J. AMER. Soc. Horr. Sc1. 145(3):143—151. 2020. https://doi.org/10.21273/JASHS04856-20

Genetic Diversity and Pedigree Analysis of
Muscadine Grape Using SSR Markers

Shanshan Cao
Department of Horticulture, University of Georgia - Tifton Campus, 2360 Rainwater Road, Tifton, GA
31793

Stephen Stringer
U.S. Department of Agriculture, Thad Cochran Southern Horticultural Laboratory, 810 Highway 26,
Poplarville, MS 39466

Gunawati Gunawan
Department of Horticulture, University of Georgia - Tifton Campus, 2360 Rainwater Road, Tifton, GA
31793

Cecilia McGregor
Department of Horticulture, University of Georgia, 1111 Plant Science Building, Athens, GA 30602

Patrick J. Conner
Department of Horticulture, University of Georgia - Tifton Campus, 2360 Rainwater Road, Tifton, GA
31793

ADDITIONAL INDEX WORDS. cultivar, DNA fingerprinting, identification, microsatellites, Muscadinia, Vitis rotundifolia

ABSTRACT. Muscadine grape (Vitis rotundifolia) is the first native North American grape to be domesticated. During
the past century, breeding programs have created a large collection of muscadine cultivars. Muscadine cultivars are
usually identified by evaluating morphological traits and checking breeding records, which can be ambiguous and
unauthentic. During this study, simple sequence repeat (SSR) markers were used to generate DNA fingerprinting
profiles to identify muscadine cultivars and verify their reported pedigrees. Eighty-nine Vitis accessions were
genotyped using 20 SSRs from 13 linkage groups. From these, 81 unique subgenus Muscadinia accessions were
identified, and a core set of five SSR markers was able to distinguish all of them. Eighteen misidentifications
were found, and five previously unknown accessions were matched with cultivars in the dataset. The profiles of 12
cultivars were not consistent with their reported parentage—progeny relationships. Genetic diversity was analyzed at
four levels: all V. rotundifolia cultivars (N = 67); current cultivars (N = 39); historical cultivars (N = 28); and wild V.
rotundifolia accessions (N = 9). There was substantial genetic diversity in both wild and historically cultivated
muscadines. The principle coordinate analysis (PCoA) showed clear separation among subgenus Vitis cultivars, wild
muscadine accessions, and cultivated muscadines, with PCoA1l and PCoA2 explaining 11.0% and 9.3% of the total

variation, respectively.

The genus Vitis is commonly recognized as having two
subgenera, Vitis (bunch grapes) and Muscadinia (muscadine
grapes) (Planchon, 1887). Although there has been long-stand-
ing controversy regarding their taxonomic distribution
(Ingrouille et al., 2002; Pelsy, 2007), recent extensive phylo-
genetic studies strongly support the nomenclature of Muscadi-
nia as a separate subgenus within Vitis (Liu et al., 2016; Wen
et al., 2018; Zecca et al., 2012). Compared with the subgenus
Vitis, the subgenus Muscadinia is much smaller and consists of
only two identified species: V. rotundifolia and V. popenoei
(Wen, 2007). V. munsoniana, once considered a third species
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within Muscadinia (Husmann and Dearing, 1916), was re-
cently assigned variety status as V. rotundifolia var. munsoni-
ana (Moore, 1991). V. rotundifolia var. rotundifolia (hereafter
referred to as V. rotundifolia), is the only commonly cultivated
Muscadinia grape; the name ‘“‘muscadine” is exclusively
reserved for V. rotundifolia, which is used by the muscadine
grape industry of the southeastern United States to produce
fresh fruit, juices, and wine (Olien, 1990). Muscadine grapes
are morphologically distinct from bunch grapes because of their
smaller clusters, unbranched tendrils, an abscission zone be-
tween the fruit and rachis, smooth thin bark, prominent lenti-
cels, continuous pith, and berries with thick skins and unique
fruity aroma (Hedrick et al., 1908; Munson, 1909). Genetically,
Muscadinia species (2n = 40) have two more somatic chromo-
somes than the subgenus Vitis species (2n = 38) (Patel and
Olmo, 1955).

Muscadine grapes were first cultivated in North America in
the 16th century by European settlers; they were first commer-
cially grown in the middle of 18th century (Husmann and
Dearing, 1916). The first large-scale muscadine breeding pro-
gram was initiated in North Carolina in 1907, and this program
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later released the first hermaphroditic muscadine cultivars
(Dearing, 1948). During the past century, breeding efforts at
several locations have led to a large number of muscadine
cultivars and hybrids (Goldy and Onokpise, 2002). Cultivar
identification and pedigree verification are essential to facilitate
breeding programs and maintain the germplasm because the
plants are typically propagated by rooting cuttings, and breed-
ing germplasm consists of many closely related cultivars.
However, many cultivars, especially more recent releases, are
only documented via morphological characteristics, which are
environmentally sensitive and challenging to differentiate.
Therefore, a molecular marker-based database is necessary to
facilitate cultivar identification and validate pedigree informa-
tion. Among the many types of DNA molecular markers,
simple sequence repeats (SSRs), also known as microsatellites,
are characterized by high abundance, codominant inheritance,
excellent reproducibility, and amenability to automated scoring
with software, making them ideal markers for DNA finger-
printing (Nybom et al., 2014; Semagn et al., 2006). The high
level of polymorphism at each marker even among full siblings
makes SSRs very useful for identifying parent—progeny rela-
tionships (Bassil et al., 2012). SSR markers have been used to
identify cultivars, verify pedigrees, and study genetic diversity
in many clonally propagated crops, including bunch grape
(Dangl et al., 2001; Franks et al., 2002; This et al., 2006),
blackberry [Rubus subgenus Rubus sp. (Zurn et al., 2018)],
black walnut [Juglans nigra (Dangl et al., 2005)], olive [Olea
europaea (Cipriani et al., 2002; Trujillo et al., 2014)], poplar
[Populus sp. (Fossati et al., 2005)], and vegetatively propagated
turf bermudagrass [Cynodon sp. (Wang et al., 2010)]. The
identities of 35 muscadine cultivars were verified with 14 SSRs
(Riaz et al., 2008). However, the muscadine cultivar panel was
primarily obtained from the U.S. Department of Agriculture
(USDA) National Clonal Germplasm Repository located in
Davis, CA, which is largely limited to older cultivars and lacks
many recent releases.

The primary objective of this study was to develop an SSR-
based molecular database for a wide range of current and
historically important muscadine cultivars. This database will
be a tool for the authentic identification of muscadine cultivars,
thus contributing to improvements in muscadine germplasm
management. The secondary objective was to understand ge-
netic diversity in muscadine germplasm.

Materials and Methods

PLANT MATERIAL. During Summer 2017, leaf samples were
collected from several germplasm collections, including the
University of Georgia Tifton Campus (Tifton, GA), North
Carolina State University (Raleigh, NC), Mississippi State
University McNeill Research Unit (McNeill, MS), USDA
National Clonal Germplasm Repository (Davis, CA), and a
few private vineyards or nurseries. A total collection of 190
accessions was used in this study (Supplemental Table S1).
Because most muscadine cultivars are not represented in a
verified germplasm collection, at least two separate accessions
from different locations for each cultivar were obtained when
possible, and these were given separate numbers after the
sample name (Supplemental Table S1). The whole collection
consisted of 159 named V. rotundifolia accessions, five un-
known V. rotundifolia accessions, five wild V. rotundifolia
accessions, six V. rotundifolia var. munsoniana accessions, one
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V. popenoei accession, seven hybrid accessions, five V. vinifera
reference accessions, and two V. xXlabruscana reference acces-
sions.

DNA EXTRACTION AND SSR GENOTYPING. DNA extraction of
leaf tissue was performed as described previously (Conner
etal., 2017). SSR amplifications were conducted using a three-
primer procedure (Steffens et al., 1993). Amplifications were
conducted in a 25-uL solution containing 16.8 uL H,0, 2.5 uL
10X Buffer, 0.3 pL Tag DNA polymerase (Genescript, Grand
Cayman, Cayman Islands), 0.5 uL 10 mm dNTPs, 1 uL 10 mm
universal fluorescent dye-labeled primer, 0.4 uL 10 mm SSR
forward primer, 1.5 uL. 10 mm SSR reverse primer, and 2 uL 5-
ng-uL"' DNA template. During our experiment, the universal
dye-labeled primer was conjugated with the MI13
(TGTAAAACGACGGCCAGT) (Steffens et al., 1993) or the
Tail C (CAGGACCAGGCTACCGTG) (Blacket et al., 2012),
which have the same function but different sequence.

Amplifications were performed in a thermal cycler (Eppen-
dorf Scientific, Westbury, NY) with a 55 °C touchdown
program [94 °C, 3 min, 10 cycles (94 °C, 30 s; 55 °C, 1 min;
72 °C, 1 min), with each cycle decreasing 0.5 °C at the second
step starting from 55 °C, followed by 20 cycles (94 °C, 30 s;
50 °C, 1 min; 72 °C 1 min)]. Polymerase chain reaction (PCR)
products were sent to the University of Arizona Genetics Core
(Tucson) for fragment analysis using a DNA analyzer
(ABI3730; Thermo Fisher Scientific, Waltham, MA). A total
of 66 Vitis-based SSR markers were screened for possible
inclusion in this study (Supplemental Table S2).

DATA ANaLysis. Allele sizes were estimated manually in
Geneious (v11.1; Biomatters, Newark, NJ) using peak sizes
in the Microsatellite Plugin (v1.4.6, Biomatters). Genotyping
was repeated three times if the allele size was ambiguous.
GeneAlEX 6.5 (Peakall and Smouse, 2012) was used to
identify duplicate genotypes, including both synonyms (ac-
cessions with a different name but identical genotypes) and
homonyms (accessions with the same name but different
genotypes). Duplicates of a cultivar with missing data at one
or two loci but identical at all other loci were considered the
same, and the one with the least missing data was retained to
represent that cultivar. When the representative accession
was chosen, data from the other accession(s) of that cultivar
were used to complete the missing locus of the chosen
representative if necessary. The dataset of unique genotypes
was then analyzed with MicroChecker v2.2.3 (Van Oosterhout
et al., 2004) to identify genotyping errors due to null alleles
(nonamplified alleles), short allele dominance (large allele
dropout), and the scoring of stutter peaks. After SSR markers
with genotyping errors were removed, the reported pedigree
for all cultivars was verified using a first-order parentage
analysis, wherein cultivars with putative parent—progeny
relationships should share one common allele at all loci;
otherwise, an error in cultivar identification or reported
pedigree was assumed. Therefore, the assumed identities of
the cultivars were also verified again by evaluating pedigree
relationships. Several factors were considered to determine
the true identity of synonyms. First, when possible, the
phenotype was accessed, primarily flower sex, berry color,
and berry size. If multiple accessions were available, then the
most commonly used accession name was considered cor-
rect. Finally, the parent—offspring relationship was evalu-
ated, with primary consideration given to maternal—offspring
relationships because they are not influenced by accidental
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pollination. A similar process was used for phenotype and
pedigree evaluations to determine the true identity of hom-
onyms. Additionally, if one homonym was also a synonym of
another clone with multiple accessions, then the identity of
that homonym was considered to be the clone with the most
accessions. The homonym with the least supporting evidence
of the true identity was then labeled as ““‘unknown,”” followed
by a unique identifying number.

Genetic diversity was analyzed at four levels: all V.
rotundifolia cultivars; current V. rotundifolia cultivars; histor-
ical V. rotundifolia cultivars; and wild V. rotundifolia acces-
sions (Supplemental Table S1). Historical cultivars were
cultivars released before 1970, whereas current cultivars were
released after 1970. The year 1970 was chosen because all
leading cultivars in the southeast were released on or after this
date (Mortensen, 2001). Parameters such as the number of
alleles detected (Na), number of effective alleles (Ne), observed
heterozygosity (Ho), expected heterozygosity (He), and prob-
ability of identity among siblings (Plsibs) were calculated using
GeneAlEX 6.5. Ho was the proportion of individuals in a
population that was heterozygous at a given locus. He was the
percentage of samples that were heterozygous as expected
under random mating (Nei, 1987). Polymorphism information
content (PIC) referred to the value of the marker for detecting
polymorphisms in a population, and it was calculated using
CERVUS v3.0.7 (Hearne et al., 1992; Slate et al., 2000). The
method of Smouse and Peakall (1999) was used to calculate the

Table 1. Genetic parameters of the 20 SSR assessed in 84 unique Vitis subgenus Muscadinia
genotypes. Linkage group location was based on previously published V. rotundifolia reference
genetic maps (Blanc et al., 2012; Riaz et al., 2012), except for markers VMC7g3, VVS2,
VMC2a5, whose linkage group location was determined from the genetic map of V. vinifera

(Doligez et al., 2006).

genetic distance matrix, which was used to conduct the prin-
cipal coordinate analysis (PCoA) in GeneAIEX 6.5.

Results and Discussion

SSR MARKER AMPLIFICATION AND SELECTION. A survey of 66
Vitis-based SSR markers was conducted for a subset of 24
genotypes to determine those most useful for discriminating
this germplasm. Included in the surveyed markers were five
SSRs used in the Vitis International Variety Catalogue (VIVC)
database (VVMDS5, VVMD7, VVMD?27, VVS2, and VrZag62)
and all the SSRs previously used to fingerprint muscadine
cultivars (Riaz et al., 2008) except for VVIN16, which
displayed low heterozygosity in muscadine. Fingerprint anal-
ysis with 24 SSRs was conducted using the complete set of
accessions. Excluded markers had poor amplification, multiple
loci, or lacked polymorphism among the subset of accessions
used to screen markers (Supplemental Table S2). The marker
VMC8d11 located on LG20 produced two amplified loci with a
difference of ~100 bp between amplification products (Sup-
plemental Table S3). Both loci had easy-to-score peaks, and
they were treated as two different loci named VMC8d11-1 and
VMC8d11-2. Six SSR markers (VMC7h3, VMC4c9, VVIM63,
VMC6el, VVMDS5, and VMC7c3) possibly contained null
alleles (indicated by Micro-Checker v2.2.3, data not shown).
No marker had large allele dropout (preferential amplification
of the smaller allele), but VMC7¢3 had stuttering peaks (am-
plification products that are one or
two repeats shorter than the correct
band size). Several individuals with
homozygous null alleles (no ampli-
fication products) were found using
VMC7h3, VMCé6el, and VMC7c3
after three amplification attempts.

Locusname LG* Na* Ne*  Ho* He*  PIC* Plsibs* Additionally, genotypes at the locus
VMC4f8 1 13 327 070 0.69 0.667 0.43 of VVIM63 did not match the ex-
VMC6f1 2 12 454 083 078 0.746 0.38 pected parent-progeny relationship
VVIB23 217 575 086 083  0.805 0.35 unless a null allele was hypothe-
VVMD34 2 4 3.07 070 0.67 0.606 0.46 sized, thus verifying the presence of
VMC7¢g3 2 13 406 068 075 0718 0.40 null alleles for this locus. Neither of
VMC5f1 3011 378 070 074 0.695 0.41 these issues was found for VVMD5
VVMD27 5 16 535 087 0.81 0.789 0.36 and VMC4c9; therefore, VMC7h3,
VIZAG62 7 14 301 068 067 0616 0.46 VVIM63, VMCé6el, and VMC7c3
VVMD7 7 6 406 074 075 0711 0.40 were discarded due to the presence
VMC4c9 8 5 146 028 032 0284 0.72 of null alleles, but VVMDS5 and
VMC5b8 8 14 537 073 081 0.790 0.36 VMC4c9 were retained, leaving 20
VMC3d7 0 17 454 077 078  0.751 0.38 markers from 13 different linkage
VVS2 111 436 078 077 0.741 0.39 groups for the fingerprint analysis
VMC413.1 12 20 517 086 081 0.783 0.36 (Table 1).

VMC2a5 14 7 231 056 057 0.534 0.52 There were 190 accessions in the
VVIV67 15 14 347 077 071  0.680 0.42 original dataset; however, removing
VMC5al 16 10 376 073 073 0.706 0.41 the multiple accessions for 56 culti-
VVMD5 16 11 3.64 064 073  0.700 0.41 vars and 14 identified synonyms
VMC8dl1-1 20 10 366 075 073 0.677 0.42 reduced the dataset to 89 unique
VMC8d11-2 20 14 493 077 080 0.770 0.37 genotypes (Supplemental Table
Avg 120 398 072 072 0.69  Cumulative Plsibs = 2.3 x 10 S3) consisting of 82 Muscadinia

“LG = linkage group; Na = number of different alleles; Ne = number of effective alleles = 1/(sum p;?);
Ho = observed heterozygosity = number of heterozygotes/N; He = expected heterozygosity = 1 —sum
pi*; PIC = polymorphism information content = 1 — Xp; — £¥2p;’p/*; and Plsibs = probability of
identity when related individuals are included in the sample = 0.25 + (0.5 p;?) +[0.5 (Zp;*)*] - (0.25
2p;*); where p;, p; are the population frequencies of the i and /" allele at a locus and N is the sample

size.
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genotypes, 2 Muscadinia X Vitis
hybrids (Southern Home and Razz-
matazz), and 5 subgenus Vitis ac-
cessions (Arkansas 1 was identified
as a Vitis cinerea vine). After removal
of the subgenus Vitis accessions, 84
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unique genotypes (including 82 Muscadinia genotypes and 2
Muscadinia X Vitis hybrids) identified in this study produced 239
alleles (Table 1). The number of alleles per locus ranged from 4
(VVMD34) to 20 (VMC413.1), with an average of 12. The
average number of alleles per locus for the 14 SSRs used by Riaz
et al. (2008) was 13, which was slightly higher than our
measurement. The PIC value ranged from 0.28 (VMC4c9) to
0.81 (VVIB23), with a mean of 0.69. Except for VMC4c9, the
other 19 SSR locus used in the study had a PIC value more than
0.5, indicating that these SSRs are valuable for detecting poly-
morphisms within a population (Botstein et al., 1980).

IDENTIFICATION OF FIVE UNKNOWN PLANTS. For the 84 unique
genotypes (82 Muscadinia genotypes and 2 Muscadinia X Vitis
hybrids), the probability of identity (PI) value was 3.0 x 102,
and the probability of identity among siblings measurement
was 2.3 X 1078 Therefore, the probability that any two
individuals matches at all 20 SSR loci by chance is 3 in 10"
if siblings are not considered, and ~1 in 40 million if siblings
are considered. Hence, the matches identified in the dataset
were convincing, and a DNA database using the 20 SSR
markers robustly differentiated cultivars and even siblings.

Five unknown or uncertain identities were included in
the initial dataset [Table 2 (no. 1-5)]. “Hinnant unknown” had
a profile identical to ‘Summit’, and “Lineberger unknown” was
identical to “Triumph’. ‘Lineberger Sport’ was found in a planting
of ‘Nesbitt” and was thought to be either a sport with a larger berry
size or an unknown cultivar. The SSR profile of this accession was
identical to ‘Nesbitt’, ruling out that it is an unknown cultivar and
providing evidence that it could be a sport of Nesbitt.

Although most native vines produce dark berries, rare
bronze (nonpigmented mutation) grapes were proven superior

Table 2. Original name, collection location, and verified name of previously unknown (no. 1-5) and

misidentified (no. 6-23) muscadine vines.

for making wine due to improved storability, and the bronze
mutants were predominantly selected for early cultivation
(Olien, 2002). The outcome of early cultivation was the
proliferation of bronze fruit being grown on numerous farms;
of all the names given to these early bronze fruit, “Scupper-
nong” became the common vernacular (Reimer, 1909). Even-
tually, the name Scuppernong was used to refer to all bronze
muscadines, whereas “muscadine’ was used to refer to vines
that had pigmented berries. However, it is unclear whether all
cultivars grown as Scuppernong are descended from the same
original plant. Two of the unknown accessions, ‘CH Bronze
Heirloom Bh’ and ‘CH Bronze Heirloom M’, were female
bronze vines collected from home sites and dated back to the
1900s, with unknown origin. Both of these accessions had the
same profile as ‘The Mother Vine’, which originated from a
clone of the supposedly original ‘Scuppernong’ vine in Roa-
noke, NC. In addition to these two unknown accessions, six
accessions of ‘Scuppernong’ were tested. Four of these vines
were identical to ‘The Mother Vine’ and are assumed to be the
original ‘Scuppernong’ cultivar (Supplemental Table S1), and
two accessions were identified as a released cultivar (Roanoke).
Therefore, we found no evidence for more than one original
‘Scuppernong’ vine having been propagated from the wild.
Discovery ofF 18 MISIDENTIFICATIONS. Eighteen accessions
were found to have been misidentified [Table 2 (no. 6-23)].
Two ‘Burgaw’ accessions were tested, ‘Burgaw(1)’ from North
Carolina State University (Castle Hayne, NC) and ‘Burgaw(2)’
from Mississippi State University (McNeil, MS) (Supplemental
Table S1). These two accessions had different genotypes at all
20 loci (data not shown). ‘Burgaw(1)’ had an SSR profile
identical to ‘Tarheel’, and molecular profiles indicated it was
not the parent of ‘Albermarle’,
‘Chowan’, or ‘Dearing’, as reported
for ‘Burgaw’, indicating that this
‘Burgaw(1)’ is a misidentified ‘Tar-

No. Original sample name Collection location” Verified name  heel’ vine. Pedigree analysis results
1 Hinnant unknown NCSU Summit of ‘Burgaw(2)’ were consistent with
2 Lineberger unknown NCSU Triumph the parentage of ‘Albermarle’,
3 Lineberger Sport NCSU Nesbitt ‘Chowan’, ‘Topsail’, ‘Magoon’,
4 CH Bronze 1800s Heirloom Bh NCSU Scuppernong  and ‘Dearing’ (Supplemental Table
5 CH Bronze 1800s Heirloom M NCSU Scuppernong  S1), strongly suggesting it is indeed
6 Burgaw(1) NCSU Tarheel ‘Burgaw’. The ‘Scuppernong’ ac-
7 Carlos(1) Private nursery, Concord, GA Triumph cessions collected from Concord,
8 Granny Val(4) Private vineyard, Wray, GA Fry GA and McNeill, MS matched with
9 Hunt(2) Private nursery, Brooks, GA Cowart ‘Roanoke’ at all loci. Additionally,
10 Magnolia(1) UGA Carlos these two vines were shown to have
11 San Jacinto(1) NCSU James hermaphroditic flowers like ‘Roa-
12 San Jacinto(2) UGA James noke’, whereas ‘Scuppernong’ has
13 La Salle(1) UGA James female flowers. Both ‘Scuppernong’
14 La Salle(2) NCGR-D (DVIT 1753) James and ‘Roanoke’ produce medium-
15 Scuppernong(1) Private nursery, Concord, GA Roanoke sized bronze berries, likely leading
16 Scuppernong(3) MSU Roanoke to the misidentification of the rela-
17 Southland(2) Private nursery, Brooks, GA Hunt tively rare ‘Roanoke’ as ‘Scupper-
18 Sweet Jenny(2) UGA Darlene nong’. ‘James’ and the two
19 Arkansas 1 NCGR-D (DVIT 1779) Vitis cinerea accessions each of ‘San Jacinto’
20 Dulcet(1) MSU Unknown(1) and ‘La Salle’ shared a single
21 Dulcet(2) NCSU Unknown(2) marker profile. All three cultivars
22 Tara(6) NCSU Unknown(3) are older female cultivars with
23 Triumph(6) NCGR-D (DVIT 2183) Unknown(4) small, black berries, making them

“NCSU = North Carolina State University, Castle Hayne; UGA = University of Georgia, Tifton;
NCGR-D = U.S. Department of Agriculture, National Clonal Germplasm Repository, Davis, CA;
MSU = Mississippi State University McNeill Research Unit, McNeill, MS.
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difficult to distinguish phenotypi-
cally. Both ‘San Jacinto’ and ‘La
Salle’ are reported to be seedlings of
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‘Scuppernong’ (McLeRoy and Renfro, 2008), but their marker
profile rules out ‘Scuppernong’ as a parent; therefore, all were
listed as ‘James’, although this identification is only considered
preliminary because only a single accession of ‘James’ could be
found. The remaining six misidentifications (Table 2) also
occurred between cultivars with a similar berry phenotype and
represent the type of identification errors that plague most fruit
cultivar collections.

‘Arkansas 1’ was submitted to the National Clonal Germ-
plasm Repository (Davis, CA) as a wild accession of V.
rotundifolia, but it proved to be a subgenus Vitis accession
after its branched tendrils were observed at the research station
of the University of Georgia (Tifton campus). Further pheno-
typic analysis determined that this accession is an unknown
accession of Vitis cinerea (P.J. Conner, unpublished data).
Therefore, ‘Arkansas 1’ was excluded from the genetic diver-
sity analysis of Muscadinia. Three cultivars, Dulcet, Tara, and
Triumph, have homonym accessions with differing genotypes
that did not match any other genotypes in the dataset. Because
only two ‘Dulcet’ accessions were available, and because there
is no pedigree information available to indicate which acces-
sion is correct, these accessions were labeled as “unknown(1)”
and “unknown(2),”” and both accessions were included in the

@ Jumbo
@ Pride

Higgins. @ Unknown(4)
FrySeedless

diversity analysis. ‘Tara’ and ‘Triumph’ both had single hom-
onym accessions (Supplemental Table S1) among multiple
accessions, and pedigree data were consistent with the outlier
accessions being the off-type (Supplemental Table S1). There-
fore, ‘Tara(6)’ and ‘Triumph(6)’ were listed as “unknown(3)”
and ““‘unknown(4)” in the genetic diversity analysis (Fig. 1).
PEDIGREE ANALYSIS. Several cultivars (Darlene, Early Fry,
Fry Seedless, Hunt, Late Fry, Loomis, Magoon, November,
Onslow, Pamlico, Scarlett, Spalding, and Stuckey) had at least
one parent for which the reported pedigree is inconsistent with
the molecular marker data (parent and potential progeny did not
share at least one allele for all loci) (Supplemental Table S1). In
many cases, the male parent tis inconsistent with the reported
pedigree, which is not unexpected because it is easier to have
accidental cross-pollination than it is to mix-up seeds or
seedlings. Reported pedigrees indicated that ‘Carlos’ was the
male parent of both ‘Darlene’ and ‘Granny Val’ (Brooks and
Olmo, 1997). However, ‘Darlene’ did not share any common
allele across four SSR loci with ‘Carlos’ (Supplemental Table
S3), ruling out ‘Carlos’ as a parent. ‘Fry’ and ‘Granny Val’ are
the reported parents of ‘Late Fry’, but SSR data indicated that
‘Late Fry’ is not a progeny of ‘Granny Val’ because the two
genotypes do not share a common allele across six loci if the

Arkansas 1 Malbec

) Spalding
Thornhill DVIT 2246.3 T
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Unknown(3) Marsh  Gallo 83
@ Hunt @@ Flowers ® Fennell's 3-way Hybrid
Supreme BlackFry Unknown(lg November @ Virginia Sib3
° egale @@vyuga Memory DVIT 2241.1
Late Fry . Py Lake Charles ™ Sweet Jenny @ Dawn @ Stuckey
® Fry Farrer ® cowart® ° ltmknown(z)
[ ] . Roanoke WhiteMale
Majesty SR Early "V & @ Tarheel
ugar Gate @ BlackBty [ J Janet Carlos
Pam ‘ ° @ Scarlett Dar‘el?aiham Arkansas 2 M V. popenoei
Lane Hall @ GrannyVal @ James Razzmatazz
Triumph @ Doreen® @ Noble
Dixieland Scuppernong
Magnolia
® L ] £ Southern Home
— Paulk Nesbitt  Tara Delicious
°\° Polyanna Thomas
m lson @ ® @ Dearing @9 cCreek
Dixi Onslow
<) weidy ® Oxe @
o~ Alachua @ Chowan
< Summit
@ Eudora
8 @ Loomis
Magoon
o @ Topsail ‘
. Bountiful
Burgaw [ @ Albermarle
V. rotundifolia var. munsoniana @ Southland
@ V. rotundifolia var. rotundifolia
Subgenus Vitis sp.
m V. popenoei
Muscadinia sp. hybrids PCoAl (11.0%)

Fig. 1. Biplot derived from the principle coordinate analysis (PCoA) of the genetic distance matrix based on 20 simple sequence repeat (SSR) markers for 89 unique

Vitis subgenus Vitis and subgenus Muscadinia genotypes.
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alleles of ‘Fry’ are considered. However, ‘Cowart’ was found to
share alleles with ‘Late Fry’ across all 20 loci (Supplemental
Table S3). Also, ‘Cowart’ is commonly used as a pollinizer in
‘Fry’ vineyards, thus increasing the likelihood that ‘Cowart’ is
the male parent of ‘Late Fry’. ‘Burgaw’ is the male parent of six
cultivars, Albermarle, Chowan, Dearing, Magoon, Pamlico,
and Topsail, in breeding records (Brooks and Olmo, 1997).
However, the molecular profile of ‘Burgaw’ did not share an
allele with ‘Magoon’ or ‘Pamlico’ at four and five loci,
respectively, yet ‘Burgaw’ matched the other four cultivars at
all loci, verifying Burgais is the not the parent of Magoon. The
identity and pedigree of ‘Pamlico’ are preliminary because
there was only one accession and this cultivar did not appear in
other parentage—offspring relationships, making it difficult to
confirm the identity of Pamlico from this dataset. ‘Scarlett’,
which is reported to be the progeny of ‘Summit’ X ‘Triumph’
(Brooks and Olmo, 1997), has distinctive pink berries, making
misidentification unlikely. However, ‘Scarlett’ did not share a
common allele with ‘Triumph’ across six loci when the alleles
provided by ‘Summit’ were considered, indicating that ‘Tri-
umph’ is not a parent of ‘Scarlett’.

The female parent was questioned in a few cultivars.
‘Sweet Jenny’ and ‘Ison’ are the reported parents of ‘Early
Fry’ (Brooks and Olmo, 1997). However, ‘Early Fry’ did not
share alleles with ‘Sweet Jenny’ or ‘Ison’ at five loci. Instead,
SSR data indicated ‘Fry’ and ‘Triumph’ could be the parents
of ‘Early Fry’. ‘Fry Seedless’ is a unique cultivar with pink
parthenocarpic seedless berries, with the reported pedigree
of Farrer x Redgate. ‘Farrer’ was eliminated as a parent
because it does not share an allele with ‘Fry Seedless’ at
seven loci, and no other accessions in the data set were
possible parents. No accessions of ‘Redgate’ were included
in this study.

Some pedigree relationships should be considered prelimi-
nary until more accessions can be used to confirm these data.
The profile of ‘Scuppernong’ suggested that it could not be the
parent of three historical muscadine cultivars, November,
Onslow, and Stuckey. However, each of these are rare historical
cultivars that were only represented by a single accession
located in the National Clonal Germplasm Repository collec-
tion and may not be authentic. The profile of ‘Creek’ was not
consistent with being the parent of ‘Loomis’, as reported;
however, the identity of ‘Creek’ is unconfirmed, with only one
accession available in this study. Similarly, ‘Flowers’ was not
consistent with being a parent of ‘Hunt’, but only a single
‘Flowers’ accession was available for testing. ‘Loomis’ was

Table 3. Summary statistics of muscadine (genetic diversity at four levels: cultivated accessions,
current cultivars, historical cultivars, and wild accessions, including wild Vitis rotundifolia var.

rotundifolia and V. rotundifolia var. munsoniana).

confirmed by its distinct phenotype, especially the burgundy
red berry color and disease resistance.

‘White Male’ is a male vine used in early breeding programs
for bronze cultivars. Breeding records reported it was the parent
of ‘Higgins’, ‘Hunt’, ‘Spalding’, and ‘Yuga’. However, none of
these cultivars shared a common allele with the White Male
accession in this data set across all the 20 loci. However, the
name “White Male” was widely used to describe vines
possessing green, unpigmented tendrils and male flowers, and
it may have been more of a descriptive term than an actual
particular selection. Therefore, it is unsurprising that the ‘White
Male’ collected from Tifton, GA, is not the accession used to
generate ‘Higgins’, ‘Hunt’, ‘Spalding’, and ‘Yuga’ in early
breeding programs. Riaz et al. (2008) discovered that the
‘White Male’ in the National Clonal Germplasm Repository
collection was not the “White Male’ used to generate ‘Yuga’
and ‘Higgins’.

GENETIC DIVERSITY FOR V. ROTUNDIFOLIA. Early muscadine
breeding work was begun nearly simultaneously in North
Carolina and Georgia in the beginning of the 20th century.
Despite these programs having been developed independently,
a similar narrow germplasm pool was used in both programs.
The North Carolina program was developed with just seven
female selections and a similar number of male selections as
parents, nearly all of which were selected from the coastal plain
region of North Carolina (Dearing, 1917; Newman, 1907). The
University of Georgia breeding program was even more re-
stricted, having begun with just three female and male selec-
tions (Stuckey, 1919). The female cultivars used by the
University of Georgia were all among those used in North
Carolina, but the male vines are ambiguous because they were
typically not named and the male vine characteristics are
indistinct. Excluding V. popenoei, three Muscadinia X Vitis
hybrids, and four unidentified accessions, the analysis of
genetic diversity was conducted within 76 V. rotundifolia
accessions at four levels: all V. rotundifolia cultivars (N =
67); current cultivars (N = 39); historical cultivars (N =28); and
wild V. rotundifolia accessions (N = 9; including wild V.
rotundifolia var. rotundifolia and V. rotundifolia var. munsoni-
ana) (Table 3). For 67 verified V. rotundifolia cultivars, the
mean He was 0.69, which was identical to the results of a
previous muscadine genetic diversity study (N = 35) (Riaz
et al., 2008). The mean Ho was 0.72, which was slightly lower
than the measurements of Riaz et al. (2008). Comparing
cultivated muscadines with wild V. rotundifolia accessions
indicated that a total of 154 alleles were detected among the 67
muscadine cultivars, whereas a sum
of 172 alleles was detected in only
nine wild muscadine accessions.
The average Ho was similar, but
both the mean number of alleles

Alleles (no.) (average number of alleles per lo-

Subgroup N*  Mean Ho*  Mean He*  Total  Private’  Unique*  Mean cus) and the number of private al-
Cultivated accessions 67 0.72 0.69 154 50 9 7.70  leles (alleles detected only in the
Current cultivars 39 0.69 0.63 94 — — 470  subgroup) were higher for wild
Historical cultivars 28 0.77 0.73 153 — — 7.65 muscadines (8.60 and 68) than
Wild accessions 9 0.71 0.78 172 63 18 8.60 those for cultivated muscadines

“N = sample size; Ho = observed heterozygosity = number of heterozygotes/N; and He = expected
heterozygosity = 1 — sum p;%; where p; is the population frequencies of the i allele at a locus and N is

the sample size.
YAlleles detected only in that group.

*Alleles detected only in one accession of all 76 genotypes in the diversity analysis.
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(7.70 and 50). The nine wild mus-
cadine accessions conveyed a high
level of genetic diversity that was
higher or at least tantamount to the
genetic diversity of the 67 cultivated
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muscadines. That only nine wild accessions could produce
levels of diversity similar to those of 67 cultivated muscadines
is unsurprising given the limited number and geographical
range of selections used to initiate muscadine breeding. Addi-
tionally, wild muscadines are typically dioecious, producing a
high level of heterozygosity in wild accessions, which is the
primary factor contributing to the capture of a large amount of
genetic diversity with such a small number of individuals
(Charlesworth and Charlesworth, 1979; Ellstrand and Elam,
1993). Moreover, the wild accessions had a much larger
number of unique alleles (alleles detected only in one acces-
sion). This is not unexpected because the wild accessions have
seldom been used in breeding programs and are more likely to
have rare alleles. In contrast, the cultivated accessions had
many accessions, most of which were related to each other and
thus would share alleles.

When comparing current cultivars (N = 39) with historical
ones (N =28), we found that the total of detected alleles and the
mean number of alleles were both higher for historical cultivars,
as are the mean Ho and mean He (Table 3). The higher level of
genetic diversity for historical cultivars than that of current ones
is expected because historical cultivars consist of plants selected
from the wild or their immediate progeny. In more recent
breeding programs, elite cultivars have been used extensively.
For example, ‘Fry’ is viewed as the foundation of the modern
muscadine industry (Conner, 2009), and a large percentage of
current cultivars are derived from Fry (Supplemental Table S1).
However, for 17 out of 20 studied loci, Ho was higher than He for
current cultivars (data not shown), indicating that the set of
current cultivars also represents a substantial diversity.

The PCoA shows clear separation among wild Muscadinia
accessions, subgenus Vitis accessions, and cultivated musca-
dines with PCoAl and PCoA2, explaining 11.01% and 9.26%
of the total variation, respectively (Fig. 1). Subgenus Vitis
cultivars are clustered together and distant from all the
Muscadinia accessions, as expected. It was noticed that the
historical cultivar Spalding appears close to the group of wild
accessions including V. rotundifolia var. munsoniana and wild
V. rotundifolia accessions, which is not unexpected because
‘Spalding’ is just one generation removed from a wild selec-
tion. V. popenoei is particularly separated from all V. rotundi-
folia accessions, which corresponds to its taxonomy as an
independent species in Muscadinia.

CoRE SET OF SSRS FOR CULTIVAR IDENTIFICATION. For the
convenience of cultivar identification, a stepwise decrease in
the number of markers based on their Plsibs value and PIC
value (Table 1) was used to recognize the combination of the
least markers with the ability to differentiate the most geno-
types. With a core set of only four SSRs, VVIB23, VVMD?27,
VMC5b8, VMC413.1, all 79 unique muscadine genotypes were
differentiated from each other except for ‘Tara’ and ‘Alachua’.
Adding any one additional marker from the seven (VMC5fI,
VMC3d7, VVS2, VVIV67, VMC5al, VMC8dl11-1, and
VMC8d11-2) enables ‘Tara’ and ‘Alachua’ to also be discrim-
inated. Therefore, the core set of five SSR markers was able to
achieve the goal of distinguishing cultivars with the smallest
number of markers.

Conclusions

With 20 SSR loci to characterize 190 muscadine accessions,
this study presents the most abundant DNA fingerprinting

J. AMER. Soc. Hort. Sci. 145(3):143-151. 2020.

profile for muscadine grapes to date. The set of 20 Vitis-derived
SSR markers enables the verification of 67 muscadine cultivars
and two Muscadinia X Vitis hybrids, the identification of five
unknown plants, and the discovery of 18 misidentifications.
Conflicts between the reported pedigree and the molecular data
were found for 13 cultivars. A core set of five SSR markers
were highly efficient for identifying muscadine cultivars. This
information is beneficial for curating muscadine germplasm
and protecting the interests of breeders. Additional genotypic
and phenotypic data are required to clarify pending identifica-
tion questions encountered during this study. Although closely
related cultivars are extensively used in breeding programs,
there is a considerable amount of genetic diversity within
current muscadine cultivars. This result corresponds to that of a
previous report (Riaz et al., 2008). High levels of genetic
diversity are indicated in historical cultivars and wild musca-
dines as well. There is increasing awareness of the value of old
and wild germplasm for plant breeding. The high number of
private alleles in the wild germplasm indicates that native
muscadine accessions may harbor new traits of interest to
breeding programs.
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