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ACADEMIC ABSTRACT 

Sustainability of the soybean industry relies on the growth of new industries and the continued 

improvement of seeds for utilization. Grower adoption and growth of the edamame industry has 

been slow in part due to insufficient information on its potential profitability and marketability. As 

such, the first and second objectives of this thesis aimed at 1) determining production costs of 

hand-harvested fresh edamame enterprise and 2) exploring consumer willingness-to-pay (WTP) 

for fresh, local, organic, and “on-the-stalk” marketed edamame. Sucrose, raffinose, and stachyose 

sugars hold tremendous implications for utilization of soybean seeds in livestock, soyfood, and 

probiotics industries. Current sugar phenotyping methods using high-performance liquid 

chromatography (HPLC) are costly and inefficient. Therefore, the third objective of this study was 

to develop calibrations to predict sugar content using near-infrared reflectance spectroscopy 

(NIRS). Results showed that labor accounted for 72% of production costs for edamame pods, 

which largely limits its profit potential. Mean WTP for fresh and local edamame exceeded their 

frozen and non-local counterparts by 94 and 88 cents, respectively. In addition, mean WTP for 

organic edamame exceeded non-GMO edamame by 33 cents. Pro-environmental attitudes 

appeared to be a consistent driver of WTP these three attributes. Meanwhile, a 40-cent discount 

for “on-the-stalk” edamame compared to pods indicates convenience may also be a factor in 

edamame marketability. Calibration development for sucrose and stachyose was successful, with 

R2
cal, R

2
cv, RMSEC, and RMSECV of 0.901, 0.869, 0.516, and 0.596, and 0.911, 0.891, 0.361, and 

0.405, respectively. Alternative methods should be investigated for quantification of raffinose. 
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GENERAL ABSTRACT 

Sustainability of the soybean industry relies on the growth of new industries and the continued 

improvement of seeds for utilization. Grower adoption and growth of the edamame industry has 

been slow in part due to insufficient information on its potential profitability and marketability. As 

such, the first and second objectives of this thesis aimed at 1) determining production costs of 

hand-harvested fresh edamame and 2) exploring relative marketing potential of fresh, local, 

organic, and “on-the-stalk” edamame. Sucrose, raffinose, and stachyose sugars hold tremendous 

implications for utilization of soybean seeds in livestock, soyfood, and probiotics industries. 

Current methods of quantifying sugar are costly and time inefficient. Therefore, the third objective 

of this study was to develop prediction models to estimate sugar content using near-infrared 

reflectance spectroscopy (NIRS). Results showed that labor accounted for 72% of production costs 

for edamame pods, which largely limits its profit potential. Fresh and local edamame showed 

considerable marketing potential over frozen and non-local edamame. In addition, organic 

edamame showed marginal marketing benefit over non-GMO. Pro-environmental attitudes were 

an important driver of these results. Meanwhile, on-the-stalk edamame shows poor marketing 

potential, likely due to preference for convenience of food preparation in the U.S. NIRS prediction 

models for sucrose and stachyose showed strong predictive accuracy and low error, suggesting 

potential for implementation. The prediction model for raffinose, however, remained poor. 
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Introduction 
 

 Cultivated soybean (Glycine Max (L.) Merril) is an annual legume species in the Fabaceae 

family related to nuts, peas, and lentils. It originated in East Asia, where it has been used as a 

source of food and animal feed for centuries (Shurtleff & Aoyagi, 2009). The relatively high 

protein (40%) and oil (20%) content found in soybean seeds can be exploited for a broad range of 

agricultural and industrial applications, which differentiates it from most other commodities. Over 

the past century, tremendous advances in plant breeding have significantly expanded the yield 

potential of soybean, especially in the U.S. The combination of its valuable seed composition and 

high productivity has allowed soybean to become one of the most highly traded and heavily 

utilized commodities in the world (Wilcox, 2004).  

 While many industries rely on the successful utilization of soybean for production of 

vegetable oil, pharmaceutical products, natural emulsifiers, protective coatings, and more, the vast 

majority of soybeans produced in the U.S. are devoted to soybean meal used for animal feed 

(USDA Coexistence Factsheets - Soybeans, 2015). According to SoyStats, Monogastric animals 

such as poultry and swine are the primary beneficiaries of soybean meal, which together comprised 

approximately 80% of soybean meal consumption in 2018.  A growing portion of soybean acreage 

annually is also being produced for human consumption as soy food products, such as natto, tofu, 

soy milk, edamame, and more, which have been historically consumed in East Asia and have 

recently begun to gain traction in the U.S. marketplace (Mayta et al., 2014). 

 The continued success of the U.S. soybean industry is vital to support the global food 

system and economy. Therefore, it is essential for plant breeders to not only continue to enhance 

soybean seed composition for improved utilization in established industries, but also to develop 
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seed inputs that support growth of new industries that can further strengthen soybean’s importance 

in the global marketplace. In this thesis, I sought to use economic and chemometric studies to 

support breeding programs in pursuit of these goals. In the first two studies, I aim to use field trials 

and contingent valuation (CV) survey methodology to foster development of enterprise budgets 

and marketing strategy that can support growth of the commercial industry for vegetable-type 

soybean – which has shown increasing promise in domestic markets over the past few decades – 

in the U.S.  In my final study, I also describe the development of near-infrared reflectance 

spectroscopy (NIRS) calibrations that allow for more rapid prediction of the relative 

concentrations of sucrose, raffinose, and stachyose – the three most abundant sugars in soybean 

seed which hold major implications for its utilization in soymeal and soyfood industries – to 

enhance phenotyping efficiency in breeding programs.   
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Chapter 1: Review of Literature 
 

Fresh Market Edamame as an Alternative Crop  
 

 Virginia has been a historically important state for tobacco since the 1600’s and currently 

ranks third in the US in total tobacco production. Up until deregulation in 2004, revenue of 

smallholder tobacco producers in the US was secured by government regulation which restricted 

production and guaranteed an artificially high price for growers. Since then, increased foreign 

competition and expiration of Tobacco Transition Payment Program (TTPP) payouts in 2014 has 

left many smallholder farmers unable to compete at the current market price and in search of 

alternative crops to produce (Bomey, 2015). Fresh market edamame is a similarly low-acreage, 

high-value crop that presents an ideal alternative for tobacco production. Many research and 

extension efforts have been directed at educating growers on production, marketing, and consumer 

demand for edamame. Adoption, however, remains low.  

 For an acre of Flue-cured tobacco grown in Virginia, it is estimated that a price of $2.01 

(0.34 cent profit margin) is needed for a desired net income of $1,000 above total costs assuming 

an upper-end yield of 3,000 lb yield (Eberly, 2014). The lower-end of yield estimates for edamame 

are 6,000 lb per acre, with potential to go as high as 10,000 lb per acre (Kaiser & Ernst, 2020). A 

2011 marketing study performed in Richmond, VA revealed a $3 per pound price for wholesale 

edamame and a $4 per pound price for direct-sale edamame. Given these estimates, fresh market 

edamame may have the potential for per acre revenue to be $18,000-30,000 for wholesale and 

$24,000-$40,000 for direct-sale. However, there remains general uncertainty regarding the 

profitability of fresh market edamame enterprise, given the general lack of information available 

about its production costs, especially in regards to labor. 
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 Enterprise budgets are tools commonly used by cooperative extension to provide detailed 

information regarding costs, inputs, yield, and revenue of an enterprise to growers (Curtis et. al., 

2005). These budgets, which can be customized by growers according to their specific operations, 

greatly simplify estimation of profitability. They can also greatly facilitate comparison of two 

separate enterprises for growers interested in adding or replacing their current enterprise with an 

alternative crop. Enterprise budgets can be developed using cost estimates from similarly produced 

crops and through conducting field trials where production is simulated and costs are carefully 

recorded. Currently, no enterprise budgets are available to estimate production costs and potential 

profitability of edamame. Given edamame’s relatively unique production, field trials that can allow 

for better estimates of its required labor hours and production costs are needed for development of 

enterprise budgets that can be used by tobacco and other specialty crop producers interested in 

adopting an edamame enterprise.  

Interest & Demand for Edamame in the U.S. 
 

 Relatively few studies have been conducted on consumer interest and demand for edamame 

and related products in the US to date, however the few studies that were conducted have been 

promising. Simonne et al. (2000) reported that frozen immature soybean seeds performed 

favorably in sensory evaluations compared to other legume products such as frozen peas and lima 

beans, and that freeze-dried soybean snacks (F87) may be a potential product use for immature 

soybean. Young et al. (2000) conducted a sensory panel comparing 31 green soybean genotypes 

among which considerable variability was observed in regards to sensory attributes. Several of 

these attributes were found to be significant for overall consumer acceptability of certain genotypes 

over others, suggesting this may be an important consideration in breeding efforts. A series of 

studies in the metro-Philadelphia area in the mid-2000’s by Kelley & Sánchez (2005) and D. 



6 
 

Montri et al. (2006) showed generally positive results for consumer familiarity and interest in 

edamame as well as for edamame-based products. Findings from a more recent study by Sciarappa 

et al. (2016) suggest that growing consumer interest in edamame may be explained by the relatively 

rapid growth of Asian/Indian populations in the US which may create increased market 

opportunities for domestic growers to produce higher-value, specialty Asian crops. In addition, the 

numerous purported health benefits of soy (Ruiz-Larrea et al., 1997; Taku et al., 2007; Zaheer & 

Akhtar, 2017) combined with its high quality protein that contains all essential amino acids (Rizzo 

& Baroni, 2018) give edamame a distinguished nutritional profile over many other vegetables in 

the vegetable marketplace which may also increase its potential as a plant-based protein source.  

Consumer preferences and willingness-to-pay (WTP)  
 

 The selection and quality of fresh vegetables available to consumers in the domestic 

marketplace has drastically improved over the past few decades (Pollack, 2001). Consumer 

preference for fresh produce can be largely attributed to perceived losses in nutritional quality from 

blanching and freezing that is associated with frozen produce. Numerous studies have suggested 

that the nutritional quality of fresh and frozen produce is comparable, and that fresh produce are 

just as likely to undergo losses in nutritional quality as frozen produce (Heinrichs, 2016; Rickman, 

Barrett, et al., 2007; Rickman, Bruhn, et al., 2007). Nevertheless, an extensive consumer study by 

Heinrichs (2016) revealed that even after providing participants with ample information on the 

comparable nutritional quality of fresh and frozen produce items, they still showed a considerably 

stronger inclination towards fresh. In the case of edamame, several studies have suggested 

relatively low production costs and the potential profitability of fresh market edamame (Garber & 

Neill, 2019; Lord, Neill, et al., 2019; Sharma, 2013; Shockley et al., 2011). However, it is unknown 

whether U.S. consumers would be willing to pay considerably more for a fresh product when a 
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frozen product – which consumers may already be accustomed to and is available year-round – is 

also present. 

 Growing consumer inclination for convenience has become increasingly important in 

consumer food purchasing decisions in recent years (Brunner et al., 2010; Pollack, 2001). This has 

led to the growing popularity of fresh-cut or minimally processed food items in the domestic 

marketplace, which are supplied to consumers in forms that are relatively quick and easy to prepare 

(Sillani & Nassivera, 2015). The term convenience encompasses time, physical, and mental effort 

associated with meal preparation and has been shown to be positively correlated with a number of 

socioeconomic and attitudinal variables including household size, working status, and cooking 

enjoyment among others (Brunner et al., 2010; Candel, 2001). Lifestyle variables such as time 

pressure, value for money, and avoiding waste have also been shown to contribute to increased 

consumer preference for convenience (Buckley et al., 2007). Interestingly, Lockie et al. (2004) 

found that concern for convenience was negatively correlated with consumption of organic food, 

of which naturalness of the product was a particularly strong predictor. These findings were later 

corroborated by Brunner et al. (2010), who found that naturalness was a consistently strong, 

negative predictor for consumption of highly processed, minimally processed, and single-

component food categories.  

 Many of the perceived improvements to quality associated with purchase of fresh produce 

are also associated with local food. For example, results from a web-based survey conducted in 

2010 investigating consumer purchasing motivations and behavior for local food revealed that 

respondents considered local produce superior to domestically grown, non-local produce in 

freshness, eating quality, food safety, and nutritional value (Onozaka et al., 2010). Evidence 

suggests that local food need not confer any actual benefits to earn a premium, according to a 
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recent study by Fan et al. (2019) who demonstrated that inclusion of locally grown information 

alone is capable of increasing consumer WTP.  Aside from perceived gains in quality, consumers 

also associate benefits to the regional economy with the purchase of local products (Darby et al., 

2008). As consumers increasingly desire local products, studies have shown that chefs, restaurants, 

and supermarkets have also expressed interest in sourcing ingredients locally and increasing 

availability of locally sourced food items to meet this demand (D. N. Montri et al., 2006; Reynolds-

Allie & Fields, 2011).  

 The purchase of organic vegetables has been drastically risen in the U.S. for the past few 

decades, with its consumer base becoming increasingly diverse (Dettmann & Dimitri, 2009; 

Stevens-Garmon et al., 2007). In 2003 the USDA established the National Organic Program 

(NOP), which regulates organic marketing by certifying that products are produced in accordance 

with a set of approved inputs and substances that are consistent with regenerative and sustainable 

agricultural principles. As a result of the myriad provisions guaranteed by the NOP and the 

additional cost to obtain certification, organic produce often commands substantial premiums in 

the marketplace. Interestingly, evidence suggests that many consumers may not necessarily value 

all provisions of the USDA Certified Organic label equally. Some, for example, are only willing-

to-pay more for the guaranteed use of non-GMO seed inputs but are not necessarily concerned 

about which synthetic fertilizers and pesticides are used during production. To test this hypothesis, 

Bernard, Zhang, & Gifford (2006) conducted a study intended to mimic market conditions by 

observing subjects in an experimental auction setting where they were asked to indicate their 

willingness to pay for various food items that fell under conventional, organic, and non-GMO 

categories. While overall results showed the highest WTP estimates for food items in the organic 

category, further analysis revealed that beyond the non-GM attribute, subjects did not appear 
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willing to pay significantly extra for the remaining attributes of the organic category. A recent 

study by Wolfe et al. (2018) recently demonstrated that non-GMO edamame may already hold 

some appeal to consumers with risk aversion to GMO products, and that this may even compensate 

for shortcomings in sensory quality.  

 The inclination of consumers to purchase eco-labelled products can be described by three 

main value bases: egoistic, social-altruistic, and biospheric (Stern & Dietz, 1994). Egoistic 

valuation refers to some perceived benefit that an individual expects to realize for themselves, 

whereas social-altruistic and biospheric values refer to a perceived benefit either to society as a 

whole or to the earth, respectively. Because social-altruistic and biospheric values involve the same 

personal moral norms and reflect similarly broad societal benefit, they are often considered jointly 

(Stern & Dietz, 1994). Studies have shown that such social-altruistic and biospheric values have 

been translated to higher WTP for regional and organic products (Rahman & Reynolds, 2017; Shin 

et al., 2017; Umberger et al., 2009). In addition to the three value bases outlined by Stern & Dietz, 

results from Onozaka et al. (2011) suggest that shopping locale may also influence consumer 

valuation for various labeling campaigns by sorting consumers through different sustainability 

claims made in-store or within the market venue.   

Soluble Carbohydrates in Soybean Seed 
 

 Carbohydrates are the third most abundant group of chemical constituents in soybean seed 

behind protein and oil. Carbohydrates comprise approximately 35% of soybean seed dry weight, 

and 40% of these carbohydrates are soluble (Zeng et al., 2014). Soluble carbohydrates found in 

soybean seeds include: sucrose, raffinose, stachyose, glucose, and fructose. The formation of 

disaccharide sucrose results from the enzymatic combination of D-glucose with D-fructose (Hassid 

& Doudoropf, 1950). Raffinose and stachyose, collectively referred to as raffinose family 
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oligosaccharides (RFO’s), are in turn derived from disaccharide sucrose. Raffinose and stachyose 

contain either one or two additional galactosyl residues, respectively, connected to the glucose 

moiety of sucrose via α-1,6 glycosidic linkages (Meyer et al., 2015). In soybean seed, sucrose is 

present in the largest concentration, followed by stachyose and raffinose, with glucose and fructose 

only found in trace amounts (Y. Wang et al., 2014). Given their larger relative concentrations in 

seed, sucrose, raffinose, and stachyose are primarily targeted by breeding programs to improve the 

utility of feed- and food-grade soybeans.  

 Variability studies have found that sucrose, raffinose, and stachyose concentration in 

soybean seeds can naturally range from 3.0-10.2%, 0.4-1.8%, and 1.2-3.8% of soybean seed dry 

weight, respectively (Hymowitz & Collins, 1974). Several factors may influence the concentration 

of sucrose, raffinose, and stachyose in soybean seed. Firstly, sugar content in soybeans can be 

largely impacted by temperature. Wolf et al. (1982) studied changes in soybean seed constituents 

in response to changes in temperature, and found that sucrose content greatly decreased as 

temperature increased. This decrease appeared to be inversely correlated with oil content. In a 

more recent study, Kumar et al. (2010) also observed that soybean cultivars grown at colder 

locations tended to have much higher sucrose content. Several studies have suggested that protein 

content may also influence sucrose content in soybean seeds. In an experiment aimed at 

understanding the relationship of seed protein to soluble sugars in soybean, Krober & Cartter 

(1962) found that high protein soybean cultivars contained the lowest total sugar content. 

Numerous studies have been conducted on randomly selected groups of elite and high protein 

breeding lines and germplasm to study interrelationships between soybean seed constituents. In all 

three experiments, a strong inverse relationship between protein and sucrose content across 

genotypes was observed (Hartwig et al., 1997; Hymowitz et al., 1972; Wilcox & Shibles, 2001). 
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 The desired concentration of sucrose, raffinose, and stachyose sugars in soybean varieties 

greatly varies depending on market needs. In soymeal and most soyfood products, sucrose is 

desired in high concentrations for its role in conferring sweetness (Kumar et al., 2011; Rackis, 

1975), while lower sucrose content is desired in fermented soybean (natto) varieties for increased 

processing efficiency (Zeng et al., 2014). Humans and monogastric animals can readily break 

down sucrose, however they lack the α-1,6 glycosidase enzyme capable of breaking down RFO’s 

in the gastrointestinal tract (Rackis, 1975). This results in increased incidence of flatulence in 

humans and reduced feed efficiency in animals (Coon et al., 1990; Kumar et al., 2010; Suarez et 

al., 1999). To this end, RFO’s have been desired in very low concentrations historically. More 

recent evidence suggests that RFO’s may actually be a useful prebiotic substance (Wongputtisin 

et al., 2015) for humans which may encourage development of RFO-rich soybean cultivars. 

Studies have found that the inability of RFO’s to be digested in the gastrointestinal tract allows 

them to reach the colon intact, where beneficial bifidogenic microorganisms are capable of 

cleaving α-1,6 glycosidic linkages to break down RFO’s and utilize them as a food source 

(Espinosa-Martos & Rupérez, 2006; Švejstil et al., 2015).  

Quantification of Soybean Seed Sugars 
 

 Black & Bagley (1978) were the first to describe a method to determine sugar content in 

ground soybean seed (soy flour) using high performance liquid chromatography (HPLC). The 

method proposed by Black & Bagley, which incorporated use of a known internal standard into 

the experimental analysis, allowed for a considerably more accurate and reproducible means of 

quantitatively determining soybean sugar concentration compared to previously proposed methods 

using paper chromatography (Lineback & Ke, 1975), gas chromatography (Hymowitz et al., 1972), 

and colorimetric methods (Kawamura, 1967). Today, the HPLC method described by Black & 
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Bagley (1978) remains the most widely used to determine sugar content in soybean samples 

(Giannoccaro et al., 2008).  

 Despite its reliability, the time and per sample cost required for sugar determination via 

HPLC are major limitations for its use, especially in breeding programs (Maughan et al., 2000). In 

addition, the refractive index (RI) detection system that is most commonly coupled with HPLC 

instruments decreases in sensitivity at appreciably low concentrations. As a result, many studies 

have sought to improve upon the method described by Black & Bagley (1978) using more recently 

developed instruments, columns, and detection systems that offer increased functionality and/or 

sensitivity. For example, Kennedy et al. (1985) proposed an HPLC method using a Waters 

Dextropak column and observed comparable accuracy and reproducibility while reducing sample 

preparation time. Giannoccaro et al. (2008) compared the performance of more traditional HPLC 

system with a high-performance anion exchange chromatography coupled with pulsed-

amperometric detection (HPAEC-PAD) and enzymatic methods to determine which would be 

most suitable for breeding programs. While he observed similarly accurate and reproducible results 

across all three methods, the HPAEC-PAD system was able to reduce time and quantify glucose 

and fructose sugars that the standard HPLC system could not. Enzymatic methods for sugar 

quantification have been described by Kumar et al. (2010), Stitt et al. (1989), and Teixeira et al. 

(2012). While these methods prevent the need to purchase expensive HPLC instruments, they can 

still be cost-prohibitive for breeding programs and also lack the ability to quantify soybean RFO’s 

separately. 

Near-infrared Reflectance Spectroscopy (NIRS) 
 

 The near-infrared light occupies the segment of the electromagnetic spectrum that falls just 

outside of the visible region, from approximately 780 to 2500nm. Near-infrared wavelengths of 
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light are differentially absorbed by objects based on their specific chemical make-up. Absorbance 

of wavelengths by functional groups such as C-H, N-H, and O-H bonds form a spectral fingerprint 

based on the relative amounts of fat, protein, moisture, and other important chemical constituents 

present in each sample (Stark et al., 1986). Near-infrared reflectance spectroscopy (NIRS) refers 

to the practice of exploiting these differential patterns of near-infrared wavelength absorbance in 

order to predict concentration of various chemical constituents by modeling differences in spectral 

absorbance to a set of previously obtained reference chemistry values. Development of these 

prediction models, more commonly referred to as calibrations or calibration equations, has been 

performed for many products in commercial industry, especially in food and agriculture (Baianu 

& Guo, 2011).  

 NIRS holds many advantages that make it an ideal candidate to replace HPLC for sugar 

profiling. Firstly, NIRS instruments are capable of collecting data non-destructively, considerably 

faster, and with much improved cost-efficiency as compared to HPLC and other laboratory-based 

quantification methods. Secondly, NIRS offers estimates of chemical constituents that contain high 

predictive accuracy and reproducibility. Thirdly, samples need only minimal sample preparation 

before scanning and do not require chemicals and extraction such as is needed to prepare samples 

for sugar analysis via HPLC (Baianu & Guo, 2011). Another major advantage of NIRS is its ease 

of operation as opposed to HPLC, where experienced personnel are needed to operate instruments. 

Today, NIRS instruments are regularly employed to collect information on protein, oil, fatty acids, 

and moisture for a wide array of crops. More recently, calibrations have begun to be developed for 

numerous value-added parameters in some crops and products, such as fatty acids in soybean oil 

(Karn et al., 2017), beta-glucan content in barley (Ringsted et al., 2017), and tryptophan content 

in quality maize (Shiferaw et al., 2017). NIRS has also been successfully applied to predict 
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carbohydrates in numerous fruits and vegetables (Katayama et al., 1996; Kawano, 1994; López et 

al., 2017; Walsh et al., 2004; Yan-de & Yi-bin, 2004). 

 There has been considerable interest in using NIRS to predict soluble carbohydrates in 

soybean seeds. NIRS for determination of sugars in soybean has been used previously in the 

literature to expedite data collection (Baianu & Guo, 2011; Bellaloui et al., 2010; Wilcox & 

Shibles, 2001). However, only few studies have aimed to develop calibrations for widescale use 

in breeding programs, where prediction accuracy and representativeness at the upper and lower 

ends of the naturally observable concentration range are particularly important. Choung (2010) 

was the first to attempt calibration development for sucrose in soybean seed. While his prediction 

model for sucrose showed 92% accuracy, the calibration set lacked genotypes with greater than 

7% sucrose, limiting its utility. Baianu & Guo (2011) sought to develop NIR calibrations for a 

series of soy food components including soybean seed sugars, and found that even after using 

12,000+ samples over four years, the overall prediction range remained narrow. Sato et al. (2012) 

were later able to extend the upper bound of the prediction range for sucrose by artificially spiking 

samples in lab. By supplementing their calibration set with these artificially spiked samples, 

predictive accuracy was considerably observed, thereby demonstrating the importance of 

concentration range for model creation. Aside from sucrose, calibration development for soybean 

RFO’s has been seldomly attempted hitherto with the few conducted attempts offering prediction 

accuracy too poor for application in commercial and breeding operations (Choung, 2010).  
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Introduction 
 

 Vegetable soybean [Glycine max (L.) Merril] is a type of food-grade soybean originating 

from East Asia. Edamame, pronounced “eh-dah-mah-may,” is an immature soybean, harvested 

between growth stages R6 and R7 when pods are about 85%-90% filled and bright green. It is 

consumed by sucking the fleshy, immature beans, often bearing a smooth texture and sweet, nutty 

flavor, out of the pods. Most often served as a snack or appetizer, edamame is widely heralded for 

its potentially beneficial roles in cancer prevention, reduction of LDL (“bad”) cholesterol, and 

cardiovascular health (Taku et al., 2007). It is also highly valued for its complete protein, 

containing all essential amino acids, and plant-promoting phytohormones called isoflavones that 

have been associated with cancer prevention (Ju, 2016). This myriad of health and nutritional 

benefits, as well as consumers’ widespread assessment of edamame as being tasty, versatile, and 

easy to prepare, has generated considerably increased domestic demand for the product since its 

introduction to U.S. markets nearly two decades ago.  

 Currently, edamame production in the U.S. is primarily dependent on the availability of 

nearby commercial processing facilities that buy edamame from growers, process it, and either 

export or distribute it to grocery stores where it is predominately sold as a frozen product available 

to consumers year-round. Unfortunately, with the edamame industry in the U.S. still in its infancy, 

an overall lack of these processing facilities around the country has largely limited production 

(Bennett, 2016). This has forced the vast majority of domestic demand to be filled via foreign 

imports (Roseboro, 2012), highlighting the need to find ways to boost domestic production and 

allow U.S. growers to capitalize on edamame’s premium market position. 

 Some reports conclude that processing methods used by commercial processing facilities 

may reduce the nutritional quality of edamame (Simonne, Smith, et al., 2000). Incidence of various 
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foodborne pathogens such as Listeria monocytogenes in processing plant machinery has also been 

reported (Aguado et al., 2004). Growers who produce edamame for the fresh market sidestep these 

issues and forego the need for nearby processing facilities, but fresh market edamame production 

is time-sensitive and labor-intensive. Growers interested in producing fresh market edamame 

require tools that can help them make more calculated and informed production decisions to 

maximize use of time and inputs, boosting profits.  

 As with any new crop, growers must first determine if edamame is feasible to produce by 

estimating its production costs and potential expected returns (Hofstrand et al., 2020). To obtain 

information about production expenses, fresh market edamame production was simulated using 

field trials conducted during May to October 2017. This study is the first to present production and 

economic considerations for fresh market edamame in the state of Virginia and can be useful to 

growers considering its production. To evaluate the economic costs of producing and marketing 

edamame in Virginia, fresh edamame was grown in research plots at the Kentland Farms and sold 

to local distributors in Blacksburg, Virginia. We estimated costs of production using information 

from research plots, including labor hours associated with harvesting and post-harvest activities, 

as well as revenue from sales. Growers can use this information as a guideline to develop planting 

and crop rotation decisions. This will aid in assessing the economic cost of producing and 

marketing of these edamame products.  
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Materials & Methods 

Plant Material 

 Genotypes V09-4192, V10-3637, and V13-1644, from the Virginia Tech Soybean 

Breeding Programs’s large-seeded germplasm are specifically bred and adapted to Virginia’s local 

climate. These genotypes contain large bean size and high sucrose content that are characteristic 

of edamame varieties. In addition, each of the three genotypes differed in relative maturity in order 

to stagger harvest and allow for a prolonged supply window. These lines were used in place of 

commercial edamame seed inputs to observe potential yield that can be obtained using locally 

adapted edamame varieties.  Each genotype was planted in four-row plots, each 18 feet in length 

with 30 inch spacing between rows. Plots were planted at Kentland farms in Blacksburg, VA 

throughout May 2017 and harvested during the month of October. 

Input Costs 

 Quantity of pre-plant fertilizer, pre-emergent herbicide, and fuel for machine planting was 

recorded during planting. To calculate total pre-plant costs, quantity of inputs used was multiplied 

by their unit price. Cost of seed for large-seeded, food-grade soybean varieties was determined 

from online sources. Assumptions were made for fixed costs of machinery and equipment, general 

overhead, and refrigeration. 

Harvest & Post-Harvest Processing 

 Plants were harvested approximately halfway between soybean growth stage R6-R7, when 

beans filled out approximately 80-90% of the pod. Plants were harvested both by hand and using 

a simple gas mower. For hand-harvest, sheers were used to cut edamame plants at the base of the 

stalk. The gas mower contained rapidly moving blades that cut plants at the same position so as 
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not to cause any additional yield loss. Once plants were harvested, they were immediately 

transferred to the Virginia Tech Agronomy Farm for post-harvest processing. Harvested edamame 

plants were processed into one of two different edamame end-products described in the literature: 

pods (Konovsky et al., 1994) and on-the-stalk bouquets (Miles et al., 2000). Pods were picked 

from branches by hand. On-the-stalk edamame bouquets were assembled by removing leaves from 

stalks to expose pods, and bunching stalks into bouquets weighing approximately 650 grams each. 

Immediately following post-harvest processing, pods and on-the-stalk bouquets were weighed in 

order to determine marketable yield. Yellow pods were not included in yield as per current market 

standards. Yield was calculated based on row length, spacing, and data on per row weight 

calculated following post-harvest processing and extrapolated to the acre. 

Labor Costs 

 Number of workers and total hours worked were used to estimate cost of in-season labor 

required for spot spraying weeds. Time of harvest, number of workers, and quantity of plant rows 

harvested were recorded during harvest and used to estimate cost of harvest labor. Post-harvest 

labor cost was estimated in a similar fashion, where number of workers, quantity of rows 

processed, and time of post-harvest processing were all used for calculations. A weighted average 

was used to account for differences in number of workers. 

Revenue Information 

 Pods were supplied in bulk to VT Dining Services, while bouquets were supplied to Oasis 

International Supermarket and Blacksburg Farmer’s Market, in exchange for information on total 

revenue and pricing quantity. Assumptions were made for marketing charge and variable 

refrigeration costs (such as electricity and maintenance). Pricing quantity was used to set unit price 
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for revenue calculations since no unit price for edamame has been published in the literature 

hitherto. To determine overall revenue, marketable yield was multiplied by the unit price 

determined from pricing quantity data. 
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Results & Discussion 

Pre-harvest input costs 

 Per acre costs for pre-plant fertilizer, pre-emergence herbicides, fuel were relatively low 

($98.31). Cost of commercial edamame seed comprised the major portion of the pre-harvest 

variable costs. Commercial edamame seed is relatively expensive compared to conventional or 

grain type soybean seeds. Edamame seed can cost anywhere from $25-$50 per kg (Dhaliwal & 

Williams, 2020). In our economic analysis, we used the popular commercial edamame variety 

Chiba Green, which is supplied by both Johnny’s Seeds and Wannamaker Seeds, to estimate seed 

cost. At the 87 lb per acre seeding rate for Chiba Green recommended on the Johnny’s Seeds 

website, per acre seed cost was estimated to be roughly $1,473.  

 Food-grade soybean seeds may offer a cheaper alternative to commercial edamame seeds 

inputs. Food-grade soybeans, which are bred for tofu or soy milk production, contains many 

similar characteristics to edamame seeds such as relatively large bean size, non-GMO, and superior 

sensory and nutritive quality than conventional, grain-type soybeans. At an equivalent 100 lb 

quantity, food-grade soybean seed inputs can potentially save growers over $1,200 in seed cost 

compared to commercial edamame seeds. Moreover, consumers did not appear to tell the 

difference between the food-grade soybean varieties used in this study and typical commercial 

edamame varieties. 

 Growers may also be able to reduce cost of seed inputs by using reduced seeding rates. 

Seeding rates for commercial edamame seeds often follow recommendations for grain type 

soybeans, however a recent study by Dhaliwal & Williams (2020) suggest that these seeding rate 

recommendations are too high for edamame and can even decrease pod yield per plant. Using the 
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optimal seeding rates recommended from their study can further reduce seed input costs while 

potentially increasing marketable yield. 

Labor costs 

 While pre-harvest labor required for in-season spot spraying of weeds only accounted for 

$51.43, labor costs required for hand-harvest and post-harvest processing accounted for the most 

significant portion of overall production costs in this study. Labor hours required for harvesting 

edamame plants by hand was estimated to be approximately 886 hours, which equates to $13,290 

assuming a $15 per hour wage rate. Post-harvest labor hours for pods and edamame bouquets was 

roughly 398 and 430, respectively, resulting in an additional $5,970 or $6,450 cost for growers 

depending on end-product.  

Yield and revenue 

 Yield of edamame bouquets was calculated by extrapolating approximate per row yield to 

the acre. Total estimated yield was 11,592 lb of fresh edamame bouquets per acre and 8,023 lb of 

fresh edamame pods per acre. A unit price of $3.58/650g ($2.39/lb) was calculated for edamame 

bouquets using information on pricing quantity provided by distributors. Virginia Tech Dining 

Services sold pods at a retail price of $2.95. Assuming a 10-cent per unit cost of packaging and a 

70% retail markup, we calculated the price returned to the farmer to be approximately $0.79 per 

4oz ($3.16/lb). Total expenses for hand-harvested edamame production was $27,303 for bouquets 

and $26,208 for pods. Pre-harvest variable input costs accounted for $1,622.74, while fixed costs 

such as machinery and equipment, general overhead, and refrigeration accounted for another 

$2,688. Total cost of harvest, post-harvest handling, marketing, and refrigeration costs for 

bouquets was $22,993 and $22,525 for bouquets and pods, respectively. Using information on 
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yield and production cost, we calculated a break-even price of 3.32/lb for pods, and $2.35/lb for 

bouquets.  
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Conclusions 
 

 Overall revenue was relatively similar for edamame bouquets ($27,666) and pods 

($25,352). However, when compared to total production expenses, returns to land, capital, and 

management for bouquets ($362.31) and pods (-$1,143.49) suggest poor feasibility and potential 

profitability. This can be largely attributed to labor hours for harvest and post-harvest activities, 

which together accounted for over 70% of total production expenses of production in this study 

for both end-products. Ultimately, regardless of end-product supplied, the excessive labor costs 

associated with a hand-harvested edamame enterprise prevent it from being profitable. As such, in 

order to produce fresh edamame profitably, growers should consider mechanized harvest which 

offers improvements in cost- and time-efficiency during harvest that are needed to increase profit 

margins. 
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Abstract 
 

 Introduction of locally-adapted, commercially-viable edamame varieties can allow it to be 

marketed as fresh, local, organic, or on-the-stalk. Here, we utilized contingent valuation (CV) 

methodology to estimate mean WTP for these external attributes in relation to a vector of 

explanatory variables. Results showed 94, 88, and 33-cent premiums for fresh, local, and organic 

edamame. Pro-environmental attitudes drove WTP for all three of these attributes, while shopping 

locale significantly increased mean WTP for fresh and organic attributes specifically. A 40-cent 

price discount was observed for the “on-the-stalk” attribute, suggesting that convenience also plays 

an important role in marketing edamame. 
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Introduction 
 

As Americans become more health- and/or environmentally conscious, there has been a 

growing desire among consumers to reduce meat consumption which has led to noticeable growth 

in demand for alternative, plant-based sources of protein (Bashi et al., 2019). In addition, 

disproportionately large and rapid growth of Asian populations in the U.S. promise to create new 

market opportunities for specialty Asian produce (Govindasamy et al., 2010). Vegetable soybean, 

more commonly referred to as edamame (pronounced “eh-duh-MAH-may”), has quickly emerged 

as a prime candidate to capitalize on both of these domestic trends, appearing more and more 

frequently in salad bars and sushi restaurants nationwide. 

Edamame has a long history of consumption in East Asia (Aoyagi, 2009) where the 

industry has become well-established. It was not until the turn of the 21st century that it began to 

be imported to U.S. markets. In order to meet domestic demand, roughly 25,000 to 30,000 tons of 

edamame are consumed annually (Associated Press, 2013), which is predominantly met through 

frozen imports sold to consumers year-round in grocery stores. In the U.S., edamame is most 

commonly supplied as pods, where consumers suck the beans out of the pod. Edamame can also 

be supplied as shelled beans that have already been removed from the pods. 

Soybean proteins contain all essential amino acids that are required for human growth and 

development, which has earned it designation as a high-quality protein source (Michelfelder, 

2009). In addition, several studies have suggested that soy consumption can reduce levels of low-

density lipoprotein (LDL) cholesterol, or “bad” cholesterol, in the body which can build up in 

arteries and increase risk of cardiovascular disease (Hasler, 2002; Taku et al., 2007). As legumes, 

soybeans also exploit biological nitrogen fixation which reduces the need for synthetic nitrogen 

application and is beneficial for soil health (Beyan et al., 2018). This unique combination of 
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nutritional and environmentally friendly characteristics has allowed edamame to carve out a 

distinguished position in the domestic marketplace for vegetables. 

Edamame’s growing popularity has sparked interest in bolstering U.S. edamame 

production to reduce reliance on imports and allow domestic growers to capitalize on edamame’s 

premium market position. In the coming years, plant breeders are set to release seed inputs adapted 

to U.S. production regions with higher yield potential, enhanced sensory quality, and increased 

suitability for mechanized harvest in hopes of catalyzing domestic production (Lord, Zhang, et al., 

2019). The provision of locally-adapted seed inputs can lead to many new edamame product 

options in the domestic marketplace. With more edamame grown on U.S. soil, edamame producers 

and distributors can seek to access premiums associated with quality-differentiated external 

attributes such as fresh supplied, locally-grown, and USDA certified organic, or by marketing it 

as an alternative end-product. As such, it is essential to understand what marketing advantage, if 

any, that these attributes hold over the frozen, imported, and non-GMO product that are currently 

available to consumers today. 
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Materials & Methods 
 

Contingent valuation (CV) is a flexible survey technique used to estimate WTP for non-

market goods and services (Lopez-Feldman, 2013). It has been frequently exploited in the 

literature to forecast success or demand for various agricultural products, ecolabels, and marketing 

trends (Carpio & Isengildina‐Massa, 2009; Haghiri et al., 2009; Neill & Williams, 2016; Owusu 

& Owusu Anifori, 2013). CV methodology can be particularly useful in exploring price premiums 

and WTP for products or product attributes that have yet to appear in the marketplace. This is 

achieved by presenting participants with a hypothetical scenario through which to observe their 

purchasing decisions when both the “status-quo” and newly proposed product or attribute of 

interest are present.  

During the month of October 2018, consumer-intercept CV surveys were distributed at 

three primary locations in Blacksburg, VA – Oasis International Supermarket, the Blacksburg 

Farmer’s Market, and the Virginia Tech Squires Student Center. Surveys consisted of 20 questions 

each. The first 16 questions pertained to demographic information and characteristics of 

participants relating to purchasing habits, environmental attitudes, dietary habits, and familiarity 

with edamame (Figure 1). Location of survey was included as a categorical variable in order to 

also observe the effect of market venue. Responses to these questions were used to identify 

important explanatory variables of mean WTP. The remaining four questions were used to elicit 

WTP using dichotomous choice (DC) questions. Dichotomous choice (DC) questions are the most 

adequate, reliable, and heavily utilized CV elicitation technique used in the literature given their 

increased statistical efficiency and reduced response bias over other CV elicitation methods such 

as open-ended questions and payment cards (Lopez-Feldman, 2012; Venkatachalam, 2004). As 

opposed to DC questions, single-bounded questions consisting of a single “take-it-or-leave-it” 
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question simply ask the individual whether they would accept (𝑦𝑖 = 1) or reject (𝑦𝑖 = 0) a bid for 

the product/attribute of interest. To increase the statistical efficiency of the single bound 

estimation, Hanemann et al. (1991) later proposed the addition of a follow-up question dependent 

on the response to the initial question. Responses to initial and follow-up questions can be captured 

by dichotomous variables 𝑦𝑖
1 and 𝑦𝑖

2, respectively. If the individual selects “no” to the initial bid 

(𝑦𝑖
1 = 0), a lower bid is offered whereas if the individual selects “yes” (𝑦𝑖

1 = 1), then a higher bid 

is offered. Despite its increased statistical efficiency, discrepancies observed between the initial 

and follow-up questions of DB format have caused concern over its consistency and 

reproducibility. One and one-half bound (OOHB) question format was thus developed to address 

this response bias while maintaining statistical efficiency (Cooper et al., 2002). In OOHB-DC 

questions, respondents are only asked to answer a follow-up if they select “yes” for the bid listed 

in the initial question. Responses to OOHB-DC questions can therefore result in one of following 

three scenarios: no-no, yes-no, or yes-yes.  

An example of the OOHB-DC questions can be seen in Figure 2. In these questions, 

respondents must choose between purchasing the “status-quo” option which is always listed at the 

“fair” price (in this case $3.50 per 10 ounces of pods) or the new or alternatively marketed product 

of the same quantity when it is offered at a premium. In order to get information on multiple 

premiums, three survey versions were randomly administered, each only differing in the extent of 

the premium for the alternative product. One of the three versions also offered the alternative 

product at a lower price than the status quo to see if participants actually discounted the alternative 

product. In total, premiums of 0.25, 0.50, 1.00, and a discount of 0.25 were observed.  

An interval data model was used to estimate individual WTP as a function of explanatory 

variables and error. The probability that the WTP falls between a specific minimum and maximum 
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bound can be estimated using a log-likelihood function. To understand the econometric estimation 

behind the probabilities for each of the aforementioned scenarios, let us consider the following set 

of equations, taken from Neill & Williams (2016): 

(1) 

(2) 

𝑊𝑇𝑃𝑖(𝑧𝑖, 𝑢𝑖) =  𝑧𝑖𝛽 +  𝑢𝑖  

Pr(𝑦𝑖
1 = 1, 𝑦𝑖

2 = 0| 𝑧𝑖) = Pr(𝑠, 𝑛) 

 

In equation 1, we assume WTP is a function of an individual’s characteristics 

(demographics, environmental attitudes, diet, etc.) plus error, where 𝑧𝑖 represents a vector of 

explanatory variables, 𝛽 represents a vector of coefficients for the explanatory variables, and 𝑢𝑖 

represents an error term. Equation 2 represents a simplified notation for the probability of an 

individual answering “yes” to the initial question, and “no” to the follow-up, dependent on the 

vector of explanatory variables. Under the assumptions of Equation 1 and that our data is normally 

distributed, we can obtain: 

(3) 

(4) 

 

(5) 

(6) 

Pr(𝑠, 𝑛) = Pr(𝑡1 ≤ 𝑊𝑇𝑃 < 𝑡2) 

= Pr(𝑡1 ≤ 𝑧𝑖
′𝛽 +  𝑢𝑖 < 𝑡2) 

= Pr (
𝑡1 − 𝑧𝑖

′𝛽

𝜎
 ≤

𝑢𝑖

𝜎
<

𝑡2 − 𝑧𝑖
′𝛽

𝜎
) 

= 𝜑 (
𝑡2−𝑧𝑖

′𝛽

𝜎
) −  𝜑 (

𝑡1−𝑧𝑖
′𝛽

𝜎
) 

 

 

 

where 𝑡1 represents the suggested bid for the initial question and 𝑡2 represents the suggested bid 

for the follow-up question. Given that Equation 6 follows Pr(𝑎 ≤ 𝑋 < 𝑏) = 𝐹(𝑏) − 𝐹(𝑎), using 

symmetry of the normal distribution, we can rearrange once more to get: 
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(7) 

Pr(𝑠, 𝑛) = 𝜑 (𝑧𝑖
′

𝛽

𝜎
−

𝑡1

𝜎
) − 𝜑 (𝑧𝑖

′
𝛽

𝜎
−

𝑡2

𝜎
) 

 

 

 

The other two conditions can be similarly derived by replacing 𝑡1 ≤ 𝑊𝑇𝑃 < 𝑡2 with 𝑡2 ≤ 𝑊𝑇𝑃 <

∞ for the yes-yes scenario, and 0 ≤ 𝑊𝑇𝑃 < 𝑡1 for the no scenario. Taken together, these scenarios 

comprise the censored likelihood function shown below: 

 

 

(8) 

∑ [𝑑𝑖
𝑠𝑛𝑙𝑛 (𝜑 (𝑧𝑖

′
𝛽

𝜎
−

𝑡1

𝜎
) − 𝜑 (𝑧𝑖

′
𝛽

𝜎
−

𝑡2

𝜎
)) + 𝑑𝑖

𝑠𝑠 ln (𝜑 (𝑧𝑖
′

𝛽

𝜎
−

𝑡2

𝜎
))

𝑁

𝑖=1

+ 𝑑𝑖
𝑛𝑛𝑙𝑛 (1 − 𝜑 (𝑧𝑖

′
𝛽

𝜎
−

𝑡2

𝜎
))] 

 

 

 

 

 

where 𝑑𝑖
𝑠𝑛, 𝑑𝑖

𝑠𝑠, and 𝑑𝑖
𝑛𝑛 represent indicator variables for yes-no, yes-yes, and no-no, respectively. 

Depending on how the individual responds to the DC questions, the non-relevant indicator 

variables will take the value of zero, allowing only the relevant case to contribute to the likelihood 

function at any given time. 

Censored regression analysis to estimate mean WTP for each of the four external attributes 

was conducted in R using the DCchoice package. The DCchoice package contains an oohbchoice 

function which was specifically developed to execute maximum likelihood estimation on OOHB-

DC data based on a number of required and optional arguments that the researcher specifies, such 

as the formula, distribution, and omission of missing data (Nakatani et al., 2020). The output is 

similar to that which is generated from the LIFEREG procedure on SAS v. 9.3, where parameter 

estimates can be directly interpreted as changes in the marginal WTP (Neill & Williams, 2016). 

Survey locations were coded in the model as categorical variables, where the locations not relevant 

took the value of zero in order to prevent singularity in the model. 
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A total of 222 surveys were collected. For the OOHB-DC questions, only complete sets of 

responses (yes-no, yes-yes, or no-no) were used for the interval regression. A complete table of 

summary statistics can be seen in Table 1.  Approximately 69% of the respondents were between 

the age of 18-30 and 34% of respondents reported household income below $20,000, which can 

be attributed to the survey being distributed in a small college-town where students are more 

prevalent in the community. The vast majority of respondents had received at least some level of 

secondary schooling, with 42% having taken some school, 25% having received a Bachelor’s 

degree, and 26% having received some sort of advanced or post-graduate degree. About 48% of 

the population were female. The majority of respondents were either Caucasian (57%) or Asian 

(33%). Approximately 44% of respondents indicated that they had a desire to reduce their meat 

consumption, of which 78% indicated health as a reason why and 56% indicated environment as 

a reason why. In regards to familiarity with edamame, approximately 55% indicated that they were 

mostly (20%) to extremely familiar (35%) while another 42% indicated that they consume 

edamame at least once per week.  
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Results & Discussion 

WTP estimates derived from the interval regression for all four attributes can be seen in 

Table 2. The interval regression estimated a mean WTP of approximately $4.44 per 10 ounces for 

the fresh attribute. In other words, survey respondents indicated that they were willing to pay up 

to 93 cents more for edamame pods available fresh as opposed to frozen on average. The variables 

Female and Likelihood to shop local, significant at the 1% and 5% levels (respectively), both 

exhibited a negative effect on mean WTP for the fresh attribute. If the survey respondent was 

female, the average discount associated with fresh edamame is about 25 cents. This observation 

may be related to public uncertainty surrounding the safety of phytohormones in soy products for 

women’s health (Bar-El & Reifen, 2010; Cederroth et al., 2012; Duffy et al., 2007; White et al., 

2000), which are present in lower levels in frozen edamame products (Simonne et al., 2000). 

Meanwhile, the more likely a respondent was to shop local, the less they were willing to pay for a 

fresh edamame product. In other words, for a one-point increase in likelihood to shop local 

respondents indicated via likert scale, consumers discount the fresh edamame product by 

approximately 25 cents.  

A considerable price discount was observed for edamame supplied as an the on-the-stalk 

product. When given the choice between edamame supplied as pods versus on-the-stalk, survey 

respondents were not willing to pay any more than $3.10 per 10 ounces. The lone variable that 

was statistically significant was familiarity with edamame. One may think that the more familiar 

an individual is with edamame, the more likely they are to value the traditional nature of an on-

the-stalk product and thus be willing to pay more. However, our results suggested that greater 

familiarity with edamame further drove down how much a respondent was willing to pay for an 
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on-the-stalk product. Specifically, for each unit increase in familiarity with edamame a respondent 

indicated on the likert scale, average WTP dropped by 20 cents.  

For the certified organic attribute, only a small premium was observed; survey respondents 

indicated a maximum premium of 33 cents more for an edamame product labeled as USDA 

certified organic if an equivalent non-GMO product was also available. That is to say, beyond the 

non-GMO guarantee of their edamame product, respondents were not willing to pay appreciably 

more for the other provisions encompassed under the USDA certified label. 

The mean WTP estimate for the local attribute was similar to the estimate for the fresh 

attribute. When given a choice between local and non-local edamame pods, survey respondents 

indicated that they would be willing to pay an average of up to 88 cents more for the local option. 

It should be noted that no formal definition of “local” regarding vicinity of production, state, or 

region, was provided as part of the study. Nevertheless, a high mean WTP was observed. 

Moreover, with the exception of the Likelihood to purchase eco-labeled products variable, no other 

variables appeared to have a significant affect on mean WTP for the local attribute suggesting 

relatively broad interest in a local edamame product among our survey sample.  

The variable Likelihood to purchase eco-labeled products was used in this study to gauge 

pro-environmental attitudes of the survey respondents. By including it as a parameter, our intention 

was to determine if pro-environmental attitudes had an impact on consumer WTP for the various 

attributes. In our results, we observed that Likelihood to purchase eco-labeled products 

consistently appeared to be a significant driver of mean WTP for three out of the four attributes 

studied. For each unit increase in pro-environmental attitudes indicated on the likert scale, mean 

WTP increased by 32 cents for fresh edamame, 27 cents for local edamame, and 33 cents for 
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USDA certified organic edamame. The Likelihood to purchase eco-labeled products did not show 

significance for the on-the-stalk attribute, which may be due to the fact that the on-the-stalk 

attribute is more related to physical appearance and as a result, does not hold as many 

environmental implications as the other three attributes. These results follow a stream of literature 

suggesting that pro-environmental attitudes and beliefs continue to play an increasingly important 

role in consumer WTP for products (Lusk et al., 2014; Neill & Williams, 2016; Rahman & 

Reynolds, 2017; Shin et al., 2017; Umberger et al., 2009). 

Survey location was a notable predictor of mean WTP observed for the fresh and organic 

attributes in this study. In total, all surveys collected fell into one of four categories: those collected 

at the farmer’s market, the local supermarket, the student center, and those collected from 

miscellaneous individuals around campus (henceforth referred to as “Misc group”). We included 

the two purchasing-locations (farmer’s market and supermarket) and one non-purchasing location 

(student center) in our analysis, and interpreted the results as they related to the Misc group. Results 

showed that if a respondent completed the survey at the farmer’s market, mean WTP for the fresh 

attribute was 89 cents higher as compared to Misc group. Meanwhile, mean WTP for surveys 

completed at the international supermarket were $1.29 higher for the fresh attribute and 64 cents 

higher for the organic attribute. For all attributes studied, mean WTP for surveys collected at the 

student center – where no produce is sold and no sustainability claims are therefore made – failed 

to show significance. Here, we can clearly see that whether or not survey were collected from a 

purchasing locations largely influenced the premiums observed for both the fresh and organic 

attributes. Furthermore, the type of purchasing location (farmer’s market versus local supermarket) 

appeared to drastically impact the extent of the premiums observed for each of these attributes.  
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Conclusions 

 

 With the hope of increased domestic production of edamame slowly becoming a reality, it 

is important to understand what factors can favor successful marketing efforts in the U.S. In this 

study, we used CV methodology to estimate mean WTP for edamame marketed as fresh, local, 

certified organic, or as an on-the-stalk end-product and then related these estimates to information 

on demographic information, dietary habits, and personal beliefs. Our results showed that fresh 

and local edamame held a significant marketing advantage over frozen products and non-local 

products, respectively. We also observed that despite its myriad of environmental provisions, 

edamame labeled as USDA certified organic may offer only limited marketing benefit to 

distributors if consumers already know that the edamame product they are purchasing is non-

GMO. In regards to end-products, the convenience of pre-stripped edamame pods appears to take 

priority over the naturalness and freshness offered by an on-the-stalk or whole plant edamame 

product. 

 Several factors are important for understanding the domestic potential of alternatively 

marketed edamame. Firstly, WTP for fresh edamame appears to be particularly influenced by 

demographic factors, especially gender. Meanwhile, personal beliefs such as pro-environmental 

attitudes appear to more consistently drive premiums for fresh, local, and organic edamame. This 

study also provides major evidence for the sorting effect that market venues have on consumer 

valuation of external attributes, especially for fresh and organic edamame. These findings also 

highlight the importance of accounting for potential bias that can occur when collecting consumer 

intercept surveys from purchasing and non-purchasing locations. 

 The results from this study present important preliminary findings regarding the potential 

of alternatively marketed edamame in the domestic marketplace. Overall, these results support the 
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continued growth of the domestic edamame industry. As with many WTP studies, our assertions 

are based on a single geographic location using a limited sample population which may not be 

generally true in other states or regions across the U.S. Therefore, future research should aim to 

substantiate these findings in other locations using different populations. Given the hypothetical 

bias inherent in CVM, non-hypothetical valuation methods may also serve to improve upon the 

results of this study by more accurately modeling consumer valuation of edamame based on real 

consequences. As edamame variety development continues, there may be additional opportunities 

to study consumer WTP for edamame on the basis of sensory characteristics such as quality, flavor 

profile, and appearance as well. 
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Tables & Figures 
 

Table 1: Summary statistics for survey respondents. 

 

Variable Description 
Percentage of 

Occurrence 
Mean 

Standard 

Deviation 

Age Age of participant:    

 1 = Under 18 0.90% 2.6347 1.213 
 2 = 18-30 67.57%   

 3 = 30 - 45 13.06%   

 4 = 46 - 50 4.50%   

 5 = 51 - 60 6.31%   

 6 = Older than 60 5.86%   

     

Gender Dummy variable;    

 0 = Male 50.45% 0.4886 0.501 
 1 = Female 48.20%   

     

Ethnicity Categorical variable:    

 1 = Caucasian 56.68%   

 2 = African American 2.76%   

 3 = Asian 33.18%   

 4 = Hispanic 4.15%   

 5 = Other 3.23%   

     

Main shopper for 

household 
Dummy variable;    

 0 = No 36.92% 0.6308 0.4837 
 1 = Yes 63.08%   

     

Household size 

Number of people 

currently living in 

household: 

   

 1 = 1 32.57% 2.6284 1.4669 
 2 = 2 20.18%   

 3 = 3 13.76%   

 4 = 4 18.81%   

 5 = More than 4 14.68%   

     

Home food consumption 

Number of meals 

consumed at home per 

week: 

   

 1 = 1 to 5 16.89% 2.5707 0.9992 
 2 = 6 to 10 29.68%   
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 3 = 11 to 15 32.88%   

 4 = 16 or more 20.55%   

     

Education 
Highest level of 

education completed: 
   

 1 = Some school 1.39% 3.6497 1.0031 

 2 = High school 

diploma 
6.48%   

 3 = Some college 41.67%   

 4 = Bachelor's degree 25.00%   

 5 = Advanced degree 25.46%   

     

Household Income 
Household income 

levels: 
   

 1 = Less than $20,000 34.91% 3.1173 2.0375 
 2 = $20,000 - $35,000 16.04%   

 3 = $35,001 - $50,000 9.43%   

 4 = $50,001 - $70,000 6.13%   

 5 = $70,001 - $100,000 10.85%   

 6 = More than $100,000 22.64%   

     

Meat consumption 

How many days per 

week meat is 

consumed: 

 

 0 = 0 10.60% 4.7981 4.4932 
 1 = 1 2.76%   

 2 = 2 8.29%   

 3 = 3 10.14%   

 4 = 4 13.36%   

 5 = 5 10.14%   

 6 = 6 12.90%   

 7= 7 31.80%   

     

Desire to reduce meat 

consumption 
Dummy variable;    

 0 = No 56.19% 0.238 0.4364 
 1 = Yes 43.81%   

     

Reason for desire to reduce 

meat consumption 
Health 78.26%   

 Religion 3.26%   

 Environment 56.52%   

 Other 8.70%   

     

Fully/Partially Vegan or 

Vegetarian 
Dummy Variable;    
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 0 = No 79.53% 0.2047 0.4044 
 1 = Yes 20.47%   

     

Environmental value 

How often the 

consumer purchases 

eco-labeled products 

(Likert scale 1-5): 

 

 1 = Never 9.30% 3.1116 1.1983 
 2 = Rarely 22.79%   

 3 = Some times 31.16%   

 4 = Somewhat 

frequently 
20.93%   

 5 = Always 15.81%   

     

Edamame familiarity 

Familiarity with 

edamame (Likert scale 

1-5): 

   

 1 = Not familiar at all 14.02% 3.4672 1.4716 
 2 = Slightly familiar 17.29%   

 3 = Somewhat familiar 12.62%   

 4 = Mostly familiar 20.09%   

 5 = Extremely familiar 35.98%   

     

Edamame consumption 

Frequency of edamame 

consumption (Likert 

scale 1-5): 

   

 1 = Never 27.44% 2.8372 1.2367 
 2 = Once a month 3.26%   

 3 = Twice a month 27.44%   

 4 = Once a week 41.86%   

 5 = Multiple times per 

week 
0.00%   

     

Buying local 
Likeliness to purchase 

local (Likert scale 1-5): 
   

 1 = Never 11.57% 2.9167 1.1743 
 2 = Rarely 27.31%   

 3 = Somewhat often 30.09%   

 4 = Very often 19.91%   

 5 = Always 11.11%   
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Table 2. WTP estimates for edamame marketed as fresh, local, organic, and on-the-stalk. 

 

 

Parameter Fresh  Local  Organic  On-the-stalk 

Mean WTP (per 10 oz.) 4.44 4.37 3.83 3.10 

Intercept 3.640** 5.107** 4.851** 4.645** 

Location – Farmer’s Market 0.895** 0.456 -0.041 -0.109 

Location – Int’l Supermarket 1.291** 0.133 0.639* 0.170 

Location – Student Center 0.314 -0.188 -0.283 -0.366 

Age 0.008 0.192 0.094 -0.029 

Female -0.678** 0.144 -0.039 -0.370 

Ethnicity 0.380 -0.094 -0.177 -0.080 

Shopper -0.399 -0.047 0.300 0.258 

Household size 0.737 -0.023 0.041 0.081 

Meals consumed at home 0.196 -0.107 0.131 0.050 

Education 0.120 0.064 -0.016 -0.077 

Household Income -0.109 0.031 -0.019 -0.029 

Freq. of meat consumption 0.007 -0.002 0.017 -0.113 

Desire to decr. meat consump. -0.040 0.159 0.173 0.044 

Vegan/Vegetarian -0.053 0.152 -0.358 -0.755 

Purchase of eco-labeled prod. 0.315** 0.268* 0.331** 0.092 

Familiarity -0.020 -0.043 -0.096 -0.197* 

Freq. of edamame consump. -0.071 -0.022 0.101 0.131 

Likelihood to shop local -0.245* 0.118 0.088 -0.056 

BID -0.955** -1.412** -1.738** -1.091** 

Note: Asterisks ‘**’, and ‘*’, indicate statistical significance at 1% and 5% levels, respectively. 
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Figure 1. Example of demographic questions on first page of survey instrument. 
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Figure 2. Example of one and one-half bound dichotomous choice (OOHB-DC) questions found on 

survey instrument. 
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Abstract 
 

 There is growing interest in developing calibrations for soybean seed sugars on near-

infrared reflectance spectroscopy (NIRS) instruments in order to increase the efficiency of sugar 

profiling. In this study, a set of 253 samples from Virginia Tech’s soybean germplasm with wide 

range of sugar content were used to create prediction models for sucrose, raffinose, and stachyose 

in ground soybean seed on the Perten DA7250 NIRS instrument. Following acquisition of spectral 

data, seed sugars were extracted from ground samples and analyzed using high-performance liquid 

chromatography (HPLC) to obtain reference data. Spectral and HPLC data were modeled using 

PLS regression on CAMO Unscrambler® X software, and internally cross-validated using the 

same software. Resulting calibrations showed high quantitative accuracy with R2
cal = 0.901, R2

cv 

= 0.869, RMSEC = 0.516, and RMSECV of 0.596 for sucrose, R2
cal = 0.911, R2

cv = 0.891, RMSEC 

= 0.361, and RMSECV of 0.405 for stachyose. These calibrations appear suitable for use in 

breeding operations. Meanwhile, performance of the raffinose calibration remained poor with R2
cal 

= 0.568, R2
cv = 0.476, RMSEC = 0.129, and RMSECV of 0.143. Alternative methods for more 

accurate and rapid quantification of raffinose concentration in soybean seed should be investigated. 

 

Keywords: Near-Infrared Reflectance Spectroscopy, high-performance liquid chromatography, 

calibration development, soybean seed sugars, soluble carbohydrates, raffinose family 

oligosaccharides  
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Introduction 
 

For its relatively high protein and oil content, soybean (Glycine max) has become one of 

the most heavily utilized commodities in the world. According to the USDA Coexistence Fact 

Sheet (https://www.usda.gov/sites/default/files/documents/coexistence-soybeans-factsheet.pdf), 

about 70% of domestically grown soybeans are devoted to production of animal feed. As soy’s 

distinguished nutritional profile becomes more well known to consumers, an increasing proportion 

of soybeans are also used for production of soyfoods such as natto, tofu, sprouts, and soymilk 

(Mayta et al., 2014). To support these industries, improving the quality of both feed- and food-

grade soybeans have become a major goal of many soybean breeding programs.   

Soluble carbohydrates in soybeans seeds represent one of the most significant breeding 

targets for feed- and food-grade cultivar development. Di-, tri-, and tetrasaccharide sugars, better 

known as sucrose, raffinose, and stachyose (respectively), are the most abundant soluble 

carbohydrates in soybean seeds and thus hold the greatest implications for soybean quality (Jo, 

2016). Sucrose is typically desired in high concentrations (> 6%) in soybean seeds to increase both 

sweetness in soyfood products and metabolizable energy in soybean meal. Raffinose and stachyose 

are classified as Raffinose Family Oligosaccharides (RFO). Unlike sucrose, RFO’s contain alpha-

(1,6) linkages that are only cleavable by alpha-(1,6) galactosidase which humans and monogastric 

animals lack (Švejstil et al., 2015). This results in decreased feed efficiency in monogastric animals 

– the primary beneficiaries of soybean meal – and increased flatulence and discomfort in humans 

(Rackis, 1975; Suarez et al., 1999). Not surprisingly, breeders have long selected for low-RFO 

content as a result. This trend may change, however, as recent evidence suggesting potential for 

soybean RFO’s as a prebiotic substance (Wongputtisin et al., 2015) may encourage some breeders 

to begin selecting for high-RFO’s instead. 

https://www.usda.gov/sites/default/files/documents/coexistence-soybeans-factsheet.pdf
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Given the particularly strong influence of environmental factors on soybean soluble 

carbohydrates (Jo et al., 2018; Kumar et al., 2010; Maupin et al., 2011), it is crucial to quantify 

sugar content in breeding lines on a yearly basis. Currently, sugar quantification in soybean is 

primarily performed using laboratory extraction followed by High-Performance Liquid 

Chromatography (HPLC) (Black & Bagley, 1978). Despite providing highly accurate and reliable 

results, HPLC commands a relatively high cost and time requirement per sample compared to other 

methods (Kumar et al., 2010; Stitt et al., 1989; Teixeira et al., 2012) making it inconvenient for 

screening large volumes of samples. In addition, a lab technician or specialist with a degree of 

expertise is often needed to operate and maintain HPLC equipment. This combination of high cost, 

time, and personnel can be widely limiting for many soybean breeding programs and even meal 

producers, highlighting the need to identify more rapid and cost-efficient sugar quantification 

methods that can provide similarly accurate and robust results. 

Near-Infrared Reflectance Spectroscopy (NIRS) is an analytical technique that exploits 

absorbance of light from the near-infrared region (700-2500nm) by various C-O, C-N, and C-H 

chemical bonds to estimate sample concentration for a given chemical constituent of interest (Stark 

et al., 1986). In NIRS, a light beam of near-infrared wavelengths, varying in useful width between 

instruments of different manufacturers, is emitted through a sample. Upon contact, the near-

infrared light of various wavelengths is differentially absorbed based on the sample’s distinct 

chemical composition. The wavelengths that are not absorbed by the sample are reflected back to 

a detector on the NIR instrument, resulting in a unique fingerprint for each sample. These spectral 

fingerprints are then modeled against predetermined reference chemistry values of the same 

samples to develop algorithms, called calibrations or calibration curves, that are capable of 

predicting sample concentration in minutes or seconds (Givens & Deaville, 1999).  
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NIRS holds many advantages over the aforementioned sugar quantification methods that 

make it ideal to replace HPLC for soybean sugar profiling. Such advantages include considerably 

faster data acquisition, high reproducibility, greater sample flexibility, and inexpensive per sample 

cost (Baianu & Guo, 2011). Unlike HPLC, instrumentation is simple to maintain, does not require 

experienced personnel to operate, and involves minimal sample preparation which avoids the need 

for laboratory extraction altogether. NIR instruments are also capable of making multiple chemical 

measurements from a single NIR spectrum. Moreover, if spectral data is stored, calibrations for 

other traits of interest that are developed can be back-applied ex post facto. For these reasons, NIR 

instruments are already common in most breeding programs where they are routinely employed to 

collect information on protein, oil, and numerous other economically important chemical 

constituents in agricultural crops and products (Karn et al., 2017; Ringsted et al., 2017; Shiferaw 

et al., 2017; Xie et al., 2009). 

The reliability of NIRS calibrations are directly related to the representativeness of the 

calibration set used for model creation (Mark, 1991). Calibration sets must contain hundreds to 

thousands of samples to account for the variable and unpredictable nature of samples from year to 

year, especially in breeding populations. A few studies have attempted to develop NIRS 

calibrations for soybean sugars using relatively large calibration sets previously. Choung (2010) 

was the first to attempt NIRS calibration development for soybean seed sugars using 155 samples. 

While his prediction model showed capability of predicting sucrose within 0.5% error, the 

calibration set lacked genotypes that exceeded 7% sucrose. Another study conducted by Baianu & 

Guo (2011), which sought to develop NIR calibrations for a series of soy food components 

including soybean seed sugars, found that even after using 12,000+ samples over four years, 

concentration range remained narrow. The only group that developed a prediction model with 
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prediction range greater than 7% was Sato et al. (2012), who were only able to do so by 

supplementing their calibration set with samples containing artificially spiked levels of sucrose. 

As these studies demonstrate, naturally-occurring genotypes with appreciably high sucrose or 

RFO’s are not easily ascertained in programs wishing to develop NIRS calibrations. Fortunately, 

the soybean breeding program at Virginia Tech has had an extensive focus on soybean sugars over 

the past two decades which has resulted in breeding germplasm exhibiting wide variation in sugar 

content and which contains multiple genotypes with high sucrose content and low RFO content 

(Maroof & Buss, 2011; Maughan et al., 2000; Maupin & Rainey, 2011; Skoneczka et al., 2009). 

This germplasm, which spans the entire 2 to 10% natural concentration range for sucrose, is ideal 

for NIRS calibration development for soybean seed sucrose. It also holds increased potential to 

develop improved prediction models for raffinose and stachyose which have been largely 

unsuccessful hitherto. 

The DA7250 NIR instrument is the third generation of Perten’s signature diode-array 

technology which exploits absorption along the 950-1,650nm wavelength range to predict sample 

concentrations in under 10 seconds (Perten Industries, n.d.). To our knowledge, no calibration 

studies have been reported for sucrose, raffinose, and stachyose content in ground soybean for this 

instrument. If accurate calibrations can be developed, the DA7250 can considerably reduce data 

collection time and effort needed for soybean sugar profiling. As such, the objectives of this study 

were to 1) exploit the wide variation observed in Virginia Tech’s soybean germplasm to develop 

calibrations for sucrose, stachyose, and raffinose in ground soybean on the DA7250 instrument 

and 2) assess the potential that these calibrations hold to allow the DA7250 to replace HPLC for 

more rapid soybean sugar profiling.  
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Materials & Methods 

Plant Material 

A total of 268 samples for calibration development were selected from 184 different 

genotypes harvested from 2017 and 2018 yield trials in a triple replicated, randomized complete 

block design (RCBD) in five environments in Virginia: Blacksburg, Orange, Mount Holly, 

Warsaw full-season and Warsaw double-crop. These genotypes are advanced breeding lines 

developed by Virginia Tech soybean breeding program from maturity groups 4 and 5 for 

conventional, herbicide-tolerant, and specialty food-grade soybean markets with relatively diverse 

genetic background. Because the same genotype may produce different sugar content in different 

environments (location and year), we used some samples that are the same genotypes but from 

different environment in order to establish a calibration set with sufficient sample numbers. Upon 

harvest, subsamples of each replication of one sample are pooled into one composite sample for 

each sample at a particular location. These composite samples are subsequently transferred to lab 

for trait analysis. All samples that comprised the calibration set in this study were selected from 

these materials. Among them, 52 samples containing high, mid, and low concentrations of each 

sugar that showed increased potential for calibration development. These samples were 

deliberately included in the calibration set to establish a baseline for model creation with improved 

representativeness across natural sugar concentration ranges for each sugar. The remaining 216 

samples were randomly selected from available breeding materials. 

Spectral Methodology 

Prior to NIRS scanning, approximately 20 grams of soybean seeds from each sample were 

ground in a temperature-controlled FOSS Knifetec 1095 grinder (FOSS Analytical, Hillerod, 

Capital Region, Denmark).  All 268 samples were scanned twice (two repacks) on the Perten 
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DA7250 NIRS instrument (Perten Instruments, Springfield, IL) using a small breeder’s cup (Perten 

Instruments, Springfield, IL) which is intended for use with flour-type products, to obtain two 

replications of spectral data. The resulting spectral dataset consisted of 141 datapoints collected 

between the 950 and 1,650 nm range. A dataset with averaged spectral absorbance values was 

subsequently exported for model creation. Following spectral data acquisition, ground samples 

were retained for immediate sugar extraction and HPLC analysis. 

Sugar Quantification by HPLC  

Sugar was extracted from the 268 ground samples using a micro-sugar sample extraction 

protocol optimized for our HPLC instrument. Extraction was performed twice for each sample in 

order to produce a technical replicate. In brief, 0.1 g of ground sample and 1 mL of HPLC-grade 

water were vortexed in a 2-mL centrifuge tubes and samples were put on a rocker shaker for 15 

min. at 400 strokes per min. Following extraction, samples were centrifuged for 15 min. at 13.2 

rpm, and 0.5 mL of resulting supernatant was transferred to a separate 2.0 mL centrifuge tube 

containing 0.7 mL HPLC-grade acetonitrile (ACN) bringing samples to 1.2 mL total volume and 

58% ACN. The tubes were inverted several times and left to sit at room temperature for 1 hr. 

Samples were then centrifuged at 12.3 rpm for 15 min., and 100 µL of resulting supernatant was 

then mixed with 900 µL of 65% ACN and filtered into 2 mL HPLC vials for analysis using 0.2 

µm membranes. The moisture content of ground samples was determined by oven dry method 

using a representative sample of the calibration set.  

The HPLC instrumentation for the analysis includes an Agilent 1260 Infinity series 

(Agilent Technologies, Santa Clara, CA) equipped with an apHeraTM NH2 Polymer, 5 µm 

analytical column and a 1260 Infinity ELSD detector (Agilent Technologies, Santa Clara, CA). 

The elution solvent was acetonitrile:water (65:35, v/v) with a flow rate of 1.0 mL/min. Final 
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concentrations for sucrose, raffinose, and stachyose were averaged between technical replicates 

and reported in percent g per 100g seed on a dry weight basis. Standard deviation of replicates was 

0.258% for sucrose, 0.054% for raffinose, and 0.198% for stachyose, while the mean difference 

between technical replicates for each sample was 0.29% for sucrose, 0.06% for raffinose, and 

0.18% for stachyose. For quality control of the reference data, samples which contained a 

difference in concentration between technical replicates that exceeded three standard deviations of 

the mean difference between replicates were not considered for calibration development. The 

correlation between sucrose, raffinose, and stachyose was calculated using JMP®, 4.0 (SAS 

Institute Inc., Cary, NC). 

Model creation, cross-validation, and statistical analysis 

 Spectroscopic data pretreatment, model creation, and internal cross-validation were 

performed using CAMO Unscrambler® X software (CAMO Analytics AS, Oslo, Norway). 

Pretreatment of spectra consisted of transformation with standard normal variate (SNV) and 

detrending to correct for particle size and light scatter. Final models were created using Partial 

Least Squares Regression (PLSR) preceded by mean centering. PLSR is an ideal multivariate 

method to use for calibration development since it imposes no restrictions on the number of terms, 

in this case wavelengths, that can be included in the prediction model which ultimately allows it 

to extract the maximum amount of information from spectral data (Hollung et al., 2005). PLSR 

has been widely cited in the literature for NIRS calibration development hitherto (Cozzolino et al., 

2005; Rambla et al., 1997; Wang et al., 2006; Wu et al., 2012; Xie et al., 2009). The optimal 

number of PLSR components for model creation was selected based on the number of factors that 

minimized the PRESS statistic following cross-validation given a maximum of 20 components. 

Cross-validation consisted of randomly dividing the total number of samples in the calibration set 
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into twenty segments. Each segment contained roughly eleven to twelve samples. During cross-

validation, samples in a given segment were held out of the model and the model was recalibrated 

to the remaining samples. Then, the concentrations of the held-out samples were predicted based 

on the recalibrated model. This process is repeated for several iterations until all samples in the 

calibration set were held out. The CAMO Unscrambler X software can also be used to examine 

sample outliers. The limit of outliers removed during model creation was set to not exceed 15% of 

the total sample size. The resulting R2 of cross-validation (R2
cv) and RMSE of cross-validation 

(RMSECV) were used to evaluate the calibration model’s prediction accuracy. R2 explains how 

well the predicted sugar concentration, determined by the spectral-derived model, matches the 

actual sugar concentration obtained from HPLC, while RMSE reveals the average magnitude of 

prediction error that is expected to be observed in concentration percent for each sugar. 
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Results & Discussion 
 

Of the 268 total samples from which HPLC data were collected, 15 were excluded from 

further analysis due to high standard deviation of difference (SDD) between replicates. Descriptive 

statistics for reference chemistry can be found in Table 3. The frequency graphs depicted in 

Figures 3a-c. illustrate how well the concentration range for each of the sugars was covered and 

represented by the 253 samples remaining after quality control of reference chemistry data.  

The samples showed a considerably wide concentration range for sucrose content (2.06-

10.37%) that closely mirrored the 2-10% sucrose concentration range reported in previous soybean 

sugar variation studies (Hou et al., 2009; Hymowitz & Collins, 1974) (Figure 3a). Here, the 

deliberate inclusion of the aforementioned 52 “baseline” set samples allowed our calibration set to 

exceed 7% sucrose without the need to artificially spike samples. Moreover, a considerable portion 

of samples contained between 2 and 3%, which also greatly improved representativeness at the 

lower end of prediction range. These results suggest that the baseline set samples used here can be 

broadly useful to other soybean breeding programs in allowing them to more conveniently develop 

in-house sucrose calibration equations on other NIRS instruments. 

For stachyose, the vast majority of samples fell between approximately 2.4 and 4.5% 

(Figure 3b). Given that commercial soybean varieties typically contain between 3-4% stachyose, 

this was to be expected. While calibration set failed to contain samples with 0.7 to 2.4% stachyose 

concentration, many samples did contain ultra-low stachyose concentration (< 0.7%). This may be 

due to the tremendous advances that have been made in identifying low stachyose soybean mutants 

and their associated genomic regions over the past decade (Maroof & Buss, 2011; Skoneczka et 

al., 2009). One of the more important genes identified for soybean stachyose is the mips1 gene, for 

which a mutation-specific marker has been shown to explain approximately 88-94% of the 
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phenotypic variation for soybean seed stachyose content (Skoneczka et al., 2009). This mips1 

mutant has been introduced into breeding populations and repeatedly selected for over time in our 

breeding program, which may well explain the relatively high occurrence of ultra-low stachyose 

samples (< 0.7%) observed in our calibration set. Unlike ultra-low stachyose genotypes, genotypes 

with 1 to 2% stachyose are much less coveted by plant breeders making them considerably more 

difficult to obtain. The most recent sugar variation study of worldwide soybean germplasm 

collections by Hou et al. (2009) showed very low occurrence of genotypes with stachyose content 

between 0 and 2%, suggesting that even naturally such genotypes rarely occur.  

The complete set of samples also covered a raffinose concentration range of 0.14-1.22% 

(Figure 3c), which is the widest concentration range reported for raffinose calibration 

development hitherto. Encompassed in this range is the 0.85-1.13% range that is typically observed 

in commercial soybean cultivars (Dierking & Bilyeu, 2009). The wide range observed here 

resulted from inclusion of numerous samples with low (< 0.7%) and ultra-low (< 0.4%) raffinose 

concentration, which allowed us to extend the lower end of our calibration set concentration range. 

The high occurrence of low and ultra-low raffinose genotypes reflects the successful integration 

of low raffinose genes into elite soybean germplasm over time, which are attributed to 

development of numerous molecular markers that have greatly enhanced breeding selection 

efficiency for low-raffinose individuals in breeding populations (Dierking & Bilyeu, 2008; Yang 

et al., 2014). 

Correlational analysis of the reference values showed that raffinose and stachyose showed 

a significant (p<0.05) positive correlation with each other (r = 0.64). The positive correlation 

between raffinose and stachyose has been observed in extensive variation and compositional 

studies of soybean seeds hitherto (Hou et al., 2009; Y. Wang et al., 2014). Raffinose (-0.45) and 
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stachyose (-0.83) both also showed significant negative correlations with sucrose. While 

significant positive correlations have been previously reported between sucrose and raffinose 

(Hartwig et al., 1997; Hymowitz et al., 1972), the negative correlation observed here is likely due 

to strong breeding selection for sucrose and against raffinose during food-grade soybean cultivar 

development at Virginia Tech over the years.  

Final models for sucrose, stachyose, and raffinose were developed using 11 PLSR 

variables. During model creation, several outliers from the complete set of 253 samples were 

identified. These outliers all showed particularly high Y variance, possibly resulting from errors 

in HPLC automatic peak integration. These outliers were omitted from final model creation in 

order to improve the accuracy of the prediction models. Ultimately, 34 of the 253 samples were 

omitted from the sucrose prediction model, and the raffinose and stachyose prediction models each 

omitted 23 samples (Table 4). 

The predicted vs. reference plots for sucrose, stachyose, and raffinose models shown in 

Figures 4a-c provide a visual representation of the accuracy of each model. Accuracy of cross-

validation is described by determination coefficient of cross-validation (R2
cv) and root mean square 

error of cross-validation (RMSECV) which indicate how closely the predicted values from the 

model align with actual lab values obtained via HPLC. A summary of calibration statistics obtained 

for the three prediction models and their cross-validations can be found in Table 4. Despite 

observing a considerably narrower wavelength region than previous calibration attempts, 

prediction models with high predictive accuracy were developed for sucrose and stachyose. For 

sucrose, the final model showed capability of predicting sucrose concentration within 0.6% of the 

reference value during cross validation (RMSECV = 0.596) with a considerably wide prediction 

range. For stachyose, a similarly accurate prediction model capable of predicting stachyose within 



75 
 

approximately 0.4% (RMSECV = 0.405) was also developed. For raffinose however, development 

of an accurate prediction model was not successful. Even after removal of outliers, the model 

poorly explained variation in concentration (R2
cv = 0.477) and showed high RMSECV (0.144) 

within to its narrow concentration range.  

To better understand how each prediction model is constructed, we can graphically 

represent the contribution of the regression coefficient for each wavelength — larger values 

indicate greater variance is explained, while directionality indicates whether the prediction is 

positive or negative. In Figure 5a-c, the peak observed near the 1,520nm wavelength region is 

notably larger than surrounding wavelengths for all three sugars. In addition, large peaks are 

observed near the 1,220nm wavelength region for sucrose and stachyose. The relatively high 

influence of the 1,220nm and 1,520nm wavelength regions for sucrose calibration are consistent 

with previous findings by Choung (2010). In their study, the 1,212nm and 1,518nm wavelengths 

were listed among the main absorption bands for sucrose prediction over a considerably wider NIR 

wavelength range (400-2,500nm). The 1,220nm and 1,520nm wavelength regions were identified 

using WinISI II software 4.0 (Foss and Infrasoft International LLC, USA) to corresponded to the 

C-H stretching second overtone (-CH2) of carbohydrates and N-H stretching first overtone of 

protein, respectively. Considering this, the positive influence of the 1,220nm wavelength and 

concomitant negative influence of 1,520nm wavelength reflects an inverse relationship between 

sugar and protein content in soybean seed (Wilcox & Shibles, 2001; Hartwig et. al., 1997). Though 

the 1,520nm wavelength region is associated with protein content and does not directly reflect 

changes in sugar content, our results suggest that the highly interdependent nature of protein and 

sugar content in soybeans allow it to be nevertheless useful in soybean sugar NIRS calibration 

development.  
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A major difference in wavelength contribution was observed in the raffinose prediction 

model compared to sucrose and stachyose prediction models, which may have contributed to its 

poor performance. Namely, the 1,220nm wavelength region – which sucrose and stachyose 

prediction were highly dependent on – showed relatively low influence for prediction of raffinose 

content. The considerably lower relative contribution observed for the 1,220nm wavelength here 

may be explained by intrinsic differences in the sugar molecular structure of raffinose 

(trisaccharide) compared to sucrose (disaccharide) and stachyose (tetrasaccharide). Such 

differences may diminish absorbance at useful wavelengths, ultimately reducing the number of 

diagnostic wavelengths that can be more heavily relied upon by the calibration. Another factor 

likely contributing to the poor model performance for raffinose is due to the natural variation in 

raffinose being below the sensitivity of the measurement device. It maybe also because of the 

relative low variation of raffinose content, arising from its considerably narrower concentration 

range compared to other sugars. Small variation within the calibration set are known to exacerbate 

the effect of slight variability between samples at similar points along the concentration range on 

the overall regression (Mark, 1991). This has been cited in previous calibration development 

attempts for soybean RFOs, especially for raffinose (Choung, 2010). Here, it is possible that more 

diagnostic absorption bands which more effectively capture variation in raffinose content lie 

outside of the 950-1,650 nm wavelength range of the DA7250 instrument. Raffinose calibration 

development was also found to be problematic for Choung (2010), even when using 1,050 data 

points collected from an NIRS instrument that spanned a considerably wider wavelength range 

(400-2,500nm). In addition, even though ultra-high raffinose genotypes (< 3%) can be obtained 

for calibration development through artificial spiking or mutation, the R2 value might increase, but 
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RMSECV may not be changed by much. Given these results, NIRS instruments may not be a 

viable tool to replace HPLC for determination of raffinose content.  

As with any chemometric study, the utility of prediction models largely depends on the 

genetic diversity used for calibration, and the reported models can always be improved in 

subsequent years by using new genotypes grown in different environments which can continually 

improve representativeness and potentially further extend prediction range. It is crucial to note that 

in our study, genetic diversity was limited to germplasm from the Virginia Tech soybean breeding 

program. However, because we have been incorporating diverse germplasm from other countries 

and other breeding programs into our gene pool, the genetic base of this set is relatively large with 

broad pedigree. In addition, the 52 baseline samples used for calibration which spanned the entire 

2-10% sucrose concentration range have been retained and are available upon request with a 

material transfer agreement. These samples can be used by other soybean breeding programs to 

develop their own in-house calibrations using whichever NIRS instrumentation they have 

available.  
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Conclusions 
 

Here we report the development of accurate prediction models for sucrose and stachyose 

on the Perten DA7250 NIRS instrument using soybean germplasm originating at Virginia Tech 

that exhibited exceptionally wide, naturally-occurring variation in sugar content. Having 

developed these models using the DA7250, we demonstrated that NIR instruments need not cover 

the entire 700-2,500nm NIR wavelength range for successful calibration development for these 

two sugars, provided that spectral data can be collected from the 1,220nm and 1,520nm wavelength 

regions. In regards to raffinose calibration development, the poor results observed in our study 

suggest that NIRS instruments may have limited potential to accurately predict raffinose 

concentration. Instead, future studies should investigate the use of other cost-effective, high-

throughput analytical instruments capable of capturing information from other regions of the 

electromagnetic spectrum that can more effectively capture natural variation in raffinose content 

that can be exploited for prediction.  
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Tables & Figures 

 

 

 

Table 3. Descriptive statistics of sugar content of 253 entries. 

 

 

Sugars Mean (%)* Range (%) Standard Dev. (%) 

Sucrose 4.33 2.06-10.37 1.77 

Stachyose 3.01 0.16-4.38 1.24 

Raffinose 0.66 0.14-1.22 0.21 

*Mean, range, and standard deviation are reported in g per 100g seed (%). 
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Table 4. Summary of calibration and cross-validation statistics for three prediction models on 

sugar content. 

 

 

Sugars 
PLSR 

Variables 

Sample 

number 

Calibration Cross-validation 

R2
C RMSEC R2

CV RMSECV 

Sucrose 11 219 0.901 0.516 0.869 0.596 

Stachyose 11 231 0.911 0.361 0.891 0.405 

Raffinose 11 231 0.568 0.129 0.476 0.143 

 

Note: PLSR, Partial Least Squares Regression; R2c, coefficient of determination; RMSEC, Root 

Mean Squared Error of Calibration; R2cv,  coefficient of determination of Cross-Validation; 

RMSECV, Root Mean Squared Error of Cross-Validation. 
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3A 

3B 

3C 

Figure 3. Frequency distribution of the 253 entries for sucrose, stachyose, and raffinose 

concentration. In Fig. 3A, bin width = 0.5%, starting with 2.1-2.6% ending with >10% sucrose. In Fig. 

3B, bin width is 0.5%, starting with 0.2-0.7% and ending with >4% stachyose. In Fig. 3C, bin width is 

0.1%, starting with 0.1-0.2% and ending at 1.1-1.2% raffinose.  
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4C 

4B 4A 

Figure 4. Predicted vs. Reference graphs for sucrose (4A), stachyose (4B), and 

raffinose (4C) prediction models after cross-validation. 
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Sucrose Prediction Model 

Stachyose Prediction Model 

Raffinose Prediction Model 

5A 

5C 

5B 

Figure 5. Relative contribution of wavelengths between 950 and 1,650nm to prediction models for sucrose (5A), 

stachyose (5B), and raffinose (5C) prediction models. 
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Final Conclusions 
 

 Sustainability of the soybean industry can be enhanced by increasing the amount of acreage 

devoted to soy production for specialty products. Vegetable-type soybean, more commonly known 

as edamame, has surged in consumer demand and interest over the past two decades. Domestic 

production of edamame has been hindered in part due to a lack of strong economic evidence to 

demonstrate its potential profitability. Here, we employed a pair of economic studies – looking at 

production cost and consumer demand – to address this issue for producers in the Mid-Atlantic 

region. Observations from our feasibility study suggested that despite observing higher yield 

potential from the use of locally-adapted edamame cultivars, the substantial labor costs associated 

with hand-harvested edamame still largely offset or exceed any potential gains in revenue. Future 

research should therefore focus on production costs associated with mechanized harvest, including 

yield loss from harvesters and the viability of using commercial bean harvesters for other crops 

such as green beans and lima beans to harvest edamame. Determining feasibility and production 

costs associated with shelled edamame, which involves the added expense of shelling equipment 

and bean sorters, would also be of considerable value in clarifying the economic potential of 

edamame in the region.  

 In our willingness-to-pay study, we sought to better understand the future outlook for 

domestically produced edamame by estimating the premiums and discounts that consumers placed 

on fresh, local, organic, and on-the-stalk edamame while available alongside their currently 

available, status-quo counterparts (frozen, non-local, non-GMO, pods) under a hypothetical, one-

and-one-half bound contingent valuation framework and related these estimates to a vector of 

explanatory variables. Our results revealed that survey participants strongly preferred fresh or 

locally produced edamame rather than frozen or non-local edamame by an average margin of 94 
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and 87 cents (respectively). For fresh, this estimate appeared to be largely driven by demographic 

factors, especially gender, and shopping locale, while local showed more broad interest across 

explanatory variables. For both fresh and local, environmental value was also a significant driving 

factor. Taken together, these results suggest that fresh and/or locally supplied edamame may hold 

a strong marketing advantage over currently available products in the domestic marketplace. 

 The final study presented in this thesis sought to use chemometric methods to address the 

burdensome task of quantifying soybean seed sugars that hold implications for taste, digestibility, 

and feed efficacy of food-grade soybean. In our study, we demonstrated that by using germplasm 

that exhibited a relatively wide range of sucrose and stachyose content, highly accurate and robust 

NIRS prediction models for these major seed sugars could be developed on the DA7250 NIRS 

Analyzer. Ultimately, this can save money, time, resources, and personnel for soybean breeding 

programs and other stakeholders by allowing them to estimate relative sugar content more rapidly 

and efficiently in order to meet industry needs. Despite the success observed for sucrose and 

stachyose, calibration development for raffinose remains problematic. As such, higher resolution 

NIRS instruments or alternative methods to more accurately and efficiently quantify raffinose in 

soybean seeds must be investigated. 

  

   

  

 


