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DETERMINING THE EFFECTS OF SULFUR FERTILITY LEVELS ON EDAMAME 

SOYBEAN [Glycine max (L.) Merrill] PROTEIN COMPONENTS     

 

 

Theoneste Nzaranyimana 

58 Pages 

Edamame [Glycine max (L.) Merr.] a vegetable type soybean is harvested and consumed 

before reaching its maturity stage (R6).  Its health properties drew attention to U.S. consumers 

because of its high protein content.  Proteins are the major structural component of all cells in the 

living organisms.  They are made of essential and non-essential amino acids which play a big 

role in growth and development and are source of energy.  Proteins act as enzymes, antibodies, 

and hormones and blood protein.  Sulfur (S) is a component of the amino acids cysteine (Cys) 

and methionine (Met) which are the building blocks for proteins.  Little is known about how 

levels fertility influences protein content in edamame soybean.  As result, a solution culture 

experiment in a protected environment was conducted to evaluate the effect of S fertility 

concentrations on protein content in edamame.  Seeds of the ‘Chiba’ edamame were allowed to 

germinate under greenhouse conditions at 22 °C day/14 °C night for 15 days and transplanted in 

nutrient solution culture in the fall of 2016 using a modified Hoagland’s solution containing S 

treatment concentrations of 4, 8, 16, 32, and 64 mg S L-1 was delivered as magnesium sulfate 

(MgSO4) and sodium sulfate (Na2SO4). Treatments were arranged in a randomized complete 

block design with four replications containing five s treatment levels per replication.  The 

solution was changed every 2 weeks after transplanting until plants reached the R6 maturity 

stage.  Plants were harvested approximately 60 days after planting and weighed for fresh 



biomass (FM) before tissues were dried at 60 °C prior the extractions and protein content 

analysis.  Elemental S concentrations were measured in oven-dried bean tissue using ICP-MS.  

Manipulating the S fertility concentrations showed no significant difference on bean 

accumulation of crude protein (P=0.171), Adjusted protein (P=0.171), ADFNDF (P=0.409), 

ADFDM (P=0.707), aNDf (P=0.271).  The results showed that increasing the S concentration 

from 4 to 64 mg S L-1 in nutrient solution culture did not affect the protein composition in 

‘Chiba’ edamame.  

 

KEYWORDS: amino acids, Chiba, ICP, macronutrients, micronutrients 
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CHAPTER I: THE PROBLEM AND ITS BACKGROUND 

Product quality, particularly related to flavor, affects food purchasing decisions 

(Farmakalidis, 1999; Glanz et al., 1998; Hilliam,1995).  Real or perceived quality shortfalls 

shape consumer preference to eat fresh produce and food sensory attributes drive immediate and 

future consumption (Shepherd,1997).  Concerns about reductions in taste quality can interfere 

with the adoption of health diets (Bowman et al., 1998; Glanz et al., 1998), as consumers 

emphasize sensory experiences during consumption like appearance, texture, aroma, taste, with 

the pleasure derived from consumption as an important motivator in eating (Westenhoefer and 

Pudel, 1993).  Edamame [Glycine max (L.) Merr.] is a crop that is gaining popularity in 

American diet.  Its increase in consumption in U.S. is due to the health benefits and flavor it 

provides to its consumers (Gaskell, 2001; Iwata et al., 1982).  Edamame is very similar to field 

soybeans.  However, edamame differs from field soy by its clear hilum, its relatively larger seed 

size, and its unique sensory characteristics.  Unlike the field soybean, edamame is harvested at 

R6 stage (immature) and sold in intact pods.  

Marketable edamame pods have to be bright green in color, with no translucent 

pubescence, and contain at least two beans.  Edamame soybeans are grown as a specialty crop, 

not an agronomic crop.  The germplasm enhancement and variety development of edamame type 

soybeans is relatively new in U.S., as the origin of most varieties can be traced to Asia (Wszelaki 

et al., 2005).  Edamame soybean tends to have a unique mild or neutral flavor, which is caused 

by the distinctive combination of sweetness, sourness, and bitterness (Lee and Hwang, 1998). 

Sucrose contributes to sweetness, while saponin, isoflavonoids, and L-arginine add bitterness 

(Masuda, 1994; Hashizume et al., 1988).  Flavor of edamame is due to its nutty characteristic 

described as buttery, beany, oily, and flowery (Johnson et al., 1999; Rodale Research Center, 
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1982; Young et al., 2000).  Cristo (2002) reported that Chinese consumers of edamame preferred 

a high sugar content and they were more sensitive to acidity than American consumers.  Johnson 

et al. (1999) reported that the U.S. consumers prefer beans with a buttery flavor and texture 

while Japanese consumers tend to prefer beans with a sweet, flowery flavor and a crispy texture.  

Edamame flavor is variety dependent, but soil mineral nutrition also contributes to flavor 

components, as it does for other vegetable crops.  Sulfur (S) is a component of the amino acids 

cysteine (Cys) and methionine (Met) which are components of proteins, as well as several S-

containing coenzymes and secondary plant products derived from the amino acids.  These forms 

of amino acids constitute about 70% of the sulfur content of plants (Haneklaus et al., 2007).  

Kopsell (2003) reported that S nutrition affects flavor components in vegetables by creating acrid 

or bitter flavors that can be regarded as objectionable by consumers.  Like other vegetables, the 

influences of production factors such as cultivar and plant management on key sensory quality 

related properties in edamame and how these factors influence consumer taste preference, 

particularly in the expanding U.S. market, are poorly understood (Wszelaki et al., 2005).  

Furthermore, soybean is a source of protein that is essential for human and livestock nutrition 

(USDA, 2008; Lakins, 1981).  Processed seed from soybean provides 31% of vegetable oil and 

69% of the protein meal consumed worldwide (Soystats, 2004).  Protein and oil from soybeans 

are major contributors to human nutrition either directly or through use as animal feeds.  This 

crop contains protein, oil, carbohydrates and a variety of minerals, vitamins, and secondary 

metabolites that contribute to human health (Bennett, 2005). The amino acid profile of soybean 

seed protein is limited by its concentration of the S-containing amino acids Cys and Met (Duranit 

and Gius, 1997).  Increasing the concentrations of these amino acids in soybean seed would 

benefit consumers of soybean and could justify a premium price for soybean producers (McVey 
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et al., 1995).  Manipulating S fertility concentrations during edamame growth and development 

may change the levels of protein content and S-containing flavor compounds.  
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CHAPTER II: REVIEW OF LITERATURE 

COMMERCIAL SIGNIFICANCE OF EDAMAME 

Edamame [Glycine max (L.) Merr.] has a long history within East Asian culture.  The 

first mention of soybean in Chinese text was before the 7th century B.C. in the Shijing Book of 

Odes (Shurtleff and Aoyagi, 2009).  The word edamame was first documented in Japan in 1275 

(Shurtleff and Aoyagi, 2009).  However, edamame was virtually unknown until the mid-19th 

century.  Only within the past 30 years has edamame gained widespread acceptance in the U.S. 

(Shurtleff and Aoyagi, 2009).  

In recent years, there has been an increased demand and broader acceptance of edamame 

in the U.S.  Edamame is currently the second most consumed soybean product behind soymilk in 

the U.S. (Soyfoods, 2014).  Edamame can be marketed fresh, frozen, or canned.  Informa 

reported that traditional soy-based, oriental foods such as tofu, tempeh and edamame have grown 

9% over the past 5 years to a value of just under $45 million in 2009 (Informa/United Soybean 

Board, 2010).  Soyatech, LLC, a U.S. soybean and oilseed information consultant, reported that 

sales of frozen edamame shelled or in the pods grew 40% between 2003 and 2007 to $30 million 

(Bernick, 2009).  Ninety-seven percent of the edamame sold to the frozen food market is 

imported from China and other Asian nations.  Roseboro (2012) reported that China exports 

13,608 to 18,144 metric tonnes of edamame to the U.S. each year.  Nuss (2013) reported that in 

2013, the U.S. consumed between 22,700 to 27,270 metric tonnes.  Edamame has a great 

potential to be a profitable crop, especially in the southeastern U.S.  The University of Kentucky 

conducted research which determined that the projected net returns of edamame production 

could ranges from $640 to $6,177 per ha (Ernst and Woods, 2001; Ernst, 2000; University of 

Kentucky, 2013).  At the lower range of returns, edamame is more profitable than sweet corn 
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(Zea mays L.) and pumpkin (Cucurbitaceae cucurbita pepo L.  At the high end of return, 

edamame can be more profitable than staked tomatoes (Solanum lycopersicum) and cantaloupe 

(Cucumis melo var. cantalupensis).  In most cases, the breakeven price for edamame is less than 

$2.20 per kg, much lower than the average wholesale price of $3.30 per kg (Ernst and Woods, 

2001; Ernst, 2000).  Edamame is of particular interest to soybean farmers due to the similarities 

in equipment and management practices.  This interest may increase in the coming years as 

commodity soybean prices are projected to decrease (Schnitkey, 2015).  While edamame is an 

excellent source of plant-based protein, it is also a complete protein containing all the essential 

amino acids in the human diet (Velasquez and Bhathena, 2007).  In response to this increasing 

demand, growers, plant breeders, and food processors have grown increasingly interested in the 

production of edamame.  Furthermore, more than 323 ha of conventional and organic edamame 

were contracted with Arkansas growers in 2012 (University of Arkansas Extension, 2012). This 

increase in demand is expected to continue as consumers look for healthier, lower cost sources of 

protein to add to their diet.  Based on current U.S. levels of edamame consumption and expected 

yields, a large increase in domestic production would be required to meet current domestic 

demand.  This increased demand has prompted food processers and packagers to look to local 

sources to fill the expanding need.  

 

BOTANICAL CLASSIFICATION AND CULTURAL OF EDAMAME 

Edamame is a special soybean type, which belongs to the family of leguminaceae 

(Fabaceae).  Edamame is an annual herbaceous plant that originated in the southern Asia prior to 

the 7th century B.C.  Edamame soybeans are similar to regular soybeans but are planted in 

intervals throughout May and June and harvested at the R6 maturity stage (Shurtleff & Aoyagi, 
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2004).  Edamame plants are typically 60 to 90 cm in height, but can grow to 2 m tall.  Leaves are 

compound, densely hairy, with three leaflets.  The inconspicuous white to purple flowers are 

borne singly or in small clusters in the axils.  The fruit is a broad hairy flattened legume or pod 

around 10 cm long (Bailey et al. 1976; Ecocrop 2012; Faostat, 2012).  Each plant typically bears 

100 to 150 pods (Shurtleff & Aoyagi, 2004).  This crop has large seeded beans, green in color, 

which are cooked and served in pods as snacks, similar to peanuts (Shurtleff, 2001).  The roots 

bear nodules, which extract nitrogen (N) from the air and fix it in the soil, where it stimulates the 

growth of the edamame beans (Shurtleff & Aoyagi, 2004).  Unlike field soybean, edamame is 

harvested at reproductive stage R6 when the seeds are immature and have expended to fill 80% 

of the pod width.  In Asia, where edamame is an important vegetable, farmers harvest stems with 

fresh green pods before full maturity when pods are fully filled (Kiuchi et al. 1987).   

Edamame does well in deep or moderately deep, well-drained, fertile soils with a soil pH 

of 6.0 to 7.5 and it prefers full sun (Miles, 2000).  If crops like legumes have been grown in the 

field before, fertilization is not generally needed.  If edamame is grown in a field without prior 

legume production, Rhizobia inoculation at the rate of 10 g per kg of seed is sufficient to boost 

N-fixation (Lal, 2001).  Edamame can be direct seeded or transplanted.  The transplanted crop 

tends to have shorter stems and a lighter top weight, but a greater ratio of pods to total weight, 

which is an advantage for farmers who sell pods at the market off the stem, which some 

customer prefer for the greater freshness (Kokobun, 1991).  

The critical step in growing edamame is the selection of appropriate variety for the 

appropriate growing environment.  Some factors which are considered during variety selection 

are maturation date, pod characteristics, and cost for the seeds.  Edamame seeds are sold based 

on their maturity group (0 to V) for the region of adaptation for better yield potential and 
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desirable marketable qualities (North Carolina State University, 2007).  Japanese classify 

soybeans as summer or fall types (Kono, 1986).  Summer types are planted in spring and 

harvested immature after 75 to100 days.  While fall types are planted in early summer and take 

105 days or more to reach harvestable size.  About 170 edamame varieties are listed by the Niho 

Shubyo Kyokai (JSTA, 1987).  Edamame seed germination is sensitive to soil temperature.  

Seeds can fail to emerge if soil is too wet or when the soil temperature is below 18 °C.  Soil 

temperatures can be managed with plasticulture low tunnels during cold periods to increase 

temperature and by using ventilation during hot periods (Watanabe, 1988).  Plant tops in seeded 

fields are cut after the primary leaf stage to increase plant branching and pod set (Gotoh, 1984; 

Kokobum, 1991). 

The seeding rates of this crop differs from the grain-type soybean.  The recommended 

space between rows is 61 cm and plant spacing within row is 5 to 10 cm apart depending on the 

region and variety.  This spacing will give a plant population of approximately 20,000 to 28,000 

plants per ha, which is equivalent to 36 kg to 50 kg of seeds per ha.  When germination 

percentages are below 85%, a higher seeding rate is recommended to ensure a good stand.  A 

seed should be planted between to 2.5 to 3.9 cm deep, however the deeper planting depth beyond 

this will result in low seedling emergence (Ogles et al., 2015).   If seeds are not inoculated, the 

application of 45 kg of N per ha will be required.  Half of the amount of N, potassium (K) and 

phosphorus (P) are applied at planting time and the remaining half can be applied in a band 10 

cm to the side of the crop row during the growing season about 6 weeks after planting.  If 

manure is used, it must be broadcasted before the final field preparation and thoroughly 

incorporated in the soil (Hemphill and Miles, 1999).  Soils which are dry can be irrigated before 
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planting to avoid crust to form on the surface of the soil which can prevent emergence (Monsour, 

1998).  

Early-season weed control prevents competition of weeds and the crop.  Mechanical 

cultivation between rows and hand cultivation between plants can be used as methods of 

controlling weeds invasion in the field (Cherly and Kaiser, 2007).  Hoes can be used when the 

crop is still young and weeds are not yet mature.  Mulching is used in gardens to suppress the 

weeds.  Hand weeding can also be effective on a small scale (Alabama A&M University 

Extension, 2015).  Edamame is mostly attacked by foliage and stem feeding caterpillars and 

beetle species.  Other edamame insect feeders are soybean loopers (Pseudoplusia includes), fall 

armyworms (Spodoptera frugiperda), and Kudzu bugs (Megacopta cribraria).  Both soybean 

loopers and fall armyworms can cause serious defoliation in this crop, greatly affecting yield.  

Kudzu bugs can also cause significant damage with their piercing-sucking mouth parts.  The best 

ways of controlling these insects are hand picking and the use of recommended insecticides.  

Bacterial pustules (Xanthomonas axonopodis) can be a problem in some varieties, especially 

those originating from Asia.  Rootknot (Meoidogeyne sp.) and cyst (Heterodera sp.) nematodes 

cause severe reduction in edamame yield when present.  Long rotations away from the affected 

area to reduce nematodes populations may be the most effective management strategy (Alabama 

A&M University Extension, 2015). 

 Edamame is harvested at the R6 soybean maturity stage when pods begin to swell 

and beans almost fill the pod.  Pods must be bright green in color.  A yellow pod color indicates 

that edamame is over mature and the beans become starchy and lose their sweet nutty flavor.  

During harvesting, the majority of the pods must be mature and the whole plant must be 

harvested (Culbertson, 1999).  It is recommended for growers to harvest edamame early in the 



9 

morning when the pods are still cool to help increase storage life.  Immediate precooling is 

recommended in order to remove field heat and to maintain freshness.  Precooling may be 

accomplished by using forced air, vacuum, or hydrocooling processes (Cheryl and Ernst, 2007).  

 

HEALTH PROPERTIES AND SIDE EFFECTS OF EDAMAME 

The health properties of edamame have contributed to its popularity.  In a 2009 survey, 

84% of consumers said that soy products are healthy, and 31% claimed to know specific health 

benefits of dietary soy.  About a third of Americans also seek out and consume soy products at 

least once in a month (United State Soybean Board, 2009).  The measured nutritional values of 

soybeans include low fat and high protein (Rao et al., 2002).  Edamame also contains amounts of 

all the essential amino acids, which make it a particularly good meat substitute.  Montri et al. 

(2006) reported that edamame also contained lower levels of trypsin inhibitors, fewer 

indigestible oligosaccharides, a greater amount of vitamins, and higher levels of phytic acid than 

agronomic field soybeans.  Edamame is also a good source of sodium (Na), iron (Fe), calcium 

(Ca), K, P, magnesium (Mg), folate, and vitamins A, B1, B2, B3, C, E and K (Nair, 2010).  

Proximate analysis of seed nutritional composition of edamame grown in Colorado and in Japan 

indicated that edamame has superior nutritional content than green peas (Pisum sativum).  The 

calorific value of edamane soybean is about 6 times than that of green peas.  Edamame also 

contains 60% more Ca and twice the P and K of green peas. The Na and carotene content of 

soybean are about one third than that of green peas and have similar quantities of Fe, vitamin B, 

and vitamin B2.   It is also rich in ascorbic acid but low in niacin (Goubran and Garti, 2000). 

Other health properties of edamame, beyond mineral nutrition, include antioxidants 

which prevent the negative effects of free radicals in the body (Achouri et al., 2005; Patel et al., 
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2001; Messina, 2001).  Dietary intake of antioxidants is reported to be associated with reduced 

incidence of atherosclerosis, cancer risk, neurodegenerative diseases, and improved immune 

system (Kumar et al., 2009; Patel et al., 2001).  Edamame also contains isoflavones which can 

act as important regulators to maintain health by interfering with proliferation, growth and 

maturity of cancer cells.  Isoflavones present in edamame soybean are the aglycone, beta 

glycoside, 6-o-maloyl-glycoside or 6-o-acetyl-beta-glucoside forms.  Compounds like genistein 

and daidzein isoflavones also have antioxidant properties, protecting cells from deleterious 

effects of free radicals that promote aging (Demirbucker and Blomberg, 1990).  Genistein 

inhibits protein tyrosine kinase activity, topoisomerase I and II, ribosomal 6-s kinase and alters 

cell proliferation.  It also has antioxidant properties and suppresses skin tumorigeneses 

(Demirbucker and Blomberg, 1990).  The protective roles associated with soybean isoflavones 

have received increasing attention by American consumers (Charron et al., 2005).  

Some of the adverse health effects found in soybean are attributed to its oxalate content.  

Saturated oxalate in solution binds to Ca to form crystals that aggregate, often becoming large 

enough to block the urinary stream (Massey et al. 1993).  High level of oxalate in urine increases 

the risk of calcium oxalate kidney stones in humans.  The overconsumption of edamame can lead 

to over production of estrogen in males and this can contribute to infertility.  For females, the 

overconsumption of edamame estrogenic compounds may stimulate the growth of cancerous 

cells in the breast [(Messina et al.(2006); Messina and Lopinzi(2001); Ju et al.(2002).           
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QUALITY AND FLAVOR COMPONENTS OF EDAMAME 

The quality and flavor for edamame are influenced by many factors.  The larger beans of 

edamame are considered superior to soybeans in flavor and texture and for their ease of cooking. 

Edamame soybean is reported to have higher phytic acids levels which give this crop its quality 

of being tender and easy to cook (Gupta et al., 1976).  Hymowitz (1972) reported that the large 

seeded soybeans (edamame) have nutritionally superior protein.  Yen et al. (1970) reported that 

edamame had higher protein content than the grain soybean in a feeding study done on rats.  

Edamame also differs from grain soybean with its sweet, mild flavor, nutty texture, and beany 

taste.  Edamame soybean has larger, easily shattered pods and seeds with a fragile coat (Smith 

andVan Duyne, 1951) and stems that may have several podless nodes (Shanmugasundaram et al. 

1989).  Hymowitz et al. (1972) reported that high levels of protein in edamame can lead to the 

lack of sweetness which is an important component of flavor.  Quality is also determined by the 

appearance, aroma, and firm texture after cooking.  For good quality of this crop, pods have to 

have preferably sparse, white soft pubescence (Watanabe, 1988; Sunada, 1986).  Edamame pods 

should be completely green with no hint of yellowing and contain two or three beans (IDA, 

1990).  Pods should be at least 5 cm long.  One hundred seventy-five pods should weigh no less 

than 500 g and contain no less than 100 beans with a total fresh mass (FM) exceeding 30 g 

(Shanmugasundaram et al., 1989).  According to IDA (1990), A-grade edamame has to have 

90% or more of the pods with two or three seeds.  Pods have to be perfectly shaped, completely 

green and show no injury or spotting.  B-grade edamame also has to have 90% or more pods 

with two or three seeds, but can be lighter green in color, and a few pods can be slightly spotted, 

injured, malformed, short, or have small seeds.  In these two grades, pods must not be over 

mature, diseased, insect damaged, one seeded, malformed, yellowed, split, spotted, or unripen.  
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Crop management practices that contribute to the quality and flavor of this crop are the 

variety selection, fertilization application, planting density, the harvesting procedures, and the 

processing conditions (Masuda, 1989).  Excessive N fertility affects pod set and can lead to the 

emptiness of the pod or one seeded pod.  These characteristics lead to the unmarketability of 

pods.  Increases in supply of N after anthesis can increase the amino acids in this crop; however, 

it can also change the consistence on sugars.  The sugar content can decrease from 3.2% to 2.6%, 

depending on the rate and the timing of N application.  Lower plant densities have an effect on 

darkening pod color and production of consistent higher amino acid levels and sucrose during the 

maturation period (Chiba et al., 1989).  Postharvest handling is also a major influence of quality 

and flavor.  Rapid postharvest cooling helps to slow enzymatic activity and minimizes 

deterioration.  Without proper postharvest temperature management, sugars and amino acids start 

to deteriorate between 3 to 10 hr after harvesting.  If whole plants are packaged and sealed in low 

density, polyethylene bags, they remain marketable for one week at 20 °C (Iwata et al., 1982).  

Blanching is an important method to stop the oxidation of fatty acids which change into 

undesirable tastes in frozen edamame.  Both blanching time and temperature must be controlled 

to reach a balance between the destruction of trypsin inhibitors and the maintenance of good 

texture.  

Edamame at the peak of ripeness has higher levels of (Z)-3-hexenyl acetate, linalool, 

acetophenone, and jasmore (Sugawara et al., 1988).  Other several components which offer 

edamame beany odor are hexanal, 1-hexanol, (E)-2-hexanal, l-octen-3-Ol, and 2-pentylfuran. 

Finally Cis-jasmone is found in this crop only at peak of ripeness and may be the key component 

of aroma.  
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Edamame gets its popularity from its sweet and savory flavor.  Edamame soybean tends 

to have a mild or neutral unique flavor, which is caused by the distinctive combination of 

sweetness, sourness, and bitterness (Lee and Hwang, 1998).  The sweet taste is determined by 

the sucrose content and its savory taste by amino acids such as glutamic acid (Masuda et al., 

1988).  Beany flavor increases with maturity and this can be divided into two components which 

are beany and bitter (Rackis et al., 1972).  The beany taste is thought to originate from linolenic 

acid oxidized by lipoxygenase and the bitter taste from lipoxygenase itself.  Sucrose contributes 

to sweetness, while saponin, isoflavonoids, and l-arginine add bitterness (Masuda, 1994; Masuda 

et al., 1988).  Flavor of edamame is also due to its nutty characteristic, butter, beany, oily, and 

flowery (Johnson et al., 1999; Rodale Research Center, 1982; Young et al., 2000). 

  Other factors that influences flavor are amino acids and γ-aminobutyric acid 

(GABA), which contribute to the sensory and flavor characteristics (Abe and Takeya, 2005).  

The increase of phenylalanine and tryptophan caused by the high temperature during the storage 

changes the sweet flavor of edamame bitter (Kirimura, et al., 1969).  Leucine contributes to a 

bitter taste (Kirimura et al., 1969), while alanine contributes to sweetness which is especially 

important for the overall taste of edamame (Masuda, 1991).  Edamame contains anticarcinogenic 

compounds which are sulfur-based (isothiocyanates).  The isothiocyanates form the group of hot 

and bitter compounds in vegetables.  

 Cristo (2002) reported that Chinese consumers of edamame preferred high sugar 

and they were more sensitive to acidity than American consumers in taste preference.  Johnson et 

al. (1999) reported that U.S. consumers prefer beans with a buttery flavor and a crispy texture.  

The increase of S fertility may increase the bitterness flavor and reduce sweetness flavor in 

edamame.  
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SULFUR 

Sulfur is a component to all forms of the living organisms.  With an atomic radius of 1.04 

angstroms (Å), S exhibits nonmetallic chemical properties (Woollins, 2006).  Sulfur plays a 

major role in plant growth.  This element is considered as an essential secondary macronutrient 

in plant nutrition.  Sulfur deficiency impairs basic plant metabolic functions, thus reducing both 

crop yield and quality.  Sulfur deficiencies and responses have been reported in crops worldwide 

(Tisdale et al., 1986; McGrath and Zhao, 1995; Scherer, 2001) and are becoming more common 

(Haneklaus et al., 2008).  In general, oilseed crops and legumes including soybean have a higher 

requirement for S than the small grains and maize (Zea mays L.) (Duke and Reisenourer, 1986).  

Sulfur is also a component of amino acids Cys and Met which are components of proteins, as 

well as several S-containing coenzymes and secondary plant products derived from the amino 

acids.  These forms of amino acids constitute about 70% of the S content of plants (Haneklaus et 

al., 2007).  Plant absorbs S in form of the sulfate (SO42-) ion along the plasma membrane of root 

cells and transport it by xylem to vegetative portions for growth (Haneklaust et al., 2007).  Most 

of the S absorbed by plants is converted into Cys which leads to the formation of other organic S 

compounds in plants (Hell, 1997; Leustek and Saito, 1999; Said, 2003).  Sulfur also plays a role 

in enzymes, coenzymes, an in thiol (-SH) functional groups which are essential to make disulfide 

bridges needed for proper protein structure (Marschner, 1995).  Sulfur forms the 

sulfonatedoxime component common to all GS compounds as well the side chain of some GS 

with methionine in their structure (Fenwick et al., 1983).  The increase of S gives Brassica and 

Allium vegetables their characteristic pungent, bitter flavors.   
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PROTEINS 

 Protein is the major structural component of all cells in living organisms.  Proteins 

are composed of chains of N-containing amino acids, which are generally divided into two 

categories: the essential amino acids and non-essential amino acids.  These essential amino acids 

are particularly important during growth and development and are a source of energy.  Grain 

crops constitute approximately 18% of plant protein consumption in the human diet (Smit, 

1999).  These proteins act as enzymes, antibodies, and structural components of tissues, 

hormones and blood protein.  Protein composition in soybean depends upon various 

environmental factors including temperature, photoperiod, and nutrition during the seed 

development (Arslanoglu et al., 2011; Kumar et al., 2013).  Changes in the nutritional conditions 

may cause a wide range of morphological and biochemical changes by modification of genes and 

enzymes expressions, thus affecting protein synthesis and activity (Fabre and Planchon, 2000). 

The high synthesis of proteins in soybean seeds is reported to be associated with the application 

of minerals like P, K, N, and S (Peak et al., 1997; Utsumi et al., 2002; Mahmood et al., 2001).    

Due to the crucial role S plays in protein formation, balance is needed between S:N 

because S is both a building block for proteins and enzymes, and S-containing amino acids are 

important in forming the high quality glutenins and gliadins (Alberta Agriculture, Food and 

Rural Development, 2006). 

Soybean protein meal and soybean oil accounted for 69% and 30% of the world’s supply 

of protein meal and edible oil in 2006 and 2007, respectively (USDA, 2008).  Many international 

and domestic soybean processors prefer at least 340 g kg-1 protein and 190 g kg-1 oil assuming a 

seed moisture content of 130 g kg-1 (Hurburgh et al., 1990).  There are two factors that are 

considered to influence the quality of soybean.  These are the soybean quantity and quality of 
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protein and oil composition.  More than 70% of protein consumed by humans comes from 

legumes and cereals.  Legumes accumulate more proteins compared to the cereals.  Soybean 

contain high amounts of protein, varying between 35% to 50%.  This protein percentage depends 

on the variety or cultivar and the growing conditions.  Soybean proteins serve as important 

source of vegetable protein in the diets of many humans and animals (Lakins, 1981). The amino 

acid profile of soybean seed protein is limited by its concentration of the S containing amino 

acids Cys and Met (Duranit and Gius, 1997).  Increasing the concentrations of these amino acids 

in soybean seed would benefit consumers of soybean and could justify a premium worth millions 

of dollars annually to producers (McVey et al., 1995).  

The rapid N2 fixation during pod fill for soybean (stages R5 to R6) has been shown to 

contribute to increased edamame seed yield and seed protein content (Waterer, 2003).  Pod fill 

NO3 assimilation is necessary to achieve higher seed yield and seed protein content (Waterer, 

2003; Rao and Mohamed, 2002).  Kandapal and Chandel (1993) reported that the application of 

S consistently increased the protein and oil contents in grain of soybean resulting in maximum 

content of protein and oil at 30 kg gypsum per ha.  Singh and Aggarwal (1998) also reported that 

among the sources of S, gypsum produced significantly higher pods per plant and seed per pod 

of black gram (Vigna mungo).  

The National Health and Nutrition Examination Survey (NHANES) reported that women 

aged 20 and older should consume about 67 g of protein per day.  Research suggest that high 

intakes may be beneficial for various health outcomes, such as weight management, maintaining 

muscle mass, preventing osteoporosis, and reducing the risk of cardiovascular disease 

(Rodriguez, 2008; Fulgoni, 2008).  Several studies have been performed to examine relationships 

between plant protein intake and risk factors for coronary heart disease containing 25 g of soy 
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protein per day and may reduce the risk of heart disease (FDA, 1999).  Other reports have shown 

significant reduction in cholesterol (Harland, 2008; Zhan, 2005; Reynolds, 2006; Jenkins, 2010).  

Furthermore, other discoveries showed that the uptake of high quality protein led to adequate 

bone strength and density during aging (Wolf, 2006).  Kim (2008) reported that in women, soy 

protein was associated with reduced breast cancer.  Though there are more health benefits related 

to protein consumption, there are some side effects for overconsumption for protein products.  It 

was discovered that, diets which are high in protein generate a large amount of acid in body 

fluids (Barzel and Massey, 1998).  Kidneys respond to this dietary acid challenge with net acid 

excretion, and concurrently the skeleton supplies buffer by active resorption of bone resulting in 

excessive Ca loss (Barzel and Massey, 1998).  The overconsumption of protein is believed to be 

associated by the increase in risk of forearm fracture for women who consume more than 95 g 

per day compared to those who consume less than 68 g per day (Reddy et al., 2002).  Increases in 

protein intake from 48 to 141 g significantly elevated urinary calcium values from 175 to 338 mg 

in humans (Johnson et al., 1970).  The relationship of animal protein rich diet to Ca metabolism 

demonstrated that the increase in urinary Ca excretion has risk factor for the development of 

osteoporosis (Breslau et al., 1988).  Increasing the ratio of dietary animal to vegetable protein 

increases the rate of bone loss and the risk of fracture in post-menopausal women.  The animal 

foods provide predominantly acid precursors, whereas protein in vegetable foods is accompanied 

by base precursors not found in animal foods.  Imbalance between dietary acid and base 

precursors leads to a chronic net dietary acid load that may have adverse consequences on bone.  

An increase in vegetable protein intake and a decrease in animal protein intake may decrease 

bone loss and the risk of hip fracture (Sellnoyer et al., 2001).  The high protein intake induces 

changes in urinary uric acid and citrate excretion rates and a decrease in the ability of urines to 
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inhibit calcium oxalate monohydrate crystal agglomeration (Kok et al., 1990).  High protein 

intake can cause intermittent abdominal pain, transient elevations in transaminases, and 

hyperalbuminemia without there being any identifiable cause (Mutlu et al., 2006).  The 

composition of dietary proteins has the potential to influence the balance of glucagon and insulin 

activity.    

Soy flour is the basic soy-protein product produced from soybean flakes.  This product is 

grounded from high quality, clean, dehulled soybeans after most of the oil has been removed.  It 

contains at least 50% protein on a dry mass (DM) basis (Waggle and Kolar, 1979).  Next, the 

soy-protein concentrate is prepared from high quality, clean, dehulled soybeans by removing 

most of the oil and water soluble nonprotein constituents.  This product is made of 65% protein 

on a DM basis (Campbell et al., 1991).  Furthermore, the isolated soy protein is the major 

proteinaceous fraction prepared from high-quality, dehulled soybeans by removing most 

nonprotein components; it contains not less than 90% protein on a DM basis (Kolar et al., 1985).  

Oilseeds add important nutritional value to the diet due to high quality protein and or vegetable 

oil, together with oil soluble vitamins like vitamin A.  It was found that oilseed meals from 

soybean and other oilseeds type are rich in protein and when they are mixed up with cereals, they 

provide a balance nutrition (Sarwar et al., 2004b; 2011a).   

 

EXPERIMENTAL PERSPECTIVE 

This study of S fertility concentrations on edamame soybean (green soybean) is needed to 

determine any influence on protein content in this crop.  This information will identify the 

influence of production factors on edamame quality and can be used to enhance marketing and 

increasing consumer preference.  There has been some research on S and its influence on protein 
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content, taste, and flavor in cruciferous species.  However, there is little information on the effect 

of S fertility on edamame protein content.  By using edamame soybean, a crop which is currently 

among the emerging crop in U.S., the study will help to determine the production practices 

which can increase potential health benefits and economic advantages which this crop can 

contribute to the Americans.  Thus, the objectives of this study were: 1) to determine if S 

fertilization influences the accumulation of bean protein content of edamame soybean; and 2) to 

identify the S fertilization concentration that maximizes bean protein content. 
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CHAPTER III: DETERMINING THE EFFECTS OF SULFUR FERTILITY LVELS ON 

EDAMAME SOYBEAN [Glycine max (L.) Merrill] PROTEIN COMPONENTS 

 

ABSTRACT 

Edamame [Glycine max (L.) Merr.] a vegetable type soybean is harvested and consumed 

before reaching its maturity stage (R6).  Its health properties drew attention to U.S. consumers 

because of its high protein content.  Proteins are the major structural component of all cells in the 

living organisms.  They are made of essential and non-essential amino acids which play a big 

role in growth and development and are source of energy.  Proteins act as enzymes, antibodies, 

and hormones and blood protein.  Sulfur (S) is a component of the amino acids cysteine (Cys) 

and methionine (Met) which are the building blocks for proteins.  Little is known about how 

levels fertility influences protein content in edamame soybean.  As result, a solution culture 

experiment in a protected environment was conducted to evaluate the effect of S fertility 

concentrations on protein content in edamame.  Seeds of the ‘Chiba’ edamame were allowed to 

germinate under greenhouse conditions at 22 °C day/14 °C night for 15 days and transplanted in 

nutrient solution culture in the fall of 2016 using a modified Hoagland’s solution containing S 

treatment concentrations of 4, 8, 16, 32, and 64 mg S L-1 was delivered as magnesium sulfate 

(MgSO4) and sodium sulfate (Na2SO4). Treatments were arranged in a randomized complete 

block design with four replications containing five s treatment levels per replication.  The 

solution was changed every 2 weeks after transplanting until plants reached the R6 maturity 

stage.  Plants were harvested approximately 60 days after planting and weighed for fresh 

biomass (FM) before tissues were dried at 60 °C prior the extractions and protein content 

analysis.  Elemental S concentrations were measured in oven-dried bean tissue using ICP-MS.  
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Manipulating the S fertility concentrations showed no significant difference on bean 

accumulation of crude protein (P=0.171), Adjusted protein (P=0.171), ADFNDF (P=0.409), 

ADFDM (P=0.707), aNDf (P=0.271).  The results showed that increasing the S concentration 

from 4 to 64 mg S L-1 in nutrient solution culture did not affect the protein composition in 

‘Chiba’ edamame.  

 

Keywords: amino acids, Chiba, ICP, macronutrient, micronutrients  

 

INTRODUCTION 

Product quality, particularly which related to flavor, affects food purchasing decisions 

(Farmakalidis, 1999; Glanz et al., 1998; Hilliam, 1995) as real or perceived quality shortfalls 

shape consumer prefer to eat fresh produce and food sensory attributes drive immediately and 

future consumption (Shepherd, 1997).  Concerns about reduction in taste quality can interfere 

with the adoption of health diets (Bowman et al., 1998; Glanz et al., 1998), as consumers 

emphasize sensory experiences during consumption like appearance, texture, aroma, taste, with 

the pleasure derived from consumption as an important motivator in eating (Westenhoefer and 

Pudel, 1993). 

Edamame [Glycine max (L.) Merr.] is an annual herbaceous plant originating from 

Southern Asia.  This crop has large green beans which are served in pods as snacks similar to 

peanuts (Shurtleff, 2001).  Unlike field soybean, edamame is harvested at reproductive stage R6 

when the seeds are immature and have expended to fill 80% of the pod with.  This emerging crop 

in U.S. is counted among the vegetable crops that have economical and health contributions to 

the American society.  Edamame is currently the second most consumed soybean product behind 
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soymilk in the U.S. (Soyfoods, 2014).  Soyatech, LLC, a U.S. soybean and oilseed information 

consultant reported that sales of frozen edamame shelled or in the pods grew 40% between 2003 

and 2007 to $30 million (Bernick, 2009).  Rosboro (2012) reported that 97% of edamame sold to 

the frozen market was imported from China and other Asian nations. China only exports 13,608 

to 18,144 metric tonnes of edamame to the U.S. each year.  Nuss (2013) reported that U.S. 

consumed 22,700 to 27,270 metric tonnes of edamame. This increase in demand is expected to 

continue as consumers look for healthier, low cost sources of protein to add to diet.  The 

projected net returns for this crop range from $640 to $6,177 per ha, depending on the market 

and harvesting method (Ernst Woods, 2001; Ernst, 2000).  At lower range of return, edamame is 

more profitable than sweet corn and pumpkin.  At the high end of return, edamame can be more 

profitable than staked tomatoes and cantaloupe.  In most cases, the breakeven price for edamame 

is less than $2.20 per kg, much lower than the average wholesale price of $3.30 per kg.  Interest 

for this crop may increase in the coming years as commodity soybean prices are projected to 

decrease (Schnitkey, 2015).  

During harvesting, the majority of the pods have to be mature and the whole plant has to 

be harvested (Culbertson, 1999).  The measured nutritional value of soybeans include low fat and 

high protein (Rao et al., 2002).  Edamame contains all the essential amino acids which can be 

used particularly as a good meat protein substitute.  Montri et al. (2006) reported that edamame 

contains lower levels of trypsin inhibitors, fewer indigestible oligosaccharides, a greater amount 

of vitamins, and higher levels of phytic acid than agronomic soybeans.  These factors make 

edamame more nutritious than agronomic soybeans.  Edamame is a good source of sodium (Na), 

iron (Fe), calcium (Ca), potassium (K), phosphorus (P), magnesium (Mg), folate, and vitamins 

A, B1, B2, B3, C, E and K (Nair, 2010).  The other health properties beyond the normal nutrition 
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include the antioxidants isoflavones and saponins which prevent the negative effects of free 

radicals in the body (Achouri et al., 2005; Patel et al., 2001).  The dietary intake of antioxidants 

is associated with the reduction of incidence of atherosclerosis, cancer risk, neurodegenerative 

diseases, and improved immune system (Kumar et al., 2009; Patel et al., 2001).  Edamame also 

contains also isoflavones that can interfere in the physiology of the cells, as in the proliferation, 

growth, and maturity, acting as important regulators to maintain health.  The isoflavones are the 

phytohormones which reduce prostate, breast cancer, cholesterol level and lighter menopausal 

symptoms (Messina, 2001).  The protective roles associated with soybean isoflavones have 

received increasing attention by consumers (Charron et al., 2005). While edamame is an 

excellent source of plant-based protein, it is also a complete protein containing all the essential 

amino acids in the human diet (Velasquez and Bhathena, 2007).  

Edamame tends to have a mild or neutral flavor, which is caused by the distinctive 

combination of sweetness, sourness, and bitterness (Lee and Hwang, 1998).  Sucrose contributes 

to sweetness, while saponin, isoflavonoids, and l-arginine add bitterness (Masuda, 1994; 

Hashizume et al., 1988).  Flavor of edamame is due to its nutty, buttery, beany, oily, and flowery 

characteristics (Johnson et al., 1999; Rodale Research Center, 1982; Young et al., 2000).  

Johnson et al. (1999) reported that U.S. edamame consumers prefer beans with buttery sweet, 

flowery flavor and crisp texture.  Cristo (2002) reported that the Chinese consumers of edamame 

showed that they prefer high sugar content and were more sensitive to acidity than American 

consumers (Cristo, 2002).  Hymowitz et al. (1972) reported that too high protein in edamame can 

lead to the lack of sweetness which is an important component of flavor.  Postharvest handling is 

among the major influence of quality and flavor.  Postharvest management such as rapid 

precooling helps to slow enzymatic activity and minimizes deterioration.  Blanching helps to 
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stop the oxidation of fatty acids into undesirable tastes.  Kopsell (2003) reported that the sulfur 

components in vegetable such as acrid flavors are regarded as objectionable by consumers. The 

lowering of sulfur fertility in edamame is likely to decrease the levels of negative flavors of 

glucosinolates and sulfur methylcysteine sulfoxide.  

Sulfur (S) is an essential macronutrients for plant growth.  Its deficiencies and responses 

have been reported in crops worldwide (Tisdale et al., 1986; McGrath and Zhao, 1995; Scherer, 

2001) and are becoming more common (Hanecklaus et al., 2008).  In general, the oilseed crops 

and legumes including soybean have a much higher requirement for S than the small grains and 

maize (Zea mays L.) (Duke and Reisenourer, 1986).  Sulfur is a component of the amino acids 

cysteine (Cys) and methionine (Met) which are components of proteins, as well as several sulfur-

containing coenzymes and secondary plant products derived from the amino acids.  These forms 

of amino acids constitute about 70% of S in plant tissues (Haneklaus et al., 2007).  Most of the S 

absorbed by plants is converted into Cys which goes on to form other organic S enzymes, 

coenzymes, an in thiol (-SH) functional groups essential to make disulfide bridges for proper 

protein structure (Marschner, 1995).  Sulfur forms the sulfonatedoxime component common to 

all glucosinolates (GS) compounds as well the side chain of some GS with methionine in their 

structure (Fenwick et al., 1983).  Kopsell et al. (2003) reported altering the level of S in solution 

culture significantly affected the flavor and bitterness compounds in kale (Brassica oleracea var. 

acephala).   

Protein is the major structural component of all cells in the animal body.  Protein are 

made up of chains of N-containing amino acids, which are generally divided into two categories: 

the essential amino acids and non-essential amino acids.  In soybean, the rapid N2 fixation during 

pod fill (R5-R6) contributes to the increase of seed yield and seed protein content (Waterer, 
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2003).  About 18% of grains contribute the most to plant protein consumption (Smit, 1999).  

Research suggests that higher intakes of protein may be beneficial for various health outcomes, 

such as weight management, maintaining muscles mass, preventing osteoporosis, and reducing 

the risk of cardiovascular disease (Rodriguez, 2008; Fulgoni, 2008).  Kim (2008) reported that in 

women, soy protein was associated with reduced breast cancer.  Oilseeds add important 

nutritional value to the diet due to high quality protein and vegetable oil, together with oil 

soluble vitamins like vitamin A.  As S is the major component for soy protein, it is believed that 

manipulating the levels of S fertility during the growth and development of edamame may have 

an effect on protein content.  

 

MATERIALS AND METHODS 

Plant Culture.  

‘Chiba’ edamame soybean seeds (Burpee Selected Seeds, Warminster, PA) were sown 

into 2.5 x 2.5 cm growing cubes (Grodan A/S, DK-2640, Hedehusense, Denmark) on 3 Oct. 

2016 and germinated in a greenhouse in Normal, IL (lat. 35°30’S at 22 °C day/15 °C night 

temperature under a 13 h photoperiod).  Peter’s 20N-4.4P-16.6K water-soluble fertilizer was 

applied twice a week at the rate of 200 mg L-1 N.  Fifteen days after planting (DAP), seedlings 

were transferred to tubs (Rubermaid Inc., Wooster, OH) and filled with 30 L of a modified 

Hoagland’s nutrient solution in deionized water (Hoagland and Arnon, 1950).  Elemental 

nutrient concentration of the nutrient solution were (mg L-1):  N (105), P (15.3), K (117.3), Ca 

(40.0), Mg (24.3), Fe (0.5) B (0.25), Mo (0.005), Cu (0.01), Mn (0.25), and Zn (0.025).  The S 

treatment concentrations were as follow: 4, 8, 16, 32, and 64 mg S L-1 delivered using 

magnesium sulfate (MgSO4) and sodium sulfate (Na2S04).  Magnesium (Mg) levels were 
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maintained at 24.3 mg L-1 across all treatments using magnesium chloride (MgCl2) additions to 

the 4, 8, and 16 mg S L-1 treatments.  Each container held four individual edamame plants placed 

into 2 cm round holes set at 15 cm x 9 cm spacing. The experimental design was a random 

complete block design with five S treatments and four replications.  Solutions were aerated with 

an air blower (Model VB-007S, Sweetwater, Ft. Collins, CO) connected to an air stone in each 

container.  Deionized water was added every 2 days to maintain initial solution volumes in each 

container.  Nutrient solutions were replaced at 14 days after transferring to hydroponic culture to 

refresh the solution to the initial nutrient concentrations.  Photoperiod was reduced to 10 h on 8 

Nov. 2016 to induce flowering.  Plants were harvested at the R6 growth stage, approximately 60 

days after transferring to hydroponic growing tubs.  At harvest, pods, shoot and root tissues were 

collected from each container (4 plants each) and fresh mass (FM) for pods, beans, shoots and 

roots of each treatment replication was recorded.  Beans, shoots and roots were dried at 60 °C 

until a constant weight was achieved.  Dried bean tissue was sent to Cumberland Valley 

Analytical Services, Inc. Labs (Waynesboro, PA) for elemental composition, protein content and 

plant biomass analysis. 

Elemental Determination.  

At Cumberland Valley Labs, dried soybeans were ground so they would pass through a 

0.5 mm screen in a sample mill grinder (model 1093, Cyclotec-Tector, Hӧganӓs, Sweden).  A 

0.35 g of edamame was dried for 1 hr at 535 °C. The ash was digested in an open crucibles for 

20 min in 15% nitric acid on hot plate. The sample was diluted to 50 ml and analyzed by 

inductively coupled argon plasma atomic emission spectrometry (ICP-AES; model Vista AX, 

Varian, Inc., Palo Alto, CA). 
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Sulfur Analysis. The S analysis followed the Leco Organic Application Note "Sulfur and 

Carbon in Plant, Feed, Grain, and Flour" procedure from 203-821-321, 5/08-REV1.  Approx. 

0.15 g sample was introduced to a Leco S632 Sulfur Combustion Analyzer (Leco Corporation, 

St. Joseph, MI) with the use of tungsten oxide as a combustion aid.   

Tissue Analysis: Plant Biomass.  

Dry matter analysis was conducted using procedures adapted from the Forage Fiber 

Analysis (USDA Agricultural Research Service Handbook # 379; Goering and Van Soest, 1970), 

modified to 105 °C for 3 hr per National Forage Testing Association recommendations, and the 

Official Methods of Analysis (Association of Official Analytical Chemists, 2000). 

Tissue Analysis: Acid Detergent Fiber (ADF) Analysis.  

The analysis followed this procedure: Fiber (Acid Detergent) and lignin in animal Feed 

(973.18). Official Methods of Analysis, 17th edition. 2000. Association of Official Analytical 

Chemists. (Modifications: Whatman 934-AH glass micro-fiber filter with 1.um particle retention 

used in place of fritted glass crucible.) ADF method only. 

Tissue Analysis: Ash Analysis.  

The ash analysis followed the Ash of Animal Feed (942.05) (AOAC, 2000), modified to 

a 1.5 g sample weight and a 4 hr ash time. 

Neutral Detergent Fiber (NDF) analysis 

The NDF analysis followed Van Soet et al., (1991), modified using Whatman 934-AH glass 

micro-fiber filters with 1.5 um particle retention.  

  



41 

Tissue Analysis: Soluble Protein Analysis.  

The soluble protein analysis followed Krishnamoorthy et al. (1982).  

Tissue Analysis: Statistical Analysis.  

Data were analyzed by the GLM procedure of SAS (Cary, NC). The relationships 

between experimental dependent variables and S treatments were determined by regression 

analysis. Orthogonal polynomials were used to study changes associated with increasing S 

fertility concentrations by portioning the sums of squares into components associated with linear 

and quadratic terms (Steel and Torrie, 1980). 

 

RESULTS AND DISCUSSIONS 

Plant Biomass.  

Increasing S fertility levels had no significant effect on pods, beans, shoots, and roots FM 

accumulation in edamame. The total number of pods (P=0.979), total amount of pod weight 

(P=0.543), total amount of bean FM (P= 0.342), total amount of bean DM (P=0.404), total FM of 

shoots (P=0.215), total FM of the root (P=0.450) did not significantly differ in response to 

increasing S fertility (Table 1).  There was also no significance quadratic relationships observed 

between dependent variables and S treatment concentration (Table 1).  Kandapal and Chandel 

(1993) reported that, the application for S improved nitrogenase activity, nitrogen fixation, plant 

dry matter and quality of soybean grain in a sulfur deficient soil.  Kedar and Rajendra (2003) 

found that the application of S at the rate of 30 kg per ha to pea (Pisum sativum) resulted in 

higher number of grains per plant which was 24.18% higher than the control treatment.  Singh 

and Singh (1995) reported that the application of 20 kg zinc oxide per ha and 30 kg S per ha 

significantly increased the number of pods per plant and number of seeds per pod of soybean.  
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Singh and Aggarwal (1998) reported that among different sources of S, gypsum (CaSO4) 

produced significantly higher pods per plant and seed per pod of black gram (Vigna mungo (L.) 

Hepper).  Fismes et al. (2000) reported that low supply of S leads to abortion of pods in rapeseed 

(Brassica napus L.), but increases in S combined with inoculum increased soybean seed yield by 

20%.  Furthermore, Matula and Zukalová (2001) reported oilseed rape dry matter was not 

affected by the increasing MgSO4 fertility in potted soil culture.  Hara and Sonoda (1981) also 

observed no differences in FM or DM in cabbage (Brassica oleracea L. Capitata Group) grown 

in nutrient solution culture at 10 mg and 100 mg of S L-1.  

Proteins Content.  

The protein accumulation in ‘Chiba’ edamame was not affected by increasing S 

treatments. The total dry matter (P=0.360), crude protein (P=0.171), adjusted protein (P=0.171), 

ADFNDF (P=0.409), ADFDM (P=0.707), aNDf (P=0.271), ash (P=0.690) were also not affected 

by S treatment (Table 2).  Havlin et al. (1999) reported that S was involved in the synthesis of 

fatty acids and the increase of protein quality through the synthesis of certain amino acids such 

as Cys and Met.  Kandpal and Chandel (1993) reported that the application of S consistently 

increased the protein and oil contents in grain of soybean, resulting in a maximum content of 

protein and oil content at 30 kg gypsum per ha.  Jamal et al. (2006 and 2010a) and Ahmad et al. 

(2007) reported that S availability had a role in regulating nitrate reductase and ATP-

sulphurylase and increases protein and chlorophyll content in legumes.  However, Paek et al. 

(2000) reported that S treatments during both vegetative and reproductive growth stages did not 

affect total protein content in soybean beans cv. Kenwood.  The storage protein fraction of the 

total bean protein did not vary and appeared to be conserved across the N and S treatments (Paek 

et al., 2000).  Other authors reported that S and N sources interact to determine soybean seed 
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protein quality (Holowach et al.,1984 a,b; Grabau et al.,1986; Ohtake et al.,1996; Paek et al., 

1997; Sexton et al., 1998).  However, these sources emphasized that soybean has a limited 

capacity to utilize oxidized sources of S and N for storage protein synthesis during seed fill.  

Elemental Accumulation. 

The accumulation of macro- and microelements in ‘Chiba’ edamame was not affected by 

S treatments.  Plant macroelements evaluated included Ca (P=0.339), P (P=0.530), Mg 

(P=0.493), K (P=0.764), S (P=0.127), Na (P=0.518) (Table 3).  Micronutrients evaluated 

included Fe (P=0.561), Mn (P=0.305), Zn (P=0.544), Cu (P=0.489) (Table 4).  Though there was 

no statistical significance in S (P=0.127), S displayed the highest P-value significance when 

compared to other factors analyzed (Table 3).  Kopsell et al. (2003) reported the accumulation of 

S percentage in kale (B. oleracea L. Acephala Group) leaves responded significantly to S 

treatment concentration, cultivar and the interaction of S treatment and cultivar.  The leaf %S 

increased linearly for all cultivars in response to increasing S content in nutrient solution 

(Kopsell et al., 2003).  The increase of concentration of S in the nutrient solution from 4 to 64 

mg S L-1 increased leaf tissue S levels of kale 716% in ‘Winterbor’, 622% in ‘Redbor’, and 

638% in ‘Toscano’ (Kopsell et al., 2003).  Kastori et al. (2000) reported that when S level was 

increased from 0 to 96 mg S L-1 in nutrient solution culture, the level of leaf tissue S of sugar 

beet (Beta vulgaris L.) increased 1,100%.  Ganeshamurthy (1996) reported that S significantly 

increased the S uptake.  Furthermore, Kopsell et al. (2000) reported that Mg and Ca were 

significantly affected by S availability in the nutrient solutions.  Millis et al. (2000) reported that 

the concentrations of other mineral elements were slightly above sufficiency ranges in leaves of 

mature, field grown kale. 
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CONCLUSION 

 The goal of this study was to determine if protein content and quality in edamame could 

be affected by varying S fertility concentrations and also to determine the S fertilization rate that 

maximized protein contents.  Based on the results obtained, there were no significant effects of 

the S treatments on plant biomass, protein content, and both macro- and microelements.  While 

biomass, protein content, macro- and microelement levels were not affected by the S treatments 

in ‘Chiba’ edamame, there was a significant taste difference as the S levels increased when the 

edamame beans were evaluated for flavor (personal communication).  It is clear that there might 

be other factors involved in increasing or decreasing protein content in combination with S 

nutrient, such as inoculation and genotype.  Lowering S fertilization will not affect yield or 

nutrient composition for this crop, instead it might be a way of changing undesirable flavor 

characteristics in edamame which are not acceptable to consumers.  This benefit can be used by 

growers to supply what consumers prefer without affecting nutrient composition and yield for 

edamame. 
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Table 1. Mean valuesa for fresh (FM) and dry (DM) biomass for ‘Chiba’ edamame [Glycine max 

(L.) Merr.] grown in solution culture at Illinois State University, Normal, IL under increasing 

sulfur treatments (S Level). 

   Plant biomassb (g) 

S-Levelc Pod# Pod FM Bean FM Bean DM Shoot FM Root FM 

        4            71.25 74.74           85.43           20.69         370.52          215.46    

        8            73.50        188.61            87.20          21.70          378.52          222.31          

                                              

       16 68.00         164.38           79.53            19.07          352.89          200.51           

                                              

       32          75.25         181.09 86.22             21.12        366.18            208.01          

                                             

       64          70.50         168.27  79.51             19.28         345.89          211.84           

             

Contrastd 

Linear P=0.979 P=0.543 P=0.342 P=0.404 P=0.215 P=0.450  

Quadratic  P=0.911 P=0.749 P=0.863 P=0.826 P=0.739 P=0.488  

a Mean composition of 4 replications with five S treatments are 4 plants per treatment. 
b FM=fresh mass, DM=DM. Standard error estimates: Pod# = 3.12, Pod FM = 8.25,  
Bean FM = 4.05, Bean DM = 1.23, Shoot FM = 17.36, Root FM = 20.28.  
c Sulfur treatment level measured in mg L-1 and delivered as magnesium sulfate (MgSO4) and 
sodium sulfate (Na2SO4).      
d Significance for linear and quadratic orthogonal contrasts.                             
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Table. 3   Mean valuesa for bean macroelement content for ‘Chiba’ edamame [Glycine max (L.) 

Merr.] grown in solution culture at Illinois State University, Normal, IL under increasing sulfur 

treatments (S Level).                                                                         

                                                            Macroelement concentrationsb (% dry weight)                                                                           

S-Levelc Ca P Mg K S

 Na                                                  

    4 0.19 0.68 0.30 2.58 0.37 0.01 

    8 0.17 0.62 0.28 2.49 0.37 0.01 

   16 0.17 0.60 0.28 2.58 0.38 0.01 

   32 0.17 0.61 0.27 2.52 0.38 0.01 

   64 0.18 0.66 0.29 2.58 0.38 0.01     

Contrastd 

Linear P=0.339 P=0.530 P=0.493 P=0.764 P=0.127

 P=0.518 

Quadratic P=0.216 P=0.179 P=0.193 P=0.459 P=0.667

 P=0.582 

a Mean composition of 4 replications with five S treatments are 4 plants per treatment.  
b Standard error estimates: Ca = 0.01, P = 0.02, Mg= 0.01, K = 0.04, S = 0.01, Na = 0.001.  
c Sulfur treatment level measured in mg L-1 and delivered as magnesium sulfate (MgSO4) and 
sodium sulfate                                              (Na2SO4).      
d Significance for linear and quadratic orthogonal contrasts.                             
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Table 4.    Mean valuesa for bean microelement content for ‘Chiba’ edamame                                                                            

[Glycine max (L.) Merr.] grown in solution culture at Illinois State University,                                                                                                                            

Normal, IL under increasing sulfur treatments (S Level).                                                      

 Microelementb concentrations (µg g-1 DM)    

S-Levelc Fe Mn Zn

 Cu                                                                            

    4 111.25 53.00 49.25 5.25                                                

    8 101.25 49.50 48.75 6.75                                                 

   16 122.50 56.50 46.25 3.75                                                

   32   91.75 54.25 47.25 6.50                                               

   64 104.50 55.75 52.50 7.00                                                 

Contrastd 

Linear P=0.561 P=0.305 P=0.544 P=0.489  

Quadratic        P=0.887 P=0.946 P=0.168 P=0.500                  

a Mean composition of 4 replications with five S treatments are 4 plants per treatment;  
b Standard error estimates: Fe = 7.09, Mn = 3.09, Zn = 2.98, Cu = 0.87. 
c Sulfur treatment level measured in mg L-1 and delivered as magnesium sulfate (MgSO4)                                                                                                                 
and sodium sulfate (Na2SO4).      
d Significance for linear and quadratic orthogonal contrasts.                     
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CHAPTER IV: CONCLUSION AND RECOMMENDATIONS 

The main objectives of this experiment were to find out if protein content in edamame is 

affected by the application for different concentrations of S fertility. To achieve this goal, the 

report given by Kandpal and Chandel (1993) was given preference. Data collected in the 

greenhouse at Illinois State University may have been impacted by fluctuating environmental 

conditions.  This was likely the cause for the lack significance in protein content across all 

treatments.  Also the fact that only one cultivar was used, and data were collected in the beans 

not in the whole plant may have also impacted protein content. Furthermore, there was no 

inoculation of the seed, yet this also influences protein content in the seeds. All these factors 

probably contributed to the lack of significance in this study. 

Based on the results obtained in this experiment, the lack of significance across all 

treatments concluded that for maximizing protein content in edamame soybean, S nutrient cannot 

be the sole factor to use during the process.  Instead, there might be other factors which need to 

be considered which influence the formation of protein content.  Therefore, there is a need of 

further investigations to determine these other factors which interact with S nutrient to influence 

the soybean protein content. 
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APPENDIX: CUMBERLAND VALLEY ANALYTICAL SERVICES, INC. PROCEDURES 

REFERENCES 

Acid Insoluble Ash 

Sand and Silica in Plants, Gravimetric method (920.08). Official Methods of Analysis, 17th 

edition. 2000. Association of Official Analytical Chemists. 

ADF 

Fiber (Acid Detergent) and Lignin in Animal Feed (973.18). Official Methods of Analysis, 17th 

edition. 2000. Association of Official Analytical Chemists. (Modifications: Whatman 934-AH 

glass micro-fiber filters with 1.5 µm particle retention used in place of fritted glass crucible) 

ADF method only. 

ADF-ash free 

ADF procedures as listed under ADF. Final glass fiber filter and sample ashed in 535 °C furnace 

for 2 hours. 

ADF Nitrogen (ADIN, ADIP) 

Total residue from ADF procedure pressed and wrapped in foil. Analyzed for nitrogen: Leco FP-

528 Nitrogen Combustion Analyzer. Leco, 3000 Lakeview Avenue, St. Joseph, MI 49085. 

Ash 

Ash of animal Feed (942.05). Official Methods of Analysis, 17th edition. 2000. Association of 

Official Analytical Chemists. (Modifications: 1.5g sample weight, 4 hour ash time, hot weigh). 

Chloride 

Sample is extracted with 0.5% nitric acid and analyzed by potentiometric titration with silver 

nitrate using Brinkman Metrohm 848 Titrino Plus. Brinkmann Instruments Inc., One Cantiague 

Rd P.O. Box 1019, Westbury NY 11590.  
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Corn Silage Processing Score (CSPS) 

Mertens, D.R. Determination of Starch in Large Particles, Ro-tap Shaker Method. U.S. Dairy 

Forage Research Center. 2002. Particle size analysis of greater than 4.75 mm, 4.75 -1.18, and 

less than 1.18. Starch analysis on particles greater than 4.75 mm.  

Crude Fiber 

Fiber (Crude) in Animal Feed and Pet Food (978.10). Official Methods of Analysis, 17th 

edition.2000. Association of Official Analytical Chemists.  

Degradable Protein (Strep. griseus) 

Krishnamoorthy, U., C. J. Sniffen, M.D.Stern, and P.J. VanSoest. 1983. Evaluation of a 

mathematical. 
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