progressed
through to varieties EL.-32 and EL-38. Notably, EL-38 dem-
onstrated the lowest TA levels among the studied varieties.
Overall, the data indicated that the measurements for berry
length, weight, width, and maturity index were generally
highest at the final sampling time (EL-38). On the other
hand, in the EL-29 stage, the berry weight for Bozcaada
Cavugu*Kuntra was consistent across sampling times, while
Kuntra also maintained a steady berry weight. Vasilaki
exhibited a slight increase in berry weight, and Bozcaada
Cavusu*Vasilaki remained consistent with a minor rise by
the end. Berry width during EL-29 was stable for both Boz-
caada Cavusu*Kuntra and Kuntra. Similarly, Vasilaki and
Bozcaada Cavusu*Vasilaki maintained consistent berry
widths. The maturity index for Bozcaada Cavusu*Kuntra
was initially higher but decreased later on, whereas Kun-
tra, Vasilaki, and Bozcaada Cavusu*Vasilaki showed stable
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maturity indices throughout EL-29. For TSS (°Brix), Boz-
caada Cavusu*Kuntra began with a higher percentage,
but it stabilized, and the other cultivars, including Kuntra,
Vasilaki, and Bozcaada Cavusu*Vasilaki, maintained con-
sistent TSS (°Brix) levels throughout this stage. Moving
into EL-32, Bozcaada Cavusu®*Kuntra displayed a slight
increase in berry weight, while Kuntra’s berry weight stayed
consistent, as did Vasilaki and Bozcaada Cavusu*Vasilaki.
Berry width for all cultivars remained stable, with Vasilaki
showing a slight increase toward the end of this stage. The
maturity index for Bozcaada Cavugsu*Kuntra remained
relatively unchanged from EL-29, Kuntra continued to be
consistent, and Vasildki began to show an increase by the
end of EL-32, with Bozcaada Cavusu*Vasilaki maintaining
stability. TSS (°Brix) levels for all cultivars did not show sig-
nificant changes during EL-32, staying relatively steady. In
the final observed stage, EL-38, the berry weight for Kuntra
displayed a noticeable increase toward the end of the stage,
with Vasilaki also showing a significant rise in berry weight.
Bozcaada Cavusu*Kuntra and Bozcaada Cavusu*Vasilaki
exhibited minor increases. The berry width for all culti-
vars remained consistent with previous stages. In terms of
the maturity index, there was a slight increase observed in
Kuntra and a more pronounced rise in Vasilaki by the end
of EL-38, while Bozcaada Cavusu*Kuntra and Bozcaada
Cavugu*Vasilaki’s maturity indices remained stable. The

Fig.3 Berry weight, berry width, berry length, total soluble solid,
titratable acidity, and maturity index of grapes (Kuntra, Bozcaada
Cavusu* Kuntra, Vasilaki, and Bozcaada Cavusu*Vasilaki) harvested
in each EL-29, EL-32, and EL-38 phenological stages. For a given
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TSS (°Brix) for all cultivars continued to be stable, with no
notable increases or decreases, suggesting that the soluble
solids content had reached a plateau by this stage. Overall,
the EL-38 stage marked a period of continued growth and
maturity for the cultivars, with some showing more growth
than others, yet all achieving a level of stability in TSS
(°Brix) (Fig. 3).

In the investigation of biogenic amines (BAs) in
grapes harvested at different phenological stages (EL-29,
EL-32, and EL-38) and across various cultivars (Kun-
tra, Bozcaada Cavusu*Kuntra, Vasilaki, and Bozcaada
Cavusu*Vasilaki), several noteworthy trends emerged.
Analyzing the temporal dynamics (S), Put levels exhibited
a significant decrease from EL-32 (2.62 +0.58 mg/L) to
EL-38 (2.04 +0.21 mg/L). Cad concentrations, on the other
hand, peaked in EL-32 (3.53 +0.66 mg/L) and decreased in
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significant, with Vasilaki exhibiting the highest concentra-
tion (3.20+ 1.31 mg/L). Other BAs such as Put and Agm did
not show significant differences among cultivars (Table 1).
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a comprehensive analysis of phenolic compounds in grapes
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and EL-38) and across various cultivars (Kuntra, Bozcaada
Cavusu*Kuntra, Vasilaki, and Bozcaada Cavusu*Vasilaki)
revealed nuanced insights into the variations over time and
among different grape types. Gallic acid, a key phenolic
compound, demonstrated a distinct temporal pattern. Its con-
centration increased progressively from 1.60+0.61 in EL-29
to 3.77 +1.64 g L™! in EL-32, maintaining a relatively sta-
ble level at 3.74+0.81 g L~! in EL-38. Analyzing other
phenolic compounds, such as vanillic acid, trans-caffeic
acid, and trans p-coumaric acid, revealed similar temporal
patterns, and this indicated overall rise in their concentra-
tions as grapes transitioned through different phenological
stages. For instance, vanillic acid increased from 3.54 +2.63
in EL-29 to 5.26 +1.04 g L™! in EL-38. Comparing differ-
ent grape varieties provided additional layers of complex-
ity to the analysis. Bozcaada Cavusu*Vasilaki consistently
exhibited higher concentrations of various phenolic com-
pounds, such as epicatechin (5.69 +1.78 g L™!) and ferulic
acid (7.51+1.71 g L™Y), underscoring the unique phenolic
profiles associated with specific grape varieties. The statis-
tical significance tests conducted reaffirmed the robustness
of these observed differences. The low p-values indicated
highly significant variations for most phenolic compounds
and their interactions across different sampling times and
cultivars.

The examination of antioxidant enzymes in grape varie-
ties, as detailed in Table 3, provided valuable insights into
the oxidative stress response during different phenological
stages (EL-29, EL-32, and EL-38) and across various grape
varieties (Kuntra, Bozcaada Cavusu* Kuntra, Vasilaki, and
Bozcaada Cavusu*Vasilaki). Antioxidant enzymes played a
crucial role in mitigating oxidative damage and maintaining
cellular homeostasis, making their dynamics an essential
aspect of grapevine physiology. Catalase activity exhibited

a significant temporal variation (S) with a decrease from
14.04 +2.02 EU/gr berry in EL-29 to 11.20+1.66 EU/gr
berry in EL-38. When comparing different grape cultivars,
Bozcaada Cavusu*Kuntra consistently displayed higher
levels of peroxidase (24.09 +2.41 EU/gr berry) compared
to other cultivars. Moreover, the overall statistical signifi-
cance tests revealed that CAT, POX, SOD, GR, G6PD, and
GST were significantly affected by sampling time. In the
our investigation of organic acids in grape cultivars, the lev-
els of various compounds were examined across different
phenological stages (EL-29, EL-32, and EL-38) and grape
cultivars (Kuntra, Bozcaada Cavusu*Kuntra, Vasilaki, and
Bozcaada Cavusu*Vasildki). Upon analyzing the numeri-
cal values, significant differences were observed in sev-
eral organic acids concerning the sampling time (S) factor.
For instance, oxalic acid exhibited a notable increase from
EL-29 (18.06 +3.18 g/L) to EL-32 (21.28 +3.48 g/L), fol-
lowed by a decrease in EL-38 (17.58 +4.28 g/L). A similar
trend was observed for butyric acid, which increased from
EL-29 (21.01+3.00 g/L) to EL-32 (26.45+3.46 g/L) and
then decreased in EL-38 (25.41 +7.27 g/L). When com-
paring organic acids across different grape cultivars (C),
tartaric acid showed significant variability. For Kuntra, the
tartaric acid level was 20.19+3.39 g/L., whereas Bozcaada
Cavusu*Kuntra exhibited a lower value of 16.51+2.92 g/L.
Vasilaki and Bozcaada Cavusu*Vasilaki showed intermedi-
ate values, and this emphasized the cultivar-specific differ-
ences in organic acid accumulation.

The presented PCA scatter plots provided a comprehen-
sive visualization of the sample distributions and relation-
ships within the dataset, specifically focusing on biogenic
amines (BAs) and phenolic compounds. In Fig. 4, the scat-
ter plot depicted the distribution of samples in the biogenic
amine dataset across the first two principal components

Table 3 Antioxidant enzymes (EU/gr berry) of berries (Kuntra, Bozcaada Cavusu* Kuntra, Vasilaki, and Bozcaada Cavusu*Vasilaki) harvested

in EL-29, EL-32, and EL-38 phenological stages

Sampling time (S)* CAT POX SOD GR GST G6PD 6GPD APX
EL-29 14.04 +2.02a 25.98+3.23a 67.37+11.97a 68.28 + 14.44a 24.97+4.08a 100.40+13.62a 87.54+17.87 24.64+7.00
EL-32 11.61+3.17b 20.67+2.29b 58.62+12.20b 52.54+11.69b 19.64 +6.20b 80.08 £22.02b 76.20+13.31 23.27+8.16
EL-38 11.20+1.66b 21.61+2.92b 60.59+8.01ab 51.59+9.05b 17.45+3.61b 76.38+10.10b 85.84+11.21 23.81+8.62
Cultivar (C)Y
Kuntra 12.45+3.39 24.09+4.67 63.12+11.63 54.70+11.71 20.86+6.19 88.88+24.83 80.55+16.50 25.86+8.39
Bozcada*Kuntra 11.81+2.18 22.23+2.41 61.73+11.54 60.93 +15.96 20.85+4.76 83.17+14.92 82.90+18.14 2422 +4.54
Vasilaki 12.49+2.81 21.85+3.13 60.88+13.18 56.13+10.42 20.54+5.36 84.73+19.73 82.85+12.01 22.25+9.32
Bozcada*Vasilaki 12.39+2.40 22.86+4.09 63.04+10.34 58.10+18.04 20.51+£6.98 85.69+17.79 86.48+14.20 23.30+8.77
Significance
S 0.0153* 0.000 1% 0.0434* 0.0014%* 0.0014%* 0.0025%* 0.1741 0.8805
C 0.9185 0.3542 0.9290 0.6606 0.9972 0.89474 0.8773 0.7028
SxC 0.2465 0.3060 0.9987 0.8243 0.9060 0.9762 0.6769 0.9832

x mean seperation in Sampling time, y mean seperation in Cultivar, S sampling time, C cultivar, S X C interactions

For a given factor (different letters within a column represent significant differences (Tukey test, *Significant at p value <0.05; **Significant at p
value <0.01; ***Significant at p value <0.001). Data are stated as averages of the data and their standard error
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Fig.4 PCAs biplot of berries colored by sampling times and cultivars. Biogenic amines are demonstrated

(PC1 and PC2), collectively explaining 48.9% and 23.8%
of the variance, respectively. Each sample, labeled with an
identifier, such as EL-29_BK.1, was color coded based on
the sampling time (EL-29, EL-32, EL-38). The clustering
of points, especially the tight grouping of samples from
EL-38, suggested similarities among samples. This clus-
tering indicated comparable profiles of biogenic amines
within the same phenological stage. Moving to the biplot
for BAs, the loadings of variables on PC1 and PC2 were
illustrated, demonstrating the contribution of each biogenic
amine (e.g., Ser, Dop) to the principal components. The
color-coded arrows, based on the squared cosine (cos2),
conveyed the quality of representation of each variable. The
direction and length of the arrows provided insights into
how biogenic amines correlated with the principal compo-
nents and with each other. Dop, Tma, Nor, Agm, and Spd
were close to each other in the third quadrant, whereas the
other BAs was close to each other (except for Try) and was

located in the second quadrant. Similarly, in Fig. 5, the scat-
ter plot for phenolic compounds showcased the distribution
of samples based on PC1 and PC2, explaining 71.4% and
10.4% of the variance, respectively. The dominance of PC1
in explaining variance suggested a more strongly patterned
or less diffuse distribution of phenolic compound data.
Ellipses, color coded by sampling time, likely represented
confidence regions for different time points. Finally, the
biplot for phenolic compounds (Fig. 5) revealed the load-
ings of each compound on the principal components. The
cos2 values indicated the quality of representation of each
compound. The plot elucidated relationships between phe-
nolic compounds, showcasing which compounds had simi-
lar profiles based on their proximity to each other and how
they contributed to the described variation by the principal
components. In the examination of antioxidant enzymes
through PCA (Fig. 6), the scatter plot vividly illustrated the
distribution of samples based on their scores on the first
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Fig.6 PCAs biplot of berries colored by sampling times and cultivars. Antioxidant enzymes are demonstrated
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two principal components. PC1, which explained 50.6% of
the variance, and PC2, explaining 26.2%, unveiled some
separation influenced by sampling time, particularly nota-
ble between EL-29 and the other groups. The color-coded
samples and ellipses denoting confidence regions enhanced
the perception of distinct profiles of antioxidant enzymes at
different sampling times. Phenolic compounds were close
to each other in the second and third quadrant. Moving to
the biplot for antioxidant enzymes (Fig. 6), the direction
and length of the arrows conveyed the correlation and influ-
ence of each enzyme on the principal components. The
color-coded arrows, representing cos2 values, highlighted
enzymes with a substantial impact on the sample distribu-
tion. Longer arrows signified a more significant contribution
to the variance described by the PCA. Antioxidant enzymes
were close to each other in the second and third quadrant,
except for APX. Transitioning to the PCA of organic acids
(Fig. 7), the scatter plot revealed the sample distribution
based on PC1 (31.2%) and PC2 (23.5%). The spread of

PC2 (23.5%)

EL-29

samples and the overlap of confidence ellipses suggested a
greater similarity between groups compared to antioxidant
enzymes. This implied a more consistent organic acid profile
across different sampling times. In the biplot for organic
acids (Fig. 7), the contribution of each acid to the princi-
pal components was depicted. Similar to enzymes, arrow
direction and length indicated the correlation and influence,
while cos2 values signified the representation quality on the
plot. Longer arrows and more saturated colors denoted acids
with a greater impact on the variance explained by the PCA.
Organic acids were close to each other in the second and
third quadrant, except for maleic.

In the results that were analyzed, strong positive cor-
relations were indicated by large blue circles, such as
those found between Spn and Spd as well as between
His and Spd. Conversely, strong negative correlations
were depicted as large red circles, with the relationships
between Ser and Tyr and between Dop and Nor being par-
ticularly noteworthy. Smaller circles represented weaker

EL-32.V.1

EL-38.K.1
Butyric
EL-38.K.3

Mean, ~ /EL-3BK,
EL-32.BK.1

EL-32.BK.3

EL-32

PC1 (31.2%)

Sampling_Time [_] eL20 [ ] eva2 [] ev-ss

Fig.7 PCAs biplot of berries colored by sampling times and cultivars. Organic acids compounds are demonstrated
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correlations, with their blue and red hues designating pos-
itive and negative directions, respectively. These weaker
correlations were dispersed across the matrix, and due to
the lack of clarity in the labels, it was challenging to iden-
tify the specific variable pairs they represented (Fig. 8A).
On the other hand, the heatmap for phenolic compounds
depicted a comprehensive analysis of the correlation
between different phenolic compounds. There were
strong positive correlations throughout, as evidenced by
the prevalence of dark blue circles. For example, gallic
acid showed a strong positive correlation with nearly
all other compounds listed, particularly vanillic acid,
trans-caffeic acid, and trans-p-coumaric acid. Similarly,

@ Springer

catechin and epicatechin displayed a high degree of posi-
tive association with one another. The uniformity of the
dark blue circles across the heatmap indicated that most
of these compounds tend to increase or decrease together
within the samples analyzed. The analysis did not pre-
sent any significant negative correlations, as there were
no red circles indicating such a relationship. The lack
of lighter-colored circles also suggested that weak cor-
relations were uncommon among these compounds. This
pattern suggested a tendency for these phenolic com-
pounds to be involved in related pathways or to share
similar sources (Fig. 8B). In our results, the correlations
between various enzymes involved in oxidative stress
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response were depicted. Strong positive correlations were
represented by large blue circles, as seen between SOD
and both GST and G6PD. Meanwhile, APX exhibited a
significant negative correlation with G6PD, as indicated
by a large red circle. The heatmap also revealed a mix of
moderate correlations, with varying sizes of circles sug-
gesting the different strengths of association among the
enzymes. Smaller circles, both blue and red, indicated
weaker positive and negative correlations, respectively,
across the range of enzymes. Interestingly, APX showed
a unique pattern with small circles of both colors. The
patterns captured in this heatmap provided insights into
the intricate relationships that existed among the enzymes
and offered a snapshot of the complex interplay within the
cell’s response to oxidative stress (Fig. 8C). In addition, a
strong positive correlation was observed between oxalic
and tartaric acids, as well as between malonic and butyric
acids, depicted by the large blue circles. Conversely, citric
acid was found to have a pronounced negative correlation
with succinic acid, a pattern also seen between fumaric
and succinic acids, as indicated by the large red circles.
Medium-sized circles on the heatmap suggested moder-
ate correlations, notably a positive association between
malic and lactic acids and a negative relationship between
maleic and succinic acids. Smaller circles throughout the
heatmap signaled weaker correlations, with propionic
acid showing faint associations with several other acids.
In certain cases, such as the one between oxalic and suc-
cinic acids, a lack of colored circles or the presence of
very small ones denoted an absence of significant cor-
relation (Fig. 8D).

On the other hand, in the analysis of the heatmap with
hierarchical clustering, the color-coded representation pro-
vided insights into the patterns and similarities within the
dataset. The heatmap employed a color gradient, ranging
from green (indicating low values) to white (medium val-
ues) to blue (indicating high values), suggesting that the
depicted values were standardized scores or measurements.
The top and left dendrograms in the image illustrated the
outcomes of hierarchical clustering. The top dendrogram,
representing columns (experimental conditions or sam-
ples), exhibited branches of varying lengths, reflecting the
degree of similarity between clusters. Shorter branches
indicated higher similarity. Similarly, the side dendrogram
clustered rows, likely representing different measured vari-
ables, with branch lengths indicating the degree of simi-
larity between row elements. The labels on the columns,
such as EL._36_V and EL_37_K, served as identifiers for
different samples or conditions. Meanwhile, the labels on
the rows, such as G6PD and Routine, represented the vari-
ables or measurements associated with each sample. While
the exact numerical values corresponding to the colors
were not visible in the provided image, a color key or

legend would typically accompany the heat map to eluci-
date this information. Three primary clusters for sampling
times emerged as a result of the grouping process, with the
parameters being categorized into seven main groups. A
robust correlation was observed between Spn and Agm,
both belonging to the same group. Additionally, G6PD,
GPD6, SOD, GR, Spd, Dop, and Tma were collectively
grouped and demonstrated a strong association among
them (Fig. 9).

Discussion

In the study of grapevine phenology, the observed trends
in Fig. 2 are consistent with what is documented in the
literature regarding the growth and maturation of grape
berries (Keskin et al. 2022). It is well established that the
final stages of berry development, typically correspond-
ing to the veraison to harvest period, are critical for sig-
nificant increases in berry size and weight due to cell
expansion and accumulation of sugars, which is reflected
in the EL-38 measurements across all varieties. The simi-
lar patterns of berry weight and width increases in Boz-
caada Cavusu*Kuntra and Kuntra suggest a genetic or
environmental consistency that influences these specific
cultivars in a similar manner, an observation that aligns
with previous studies indicating a strong genetic control
over berry size traits (CooMbe and McCarthy 2000). The
maturity index’s rise at EL-38 is also in agreement with
the literature, where berry maturity is known to increase
as the berries approach full ripeness, with changes in tan-
nin composition and a drop in acid levels, contributing
to the overall maturity of the berries. For Vasilaki, the
lack of significant difference between EL-32 and EL-38
for berry weight and maturity index might suggest a pla-
teau in development, which could be attributed to either a
reaching of full physiological maturity or environmental
factors that limit further growth, a phenomenon that has
been noted in other climatic studies (Coombe 1992; Guil-
laumie et al. 2011). The Total Soluble Solids (TSS °Brix)
increase is critical for winemaking, as it correlates with
sugar content and potential alcohol levels in wine. The
marked difference in TSS °Brix at EL-38 for Vasilaki is
indicative of the berries accumulating sugars in prepara-
tion for harvest, a key factor in determining harvest dates
for optimal wine quality, as supported by numerous viti-
cultural studies (Coombe 1992; Guillaumie et al. 2011).
The findings from Fig. 3 reinforce the concept that the
timing of these developmental stages is crucial for grape
quality and yield, which are paramount for viticulturists
and winemakers alike. The consistency of these results
with the existing body of literature indicates the impor-
tance of monitoring these growth parameters at specific
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Fig.9 Conducting a heatmap analysis that scrutinizes numerous components, from biogenic amines, phenolic compounds, antioxidant enzymes,

and organic acids are demonstrated

phenological stages to inform practices in the vineyard
and anticipate the quality of the harvest (Pefia-Neira et al.
2023). Furthermore, the data indicate a more pronounced
increase in growth metrics during the EL-38 stage, align-
ing with the concept of a growth surge before ripening,
which has been previously described. This stage, often
marked by veraison, is a key transitional period where
berries begin to soften and a rapid accumulation of sug-
ars occurs, alongside a decrease in acid concentration.
The increase in berry dimensions and the TSS °Brix in
the EL-38 stage may also be reflective of the shift from
vegetative to reproductive growth, as the plant diverts
resources toward the berry. The stability of TSS (°Brix) in
earlier stages suggests a slower rate of sugar accumulation
which could be attributed to the berries’ focus on cell divi-
sion and enlargement rather than sugar storage. This stage-
specific growth pattern emphasizes the need for careful
monitoring during the EL-29 and EL-32 stages to ensure
that the vines are on the correct trajectory for optimal
berry development. Temporal variations in acidity levels,

@ Springer

peaking at EL-29 and declining at EL-38, corroborate the
common pattern of acidity dynamics during berry devel-
opment noted by Conde et al. (2007a, b). TA was, on the
other hand, observed that the variety designated as EL-29
consistently exhibited the highest TA values. This trend
was marked by a gradual decrease in TA as the exami-
nation progressed through to varieties EL-32 and EL-38.
Notably, EL-38 demonstrated the lowest TA levels among
the studied varieties, indicating a significant variation in
acidity profiles within these grapes. This pattern highlights
the diversity in acidity characteristics inherent to differ-
ent grape cultivars, underscoring the importance of vari-
ety-specific analysis in viticultural studies. Transitioning
from grape berry development to viticultural practices, the
influence of grape pollinizer individuals on berry develop-
ment, as highlighted by studies such as those by Gupton
(2000) and Williams (1957), is evident in our study. The
advanced state of maturity in Bozcaada Cavusu*Vasilaki
and Bozcaada Cavusu*Kuntra compared to other cultivars
is consistent with previous research (Dardeniz et al. 2011).
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In our investigation of BAs in grapes harvested at dif-
ferent phenological stages (EL-29, EL-32, and EL-38) and
across various cultivars (Kuntra, Bozcaada Cavusu*Kuntra,
Vasilaki, and Bozcaada Cavusu*Vasilaki), we observed dis-
tinctive trends in the temporal dynamics of specific BAs.
Notably, Put levels exhibited a significant decrease from
EL-32 to EL-38, indicating a fluctuation in this particular
amine during late phenological stages. Conversely, Cad
concentrations peaked in EL-32 and decreased in EL-38,
suggesting a dynamic response during berry ripening. Agm
concentrations showed a consistent increasing trend from
EL-29 to EL-38, highlighting its accumulation across the
three periods and these findings are consistent with previ-
ous results (Incesu et al. 2022). The authors reported that
berries harvested at EL-38 and EL-37 stages exhibited ele-
vated levels of BAs compared to berries collected at other
phenological stages for both grape varieties. Specifically,
Put and His content reached their peak at EL-37, whereas
lower concentrations of Spn, Nor, and Spd were observed
at EL-38 across different grape cultivars. When considering
the impact of different cultivars, significant variations in Cad
levels were observed, with Vasilaki exhibiting the highest
concentration. This cultivar-specific difference in Cad levels
suggests a unique metabolic response to late phenological
stages. However, other BAs, such as Put and Agm, did not
show significant differences among cultivars, indicating a
degree of consistency across the varieties studied. Further-
more, some researchers, in alignment with our results, have
documented the existence of primary amines, including
histamine, tyramine, putrescine, cadaverine, tryptamine,
agmatine, phenylethylamine, methylamine, isoamylamine,
and ethylamine, in wine products derived from various
grape sources (Restuccia et al. 2018). The interaction effects
revealed nuanced relationships between sampling time and
cultivar for all variables except Try concentrations. This
intricate interplay emphasizes that the influence of sam-
pling time on BAs varies depending on the specific cultivar,
reinforcing the complexity of the factors governing BAs
dynamics in grapes (Ates et al. 2022). Comparing our find-
ings with the provided literature, both sources underscore
the intricate nature of BAs in grape varieties. This was to
be expected, considering the documented variation in BAs
content in grapes among different varieties (Yue et al. 2021).
The observed decrease in Put levels aligns with the gen-
eral understanding of BAs variations during grape ripening,
as discussed in the literature. The increase and subsequent
decrease in Cad concentrations during EL-32 and EL-38,
respectively, echo the dynamic patterns noted in the effects
of different applications on grape and wine chemical com-
position across various grape varieties. The differences in
Cad levels among cultivars, particularly the elevated con-
centration in Bozcaada Cavusu*Kuntra, resonate with the
reported variations in BAs content across different grape

varieties discussed in the literature. However, the consistent
levels of other BAs such as Put and Agm across cultivars
suggest a certain level of uniformity in the response of these
amines to sampling times (Table 1). On the other hand, the
presented findings on the phenolic compounds in grapes,
particularly gallic acid and other compounds, reveal valu-
able insights into the dynamic changes across different phe-
nological stages and grape cultivars. The study identified a
distinct temporal pattern in gallic acid concentration, with an
increase from 1.60 in EL-29 to 3.77 g L™! in EL-32, main-
taining stability at 3.74 g L™! in EL-38 (Table 2). Similar
patterns were observed for other phenolic compounds, like
vanillic acid, trans-caffeic acid, and trans p-coumaric acid.
Bozcaada Cavugu*Vasilaki consistently exhibited higher
concentrations of various phenolic compounds, such as epi-
catechin and tyrosol, emphasizing unique phenolic profiles
associated with specific grape varieties. Panteli¢ et al. (2016)
reported similar cultivar-specific variations in phenolic con-
tent among different grape varieties. The statistical signifi-
cance tests conducted in the study reaffirmed the robustness
of observed differences in phenolic compound concentra-
tions across different sampling times and cultivars. Similar
findings were reported by Pordevi¢ et al. (2017) regarding
the statistical significance of variations in phenolic com-
pounds in grapes under different environmental conditions.
In addidion, Cheng et al. (2015) found that temporal patterns
in polyphenolic compounds can be influenced by seasonal
weather variations and climatic conditions.

The investigation of antioxidant enzymes in grape culti-
vars, as delineated in Table 3, yields valuable insights into
the oxidative stress response across distinct phenological
stages (EL-29, EL-32, and EL-38) and diverse grape culti-
vars (Kuntra, Bozcaada Cavusu* Kuntra, Vasilaki, and Boz-
caada Cavusu*Vasilaki). Notably, catalase activity exhibits
a pronounced temporal variation (S), manifesting as a
decrease from 14.04 EU/gr berry in EL-29 to 11.20 EU/gr
berry in EL-38 (Table 3). This temporal modulation of cata-
lase aligns with the established role of this pivotal antioxi-
dant enzyme in dynamically responding to oxidative stress
concomitant with the varying developmental stages of grape
berries. Supporting this observation, pertinent studies such
as those conducted by Pompella et al. (2003) underscore the
significance of catalase in detoxifying hydrogen peroxide, a
reactive oxygen species intricately associated with oxidative
stress in biological systems. This finding corroborates the
prevailing understanding that SOD, as a crucial antioxidant
enzyme, and is subject to intricate regulation influenced by
a confluence of intrinsic and extrinsic factors, including
developmental stages and genetic variations among culti-
vars. Previous scholarly works, indeed, exemplified by Mit-
tler (2002), have shed light on the intricate regulatory mech-
anisms governing SOD, emphasizing its sensitivity to
diverse environmental and developmental determinants. In
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the accumulation of these acids may be stage specific,
reflecting the intricate interplay between grape physiology
and environmental factors. The significant variability in tar-
taric acid levels among different grape cultivars, such as
Kuntra, Bozcaada Cavusu*Kuntra, Vasilaki, and Bozcaada
Cavusu*Vasilaki, indicates the impact of genetic factors on
organic acid composition (Bell and Henschke 2005). The
findings emphasize the need for viticulturists and grape
breeders to consider the genetic diversity of grape varieties
when aiming to optimize grape quality for winemaking. This
holistic perspective is consistent with the multifaceted nature
of grape metabolism and highlights the necessity of consid-
ering both aspects concurrently in studies related to organic
acid dynamics in grapes. The significant interactions for
various acids, including oxalic acid, tartaric acid, and
butyric acid, emphasize the interconnectedness of temporal
and varietal factors (Conde et al. 2007a, b). In a practical
context, these findings offer valuable insights for grape cul-
tivation and winemaking. Viticulturists can leverage this
knowledge to optimize harvest timing based on the desired
organic acid composition, thus influencing the sensory
attributes of resulting berries (Williams and Matthews
1990). In our results, the PCA scatter plots presented a
detailed overview of the dataset, focusing on BAs, antioxi-
dant enzymes, phenolic compounds, and organic acids. In
the BAs dataset (Fig. 4), samples clustered notably by sam-
pling time, with EL-38 samples tightly grouped. The biplot
illustrated the contribution of each BA to principal compo-
nents, revealing potential correlations. The scatter plot for
phenolic compounds (Fig. 5) indicated a strongly patterned
distribution, and the biplot showcased relationships between
compounds. The PCA of antioxidant enzymes (Fig. 6)
revealed separation influenced by sampling time, with the
biplot highlighting enzymes impacting PCA variance. In the
PCA analysis of organic acids (Fig. 7), the samples displayed
a consistent profile across various time points. The corre-
sponding biplot unveiled correlations among different acids.
In our comprehensive analysis across multiple datasets, we
observed a variety of correlation strengths that inform our
understanding of biochemical relationships. In the enzy-
matic heatmap (Fig. 8C), strong positive correlations, par-
ticularly between SOD with GST and G6PD, suggest a coor-
dinated response in oxidative stress mechanisms.
Contrastingly, APX’s strong negative correlation with G6PD
and its unique pattern of weaker correlations with other
enzymes may indicate a distinct regulatory role in redox
homeostasis. Similarly, in the analysis of organic acids
(Fig. 8D), the strong positive correlation between oxalic and
tartaric acids and between malonic and butyric acids implies
a shared biosynthetic pathway or synchronicity in metabolic
processes. The significant negative correlations noted
between citric and succinic acids and between fumaric and
succinic acids could reflect competitive or compensatory

pathways in cellular metabolism. The phenolic compound
heatmap (Fig. 8B) uniquely displayed a network of strong
positive correlations, such as those between gallic, vanillic,
trans-caffeic, and trans-p-coumaric acids, which might indi-
cate similar roles in plant defense mechanisms or antioxidant
activity. These findings align with established biochemical
pathways and previous studies that emphasize the complex-
ity of metabolic interactions (Bell and Henschke 2005;
Mhamdi et al. 2010; Cheng et al. 2015; Yue et al. 2021).
These correlations, strong and weak, underscore the inter-
dependent nature of biological systems and the importance
of understanding these interactions to fully grasp the intrica-
cies of cellular and physiological processes. The heatmap
with hierarchical clustering (Fig. 9) underscored notable
patterns and associations, such as the correlation between
Spn and Agm. These visualizations collectively enhance our
comprehension of the dataset, unveiling clear clusters and
correlations that contribute to the intricate dynamics of
grape composition throughout diverse phenological stages.

Conclusion

In this study, a nuanced analysis of BAs, antioxidant
enzymes, phenolic compounds, and organic acids provided
a comprehensive understanding of the intricate temporal and
variety-specific trends that governed berry ripening. Grape
berries exhibited significant increases in size, weight, and
maturity index, particularly in the final developmental stage
(EL-38), and the TSS °Brix demonstrated variety-specific
maturation patterns, with notable differences observed
across different grape varieties. The consistently distinctive
phenolic profiles observed in Bozcaada Cavusu*Vasilaki,
surpassing those of other varieties, underscored its unique-
ness and potential for producing grapes with exceptional
qualities. The dynamic variations in antioxidant enzymes
and organic acids across different phenological stages and
these grape cultivars offered valuable insights into the com-
plex oxidative stress response and metabolic processes influ-
encing berry development. Looking forward, future research
endeavors should focus on harnessing the female dominance
Bozcaada variety, leveraging its unique characteristics for
further advancements in grape quality. This knowledge will
undoubtedly contribute to the refinement of viticultural prac-
tices, ultimately optimizing grape quality and bolstering the
overall success of grape cultivation.
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