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Abstract: Reduced expression of MADS-box gene AGAMOUS-LIKE11 (VviAGL11) is responsible for
stenospermocarpic seedlessness in bunch grapes. This study is aimed to characterize the VviAGL11
orthologous gene (VroAGL11) in native muscadine grapes (Vitis rotundifolia) at the molecular level
and analyze its divergence from other plants. The V10AGL11 transcripts were found in all muscadine
cultivars tested and highly expressed in berries while barely detectable in leaves. RT-PCR and
sequencing of predicted ORFs from diverse grape species showed that AGL11 transcripts were
conservatively spliced. The encoded VroAGL11 protein contains highly conserved MADS-MEF2-
like domain, MADS domain, K box, putative phosphorylation site and two sumoylation motifs.
The muscadine VroAGL11 proteins are almost identical (99%) to that of seeded bunch cultivar,
Chardonnay, except in one amino acid (A79G), but differs from mutant protein of seedless bunch
grape, Sultanina, in two amino acids, R197L and T210A. Phylogenetic analysis showed that AGL11
gene of muscadine and other Vitis species formed a separate clade than that of other eudicots
and monocots. Muscadine grape cultivar “Jane Bell” containing the highest percentage of seed
content in berry (7.2% of berry weight) had the highest V7oAGL11 expression, but almost none to
nominal expression in seedless cultivars Fry Seedless (muscadine) and Reliance Seedless (bunch).
These findings suggest that VioAGL11 gene controls the seed morphogenesis in muscadine grapes
like in bunch grape and can be manipulated to induce stenospermocarpic seedlessness using gene
editing technology.
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1. Introduction

The native muscadine grapes (Vitis rotundifolia) are grown in the Southeastern USA
mainly for fresh fruit and wine production, generating USD 1.6 billion total taxes in 2017
alone in Florida [1]. They have long been cherished for their distinct fruity flavor and a
number of health benefits including antioxidant, anti-inflammatory, anti-cancer, and anti-
aging potentiality [2—4]. Despite having high nutraceutical value and numerous health
benefits, muscadine grapes are not preferred as table grape over European bunch grape due
to presence of large seeds. To sustain the muscadine grape industry in the Southeastern
USA and meet the ever-increasing demand for table grapes in the fresh fruit market,
the muscadine grape industry strives to develop seedless muscadine grapes.

Seedlessness is the most prized trait for developing the seedless table grape cultivar,
which can occur through two biological processes, namely, parthenocarpy and stenosper-
mocarpy. Fertilization does not occur during fruit development in parthenocarpy, pro-
ducing small berries without seeds. In stenospermocarpy, fertilization occurs but seed
development is prematurely aborted due to cessation of seed coat and endosperm develop-
ment [5,6], producing fruits with greatly reduced-size seeds called seed traces [7,8]. Unlike
parthenocarpy, in stenospermocarpy the berry size is not, or less, compromised; therefore,
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stenospermocarpic seedlessness is more popularly used in the production of seedless table
grape cultivars. However, stenospermocarpic seedlessness does not occur or has not been
reported so far in muscadine grapes. The only available seedless muscadine genotype “Fry
Seedless” is parthenocarpic and cannot be used as crossing parent in the breeding program
due to male sterility [9].

Several studies have been conducted to investigate the genetic basis of seedlessness
found in an ancient oriental cultivar, Sultanina, or Sultanina-derived grape cultivars (e.g.,
Thomson seedless, Crimson seedless) during the last two decades. Sultanina or Thom-
son seedless produces almost unnoticeable seed traces and has been used as the main
donor of stenospermocarpic seedlessness in table grape breeding programs throughout
the world [10-14]. The genetic inheritance of seedlessness in grapes has been reported to
be controlled by a dominant allele present in the region named SEED DEVELOPMENT
INHIBITOR (SDI) locus [7,15]. Later, different quantitative studies confirmed that a major
QTL (quantitative trait locus) was co-localized with this SDI locus on linkage group 18,
explaining 50-70% of the phenotypic variance of the trait [8,16-19]. A grape MADS-box
transcription factor gene, AGAMOUS-LIKE11 (VviAGL11, Vv18s0041g01880) was identified
(mapped) in the SDI locus through in-silico analysis and proposed as the SDI candidate gene
for seedlessness in grapes based on genetic linkage and putative homology with the Ara-
bidopsis MADS-box transcription factor gene, AtAGL11 (At4g09960) [8,17]. The AtAGL11,
an ortholog of VuiAGL11, controls the ovule and seed development in Arabidopsis which
is reflected in its mutant SEEDSTICK phenotype showing reduced number and size of
seeds [20-24].

The bunch grape gene VuiAGL11 consists of eight exons spanning ~7.6 kb with a
coding region of 672 bp (NCBIL: KM401845 cv. Chardonnay) [22]. The VuiAGL11 gene is
highly expressed in floral and fruit tissues of bunch grapes but repressed in roots, branches,
leaves, buds, and tendrils [20]. The expression of VuiAGL11 in pea-size berries (when
seeds begin to develop) was 25 times higher in the seeded homozygous genotype com-
pared to flower stage in seedless homozygous grape genotype [8]. In situ hybridization
studies showed the accumulation of VviAGL11 transcripts in the dual endotesta layer
of seeds in seeded grape genotypes but could not detect the transcripts in the seedless
grape tissues [22]. The wild-type phenotype of Arabidopsis was restored by the ectopic
expression of VviAGL11 in the SEEDSTICK mutant, showing its direct role in seed mor-
phogenesis [22]. The reduced expression of the VuiAGL11 gene was reported as the source
or origin of stenospermocarpic seedlessness in “Sultanina” and Sultanina-derived grape
cultivars [8,22,25,26]. The overexpression of the VuiAGL11 gene in seedless grape cultivar
“Linda” produced small seeds in the seedless berries, while silencing of VviAGL11 gene
in seeded bunch grape cultivars (Italia, Ruby) induced the seedlessness by decreasing the
seed content [27]. Malabarba and her coworkers [27] thus confirmed that VuiAGL11 gene is
the key master regulator of seed morphogenesis in bunch grapes and can be manipulated
for inducing seedlessness in bunch grapes.

However, the role of AGL11 gene for stenospermocarpic seedlessness has not been
characterized at the molecular level in muscadine grapes. This study is a part of our overall
aim to develop seedless muscadine table grape, through molecular understanding and
divergence of the AGL11 orthologous gene in muscadine grapes (VroAGL11). The specific
goals of the study were to (1) identify and quantify the VroAGL11 transcript levels in
different plant parts and berry developmental stages of muscadine grape, (2) determine
the relationship of its expression level with the seed size, weight and number of selected
seeded and seedless muscadine and hybrid bunch/bunch grape cultivars, and (3) sequence
their VroAGL11 transcripts to explore the sequence variation at transcriptomic levels and
study/analyze the divergence of VioAGL11 gene in muscadine grapes from other monocot
and eudicot plants.
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2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Grape berries of muscadine, Florida hybrid bunch, and bunch grape cultivars grown
at the Center for Viticulture and Small Fruit Research at Florida A&M University (FAMU),
Tallahassee were used for this study. Bunch grape cultivars were grown and maintained
in a screen cage (20 x 40 ft) at the FAMU Viticulture Center to protect them from glossy
wing sharpshooter insects responsible for spreading deadly Pierce’s disease. Standard
management practices including fertilizing, irrigation, pesticide application and pruning
at regular intervals were followed to keep the grape plants healthy.

2.2. Berry and Seed Characteristics

A total of 20 harvest-ripe berries (EL 38) [28] of 42 muscadine (Vitis rotundifolia),
2 Florida hybrid bunch grape (Vitis spp.) and 1 bunch grape (Vitis vinifera) cultivars
including seedless cultivars were randomly collected from at least 3 vines per cultivar in
June/July (bunch and hybrid bunch) and September (Muscadine) during the 2020 season to
study the berry and seed characteristics (Table 1). The mean berry weight (= BW/BN), seed
number /berry (= SN/BN) and seed weight/berry (= SW/BN) and seed content of berry
(=(SW/BW) * 100) were measured, where BW = berry weight, BN = berry number, SN =
seed number, and SW = seed weight. The seed length and width of at least 12 seeds per
cultivar were measured using electronic digital calipers (Thomas Scientific, Swedesboro,
NJ, USA).

Table 1. Berry and seed characteristics of muscadine, hybrid bunch and bunch grape cultivars grown in vineyard at Center

for Viticulture and Small Fruit Research.
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Muscadine grapes
1 African S 9.9 33 280.6 85.0 574018 3.9+0.16 2.8
Queen

2 Alachua s 8.9 41 349.8 85.3 63+£012 384012 3.9

3 Albermale S 6.1 42 318.2 764 574010 3.0+0.10 5.2

4 Black s 159 338 332.8 86.8 60+011 3.6+0.10 21

Beauty

5 Black Fry S 105 35 307.8 88.0 624020 374017 2.9

6 Carlos S 5.0 3.8 272.3 71.0 73+006 4.8+0.06 5.4

7 Cowart S 7.1 40 366.7 91.7 60+£029 364011 5.2

8 Darlene S 15.1 3.8 3739 99.7 594010 3.840.08 25

9 Dixie S 5.1 3.7 251.8 68.7 674006 48+0.15 5.0
10 Dixie Red S 9.3 39 315.8 81.0 644009 384008 34
11 Doreen S 10.7 35 354.5 1013 624009 384008 33
12 Farrer S 112 3.0 344.0 1147  70+013 3.940.08 3.1
13 Fry S 10.2 2.6 244.6 94.7 594008 38+0.10 2.4

Fry

14 Seedless SL 25
15 Granny S 117 3.1 298.3 96.8 704006 39+018 2.6

Val
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16 Higgins S 6.0 41 2755 67.5 6.8+018 4.6+ 0.05 46
17 Hunt S 55 42 268.5 63.9 554005 3.0+ 0.06 49
18 Ison S 6.7 38 332.0 86.6 794008 504 0.07 5.0
19 Jane Bell S 53 3.2 383.0 119.7 724008 414011 7.2
20 Janet S 15.5 49 578.9 118.1 6.8+006 39+0.10 37
21 Jumbo S 10.5 44 409.3 92.7 6.4+007 3.4+008 39
2 Late Fry S 14.7 3.8 4159 108.5 794006 5.6+ 0.14 2.8
23 Loomis S 102 34 319.1 93.4 74+007 524005 3.1
24 Magnolia S 78 37 219.8 59.9 754011 494+ 0.09 28
25 Nesbitt S 10.1 3.5 327.2 93.5 634008 3.7+0.12 32
26 Noble S 47 4.0 235.3 58.8 6.4+005 4.6+ 0.04 5.0
27 Pam S 14.5 33 326.6 98.0 62+016 3.84+0.11 23
28 Pineapple S 122 3.5 369.2 1055 624008 39+0.12 3.0
29 Pride S 43 38 202.9 54.1 484004 31+003 47
30 Regale S 5.1 38 259.8 69.3 55+005 324 0.07 5.1
31 Scarlet S 12.1 2.7 261.2 96.7 67 +014 40+0.15 22
32 Scuppernong S 102 2.3 215.7 92.4 62+008 34+0.15 21
33 Southern S 63 34 2042 59.8 594012 27+ 0.04 33
Home
34 Soiﬁl‘gm S 6.8 37 280.8 76.6 6.0+007 354 0.11 42
35 Sterling S 8.8 3.9 333.2 85.1 61+011 3.7+0.08 38
36 Sugar Pop S 10.5 39 391.3 99.9 62+011 3.8+ 0.06 37
37 Summit S 10.7 3.0 242.8 80.9 614006 32+0.08 23
38 Supreme S 15.5 2.8 300.0 105.9 634007 4.0+ 0.09 1.9
39 Sweet S 11.8 41 379.8 93.0 754010 52+ 0.13 3.2
Jenny
40 Triumph S 9.8 3.8 2493 66.5 6.0 +0.07 35+ 0.09 25
41 Watergate S 8.7 32 229.9 72.6 734015 49+ 0.10 2.6
4 Welder S 3.3 3.3 217.2 65.2 484004 35+0.10 6.5
Florida hybrid bunch
43 Blanc du 17 1.9 55.1 28.3 3.2
Bois
44 Stover 2.0 13 61.9 485 514012 27+ 0.06 3.1
Bunch grape

45 Riesling S 1.6 3.6 107.9 30.1 404013 204010 6.6

1 Note: S = seeded, SL = seedless, BW = berry weight, BN = berry number, SN = seed number, SW = seed. weight and SE = standard error.

2.3. RNA Isolation and cDNA Synthesis

Samples were randomly collected from young leaf (EL 16), inflorescence (EL 23)
and berries at different developmental stages viz. pea-size (~7 mm diameter, EL 31),
green and mature (EL 33), veraison (EL 35) and harvest-ripe stage (EL 38) [28]) from
three grapevines of selected seeded and seedless muscadine (cvs. Black Beauty, Black Fry,
Dixie Red, Jane Bell, Noble, Fry, Fry Seedless), hybrid bunch grape (cv. Blanc du Bois,
BDB), and bunch grape (cvs. Riesling (Vitis vinifera), Reliance Seedless (Vitis labrusca))
cultivars representing different berry sizes. All the samples were collected between 9 a.m.
and 9:30 a.m. (Muscadine: July-September, bunch/hybrid bunch: April-June) and frozen



Genes 2021, 12, 232

50f16

immediately in liquid N; and stored at —80 °C until further use. Total RNA was isolated
from the frozen berries using the Spectrum Plant Total RNA Kit (Sigma-Aldrich) following
the manufacturer’s instructions with some modification [29] and treated with DNase
using the TURBO DNA-free Kit (Invitrogen) to remove the genomic DNA. The quantity
and quality, and integrity number (RIN) of RNAs were measured using a NanoDrop
2000c (Thermo Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA), respectively. The total RNA with RIN >8.0 were
converted to cDNA using SuperScript III First-Strand synthesis system (Life Technologies,
Carlsbad, CA, USA) and oligo (dT) primer as per the manufacturer’s protocol.

2.4. Detection and Confirmation of Muscadine Grape AGL11 Transcripts

The muscadine grape AGL11 transcripts were detected by performing qRT-PCR in
CFX96 Touch real-time PCR system (Bio-Rad) using the SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad) in different plant parts and at different berry developmental
stages of muscadine grape cultivar, Noble. The gene-specific qRT-PCR primers were
designed (Table S1) based on the bunch grape (Vitis vinifera) genome available at NCBI
using Primer-BLAST tool. The experiment was repeated thrice on three biological samples
with three technical replicates per sample (details in Section 2.5).

To confirm the presence of the AGL11 transcripts, the predicted full-length open
reading frame (ORF) was amplified from cDNAs of selected muscadine grape (cvs. Jane
Bell, Black Beauty, Fry, Fry Seedless), hybrid bunch grape (cv. BDB), bunch grape (cvs.
Riesling, Reliance Seedless) cultivars by nested PCR with KOD Hot Start DNA polymerase
(Novagen) using 2 pairs of gene-specific primers (Table S1) designed from Vitis vinifera
genome available at NCBI. PCR products of the predicted open reading frame were purified
from 1% agarose gels using the QIAquick gel extraction kit (Qiagen) and sequenced at the
Eurofins Genomics service center.

2.5. Quantification of Relative Gene Expressions

The real-time PCR experiments were performed on cDNA (100 ng) from leaf, inflores-
cence, berry tissues of selected seeded and seedless muscadine and bunch grape cultivars to
quantify the expression levels of AGL11 orthologous gene. qRT-PCR assay was performed
in CFX96 Touch real-time PCR system (Bio-Rad Laboratories, Berkeley, CA, USA) using the
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and same gene-specific qRT-PCR
primers used for transcript detection (Table S1). The thermal cycling program used was:
initial polymerase activation and DNA denaturation at 95 °C for 30 s, followed by 40 cycles
of amplification consisting of denaturation at 95 °C for 10 s and annealing/extension at
60 °C for 30 s with a final melt-curve analysis at 65-95 °C @ 0.5 °C increment for 5 s/step.
The experiment was conducted on three biological samples with three technical replicates
per sample. Grape housekeeping genes viz., Actin and Glyceraldehyde-3-Phosphate Dehy-
drogenase (GAPDH) were used as reference genes. The “delta-delta CT” (2-AACT) method
was used for comparing relative expressions of genes associated with seedlessness be-
tween samples of selected grape cultivars [30], where AACT = ACT sample—ACT control,
and CT = threshold cycle.

2.6. DNA Isolation and Sequencing of Muscadine AGL11 Gene

The AGL11 gene was identified in the bunch grape genome (Vitis vinifera) at the Gen-
bank of NCBI (https://www.ncbi.nlm.nih.gov/) (last accessed on 23 November 2020) and
at Grape Genome Browser (12 ) of Genoscope (http:/ /www.genoscope.cns.fr/externe/
GenomeBrowser/Vitis/) (last accessed on 23 November 2020). Genomic DNA was ex-
tracted from frozen leaf tissues of selected seeded and seedless muscadine grape cultivars
according to Kim et al. [31] with little modification. The PCR amplification of muscadine
AGL11 (VroAGL11) gene was accomplished with gene-specific primer pairs designed from
bunch grape genome available at NCBI using KOD Hot Start Polymerase (Novagen).
Due to the large size (6.8 kb) of the gene, 8 sets of primer pairs were used to amplify
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overlapping sequences of the VroAGL11 genes (Table S1). The amplicon was isolated
from 1% agarose gels using the QIAquick gel extraction kit (Qiagen), A-tailed, ligated into
pGEM-T Easy vector (Promega) and transformed into E. coli DH5a. Colonies selected with
appropriate antibiotics (50 ug/mL Amp) were verified by colony PCR. Plasmids containing
inserts of putative interest were isolated and sent for sequencing at the Eurofins Genomics
service center. The sequences determined from full-length ORFs amplified on isolated RNA
were used to confirm proper annotation and reconstruction of the genomic sequences.

2.7. Analysis of Deduced Protein Sequences

The encoded amino acid sequences of ORFs of AGL11 gene from selected seeded and
seedless muscadine grape, hybrid bunch and bunch grape cultivars were deduced by Six-
Frame Translation (https:/ /www.bioline.com/media/calculator/01_13.html) (accessed
on 9 October 2020) and aligned by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo) (accessed on 9 October 2020) along with AGL11 ORFs of bunch grape cultivars
Chardonnay (AKJ79177.1, AKJ79178.1) and Sultanina (AKJ79179.1, AK]79180.1). Conserved
domains and putative phosphorylation sites of the muscadine AGL11 protein were identi-
fied using “Identify conserved domains” at NCBI. The “epestfind”
(http:/ /emboss.bioinformatics.nl/cgi-bin/emboss/epestfind) (accessed on 2 November
2020) and SUMOplot™ Analysis Program (https://www.abcepta.com/sumoplot) (ac-
cessed on 2 November 2020) were used to identify the PEST motifs (as potential proteolytic
cleavage site) and sumoylation sites (with score > 0.5), respectively. “Isoelectric Point
Calculator” (http:/ /isoelectric.org/calculate.php) (accessed 2 November 2020) was used
to calculate the isoelectric point (pI) and molecular weight (MW) of each putative protein.
The putative nuclear localization signals (NLSs) specific to the importin o3 pathway were
identified by the cNLS Mapper (http://nls-mapper.iab.keio. Ac.jp/cgi-bin/NLS_Mapper_
form.cgi) (accessed on 2 November 2020) calculating NLS scores but not by the conventional
sequence similarity search [32].

2.8. Phylogenetic Tree Constructions

To construct the phylogenetic tree, 61 amino acid sequences of AGL11 or AGL11-like
proteins of monocots and eudicot plants were obtained from NCBI database BLAST-ing
AGL11 amino acid sequences of Vitis vinifera (cv Chardonnay), Arabidopsis thaliana and
Triticum aestivum as query sequences and aligned along with 4 grape species in the PHYLIP
format using MUSCLE 3.8.31 program (http:/ /www.phylogeny.fr/one_task.cgi?tasktype=
muscle) (accessed on 29 October 2020). The maximum-likelihood phylogenetic tree was
constructed by the PhyML 3.0 [33] using the best-fit amino acid substitution model LG
(Le and Gascuel) [34], starting tree BION] and 100 replicates of bootstrap analysis. The
LG substitution model was selected as the best-fit model by SMS (Smart Model Selection)
tool [35] based on Akaike Information Criterion (AIC). The phylogenetic tree was visualized
using the PRESTO (Phylogenetic tree visualization) tool with displaying bootstrap values.

2.9. Statistical Analysis

The statistical significance of the differences between the means calculated for the
various parameters was determined by one-way ANOVA and Tukey HSD post-hoc test
using the statistical software package R [36]. The correlation between two parameters and
the p values were calculated using MS excel.

2.10. Accession Numbers

The following sequences were deposited in GenBank: Muscadine grape cv. Jane Bell
(VroAGL11_JB) genomic DNA [MW447147] and mRNA [MW151564], cv. Fry (VioAGL11_F)
mRNA [MW151565], cv. Black Beauty (VioAGL11_BB) mRNA [MW151566], and cv. Fry
Seedless (VioAGL11_FS) mRNA [MW151567], Florida hybrid bunch (Vitis sp) grape cv.
Blanc du Bois (VspAGL11_BDB) mRNA [MW151568], bunch grape (Vitis vinifera) cv. Ries-
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ling (VuiAGL11_RL) mRNA [MW1515649] and bunch grape (Vitis labrusca) cv. Reliance
Seedless (VIaAGL11_RS) mRNA [MW151570].

3. Results
3.1. Berry and Seed Characteristics

Mean berry weight of muscadine grapes varied from 2.5 to 15.9 g depending on
cultivar with the maximum weight of 15.9 g in Black Beauty and minimum weight (2.5 g) in
Fry Seedless followed by muscadine cultivar Welder (3.3 g) (Table 1). However, the mean
berry weight of bunch/hybrid bunch grapes were less compared to muscadine grapes
ranging from 1.6 to 2.0 g. The mean number of seeds in muscadine grape berries ranged
between 2.3 and 4.9 per berry with the highest number of seeds in Janet (5) and the lowest
in Scuppernong (2). In bunch or hybrid bunch grapes, however, the mean seed number
varied from 1.3 to 3.6 per berry.

Muscadine grape berries contained seeds of different size and weight varying between
4.8 and 7.9 mm in length, 2.7 and 5.6 mm in width and 54 and 120 mg/seed depending
on the cultivar (Table 1). The longest and widest seeds were found in muscadine culti-
vars “Ison” (7.9 mm) and “Late Fry” (5.6 mm), respectively, but the highest mean seed
weight was found in muscadine cultivar “Jane Bell” (119.7 mg). On the other hand,
the shortest and narrowest seeds were found in muscadine cultivar “Welder” (4.8 mm)
and “Southern Home” (2.7 mm), respectively, and the lowest mean seed weight in cultivar,
“Pride” (54.1 mg). The mean berry weight was found to be not corelated with number of
seeds/berry (r = 0.1695, p = 0.8661), seed length (r = 0.3847, p = 0.7023) and seed width
(r=0.2891, p = 0.7739), but there was a moderate positive relationship between mean berry
weight and seed weight (r = 0.6786) which was statistically nonsignificant (p = 0.5010)
(Figure 1). However, the higher percentage of seed content (by weight) in berries was
found in muscadine grape cultivars “Jane Bell” (7.2% of berry weight) and “Welder” (6.5%)
and the lower in “Supreme” (1.9%) and “Black Beauty” (2.1%) cultivars (Table 1).
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g’ 5 | . £ 600 - .
s . 2500
?; 4 4 R ce " 0.0. o ° e o > °
g 3] —_— + Py .‘. . .' ° g 400 4 ]
3 ¢ : 2300
1 L] (<5
2 27 = 200 1
E 1 y = 0.0289x + 3.2576 3 ; y = 16.386x + 147.28
z. r'=0.1695 (p = 0.8661) 100 4 %, r'=0.6786 (p = 0.5010)
O T T T T T T T T 1 O T T T T T T T T 1
00 20 40 60 80 100 120 140 160 180 00 20 40 60 80 100 120 140 160 180
Mean berry weight (g) Mean berry weight (g)
9.0 -
6.0 -
8.0 1 . ° . R o ° 50 | D . o o o
o 7.0 . ® oo . _o ® o ° o
E 60 - - X ¢ Soe E 40 1 ° °od,
%5.0A ° %30 ....o oee,
§ 4.0 1 L4 = 9V 1 ° °
§ 3.0 4 g 2.0 - °
& 2.0 y = 0.0846x + 5.5463 B 164 y = 0.0578x + 3.3464
1.0 r=0.3847 (p = 0.7023) : r=0.2891 (p = 0.7739)
00 T T T T T T T T 1 0.0 T T T T T T T T 1
00 20 40 60 80 100 120 140 160 180 00 20 40 60 80 100 120 140 160 180

Mean berry weight (g) Mean berry weight (g)

Figure 1. Scatter plots showing relationship between mean berry weight and (A) number of seeds/berry, (B) seed
weight/berry; (C) seed length, and (D) seed width of muscadine and bunch grape cultivars. r = coefficient of corre-

lation and p = significance level.
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3.2. Identification and Analysis of Muscadine Grape AGL11 Gene

The AGL11 gene (KM401845) containing 8 exons, was identified in the Vitis vinifera
genome published at NCBI and Genoscope. The gene is localized on chromosome 18
in bunch grape (Vitis vinifera). The overlapping fragments of muscadine grape AGL11
(VroAGL11) gene was amplified, cloned and sequenced from muscadine grape cultivar, Jane
Bell. The alignment of VioAGL11 gene sequence along with the complete coding sequence
(mRNA) confirmed the exon-intron structure of the gene predicted at NCBI and ensured
that only genomic sequences of the same allele were combined (Figure S1). The AGL11
gene of the muscadine cultivar was compared with the sequences of bunch grape cultivars,
Chardonnay (KM401845) and Sultanina (KM401847). The muscadine AGL11 gene is 97-98%
identical to that of bunch grape cultivars (Chardonnay, Sultanina).

3.3. Detection and Confirmation of VroAGL11 Transcripts

The VroAGL11 transcripts were detected in inflorescence and berries at different
developmental stages (pea-stage, green & mature, veraison) in muscadine cultivar Noble by
gqRT-PCR but were hardly detectable in leaves and harvest-ripe berry. However, the highest
expressions of VroAGL11 transcripts were found at pea-stage berry followed by green &
mature berry stage which were ~66 and ~53-fold higher respectively compared to that of
inflorescence (Figure 2).

80 -
70 a***
60 -
50
40

30 A

10 A c*

d d
o , N ,

Inflorescence Pea-stage Green & mature Veraison Harvest-ripe

Relative expressions of }V#AGL1I gene

Berry
Developmental stages of muscadine grape berry cv. Noble

Figure 2. The relative expressions of muscadine grape AGL11 (VroAGL11) gene in leaf, inflorescence
and berry at different developmental stages (pea-size, green & mature, veraison and harvest-ripe) of
muscadine grape cultivar, Noble. The vertical bars represent the standard error of three biological
replicates. Bars with different letters differ significantly according to Tukey HSD post-hoc test
(**p <0.001, * p < 0.05).

The VioAGL11 transcripts were amplified from selected seeded and seedless musca-
dine cultivars (Black Beauty, Fry, Jane Bell, Noble, Fry seedless) with the primers spanning
the ORFs, which resulted in amplicons of the expected size (Figure S2) suggesting that the
transcripts are conservatively spliced. The absence of smaller as well as larger amplicons
in the reactions than the spliced transcripts suggests that VioAGL11 transcripts were not
produced as a result of exon-skipping and intron-retention, respectively. Similar results
were found in all seeded and seedless hybrid bunch (BDB) and bunch grape cultivars
(Riesling, Reliance seedless) tested. The predicted ORFs were sequenced to confirm the
detection of the spliced transcripts.

3.4. Analysis of Predicted AGL11 Protein Sequences

The alignment of the amino acid sequences of AGL11 proteins of muscadine grape
(cv. Black Beauty, Jane Bell, Fry, Fry Seedless) and hybrid bunch cv. Blanc du Bois (BDB)
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along with that of published bunch grape cultivars Chardonnay and Sultanina (seeded
and seedless allele) showed that they have MADS-MEF2 (myocyte enhancer factor 2)-like
domain containing highly conserved MADS domain and K box, characteristic of Type II
subfamily of MADS box family of eukaryotic transcriptional regulators (Figure 3). All the
AGL11 proteins have putative phosphorylation site (N at 59 position), two sumoylation
motifs (GKIE and QKRE at K5 and K155 positions, respectively) and poor PEST motif
with a score of —10.49 between the 197 and 217 position. However, the position of the
phosphorylation site and sumoylation motifs are conserved like the AGL11 protein of
Arabidopsis and other eudicot plants (Figure S3). All the muscadine, bunch and hybrid
bunch AGL11 proteins except muscadine cv. Black Beauty have putative bipartite NLS
(nuclear localization signal) sequences with a score of 3.9, suggesting that they are localized
to both the nucleus and cytoplasm (Figure 3, Table S2). But the Black Beauty AGL11 protein
having NLS score of 6.9 is partially localized to nucleus.

MADS-MEF2-Like Domain

VroAGL11 BB RGKIEIKRIENTTNRQVTFCKRREGLLKKAYELSVLCDAEVALIVESSRGRVYE YoM 60
VroAGL11l JB MCRGKIETRRIENTTNRQVTECRRRNGLLKKAYELSVLCDAEVALIVFSSRGRVYE 60
VroAGL1l F MGRGK TETKRIENT TNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFSSRGRVYE &0
VroAGL1l FS MGRGKTEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFS SRGRVYEYd 60
VspAGL11 BDB MERGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVES SRGRVYEY &0
VviAGL11 CH MGRGKIETKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVESSRGRVYE YjqN 60
VviAGL11 ST MGRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVESSRGRVYEYGN &0
VviAGL11 STm GRGKIEIKRIENTTNRQVTECKRRNGLLKKAYELSVLCDAEVALIVFSSRGRVYEY|GH &0
g e g A A i R g A N TR L Lk el AT L A . *
I MADS Domain i NLS
VroAGL1l BB NIKSTLDRYKKASSDHTNAGSTLEINAPYYOOESARXROQIOMLONXNRELMGDELASL 120
VroAGL1l JB NIKSTIDRYKKASSDYTNAGSTMEINADYYQOESAKLROQIOMLONSNRHLMGDSLASL 120
VroAGL1l F NIKSTIDRYKKASSDYTNAGSTMEINADYYOQOESAKLROQIOMLONSNRHLMGDSLASL 120
VroAGL1l FS NIKSTIDRYKKASSDYTNAGSTMEINADYYQOESAKLROQIOMLONSNRELMGDSLASL 120
VspAGL11 BDB NIKSTIDRYKKASSDYTNGGSTMEINADYYOOESAKLROQIOMLONSNRELMGDSLASL 120
VviAGL11 CH NIKSTIDRYKKASSDYTNGGSTMEINADYYOOESAKLROQIOMLONSNRELMGDSLASL 120
VviAGL11 ST NIKSTIDRYKKASSDYTNGGSTMEINADYYOQOESAKLROQIOMLONSNRELMGDSLASL 120
VviAGL11 STm NIKSTIDRYKKASSDYTNGGSTMEINADYYQQOESAKLROQIOMLONSNREIMGDSLASL 120
iiriir*:*i**i*it*i*i_*it:**:t*t*i**t*i e e o v e ook g ok e ok ke ok e ok o e ok e ok
SUMO
VroAGL11 BB [VKELKQLENRLERGITRIRSKKHELLLAEIEYLOKRETELENESVYLRTKIMEVERLOOA 180
VroAGL11l JB [VKELKQLENRLERGITRIRSKKHELLLAEIEYLOKREIELENESVYLRTKIMNEVERLOOA 180
VroAGL1l F [VKELKQLENRLERGITRIRSKKHELLLAEIEYLOKRETELENESVYLRTKINEVERLQQA 180
VroAGL1l FS 'VKELKQLENRLERGITRIRSKKHELLLAEIEYLOKRETELENESVYLRTKIANEVERLQOA 180
VspAGL11 BDB [VKELKQLENRLERGITRIRSKKHELLLAEIEYLOKREIELENESVYLRTKINEVERLOOA 180
VviAGL11 CH [VKELKQLENRLERGITRIRSKKHELLLAETIEYLOKREIELENESVYLRTKIMNEVERLQOA 180
VviAGL11 ST [VKELKQLENRLERGITRIRSKKHELLLAETIEYLOKRETELENESVYLRTKIMNEVERLQOA 180
VviAGL11 STm [VKELKQLENRLERGITRIRSKKHELLLAETEYLOKRETELENESVY LRTKIAEVERLOOA 180
7 de  de o e o e o ke o ke ok ok e ke ok o e o e ok o e ok e ok o e o e ok o e ok e ok e b e o e e ok e ok e b e ok e e ok
PEST motif
VroAGL1l BB NMVSTHEFNAIQALVSRNFFQPNMIEGGSTGY PLPDHKVLHLG* 223
VroAGL1l JB NMVSTHEFNAIQALVSRNFFQPNMIEGGSTGY PLEPDKKVLHLG* 223
VroAGL1l F NMVSTHEFNAIQALVSRNFFQPNMIEGGSTGY PLPDKKVLHLG* 223
VroAGL1l FS NMVSTHEFNAIQALVSRNFFQPNMIEGGSTGY PLPDKKVLHLG* 223
VsSpAGL11 BDB NMVSTHEFNAIQALVSRNFFQPNMIEGGSTGY PLPDKKVLHLG* 223
VviAGL11 CH NMVSTHEFNAIQALVSRNFFQPNMIEGGSTGY PLEPDKKVLHLG* 223
VviAGL11 ST NMVSTHEFNAIQALVSRNFFQPNMIEGGSTGY PLPDKKVLHLG* 223
VviAGL11l STm NMVSTHEFNAIQALVS[LNFFQPNMIEGGSAGY PLPDKKVLHLG* 223

Hhkdkdkdkhkhhkdhkdhkdhhkd Fhhkdhkdhhkdhhhk. dFhhhddhhhhkdhbhkh

Figure 3. Alignment of the amino acid sequences of all AGL11 proteins of muscadine (cvs. Black Beauty, BB; Jane Bell, JB; Fry,
F; Fry Seedless, FS) and hybrid bunch grape (cv. Blanc du Bois, BDB) cultivars with that of published bunch grape cultivars
Chardonay (CH: AK]79177.1) and Sultanina (ST: AKJ79179.1 and mutant allele, STm: AKJ79180.1). Conserved domains,
MADS-MEF2-like domain (gray box), MADS domain (dashed line box) and K box (turquoise box), phosphorylation site
(N59, highlighted in green), SUMO (sumoylation) and PEST (ubiquitination) motifs, and NLS (nuclear localization signal)
sequences are indicated. Red colored amino acids show the amino acid differences between different grape species/cultivars.

The AGL11 proteins predicted for muscadine and hybrid bunch cultivars are 223 amino
acids long with a predicted molecular mass of 25.7 kD and isoelectric point (IP) of 8.86,
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like bunch grape cultivar Chardonnay, with the exception of muscadine cv. Black Beauty
and bunch cv. Riesling having IP of 8.91 and 8.95, respectively (Table S2). The AGL11
proteins of muscadine cv. (Jane Bell, Fry and Fry Seedless) and bunch cv. (Chardonnay,
Sultanina) differ in only one amino acid, A79G. However, the AGL11 protein of Black
Beauty differs from bunch grape cultivars in multiple amino acids in addition to A79G,
these are K26N, L661, L83M, X97L and X107S (Figure 3). However, the AGL11 proteins
of all muscadine and bunch grape cultivars differ from protein deduced from Sultanina
mutant allele (STm), which is responsible for seedlessness, in two amino acids, R197L and
T210A. The AGL11 proteins of muscadine grape cvs. Jane Bell, Fry and Fry Seedless are
99%, Black Beauty 97% and hybrid bunch cv. BDB 100% identical to that of bunch grape
cultivars, Chardonnay and Sultanina (ST), but 98, 96 and 99% identical to Sultanina mutant
(STm) protein (Table S3). However, muscadine grape cultivars (Black Beauty Jane Bell,
Fry and Fry Seedless) are 75-77%, and hybrid bunch (BDB) and bunch grape cultivars
(Chardonnay, Sultanina, Reliance Seedless) 77% identical to Arabidopsis AGL11 protein.

3.5. Relative Expressions of AGL11 Genes

Since the pea-size berries showed the highest expressions of AGL11 gene, the relative
expressions of AGL11 gene were analyzed by real-time PCR at pea-size berry stage of
selected seeded and seedless muscadine and bunch grape cultivars as the pea-size berries
had the highest expressions of AGL11 genes. Seeded muscadine grape cultivars, namely
Jane Bell, Noble, Dixie Red, Black Fry and Black Beauty representing different berry sizes
were selected along with seedless muscadine cultivar Fry Seedless for the study. Bunch
grape cultivar Riesling (seeded) and Reliance seedless were also included in the study.
The highest expression of AGL11 gene at pea-size berry was found in seeded muscadine
cultivar “Jane Bell” followed by “Noble” which was ~152- and ~130-fold higher and
statistically highly significant (p < 0.001) than that of Fry seedless, respectively (Figure 4).
However, the lowest expression of AGL11 gene was found in seedless muscadine cultivar
“Fry Seedless” as well as seedless bunch grape cultivar “Reliance Seedless”.

a*** ) 8 0
mm Relative expressions - e
——Seed content in berry (%) br** b - 7.0 E‘
- 6.0 3
L 50 £
- 4.0 i
2
L 3.0 £
Y
L 2.0 E
(5]
- 1.0 8
7
T T T T T T T - 00

Reliance  Black Black Dixie Noble  Riesling Jane
Seedless Seedless Beauty Fry Red (Bunch) Bell
(Bunch)

Seeded and seedless muscadine and Bunch grape cultivars

Figure 4. The relative expressions of grape AGL11 gene in pea-size berries and percentage of seed content (by weight) in
berry of selected seeded and seedless muscadine and bunch grape cultivars. The vertical bars represent the standard error
of three biological replicates. Bars with different letters differ significantly according to Tukey’s post-hoc test (*** p < 0.001,

*p < 0.01).
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3.6. Relationship between AGL11 Gene Expression Levels and Seed Characteristics

There was little negative but statistically non-significant correlation between the
relative expressions of AGL11 genes and mean berry weight (r = —0.2331, p = 0.4047),
seed weight/berry (r = —0.3175, p = 0.5396), seed length (r = —0.0380) and seed width
(r = —0.0349, p = 0.9475) of the seeded muscadine and bunch grape cultivars (Figure 54).
However, the relative expressions of AGL11 genes is highly significant and positively
corelated (r = 0.9825, p < 0.001) with seed content (by weight) in berry (%) of muscadine
cultivars irrespective of their berry size (Figure S54). The muscadine cultivar Jane Bell
berry having the highest percentage of seed content (by weight) (7.2%) showed the highest
AGL11 gene expression (Figure 4). On the contrary, seedless muscadine (Fry Seedless)
and bunch grape (Reliance Seedless) cultivars containing no seed had the lowest AGL11
gene expression.

3.7. Phylogenetic Analysis

To understand the evolution and divergence of AGL11 gene, we obtained 61 amino
acid sequences of AGL11 or AGL11-like proteins from monocot and eudicots plant species
at NCBI database using VVAGL11, AtAGL11 and TaAGL11 protein sequences as query
sequences. A maximum likelihood based phylogenetic tree was generated with best-fit
model LG using AGL11 protein sequences of these angiospermic plants as well as of 4 grape
species (muscadine, hybrid bunch and bunch grape species sequenced and reported in
this study), and presented in Figure 5. MADS-MEF2 type transcription factor of fungus
Scedosporium apiospermum (XP_016645827.1) and myocyte-specific enhancer factor 2A of
Homo sapiens (XP_016877691.1) were used as outgroups in phylogenetic analysis. AGL11
proteins of all plants formed 2 major clades (clade 1 and clade II) based on the tree topology
with a well-supported bootstrap value (78%) consisting of monocots (14 species) and
eudicots (51 species), respectively. However, the clade II consisting of eudicot species was
again subdivided into 5 sub-clades. All the grape species including muscadine, hybrid
bunch, bunch and wild grape species along with Pomegranate, Wild Myrtle and Eucalyptus
form a distinctly separate sub-clade (IIA). Fruit trees of the family Rosaceae including
stone fruit, pomes, drupe and drupelet fruits formed a sub-clade (IID). The members of the
Brassicaceae including Arabidopsis, and Leguminosae family formed clades IIB and IIE,
respectively. Other tree plants including Orange, Cotton, Rubber and Poplar tree formed a
sub-clade IIC suggesting the divergence of the AGL11 gene among the eudicot species.
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Figure 5. Dendrogram showing the phylogenetic relationship of AGL11 gene of muscadine grape
(VroAGL11) with that of other monocot and eudicot plants including bunch, hybrid bunch and
wild grape species using MADS-MEF2 transcription factor of fungus Scedosporium apiospermum
(XP_016645827.1, MADS-MEF2_S.a*) and myocyte-specific enhancer factor 2A of Homo sapiens
(XP_016877691.1, MEF2A_H.s*) as outgroups. The amino acid sequences of AGL11 gene of mus-
cadine (BB = Black Beauty, ]B = Jane Bell, F = Fry, and FS = Fry Seedless) and hybrid bunch grape
(BDB = Blanc du Bois) and bunch (RL = Riesling, RS-Reliance Seedless) sequenced in this study are
shown in violet box. The phylogenetic tree was constructed based on amino acid sequences of AGL11
or AGL11-like protein by the PhyML 3.0 [33] using maximum likelihood method with LG (Le and
Gascuel) model [34] and bootstrap analysis. The accession numbers of the amino acid sequences of
AGL11 or AGL11-like protein of monocots and eudicots are provided in Table S3.

4. Discussion

Seedlessness is the most desirable trait in the muscadine breeding program. This
study was undertaken to identify and characterize the AGL11 gene for stenospermocarpic
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seedlessness in muscadine grape at the molecular level, determine the relationship of
its expression levels with percentage of seed content (by weight) in berry of selected
seeded and seedless muscadine and hybrid bunch/bunch grape cultivars, and analyze the
divergence of muscadine AGL11 gene from that of other eudicot and monocot plants with
an aim to develop seedless muscadine table grape.

Muscadine berries were of different weight depending on the cultivar, with the biggest
berry in Black Beauty (15.9 g) and the smallest in Fry Seedless (2.5 g) cultivars (Table 1).
The number of seeds in muscadine berries, however, varies from 2 to 5 per berry depending
on the cultivar, and had little relationship with berry weight (r = 0.1695, p > 0.05) i.e.,
the berry seed number does not depend on their berry weight (Figure 1). Similarly, seed
sizes of the muscadine berries varied from cultivar to cultivar ranging from 4.8 to 7.9 mm
in length and 2.5 to 5.6 mm in width but had minimal relationship with their berry weight
(seed length: r = 0.3847, width: r = 0.2891; p > 0.05). Interestingly the mean berry weight
and seed weight/berry were moderately and positively correlated (r = 0.6786, p > 0.05)
which was, however, statistically nonsignificant (Figure 1). As the muscadine berries and
their seeds are of different sizes and weights depending on the cultivar, we have calculated
the seed: berry ratio (by weight) in percentage to ascertain the percentage of berry weight
belonging to the seed content among different grape cultivars. The highest percentage
of seed content (by weight) in berry was found in muscadine cv. Jane Bell (7.2% of berry
weight) and the lowest in Supreme (1.9%) and Black Beauty (2.1%) (Table 1).

The MADS-box transcription factor gene AGL11 of bunch grape (VviAGL11) has
been proposed as a strong candidate gene for seed morphogenesis in bunch grape and
later reported as the source of origin of stenospermocarpic seedlessness in bunch grape
cultivars [8,17,22,25,26]. Recently Malabarba and her colleagues [27] confirmed its role as
master regulator of seed morphogenesis in bunch grapes and showed that silencing and
overexpressing of the VoiAGL11 gene decrease and increase the seed content in seeded and
seedless bunch grape cultivars, respectively. However, the AGL11 gene has never been
characterized in the muscadine grapes at the molecular level.

As the muscadine grape genome is not sequenced yet, we detected the AGL11 tran-
scripts in muscadine grapes by qRT-PCR using gene-specific primers designed from the
bunch grape VviAGL11 gene and validated by amplifying and sequencing the coding
sequence (MRNA) from seeded and seedless muscadine cultivars. However, the muscadine
grape AGL11 transcripts (VroAGL11) were highly expressed in berries especially in pea-size,
and green and mature berries showing ~66 and ~53 times more expression respectively
than inflorescence (Figure 2), but barely detectable in leaves and harvest-ripe berries of
muscadine cultivar Noble. Diaz-Riquelme et al. [20] also reported higher expression of
AGL11 gene in floral and fruit tissues of bunch grapes concurring our observation. The ex-
pression of VoiAGL11 was 25-fold higher in pea-size berries compared to flowers in bunch
grape [8].

The expected size of resulting amplicons of the AGLI1 transcripts from different mus-
cadine, hybrid bunch and bunch grape cultivars using primers spanning the ORFs suggests
that they were conservatively spliced and might not be produced by exon-skipping or
intron-retention (Figure S2) and later confirmed by sequencing their ORFs. The align-
ment of AGL11 genomic and coding (mRNA) sequences of muscadine grape cv. Jane
Bell along with the published genomic and coding sequences of AGL11 gene of bunch
grape cvs. Chardonnay and Sultanina confirmed the exon-intron structure predicted
at NCBI (Figure S1). The muscadine grape VroAGL11 gene also contains 8 exons like
published bunch grape VuviAGL11 gene (Chardonnay and Sultanina). All the predicted
muscadine grape VroAGL11 proteins, like that of bunch grape and Arabidopsis, con-
tain highly conserved MADS-MEF2-like domain containing MADS domain, and K box
(Figure 3). They also have putative phosphorylation site (N59), two sumoylation motifs
(GKIE and QKRE at K5 and K155) and a poor ubiquitination motif for posttranslational
modification. The 223 amino acid long VroAGL11 proteins of muscadine grape cultivars,
Jane Bell, Fry and Fry Seedless are almost identical (99%) to that of bunch grape (Chardon-
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nay) except in one amino acid (A79G), but the Black Beauty VroAGL11 protein was 97%
identical to bunch grape (Chardonnay) and differs in five more amino acids in addition
to A79G (K26N, L66l, L83M, X97L and X107S). Interestingly the AGL11 protein of hy-
brid bunch grape cultivar, BDB was 100% identical to bunch grape cultivar Chardonnay.
However, the AGL11 proteins of all muscadine and hybrid bunch grape cultivar differ
from mutant protein (deduced from mutant allele) of Sultanina cultivar, which is used as
the donor parent for introducing stenospermocarpic seedlessness in table grape breeding
program, in two amino acids, R197L and T210A (Figure 3). Royo et al. [26] reported that
the arginine-197-to-leucine substitution in VviAGL11 was linked with stenospermocarpy
and major cause of seedlessness in bunch grapes.

We quantified relative expressions of the AGL11 gene in pea size berries of the selected
seeded and seedless muscadine, hybrid bunch and bunch grape cultivars as the pea-size
berries had the highest expressions among the plant parts. All the seeded grape cultivars
had the higher expression of AGL11 gene compared to seedless cultivar irrespective of
cultivars. However, the seeded muscadine cultivar Jane Bell and Noble had the higher
expression of AGL11 gene which was 152- and 130-fold higher than that of Fry Seedless
(Figure 4). Interestingly, there was highly significant and near-perfect positive relationship
(r =0.9825, p < 0.001) between AGL11 gene expressions and percentage of seed content
(by weight) in berry, i.e., the higher the percentage of seed content (by weight) in berry,
the higher the expression of AGL11 gene (Figure 4). Muscadine cultivar Jane Bell showing
the highest expression of AGL11 gene had the highest percentage of seed content (7.2%
of berry weight) (Figure 4, Table 1). On the other hand, Black Beauty and Fry Seedless
showing little to almost no expression of AGL11 gene had lower (2.1%) or no seed content,
respectively. This finding suggest that VioAGL11 gene also controls the stenospermocarpic
seedlessness trait in muscadine grape like in bunch grape. Interestingly, it should be noted
that muscadine cultivar Fry Seedless, which is parthenocarpic, showed lower expression of
AGL11 gene which is linked to stenospermocarpy. Even though the mechanism or process
of producing seedless berry is different in Fry Seedless cultivar, it showed minimum or
little expression of VioAGL11 gene since AGL11 transcripts are accumulated in the dual
endotesta layer of the seeds [22] and Fry Seedless has only seed traces or no seeds.

Phylogenetic analysis of AGL11 genes showed the divergence of the AGL11 genes
among the angiospermic plants forming two major clades, clade 1 and clade II consisting
of monocot and eudicots, respectively with well-supported bootstrap values (Figure 5).
The AGL11 genes of 51 eudicot species composing clade II again formed five sub-clades.
The sub-clades 2B, 2D and 2E predominately represent the members of Brassicaceae,
Rosaceae and Leguminosae family, respectively. All the tree plants including Orange,
Cotton, Rubber and Poplar tree formed a separate sub-clade 2C. These data suggest that
Muscadine grape cultivars along with all other grape species including bunch, hybrid
bunch, and wild grapes form a distinct separate sub-clade (2A) proving that the AGL11
gene is phylogenetically similar and highly conserved in all grape species.

5. Conclusions

The current study identified and characterized the VuiAGL11 orthologous gene in
muscadine grapes (VroAGL11) at the molecular level. The AGL11 gene is conserved across
all the grape species and phylogenetically they formed a separate clade than that of other
eudicots and monocots. The highest expression of VioAGL11 gene found in muscadine berry
with the highest percentage of seed content (by weight) and almost no expression in seedless
berry suggest that VioAGL11 gene plays a major role in controlling seed morphogenesis in
muscadine grapes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
425/12/2/232/s1, Table S1: List of primers used for detection, amplification and sequencing of
Muscadine, bunch and hybrid bunch grape AGL11 gene and transcripts. Table S2: Properties of
AGL11 protein of muscadine, hybrid bunch and bunch grape cultivars. Table S3: Percent iden-
tity matrix of AGL11 or AGL11-like proteins of monocot and Eudicot plants. Figure S1: Multiple
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alignment of the genomic sequences of AGL11 gene of muscadine (cv. Jane Bell) and bunch grape
(cvs. Chardonnay, Sultanina) cultivars along with their corresponding mRNAs. Figure 52: Gel pic-
ture showing the size of conservatively spliced transcripts (740 bp) of AGL11 gene in muscadine
cultivars Jane Bell, Noble, Black Beauty and Fry Seedless. Figure S3: Multiple alignment of the
amino acid sequences of AGL11 or AGL11-like proteins of monocot and eudicot plants including
muscadine, hybrid bunch and bunch grape cultivars sequenced and reported in this study. Figure S4:
Scatter plots showing relationship between relative expression of AGL11 gene of selected musca-
dine and bunch grape cultivars and (a) mean berry weight; (b) seed weight/Berry; (c) seed length;
(d) seed width.
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