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The consumption of edamame [Glycine max (L.) Merr.] in the US has rapidly increased

due to its nutritional value and potential health benefits. In this study, 10 edamame

genotypes were planted in duplicates in three different locations in the US—Whitethorne,

Virginia (VA), Little Rock, Arkansas (AR), and Painter, VA. Edamame samples were

harvested at the R6 stage of the bean development when beans filled 80–90% of the

pod cavity. Afterward, comprehensive chemical composition analysis, including sugars,

alanine, protein, oil, neutral detergent fiber (NDF), starch, ash, and moisture contents,

were conducted on powdered samples using standard methods and the total sweetness

was calculated based on the measured sugars and alanine contents. Significant effects

of the location were observed on all chemical constituents of edamame (p < 0.05). The

average performance of the genotypes was higher in Whitethorne for the contents of

free sucrose (59.29 mg/g), fructose (11.42 mg/g), glucose (5.38 mg/g), raffinose (5.32

mg/g), stachyose (2.34 mg/g), total sweetness (78.63 mg/g), and starch (15.14%) when

compared to Little Rock and Painter. The highest soluble alanine (2.67 mg/g), NDF

(9.00%), ash (5.60%), and moisture (70.36%) contents were found on edamame planted

in Little Rock while edamame planted in Painter had the highest crude protein (43.11%)

and oil (20.33%) contents. Significant effects of genotype were observed on most of the

chemical constituents (p < 0.05) except NDF and raffinose. Among the 10 genotypes,

R13-5029 consistently had high sucrose content and total sweetness across the three

locations, meanwhile it had relatively high protein and fiber contents. Overall, the results

indicate that to breed better edamame genotypes in the US, both genotype and planting

location should be taken into considerations.
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INTRODUCTION

Edamame, more commonly referred to as “vegetable or edible soybean” in the US and mao dou in
China, belongs to the same species as grain soybean [Glycine max (L.) Merr.]. It is an important
vegetable in Asia and has been widely consumed in China and Japan for centuries as a snack or
side dish (Zeipina et al., 2017; Lara et al., 2019). In the US, consumption of edamame has been
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increasing, and it has become the second most highly consumed
soy-food after soymilk because it is both nutritious and has
potential health benefits (Zeipina et al., 2017). However, more
than 70% of the edamame consumed in the US market is
imported from overseas. Although there are several edamame
lines, such as UA Kirksey and UA Mulberry, developed for
US domestic production (Chen et al., 2017), it is still critically
needed to continuously breed elite US edamame genotypes with
high nutritional value and consumer acceptance to meet the
ever-increasing market demand.

The increasing popularity of edamame is primarily due to
its nutritional value and health benefits. The nutritional value
of edamame is mainly determined by its chemical constituents,
such as protein, fiber, starch, and sugars. It was reported that
edamame is highly nutritious because of the content of high-
quality protein with isoflavones (Zeipina et al., 2017). Edamame
is also a good source of dietary fiber when supplemented in the
diet (Johnson et al., 1999; Xu et al., 2012). Dietary fiber could help
reduce blood cholesterol levels because of its viscosity, solubility,
and ability to adsorb/bind molecules (Lin et al., 2020). Moreover,
edamame contains a significant amount of health-promoting
polyunsaturated fatty acids, such as linoleic acid and α-linolenic
acid (Kumar et al., 2006a). In addition, edamame is a good source
of vitamins (C, E, and thiamin), minerals, phytochemicals, and
other active compounds (Johnson et al., 1999; Song et al., 2003;
Kaiser and Ernst, 2013; Zeipina et al., 2017). With these superior
nutritional constituents, edamame has potential health benefits
to help reduce the risk of many diseases, such as cardiovascular
disease, cancer, and osteoporosis (Sirtori, 2001).

Besides nutrition, sensory attributes are also important for
consumer acceptance of edamame. Compared to soybean,
edamame is slightly sweeter, has a softer texture, and a less beany
and nutty flavor (Konovsky et al., 1994). Sweetness is one of the
most important sensory attributes of edamame and is a primary
indicator of edamame quality (Johnson et al., 1999). Carneiro
et al. (2020) reported that sweetness is considered a major
sensory attribute that leads to higher consumer acceptability. The
sweetness of edamame is mainly determined by soluble sugars
including sucrose, glucose, and fructose (Konovsky et al., 1994;
Song et al., 2013; Zeipina et al., 2017). Alanine, which has a
sweet taste, also contributes to sweetness (Kirimura et al., 1969).
Therefore, identification edamame with higher soluble sugars
and alanine levels to the market may increase the popularity of
domestically produced edamame.

Many studies have been conducted to analyze the seed
composition of soybeans but very few studies have specifically
investigated the chemical composition of edamame. Recently,
Jiang et al. (2020) evaluated the chemical composition (e.g.,
protein, oil, and sugar) of different edamame genotypes, which is
essential for edamame research and breeding. However, planting
location, another important factor to consider for producing
edamame, was not considered in the Jiang et al. (2020) study.
Previous studies have shown that the planting location often
had a greater influence on the chemical composition of crops
[e.g., peanut (Arachis hypogaea L.), amaranth (Amaranthus
cruentus)] than genotype (Eheart et al., 1955; Berganza et al.,
2003). Sakla et al. (1988) have evaluated the environmental

effects on the chemical composition of three soybean varieties.
The results showed that significantly different moisture, oil,
carbohydrates, sucrose, and protein contents were due to the
localities. No significant difference was observed on fiber and
ash contents among different varieties and locations. The effects
of environmental conditions on the chemical composition of
soybean seeds were also reported in other literature (Cartter
et al., 1942; McClure et al., 2017). However, Cartter et al.
(1942) reported that varieties played a more important role in
affecting the chemical composition of soybean seed in their
studies compared to locations. Moreover, it is important to
identify genotypes that can perform well at different locations.
Besides chemical composition, it is also important to investigate
the sweetness of edamame in order to breed edamame with
high sensory attributes and thus increased consumer acceptance.
Therefore, the objective of this study is to systematically evaluate
the chemical composition and sweetness of 10 selected edamame
genotypes grown in three locations in the US. Three soluble
sugars (sucrose, fructose, and glucose) and free alanine were
quantified to estimate edamame sweetness. Comprehensive
chemical compounds including oligosaccharides (raffinose and
stachyose), crude protein, oil, starch, moisture content of fresh
beans, neutral detergent fiber (NDF), and ash content were also
determined to build a complete chemical composition profile
of the edamame and the data was used to observe the effect of
planting location and genotype.

MATERIALS AND METHODS

Plant Materials, Sample Pre-treatments,
Chemicals, and Reagents
One commercial check (cultivar UA-Kirksey) and nine edamame
breeding lines were planted in late May 2018 at three locations—
Virginia Tech’s Kentland Farm in Whitethorne VA, University of
Arkansas Research Farm in Little Rock AR, and Virginia Tech’s
Eastern Shore Agricultural Research and Extension Center in
Painter VA. All genotypes are from the maturity group V. The
names of the selected genotypes are R13-5029, R14-6450, V10-
3653, V13-0329, V13-0339, V13-1644, V15-0396, V16-0523, and
V16-0547. Each genotype was grown in two replications and
the plots were arranged in a randomized complete block design
(RCBD). Each plot was 6.10m long, 0.75m inter-row spacing and
a seeding rate of 20 seeds per m. Half pound of edamame pods
was manually harvested at the R6 stage of soybean development
when beans filled 80–90% of the pod cavity. Edamame samples
were stored in coolers filled with ice bags and transferred to the
food processing pilot plant at Virginia Tech (Whitethorne, VA,
USA) for processing. The pods were blanched in boiling water
(98.3 ± 0.1◦C) for 1min to inactivate enzymes and decrease the
microbial load (Pao et al., 2008; Xu et al., 2012). Blanched samples
were immediately cooled in an ice-water bath for 2min to avoid
overcooking (4.5 ± 0.5◦C) and then dried with a paper towel
until no flowing water was observed. Afterward, the beans were
shelled out manually and stored at −80◦C. Frozen beans were
freeze-dried and then milled by an IKA MF 10 Basic Microfine
Grinder (IKA R©-Werke GmbH & Co. KG, Germany) and passed
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through a 500µm sieve. All chemical standards (sugars and
alanine) and sodium tetraborate decahydrate (Na2B4O7·10H2O)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
AdvanceBio AAA standards and reagents kit was purchased
from Agilent for alanine analysis. The rest of the chemicals used
in this study were purchased from Fisher Scientific (Hampton,
NH, USA).

Free Sugars, Alanine, and Sweetness
Free Sugars and Free Alanine
The extraction of free sugars (sucrose, fructose, glucose, raffinose,
and stachyose) and free alanine in edamame was conducted
based on the method reported by Yu et al. (2016) and Machado
et al. (2020), with some adjustments. Briefly, 1.5mL of deionized
water and 0.15 g of dry powdered edamame were mixed in a
2mL centrifuge tube. The tube was placed on a tube revolver
(Thermo ScientificTM, Waltham, MA, USA) and shaken for 2 h
at room temperature, followed by centrifugation at 13,500 × g
for 10min. Afterward, 750 µL acetonitrile was added to 750 µL
of the supernatant for purification. The mixture was shaken at
room temperature for 10min, and then centrifugated at 13,500
× g for 10min. After centrifugation, 750 µL of the supernatant
was filtered through a 0.2-µm membrane disc filter into a 1.5-
mL HPLC vial and sugar content was determined using high-
performance liquid chromatography (HPLC, 1260 Infinity II,
Agilent Technologies, Santa Clara, CA, USA) equipped with a
refractive index detector (RID). The Luna Omega 3µm SUGAR
column (150 × 4.6mm, Phenomenex, Torrance, CA, USA) was
used to separate different sugars. The column temperature was
set at 40◦C with a flow rate of 1.0 mL/min. The mobile phase
was a mixed solution of acetonitrile/water (75:25 v: v) and
the injection volume was 5 µL. The measurement of alanine
content was conducted according to an application developed
by Agilent (Palaniswamy, 2017) using the HPLC. Derivatization
was done automatically by an autosampler using chemicals in
the Agilent AdvanceBio AAA standards and reagents kit (p/n
5190-9426). The injection volume was 1.0 µL and alanine was
separated in an Agilent AdvanceBio AAA C18 column, 4.6 ×

100mm, 2.7µm, (40◦C) at a flow rate of 1.5 mL/min with a
gradient program. Mobile phase A contained 10mM Na2HPO4,
and 10mM Na2B4O7 at pH of 8.2, while the mobile phase B was
the mixed solution of acetonitrile, methanol, and water (45:45:10,
v: v: v). Eluted alanine from the column was detected by a diode
array detector at λ = 338 nm.

Sweetness
Sucrose, glucose, fructose, and alanine all contribute to the
sweetness of edamame; therefore, all of them should be
taken into consideration when determining edamame sweetness
(Monteiro et al., 2007; Saldivar et al., 2010). Because sucrose,
glucose, fructose, and alanine have different sweetness intensities,
sucrose is commonly used as a reference to compare the
sweetness intensities of different sugars and its sweetness is
set at 1.00 (Brady, 2013). The relative sweetness (RS) of
glucose, fructose, and alanine to the same concentration of
sucrose is 0.40 – 0.79 (Brady, 2013), 1.00 – 1.75 (Brady,
2013), and 0.93 – 1.70 (Cameron, 1945) respectively. Thus,

edamame sweetness was calculated using the following equation
based on the concentrations and averaged relative sweetness of
different sugars:

Sweetness = Csucrose × RSsucrose + Cglucose × RSglucose + Cfructose

×RSfructose + Calanine × RSalanine (1)

where C represented the concentration (mg/g) and RS was the
average of the highest RS and the lowest RS of each sugar
and alanine.

Protein, Oil, Neutral Detergent Fiber (NDF),
Starch, Ash, and Moisture
The Kjeldahlmethodwas used tomeasure the nitrogen content in
edamame and the protein content was calculated by multiplying
with a conversion factor of 6.25 (AOAC, 2005a). The oil in the
edamame was extracted using petroleum ether, and its content
was measured according to AOAC 2003.05 (AOAC, 2005b). The
NDF in edamame was measured by the ANKOM fiber analyzer
(ANKOM Technology, Macedon, NY, USA). In brief, the non-
fiber component in 0.5 g of dry sample powder in a filter bag
was washed out by a neutral detergent solution in the fiber
analyzer. The dry weight after digestion was used to calculate
the NDF content (Yu et al., 2020 and Ohair et al., 2020). To
measure the ash content, edamame powder was placed in amuffle
furnace at 550◦C and burned for 12 h according to AOAC 942.05
(AOAC, 2005c; He et al., 2019). Starch content was determined
using the method described by Vidal et al. (2009) by measuring
hydrolyzed glucose by HPLC with RID using Bio-Rad Aminex
HPX-87H (Bio-Rad Laboratories, Hercules, CA, USA). Except
for the moisture content measurement, chemical composition
analysis was conducted on powdered edamame samples prepared
in section Plant Materials, Sample Pre-treatments, Chemicals,
and Reagents and reported on a dry matter basis. To measure
the moisture content, fresh beans were dried in an oven at 105◦C
until the weight was constant. Moisture content was calculated
based on the weight difference before and after drying and
reported on a wet matter basis.

Statistical Analysis
All measurements were conducted on biological replicates of
edamame and results were presented as means ± standard
deviation (n = 2). Pearson’s correlation analysis between each
of the free sugars and total sweetness was conducted using
GraphPad Prism (8.3.0, GraphPad Software, San Diego, CA,
USA). Two-way ANOVA was performed to test the significant
effects of genotype, location, and genotype× location on each of
the chemical constituents, followed by a post-hoc Tukey’s HSD
(Honestly Significant Difference) for a pair-wise comparison
of means using the statistical software SPSS (22.0.0.0, IBM
Corporation, Armonk, NY, USA). The statistical significance
level was 0.05 (p < 0.05). Principle component analysis (PCA)
was conducted by MATLAB (R2020a, MathWorks, Natick,
MA, USA).
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TABLE 1 | p-values of the two-way ANOVA for all compositions.

Source of variance p-value

Sucrose Fructose Glucose Alanine Total sweetness Raffinose Stachyose

Genotype <0.0001 0.0210 0.0310 0.0150 0.0180 0.4440 0.0000

Location <0.0001 0.0020 <0.0001 <0.0001 0.0000 <0.0001 0.0000

Genotype * location <0.0010 0.1250 0.4460 0.1540 0.1360 0.1510 0.0000

Protein Oil NDF Starch Ash Moisture content

Genotype <0.0001 <0.0001 0.3750 0.0010 <0.0001 0.0310

Location <0.0001 <0.0001 <0.0001 0.0050 <0.0001 <0.0001

Genotype * location 0.0010 0.1100 0.3290 0.0270 <0.0001 0.3000

RESULTS AND DISCUSSIONS

Free Sugars, Alanine, and Total Sweetness
Free Sugars
The free sugars, including sucrose, fructose, and glucose,
predominately decide the sweetness of edamame (Song et al.,
2013). Sucrose was the most abundant soluble sugar in
edamame and there was considerable variation in the sucrose
content among samples (Table 2). Significant effects of genotype,
location, and their interaction (genotype × location) were
observed (Table 1). The edamame planted in Whitethorne had
an average sucrose content of 59.29 mg/g, which was much
higher than the samples planted in Little Rock (42.82 mg/g)
and Painter (40.60 mg/g). Different temperatures could be a
reason for the higher sucrose content of edamame planted
in Whitethorne. Wolf et al. (1982) and Kumar et al. (2010)
reported that increased temperature during seed development
led to decreased sucrose content of soybean seeds. The average
temperatures in Whitethorne from June to October were 8–
9◦C lower than the average temperatures in Little Rock and
3–6◦C lower than the average temperatures in Painter. Besides
temperature, soil types and properties, daylight intensity, and
precipitation could also be reasons for the variation in sucrose
content. Nutrients and pH differ among different soils and they
might lead to sucrose variations in crops. Zhao-Hui et al. (2008)
reported that soil containing a higher level of potassium (K)
led to a higher soluble sugar content in kidney beans. In the
study of McEnroe and Coulter (1964), increasing soil pH from
6 to 7 lead to an increased sugar content in sugar beet. The
light intensity affects the photosynthesis rate and thus the sugar
content of vegetable crops. Xu et al. (2009) reported a positive
correlation between light intensity and soluble sugar contents in
non-heading Chinese cabbage. The same trend was also reported
by Yang et al. (2009) that soluble sugars in pepper fruits decreased
with decreasing light intensity. Precipitation can also lead to
water stress or flooding which potentially affect sugar contents in
crops. Under appropriate water stress, plants tend to accumulate
soluble sugars to adjust their osmotic pressure. Okunlola et al.
(2016) investigated the total sugar accumulation of three pepper
varieties under water stress and observed higher total sugar
contents in pepper with less irrigation. Flooding will cause soil

nutrients loss and then affect the sugar contents in the vegetables
(Clark, 2020).

On average, R13-5029 had the highest sucrose content
(53.14 mg/g) while R14-6450 and V10-3653 had the lowest
sucrose content among all genotypes (36.46 and 41.45 mg/g,
respectively). The highly significant effect of genotype× location
indicated that genotypes ranked differently among themselves
from location to location for sucrose content. In Whitethorne,
the check cultivar UA-Kirksey had the highest sucrose content
(72.25 mg/g) followed by genotype V13-1644 (70.62 mg/g) and
V13-0339 (69.20 mg/g). In Little Rock, R13-5029 had the highest
sucrose content of 51.93 mg/g and R14-6450 had the lowest
sucrose content of 35.00 mg/g. In Painter, genotype R13-5029
had the highest sucrose content of 46.71 mg/g while V10-3653
had the lowest sucrose content (32.53 mg/g). Overall, genotype,
location, and their interaction all had a significant influence on
sucrose content.

The contents of fructose and glucose were lower than
the content of sucrose in edamame (Table 2). Fructose and
glucose contents were affected by location. Edamame planted
in Whitethorne had the highest average fructose and glucose
contents (11.42 and 5.38 mg/g, respectively) followed by the
samples planted in Little Rock (10.51 and 3.17 mg/g) and
Painter (8.76 and 3.06 mg/g). Although significant differences in
fructose and glucose contents were observed among the three
locations, these differences were relatively small compared to
those in sucrose.

Alanine
Alanine also tastes sweet and contributes to the sweetness of
edamame. The alanine contents of different edamame genotypes
planted in different locations are listed in Table 3. The alanine
contents were much lower than the free sugar contents in
edamame. The overall range of alanine was 0.15 – 3.47 mg/g.
This result was consistent with a previous study in which the
authors reported a low alanine content range of 0.21 – 1.76
mg/g in edamame (Song et al., 2013). The variation in alanine
content was mainly due to location—the edamame planted in
Little Rock had a high average alanine content of 2.67 mg/g
across genotypes, whereas the edamame planted in Painter and
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TABLE 2 | Sucrose, fructose, and glucose contents (mg/g dry matter) of 10 edamame genotypes planted in three locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

Sucrose

R13-5029 60.78 ± 7.03 51.93 ± 4.60 46.71 ± 0.35 53.14 ± 7.39a 1

R14-6450 33.17 ± 2.23 35.00 ± 3.83 41.23 ± 1.22 36.46 ± 4.30c 10

UA-Kirksey 72.25 ± 2.51 47.29 ± 6.02 39.77 ± 1.79 53.10 ± 15.50a 2

V10-3653 54.82 ± 18.39 37.00 ± 2.44 32.53 ± 3.13 41.45 ± 13.50bc 9

V13-0329 62.56 ± 7.38 45.78 ± 3.75 46.47 ± 0.06 51.60 ± 9.26ab 3

V13-0339 69.20 ± 4.72 40.97 ± 0.56 39.35 ± 1.91 49.84 ± 15.19ab 5

V13-1644 70.62 ± 5.29 35.57 ± 5.29 33.38 ± 3.32 46.52 ± 19.04abc 7

V15-0396 63.18 ± 2.17 45.15 ± 5.02 43.91 ± 1.25 50.75 ± 9.97ab 4

V16-0523 51.71 ± 4.44 42.50 ± 0.54 39.09 ± 2.10 44.43 ± 6.24abc 8

V16-0547 54.56 ± 5.41 47.03 ± 10.45 43.57 ± 3.13 48.39 ± 7.41ab 6

Mean

(across genotypes)

59.29 ± 12.50A 42.82 ± 6.60B 40.60 ± 4.99B

Fructose

R13-5029 17.01 ± 5.79 8.67 ± 0.64 9.69 ± 1.13 11.79 ± 4.86 3

R14-6450 12.32 ± 1.59 14.44 ± 5.42 8.69 ± 2.42 11.82 ± 3.78 2

UA-Kirksey 9.72 ± 0.23 9.69 ± 0.62 8.26 ± 1.39 9.22 ± 1.01 8

V10-3653 12.82 ± 3.89 12.07 ± 1.45 8.54 ± 0.82 11.14 ± 2.79 4

V13-0329 7.24 ± 1.66 7.98 ± 1.03 8.36 ± 0.01 7.86 ± 1.01 10

V13-0339 11.70 ± 1.46 11.34 ± 0.44 9.45 ± 0.15 10.83 ± 1.28 5

V13-1644 7.43 ± 0.03 9.52 ± 0.56 9.74 ± 2.83 8.90 ± 1.72 9

V15-0396 10.73 ± 0.91 9.58 ± 1.50 7.45 ± 2.30 9.25 ± 1.97 7

V16-0523 10.62 ± 0.39 8.99 ± 0.29 9.05 ± 2.48 9.55 ± 1.40 6

V16-0547 14.63 ± 4.30 12.87 ± 1.11 8.41 ± 0.29 11.97 ± 3.49 1

Mean

(across genotypes)

11.42 ± 3.55A 10.51 ± 2.46A 8.76 ± 1.43B

Glucose

R13-5029 6.48 ± 2.24 2.74 ± 0.26 4.09 ± 1.44 4.44 ± 2.08ab 3

R14-6450 5.97 ± 0.80 3.84 ± 1.31 3.38 ± 1.76 4.40 ± 1.62ab 4

UA-Kirksey 3.99 ± 0.04 3.16 ± 0.63 3.04 ± 0.88 3.40 ± 0.67ab 8

V10-3653 6.34 ± 1.86 2.87 ± 0.14 2.06 ± 0.43 3.75 ± 2.21ab 6

V13-0329 2.84 ± 0.43 2.39 ± 0.08 2.65 ± 0.67 2.63 ± 0.41b 10

V13-0339 4.42 ± 0.41 3.12 ± 0.31 3.36 ± 0.16 3.64 ± 0.66ab 7

V13-1644 6.06 ± 0.36 3.87 ± 0.27 3.79 ± 2.30 4.57 ± 1.56ab 2

V15-0396 4.76 ± 0.51 2.66 ± 0.03 2.54 ± 1.27 3.32 ± 1.27ab 9

V16-0523 6.07 ± 0.21 2.77 ± 0.33 2.58 ± 0.36 3.81 ± 1.77ab 5

V16-0547 6.90 ± 2.44 4.23 ± 0.42 3.14 ± 0.58 4.75 ± 2.07a 1

Mean

(across genotypes)

5.38 ± 1.57A 3.17 ± 0.70B 3.06 ± 1.05B

Different letters (abc & AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).

Whitethorne had relatively low average alanine contents of 1.87
and 0.43 mg/g, respectively. Significant effect of genotype on
alanine was observed (Table 1) but no significant difference was
found among different genotypes (Table 3).

Total Sweetness
The total sweetness of edamame was calculated based on the
concentrations of sugars and alanine and their relative sweetness
to sucrose. The total sweetness of the 10 edamame genotypes
at three locations is shown in Table 4. Location has a profound

and significant effect on the total sweetness. Edamame samples
planted in Whitethorne had the highest sweetness among the
three locations. Therefore, locations having similar weather and
soil type to Whitethorne could be considered for producing
sweet edamame. It is worth noting that the genotype R13-
5029 performed consistently well in all three locations—it ranks
third, second, and first in total sweetness in Whitethorne, Little
Rock, and Painter, respectively. The mean sweetness of R13-5029
across the three locations was 73.74 mg/g dry matter, higher
than that of check cultivar UA-Kirksey (69.52 mg/g). Meanwhile,
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TABLE 3 | Alanine contents (mg/g dry matter) of 10 edamame genotypes planted in three locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

R13-5029 0.42 ± 0.23 3.47 ± 0.06 2.12 ± 0.41 2.00 ± 1.38 1

R14-6450 0.18 ± 0.04 3.45 ± 1.09 1.99 ± 0.02 1.87 ± 1.55 4

UA-Kirksey 0.87 ± 0.24 2.97 ± 0.55 2.14 ± 0.38 1.99 ± 0.99 2

V10-3653 0.30 ± 0.14 2.37 ± 0.19 1.85 ± 0.41 1.51 ± 0.98 7

V13-0329 0.29 ± 0.06 1.88 ± 0.28 1.59 ± 0.29 1.25 ± 0.78 10

V13-0339 0.57 ± 0.03 1.96 ± 0.13 1.62 ± 0.30 1.38 ± 0.66 8

V13-1644 0.41 ± 0.02 2.23 ± 0.56 1.51 ± 0.30 1.38 ± 0.87 8

V15-0396 0.79 ± 0.81 2.59 ± 0.34 1.83 ± 0.07 1.74 ± 0.90 5

V16-0523 0.32 ± 0.03 2.67 ± 0.26 1.58 ± 0.04 1.52 ± 1.06 6

V16-0547 0.15 ± 0.03 3.13 ± 1.06 2.49 ± 0.48 1.93 ± 1.50 3

Mean

(across genotypes)

0.43 ± 0.31C 2.67 ± 0.70A 1.87 ±0.38B

Different letters (ABC) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).

TABLE 4 | Total sweetness (equivalent mg sucrose/g dry matter) of 10 different edamame genotypes planted in different locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

R13-5029 88.48 ± 16.18 68.42 ± 3.60 64.30 ± 2.41 73.74 ± 12.94a 1

R14-6450 53.90 ± 0.48 60.10 ± 5.35 56.90 ± 5.59 56.96 ± 3.10b 10

UA-Kirksey 88.78 ± 2.37 65.02 ± 6.94 54.77 ± 3.92 69.52 ± 17.44ab 2

V10-3653 76.57 ± 24.76 57.34 ± 0.21 47.08 ± 2.60 60.33 ± 14.97ab 9

V13-0329 74.50 ± 9.97 59.79 ± 5.45 60.92 ± 0.11 65.07 ± 8.18ab 6

V13-0339 88.48 ± 6.96 60.11 ± 0.34 55.75 ± 1.56 68.12 ± 17.77ab 4

V13-1644 84.85 ± 5.03 52.88 ± 6.37 50.35 ± 8.86 62.69 ± 19.23ab 7

V15-0396 81.50 ± 4.40 62.11 ± 3.22 57.24 ± 2.64 66.95 ± 12.83ab 5

V16-0523 70.27 ± 3.79 58.79 ± 0.93 54.43 ± 5.71 61.16 ± 8.19ab 8

V16-0547 79.01 ± 12.80 69.92 ± 9.54 59.12 ± 4.27 69.35 ± 9.96ab 3

Mean

(across genotypes)

78.63 ± 10.79A 61.45 ± 5.13B 56.09 ± 4.95B

Different letters (ab & AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).

the genotype V16-0547 and V15-0396 also performed relatively
well in all three locations and had the mean sweetness of
69.35 and 66.95 mg/g dry matter across the three locations.
Therefore, these three top genotypes (R13-5029, V16-0547, and
V15-0396) are the potential candidates for developing edamame
with a high sweet taste. Overall, to breed sweeter edamame,
both location and genotype need to be considered. Moreover,
Pearson’s correlation analysis between each of the free sugars
(and alanine) and total sweetness showed that the sucrose content
is strongly correlated with the total sweetness with a high
correlation coefficient (r) of 0.94, whereas the r values between
the fructose, glucose, and alanine content and the total sweetness
were 0.44, 0.62, and−0.42, respectively. Therefore, in the future,
it is recommended that studies with limited resources could infer
total sweetness just based on the sucrose content measurement.

Raffinose and Stachyose
Raffinose and stachyose belong to the raffinose family
oligosaccharides (RFOs) and they are also important free sugars

in edamame (Kumar et al., 2010). RFOs cannot be digested in
the human gastrointestinal tract. When passed to the lower gut,
their fermentation by intestinal microflora creates flatulence-
inducing gases and leads to abdominal discomfort or even
diarrhea (Kumar et al., 2010). Therefore, edamame genotypes
with low levels of RFOs are usually desired. In this study, the
raffinose contents of edamame were at the same level as glucose,
and the stachyose content was closer to alanine. The variance
analysis showed that location had a significant effect on both the
raffinose and stachyose contents while genotype only affected
the stachyose content (Table 1). Most of the samples in Little
Rock and Painter did not have detectable stachyose (Table 5).
Samples planted in Whitethorne had the highest raffinose and
stachyose contents (5.32 and 2.34 mg/g, respectively) among
the three locations. Compared to the study of Xu et al. (2016),
the genotypes in this study had similar raffinose and stachyose
contents with the genotype Asmara (4.6 and 1.1 mg/g) but higher
raffinose and stachyose contents than the genotype Mooncake
(1.6 and 0.7 mg/g). It is interesting to note that the raffinose
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TABLE 5 | Raffinose and stachyose contents (mg/g dry matter) of 10 edamame genotypes planted in different locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

Raffinose

R13-5029 9.57 ± 2.24 0.78 ± 0.60 3.12 ± 0.09 4.49 ± 4.20 1

R14-6450 5.29 ± 1.51 1.29 ± 1.44 1.93 ± 1.20 2.84 ± 2.20 6

UA-Kirksey 4.35 ± 1.02 1.23 ± 1.25 3.12 ± 1.10 2.90 ± 1.65 4

V10-3653 4.58 ± 2.57 1.01 ± 1.21 2.88 ± 0.48 2.82 ± 2.05 7

V13-0329 6.89 ± 2.94 0.52 ± 0.03 2.62 ± 0.42 3.34 ± 3.19 2

V13-0339 4.49 ± 0.53 0.95 ± 0.47 2.88 ± 1.47 2.77 ± 1.75 8

V13-1644 4.97 ± 0.36 0.11 ± 0.15 2.54 ± 0.88 2.54 ± 2.22 10

V15-0396 5.36 ± 0.30 0.80 ± 1.13 2.43 ± 0.30 2.86 ± 2.13 5

V16-0523 3.40 ± 0.16 1.99 ± 2.82 2.79 ± 1.23 2.73 ± 1.52 9

V16-0547 4.35 ± 1.66 0.68 ± 0.32 4.09 ± 2.02 3.04 ± 2.18 3

Mean

(across genotypes)

5.32 ± 2.07A 0.94 ± 1.02C 2.84 ± 0.96B

Stachyose

R13-5029 13.11 ± 1.50 0.00 ± 0.00* 0.00 ± 0.00* 4.37 ± 6.80a 1

R14-6450 0.00 ± 0.00* 0.00 ± 0.00* 0.00 ± 0.00* 0.00 ± 0.00*b 8

UA-Kirksey 0.00 ± 0.00* 0.00 ± 0.00* 0.32 ± 0.45 0.11 ± 0.26b 7

V10-3653 1.38 ± 1.95 0.28 ± 0.40 0.48 ± 0.68 0.71 ± 1.08b 5

V13-0329 3.01 ± 1.30 0.00 ± 0.00* 0.00 ± 0.00* 1.00 ± 1.66b 2

V13-0339 0.00 ± 0.00 0.00 ± 0.00* 0.00 ± 0.00* 0.00 ± 0.00*b 8

V13-1644 0.00 ± 0.00 0.00 ± 0.00* 0.00 ± 0.00* 0.00 ± 0.00*b 8

V15-0396 1.83 ± 0.77 0.00 ± 0.00* 0.00 ± 0.00* 0.61 ± 1.00b 6

V16-0523 1.75 ± 0.66 0.00 ± 0.00* 0.54 ± 0.77* 0.76 ± 0.92b 3

V16-0547 2.29 ± 0.65 0.00 ± 0.00* 0.00 ± 0.00* 0.76 ± 1.22b 3

Mean

(across genotypes)

2.34 ± 3.90A 0.03 ± 0.13B 0.13 ± 0.34B

Different letters (ab & AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05). 0.00* means the concentration cannot be detected by the

HPLC but not absolutely zero.

and stachyose contents are positively correlated with sucrose,
fructose and glucose contents (further illustrated in Figure 1).
For example, the genotype R13-5029 had higher sucrose, fructose
and glucose contents, and its raffinose and stachyose contents
were also high. V15-0396 and V16-0547 also had relatively high
raffinose content and detectable stachyose compared to UA-
Kirksey. Therefore, if breeders want to select genotypes with high
fructose and glucose contents, these genotypes will potentially
have high raffinose and stachyose contents. It was reported
that a person weighing 60 kg can consume as much as 38.4 g
(male) or 57.6 g (female) of soybean oligosaccharides without
any gastrointestinal troubles (Hata et al., 1991). Therefore, the
genotypes used in this study are unlikely to cause diarrhea due
to the low content of oligosaccharides. It would be meaningful
to investigate which of raffinose and stachyose leads to more
severe abdominal discomfort, however, this information is not
readily available. Future research might be needed to provide
this information.

Other Chemical Compositions
Crude Protein
Protein is one of the most important constituents in edamame.
The high-quality protein in edamame makes it a good alternative

diet for vegans and vegetarians, thus, higher protein content is
usually desired (Zeipina et al., 2017). In this study, the protein
content ranged from 38.77 to 45.57% based on dry mass. This
result is consistent with the study of Guo et al. (2020), in
which the protein content of edamame ranged from 36 to 45%.
The protein content in edamame was significantly affected by
location (Tables 1, 6). The edamame planted in Painter and
Little Rock had higher average protein content (43.11% and
42.47%, respectively) than the samples planted in Whitethorne
(41.01%). The temperature could be a potential reason for protein
variation. According to a previous study conducted byWolf et al.
(1982), protein content in soybean seeds increased when the day
temperature was higher than 30◦C. Increased protein content
under higher temperatures has also been observed in a second
study (Dornbos and Mullen, 1992). In our study, there were 81
days in Little Rock and 77 days in Painter between June and
October had the highest temperature over 30◦C compared to
25 days in Whitethorne, which could partially explain the high
protein contents of edamame planted in Little Rock and Painter.
Genotype also significantly influenced protein content. Among
the 10 genotypes, UA-Kirksey had the highest mean protein
content across locations (44.31%) while V13-0339 had the lowest
protein content (40.26%). Regarding the top genotypes which
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FIGURE 1 | Principal component analysis (PCA) score plot and the component loading plot of PC1 vs. PC2 of the 10 different edamame genotypes planted in three

different locations.

had high sweetness, R13-5029 and V16-0527 had relatively high
protein contents of 42.1 and 42.5%, respectively, while V15-0396
had a slightly lower protein content (41.0%) than R13-5029 and
V16-0527. Genotype× location interaction also had a significant
effect on protein content indicating that these genotypes ranked
differently in protein content across the three locations.

Oil
The oil content of edamame ranged from 17.37 to 21.61%
depending on different genotypes (Table 7). In a previous study,
Xu et al. (2016) reported that the oil contents of two edamame
varieties (Asmara and Mooncake) were between 17.2 and 18.9%
when they were harvested at R6 stage. Unlike soybeans with
their desirable higher oil content for vegetable oil and soy-diesel,
a lower oil content is usually preferred for soy food products

including edamame (Zhang et al., 2017). Location also had a
significant effect on oil content (Table 1). The highest oil content
was observed on V13-0339 in Painter and the lowest oil content
was found on UA-Kirksey in Little Rock. Averaged across all
genotypes, the edamame planted in Painter had the highest oil
content (20.33%), and V13-1644 had the highest oil content when
averaged across all three locations (20.91%). For the three top
genotypes based on the sweetness, R13-5029 had a mean oil
content of 18.76%, which is comparable to the mean oil content
(18.66%) of the cultivar check UA-Kirksey. Genotypes V16-0547
and V15-0396 had mean oil contents of 19.15 and 18.99%,
slightly higher than that of UA-Kirksey. The significant effects
of planting environment and genotype and their interaction on
the oil content of soybean seeds were observed in the studies of
Kumar et al. (2006b) and Arslanoglu et al. (2011). However, in
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TABLE 6 | Crude protein contents [%, dry basis (d.b.)] of 10 edamame genotypes planted in different locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

R13-5029 42.08 ± 0.07 41.27 ± 0.24 42.92 ± 0.53 42.09 ± 0.78bc 6

R14-6450 42.60 ± 1.35 43.38 ± 0.42 42.49 ± 0.08 42.82 ± 0.77ab 3

UA-Kirksey 43.76 ± 0.16 44.08 ± 0.44 45.07 ± 0.03 44.31 ± 0.65a 1

V10-3653 40.96 ± 0.84 43.40 ± 0.20 45.57 ± 0.78 43.31 ± 2.13ab 2

V13-0329 41.04 ± 1.20 40.57 ± 0.53 43.72 ± 1.05 41.78 ± 1.70bcd 7

V13-0339 38.77 ± 1.25 40.66 ± 1.29 41.34 ± 1.12 40.26 ± 1.52d 10

V13-1644 39.52 ± 1.39 41.99 ± 0.92 43.46 ± 0.56 41.66 ± 1.95bcd 8

V15-0396 40.95 ± 1.36 42.15 ± 0.39 39.92 ± 0.84 41.01 ± 1.24cd 9

V16-0523 40.43 ± 0.03 43.55 ± 0.99 42.81 ± 1.61 42.26 ± 1.68bc 5

V16-0547 40.03 ± 0.74 43.67 ± 0.47 43.80 ± 0.78 42.50 ± 1.99bc 4

Mean

(across genotypes)

41.01 ± 1.61B 42.47 ± 1.37A 43.11 ± 1.73A

Different letters (abcd & AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).

TABLE 7 | Oil contents (%, d.b.) of 10 edamame genotypes planted in different locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

R13-5029 18.00 ± 0.68 18.34 ± 1.03 19.95 ± 0.66 18.76 ± 1.12bc 9

R14-6450 20.27 ± 1.02 19.15 ± 0.54 20.41 ± 0.23 19.94 ± 0.81ab 5

UA-Kirksey 18.70 ± 0.90 17.37 ± 0.14 19.89 ± 0.52 18.66 ± 1.22c 10

V10-3653 20.46 ± 0.16 20.30 ± 0.80 20.81 ± 0.83 20.52 ± 0.57a 4

V13-0329 20.33 ± 0.09 21.03 ± 0.04 21.25 ± 0.47 20.87 ± 0.48a 2

V13-0339 20.19 ± 0.14 20.57 ± 0.38 21.61 ± 0.72 20.79 ± 0.76a 3

V13-1644 20.30 ± 0.74 20.86 ± 1.13 21.56 ± 0.82 20.91 ± 0.91a 1

V15-0396 19.25 ± 0.17 18.31 ± 0.66 19.41 ± 0.64 18.99 ± 0.67bc 8

V16-0523 19.39 ± 0.07 19.16 ± 1.07 19.05 ± 0.20 19.20 ± 0.51bc 6

V16-0547 19.93 ± 0.07 18.13 ± 0.25 19.38 ± 0.90 19.15 ± 0.92bc 7

Mean

(across genotypes)

19.68 ± 0.89B 19.32 ± 1.36B 20.33 ± 1.03A

Different letters (abc & AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).

TABLE 8 | Starch contents (%, d.b.) of 10 edamame genotypes planted in different locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

R13-5029 12.14 ± 0.69 15.28 ± 2.27 12.84 ± 1.17 13.42 ± 1.89bc 9

R14-6450 13.79 ± 0.28 12.92 ± 0.70 15.36 ± 0.61 14.02 ± 1.19abc 8

UA-Kirksey 15.50 ± 0.17 14.96 ± 1.20 14.31 ± 0.53 14.92 ± 0.80ab 5

V10-3653 15.14 ± 2.85 11.99 ± 0.20 12.07 ± 0.21 13.06 ± 2.06c 10

V13-0329 16.27 ± 1.63 14.80 ± 0.55 14.08 ± 0.10 15.05 ± 1.26ab 3

V13-0339 16.58 ± 0.55 14.98 ± 0.45 15.26 ± 1.18 15.60 ± 0.98a 1

V13-1644 15.60 ± 0.34 14.56 ± 0.39 14.66 ± 0.77 14.94 ± 0.66ab 4

V15-0396 15.54 ± 0.33 15.41 ± 0.27 14.56 ± 0.23 15.17 ± 0.52ab 2

V16-0523 15.55 ± 0.26 14.33 ± 0.31 14.09 ± 0.78 14.66 ± 0.80abc 6

V16-0547 15.34 ± 1.14 14.16 ± 0.46 14.28 ± 0.04 14.59 ± 0.80abc 7

Mean

(across genotypes)

15.14 ± 1.51A 14.34 ± 1.25B 14.15 ± 1.11B

Different letters (abc & AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).
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TABLE 9 | Neutral detergent fiber contents (%,d.b.) of 10 edamame genotypes planted in different locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

R13-5029 8.37 ± 0.51 9.49 ± 0.53 8.43 ± 0.48 8.76 ± 0.68 2

R14-6450 7.77 ± 0.03 9.48 ± 1.43 7.95 ± 0.34 8.40 ± 1.06 6

UA-Kirksey 8.37 ± 0.56 8.40 ± 0.78 8.09 ± 1.12 8.29 ± 0.68 8

V10-3653 8.07 ± 0.32 9.01 ± 0.13 8.91 ± 0.47 8.66 ± 0.53 3

V13-0329 8.24 ± 0.98 8.81 ± 1.36 7.91 ± 0.32 8.32 ± 0.87 7

V13-0339 7.95 ± 0.21 7.97 ± 0.55 7.90 ± 0.16 7.94 ± 0.27 10

V13-1644 7.64 ± 0.58 9.81 ± 0.56 8.53 ± 0.32 8.66 ± 1.05 3

V15-0396 8.10 ± 0.06 9.34 ± 0.47 8.95 ± 1.08 8.80 ± 0.77 1

V16-0523 7.90 ± 0.63 8.25 ± 0.37 8.51 ± 0.37 8.22 ± 0.45 9

V16-0547 7.14 ± 0.49 9.47 ± 0.02 8.71 ± 0.01 8.44 ± 1.09 5

Mean

(across genotypes)

7.96 ± 0.52B 9.00 ± 0.82A 8.39 ± 0.56B

Different letters (AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).

our study, no significant effect of genotype× location interaction
was observed on the oil content, indicating that genotypes ranked
similarly among themselves from location to location (Table 1).

Starch
Starch is the main carbohydrate in plant storage organs
(Stevenson et al., 2006), but it is not well-studied in soybean
or edamame because of its relatively low content and because
soybean is usually considered as a protein and oil crop. Immature
soybean usually has a starch content of 10–15% on a dry matter
basis. The starch content of edamame in this study ranged
from 11.99 to 16.58%, with the genotype V13-0339 planted
in Whitethorne having the highest and V10-3653 planted in
Little Rock the lowest (Table 8). Averaged across all genotypes,
edamame planted in Whitethorne had the highest starch content
(15.14%) and those planted in Painter had the lowest (14.15%).
This observation is similar to the observation that edamame
planted in Whitethorne had the highest sugar (sucrose, glucose,
and fructose) content and those in Painter had the lowest sugar
content. Averaged across all locations, genotype V13-0339 had
the highest (15.60%) and V10-3653 had the lowest (13.06%)
starch content. The two top genotypes R13-5029 and V16-0547
had a lower starch content of 13.42 and 14.59% than that of the
check cultivar (14.92%). V15-0396 had a higher starch content
(15.17%) than the check cultivar.

Neutral Detergent Fiber (NDF)
Besides protein, oil, and starch, edamame also offers a good
source of fiber. The NDF content of edamame in this study
ranged from 7.14 to 9.81% (Table 9). This range was consistent
with one previous study in which the authors reported a fiber
content range of 6.7–10.7% in soybean seeds (Ciabotti et al.,
2016). The fiber content of soybean seeds in another study
was slightly lower, between 5.53 and 8.04% (Jiang et al., 2018).
The highest NDF content was observed on genotype V13-
1644 planted in Little Rock while the lowest NDF content
was found on genotype V16-0547 planted in Whitethorne.

Location had a significant effect on edamame NDF content
(Table 1). Averaged across the genotypes, edamame planted in
Little Rock had significantly higher NDF contents (9.00%) than
samples harvested in Whitethorne (7.96%) and Painter (8.39%).
The significant effect of genotype on the NDF content was
not observed, probably because the genotypes chosen in this
study were not genetically distant enough. In the future, more
genotypes with a wide genetic distance should be included for
identifying edamame with significantly higher fiber content.
With the ever-increasing attention to the health benefits of
fiber intake, edamame with a high fiber content is desired in
the market as a health-promoting food. According to FDA
regulations, a food product must contain over 10% of the
Recommended Daily Intake (RDI) for fiber per serving to be
claimed as a “good source” of fiber. Considering that the RDI for
fiber is 25 grams per day and a typical serving size of edamame
is 100 g (wet weight), edamame can be claimed as a good source
of fiber if it contains at least 2.5 g fiber per 100 g of wet weight.
In this study, all three top genotypes (R13-0529, V15-0396, and
V16-0547) can be claimed as a “good source” of fiber according
to the calculations of the fiber content on a wet basis.

Ash
Ash has the lowest chemical composition except for
oligosaccharides and alanine. Xu et al. (2016) has analyzed
the ash contents of edamame samples over bean development
and the ash content range was between 3.58 and 5.49%. In this
study, the ash content range was from 4.29 to 5.83% (Table 10).
The highest ash content was observed on V10-3653 in Little Rock
and the lowest was found on V13-0339 planted in Whitethorne.
Genotype, location, and their interaction all had a significant
effect on the ash content of edamame (Table 1). Averaged across
genotypes, edamame planted in Little Rock had the highest ash
content (5.60%) while edamame planted in Whitethorne had
the lowest ash content (4.67%). Averaged across three different
locations, V13-1644 had the highest ash content (5.39%) while
V16-0547 had the lowest ash content (5.08%).
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TABLE 10 | Ash contents (%, d.b.) of 10 = edamame genotypes planted in different locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

R13-5029 5.13 ± 0.03 5.63 ± 0.09 4.97 ± 0.20 5.25 ± 0.32abc 3

R14-6450 4.65 ± 0.14 5.76 ± 0.34 5.35 ± 0.00 5.25 ± 0.53abc 3

UA-Kirksey 4.67 ± 0.06 5.59 ± 0.15 5.48 ± 0.00 5.24 ± 0.46abc 5

V10-3653 4.57 ± 0.25 5.83 ± 0.04 5.62 ± 0.13 5.34 ± 0.62ab 2

V13-0329 4.73 ± 0.08 5.38 ± 0.10 4.96 ± 0.19 5.02 ± 0.31cd 9

V13-0339 4.29 ± 0.12 5.55 ± 0.08 5.44 ± 0.12 5.09 ± 0.63bcd 7

V13-1644 4.85 ± 0.14 5.57 ± 0.10 5.74 ± 0.14 5.39 ± 0.44a 1

V15-0396 4.68 ± 0.04 5.56 ± 0.11 5.13 ± 0.03 5.12 ± 0.40bcd 6

V16-0523 4.49 ± 0.06 5.53 ± 0.09 4.71 ± 0.08 4.91 ± 0.50d 10

V16-0547 4.69 ± 0.02 5.65 ± 0.04 4.90 ± 0.13 5.08 ± 0.46cd 8

Mean

(across genotypes)

4.67 ± 0.23C 5.60 ± 0.16A 5.23 ± 0.35B

Different letters (abcd & ABC) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).

TABLE 11 | Moisture contents [%, wet basis (w.b.)] of fresh beans of 10 edamame genotypes planted in different locations.

Genotype Whitethorne,

VA

Little Rock,

AR

Painter,

VA

Mean

(across locations)

Ranking

R13-5029 66.63 ± 1.25 72.13 ± 1.97 70.63 ± 0.04 69.80 ± 2.75 1

R14-6450 63.29 ± 0.97 72.80 ± 7.04 65.41 ± 3.92 67.17 ± 5.75 8

UA-Kirksey 67.39 ± 0.29 69.18 ± 0.35 66.01 ± 1.09 67.53 ± 1.52 5

V10-3653 65.73 ± 1.74 68.92 ± 0.74 67.04 ± 0.89 67.23 ± 1.71 7

V13-0329 65.13 ± 0.56 67.44 ± 1.71 64.96 ± 1.33 65.85 ± 1.59 10

V13-0339 67.15 ± 3.10 68.26 ± 2.65 67.26 ± 0.70 67.56 ± 1.93 4

V13-1644 66.27 ± 1.10 72.49 ± 2.47 66.33 ± 3.33 68.36 ± 3.73 3

V15-0396 63.10 ± 0.08 69.68 ± 0.76 65.47 ± 0.43 66.08 ± 3.00 9

V16-0523 64.67 ± 0.04 69.50 ± 0.59 68.30 ± 1.32 67.49 ± 2.34 6

V16-0547 66.19 ± 1.23 73.22 ± 0.69 69.46 ± 0.79 69.62 ± 3.23 2

Mean

(across genotypes)

65.56 ± 1.76B 70.36 ± 2.81A 67.09 ± 2.25B

Different letters (AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD test (p < 0.05).

Moisture Content of Fresh Beans
Water takes up most of the wet weight of edamame and makes
it easier to prepare and cook than soybean. In this study, the
moisture content of fresh beans was in the range of 63.10–73.22%
(Table 11). The highest moisture content was observed on V16-
0547 planted in Little Rock and the lowest moisture content
was found on V15-0396 planted in Whitethorne. Location
had a significant effect on the moisture content of edamame.
Averaged across all genotypes, edamame planted in Little Rock
contained significantly more moisture than edamame planted in
Whitethorne and Painter. Significant effect of genotype on the
moisture content of edamame was found based on the ANOVA
test. Averaged across all locations, the potential top genotype
R13-5029 and V16-0547 had higher moisture content (69.80
and 69.62%, respectively) while V15-0396 had relatively low
moisture contents (66.08%). No significant effect of genotype
× location interaction was found on the moisture content of
edamame. Moisture content decreases gradually during bean

development, thus harvest time is another potential reason
leading to differences in moisture contents (Xu et al., 2016). The
optimal harvest time of edamame is when the beans fill 80–90%
of the pod cavity and the pods are still green and immature.
Harvesting edamame at the optimal harvest time can help ensure
its optimal quality.

Principal Component Analysis
In this study, 12 chemical constituents were determined among
10 edamame genotypes planted in three locations. To better
understand the relationships among these chemical constituents
and how location affected the chemical composition of edamame,
principal component analysis (PCA) was conducted. The first
three principal components (PC) were able to explain 68.90%
of the total variance. The first principal component (PC1) and
the second principal component (PC2) accounted for 38.28 and
18.62% of the variance, respectively. Figure 1 consists of the
PCA score plot and component loading plot of PC1 vs PC2 and
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it provided better visualization of the edamame samples. PC1
mainly consisted of sucrose, glucose, raffinose, alanine, crude
protein, moisture, NDF, and ash, while PC2 mainly consisted
of glucose, fructose, stachyose, protein, oil, and starch. In the
component loading plot, each constituent is illustrated with a
vector and the angle of any two vectors indicates the correlation
between those two constituents. When the angle is exactly 90◦,
there is no correlation. With angles being between 0–90◦ and
90–180◦, there is a positive or negative correlation, respectively
(Bi et al., 2017). The component loading plot shows that the
12 chemical constituents were divided into three groups. The
first group consisted of free sugars including sucrose, raffinose,
glucose, stachyose, and fructose which indicates that free sugar
contents were all positively correlated with each other. The
second group contained crude protein, NDF, moisture, ash and
alanine contents while starch and oil were in the last group.
All chemical constituents in the second group were negatively
correlated with sucrose, indicating that the samples having higher
sucrose contents tend to have lower protein, NDF, moisture,
ash, and alanine contents. Sucrose is positively correlated with
starch but does not correlate with oil. This information is useful
to breeders to balance the sweetness (sugars) and nutritional
values (proteins, fibers) when breeding consumer-preferred
edamame varieties.

The PCA score plot shows the distributions of edamame
planted in three locations. The sample points close to each other
have similar chemical compositions. The samples were divided
into two clusters—one cluster mainly consisted of the samples
planted in Whitethorne and the other cluster consisted of the
samples planted in Painter and Little Rock. This indicates that
location affected the chemical compositions of edamame. All
samples planted in Whitethorne fell into the cluster where free
sugars dominated, indicating that free sugars are the primary
reason for separation of edamame planted in Whitethorne from
the samples planted in Little Rock and Painter. The points of
Little Rock’s samples fell into the area which was dominated by
crude protein, NDF, moisture, ash, and alanine contents. The
chemical composition data showed that edamame planted in
Little Rock had significantly higher crude protein, NDF,moisture,
ash, and alanine contents. The samples planted in Painter were
located between the samples planted in Whitethorne and Little
Rock, indicating that the samples planted in Painter had a middle
level of chemical compositions. Overall, the PCA analysis showed
the pronounced effect of planting locations on the chemical
composition of edamame. The information could provide the
breeders with the guidance about how to choose locations for
selecting/breeding for cultivars with specific traits.

CONCLUSIONS AND FUTURE WORK

The effect of genotype and planting location on chemical
compositions was investigated on 10 edamame genotypes
planted in three locations—Whitethorne, VA; Little Rock,
AR; and Painter, VA. The determined chemical constituents
included soluble sugars (sucrose, glucose, fructose, raffinose, and

stachyose), alanine, crude protein, oil, starch, moisture, neutral
detergent fiber, and ash. Themain findings are listed as follows:

a) Planting location had significant effects on all chemical
constituents of edamame (p < 0.05). The edamame planted in
Whitethorne had the highest soluble sugars, total sweetness,
and starch contents while the edamame planted in Little
Rock had the highest soluble alanine, NDF, moisture and ash
contents. The edamame planted in Painter had the highest
crude protein and oil contents.

b) Genotype had significant effects on all chemical constituents
except for NDF and raffinose. Among the 10 genotypes, R13-
5029 had the highest sucrose content, sweetness, andmoisture
contents while UA-Kirksey had the highest crude protein
content. The highest oil content was observed on V13-1644
and the highest starch content was found on V13-0339.

c) R13-5029 consistently had high total sweetness across the
three locations, meanwhile it had relatively high protein and
fiber contents but low oil content. Therefore, it is identified
as a potential genotype for future edamame production in
the US.

d) The significant effect of genotype × location interaction
was only observed on sucrose, stachyose, protein, and
starch contents.

e) PCA analysis showed that there is a negative correlation
between sucrose content and protein and fiber contents
in edamame.

f) To breed better edamame genotypes for the US market, both
genotype and location should be taken into consideration.

The limitation of this study is having only 1-year data to
investigate the effect of planting location and genotype on the
chemical composition of edamame. To further confirm the
effects of planting location, multiple years of study needs to be
conducted on the same genotypes planted in the three locations
investigated in this study.
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