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Abstract: Muscadine grapes are native to the southeastern United States and are used for making 

wine and consumed as fresh fruit. Grape berries, as ‘sink organs,’ rely on the use of available 

carbohydrate resources produced by photosynthesis to support their development and composition. 

A high throughput two-dimensional gel electrophoresis (2-DE) was conducted on muscadine (Vitis 

rotundifolia) grape leaf proteins to document complexity in their composition and to determine 

protein identity and function for enhancing photosynthetic efficiency of muscadine grape. 2-DE 

resolved muscadine leaf proteins into 258 polypeptides with pIs between 3.5 and 8.0 and 

molecular weight between 12,000 to 15,0000 Daltons. The consistently expressed proteins were 

excised and subjected to sequencing. Homology search of protein sequences showed 84% identity 

with Viridi plantae database. Identity of some of these proteins included RuBisCO, glutamine 

synthetase, pathogenesis-related protein, glyoxisomal malate dehydrogenase, ribonucleoprotein, 

chloroplast precursor, oxygen evolving enhancer protein. Comparative analysis of 10 muscadine 

cultivars showed quantitative differences in expression of 39 polypeptides among these genotypes. 

The results suggested that the polypeptide composition of muscadine grape leaf is complex, and 

polypeptide number and amount vary widely among muscadine genotypes, and these variations 

may be responsible for differences in their physiology, berry and stress tolerance characteristics.

Keywords: grapevine, leaves, muscadine, proteins, sequencing, 2-DE

Introduction
Grapevines are an important horticultural crop worldwide where they are cultivated 

for fruit, making wine and juice. In grape, efficient assimilation and use of nutrients 

by plant is of prime importance for the optimization of crop productivity and berry 

quality. Grape berries, as ‘sink organs,’ rely on the use of available carbohydrate 

resources produced by photosynthesis to support their growth and development. In 

grape, sucrose is the major form of carbohydrate loaded into the phloem at the leaves 

and distributed to sinks such as berry. The transport and allocation of sugars between 

the photosynthetic “source tissues” and the heterotrophic “sink tissues” is known as 

assimilate partitioning and is a major determinant of plant growth and productivity.1 

Sucrose produced through photosynthesis in the mesophyll of mature leaves is the 

main carbohydrate used for long distance transport.2 Sucrose is loaded into the phloem 

by either a symplastic (via plasmodesmata) or apoplastic mechanism3 and as the 

major osmotically active constituent in the phloem it provides the driving force for 

translocating all other compounds in the phloem sap.3

Among the Vitis species, Vitis vinifera is cultivated worldwide and its development 

and physiology has been studied extensively. Muscadine (Vitis rotundifolia) grape is 
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native to the southeastern United States and not well known 

outside the southern USA. They are also used for making 

wine, juice, jelly and eaten as fresh fruit. Bunch (V. vinifera) 

grape contains significantly higher amount of sugars (24%) 

compared to muscadine berry (14%–18%) and hence, the 

muscadine wine industry routinely adds sucrose to muscadine 

juice for promoting fermentation and increasing alcohol content 

of the wine. Muscadine grapes are tolerant to most diseases 

and have high nutraceutical value, and hence, have received 

serious attention by grape researchers as a unique genetic 

source for improving biotic and abiotic stress tolerance in 

bunch grape. Leaves are the main organ of photosynthesis and 

transpiration in higher plants and therefore, a large number of 

proteome studies have been concerned with various aspects of 

leaf development, genetics, and exposure of plants to a wide 

range of biotic and abiotic stresses.4–8 The progress made in the 

separation of proteins by two-dimensional gel electrophoresis 

(2-DE) coupled with the development of mass spectrometric 

technique has allowed powerful analysis of proteome changes 

and genetic differences. In most green leaf proteomes, ribulose 

bisphosphate decarboxylase/oxygenase is the most abundant 

protein, and can comprise more than half of the total leaf pro-

tein in some species.9 Several studies have analyzed the major 

soluble proteins present in leaves, and the two most extensive 

datasets to date were generated from 49-day-old rice leaves 

where 1022 proteins were identified10 and from Arabidopsis, 

where 1117 proteins were identified from 14-day-old primary 

leaves.11 In maize, 149 proteins were identified in the third leaf 

of 14-day-old seedlings.12 Proteome studies in wheat identified 

142 proteins in 6- to10-day-old leaves13 and 55 proteins in 

60-day-old leaves.14 A reference map of the pea leaf proteome 

has also been established which led to the identification of 

130 leaf proteins at 4 to 24 days after planting and revealed a 

highly similar proteome map of stem and leaf proteins.15 This 

leaf proteome map was used to analyze quantitative variations 

in leaf proteins during nitrogen mobilization revealing that 40% 

of the proteins displayed significant changes in their abundance 

during leaf development.15

Vitis vinifera proteome has been studied extensively4,16–23 

compared to muscadine proteome. Muscadine grapes have 

distinct morphology and significantly differ from Vitis 

vinifera in berry characteristics, composition and stress 

tolerance level. In view of the unique physiology and genetic 

make up of muscadine grape this study was focused on 

proteomics of muscadine leaf to increase our knowledge 

of muscadine leaf proteome and to infer their function in 

photosynthetic efficiency, berry composition, stress tolerance 

and plant defense by comparison with the proteins to which 

they are homologous. Here we report a detailed study on 

muscadine leaf proteins using a popular wine cultivar Carlos 

based on separation of leaf proteins by 2-DE and discuss 

their identity and function. In addition, we also compare 

protein profiles of selected muscadine genotypes (five wine 

and five table cultivars) to determine differences in their 

polypeptide profile, extent of genetic variation and their role 

in defining varietal characteristics.

Materials and methods
Plant material
Muscadine (Vitis rotundifolia) grape genotypes (10 cultivars) 

with diverse berry characteristics and usage (wine and table) 

grown at the Center for Viticulture and Small Fruit Research, 

Florida A and M University, Tallahassee, FL were used in this 

study. They are being maintained following recommended 

cultural practices for muscadine grape and received irriga-

tion, pest control and fertilizers as per the recommended 

guidelines and were not exposed to any adverse environmen-

tal conditions. Fully expanded mature leaves were collected 

from selected grape genotypes in the morning hours (between 

9:00 to 9:30 AM) in spring and transported to the lab on ice 

for further processing. To randomize biological variations, 

50 leaves were collected from four to five plants of the 

same cultivar, pooled, washed, and quickly dried with paper 

towel. Leaves were then frozen in liquid nitrogen and stored 

at -80 °C prior to protein extraction.

Protein extraction and determination
Leaf tissue was ground into a powder under liquid nitrogen, 

and one g of powder was suspended in 5 ml solution of 70% 

acetone containing 20% TCA and homogenized for 2 min 

on ice. The homogenate was centrifuged (20000 g at 4 °C 

for 15 min) and the resulting pellet was washed three times 

with ethanol and then acetone. Protein was extracted from 

the acetone powder (30 mg) using 500 µl of lysis buffer 

(7 M urea, 2% CHAPS [w/v], 2 M thiourea, 0.2% DTT [w/v]) 

and insoluble material was removed by centrifugation. An 

aliquot of the supernatant was used for protein determination 

using the Bradford method,24 and the remaining sample was 

used for 2-DE. This protein extraction protocol was found 

to yield maximum amount of good quality protein suitable 

for 2-DE.

Two-dimensional gel electrophoresis (2-DE)
An aliquot (100 µg) of the protein extract was loaded 

on to gels and isoelectric focusing (IEF) was performed 

following the method of Basha25 using pH 3.5 (50%), pH 8.5 
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to 10 (14%) and pH 5–7 (26%) ampholines (Sigma Chemi-

cals, St. Louis, MO). After IEF, the gels were equilibrated 

for 15 min in equilibration buffer (50 mM Tris–HCl, pH 8.8; 

6 M urea; 30% [v/v] glycerol; 2 M thiourea; 2% [w/v] SDS; 

and 2% [w/v] DTT). Second-dimension was run in 13% (w/v) 

acrylamide slab gels at 18 °C in a Tris–Gly buffer (25 mM 

Tris–HCl; 192 mM glycine; 0.1% [w/v] SDS) system. Run-

ning conditions were 20 min at 20 mA/gel, and 2 h at 40 

mA/gel until the tracking dye reached the bottom of the gel. 

These conditions allowed separation of polypeptides with a 

molecular mass ranging from 12 to 150 kDa. The 2-DE gels 

were stained with Coomassie Brilliant Blue R-250 to visu-

alize protein spots. Protein standards (Sigma) with known 

molecular weight and isoelectric point (pI) were used to 

calibrate the gel and obtain experimental molecular weight 

and pI of the protein spots. Each sample was run in replicates 

of three or more to obtain a consistent protein profile.

The above described protein extraction and 2-DE protocol 

was found to be optimum for the separation of muscadine 

leaf proteins and hence, used for characterization of all the 

muscadine genotypes.

Gel image analysis
Images of three replicate gels were taken by Proteome 

Works Spot Cutter (BioRad Laboratories, Hercules, CA) and 

analyzed by PD Quest software, version 7.2 (BioRad). To 

reduce background noise and eliminate unexploitable spots, 

a maximal area common to all gels within a cultivar was 

defined using selected major proteins bordering each side of 

the gels. In all cases this area corresponded to at least 95% of 

the total gel. Three independent replicates were performed 

for each of the 10 genotypes studied and image analysis was 

carried out considering all the gels. Classic Match tool which 

utilizes landmarks was employed to match protein spots that 

were consistently present in the same position in all the three 

gel replicates. From this match, an Analysis Set was created 

which served as a “pick-list” for spot excision, in-gel trypsin 

digestion, and protein identification by mass spectrometry. 

Spots were robotically excised from 2-D gels by Proteome 

Works Spot Cutter (BioRad). In-gel trypsin digestion was 

performed using the ProPrep (Genomic Solutions, Ann 

Arbor, MI) robotic digester/spotter, applying a method 

published previously.26 Mass spectra were collected on ABI 

4700 Proteomics Analyzer (Applied Biosystems, Foster City, 

CA) MALDI TOF-TOF mass spectrometer (MS) and protein 

identification (ID) was performed using the automated result-

dependent analysis (RDA) of ABI GPS Explorer software, 

version 3.5 (Applied Biosystems).

Protein identification by mass 
spectrometry analysis
The initial MS scan obtained the m/z values for preliminary 

ID based on peptide mass fingerprinting (PMF). Proteins with 

high confidence ID (cross confidence interval [CI]% 95%) 

were automatically subjected to “in silico” trypsin digestion, 

and their five most prevalent corresponding peptides–precursor 

ions present in the MS spectra were selected for MS/MS 

analysis called RDA_1 (top protein confirmation). Both MS 

and MS/MS data were matched against the National Center 

for Biotechnology Information (NCBI) Vitis spp. and Viridi 

plantae taxonomic databases (as of January 2009) using 

the MASCOT (Matrix Science, Boston, MA) algorithm.27 

The samples that failed to provide high confidence ID after 

the combined search were characterized by de novo sequenc-

ing (module of the ABI GPS software) of their corresponding 

spectra. De novo obtained amino acid sequences were 

automatically BLAST28 against the NCBI Viridi plantae data-

base (as of January 2009). Only the “positive hit” (according 

to the BLAST algorithm) was considered as an indication of 

sequence homology with the particular database entry.

Results
Muscadine leaf protein composition
The low abundance of proteins along with pigments, lipids 

and phenolics associated with grape leaves is the major 

challenge for 2-DE. Different chaotropes, detergents and 

ampholine combinations were tested to enhance the solubil-

ity and resolution of leaf proteins, and minimize interference 

from various leaf metabolites. The solubilization efficiency 

depends not only on the nature of leaf proteins, but also on the 

leaf morphology, lipid and pigment content, and the sample 

preparation prior to final solubilization. Further, unlike the 

methods that use strips in IEF dimension, it was found that 

alkylation prior to reduction is not necessary because it had 

no effect on protein resolution in our acrylamide-based 

method.25 Initially, several (10) muscadine cultivars 

were evaluated using the optimized protein extraction and 

2-DE protocols described above in Methods. Based on this 

evaluation cv. Carlos was chosen for detailed protein charac-

terization because it contained majority of the proteins found 

in muscadine cultivars, and is one of the popular wine cultivar 

grown in southeastern USA. The 2-DE analysis of Carlos 

leaf proteins showed a total of 258 proteins across the three 

replicate gels in a highly reproducible manner (Figure 1). The 

2-DE profile showed that leaf proteins were resolved in to a 

diverse category of polypeptides with molecular weight (M
r
) 
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ranging between 12,000 and 150,000 Da and the pI between 

3.5 and 8.0. The majority of the proteins were found to be 

in the 90, 60, 40, and 25 kDa range with pI between 4.5 and 

7.5. Interestingly, some of the leaf proteins with apparent 

M
r
  50 kDa resolved into clusters of multiple spots. The 

apparent M
r
 of proteins in each cluster was similar but their 

pIs were slightly different resulting in series of spots. Most 

of these clusters focused between pH 4.5 to 7.5 and had M
r
 

between 50 and 75 kDa. Such polypeptide clusters have 

been observed on 2-DE of several seed, leaf and microbial 

protein extracts and appears to be of normal occurrence in 

plant tissue.25,29–31

Identification of protein spots
Protein spots were detected on the gel as described in 

the Methods, robotically excised from the gel and tryp-

sin digested. The digested samples were subjected to 

LC-MS/MS analysis to obtain peptide sequences. Out of 

258 protein spots resolved on the gel, 217 protein spots 

were successfully identified by MASCOT database search. 

In addition, a MOWSE score was obtained from MASCOT, 

which rates scores as significant if they are above the 95% 

significance threshold (p  0.05).32,33 The resulting data 

were matched against the NCBI Vitis and Viridi plantae 

taxonomic databases. Identity and function of some of the 

abundant and most commonly found proteins are shown 

in Table 1. They include chloroplast heat shock protein, 

ATPases, RuBisCO activase, ribulose 1, 5-bisphosphate 

carboxylase/oxygenase (RuBisCO), glutamine synthetase, 

glyceraldehyde 3-phosphate dehydrogenase, pathogenesis-

related protein and several unknown proteins which have no 

match with proteins of Vitis taxa in the NCBI database. The 

unknown proteins were BLAST with other taxa in the NCBI 

database to determine their identity and function. However, 

a few of them did not match with any known proteins of any 

taxa. It is also noted that some of the proteins were resolved 

into multiple spots with varying M
r
 and pI suggesting that 

these proteins exist in multiple subunits. For example, 

Figure 1 Two-dimensional gel electrophoresis profile of muscadine leaf proteins from cv. Carlos.
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RuBisCO small subunits were distributed in three different 

regions of the gel with pI values of 5.7, 6.7, and 7.3 and 

molecular weights 23, 13, and 12.8 kDa, respectively. These 

polypeptides showed 100% homology with RuBisCO small 

subunit of Vitis rotundifolia in Vitis database (Table 1). In 

addition, ATP synthase beta subunit, RuBisCO large subunit 

and oxygen evolving enhancer protein also were found to 

exist in multiple subunits (Table 1).

Functional classification of muscadine 
leaf proteins
All the identified polypeptides (217) were grouped into 

seven categories according to their function as per the anno-

tation in the Viridi plantae and Vitis taxonomic databases 

(Figure 2). Functional classification of identified proteins 

showed them to be associated with transport (18%), metabo-

lism (19%), signal transduction (8%), energy (15%), cellular 

biogenesis (4%) and protein synthesis (12%). About 24% 

(52 of 217 polypeptides) of the proteins were grouped into 

unknown function category because they did not make a 

BLAST.

Variation in leaf protein composition 
among muscadine genotypes
Leaves from selected popular muscadine cultivars were 

examined to illustrate extent of genetic variation in pro-

tein composition among the genotypes. Leaf polypeptide 

profiles of selected muscadine cultivars are shown in 

Figure 3. They included both the wine (Magnolia, Noble) 

and table (African Queen, Higgins) fruit types. Variation 

in leaf protein composition among muscadine cultivars 

was determined by comparing their 2-DE profiles both 

manually and using PD Quest 2-D Analysis Software 

(BioRad). These data revealed (Figure 3) that the number 

of polypeptides varied greatly among the muscadine 

cultivars. Thus the cultivars Magnolia, African Queen, 

Noble and Higgins showed 188, 238, 257 and 281 protein 

spots, respectively. The polypeptide profile also revealed 

that most of the polypeptides were present in all the 

muscadine cultivars studied but significant (P  0.05%) 

differences exist in their abundance among the genotypes. 

Based on the comparative analysis of these cultivars using 

PD Quest software (BioRad), 39 proteins showing major 

quantitative differences were identified. In each data set, 

three gel images from replicated samples were used to 

create a master gel. After normalizing the gels, scatter plot 

was obtained (PD Quest). Analysis sets were created using 

PD Quest software and used to determine quantitative and 

qualitative differences in proteins of interest. The spot 

detection parameters were optimized based on the sensitiv-

ity, size scale and minimum peak area. The polypeptides 

which show distinct quantitative differences among the 

genotypes are denoted into 12 regions (Blocks A to L, 

Figure 3) based on their position on the 2-DE gel.

A close up view of these 12 regions (Blocks A through 

L, Figure 3) is shown in Figure 4. For ease of identification 

polypeptides within each block are numerically labeled. 

Comparison of polypeptides in block A showed that Mag-

nolia, African Queen and Higgins contained three polypep-

tides (1, 2 and 3) while Noble contained reduced levels of 

polypeptides 2 and 3, and lacked polypeptide 1. In block D, 

polypeptides 1 and 2 were present in Magnolia and African 

Queen while they were found only in trace amount in Noble 

and Higgins. In addition, the amount of polypeptides 3, 4 

and 5 were lower in Noble compared to other three cultivars. 

In block I, Higgins and Noble contained higher amounts of 

polypeptides 1, 2 and 3 while Magnolia and African Queen 

contained reduced levels of these peptides. Similar differ-

ences in polypeptide number and protein intensity was found 

in blocks B, C, E, F, G, H, J, K and L (Figure 4). These data 

demonstrated that major differences exist in polypeptide 

number and their quantity among muscadine genotypes.

The identity of 39 differentially expressed proteins 

(Figures 3 and 4) among the muscadine genotypes is shown 

in Table 2. The proteins include aspartate aminotransferase, 

hydroxypyruvate reductase, fructose 1,6, bisphosphate 

aldolase, superoxide dismutase, RuBisCO large subunit, 

triose phosphate isomerase, etc. In addition, eight poly-

peptides were identified as unknown, since they did not 

make a BLAST with Vitis or other databases. Based on the 

homology search we have determined that multiple forms 

of hydroxypyruvate reductase, fructose 1,6, bisphosphate, 

aldolase, Os12 g, peroxiredoxin, RuBisCO large subunit, 

and elongation factor G are distributed across the 2-DE gel. 

It is noteworthy that the amount of these proteins greatly 

varied among the cultivars studied. One of the fructose 1, 6, 

bisphosphate aldolase polypeptide (B-1) was significantly 

lower in Noble compared to other cultivars (Figure 4). Simi-

larly, several other proteins also showed significant quanti-

tative differences among the cultivars. It was interesting to 

note that homology of certain polypeptides was very high 

(99%) while in others the polypeptide score and organism 

varied widely. For example, elongation factor G (L1 and L2 

Figure 4) showed similar hits to Glycine max with similar 

peptide match and MASCOT score while peroxiredoxin 

showed hits with two different organisms (Populus tremula 
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Figure 2 Distribution of muscadine leaf proteins based on their function.
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and Phaseolus vulgaris), different MASCOT score and 

peptide match (Table 2) indicating genetic diversity in these 

proteins among the taxa.

Discussion
This is the first proteomic study on muscadine leaf which 

dealt with determining its proteome profile, functionality 

and genetic diversity. Muscadine leaf proteome was found 

to be complex and contained more than 258 (217 matched 

and 41 unmatched) proteins which are significantly higher 

than grape berry. They appear to be involved in metabolism, 

transport, energy, protein synthesis, signal transduction, 

and cellular biogenesis functions. In addition, a major por-

tion (52 proteins or 24% of the matched proteins) of these 

proteins did not make a BLAST and needs further examina-

tion. The proteins found in muscadine leaf viz. chloroplast 

heat shock protein, ATPases, RuBisCO activase, ribulose 

1,5-bisphosphate carboxylase/oxygenase (RuBisCO), 

glutamine synthetase, glyceraldehyde 3-phosphate dehydro-

genase, pathogenesis-related protein, and several unknown 

proteins have been reported as true proteins in different 

plant species including Vitis which provides sound evidence 

on the quality of data presented in this report. Functional 

classification of the identified leaf proteins indicated them 

to be involved in metabolic and cellular processes, and dem-

onstrated that leaf is a vigorous system in signal transduc-

tion and transportation of metabolites; dynamic for energy 

metabolism, protein trafficking, and proteolysis.

Most of the abundant proteins appear to be widely 

distributed among muscadine genotypes. For example, 

chloroplast heat shock protein 70 (also known as stress 

70 molecular chaperones) has been found in most organisms 

from archaebacteria to eukaryotes and represent one of the 

most conserved protein families known to date.34 HSP 70s are 

involved in almost every step of protein biogenesis.35 These 

proteins are located in the cytosol as well as in specific sub 

cellular compartments to bind unfolded polypeptides and to 

release them in an ATP-dependent reaction.36 Another group 

of proteins present in muscadine leaf are ATPases, which are 

membrane-bound enzyme complexes and ion transporters 
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Figure 4 A close up view of two-dimensional gel electrophoresis (2-DE) gel regions showing differences in polypeptide composition among muscadine cultivars (I: Magnolia, 
II: Noble, III: African Queen, IV: Higgins). For ease of identification polypeptides within each block are numerically labeled. Positions of these blocks on 2-DE gel are shown in 
Figure 3.
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Table 2 Identitiy and characteristics of differentially expressed proteins in selected muscadine cultivars
Spot # Protein name Taxonomy Mascot score/

peptides matched
Theoretical 
mass (kDa)/pI

Accession 
number

Block A

  1 Aspartate aminotransferase Phaseolus vulgaris 162/12 48.3/4.5 gi|25990362

  2 Hydroxypyruvate reductase Bruguiera gymnorrhiza 333/11 40.8/4.45 gi|13873334

  3 Hydroxypyruvate reductase Bruguiera gymnorrhiza 333/11 40.8/4.45 gi|13873334

Block B

  1 Fructose 1,6, bisphosphate 
aldolase

Salicornia herbacea 66/4 40.3/5.2 gi|40362980

  2 Fructose 1,6, bisphosphate 
aldolase

Salicornia herbacea 66/4 40.3/5.2 gi|40362980

  3 Os12g0632700 Oryza sativa (japonica) 43/16 39.4/5.5 gi|115489718

  4 Os12g0632701 Oryza sativa (japonica) 44/16 39.4/5.5 gi|115489718

Block C

  1 Hypothetical protein Vitis vinifera 191/24 38.0/6.2 gi|157345467

  2 Hypothetical protein Vitis vinifera 64/6 39.6/6.3 gi|157356650

  3 Alanine aminotransferase-like 
protein

Arabidopsis thaliana 388/11 39.5/5.56 gi|14596229

  4 Fructose 1,6, bisphosphate 
aldolase

Salicornia herbacea 66/4 38.0/5.7 gi|40362980

Block D

  1 Putative glycine rich protein Rumex obtusifolius 66/3 28.8/5.2 gi|20152613

  2 Peroxiredoxin Chain A,  
Prx D (Type Ii)

Populus tremula 244/6 27.2/5.25 gi|66360171

  3 Carbonic anhydrase isoform 2 Gossypium hirsutum 231/5 26.5/5.5 gi|4754915

  4 Hypothetical protein Vitis vinifera 145/15 25.3/5.7 gi|157356650

  5 ATP synthase epsilon subunit Vitis vinifera 446/12 37.9/5.7 gi|22797822

Block E

  1 Putative formate– 
tetrahydrofolate ligase

Oryza sativa (japonica) 68/4 23.6/5.4 gi|51536102

Block F

  1 Rieske Fe/S protein of 
cytochrome b6/f complex

Nicotiana tabacum 244/6 16.2/6.5 gi|19999

  2 Peroxiredoxin Phaseolus vulgaris 285/4 15.5/6.6 gi|11558242

Block G

  1 Rubisco large subunit Tetrastigma hookeri 286/7 19.0/6.7 gi|16973388

  2 IgE-binding protein MnSOD Hevea brasiliensis 57/3 20.2/6.1 gi|10862818

  3 Hypothetical protein Arabidopsis thaliana 61/10 22.7/6.24 gi|15233454

  4 Ribulose bisphosphate 
carboxylase small chain 
chloroplast precursor

Pyrus pyrifolia 83/8 20.6/6.42 gi|132153

Block H

  1 Hypothetical protein Arabidopsis thaliana 160/7 58.3/7.6 gi|15240804

  2 Hypothetical protein Vitis vinifera 190/6 55.5/7.75 gi|157354496

  3 Hypothetical protein Vitis vinifera 279/14 52.1/7.7 gi|157337667

Block I

  1 Superoxide dismutase  
[Cu-Zn], chloroplast

Pinus sylvestris 245/4 48/6.78 gi|134685

  2 Photosystem II protein 33kD Spinacia oleracea 426/6 47.3/6.9 gi|224916

  3 4-nitrophenylphosphatase-like Arabidopsis thaliana 144/9 46.5/6.8 gi|8953699

(Continued)
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that combine ATP synthesis and hydrolysis with the transport 

of protons across a membrane. Other identified proteins 

include RuBisCO activase, which catalyses the reactivation 

of RuBisCO in the presence of RuBP or other inhibitory 

sugar phosphates.37 Ribulose 1,5-bisphosphate carboxylase/

oxygenase (RuBisCO) is the key regulatory enzyme respon-

sible for CO
2
 fixation during photosynthesis. It is localized in 

the chloroplast stroma and is composed of eight small subunits 

encoded by a small nuclear multigene family, and eight large 

subunits encoded by a single gene in the multicopy chloroplast 

genome. The enzyme glutamine synthetase (GS; E.C. 6.3.1.2) 

plays central role in nitrogen metabolism and has diverse 

metabolic and developmental regulation in different plant 

species and organs.38 Two major isoforms exist for the GS 

enzyme: cytosolic GS, occurring in the cytoplasm of leaves 

and nonphotosynthetic organs, and chloroplastic GS, pres-

ent only in the chloroplasts of photosynthetic tissues and the 

plastids of roots or etiolated plants. The relative proportions 

of the cytosolic and plastidial GS activity may vary within 

different organs of the same plant or within different plant 

species depending on their photosynthetic type.39 The 33 kDa 

protein with pI 5.2 found in muscadine leaf is homologous to 

oxygen evolving enhancer protein 1 (OEE1). Oxygen evolv-

ing enhancer protein (OEE) consist of three subunits, OEE 

1 (33 kDa), OEE 2 (23 kDa), and OEE 3 (16 kDa). These 

are nuclear-encoded chloroplast proteins, and peripherally 

bound to photosystem II on the luminal side of the thylakoid 

membrane.40 Dehydrogenases (GAPDHs) of higher plants are 

marker proteins for important aspects of chloroplast evolution 

and biogenesis. Although descendants of a common phylo-

genetic ancestor,41,42 they differ in several structural features. 

The Cytosolic NADspecific dehydrogenase is a single homo-

tetramer like the corresponding enzymes from other sources. 

Chloroplast NADP-dependent dehydrogenase is composed 

of two major isoenzymes A2B2 and A4; subunits A and B 

are distinguished by slightly different molecular weights.43 

Glyoxysomes are unique to plant cells and house in addition 

to the enzymes for 3-oxidation of fatty acids, the glyoxylate 

cycle, a variant of the tricarboxylic acid cycle. Superoxide 

oxidoreductase (EC 1.15.1.1) catalyze the dismutation of 

superoxide to dioxygen and hydrogen peroxide to protect 

organisms from oxidative damage.44 Superoxide oxidoreduc-

tases (SODs) are metalloproteins that are classified into three 

types (Mn-, Fe-, and Cu/Zn-SOD) depending on the metal 

found in the active site. In plants, the most prominent SODs 

are Cu/Zn isozymes. It has been shown that transgenic plants 

that overexpress chloroplastic Cu/Zn-SOD increase resistance 

to oxidative stress45 and the activity of plant SOD increases in 

response to a variety of environmental and chemical stimuli.46 

Recently, increased levels of SOD activities resulting from 

differential regulation of individual SOD genes at the tran-

scriptional leve1 were also reported.47

Table 2 (Continued)

Spot # Protein name Taxonomy Mascot score/
peptides matched

Theoretical 
mass (kDa)/pI

Accession 
number

Block J

  1 Rubisco large subunit Tetrastigma hookeri 286/7 29/7.23 gi|16973388

  2 Rubisco large subunit Parthenocissus 
himalayana

74/7 45.8/7 gi|16973408

  3 Hydroxypyruvate reductase Bruguiera gymnorrhiza 105/6 45.6/7.32 gi|13873334

  4 Sedoheptulose-1, 
7-bisphosphate, chloroplast 
precursor

Spinacia oleracea 156/10 43.9/7.43 gi|3914940

Block K

  1 Phytocalpain Nicotiana 
benthamiana

62/10 25.8/6.95 gi|38490651

Block L

  1 Elongation factor G, 
chloroplast precursor

Glycine max 402/16 31.5I7.4 gi|461999

  2 Elongation factor G, 
chloroplast precursor

Glycine max 402/16 31.5/7.5 gi|461999

  3 Putative glycine rich protein Rumex obtusifolius 66/3 28/7.6 gi|20152613

  4 Hypothetical protein Vitis vinifera 238/17 23.1/7.65 gi|157356650

  5 P 23 Protein Solanum tuberosum 136/3 20.2/7.69 gi|587546
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Although no significant differences were observed in 

major leaf proteins, quantitative variations were found 

in several proteins among muscadine cultivars. Of the 

217 proteins identified, 39 proteins were found to be dif-

ferentially expressed among muscadine genotypes, out of 

which eight are with unknown function. Further investiga-

tion using leaf tissue from a larger number of muscadine 

genotypes, different leaf and berry developmental stages, 

during veraison and healthy and infected tissue will provide 

better insight into the function of known and unknown 

proteins of muscadine leaf that affect plant development, 

berry composition, and its enological value.
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