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A B S T R A C T

To identify wine grape cultivars (Vitis vinifera) with superior color properties for wine production, the antho
cyanin composition and color characteristics of fourteen cultivars and their wines were investigated. Grapes and 
wines from ‘Dornfelder’, ‘Dunkelfelder’, and ‘Malbec’ cultivars exhibited significantly higher total phenolic 
contents. At harvest, ‘Dornfelder’ grapes and wines exhibited the highest total anthocyanin contents, with values 
of 249.94 mg/kg in grapes and 1686.76 mg/L in wines, significantly higher than other cultivars. PCA and PLS-DA 
analyses identified malvidin-3-O-(trans-6-O-coumaryl)-glucoside as a common differential metabolite in both 
grapes and wines across all cultivars. Correlation analysis revealed that non-acylated anthocyanins (r = 0.68) 
have a more significant impact than acylated anthocyanins (r = 0.28) on color chromatic diversity in grapes and 
wines (P < 0.05). These findings suggest that wines produced from ‘Dornfelder’ grapes are particularly valuable 
for their superior color properties and high individual anthocyanin contents. This study addresses a gap in 
comparative anthocyanin analysis among cultivars and provides valuable insights for grape growers and wine
makers seeking to optimize grape selection for improved wine quality.

1. Introduction

Anthocyanins are the primary pigments responsible for the color of 
grapes and wines and significantly affect the sensory properties of wine 
(Tian et al., 2022). These compounds are vital phenolics known for their 
antioxidant, anti-inflammatory, and cardioprotective properties (Chen 
et al., 2020). Anthocyanins are synthesized through the flavonoid 
pathway and are primarily found in grape skins. In teinturier grapes, 
however, anthocyanins also accumulate in the flesh and other tissues 
(Xie et al., 2019). The synthesis of anthocyanins in grape skins begins at 
the veraison stage. In Vitis vinifera grapes, the primary anthocyanins are: 
delphinidin, cyanidin, petunidin, peonidin, and malvidin, along with 
their derivatives (Yin et al., 2022). Among these, malvidin-3-O-gluco
side is the most abundant in the majority of Vitis vinifera cultivars, 
particularly those used for wine production (Ren et al., 2023; Zhao et al., 
2023).

The composition and content of anthocyanins in grapes and wines 
are influenced by factors such as cultivar, light exposure, temperature, 

water availability, and cultivation practices (Lu et al., 2023). For 
instance, high temperatures during ripening decrease anthocyanin 
levels at grape maturity (Xie et al., 2021). However, the genotype plays a 
more crucial role in determining anthocyanin accumulation. Global 
warming poses new challenges because cultivars that performed well 
under previous climatic conditions may not be optimal in the future 
(Gouot et al., 2019). Therefore, understanding the genetic basis of 
anthocyanin synthesis in different cultivars is crucial for future viticul
ture strategies. Cultivars with unique traits, such as the absence of 
acylated anthocyanins in ‘Pinot Noir’, provide valuable insights into the 
metabolism and regulation of anthocyanins (Ren et al., 2023). Such 
knowledge can support grape breeding programs aimed at developing 
varieties with enhanced quality and resilience. Additionally, identifying 
cultivars with superior anthocyanin profiles expands the tools available 
to winemakers, facilitating the development of new wine products (Tian 
et al., 2024). Consequently, exploring the genetic diversity among grape 
cultivars is essential to comprehend their phenotypic variations and 
chemical compositions.
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Grape cultivars display considerable genetic complexity, leading to 
phenotypic diversity that significantly affects morphological traits and 
chemical composition (Gao et al., 2024; Ren et al., 2023). Ju et al. 
(2021) found that ‘Junzi#2’ wine had the highest total phenolic and 
anthocyanin content, while ‘Xiangzhenzhu’ wine showed the highest 
total flavonoid content. In Argentina, Cabernet Sauvignon exhibits 
higher malvidin content than Merlot and Tempranillo, attributed to the 
elevated activities of flavonoid-3′-hydroxylase and o-dihydroxyphenol- 
o-methyltransferase (Fanzone et al., 2012). Some studies have found 
that ‘NW196’, a hybrid of Vitis vinifera grapes, exhibiting the highest 
total anthocyanin content and relatively high levels of diglucosides (Zhu 
et al., 2023). Additionally, phenolic compounds are commonly used as 
chemical fingerprints to verify the authenticity and provenance of wine 
varieties (Gao et al., 2024; Lukic et al., 2019). Similarly, Han et al. 
(2024) utilized mid-infrared and ultraviolet spectroscopy combined 
with chemometrics to successfully trace and identify the origin of garlic, 
demonstrating the effectiveness of spectral data fusion and machine 
learning algorithms in agricultural product authentication. Therefore, 
analyzing these chemical components is essential for comparing quality 
differences among grape and wine varieties.

The eastern foothills of Helan Mountain in Ningxia are recognized as 
one of China’s most prominent wine regions. This area has gained sig
nificant international recognition for producing high-quality wines with 
distinctive sensory profiles (Zhao et al., 2022). ‘Cabernet Sauvignon’ 
and ‘Merlot’ are among the most renowned wine grape varieties 
worldwide, recognized for their high anthocyanin content and complex 
flavor profiles (Zhao et al., 2023). ‘Meili’ is a new red grape variety 
developed by the College of Enology at Northwest A&F University (Yang 
et al., 2019). This variety shows strong resistance to fungal diseases and 
demonstrates good adaptability and cultivation potential (Lan et al., 
2021). ‘Beibinghong’ a hybrid of Vitis amurensis and Vitis vinifera, is 
notable for its significant cold resistance (Lan et al., 2019). This variety 
does not require vine burial before winter, making it valuable for 
cultivation in cold regions (Duan et al., 2019).

Despite the extensive grape-growing regions in China, research on 
the chemical and sensory properties of wine has predominantly focused 
on commonly cultivated varieties, such as ‘Cabernet Sauvignon,’ 
‘Cabernet Franc,’ and ‘Merlot’. In contrast, less common varieties grown 
in the Eastern Foot of Helan Mountain in Ningxia are comparatively less 
studied. To our knowledge, detailed studies on the anthocyanin 
composition of various grape varieties cultivated in this region and their 
corresponding wines are lacking. This study addresses this gap by sys
tematically analyzing the anthocyanin profiles of fourteen grape vari
eties from the Eastern Foot of Helan Mountain to understand how 
anthocyanin composition influences wine color characteristics and 
overall quality. This comprehensive analysis will elucidate the antho
cyanin profiles and color attributes of these grape varieties, offering a 
theoretical foundation for their commercial development and providing 
valuable insights for grape growers and winemakers in Ningxia and 
similar semi-arid regions.

2. Materials and methods

2.1. Experimental site and plant material

The grape varieties used in this study were sourced in 2022 year from 
two vineyards in Ningxia, China. Both vineyards are located within the 
Helan Mountain East Foothill region, characterized by similar climatic 
conditions, soil types, and elevation. The Chateau GreatWall Terroir 
(38◦37′ N, 105◦95′ E) provided the following varieties (Vitis vinifera): 
‘Cabernet Sauvignon’ (CS), ‘Pinot Noir’ (PN), ‘Malbec’ (MB), ‘Marselan’ 
(MS), ‘Syrah’ (SY), ‘Cabernet Franc’ (CF), ‘Dornfelder’ (DF), ‘Merlot’ 
(ML), ‘Petit Verdot’ (PV), and ‘Sangiovese’ (SG). The Xige Estate (38◦72′ 
N, 106◦09′ E) supplied ‘Beibinghong’ (BBH), ‘Cabernet Gernischet’ (CG), 
‘Meili’ (ME), and ‘Dunkelfelder’ (DK). The grapes were planted as own- 
rooted vines in 2016 and trained on a single trellis system with vertical 

shoot positioning, at a spacing of 1 m × 3.5 m. Drip irrigation was uti
lized, and consistent vineyard management practices were followed 
across both sites, including pruning, canopy management, pest and 
disease control, irrigation scheduling, and harvesting protocols. Based 
on Coombe et al. (1995), five-point sampling was performed at stages 
E-L 34, E-L 35, E-L 36, E-L 37, and E-L 38 (Table. S1). Approximately 350 
berries were collected for each variety, with three replicates per grape 
variety. All samples were immediately transported on ice to the labo
ratory and stored at − 80 ◦C for further analysis.

2.2. Winemaking protocol

For the winemaking experiments, 45 kg of grapes from each variety 
per repeat were collected during the harvest period. The winemaking 
process was conducted according to the laboratory-scale micro
vinification method described by Gao et al. (2024). Briefly, 45 kg of 
berries from each variety were destemmed and crushed, then divided 
into three replicates, which were each transferred into a 10 L glass 
fermenter. The samples were treated with 50 mg/L sulfur dioxide. Active 
commercial yeast (200 mg/L, Saccharomyces cerevisiae CECA, Angel 
Yeast Co., Ltd., China) was added, and alcoholic fermentation began 
after a 24 h soak. Fermentation was maintained at 25 ◦C–28 ◦C. To 
ensure effective maceration and prevent juice overflow, the cap was 
punched down three times daily. When the residual sugar dropped 
below 4 g/L, the wine was separated from the pomace, transferred to 
sterile containers, treated with 50 mg/L sulfur dioxide, clarified, and 
stored at 4 ◦C for three months for further analysis.

2.3. Physicochemical parameters of grapes and wines

Berries were manually crushed, and the soluble solids content of the 
grape juice was measured using a handheld refractometer (Atago Co., 
Ltd., Japan). Titratable acidity in grapes and wines were measured using 
acid-base titration and expressed in grams per liter (g/L) of tartaric acid 
(Duan et al., 2019; Fanzone et al., 2012). Alcohol content, pH, and 
volatile acidity of the wine were measured according to the National 
Standard of the People’s Republic of China (GB/T 15037–2006, Wine, 
2006). Each sample was analyzed using three biological replicates.

2.4. Analysis of the phenolic compounds in grapes and wines

200 berries were randomly selected from each sample group and 
manually peeled. The skins were ground in liquid nitrogen and freeze- 
dried using a vacuum freeze dryer (FD 5 series, GoldSIM, USA). 1.00 g 
of dried powder was accurately weighed and extracted with 20 mL of 60 
% methanol containing 1 % formic acid. The extraction was sonicated at 
40 Hz for 30 min at 30 ◦C, followed by centrifugation at 10,000g for 10 
min at 4 ◦C. The supernatant was collected, and the extraction process 
was repeated three times. Wine samples were analyzed directly. 
Phenolic compounds were measured according to the method described 
by Chen et al. (2020). Specifically, total phenolic content (TP) was 
determined using the Folin-Ciocalteu method, expressed as gallic acid 
equivalents. Total tannin content (TTA) was determined using the 
methyl cellulose precipitation method, expressed as catechin equiva
lents. Total anthocyanin content (TAN) was determined using the pH 
differential method, expressed as malvidin-3-O-glucoside equivalents. 
Results were calculated using standard curves of gallic acid for TPC and 
catechin for TTC (Table. S2).

2.5. Analysis of monomeric anthocyanin in grapes and wines

Monomeric anthocyanins in grapes were prepared as described in 
Section 2.4. For monomeric anthocyanin extraction, 0.50 g of skin 
powder was sonicated in 10 mL of extraction buffer (formic acid/ 
methanol, 2:98, v/v) for 10 min, followed by shaking in the dark at 130 
rpm and 25 ◦C for 30 min. The mixture was centrifuged at 4 ◦C and 8000 
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×g for 10 min, and the supernatant was collected. The residue was 
extracted twice more, and the combined supernatants (30 mL) were 
concentrated to dryness. The dried residue was redissolved in 10 mL of 
mobile phase A (formic acid: acetonitrile, 2:6:92, v/v/v) and filtered 
through a 0.45 μm polypropylene syringe filter (Jinteng, Tianjing, 
China) for anthocyanin quantification.

High-performance liquid chromatography (HPLC) was performed as 
described by Yin et al. (2022), using an LC-20 A system (Shimadzu, 
Japan) equipped with a Synergi Hydro-RP 80 A column (250 × 4.6 mm, 
4 μm, Phenomenex). The mobile phases were (A) distilled water/ 
acetonitrile/formic acid (32:4:1, v/v) and (B) distilled water/acetoni
trile/formic acid (16:20:1, v/v). The gradient elution program was: 
0–15 min, 0–10 % B; 15–30 min, 10–20 % B; 30–45 min, 20–35 % B; 
45–46 min, 35–100 % B; and 50–51 min, 100–0 % B. The flow rate was 
set at 1.0 mL/min. Anthocyanin content was quantified using a malvi
din-3-O-glucoside standard curve (Table. S2) and expressed as mg/kg 
dry weight (DW) for grape skins and mg/L for wine.

2.6. Color parameters

Grape samples were analyzed following the method of Yin et al. 
(2022), with grape skins collected after sampling. During the harvest 
period, 50 frozen grape berries from each variety were randomly 
selected and manually peeled. The grape skins were ground into powder 
using liquid nitrogen. The samples (1.00 g) were extracted with 5 mL of 
methanol-water solution in an ultrasonic bath in the dark for 10 min. 
The extracts were then incubated at 25 ◦C and shaken at 130 rpm for 30 
min. The extract was centrifuged at 7156 ×g for 5 min. The precipitate 
was subjected to a second extraction, and the supernatants were com
bined for analysis. Wine samples were analyzed directly (Han et al., 
2017). Color parameters were measured using a CM-5 spectrophotom
eter (Konica Minolta, Inc., Japan) and recorded as L* (lightness), a* 
(red-green), and b* (yellow-blue) values. Chroma (C*ab), tone (hab), and 
color difference (△E*ab) were calculated according to the method of Ju 
et al. (2021). Each sample was analyzed in triplicate.

2.7. Statistical analysis

Analysis of variance (ANOVA) was performed using SPSS 23.0 with 
the Tukey test (P < 0.05). Histograms were generated using Origin 2022. 
Heatmaps and principal component analysis (PCA) plots were created 
using ChiPlot v2.1 (https://www.chiplot.online). Feature color map was 
drawn using Color Express software. Chord diagrams were generated in 
R using the RStudio integrated development environment.

3. Results and discussion

3.1. Physicochemical parameters

Sugar concentration and acid content are key indicators of berry 
ripeness, which directly influence wine quality (Yang et al., 2019) The 
trends in soluble solids content (TSS) and titratable acidity (TA) are 
similar across all varieties, with sugars gradually reaching a plateau and 
acids steadily decreasing. However, notable differences exist among the 
varieties (Table. S3). Among the 14 tested varieties, ‘Marselan’ and 
‘Sangiovese’ had significantly higher soluble solids content at harvest, at 
28.00◦Brix and 27.93◦Brix, respectively. ‘Pinot Noir’ and ‘Meili’ had low 
soluble solid content, at 20.71◦Brix and 21.06◦Brix, respectively. The 
titratable acidity of the varieties ranged from 3.47 g/L to 10.91 g/L. 
‘Beibinghong’ showed the highest titratable acidity. In summary, these 
differences are primarily attributed to the inherent characteristics of the 
grape varieties.

The chemical parameters of wines are influenced by grape berry 
characteristics and the winemaking process (Tian et al., 2022). The re
sults indicate that ‘Marselan’ had a significantly higher alcohol content 
than the other varieties, at 15.89 % vol (Table. S4). Except for ‘Pinot 

Noir’, all other varieties had an alcohol content exceeding 11.00 % vol. 
The pH values of the wines ranged from 3.22 to 3.85, indicating slight 
differences among the various wine samples. The volatile acidity in wine 
can indicate its health status and any changes in quality. According to 
the Chinese National Standard (GB/T 15037–2006), volatile acidity in 
wine should not exceed 1.2 g/L. As shown in the Table. S4, the volatile 
acidity of the varieties ranged from 0.41 g/L to 0.83 g/L. Acidity is a 
crucial component of a wine’s flavor profile, contributing to a fresh and 
vibrant palate in wines with balanced acidity. In red wines, titrable 
acidity aids in stabilizing anthocyanins, while maintaining an optimal 
acid level supports the preservation of color over time (Zhang et al., 
2021). ‘Beibinghong’ wine had the highest titratable acidity, reaching 
8.32 g/L. ‘Meili’ wine had the lowest titratable acidity, also at 4.97 g/L. 
Acids in wine originate from grapes and are essential for balancing 
flavor and ensuring microbial stability. In semi-arid regions such as 
Ningxia, high temperatures and low humidity often lead to grapes with 
reduced acidity, posing challenges for winemakers (Tian et al., 2022). In 
this study, the high titratable acidity observed in ‘Beibinghong’ wine 
corresponds to the acid content of its grapes. Therefore, selecting grape 
varieties such as ‘Beibinghong’ that naturally maintain higher acidity 
levels is crucial for addressing wine quality issues related to low acid 
content in semi-arid regions.

3.2. Differences in phenolic content of grapes and wines

Phenolic compounds are significant secondary metabolites that 
reflect the quality of grape berries and wine, playing a crucial role in 
their antioxidant activity. The total phenolic content in grape skins at 
various developmental stages is shown in Fig. 1 (A-E). These values align 
closely with those reported in other studies (Allegro et al., 2021; Van 
Leeuw et al., 2014). The TP value in grape skins gradually increases, 
while TTA value decreases over time. At the E-L 34 stage, The TP value 
was higher in the ‘Dunkelfelder’, ‘Malbec’, ‘Petit Verdot’, and ‘Syrah’ 
varieties. At harvest, ‘Malbec’, ‘Dornfelder’, and ‘Dunkelfelder’ exhibi
ted significantly higher TP value than other varieties. ‘Beibinghong’ had 
the lowest TP value, with ‘Malbec’ having 2.99 times that of ‘Beibing
hong’. Tannins play a significant role in the perception of bitterness and 
mouthfeel. The changes in TTA value during the growth and develop
ment stages of various grape varieties are shown in Fig. S1 (A-E). At 
harvest, ‘Malbec’ had significantly TTA value than other varieties, while 
‘Beibinghong’ had significantly lower TTA value. Song et al. (2022)
found that ‘Beibinghong’ had lower TTA value, consistent with our 
findings.

Anthocyanins are crucial in determining the color of grapes and 
wines. The total anthocyanin content (TAN) changes during the growth 
stages of various grape varieties are shown in the Fig. 2 (A-E). The TAN 
value in grape skins initially increases and then stabilizes or slightly 
decreases. In varieties such as ‘Dunkelfelder’, ‘Syrah’, ‘Sangiovese’, 
‘Merlot’, ‘Cabernet Gernischet’, ‘Petit Verdot’, and ‘Meili’, TAN value 
peaks at the E-L 37 stage. Xie et al. (2021) reported that in the late 
ripening stage of grapes, increased POD and β-glucosidase activity leads 
to anthocyanin degradation, which may explain the decrease in antho
cyanin content observed in some grapes during ripening. Our results 
align with these findings, as we observed a decline in TAN values from E- 
L 37 to harvest in these varieties, suggesting that enzymatic degradation 
may be a contributing factor. However, ‘Dornfelder’ and ‘Dunkelfelder’ 
had significantly higher TAN value than other varieties at harvest, 
measuring 57.13 mg/kg and 53.59 mg/kg, respectively. This indicates 
that these varieties may exhibit lower POD and β-glucosidase activities 
or possess anthocyanin structures that are more resistant to enzymatic 
degradation. In contrast, ‘Meili’, ‘Syrah’, ‘Sangiovese’, ‘Merlot’, and 
‘Pinot Noir’ had lower TAN value, ranging from 13.57 mg/kg to 17.25 
mg/kg, which is consistent with expected anthocyanin degradation. 
These observations highlight varietal differences in anthocyanin stabil
ity during ripening, possibly due to genetic factors affecting enzyme 
activity levels or variations in anthocyanin composition. Fanzone et al. 

H. Chen et al.                                                                                                                                                                                                                                    Food Chemistry: X 24 (2024) 102034 

3 

https://www.chiplot.online


(2012) reported that Cabernet Sauvignon contains higher anthocyanin 
levels than Merlot and Tempranillo. The polyphenolic composition of 
grapes is primarily influenced by varietal differences (Van Leeuw et al., 
2014; K. Zhang et al., 2021), which aligns with our findings.

Polyphenolic compounds in wine are partially derived from the 
maceration of grape skins, while others are synthesized during 
fermentation and aging through complex physiological and biochemical 
reactions (Lu et al., 2023). The TP value in ‘Malbec’, ‘Dunkelfelder’, and 
‘Dornfelder’ wines were higher than in other varieties, aligning with the 
polyphenol content found in their corresponding grapes (Fig. 1F). 
Higher TP values contribute to increased antioxidant capacity, enhanced 
flavor complexity, and a fuller body, positively affecting the wine’s taste 
and mouthfeel. Tannins form the structural backbone of wine, contrib
uting to astringency and balancing acidity and alcohol. ‘Dornfelder’ and 
‘Cabernet Sauvignon’ wines have significantly higher TTA value 
compared to other varieties, whereas ‘Pinot Noir’ and ‘Meili’ exhibit the 
lowest levels (Fig. S1F). Extended maceration times and higher tem
peratures generally increase the extraction of tannins and anthocyanins, 
leading to wines with deeper color and more robust tannin structure 
(Tian et al., 2024). Regarding anthocyanins, TAN value in ‘Petit Verdot’ 
and ‘Dornfelder’ wines were significantly higher than in other varieties, 
exceeding 500 mg/L (Fig. 2F). The TAN value in ‘Meili’ wines is 
significantly lower than in other varieties, measuring only 58.12 mg/L. 
Higher TAN values contribute to deeper color intensity and improved 
color stability, important factors influencing the visual appeal and 
perceived quality of the wine. Anthocyanin contents in wines were 
significantly lower than in grapes, with a similar decreasing trend 
observed in other red wines. Previous studies have reported that 

anthocyanins in red wine change during aging and storage due to 
degradation and condensation with other phenolic compounds, result
ing in more stable polymeric pigments or proanthocyanidins (Tian et al., 
2022; Wang, Yang, et al., 2022). Reactions between anthocyanins and 
hydroxycinnamic acids have been shown to reduce anthocyanin content 
in wine (Lu et al., 2022). These factors may explain the observed dif
ferences in anthocyanin content between grapes and wines in this study.

3.3. Monomeric anthocyanins

Anthocyanins are crucial for the coloration of grapes and wines. 
During wine fermentation, anthocyanins in grape skins undergo trans
formation (Heras-Roger et al., 2016). Ren et al. (2023) reported that 
different clones of the same grape variety exhibit similar anthocyanin 
profiles but vary in composition. The primary anthocyanins in grapes 
are delphinidin, cyanidin, petunidin, peonidin, and malvidin, including 
their derivatives. A total of 9 kinds of anthocyanins were detected in 
grape and wine samples in our study (Table. S5, S6).

At the E-L 34 stage, ‘Malbec’ and ‘Cabernet Sauvignon’ had higher 
anthocyanin content than other varieties, mainly due to elevated levels 
of malvidin-3-O-glucoside (Mv) and deplhinidin-3-O-glucoside (Dp) 
(Table. S5). At the E-L 36 stage, ‘Dunkelfelder’ exhibited significantly 
higher levels of Mv, malvidin-3-O-(trans-6-O-coumaryl) -glucoside 
(tMv-cou), and malvidin-3-O-(6-acetyl)-glucoside (Mv-ac) compared to 
other varieties. At E-L 38 stage, ‘Dornfelder’ had the highest anthocy
anin levels. The levels of Dp, cyanidin-3-O-glucoside (Cy), petunidin-3- 
O-glucoside (Pt), peonidin-3-O-glucoside (Pn), and Mv in ‘Dornfelder’ 
were significantly higher than in other varieties, indicating a notable 

Fig. 1. Analysis of total phenols contents in 14 kind of grapes (A, B, C, D, E) and wines (F). Data in bar is presented as mean ± SD (n = 3). Different letters indicate 
significant differences between treatments (P < 0.05).
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advantage in anthocyanin biosynthesis pathways. ‘Meili’ and ‘Merlot’ 
had overall lower anthocyanin content, primarily due to significantly 
lower Mv levels compared to other varieties. Interestingly, ‘Meili’ had 
significantly higher levels of peonidin-3-O-(6-acetyl)-glucoside (Pn-ac) 
compared to other varieties. These variations may be related to different 
gene expression levels of flavonoid 3′-hydroxylase (F3′H), flavonoid 3′,5′- 
hydroxylase (F3′5′H), and O-methyltransferase (OMT) in the anthocy
anin biosynthesis pathway (Arrizabalaga et al., 2018; Drappier et al., 
2019). Cluster heatmap analysis grouped Pn, Cy, and Pn-ac together; Mv 
and tMv-cou into another group; and Mv, Dp, and Pt into a third group, 
suggesting similar evolutionary patterns during growth, as shown in 
Fig. 3A. Total anthocyanins are classified into non-acylated anthocyanin 
(TNAA) and total acylated anthocyanin (TAA). Acylation enhances 
anthocyanin stability and promotes color deepening under adverse 
temperature and light conditions (Xie et al., 2019).

Chord diagrams (Fig. 3C) and hierarchical clustering (HCA) cluster 
(Fig. 3E) analysis grouped ‘Dunkelfelder’ and ‘Dornfelder’ as high- 
anthocyanin varieties, while the remaining 12 varieties formed a sepa
rate cluster. For non-acylated anthocyanins, ‘Dunkelfelder’, ‘Syrah’, and 
‘Malbec’ primarily contained Mv and Pt. In ‘Merlot’ and ‘Pinot Noir’, Mv 
and Pn were predominant, while in ‘Meili’, Mv and Cy were the domi
nant anthocyanins. In the remaining varieties, Mv and Dp were the main 
anthocyanins. For acylated anthocyanins, ‘Meili’ predominantly con
tained Pn-ac, ‘Pinot Noir’ primarily contained Mv-ac, and the other 
varieties mainly contained tMv-cou. This similarity may reflect shared 
gene expression patterns, resulting in comparable anthocyanin accu
mulation. Future research could examine the enzyme activity and genes 
involved in anthocyanin synthesis across different grape varieties to 

further elucidate the differences in monomeric anthocyanin components 
among the varieties.

In this study, the anthocyanin content in ‘Dornfelder’ wine is 
significantly higher than in other varieties, particularly for Dp, Cy, Pt, 
Pn, Mv, and Pn-ac (Fig. 3B). ‘Petit Verdot’ also exhibits high anthocy
anin levels, primarily due to significantly higher concentrations of Mv- 
ac and peonidin-3-O-(trans-6-O-coumaryl)-glucoside (tPn-cou) 
compared to other varieties. The higher levels of acylated anthocyanins 
in ‘Petit Verdot’ enhance the color stability of the wine, as acylated 
anthocyanins are more resistant to degradation and contribute to long- 
term color retention (Xie et al., 2021). ‘Dornfelder’ has a significantly 
higher total monomeric anthocyanin content than ‘Petit Verdot’. How
ever, ‘Petit Verdot’ possesses a significantly higher total anthocyanin 
content than the other varieties (Fig. 2F). This difference could be 
attributed to the limited range of anthocyanins detected in this study. 
Tian et al. (2022) detected 19 types of monomeric anthocyanins, which 
may explain why ‘Petit Verdot’ had higher levels of other monomeric 
anthocyanins and their derivatives compared to ‘Dornfelder’. In addi
tion, ‘Cabernet Franc’ contains significantly higher levels of tMv-cou 
than the other varieties.

Chord diagrams (Fig. 3D) and HCA cluster (Fig. 3F) analysis group 
‘Malbec’, ‘Dunkelfelder’, ‘Syrah’, ‘Marselan’, ‘Petit Verdot’, and ‘Dorn
felder’ into one category; ‘Meili’ and ‘Pinot Noir’ into another; and the 
remaining varieties into a third category. In ‘Dornfelder’, ‘Malbec’, 
‘Merlot’, ‘Petit Verdot’, ‘Beibinghong’, and ‘Cabernet Franc’, TNAA are 
predominantly Mv and Dp. In the other varieties, TNAA are primarily 
Mv and Pn. In ‘Sangiovese’, ‘Cabernet Gernischet’, ‘Cabernet Franc’, and 
‘Meili’, TAA are primarily tMv-cou, whereas in the other varieties, TAA 

Fig. 2. Analysis of total anthocyanins contents in 14 kind of grapes (A, B, C, D, E) and wines (F). Data in bar is presented as mean ± SD (n = 3). Different letters 
indicate significant differences between treatments (P < 0.05).
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are mainly Mv-ac. These results suggest that different grape varieties 
may influence the monomeric anthocyanin profile of wines. When 
associated with changes in their concentration and the wine’s nutri
tional and sensory characteristics, monomeric anthocyanin compounds 
may serve as putative biomarkers, effectively distinguishing the quality 
of wines produced from various grape varieties (Zhang et al., 2024; Zhao 
et al., 2022). In addition, these differences in anthocyanin profiles have 
important implications for winemaking practices and grape breeding 

programs. For winemakers, selecting grape varieties like ‘Dornfelder’ 
with high levels of monomeric anthocyanins can produce wines with 
vivid color intensity, appealing to markets that favor richly colored 
young wines. This study was conducted in a semi-arid region. Future 
research should investigate these grape varieties across diverse regions 
and environmental conditions to validate and further expand upon the 
current findings.

Fig. 3. Evolutionary heatmaps showing monomeric anthocyanins in grapes (A) and wines (B). Circos plot of monomeric anthocyanins in grapes (C) and wines (D). 
Hierarchical clustering and relative abundance% of monomeric anthocyanins in 14 kind of grapes (E) and wines (F). (Consult the online version of this article for an 
elucidation of the color codes mentioned in the figure legend.)
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3.4. Principal component analysis and partial least squares discriminant 
analysis

The synthesis and accumulation of anthocyanins are influenced by 
grape genetics, environmental factors, and cultivation conditions 
(Drappier et al., 2019). Principal component analysis (PCA) was 
employed to visualize the differences in anthocyanin components 

among grape varieties. In addition, PCA was performed on normalized 
data for anthocyanin indices. Fig. 4 illustrates changes in monomeric 
anthocyanins during fruit development of various grape varieties, as 
analyzed by PCA. The PCA results indicate that the first principal 
component (PC1) and the second principal component (PC2) account for 
53.93 % and 19.21 % of the variance, respectively (Fig. 4A). ‘Dornfelder’ 
and ‘Dunkelfelder’ varieties are mainly separated from other varieties by 

Fig. 4. PCA and PLS-DA analysis of monomeric anthocyanins. PCA scores for grapes (A) and wines (B). PCA loadings for grapes (C) and wines (D). VIP values from 
PLS-DA for grapes (E) and wines (F). (Consult the online version of this article for an elucidation of the color codes mentioned in the figure legend.) Dp, Deplhinidin- 
3-O-glucoside; Cy, Cyanidin-3-O-glucoside; Pt, Petunidin-3-O-glucoside; Pn, Peonidin-3-O-glucoside; Mv, Malvidin-3-O-glucoside; Pn-ac, Peonidin-3-O-(6-acetyl)- 
glucoside; Mv-ac, Malvidin-3-O-(6-acetyl)-glucoside; tPn-cou, Peonidin-3-O-(trans-6-O-coumaryl)-glucoside; tMv-cou, Malvidin-3-O-(trans-6-O-coumaryl) -glucoside.
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PC1, indicating significant differences in anthocyanin content and 
composition. Similarly, the ‘Meili’ variety is mainly separated from 
other varieties by PC2, highlighting unique characteristics in anthocy
anin content and composition. Additionally, the analysis of monomeric 
anthocyanin profiles reveals significant differences between ‘Dorn
felder’, ‘Dunkelfelder’, ‘Meili’, and other varieties during the E-L 36, E-L 
37, and E-L 38 stages. These differences serve as clear chemical in
dicators for classifying and identifying grape varieties. The loading plot 
indicates that monomeric anthocyanins, such as Pn, Pn-ac, and Cy, are 
positively correlated with PC1. PC2 is positively correlated with Pn-ac 
and tPn-cou (Fig. 4C). These monomeric anthocyanins may signifi
cantly contribute to the color and flavor profiles of the ‘Meili’ variety. To 
further elucidate the differential anthocyanin metabolites among grape 
varieties, partial least squares discriminant analysis (PLS-DA) analysis 
was performed based on PCA. The most influential variables were 
identified through VIP scores (Fig. 4E). Compounds with VIP scores 
greater than 1 were considered significant contributors to the model, 
with three compounds being identified. Among these, Cy, tPn-cou, and 
tMv-cou were identified as key differential anthocyanin metabolites at 
various developmental stages of the grape varieties.

The wine score plot is presented in Fig. 4B, where PC1 and PC2 
explain 62.29 % and 17.14 % of the total variance, respectively. Wines 
from different grape varieties were distinctly separated. ‘Dornfelder’ 
and other varieties were mainly separated by PC1, which were charac
terized by higher levels of the anthocyanins Mv-ac and tPn-cou (Fig. 4D). 
PLS-DA analysis identified two compounds with VIP scores greater than 
1, tMv-cou and Mv-ac, which are the primary differential anthocyanin 
metabolites in wine (Fig. 4F). The common differential metabolite be
tween grape and wine varieties was found to be tMv-cou. This finding 
underscores the significance of tMv-cou in differentiating anthocyanin 
profiles among cultivars, which is crucial for grape classification and 
quality assessment. This aligns with previous studies that emphasize the 
importance of determining critical quality parameters to enhance 
traceability and transparency in agricultural products (Han et al., 2024; 
Xiao et al., 2017).

For winemakers, determining tMv-cou concentrations in grape must 
is crucial for decisions on maceration duration and temperature man
agement, optimizing acylated anthocyanin extraction and preservation. 
Refining these practices enhances wine color intensity and stability, 
aligning with consumer preferences and market demands (Tian et al., 
2024). Similarly, Xiao et al. (2017) utilized real-time monitoring and 
correlation analysis to identify critical quality parameters in table 
grapes, our study highlights the use of chemometric techniques to 
identify key anthocyanin compounds that can serve as quality indicators 
in winemaking. For grape breeders, tMv-cou serves as a marker of grape 
quality and a selection criterion in breeding programs for developing 
varieties with improved anthocyanin profiles. Using tMv-cou facilitates 
breeding cultivars that yield wines with superior anthocyanin content, 
thus improving quality. Han et al. (2024) demonstrated that combining 
spectroscopic data with machine learning algorithms effectively traced 
the origin of garlic, enhancing product authentication. Our use of 
multivariate analyses like PCA and PLS-DA similarly contributes to the 
authentication and classification of grape varieties based on their 
anthocyanin profiles, thereby improving traceability in the wine 
industry.

3.5. Color parameters

In the CIELab color space, color is defined by three orthogonal pa
rameters: L*, a*, and b* (Han et al., 2017). The L* value indicates the 
lightness of the grape color, and the b* value reflects the degree of 
yellowness or blueness. No significant differences were observed in L* 
and b* values among the grape varieties (Table. S7). The a* value re
flects the degree of redness or greenness, with positive values indicating 
redness and negative values indicating greenness. As shown in the Table. 
S7, the a* values of ‘Pinot Noir’ and ‘Sangiovese’ were significantly 

higher than those of other varieties, at 14.52 and 13.60, respectively. 
Additionally, the C*ab and ΔE*ab, values of ‘Pinot Noir’ and ‘Sangiovese’ 
were significantly higher than those of other varieties.

In wine, color is a critical sensory attribute and a key factor influ
encing consumer appeal (Cheng et al., 2020). The L* values of ‘Meili’ 
(62.81) and ‘Cabernet Franc’ (56.26) wines were significantly higher 
than those of other varieties, indicating a brighter appearance (Table. 
S8). ‘Malbec’ (56.20) wine exhibited the highest a* value, indicating the 
strongest red hue, while ‘Dornfelder’ (34.76) wine had the lowest a* 
value, indicating a weaker red hue. ‘Beibinghong’ (42.31) wine had the 
highest b* value, indicating the strongest yellow hue, while ‘Dornfelder’ 
(1.92) and ‘Dunkelfelder’ (4.43) wines had significantly lower b* values 
than other varieties, suggesting a color more inclined towards blue. The 
C*ab value represents color intensity. ‘Beibinghong’ and ‘Malbec’ wines 
had significantly higher C*ab values than other varieties. The hab value 
represents the hue angle, indicating color orientation. ‘Beibinghong’ 
(43.82) wine had the highest hab value. The total color difference, ΔE*ab, 
incorporates contributions from L*, a*, and b* components, represent
ing the overall color difference between wine samples (Perez et al., 
2007). This parameter is very important for the wine industry because it 
reflects the human eye’s ability to distinguish between the colors of two 
wines (Han et al., 2017). A higher ΔE*ab value signifies a greater overall 
color difference, with values above 6 indicating a strong perceptible 
color difference.

The color characteristics of wine are influenced by factors such as 
grape variety, region of origin, and vineyard management practices (Ren 
et al., 2023). However, genotype directly affects anthocyanin synthesis 
potential and the wine’s color profile (Ju et al., 2021). Brighter colors 
and purer hues are generally more appealing to consumers. The tradi
tional CIELab color analysis method provides numerical parameters 
without visually representing the characteristic colors of wine samples. 
The L*, a*, and b* values of grapes and wines were used in Color Express 
software to identify corresponding colors, creating characteristic color 
maps for the tested varieties. Each sample is represented by a numbered 
do. The overall color of grapes is black or purple (Fig. S2). ‘Dornfelder’ 
and ‘Malbec’ wine samples exhibit significantly lower brightness than 
other varieties, appearing nearly black-red or purple-red, which in
dicates a deeper color (Fig. 5). In contrast, ‘Pinot Noir’, ‘Meili’, and 
‘Cabernet Franc’ wine samples show relatively higher brightness, dis
playing pink or light pink hues on the color characteristic map. The color 
parameter map effectively distinguishes the 14 tested varieties.

3.6. Correlation analysis of polyphenolic components and color 
parameters in grapes and wines

The quality and characteristics of wine are directly linked to the 
quality of the grapes (Liu et al., 2022). In this study, Mantel test corre
lation analysis was conducted to investigate the relationship between 
grape and wine quality. In the heatmap, color gradients represent the 
strength and direction of correlations. Darker or more intense colors 
indicate stronger correlations, while lighter colors signify weaker cor
relations. Shades of orange denote positive correlations, whereas shades 
of blue indicate negative correlations. The correlation matrix in the 
dynamic heatmap indicates a positive correlation between TSS and TAN 
(Fig. 6A). Previous studies have shown that sugar accumulation posi
tively regulates anthocyanin synthesis in many plants through metabolic 
and signaling pathways (Lu et al., 2023). TP, TTA, and TAN are posi
tively correlated with each other, while all three indicators are nega
tively correlated with six color parameters. Specifically, TP and TTA are 
significantly negatively correlated with L* and ΔE*ab. The six color 
parameters are positively correlated. TAA and TNAA are significantly 
positively correlated with L*. TNAA is significantly positively correlated 
with TP, TAN, and TTA. Except for a* and C*ab, TNAA is significantly 
positively correlated with the other 4 color parameters. Wang, Wang, 
et al. (2022); Wang, Yang, et al. (2022) reported that acylation antho
cyanins may be associated with changes in color and variation. 
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However, our study found that TNAA have a more substantial impact on 
wine color diversity than TAA. This discrepancy may be due to the 
distinct chemical structures and interactions of these anthocyanins with 
other wine components (Xie et al., 2019, 2021). Non-acylated antho
cyanins, which lack acyl groups, are more reactive in wine matrices, 
allowing them to form a wider variety of pigments through copigmen
tation and other reactions (Yin et al., 2022).

The content and composition of anthocyanins significantly influence 
the color of wine. To elucidate the contribution of anthocyanin com
pounds to color, pearson correlation analysis was performed to inves
tigate the relationship between color properties and anthocyanin 
compounds. As shown in Fig. 6B, the L* values of all samples are 
significantly negatively correlated with all anthocyanin types. These 
findings are consistent with those reported by Ju et al. (2021). The a* 
value is inversely correlated with total anthocyanins. Notably, a* is 
positively correlated with Dp, Mv, Pn-ac, Mv-ac, and tMv-cou, sug
gesting that these monomeric anthocyanins may significantly contribute 
to the red hue of grapes and wines (Han et al., 2023; Li et al., 2024). The 
b* value is negatively correlated with Cy, Pt, Pn, Mv, Pn-ac, and tMv- 
cou, indicating that these anthocyanins impart a blue tint to the wine. 
Except for Mv-ac and Pn-cou, all other anthocyanins are negatively 
correlated with hab and ΔE*ab. These findings indicate that monomeric 
anthocyanin components play a significant role in determining the color 
and chromatic diversity of wine. Understanding these correlations aids 
winemaking by guiding the selection of grape varieties rich in specific 
anthocyanins to achieve desired wine colors. The focus on a single re
gion and the limited number of cultivars meant that the observed trends 
in anthocyanin accumulation and color parameters might vary under 
different climatic conditions or with other grape varieties. As a future 
direction, we recommend conducting multi-regional studies involving a 
broader range of grape cultivars and multiple growing seasons to vali
date these findings and expand their applicability. Such studies would 
help understand how different environmental factors interact with ge
netic traits to influence anthocyanin content and wine quality.

4. Conclusion

This study provides a comprehensive analysis of the anthocyanin 
content and color characteristics of fourteen grape varieties and their 
corresponding wines cultivated at the eastern foot of Helan Mountain in 
Ningxia. Our results demonstrated significant differences among culti
vars, with ‘Beibinghong’ exhibiting the highest titratable acidity. Total 
phenolic content in ‘Dornfelder’, ‘Dunkelfelder’, and ‘Malbec’ grapes 
and wines was significantly higher than in other varieties. At harvest, 

‘Dornfelder’ grapes and wines exhibited the highest total anthocyanin 
contents, with values of 249.94 mg/kg in grapes and 1686.76 mg/L in 
wines, significantly higher than other cultivars. Non-acylated anthocy
anins, predominantly malvidin-3-O-glucoside, were the primary con
tributors to wine color, while acylated anthocyanin compositions varied 
among varieties. HCA cluster analysis grouped all varieties into different 
subclasses based on their monomeric anthocyanin profiles. PCA and 
PLS-DA analyses identified tMv-cou as the common differential metab
olite across both grape and wine varieties. Correlation analysis revealed 
that non-acylated anthocyanins (r = 0.68) have a more significant 
impact than acylated anthocyanins (r = 0.28) on color chromatic di
versity in grapes and wines (P < 0.05). These results suggest that wines 
made from ‘Dornfelder’ grapes are notable for their distinct color 
characteristics and high anthocyanin content. These findings enhance 
our understanding of how genetic differences among grape cultivars 
influence anthocyanin profiles and wine quality in the eastern foot of 
Helan Mountain in Ningxia. These findings provide valuable insights for 
grape growers and winemakers in selecting appropriate grape varieties 
to enhance wine quality through improved color attributes and phenolic 
composition. Future research should explore these relationships across 
diverse regions and environmental conditions to validate and extend our 
findings.

Funding

This work was supported by National Natural Science Foundation of 
China (Grant No. 32302477), the Agriculture Research System of China 
for Grape Industry (CARS-29-zp-6) and Ningxia Hui Autonomous Region 
Key Research and Development Project (2023BCF01001).

CRediT authorship contribution statement

Huawei Chen: Writing – original draft, Methodology, Investigation. 
Miaomiao Wang: Writing – review & editing, Funding acquisition. 
Lijian Zhang: Software, Methodology. Fuxian Ren: Writing – review & 
editing, Funding acquisition. Yutao Li: Investigation. Yong Chen: 
Software, Investigation. Yunqi Liu: Writing – original draft, Software, 
Methodology. Zhenwen Zhang: Writing – review & editing, Funding 
acquisition. Qingqing Zeng: Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

Fig. 5. The colored circles beneath each glass represent the CIELAB characteristics of the corresponding wine samples. The numbers below the glasses indicate the 
specific wine samples.

H. Chen et al.                                                                                                                                                                                                                                    Food Chemistry: X 24 (2024) 102034 

9 



Fig. 6. Correlation analysis of physicochemical parameters, phenolic component, color properties, and monomeric anthocyanins (including total non-acylated 
anthocyanins (TNAA) and cylated anthocyanins (TAA) contents) in grapes and wines, as determined by the Mantel test using unweighted UniFrac distances (A). 
The line and square color and represent the significance differences level (P-values). Heatmap of the correlation analysis between color properties and monomeric 
anthocyanins in grapes and wines (B). * significant difference at P < 0.05; ** significant difference at P < 0.01 (Tukey’s test). Dp, Deplhinidin-3-O-glucoside; Cy, 
Cyanidin-3-O-glucoside; Pt, Petunidin-3-O-glucoside; Pn, Peonidin-3-O-glucoside; Mv, Malvidin-3-O-glucoside; Pn-ac, Peonidin-3-O-(6-acetyl)-glucoside; Mv-ac, 
Malvidin-3-O-(6-acetyl)-glucoside; tPn-cou, Peonidin-3-O-(trans-6-O-coumaryl)-glucoside; tMv-cou, Malvidin-3-O-(trans-6-O-coumaryl) -glucoside.

H. Chen et al.                                                                                                                                                                                                                                    Food Chemistry: X 24 (2024) 102034 

10 



the work reported in this paper.

Data availability

Data will be made available on request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fochx.2024.102034.

References

Allegro, G., Pastore, C., Valentini, G., & Filippetti, I. (2021). The evolution of phenolic 
compounds in Vitis vinifera L. red berries during ripening: Analysis and role on wine 
sensory-A review. Agronomy-Basel, 11(5), 999. https://doi.org/10.3390/ 
agronomy11050999

Arrizabalaga, M., Morales, F., Oyarzun, M., Delrot, S., Gomes, E., Irigoyen, J. J., & 
Pascual, I. (2018). Tempranillo clones differ in the response of berry sugar and 
anthocyanin accumulation to elevated temperature. Plant Science, 267, 74–83. 
https://doi.org/10.1016/j.plantsci.2017.11.009

Chen, H. Z., Yang, J., Deng, X. X., Lei, Y. J., Xie, S., Guo, S. H., & Xu, T. F. (2020). Foliar- 
sprayed manganese sulfate improves flavonoid content in grape berry skin of 
cabernet sauvignon (Vitis vinifera L.) growing on alkaline soil and wine chromatic 
characteristics. Food Chemistry, 314, Article 126182. https://doi.org/10.1016/j. 
foodchem.2020.126182

Cheng, X. H., Wang, X. F., Zhang, A., Wang, P. P., Chen, Q. Y., Ma, T. T., & Fang, Y. L. 
(2020). Foliar phenylalanine application promoted antioxidant activities in cabernet 
sauvignon by regulating phenolic biosynthesis. Journal of Agricultural and Food 
Chemistry, 68(52), 15390–15402. https://doi.org/10.1021/acs.jafc.0c05565

Coombe, B. G. (1995). Growth Stages of the Grapevine: Adoption of a system for 
identifying grapevine growth stages. Australian Journal of Grape Wine Research, 1, 
104–110. https://doi.org/10.1111/j.1755-0238.1995.tb00086.x

Drappier, J., Thibon, C., Rabot, A., & Geny-Denis, L. (2019). Relationship between wine 
composition and temperature: Impact on Bordeaux wine typicity in the context of 
global warming-review. Critical Reviews in Food Science and Nutrition, 59(1), 14–30. 
https://doi.org/10.1080/10408398.2017.1355776

Duan, B., Song, C., Zhao, Y., Jiang, Y., Shi, P., Meng, J., & Zhang, Z. (2019). Dynamic 
changes in anthocyanin biosynthesis regulation of cabernet sauvignon (Vitis vinifera 
L.) grown during the rainy season under rain-shelter cultivation. Food Chemistry, 
283, 404–413. https://doi.org/10.1016/j.foodchem.2018.12.131

Fanzone, M., Zamora, F., Jofre, V., Assof, M., Gomez-Cordoves, C., & Pena-Neira, A. 
(2012). Phenolic characterisation of red wines from different grape varieties 
cultivated in Mendoza province (Argentina). Journal of the Science of Food and 
Agriculture, 92(3), 704–718. https://doi.org/10.1002/jsfa.4638

Gao, F., Guan, L., Zeng, G., Hao, X., Li, H., & Wang, H. (2024). Preliminary 
characterization of chemical and sensory attributes for grapes and wines of different 
cultivars from the Weibei plateau region in China. Food Chemistry: X, 21, Article 
101091. https://doi.org/10.1016/j.fochx.2023.101091

GB/T 15037–2006, Wine. (2006). Beijing: China Standard Press. 
Gouot, J. C., Smith, J. P., Holzapfel, B. P., Walker, A. R., & Barril, C. (2019). Grape berry 

flavonoids: A review of their biochemical responses to high and extreme high 
temperatures. Journal of Experimental Botany, 70(2), 397–423. https://doi.org/ 
10.1093/jxb/ery392

Han, F., Ju, Y., Ruan, X., Zhao, X., Yue, X., Zhuang, X., & Fang, Y. (2017). Color, 
anthocyanin, and antioxidant characteristics of young wines produced from spine 
grapes (Vitis davidii Foex) in China. Food & Nutrition Research, 61, Article 1339552. 
https://doi.org/10.1080/16546628.2017.1339552

Han, H., Sha, R., Dai, J., Wang, Z., Mao, J., & Cai, M. (2024). Garlic origin traceability 
and identification based on fusion of multi-source heterogeneous spectral 
information. Foods, 13, 1016. https://doi.org/10.3390/foods13071016

Han, X., Lu, H. C., Wang, Y., Gao, X. T., Li, H. Q., Tian, M. B., & Wang, J. (2023). Region, 
vintage, and grape maturity co-shaped the ionomic signatures of the cabernet 
sauvignon wines. Food Research International, 163, Article 112165. https://doi.org/ 
10.1016/j.foodres.2022.112165

Heras-Roger, J., Diaz-Romero, C., & Darias-Martin, J. (2016). A comprehensive study of 
red wine properties according to variety. Food Chemistry, 196, 1224–1231. https:// 
doi.org/10.1016/j.foodchem.2015.10.085

Ju, Y., Yang, L., Yue, X., Li, Y., He, R., Deng, S., Yang, X., & Fang, Y. (2021). Anthocyanin 
profiles and color properties of red wines made from Vitis davidi and Vitis vinifera 
grapes. Food Science and Human Wellness, 10(3), 335–344. https://doi.org/10.1016/ 
j.fshw.2021.02.025

Lan, H., Li, S., Yang, J., Li, J., Yuan, C., & Guo, A. (2021). Effects of light exposure on 
chemical and sensory properties of storing Meili rose wine in colored bottles. Food 
Chemistry, 345, Article 131670. https://doi.org/10.1016/j.foodchem.2021.131670

Lan, Y. B., Xiang, X. F., Qian, X., Wang, J. M., Ling, M. Q., Zhu, B. Q., & Duan, C. Q. 
(2019). Characterization and differentiation of key odor-active compounds of 
“Beibinghong” ice wine and dry wine by gas chromatography-olfactometry and 
aroma reconstitution. Food Chemistry, 287, 186–196. https://doi.org/10.1016/j. 
foodchem.2019.02.074

Li, M. Y., Pei, X. X., Shi, N., Yang, Y. M., Fan, S. T., Sun, Y. F., & Wang, J. (2024). 
Volatomic differences among Vitis amurensis cultivars and its hybrids with Vitis 

vinifera revealed the effects of genotype, region, and vintage on grape aroma. Food 
Research International, 191, Article 114726. https://doi.org/10.1016/j. 
foodres.2024.114726

Liu, B., Zhang, Y., Wang, S., Wang, W., Xu, X., Wu, J., & Ju, Y. (2022). Effects of 
strigolactone and abscisic acid on the quality and antioxidant activity of grapes (Vitis 
vinifera L.) and wines. Food Chemistry, X, 16, Article 100496. https://doi.org/ 
10.1016/j.fochx.2022.100496

Lu, H. C., Tian, M. B., Han, X., Shi, N., Li, H. Q., Cheng, C. F., & Wang, J. (2023). The key 
role of vineyard parcel in shaping flavonoid profiles and color characteristics of 
cabernet sauvignon wines combined with the influence of harvest ripeness, vintage 
and bottle aging. Food Chemistry: X, 19, Article 100772. https://doi.org/10.1016/j. 
fochx.2023.100772

Lu, H. C., Wang, Y., Cheng, C. F., Chen, W., Li, S. D., He, F., & Wang, J. (2022). Distal leaf 
removal made balanced source-sink vines, delayed ripening, and increased flavonol 
composition in cabernet sauvignon grapes and wines in the semi-arid Xinjiang. Food 
Chemistry, 366, Article 130582. https://doi.org/10.1016/j.foodchem.2021.130582

Lukic, I., Radeka, S., Budic-Leto, I., Bubola, M., & Vrhovsek, U. (2019). Targeted UPLC- 
QqQ-MS/MS profiling of phenolic compounds for differentiation of monovarietal 
wines and corroboration of particular varietal typicity concepts. Food Chemistry, 300, 
Article 125251. https://doi.org/10.1016/j.foodchem.2019.125251

Perez, M. D. M., Saleh, A., Yebra, A., & Pulgar, R. (2007). Study of the variation between 
CIELAB ΔE* and CIEDE2000 color-differences of resin composites. Dental Materials 
Journal, 26(1), 21–28. https://doi.org/10.4012/dmj.26.21

Ren, R., Shi, J., Zeng, M., Tang, Z., Xie, S., & Zhang, Z. (2023). Inter- and intra-varietal 
genetic variations co-shape the polyphenol profiles of Vitis vinifera L. grapes and 
wines. Food Chemistry: X, 20, Article 101030. https://doi.org/10.1016/j. 
fochx.2023.101030

Song, J., Zhang, A., Cheng, S., Li, X., Zhang, Y., Luan, L., & Li, J. (2022). Co-winemaking 
with Vitis amurensis Rupr. "Beibinghong" enhances the quality of Vitis vinifera L. cv. 
Cabernet Gernischt wine. Journal of Food Science, 87(11), 4854–4867. https://doi. 
org/10.1111/1750-3841.16330

Tian, M. B., Hu, R. Q., Liu, Z. L., Shi, N., Lu, H. C., Duan, C. Q., … He, F. (2024). The pH 
adjustment of Vitis amurensis dry red wine revealed the evolution of organic acids, 
volatomics, and sensory quality during winemaking. Food Chemistry, 436, Article 
132930. https://doi.org/10.1016/j.foodchem.2023.137730

Tian, M. B., Liu, Y., Lu, H. C., Hu, L., Wang, Y., Cheng, C. F., & Wang, J. (2022). Cluster 
spatial positions varied the phenolics profiles of “Cabernet Sauvignon” grapes and 
wines under a fan training system with multiple trunks. Food Chemistry, 387, Article 
132930. https://doi.org/10.1016/j.foodchem.2022.132930

Van Leeuw, R., Kevers, C., Pincemail, J., Defraigne, J. O., & Dommes, J. (2014). 
Antioxidant capacity and phenolic composition of red wines from various grape 
varieties: Specificity of pinot noir. Journal of Food Composition and Analysis, 36(1–2), 
40–50. https://doi.org/10.1016/j.jfca.2014.07.001

Wang, C., Wang, L., Ye, J., & Xu, F. (2022). Fruit quality of Vitis vinifera: How plant 
metabolites are affected by genetic, environmental, and agronomic factors. Scientia 
Horticulturae, 305, Article 111404. https://doi.org/10.1016/j.scienta.2022.111404

Wang, Z., Yang, N., Zhang, J., & Yuan, C. (2022). Skin cell wall ripeness alters wine 
tannin profiles via modulating interaction with seed tannin during alcoholic 
fermentation. Food Research International, 162, Article 111974. https://doi.org/ 
10.1016/j.foodres.2022.111974

Xiao, X., He, Q., Li, Z., Antoce, A. O., & Zhang, X. (2017). Improving traceability and 
transparency of table grapes cold chain logistics by integrating WSN and correlation 
analysis. Food Control, 73, 1556–1563. https://doi.org/10.1016/j. 
foodcont.2016.11.019

Xie, S., Liu, Y., Chen, H., Zhang, Z., & Ge, M. (2021). Anthocyanin degradation and the 
underlying molecular mechanism in a red-fleshed grape variety. LWT- Food Science 
and Technology, 151, 1121988. https://doi.org/10.1016/j.lwt.2021.1121988

Xie, S., Qao, X., Chen, H., Nan, H., & Zhang, Z. (2019). Coordinated regulation of grape 
berry flesh color by transcriptional activators and repressors. Journal of Agricultural 
and Food Chemistry, 67(42), 11815–11824. https://doi.org/10.1021/acs. 
jafc.9b05234

Yang, Y., Jin, G. J., Wang, X. J., Kong, C. L., Liu, J., & Tao, Y. S. (2019). Chemical profiles 
and aroma contribution of terpene compounds in Meili (Vitis vinifera L.) grape and 
wine. Food Chemistry, 284, 155–161. https://doi.org/10.1016/j. 
foodchem.2019.01.106

Yin, H., Wang, L., & Xi, Z. (2022). Involvement of anthocyanin biosynthesis of cabernet 
sauvignon grape skins in response to field screening and in vitro culture irradiating 
infrared radiation. Journal of Agricultural and Food Chemistry, 70(40), 12807–12818. 
https://doi.org/10.1021/acs.jafc.2c03838

Zhang, K., Zhang, Z. Z., Yuan, L., Gao, X. T., & Li, Q. (2021). Difference and 
characteristics of anthocyanin from cabernet sauvignon and merlot. Food Science and 
Technology, 41, 72–80. https://doi.org/10.1590/fst.11020

Zhang, L., Wang, Z., Zhang, C., Zhou, S., & Yuan, C. (2024). Metabolomics analysis based 
on UHPLC-QqQ-MS/MS to discriminate grapes and wines from different 
geographical origins and climatological characteristics. Food Chemistry: X, 22, Article 
103196. https://doi.org/10.1016/j.fochx.2024.101396

Zhao, T., Xie, S., & Zhang, Z. (2023). Effects of foliar-sprayed potassium dihydrogen 
phosphate on accumulation of flavonoids in cabernet sauvignon (Vitis vinifera L.). 
Journal of the Science of Food and Agriculture, 103(10), 4838–4849. https://doi.org/ 
10.1002/jsfa.12552

Zhao, X., He, F., Zhang, X.-K., Shi, Y., & Duan, C. Q. (2022). Impact of three phenolic 
copigments on the stability and color evolution of five basic anthocyanins in model 
wine systems. Food Chemistry, 375, Article 131670. https://doi.org/10.1016/j. 
foodchem.2021.131670

Zhu, L., Wu, X., Hu, X., Li, X., Lv, S., Zhan, C., & Xu, J. (2023). Phenolic features and 
anthocyanin profiles in winemaking pomace and fresh berries of grapes with 

H. Chen et al.                                                                                                                                                                                                                                    Food Chemistry: X 24 (2024) 102034 

11 

https://doi.org/10.1016/j.fochx.2024.102034
https://doi.org/10.1016/j.fochx.2024.102034
https://doi.org/10.3390/agronomy11050999
https://doi.org/10.3390/agronomy11050999
https://doi.org/10.1016/j.plantsci.2017.11.009
https://doi.org/10.1016/j.foodchem.2020.126182
https://doi.org/10.1016/j.foodchem.2020.126182
https://doi.org/10.1021/acs.jafc.0c05565
https://doi.org/10.1111/j.1755-0238.1995.tb00086.x
https://doi.org/10.1080/10408398.2017.1355776
https://doi.org/10.1016/j.foodchem.2018.12.131
https://doi.org/10.1002/jsfa.4638
https://doi.org/10.1016/j.fochx.2023.101091
http://refhub.elsevier.com/S2590-1575(24)00922-2/rf0045
https://doi.org/10.1093/jxb/ery392
https://doi.org/10.1093/jxb/ery392
https://doi.org/10.1080/16546628.2017.1339552
https://doi.org/10.3390/foods13071016
https://doi.org/10.1016/j.foodres.2022.112165
https://doi.org/10.1016/j.foodres.2022.112165
https://doi.org/10.1016/j.foodchem.2015.10.085
https://doi.org/10.1016/j.foodchem.2015.10.085
https://doi.org/10.1016/j.fshw.2021.02.025
https://doi.org/10.1016/j.fshw.2021.02.025
https://doi.org/10.1016/j.foodchem.2021.131670
https://doi.org/10.1016/j.foodchem.2019.02.074
https://doi.org/10.1016/j.foodchem.2019.02.074
https://doi.org/10.1016/j.foodres.2024.114726
https://doi.org/10.1016/j.foodres.2024.114726
https://doi.org/10.1016/j.fochx.2022.100496
https://doi.org/10.1016/j.fochx.2022.100496
https://doi.org/10.1016/j.fochx.2023.100772
https://doi.org/10.1016/j.fochx.2023.100772
https://doi.org/10.1016/j.foodchem.2021.130582
https://doi.org/10.1016/j.foodchem.2019.125251
https://doi.org/10.4012/dmj.26.21
https://doi.org/10.1016/j.fochx.2023.101030
https://doi.org/10.1016/j.fochx.2023.101030
https://doi.org/10.1111/1750-3841.16330
https://doi.org/10.1111/1750-3841.16330
https://doi.org/10.1016/j.foodchem.2023.137730
https://doi.org/10.1016/j.foodchem.2022.132930
https://doi.org/10.1016/j.jfca.2014.07.001
https://doi.org/10.1016/j.scienta.2022.111404
https://doi.org/10.1016/j.foodres.2022.111974
https://doi.org/10.1016/j.foodres.2022.111974
https://doi.org/10.1016/j.foodcont.2016.11.019
https://doi.org/10.1016/j.foodcont.2016.11.019
https://doi.org/10.1016/j.lwt.2021.1121988
https://doi.org/10.1021/acs.jafc.9b05234
https://doi.org/10.1021/acs.jafc.9b05234
https://doi.org/10.1016/j.foodchem.2019.01.106
https://doi.org/10.1016/j.foodchem.2019.01.106
https://doi.org/10.1021/acs.jafc.2c03838
https://doi.org/10.1590/fst.11020
https://doi.org/10.1016/j.fochx.2024.101396
https://doi.org/10.1002/jsfa.12552
https://doi.org/10.1002/jsfa.12552
https://doi.org/10.1016/j.foodchem.2021.131670
https://doi.org/10.1016/j.foodchem.2021.131670


different pedigrees. Food Science and Biotechnology, 32(2), 145–156. https://doi.org/ 
10.1007/s10068-022-01181-1

H. Chen et al.                                                                                                                                                                                                                                    Food Chemistry: X 24 (2024) 102034 

12 

https://doi.org/10.1007/s10068-022-01181-1
https://doi.org/10.1007/s10068-022-01181-1

	Anthocyanin profiles and color parameters of fourteen grapes and wines from the eastern foot of Helan Mountain in Ningxia
	1 Introduction
	2 Materials and methods
	2.1 Experimental site and plant material
	2.2 Winemaking protocol
	2.3 Physicochemical parameters of grapes and wines
	2.4 Analysis of the phenolic compounds in grapes and wines
	2.5 Analysis of monomeric anthocyanin in grapes and wines
	2.6 Color parameters
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Physicochemical parameters
	3.2 Differences in phenolic content of grapes and wines
	3.3 Monomeric anthocyanins
	3.4 Principal component analysis and partial least squares discriminant analysis
	3.5 Color parameters
	3.6 Correlation analysis of polyphenolic components and color parameters in grapes and wines

	4 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


