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ABSTRACT 

 

 

 

 

Chemical composition of 25 pecan varieties revealed considerable differences in moisture 
(2.1-6.4%), protein (6.0-11.3%), lipid (65.9-78.0%), total soluble sugars (3.3-5.3%), ash (1.2-
1.8%) and tannins (0.7-2.7%) when analyzed on an edible portion basis. Pecan varieties had 
similar protein polypeptide profiles as revealed by SDS-PAGE, IEF, and pecan pAb based 
Western blotting analysis. 

  
Both pH and ionic strength were important for pecan protein solubilization. Borate Saline 

Buffer (pH 8.45) was an optimum solvent for extraction of pecan proteins among the mild 
buffers tested. Protein solubility was minimal in pH 3-7 range and increased significantly on 
either side of this pH range. Increasing ionic strength from 0 to 4 M NaCl significantly improved 
(~8 fold) protein solubilization. Glutelin fraction (63.6%) accounted for the major portion of the 
total solubilized pecan proteins followed by globulin (31.5%), prolamin (3.4%) and albumin 
(1.5%) respectively. The majority of the pecan polypeptides were in the MW and pI range of 
12,000-66,000 Da and pH 4.0-8.3 respectively. Pecan globulins contained the most glycoprotein 
polypeptides. Lysine was the first limiting essential amino acid in the defatted flour, globulin, 
prolamin and alkaline glutelin fractions. Leucine and tryptophan were the first limiting essential 
amino acid in albumin and acid glutelin fractions respectively. The minimum nitrogen solubility 
(5.9-7.5%) at 0.25-0.75 M TCA represented the non-protein nitrogen of pecan meal.  

 
Pecan pAb-based inhibition ELISA could detect pecan proteins as low as 32 ng/ml. The 

assay, however, was not suitable for specific detection of pecan in foods as it showed cross-
reactivity to various tree nut and seed proteins.  

 
Pecan contained major allergenic polypeptides in the 50-66 kDa and 16-20 kDa range 

when tested with human sera IgE from 15 pecan allergic subjects. Pecan globulins contributed to 
the majority of 50-66 kDa allergens. 

 
ELISAs and Western blotting assays indicated that pecan proteins subjected to various 

thermal treatments remained antigenically stable.  
 
Complete proteolysis and loss of antigenicity was not observed in SGF and SIF in vitro 

digestion studies. Western blotting of SGF digested proteins displayed several low molecular 
weight antigenic peptides (16-20 kDa) that were either originally present in the pecan extract or 
were generated by pepsin under the digestion conditions.  
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INTRODUCTION 

 

 

 

 

Background 

 

 

Pecan is the one of the oldest tree nuts that grows naturally in North America. The name 
"pecan" came from Algonquin Indian word ‘pacaan’ that also included walnuts and hickories 
and was used to describe "all nuts requiring a stone to crack”. Originating in central and eastern 
North America and the river valleys of Mexico, pecans were widely used by pre-colonial 
residents. Native American tribes in the USA and Mexico used the wild pecan as a major food 
source during autumn. It is speculated that pecans were used to produce a fermented intoxicating 
drink called "Powcohicora" from where the term "hickory" comes (Rosengarten, 1984; Wood et 
al., 1994; Manaster, 1994). The current botanical name for pecan is Carya illinoinensis 
(Wangenh.) K. Koch and belongs to the family ‘Juglandaceae’ which also includes other tree 
nuts such as walnuts, hickory nuts, heartnuts and butternuts (Rosengarten, 1984). 

 
Pecans, valued for their sweet flavor and crunch, are used in a variety of food products 

including bakery, confectionery, candies and are also commonly used in salads, main dishes, as 
toppings on desserts and as a snack (raw/roasted/salted). A 1990 report on the market utilization 
of pecans in the U.S. included bakers (25%), retailers (22%), wholesalers (14%), confectioners 
(12%), mixers and salters (10%), gift packers (10%), ice cream manufacturers (7%), food service 
agents (4%) and several others (Hubbard et al., 1990). Accordingly, pecans are marketed either 
in shell or in various shelled forms such as halves (various USDA grades), pieces, granules or 
meal (Rosengarten, 1984; Georgia Pecan Commission, 2002; National Pecan Shellers 
Association, 2002). Pecan oil though edible is mainly used in manufacture of essential oils, 
cosmetics, drugs and paints (Prasad, 1993; Duke 2001).  

 
Pecans are a high-energy (691 kcal/100 g) health food consisting of approximately 9% 

protein, 72% lipid, 14% carbohydrate and 10% fiber (USDA, 2004). The majority of pecan lipids 
are monounsaturated (~60%) and polyunsaturated (~32%), lack cholesterol and contain 
antioxidants and phytosterols leading many to investigate pecans for their cardiovascular and 
dietary health benefits (Rajaram et al., 2001; Morgan and Clayshulte, 2000; Haddad et al., 2001; 
Kris-Etherton et al., 2001; Krauss et al., 2000). Pecans are also a rich source of minerals such as 
phosphorus, potassium, zinc, and iron and are naturally low in sodium (USDA, 2004). 

 
The U.S. produces more than 80% of the world’s pecans. Other countries that produce 

pecans include Mexico, Australia, Israel, Brazil and Argentina. In 1999, 406 million pounds of 
pecans (value of $330 million) were produced in the U.S. while 210 million pounds (value of $ 
238 million), 339 million pounds (value of $201 million) and 173 million pounds (value of $165 
million) were produced in 2000, 2001 and 2002 respectively (USDA, 2003). The fluctuations in 
the production are mainly due to the alternate year fruit-bearing tendency (also know as masting) 
of pecan crops (Wood, 1993). The average per capita use of pecan in the U.S. in 2001/2002 was 
0.42 pounds (USDA, 2003).  Unlike other edible tree nuts, pecan is a multi-state crop in the U. 
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S., growing across the country from the southeast (Georgia, North & South Carolina, Florida, 
Alabama, Louisiana, Mississippi) to southwestern states (Texas, New Mexico, Arizona, 
Oklahoma) and stretching into some northern areas (Kansas, Tennessee). When total pecan 
production is included, Georgia remains the top producer, followed by Texas, New Mexico, 
Arizona, and Oklahoma (Herrera E., 2000; USDA, 2003; National Pecan Shellers Association, 
2002). There are over 1,000 varieties of pecans cultivated in the U.S.  In the U.S., nearly 75% of 
the pecans are produced mainly from improved cultivars (genetically altered through 
breeding/grafting) rather than native (developed under natural conditions) or seedling varieties 
(produced from seeds and not budded or grafted) (Thompson 1990; USDA, 2003).  

 
Pecans, while having economic and nutritional/health benefits, also bring up an important 

issue of food safety. Population based questionnaire studies in the U. S. and U. K. estimate more 
than 0.5% of the population suffer from tree nut related allergies  (Sicherer et al., 1999). More 
recent data from a random digit dial telephone survey indicate that the rate of peanut and tree nut 
allergies has remained the same (~1.2% of the adult population equating to almost 3 million 
Americans) (Sicherer et al., 2003). However, this study also reported a disturbing two fold 
increase in peanut and tree nut allergies in children when compared with the rate of peanut and 
tree nut allergies reported in an earlier 1997 study (Sicherer et al., 1999). Food allergies affect 
approximately 2% of the adult population and up to 8% of the pediatric population (IFST, 1999). 
Tree nuts belong to the class of major serious allergens (MSAs); also recognized as “Big Eight”; 
which are thought to be responsible for 90% of all IgE mediated allergies worldwide (FAO, 
1995). These Big Eight food/food groups include milk, eggs, fish (all species), crustacea (crab, 
lobster, shrimp), soybeans, wheat, peanuts and tree nuts. While allergies to milk, wheat, egg and 
soy are usually outgrown, those caused by tree nuts often persist throughout life and can be life 
threatening (Taylor, 1992; Yunginger, 1997). 

 
Food allergy is caused by an abnormal response of the immune system after consumption 

of otherwise innocuous food.  The hallmark of an allergic response is the production of 
immunoglobulin (IgE) antibodies (one of the five classes of antibodies produced by immune 
system to fight infection) to the harmless food antigen/allergen during the first exposure of the 
food containing the antigen (sensitization process).  Unlike the other class of antibodies, IgE 
antibodies remains bound to the immune effector cells in the body (mast cells and basophils). 
Subsequent exposures to the allergen results in activation/degranulation of effector cells (due to 
cross linking of IgE antibodies and allergens) and release biological mediators (histamines, 
leukotrienes, cytokines) that manifests in the observable reaction such as hives, rashes, vomiting, 
cramping, and anaphylaxis (in extreme cases causing death) (Lemke and Taylor, 1994; Barret, 
1997; Barret and Metcalfe, 1998). Though factors such genetics and food exposure in infancy   
have been implicated in the development of IgE mediated allergies (Kjellman and Bjorksten, 
1997), sensitization and development of IgE mediated food allergies are not yet fully understood. 

 
Food allergens are mostly the naturally occurring proteins with MW ranging from 10 and 

70 kDa (based on SDS-PAGE reducing gels) (Hefle, 1996). In nature, however, allergenic 
proteins may exist as multimeric large molecules easily exceeding the 70 kDa size often 
mentioned as the upper limit of allergen MW. No common structural features of the allergenic 
proteins have been identified to distinguish food allergens from non-allergenic proteins. In 
general, food allergens have been suggested to be stable molecules that are resistant to food 
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processing treatments (particularly heat processing) and the digestive enzymes in the body 
(Taylor and Lehrer, 1996; Stanley and Bannon, 1999). Most plant food allergens are found 
among the seed storage proteins, pathogenesis-related proteins including lipid transfer proteins 
[LTPs], inhibitors of α-amylase and proteases [cereals] and various proteases [fruits] 
(Breiteneder and Ebner, 2000). Among the seed storage proteins, allergenic role of some of the 
protein classes that have been identified include: 2S albumins-mustard (Sin a 1, Bra j 1), sesame 
(Ses i 1, Ses i 2), cashew nut (Ana o 3), Brazil nut (Ber e 1), English walnut (Jug r 1); Legumins 

[11S class]-peanut (arachin Ara h 3), cashew nut (Ana o 2), soybean (glycinin); and Vicilins [7S 
class]-cashew nut (Ana o 1), peanut (conarachin, Ara h 1), soybean (β-conglycinin), English 
walnut (Jug r 2) (Breiteneder and Ebner, 2000; Pastorello et al., 2001; Wang et al., 2001, 2003; 
Robotham et al., 2004). 

 
To date no curative treatments are available for food allergies. Symptomatic relief is 

provided by the use of antihistamines, epinephrine, and various other drugs (Simmons, 1998; 
Sampson et al., 1992, Sampson, 1999). Strict avoidance of allergenic food is therefore the only 
accepted method of preventing further allergic reactions. Diagnosis of food allergies should 
therefore always include careful examination of patient history and use of elimination diets to 
narrow down the offending foods. The gold standard for assessing food related adverse reactions 
is the oral challenge [Double Blind Placebo-Controlled Food Challenge (DBPCFC)] (Armstrong 
and Rylance, 1999; Bahna, 2003). However, oral challenges cannot be performed in patients 
showing serious life threatening reactions.  The involvement of IgE mediated mechanisms are 
therefore commonly used through skin-prick tests (SPT, a wheal and flare reaction on the skin) 
and various in vitro immunoassay tools such as radioallergosorbent tests (RASTs), enzyme-
linked immunosorbent assays (ELISAs) and immunoblotting techniques. Food specific 
immunoassays are also being developed and used for specific and sensitive detection of 
allergens/ allergenic contaminants in foods. These immunoassays are based on the use of animal 
antisera (polyclonal or monoclonal antibodies) and are used for quantitative (ELISAs) or 
qualitative (Immunoblotting) estimation of food allergens. It is important to note that all the in 

vitro diagnostic tools are only suggestive indicators [presence of allergen-specific IgE, presence 
of the antigenic protein(s) in foods] for food allergic responses and do not necessarily establish 
the diagnosis of clinical food allergy (Sampson, 1999) and therefore are useful only as an initial 
screening tool. 

 
Today, food allergy research is focused on two main goals, the first being to explore 

various possibilities to reduce/eliminate the allergencity of offending foods and second being 
development of suitable immunotherapy using allergen specific desensitizing agents (or 
vaccines). Recent advances in the area of molecular biology has helped to isolate the cDNAs for 
many relevant allergens, characterize the IgE binding epitopes and allow the production of 
recombinant allergens. Many of the major allergens from foods such as cod, shrimp, soy, peanut, 
milk, and egg have been characterized and the genes encoding these allergenic proteins 
sequenced (Yunginger, 1997). In contrast, it is only in recent years that attempts have been made 
to identify and characterize specific proteins responsible for tree nut allergies (Teuber et al., 
2002; Roux et al., 2003). Knowledge of allergens at the molecular level will be crucial for 
developing strategies for allergen assessment (using sequence databases and bioinformatics 
tools) and redesigning proteins (change amino acid sequences/modify polypeptide 
conformations) to reduce antigenic potential of offending proteins/peptides. Also, strategies for 
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identifying the allergenic potential of foods has become more relevant especially with the current 
developments in genetically modified foods [GMOs] (Hileman et al., 2002). Various methods 
including effect of processing (thermal/non thermal) are being investigated to reduce/eliminate 
the offending allergen (Hefle, 1999). A variety of new immunotherapy strategies such as peptide 
immunotherapy, mutated protein immunotherapy, allergen DNA immunization and anti-IgE 
therapies are being investigated (Valenta et al., 1995, 1999; Bousquet et al., 1998; Burks et al., 
2001; Eigenmann, 2003).  

 

 

Statement of the Problem 

 

 

Pecan is an economically important tree nut crop for the U.S. with a range of food 
applications. Over the years, several varieties of pecans have been developed and commercially 
used for which no chemical composition reports exist in literature. The current study will analyze 
several varieties for chemical components such as moisture, lipid, ash, sugars, proteins and 
phenolic compounds. Data on the chemical composition of pecan varieties can be useful to pecan 
producers, food manufacturers and consumers. Despite the many use of pecans in food products, 
there is limited information on pecan proteins and their nutritional quality.  Knowledge of the 
type of proteins, their amino acid composition and digestibility will contribute to the 
understanding of protein quality of pecans.  

 
With the increasing use of pecans in processed foods and the rising incidence of allergies 

in the western countries, there is a greater risk of unintentional dietary exposure of pecan 
sensitive individuals to pecans and pecan products. Avoidance of food allergies is not always 
possible because of mislabeling of foods and accidental cross-contamination as observed by 
several food-recalls (Hefle and Taylor, 2004). For example, a recent study found that most 
parents were unable to identify common allergenic food ingredients such as milk and soy (Joshi 
et al., 2002). Also, according to a report by Vierk et al. (2002), 11% (out of 234) of class I 
(serious risk/potential risk of injury) and class II (probability of injury but not as serious as in 
class I) product recalls made by FDA (during 1999) contained undeclared tree nut allergens. 
Currently there is no test that is commercially available to detect the presence of pecans in food 
products. Development of sensitive rabbit pAb based immunoassay (ELISA) to detect pecans in 
food products would therefore benefit both food processors and pecan sensitive individuals.  

 
There is a general paucity in available information on pecan proteins and a particular gap 

in current understanding of which proteins in pecans are responsible for pecan induced allergies 
in humans. Any investigation on allergenic proteins could be broadened by preliminary studies 
on isolating proteins and understanding its properties at the molecular level. Such investigations 
are important for future modifications of allergenic proteins in pecans for immunotherapy and/or 
development of hypoallergenic pecan cultivars.  The present study therefore focuses on isolating 
proteins from pecans and characterizing its biochemical properties. Identification of the major 
and minor allergenic pecan proteins will be based on screening with serum IgE from pecan 
sensitive individuals. 
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Food processing methods may modify (increase or decrease) the antigenicity of pecan 
proteins. Assessment of thermal stability of pecan proteins will therefore beneficial to both food 
processors and pecan sensitive individuals. Thermal stability of pecan proteins is also important 
for the detection of pecans in processed foods by pAb based ELISA assay. 

 
Investigations on chemical composition of pecan varieties, pecan protein biochemical and 

immunological characteristics would make valuable contributions to food science and 
agriculture.  

 
The following are the specific experiments that have been done in this study: 
 
I. Chemical composition 

 
1. Determine the proximate composition (protein, total soluble sugars, lipid, ash and moisture) 

of select pecan varieties. 
2. Determine the tannin content of select pecan varieties. 
 
II. Protein characterization 

 
1. To develop protocols for optimizing pecan protein extraction: effect of type and pH of 

solvent (buffer), effect of flour to solvent ratio, effect of extraction time. 
2. Fractionation of proteins into albumin, globulin, prolamin and glutelin (based on Osborne 

classification). 
3. Characterization of different polypeptides in pecan protein fractions by gel electrophoresis, 

glycoprotein staining and isoelectric focusing.   
4. Determine the amino acid composition of defatted pecan flour and individual protein 

fractions. 
5. Determine the nonprotein nitrogen (NPN) content of defatted pecan flour 
 
III. Antigenic characterization 

 

1. Produce rabbit pAbs to whole pecan proteins. 
2. Investigate various parameters for development of pAb based competitive inhibition ELISA 

assay to sensitively detect pecan proteins in foods. 
3. Determine specificity of pecan pAbs by testing for cross-reactivity against proteins from 

selected tree nuts, cereals and legumes. 
4. Determine the effects of different thermal food processing techniques on the antigenicity/ 

allergenicity of pecan proteins. The processing techniques would include dry roasting, 
autoclaving and blanching. 

5. Determine the in vitro digestibility and antigenic stability of native and heat denatured pecan 
proteins as assessed by pepsin and pancreatin digestions. 

6. To identify pecan proteins relevant to human allergies by screening with sera IgE from 
patients with confirmed history of pecan allergies. 
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Research Hypothesis 

 

 

I. Protein characterization 

 
1. Optimum solubility of pecan proteins (in suitable buffer such as BSB) will be achieved 

within 30 min under experimental conditions. 
2. Pecan protein solubility will be higher at alkaline and acidic pH and lower at or near neutral 

pH. NaOH will be a better solvent for solubilizing pecan proteins. 
3. The major proteins in pecans will be glutelins, followed by globulins, albumins and 

prolamins in decreasing order.  
4. The amino acid composition will be characterized by high amounts of aspartic and glutamic 

acid. Lysine and methionine will be the limiting amino acids. 
 
II. Antigenic characterization  

 

1. Glutelins will be major allergens in pecans followed by albumins and globulins based on 
screening with sera IgE from pecan sensitive individuals. 

2. Rabbit pAb raised against pecan proteins will recognize pecan antigenic proteins both in 
Inhibition ELISA and Western blotting.  

3. There will be cross-reactivity between pecans and other tree nuts especially walnuts as they 
belong to same family (Juglandaceae). 

4. Heat processing methods will not cause a significant loss in antigenicity of pecan proteins.  
5. Pecans proteins will be readily hydrolyzed in vitro by pepsin and pancreatin enzymes. 

However, peptides with antigenic/allergenic epitopes may still remain in the digestion 
mixture. 

 
 

Significance of the Study 

 

 

1. Proximate composition analysis of pecans will contribute to the existing database of pecan 
nut composition. 

2. Optimization studies for pecan protein solubility in various solvent systems will help develop 
appropriate protocols to maximize pecan protein extraction. 

3. Gel electrophoresis and isoelectric focusing will be useful in determining MW and pI of 
pecan polypeptides.  

4. Amino acid composition and in vitro digestibility of pecan proteins will be useful in 
evaluating the nutritional quality of pecans. 

5. Production of rabbit pAb and development of Inhibition ELISA assay for pecan proteins will 
be useful for detection of pecans in foods.  

6. The in vitro proteolysis of native and heat denatured pecan proteins will help access the ease 
of digestibility of pecan proteins. Further, screening of pepsin and pancreatin digested pecan 
proteins with rabbit pAb and patient sera IgE will help evaluate the antigenic/allergenic 
stability of pecan proteins to proteolytic enzymes. 
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7. Thermal processing of pecans and its effects on the antigenicity/allergencity of pecan 
proteins will help access the processing stability and the potential for the production of 
hypoallergenic pecans.  

8. Screening of pecan proteins with sera IgE from pecan sensitive individuals will be useful for 
identification of the major antigenic proteins relevant to human allergies in pecans. 

 
 

Limitations of the Study 

 

 

1. The variations in protein composition within different cultivars and different harvests will not 
be investigated. The present protein composition studies will focus on the use of ‘Desirable’ 
cultivar (2001/2002 harvest) grown at USDA-ARS, College Station, Texas.  

2. Thermal processing of pecan proteins may result in loss of antigenic recognition by 
polyclonal antibodies thereby affecting the outcome of ELISA immunoassay.  

3. ELISA immunoassay to be used in this study will use IgG antibodies from rabbit and not IgE 
antibodies from pecan-allergic human subjects and therefore may not be clinically relevant. 

4. There is a possibility that pAbs would recognize food proteins other than that from pecans 
thereby affecting the specificity of the pAb based immunoassay. Cross-reactivity studies of 
pAbs with different food proteins/matrices will not be the major focus of this investigation. 

5. Selection of thermal processing parameters such as temperature/time of processing will be 
based on available literature information and may not represent the exact processing 
conditions used in industry. 

6. Western blotting using one-dimensional PAGE does not permit unambiguous identification 
of polypeptides with identical pI or MW. 
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REVIEW OF THE LITERATURE 

 

 

 

 

Pecan Varieties 

 

 

Pecans are marketed as native, seedling or as improved varieties. Native and seedling 
nuts are harvested from trees that have not been grafted or budded and do not have a variety 
name. Improved varieties (cultivars) are selections made from seedlings or controlled crosses 
from known varieties (Worley, 1994). The proportion of improved pecan cultivars increased 
tremendously, starting in late 1800’s, thereby resulting in over a thousand named and 
documented pecan cultivars. In 1990, nearly 50 % of the improved trees were accounted for by 
three major cultivars, namely, ‘Stuart’ (26.7%), ‘Western Schley’ (12.9%) and ‘Desirable’ 
(9.5%); and 85% of the commercial trees consisted of 33 most popular cultivars (Grauke and 
Thompson, 1996). Of these 33 cultivars, five were clones selected directly from native stands, 
while all others were only one or two generations from native parentage. Cultivars such as Stuart 
(21.8%), Western Schley (14.5%), Desirable (10.9%), Wichita (10.2%), Schley (5.4%), 
Cheyenne (4.8%), Success (3.5%), Cape Fear (2.1%) and Moneymaker accounted for almost 
70% of the total U.S. pecan production in 1990.  

 
The quality and storage characteristics of native and improved pecans varieties differ 

significantly (Worley, 1995). Native and seedling nuts are usually small, difficult to shell and 
have low kernel percentage due to a thick shell. Improved cultivars are cultivated for desired 
traits such as size, quality, high yields, precocity and disease resistance, thereby, increasing 
genetic variability (Grauke and Thompson, 1996). 

 
There is no chemical composition data reported on some of the new pecan varieties. 

Besides, all chemical composition data published so far are over a period of twenty to thirty 
years. The proposed study will therefore analyze 24 commercially important pecan varieties 
collected in the year 2003 for moisture, protein, lipid, ash, soluble sugars and total tannins.  The 
varieties used in the present study and their history of origin is given in Table 1. 

 
‘Desirable’ pecan cultivar is gaining prominence in the southeast U.S. mainly due to its 

mammoth size, ease of shelling and pest resistant properties. It demands a premium market share 
both in shell and shelled nuts (Worley 1994; personal communication with Dr. Tommy 
Thompson). The proposed study will investigate the use of ‘Desirable’ pecans for protein 
biochemical and immunological characterization.  
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Chemical Composition 

 

 

Proximate Composition 

 
Proximate composition of the major tree nuts (for U.S.) is shown in Table 2. Like other tree 

nuts, pecans are one of the high-energy food sources providing 691-718 kcal/100 g edible portions. 
Lipids (up to 75% w/w) and carbohydrates (up to 18% w/w) typically make up to approximately 
93% w/w of pecan kernel weight (Prasad, 1993; Duke, 2001; USDA, 2004).  

 
 

Table 1. Pecan variety and history of origina 

 

a Compiled from pecan cultivars index, L. J. Grauke and T. E. Thompson, Pecan Breeding 
Program, National Clonal Germplasm Repository for Pecans and Hickories, USDA-ARS Pecan 
Breeding, Somerville, TX (http://aggie-horticulture.tamu.edu/carya/). *  = Native tree with no 
name. 

No. Variety Origin

1 Burkett Native, Texas
2 Caddo 'Brooks' X 'Alley'
3 Cape Fear Open-pollinated seed of 'Schley' 
4 Chayenne 'Clark' X 'Odom'
5 Choctaw 'Success' X 'Mahan'
6 Desirable 'Russell' X 'Success' 
7 Elliot Seedling selection 
8 Gracross Seedling, Texas
9 Gratex 'Ideal' X 'Success'
10 Kiowa 'Mahan' X 'Desirable'
11 Mahan Seedling selection 
12 Mohawk 'Success' X 'Mahan'
13 Moneymaker Seedling selection 
14 Oconee 'Schley' X 'Barton'
15 Pawnee 'Mohawk' X 'Starking Hardy Giant'
16 Schely Seedling selection 
17 Shawnee 'Schley' X 'Barton'
18 Sioux 'Schley' X 'Carmichael'
19 Stuart Seedling selection 
20 Sumner Seedling selection 
21 Western Schley Seedling selection 
22 Wichita 'Halbert' X 'Mahan'
23 * Native, Texas
24 * Native, Florida
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The lipid content of pecan kernels varies from 60-75% depending on the cultivar and also 
on the location, year of production, nitrogen content in fertilizers and time of harvest (Prasad, 
1993; Wells et al., 1980; Eddy and Storey, 1988; Heaton et al., 1966; Santerre, 1994). 
Triglycerides in pecans account for more than 95% of total lipids. Monoglycerides, diglycerides, 
free fatty acids and sterols typically represent less than 1% of total lipids. Like most tree nut 
lipids, pecans contain fatty acids with 16 or more carbons (Table 3). About 98% of triglycerides 
are composed of palmitic (6%), stearic (2%), oleic (54-67%), linoleic (22-30%), and linolenic 
(2%) acids. Unsaturated fatty acids (>93%) dominate pecan lipid composition with oleic acid as 
the predominant fatty acid (Prasad, 1993; Beuchat and Worthington, 1978; Senter and Horvat, 
1976; USDA, 2004). Since pecan lipids are high in unsaturated fat they can be considered as a 
cholesterol free heart-healthy food. Rajaram et al. (2001) showed that adding just a handful of 
pecans to a traditional low fat, cholesterol-lowering diet significantly lowered total cholesterol 
(5.6%) and LDL cholesterol (16.5%) levels of individuals with normal to mildly elevated 
cholesterol levels. Morgan and Clayshulte (2000) found that pecans added to regular diet could 
lower LDL cholesterol (6%) and total cholesterol. The Food and Drug Administration (FDA) in 
2003 approved a health claim for pecans and other nuts regarding their role in helping to reduce 
heart disease. The claim stated “Scientific evidence suggests but does not prove that eating 1.5 
ounces per day of most nuts, as part of a diet low in saturated fat and cholesterol, may reduce the 
risk of heart disease” (INC, 2003).  

 
 

Table 2: Proximate composition of major tree nuts 

Compiled from USDA, 2004. All tree nuts are unprocessed and values are expressed as g per100 
g edible portion. Energy values are expressed as kilocalories per100 g edible portion. 

 
The total carbohydrate and fiber content of pecan kernels varies from 13-18% and 2-10% 

of raw pecans respectively (Duke, 1989; Prasad, 1993; USDA 2004). Total sugars in pecans are 
around 0.02% with sucrose (20.2 mg/g), fructose (0.2 mg/g), glucose (0.1 mg/g), and inositol (0.1 

English 

Walnut

Water 5.25 3.34 5.20 5.31 1.36 3.52 6.69 3.97 4.07
Energy 578.00 656.00 566.00 628.00 718.00 691.00 566.00 557.00 654.00
Protein 21.26 14.34 18.22 14.95 7.91 9.17 24.00 20.61 15.23
Lipid 50.64 66.22 46.92 60.75 75.77 71.97 50.70 44.44 65.21
Ash 3.11 3.30 2.54 2.29 1.14 1.49 4.40 3.02 1.78
Carbohydrate, by 
difference

19.74 12.80 27.13 16.70 13.82 13.86 14.22 27.97 13.71

Fiber, total 
dietary

11.80 5.40 3.30 9.70 8.60 9.60 4.50 10.30 6.70

Starch 0.73 23.49 0.48 1.05 0.46 1.67 0.06
Sugars, total 4.80 5.91 4.34 4.57 3.97 7.64 2.61
Sucrose 4.54 5.81 4.20 4.43 3.90 7.00 2.43
Glucose 0.12 0.05 0.07 0.07 0.04 0.27 0.08
Fructose 0.00 0.05 0.07 0.07 0.04 0.17 0.09
Lactose 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Maltose 0.14 0.00 0.00 0.00 0.00 0.20 0.00

PistachioHazelnut Macadamia Pecan Pine nutNutrient Almond Brazil Cashew
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mg/g) as the primary sugars (Fourie and Basson, 1990). Like other tree nuts, pecans contain 
negligible amounts (< 2%) of starch (Table 2). 

 
Pecans are a good source of several vitamins including vitamin A (100-200 IU), thiamin 

(0.4-0.8 mg), panthothenic acid (1.7 mg), folacin (0.038 mg), and vitamin C (2 mg) (all values 
expressed per 100 g edible portion, Table 4). Pecans typically contain about 22-31 mg 
tocopherols including 20-30 mg γ-tocopherol, 0.9-1.6 mg α-tocopherol, and 0.1-0.3 mg of β-and 
δ tocopherols per 100 g kernel (Yao, 1990). Pecans are a rich in dietary minerals including 
phosphorus, potassium, magnesium, sulfur, iron, copper and zinc and are naturally low in sodium 
(Table 4; USDA, 2002; Duke, 2001).  

 
 

Table 3: Lipid composition of major tree nuts 

Compiled from USDA, 2004. All tree nuts are unprocessed and values are expressed per 100 g 
edible portion. c = Cis isomer, n = Omega position, Undifferentiated = c or n not known. 

English 

Walnut

Total saturated g 3.88 16.15 8.33 4.46 12.06 6.18 7.80 5.44 6.13
4:00 g 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6:00 g 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8:00 g 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
10:00 g 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
12:00 g 0.00 0.00 0.02 0.00 0.08 0.00 0.00 0.00 0.00
14:00 g 0.00 0.62 0.02 0.00 0.66 0.00 0.00 0.00 0.00
16:00 g 3.20 9.52 4.19 3.10 6.04 4.37 3.67 4.89 4.40
17:00 g 0.00 0.05 0.00 0.12 0.00 0.00 0.00
18:00 g 0.68 5.68 3.45 1.27 2.33 1.75 1.67 0.47 1.66
20:00 g 0.00 0.29 0.10 1.94 0.07 0.04 0.06
22:00 g 0.00 0.19 0.00 0.62 0.00 0.04 0.00
24:00:00 g 0.00 0.11 0.00 0.28 0.00 0.00 0.00
Total monounsaturated g 32.16 23.02 25.46 45.65 58.88 40.80 19.08 23.32 8.93
16:1 undifferentiated g 0.23 0.32 0.15 0.12 12.98 0.00 0.21 0.46 0.00
18:1 undifferentiated g 31.92 22.38 25.17 45.41 43.76 40.59 17.90 22.69 8.80
20:01 g 0.00 0.06 0.15 0.13 1.89 0.21 0.97 0.17 0.13
22:1 undifferentiated g 0.00 0.00 0.00 0.00 0.23 0.00 0.00 0.00 0.00
24:1 c g 0.00 0.00 0.02 0.00 0.00 0.00
Total polyunsaturated g 12.21 24.13 8.39 7.92 1.50 21.61 21.34 13.46 47.17
18:2 undifferentiated g 12.21 23.81 8.33 7.83 1.30 20.63 20.69 13.20 38.09
18:3 undifferentiated g 0.00 0.06 0.07 0.09 0.21 0.99 0.65 0.25 9.08
18:04 g 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:2 n-6 c,c g 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:3 undifferentiated g 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:4 undifferentiated g 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:5 n-3 g 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:5 n-3 g 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:6 n-3 g 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cholesterol mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phytosterols mg 120.00 96.00 116.00 102.00 141.00 214.00 72.00
Stigmasterol mg 4.00 1.00 0.00 3.00 5.00 1.00
Campesterol mg 5.00 6.00 8.00 5.00 10.00 7.00
Beta-sitosterol mg 111.00 89.00 108.00 89.00 198.00 64.00

Pine nut PistachioBrazil Cashew Hazelnut MacadamiaLipids Units Almond Pecan
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Phenolic Compounds  

 

Phenolic compounds such as tannins and notably phenolic acids naturally occur in pecans 
(Prasad, 1993). These compounds have been considered to be responsible for certain sensory 
qualities of kernel including color and astringent taste, enzyme inhibitory activity and 
antioxidant effects (Senter et al., 1983; Prasad, 1993). High quantities of tannins are found in the 
shuck and corky middle portion of the nut and to a lesser extent in hull and kernel (Polles et al., 
1981). Polles et al. (1980) reported a range of 0.70-1.71% for condensed tannins in kernels of 31 
pecan varieties. The integument of the pecan contains up to 25% tannin and is a good source of 
commercial vegetable tannins (Prasad, 1993). Tannic acid produced from pecan shells is also 
widely used in tanning industry. Among 16 pecan varieties tested, Kays and Payne (1982) found 
that extractable phenolics varied from 6.3-20.9 % of the total shell weight (shell + packing 
tissue), from 0.06-1.5% in the shell alone and from 20.2-52.6% in packing tissue (dry leaf-like 
partition between the two halves of pecan kernel).  
 
 
Table 4: Vitamin and mineral content of major tree nuts  

Compiled from USDA, 2004. All tree nuts are unprocessed and values are expressed per 100 g 
edible portion. IU = International Unit, RAE = Retinol Equivalent. 
 

English 

Walnut

Vitamin C mg 0.00 0.70 0.50 6.30 1.20 1.10 1.90 5.00 1.30
Thiamin mg 0.24 1.00 0.42 0.64 1.20 0.66 0.81 0.87 0.34
Riboflavin mg 0.81 0.12 0.06 0.11 0.16 0.13 0.19 0.16 0.15
Niacin mg 3.93 1.62 1.06 1.80 2.47 1.17 3.57 1.30 1.99
Pantothenic acid mg 0.35 0.24 0.86 0.92 0.76 0.86 0.21 0.52 0.57
Vitamin B-6 mg 0.13 0.25 0.42 0.56 0.28 0.21 0.11 1.70 0.54
Folate, total µg 29.00 4.00 25.00 113.00 11.00 22.00 57.00 51.00 98.00
Vitamin B-12 µg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Vitamin A, IU IU 10.00 0.00 0.00 40.00 0.00 77.00 29.00 553.00 41.00
Retinol µg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Vitamin A, RAE µg_RAE 1.00 0.00 0.00 2.00 0.00 4.00 1.00 28.00 2.00
Vitamin E mg_ATE 26.18 7.60 1.46 15.19 0.54 4.05 3.50 4.58 2.92
Tocopherol, α mg 25.87 0.90 15.03 0.54 1.40 2.30 0.70
Tocopherol, β mg 0.43 0.03 0.33 0.00 0.39 0.00 0.15
Tocopherol, γ mg 0.89 5.31 0.00 0.00 24.44 22.60 20.83
Tocopherol, δ mg 0.25 0.36 0.00 0.00 0.47 0.80 1.89

English 

Walnut

Calcium, Ca mg 248.00 176.00 37.00 114.00 85.00 70.00 26.00 107.00 98.00
Iron, Fe mg 4.30 3.40 6.68 4.70 3.69 2.53 9.20 4.15 2.91
Magnesium, Mg mg 275.00 225.00 292.00 163.00 130.00 121.00 233.00 121.00 158.00
Phosphorus, P mg 474.00 600.00 593.00 290.00 188.00 277.00 508.00 490.00 346.00
Potassium, K mg 728.00 600.00 660.00 680.00 368.00 410.00 599.00 1025.00 441.00
Sodium, Na mg 1.00 2.00 12.00 0.00 5.00 0.00 4.00 1.00 2.00
Zinc, Zn mg 3.36 4.59 5.78 2.45 1.30 4.53 4.25 2.20 3.09
Copper, Cu mg 1.11 1.77 2.20 1.73 0.76 1.20 1.03 1.30 1.59
Manganese, Mn mg 2.54 0.77 1.66 6.18 4.13 4.50 4.30 1.20 3.41
Selenium, Se µg 4.40 2960.00 19.90 4.00 3.60 6.00 16.60 7.00 4.60

Vitamins Units Almond Brazil Cashew Hazelnut Macadamia Pecan

Pine nut Pistachio

Pine nut Pistachio

Minerals Units Almond Brazil cashew Hazelnut Macadamia Pecan
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Pecan kernels contain approximately 171 µg phenolic acids per gram of defatted pecan 
meal with gallic acid being the most predominant phenolic acid (78%). Other phenolic acids 
present include gentisic, vanillic, protocatechuic, p-hydroxybenzoic and p-hydroxyphenylacetic 
acids with trace amounts of coumaric and syringic acids (Prasad, 1993). The content of the major 
phenolic acids decrease during storage and thus appear to function as antioxidants protecting the 
chemical integrity of the kernel (Senter et al., 1980). During a 12 weeks accelerated storage 
stability study (21oC, 65% ERH) of 8 phenolic acids in the testa of pecans, Senter et al. (1980) 
found that pecan sensory scores and concentration of four major phenolic acids (gallic, gentisic, 
vanillic and protocatechuic acids) decreased significantly. 

 
Literature reports on tannin estimation have been diverse and conflicting partly due to a 

range of analytical methods available including colorimetric, spectrophotometric (UV), 
enzymatic to more sophisticated nuclear magnetic resonance techniques (Deshpande and 
Cheryan, 1985). The commonly used methods to analyze tannins include the vanillin assay 
(Burns, 1963), reduction-oxidation methods [the Prussian Blue test (Price and Butler, 1977), the 
Folin-Denis test (Burns, 1963)] and various protein precipitation methods (Hagerman and Butler, 
1978; Peng and Jay-Allemand, 1991). Among all these methods, when screening for condensed 
tannins in plants, the vanillin test is preferred because of its sensitivity, specificity and simplicity 
(Deshpande and Cheryan, 1985). The amount of assayable tannins in a seed sample also depend 
on several parameters such as seed flour particle size, solvent used for extraction and extraction 
conditions, seed storage /conditions, and assay method used (Deshpande et al., 1986). For 
example, Sze-Tao et al. (2001) observed that walnut tannins were maximally extracted in 
absolute methanol as compared to acidified methanol and also the analysis depended on factors 
such as vanillin concentration (0.5% yielded 15-20% higher assayable tannins as compared to 
2%) and color development time; sample particle size; storage (freshly shelled walnuts had 
higher assayable tannins as compared to shelled walnuts); and various other factors including 
effects of processing (soaking, thermal processing methods). Since pecans and walnuts belong to 
the same family (Juglandaceae), one would anticipate similar observations during tannin 
analysis of pecans. Knowing the variability in the tannin analysis depending on factors such as 
vanillin concentration, particle size, etc., the proposed investigation decided to fix certain 
variables such as vanillin concentration (2%) and pecan flour particle size (8-mesh) and 
comparatively evaluate the tannin content of the pecan varieties (Table 5). 
 
 

Protein Characterization 

 

 

Pecans are low in proteins when compared to other tree nuts such as almond, walnut, 
cashew, hazelnut and pistachio nut. Typically, pecan kernels contain from 9-18% proteins 
depending on the cultivar (Prasad, 1993). All these protein estimates are based on use of micro-
Kjeldahl analytical method and is calculated as % N x 5.3 (AOAC, 1995).  

 
Pecans are used in a variety of foods including bakery, confectionery and candies. 

Proteins, besides providing nutrition, play an important role in the overall functionality of food 
system. Solubility characteristics of a protein in food system affect many hydration related 
functional properties such as foaming, gelation, emulsification, and viscosity. Knowledge of 
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protein solubility in is therefore useful to minimize protein losses during extraction/solubilization 
to retain nutritive quality of solubilized proteins. Protein solubility depends on various factors 
including the type/nature of protein and type/pH of solvent system used. There are no literature 
reports on the solubility of pecan proteins in different solvent systems.  

 
Based on Osborne solubility, proteins are classified into four main groups namely 

albumins (water soluble), globulins (dilute salt soluble), prolamins (70% aqueous alcohol 
soluble) and glutelins (acid/alkali soluble). Wood and Reily (1984) observed that kernel 
development (embryo and cotyledon expansion) in pecans was characterized by accumulation of 
dilute acid/alkali soluble proteins and a decline of buffer and alcohol soluble proteins. Proteins in 
the mature kernels of ‘Moneymaker’ cultivar consisted of 51% acidic glutelins, 27% alkali 
glutelins, 9% concentrated alkali, 7% prolamins, 4% albumin and 1% globulin. Sze-Tao and 
Sathe (2000) showed that glutelins account for around 70% of the total soluble walnut proteins. 
The fact that both walnut and pecan belong to the hickory family (Juglandaceae) suggests that 
the major proteins in pecans could be glutelins. In this regard, protein composition of pecan and 
walnut is different from other tree nuts such as almond, cashew and pistachio which 
predominantly contain salt (globulins) and water soluble (albumin) proteins (Sathe, 1993, 1994; 
Shokraii and Esen, 1988). 

 
 

Table 5: Amino acid composition of major tree nuts 

Compiled from USDA, 2004. All tree nuts are unprocessed and values are expressed as g per 100 
g edible portion. 

 
 
 

English 

Walnut

Tryptophan 0.19 0.26 0.29 0.19 0.07 0.09 0.30 0.27 0.17
Threonine 0.68 0.46 0.69 0.50 0.37 0.31 0.76 0.67 0.60
Isoleucine 0.69 0.60 0.79 0.55 0.31 0.34 0.93 0.90 0.63
Leucine 1.47 1.19 1.47 1.06 0.60 0.60 1.73 1.55 1.17
Lysine 0.60 0.54 0.93 0.42 0.02 0.29 0.90 1.15 0.42
Methionine 0.19 1.01 0.36 0.22 0.02 0.18 0.43 0.34 0.24
Cystine 0.28 0.35 0.39 0.28 0.01 0.15 0.44 0.36 0.21

Phenylalanine 1.15 0.75 0.95 0.66 0.67 0.43 0.92 1.06 0.71
Tyrosine 0.53 0.46 0.51 0.36 0.51 0.22 0.88 0.42 0.41
Valine 0.80 0.91 1.09 0.70 0.36 0.41 1.24 1.24 0.75
Arginine 2.47 2.39 2.12 2.21 1.40 1.18 4.67 2.03 2.28
Histidine 0.59 0.40 0.46 0.43 0.20 0.26 0.58 0.51 0.39
Alanine 1.00 0.57 0.84 0.73 0.39 0.40 1.25 0.92 0.70
Aspartic acid 2.73 1.36 1.80 1.68 1.10 0.93 2.19 1.82 1.83
Glutamic acid 5.17 3.15 4.51 3.71 2.27 1.83 4.08 3.82 2.82
Glycine 1.47 0.66 0.94 0.72 0.45 0.45 1.22 0.95 0.82
Proline 0.97 0.76 0.81 0.56 0.47 0.36 1.29 0.81 0.71
Serine 1.01 0.75 1.08 0.74 0.42 0.47 1.02 1.23 0.93

Amino acid Almond Brazil Pine nut PistachioCashew Hazelnut Macadamia Pecan
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Polypeptide nature and composition of pecan proteins can be determined by gel 
electrophoresis, a method that can used to separate proteins/polypeptides based on charge or 
mass (Andrews, 1986). The commonly used gel electrophoresis method for polypeptide 
characterization is sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
described by Fling and Gregerson (1986). Wood and Reily (1984) observed that acid soluble 
glutelins after SDS-PAGE revealed at least seven sub units with molecular weights of 102, 58, 
37, 30, 26, 19 and 16 kDa. There is however no data on the polypeptide profiles of different 
pecan protein fractions, their hydrodynamic size and charge characteristics.  

 
Amino acid composition of major tree nuts is shown in Table 5. Essential amino acids in 

pecans account for approximately 34% of total amino acids. Among major tree nuts, pecans 
provide low amounts of essential amino acids (on edible portion basis). Wood and Reily (1984) 
reported that albumin, globulin, prolamin and glutelin fractions of pecan proteins (Moneymaker 
cultivar) primarily contain neutral amino acids, but individual amino acid levels were higher for 
basic amino acids, with relatively high levels of lysine and sulfur containing amino acids. 
However, calculations using amino acid composition reported by USDA (2002) reveal that 
lysine and phenylalanine are 1st and 2nd limiting amino acids (g/100 g total proteins) [limiting 
amino acid calculations based on recommendations by joint FAO/WHO Expert Consultation, 
1990]. Meredith (1974) showed that lysine and methionine are the first and second limiting 
essential amino acids (based on comparison of chemical score to egg proteins in five different 
pecan varieties (Choctaw, Moneymaker, Schley, Sioux and Stuart) examined.  

 

 

Nonprotein Nitrogen (NPN) 

 
 

Nonprotein nitrogen compounds have been recognized in the field of animal nutrition for 
its utilization as ruminant feed (NRC, 1976). Plants contain free amino acids, peptides and other 
nitrogenous compounds that may be important in color and flavor characterization of food 
products (Bhatty and Finlayson, 1973).  

 
Nonprotein nitrogen of biological samples is generally considered to include free amino 

acids, amides, peptides, polypeptides (typically < 10 kDa) and low molecular weight compounds 
containing nitrogen such as alkaloids and cyanogenic glycosides (Rosenthal et al., 1982; Wolf et 
al., 1995).  The consideration for polypeptides less than 10 kDa was based on the classical 
definition of a protein to be a molecule with MW > 10 kDa (Synge, 1995; Pirie, 1955). However, 
there are exceptions to this definition including molecules such Bowman-Birk soybean trypsin 
inhibitor (7.9 kDa) and Crambin (4.7 kDa) that are less than 10 kDa but are still considered as 
proteins (Wolf, 1994). 

 
 Typically, estimation of NPN in a biological sample is done using TCA to extract the 
NPN compounds or precipitate out the proteins from a biological sample with TCA (Becker et 
al., 1940; Bell, 1963; Bhatty and Finlayson, 1973; Wolf et al., 1995). After extraction of NPN, 
the nitrogen content of the extract is determined by the micro-Kjeldahl method (AOAC, 1995). 
The concentration of TCA used for extraction is critical for NPN analysis of a sample. The 
optimum concentration of TCA is observed at the minimal value of extracted nitrogen (Becker et 
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al., 1940; Bhatty and Finlayson, 1973; Wolf et al., 1994). TCA concentrations for NPN 
determination that have been used include 0.4-1.2 M for soybeans (Becker et al., 1940; Wolf et 
al., 1995); 0.4-1.0 M for almonds (Wolf et al., 1995); 0.4-1.0 M for jojoba meal (Wolf et al., 
1994); 0.5-1.0 M for walnuts (Sze-Tao and Sathe, 2000). The NPN content of defatted seed 
meals of soybean, rapeseed, sunflower, jojoba, almond and walnut meals have been reported to 
be 2.9-7.8%, 6.9%, 5%, 21-30%, 4.0-5.2% and 6.2-6.5% of total sample nitrogen (Becker et al., 
1940; Bell et al., 1963; Bhatty and Finlayson, 1973; Sze-Tao and Sathe, 2000; Wolf et al., 1993; 
Wolf et al., 1994).  
 
 

Tree Nut Allergens 

 

 

Tree nuts are important food allergens and pecans are no exception. Tree nut related 
fatalities account for more than 100 per year (Sampson et al., 1992). A survey by Food Allergy 
and Anaphylaxis Network (FAAN), a voluntary peanut and tree nut registry, revealed that 34% 
of tree nut allergic patients self-reported reacted to walnuts, 20% to cashew nuts, 15% to 
almonds, 9% to pecans, and 7% to pistachio (Sicherer, 2001). A more recent random digit dial 
telephone survey indicates that the rate of peanut and tree nut allergies has remained the same 
(~1.2% of the adult population). However, this study also reported a disturbing two fold increase 
in peanut and tree nut allergies in children when compared with the rate of peanut and tree nut 
allergies reported in an earlier (1997) study (Sicherer, 2003). Of the 89 subjects with tree nut 
allergies, 82 reported allergies to specific tree nuts, 49 of the 82 subjects indicated allergy to 1, 
15 to 2, and 28 to 3 or more tree nuts and the frequency of specific nut allergies was walnut (51), 
cashew (36), almond (32), pecan (29), Brazil nut (25), hazel nut (24), macadamia nut (21), 
pistachio (18), and pine nut (16). Restaurants and other food establishments pose serious dangers 
for peanut and tree nut allergic individuals, particularly with respect to cross-contamination and 
unexpected ingredients in food. Failure to establish a clear line of communication between 
patron and establishment is a frequent cause of errors (Furlong et al., 2001).  

 
Clinical, biochemical and immunological aspects of tree nut allergies has been recently 

reviewed (Teuber et al., 2003; Roux et al., 2003). Among the major food allergen classes (Big-
eights), it is only recently that attempts have been made to study allergenic proteins. Various 
allergenic proteins from tree nuts have been identified, cDNA expression libraries developed and 
amino acid sequence identified (Teuber et al., 1998, 1999b; Wang et al., 2001, 2003; Robotham 
et al., 2004; Roux et al., 1999; Gander et al., 1991; Pastorello et al., 2002; Sutherland et al., 
1999; Schocker et al., 2002).  

 
 ‘Major allergens’ have been defined as the ones to which majority of the patients (>50%) 

sensitive to that food react (King et al., 1994; Lehrer et al., 1996). However, to date, there is no 
proper definition for ‘major allergen’ with regards to the number of patients that needs to be 
tested or the intensity of the allergenic reactions. Varying number of patients (5-20) is used for 
identifying major allergens in foods. Although major allergens are of great interest, minor 
allergens can also pose a serious threat in sensitized patients. Identification and characterization 
of allergenic proteins in foods (including major allergens) is usually done through the detection 
of IgE reactive peptides by Western blotting with allergic patient IgE.  
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Many individuals are sensitive to more than one type of food. Cross-reactivity within and 

between food groups is well known (Lehrer, 1996). The most common food families showing 
cross-reactivity are fish, legumes and crustacea (Chiraramonte and Rao, 1988).  Significant cross 
reactivity (based on in vitro assays) has been observed among peanuts, garden peas, chickpeas 
and soybeans (Barnett et al., 1987). Pollen-allergic patients frequently present allergic symptoms 
after ingestion of several kinds of plant-derived foods (Vieths et al., 2002). Tree nut allergic 
patients often exhibit hypersensitivity towards several tree nuts including to those tree nuts that 
belong to different families. Fernandez et al (1995) observed cross-reactivity between pistachio 
and cashew nuts (members of the Anacardiaceae family) by skin prick test and RAST assays. 
Immunoblotting showed positive recognition of several pistachio and cashew allergens ranging 
from <14.2 to 70 kDa.  Teuber et al. (1999) used sera from walnut-allergic patients and tested for 
cross-reactivity against almond, pecan, cashew and hazelnut.  While pecan was found to have a 
reactivity equal to walnut at a concentration of 1 µg/ml, other nuts exhibited varying levels of 
cross-reactivity although lower than that observed that shown by pecans. Recently, de Leon et al. 
(2003) showed IgE reactivity to peanut, almond, Brazil nut, hazelnut and cashew nut for peanut- 
and tree nut-allergic subject sera. The authors further noted that plant taxonomic classification of 
peanut and tree nuts does not appear to predict allergenic cross-reactivity. 

 
Pecan pollen is considered to be highly allergic and a possible etiologic agent for the 

development of asthma (Rachmiel et al., 1996). However, pecan nut allergens remain to be 
explored.  
 

 

Stability Of Food Allergens Towards Food Processing And Digestion 

 

 
Allergenic epitopes in proteins recognized by IgE antibody can be either conformational 

or linear. Conformational epitope is composed of several adjacent amino acid sequences on the 
surface of protein brought together by folding of the protein, while linear epitope can be 
represented as a single stretch of amino acid sequences (Lehrer et al., 1996). Prior to 
consumption, many foods undergo harsh heat processing conditions.  Thermal treatments are 
known to promote protein denaturation, aggregation, and structure disruption which may lead to 
loss of IgE binding epitopes, may expose new epitopes previously buried inside the molecule or 
generate new epitopes (also known as neoallergens). In general, food allergens are resistant to 
heat processing conditions (Taylor and Lehrer, 1996).  Allergenic proteins in tree nuts such as 
almonds and hazelnut have been shown to be stable to heat processing methods (Venkatachalam 
et al., 2002; Schocker et al. 2000). Similarly, various foods such as legumes (peanuts), eggs 
(ovalbumin allergens), milk (caseins) retain their allergenicity upon heat processing (Hefle, 
1999). Allergenicity of some foods, especially fresh fruits and vegetables, has been reduced upon 
food processing. For example, microwave heating has been reported to destroy apple 
allergenicity (Oei et al., 1995). Jankiewicz et al. (1997) found a decrease in IgE binding to celery 
allergens when processed by microwave heating, conventional cooking, drying, γ-irradiation, 
ultra high pressure treatment and high voltage impulse treatment. Beyer et al. (2000) reported 
that oil roasting or boiling peanuts appeared to significantly reduce the antigenicity of peanut 
compared to dry roasting. On the other hand, heat processing may generate new epitopes. For 
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example, an atopic girl experienced anaphylactic reactions after eating cookies containing 
pecans. IgE antibodies against peptides (~15 kDa) were present in heated pecans (neoallergens), 
but not in fresh pecans (Malanin et al., 1995). Berrens et al. (1996) hypothesized that allergens in 
heated pecans could be Maillard reaction products (browning reactions that involve condensation 
of reducing sugar with amino groups followed by complex polymerization reactions). Similarly, 
roasted peanuts have been shown to bind IgE from patients with peanut allergy at approximately 
90-fold higher levels than the raw peanuts. The purified major allergens in peanuts, Ara h 1 and 
Ara h 2, when subjected to the Maillard reaction bound higher levels of IgE and were more 
resistant to heat and digestion by gastrointestinal enzymes when compared to untreated controls 
(Maleki et al., 2001).  

 
Currently, there are no decisive tests to mark a protein as an allergen. Among the various 

strategies evaluated, in vitro stability of allergenic proteins in simulated gastrointestinal systems 
has been used to distinguish the allergens from non-allergenic proteins. The rationale for such 
studies is based on the idea that food allergens must be stable enough to reach the intestinal 
mucosa and be absorbed in order to elicit an allergic response. Proteolytic (by digestive 
enzymes) and hydrolytic cleavage (stomach acid, food processing) of allergens can not only 
denature the conformational epitopes but also destroy the IgE binding linear epitopes thus 
resulting in loss of antigenic proteins/peptides. Major allergens from foods such as peanuts and 
soybeans were shown by Astwood et al. (1996) to be resistant to proteolysis in simulated gastric 
fluid (SGF). They found that soybean β-conglycinin, a known allergen, to be stable for 60 
minutes, in comparison to non-allergenic food proteins which were digested in as little as 15 
seconds.  Notable exceptions of food allergens to SGF stability include fruit and vegetable 
allergens that lose their antigenicity in the gastric environments and only exhibit oral allergic 
syndrome (OAS) (Hefle 1996). Studies indicate that tree nut proteins from almond, cashew, and 
walnut are highly digestible when subjected to in vitro proteolysis by pepsin, trypsin and 
chymotrypsin enzymes (Sathe, 1993; Sze-Tao & Sathe, 2000; Sathe et al., 1997). Further, it is 
observed that almond, cashew and walnut proteins do not retain their antigenicity when subjected 
to pepsin proteolysis under SGF conditions (Venkatachalam et al., 2002).  It would be therefore 
of interest to investigate the digestibility of pecan proteins in simulated digestive systems in 

vitro, and further access the antigenic stability of the hydrolyzed proteins.  
 

 

Food Immunoassays 

 

 

 Inexpensive assays to detect allergenic proteins in foods can be helpful to food industry 
for monitoring cross-contamination of foods and avoiding expensive recalls. More importantly, it 
will help improve food safety and offer improved protection to allergic consumers. Immunoassay 
techniques have become popular to detect for presence of potentially hazardous allergenic 
proteins in foods. Immunoassays can be used not only for protein quantification but also for 
characterization of the immunological properties of an antigen. Quantitative immunoassays such 
as RAST inhibition assays use sera IgE from allergic patients as a probe to detect specific 
allergens in foods. However, use of sera IgE pose a variety of problems including difficulty of 
obtaining human serum, inherently variable nature of serum and associated clinical hazards.  
Therefore, other immunological probes such as pAbs (IgGs) generated in experimental animals 
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(mice, rabbits, goats, sheep, horse) and mAbs (IgGs) (produced by hybridoma technology) are 
commonly used for detection and systematic analyses of targeted food allergen (s). Besides, 
pAbs being able to target multiple proteins/epitopes help sensitively detect nanogram quantities 
of proteins in foods. A commonly used immunoassay using polyclonal/monoclonal antisera is 
enzyme-linked immunosorbent assay (ELISA). ELISAs measure the degree of binding between 
the test protein and IgG antibodies raised against the test protein, in vitro. The degree of binding 
is detected by an enzymatic reaction, in which an enzyme tagged to the antibody converts a 
colorless substrate to a colored product. This occurs upon binding of the enzyme-linked antibody 
to the test protein or to another antibody (raised against the test protein) that is bound to the test 
protein. The degree of color or fluorescence determines the degree of binding. This method can 
be used to quantify the concentration of protein in a test sample and/or to determine the 
degree/strength of binding (affinity/avidity) between protein and antibody.  
 

With increasing safety concerns on food allergy, there is considerable research being 
done to develop immunoassays for detecting allergens in foods. Several ELISA assays capable of 
detecting food proteins have been developed and used commercially (Poms et al., 2004). In case 
of tree nuts, pAb-based ELISA assays capable of detecting trace amounts (< 50 ppm) of tree nuts 
proteins such as almonds (Acosta et al., 1998; Roux et al., 2001; Hlywke et al., 2000), cashew 
nut (Wei et al., 2002), walnut (Niemann and Hefle, 2003) and hazel nut (Koppleman et al., 1999; 
Holzhauser and Vieths, 1999; Ben Rejeb et al., 2003) proteins in foods have been developed One 
of the major problems associated with the use of pAb-based immunoassays is the presence of 
cross-reactivity thus not permitting unambiguous and specific detection of the targeted protein 
(Poms et al., 2004). For example, pAbs raised against almond major protein [AMP] (Acosta et 
al., 1998), total almond proteins (Hlywke et al., 2000) and cashew nut (Wei et al., 2002) showed 
considerable cross-reactivity to various other food proteins tested. To eliminate/reduce the cross-
reactivity and thus improve specificity of the pAbs, methodologies such as affinity absorption of 
the pAbs against cross-reactive proteins are commonly used although not with complete success 
(Hlywke et al.,2000; Wei et al. 2002). For these reasons, mAbs that are mono-specific are 
becoming increasingly popular for specific detection of targeted antigens in foods (Poms et al., 
2004). 
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MATERIALS AND METHODS 

 

 

 

 

Materials 

 
 

In-shell pecans (‘Desirable’ cultivar) provided by Dr. Tommy Thompson, USDA-ARS 
Pecan Breeding & Genetics, Somerville, TX. (2002 crop) were used for all protein fractionation 
studies and a source of proteins for raising pAbs in rabbit. All other pecan cultivars (2003 crop) 
were purchased from various sources and are listed in Table 6. To avoid rancidity, both in-shell 
and shelled pecans were flushed with nitrogen and stored in an airtight sandwich bags at 4oC.  
 

Electrophoresis chemicals and supplies were from sources as described by Sathe (1993). 
Nitrocellulose blotting papers were purchased from Schleicher and Schuell, Inc. (Keene, NH). 
Bovine serum albumin, alkaline phosphatase labeled goat anti-rabbit IgG, Ponceau S, 
phosphatase substrate [p-nitrophenyl phosphate, disodium (PNPP)], pepsin and pancreatin 
enzymes were from Sigma Chemical CO., St. Louis, MO. Ribi adjuvant system (product code R-
730) for immunization of rabbit was purchased from Corixa Corporation, Hamilton, MT. 
Microtiter ELISA plates were purchased from Costar (Cambridge, MA). Sources of certain 
chemicals/reagents have been indicated along with the methods. All other chemicals and 
supplies, reagent or better grade, were purchased from Fisher Chemical Co., Orlando, FL.  

 

 

Methods 

 

 

Preparation of Defatted Flour 

 

Pecans were ground in an Osterizer blender (Galaxie Model Number 869-18R) with 
setting ‘grind’ until a homogenous flour (~8 mesh) is obtained. The full fat flour samples were 
stored in an airtight container (under nitrogen) at 4oC until further use.  

 
Chemical Composition 

 
Moisture.  (AOAC Official Method 925.40): A known weight of pecan full fat flour (~1 

g) was placed in an aluminum pan and dried in a previously heated vacuum oven (95-100oC, 25 
inch Hg) to a constant weight.  
 

Lipid.  (AOAC Official Method 948.22): Pecan full fat flours (~10 g/ thimble) were 
defatted in a Soxhlet apparatus using petroleum ether (boiling point range 39.0-53.8oC) as the 
solvent (flour to solvent ratio of 1:10 w/v) for 8 h.  Defatted flours were dried overnight (~10-12 
h) in a fume hood to remove petroleum ether and weighed to calculate for lipid content. 
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Lipid content (%) = [Initial wt. of full fat flour (g) - final wt. of defatted flour (g)] x100  
    Initial wt. of full fat flour (g) 

 
 
Note: Defatted flours were powdered using either a pestle and mortar or Osterizer blender to 
obtain homogenous flour sample (~40 mesh) and stored in plastic screw-capped bottles at 40C 
until further analysis. 
 

Protein.  (AOAC Official Method 950.48): A known weight of full fat flour (~0.2-0.25 
g) was placed in a micro-Kjeldahl flask.  A catalyst [mixture of 0.42 g CuSO4 + 9.0 g K2 SO4], 
few glass beads (to prevent sample bumping), and 15 ml conc. H2SO4 (36 N) was added to each 
sample.  Sample digestion was done at 410oC for 45 min [or until clear green solution was 
obtained which ensured complete oxidation of all organic matter].  The digest was diluted with 
50 ml of distilled water and the micro-Kjeldahl flask was attached to the distillation unit.  After 
adding 45 ml of 15 N NaOH, sample distillation was done to collect released ammonia into a 
boric acid solution containing the indicators methylene blue and methyl red.  Borate anion 
(proportional to the amount of nitrogen) was titrated with standardized 0.1 N H2SO4. H2SO4 was 
standardized using 0.1 N Na2CO3 as primary standard. A reagent blank was run simultaneously.   
Sample nitrogen content was calculated using following formula: 
 
% N  =    (ml H2SO4 for sample - ml of H2SO4 for blank) x Normality of H2SO4 x 1.4007 

Weight of sample (g) 
 

Protein (%) = N (%) x 5.32 (AOAC, 1995). 
 

Ash.  (AOAC Official Method 923.03): Pecan full fat flour (~0.1 g) was accurately 
weighed in a ceramic crucible (previously heated and cooled till constant weight was obtained) 
and heated in a muffle furnace maintained at 550oC till a constant weight was obtained.  
 

Total sugars.  Total soluble sugars were analyzed by the method of Dubois et al. (1956). 
A known weight of the defatted pecan flour (~0.1 g) was extracted with 1 ml DI water containing 
1 mM NaN3 for 1 hr at RT (25oC), centrifuged (16,100 x g, 10 min, RT) and the supernatant 
collected.  To one hundred µl of the supernatant, 100 µl of DI water followed by 200 µl of lead 
acetate (20% w/v) was added and vortexed to thoroughly mix the contents. To this mixture 200 
µl Na2SO4 (20% w/v) was added, vortexed and then centrifuged (16,100 x g, 10 min, RT). The 
supernatant was diluted 10-fold prior to sugar analysis. Forty µl of the diluted supernatant was 
made to 400 µl with DI water and 10 µl of 80% w/v phenol and 1 ml conc. H2SO4 was added. 
Absorbance was read at 490 nm.  Glucose standard curve (0-100 µg glucose) was prepared 
simultaneously. Total sugars were expressed as glucose equivalents. 
 

Tannin analysis.  Tannin analysis of all pecan cultivars was done using vanillin assay as 
described by Deshpande and Cheryan (1985) with some modifications. In-shell pecans were 
freshly shelled, powdered (~8 mesh) and stored at 4oC in airtight container (under nitrogen) and 
used within 2 days for tannin analysis. Analysis was optimized for suitable extraction solvent 
(absolute methanol or 1% v/v HCl in absolute methanol), time of extraction (15, 30, 45, 60, 90 
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and 120 min) and color development time after addition of 2% vanillin reagent (0-60 min). Full 
fat pecan flour (0.1 g) was extracted with continuous vortexing in 1.5 ml of solvent at RT and 
then centrifuged (16,100 x g, 10 min, RT).  Aliquots of the supernatant were immediately 
analyzed for tannin using 2% vanillin assay.  To 100 µl of supernatant, 100 µl of solvent was 
added and then color developed by addition of 1.0 ml vanillin reagent. Color was read after 
desired incubation time at 500 nm. Sample readings were corrected for background color due to 
the sample itself by taking appropriate sample blanks (added vanillin reagent without the 
vanillin). Catechin standard curve (0 to 1 mg/ml) was prepared simultaneously.  Tannin content 
was expressed as catechin equivalents. 
 

Protein Characterization 

 
Influence of solvent on protein solubility.  Defatted pecan flour was extracted in 

various solvents/buffers listed below (flour to solvent ratio of 1:10 w/v) vortexing continuously 
for 1 h at RT. Samples were centrifuged (16100 x g, 10 min, RT) and supernatant was analyzed 
for soluble proteins by the method of Lowry et al. (1951). The type of proteins extracted by 
different buffers was ascertained by SDS-PAGE described below. 

 
Solvents/buffers used: 

DI water containing 1 mM NaN3; 1.0 M NaCl; 0.1 N Sodium phosphate buffer (pH 7.5); 
0.1 N Tris-HCl (pH 8.1); Borate Saline Buffer (BSB, 0.1 M H3BO3, 0.025 M Na2B4O7, 0.075 M 
NaCl, pH 8.45); 0.1 M NaHCO3; 0.1 N NaOH and 70% v/v ethanol. 

 
Effect of extraction time on protein solubility.  Defatted pecan flour was extracted in 

BSB (flour to solvent ratio 1: 10 w/v) with continuous vortexing for 15, 30, 45, 60, 75, 90, 105 
and 120 min at 25oC. Samples were then centrifuged (16,100 x g, 10 min, RT) and supernatant 
analyzed for soluble proteins by method of Lowry et al. (1951). 

 
Effect of flour to solvent ratio on protein solubility.  Defatted pecan flour was 

extracted in BSB with a flour to solvent ratio (w/v) 1:5, 1:10, 1:20, 1:40, 1:60, 1:80 and 1:100. 
Extractions were done at RT with continuous vortexing for 1 h. Samples were then centrifuged 
(16,100 x g, 10 min, RT) and supernatant analyzed for soluble proteins by method of Lowry et 
al. (1951). 

 

Effect of pH on protein solubility.  Defatted pecan flour was extracted with DI water 
(solvent to buffer ratio 1:10 w/v) with final pH adjusted in a range from 1-12 with 1.0 N NaOH 
or 1.0 N HCl with continuous vortexing for 1 h at RT. The samples were then centrifuged 
(16,000 x g, 15 min, RT) and supernatants analyzed for soluble proteins (Lowry et al., 1951). 
The types of proteins extracted by different buffers were visualized by SDS-PAGE as described 
below (Sathe, 1993). 

 
Effect of ionic strength on protein solubility.  Defatted pecan flour was extracted with 

0, 0.2, 0.5, 1.0, 2.0 and 4.0 M NaCl  (solvent to buffer ratio 1:10 w/v) with continuous vortexing 
for 1 h at RT. The samples were then centrifuged (16,100 x g, 15 min, RT) and supernatants 
analyzed for soluble proteins (Lowry et al., 1951).  
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Protein fractionation.  Pecan protein fractions were prepared by sequentially extracting 
the defatted flour with each (defatted flour/solvent ratio 1:10 w/v) of 1.0 M NaCl (albumin + 
globulin), 70% v/v aqueous ethanol (prolamin), 0.1 M. NaOH (alkaline glutelin) and 0.1 M HCl 
(acid glutelin) for 4 h at 4°C with constant magnetic stirring provided. Following each 
extraction, the slurry was centrifuged (12,600 x  g, 20 min, 4°C) and the supernatant was vacuum 
filtered using Whatman filter paper no. 4 to remove insoluble particles. Residues from 
centrifugation and filtration steps were pooled and used for the next extraction step. Filtrates 
containing desired protein fractions were dialyzed against DI water for 36 h with six water (4 L 
each) changes. After dialysis, the albumin + globulin mixture was centrifuged (12,600 x g, 20 
min, 4°C) and the precipitate (globulin) and supernatant (albumin) was separately lyophilized. 
Prolamin and glutelin fractions were lyophilized directly after dialysis. All lyophilized protein 
fractions were stored in airtight plastic bottles at -20°C until further use. 

 

Gel electrophoresis. The protocols for different electrophoretic methods were: 
 

NDND-PAGE 

 
Native gel electrophoresis was run according to Andrews (1986) as described by Sathe 

(1993). Typically, 3-30% linear acrylamide gradient gels of 1.5 mm thickness (acrylamide: bis 
ratio of 37:1) with 90 mM Tris, 80 mM boric acid, 2.5 mM Na-EDTA, pH 8.5, with 3% 
acrylamide stacking gels was used. Running buffer was 90 mM Tris, 80 mM boric acid and 2.5 
mM Na-EDTA, pH 8.4. Proteins were mixed with suitable volumes of NDND-PAGE sample 
buffer (2 volumes of 0.45 M Tris, 0.4 M boric acid, 12.5 mM Na-EDTA mixed with 1 volume of 
glycerol) containing 0.001% bromophenol blue as the tracking dye. Pharmacia HMW kit 
proteins were used as standards. 

 
SDS-PAGE 

 
SDS-PAGE gel electrophoresis (8-25% linear monomer acrylamide gradient) was done 

by the method of Fling and Gregerson (1986) as described by Sathe (1993). Typically, samples 
were electrophoresed on an 8-25% linear monomer acrylamide gradient separating gel (14.5 cm 
x 16.5 cm x 1.5 mm) and 4% stacking gel (1.0 cm x 16.5 cm x 1.5 mm). The separating gel was 
prepared by mixing 8% and 25% acrylamide solutions (15 ml each) using a gradient maker and 
peristaltic pump.  

 
Proteins were mixed with suitable volumes of SDS-PAGE sample buffer (0.05 M Tris-

HCl, pH 6.8; 1% SDS; 0.01% bromophenol blue as the tracking dye; and 30% glycerol) 
containing 2 % β-ME (for reducing gels when required) and heated for 10 min in a boiling water 
bath. Suitable aliquots of protein samples were loaded on the gels. Standard low MW marker kit 
(vial content reconstituted in 300 µl and 10 µl were used) was included in each gel run.  
 

All gels were run at a constant current for each application (8-12 mA/gel) until the 
tracking dye reached the gel edge. Running tap water cooling (~15oC) was provided during the 
gel run. All gels were stained with Coomassie Brilliant Blue R (CBBR) unless otherwise 
indicated. Typically, gels were stained in 50% methanol containing 10% acetic acid and 0.25% 
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CBBR for 16 h. Gels were then destained with 50% methanol containing 10% acetic acid for 4 h 
followed by 5% methanol containing 7.5 % acetic acid until blue background was removed. 

 
Separating gel 8% 25% 

Lower stock (1.5 mM Tris-HCl, pH 8.8; 0.2% SDS) 7.5 ml 7.5 ml 
50% acrylamide: bis (37:1 w/w) solution 2.4 ml 7.5 ml 
DI water 5.1 ml - 
10% Ammonium persulfate 50 µl 50 µl 
TEMED 10 µl 10 µl 

 
Stacking gel 4% 

Upper stock solution (0.5 M Tris-HCl, pH6.8; 0.4% SDS) 2.5 ml 
50% acrylamide: bis (37:1 w/w) solution 0.8 ml 
DI water 6.7 ml 
10% Ammonium persulfate 50 µl 
TEMED 10 µl 

 
 
When necessary, gels were silver stained as per the protocol given by Westermeier 

(1993). All of the following steps were sequentially carried out at RT for silver staining. 
 
 

Step Solution Volume 

(ml) 

Time 

(min) 

Fixing 30% v/v ethanol, 10% v/v acetic acid in DI water 250 60 
Incubation 75 ml ethanol, 17 g sodium acetate, 1.25 ml 

glutaraldehyde (25% w/v), 0.5 g Na2S2O3 (x 5 H2O) 
made to a final volume of 250 ml with DI water] 
* Sodium acetate was dissolved in water prior to 

addition of ethanol 

250  120 
or 

Overnight

Washing DI water  5 x 250 5 x 15 
Silvering 0.5 g AgNO3, 50 µl formaldehyde (37% w/v) made to 

a final volume of 250 ml with DI water 
250 60 

Development 7.5 g Na2CO3, 30 µl formaldehyde (37% w/v) made to 
a final volume of 300 ml with DI water.  

1 x 100 
1 x 200 

Rinse 
15-20 

Stopping 1% w/v glycine solution in DI water 250 30 
Washing/Storage DI water 3 x 250 3 x10 
 

 

Glycoprotein analysis.  Glycoprotein staining was done on SDS-PAGE gels using the 
Gelcode Glycoprotein staining (Pierce Chemical Co., Rockford, IL) procedure as per the 
manufacturer’s instructions with suitable modifications. The following steps were sequentially 
carried out at RT for glycoprotein staining. 
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Step Solution Volume 

(ml) 

Time 

(min) 

Fixing 50% v/v methanol, 10% v/v acetic acid in DI water 250 60 
Washing 3% v/v acetic acid  2 x 250 2 x15 
Incubation 1% w/v periodic acid in 3% v/v acetic acid 250 60 
Washing 3% v/v acetic acid 4 x 250 4 X 15 
Development Shiff’s reagent (Sigma Chemical Co., St. Louis, MO) 15 15-30 
Washing/Storage 3% v/v acetic acid 3 x 250 10 

 
 

Isoelectric focusing.  Defatted pecan flour was extracted in 8 M urea [flour to solvent 
ratio of 1:10 w/v] with continuous vortexing for 1 h at RT. Osborne protein fractions were 
directly solubilized in 8 M urea. All samples were then centrifuged (16,100 x g, 10 min, RT) and 
supernatants were analyzed for soluble proteins by the Bradford assay as described under 
Soluble Protein Estimation. 

 
Urea Isoelectric focusing of proteins was done on 4% linear monomer acrylamide gels 

using Multiphor II flat bed electrophoresis system as per the recommendations of the 
manufacturer (Amersham Biosciences, Piscataway, NJ). 

 
Solution Volume 

22.2 % w/v Acrylamide + 1.4% w/v Bis  (15.8:1) 2.7 ml 
Urea (8M) 7.2 g 
PH 3-10 Ampholine 0.45 ml 
PH 4-6 Ampholine 0.3 ml 
Degassed the above mixture for 10-15 min using vacuum and constant 
magnetic stirring 

 

10% Ammonium persulfate 60 µl 
 
 The gel mixture (described in table above) was manually poured into the assembled glass 

plates avoiding air bubbles. Gels were allowed to set for 2 h and then placed on flat bed 
apparatus maintained at 10oC using MultiTemp II Thermostatic circulator [Amersham 
Biosciences, Piscataway, NJ] (10% v/v ethanol). Electrode buffers (500 ml each) were 1 M 
phosphoric acid (anolyte) and 1 M NaOH (catholyte). Electrode strips [anode end (+) soaked in 1 
M phosphoric acid and cathode end (-) soaked 1 M NaOH] were placed at the two ends giving a 
run distance of ~10 cm. Gels were prefocused at 600 V for 45 min. Proteins samples were then 
loaded on sample application pieces placed 3-4 cm from the cathode end (pH will be neutral to 
slightly alkaline thus keeping the proteins in solution). Standard proteins (vial content 
reconstituted in 100 µl and 10 µl to be used) were loaded on reference slots. Proteins (100 µg) 
were focused at 1000 V for 30 min, sample application pieces removed and then focusing 
continued for an additional 1.0 h at 1500 V.  

 
Gels were fixed in 20% w/v TCA for 1 h followed by washing twice (5 min each) in DI 

water. Gels were incubated in the staining solution [freshly prepared by mixing equal volume of 
solution A (1% w/v copper sulfate, 20% v/v acetic acid) and solution B (0.3 % w/v Coomassie 
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Blue G-250, 90% v/v methanol)] for 1 h and then destained with 35% v/v ethanol containing 
10% v/v acetic acid till the background was clear.  
 

Gel filtration. Gel filtration column was packed with Sephacryl S-300 HR (Amersham 
Biosciences, Piscataway, NJ). The column volume was 472.72 ml (2.6 cm x 89.0 cm). The 
column equilibration and elution buffer was 0.02 M Tris-HCl (pH 8.1) containing 0.1 M NaCl 
and 0.001 M NaN3. The column flow rate was maintained at 23 ml/h with a peristaltic pump and 
fractions were collected every 20 min. The column was calibrated for Stokes’ radius (Å) using 
the standard proteins kit (Amersham Biosciences, Piscataway, NJ) as per the manufacturer’s 
recommendations. Protein sample ~1.8 ml (typically 80mg/ml) dissolved in column buffer was 
loaded on to the column and the column elution was monitored by measuring the absorbance of 
the effluents at 280 nm as well as SDS-PAGE gel electrophoresis. Elution volumes (Ve) were 
recorded to calculate the Stokes’ radii of the desired proteins. All column operations were carried 
out at 4oC. When necessary, proteins were concentrated using YM-3 (3000 Da, MWCO) 
Microcon Centrifugal Filter Devices (Millipore Corporation, Bedford, MA) to get the desired 
protein loads for gel electrophoresis.  

  

Amino acid composition.  Amino acid composition of defatted pecan flour and isolated 
protein fractions was determined using a Pico-Tag Column Amino Acid Analyzer (Waters 
Chromatograph Division, Milford, MA).  Samples were hydrolyzed in 600 µl of 6 M HCl in the 
presence of nitrogen (18 h, 110°C), and 4 µl of hydrolysate was injected for analysis. The 
samples were treated with a 2:2:1 v/v/v ethanol: triethylamine: water solution and dried. The 
samples were then treated with a 7:1:1:1 v/v/v/v ethanol:triethylamine:water:PITC solution 
(99.9%) and held for 20 min at 25oC in a nitrogen atmosphere and dried. Fifty µl of 5 mM 
sodium acetate buffer (pH 7.6, 40oC) containing 6% v/v acetonitrile was added to the sample for 
analysis by HPLC. Norleucine was used as an internal standard to calculate % recovery for each 
amino acid. Tryptophan content was determined by the colorimetric method (No. 3) of Spies and 
Chambers (1948).  Amino acid composition was reported as g of amino acid per 100 g of 
protein. 

 
Nonprotein Nitrogen (NPN) determination.  Nonprotein nitrogen content of defatted 

pecan flour was determined by the method of Wolf et al. (1994). To 0.1 g of defatted flour, 1.5 
ml TCA (0, 0.25, 0.50, 0.75, 1.0, 2.0 3.0 and 4.0 M) was added and extracted with continuous 
vortexing for 1 h at 25oC. Supernatants were collected after centrifugation (16,100 x g, 15 min, 
25oC) and stored at 4oC until analyzed for nitrogen according to AOAC method 950.48 (micro-
Kjeldahl method). The amount of nitrogen extracted at the different TCA concentrations was 
expressed as percent of total nitrogen in defatted pecan flour. Nonprotein nitrogen represented 
the minimum amount of nitrogen extracted by TCA (Becker, 1940; Wolf, 1994). 
 

Polyclonal Antibody Production and Characterization 

 
Rabbit polyclonal antibody production was done as per the recommendations of Animal 

Care and Use Committee, Florida State University (Protocol # 0207) and as described by Acosta 
et al. (1998). One half of one ml of 1 mg/ml pecan proteins (extracted in BSB) was mixed with 
0.5 ml of RIBI adjuvant (reconstituted in saline as per recommendation of the manufacturer) and 
the final mixture (1 ml dose, 500 µg total proteins) was administered in a New Zealand white 
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rabbit (intradermal, subcutaneous and intramuscular injections as per the recommendation of the 
manufacturer). Beginning 4 weeks after the initial immunization, 3 booster doses were 
administered every 4-week intervals (in RIBI adjuvant as described for first immunization). Pre 
and post-immunization blood samples were drawn from the marginal ear vein of the immunized 
rabbit and collected in glass tubes. Blood was allowed to clot overnight at 4oC and clear serum 
collected. When necessary, serum samples were centrifuged (10,000 g, 10 min, RT) to clean up 
the serum. Both ELISA and Western blotting protocols were used to test the titer of sera and for 
specific reactivity with pecan proteins. Serum aliquots for immediate use were stored at 4oC and 
at -20oC for long-term storage.  
 

Competitive Inhibition ELISA Assay Development 

 
Competitive inhibition ELISAs were performed to standardize the pecan proteins 

inhibition curve as described by Acosta et al. (1998).  
Step Solution Incubation

Coating 50 µl/ well of pecan total protein solution (10 µg/ml) in 
optimized coating buffer (BSB). Total protein coated = 
500 ng. 

1 h, 37oC 

Washing BSB 3 X - 
Blocking 100 µl of blocking solution (0.5% BSA, 0.05% Tween-20, 

1 mM EDTA in PBS 7.2) 
1 h, 37oC 

Incubation of 1o 
antibody and antigen 
(suitably titrated)  
(New uncoated plate) 

Pecan pAb diluted 1:50,000 v/v in 0.1% BSA-BSB was 
added to each well of a second uncoated plate.  
Standard pecan protein solution (0.1 mg/ml) was serially 
diluted 5-fold in successive wells and incubated for 1 h at 
37oC.  
Suitable concentrations of other inhibitory proteins were 
used. Appropriate reagent blanks were included 

 
 
 

1 h, 37oC 

Antigen transfer to 
coated plate 

50 µl/well transferred to coated plate 1 h, 37oC 

Washing BSB 3 X - 
Incubation with 2o 
antibody 

50 µl/well of 1:5000 v/v diluted alkaline phosphatase 
labeled goat anti-rabbit IgG 

1 h, 37oC 

Washing BSB 3 X - 
Color development 50 µl/well, p-nitrophenyl phosphate substrate [one tablet 

dissolved in 5 ml of substrate buffer (0.0049% w/v MgCl2, 
0.096% v/v diethanolamine in DI water with pH adjusted 
to 9.8 with 5 M HCl)] 

30 min, RT 

Stop solution  50 µl/well, 3.0 M NaOH - 
Analysis Color read at 405 nm using Bio-Tek ELISA reader (Model 

Power Wave 200. Biotek Instruments, Inc., Winooski, 
VT.). 

 

 
The optimization parameters included: 
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1. Coating of pecan proteins on microtiter plate was optimized by using different buffer 
systems (Citrate/phosphate, PBS, BSB, carbonate buffers) at various time (1, 4, 24 h) 
temperature (4, 24, 37oC) combinations. Direct binding ELISA using checkerboard 
titration format was used for optimization (Deshpande, 1996). 

 
2. Primary antibody dilutions (1:102 to 1:106), incubation times (1, 4, 24 h) and incubation 

temperature (4, 24, 37oC) optimization was done by evaluating IC50 values 

 

Cross-reactivity Studies 

 
 The cross-reactivity of pecan proteins with commercially important tree nuts and other 
selected food proteins such as cereals and legumes was evaluated using competitive inhibition 
ELISA assay and western blotting. The foods tested included: almond, Brazil nut, cashew nut, 
hazel nut, macadamia nut, pine nut, pistachio, walnut, sesame, sunflower, Virginia peanut, chick 
pea, Great Northern bean, tepary bean, soybean, corn, wheat, oats and rice. All of the food 
samples were defatted as described under Lipid (Chemical Composition). Proteins were 
extracted from defatted flour using BSB and analyzed for soluble proteins by method of Lowry 
et al. (1951). Samples were used in ELISA and western blotting as described earlier for 
evaluating cross-reactivity. 
 
Thermal Processing of Pecans 

 
Pecan halves/fragments (~20 g) were subjected to different thermal processing methods 

as described by Venkatachalam et al. (2001). The treatments used and preparation details were: 
1. Blanching in boiling water (100oC) for 5 and 10 min. The ratio of pecans to water was 

1:10 w/v. After boiling, samples were patted dry on paper towels and further air-dried at 
25oC in a fume hood to constant weight. 

2. Pressure-cooking at 121oC, 15 psi for 5, 15 and 30 min. Samples were placed in 
aluminum dish and autoclaved (Consolidated Stills and Sterilizers, Boston, MA). At the 
end of the autoclave treatment samples were removed, cooled to RT and then further air-
dried at RT in a fume hood to a constant weight. 

3. Dry Roasting at 137°C, 148°C, and 160°C for 20 and 30 min each, and at 168°C and 
175°C for 8 and 12 min each. Sample was placed in an aluminum dish and subjected to 
roasting in an oven (Thermolyne Corporation, Dubuque, IA).  

 

Source of Human Sera from Patients Allergic to Pecans 

 
Sera from 15 patients with clear and convincing history of pecan hypersensitivity were 

used for Western blotting analysis. Sera from 5 patients allergic to tree nuts other than pecans 
were also used for comparative purposes. Control sera were obtained from subjects with no 
history of pecan sensitivity. Dr. Suzanne Teuber from University of California, Davis, provided 
all serum samples. All protocols related to the use of human sera were approved by Human 
Subjects Review Committee at University of California, Davis.  
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Western Blotting Analysis  

 
Western blotting was done as described by Acosta et al (1999). Proteins from SDS-PAGE 

electrophoresed gels were transferred onto 0.2 µm nitrocellulose (NC) paper as described by 
Towbin et al. (1979). Transferred proteins were stained with 0.1% Ponceau S in distilled water to 
ensure proper transfer, scanning and labeling for future reference. Unbound sites on the NC 
paper were blocked using 5% (w/v) Nonfat dry milk in Tris-buffered saline (TBS-T) [10 mM 
Tris, 0.9% (w/v) NaCl, 0.05% (v/v) Tween-20] for 1 h at 25°C. The blots were washed twice, 5 
min each, in TBS-T and then incubated with suitably diluted 1o antibody [rabbit IgG (1:50,000 
v/v) or human IgE (1:10 v/v)] in TBS-T for 1 h at 25°C (for rabbit IgG) or16 h at 4oC (for human 
IgE). NC membranes were rinsed twice with TBS-T, washed once for 15 min, and then 3X for 5 
min each in TBS-T. NC blots (incubated with rabbit antiserum as 1o antibody) were then 
incubated with 1:40,000 v/v diluted HRP-labeled goat anti-rabbit IgG (2o antibody) for 1 h at 
25°C. The blots were washed as before, developed using a luminol/p-coumaric acid substrate 
system* and exposed to X-ray film (Kodak X-OMAT).   

 
NC blots that were probed with human sera were washed as before with TBS-T and then 

finally washed for 15 min in PBS (pH 7.2) containing 0.01% TX-100. NC blots were incubated 
overnight with 1:5 diluted equine 125I-antihuman-IgE (Hycor, Biomedical Inc., Garden Grove, 
CA) in 5 % NFDM prepared in PBS, washed as before in PBS containing 0.01% TX-100 and 
further developed using X-ray film over a period of 72 h at -80oC.  

 
* Luminol/p-coumaric acid substrate system: The blots were immersed in freshly 

prepared substrate solution [solution 1 + solution 2 mixed in equal volume just before use] for 3-
5 min, RT.  

Solution Volume 

Solution 1 (10 ml)  
**250 mM luminol  100 µl 
**90 mM p-coumaric acid 44 µl 
1 M Tris-HCl (pH 8.5) 1 ml 
DI water 8.85 ml 

Solution 2 (10 ml)  
H2O2 (30% v/v) 6 µl 
1 M Tris-HCl (pH 8.5) 1 ml 
DI water 8.85 ml 

 
** Stock solutions (for single use) stored at -20oC. 
 

Protein In Vitro Digestibility and Determination of Antigen Stability 

 
For all digestibility studies, total pecan proteins extracted from defatted flour (Desirable 

cultivar) using BSB buffer were used. Details of extraction were as described previously in 
Protein Characterization methods. Micro-Kjeldahl protein estimation was done to get the precise 
protein content of the BSB extracts. Stock solutions of 2 mg/ml were prepared and used for all 
digestion experiments. 
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To evaluate the influence of moist heat on pecan protein in vitro digestibility, protein 
samples diluted suitably in water were heated in closed Eppendorf microcentrifuge tubes in 
boiling water bath (95oC) for 30 min, cooled to 25oC and then used for digestion. 

 
Simulated Gastric Fluid (SGF) and Simulated Intestinal Fluid (SIF) digestions of pecan 

proteins were done as described by U.S. Pharmacopoeia (1995). 
 

Simulated gastric fluid (SGF) digestion of pecan proteins.  Simulated Gastric Fluid 
contained 0.32% w/v porcine pepsin in 34 mM NaCl, 0.7% HCl, and pH 1.2. Final digestion 
conditions were: 72 µg pecan proteins per 225 µl gastric solution; varying enzyme 
concentrations to get pepsin: protein ratios - 10:1, 1:1, 1:10, 1:25, 1:100, 1:500 and 1:1000 w/w; 
37oC; and 0-4 h incubation times. Pepsin activity was stopped by adding 10 µl of 2 M NaOH and 
125 µl SDS-PAGE sample buffer (2% β-ME) sequentially and heating for 10 minutes in a 
boiling water bath (95oC).  

 

Simulated intestinal fluid (SIF) digestion of pecan proteins.  Simulated Intestinal 
Fluid contained 10mg/ml pancreatin (USP) in 50 mM potassium phosphate, pH 7.5. Final 
digestion conditions were: 100 µg pecan proteins per 200 µl intestinal solution; varying enzyme 
concentrations to get pancreatin: protein ratios - 10:1, 1:1, 1:10, and 1:100 w/w; 37oC; and 0-4 h 
incubation times. Enzyme activity was terminated by adding 100 µl SDS-PAGE sample buffer 
containing (2% v/v β-ME) and heating in a boiling water bath (95oC) for 10 min.  

 
Appropriate protein, digestion buffer and enzyme controls were included in all 

digestions. SDS-PAGE and Western blotting analysis of the digested protein samples were done 
as described previously.  
 

Soluble Protein Estimation 

 
Unless otherwise specified, soluble proteins were estimated as per the method of Lowry 

et al. (1951). Standard curves were simultaneously prepared in respective buffers using BSA as 
the standard protein (0-200 µg range). 
  

Whenever necessary, soluble proteins were also estimated by Bradford assay (Bradford, 
1976) suitably modified to a microtiter plate assay as described by Bio-Rad Protein Assay (Bio-
Rad Laboratories, Hercules, CA). Standard curves were simultaneously prepared in respective 
buffers using BSA as the standard protein (0.05-0.5 mg/ml). 
 

Data Analysis and Statistical Procedures 

 
All statistical analyses were done using SPSS (version 10; Chicago, IL). All experiments 

were done at least in duplicate and data expressed as mean ± SEM. Statistical analysis for 
significant differences (p = 0.05) were done using one-way ANOVA and Fisher’s Least 
Significant Difference test as described by Ott (1977). Data plots and regression analysis (when 
needed) were done using Excel on Microsoft Office (Windows, 2000).   
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RESULTS AND DISCUSSION 

 

 

 

 

Chemical Composition 

 

 

Proximate Composition 

 
Chemical composition of 24 different pecan varieties (2003 crop) for moisture, lipid, 

protein, ash, sugars and tannins is presented in Table 6. The current study included several new 
varieties for which no chemical composition has been reported. All data were expressed on an 
edible portion (as is) basis. Also, ‘Choctaw’ and ‘Desirable’ pecans purchased from two different 
locations were included to demonstrate effect of cultivation region on chemical composition. 

 
Chemical composition of pecans from the current study compared with those reported in 

literature (USDA, 2004; Prasad 1993; Santerre, 1994). 
 
Moisture content of the pecan varieties tested ranged from 2.1-6.4% w/w. The moisture 

content of pecans fluctuates considerably depending on weather conditions and time of harvest 
and hence often not relied upon as an index of seed maturity (Heaton et al., 1975). Various 
studies have shown that pecan kernel moisture decrease significantly as the harvest date is 
delayed (Love and Young, 1971; Herrera et al., 1994; Singanusong et al., 2003). 

 
Total soluble sugars in pecan varieties ranged from 3.3-5.3% w/w. This range compared 

well with the 3.97% total sugars reported in the USDA database (2004). When total sugars and 
lipids present in mature kernels were correlated, there was a significant negative correlation 
(Pearson correlation, r = -0.6245), thereby suggesting that lipid accumulation in maturing pecan 
kernels was accompanied by a decrease in sugar. Similarly, Wood and McMeans (1982) reported 
that a decrease in total sugars was attributed to an increase in total lipids in developing pecans 
kernels (Moneymaker). The extent of use of sugars for respiration and fatty acid metabolism in 
maturing kernels could affect the final sugar content of pecans. Wood and McMeans (1982) 
observed that embryo and cotyledon expansion in maturing pecans was accompanied by 
accumulation of fatty acids, decrease in reducing sugars (fructose, glucose) and inositol and 
increase in sucrose content.  

 
The lipid content of pecan varieties ranged from 65.9-78.0% w/w. Pecan kernels are 

typically known to have 60-75% lipids depending on the cultivar and also on the growing location, 
year of production, nitrogen content in fertilizers and time of harvest (Prasad, 1993; Wells et al., 
1980; Eddy and Storey, 1988; Heaton et al., 1966; Santerre, 1994). Typically, as the degree of 
filling of maturing pecan kernel increases, oil content increases with concomitant decrease in 
proteins, carbohydrates, moisture and other constituents decrease because of dilution effect 
(Worley, 1994).  
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Table 5. Chemical composition of pecan varieties 

 
All values are expressed as g/100 g edible portion (mean ± SEM). LSD = Least Significant 
Difference (p = 0.05, n = 3). Differences between two means within the same column exceeding 
the LSD value are significant.  
 

 
 
 

No. Pecans procured from (year of crop)

1 USDA-ARS Pecan Breeding & Genetics, Somerville, TX (2002)
2 Green Valley Pecan Company,Sahuarita, AZ (2003)
3 Lane Packing Company, Fort Valley, GA (2003)
4 Royalty Pecan Farm, Caldwell, TX (2003)
5 USDA, Byron, GA (2003)
6 Concho Valley Company, San Angelo, TX (2003)
7 Florida State University, Tallahassee, FL (2003)

Variety (Source)

Burkett (6) 3.07 ± 0.04 70.37 ± 0.53 11.29 ± 0.30 1.47 ± 0.02 3.44 ± 0.04 1.54 ± 0.02
Caddo (5) 4.25 ± 0.01 73.46 ± 0.45 7.49 ± 0.00 1.31 ± 0.01 3.73 ± 0.14 1.25 ± 0.08
Cape Fear (5) 6.36 ± 0.10 68.16 ± 0.72 7.32 ± 0.01 1.31 ± 0.02 4.27 ± 0.08 1.25 ± 0.09
Chayenne (4) 3.90 ± 0.01 70.74 ± 0.50 8.84 ± 0.24 1.57 ± 0.03 4.42 ± 0.11 1.51 ± 0.03
Choctaw (4) 3.86 ± 0.19 69.92 ± 0.38 9.84 ± 0.07 1.79 ± 0.01 4.32 ± 0.06 1.25 ± 0.02
Choctaw (5) 5.37 ± 0.07 65.93 ± 0.21 8.88 ± 0.05 1.52 ± 0.02 5.31 ± 0.15 1.02 ± 0.03
Desirable (3) 3.16 ± 0.00 70.56 ± 0.63 10.62 ± 0.22 1.60 ± 0.01 3.84 ± 0.16 0.66 ± 0.03
Desirable (5) 4.93 ± 0.05 72.54 ± 0.52 7.62 ± 0.15 1.46 ± 0.02 4.45 ± 0.12 0.78 ± 0.02
Desirable (1) 6.23 ± 0.16 70.08 ± 0.39 9.54 ± 0.09 1.78 ± 0.04 3.67 ± 0.06 0.94 ± 0.03
Elliot (3) 3.52 ± 0.05 72.73 ± 0.53 8.68 ± 0.06 1.47 ± 0.00 4.09 ± 0.17 0.98 ± 0.06
Gracross (4) 3.63 ± 0.06 75.44 ± 0.39 6.81 ± 0.00 1.31 ± 0.01 3.27 ± 0.07 1.58 ± 0.05
Gratex (4) 4.30 ± 0.05 72.21 ± 0.66 8.82 ± 0.01 1.49 ± 0.04 4.59 ± 0.04 0.90 ± 0.04
Kiowa (4) 3.91 ± 0.11 70.59 ± 0.30 9.42 ± 0.07 1.55 ± 0.02 4.51 ± 0.15 1.49 ± 0.05
Mahan (5) 4.54 ± 0.03 70.67 ± 0.32 7.50 ± 0.18 1.41 ± 0.01 4.21 ± 0.04 1.60 ± 0.04
Mohawk (6) 2.62 ± 0.04 74.39 ± 0.65 8.76 ± 0.00 1.30 ± 0.01 3.96 ± 0.07 1.31 ± 0.04
Moneymaker (5) 6.30 ± 0.02 67.22 ± 0.66 8.61 ± 0.04 1.55 ± 0.03 4.65 ± 0.10 1.59 ± 0.04
Oconee (5) 5.00 ± 0.18 72.32 ± 0.40 7.10 ± 0.00 1.53 ± 0.04 4.05 ± 0.10 0.90 ± 0.05
Pawnee (6) 2.13 ± 0.05 78.07 ± 0.72 6.00 ± 0.04 1.25 ± 0.00 3.67 ± 0.06 0.80 ± 0.01
Florida Native (7) 5.02 ± 0.09 70.65 ± 0.39 8.18 ± 0.09 1.62 ± 0.05 3.75 ± 0.05 1.33 ± 0.06
Schley (3) 4.17 ± 0.13 74.08 ± 0.73 7.46 ± 0.45 1.45 ± 0.00 4.01 ± 0.26 1.02 ± 0.06
Shawnee (5) 4.91 ± 0.12 70.56 ± 0.41 7.74 ± 0.05 1.53 ± 0.02 4.49 ± 0.10 0.80 ± 0.04
Sioux (5) 4.62 ± 0.10 74.24 ± 0.58 6.97 ± 0.02 1.23 ± 0.03 3.29 ± 0.13 0.93 ± 0.02
Stuart (3) 2.90 ± 0.03 74.00 ± 0.26 7.89 ± 0.10 1.38 ± 0.02 3.56 ± 0.04 1.14 ± 0.04
Sumner (5) 6.32 ± 0.10 67.02 ± 0.55 9.06 ± 0.04 1.38 ± 0.01 4.81 ± 0.19 1.74 ± 0.06
Texas Native (6) 3.26 ± 0.06 69.47 ± 0.20 8.75 ± 0.08 1.26 ± 0.01 3.85 ± 0.17 2.68 ± 0.05
Western Schley (2) 4.03 ± 0.06 71.19 ± 0.23 9.55 ± 0.13 1.36 ± 0.02 3.97 ± 0.08 1.42 ± 0.05
Wichita (2) 3.37 ± 0.06 71.97 ± 0.49 10.42 ± 0.06 1.42 ± 0.02 3.89 ± 0.03 1.45 ± 0.05
LSD 0.33 0.130.25 1.41 0.40 0.06

Sugar TanninProteinMoisture Lipid Ash 
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Protein content of pecan varieties ranged from 6.0-11.3% w/w. Typically, protein content 
in pecans varies from 9-18% (Prasad, 1993). On a defatted flour basis, total protein varied from 
22.9-38.1% w/w (as is basis). Protein content of pecan varieties correlated negatively to lipid (r = -
0.663) and positively to ash content (r = 0.491). Nitrogen content of pecan kernel has been shown 
to be inversely associated with oil content (Worley, 1994). 

 
Ash content of pecan varieties analyzed range from 1.23-1.79% w/w. Significant 

differences in ash content of pecan varieties suggest possible effects of varietal differences, 
growing locations, and year of production on mineral composition of pecans. Senter (1976) 
quantified 16 minerals in the nutmeats of 10 pecan cultivars by atomic absorption and emission 
spectroscopy. Significant differences existed among cultivars in the quantities of Cu, Fe, Cr, Mn, 
B, Zn, Ba, P, K, and Ca. Differences were not significant in the quantities of Co, Mo, Sr, Na, Al 
and Mg (Senter, 1976). Singanusong et al. (2003) reported that the U.S. grown pecans had much 
lower concentrations of potassium, magnesium, manganese, and, particularly, calcium but higher 
concentrations of copper, phosphorus, and zinc when compared to pecans grown in Australia.  

 
A significant difference in the chemical composition of two ‘Choctaw’ pecans and three 

‘Desirable’ pecans obtained from different locations (Table 6) corroborate with various other 
studies suggesting the influence of factors including growing location, year of production, soil 
and climatic conditions on pecan chemical composition (Santerre, 1994). 

 
Tannin Analysis 
 

Effect of extraction time (up to 2 h) was evaluated for assayable tannins extracted with 
both absolute MeOH and acidified MeOH (1% v/v HCl). There was no significant improvement 
in extractable tannins after 15 min of extraction for both solvents (Table 7). Acidified MeOH 
was significantly better than absolute methanol for extraction of tannins (Table 7). Contrary to 
this observation, Sze-Tao et al. (2001) showed significantly higher extraction of walnut tannins 
in absolute MeOH than acidified MeOH. The dependence of tannin extraction efficiency on the 
type of solvent is well documented in literature (Desphande and Cheryan, 1985; Desphande et 
al., 1986). 

 
The absorbance patterns after addition of 2% vanillin reagent of both absolute MeOH and 

acidified MeOH is shown in Figure 1. Maximum color development occurred within the first two 
min of reagent addition and thereafter remained constant over a period of 1 h. In case of walnuts, 
however, Sze-Tao et al. (2001) observed that maximum absorbance was reached at 12-15 min 
after addition of 0.5% vanillin. The faster color development in case of pecans may be due to the 
use of higher concentration of vanillin reagent (2%). 

 
For tannin analysis of all pecan cultivars, acidified methanol as tannin extraction solvent, 

1 h extraction time and 30 min color development time was used with all operations carried out 
at room temperature (~25oC). Tannin content of pecan cultivars ranged from 0.66-2.68% w/w 
(catechin equivalent) on as is basis (Table 6). One of the exceptions among the 24 varieties 
tested was a Texas native pecan sample, which had 2.68% tannins as compared to other cultivars 
that ranged from 0.66-1.74%. Polles et al. (1981) reported a range of 0.69-1.71% for condensed 
tannins in kernels of 31 pecan cultivars. There was a remarkable similarity in tannin range 
between the two studies although only 12 cultivars were common to both studies.  
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Table 7. Effect of solvent and extraction time on analysis of tannins in pecans 

 

All data are expressed as mg Catechin equivalents per 100 g full fat flour (mean ± SEM).  LSD = 
Least Significant Difference (p = 0.05, n = 2). Differences between two means within the same 
column exceeding the LSD value are significant. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 1. Absorbance pattern of tannin extracts with assay time using 2% w/v vanillin reagent. 

 

 

High quantities of tannins are found in the shuck and corky middle portion of the nut and 
to a lesser extent in hull and kernel (Polles et al., 1981). Kays and Payne (1982) found that 
extractable phenolics varied from 20.2-52.6% in packing tissue (dry leaf-like partition between 
the two halves of pecan kernel). Therefore, any contamination of the kernels with packing tissue 
could lead to significant variation in analyzed tannins. As pecans were purchased in shell for the 
present study, kernels were carefully removed to avoid packing tissues. Analysis of tannins in 
packing tissue of “Desirable” cultivar indicated 79.01 ± 7.01 % tannins (as is basis). Similarly, 
Sze-Tao et al. (2001) observed high concentration of tannins in the packing tissue of walnuts (~ 
5.9% dry wt. basis) when compared to that in non-defatted freshly shelled walnut kernels (0.75% 
basis). 
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Pecan Protein Characterization 

 
 

All protein characterization studies were done using defatted ‘Desirable’ pecan cultivar. 
All protein estimations were done by the method of Lowry et al. (1951) unless otherwise 
indicated.  
 
 

Protein Solubility 

 
Effect of solubilizing agent 

 
Pecan protein extractability was affected by the type of solvent and the pH of the 

extractant (Table 8). Among the solvents tested, 0.1 M NaOH (pH ~12) was the most effective 
protein solubilizer followed by BSB (pH 8.45). It has been shown that proteins were solubilized 
maximally from almond (Sathe 1993), cashew nut (Sathe 1994) and walnut (Sze-Tao and Sathe, 
2000) using 0.1 M NaOH as the extraction solvent. Protein solubility was the least in DI water 
suggesting that pecan proteins were not very soluble at neutral pH and in the absence of salts. 
This behavior of pecan proteins was very different from those of almond proteins (Sathe 1993) 
and cashew nut proteins (Sathe 1994) both of which are quite soluble in DI water. Since extreme 
alkali pH could be detrimental to protein quality, using solvent such as BSB could be optimum to 
solubilize pecan proteins. 
 
 

Table 8. Effect of solvent type on pecan protein solubility* 
 

 
* Data are expressed as mg of solubilized protein per 100 mg defatted flour (mean ± SEM).  
LSD = Fisher’s Least Significant Difference (p = 0.05, n = 2): The differences between means 
exceeding this value are significant. 
 
 
 Protein estimation is dependant on various factors including the method used for 
estimation and thereby its sensitivity, solvent compatibility, pH and interference due to 
nonprotein components such as phenolic compounds present in the seed flour. Several such 

Solvent Protein Solubility

Deionized water (pH 6.65) 0.97 ± 0.18
1.0 M NaCl (pH 6.17) 3.54 ± 0.13
0.1 M Sodium phosphate buffer (pH 7.5) 1.94 ± 0.09
0.1 M NaHCO3 (pH 8.31) 2.29 ± 0.47
0.1 M Tris-HCl (pH 8.10) 4.78 ± 0.16
0.125 M Borate saline buffer [BSB] (pH 8.45) 15.68 ± 1.05
0.1 M NaOH (pH 12.90) 32.64 ± 1.85
70% Ethanol (pH 6.12) 5.50 ± 0.33
LSD 2.60
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interfering factors have been shown to affect the routinely used colorimetric protein estimation 
methods such as Bradford (dye-binding assay) and Lowry (Folin-Ciocalteau) methods (Scopes, 
1993). For these reasons, the present study analyzed pecan protein extracted in BSB by the both 
Lowry and Bradford colorimetric methods and compared the results with micro-Kjeldahl method 
(N x 5.3) (AOAC, 1995). The Kjeldahl method, though time consuming, is still universally used 
as a standard method for comparison against all other protein estimation methods (AOAC, 
1995). While no significant differences were observed in the soluble proteins estimated by 
Lowry and Bradford methods, there was a significant (~2 fold) overestimation of protein content 
by Lowry and Bradford method when compared with micro-Kjeldahl method (Table 9). Various 
phenolic compounds naturally occurring in plants have been shown to interfere in the Lowry 
assay (Smith, 1982). Therefore, it is not a surprise to observe overestimation of pecan proteins by 
the Lowry method considering that pecans contain significant amount of tannins. Kilkowski and 
Gross (1998) showed that Bradford protein binding dye, coomassie blue G-250 forms intensely 
blue colored complexes with hydrolysable tannins. This may probably explain the overestimation 
of pecan proteins by the Bradford method. 
 

Protein content of defatted flour was 31% w/w (as is basis) based on micro-Kjeldahl 
nitrogen determination [N x 5.3] (AOAC, 1995). BSB solubilized only ~24% of total pecan 
proteins in defatted flour.  
 

The type of pecan polypeptides extracted by different buffers used is shown in Figure 2. 
Pecan polypeptides extracted directly in SDS-PAGE sample buffer show a complex banding 
pattern that differed significantly depending on type of solvents used for extraction. Among the 
solvents tested, BSB showed a polypeptide pattern that resembled closely to that shown by SDS-
PAGE sample buffer. Buffers that showed a distinct difference included: 70 % ethanol and 0.1 N 
NaOH. Although NaOH was the maximum protein solubilizer among the solvents tested, it 
showed a completely different polypeptide pattern when compared to other aqueous buffers.  

 
 

Table 9. Comparison of the BSB solubilized pecan protein* content estimated by the Lowry, 
Bradford and micro-Kjeldahl protein estimation methods 

 
* Data are expressed as mg of solubilized protein per 1 g defatted flour (mean ± SEM).  LSD = 
Fisher’s Least Significant Difference (p = 0.05, n = 4): The differences between means 
exceeding this value are significant. 

 
 
 
 
 

Method

Lowry 157.28 ± 7.08
Bradford 143.89 ± 9.47
MicroKjeldahl 74.20 ± 0.81
LSD

Protein Solubility

21.88
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Figure 2. SDS-PAGE (with 2% β-ME) analysis of pecan proteins extracted in different solvents. 
Protein load in each lane was100 µg. 
 
 

Effect of extraction time  

 
Results suggested that 15 min extraction time was sufficient for optimum extraction of 

pecan proteins, as increasing time intervals did not significantly improve protein extraction 
(Table 10). This data is consistent with the extraction results for almond proteins by Sathe 
(1993). For all routine experiments, 1 h extraction time was used to ensure maximum 
solubilization of pecan proteins. 
 
 
Table 10. Effect of extraction time on pecan protein solubility*  

 
* Data are expressed as mg of solubilized protein per 100 mg defatted flour (mean ± SEM). LSD 
= Fisher’s Least Significant Difference (p = 0.05, n = 2): The differences between means 
exceeding this value are significant. 

Time (min)

15 16.10 ± 0.05
30 15.06 ± 0.42
45 16.94 ± 0.12
60 16.62 ± 0.17
75 17.23 ± 0.00
90 17.43 ± 0.00
105 17.43 ± 0.20
120 17.18 ± 0.05
LSD

Protein Solubility

0.59
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Effect of defatted flour to solvent ratio 

 
Increasing flour to solvent ratio beyond 1:20 w/v did not significantly increase the 

amount of solubilized proteins (Table 11). Therefore, for all routine protein extractions, flour to 
solvent ratio of either 1:10 w/v or 1:20 w/v was used.  
 
 
Table 11. Effect of defatted flour to solvent ratio on pecan protein solubility* 
 

 
* Data are expressed as mg of solubilized protein per 100 mg defatted flour (mean ± SEM).  
LSD = Fisher’s Least Significant Difference (p = 0.05, n = 2): The differences between means 
exceeding this value are significant. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

    A      B 

 
Figure 3. Effect of pH on pecan protein solubilization (A) and SDS-PAGE analysis of 
solubilized proteins (B).  

 

 

Effect of pH 

 

Pecan proteins were extracted with DI water adjusted to various pH values (1-12) and 
resulting extracts analyzed for Lowry proteins. Protein solubility was minimal in pH 3-7 range, 
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the apparent isoelectric region of the proteins, and increased significantly on either side of this 
pH range (Figure 3). Alkaline pH (>8) was most effective in improving protein solubility. These 
results were consistent with the influence of pH on almond (Sathe 1993), cashew nut (Sathe 
1994) and walnut (Sze Tao and Sathe, 2000) protein solubility. 
  
 SDS-PAGE analyses displayed different polypeptide patterns of proteins extracted at acid 
and alkali range. The polypeptide pattern above pH 8 remained essentially similar with a diffuse 
pattern and extensive protein aggregation as seen from dark bands at the interface of stacking 
and resolving gels. Low molecular weight polypeptides dominated the acid pH range showing 
atleast three polypeptides - 12, 14 and 20 kDa with the 14 kDa peptide being major one.  
 

Effect of ionic strength 

 
Pecan protein solubility significantly increased (7.6 fold) when ionic strength was 

increased from 0.0 M NaCl to 4.0 M NaCl (Table 12). Protein solubility increased 2.7 fold 
between 0.0-1.0 M NaCl, 1.5 fold between 1.0-3.0 M NaCl and 1.9 fold between 3.0-4.0 M 
NaCl. Cajori (1921) reported an increase in pecan protein solubility from 3.1% w/w to 14.4% 
w/w (4.6 fold increase) when NaCl concentration was increased from 0.1% to 11.0% (0.017-1.88 
M NaCl), which is very similar to the results obtained in the present study. 

 
 
Table 12. Effect of ionic strength on pecan protein solubility* 

 
*  Data are expressed as mg of solubilized protein per 100 mg defatted flour (mean ± SEM).  
LSD = Fisher’s Least Significant Difference (p = 0.05, n = 2): The differences between means 
exceeding this value are significant. 
 
 

These data further confirmed that both pH and ionic strength were important for pecan 
protein solubilization, perhaps, the reason why BSB was optimum amongst the solvents tested 
for protein solubilization.  
 

Pecan protein fractions 

 
The yields of the different pecan protein fractions analyzed by three protein estimation 

methods are shown in Table 13. Irrespective of the method used for analysis, alkaline glutelin 
fraction (~60.14-68.95 %). accounted for the major portion of the total soluble proteins in 

NaCl (M)

0.0 1.39 ± 0.01
0.2 1.79 ± 0.03
0.5 2.54 ± 0.03
1.0 3.64 ± 0.13
2.0 4.19 ± 0.01
3.0 5.56 ± 0.33
4.0 10.61 ± 0.15

LSD

Protein Solubility

0.53
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pecans. Pecan globulins accounted for 23-31% of total solubilized proteins. These data compared 
closely to walnut glutelin and globulin fractions, which account for 70.1% and 17.57% of total 
soluble proteins respectively (Sze-Tao and Sathe, 2000). Both pecans and walnuts are different 
from other tree nuts such as almond, cashew nut and pistachio that contain significant amounts 
(>40 % of total proteins) of albumin and globulin proteins (Shokraii and Esen, 1988; Sathe, 
1993; Sathe, 1994). Albumin, prolamin and acid glutelin accounted for less than 10% of total 
pecan proteins.  
 
 
Table 13. Pecan protein fractionation (Osborne method) 

 
* All data are expressed as percent of total solubilized proteins (mean ± SEM) (n = 2). LSD = 
Fisher’s Least Significant Difference (p = 0.05, n = 2): The differences between means 
exceeding this value are significant. 

 
 
Pecans contained appreciable amount of phenolic compounds that are soluble in some 

solvents (listed in Table 8) used for protein extraction (Senter et al., 1983). Also, binding of 
phenolic compounds to proteins may explain the lower solubility of pecan proteins in water or 
aqueous buffer solutions and also overestimation of the solubilized proteins by colorimetric 
methods (Lowry and Bradford) used. Total solubilized proteins (all fractions listed in Table 13) 
as estimated by Lowry, Bradford and micro-Kjeldahl methods were 33.77%, 21.88% and 
23.65% of defatted pecan flour (as is basis) respectively. Pecan glutelin fraction (extracted in 0.1 
N NaOH) was dark amber color perhaps due to the presence of phenolic compounds. When 
tested for tannins as described under Tannin analysis, alkaline glutelins contained ~4.6 mg 
catechin equivalents per 100 g glutelin.  
 

There were significant differences in the protein yields, especially in globulin and 
glutelin fractions, obtained by Wood and Reily (1984) and the present study. Wood and Reily 
(1984) reported that proteins in the mature pecan kernels (Moneymaker variety) consisted of 
51% acidic glutelins, 27% alkali glutelins, 9% concentrated alkali, 7% prolamins, 4 % albumin 
and 1% globulin. The authors extracted acetone defatted pecan flour consecutively with 0.1 M 
sodium phosphate buffer (pH 7.0), 10 % NaCl, 70% ethanol, 0.05 N HCl and 0.05 N NaOH to 
solubilize albumins, globulins, prolamins and glutelins, respectively. Since glutelins are acid or 
alkali soluble proteins, order of acid and alkali used for protein extraction may have resulted in 
different glutelin yields. The lower globulin recovery by Wood and Reily could not be explained, 
although, it was not certain whether it could be due to the use of two different pecan cultivars by 
the two studies. 

 

Solubility fraction LSD

Deionized water (albumins) 2.04 ± 0.11 1.82 ± 0.26 1.46 ± 0.01 0.52
2.0 M NaCl (globulins) 22.13 ± 1.52 26.24 ± 0.70 31.46 ± 0.83 3.44
70% Ethanol (prolamins) 9.00 ± 0.04 1.57 ± 0.14 3.43 ± 0.26 0.55
0.1 M NaOH (alkaline glutelins) 64.94 ± 1.59 68.95 ± 1.06 60.14 ± 0.75 3.78
0.1 M HCl (acid glutelins) 1.89 ± 0.08 1.42 ± 0.04 3.51 ± 1.30 2.39

Bradford proteins Kjeldahl proteinsLowry proteins
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Electrophoretic analyses 

 
 NDND-PAGE electrophoretic patterns of pecan proteins are shown in Figure 4. NDND-
PAGE separates proteins based on their negative charge without protein denaturation. Based on 
these profiles, pecan proteins extracted in BSB were dominated by two 2 major protein bands 
(marked by ) that were also the major proteins in the globulin fraction. The glutelin fraction 
had a runny appearance and majority of the proteins remained at top of the stacking and 
separating gel indicating large aggregated proteins that failed to enter the gel.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     NDND-PAGE      SDS-PAGE 

 
Figure 4. Native and SDS-PAGE analysis of pecan protein fractions. Protein load for NDND- 
Page was 60 µg and 25 µg for coomassie and silver staining respectively. Protein load for SDS-
PAGE was l00 µg. 
 
 

When the fractioned proteins were analyzed using SDS-PAGE in the absence of 2% β-
ME a complex polypeptide pattern with polypeptide MWs ranging from 10-65 kDa was 
observed (Figure 4). Polypeptides in the total protein extract (BSB) displaying a heavy banding 
pattern (subjectively judged based on bandwidth and intensity) were between  ~50-60 kDa, ~33-
40 kDa and ~14-27 kDa. The globulin polypeptide profile was very similar to that of the total 
proteins except for the lower intensity (subjectively judged) of polypeptides in 33-40 kDa and 
16-17 kDa range. The albumin fraction had major polypeptides between 14-16 kDa and several 
minor ones ranging from 20-66 kDa. The prolamin fraction two prominent polypeptides at ~60 
kDa and 14 kDa respectively. Most of the glutelin fraction failed to enter the separating gel and 
had a very diffuse banding pattern. 
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SDS-PAGE of total proteins (BSB) in the presence of 2% β-ME had an array of 
polypeptides between 6-80 kDa with several major polypeptides with estimated MWs of 47, 45, 
34, 29 and 10-20 kDa. The albumin fraction had several polypeptides with the major banding at 
~12-16 kDa.  

 
Wood and Reily (1984) reported that kernel development in pecans was characterized by 

accumulation of dilute acid/alkali soluble proteins (i.e. glutelins) and a decline of buffer and 
alcohol soluble proteins (i.e. albumins, globulins and prolamins). How these changes affect 
different pecan cultivars grown under different soil and climatic conditions is not established. It 
was therefore important to learn whether or not the pecan cultivars used in the present study had 
significantly different protein and polypeptides differences. SDS-PAGE profiles of all pecan 
cultivars used in the present study are shown in Figure 5 and Figure 6. SDS-PAGE revealed that 
all the cultivars tested had a very similar polypeptide pattern. However, several polypeptides 
with varying intensities (judged subjectively on the basis of bandwidth and staining intensity) 
were apparent (marked by  and}) in the MW range of 18-66 kDa in most pecan varieties tested  
(Figure 6). Sathe et al. (2001) reported similar polypeptide patterns on SDS-PAGE for 60 
almond genotypes and hybrids. Molecular heterogeneity of storage protein polypeptides within 
plant species has been observed in several plant seed storage proteins. Various factors including 
proteolytic processing and glycosylation have been suggested for the observed micro-
heterogeneity (Borroto and Dure, 1987; Millerd, 1975; Muntz, 1998). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. SDS-PAGE in the absence of β-ME for pecan cultivars. Protein load in each lane was 
60 µg. 
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Figure 6. SDS-PAGE in the presence of 2% β-ME for pecan cultivars. Protein load in each lane 
was 60 µg. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 7. Glycoprotein analysis of pecan protein fractions using SDS-PAGE (with 2% β-ME) gel 
electrophoresis. Protein load in each lane was 125 µg. Glycoprotein stained gels was further 
subjected to coomassie staining to show the entire polypeptide profile and locate the 
glycoprotein peptides. 
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Glycoprotein staining of protein fractions is shown in Figure 7. The glycoprotein stain 
(refer glycoprotein staining method) used in this study reacts with both N and O glycosylated 
sugar residues. N- and O- refers to the nature of linkage between carbohydrate and protein. For 
example, N- is used for the N-glycosyl linkage to asparagine and O- is used for O-glycosyl 
linkage to serine. threonine, hydroxylysine or hydroxyproline (IUPAC-IUB) Nomenclature, 
1985). The globulin fraction had several glycoprotein polypeptides (indicated by  and on the 
corresponding coomassie stained gel), which were also present in the whole proteins extract 
(BSB). Both the albumin fraction had several aggregated glycoprotein staining polypeptides (> 
100 kDa) at the top of resolving gel (indicated by }) and a distinct glycoprotein polypeptide that 
failed to enter the resolving gel (indicated by ). The 14 kDa prolamin polypeptide stained 
heavily for glycoproteins. The acid glutelin fraction had glycoprotein stain positive peptide ~10 
kDa which was also seen in whole protein extract, alkaline glutelin, and globulin fractions 
(indicated by * in Figure 7). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Urea Isoelectric focusing for pecan cultivars and protein fractions. Protein load in each 
lane was 100 µg, except Prolamin (25 µg). 
 
 

Isoelectric focusing (IEF) of all pecan cultivars and protein fractions were performed 
using 8 M urea as solubilizing agent, because pecan proteins are not very soluble in aqueous 
buffer without the inclusion of ionic agents and because IEF is not very tolerant to salts. IEF 
profile of pecan proteins is shown in Figure 8.  

 
Majority of the pecan polypeptides were present between pH 4.0-8.3. This observation 

confirms the poor solubility of pecan proteins in neutral buffers (Table 8) and in pH 4-7 (Figure 
4), the apparent pI of pecan polypeptides. Also, the pI data compares with the high acidic amino 
acid composition of pecan proteins (Table 14).  
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All the pecan cultivars used in the present study had a similar polypeptide profile. Pecan 
albumin fraction had several polypeptides between pH 4.0-9.3 with major polypeptides (based 
subjectively by banding intensity) in pI 8.2-8.7 and 9.3. The globulin polypeptide profile was 
very similar to that of albumin, although, two polypeptides (marked by ) with pH ~6.7-7.4 
were more prominent in the globulin fraction. Majority of the glutelin polypeptides were 
distinctly present in the acidic pH range (3-5).  
 

Gel filtration chromatography 

 

 Sephacryl S-300 HR gel filtration column chromatography was used to find out how 
many different proteins are present in the albumin, globulin and glutelin fractions. Separating 
these protein fractions by a standardized gel filtration column facilitated the estimation of the 
approximate molecular mass and the Stokes’ radii of the separated proteins. The calibration 
curve for Stokes’ radius estimation (n = 2 for each standard protein) was Y = 0.0087X + 0.3145 
(r = 0.987), while that for estimating approximate molecular mass (n = 2 for each standard 
protein) was Y = -0.3219X + 1.972 (r = 0.981). The void volume (Vo) for the column was 199.0 
ml. Separated proteins were analyzed by SDS-PAGE. 
   

Pecan albumin fraction resolved in 7 distinct peaks (Figure 9A). The first peak (A1) 
elutes near the column volume indicating either a very large protein or aggregated protein 
fraction. Peaks A2, A3 and A4 distinctly represented three different protein populations as can be 
seen from SDS-PAGE profile (Figure 9A). The estimated molecular mass and Stokes’ radii of 
these three protein fractions were: peak A2 (362,953 Da; 62.68 Å), peak A3 (73,874 Da; 35.88 
Å) and peak A4 (18, 251 Da; 17.96 Å). Molecular mass and Stokes’ radii estimates of peaks A5, 
A6 and A7 could not be made as their elution volumes were out of the calibration curve. SDS-
PAGE profile of peak A4 and A5 contained polypeptides of ~10-18 kDa suggesting that these 
fractions were either albumin proteins with a small molecular mass or simply polypeptides. 
Peaks A6 and A7 consisted of small peptides <10,000 Da.  
  

Pecan globulin showed a single major peak (peak G1 eluted at the void volume of the 
column). The only other small peaks observed were G2 and G3 that represented small peptides 
as can be seen from SDS-PAGE profile (Figure 9G). 

 
The alkaline glutelin fraction contained 3 peaks (Figure 9AG). The first peak (AG1) 

eluted at the void volume of the column indicating either a very large protein or an aggregated 
protein fraction. Peak AG2 corresponds to alkaline glutelin polypeptides as can be seen from 
SDS-PAGE electrophoresis (Figure 9C). The elution volume (Ve) for this peak AG2 was 241 ml 
corresponding to a Stokes radius of 67.5 Å and estimated molecular mass of 445,189.1 Da. This 
is similar to the Stokes radius (61 Å) and estimated molecular mass (486,800 Da) of walnut 
glutelin reported by Sze-Tao and Sathe (2000).  
 
 

 

 

 

 



 46

 

 

 

 

 

 

 

 
 
       

 

 

A 

A 
 

 

  
     
 
 
 
 
 
 
 
 

 
G 

 
 
 
 
 
 
 
 
 
 
 
 
 
      AG 
 
Figure 9. Sephacryl S300 HR gel filtration profiles and corresponding SDS-PAGE (with 2% β-
ME) for pecan albumin (A), globulin (G) and alkaline glutelin fractions (AG). OE = Original 
protein fraction loaded on column. Peaks fractions have been labeled accordingly. 
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Nonprotein Nitrogen 

 
The nitrogen extractability profile of defatted pecan flour in 0-5 M TCA is shown in 

Figure 10. Nitrogen solubility at 0 M TCA (deionized water) was 3.0 % and improved to 7.5 % 
as TCA concentration was increased to 0.5 M. This increase in nitrogen solubility upon addition 
of TCA was in contrast to that observed in other seed flours such as almond, soybean and walnut 
where nitrogen solubility was higher in water and decreased upon addition of TCA due to 
precipitation of proteins (Wolf, 1995; Sze-Tao, 2000). Nitrogen solubility decreased to a 
minimum (5.94 %) at 0.75 M TCA and then increased to 9.8-10.9 % at 1-2 M TCA. Beyond 3 M 
TCA, there was sharp increase in nitrogen solubility and maximum nitrogen extractability (~ 
95%) at TCA concentration > 4M.  

 
The minimum nitrogen solubility (5.94-7.54 %) at 0.25-0.75 M TCA represents the NPN 

content of pecan meal. Even though nitrogen solubility was lowest in 0 M TCA (DI water), it 
cannot represent the NPN as deionized water does extract proteins >10 kDa (albumin fraction). 
SDS-PAGE electrophoretic profile of TCA extracted samples showed ~9-10 kDa MW peptide 
(s) as the major peptides in the NPN fraction (0.25-0.75 M TCA) (Figure 10). Above 3 M TCA 
nitrogen solubility increased rapidly as a result of increased solubilization of bulk of the pecan 
proteins. The NPN profile of pecan meal, with the exception at 0 M TCA, was comparable to 
that seen for other oilseeds such as almond, soybean and walnut (Wolf, 1995; Sze-Tao and Sathe, 
2000). 

TCA extracts of defatted pecan meal appeared amber in color. The intensity of the amber 
color (judged subjectively) increased as the concentration of TCA was increased from 0-4 M. 
Such an observation was also made by wolf et al. (1994) and Sze-Tao and Sathe (2000) during 
NPN analysis of defatted jojoba and walnut meal respectively. TCA may extract some tannins 
from pecan flour resulting in amber color extracts. Wolf et al. (1994) also suggested a possible 
interaction between tannins and proteins in acidic environment. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 10. Extractability of defatted pecan meal nitrogen as a function of TCA concentration.  
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Table 14. Amino acid composition of pecan proteinsa 

 
All data are expressed as average of two determinations. 
a = Expressed as g amino acid/100 g protein. 
b = Essential amino acid (recommendation by FAO/WHO for weaned [2-5 yrs] child. 
c = LEAA represents Limiting Essential Amino acid 
d = E/T % indicates ratio of total essential amino acids to total amino acids. 
e = AAD indicates % amino acid residue distribution. 
 
 

Amino Acid Composition 

 
Amino acid composition of total pecan flour proteins and the different solubility protein 

fractions is shown in Table 14. When calculated on edible portion basis, the amino acid 
composition of pecan (Desirable cultivar) is in good agreement with the data published by 

Amino acid Defatted flour Albumin Globulin Prolamin  Alkaline Glutelin Acid Glutelin FAO/WHO
b

Aspartic acid 8.93 7.09 7.40 9.49 6.69 8.45
Glutamic acid 26.30 28.94 33.28 25.78 23.59 25.79
Serine 4.59 4.20 5.10 5.55 5.02 5.10
Glycine 4.18 4.54 4.02 5.57 5.05 6.09

Histidineb 2.71 2.77 2.58 2.64 3.07 2.65 1.9
Arginine 12.30 9.67 13.01 9.74 11.89 9.95

Threonineb 2.37 3.49 2.59 3.36 3.46 3.16 3.4
Alanine 4.73 4.61 3.55 4.72 5.03 5.04
Proline 5.12 5.82 5.25 5.65 6.22 5.46

Valineb 4.44 4.29 3.38 4.25 4.93 2.38 3.5

Methionineb 2.00 1.74 2.05 1.49 2.41 4.83
Cysteine 0.21 0.57 0.31 0.22 0.21 1.77

Isoleucineb 3.70 3.19 2.93 3.48 3.88 0.20 2.8

Leucineb 6.91 5.62 4.99 7.01 7.27 3.69 6.6

Phenylalanineb 4.75 3.23 3.81 4.15 5.61 7.13
Tyrosine 2.91 3.48 3.36 2.77 3.75 4.78

Lysineb 3.08 5.50 1.91 2.02 1.21 3.22 5.8

Tryptophanb 0.82 1.31 0.51 2.14 0.72 0.37 1.1

LEAA
c

Defatted flour Albumin Globulin Prolamin  Alkaline Glutelin Acid Glutelin

First Lys Leu Lys Lys Lys Trp
Second Thr Met/Cys Trp Met/Cys Trp Lys
Third Trp Lys Leu Thr Met/Cys

E/T(%)d 30.97 31.69 25.04 30.75 32.76 31.79

AAD
e
 (%) Defatted flour Albumin Globulin Prolamin  Alkaline Glutelin Acid Glutelin

Hydrophobic 36.83 34.89 30.77 38.67 41.32 39.34
Hydrophilic 9.87 11.17 11.05 11.68 12.23 10.63
Acidic 35.23 36.02 40.68 35.27 30.28 34.24
Basic 18.09 17.93 17.50 14.40 16.17 15.82

6.3

2.5
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USDA (2004) (Table 5). Hydrophobic (30.77-41.32%) and acidic amino acids (30.28-40.68%) 
dominate the amino acid composition of total pecan meal proteins as well the individual protein 
fractions, which may partly explain the poor solubility of pecan proteins in aqueous buffers. It 
also explains why acid and or alkali are effective solubilizers of pecan proteins. The ratio of 
essential amino acids to total amino acids, E/T (%), in total proteins and individual protein 
fractions ranged from 25.04-32.76%.  

 
The first, second and third limiting essential amino acids (LEAAs) in total pecan proteins 

and the individual protein fraction is also given in Table11. Lysine was the first limiting essential 
amino acid in total pecan meal proteins as well as globulin, prolamin and alkaline glutelin 
protein fractions [based on recommendations for weaned child between 2-5 years old, 
FAO/WHO (1990)]. These data were in good agreement with the data published by Meredith 
(1974) where the authors show that lysine is the limiting essential amino acid (based on 
comparison of chemical score to egg proteins) in five different pecan varieties (Choctaw, 
Moneymaker, Schley, Sioux and Stuart) examined. Lysine is also the first limiting essential 
amino acid among all of the nine commercially important tree nuts shown in Table 5 
(compilation of amino acid composition for all tree nuts, USDA, 2002)]. Leucine and tryptophan 
respectively were the first limiting amino acid in albumin and acid glutelin fractions. In general, 
the amino acid composition for pecan total proteins and individual fractions were very similar to 
those of walnut proteins (Sze-Tao and Sathe, 2000), which is expected given the fact that both 
pecan and walnut belong to the same family (Juglandaceae).  
  
 

Enzyme-Linked Immunosorbent Assay (ELISA) 

 
 
A competitive enzyme linked immunosorbant assay (ELISA) for detection of pecan 

proteins was successfully developed and used in this study. The various parameters analyzed for 
optimization of ELISA included: type of coating buffer (Figure 11), amount of antigen coated 
using optimized buffer (Figure 12), pecan pAb dilutions (Table 13) and the time/temperature 
combination of antigen coating (Table 14). Time and temperature conditions for incubation in 
Inhibition ELISA such as primary antibody (rabbit anti-pecan pAb) incubation with 
antigen/inhibitor and goat anti-rabbit (2o) antibody [1:5000 (v/v)] were all fixed at 37oC for 1 h.  

 
All protein determinations for Immunological analyses were done using the method of 

Lowry et al. (1951). Therefore, any interpretation of protein content was based on Lowry 
proteins.  
 

Among the four different coating buffers tested (Figure 11), BSB gave the best signal. 
This was not surprising as BSB was seen to be protein solubilizer among the aqueous buffers 
tested (Table 8). Protein coating beyond 400 ng/well of microtiter plate did not result in any 
significantly increased binding signal (Figure 12). For all routine analyses, 500 ng/well of 
soluble pecan proteins extracted in BSB were used. 
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Figure 11. Checkerboard titration for optimization of coating buffer in direct binding ELISA. 
Pecan pAb dilution was 1:10,000 v/v. Data are expressed as mean ± SEM (n = 4). 

 
 

 Diluting rabbit anti-pecan pab beyond 1:50,000 (v/v) did not result in any significant 
change in IC50 values (Table 15). Beyond 1:100,000 (v/v) dilution, there was no appreciable 
signal obtained. Color development time was arbitrarily fixed at 30 min. To obtain optimum 
signal, pAb dilutions for all subsequent assays were fixed at 1:50,000 (v/v)  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 12. Checkerboard titration using BSB coating buffer in direct binding ELISA to optimize 
pecan protein (antigen) coating concentration.  Pecan pAb dilutions are indicated in figure legend 
(X = 1000). Data are expressed as mean ± SEM (n = 6). 

 
 
Efficiency of coating of pecan antigenic proteins to microtiter plate was checked at three 

different time/temperature combinations as shown in Table 16. None of the combinations tested 
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showed any significantly change in IC50 values when used in Inhibition ELISA assays. For all 
subsequent assays, proteins were coated for a period of 1h at 37oC.  
  
 
Table 15. Pecan pAb titer optimization* 

 
* Data are expressed as mean ± SEM. LSD = Fisher’s Least Significant Difference (p = 0.05, n = 
8): The differences between means exceeding this value are significant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 13. Inhibition ELISA standard curve for pecan proteins.  

 
 

Pecan antibody

dilution ( x 1000)

10 0.279 ± 0.052
25 0.183 ± 0.008
50 0.125 ± 0.012
60 0.163 ± 0.027
70 0.139 ± 0.029
75 0.162 ± 0.028
80 0.161 ± 0.045
90 0.160 ± 0.037

100 0.086 ± 0.024
LSD 

IC50 value

0.092

(µg/ml)
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Table 16. Optimization of pecan antigen coating time and temperature* 

 
* Data are expressed as mean ± SEM. LSD = Fisher’s Least Significant Difference (p = 0.05, n = 
6): The differences between means exceeding this value are significant. IC50 values were 
determined using 1: 50,000 v/v dilution of pecan pAb. 
 

 

Final optimized ELISA assay conditions were: coating of BSB extracted total soluble 
proteins using BSB buffer (500 ng/well of microtiter plate) for 1h at 37oC and pecan pAb 
dilution of 1:50,000 (v/v).  

 
Average IC50 of the pecan ELISA inhibition ELISA is 181.4 ± 7.96 ng/ml (n = 50) 

(Figure 13). The detection range was from 32-800 ng/ml. These values are based on estimation 
of total pecan proteins in BSB by method of Lowry et al. (1951) which typically overestimates 
pecan proteins by ~2 fold (Table 8).  The corrected average IC50 value would therefore be ~90 
ng/ml. Similar IC50 values have been observed for pAb based almond, cashew nut and walnut 
assays (Acosta et al., 1998; Wei et al., 2003; Roux et al., 2000).  

 

 

Western Blotting 

  
 

Pecan proteins were recognized in Western blot when probed with rabbit pAb up to a 
dilution of 1:105 v/v (Figure 14). Dilutions of pecan pAb beyond 1:50,000 v/v resulted in loss of 
recognition in lower molecular mass rage (<14 kDa). A dilution of 1:50,000 v/v was therefore 
used for all subsequent Western analyses of pecan proteins. At this dilution, pecan polypeptides 
could be detected as low as 50 ng (Figure 15). There was, however, a considerable loss in 
recognition of antigenic peptides below 10 µg protein load for Western analysis. Therefore, for 
all routine analysis, atleast 10 µg total proteins were used for Western blotting. 
  

Several antigenic polypeptides in MWs ranging from 10-120 kDa were detected in the 
whole protein extract in BSB (Figure 16B). Among these antigenic polypeptides, those 

Temp. (
o
C) Time (h)

4 1 0.106 ± 0.010
25 1 0.150 ± 0.011
37 1 0.134 ± 0.013
4 4 0.129 ± 0.012

25 4 0.188 ± 0.025
37 4 0.122 ± 0.011
4 24 0.184 ± 0.018

25 24 0.180 ± 0.017
37 24 0.121 ± 0.013

Coating conditions

0.046

IC50 value

LSD 

(µg/ml)
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displaying higher antigenity (based subjectively on band intensity) had estimated MW of 52 kDa, 
64 kDa, 28 kDa, and 16-20 kDa. Also, it was clear that majority of these major antigenic 
peptides were present in the globulin and albumin fractions. This was interesting given the fact 
that alkaline glutelin, despite being the major protein fraction in pecans, did not have major 
recognition by pAbs. Whether extraction with alkali resulted in loss in antibody recognition is 
not known.  

 
   
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Optimization of pecan pAb dilutions for use in Western blotting. Pecan protein 
concentration per lane was 20 µg.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Sensitivity of pecan proteins detection by pecan pAb. Pecan pAb dilution was 
1:50,000 v/v. 
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A     B 
 
Figure 16. Western blotting of (A) pecan proteins solubilized in different solvents (given in 
Table 8) and extracted in different buffers and (B) Osborne protein fractions. Pecan pAb dilution 
was 1:50,000 v/v. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Western blot for pecan varieties probed with pecan pAb (1:50,000 v/v dilution). 
SDSPAGE in the absence of 2% β-ME were used for electrophoresis. Protein load in each lane 
was 30 µg. 
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Figure 18. Western blot for pecan varieties probed with pecan pAb (1:50,000 v/v dilution). 
SDSPAGE in the presence of 2% β-ME were used for electrophoresis. Protein load in each lane 
was 30 µg. 
 

 

Western blotting of pecan cultivars used in the present study is shown in Figures 17 and 
18. Among the 25 cultivars tested, there were no significant differences in the recognition of 
antigenic peptides by pecan pAbs raised against total proteins from ‘Desirable’ cultivar. 
Therefore, pecan pAbs used in the present study could be used for detection of proteins from the 
major pecan cultivars produced in the U. S.  
 

 

Cross-reactivity Studies 

 

 

Rabbit pAbs developed against total pecan proteins were analyzed for cross-reactivity, 
both qualitatively (Western blotting) and quantitatively (ELISAs), against commercially 
important tree nuts, cereals and legumes. As can be seen from Western blot (Figure 19C) pecan 
pAb was cross-reactive to all the proteins tested. All of the cross-reactivity observed was true (to 
differentiate from false positive), as the same samples when blotted using rabbit preimmune 
serum showed no cross-reactivity (negative control blot, Figure 19B). Also, based on 
polypeptide recognition, tree nuts such walnut and pine nut displayed maximum cross-reactivity 
followed by sesame. One interesting observation was the presence of a cross-reactive peptide (s) 
with an estimated MW of 28 kDa (indicated by ) that showed up in all of the samples tested. 
Also among the samples tested, all of the tree nuts (with the exception of pine nut), Virginia 
peanut and sesame had cross-reactive polypeptides in the MW range 16-20 kDa (indicated by {}) 
which also happens to be one of the major antigenic (Figure 16B) and allergenic polypeptides 
(Figure 20) recognized in pecans. Whether such cross-reactive polypeptides are relevant to the 
observed reactivity of tree allergic patients to other several other tree nuts, peanuts and foods 
remains to be determined. Teuber et al. (1999) used sera from walnut-allergic patients and tested 
for cross-reactivity against almond, pecan, cashew and hazelnut. While pecan was found to have 
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a reactivity equal to walnut at a concentration of 1 µg/ml, other nuts exhibited varying levels of 
cross-reactivity although lower than that observed that shown by pecans. Recently, de Leon et al. 
(2003) showed IgE reactivity to peanut, almond, Brazil nut, hazelnut and cashew nut for peanut- 
and tree nut-allergic subject sera. The authors further noted that plant taxonomic classification of 
peanut and tree nuts does not appear to predict allergenic cross-reactivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
    A       B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
C 

 
Figure 19. Cross-reactivity of tree nut and seed proteins. (A) Ponceau S stained blot, (B) 
Negative control blot probed with pre-immune serum (1:50,000 v/v) and (C) Western blot 
probed with pecan pAb (1:50,000 vv). Protein load in each lane was 30 µg, except pecan (10 
µg). 
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Table 17. Cross-reactivity levels of tree nut and seed proteins in pecan pAb based ELISA* 

  

* Data are expressed as mean ± SEM (n = 4). All values represent pecan equivalent signal 
(15,000 µg/100 mg defatted pecan flour). 
  
 ELISA data for the cross-reactive proteins is shown in Table 17. All cross-reactive 
protein samples were extracted in BSB (100 mg defatted flour in 1 ml BSB) and each protein 
extract was typically diluted 5-25 fold (except walnut-250 fold) to obtain a A405 nm OD signal 
closest to the midpoint of the linear portion of pecan standard curve (Figure 13). Cross-reactivity 
values, expressed on both µg per 100 mg defatted flour and µg per 100 mg solubilized proteins, 
represent the pecan equivalent signal generated by the cross-reactive proteins (Table 16). 
Considerable cross-reactivity ranging 0.09-782.65 µg per 100 mg defatted flour, equivalent of 
0.9-7826.5 ppm, was observed in all the 19 samples tested. Among the samples tested, walnut 
and pine nut were the most cross-reactive followed by hazelnut, green pea, sunflower, soybean, 
cashew nut, chickpea and pistachio in decreasing order of reactivity. While most of ELISA 
reactivity was comparable to the signal observed on Western blots, samples that were 
inconsistent include sesame, chickpea, sunflower, and soybean. The cross-reactivity observed 
with pecan pAb is consistent with the cross-reactivity studies reported for cashew pAb (Wei et 
al., 2003). 
 

When compared to pecan reactivity, all samples except walnut had cross-reactivity 
<0.1% suggesting that the interference may not be important for detection of pecans in foods. 
The use of cross-reactive antibodies for development of ELISA assays does not permit 
unambiguous and specific detection of targeted antigen in foods. Therefore, though pecan pAb 
based immunoassay used in the present study may not be suitable for specific detection of 
pecans, the present assay may be suitable for detection of both pecans and walnuts in foods. 

flour basis protein basis

Almond 0.60 + 0.08 2.07 + 0.26 0.00 0.00

Brazil nut 0.50 + 0.14 1.67 + 0.46 0.00 0.00

Cashew nut 1.76 + 0.22 7.46 + 0.94 0.01 0.01

Hazelnut 6.79 + 0.86 17.56 + 2.23 0.05 0.02

Macadamia 0.67 + 0.16 3.93 + 0.97 0.00 0.00

Pine nut 9.76 + 0.92 53.13 + 5.00 0.07 0.05

Pistachio 1.08 + 0.21 3.24 + 0.63 0.01 0.00

Walnut 782.65 + 97.89 3809.67 + 476.47 5.22 3.81

Virginia Peanut 0.90 + 0.06 2.63 + 0.17 0.01 0.00

Sunflower 5.61 + 0.87 19.45 + 3.02 0.04 0.02

Sesame 0.68 + 0.14 5.19 + 1.02 0.00 0.01

Soybean 4.64 + 0.48 26.54 + 2.74 0.03 0.03

Tepary Bean 0.60 + 0.10 3.68 + 0.62 0.00 0.00

Green Pea 6.24 + 0.46 26.41 + 1.94 0.04 0.03

Chick Pea 1.25 + 0.07 6.95 + 0.37 0.01 0.01

Wheat 0.30 + 0.10 5.21 + 0.55 0.00 0.01

Basmati Rice 0.11 + 0.02 7.29 + 1.46 0.00 0.01

Oats 0.30 + 0.11 14.57 + 5.58 0.00 0.01

Yellow Corn 0.09 + 0.01 2.11 + 0.26 0.00 0.00

LSD

% pecan signal
Sample

µg/100 mg µg/100mg 

30.96 150.70

defatted flour solubilized proteins 
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Soluble Allergenic Proteins in Pecans 

 

 

 Pecan allergenic proteins have not been characterized although it is known that pecans 
are one of the major tree nut allergens (Teuber et al., 2003; Roux et al., 2003). The present study 
therefore sought to identify the major and minor allergenic polypeptide (s) in pecan by 
performing IgE Western blot on dissociated and reduced proteins, a method that is routinely used 
for characterization of allergenic polypeptides.  
  
 
Table 18. Clinical characteristics of pecan and other tree nut allergic subjects  

 
* A = Asthma, AR = Allergic Rhinitis, AD = Atopic Dermatitis  
 

Patient age, age of onset of pecan allergy, other reported food allergies and atopic 
conditions are summarized in Table 18. Reactivity of IgE towards pecan polypeptides using sera 
from 15 pecan allergic subjects showed a mixed banding pattern (Figure 20). For comparative 
purposes, Western blot of total pecan proteins probed with pecan pAb was included along with 
the IgE blot. As shown earlier in Figure 16B, major antigenic polypeptides in pecans recognized 

Patient Gender Age Age of Onset Other food allergies
Other 

atopy*

1 F 54 2 tree nuts, can tolerate roasted almond A, AR, AD
2 F 33 1 almond, cashew, walnut A, AR, AD
3 F 22 2 walnut, macadamia, coconut A, AR
4 M 38 2 peanut, walnut, almond coconut A, AR, AD
5 F 42 1 peanut, walnut A, AR
6 F 49 childhood peanut, treenut, sesame A, AR, AD
7 F 47 1 peanut, walnut, almond, sesame, fish A, AD

8 F 48 always reacted
peanut, walnut, almond, hazelnut, cashew, 
sesame, chestnut, soybean

A, AR

9 F 52 1
peanut, walnut, hazelnut, Brazil nut, raw 
carrot, avocado, banana

A, AD

10 F 50 2 peanut, walnut, almond, hazelnut, pine nut, A, AD

11 F 38 5 tree nuts A

12 M 52
always reacted to walnut, 

adult onset for pecans
walnut, pine nut A, AR

13 M 50 2 tree nuts A, AR
14 F 53 15 tree nuts except almond A, AR, AD
15 F 48 30 walnut, almond, pistachio, cashew A, AR, AD

16 F 25 1 peanut, walnut, almond, hazel nut, cashew A, AR, AD
17 F 38 1 peanut, walnut, egg, chocolate A, AR, AD
18 M 33 1 peanut, walnut, almond, hazel nut A, AR

19 F 39 1
peanut, walnut, almond, pistachio, hazel 
nut, pine nut, Brazil nut

A, AD, AR

20 F 55 5 peanut, almond, cashew A, AD, AR

NEVER EATEN PECANS BEFORE

NOT ALLERGIC TO PECAN AND WALNUT

ALLERGIC TO PECANS
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by pecan pAbs were present at 52 kDa, 64 kDa, 28 kDa, and 16-20 kDa. Eleven out of fifteen 
patient sera IgE allergic to pecans (73%) recognized polypeptides in MW range 50-66 kDa and 
16-20 kDa peptides thereby suggesting that these were major allergenic polypeptides in pecans. 
Major portion of 50-66 kDa peptides came from globulin fraction (compare with Figure 16B) 
suggesting that globulins may contain some of the major allergens in pecans. The 16-20 kDa 
polypeptide region recognized by sera IgE also contained cross-reactive polypeptides from other 
tree nuts when probed with pecan pAb (Figure 19). This was not surprising as most of the pecan 
allergic subjects were also allergic to other tree nuts used in the present study (Table 18). 

 
Sera IgE from tree nut allergic subjects (16-19) bound several pecan polypeptides. These 

patients were allergic to walnuts and other tree nuts, but had never eaten pecans in their entire 
life (Table 18). These results suggest cross-reactivity between walnut and pecans an observation 
also reported earlier by Teuber et al. (1999).  

 
No signal was observed on using sera IgE from patients 102, 115 and 142 even though 

these patients were allergic to several tree nuts including pecans. Also, sera IgE from patient 135 
who was allergic to others tree nuts but not pecan and walnut did not bind any pecan 
polypeptides.  
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. IgE Western blot of reduced pecan proteins (SDS-PAGE with 2% β-ME) using sera 
from pecan allergic subjects. Pecan protein load in each lane was 30 µg. *Ponceau S stained total 
pecan proteins. Lane 21 = Subject with no history of allergies and atopic conditions. Lane 22 = 
buffer blank. Pecan pAb dilution was 1:50,000 v/v. 
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Effect Of Thermal Processing on Pecan Proteins 

 
 

Pecans are often subjected to heat processing either before or after addition to foods. Thermal 
treatments are known to promote protein denaturation, aggregation and structural disruption. 
Processing treatments may therefore modify antigenicity/allergenicity of pecan proteins. 
Evaluation of protein solubility and antigenic stability of thermally processed pecans is important 
for two main reasons:  
 

1. Any loss in antigenic/allergenic potential may be useful information to pecan allergic 
consumers and food processors.  

2. Development of any robust immunoassay such as ELISA for detecting pecan proteins in 
foods needs to identify marker proteins from pecans that are antigenically stable to harsh 
processing conditions.  

 
The heat processing treatments that pecans undergo depend on numerous factors including 

whether processed alone or in a food matrix, type of food matrix, the type of heat processing 
method (boiling, pressure cooking, dry roasting, oil roasting, etc.) and temperature/time 
combinations for the processing method. Further, the exact commercial processing conditions for 
pecans and other nuts are usually proprietary and therefore difficult to obtain. The current study 
has tried to encompass processing conditions normally used in industrial nut processing 
(Woodroof, 1967). The overall appearance of processed pecans is shown in Figure 21. Pecans 
subjected to autoclaving (121oC for 5, 15 and 30 min) or roasting (160oC for 20 and 30 min) had 
a dark external appearance indicative of extreme processing conditions used. 
 

Protein Solubility 
 

Heat processing treatments often cause protein denaturation that can lead to some loss of 
protein solubility. Protein solubility of heat processed pecans in BSB buffer is shown in Table 
19. As expected, extent of loss of protein solubility (0-67.4%) depended on the severity and 
duration of processing. Pecan proteins seemed to be particularly sensitive to moist heat as 
compared to dry heat processing. Among the moist heat treatments, blanching treatment (5 and 
10 min) showed increased loss in protein solubility (53.11-67.40%) as compared to autoclaving 
cooking (39.18-49.80%). This seemed unusual as blanching is considered a milder form of heat 
processing as compared to autoclaving (pressure cooking). Whether leaching out of proteins in 
the blanched water was responsible for the loss in protein solubility remains to be determined. 
Also, it is important to note that this apparent loss in solubility may be partly attributed to the 
protein estimation by Lowry as some of the non-protein interfering substances could have 
leached out in the blanched water, which indeed had a dark brown appearance  

 
Polypeptide profile of soluble proteins (BSB) extracted from processed samples showed 

similar banding pattern when compared to unprocessed control (Figure 22). The only exceptions 
were autoclaving treatments and an extreme roasting condition (160oC for 30 min) that showed 
considerable loss in polypeptides in 66-20 kDa regions. Polypeptide profile of proteins extracted 
directly in denaturing/ reducing buffer such as SDS-PAGE sample buffer showed similar 
banding pattern for all processed samples indicating that protein aggregation was the main 
reason for loss in protein solubility (Figure 22). 
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Antigenic Stability 
 
 Inhibition ELISA assay was used to evaluate the effects of processing on the antigenicity 
of pecans. To compensate for decrease in protein solubility, all protein extracts were normalized 
to 1 mg/ml in BSB prior to use in ELISA assays. Inhibition ELISAs of processed samples did not 
show any significant change in the IC50 value when compared with the unprocessed control 
(Table 15) with the exception of all autoclaved samples and a roasted (320oC, 30 min) sample. 
Pecan antigenic proteins were more sensitive to moist heat rather than dry heat processing, an 
observation also evident in protein solubility studies (Table 19). 

 

 

Table 19. Effect of thermal processing on protein solubility and antigenic stability 

 
* BSB soluble proteins are expressed as mg protein per 100 mg defatted flour (mean ± SEM). 
Ratio (R) = IC50 of processed/IC50 of unprocessed samples, represents the relative antigenicity of 
the processed sample with respect to unprocessed control (R = 1). R > 1 indicates less 
antigenicity of a processed sample, while R < 1 means more antigenicity of a processed sample. 
Least significant difference (LSD) (p = 0.05, n = 8): Differences between two means exceeding 
LSD value are significant. 
 
 
 
 

Loss in protein 

solubility (%)

Unprocessed 15.97 ± 0.31 0 1.00 + 0.16

Autoclaved (121
o
C, min)

5 8.02 ± 0.35 49.80 457.37 + 52.35
15 8.89 ± 0.10 44.33 598.29 + 111.56
30 9.71 ± 0.24 39.18 121.66 + 15.69

Blanched (100
o
C, min)

5 7.49 ± 0.20 53.11 4.71 + 0.83
10 5.20 ± 0.13 67.40 4.69 + 1.14

Roasted (
o
C, min)

137, 20 13.18 ± 0.32 17.46 1.50 + 0.32
137, 30 11.01 ± 0.23 31.03 1.31 + 0.42
148, 20 13.48 ± 0.31 15.58 1.63 + 0.26
148, 30 11.16 ± 0.26 30.12 8.06 + 1.62
160, 20 10.77 ± 0.35 32.55 4.95 + 0.60
160, 30 11.20 ± 0.11 29.84 109.79 + 25.01
168, 8 14.13 ± 0.51 11.50 1.15 + 0.10
168, 12 11.66 ± 0.27 26.94 3.01 + 0.32
176, 8 14.59 ± 0.18 8.59 2.12 + 0.33
176, 12 10.76 ± 0.19 32.59 8.85 + 1.28
LSD 4.620.77 125.5

Soluble protein* Ratio (R)Sample
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Figure 21. Effect of thermal processing on external appearance of pecans. A = autoclaved, B = 
blanched and R = dry roasted.  
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Figure 22. SDS-PAGE (with 2% β-ME) gel electrophoretic profiles of unprocessed and 
processed pecans. Protein load in each lane was 30 µg. A = autoclaved, B = blanched, R = dry 
roasted. 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 23. Western blot of unprocessed and processed pecans probed with pecan pAb. Samples 
were electrophoresed on SDS-PAGE (with 2% β-ME) gels. A = autoclaved, B = blanched, R = 
dry roasted. 
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Western blotting was done to compare the antigen stability profile of processed samples 
with the corresponding unprocessed control. Overall, the blots showed a similar pattern, 
although, with a diminished intensity in the banding pattern (66-25 kDa, 14.4 kDa) for the 
autoclaved samples and a roasted (160oC, 30 min) sample. This disproportionate loss in banding 
pattern did not improve when western blotting was done using samples extracted directly in 
SDS-PAGE sample buffer suggesting partial or complete destruction of these epitopes. Western 
blots further suggest that pecan polypeptides in the 16-20 kDa range seem to be antigenically 
stable towards all processing treatments used in the study and that they could serve as excellent 
markers for development of immunoassay for detecting pecans in foods. Antigenic stability data 
were consistent with earlier studies on antigenic stability of almond proteins (Roux et al., 2001; 
Venkatachalam et al., 2002), cashew proteins (Wei et al., 2003; Jones, 2003) and walnut proteins 
(Su et al., 2004). 
 

 

Protein In Vitro Digestibility and Determination of Antigen Stability 
 
 

In vitro proteolysis using digestive enzymes is a very commonly used method to access 
food protein digestibility. Also, resistance to proteolysis has been suggested by some 
investigators as one of the tools for predicting protein allergenicity (FAO/WHO, 2001). A 
number of food allergens have been shown to be stable to proteolysis when tested in vitro using 
simulated human gastrointestinal conditions (Astwood et al., 1996; Besler et al., 2001). For 
example, Astwood et al. (1996) showed that food allergens remained stable for atleast 60 min 
under in vitro simulated gastric fluid (SGF) conditions while non-allergenic proteins were 
degraded within 15 seconds under identical conditions. The authors concluded that digestive 
stability could be used as a parameter to distinguish allergenic proteins from non-allergenic 
proteins. Several contradictory results have been reported indicating no clear relationship 
between in vitro digestibility and protein allergenicity (Yagami et al., 2000; Fu et al., 2002). 
Some of the major limitations of the SGF digestion studies reported so far, including those 
identified by Fu et al. (2002) and Taylor (2003) are summarized below: 
 

1. Use of extreme pepsin: protein ratios such as 12.5: 1 w/w in SGF, which may not be 
practical assuming the variable nature of human gastrointestinal tract.  

2. Not using a sensitive staining technique for accessing protein digestibility. Majority of 
the studies have not used sensitive detection systems such as silver staining, western 
blotting using pAbs, etc. 

3. Use of serum IgE from allergic patients was never a part of the assessment protocol to 
detect allergenic peptides after digestion.  

4. Role of pH in pepsin digestion has never been a part of any investigations. 
 
In order to simulate human digestive system, variations in enzyme to test protein ratio, 

pH of the gastric fluid (which can change depending upon the type of food consumed) and 
incubation times, all need to be taken into account. The present study therefore evaluated pecan 
protein digestibility, both native and heat denatured (100oC, 30 min), at various enzyme: protein 
ratios and incubation times using simulated gastric fluid (SGF) and simulated intestinal fluid 
(SIF) system as per the recommendations of the U. S. Pharmacopoeia (1995). Proteolysis was 
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monitored using SDS-PAGE. In addition, Western blotting using pecan pAbs was done to assess 
the presence of stable antigenic peptides. 

 
SGF digestions of native and heat denatured pecan proteins were done at pepsin to 

protein ratios of 10:1, 1:1, 1:25, 1:100, 1:500 and 1:1000 w/w; pH 1.2; 37oC and incubation 
times up to 4 h. Most pecan polypeptides were readily broken down by pepsin (pepsin to protein 
ratios were between 10: 1 and 1:100 w/w) within 5 min to lower polypeptides in 10-20 kDa 
range (Figure 24). However, at higher ratios of pepsin: protein (1:500 and 1: 1000 w/w), 
proteolysis was significant only after 30 min of incubation. Similar trend was observed for heat-
denatured proteins, though, majority of pecan proteins were aggregated upon cooking and 
remained at the interface of stacking and resolving gel (Figure 24). These results suggest that by 
pepsin under the conditions used in vitro. Similar observations have been reported on the in 

pecan proteins were highly digestible vitro pepsin digestibility of almond  (Sathe, 1993), cashew 
nut (Sathe et al., 1994) and walnut (Sze-Tao and Sathe, 2000) proteins. 

 
Western blotting of SGF digested pecan proteins, both native and heat denatured, 

displayed several low molecular weight peptides in the 16-20 kDa range that were either 
originally present in the pecan extract or were generated by pepsin under the digestion conditions 
(Figure 25). The only exception to this observation was the complete loss in antigenic peptides 
after 30 min SGF digestion at high pepsin to protein ratio of 10:1 w/w. Polypeptide (s) with 
estimated MW of 28 kDa were also observed to be antigenically stable under most SGF 
conditions employed. 

 
Pancreatin digestion of native and heat denatured pecan proteins was done at enzyme to 

protein ratio of 10:1, 1:1, 1:10 and 1:100 w/w; pH 7.5; 37oC and incubation times up to 4 h. 
Pancreatin enzymes were less effective than pepsin in hydrolyzing pecan proteins (Figures 26, 
27).  

 
The results suggested that in vitro digestion of pecan proteins (native or heat denatured) 

did not result in complete proteolysis and loss of antigenicity as observed by either incomplete 
proteolysis of antigenic proteins/polypeptides or the generation of antigenic 
proteins/polypeptides not present at the beginning of the substrate digestion. Similar observations 
were made for SGF and SIF digestion stability of almond, cashew and walnut proteins by 
Venkatachalam et al. (2002).  

 
Whether, such stable antigenic peptides are important markers of protein allergenicity 

and are responsible for the onset of in vivo food allergies remains to be determined. Enzyme to 
protein ratio played an important role in this simulation study. The role of pH, which can further 
complicate this situation, was not a part of this study. 

 
Caution has to be exercised when validating the use of simulated gastrointestinal systems 

for predicting protein antigenicity/allergenicity. 
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Figure 24. SDS-PAGE (with 2% β-ME) analysis of (A) Native and (B) Heat denatured pecan 
proteins digested in SGF (pepsin). Pecan protein load in each lane was 15 µg. 
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Figure 25. Western blot of (A) Native and (B) Heat denatured pecan proteins digested in SGF 
(pepsin) probed with pecan pAb. Samples were electrophoresed on SDS-PAGE (with 2% β-ME) 
gels. Pecan protein load in each lane was 10 µg. 
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   A       B 
 
Figure 26. SDS-PAGE (with 2% β-ME) analysis of (A) Native and (B) Heat denatured pecan 
proteins digested in SIF (pancreatin). Pecan protein load in each lane was 25 µg. 
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Figure 27. Western blot of (A) Native and (B) Heat denatured pecan proteins digested in SIF 
(pancreatin) probed with pecan pAb. Samples were electrophoresed on SDS-PAGE (with 2% β-
ME) gels. Pecan protein load in each lane was 10 µg. 
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CONCLUSIONS 

 
 
 
 

Moisture, protein, lipid, total soluble sugars and ash content of the pecan varieties tested 
respectively ranged from 2.1-6.4%, 6.0-11.3%, 65.9-78.0%, 3.3-5.3% and 1.2-1.8% on edible 
portion basis. Considerable variations were noted in the tannin content of the pecans tested (0.7-
2.7%). Pecan lipids negatively correlated to proteins (r = -0.663) and total sugars (r = -0.625) in 
the varieties tested. 

 
Defatted pecan flour contained 31.0% proteins on, as is weight basis. Protein solubility 

was minimal in pH 3-7 range and increased significantly on either side of this pH range. 
Increasing ionic strength from 0.0 to 4.0 M NaCl significantly improved (~8 fold) protein 
solubility. Among the solvents tested, 0.1 M NaOH was the most effective protein solubilizer. 
The glutelin fraction (63.6%) accounted for major portion of pecan proteins followed by globulin 
(31.5%), prolamin (3.4%) and albumin (1.5%) fractions, respectively. Gel filtration column 
chromatography indicated the presence of several protein populations in the pecan protein 
fractions. SDS-PAGE and isoelectric focusing of pecan varieties indicated a similar polypeptide 
profile. The MWs and pI of the pecan polypeptides were in the range 12,000-66,000 Da and pH 
4.0-8.3 respectively. The globulin fraction contained the most glycoprotein polypeptides in pecan 
proteins. Hydrophobic (30.8-41.3%) and acidic amino acids (30.3-40.7%) dominated the amino 
acid composition of total pecan meal proteins as well the individual amino acid fractions. Lysine 
was the first limiting essential amino acid in total pecan protein, globulin, prolamin and alkaline 
glutelin fractions. Leucine and tryptophan were respectively the first limiting amino acids in the 
albumin and acid glutelin fractions. Extraction of defatted pecan flour with TCA concentration 
ranging from 0-5 M revealed a minimum extractability of NPN  (5.9-7.5%) in the range of 0.25-
0.75 M TCA.  

 
The optimized conditions for pecan pAb based inhibition ELISA assay were: coating of 

BSB extracted total soluble proteins using BSB buffer (500 ng/well of microtiter plate) for 1 h at 
37oC and rabbit anti-pecan pAb dilution of 1:50,000 (v/v). The assay could sensitively detect 
pecan proteins in 32-800 ng/ml with an average IC50 value of 181 ng/ml. Western blotting of 
pecan proteins using an optimized dilution of 1:50, 000 v/v detected several pecan polypeptides 
that were not significant different irrespective of the pecan varieties tested. Pecan pAbs showed 
cross-reactivity to all of seed proteins tested when analyzed by both inhibition ELISA and 
Western blotting assays. However, when compared to pecan reactivity, all samples with the 
exception of walnut (5%) had cross-reactivity less than 0.1% suggesting that the interference 
may not be important for detection of pecans in foods. Therefore, though pecan pAb based 
immunoassay used in the present study may not be suitable for specific detection of pecans alone 
in foods, the assay may be modified for detection of both pecans and walnuts in foods 

 
Reactivity of IgE towards pecan polypeptides using sera from 15 pecan allergic subjects 

suggested the presence of several major allergenic polypeptides in the 50-66 kDa and 16-20 kDa 
MW range. Pecan globulins contributed to the majority of 50-66 kDa allergens.  
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Inhibition ELISAs of processed samples did not show any significant change in the IC50 
value when compared with the unprocessed control, with the exception of all autoclaved samples 
and a roasted (320oC, 30 min) sample. Western blots of the processed samples showed a similar 
pattern, although, with a diminished intensity in the banding pattern (66-25 kDa, 14.4 kDa) for 
the autoclaved samples and a roasted (160oC, 30 min) sample. Pecan antigenic proteins were 
more sensitive to moist heat rather than dry heat processing, an observation also evident in 
protein solubility studies. 

 
Native and heat denatured pecan proteins were readily hydrolyzed by pepsin and 

pancreatin enzymes. However, complete proteolysis and loss of antigenicity was not observed. 
Western blotting of SGF digested proteins indicated the presence of several low molecular 
weight antigenic peptides in the 16-20 kDa range that were either originally present in the pecan 
extract or were generated by pepsin under the digestion conditions.  
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APPENDIX 

 
 
 
 

ANOVA Tables 

 
 
Table 20. Chemical composition of pecan cultivars 
 
Moisture 

ANOVA

VALUE

105.020 26 4.039 171.093 .000

1.275 54 2.361E-02

106.294 80

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

Ash 
ANOVA

VALUE

1.674 26 6.440E-02 42.052 .000

8.270E-02 54 1.532E-03

1.757 80

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 
 

Lipid 
ANOVA

VALUE

571.130 26 21.967 29.311 .000

40.469 54 .749

611.599 80

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

Protein 
 

ANOVA

VALUE

82.790 26 3.184 81.399 .000

1.056 27 3.912E-02

83.846 53

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.
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Table 20. (contd.) 
 
Sugars 

ANOVA

VALUE

18.160 26 .698 16.991 .000

2.220 54 4.111E-02

20.380 80

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

Tannin 
ANOVA

VALUE

13.604 26 .523 82.179 .000

.344 54 6.367E-03

13.948 80

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

 
Table 21.  Optimization of solvent for extraction of tannins 

ANOVA

17665.197 5 3533.039 1.269 .400

13915.594 5 2783.119

31580.791 10

56559.366 5 11311.873 1.376 .367

41102.390 5 8220.478

97661.756 10

Between Groups

Within Groups

Total

Between Groups

Within Groups

Total

ABSMEOH

ACIDMEOH

Sum of

Squares df Mean Square F Sig.

 
 

Table 22. Effect of solvent on pecan protein solubility 
ANOVA

PROTOES

1593.248 7 227.607 179.256 .000

10.158 8 1.270

1603.405 15

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 
 
Table 23. Comparison of the BSB solubilized pecan protein content estimated by the Lowry, 
Bradford and micro-Kjeldahl protein estimation methods 

ANOVA

PROTEINS

15918.298 2 7959.149 42.520 .000

1684.666 9 187.185

17602.964 11

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.
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Table 24. Effect of extraction time on pecan protein solubility 
ANOVA

PROTEIN

9.373 7 1.339 20.164 .000

.531 8 6.641E-02

9.905 15

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 
Table 25. Effect of defatted flour to solvent ratio on protein solubility 
 

ANOVA

PROTE

14.365 4 3.591 50.944 .000

.352 5 7.050E-02

14.718 9

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

Table 26. Role of pH in solubilization of pecan proteins 
ANOVA

VAR00004

5354.776 11 486.798 80.036 .000

72.987 12 6.082

5427.764 23

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

Table 27. Effect of ionic strength on pecan protein solubility 

 
 
Table 28. Pecan protein fractionation (Osborne method) 

ANOVA

5592.084 4 1398.021 716.122 .000

9.761 5 1.952

5601.845 9

5265.023 4 1316.256 1094.222 .000

6.015 5 1.203

5271.038 9

6901.554 4 1725.389 2531.651 .000

3.408 5 .682

6904.962 9

Between Groups

Within Groups

Total

Between Groups

Within Groups

Total

Between Groups

Within Groups

Total

LOWRY

KJELDAHL

BRADFORD

Sum of

Squares df Mean Square F Sig.

 
 

ANOVA

PROT

119.244 6 19.874 465.954 .000

.299 7 4.265E-02

119.542 13

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.
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Table 29. Pecan pAb titer optimization 
ANOVA

INHIB50

.190 8 2.370E-02 2.824 .010

.495 59 8.391E-03

.685 67

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

Table 30. Optimization of pecan antigen coating time and temperature 
 

ANOVA

IC50

9.204E-02 8 1.151E-02 4.079 .001

.127 45 2.820E-03

.219 53

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

Table 31. Cross-reactivity levels of tree nut and seed proteins in pecan pAb based ELISA 
 

 
Table 32. Effect of thermal processing on protein solubility and antigenic stability 

ANOVA

478.994 15 31.933 107.874 .000

14.209 48 .296

493.203 63

18791.490 15 1252.766 117.191 .000

513.119 48 10.690

19304.609 63

Between Groups

Within Groups

Total

Between Groups

Within Groups

Total

PROTEIN

LOSSISOL

Sum of

Squares df Mean Square F Sig.

 
ANOVA

RATIO

3869199 15 257946.618 32.112 .000

899667.3 112 8032.744

4768867 127

Between Groups

Within Groups

Total

Sum of

Squares df Mean Square F Sig.

 
 

ANOVA

2314553 19 121818.589 63.547 .000

115018.5 60 1916.975

2429572 79

5482.820 19 288.569 63.528 .000

272.544 60 4.542

5755.364 79

Between Groups

Within Groups

Total

Between Groups

Within Groups

Total

CRSSVAL

PROTEIN

Sum of

Squares df Mean Square F Sig.
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