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Abstract: Muscadine grapes (Vitis rotundifolia) are native to the southeastern U.S., where they are
valued for their unique flavor and fruity aroma. Despite having a diverse aroma profile, muscadine
germplasm is virtually unexplored in terms of its aroma volatile content and composition, which
is crucial in determining the value of its products. The aim of this research was to characterize
24 muscadine genotypes with distinct uses and origin for their aroma-related volatile profiles using the
headspace solid-phase microextraction method coupled with gas-chromatography mass spectrometry.
In total, 63 volatile compounds were detected, and genotypes significantly differed for 43 of the
volatile compounds. We also profiled the aroma volatile content and composition of the commercially
cultivated muscadine cultivar Carlos at various stages of berry ripeness. Characteristic differences
were observed in the composition of the volatile compounds as ripening progressed. This is the first
study to have evaluated the aroma volatile composition of a wide variety of muscadine germplasms,
including juice and fresh fruit cultivars, as well as the related species Vitis popenoei and its complex
hybrids between V. rotundifolia and Vitis vinifera. The results obtained from this study will help
identify muscadine genotypes and better design crosses to produce fresh fruit and wine selections
with the desired aroma profiles. This knowledge will lead to the development of new muscadine
cultivars and significantly contribute to the expansion of muscadine use in the future.

Keywords: Vitis rotundifolia; Muscadinia; flavor; quality; GC-MS; HS-SPME

1. Introduction

Muscadine grapes (V. rotundifolia) are a native North American fruit found commonly
throughout the southeastern U.S. with excellent adaptation to hot, humid summers and
warm winters. It belongs to the Muscadinia subgenera in the genus of Vitis [1–4]. The
subgenus Muscadinia has only two species: V. rotundifolia Michx. and V. popenoei J.H.
Fennel [5]. Muscadines are a regional fruit with commercial production concentrated in
the southern piedmont of North Carolina, the eastern coastal plain of North Carolina and
South Carolina, and the piedmont and coastal plain of Georgia [6]. Production also extends
to other states, especially Florida and Arkansas, but in lesser amounts. This fruit crop
possesses tremendous potential for sustainable fruit systems in this region as it is much
more productive than bunch grapes when grown in low-input systems [7]. Muscadines are
primarily produced for fresh-market sales and processed products such as wine and juice.
Muscadines have a high antioxidant capacity similar to that of blueberries and blackberries,
leading to them often being described as a “superfruit” [8,9].
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Muscadines are prized throughout their native range for their unique flavor. The basic
tastes (sweetness, sourness, and bitterness) impacting fruit flavor are perceived by the
taste receptors on the tongue, while volatile compounds are responsible for typical aromas
(smells) and aromatic flavors (perceived while in the mouth). The combination of taste and
olfaction provide the sensation of flavor [10,11]. Muscadines have very pronounced aromas
that are often described as “fruity”, “foxy”, or “candy-like”. The aroma of fresh muscadines
is very desirable to those who know and love the fruit, but it can be overwhelming to those
who are only familiar with V. vinifera grapes. Desired flavors vary depending on whether
the fruit is to be used for fresh market, juice, or wine. Muscadine grape germplasm is highly
diverse for appealing fruit aromas, likely in part to facilitate the location and consumption
of dehiscent berries by an array of frugivore seed dispersers [12]; however, muscadine
germplasm is virtually unexplored for its aroma-related volatile composition and content.

Baek et al. [13] performed a gas chromatography-mass spectrometry (GC-MS) study
of ‘Carlos’ muscadine grape juice and identified 33 volatile compounds related to aroma.
Among them, 2,5-Dimethyl-4-hydroxy-3(2H)-furanone (furaneol) was the most abundant,
which, along with o-aminoacetophenone, was thought to give the candy and foxy-like
aroma notes to muscadine juice. At low concentrations, furaneol has a pineapple- or
strawberry-like aroma. It has also been found in other North American Vitis species,
including Vitis labrusca. However, at higher concentrations, the same compound gives off
an undesirable caramel-like aroma, which is often avoided in wine made from bunch grapes
(V. vinifera). This study also found several other predominant compounds and their aromas
such as 2,3-butanedione (buttery/cream cheese), ethyl butanoate (bubble gum/fruity),
ethyl 2-methylbutanoate (green apple/fruity), and 2-phenylethanol (rosy). In a separate
study of ripe ‘Cowart’ muscadine grapes by Lee et al. [14], volatile esters associated with
fruity, floral, and pleasant odors were detected. Wine samples of ‘Welder’ and ‘Noble’
muscadine grapes produced relatively high concentrations of alcohols and esters of fatty
acids [15]. Recently, Deng et al. [16] investigated the aroma-related volatile profile of five
commercially grown muscadine cultivars. This study was able to identify 44 compounds,
including esters, aldehydes, alcohols, fatty acids, terpenes, ketones, and furan via the solid-
phase microextraction (SPME) GC-MS procedure. They found that geraniol and cinnamyl
alcohol were the key volatile components that distinguished the Alachua cultivar from the
rest. This study also showed that (Z)-3-hexenal, and (E)-2-hexenol were more prominent in
the Fry and Granny Val cultivars, respectively. Although these studies indicate the presence
of a wide variety of aroma-related volatile compounds in muscadine, focusing on only a
few pure V. rotundifolia muscadine cultivars was not sufficient to investigate and exploit
this genetic resource.

Fruit ripeness is the key attribute in muscadines that determines the appropriate time
of harvesting fruits for both fresh market and juice production. This is especially important
for fruits like muscadines with a relatively short shelf-life (about four weeks) and harvesting
window (late summer to early autumn). The composition and abundance of aroma volatiles
are linked with the fruit maturity and level of ripeness. Studies have shown differences in
volatile composition in the different ripening stages of bunch grapes [17], raspberries [18],
bananas [19], lulos [20], figs [21], and muskmelons [22]. However, no research has been
conducted to understand the effect of berry ripeness on the aroma volatile composition
of muscadines.

In this research, we investigated the aroma-related volatile profile of a wide variety
of muscadine germplasms, including closely related species and hybrids that have been
an important gene pool in muscadine breeding. Additionally, we identified volatile com-
pounds and their abundance pattern at various ripening stages in a commercial muscadine
wine cultivar, Carlos. The systematic characterization of the volatile compound profile of
key germplasms will aid muscadine breeding by giving breeders the ability to select and
combine appropriate parents for the desired flavor profile of the product. This eventually
helps fulfill consumers’ demand for specific muscadine flavors in the market, and it will
ultimately boost muscadine utilization. Similarly, understanding the pattern of volatile
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abundance at various stages of fruit ripeness could provide information for the muscadine
industry in understanding how berry ripening stage will influence the flavor profile of
muscadine products.

2. Materials and Methods
2.1. Plant Materials and Sampling

The muscadine vines for germplasm characterization were grown at the University of
Georgia (UGA) breeding program’s experimental vineyards located in Tifton, GA, USA (lat.
31◦28′39.81′′ N, long. 83◦31′39.61′′ W). A list of these genotypes, their utility, and derivation
is presented in Table 1. Vines were planted 3.04 m apart within the row and trained to
two cordons on a 1.5 m high wire. Vines were irrigated and received commercial level
care, which includes fertilization and fungicide applications as recommended by Poling
et al. [23]. For the experiment to study the aroma volatiles at different stages of ripening,
the fruit samples collected from the Carlos cultivar were planted at a commercial vineyard
(Paulk Vineyards) in Wray, GA, USA.

Table 1. Muscadine germplasm used in aroma-volatile characterization.

Genotype Female Parent Male Parent Berry Color z Reference Notes

AM-195 AM-19 AM-1 Black M.L.W. breeding
records Fresh-market selection.

AM-77 Carlos NC. 67A015-26 Black M.L.W. breeding
records Red wine and juice breeding selection.

Carlos Howard NC. 11-173 Bronze [24] Leading white wine muscadine cultivar.

Cowart Higgins Ga. 28 Black [24] Fresh-market cultivar with a pronounced
aroma.

Fennel’s 3-way
hybrid

Fennell’s 2-way
hybrid V. popenoei Black [25] Fennel’s 2-way hybrid is ‘Scuppernong’ ×

V. rotundifolia var. munsoniana.
Fry Ga. 19-13 Ga. 19-11 Bronze [24] Leading bronze fresh-market cultivar.

Ga. 13-3-36 Ga. 6-9-91 Ga. 6-1-217 Bronze P.J.C. breeding
records

Ga. 18-5 is a grandparent, Ga. 13-3-36
10.9% V. vinifera and 89.1% V. rotundifolia.

Ga. 1-6-14 Scarlet Tara Bronze P.J.C. breeding
records

Fresh-market muscadine selection with a
“honey” flavor.

Ga. 18-5 Ga. 14-32 Ga. 12-2-1 Black P.J.C. breeding
records

Interspecific hybrid that is 43.75% V.
vinifera and 56.25% V. rotundifolia.

Golden Isles Fry Ga. 19-6 Bronze [24] White wine muscadine cultivar released
for more neutral flavored wine.

Hall Fry Tara Bronze [24] Fresh-market muscadine cultivar.
Lane Supreme Tara Black [24] Fresh-market muscadine cultivar.

Magnolia Unnamed
seedling Topsail × Tarheel Bronze [24] White wine muscadine cultivar.

Magoon Thomas Burgaw Black [24] Black fresh-market muscadine cultivar.
Noble Thomas Tarheel Black [24] Leading red wine muscadine cultivar.

Oh My! JB99-1-4-15 JB03-20-1-21 Bronze [24,26]
Stenospermocarpic seedless quasi-BC2
hybrid with an 86.9% V. rotundifolia
background.

Paulk Supreme Tara Black [24] Fresh-market muscadine cultivar.

Pineapple Fry Senoia Bronze [24] Fresh-market muscadine cultivar with a
“pineapple” flavor.

Ruby Crisp Supreme Tara Red [24] Fresh-market muscadine cultivar with a
red color and mild flavor.

Scuppernong Unknown Unknown Bronze [24] Bronze colored native selection.

Southern Home Summit Fla. P9-15 Black [25] Interspecific hybrid of V. rotundifolia, V.
popenoei, and V. vinifera.

Supreme Black Fry Dixieland Black [24] Leading black fresh-market muscadine
cultivar.

Tarheel Luola V68 R14 B2 Black [24] Older red wine muscadine cultivar.
V. popenoei DVIT
2970 Unknown Unknown Purple Native selection of V. popenoei.

z Underlined genotypes were used in the study of difference in the aroma volatile composition between black and
bronze muscadines.

Muscadine berries ripen asynchronously, and berries are harvested individually rather
than in clusters. Therefore, most muscadine cultivars require several pickings to remove all
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the ripe fruit. For germplasm characterization, berries judged to be at optimal commercial
ripeness (fully colored and with some softness), as well as free from defects, were harvested.
Fruits were harvested at different times depending upon the harvest period of the genotype,
but all fruits were harvested in the month of August. Four berry samples were collected
separately from the two vines of each genotype on two different days (two samples each
day and a sample from each vine). Depending on berry size, a sample of at least five
berries were combined for each replicate (more berries were required per replicate for small-
berry-sized genotypes). For the ripening stage study, fruit samples of the Carlos cultivar
were collected on the same day from five separate vines with berries at various stages
of ripening. Fruits were collected ranging from green, firm, and unripe to dark bronze,
soft, and overripe. Fruits were harvested, brought into the lab, sorted as described below,
and processed for GC-MS, as well as a fruit quality study, within 24 h. In addition to the
analysis of aroma volatiles, several fruit-quality- and flavor-related traits were measured
for the muscadine samples. A sample of 10 berries were separated from the same samples
harvested for GC-MS study as a biological replicate; in addition, color, firmness, total
soluble solids (TSS), and titratable acidity (TA) were measured.

2.2. Sample Preparation for Quality and Volatile Analysis

Fruits were washed with distilled water and dried with paper towels. Berries were
then cut open into halves and the seeds were removed. For aroma volatile analysis, the
halves of at least five berries were then collected for each sample in a 50 mL centrifuge
tube and homogenized for 20 s using Power Gen 500 (Thermo Fisher Scientific, Waltham,
MA, USA). Five grams of the homogenized samples were immediately pipetted into the
20 mL amber glass vials containing 5 g of a saturated salt (NaCl) solution and vortexed for
homogenization. The addition of salt to the homogenized sample lowers the partitioning
coefficient (K) for some volatiles and thus increases their concentration in the headspace.
A total of 10 µL of 1000 ppm 1-Heptanol (Sigma-Aldrich Co., Saint Louis, MO, USA) was
added as an internal standard (IS) in the vials for the relative quantification of volatiles in a
homogenized sample. The vials were then stored at −20 ◦C until analysis.

For the ripening stage study, ‘Carlos’ berries were first density sorted by floating
berries in sodium chloride brine solutions of 8%, 9%, 10%, and 11% [27] to determine the
four grades of the berries (Stages 1–4) (Figure 1). Berries of increasing ripeness sunk in
progressively denser brine. Sorted berries were then immediately rinsed with distilled
water and processed as outlined above.
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Skin color was measured using a Chroma Meter CR-400 (Konica Minolta Sensing Amer-
icas Inc., Wayne, NJ, USA). Five different color components (L*: Lightness, a*: Red/Green
value, b*: Blue/Yellow value, C*: Chroma, and h: Hue) were measured. Fruit firmness was
measured using a FirmTech 2 Automatic Fruit Firmness tester (BioWorks, Inc., Wamego, KS,
USA). Total soluble solids (TSS) and titratable acidity (TA) are commonly used indicators of
fruit maturity, ripening, and flavor. For both TA and TSS measurement, the same protocol
of homogenization was followed as used for the volatile analysis; in addition, the homoge-
nized muscadine samples in 20 mL tubes were centrifuged at 4000 rpm for 30 min at 4 ◦C.
The solid portion was separated by filtering with the cheesecloth and the supernatant flow,
which was collected and stored immediately at −20 ◦C until analysis. TSS was measured
using a digital refractometer (PAL-1; Minato-ku City, Tokyo, Japan). Six grams of a filtered
sample was used for TA analysis. A 0.1 N NaOH solution was used as the titrant, and the
percent TA was measured using a Mettler Toledo DL15 titrator (Greifensee, Switzerland).

2.3. Sample Incubation and GC-MS Conditions

The homogenized fruit samples were incubated for 30 min at 40 ◦C with continuous
agitation at a speed of 250 rpm. After equilibration, the volatile compounds were col-
lected using a 1 cm SPME-fiber-assembly Divinylbenzene/Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS) (Supelco Inc., Bellefonte, PA, USA), and this was achieved by exposing
the fiber to the headspace for 30 min under the same temperature. The fibers were activated
before sampling according to the instructions of the manufacturer. After the incubation,
the SPME fiber was inserted directly into the injection port for desorption (4 min at 250 ◦C)
in a spitless mode. An ultra-inert liner of straight geometry and a 0.75 mm inner diameter
(Agilent Technologies Inc., Santa Clara, CA, USA) was used. Aroma volatiles were analyzed
using an Agilent 7890A gas chromatography system that was connected with a 5977B mass
spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA). The sample preparation
was fully automated and carried out by a Gerstel MultiPurpose Sampler (MPS) (GERSTEL
GmbH & Co. KG, Mülheim, Germany), which was coupled with GC-MS. Helium gas with
a 99.9% purity was used as a carrier gas. A back-inlet purge flow rate was maintained
at 3 mL min−1, and a constant gas flow rate of 1.2 mL min−1 was utilized through the
column. Volatiles were separated using an Agilent HP-5MS (30 m × 250 µm ×0.25 µm)
(Agilent Technologies Inc., Santa Clara, CA, USA) column. The GC-MS methodology for
this experiment was optimized based on the literature of previous research on muscadine
volatile analysis, and it was modified according to the equipment and the needs of the
specific cultivars used in this project. The oven temperature was programmed at an initial
temperature of 35 ◦C for 7 min. The oven temperature was increased to 120 ◦C at 8 ◦C
min−1, held for 5 min, ramped to 150 ◦C at 4 ◦C min−1, and then held for 2 min. The post
run temperature was set at 280 ◦C for 5 min before returning to 35 ◦C. The thermal Aux
2 MSD transfer line, ion source, and quadrupole mass detector temperature values were
set to 250 ◦C, 230 ◦C, and 150 ◦C, respectively. The solvent delay time was set to 2 min in
order to avoid detection of the unnecessary carbon dioxide peak in the chromatogram. The
fragmentation data from a mass spectrometer were collected in scan mode from m/z 25 to
300. The mass spectra in the electron impact ionization (ME-EI) mode were recorded at an
ionization energy of 70 eV. MS data were analyzed in Agilent MSD software ChemStation
F.01.03 (Santa Clara, CA, USA), and volatile compounds were identified by comparing
the mass spectral data with the NIST 2.0 reference library (National Institute of Standards
and Technology, Gaithersburg, MA, USA). The peak area of volatiles was normalized
against the peak area of the internal standard. Furthermore, their relative concentration in
a sample (ng/g of fresh fruit) were calculated with respect to the known concentration of
the internal standard.

2.4. Statistical Analysis

Statistical analysis was performed in R statistical software, version 4.2.1 [28]. One-
way ANOVA (analysis of variance) and Tukey’s HSD (honestly significant difference) test
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was performed with four biological replicates for germplasm characterization study and
five biological replicates for the maturity study. Principal component analysis (PCA) was
carried out, and genotype and variable biplots were generated to visualize the difference
between muscadine genotypes, as well as to identify the correlated volatile compounds
or classes for such variation. Heatmaps were generated for both germplasm and ripeness
studies using the ‘pheatmap’ package in R [29]. Euclidian distance between samples or
volatile compounds were calculated and a complete method of clustering was applied
to generate heatmaps. Pure V. rotundifolia genotypes were divided into black or bronze
categories, and a two-sample t-test was performed to identify the volatile compounds that
significantly differ between two color classes. To correct the type I error due to multiple
testing, a Bonferroni correction was applied to the p-values obtained.

3. Results and Discussion
3.1. Role of Berry Maturity on Volatile Composition

Ripening ‘Carlos’ berries were density sorted into four grades from the least mature
(stage 1) to most mature (stage 4). Stage 1 berries were very firm, partially green, and
clearly unripe. Stage 4 berries were dark bronze in color, very soft, obviously overripe, and
would likely be rejected for fresh fruit sales. Stages 2 and 3 were more similar to each other,
with stage 3 berries being darker in color (Figure 1, Table S1). Both stages would likely
be considered acceptable for fresh fruit sales, but experienced pickers would recognize
stage 3 by its darker color and increased softness; as such, this stage would be targeted for
harvest. The berry color darkened, the firmness and titratable acidity decreased, and the
sugar content increased with increasing maturity classification (Table S1).

The ‘Carlos’ berries produced 18 different volatile compounds, 15 of which varied
significantly among the four fruit maturity stages (Table S2). A heatmap of the volatile
compounds in ripening fruit indicated two distinct clusters: compounds that increase in
maturing fruit and compounds that decrease with maturity (Figure 2). A cluster of four
volatiles, i.e., Eucalyptol, 2-hexenal, (E)-, Hexanal, and 2,4-hexadienal, (E, E)-, decreased
with maturity, especially from stage two to stage three. These volatiles impart fresh mint-
like, fresh green, freshly cut grass, unripe, and citrus odors (Table S2). These volatiles were
among the most dominant aroma volatiles at ripening stages 1 and 2. Three out of four
of the volatiles were from the aldehyde class, and one (Eucalyptol) was a monoterpene.
The second cluster of volatiles, which increased with berry maturity, primarily belonged
to the ester class. Among the 14 volatile compounds, 10 were from the ester, 1 from the
sesquiterpene, 2 from the alcohol, and 1 from the aldehyde chemical class. These volatiles
produced floral, fruity, warm, peppery, sweet, rose, and mango-like aromas. The increased
abundance of these volatile compounds in ripening stages 3 and 4 marked the onset and
progression, respectively, of the berry maturation in the muscadine.

A previous study conducted on ripe berries from five muscadine cultivars has shown
similar categories of volatile compounds (ethyl hexanoate, ethyl octanoate, benzene ac-
etaldehyde, 1-octanol, and phenylethyl alcohol) being abundant in ‘Carlos’ [16]. Similarly,
among the 21 positively identified volatile compounds in ‘Carlos’ juice samples, ethyl
acetate, butanoic acid, ethyl ester, hexanal, hexanoic acid, ethyl ester, benzeneacetaldehyde
(phenyl acetaldehyde), and 2-phenylethyl alcohol were detected with concentrations rang-
ing from 1.3 to 51 folds higher compared to the detectable aroma threshold (in ppb) [13].
Baek et al. [13] found furaneol to be amongst the most important aromatic compounds
in ripe ‘Carlos’ juice samples by following a liquid–liquid continuous method of extrac-
tion (LLCE). However, it was not detected in our study likely due to the difference in
extraction methods between the two studies. Future studies can implement extraction
methods that allow for the better detection of this unstable and polar aromatic volatile
compound [30,31]. A proteome analysis of ripening ‘Carlos’ berries indicated 55 proteins
with a change of ±1.5-fold, and these were recognized to be associated with flavor and
aroma components [32]. The enzymes associated with terpenes, benzenoids, fatty acid
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degradation, and phenylpropanoid pathways were all detected during the ripening of the
‘Carlos’ berries.
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Figure 2. Heatmap showing the cluster of volatile compounds at various ripening stages of the
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The volatile profile we obtained in this study can also be compared with the profile
obtained in bunch grapes (V. vinifera). Gu et al. [17] monitored four red wine grape varieties
(V. vinifera cvs. Cabernet Sauvignon, Cabernet Gernischet, Cabernet Franc, and Merlot)
near harvest time for their aroma volatile composition and found a very similar pattern
of volatile composition during berry ripening. As the ripening progressed, the content of
favorable bound aroma compounds such as free alcohols, esters, and terpenes increased,
and the content of C-6 aldehydes such as 2-hexenal, (E)-, and hexanal decreased in most
cultivars. Similarly, Yang [33] found most esters tended to accumulate during and after
maturation, while C-6 volatiles increased until early maturation and then decreased.

3.2. Diversity of Aroma Volatiles in Muscadine Germplasm

In total, 63 aroma-related volatile compounds were detected in 24 different muscadine
genotypes. These compounds can be compared to the 45 [34], 60 [35], and 94 [36] volatiles
detected in other various groups of the Vitis germplasm. The abundance of the 43 volatile
compounds were significantly different in at least one cultivar (Table S3). Based on the
functional group, these volatile compounds represented seven different chemical classes:
aldehyde, alcohol, ester, furan, monoterpene, aromatic hydrocarbon, and sesquiterpene.
In the principal component (PC) analysis performed, each of the 43 volatile compounds
were considered as a separate variable. Furthermore, the first (PC1) and second (PC2)
components explained 23.9% and 12.4% of total variation in the aroma profile due to the
effect of the genotypes (Figure 3). The cumulative contribution of the first ten principal
components explained 84.4% of the total variation (Figure 4, Table S4), indicating that there
is large variation among the genotypes for their content and composition of aroma volatiles,
thus resulting in the scattered contribution of several PCs. The clustering of genotypes
and volatile compounds clearly shows the variation between genotypes for aroma volatiles
(Figure 5). The PCA loading plot indicated that the separation of genotypes in the first
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principal component was strongly correlated with the volatile compounds that belong to
the aldehyde, furan, ester, and alcohol classes (Figure 6, Table S5). The ester and alcohol
class volatile compounds had a positive correlation, while the aldehyde and furan class
compounds were negatively correlated with the first principal component. The second PC
was positively affected by the monoterpene content of the genotypes. V. popenoei DVIT
2970 had both the lowest PC1 and PC2 score, and it was slightly separated from the other
genotypes. V. popenoei is one of two species of the Muscadinia subgenera. It is a native
of southern Mexico [37] with a very thick skin, and this accession lacks the typical fruity
aroma of V. rotundifolia. V. popenoei, which has not been used in muscadine breeding to
develop new cultivars due to the exception of its appearance in the pedigree of the complex
interspecific hybrid cultivar Southern Home [25]. The volatile composition showed that
DVIT 2970 had relatively large amounts of C-6 aldehydes [hexanal (47.1%); 2,4-hexadienal,
(E, E)- (3.9%); 2-hexenal, (E)- (43.6%)], furan (Furan, 2-pentyl- (0.56%)), as well as low
ester and alcohol class volatiles. Another genotype that has a lower PC1 and PC2 score
is Fennel’s 3-way hybrid, which is the early genotype developed from a complex cross
between V. rotundifolia var. rotundifolia, V. rotundifolia var. munsoniana, and V. popenoei. V.
popenoei is the immediate parent of Fennel’s 3-way hybrid, although DVIT 2970 is not the
accession of V. popenoei that was used as the parent [38]. Like V. popenoei, Fennel’s 3-way
hybrid had a relatively large content of hexanal (19.4%) and 2-hexenal, (E)- (79%) volatiles.
Interestingly, the pure muscadine cultivar Cowart appeared distinct and well separated
from the rest of the genotypes in the first PC. ‘Cowart’ is a fresh market muscadine cultivar
with a strong fruity aroma that was released in 1968. It has a relatively high amount of
ester and alcohol, as well as low aldehydes class volatiles compared to other genotypes
(Figures 3 and 5). ‘Lane’ was separated on the second PC, and this separation was correlated
with its high level of monoterpene-class volatile compounds. The primary monoterpene
compounds with a positive correlation with PC2 were 3-carene, D-limonene, beta-pinene,
Citronellol, Geranic acid, and Citral. Cultivars Lane, Paulk, and Ruby Crisp share the same
pedigree (‘Supreme’ × ‘Tara’). Additionally, breeding selection Ga. 1-6-14 has one parent
in common (‘Scarlet’ × ‘Tara’), and breeding selection AM-195 was derived from a cross
between selections AM-19 (Supreme × Tara) and AM-1 (open pollination of Tara). These
genotypes were clustered close to each other in a PCA plot that indicated that their genetic
similarity may also affect their volatile composition. Ga. 18-5 is a complex hybrid that is
43.75% Euvitis (Figure S1), and it has a prominent aroma that differs from most muscadines.
Ga. 18-5 has significantly higher concentrations of esters (Table S3), such as ethyl acetate
(fruity); butanoic acid and ethyl ester (fruity, juicy, and pineapple); 2-butenoic acid, ethyl
ester, and (Z)- (fruity, mango-like); 2-hexenoic acid and ethyl ester (pleasant, rum-like,
fruity, green, and sweet with a juicy undertone); and heptanoic acid and ethyl ester (fruity
and grape-like). The genotypes ‘Oh My!’, ‘Tarheel’, ‘Golden Isles’, ‘Noble’, ‘Carlos’, and
‘Magnolia’ were concentrated mostly in the third quadrant of the PCA plot along with
Fennel’s 3-way hybrid and DVIT 2970. These genotypes have a proportionately higher
concentration of aldehyde, as well as low alcohol, ester, and terpene-class aroma volatiles.
‘Tarheel’ and ‘Noble’ are closely related to each other as ‘Noble’ is a direct descendent of
‘Tarheel’. ‘Noble’, ‘Carlos’, and ‘Magnolia’ muscadines are popular wine cultivars and
comprise a large proportion of the muscadine wine industry; in addition, ‘Golden Isles’
was released as a wine cultivar but was never planted on a wide scale [39]. ‘Oh My!’ is a
seedless cultivar developed from a complex hybridization of muscadine with V. vinifera [26].
All these cultivars were high in the aldehyde class and low in the ester- and alcohol-class
volatile compound concentrations (Table S3).
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muscadine genotypes.

To further reduce the dimensionality of the volatile composition data and to better
understand how genotypes differ for various chemical classes of aroma volatiles, the
concentration of individual volatiles belonging to the same chemical class were grouped
together and used to perform the ANOVA and principal component analyses. The musca-
dine genotypes were significantly different for each chemical class of volatile compounds
(Table S6). The PCA results showed a similar genotype distribution pattern to that obtained
from the PCA using individual volatile compounds (Figure S2). The first and second PC
explained 34.2% and 17.6% of the total variation, respectively (Figure S3). This result
is very similar to the PCA results reported by Deng et al. [16], with their PC1 and PC2
explaining 36.7% and 18.9% of the total variation (although they had only five commercial
muscadine cultivars included in their analysis). The PCA loading plot showed aldehyde,
furan, ester, alcohol, aromatic hydrocarbon, and sesquiterpene as the important classes
through which to separate the genotypes in PC1 and the monoterpene class for separation
in PC2 (Figure S4).
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Figure 4. Scree plot showing the percentage of variation in the composition of volatile compounds
between genotypes, which was explained by the first ten principal components obtained from PCA.

Aldehydes were the most abundant volatile class in this germplasm, representing
about 45.8% of the total volatile abundance (Table S3). Aldehydes have been found to be
the predominant volatiles produced in ripe grape berries in studies that investigated a
wide variety of grape species [34–36]. Among the aldehydes, the C-6 volatiles hexanal and
2-hexenal, (E)- were the predominant volatiles in this muscadine germplasm, averaging
about 45.2% of the volatiles across the samples (Table S3). These compounds produced
green aromas and were found across all of the muscadine samples. In an evaluation of
berry aroma volatiles in a range of Chinese wild grape species, Rahman et al. [34] identified
45 aroma volatiles, and the C-6 volatiles were the predominant volatiles in most of the
grape species studied. Hexenal and 2-hexenal, (E)- are also abundant in V. vinifera table
grape breeding lines [40].

Esters were the second most abundant volatile class and the most diverse class within
the muscadine germplasm studied here, whereby 31 different esters were identified that
represented, on average, 44.5% of the total volatile abundance (Table S3). Among the
predominant esters, there were the following: ethyl acetate (sweet, grape, and cherry);
2-butenoic acid, ethyl ester, and (Z)- (pungent and sour caramellike); and acetic acid and
butyl ester (apple, banana, and glue). These represented about 30.1% of the total volatiles.
Comparably, Rahman et al. [34] and Liu et al. [36] found esters to be most abundant in V.
labrusca, where they represented 15.8% to 24.3% of all volatiles; meanwhile, in other grape
species, esters were detected in relatively small amounts or not detected at all. The actual
abundance of esters measured in V. labrusca ranged from 121.4 ng/g [36] to 592 ng/g [35].
The abundance of esters in muscadine germplasm measured here ranged from 13.3 ng/g
to 6162.4 ng/g (Table S3). The relatively high abundance and diversity of the esters in
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muscadine germplasm with their characteristic fruity and sweet aromas are likely why
muscadines are well-known for their fruity aroma [13].

Horticulturae 2023, 9, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 5. Heatmap generated by the hierarchical clustering of aroma volatile compounds in the 24 
muscadine genotypes. Genotypes are presented in columns and aroma volatiles are in rows. The 
color in each cell represents the relative concentration of the volatile compounds. 

Figure 5. Heatmap generated by the hierarchical clustering of aroma volatile compounds in the
24 muscadine genotypes. Genotypes are presented in columns and aroma volatiles are in rows. The
color in each cell represents the relative concentration of the volatile compounds.

Monoterpenes were produced in relatively low abundance in these muscadine acces-
sions, and the predominant monoterpene was C-carene (nutmeg) (Table S3). Amongst
the other grape species, monoterpenes are predominantly found in V. vinifera accessions.
Monoterpenes in ripe V. vinifera berries represent 17.4% of all volatiles [36] in terms of the
absolute amounts produced. Moreover, 171.5 ng/g is very similar to the average amounts
produced in muscadine germplasm (172.4 ng/g), where monoterpenes are only 3.2% of the
volatiles produced. This difference in relative abundance highlights the large amount of
aldehyde and ester volatiles produced in muscadine in comparison to V. vinifera.
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3.3. Differences in the Aroma Volatile Composition between Black and Bronze Muscadines

Berry color in muscadines is genetically controlled with bronze-colored berries result-
ing from a recessive glutathione S-transferase4 (VrGST4) mutation that leads to a lack of
anthocyanin pigmentation in the native selection ‘Scuppernong’ [41,42]. Most muscadine
cultivars can be grouped as black or bronze due to their berry color, though there are
some cultivars that have red or pink berries. Fresh fruit vineyards typically plant both
black and bronze varieties in approximately equal proportions as consumers vary in their
preference for color type. We grouped 17 of the pure V. rotundifolia muscadine cultivars
used in this study into black and bronze categories (Table 1), as well as performed two
sample t-tests for all the volatile compounds detected. As expected, the color measurement
showed that black and bronze muscadines are significantly different in their lightness scale
(L*(C)) (Table S7). We identified six volatile compounds that differed between the black and
bronze cultivars (Bonferroni adjusted p-value < 0.05) (Figure 7). Black muscadine cultivars
had a significantly higher concentration of ethyl acetate (fruity aroma) and estragole (odor
description: sweet, phenolic, anise, harsh, spice, green, herbal, and minty), while two
aldehyde-class (2-hexenal, (E)-; 2,4-hexadienal, (E, E)-), and two ester-class (butanoic acid,
ethyl ester; 2-butenoic acid, butyl ester) volatiles were significantly more abundant in
bronze muscadines. Deng et al. [16] performed a partial least-squares discriminate analysis
(PLS-DA) that considered black and bronze muscadine color classes as categorical response
variables, as well as found a better separation among the five muscadine grape cultivars
for their fruit volatile composition. They identified several volatile compounds as potential
metabolic markers to distinguish between black and bronze muscadine samples. Ethyl
acetate and 2-hexenal, (E)- were identified in both studies, suggesting the existence of in-
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herent differences between black and bronze muscadines for aromatic volatile composition,
as well as providing a basis for the further exploration of the genetic and biosynthetic
pathways involved in the volatile composition of black and bronze muscadine cultivars.
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Figure 7. The significantly different (adjusted p-value < 0.05) aroma volatiles between the black
(n = 9) and bronze (n = 8) muscadines obtained from the two sample t-tests. * p ≤ 0.05, ** p ≤ 0.01,
**** p ≤ 0.0001.

4. Conclusions

Significant variation was detected in the muscadine germplasm for the composition
of aroma-related volatiles. Aldehyde, ester, alcohol, and primary monoterpene aroma
volatiles were crucial in distinguishing the muscadine genotypes. Aldehydes and furan-
class volatiles were more abundant in early muscadine selections, wild genotypes, and juice
cultivars, while fresh-market cultivars were mainly characterized by their relatively large
quantity of esters, alcohols, and primary monoterpenes. A ripening study revealed a distinc-
tive pattern of aroma volatile composition in the muscadine berries of the cultivar Carlos
during fruit ripening. Similar to other studies on fruits and vegetables, we successfully
implemented the SPME method of aroma volatile extraction in this study. However, this
method might not be ideal for capturing important volatiles, like furaneol, in muscadine
grapes. In the future, researchers can explore and incorporate different extraction methods
to ensure the successful extraction and detection of furaneol. The results from this study
provide an important basis for the utilization of muscadine germplasm in muscadine breed-
ing programs for the selection of parents and the development of cultivars with desired
flavor profiles. Similarly, consumer preference studies can be carried out and combined
with GC/MS analysis to identify the specific volatiles that contribute to the desired or
unwanted flavor in muscadines. Additionally, the pattern of aroma-volatile composition in
ripening berries offers valuable information for the development and implementation of
metabolic markers to ensure the ripening quality of muscadines.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9091054/s1, Supplementary information are provided
in two separate files: supplementary file.xlsx and supplementary figures.docx. Figure S1: Pedigree of
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the muscadine selection Ga. 18-5 showing its development via complex hybridization steps. Figure
S2: PCA plot of the twenty-four muscadine genotypes obtained using the total amount of volatile
compounds in each chemical class as variables. Figure S3: Scree plot showing percentage of variation
in the composition of volatile compound class between the genotypes explained by the first seven
principal components obtained from PCA. Figure S4: PCA loading biplot showing the contribution
of each volatile compounds class to the first (PC1) and second (PC2) principal components. Length
of arrow represents the amount of contribution made by the volatile compound class. Table S1:
Color, firmness, titratable acidity (TA), and total soluble solid (TSS) contents in the ‘Carlos’ berries at
various stages of maturity. Table S2: Volatile concentration (ng/g of sample) at various stages of berry
ripening in the ‘Carlos’ muscadine cultivar. Table S3: Volatile composition (ng/g of sample) of the
muscadine genotypes. Table S4: PC scores of the muscadine genotypes with each volatile compound
as a separate variable. Table S5: PCA loadings showing the contribution of each volatile compound
to the different principal components. Table S6: Abundance of volatile compounds (ng/g of sample)
of the various chemical classes in muscadine genotypes. Table S7: Color, firmness, titratable acidity
(TA), and total soluble solid (TSS) contents of muscadine genotypes.
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