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Abstract: The application of elicitors enhances grape quality, especially the volatile compounds.
There are few studies on the influence of elicitors on the aroma compositions of grapes. Additionally,
studies on the amino acids and aroma profiles of ‘Cabernet Gernischt’ grapes are scant. The objective
of this work was to evaluate the effect of benzothiadiazole (BTH) treatments on the amino acids
and aroma profiles of ‘Cabernet Gernischt’ grapes during berry development. BTH was sprayed
on berries at three different stages during grape development; the fruit set period, swelling, and
veraison stages. Physicochemical parameters, amino acids, and aroma compounds of the grapes were
evaluated. The results showed increased an weight and color quality of treated grapes, while the
content of primary metabolites such as sugar and amino acids in treated grapes declined relative to
control grapes. However, total concentrations of the various aroma classes were higher in treated
grapes, except for carbonyls and terpenoids, which presented higher levels in control grapes than in
BTH-treated grapes. The correlation analysis between amino acids and aroma compounds revealed
positive correlations in both samples with few negative correlations in BTH samples. The odor activity
values (OAVs) affirmed the floral, fruity, and fresh-green nature of ‘Cabernet Gernischt’ grapes. BTH
application to ‘Cabernet Gernischt’ berries significantly influenced the compositional qualities of
the grapes.

Keywords: amino acids; aroma; benzothiadiazole; color; grapes

1. Introduction

Benzothiadiazole (BTH) is a chemical elicitor and a functional analog of salicylic
acid which functions in inducing protection in plants against pathogens through the
establishment of systemic acquired resistance (SAR) [1–3]. Most recently, elicitors such as
Methyl Jasmonate (MeJ) are used to enhance the metabolite content in grapes. However,
others such as chitosan and BTH are used primarily against disease infections such as
grey mold (Botrytis cinerea) and powdery mildew (Erysiphe necator) [1]. The defense
mechanism of BTH in grapes leads to the activation of several enzymes, triggering the
syntheses of bioactive metabolites (e.g., phenolic compounds, antioxidants, etc.) [3–6].
According to Wang et al. [7], the metabolic cost of the defense, accompanied by increased
berry size, is incurred on the accumulation of grape soluble sugars. Total soluble sugars
and amino acids are primary metabolites used to measure grape quality at harvest [8].
These primary metabolites also serve as precursors for the synthesis of volatile aroma
compounds [9].

Aroma is an essential quality parameter of grapes and wines that influences con-
sumer preferences [10,11]. Several factors such as the grape cultivar, vintage, maturity,
climate, and other management practices influence the accumulation and concentration
of aromas [12,13]. Grape aroma compounds are derived from the metabolism of fatty
acids, sugars, and amino acids through the lipoxygenase (LOX), terpenoid, and amino acid
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pathways [3,14,15]. However, their syntheses are dependent on the activity and specificity
of related enzymes in the pathways [16], which are also affected by elicitors. Several studies
have reported the influence of BTH on the compositional qualities of grapes and wines.
However, the majority are based on phenolic compounds [17–21] while a handful are on
the amino acids and aroma compounds of grapes and wines [3,22,23].

Grape is an essential fruit crop cultivated globally for its economic and health ben-
efits [24–26]. According to OIV [27], the production of wine in China for the past four
successive years has declined. Findings from the Third National Agricultural Census in
China showed that areas under vines have reduced, resulting in decreased grape produc-
tion, which may be attributed to the difficult climate conditions, management practices,
and low productivity. In addition to the function of BTH in protecting crops against
pathogens [28], grape growers apply it to maximize yield, as it is also known to increase
the weight and size of the elicited berries. However, the impact of BTH on grape aroma
quality is still unclear. Moreover, there are fewer studies on the use of only BTH and its
influence on the aroma of grapes.

Cabernet Gernischt cv (Vitis vinifera L.) is one of China’s most cultivated varieties in
the Northwest region, the main grape and wine production area [29]. ‘Cabernet Gernischt’
is well-known for its appealing color and taste, with intensive fruity, leafy, and vegetative
aromatic notes [29]. However, despite its recognition, few studies on the effect of induced
resistance on the grape berry and wine volatiles have been reported [30–32]. Therefore, this
research aimed to assess the impact of BTH on the amino acids and aroma compounds in
‘Cabernet Gernischt’ grapes.

2. Materials and Methods
2.1. Chemicals and Reagents

Unless otherwise stated, all the reagents used for quantification and identification
were analytically pure and the water used was purified with a Milli-Q purification system
(Molecular, Chongqing, China). Glycine (Gly, 98.5%), phenylalanine (Phe, 98%), tyrosine
(Tyr, 98%), arginine (Arg, 98%), proline (Pro, 99%), lysine (Lys, 98%), glutamic acid (Glu,
99%), asparagine (Asp, 99%), histidine (His, 98%), serine (Ser, 98%), alanine (Ala, 98%),
threonine (Thr, 98%), cysteine (Cys, 97%), and 2-Octanol were purchased from Sigma-
Aldrich (Shanghai, China). Benzothiadiazole (BTH) was purchased from Sigma-Aldrich
(Munich, Germany).

2.2. Study Site, Treatment, and Sampling

The field study was conducted in the experimental vineyard of Food Science and
Engineering College in Gansu Agricultural University (Lanzhou, China, 103◦41′ E, 36◦5′ N;
1530 m above sea level) during the 2020 growing season. The site’s annual average tem-
perature and annual rainfalls are 11.2 ◦C and 367 mm, respectively, the frost-free period
is 180 days, and annual sunshine hours are more than 2446 h. The soil was sandy loam
with average pH (9.48), organic matter (1.47%), total nitrogen (0.35 g/kg), total phospho-
rus (1.19 g/kg), total potassium (22.43 g/kg), alkali-hydrolyzed nitrogen (43.78 mg/kg),
available phosphorus (54.01 mg/kg), available potassium (366.61 mg/kg), and total boron
(37.38 mg/kg) being measured. The experiment was performed on 11-year-old ‘Cabernet
Gernischt’ grapevines trained to a vertical trellis system in an east–west orientation with a
row spacing of 2.5 m and plant spacing of 0.80 m. The vineyard was managed according to
the standard viticulture practices (e.g., pruning, shade controlling, etc.) and irrigated using
a drip irrigation system.

The treatment method by Gómez-Plaza et al. [33] was used with slight modifications.
The treatments (control and BTH) were performed using 10 vine blocks arranged in a
complete randomized design, with three biological replications. Two untreated rows
between treatments served as a barrier to prevent contamination. BTH treatment (0.37 mM,
Sigma-Aldrich, Munich, Germany) was carried out by preparing aqueous solutions using
Tween 80 as a wetting agent and aqueous solutions of Tween 80 only for control vines.
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The aqueous solutions were applied to the surfaces of the berries using a high-pressure
sprayer. Treatments were applied three times during the grape’s development (Fruit set
stage (7 June), swelling stage (4 July), and veraison (1 August)). The application schedule
was to enable the assessment of the impact of BTH on the formation and accumulation of
grape metabolites during development.

The grape berries were sampled every 2 weeks from the fruit set stage to harvest
(21 June to 30 August). Samples consisted of several clusters selected randomly. Samples
were bagged and taken to the laboratory. The berries were destemmed and wrapped with
aluminum foil in small quantities. They were frozen in liquid nitrogen and stored at−80 ◦C
until further use.

2.3. Determination of Physicochemical Properties

All physicochemical parameters except weight were analyzed as described by OIV [34].
The weight of berries was determined as reported by Yue et al. [35] with a slight modifi-
cation. Briefly, an empty beaker was weighed and filled with a random set of 100 berries
and weighed again. The weight of berries was then expressed as g/100 berries. The
color quality of berries was estimated using the red grapes color index as described by
Koyama et al. [36] with the equation CIRG = (180 − h◦) ÷ (L* + C*). All parameters were
analyzed in triplicates (n = 3).

2.4. Amino Acids Analysis

The grape amino acids were determined as described by Wang et al. [37] with a slight
modification, using the Ninhydrin post-column derivatization ion-exchange chromatog-
raphy method. Briefly, 10 thawed grape berries were deseeded and crushed under liquid
nitrogen into a fine powder with a grinder. Two grams of powdered sample were hy-
drolyzed with 10 mL of 6 M hydrochloric acid (HCL) containing 0.1 % phenol at 110 ◦C for
22 h. The hydrolysate was filtered into a clean tube, evaporated at 40 ◦C, and buffered with
2 mL of sodium citrate solution (pH 2.2) to dissolve the content before filtering through a
0.22 µm filter membrane into a sampling vial. Free amino acids in the samples were then
determined using an automatic amino acid analyzer (Sykam S-433D, Germany) coupled
with a sulfonic acid type ion-exchange resin column. Each amino acid peak was detected
with a UV-visible spectrophotometric detector at wavelengths 570 nm and 440 nm. Amino
acids were then identified and quantified by comparing their retention times with their
pure reference standards. Since the samples were all analyzed in triplicates, the results are
expressed as the means of the three determinations (n = 3).

2.5. Analysis of Grape Aroma Compounds

The grape aroma compounds were determined using Headspace Solid Phase Mi-
croextraction Gas Chromatography–Mass Spectrometry (HS-SPME-GC-MS) as reported
by Wu et al. [10] with slight modifications. Approximately 50 g of berries were deseeded,
blended, and 5 g of the slurry was weighed into a 20 mL vial. A small magnetic stir bar,
sodium chloride (1 g, NaCl), and 10 µL of internal standard (10 ppm, 2-Octanol) were
added. The vial was then tightly capped and equilibrated in a water bath at 40 ◦C for
30 min with agitation at 40 rpm. The volatile aroma in the headspace of the vial was
absorbed using a 50/30 µm DVB/CAR/PDMS fiber. The fiber was thermally desorbed in
the injector port of the GC-MS for 10 min after extraction. Samples were all determined in
triplicate (n = 3).

Volatiles were analyzed using a gas chromatography–mass spectrometer system
(TRACE 1310-ISQ, Thermo Fisher Scientific, San Jose, CA, USA) with a DB-WAX col-
umn (60 m × 2.5 mm × 0.25 µm, Agilent Technology, Santa Clara, CA, USA). Helium
(He) was the carrier gas at a flow rate of 1 mL/minute. The injector temperature was
230 ◦C and set for splitless injection. The GC temperature program started with an oven
temperature of 50 ◦C for 10 min, a temperature series of 3 ◦C/min to a final temperature of
180 ◦C, and a final time of 6 min. The ion source and transfer line temperature were set
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respectively at 250 and 180 ◦C. The mass range was 50 m/z to 350 m/z, operated in full scan
mode with an electron energy of 70 eV. The volatile compounds detected were identified
by comparing their mass spectra with those in the National Institute for Standards and
Technology (NIST 14; search version 2.0) library. The retention indices calculated using
C6-C21 n-alkane series were compared with those reported in the literature or the NIST
database (http://webbook.nist.gov/chemistry/cas-ser.html) (accessed on 10 March 2022).
Quantification analysis was carried out only for the volatile compounds identified in at
least two of the three replicates. Any others than this were viewed as artifacts and omitted
from further analysis. The compounds were analyzed semi-quantitatively by their relative
response to the 2-octanol internal standard. Finally, concentrations of volatile compounds
were obtained and expressed as 2-octanol equivalent, µg/L.

2.6. Odor Activity Values (OAVs)

Odor activity values of the volatile compounds identified at harvest (SD-6) were
quantified, and the contributions of the compounds to the overall grape aroma were
estimated. Odor activity values of the aroma compounds are expressed as c/t, with (c) as
the total concentration of each compound and (t) the odor threshold value from aqueous
solutions found in the literature.

2.7. Statistical Analysis

All data analyses were done in triplicates and reported as average means. The data
were analyzed using one- and two-way Analysis of Variance (ANOVA) in IBM SPSS
Statistical software program 26 for Windows (SPSS Inc., Chicago, IL, USA), and the mean
was compared using the post hoc Tukey’s test (p < 0.05). A correlation analysis of amino
acids and derived volatiles was performed using Pearson’s correlation analysis in SPSS.
Hierarchical heatmaps of grape amino acids and aroma compounds were generated using
the OmicStudio tools at https://www.omicstudio.cn (accessed on 10 March 2022).

3. Results
3.1. Physicochemical Parameters of ‘Cabernet Gernischt’ Grapes

Figure 1 shows the physicochemical properties of control and treated ‘Cabernet
Gernischt’ grapes. Generally, the weight of the berries (Figure 1A) increased through-
out the study (Sampling Date-1 to Sampling Date-6), with significant differences between
BTH-treated grapes and control grapes. BTH-treated grapes were larger than control
grapes. The weight gain for both treatments was gradual from SD-1 to SD-3 but increased
abruptly from SD-3 to SD-6, observing a final weight of 98.24 and 126.95 g/100 berries,
respectively, in control and BTH-treated grapes. The increasing trend of total soluble
sugars in both treatments was similar to the weight. Total soluble sugars (Figure 1A) in
the samples increased throughout grape development, with the control samples recording
slightly higher Brix values than the BTH-treated samples, although the differences were not
substantial. For the controls, we recorded a final Brix value of 20.27, compared to 19.62 Brix
in BTH-treated samples.

The pH content (Figure 1B) in both treatments increased gradually from SD-1 to SD-6,
with no statistical differences between treatments. Control and treated samples reached a
pH of 4.07 and 3.92, respectively, on SD-6. On the other hand, titratable acidity (TA) values
decreased during growth, with an acidity value of 0.47 g/100 mL tartaric acid in control
grapes and 0.59 g/100 mL tartaric acid in treated grapes at harvest (Figure 1B).

BTH-treated samples observed high CIRG than their corresponding controls through-
out the study (Figure 1C). The difference in CIRG between treatments from SD-1 to SD-3
was not significant. However, clear distinctions were observed from SD-4 to SD-6. The
CIRG values in each treatment on SD-4 to SD-6 were nearly two times higher than the
CIRG values in samples preceding SD-4.

http://webbook.nist.gov/chemistry/cas-ser.html
https://www.omicstudio.cn
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Figure 1. Physicochemical properties of untreated and treated Cabernet Gernischt cv grapes. For
each sampling date, an asterisk (*) indicates a significant difference between treatments (CK and
BTH) at p < 0.05 and for each parameter, different alphabets indicate differences between sampling
dates at p < 0.05. CK; Control, TSS; Total Soluble Solids, TA; Titratable Acidity, CIRG; Color Index for
Red Grapes, SD; Sampling date.

Total amino acids concentrations differed significantly at p < 0.05 in both treatments
throughout the sampling dates, with control samples being higher than BTH-treated
samples (Figure 1D). The total amino acids in each treatment declined from SD-1 to SD-3,
at which concentrations in both treatments started increasing, presenting a final value of
51.85 g/kg in controls and 41.27 g/kg in treated samples.

3.2. Amino Acids in ‘Cabernet Gernischt’ Grapes

Thirteen (13) amino acids were identified in this study with varying concentrations
(Supplementary Table S1). Some amino acids were found only in one treatment, and some
others were not detected throughout development but only on a few sampling dates. The
color scale shows that compounds with high concentrations range from black to bright red,
while the compounds with low concentrations range from black to light green. Compounds
not detected are designated with very bright green colors (Figure 2). Generally, glutamic
acid (Glu), arginine (Arg), proline (Pro), and lysine (Lys) were the most concentrated
amino acids at harvest (SD-6), followed by glycine (Gly), serine (Ser), threonine (Thr), and
phenylalanine (Phe). Alanine (Ala), tyrosine (Tyr), aspartic acid (Asp), and histidine (His)
presented lower concentrations, while cysteine (Cys) was not detected in both treatments
at harvest.
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Precisely, Glu, Gly, Arg, and Ser were the most abundant compounds detected in both
treatments throughout development. Glu was the most concentrated amino acid amongst
the four, with the highest concentration in control on SD-5. For proline, we observed higher
concentrations in both treatments from SD-4 to SD-6. Thr, Ala, Tyr, Phe, and histidine (His)
observed low concentrations throughout the study in both treatments. However, their
concentrations in control samples were higher than in BTH-treated samples. Contrary,
cysteine was found only on SD-4 in both treatments.
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3.3. Concentrations of Aroma Compounds in ‘Cabernet Gernischt’ Grapes

Figures 3 and 4 show the concentrations of volatile compounds detected in this study.
A total of 97 volatile compounds were detected consisting of 5 acids, 11 C6 compounds,
17 carbonyls, 27 alcohols, 10 esters, 12 terpenes and norisoprenoids, and 15 other volatiles
(Supplementary Table S2). C6 compounds were the most concentrated volatiles, although
alcohols were the abundant class. Specifically, the aroma compounds were not all detected
in both treatments. Some volatiles were found in samples throughout the growth period,
while the concentrations of others were lost in the process, as shown on the hierarchical
heatmap (Figure 3). The color scale shows that compounds with high concentrations range
from light blue to deep red, while the compounds with low concentrations range from light
blue to deep blue.
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Generally, the concentrations of volatile compounds in both treatments varied signif-
icantly, as observed in the total volatiles’ concentrations (Figure 4). Total acids, total C6
compounds, total alcohols, and total esters all progressively increased throughout develop-
ment, with BTH-treated samples having higher concentrations than control samples. Contrary,
the overall concentrations of total terpenes and norisoprenoids and total carbonyls in control
samples were higher than in BTH-treated samples. The concentrations of these volatile classes
in both treatments increased from SD-1 to SD-4 and then started declining, displaying a
bell shaped-like pattern. The accumulation of fatty acids, unlike other volatiles, began late
in the control treatment when compared to BTH-treated samples. The overall total aroma
compounds increased significantly, with higher concentrations in BTH-treated samples.

3.4. Odor Activity Values of Aroma Compounds

Table 1 shows the odor activity values of the aromatic compounds identified in this work.
Most of the volatiles found had a profound effect on the overall flavor of the grapes. Volatile
compounds with OAVs ≥ 1 are considered vital sources of grape aromas. However, volatiles
with OAVs ≤ 1 can also enhance the aroma of grapes through the combination of similar
compounds [38]. Therefore, the volatiles displayed in Table 1 are compounds with OAVs ≥ 0.1.
Among the total aromatic compounds identified, 14 odor-active volatiles had OAVs above 0.1.
Hexanal had the highest OAVs in control (13.30) and BTH-treated samples (22.13) with green,
grassy, herbaceous aromatic notes. The level of citrusy and green aromatic notes conferred by
nonanal in BTH-treated grapes was twice as in control grapes. When compared with the C6
aldehydes, the C6 alcohols had lower OAVs (OAV ≥ 0.1) and contributed to the overall aroma
of the grapes. Another active aroma compound that greatly impacted (OAVs > 1) the overall
flavor of the grapes was (E, Z)-2,6-Nonadienal, which contributed fresh green and cucumber
notes. The fruity and flowery aromas are usually from esters. Among the esters, Hexyl
acetate, (Z)-3-Hexenyl acetate, Hex-(3Z)-enyl butyrate, and (3Z)-3-Hexenyl 3-methylbutanoate
were the only active odorants (OAVs ≥ 0.1). Cabernet Gernischt cv grapes, in brief, can be
described as a cultivar with floral, fresh grassy, and fruity aromas in great intensity, with
BTH-treated samples exceeding control samples.

Table 1. Odor Activity Values (OAV ≥ 0.1) of untreated (control) and treated Cabernet Gernischt cv
grapes at harvest (SD-6).

Compound
Odor Activity Value (OAV) Odor Threshold

(µg/L) Odor Descriptor
Control BTH

Hexenal 13.30 ± 0.03 a 22.13 ± 0.17 b 4.5 grassy, green
(E)-2-Hexenal 2.50 ± 0.01 b 0.29 ± 0.06 a 17 green, fresh, fruity
(E)-2-Hexenol 0.22 ± 0.01 a 0.23 ± 0.03 a 100 green

(Z)-3-Hexen-1-ol 0.10 ± 0.01 b 0.03 ± 0.01 a 70 green
(E)-2-Octenal 0.07 ± 0.01 a 0.19 ± 0.03 b 3 green, nut

Nonanal 0.44 ± 0.02 a 0.88 ± 0.05 b 1 citrusy, green
(Z)-2-Heptenal 0.23 ± 0.01 a 0.25 ± 0.03 a 3 dry fish, smoky

(E, Z)-2,6-Nonadienal 8.50 ± 0.02 a 10.00 ± 0.03 b 0.02 green, cucumber
1-Octanol 0.03 ± 0.00 a 0.10 ± 0.03 b 40 floral, fatty

1-Octen-3-ol 1.54 ± 0.04 a 1.95 ± 0.08 b 1 mushroom
Hexyl acetate 0.03 ± 0.01 a 0.10 ± 0.00 b 2 fruity

Hex-(3Z)-enyl butyrate 0.04 ± 0.00 a 0.05 ± 0.01 a 20 wine, green
(3Z)-3-Hexen-1-yl acetate 0.37 ± 0.02 a 0.55 ± 0.03 b 8 green, banana

(3Z)-3-Hexen-1-yl 3-methylbutanoate 0.89 ± 0.05 b 0.09 ± 0.02 a 1 fruity
β-ionone 0.57 ± 0.05 a 2.71 ± 0.07 b 0.07 floral, violet
Linalool 0.02 ± 0.00 a 0.04 ± 0.00 a 25 floral

β-Cyclocitral 0.06 ± 0.01 a 0.14 ± 0.02 b 5 minty
Terpinen-4-ol 0.02 ± 0.00 a 0.03 ± 0.00 a 5 nutmeg, floral,

β-damascenone 1.78 ± 0.03 b 1.33 ± 0.05 a 0.09 sweet, floral, fruity

Data are means ± SD. Values in a row with different superscripts are significantly different (p < 0.05). OAV was
calculated from the odor thresholds (µg/L) exposed in different reports: Volatile compounds database (https:
//www.vcf-online.nl/OFTVCompoundSearch.cfm), accessed on 10 February 2022; Flavornet database (https:
//www.flavornet.org), accessed on 25 November 2021; Burdock [38]; Pino and Quijano [39]; Ferreira et al. [40].

https://www.vcf-online.nl/OFTVCompoundSearch.cfm
https://www.vcf-online.nl/OFTVCompoundSearch.cfm
https://www.flavornet.org
https://www.flavornet.org
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3.5. Correlation between Amino Acids and Amino Acids-Derived Aroma Compounds

The correlation coefficients between amino acids and aroma compounds in control
and BTH-treated samples at the final harvest (SD-6) are shown in Table 2. Significant
correlations between the amino acids and aroma compounds observed were generally
positive. Lysine (Lys) correlated positively with benzaldehyde in control samples (p < 0.01)
and BTH-treated samples (p < 0.05) and positively with 3-Methyl-3-heptanol in control
samples only at p < 0.01. Phenylalanine (Phe) correlated positively with benzaldehyde
and phenylethyl alcohol in control samples and correlated negatively with phenylethyl
alcohol in BTH-treated samples. Phenylethyl alcohol in control samples also correlated
strongly with threonine, serine, and glutamic acid. Although phenylethyl alcohol in
BTH-treated samples correlated positively with these amino compounds, their correlation
coefficients were insignificant. Tyrosine (Tyr) correlated positively with benzaldehyde,
2-Ethylhexanol, and (6S)-6-Methyl-1-octanol in BTH-treated samples and positively with
phenylethyl alcohol in control samples. On the other hand, glycine correlated positively
(p < 0.01) with phenol in control samples and negatively in treated samples at p < 0.05.
Several strong correlations between amino acids and aroma compounds exist, but their
coefficients were insignificant.

Table 2. Correlation coefficients between amino acids and derived volatile compounds from untreated
(CK) and treated (BTH) Cabernet Gernischt cv grapes at harvest.

TREATMENT ASP THR SER GLU GLY HIS ALA LYS TYR PHE ARG PRO

CK
Benzaldehyde −0.148 0.613 0.729 0.77 −0.144 0.658 −0.067 0.95 ** 0.411 0.865 * 0.559 0.058
2-Ethylhexanol −0.478 −0.012 −0.183 −0.529 0.655 0.256 −0.182 −0.312 −0.199 −0.253 0.221 0.48
Benzyl alcohol −0.369 0.419 0.241 −0.058 0.268 0.271 −0.593 −0.282 −0.694 0.898 * 0.509 −0.173

Phenylethyl Alcohol −0.285 −0.045 −0.348 0.863 * −0.37 0.776 −0.665 0.714 0.896 * 0.939 ** 0.847 * 0.572
(6S)-6-Methyl-1-octanol −0.539 0.527 0.61 0.577 −0.166 0.619 −0.025 0.637 0.39 0.534 0.461 0.103

3-Methyl-3-heptanol −0.141 −0.013 0.041 −0.372 0.799 0.019 0.62 0.927 ** 0 0.334 0.024 −0.003
Phenol 0.058 −0.15 −0.086 −0.447 0.924 ** 0.028 0.701 0.306 0.201 0.315 −0.041 0.864 *
Styrene −0.251 0.175 0.213 0.438 −0.714 0.035 −0.221 −0.046 0.061 0.196 0.006 −0.033

BTH ASP THR SER GLU GLY HIS ALA LYS TYR PHE ARG PRO
Benzaldehyde 0.562 −0.156 −0.161 −0.112 0.58 0.563 0.47 0.912 * 0.859 * 0.235 0.142 −0.403
2-Ethylhexanol −0.053 −0.294 −0.471 −0.487 0.282 0.495 0.53 0.401 0.847 * 0.134 0.04 −0.452
Benzyl alcohol 0.031 0.563 0.532 0.498 0.642 0.755 0.7 0.133 0.567 0.873 * 0.49 0.047

Phenylethyl Alcohol −0.381 0.757 0.584 0.418 0.605 0.773 0.592 −0.102 0.224 −0.892 * 0.714 0.422
(6S)-6-Methyl-1-octanol 0.267 0.265 0.228 0.233 0.69 0.779 0.851 * 0.472 0.83 * 0.621 0.366 −0.204

3-Methyl-3-heptanol 0.428 −0.105 −0.135 −0.127 0.531 0.522 0.313 0.172 0.718 0.034 0.203 −0.276
Phenol −0.376 0.575 0.38 0.125 −0.812 * 0.118 −0.705 −0.203 0.21 −0.557 0.613 0.934 **
Styrene −0.744 0.071 −0.285 −0.56 −0.029 0.105 −0.656 −0.061 −0.413 0.387 0.387 0.542

* Indicates a significant correlation at the 0.05 level (2-tailed) ** Indicates a significant correlation at the 0.01
level (2-tailed).

4. Discussion
4.1. Effect of BTH on the Physicochemical Properties of ‘Cabernet Gernischt’ Grapes

As an alternative to fungicides and pesticide treatment, BTH in viticulture has also been
exploited for its impact on the quality of grapes and wines from elicited grapes [17,19,20,22,41].
In this work, we studied the influence of multiple BTH applications on the compositional
quality of Cabernet Gernischt cv berries.

As shown in Figure 1A, BTH significantly increased the weight of berries and de-
creased the sugar content of treated grapes when compared to control grapes. Regarding
the time of BTH treatment in this study, grape development at that time involved cell
division and expansion, and the accumulation of metabolites [16,42]. The increased weight
of BTH-treated grapes could be because BTH treatment enhanced the absorption of water
molecules into the cells, causing the size to expand, and diluting soluble sugars and other
primary metabolites [42]. Gil-Muñoz et al. [19], in their study of BTH and Methyl Jas-
monate (MeJ) treatment, reported weight increases in BTH-treated Syrah grapes along with
decreased soluble sugars. Similarly, weight gain was observed in Monastrell berries treated
with BTH, correlating with a decrease in soluble sugars [17,21,43]. In all these studies, the
weight gain in BTH-treated grapes was attributed to high precipitations. However, if BTH
treatment had not affected absorption in berry cells, the weight of the BTH-treated grapes
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may have been statistically similar to the weight of control grapes. This is an indication
that the influence of precipitation on berry weight depends on the rate of berry absorption,
which may have been accelerated by BTH treatment in the BTH-treated grapes.

Regarding the influence of BTH on the pH and TA content, we found no statistical
difference between treated samples and control samples, similar to reports of previous
studies [17,18,44].

Grape skin color is a quality component that significantly influences the color quality
of the resulting wines. The increase in grape color after BTH treatment has been reported
in numerous studies [19,21,41]. The BTH-treated grapes in this study measured high CIRG
values when compared with control grapes. According to Beckers and Spoel [45], an
increase in grape color is a defense response triggered against biotrophic pathogens since
an increase in phenolic compounds inhibits their actions. The grape color increase observed
in this work could be attributed to the defense mechanism of BTH in the treated grapes [45].

4.2. Effect of BTH on the Amino Acids Profile of ‘Cabernet Gernischt’ Grapes

Amino acids are vital compounds involved with grapevine metabolism, and their
composition and concentration in grapes generally depend on the grape variety and
examined berry tissue, among others [46,47]. To the best of our knowledge, this current
study is the first to characterize the amino acids of ‘Cabernet Gernischt’ grapes.

The thirteen (13) detected amino acids in this work can be classified into five families
based on the amino acids’ biosynthesis pathways [48]. The aspartates (Asp, Lys, and Thr),
serines (Ser, Cys, and Gly), glutamates (Glu, Arg, His, and Pro), aromatics (Phe and Tyr),
and pyruvates (Ala). The most abundant (Glu, Arg, Pro, and Lys) and least abundant (Cys)
detected amino acids in this study are consistent with the most abundant (Glu, Pro, and Arg)
and least abundant (Met, Cit, and Cys) amino compounds usually present in grapes [49].
BTH treatment reduced the concentrations of amino acids in the treated samples, which
could be due to the defense mechanism of BTH and the larger berry size of the treated
samples. The large size of the treated grapes could have diluted the concentrations of the
amino acids [7]. Similarly, in a study by Iriti et al. [3], BTH treatment on Merlot grapevines
modified the concentrations of amino acids in grape leaves. According to Iriti et al. [3],
the differences in concentrations of amino acids were attributed to the induced resistance
of Merlot grapevine to gray mold. Thus, induced BTH resistance in grapevines has a
significant influence on amino acid concentration [3,7] as well as on berry size, as the
skin-to-pulp ratio affects metabolite concentrations [7]. Moreover, the translocation of
amino acids from leaves to berries also directly impacts the concentrations of amino acids
in grapes [50,51].

On the other hand, a study of MeJ treatment by Gil-Muñoz et al. [52] on the nitrogen
composition of Monastrell grapes reported an increase in all amino acids concentrations
in elicited grapes when compared to control samples. However, MeJ treatment had no
significant influence on amino acids detected in Graciano-treated grapes when compared to
the corresponding control samples [49]. This is an indication that the influence of elicitors
on amino acid content depends on the type of defense triggered [22,53] and the grape
cultivar [49,54].

4.3. Effects of BTH on the Aroma Composition of ‘Cabernet Gernischt’ Grapes

The results of the experiment indicated significant differences (p < 0.05) between
the total volatile concentrations of untreated and treated samples. BTH-treated samples
presented higher concentrations of total acids, total C6 compounds, total alcohols, and total
esters, while control samples observed higher concentrations of total terpenes and noriso-
prenoids and total carbonyls. This section of the paper will focus only on the final harvest
date (SD-6), because samples on this date are the most riped with a favorable sugar level.

As precursors to various aroma compounds, the fatty acids in both samples only ac-
counted for 0.24 and 0.35% of the total volatile compounds in control and treated samples,
respectively. Hexanoic acid was the major accumulated acid, whereas linoleic and linolenic
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acids gave the lowest concentrations. The low concentrations of these two acids suggest
their reduction in the formation of C6 compounds as they are the primary precursors in
the synthesis of C6 compounds [16]. C6 compounds were the dominant class, accounting
for 86.89% (control) and 85.17% (BTH) of the total volatile compounds. C6 aldehydes
had relatively higher concentrations in both samples than C6 alcohols, as also reported by
Gómez-Plaza et al. [23] in their study of Monastrell grapes and wines. High concentrations
of C6 compounds give undesirable herbaceous aromas, requiring much attention during
winemaking [55]. However, the degradation of C6 aldehydes into C6 alcohols and subse-
quently into alcohol esters could reduce the herbaceous green aromatic notes [16,23]. The
key enzyme in the biosynthetic pathway of C6 compounds, lipoxygenase (LOX), is reported
to be involved in plant protection against biotic and abiotic stresses [55–57]. This reason
could account for the higher concentrations of C6 compounds in BTH-treated samples
relative to control samples, since BTH treatment triggers responses that mimics biotic
stresses, indicating the treatment could have upregulated LOX and enhanced its activity.

The most abundant carbonyls were 1-nonanal, (Z)-2-heptenal, (E,E)-2,4-heptadienal,
(E)-2-octenal, benzaldehyde, and 6-methylhept-5-en-2-one, representing 70.8 and 63.2%
of total carbonyls, respectively, in control and BTH-treated samples. The metabolism of
several precursors results in the formation of carbonyl compounds. For instance, (E)-
2-octenal is a product of lipid oxidation [56], while benzaldehyde and 6-methylhept-5-
en-2-one are produced respectively from amino acid metabolism [58] and carotenoids
degradation [59]. In the study of BTH and MeJ effect on volatile compounds of Monastrell
grapes and wines, Gómez-Plaza et al. [23] also reported 6-methylhept-5-en-2-one as one
of the carbonyl compounds with high concentrations in BTH-treated grapes. The C9
compound (E,Z)-2,6-Nonadienal recorded relatively low concentrations, with no significant
differences found between both samples. Xie et al. [32] reported similar findings in their
study with the same grape cultivar. Compounds such as octanal, octen-3-one, and penten-
3-one were found in BTH-treated samples only, probably because their concentrations in
control samples were too low to be detected, or they could have been converted into their
respective alcohols by alcohol dehydrogenases [60]. Moreover, BTH treatment could have
enhanced their accumulation in a way by improving the activities of related enzymes in
their biosynthetic pathways.

Alcohols are derived mainly from aldehydes through the activity of alcohol dehydro-
genase, and therefore the concentrations of alcohols depend solely on substrate availability,
enzyme activity, and enzyme specificity [10,16]. The total alcohol concentrations in this
study differed significantly in both samples, constituting 7.32 and 7.50% of the total volatile
compounds detected. Although alcohols were the predominant chemical class in number,
their concentrations were relatively low, with 2-ethyl hexanol as the highest alcohol in
control samples and 1-octanol the highest in treated samples. Similar observations were
reported in the same grape variety by Xie et al. [32], except for the amino acid-derived
alcohols, which recorded high concentrations. Amino acid-derived alcohols in this study
equally showed higher concentrations in control grapes than in BTH-treated grapes be-
cause the concentrations of the precursors (amino acids) were relatively low in BTH-treated
grapes, as shown in the Results section.

BTH treatment significantly influenced the concentrations of some ester compounds,
resulting in high total concentrations of esters in BTH-treated grapes when compared
to control grapes at p < 0.05. An increase in total concentrations of esters in Groppello
Gentile and Monastrell grapes treated with BTH was also reported [23,61]. This group of
chemical compounds is usually found in grapes at low concentrations because they are
mainly products of yeast fermentation [16,62]. The syntheses of acetate esters in grapes are
precisely from the degradation of amino acids or carbohydrates through the reaction of
acetyl-CoA with higher alcohols [62,63]. The most concentrated ester compound detected in
this study was (3Z)-3-Hexen-1-yl acetate, representing 48.14 and 61.51% of the total esters in
control and treated grapes, respectively. As a common ester detected in Cabernet cultivars,
Kalua and Boss [16] also reported (3Z)-3-Hexen-1-yl acetate as the highest concentrated
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ester in their study, even though its concentration decreased during development. Other
ester compounds found in high concentrations were (3Z)-Hexenyl butyrate and Ethyl
acetate, both accounting for 25.12 and 25.10% of total esters in control and BTH-treated
samples, presenting higher concentrations in BTH-treated grapes than in control grapes.
The high concentrations of ester compounds in BTH-treated grapes could be related to
the treatment applied, in the sense that BTH could have stimulated the activity of alcohol
acetyltransferase (AAT), enhancing the content of esters in treated samples [16].

The findings in this experiment showed that total concentrations of terpenes and
norisoprenoids differed significantly between control and treated grapes, with control
grapes observing higher concentrations than BTH-treated grapes. Neutral grapes are gen-
erally low in terpenes and norisoprenoids [16,64], which is why their concentrations in
this study were low, accounting for 0.50% (control) and 0.37% (treated) of total volatile
compounds. Moreover, the high volatile nature of these compounds [65] and their role as
messenger signals in plants could contribute to the low concentrations observed [22,66,67].
Six terpenes and three norisoprenoids were detected at maturity, with no significant differ-
ences in the concentrations of individual compounds between control and treated samples,
except for theaspirane and β-cyclocitral, which differed significantly at p < 0.05 between
control and treated samples. The major norisoprenoid, β-cyclocitral, accounted for 69.31%
(BTH-treated) and 59.18% (control) of total norisoprenoids, while theaspirane, the highest
terpenoid, accounted for 29.89% (control) and 29.67% (BTH-treated) of the total terpenes.
Although both samples recorded relatively high levels of linalool, there was no significant
difference between them, similar to the report by Gómez-Plaza et al. [23]. According to
Gómez-Plaza et al. [23], BTH-treated grapes presented high contents of limonene, β-ionone,
and β-damascenone. Contrary to their observation, this study discovered high concentra-
tions of limonene and β-damascenone in control grapes. The disparity between these two
studies could be attributed to the grape cultivar, since the treatment was the same (BTH
treatment). Moreover, according to research, the composition and content of terpenes and
norisoprenoids are solely grape-cultivar-dependent, although several other factors may
influence their concentrations [12,55,68]. Moreover, the low levels of terpenes and noriso-
prenoids detected in the BTH-treated samples could be that BTH treatment downregulated
the activities of related enzymes in the terpenoid and carotenoid biosynthetic pathways,
reducing the concentrations in treated grapes [61,69,70].

4.4. Correlation Analysis of Amino Acids and Derived Aroma Compounds

Generally, the results depict positive correlations between amino acids and aroma
compounds with high coefficients. The aromatic amino acids correlated with most of the
aroma compounds. Phenylalanine correlated significantly to syntheses of phenylethyl
alcohol, benzyl alcohol, and benzaldehyde in control samples. The positive coefficients
indicate that the accumulation of these compounds is influenced directly by the status
of phenylalanine. Thus, an increase or decrease in phenylalanine content increases or
decreases levels of the aroma compounds. However, phenylalanine in BTH-treated grapes
negatively correlated with phenylethyl alcohol at p < 0.05, with a coefficient of −0.892,
indicating the inverse impact of BTH on phenylalanine which changed the proportional
relationship between phenylalanine accumulation and consumption. Tyrosine correlated
significantly at p < 0.05 with benzaldehyde, 2-Ethylhexanol, and (6S)-6-Methyl-1-octanol in
BTH-treated grapes. Lysine and glycine contributed significantly (p < 0.01) to the syntheses
of 3-Methyl-3-heptanol and phenol in control grapes, correlating strongly with coefficients
of 0.927 and 0.924, respectively. However, glycine negatively correlated with phenol
at p < 0.05 in BTH-treated grapes, with a coefficient of −0.812. All significant negative
correlations were observed in treated grapes, indicating the impact of BTH treatment on
amino acids (precursors), as illustrated in the Results section.
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5. Conclusions

Our results showed that BTH treatment affected the weight and color of the samples
positively while reducing the sugar content. Additionally, amino acid contents in BTH-
treated samples were influenced negatively, with significant differences between control
and treated samples. The low amounts of amino precursors accounted for low concentra-
tions of amino acid-derived aromas in treated grapes. However, BTH treatment enhanced
the accumulation of fatty acids, C6 compounds, alcohols, and esters, presenting higher total
volatile concentrations of these compounds in treated grapes compared to their respective
control grapes. On the other hand, BTH-treated samples observed lower concentrations of
total terpenes and norisoprenoids and total carbonyls. The sequence of concentrations of
each volatile class observed in the study suggests that BTH treatment affected the activities
of enzymes related to the synthesis of these aroma compounds. Future studies, therefore,
could explore the impact of BTH treatment on the expression of aroma-related enzymes
in ‘Cabernet Gernischt’ grapes. Additional research to enhance the amino acids profile of
‘Cabernet Gernischt’ grapes with BTH treatment is recommended.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8090812/s1, Table S1: Concentrations of amino acids
obtained from untreated and treated Cabernet Gernischt grapes during development; Table S2:
Concentrations of aroma compounds of untreated and treated Cabernet Gernischt grapes
during development.
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