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ABSTRACT
Edamame is becoming more popular in the U.S. due to its high nutritional value and
potential health benefits. However, more than 70% of edamame is imported from outside of the
U.S. Therefore, developing elite edamame genotypes is critically desirable to increase the
domestic production of edamame in the U.S. Genotype, planting location, and harvest time play
essential roles in the chemical composition of edamame, which further decide edamame’s
nutritional value and sensory characteristics. Therefore, the first goal of this study is to
comprehensively evaluate the chemical composition of edamame genotypes grown in different
locations. Ten selected edamame genotypes were grown in three locations in the U.S. -
Whitethorne, Virginia (VA), Little Rock, Arkansas (AR) and Painter, VA. Sugars, alanine,
protein, oil, neutral detergent fiber (NDF), starch, ash, and moisture contents, were
comprehensively analyzed. The results showed that location had significant effects on all
chemical components of edamame with p < 0.05. Compared to Painter and Little Rock,
genotypes planted in Whitethorne had higher averaged free sucrose, fructose, glucose, raffinose,
stachyose, and starch contents and total sweetness. The highest crude protein and oil contents
were found on edamame planted in Painter, while Little Rock produced edamame with the
highest free alanine, ash, and moisture contents. Genotype significantly affected chemical
compositions except for NDF and raffinose. Therefore, planting location and edamame genotype

should be considered when producing elite edamame for the U.S. market.



Chemical composition changes with the development of edamame; therefore, harvest
time is essential for harvesting high-quality edamame. The second objective of this study is to
quantify the changes in both physical and chemical properties of edamame over bean
development and apply a combined spectroscopy and machine learning (ML) technique to help
determine the optimal harvest time. Physical and chemical properties were analyzed for
edamame harvested at R5 (beginning seed), R6 (full seed), and R7 (beginning maturity) growth
stages, and the spectral reflectance (360 — 740 nm) of edamame pods was measured using a
handheld spectrophotometer. The samples harvested at different stages were labeled as ‘early,’
‘ready,” and ‘late.” At R6, pod/bean weight and pod thickness reached the peak and then stayed
stable, while sugar, alanine, starch, and glycine also peaked at R6 but declined afterward. The
spectra-based ML method had high accuracy (0.95) when classifying ‘early’ and ‘late’ edamame,
and the accuracy was 0.87 for classifying ‘early’ and ‘ready’ edamame. These results indicated
that this spectra-based ML method could determine the optimal harvest time of edamame.

Food waste and loss not only lead to economic loss but also significant greenhouse gas
emissions. With edamame food/snack production increasing, edamame shells, the low-value
byproduct from this processing, will potentially threaten the environment. Similar to other food
processing byproducts, edamame shell is rich in dietary fiber (DF). However, the high
concentration of insoluble dietary fiber (IDF) limits its application as a food additive. Therefore,
extraction/modification processes are needed to convert IDF to soluble dietary fiber (SDF) and
improve the properties of edamame shell-derived DF. Ball milling is one of the most efficient
techniques to break down biomaterials into sub-micro-level particles. Citric acid, as a natural and
safe food additive, can help break down cell walls and improve the dissolution of SDF by

ionizing the hydrogen ions with carboxyl groups. Therefore, the third objective of this study is to



develop a process that combines ball milling and citric acid treatments to produce SDF from
edamame shells. We investigated different treatment parameters, including different citric acid
concentrations, treatment temperatures and time, and the application of ball milling. To
determine if the combined treatment can potentially improve the properties of the produced
SDFs, we characterized the physicochemical, morphological, structural, rheological, thermal,
and functional properties of SDFs produced at different conditions. The results showed that the
highest SDF yield (19.5%) was found when the edamame shells were pretreated by a ball mill. In
addition, the combined citric acid and ball milling treatment altered several properties of the
produced SDFs, including particle size, morphology, and crystallinity. Moreover, ball milling
treatment led to a higher exothermic temperature peak of SDF indicating better thermal stability.
All produced SDFs significantly elevated the production of short-chain fatty acids during in vitro
fermentation (compared to the control fermentation) which indicated their potential benefits of
promoting gut health. Overall, we demonstrated that ball-milling-assisted citric acid processing
can be an effective green technique to produce SDF from edamame shells. The SDF produced
from edamame shells can be regarded as a promising and novel ingredient with great potential to

be used in foods.
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GENERAL AUDIENCE ABSTRACT

Edamame is becoming increasingly popular among consumers in the U.S. because it is
nutritious and good for health. However, more than 70% of edamame in the U.S. market is
imported from other countries. Therefore, having more edamame genotypes that adapt to the
growing environment in the U.S. will help increase the domestic production of edamame.
Genotype and planting location are essential in deciding edamame's nutritional value and taste.
Therefore, the first objective of this study is to comprehensively understand the nutritional value
of different edamame genotypes grown in three planting locations. The results showed that both
location and genotype affected the nutritional values of edamame, indicating that planting
location and edamame genotype should be considered when developing better edamame for the
U.S. market.

Nutritional value and sweetness change with the growth of edamame beans. Therefore,
harvest time is crucial for harvesting edamame with better nutrition and taste. This study's
second objective is to observe edamame's nutritional factors and sweetness over bean
development and develop a method using a handheld colorimeter to help determine the optimal
harvest time. The results showed that the edamame harvested at the full seed stage (called R6) is
the sweetest compared to the other two stages. In addition, the handheld colorimeter combined
with the machine learning technique showed high accuracy in separating ‘early’ and ‘late’

harvested edamame and ‘early’ and ‘ready’ harvested samples. These results indicated that the



combination of colorimeter and machine learning could help determine the optimal harvest time
of edamame.

Food waste and loss not only lead to economic loss but also significant greenhouse gas
emissions. Edamame shells, the low-value byproduct from edamame snack/food processing, will
potentially threaten the environment if edamame consumption keeps increasing. Like other food
waste, edamame shell is rich in dietary fiber (DF). Therefore, it is vital to find a way to recover
the DF in edamame for other applications. Ball milling is a green technology that can efficiently
break down big particles. Citric acid is a natural and safe food additive and can help break down
insoluble cell walls. Therefore, this study aims to produce soluble dietary fiber (SDF) from
edamame shells using ball milling and citric acid. We proved that ball-milling assisted acid
processing can be an environmentally friendly method to produce edamame shell SDF which can

potentially be used as a suitable food ingredient.



Acknowledgments

First, I would like to thank the USDA Specialty Crop, Virginia Agricultural Experiment
Station and the Hatch Program of the National Institute of Food and Agriculture (NIFA), USDA,
and the Water INTERface-Interdisciplinary Graduate Education Program for supporting and
funding my research and study.

I would like to express my deepest appreciation to my advisor, Dr. Haibo Huang, for
taking me to graduate school and giving me the opportunity for advanced education at Virginia
Tech. Throughout my Ph.D. study, you provided countless support, invaluable advice, and
guidance for all my projects and experiments. You taught me how to become an independent
researcher with critical thinking and the ability to solve research problems. When 1 joined
graduate school, | had zero experience in writing a manuscript. However, you are patient in
revising each of my manuscripts and showed me how to write a good scientific paper. | am
fortunate to have such a responsible and knowledgeable advisor.

| would also like to extend my deepest gratitude to the rest of my committee: Dr. Yun
Yin, Dr. Bo Zhang, Dr. Sean F. O’Keefe, and Dr. Susan E. Duncan for your willingness to serve
on my committee. During my Ph.D. study, you gave me relentless support, invaluable advice,
and feedback. I am lucky to have such a knowledgeable and involved committee for my Ph.D.
study. Here, | want to express special thanks to Dr. Duncan, even though when | was writing the
acknowledgments, you are not in the world anymore. I still remember how you inspired me the
first time we met in our 15-min interview. Those words are the greatest motivations for my

graduate study. R.1.P.

vii



| also had great pleasure working with everyone on the edamame team. We always had
great discussions and generated great research ideas in every meeting. Everyone would love to
help each other and offer potential collaboration opportunities. In this project, I learned so much
about analytical chemistry, contributing to my current career as an analytical chemistry scientist.
I am always proud to tell people that | have analyzed over 1000 edamame samples using HPLC,
so | had chances to encounter different problems and become an expert in HPLC. Thanks to
everyone who planted, harvested, and cooperated with us to ship the edamame samples based on
our requirements.

Thanks should also go to everyone that provided help with my experiments: Dr. Hengjian
Wang for helping me freeze dry and analyze countless edamame samples. Whenever | have
questions or need help, I know you are always there and willing to help us with your immense
knowledge and experiences. Dr. Jian Wu for helping me take care of the edamame post-harvest
processing, which saved me lots of time so | could work on the other part of my experiments;
Brian Wiersema for helping us design and setup the edamame post-harvest processing and
coordinate the usage of the pilot plant; Brett Driver for facilitating us with the usage of the pilot
plant; Kim Waterman for helping me set up the autoclave whenever needed; Dr. Ken Hurley for
providing advice on instrumental analysis; all faculty, staff, and students in FST for bringing the
happiness and being willing to help all the time. | am also extremely grateful to all my
undergraduate research assistants. You helped me so much with the post-harvesting processing
of the edamame. We processed thousands of edamame together and all of you are extremely
supportive and hard-working. | cannot get so many samples done without you.

Thanks to Justin Polk and Nick Lord for helping me plan the edamame planting and

harvesting for the harvest time project and taking care of the harvesting and physical properties

viii



measurements. | also appreciate Dr. Song Li and his student Kshitiz Dhakal for helping build the
machine learning model in this project. At the same time, | very much appreciate the
companionship and help from all my lab mates, Dr. Qing Jin, Dr. Yiming Feng, Dr. Josh O’Hair,
Dr. Yanhong He, Jordan Allen, Nicholas Poe, Andrea Johnson and Yilin Li. It is a happy time to
work with all of you and thank you for being supportive lab mates.

My father, Zhongquan Yu, and my mother, Yexiang Wang, are the most importantly
emotional support during my graduate study and throughout my life. Thank you for respecting
and supporting every decision | have made, even though | will not be around you for so many
years. A simple thank you is not enough to express how grateful 1 am. | love you so deeply.

My next sincere and special thanks go to my husband-to-be Zhijie Yang. Thank you for
bringing brightness to every dark corner of my life. I have never been so happy until I met you.
You let me believe | am a brilliant person, so | become more confident. You always treat me as
your princess and take responsibility for lots of things in our life. I cannot imagine a life without
you, and it will be the happiest thing to spend the rest of my life with you. Thank you for your
endless love and company. Words cannot express how much you mean to me. | love you so
much.

Finally, I want to say thanks to my cutest family member, Curry. You are the angel that
brings lots of happiness and comfort to my life. You are so sweet and always stick to me and
follow me everywhere | go. Lots of the happy memories in Blacksburg are contributed by you.
My second cat, Rice came into my life when | moved to California. This baby girl is also a
beautiful angel accompanying me so that Curry and I won’t feel lonely. Thank you, my Kitties,

Curry and Rice, for your company.



Table of Contents

ACKNOWIBAGIMENTS.....cciiiiiie e e e e e e e e e e s e e e e s eaeraaeessnraeaeeaans vii
LI Lo o) B @0 ] | T PP P PR X
LISE OF FIGUIES ..ot e e e ettt e e e sttt e e e s ettt e e e e e e ansteaeeeeannneaeeas Xiv
LISE OF TADIES ...ttt ettt e st n e e XVi
(O g =10 1] o T PO P PP PP PP OPPRPPPR 1
LT (8 041 o] H TP RPPPPPPRRT 1

O =T SRR 4
LITErAtUIE REVIBW ....eeiiiiiiie ittt ettt e st e et e e st e e e nbe e e e nnbeaeenes 4
2.1 Chemical compositions and nutritional values of edamame ...............cccocveeeiiiiineeeeenee, 4

2.2 Factors related to the chemical compositions of edamame............cccccoccvvveeeiiiiiiee e, 5
A €T T 010 1Y/ o[- OO PPRPPPPPPR 5

2.2.2 Planting 0CALION. .........coouiiiie et s e e e e 6

2.2.3 HAIVEST TN ...ttt e e st e e e e st e e e e e st e e e e e s nnsaeeeaeeann 8
Development and maturation of SOYDEaN..............evveiiiiiiieee e 8

The optimal harvest time of edamame ..o 9

2.3 The application of spectroscopic technique and machine learning in optimal harvest time
AELEIMINATION ...ttt e bt e st e e s bb e e e s bb e e e nbe e e e 10

2.4 Soluble dietary fiber production from agricultural food byproducts .............ccccocvvenee 12

P =] (T 1=] T PP TPPPRT 22

(O T- o) (<] 0 PP SUPPRP 35
Chemical Compositions of Edamame Genotypes Grown in Different Locations in the U.S. .. 35
T A [ oo L1 Tox 1 o o PSPPSR 35

3.2 Materials and MEthOAS ..........uvvvieiiiiie e 37
3.2.1 Plant materials, sample pre-treatments, chemicals, and reagents.............cccccccvve.. 37

3.2.2 Free sugars, alanine, and SWEETINESS..........ccciiiiuirieeiiiiireeeessiiee e e s sieee e e s snnneeeee e 39

Free sugars and free alaning.............ooooiiiiiii e 39
SWVEETNESS .. e ettt ettt e e e e e e e e e bbbt et et e e e e e e e e e bbb e e et e e e e e e e aaaanns 40

Protein, oil, neutral detergent fiber (NDF), starch, ash, and moisture..............c.......... 40
StatiStiCal ANAIYSIS ....ccvveiieeee e 41

3.3 RESUILS ANG AISCUSSIONS .......vviiieeeiiiiiee e ettt e e e e et e e e et e e e e st e e e e e snbeee e e e s nnseeeaeeennnees 42



3.3.1 Free sugars, alanine, and total SWEETNESS ...........evveeiiiiiiriee e e e 42

T SUGAIS ..o 42
AJBNINE L. a e 45
TOLAl SWEEBTNESS ...ttt ettt e et e et 46
Raffinose and StAChYOSE ..........cooiiiiiiiii e 48
3.3.2 Other chemical COMPOSITIONS ........ccuviiiiiiieiiiie e 50
O3 (00 (3N 0] (0] (< 1 [ PSTR 50
[ ) | PSPPSR 52
13- o] o SRS 53
Neutral detergent fIDEr (NDF)........ooviiiiiiicc e 54
] PP UPP PSRRI 56
Moisture content OF fresh DEANS .........ooiiiiiiiiii s 57
3.3.3 Principal component analySiS...........coiiuiriieiiiiiiiie e 58
KRR 0] o 11 5] o] SRR PPPRRT 61
IR R C] T 1=] oL PP PPPPRT 62
(O g =10 (=] S TP PR PP 69
Physical and Chemical Properties of Edamame during Bean Development and Application of
Spectroscopy-Based Machine Learning Methods to Predict Optimal Harvest Time............... 69
4.1 INEFOTUCTION ...ttt et e et e ettt e et e e s bb e e nnbeeean 69
4.2 Materials and METNOUS ........vvviiiiie e 73
4.2, 1 PIaNE MALETIAIS ... 73
4.2.2 Physical properties of edamame pods and beans..............ccooovveeeiiiiiiinc e 74
4.2.3 Chemical compositions of edamame DeanS............ccocvvviieiiiiieiiiieeee e 74
4.2.3.1 Free sugars, glycine, and alaning ............cccocouvvveeiiiiiieec e 74
4.2.3.2 TOAl SWEBINESS .....eeieeiiiiiiiie ettt et e e e et e e e e nrbeeeas 76
4.2.3.3 Determination of moisture, protein, fat, neutral detergent fiber (NDF), starch,
AN ASN.. e 76
4.2.4 Spectra-based machine learning approach for predicting harvest time................... 77
4.2.4.1 Spectral reflectance measurement on edamame pods.........cccceeeevvvveeeeeiivnnn.. 77
4.2.4.2 Preprocessing Of the data...........c.cooiviiiiiiiiiiiieccceee e 77
4.2.4.3 Random forest ClassifiCation.............ccoovueiiiiiiiiiiiie e 77
4.2.5 StatistiCal aNalYSIS ........ccoouviiiiiiiiee e 78
4.3 RESUILS @Nd ISCUSSION ...vveieiiiiiiieeeiiiiie e ettt e e s e e e s st a e e e et e e e e e annanaeeeans 78
4.3.1 Physical properties of edamame beans and pods ...........ccccoovviiieeiiiiiieee e 78

Xi



4.3.2 Free sugars, alanine, and glyCiNe ..........c.uuviieiiiiiiie e 81

4.3.2.1 Free sugars and amino acids that contribute to SWeetness.............cccceeeeevuvneee.. 81
4.3.2.2 TOLAl SWEBINESS.....eeeieiiiiiiiie ettt ettt e et e e e et e e e e nnereeees 84
4.3.2.3 Free raffinose and StaChy0Se...........coccuvivieiiiiiiii e 85
4.3.3 Macronutrient COMPOSITIONS.........uvviiiiiiiiie et e e e 86
4.3.4 Spectroscopy-based machine learning classifier...........cccccoviiiii i 89
4.3.4.1 Spectral refleCtanCe CUINVES ...........ooiiiiiiiie i 89
4.3.4.2 Three-class classification using full wavelengths..............cccccccooviiinn. 91
4.3.4.3 Three-class classification using selected wavelengths............c.ccccviiiiiinenn 92
4.3.4.4 TWO-Class ClasSITICALION .........ccuviiiiiiieiiiie e 94
O O] o o (1] o] PP PPRTTPPPRRT 97
N =] (=] (= [0 PP RRROPRPRPPI 98
(O =T o) - TSSO PPRR 105
Production and Properties of Soluble Dietary Fiber from Edamame Shell using Combined
Physical and Chemical TreatMeNtS ..........coiiiiiiiiiieiiii e 105
T80 A 101 0o [ Tox 1 o] o SRS SUPRRUSPPRRR 105
5.2 Materials and MetNOS ........ccoiuuiiiiiiieiiiii e 107
5.2.1 MaterialS & FBAgENIS........uuvieeiiitiiiee e ettt e ettt e e e e e s e e e e e e e e e e nnaaaee e 107
5.2.2 COMPOSILION @NAIYSIS.......eviieeiiitiiiie et e s e e e e e e aaaree e e 108
5.2.3 Sample PretrealtiMent ..........c.ovi i 108
5.2.4 Ball Mill treatMeNnt.........ooiiiiiiiiii i 109
5.2.5 Citric aCit trealMENT .......ccviiiiiiiieiii e 109
5.2.6 Characterization Of PrOPEILIES .........c.uviiiiiiieiiiiie e 110
5.2.6.1 Sample Preparation ...........ccoccvveeeiiiiiiiee e 110
5.2.6.2 Physicochemical Properties .........cooouueeieiiiiiiiee e 110
5.2.6.3 Structural CharaCteriStiCs ..........uuvieiiiiiiie e 112
5.2.6.4 Rheological PrOPeItIES. ......ccciviiiee et e 113
5.2.6.5 Thermal Properties ..........c.ooo i 113
5.2.6.6 FUNCHIONAI PrOPEITIES. .. .evieeeiiiiieee ettt e e 114
5.2.7 Statistical @analySIS ........cc.vvviiiiiiiiii e 116
5.3 RESUILS @N0 AISCUSSION ...eeeiiiiiiieeiiiiiiie e sttt e e et e e s e e e e e e nnnreeeeeaas 116
5.3.1 Effects of treatment parameters on SDF yield...........cccccooiiiiiiiiiieiieeen 116
5.3.2 PhysicoCchemical PrOPertieS..........oeiiuiiiiiiieiiiiee e 119
5.3.3 Morphological and structural Properties ..........cccceeevivreree i 121

xii



5.3.3.1 Scanning electron MicroSCOPY (SEM) .....ccocvivireeiiiiiiie e 121

ST T e I | SRR URP PSPPSR 123

5.3.3.3 XRD ..ttt ettt a e arree s 124

5.3.4 Thermal properties (DSC and TGA)......ooeeiiiiiiiiee et sarae e 125

5.3.5 Rhe0logical PrOPeItIES .......eeeeiiiiiiec e 127
5.3.5.1 Dependence of apparent viscosity on shear rate.............ccccccveeeviiiiieeeeninnnnn. 127

5.3.5.2 Viscoelastic behavior - dependence of G” and G’ on angular frequency () 128

5.3.6 FUNCLIONAl PIrOPEITIES ......vvieieeeeiieeee e e 130
5.3.6.1 SCFA formation during in vitro fermentation............cccccoovveeiiieiiiiie e, 130

5.3.6.2 ABTS free radical scavenging capacity of SDF.............cccccveeeiiiiiinee e, 131

5.3.6.3 EMUISITYING PrOPErties ......veeiiiiieiiiie e 132

5.4 CONCIUSIONS ...ttt ettt et et e et b e et e e e e bt e e e e nnbee e 132

5.5 RETBIBINCES. ... eeieee ettt e et e et e e et r e e e et ae e 134

(O T o) (<] G PP SOPPPRTP 144
ConcClusions and FULUIE WOTKS..........uiiiiiiiiiiee ettt e e e e e nnnnen e e e 144
6.1 CONCIUSIONS ....ciiiiieittii ettt ettt e et b e e e b e et e e snbe e e e nnaee e 144

6.2 FULUIE WOTKS. ... ettt e e e e e e e st e e e e e annnnaeeeeas 146
APPENAIX Attt r et e e nae e 148
APPENAIX OF ChaPLEr 4.....oei e e st e e e e 148
AL RESUILS aNd AISCUSSION. .. .euveieiiiiiiiiee e ittt e e e s sttt e e e s s e e e e st a e e s s e e e e e e ansnaeeeeennnees 150
Principal component aNalYSIS .......coouviiiiiiiiiiiiie e 150
APPENAIX Bt 154
COPYNIGNT REIBASE .....vveeeeeceie et e e s e e e s s e e e e e e nraeaeeaas 154

Xiii



List of Figures

Figure 3.1 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 .......... 60
Figure 4.1 Changes in free sucrose, fructose, glucose, alanine, glycine, raffinose, and stachyose
concentration (mg/g dry mass) of edamame in different harvest stages. Different letters (abcd)

from each line indicate a significant difference based on the one-way ANOVA with Tukey's

HSD test (p < 0.05). Points on the same line without significant levels have no significant levels

Figure 4.2 Analysis of spectral reflectance using machine learning. Average spectral reflectance
of edamame pods that are in the three categories: early, late, and ready to harvest .................... 91
Figure 4.3 Comparison of model accuracy among different classification methods. (A)
Classification accuracy of three categories. (B) Classification accuracy of two categories. Prim:
primary spectral data. FOD: first-order derivative of spectral data. Prim/Prim: use Prim selected
spectral wavelengths and Prim spectral data for classification. Prim/FOD: use Prim selected
spectral wavelengths and FOD spectral data for classification. FOD/Prim: use FOD selected
spectral wavelengths and Prim spectral data for classification. FOD/FOD: use FOD selected
wavelengths and FOD data for classifiCation ..............ccooiiiiiiiiie e 92
Figure 4.4 Hierarchical clustering of spectral reflectance across all spectral data of three
categories. The clustering results are separated into five groups based on the branch height in the

dendrogram. More or fewer groups can be generated but the main observation remains the same

.............................................................................................................................................. 95
Figure 5.1 Soluble dietary fiber yield of different combinations of ball milling, citric acid
concentrations, and thermal treatMeNTS...........ccviiiiiiie i 119
Figure 5.2 Actual photos and scanning electron microscopy images (500X) of SDF-1, SDF-II,
SDF-HT, @NA SDF-IV ...ttt ettt e et e nbeeanee e 122
Figure 5.3 (a) FTIR and (b) XRD spectra of SDF-I, SDF-II, SDF-III, and SDF-1V from
EAAMAME SNEILL...c e 123
Figure 5.4 (a) DSC and (b) TGA curves of SDF-I, SDF-II, SDF-III, and SDF-IV from edamame
] 011 | PSP P OPPRPPPR 126



Figure 5.5 Dependence of apparent viscosity on the shear rate for SDF-1, SDF-11, SDF-III, and
SDF-1V at different concentrations: (a) 10 mg/mL and (b) 40 mg/mL .......ccccovvviiiiiiieiiineenne 128
Figure 5.6 Dependence of storage modulus (G’) and loss modulus (G’”) on the angular
frequency () for (a) SDF-I, (b) SDF-II, (c) SDF-III, and (d) SDF-IV at different concentrations:
10 M@/ML and 40 MG/ML .....ooiiii e e e s e e st e e e 129
Figure 5.7 SCFAs (total SCFA, acetic acid, propionic acid, and butyric acid) profiles produced
during in vitro fermentation of (a) SDF-I, (b) SDF-II, (c) SDF-Ill and (d) SDF-1V ................. 131
Figure 5.8 (a) ABTS scavenging properties and (b) emulsifying activity index and emulsifying
stability index for SDF-1, SDF-11, SDF-1I1, and SDF-IV ........cooiiiiiiiiciiic e 132
Figure Al Total sweetness of edamame in different harvest stages. Different letters (abcd) from

each line indicate a significant difference based on the one-way ANOVA with Tukey's HSD test
(RS0 0= ISP PRRUPRR 149

Figure A2 Trajectory analysis of principal component analysis (PCA) score plots and

component plot of PC1 and PC2 of edamame harvest from different stages...............ccccvveenn. 153

XV



List of Tables

Table 2.1 Development and maturity stages of soybean .............cccoeveiiiii i, 10

Table 2.2 Representative physical processing methods for modifying IDF and producing SDF

From OO DYPIrOTUCES ... 14
Table 2.3 Representative chemical processing methods for modifying IDF and producing SDF
From OO DYPIrOTUCES ... 16
Table 2.4 Representative enzymatic and fermentation methods for modifying IDF and producing
SDF from fOOd DYPIOTUCES ......coiuiiiieiiiie ettt 18
Table 2.4 Representative integrated processing methods for producing SDF from food

(017 01700 1 o) £ PR PRPRR 20
Table 3.1 p-values of the two-way ANOVA for all compositions ............cccceeevviiivee e, 43

Table 3.2 Sucrose, fructose and glucose contents (mg/g dry matter) of 10 edamame genotypes
planted in three I0CALIONS ..........viii i e a e e e e 44
Table 3.3 Alanine contents (mg/g dry matter) of 10 edamame genotypes planted in three
[oTo= U1 0] 1 S SO UPPP PR OUPRPUPPROPPIN 46
Table 3.4 Total sweetness (equivalent mg sucrose/g dry matter ) of 10 different edamame
genotypes planted in different I0CAtIONS ...........eeveeiiiiiiie e 48
Table 3.5 Raffinose and stachyose contents (mg/g dry matter) of 10 edamame genotypes planted
IN AITTEIENT IOCALIONS. .....eiiiiii ittt e b e e atree e 50
Table 3.6 Crude protein contents (%, dry basis (d.b.)) of 10 edamame genotypes planted in

011 T =T T [oTor= U1 o] PRSP 52
Table 3.7 Oil contents (%, d.b.) of 10 edamame genotypes planted in different locations ......... 53
Table 3.8 Starch contents (%, d.b.) of 10 edamame genotypes planted in different locations..... 54

Table 3.9 Neutral detergent fiber contents (%,d.b.) of 10 edamame genotypes planted in
011 T =T L [oTor= LA o] PRSP 56
Table 3.10 Ash contents (%, d.b.) of 10 = edamame genotypes planted in different locations ... 57
Table 3.11 Moisture contents (%, wet basis (w.b.)) of fresh beans of 10 edamame genotypes
planted in different I0CAtIONS...........c.vviiieiiii e e e 58

Table 4.1 Measured physical properties of edamame in different harvest stages............cccc....... 80

XVi



Table 4.2 Chemical compositions of edamame in different harvest stages...........ccccceevvivveneennns 88
Table 5.1 Uronic acid, mono sugars, protein, total phenolic content and mean particle size of

SDF extracted by different treatments ..........ooiuiiiiiiiieiiie e 121
Table Al Dates of planting and six different harvest Stages...........cccvvvveviiiiiieiiiiiieee e, 148
Table A2 The relative sweetness of fructose, glucose, glycine, and alanine to sucrose............ 148
Table A3 Measured color (L* a* b* value) of edamame in different harvest stages................ 149

XVii



Chapter 1

Introduction

Edamame, called “mao dou” in China, vegetable soybean or edible soybean in the U.S.,
belongs to the same species as the grain soybean [Glycine max (L.) Merr.]. Their ancestor is
Glycine soja Sieb & Zucc, originating in eastern China (Li et al., 2022; Zeipina et al., 2017). It is
an important specialty soybean in Asia and had a long history in China for more than 2000 years
(Miles et al., 2018). Different from traditional grain soybean, edamame is harvested before full
maturity when its pods and beans are still fresh and green, and beans are still tender. It has been
widely consumed in China and Japan for centuries as a snack or side dish (Zeipin.a et al., 2017;
Lara et al., 2019). Due to its high nutrition and potential health benefits, the consumption of
edamame in the U.S. has been rising quickly, and it has become the second-largest soy food with
around 30,000 tons of annual consumption (Xu et al., 2016; Zeipin. a et al., 2017). More than
70% of the edamame in the U.S. market is imported from China and Taiwan (Li et al., 2022).
Edamame is imported as frozen products, and such frozen processing might lower the quality
and affect the taste of edamame (Li et al., 2022; Nolen et al., 2016). In addition, foodborne
bacteria such as Listeria monocytogenes and Escherichia coli have received increasing concerns.
Due to these two reasons, consumers start shopping for fresh edamame grown domestically.
However, the U.S. has limited edamame genotypes that are best suited for growing domestically
in terms of nutritional composition and consumer acceptance (Shurtleff and Akiko, 2014).
Therefore, selecting and breeding elite U.S. edamame genotypes is the primary task to promote

domestic edamame production.



The nutritional values and health benefits of edamame are driving its growing popularity.
The nutritional values are mainly influenced by its chemical compositions, which include
protein, fiber, starch, sugars, and minerals. Aside from nutrients, sensory characteristics are other
critical factors affecting consumer acceptance and sweetness is one of the most essential sensory
characteristics (Johnson et al., 1999). These two factors, chemical composition and sweetness,
are potentially affected by edamame genotype, planting location, and harvest time. Song et al.
reported that different contents of sugars, free amino acids, and organic acids were found in
different edamame genotypes (Song et al., 2013). Based on our preliminary data, the soluble
sugar contents were significantly different among different edamame genotypes planted in
different locations. Therefore, identifying a better genotype and planting location is crucial to
obtain high-quality edamame. Additionally, Xu et al. (2016) reported that the nutritional
properties of edamame change over the plant development, indicating that an appropriate harvest
time is crucial for producing edamame of optimal quality and taste. Nevertheless, the edamame
harvest window is short (only one week), and a better understanding of the changes in edamame
over bean development will facilitate determining the harvest time efficiently, quickly, and
accurately. Also, technology is highly demanded to uniformize the harvest time decision process
and promote harvest consistency.

Food loss and waste constantly threaten the sustainability of the food system.
Approximately 40% of the food is wasted, most of which ends up in landfills, resulting in
massive economic losses and significant greenhouse gas emissions (Poe et al., 2020; Yu et al.,
2022). Edamame shell, a low-value byproduct generated by edamame food/snack manufacturing,
is a rich source of dietary fiber, similar to other food processing byproducts (e.g., tomato

pomace, corn bran, pomegranate peel, and lemon peel). However, the high content of insoluble



dietary fiber (IDF) limits its potential to be used as a food additive because it affects not only the
sensory quality but also the processibility of food (Li et al., 2022). To overcome this
disadvantage, techniques are needed to convert IDF to soluble dietary fiber (SDF) and extract
SDF from edamame shells. Different processes have been reported in previous papers including
physical, chemical and biological methods. Ball milling is a popular physical treatment because
of its effectiveness in particle size reduction and increasing the extraction yield of SDF (Jiang et
al., 2022). Furthermore, citric acid is a common organic acid found in many fruits, such as
oranges, grapefruits, and pineapples (Behera et al., 2021). Therefore, it is frequently used as a
safe food additive/ingredient in food industries (Yan et al., 2019). However, few or no research
has been conducted on understanding how the combined ball milling and citric acid process
affects the SDF extraction from edamame shells. More importantly, it is critical to understand
how this combined treatment modifies the properties of the produced SDF.

Therefore, the goal of the dissertation research is to thoroughly investigate the effects of
genotype, location, and harvest time on the chemical composition and sweetness of edamame
and use the obtained information to guide edamame breeding and harvesting. Additionally, this
study aims to develop a consistent, rapid, and accurate spectroscopy-based machine learning
(ML) technique for identifying the optimum harvest time of edamame and an efficient combined

ball milling and citric acid process to produce SDF from edamame shells.



Chapter 2

Literature Review

2.1 Chemical compositions and nutritional values of edamame

The increasing popularity of edamame is due to its nutritional value and health benefits.
Chemical composition of edamame is important to its nutrition. It was reported that edamame
was highly nutritious and valuable with a high content of high-quality protein with isoflavones
(Zeipin,a et al., 2017). Such secondary metabolites, including isoflavones, phytic acids, phenolic
compounds, and saponins, can be healthy supplements for a healthy diet (Zhang et al., 2017).
Based on our preliminary data, the protein content in edamame is around 40% which is the
second most abundant component after water. Moreover, edamame has a 56% higher protein
content compared to green peas (P. sativum) (Masuda, 1991). Based on the above-mentioned
information, edamame has both good quality and a good quantity of proteins and could offer
plant-based proteins and 18 amino acids to vegetarians and vegans (Jiang et al., 2018).

Edamame is also rich in carbohydrates (Johnson et al., 1999; Xu et al., 2012a), which
could offer energy when supplemented with diet. However, lower amounts of oligosaccharides,
such as raffinose and stachyose are expected because they may potentially lead to digestive
diseases (Choct et al., 2010; Saldivar et al., 2011; Kumar et al., 2010). Moreover, edamame
contains a significant amount of polyunsaturated fatty acids (linoleic acid and a-linolenic acid)
(Kumar et al., 2006a), which makes edamame a nutritious and healthy snack. Edamame is also a
good source of vitamins (C, E, and thiamin), minerals, phosphorus, phytochemicals, and other

active compounds (Johnson et al., 1999; Song et al., 2003; Kaiser and Ernst, 2013; Zeipin a et



al., 2017). In addition, compared to soybean, edamame has a lower trypsin-inhibitor level and a
higher vitamin C content (Cai et al., 2013). With these superior nutrition compositions, edamame
has the potential health benefits to help prevent many diseases, such as cardiovascular disease,
cancer, or osteoporosis (Sirtori, 2001).

Other than that, edamame is different from soybean because the primary use of edamame
is human food, while most of the soybean is used to produce soybean oil or feed animals.
Therefore, a better edamame cultivar should have better consumer acceptance. Regarding
sensory attributes, edamame is slightly sweeter, has a softer texture, and has less beany and nutty
flavor than soybean (Konovsky et al., 1994). Sweetness is one of the most important eating
qualities of edamame and is also one of the three primary concerns of edamame quality
measured in Japan (Johnson et al., 1999). Sucrose, a digestible sugar, is crucial for the taste of
edamame because it is responsible for its sweetness (Kumar et al., 2010; Song et al., 2013). It
was reported that the sweetness of edamame can be estimated by the soluble sugars, including
sucrose, glucose, and fructose (Konovsky et al., 1994; Song et al., 2013b; Zeipin.a et al., 2017).
It was reported that the edible quality score of edamame had a positive relationship with sucrose
content (Zhang et al., 2015). Another two easily digested sugars (i.e., fructose and glucose),
together with the amino acid alanine, should also be explored since they also contribute to the
sweetness of edamame (Song et al., 2013).

2.2 Factors related to the chemical compositions of edamame
2.2.1 Genotypes

The chemical composition and nutritional values of edamame are highly related to

genotypes/cultivars. Therefore, breeding and genetic research on analyzing edamame of different

genetic characteristics is important to screen and select adapted edamame with better nutritional



values and consumer acceptance for the U.S. market. Rao et al. spent four years evaluating the
fresh bean compositions of four large-seeded plant introductions and six edamame cultivars from
Japan, two vegetable soybean cultivars from China, and two adapted U.S. cultivars (Rao et al.,
2002). The oil and protein contents range from 13.1 to 15.6% and 33.3 to 38.6%, respectively.
The average glucose content was 6.7%, while the mean phytate content was 1.3%. They
identified some genotypes that might be used in the breeding program for Georgia and the
southeastern USA. Jiang et al. analyzed protein, oil, starch, dietary fiber, sucrose, stachyose, ash,
raffinose, and total sugar contents of 86 U.S.-developed breeding lines and cultivars grown in
Virginia in both 2015 and 2016 (Jiang et al., 2018). This study found that genotypic differences
were significant for most chemical components except for ash in both years and raffinose in the
year 2016. Another study by Carson et al. (2011) determined the protein and oil contents of five
edamame cultivars in the mid-Atlantic United States. The results showed differences in both
protein and oil contents among cultivars. In the study of Guo et al. (2020), 19 different genotypes
were selected and analyzed for protein and oil contents. Results showed that the oil and protein
contents of different edamame genotypes ranged from 1.9 to 5.7% and 38.4 to 42.6%,
respectively. However, limited research has conducted a complete macronutrient and total sugar
analysis on edamame of different genotypes. Such comprehensive studies are required for

selecting better edamame breeding lines for the U.S. market.

2.2.2 Planting location

Planting location is another essential factor to consider for producing edamame of better
quality. Previous studies have shown that the planting location had a more significant influence
on the chemical compositions 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) evaluated the environmental effects on the chemical composition of three soybean
varieties. The results found significant differences in moisture, oil, carbohydrates, sucrose, and
protein contents of soybean planted in different locations. No significant difference was observed
in 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 critical role in affecting the chemical composition of soybean seed in their study
compared to locations. Guo et al. (2020) planted 19 different edamame genotypes in two
locations in Florida and analyzed the protein and oil contents of edamame beans. They found that
most genotypes showed different protein and oil contents between these two locations.
Environmental factors in different planting locations, including temperatures, soil types
and properties, daylight intensity, altitude, and precipitation, can potentially affect the chemical
compositions of edamame. Wolf et al. (1982) and Kumar et al. (2010) reported that increasing
the temperature during seed development led to decreased sucrose content of soybean seeds.
Wolf et al. (1982) discovered that when the day temperature exceeded 30 °C, the protein content
of soybean seeds increased. A second study also observed increased protein content at higher
temperatures (Dornbos and Mullen, 1992). Different soils in different planting locations might
have different nutrients and pH levels, thus affecting sucrose synthesis in crops. According to
Zhao-Hui et al. (2008), kidney beans have a higher soluble sugar level when grown in soil with
more potassium (K). Increased sugar content in sugar beet was observed in the study of McEnroe
and Coulter (1964) when the soil pH increased from 6 to 7. The rate of photosynthesis and,
consequently, the sugar content in vegetable crops are both impacted by light intensity.

According to Xu et al. (2009), soluble sugar concentrations in non-heading Chinese cabbage are



positively correlated with light intensity. The study by Yang et al. (2009) showed a similar result
that soluble sugars in pepper fruits reduced with decreased light intensity. Precipitation can also
cause water stress or flooding, impacting the crop sugar content. Plants prefer accumulating
soluble sugars in response to water stress to regulate their osmotic pressure. Okunlola et al.
(2016) evaluated the total sugar accumulation of three pepper types under water stress and
discovered that pepper with less irrigation had a higher total sugar level. Flooding depletes soil
nutrients, which then affects the sugar content of crops (Clark, 2020). Moreover, it is crucial to
identify genotypes that can perform well at different locations.
2.2.3 Harvest time
Development and maturation of soybean

The development and maturation of soybean plants are divided into two stages,
vegetative and reproductive, as listed in Table 2.1 (Fehr and Caviness, 1977). The vegetative
phase starts from stage VE when emergence begins, to stage V6 when the sixth node appears.
Their corresponding descriptions are included in Table 2.1. The reproductive phase has eight
stages, from R1 to R8. For the determinate type of soybean, R1 and R2 might occur
simultaneously since flowering starts from the upper nodes of the main stem. There is around a
three-day difference between R1 and R2 for indeterminate soybean genotypes because the
flowering begins from the lower part of the main stem and gradually develops upward. At R3,
the pods start to develop and reach their full size at R4. Afterward, the seeds (beans) begin to
enlarge at stage R5 and gradually reach full size during the R6 stage. The sign of stage R7 is that
at least one normal pod on the main stem has turned to a mature color. At R8, 95% of pods have
reached their mature color. Chemical composition of edamame changes with different

development stages of the soybean plant. Yazdi-Samadi et al. (1977) and Saldivar et al. (2011)



investigated the changes in different chemical components, including oil, protein, sugars, starch,
organic acids, and amino acids, during the development of soybean seeds. The study by Xu et al.
(2016) showed the changes in the anti-nutritional properties of edamame beans over plant
development.
The optimal harvest time of edamame

Identifying the optimal harvest time is vital for agro-food chains since it directly
determines the quality of the products and shelf-life potential (Bertone et al., 2012; Costa et al.,
2010). Ideally, edamame should be harvested between R6 and R7 stages, when moisture and
bean weight reach the peak values and before the pods start to turn yellow (Moseley et al., 2021).
Harvesting at the optimal harvest time ensures that the harvested edamame has the peak
morphological and eating quality (Konovsky et al., 2020, Zeipina et al., 2017). However,
because of the dynamic nature of bean growth between the R6 and R7 phases, harvesting
edamame outside the appropriate harvest window may compromise its marketability. Harvesting
too early, for example, can result in lower production, sweetness, and bean size, whereas
harvesting too late results in fibrous and yellow beans (Carson, 2010). Additionally, the narrow
harvest window (only one week) further complicates the edamame harvest. Currently, the
determination of edamame optimal harvest time depends on the experience of edamame
producers. They can discern these changes by taste, touch, or visual. However, this practice is
exceptionally subjective, posing considerable challenges for inexperienced edamame producers.

What is worse is the lower quality of edamame that might result in significant economic losses.



Table 2.1 Development and maturity stages of soybean.

Phase Stage Description
Vegetative phase VE Emergence of primary root or radical

V.C. Cotyledons fully exposed
V1 First node (trifoliate)
V2 Second node

V3 Third node

V6 Sixth node

Reproductive Phase R1 Beginning bloom

R2 Full bloom

R3 Beginning pod

R4 Full pod

R5 Beginning seed

R6 Full seed

R7 Beginning maturity
R8 Full maturity

2.3 The application of spectroscopic technique and machine learning in optimal harvest
time determination

Because the spectroscopic technique can detect minor color changes that are typically
invisible to the naked eye, recently, this technique has been investigated for its accuracy in
different agricultural purposes, including determining the optimal harvest time of fruits.
However, before it can be used for harvest time determination, this spectroscopy-based method
requires calibration against a reference method. Calibration is typically performed using
multivariate regression analysis; however, due to the complexity of the spectra, it does not
always produce satisfactory results (Cortés et al., 2019). The recent developments in machine
learning provide an efficient tool to analyze the spectroscopic dataset and provide accurate and
reliable calibration (Singh et al., 2016, Singh et al., 2018). Gao et al. (2020) investigated the
application of hyperspectral imaging and convolutional neural networking (in laboratory and
field conditions) to estimate the ripeness of strawberries. They obtained a high accuracy of

98.6% when classifying the strawberries in the early ripe and ripe stages. These results showed a
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promising real-time hyperspectral image system for determining the ripeness of the strawberry.
Bertone et al. (2012) applied UV-VIS and NIR spectroscopy together with the Partial Least
Squares algorithm in monitoring the changes of chlorophyll content in red apple skin throughout
the tree ripening. This color change is difficult to observe during the ripening progress. When
associated with chemometric elaboration, the UV-VIS and NIR spectroscopic techniques can be
a solid way of predicting the best harvest time of red apples. Yang (2011) researched using VIS-
NIR spectroscopy and Partial Least Squares Regression with Leave-one-out Cross Validation to
determine the optimal harvest time of cherry tomatoes. The built prediction model reached a high
determination coefficient (R?) of 0.9. In the study of Lv et al. (2009), the VIS-NIR spectroscopy
technique was combined with Partial Least Squares/Linear Discrimination Analysis or Principal
Component Analysis/Linear Discrimination Analysis to classify less-ripen, ripen, and over-ripen
grapes with high accuracy. This technique was also used to determine the optimum harvest time
of other agricultural products such as oil pal fresh fruit (Cherie et al., 2019), wine grapes (Larrain
et al., 2008), Verbena Officinalis (Pezzei et al., 2017) and nectarines (Eccher Zerbini et al.,
2004).

Another algorithm, Random Forest (RF), is an ensemble learning technique that has
become more popular due to its high classification accuracy and processing speed (Belgiu &
Dragut, 2016). RF has frequently been used to classify foods based on obtained hyperspectral
and multispectral data. In de Santana et al. (2019), RF was used to process the infrared
spectroscopy dataset and successfully classified the authentic and adulterated nutmeg. It
outperformed other algorithms, such as Partial Least Squares Discriminant Analysis (PLS-DA)
and Soft Independent Modeling of Class Analogy (SIMCA). In another study by Peidad et al.

(2018), three commonly used machine learning algorithms, including RF, Artificial Neural
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Network, and Support Vector Machines, were investigated and used to classify bananas into
several categories based on the banana size and color. According to the results, RF achieved the
highest classification accuracy among the three machine learning algorithms.

All these studies showed that this non-destructive, clean, and affordable spectroscopy-
based machine learning technology has great potential to be used by producers to improve the
harvest of different agricultural products. Thus, it can also be applied to determine the optimal

harvest time of edamame more rapidly, consistently, and conveniently.

2.4 Soluble dietary fiber production from agricultural food byproducts

Dietary fiber is classified into insoluble dietary fiber (IDF) and soluble dietary fiber
(SDF) according to its solubility in water. SDF comprises oligosaccharides and various
indigestible polysaccharides including gum, inulin, soluble hemicellulose, B-glucan, and pectin
(Li et al., 2022; Dai and Chau, 2017;). Different studies found benefits of SDF intake: it can help
minimize the risk of metabolic syndrome, reduce gained body weight, and control elevated
plasma cholesterol (Wang et al., 2021; Artiss et al., 2006; Haskell, et al., 1992). SDF is superior
to IDF because it can be metabolized by the gut microbiome more easily and the produced
favorable metabolites can significantly affect the abundance and diversity of the gut microbiota
(Guan et al., 2021). It can provide broader physiological activities and applications in foods such
as modulating food fluidity, viscosity, and emulsification due to its unique physicochemical
properties (Li et al., 2022; Anderson et al., 2009). Low-value food byproducts generated by food
processing, such as tomato pomace, corn bran, pomegranate peel, and lemon peel, are rich
sources of dietary fiber. However, the high IDF contents of these byproducts lead to undesirable
sensory and food processing properties (Li et al., 2022). Therefore, many researchers seek

extraction techniques that can effectively extract SDF and increase the SDF extraction yield from
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food byproducts. Various extraction approaches have been investigated for this purpose and to
improve the products' functional and nutritional properties.

Physical modification methods include single screw extruder, twin screw extrusion,
blasting extrusion, high-hydrostatic pressure (HHP), high-pressure homogenization (HPH),
cavitation jet processing, ultrafine grinding, and ball milling. Some representative methods to
increase the SDF content are listed in Table 2.2. Ball milling stands out among other physical
processing methods and received much attention because it is not only efficient at reducing
particle size but also modifying the properties of dietary fiber. Different studies showed the
potential of ball milling for increasing the SDF content in food byproducts and producing fiber
with better physicochemical, functional, and nutritional properties. These properties include
water holding and swelling capacity, oil and cholesterol binding capacity, emulsifying ability and
stability, foaming ability and stability, antioxidant activity, total phenolic, and flavonoid
contents, etc. In the study of Chen et al. (2020), ball milling was investigated to process okara
(soybean residue). They found that SDF content in okara was increased from 3.7 to 34.9%, and
the treated okara showed significantly smaller particle size, and higher phenolic and flavonoid
contents compared to the untreated okara. Chitrakar et al. (2020) treated asparagus leaf
byproduct using a ball mill, and the results showed that SDF content was increased by 9.2%.
They also found that ball milling increased the total phenolic and flavonoid contents and
antioxidant activity. Bender et al. (2020) reported that ball milling significantly increased the
SDF contents and decreased the contents of lignin and cellulose in grape pomace. These studies
proved that ball milling is a promising technique that can produce promising nutritional dietary

fiber supplements for food industries.
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Table 2.2 Representative physical processing methods for modifying IDF and producing SDF
from food byproducts.

Method Material Output Reference
Single screw SDF content increased from 17.3 to

extruder Orange pomace 303% Huang and Ma (2016)
Twin screw Garlic skin SDF content increased from 5.3 to Guo et al. (2018)

extrusion 15.9%

Blasting . . .

. Soybean residue SDF content increased by 11.6 times Chen et al. (2014)
extrusion

High hydrostatic
pressure (HHP)

HHP

High-pressure
homogenization
(HPH)

HPH
Cavitation jet

processing

Ultrafine
grinding

Low-
temperature ball
milling

Planetary ball
milling

Okara

Pear pomace

Orange peel

Purple-fleshed
potatoes

Okara

Buckwheat hulls

Asparagus leaf
byproduct

Okara

SDF content increased from 4.6 to
30.3%

Mateos-Aparicio et
al. (2010)

SDF content increased from 10.0 to

16.0% Yan et al. (2019)

SDF content increased from 13.3 to

15.9% and 9.8 to 12.8%, respectively Zhang et al. (2020)

SDF content increased from 17.9 to

39.3% Xie etal. (2017)

SDF content increased by 5 times Wau et al. (2020)

SDF content increased from 16.0 to
26.6% Zhu et al. (2014)

SDF content increased from 10.3 to

19.5% Chitrakar et al. (2020)

SDF content increased from 3.7 to

34.9% Chen et al. (2020)

Alkali and acid are also used for modifying or extracting SDF from food byproducts and

some studies are listed in Table 2.2. Fent et al. (2017) treated black bean coats with alkaline

hydrogen peroxide (AHP) and found that SDF content increased from 7.8 to 16.9%. The

modified SDF not only showed stronger gelation capacity but also good in vitro bile acid binding

ability. The SDF extraction yield from sweet potato residue was increased from 1.7 to 3.3% after

AHP treatment and the produced SDF held better gelling, water holding and swelling, and oil
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holding capacities (Liu et al., 2021). Soronja-Simovié et al. (2016) also reported a higher
SDF/IDF ratio and better water binding and swelling capacities of AHP-modified fiber in sugar
beet pulp. The reason could be that AHP can partially solubilize lignin in the cell wall by
breaking the hydrogen bonds of the molecular chains. This reaction opened more internal
structures of the cell wall fiber, thus leading to the increase of the SDF content. Other alkaline
chemicals were also investigated for extracting SDF from food byproducts. Huang et al. (2015)
used Na;HPO4 to process okara, and their results showed that the SDF yield reached as high as
57.2%. This could be due to the breakage of glycosidic bonds or other weak bonds of
polysaccharides. However, the NaoHPO4 treatment didn’t lead to better cholesterol- and bile
acid-binding capacities and even decreased the antioxidant activity. Moczkowska et al. (2019)
investigated the effects of Na>COs treatment on SDF extraction from flaxseed. They found a
high yield, but it was due to the high content of protein and other impurities. The results of this
study indicated that the alkaline method tends to extract more protein and impurities instead of
the SDF.

Certain acids were investigated for extracting SDF from food byproducts. Dong et al.
(2020) conducted acid treatment on coffee peel using hydrochloride acid to extract the SDF.
Around 9.2% of SDF was extracted due to the breakage of glycosidic linkages of the cell wall
fiber. However, they mentioned that a strong acid condition might cause the loss of SDF,
hemicellulose, and cellulose. Meanwhile, the SDF extracted by pure acid treatment didn’t show
superior properties compared to other combined methods which will be discussed in the later
session. Sulfuric acid was used by Li et al. (2014) to extract SDF from apple pomace and 10.3%

of SDF could be successfully extracted. However, SDF produced by conventional acid extraction
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didn’t show competitive properties (oil retention, water retention, swelling capacities) compared
to other tested integrated methods.

Table 2.3 Representative chemical processing methods for modifying IDF and producing SDF
from food byproducts.

Method Material Output Reference
Alkaline SDF content increased from 7.8 to
hydrogen Black bean coat 16.9% ' Feng et al. (2017)
peroxide (AHP) '
AHP Sweet potato residue SDF yield mc;e;;:d from 1.7 to Liu et al. (2021)
AHP Sugar beet pulp SDF content increased by 3.5% Soronjagg;g)v i€ etal
Alkali Okara SDF yield increased to 57.2% Huang et al. (2015)
(NazHPO.) y e/ getal
Alkali (Na2COs) Flaxseed SDF yield was 17.7% Moczfgé"fg)"" etal.
Subcritical water Wheat bran SDF yield was 12.9% Yan et al. (2019)
Acid (HCI) Coffee peel SDF yield was 9.2% Dong et al. (2020)
Acid (H2S04) Apple pomace SDF yield was 10.3% Li etal. (2014)

Enzymatic and fermentation are the other two processing methods that have been
investigated to modify or extract SDF from food processing byproducts, and some representative
studies were listed in Table 2.4. Three common enzymes used are cellulase, xylanase, and multi-
enzymatic complex (Viscozyme L). Cellulase was tested on treating rice bran in the study
conducted by Wen et al. (2017) and SDF contents increased from 1.5 to 7.2%. In this study,
xylanase was also used, and the amount of SDF was further increased to 8.6%. The authors also
found that enzymatic processing modified the functional properties of the rice bran dietary fiber.
Water and oil holding capacities decreased while cholesterol absorption and sodium taurocholate
absorption capacities increased. After treating the tomato peels with Viscozyme L, its SDF

extraction yield increased by 72.3% (Gu et al., 2020). The results also showed that enzyme-
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treated SDF had a better gelling ability, hydration properties, and glucose-adsorption capacity
than original tomato peels. Ma et al. (2022) used cellulose and xylanase to treat potato residue
and successfully increased its SDF contents from 17.5 to 26.8%. Cellulase and xylanase
modification also improved the functional properties of potato residue dietary fiber such as
swelling, cation exchange, water and oil holding, and cholesterol and glucose absorption
capacities. However, the high enzyme price constantly jeopardizes its extended usage compared
to the physical and chemical processing methods.

Table 2.4 summarized some fermentation processing methods. Jia et al. (2019) increased
the SDF yield from defatted rice bran using Trichoderma viride fermentation and the produced
SDF had better water and oil holding capacity, water solubility, and cholesterol absorption
capacity. SDF was extracted from tea residues by Trichoderma viride fermentation and the
extraction yield increased by eight folds. The produced SDF possessed higher uronic acid
content, better thermal stability, and higher heavy metal ion binding capacity. Monascus anka, a
type of fungus, increased the SDF content in okara by 1.8 times and improved the functional
properties of dietary fiber in okara (Sun et al. 2020). Chu et al. (2019) fermented millet bran
using Bacillus natto, increased the SDF contents from 2.3 to 13.2%, and enhanced both the
physicochemical and functional properties of the produced dietary fiber. These processing
methods showed promising performances in increasing SDF content and improving the
properties of dietary fiber from different food byproducts. However, they focus more on

modifying the DF instead of extracting the SDF.
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Table 2.4 Representative enzymatic and fermentation methods for modifying IDF and producing

SDF from food byproducts.

Method type Method Material Output Reference
. SDF yield increased by Guetal.
Viscozyme L Tomato peels 72.3% (2020)
Cellulase Rice bran SDF content increased Wen et al.
Enzymatic from 1.5 t0 7.2% (2017)
Xylanase Rice bran SDF content increased Wen et al.
from 1.5 t0 8.6% (2017)
Cellulase/xylanase Po_tato SDF content increased Ma et al.
residue from 17.5% t0 26.8% (2022)

Trichoderma
viride
fermentation
Trichoderma
viride
fermentation
Monascus anka
fermentation

bran

Fermentation
Okara

Bacillus natto
fermentation

Defatted rice

Tea residues

Millet bran

SDF yield increased from
10.5 t0 33.4%

SDF yield increased from
4.310 31.6%

SDF content increased by
1.8 times

SDF content increased
from 2.3t0 13.2%

Jiaetal. (2019)

Chen et al.
(2020)

Sun et al.
(2020)

Chuetal.
(2019)

Integrated processing methods were investigated by many researchers to extract SDF

from food processing byproducts (Table 2.5). The combined processing methods can lead to not

only high SDF yield but also desirable SDF properties. One of the most common methods is the

ultrasound-assisted method where the ultrasound treatment is combined with alkaline, acid, or

enzyme to further improve the process effectiveness. The ultrasound-assisted alkaline method

has been investigated in extracting SDF from papaya peel by Zhang et al. (2017) with an SDF

yield of 37%. The produced SDF had higher thermal stability, water-holding, oil-holding, and

swelling capacities than the SDF extracted by conventional alkaline treatment. Li et al. (2014)

applied ultrasound-assisted acid treatment on apple pomace and achieved an SDF yield of

16.4%. Compared to conventional acid extraction, ultrasound-assisted acid extraction improved

the water retention, swelling, and oil retention capacities. Ultrasound was also combined with
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enzymes for extracting SDF from coffee peel and 13.0% of SDF was successfully extracted. The
produced SDF showed better thermal stability and glucose adsorption capacity than SDF
extracted by pure enzyme or acid treatment. Microwave is another common method that can be
combined with other treatments. Gan et al. (2020) extracted SDF from grapefruit peel using
microwave-assisted alkaline, microwave-assisted enzymatic and microwave-assisted ultrasonic
treatments. Among these three different treatments, the microwave-assisted alkaline method led
to the highest SDF yield. However, SDF extracted by microwave-assisted ultrasonic treatment
possessed the best water-holding, oil-holding, glucose-adsorption, and cholesterol-adsorption
capacities. The physical method (ball milling) was combined with the enzymatic method by
Song et al. (2021) to modify IDF in lemon peel pomace. The SDF content was increased from
10.3 to 26.0% and they observed better water-holding, oil-retention, and water-swelling

capacities on the produced SDF.
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Table 2.5 Representative integrated processing methods for producing SDF from food

byproducts.
Method Material Output Reference
Ultrasound-assisted . 0 Zhang et al.
alkaline (NaOH) Papaya peel SDF yield was 37.0% (2017)

Ultrasound-assisted acid

Apple pomace

SDF yield was 16.4%

Li etal. (2014)

(sulfuric acid)
Ultrasound-assisted

i 0,
enzymatic Coffee peel SDF yield was 13.0%  Dong et al. (2020)
Chemical (NaOH) & . 0
enzymatic Defatted coconut flour SDF vyield was 12.0% Du et al. (2021)

Chemical (hydrochloric

acid) & enzymatic Coffee peel

SDF yield was 11.4%  Dong et al. (2020)

Microwave-assisted
chemical (NaOH)

Microwave-assisted

SDF yield increased
from 3.5t0 17.2%

SDF yield increased

Grapefruit peel Gan et al. (2020)

Grapefruit peel Gan et al. (2020)

enzymatic from 3.5t09.1%
Microwave-assisted . SDF yield increased
ultrasound Grapefruit peel from 3.5 t0 8.4% Gan et al. (2020)

SDF content increased
from 10.3 to 26.0%

Water media ball milling

. Lemon peel pomace
and enzymatic peetp

Song et al. (2021)

All the above-mentioned processing methods have their advantages and disadvantages.
Physical methods are simple, cheap, and environmentally friendly but they are considered high-
risk work and require large operating space (Gan et al., 2021). Chemical methods are efficient
and practical but many times induce harmful chemical compounds to both SDF products and the
environment. Biological methods are specific and efficient, but enzyme purification and strain
breeding are usually expensive. The integrated processing methods stand out among all different
treatments because they are not only efficient in extracting SDF from food byproducts but also
can improve certain properties of produced SDF. Additionally, the integrated methods can meet
various modification purposes within a shorter time and with less energy consumption. However,
choosing the treatments that can be combined for extracting SDF from food byproducts

effectively will be challenging. Moreover, the processing optimization will be more complicated
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compared to the single treatment. Among different physical treatments, ball milling stands out
because it is efficient at decreasing particle size as well as modifying the properties of dietary
fiber. Compared to alkali, acid is more appropriate for extracting SDF since alkali solubilizes
lignin, affecting the purity of the extracted SDF. Among different acids, citric acid, a commonly
found organic acid, exists in many fruits, such as grapefruits, oranges, and pineapples (Behera,
Mishra, and Mohapatra, 2021). It is commonly used as food ingredients/additives by food
industries and can serve as a green chemical for extracting SDF from edamame shells. However,
no study has been conducted previously on investigating the combined ball milling and citric
acid treatment for extracting SDF from food byproducts. Therefore, it will be of great interest to
see if the combined physical (ball milling) and chemical (citric acid) treatments can serve as a
green method to extract SDF from edamame shells effectively and how it will affect the

properties of produced SDF.
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Chapter 3

Chemical Compositions of Edamame Genotypes Grown
in Different Locations in the U.S.

3.1 Introduction

Edamame, more commonly referred to as “vegetable or edible soybean” in the U.S. 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 U.S., the consumption of
frozen edamame has been 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 U.S. market is imported from
overseas. Although there are several edamame lines, such as UA Kirksey and UA Mulberry,
developed for U.S. 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 with 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
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significant amount of health-promoting polyunsaturated fatty acids, such as linoleic acid and o-
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 of edamame with higher soluble sugars and alanine levels
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.),
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amaranth (Amaranthus cruentus)] than genotype (Eheart et al., 1955; Berganza et al., 2003).
Sakla et al. (1988) 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
in 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 U.S. 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.
3.2 Materials and methods
3.2.1 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,
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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, VV13-0329,
V13-0339, V13-1644, V15-0396, VV16-0523, and VV16-0547. Each genotype was grown in two
replications and the plots were arranged in a randomized complete block design (RCBD). Each
plot was 6.10 m long, 0.75 m 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 1 min 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 2 min 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®-Werke GmbH & Co. KG, Germany) and passed
through a 500 um sieve. All chemical standards (sugars and alanine) and sodium tetraborate
decahydrate (Na;B4O7-10H20) 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).
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3.2.2 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, 1.5 mL of deionized water and 0.15 g of
dry powdered edamame were mixed in a 2 mL 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 x g for 10 min. Afterward, 750 pL acetonitrile was added to
750 pL of the supernatant for purification. The mixture was shaken at room temperature for 10
min, and then centrifugated at 13,500 x g for 10 min. After centrifugation, 750 uL of the
supernatant was filtered through a 0.2-um membrane disc filter into a 1.5-mL HPLC vial and
sugar content was determined using high-performance liquid chromatography (HPLC, 1260
Infinity I, Agilent Technologies, Santa Clara, CA, USA) equipped with a refractive index
detector (RID). The Luna Omega 3 um SUGAR column (150 x 4.6 mm, 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 pL.. 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 puLL
and alanine was separated in an Agilent AdvanceBio AAA C18 column, 4.6 X 100 mm, 2.7 pm,
(40 °C) at a flow rate of 1.5 mL/min with a gradient program. Mobile phase A contained 10 mM

Na;HPO4, and 10 mM Na:B4O- at pH of 8.2, while the mobile phase B was the mixed solution
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of acetonitrile, methanol, and water (45:45:10, v: v: v). Eluted alanine from the column was
detected by a diode array detector at L = 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 X RSsucrose + Cglucose X RSglucose + Cfructose

X Crructose + Catanine X RSaianine (3.1)
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 Kjeldahl method was used to measure 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
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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 a muffle 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 x 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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3.3 Results and discussions
3.3.1 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
3.2). Significant effects of genotype, location, and their interaction (genotype x location) were
observed (Table 3.1). 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 leads to 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
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intensity. Precipitation can also lead to water stress or flooding which potentially affects 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 nutrient loss and then affect the sugar contents in the

vegetables (Clark, 2020).

Table 3.1 p-values of the two-way ANOVA for all compositions.

p-value
Source of variance ) Total .
Sucrose Fructose Glucose Alanine Raffinose  Stachyose
Sweetness
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
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Table 3.2 Sucrose, fructose and glucose contents (mg/g dry matter) of 10 edamame genotypes
planted in three locations.

Genotype Whitethorne, Little Rock, Painter, Mean _ Ranking
VA AR VA (across locations)
Sucrose
R13-5029 60.78 £7.03 51.93 +4.60 46.71 £0.35 53.14 +7.392 1
R14-6450 33.17 +£2.23 35.00 +3.83 4123 +1.22 36.46 +4.30° 10
UA-Kirksey 72.25+251 47.29 +6.02 39.77+1.79 53.10 £ 15.502 2
V10-3653 54.82 +18.39 37.00+2.44 3253+3.13 41.45 + 13.50 9
V13-0329 62.56 + 7.38 4578 +3.75 46.47 +0.06 51.60 + 9.26% 3
V13-0339 69.20 £4.72 40.97 £ 0.56 39.35+1.91 49.84 +15.19% 5
V13-1644 70.62 £5.29 3557 +£5.29 33.38 £3.32 46.52+ 19.042b¢ 7
V15-0396 63.18 £2.17 45,15 +5.02 4391 +1.25 50.75 + 9.972 4
V16-0523 51.71+£4.44 4250 + 0.54 39.09+2.10 44.43 + 6.2435¢ 8
V16-0547 5456 +5.41 47.03 +£10.45 4357 £3.13 48.39 +7.412 6
(acrosg/';"r‘]r(‘)types) 59.29 +12.50°  42.82+6.60°  40.60 % 4.99°
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 +£1.66 798 £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 1142 +355%  1051+246°  8.76 + 1.43°
(across genotypes)
Glucose
R13-5029 6.48 +2.24 2.74 +0.26 4,09 +1.44 4.44 +2.08% 3
R14-6450 5.97 +£0.80 3.84+1.31 3.38+1.76 4.40 + 1.622° 4
UA-Kirksey 3.99 +0.04 3.16 £ 0.63 3.04+0.88 3.40+0.67® 8
V10-3653 6.34 +£1.86 2.87+0.14 2.06 £0.43 3.75+2.21% 6
V13-0329 2.84 +£0.43 2.39 £0.08 2.65 +0.67 2.63+0.41° 10
V13-0339 442 +0.41 3.12+0.31 3.36 £0.16 3.64 + 0.66% 7
V13-1644 6.06 +£0.36 3.87 £0.27 3.79+£2.30 457 +1.56% 2
V15-0396 4,76 £0.51 2.66 £0.03 2.54 +1.27 332+ 1.27® 9
V16-0523 6.07 +£0.21 2.77+0.33 2.58 +0.36 381+ 1.77® 5
V16-0547 6.90 £2.44 4,23 +0.42 3.14 £ 0.58 475+ 2.072 1
Mean 5.38 + 1.57A 3.17 £ 0.708 3.06 + 1.058

(across genotypes)

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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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 x 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 VV13-0339 (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 3.2). 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 3.3.
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.,
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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 Whitethorne had relatively low average alanine contents of 1.87
and 0.43 mg/g, respectively. A significant effect of genotype on alanine was observed (Table

3.1) but no significant difference was found among different genotypes (Table 3.3).

Table 3.3 Alanine contents (mg/g dry matter) of 10 edamame genotypes planted in three
locations.

Whitethorne, Little Rock, Painter, Mean

Genotype VA AR VA (across locations) Ranking
R13-5029 0.42 £0.23 347 +0.06 2.12+041 2.00 +£1.38 1
R14-6450 0.18 £0.04 345+1.09 1.99+0.02 1.87 £1.55 4

UA-Kirksey 0.87 £0.24 297+055 2.14+0.38 1.99 +£0.99 2
V10-3653 0.30 +£0.14 237+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 £0.03 196+0.13 1.62+0.30 1.38 £ 0.66 8
V13-1644 0.41 £0.02 223+056 1.51+0.30 1.38 £0.87 8
V15-0396 0.79 £0.81 259+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 043+031C 2,67 +070° 1.87 +0.388

(across genotypes)

Different letters (ABC) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD
test (p < 0.05).
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 3.4. 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
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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, the genotype V16-0547 and VV15-0396
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 VV15-0396) 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.
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Table 3.4 Total sweetness (equivalent mg sucrose/g dry matter ) of 10 different edamame
genotypes planted in different locations.

Genotype Whlts/tzorne, L““;EOCK’ Painter, VA (acrost/llz ?:re]ttions) Ranking
R13-5029 8848+ 16.18  6842+360 6430241 7374+ 12.04° 1
R14-6450 5390+048  6010+535 5690+559  56.96+3.10° 10

UA-Kirksey 8878+237  6502+694 5477+392 6952 +17.44% 2
V103653 7657+24.76  5734+021  47.08+260  60.33+14.97% 9
V13-0329 7450+997  59.79+545  6092+011 6507 +8.18% 6
V13-0339 88.48+696  6011+034 5575+156  68.12+17.77% 4
V13-1644 8485+503  5288+637 5035+886  62.69+19.23% 7
V15-0396 8150+440  6211+322 5724+264 6695+ 12.83% 5
V16-0523 7027+379 58794093 5443+571  61.16+8.19% 8
V16-0547 7901+12.80  6992+954 5912+427  69.35+9.96® 3

Mean 7863+10.79°  6145+513° 56.09 + 4.95°

(across genotypes)

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

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 3.1). Most of the samples in Little Rock and Painter did not have

detectable stachyose (Table 3.5). 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
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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 and stachyose contents are positively correlated with sucrose, fructose and glucose
contents (further illustrated in Figure 3.1). 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 VV16-0547 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.
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Table 3.5 Raffinose and stachyose contents (mg/g dry matter) of 10 edamame genotypes planted in
different locations.

Genotype Whltie/tzorne, L|tt|;§ ock, Painter, VA (acros';/lleoa::r;tions) 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

(across g/é?%r:ypes) 5.32 +2.07A 094 +1.02°  2.84+0.968
Stachyose

R13-5029 13.11 #1.50 0.00 +0.00" 0.00 +0.00" 4.37 +6.80? 1
R14-6450 0.00 +0.00" 0.00 +0.00" 0.00 +0.00" 0.00 +0.00™ 8

UA-Kirksey 0.00 +0.00" 0.00 +0.00" 0.32 +0.45 0.11 +0.26° 7
V10-3653 1.38 +1.95 0.28 +0.40 0.48 +0.68 0.71 +1.08° 5
V13-0329 3.01+1.30 0.00 +0.00" 0.00 +0.00" 1.00 + 1.66° 2
V13-0339 0.00 + 0.00 0.00 +0.00" 0.00 +0.00" 0.00 +0.00™ 8
V13-1644 0.00 +0.00 0.00 +0.00" 0.00 +0.00" 0.00 +0.00™ 8
V15-0396 1.83+0.77 0.00 +0.00" 0.00 +0.00" 0.61 +1.00° 6
V16-0523 1.75 +0.66 0.00 +0.00" 0.54 +0.77" 0.76 +0.92° 3
V16-0547 2.29 +0.65 0.00 +0.00" 0.00 +0.00" 0.76 +1.22° 3

Mean 234+390A 00320138  0.13+0.348

(across genotypes)

Different letters (ab & ABC) 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.

3.3.2 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),
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in which the protein content of edamame ranged from 36 to 45%. The protein content in
edamame was significantly affected by location (Tables 3.1 and 3.6). 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 by Wolf 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 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 x location interaction also had a significant effect on protein content

indicating that these genotypes ranked differently in protein content across the three locations.
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Table 3.6 Crude protein contents (%, dry basis (d.b.)) of 10 edamame genotypes planted in
different locations.

Genotype Whitethorne, Little Rock, Painter, Mean _ Ranking
VA AR VA (across locations)

R13-5029 42.08 £0.07 4127 £0.24 42.92 £0.53 42.09 +0.78 6
R14-6450 42.60 £1.35 43.38 £0.42 42.49 £0.08 42.82 +0.77%® 3

UA-Kirksey 43.76 £0.16 4408 £0.44 45.07 £0.03 44,31 +0.652 1
V10-3653 40.96 £ 0.84 43.40 £0.20 4557 £0.78 4331 +2.13%® 2
V13-0329 41.04 £1.20 40.57 £0.53 43.72 £1.05 41.78 +1.70b 7
V13-0339 38.77£1.25 40.66 £1.29 4134 +£1.12 40.26 +1.52¢ 10
V13-1644 39.52 £1.39 41.99 £0.92 43.46 £ 0.56 41.66 + 1.955 8
V15-0396 40.95+1.36 42.15 +£0.39 39.92+0.84 41.01 +1.24« 9
V16-0523 40.43 £0.03 43.55 £0.99 4281 £1.61 42.26 +1.68 5
V16-0547 40.03+£0.74 43.67 £0.47 43.80 £0.78 42.50 +1.99 4

Mean 41011618 4247 +137% 43111737
(across genotypes)

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

QOil

The oil content of edamame ranged from 17.37 to 21.61% depending on different
genotypes (Table 3.7). 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 3.1). The highest
oil content was observed on VV13-0339 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 VV13-1644 had the highest oil content when averaged across all
three locations (20.91%). For the three top genotypes based on 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 VV15-0396 had mean oil contents of 19.15 and
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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 our study, no
significant effect of genotype x location interaction was observed on the oil content, indicating

that genotypes ranked similarly among themselves from location to location (Table 3.1).

Table 3.7 Oil contents (%, d.b.) of 10 edamame genotypes planted in different locations.

Genotype Whitethorne, Little Rock, Painter, Mean _ Ranking
VA AR VA (across locations)

R13-5029 18.00 +0.68 18.34 +1.03 19.95 +0.66 18.76 + 1.12% 9
R14-6450 20.27 £1.02 19.15+0.54 20.41 +0.23 19.94 +0.81% 5

UA-Kirksey 18.70 £0.90 17.37 £0.14 19.89 £ 0.52 18.66 +1.22° 10
V10-3653 20.46 +0.16 20.30 £0.80 20.81 +0.83 20.52 +0.572 4
V13-0329 20.33 £0.09 21.03 £0.04 21.25+0.47 20.87 £0.482 2
V13-0339 20.19+£0.14 20.57 £0.38 21.61+£0.72 20.79 £0.762 3
V13-1644 20.30 £0.74 20.86 £1.13 21.56 +0.82 20.91 £0.912 1
V15-0396 19.25 +£0.17 18.31 +0.66 19.41 £ 0.64 18.99 + 0.67™ 8
V16-0523 19.39 £ 0.07 19.16 +1.07 19.05 +0.20 19.20 + 0.51% 6
V16-0547 19.93 £0.07 18.13 +£0.25 19.38 £0.90 19.15 +0.92% 7

Mean 19.68+0.898 1932+1368  20.33+1.03%

(across genotypes)

Different letters (abc & AB) indicate a significant difference based on the two-way ANOVA with Tukey’s
HSD test (p < 0.05).
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 3.8). Averaged across all genotypes,
edamame planted in Whitethorne had the highest starch content (15.14%) and those planted in
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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 VV10-3653 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.

Table 3.8 Starch contents (%, d.b.) of 10 edamame genotypes planted in different locations.

Genotype Whitethorne, Little Rock, Painter, Mean _ Ranking
VA AR VA (across locations)

R13-5029 12.14 +0.69 15.28 £2.27 12.84 +1.17 13.42 +1.89% 9
R14-6450 13.79 £0.28 12.92 £0.70 15.36 £0.61 14,02 + 1.19%° 8

UA-Kirksey 1550 +0.17 14.96 £1.20 1431 +£0.53 14.92 + 0.80% 5
V10-3653 15.14 +2.85 11.99 £0.20 12.07 £0.21 13.06 + 2.06° 10
V13-0329 16.27 +1.63 14.80 £ 0.55 14.08 £0.10 15.05 + 1.26® 3
V13-0339 16.58 +0.55 14.98 +0.45 15.26 +1.18 15.60 + 0.98°2 1
V13-1644 15.60 £0.34 14.56 +0.39 14,66 £0.77 14.94 + 0.66% 4
V15-0396 15.54 +0.33 15.41 £0.27 14.56 +£0.23 15.17 + 0.52% 2
V16-0523 15.55 +0.26 14.33+0.31 14.09 £0.78 14.66 + 0.80%° 6
V16-0547 1534 +1.14 14.16 £ 0.46 14.28 £0.04 14.59 + 0.802° 7

Mean 1514 +1.51A 14.34+1258 1415+1.118
(across genotypes)

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

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 3.9). 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
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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 3.1). 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 VV16-0547) can be claimed as a “good source” of fiber according to the

calculations of the fiber content on a wet basis.
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Table 3.9 Neutral detergent fiber contents (%,d.b.) of 10 edamame genotypes planted in different

(across genotypes)

locations.

Genotype Whltie/tzorne, thtlzs ock, Painter, VA (acrost/lleoir;tions) 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 796+052°  900+082% 839 +056°

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

test (p < 0.05).

Ash

Ash has the lowest chemical composition except for oligosaccharides and alanine. Xu et

al. (2016) 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 3.10). The highest ash content was observed on V10-3653 in Little Rock and the

lowest was found on VV13-0339 planted in Whitethorne. Genotype, location, and their interaction

all had a significant effect on the ash content of edamame (Table 3.1). 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 VV16-0547 had the lowest ash

content (5.08%).
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Table 3.10 Ash contents (%, d.b.) of 10 edamame genotypes planted in different locations.

Genotype Whitethorne, Little Rock, Painter, Mean _ Ranking
VA AR VA (across locations)
R13-5029 5.13+£0.03 5.63 £0.09 4.97 £0.20 5.25 +0.323¢ 3
R14-6450 4.65+0.14 5.76 £0.34 5.35+£0.00 5.25 +0.532¢ 3
UA-Kirksey 4.67 +0.06 5.59 +0.15 5.48 £ 0.00 5.24 + 0.46% 5
V10-3653 4,57 £0.25 5.83+0.04 5.62 £0.13 5.34 +£0.622° 2
V13-0329 4.73 +0.08 5.38 +0.10 4,96 +0.19 5.02 +0.31¢ 9
V13-0339 4.29 +0.12 5.55 +0.08 544 +0.12 5.09 + 0.630¢ 7
V13-1644 4.85+0.14 5.57£0.10 574 £0.14 5.39 £ 0.442 1
V15-0396 4.68 +0.04 5.56 +0.11 5.13+0.03 5.12 +0.40b 6
V16-0523 4.49 £0.06 5.53 £0.09 4,71 £0.08 4.91 +0.50¢ 10
V16-0547 4.69 +0.02 5.65+0.04 4,90 +0.13 5.08 +0.46% 8
Mean 467+023°  560+0.16%  5.23+0.35°

(across genotypes)

Different letters (abcd & ABC) 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 3.11). 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 genotypes 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 x 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
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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.

Table 3.11 Moisture contents (%, wet basis (w.b.)) of fresh beans of 10 edamame genotypes
planted in different locations.

Whitethorne,

Little Rock,

Painter,

Mean

Genotype VA AR VA (across locations) Ranking
R13-5029 66.63 +1.25 7213 +£1.97 70.63 +£0.04 69.80 £2.75 1
R14-6450 63.29 £ 0.97 7280 +£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 6753 +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 6744 +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 7249 +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 6556+ 1768  70.36+2.81A  67.09 % 2.258
(across genotypes)

Different letters (AB) indicate a significant difference based on the two-way ANOVA with Tukey’s HSD
test (p < 0.05).
3.3.3 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
3.1 consists of the PCA score plot and component loading plot of PC1 vs PC2 and 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
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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
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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.
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Figure 3.1 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.
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3.4 Conclusions

The effect of genotype and planting location on chemical compositions was investigated
on 10 edamame genotypes planted in three locations—Whitethorne, VVA; 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. The main 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, and moisture
contents while UA-Kirksey had the highest crude protein content. The highest oil content was
observed on VV13-1644 and the highest starch content was found on VV13-0339.
¢) 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 x 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.
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f) To breed better edamame genotypes for the US market, both genotype and location should be

taken into consideration.
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Chapter 4

Physical and Chemical Properties of Edamame during
Bean Development and Application of Spectroscopy-
Based Machine Learning Methods to Predict Optimal
Harvest Time

4.1 Introduction

Edamame, also called vegetable soybean [Glycine max (L.) Merr.], has been widely
consumed in East Asia for centuries and is a trending soy product in the U.S. It is highly
nutritious due to the content of high-quality protein with isoflavones, vitamins (C and E),
monounsaturated fatty acids, minerals, and dietary fiber (Johnson et al., 1999; Mentreddy et al.,
2002; Zeipina et al., 2017). The quality of edamame is mainly determined by morphological
quality (pod size, color, and weight), eating quality, and nutrition (Zeipina et al., 2017) and these
quality parameters change over bean development.

Harvesting edamame at an appropriate time ensures peak morphological and eating
quality, which offers the edamame high marketability and consumer acceptability (Konovsky et
al., 2020; Zeipina et al., 2017). Moreover, edamame with consistent quality also eases post-
harvest processing. Edamame should ideally be harvested sometime between R6 and R7 growth
stages, just before the pods begin to turn yellow and when moisture and bean weight approach
their maximum levels (Moseley et al., 2020; Yu et al., 2021). Given the dynamic nature between
the R6 and R7 stages of bean growth, harvesting edamame outside of the optimal harvest
window can potentially jeopardize its marketability. For example, harvesting too early can lead

to reduced yield, sweetness, and size of beans, while harvesting too late leads to fibrous and
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yellow beans (Carson, 2010). Further complicating edamame harvest is the narrow harvest
window (about one week) for growers once they reach their optimal harvest time (Carson et al.,
2011). A plant at the R6 growth stage can be distinguished by pods with beans that have
completely filled the pod cavity, while plants at R7 can be distinguished by at least one pod
having reached mature pod color (Licht, 2014). Accompanying the transition from R6 to R7 is a
series of physiological changes that signal the culmination of reproductive growth and the
subsequent initiation of senescence towards full maturity (R8). These changes include growing
beans occupying approximately 85-90% of pod space, the color of leaves, pods, and beans
changing from green to yellow, and sugars and other chemical constituents accumulating in the
immature beans.

Studies have been conducted to investigate the physical properties and chemical
compositions of edamame or soybean at different bean growth stages. Xu et al. (2016) studied
the effects of edamame development on the physical, chemical, and anti-nutritional properties of
edamame beans. Saldivar et al. (2011) investigated chemical composition changes including
protein, oil, starch, and soluble saccharides, and the seed length changes during soybean
development from R1 to R8. Yazdi-Samadi et al. (1977) investigated the oil, protein, sugars,
starch, organic acids, and amino acid changes in developing soybean seeds. Lowell and Kuo
(1989) studied the metabolism and accumulation of oligosaccharides during the development of
soybeans. All these studies provided a clear picture of how the physical and chemical attributes
of edamame beans or soybean seeds change throughout reproductive development. However,
exploiting these differences to predict optimal harvest time was rarely studied on edamame.

Current methods for determining optimal harvest time of edamame rely on the ability of

experienced edamame growers to detect these changes visually, by touch, or by taste. These
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determination methods can be quite subjective; they can pose a major obstacle for relatively
inexperienced or new edamame growers and cause significant economic losses due to the
reduced quality of edamame harvested outside of the optimal window. Therefore, more rapid,
consistent, and standardized methods for determining optimal harvest time are desired. Recently,
spectroscopic techniques have been used to determine the optimal harvest time of strawberries
(Shen et al., 2018; Gao et al., 2020), cherry tomatoes (Yang, 2011), and apples (Bertone et al.,
2012). However, to our best knowledge, no literature has reported the application of
spectroscopic methods to identify the optimal harvest time of edamame. Moreover, using a
handheld spectroscopy instrument is promising because it offers a fast way (usually a few
seconds) for in-field determining the optimal harvest time of edamame compared to the lengthy
chemical analysis. In addition, the spectroscopic analysis can identify small changes of pod color
over edamame development, which usually cannot be captured by the naked eye. However, the
spectroscopy-based analysis is a secondary method requiring calibration against a reference
method for identifying the optimal harvest time of edamame. Calibration is usually conducted
using multivariate regression analysis; nevertheless, it sometimes cannot deliver satisfactory
results due to the complexity of the spectra (Corteés, et al., 2019). Fortunately, the recent
developments of machine learning techniques provide an opportunity to analyze the complex
spectroscopic dataset and provide accurate and reliable calibration (Singh et al., 2016; Singh et
al., 2018). Random Forest (RF) is an ensemble learning technique and it has received increasing
attention due to the excellent classification results and the speed of processing (Belgiu & Dragut,
2016). RF has been widely applied to classify different types of food using multispectral and
hyperspectral data. For example, RF was successfully applied to classify the adulterated and

authentic nutmeg using infrared spectroscopy and the RF presented superior performance than
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other classification methods including Partial Least-Squares Discriminant Analysis (PLS-DA)
and Soft independent modeling of class analogy (SIMCA) (de Santana et al., 2019). In another
study, Peidad et al. (2018) applied three widely-used machine learning methods (i.e., artificial
neural network, RF, support vector machines) to classify bananas into different categories based
on their measured qualities. The results demonstrated that RF achieved the highest classification
accuracy among the three machine learning methods.

The objective of this study is to investigate the changes in the physical and chemical
properties of edamame during bean development and apply the spectroscopy-based machine
learning technique to determine the appropriate harvest time. In this study, physical properties
and chemical compositions were quantified for the edamame harvested from R5 to R7 stages.
Physical properties included pod weight, 20-bean weight, pod dimensions (width, length, and
thickness), and color. Chemical compositions included soluble sugars and free amino acids
(sucrose, fructose, glucose, alanine, and glycine), oligosaccharides (raffinose and stachyose), the
moisture of fresh beans, protein, starch, fat, neutral detergent fiber (NDF), and ash. The
quantified physical and chemical properties of harvested beans were used to determine the
optimal stage for edamame harvesting as well as identifying the beans that were harvested ‘too
early’ and ‘too late’. Meanwhile, the spectral reflectance between 360 and 740 nm was measured
on the harvested edamame pods using a handheld, portable spectrophotometer. Using the
measured spectra, a machine learning approach was used to determine the readiness of edamame
harvesting based on the collected spectral reflectance. This study is significant and novel because
it is the first to develop a spectroscopy-based technique for rapidly and accurately identifying the
optimum harvest time of edamame, which is essential to produce consistent and high-quality

edamame for the market.
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4.2 Materials and methods
4.2.1 Plant materials

Three edamame genotypes (R15-10280, V16-0547, UA-Kirksey) were planted on May
22" 2019 at Kentland farm, Whitethorne VVA. Plots were arranged in a randomized complete
block design (RCBD) and each plot consisted of 7 m long rows with 76 cm spacing between
rows. The planting rate is about 18 seeds per meter, so in total 126 seeds per row. With an
average emergence rate of 75%, there are about 95 plants per row. In total, three replications
were used for the study. Once flowering began, three dates were selected to tag individual nodes
along the first nine feet of each entry. In each replication, between 25 and 30 nodes were tagged,
depending on the flower availability of the individual genotype. Because all genotypes were
planted in the same field on the same date, they have had the same growing environment and all
of them are maturity group V; therefore, the duration stages of all the genotypes are similar. In
addition, the dates of tagging flowers of the three genotypes were only two days apart. The
flowering tag dates were as follows, 4 August 2019, 6 August 2019, and 8 August 2019,
respectively for the genotype R15-10280, V16-0547, UA-Kirksey. The nodes were cleaned of all
younger flowers when necessary to allow for easier harvest and to ensure that the flowering date
of each node was known. Pods were hand-harvested at six different time points. The six harvests
were made on 17 September, 22 September, 28 September, 4 October, 10 October, and 11
October in 2019 respectively, corresponding to R5-1, R5-2, R6-1, R6-2, R7-1, and R7-2 of the
growth stages. It is worth noting that there was only a one-day difference between R7-1 and R7-
2 growth stages, as the morphological and chemical properties of pods and beans changed
quickly due to the dry weather and a drought field. Details of the soybean planting and

harvesting time were listed in Table Al in the Appendix. During each of the six harvest times, 10

73



pods were selected from each genotype in all three replications totaling 90 pods for each harvest
date. In total, 540 pods were collected in six harvests. The pods were brushed off during
collection to remove any dirt and debris on the pods, but they were not extensively cleaned. This
was done to preserve as much of the intact pubescence as possible and not alter the pod color due
to possible injury. Once harvested, they were put in Ziplock bags, placed in a cooler containing
an ice pack, and transported to the laboratory for measuring physical properties.
4.2.2 Physical properties of edamame pods and beans

In the laboratory, every pod was measured using a digital fractional caliper (Husky
Tools) for length, width, and thickness. Width and thickness were taken at the thickest and
widest points on each pod and length was measured from top to bottom. Pod weight was also
measured using an analytical balance (Mettler-Toledo, LLC, Columbus, OH, USA). Afterward,
randomly selected pods from each genotype and replication were opened until 20 beans were
available and a 20-bean weight was recorded. The CIE L*, a*, and b* values were recorded to
compare the lightness (+)/darkness (—), redness (+)/greenness (—), and yellowness (+)/blueness
(—) of samples using a handheld, portable Konica Minolta CM-700d Spectrophotometer (Konica
Minolta Sensing Americas, Inc, NJ, USA). Once all data were collected, all pods were put back
in individually labeled Ziploc bags and placed in the —80 °C ultra-low freezer until further
chemical composition analysis.
4.2.3 Chemical compositions of edamame beans
4.2.3.1 Free sugars, glycine, and alanine

Edamame beans were hand-shelled out of the pods and freeze-dried. Subsequently, the
dry beans were milled by a grinder to pass through a 500 um sieve (IKA®-Werke GmbH & Co.

KG, Germany) and the powder was used for chemical composition analysis. Sucrose, fructose,
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glucose, glycine, alanine, and oligosaccharides (raffinose and stachyose) were extracted by the
method described by Yu et al., 2016, Poe et al., 2020 and Machado et al. (2020) with minor
modifications. Briefly, 0.15 g of dry samples were measured and mixed with 1.5 mL of
deionized water (DI water) in a 2 mL centrifuge tube. The mixture was shaken at room
temperature for 2 hrs and then centrifuged at 13,500 x g for 10 min. Afterward, 750 pL of
supernatant was collected and mixed with 750 pL of acetonitrile. The mixture was shaken for 10
min at room temperature followed by centrifugation for another 10 min. Finally, 750 pL of
supernatant was filtered through a 0.20 um membrane filter for sugar analysis using high-
performance liquid chromatography (HPLC) equipped with a refractive index detector (RID)
(Agilent Technologies, Santa Clara, CA, USA). A Luna Omega 3 pum SUGAR column (150 x
4.6 mm, Phenomenex, Torrance, CA, USA) was used for sugar separation at 40 °C with
acetonitrile/water (75:25 v: v) as the mobile phase. The flow rate was set at 1 mL/min and the
injection volume was 5 pL.

Glycine and alanine are two amino acids that contribute to sweetness (Birch and Kemp,
1989; Schiffman et al., 1981; Solms et al., 1965). They were determined by HPLC with a 1200
diode array detector (DAD) at A = 338 nm based on the application method from Agilent. Online
derivatization of glycine and alanine were conducted using o-Phthalaldehyde (OPA) to form
highly fluorescent products that could be detected by DAD. After derivatization, 1 puL of the
sample was injected into an Agilent AdvanceBio AAA C18 column at 40 °C. Mobile phase A
contained 10 mM Na2HPO4, and 10 mM NazB4O7 with a pH of 8.2 while mobile phase B was
the mixture of acetonitrile, methanol, and water (45:45:10, v: v: v). The flow rate was set at 1.5

mL/min with a gradient program for separation.
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4.2.3.2 Total sweetness

Different free sugars and amino acids have different sweetness intensities. To calculate
the total sweetness, sucrose was used as a reference and the sweetness of other sugars and
compounds could be described by relative sweetness (RS) to sucrose which is listed in Table A2.
Based on the RS, the total sweetness was calculated by the following equation:

Sweetness = Csycrose X RSsucrose T Cgiucose X RSgiucose + Crructose

X Crructose T Cgiycine X RSgiycine + Catanine X RSatanine 4.1)

where C was the concentration of different compounds (mg/g), RS was their relative sweetness
to sucrose. The RS used was the average of the highest RS and the lowest RS.
4.2.3.3 Determination of moisture, protein, fat, neutral detergent fiber (NDF), starch, and
ash

The moisture content of fresh beans was determined by oven drying at 105 °C until the
weight was constant (Yu et al., 2021). The protein content was determined by the Kjeldahl
method to get the total nitrogen content, followed by multiplying by a protein conversion factor
of 6.25 (AOAC, 2001.11). The fat content was extracted by petroleum ether and determined by
AOAC 2003.05. The NDF content was determined by the ANKOM fiber analyzer (ANKOM
Technology, Macedon, NY, USA). The non-fiber part was washed out by a neutral detergent
solution and the NDF content was calculated based on the dry weight after digestion (OHair et
al., 2021). The ash content was determined at 550 °C for 12 hrs in a muffle furnace according to
the AOAC 942.05 in which the weight difference before and after incineration was calculated
(Yu et al., 2020). Starch content was determined using the method described by Vidal et al.
(2009) by measuring hydrolyzed glucose using the HPLC with RID using Bio-Rad Aminex

HPX-87H (Bio-Rad Laboratories, Hercules, CA, USA).
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4.2.4 Spectra-based machine learning approach for predicting harvest time
4.2.4.1 Spectral reflectance measurement on edamame pods

Before the weight of 20 beans was measured, ten pods of each edamame sample were
also measured for spectral reflectance between 360 and 740 nm using the portable Konica
Minolta CM-700d spectrophotometer (Konica Minolta Sensing Americas, Inc, NJ, USA) with a
measurement area of 8 mm, equipped with a pulsed xenon lamp and a diffuse illumination/8°
viewing system. Three images were taken of each pod and the spectral reflectance data were
averaged using the Konica Minolta software.
4.2.4.2 Preprocessing of the data

Based on the physical and chemical data obtained, the condition of the edamame samples
was evaluated, and all 54 samples were classified into three categories and labeled by “early
class”, “ready class” and “late class”. To match with the spectral reflectance dataset (n = 10 for
each sample), the same class label was assigned to each of the 10 pods for every sample.
Therefore, the dataset consists of a 540 spectral reflectance of edamame pods. Among these data
sets, 220 observations were from the late class, 180 were from the early class, and 140 were from
the ready class. Both the raw spectral data (primary spectral) and the first-order derivatives
(FOD) of each spectral data were calculated and used as a feature matrix for training and testing
the RF classifier. FOD transformations of the spectral curve are a commonly applied technique
used to increase classification quality by enhancing spectral features and minimizing random
noise.
4.2.4.3 Random forest classification

The RF analysis method was adapted from Heim et al. (2018) using the R programming

language and VSURF and caret packages. The dataset was split 80:20 into training and test data
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subsets, and 10-fold repeated cross-validation was applied to the training data. This process was
repeated 100 times and the mean accuracy over these repetitions was calculated. RF classifiers
were trained to assign each spectrum to one of the three classes (i.e. early, ready and late) or two
classes (e.g. early vs late) and the model performance as measured by classifier accuracy were

compared based on cross-validation results. Accuracy was calculated as the following equation:

True Positive+True Negative

Accuracy (%) = %X 100 (4.2)

True Positive+False Positive+True Negative+Fals Negative
All three classes were classified based on 39 predictor variables (waveband at 10 nm
resolution). The final model parameters were tuned to mtry = 30 and n-tree = 2000 after the best
classifier was identified using the training data. Feature selection was performed using the
VSURF package, and selected spectral bands were used to determine the prediction accuracy.
4.2.5 Statistical analysis
All measurements were performed on biological triplicates and results were presented as

means + standard deviation (n = 3). One-way ANOVA was performed to observe the significant

effect of harvest time on physical and chemical properties of edamame beans and pods, followed
by Tukey's Honestly Significant Different (HSD) to compare differences among groups using
SPSS (22.0.0.0, IBM Corporation, Armonk, NY, USA). Principle component analysis (PCA)
with trajectory analysis was also conducted by SPSS.
4.3 Results and discussion
4.3.1 Physical properties of edamame beans and pods

Physical properties, including pod weight, 20-bean weight, pod width, length, thickness,
and color, were recorded during edamame development from R5 to R7 (Table 4.1). To harvest
edamame of high quality, immature pods with fully developed green beans are preferred and the

beans should not start to dry out at the harvest time (Born, 2006). For all three genotypes, pod
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and 20-bean weight increased from R5 to R6 significantly and peaked at stage R6-1 or R6-2. A
slight but not significant decrease was found on genotype V16-0547 and UA-Kirksey through
stage R7 while a slight increase was found from R7-1 to R7-2 for genotype R15-10280. This
increase was due to the random selection of edamame pods of larger size which was shown by
the results of the pod width and pod length. Based on the soybean growth and development, seed
filling begins at stage R5 and the dry mass accumulates at the same time (Purcell et al., 2014).
When the R5 ends and R6 begins, the rate of seed growth and dry mass accumulation slows
down and finally reaches the maximum value. Once they entered stage R7, the beans started to
dry out and lead to a slight but not significant decrease in the pod and bean weights (Wang et al.,
2006). Changes in pod width and length were not as significant as those in weight because the
pods already reached the maximal size and had the fixed pod width and pod length at the end of
R4. However, the pod thickness increased significantly from R5 to R6 due to the enlargement of

the seeds. After the seed filling ended, changes in pod thickness over R7 were not significant.
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Table 4.1 Measured physical properties of edamame in different harvest stages.

Genotvpe Harvest Pod 20-bean Pod Pod Pod Thickness/mm
yp Stage Weight/g weight/g Width/mm Length/mm

R5-1 0.87+0.12° 3.73+1.07° 10.10+0.32° 41.69 +0.36" 5.22 +0.57°

R5-2 1.37+0.24° 699+1.35° 10.89 +0.83® 46.05 +3.16® 6.58 + 0.40?

R15.10280 R6-1 1.94+0.34% 1026+1.73* 1153+057® 48.88+3.17° 7.39 + 0.502
R6-2 1.82+0.15® 10.62 +0.50* 11.72+0.21* 45.18 +0.65® 7.69 + 0.40%

R7-1 1.57 +0.05®° 8.04+0.72* 1141 +0.77® 4532 +1.85® 7.60 +0.20%

R7-2 1.84+0.20® 9.94+1.05° 11.51+0.33*° 47.30+2.86% 7.63 £0.48%

R5-1 0.94+0.30° 3.73+1.64° 1159+0.73% 42.21+2.03? 5.78 +1.12°

R5-2 1.29+0.13°  6.17+0.91°°  12.39+0.17° 42.90 +2.44% 6.80 + 0.39"

\16.0547 R6-1 1.95+0.34® 1166+213" 12.03+0.48° 43.40+2.48 8.13 +0.55%
R6-2 2.13+0.298 1259+1.34% 12.11+0.40*° 43.79 +2.35° 8.71 + 0.49?

R7-1 1.80 £0.21* 1061 +1.33* 11.77+0.96* 4156 +4.59? 8.45 + 0.26°

R7-2 1.67£0.22® 10.01 +1.46® 11.20+0.40* 39.93 +4.42° 8.22 +0.36%

R5-1 0.84+0.14° 3.32+0.72° 10.78 +0.32®® 40.69 + 1.66° 4.88 +0.32°

R5-2 1.10+0.16"™ 542 +1.20° 10.96 +0.14* 42.79 + 1.30% 5.59 +0.18°

_ R6-1 1.74+0.26° 9.78+1.21* 11.24+055® 44.99 +3.69° 7.20 £0.18?

UA-Kirksey

R6-2 1.62+0.26° 8.88+0.74*  12.46+1.28 44.32+1.36° 7.36 + 0.44%

R7-1 1.53+0.16*® 859+0.60° 10.65+0.58° 43.46 +2.22% 7.43 +0.54%

R7-2 1.43+0.02* 824+0.52° 1063+0.17° 41.99+2.78 7.43 +0.25%

Different letters (abc) from each column indicate a significant difference based on one-way ANOVA with

Tukey's HSD test (p < 0.05).

The pod color is crucial for consumer acceptance, and brighter, greener pods are

preferred in the market (Zeipina et al., 2017; Born, 2006). Major changes were found on L*, a*,

and b* values from stage R5-1 to R6-2 but not stage R7 (Table A3). For all three genotypes, the

values of L* increased rapidly from R5-1 to R6-2 followed by a slight increase to R7-2. The

increase of the L* value indicates the pods became lighter with growth. The values of a* were all

negative indicating that the pods were green; a* increased gradually but not significantly from

R5-1 to R6-2. Increased a* was found on all three genotypes from R6-2 to R7-2 but only
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significant for genotype R15-10280 and UA-Kirksey. This indicates the green color was
maintained until R7-1 and then became less green. The overall increase of b* values was
observed over pod development. However, the increase was not significant for genotype R15-
10280 (34.77 to 37.44) and UA-Kirksey (32.62 to 35.98) but significant for genotype V16-0547
(32.88 to 39.43). The increased b* values, the degree of yellowness, indicates the pods became
more yellow along with the edamame development. Overall, the color of the pods became
lighter, less green, and more yellow during the development. This is probably due to the decrease
of greenish chlorophyll catabolites (chlorophyll a and chlorophyll b) in edamame from stage R6
to R8 (Borrmann et al., 2009).
4.3.2 Free sugars, alanine, and glycine
4.3.2.1 Free sugars and amino acids that contribute to sweetness

The results of free sugars that contributed to sweetness (sucrose, fructose, and glucose)
were shown in Figure 4.1. Sucrose was the most abundant sugar in edamame compared to
fructose and glucose (Yu et al. 2021). The sucrose content increased until R6-1 and decreased
thereafter. At R5-1, the sucrose contents of genotype R15-10280 and VV16-0547 were both
around 82.0 mg/g and increased significantly to 125.3 mg/g and 111.54 mg/g respectively at R6-
1. Although it started to decrease after R6-1, the sucrose content of samples harvested at R6-2
had no significant difference from those harvested at R6-1. After R6, the sucrose content
decreased significantly. UA-Kirksey had the same trend of sucrose changes with R15-10280 and
V16-0547 which started from 68.7 mg/g at R5-1, increased to 76.3 mg/g at R6-1, and decreased
to 54.2 mg/g finally at R7-2. However, these changes were less intense compared to the other
two genotypes (R15-10280 and VV16-0547). The same sucrose change trend was also found in

studies by Xu et al., 2016 and Kuo et al., 1997 in which the highest sucrose content occurred at
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early R6 and decreased thereafter. Sucrose is the predominant photosynthate (carbon source) that
is transported from leaf tissues to the developing bean embryos and accumulates in the beans
during pod filling (Du et al., 2020; Thorne, 1980). Its metabolism and accumulation are closely
related to the changes in different enzymes during seed development (Sitthiwong et al., 2005;
Lowell and Kuo, 1989). Sitthiwong et al. (2005) reported that the sucrose content of edamame
beans was positively correlated with sucrose synthase activities. Lowell & Kuo (1989) studied
the change of sucrose synthase activities from stage R4 to R8 and they found that the activities
remained low before seed filling (R5) and increased by 5 times from R5 to early R6 after which
the activities keep decreasing until the full maturity of the beans. The increasing activities of
sucrose synthase led to the increased sucrose content from R5 to R6. The decrease of the sucrose
content over bean development is usually associated with its transformation to other storage
sugars, such as raffinose and stachyose. The changes of galactinol synthase activity could further
explain the decrease of the sucrose content, this would be discussed later in the results of

oligosaccharides contents.
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Figure 4.1 Changes in free sucrose, fructose, glucose, alanine, glycine, raffinose, and stachyose
concentration (mg/g dry mass) of edamame in different harvest stages. Different letters (abcd)
from each line indicate a significant difference based on the one-way ANOVA with Tukey's

HSD test (p < 0.05). Points on the same line without significant levels have no significant levels.

Compared to sucrose, fructose and glucose contents were much lower in all three

genotypes. The fructose and glucose contents at R5 were 17.0 mg/g and 6.4 mg/g, 29.8 mg/g and

10.7 mg/g, and 33.5 mg/g and 11.6 mg/g for genotype R15-10280, V16-0547, and UA-Kirksey,

respectively. A significant decrease of fructose and glucose was found at different stages of these

three genotypes which were R6-2 for R15-10280, R6-1 for V16-0547, and R5-2 for UA-Kirksey.

After the decrease at the respective stage, these two sugars remained stable until R7-2.

Free alanine and glycine both have sweet tastes and can contribute to the sweetness of

edamame. Figure 4.1(d)—(f) show the changes in free alanine and glycine from R5 to R7.

Compared to free sugars, the content of free alanine and glycine were low. R15-10280 had the
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highest alanine and glycine contents which were 7.59 mg/g and 1.60 mg/g at stage R6-1,
respectively. For all genotypes, alanine content had no significant change from R5 to R7
indicating that alanine accumulation was not significantly affected by the bean development
stage. For genotype R15-10280, glycine content increased significantly from R5 to R6 and then
decreased significantly by R7, while for genotype UA-Kirksey, it decreased significantly from
R6-1 to R6-2 and then remained stable. However, glycine content did not change over bean
development for genotype V16-0547. Since the contents of alanine and glycine were extremely
low, the changes in them have little effect on the sweetness of edamame.
4.3.2.2 Total sweetness

It was reported that edamame with higher sweetness tended to have higher consumer
acceptability (Carneiro et al., 2021). The changes in total sweetness from R5-1 to R7-2 were
shown in Figure Al. For genotype R15-10280, edamame harvested at R6-1 and R6-2 had the
highest total sweetness than those harvested at R5 and R7. For genotype V16-0547, samples with
the highest total sweetness were those harvested at R5-2 to R6-2. For UA-Kirksey, no significant
difference was observed in the total sweetness of samples harvested at different developmental
stages. The overall trend of the total sweetness was similar to the changes in sucrose
concentration, especially for genotype R15-10280 and VV16-0547 even though all sweet
compounds in edamame were considered. This was due to the high amount of sucrose presented
in edamame compared to other compounds, making the change of sucrose a predominant factor
influencing the total sweetness. In a previous study, Yu et al. (2021) also showed that there was a

high correlation coefficient (r) between the sucrose content and total sweetness.
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4.3.2.3 Free raffinose and stachyose

Raffinose and stachyose are the galactosyl derivatives of sucrose and belong to the
raffinose family oligosaccharides (RFOs) (Kumar et al., 2010). In legume seeds, the accumulated
oligosaccharides during maturity are stored as energy sources for future germination (Kuo et al.,
1988). Raffinose is composed of one galactose linked to one sucrose and stachyose is composed
of two galactose molecules linked to one sucrose. Different from sucrose, fructose, and glucose,
raffinose and stachyose are not desired in edamame because they cannot be digested by humans
and may cause flatulence or more severe Gl tract disease (Lowell & Kuo, 1989). The changes of
raffinose and stachyose from harvest stage R5 to R7 are shown in Figure 4.1(g—i). For all three
genotypes, no raffinose or trace amounts of raffinose were detected before R6-2, when the
significant accumulation of raffinose started. Stachyose started to accumulate at R6-1 as
evidenced by its trace content in beans harvested at this stage, and its content rapidly increased
after R6-2. The results were in accordance with the studies of Yazdi-Samadi et al. in 1977,
Dornbos and McDonald in 1986, Lowell and Kuo in 1989, and Saldivar et al. in 2011, in which
they found the same pattern of accumulation of raffinose and stachyose. The final synthesis of
RFOs by raffinose synthase needs both sucrose and galactinol but the first step is to synthesize
the galactinol. Based on Lowell and Kuo’s study in 1989, the galactinol content in maturing
soybean from R6 to R7 increased from almost 0 to 3.0 mg/seed and the galactinol synthase
activity stayed at a high level which initiated the accumulation of galactinol. When the beans
start to mature, the raffinose synthase starts the synthesis of raffinose by using the sucrose and
galactinol found in the beans. The results in Figure 4.1 also show that the stachyose content was
higher than the raffinose content. The possible reason could be that the raffinose was used to

synthesize the stachyose; stachyose synthesis needs raffinose as the basis and adds one more
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galactinol (Jing et al., 2018). Additionally, the results show that the stachyose accumulation
started at R6-1 and accelerated after R6-2. This trend was commensurate with the change in
sucrose. The sucrose content decreased after R6-1, a more significant decrease was found after
R6-2. The accumulation of raffinose and stachyose could help explain the decrease of sucrose
after R6-1.
4.3.3 Macronutrient compositions

Besides appearance and sweetness, macronutrients in edamame are also of great
importance to consumers. For this reason, starch, protein, fat, fiber, ash, and water contents were
quantified (Table 4.2). Water was the most abundant component of edamame beans and made up
more than 60% of the bean’s wet weight. High moisture content is one of the most important
characteristics of edamame. Overall, all genotypes had a high moisture content of fresh beans
(69.5% to 75.6%) at R5-1 and the moisture content decreased gradually from R5-1 to R7-2. The
decrease from R5-1 to R6-1 was significant for genotype V16-0547 and UA-Kirksey, but not for
R15-10280. Starch is the main energy source stored in seeds and it is an important component
contributing to the hardness and chewiness of edamame (Stevenson et al., 2007; Xu et al., 2012).
The initial starch content of all three genotypes was around 11% and it increased slightly from
R5-1 to R6-1 for genotype R15-10280 and VV16-0547 while for UA-Kirksey, the starch content
remained stable from R5-1 to R6-1. Starch content in all three genotypes decreased significantly
from R6-1 to R7-2. This change was also reported by Saldivar et al. (2001). In their study, the
starch accumulated at the beginning of bean development and then decreased drastically after the
bean almost filled the pods. Starch content is related to the physical properties of edamame
during post-harvest processing. Blanching is used to deactivate enzymes and increase the shelf

life of edamame. It causes starch gelatinization and pectin solubilization which leads to the
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decreased hardness of edamame. To get soft edamame after blanching, higher starch is usually

preferred.
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Table 4.2 Chemical compositions of edamame in different harvest stages.

Genotype Harvest Stage Conlt\t/elr?'ltsg?rlzejresh Protein % Starch % Fat % NDF % Ash %
Beans %

R5-1 69.45+7.22°  3910+061° 11.82+0.13  1380+022° 714+051°  5.85+029°

RS2 66.86 +253'  4140+176® 1099%171" 1518+028° 6244025 562 +0.68"

1510280 R6-1 64.88+0.65° 4027 £2.12%  1258+050° 1449 +058° 642 +014°  4.00+0 16°
R6-2 61.72+151°  4251+167°  9.63£262° 1605+059® 6.46+0.30°  4.59 +0.31%

R7-1 61.38£3.43"  4226+053°  639+247% 1681+102° 6.65+0.81°  557+0.53%

R7-2 6200+450°  4302+0.97"  475+162°  1682+043  656+0.19°  570+0.34%

R5-1 7556 £6.20°  4128+188  1065+051® 1265+152° 7.98+0.24° 598 +0.19°

RS-2 67.05+0.75" 4110+056"  1157+042° 1408+132° 6.38+040°  543+0.27°

\V16-0547 R6-1 6562041  4022+119°  1350+072° 1512+076® 529+012°  3.9820.23"
R6-2 6355+219°  4294+106"  1049+100° 17.15+154° 545023  4.26+021°

R7-1 6437+£439"  4092+153'  763+206™ 1817+302° 5.86+0.31°  564+0.44°

R7-2 59.06 £3.72°  4357+098"  §67+224° 1656+169° 623+0.35°  553+0.21°

R5-1 7191+4.03"  40.08+1.62*° 1058+0.82*  11.67+1.19°  7.06+1.03? 6.05 +0.19°

RS-2 6593+253° 4236+159° 1076+175°  1637+0.70°  6.31+0.20%  5.36+0.47%

UA-Kirksey R6-1 62.94 % 1-59:° 4288+097°  1056+023"  16.81+0.76" 565+021°  4.38+0.17°
R6-2 6140 £0.57°  43.89 +1.34° 826058 1890+032° 580+026®  4.38%0.40°

R7-1 60.45+128% 4255 +2.10° 727+077° 1828+123"° 6.40+031®  5.62+0.59%

R7-2 58.56 £1.82° 4293 +1.93° 713+069° 1764+097"° 6.43+004®  511+0.39%

The results of the moisture content of fresh beans were calculated based on wet weight and other compositions were calculated based on the dry
weight. Different letters (abc) from each column indicate a significant difference based on the one-way ANOVA with Tukey's HSD test (p < 0.05).

88



Edamame had around 40% protein based on dry weight and this makes edamame a good
source of vegetable protein. The protein contents of all harvested edamame samples ranged
between 39.1% and 43.9% with a slight increase (2—3%) from R5-1 to R7-2. This slight increase
agreed with the studies of Dornbos and McDonald, 1986 and Saldivar et al., 2011. In their
studies, the protein content of edamame increased by 2-5% from R5 to R7. Overall, the protein
content was stable from stage R5 to R7. The fat content of R15-10280, V16-0547, and UA-
Kirksey was 13.8, 12.7, and 11.7%, respectively, at the R5-1 stage. It accumulated from R5 to
R6-2 and no significant change was found afterward. The initial NDF content at R5-1 was
around 7 to 8% and the initial ash content was around 6%. The NDF contents decreased
significantly from R5-1 to R6-1 for genotype V16-0547 and UA-Kirksey and increased slightly
afterward. For R15-10280, the change of NDF has the same trend with the other two genotypes
but the change was not significant overall. A significant decrease from R5 to R6 and a significant
increase from R6 to R7 of ash content were found in all three genotypes.

Overall, based on the physical and chemical properties, the early stage of R6 (R6-1) is the
optimal time to harvest edamame. At this stage, edamame has a large bean size, favorable light
green color, high sweetness, and high protein and starch contents, as well as low raffinose and
stachyose contents. To have a longer harvest window, R6-2 could also be an acceptable harvest
window because no significant difference was found in both the physical and chemical properties
compared to edamame harvested at R6-1.

4.3.4 Spectroscopy-based machine learning classifier
4.3.4.1 Spectral reflectance curves
The spectral data from all pods in early, ready, and late stages were averaged and plotted

in Figure 4.2. Overall, the spectral reflectance curves increase gradually from 360 to 490 nm,

89



then start to increase rapidly and reach the first peak at approximately 565 nm. Afterward, the
reflectance curves decrease and reach the local minimum between 670 and 690 nm before
increasing again. The color spectrometer used in this study has a maximum detection wavelength
at approximately 700 nm. The shape of the reflectance curves follows the typical observation of
vegetation, in particular the green leaves, which are consistent with the observation of the green
color of edamame pods when they are ready to be harvested. Although the overall trends are the
same for all three categories of edamame pods, there is a clear separation between the average
spectral curves among these categories. The pods that are too early to harvest have the lowest
average reflectance compared to the pods that are ready and too late to harvest. The increase of

reflectance in this spectral range is similar to those observed on senescent leaves (Carter, 1993).
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Figure 4.2 Analysis of spectral reflectance using machine learning. Average spectral reflectance
of edamame pods that are in the three categories: early, late, and ready to harvest.

4.3.4.2 Three-class classification using full wavelengths
To determine, quantitatively, whether we can classify edamame pods from different

categories using spectral data, we performed the classification using the RF algorithm (Figure

4.3). At first, three-class RF classification models were trained using the primary (Prim) spectral

data and first-order derivative (FOD) spectral data at full wavelengths, respectively (Figure

4.3a). The trained models were tested with a new set of data and the accuracies were 0.69 (Prim)
and 0.71 (FOD). Although the accuracies of 0.69 — 0.71 were not ideal, they indicate that the
classification of ‘early’, ‘ready’, and ‘late’ pod stages may be realized using reflective spectra
coupled with the machine learning technique, and a further improvement in accuracy is needed.
A previous study used similar spectroscopy-based techniques to predict harvest time for apples
(Bertone et al., 2012). In their study, UV—-Vis and near-infrared spectroscopies coupled with
partial least square regression were used to monitor the chlorophyll content (the green color) of

the skin of the red apple, which indicates the apple ripeness. The major difference is that the
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response variable in Bertone et al.’s study is continuous whereas, in our situation, it is
categorical. Therefore, classification using machine learning methods such as RF is feasible for

predicting the optimal harvest time for edamame and other vegetables/fruits.
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Figure 4.3 Comparison of model accuracy among different classification methods. (A)
Classification accuracy of three categories. (B) Classification accuracy of two categories. Prim:
primary spectral data. FOD: first-order derivative of spectral data. Prim/Prim: use Prim selected
spectral wavelengths and Prim spectral data for classification. Prim/FOD: use Prim selected
spectral wavelengths and FOD spectral data for classification. FOD/Prim: use FOD selected
spectral wavelengths and Prim spectral data for classification. FOD/FOD: use FOD selected
wavelengths and FOD data for classification.
4.3.4.3 Three-class classification using selected wavelengths

Using a large number of spectral bands might create challenges for collecting data in the
field and further lead to redundant information. Massive data generated by spectroscopic
technique is also a challenge for data analysis. Therefore, selecting important wavelengths that
carry the most useful information with minimal redundancy can help improve both the data
collection and the data analysis efficiency. To determine the performances of models using
selected important spectral bands, 12 wavelengths were selected from the analysis using the Prim

spectral data and 9 wavelengths were selected from the analysis using the FOD spectral data. The

number of wavelengths (12 and 9) was automatically selected through a machine learning

92



process called feature selection in the RF method. Three-class RF classification models were
trained again using the Prim and FOD spectral data of these selected wavelengths and their
performances were shown in Figure 4.3a, Prim/Prim, FOD/FOD, FOD/Prim, and Prim/FOD.
Interestingly, the models built from selected important wavelengths showed similar accuracies
(0.65 to 0.73) compared to the models built from full wavelengths. A previous study has
compared the performances of support vector machine (SVM) models built on full spectra and
selected optimal spectra of hyperspectral image systems on evaluating the ripeness of
strawberries (Guo et al., 2016). They found that SVM models built on selected optimal spectra
showed acceptable results compared to models built on full spectra. The difference is that in their
study, the selected optimal spectra were from two different spectral ranges. Satisfactory results
were observed on selected optimal wavelengths from 441.1 to 1013.97 nm and worse results
were found on selected optimal wavelengths of 941.46 to 1578.13 nm. Thus, our study, together
with others, indicates that the reduction of wavelength number can be realized without
compromising the model accuracies for classifying edamame with different maturity stages.
Overall, the model trained using FOD spectral data performs better than using the Prim
spectral data. This finding was not surprising because FOD spectra are generally better at
resolving overlapping wavebands and reducing random noise. In a detailed investigation of

spectral classification techniques, Ghiyamat et al. (2013) showed that FOD-based approaches

showed the least improvement (over primary spectra) in very complex datasets and the most
improvement in less complex datasets. In this study, it was found that classification accuracy
increased when using an RF classifier combined with the FOD spectra. Classification accuracy
using primary spectra and a random forest classifier could still be considered substantial. Taken

together with the results from other studies, it seems that both the classification method and the
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number of classes used in the classification influence whether the FOD spectra can improve the
classification accuracy. However, visual inspection of FOD spectral data does not show a clear
separation of the curves (Figure 4.2).
4.3.4.4 Two-class classification

After analyzing the confusion matrix, we noticed that the model performed poorly when
classifying spectral data of the “ready” category; however, it performed better when separating
“early” with “late” categories (Figure 4.4). With this observation, the data was further analyzed
using two-class classification between every two categories separately with only primary spectral
data. We did not use the FOD because the visual inspection of FOD does not suggest a clear
separation of “early” and “late” categories (data not shown). The model accuracy increases
substantially to 0.95 for separating “early” and “late” categories and to 0.87 for separating
“early” and “ready” categories (Figure 4.3b). The model accuracy for separating “late” and
“ready” remains as low as 0.68. Feature selection was performed, and 12 wavelengths were
selected as the important ones (430, 450, 490, 500, 540, 550, 560, 600, 630, 640, 680, and 700
nm). The model using selected wavelengths provides a similar accuracy for the primary spectral
data of edamame pods. The higher model accuracies for two-class classifications were in
agreement with Cen et al. (2016)’s study, which applied a hyperspectral imaging technique on
the detection of chilling injury in cucumber fruit. The overall accuracies for the two-class
classifications (i.e., normal and chilling) were 100%, while the overall accuracies for the three-

class classifications (i.e., normal, lightly chilling, and severely chilling) were lower at 91.6%.
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Early
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40 . Ready

Figure 4.4 Hierarchical clustering of spectral reflectance across all spectral data of three
categories. The clustering results are separated into five groups based on the branch height in the
dendrogram. More or fewer groups can be generated but the main observation remains the same.
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Overall, it was demonstrated that the RF classification method can reasonably identify
the early, late, and ready stages of edamame harvest using the spectra collected by a handheld,
portable spectrometer. This is practically important because edamame has a short harvest
window (only about one week) for producing edamame with high marketability and consumer
acceptability. The portable spectrometer coupled with the machine learning technique will allow
for rapidly and accurately determining optimal harvest time in the field, ensuring peak
morphological and eating quality of edamame, and mitigating the heavy reliance on experienced
edamame growers through touch, taste, and observation to determine the harvest time. In real
edamame production, it often happens that those pods of different maturity stages are on the
same plant at the same time. For the small-scale edamame production where edamame is
manually harvested, the technique will provide critical information about which pods are ready
to harvest. For the large-scale edamame production where edamame is harvested by large
combines, it is not realistic to only harvest mature pods and leave young ones. However, the
technique can still help decide the best harvesting time when the majority of pods in plants are
“ready to harvest”.

In the future, it may be necessary to refine spectral sets of data down to some level where
a single waveband can be considered unique for the system under investigation. Further
investigation would be needed to confirm or disprove this suggestion. The successful
discrimination between spectral signatures is only the first step towards using spectral
approaches to determine the proper harvesting stage in the edamame industry. The results of the
present study represent a proof of concept for incorporating a spectral approach into a precision

farming tool used for the edamame.

96



4.4 Conclusions

This study investigated the changes in physical and chemical properties of edamame over
bean development and applied a spectroscopy-based machine learning method to identify the
optimal harvest time of edamame. Pod weight, bean weight, and pod thickness reach the peak
values at stage R6. The color of edamame becomes lighter, more yellow, and less green as the
beans develop. All genotypes have similar chemical composition changes from R5 to R7. The
sucrose, alanine, glycine, and starch contents are highest at R6 when the edamame has the
highest sweetness. Oppositely, the fat, NDF, and ash contents are relatively low at this stage.
Considering all physical properties and chemical composition changes over the bean
development, the early R6 (R6-1) stage was determined as the optimal time to harvest edamame.
However, if a longer harvest window is needed, R6-2 is acceptable and better than R5 and R7.
The machine learning method based on the pods’ spectral reflectance had a high accuracy of 0.95
for classifying “early” and “late” samples and 0.87 for classifying “early” and “ready” samples.
However, a relatively low accuracy of 0.68 was obtained for classifying “late” and “ready”
samples. Overall, this study demonstrated that the machine learning method based on the pods’

spectra reflectance can identify the optimal harvest time of edamame.
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Chapter 5

Production and Properties of Soluble Dietary Fiber from
Edamame Shell using Combined Physical and Chemical
Treatments

5.1 Introduction

Dietary fiber is considered one of the most important components of the human diet due
to its health benefits of preventing certain chronic diseases such as hemorrhagic and ischaemic
stroke, cardiovascular diseases, rectal cancer, and diabetes (Gill et al., 2021). Based on the
solubility in water, dietary fiber is classified into insoluble dietary fiber (IDF) and soluble dietary
fiber (SDF). SDF is a non-cellulosic polysaccharide composed of indigestible polysaccharides
(e.g., pectin, gum, inulin, B-glucan and soluble hemicellulose) and oligosaccharides (Dai and
Chau, 2017; Li et al., 2022). Various studies found that SDF intake can help manage elevated
plasma cholesterol (Haskell, et al., 1992), reduce body weight gain (Artiss et al., 2006), and
prevent metabolic syndrome (Wang et al., 2021). Additionally, compared to IDF, SDF is easier
to be metabolized by gut bacteria, promotes the growth of health-promoting gut microorganisms,
and increases the production of beneficial metabolites such as short-chain fatty acids (Guan et
al., 2021). More importantly, SDF has superior physicochemical properties to modulate food
fluidity, viscosity, and emulsification (Anderson et al., 2009; Li et al., 2022). Studies have
reported the addition of SDF significantly increased the water absorption of dough, resulting in
dumpling wrappers with higher hardness and cooking yield and decreased cooking loss (Wu et
al., 2014). SDF can also be combined with gelatin to form composite gels as a fat substitution in

meat manufacturing to provide a healthy diet (Essa and Elsebaie, 2022).
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Like other food processing byproducts (e.g., tomato pomace, pomegranate peel, and
lemon peel), edamame shell, a low-value byproduct generated by edamame food/snack
processing, is a rich source of dietary fiber. However, the tough and hard texture and the high
IDF amount of edamame shell make it not suitable to be directly used as a food additive since it
affects not only the sensory properties but also the processibility of foods (Li et al., 2022). In
order to better utilize the dietary fiber in edamame shells, one promising way is to convert the
IDF in edamame shell to SDF. Current techniques including physical, chemical, and biological
methods have been investigated to partially convert the IDF to SDF with desirable functional and
nutritional properties of the produced SDF (Bader Ul Ain et al., 2019). Among many available
physical treatments, milling is one of the important operations in the processing of food by-
products (Chitrakar et al., 2020). Ball milling receives particular attention due to its high
effectiveness in particle size reduction and unique capacity to modify the physicochemical,
functional, and nutritional properties of IDF (Chitrakar et al., 2020; Song et al., 2021). Chen et
al. (2020) used ball milling to improve the dietary value of okara (soybean residue) and found
that IDF was efficiently converted to SDF with a conversion rate of 43g/100g and ball-milled
okara possesses a higher dietary value such as the higher total flavonoid contents and
bioavailability. It was also reported that micronization by ball milling significantly reduced the
lignin and cellulose contents while increasing the content of SDF in grape pomace (Bender et al.,
2020). Ball milling was also combined with high-pressure homogenization to improve the
physicochemical and rheological properties of citrus fiber (Jiang et al., 2022). Chemical
processing using sulfurous acid is environmentally unfriendly due to the SO- release and
generation of toxic substances in the process of dissolving sulfur dioxide in water (Liu et al.,

2021). Citric acid, a commonly found organic acid that exists in many fruits, such as oranges,
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pineapples, and grapefruits (Behera et al., 2021), has been widely used in the food industry as a
safe food ingredient/additive (Yan et al., 2019). On the other hand, citric acid can facilitate SDF
extraction by ionizing the hydrogen ions with carboxyl groups and breaking up the complex cell
walls. Yan et al. (2019) found that the combination of citric acid and ultrasound treatment not
only increased the extraction yield of SDF from wheat bran but also elevated the antioxidant and
a-amylase inhibitory activities of the extracted SDF.

The objective of this study is to develop a combined ball milling and citric acid process to
extract SDF from edamame shells. To the best of our knowledge, few or no studies have been
conducted for producing SDF from edamame shells by the combined ball milling and citric acid
process. This study also investigated how different processing parameters, including citric acid
concentrations, treatment temperatures and time, and the application of ball milling, affect the
yield, physicochemical, morphological and structural, and functional properties of SDF from
edamame shells. The outcome of this study not only develops an environmentally friendly
process to convert edamame processing waste into high-value SDF but also provides a new
source of food ingredients in the food industry, thus supporting the sustainability of the food
supply chain.

5.2 Materials and methods
5.2.1 Materials & reagents

Edamame shell was collected from the food processing pilot plant at Virginia Tech
(Blacksburg, VA, USA) and stored at -20 °C until use. Citric acid monohydrate, trifluoroacetic
acid (TFA), meta-hydroxydiphenyl, sulfuric acid, methanol, sodium carbonate, ethanol,
potassium peroxydisulfate, Trolox, 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

diammonium salt (ABTS), sodium dodecy!l sulfate (SDS), D-glucuronic acid and 3-phenylphenol
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(90%) were purchased from Thermo Fisher Scientific (Hampton, NH, USA). Sodium tetraborate,
sugar standards, gallic acid, Folin & Ciocalteu’s phenol reagent, and formic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA).
5.2.2 Composition analysis

The moisture content of fresh edamame shells was measured under 105 °C in an oven
until the weight was constant (Yu et al., 2021). Crude protein, fat, and ash contents of edamame
shell powder were determined according to AOAC 990.03, 2003.05, and 942.05, respectively.
Soluble and insoluble dietary fiber were analyzed using the Integrated Total Dietary Fiber Assay
Kit (K=INTDF) according to AOAC 2011.25. The composition analysis showed that the
edamame shell contained 75.8% moisture, 51.3% IDF, 10.3% SDF, 13.7% protein, 7.0% ash,
and 0.8% fat.
5.2.3 Sample pretreatment

The frozen edamame shells were dried at 50 °C in a convection oven until the weight was
constant. Afterward, the dried shells were milled by an IKA MF 10 Basic Microfine Grinder
(IKA®-Werke GmbH & Co. KG, Germany) equipped with a 500-um sieve to get the edamame
shell powder. Protein was removed from the edamame shell powder using enzymatic hydrolysis
with Alcalase 2.4 L at a loading of 0.8% w/w. The solid loading of the edamame-shell powder
suspension for enzymatic hydrolysis is 10% w/v. The pH was adjusted to 7.5 by 4M NaOH and
the sample was incubated in a 60 °C water bath with a shaking speed of 115 rpm. After 4 h of
incubation, the sample was centrifuged at 13,800 x g for 10 min at 4 °C. The solid was collected

and freeze-dried to get the pretreated edamame shell powder.
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5.2.4 Ball mill treatment

The pretreated edamame shell powder was further treated by a ball mill (Ball Mill Emax,
Retsch GmbH, Germany) with 50-mL grinding jars and 5-mm stainless grinding balls. Two
grams of pretreated edamame shell powder were placed into each jar with 200 grinding balls (a
total volume of 25 mL). The speed of the ball mill was set at 1,000 rpm and the processing time
was 36 min with an interval of 15 min and a break of 5 min. The particle size of the edamame
powder before and after the ball milling was measured by a laser diffraction particle size
analyzer (Model LS13320XR, Beckman Coulter, Inc., USA).
5.2.5 Citric acid treatment

The acid treatment was carried out with different concentrations of citric acid (1% and
2%), treatment temperatures (90 and 130 °C), and treatment time (30 or 60 min). To be detailed,
1 g of pretreated edamame shell powder was mixed with 20 mL citric acid in a 50 mL media
bottle, which was incubated in a water bath (90 °C) or autoclave (130 °C). For the control group,
deionized water was used instead of citric acid, and the incubation lasted for 30 min under 90 °C.
Afterward, the incubated mixture was cooled down in an ice water bath and centrifuged at
13,800 x g for 10 min. The supernatant was collected, mixed with 4 volumes of 95% ethanol,
and then stored under 4 °C overnight to precipitate SDF. The precipitated SDF was collected
after centrifugation at 13,800 x g for 20 min and dried in a convection oven until constant
weight. Nine different treatments (including the control) were conducted in total and the yield

from each treatment was calculated using the following equation:

Weight of SDF/g
Dry mass of pretreated edamame shell/g

Yield (%) = x 100% (5.1)

For the ball-milling treated sample, only the temperature of 130 °C and treatment time of

30 min was tested according to the performances of different treatment parameters. The
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following procedures of SDF production from the ball-milling treated sample were the same as
the above-mentioned procedures.
5.2.6 Characterization of properties
5.2.6.1 Sample preparation

To investigate how different processing parameters affect the physical and chemical
properties of the produced SDF, four representative SDF samples were chosen for
comprehensive property characterization. These four treatments were listed here: 1) 90 °C, 30
min, 1% acid (SDF-1); 2) 130 °C, 30 min, 1% acid (SDF-I11); 3) 130 °C, 30 min, 2% acid (SDF-
111); 4) 130 °C, 30 min, 1% acid and ball milling (SDF-IV). The samples were prepared using the
same procedures described in sections 5.2.3 - 5.2.5. The only difference is that the precipitated
SDF was redissolved in DI water and freeze-dried instead of oven-dried for the best maintenance
of the SDF properties.
5.2.6.2 Physicochemical properties
Uronic acid content

Uronic acid was determined according to the method described by Blumenkrantz and
Asboe-Hansen (1973) with minor modifications. The produced SDF samples were dissolved in
DI water at a concentration of 0.1 mg/g and shaken for 1 h at 55 °C, followed by cooling down
to room temperature. 200 uL of each sample was mixed with 1.2 mL sulfuric acid/tetraborate
solution (0.0125 M tetraborate in concentrated sulfuric acid) in pre-refrigerated tubes. The
mixture was then vortexed and put in a boiling water bath for 5 min followed by being placed
into an ice-water bath. Afterward, 20 uL of the m-hydroxydiphenyl reagent was added to the

mixture and the tubes were vortexed. Absorbance was measured at 520 nm by a UV/VIS

110



spectrophotometer (Thermo Fisher Scientific, Hampton, NH, USA) within 5 min, and glucuronic
acid was used as a standard to quantify the amount of uronic acid.
Monosaccharide composition

The SDF samples were hydrolyzed by acid based on a method reported by Yan et al.
(2019) with minor modifications. To be detailed, 2 mg of sample was mixed with 3 mL 2M TFA
and incubated in an oil bath under 110 °C for 4 h. Then, the water and TFA in the hydrolysate
were evaporated by a rotary evaporator with reduced pressure and followed by washing with 3
mL methanol 4 times. The washed hydrolysate was resuspended in 5 mL DI water for analyzing
the concentrations of glucose, xylose, and arabinose using an Agilent 1260 high-performance
liquid chromatography (HPLC) system with a refractive index detector (RID) (Agilent
Technologies, Santa Clara, CA, USA). Bio-Rad Aminex® HPX-87H column (Bio-Rad
Laboratories, Hercules, CA, USA) was used with 0.005 M H,SO;4 as the mobile phase (0.6
mL/min) at 50 °C and the injection volume of 20 pL (Yu et al., 2022).
Protein content, total phenolic content (TPC), and particle size

The protein content was measured by the Kjeldahl method, followed by multiplying by a
factor of 6.25 (AOAC, 2005d). TPC was analyzed by the Folin-Ciocalteu method described by
Jin et al. (2019) using gallic acid as the standard. Both gallic acid and SDF solutions (500 pL)
were diluted with 900 pL DI water and mixed with 2.5 mL of 0.2 N Folin—Ciocalteu reagent and
2 mL saturated sodium carbonate. The mixtures were incubated at room temperature for 2 h. The
absorbance at 765 nm was read by the UV/VIS spectrophotometer and TPC was expressed as mg
gallic acid/g SDF. To measure the particle size, SDF samples were mixed with DI water to reach
appropriate concentrations and the particle size was analyzed by the above-mentioned laser

diffraction particle size analyzer.
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5.2.6.3 Structural characteristics
Scanning electron microscopy (SEM)

The morphological properties of the SDF samples were observed by SEM. The SDF
samples were fixed into Leica ACE600 Sputter and sputtered with 10 nm Pt/Pd. The SEM
images were taken by FEI Quanta 600 FEG (FEI Company, Hillsboro, OR, USA) with an
accelerating voltage of 20 kV and an image magnification of 500X.

Fourier-transformed infrared analysis (FTIR)

Chemical bonds of different SDF samples were analyzed by FTIR (Hong et al., 2022).
The instrument was calibrated through background scanning. Afterward, samples were directly
placed on the ZnSe flat top plate. The FTIR spectrum was analyzed using a 400 FT-IR/FT-NIR
Spectrometer (PerkinElmer Corp., Shelton, CT, USA) with a wavenumber range of 400-4000
cml, resolution of 4 cm?, and scan of 32 times.

X-ray diffraction (XRD)

The crystalline structure was measured by the Rigaku MiniFlex Il diffractometer (Rigaku
Corporation, Tokyo, Japan). SDF samples were scanned at the speed of 1°/min with the
diffraction angle (20) ranging from 5° to 60° (Liu et al., 2019; Qiao et al., 2021). Both the
crystalline and amorphous peak areas were analyzed by OriginPro 9.0 (OriginLab®,
Northampton, MA, USA) and the crystallinity index (CI) was calculated based on the following

equation:

Cl(%) = ACAC x 100% (5.2)

Agt+

where A, is the crystalline peak area and A, is the amorphous peak area.
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5.2.6.4 Rheological properties

The rheological properties of the SDF solutions were measured using the DHR3
rheometer (TA Instruments, New Castle, NE, USA) equipped with a plate-plate geometry system
(parallel plate, 40 mm diameter, 1 mm gap). SDF solution samples were prepared at
concentrations of 10 and 40 mg/mL. The steady shear measurements (apparent viscosity vs.
shear rate) were measured at the shear rate ranging from 0.1 to 1000 s (Yan et al., 2019). In
brief, a certain amount of the sample solution that is enough to cover the plate was loaded on the
plate and soaked for 120 s. The temperature plate was controlled at 25 °C using a water
circulating system. Apparent viscosity and shear stress were recorded by the manufacturer-
supplied software (Rheology Advantage, TA Instruments, New Castle, NE, USA). The data were
fitted into five different rheological models, namely Newtonian, Bingham, Casson, Power Law,
and Herschel-Bulkley.

Before the dynamic oscillatory measurements, amplitude sweeps were performed under a
constant angular frequency of 1 rad/s and temperature of 25 °C to determine the linear
viscoelastic region of different SDF samples. The tested shear strain range was from 0.01 to
1000% (Lin & Fernandez-Fraguas, 2019). Under the constant shear strain within the linear
viscoelastic region, a frequency sweep was carried out with the angular frequency ranging from
0.1 to 100 rad/s. The storage modulus (G’, Pa) and loss modulus (G”’, Pa) were recorded
respectively.
5.2.6.5 Thermal properties
Differential scanning calorimetry

The thermal properties were measured using a DSC-Q20 Differential Scanning

Calorimeter (TA Instruments, New Castle, NE, USA). Around 3 mg of each sample was
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measured into an aluminum pan and tightly sealed with a paired aluminum lid. Heating was
carried out from 40 °C to 300 °C with a scan rate of 10 °C/min under nitrogen flow (Yan et al.,
2019). A sealed empty pan was used as a reference.
Thermogravimetric analysis (TGA)

TGA was performed using a Q50 Thermogravimetric Analyzer (TA Instruments, New
Castle, NE, USA). Briefly, 3-6 mg of the samples were placed in the crucibles and heated from
room temperature to 800 °C with a ramping rate of 10 °C/min under a nitrogen atmosphere (Xue
etal., 2019).
5.2.6.6 Functional properties
In-vitro fermentation

Fecal samples were collected from three adult pigs in the Animal and Poultry Sciences
Department at Virginia Tech. The pigs were fed with digestible starch and fish meal 10 days
before fecal collection. After collection, the fecal samples were immediately transferred to the
lab in an anaerobic container inside an iced cooler. After arriving in the lab, all fecal samples
were pooled and mixed well with pre-autoclaved glycerol in the anaerobic chamber (Coy
Laboratory Products, Inc., Grass Lake, MI, USA) and then split into multiple centrifuge tubes
and stored under -80 °C until use. Before use, the frozen fecal sample was fully thawed at room
temperature. The fecal slurry preparation and the in vitro fermentation was performed inside the
vinyl anaerobic chamber based on the method described by Long et al. (2015). To make 10%
(w/v) fecal slurry, the fecal sample was diluted in a sterile PBS medium and then thoroughly
mixed. Then, the slurry was filtered via two layers of cheesecloth to remove large particles. The
in-vitro fermentation started by thoroughly mixing 250 mg of each SDF sample and 20 mL of

fecal slurry in 50 mL centrifuge tubes. Control fermentation was conducted by only adding 20
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mL of the fecal slurry without SDF samples. All tubes were incubated inside the anaerobic
chamber at 37 °C with the cap loose and without stirring.

Fermentation samples (1 mL) were collected in a 1.5-mL centrifuge vial at 24 h and
immediately centrifuged under 16,639 x g. The supernatant was filtered using a 0.2 um syringe
filter into HPLC vials. Three short-chain fatty acids (SCFAS) including acetic acid, propionic
acid, and butyric acid were measured using the Agilent 1260 HPLC system with a refractive
index detector (RID) and UV detector. The instrument setup and column were the same as
described in the monosaccharide analysis.

ABTS scavenging abilities

The 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging
activity of SDF samples was measured based on the method reported by Re et al. (1999). SDF
solution (200 puL) was mixed with 7.6 mL of ABTS solution and reacted for 6 min in the dark
cabinet. Absorbance was read at the wavelength of 734 nm using the UV/VIS spectrophotometer
and Trolox was used as the standard.

Emulsifying properties

Emulsifying properties were analyzed by the turbidimetric method described by Lin et al.
(2020) and Shen et al. (2017). Emulsifying activity index (ESI, m?/g) was used to evaluate the
capacity of SDF to form an emulsion and emulsifying stability index (EAI, min) was used to
measure the stability of the emulsion after storing a certain time. In detail, 100 mg of SDF
products were dissolved in 20 mL of 10 mM phosphate buffer (pH 7.0). For full solubilization,
the mixture was incubated under 55 °C for 1 h with a shaking speed of 143 rpm. Afterward, 3 g
of canola oil was added to 9 mL of SDF solution followed by homogenization using the

ultrasonic processer (Model 505, Fisher Scientific Inc., Waltham, MA, USA) equipped with a
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3.0-mm ultrasound probe. The amplitude was set at 30% with 10 s on/ 10 s off for total
processing of 10 min. Then, 20 pL of the emulsion was immediately sampled and diluted with 5
mL of 0.1% sodium dodecyl sulfate solution. Another 20 uL was sampled 10 min after the
ultrasound processing and followed the same dilution procedures. Absorbance was measured at
the wavelength of 500 nm by the UV/VIS spectrophotometer. The EAI and ESI were calculated

by the following equations:

m2\ _ AgX2x2.203XDF
EAl (7) T Cx@x0x1,000 (5.3)
ESI (min) = —22— x 10 (5.4)
Ao—Ai10

where Ao and Ajp are the absorbance of the emulsions at 0 and 10 min, respectively. DF is the
dilution factor (250 in this study), C is the SDF concentration (mg/mL) before forming the
emulsion, ¢ is the optical path (0.01 m) and 0 is the ratio of oil fraction to emulsion (0.25).
5.2.7 Statistical analysis

All procedures and analyses were performed in duplicates and the results were expressed
as mean = standard deviation (SD). One-way analysis of variance (ANOVA) with Tukey’s HSD
(Honestly Significant Difference) test was conducted using the statistical software SPSS
(22.0.0.0, IBM Corporation, Armonk, NY, USA) to compare differences among different SDF
samples with a significance level of 0.05.
5.3 Results and discussion
5.3.1 Effects of treatment parameters on SDF yield

The application of citric acid treatment greatly enhanced SDF yield. In the control
treatment where no citric acid was added, the SDF yield from edamame shell was only 5.6 +
0.7% (Figure 5.1). The SDF yield significantly increased to 8.1% when 1% citric acid was added

at the processing temperature of 90 °C and processing time of 30 min. Citric acid has been
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reported by Yan et al. (2019) to increase the SDF production from wheat bran. It is also used to
improve the pectin production from apple pomace (Canteri-Schemin et al., 2005 ). The increase
in SDF production by using citric acid is mainly because citric acid has carboxyl (COOH) groups
to enhance the ionization of hydrogen ions (H+), thus can promote the solubilization of
hemicellulose (Yan et al., 2019). Further increasing the citric acid concentration from 1% to 2%
increased the SDF yield by 2.6% with treatment under 90 °C and 60 min. However, no
significant increase in SDF yield was observed on other treatments at 90 °C, which could be due
to the full depolymerization of hemicellulose to mono sugars, furans, and other undesirable
organic acids at higher citric acid concentrations (Chandel et al., 2012; Gomes et al., 2022).
Under the same treatment temperature and citric acid concentration, increasing the treatment
time from 30 to 60 min did not improve the SDF yield. This indicated that treatment time is not
as sensitive as citric acid concentration or processing temperature. Moreover, the increase in
processing temperature from 90 to 130 °C greatly increased the SDF yield. When the treatment
temperature was 130 °C with 2% acid concentration and 30 min treatment time, the SDF yield
significantly increased by almost two folds to 17.8% compared to the treatments at 90 °C.
Thermal treatment was reported to increase the soluble dietary fiber ratio in barley (Bader Ul Ain
et al., 2019), orange peels (Tejada-Ortigoza et al., 2018), and wheat (Caprita et al., 2011).
Autoclaving treatment was reported to increase the SDF yield from soybean curd residue by 12%
under the combined effects of both high temperature and pressure (Li et al., 2019). This could be
due to the breakdown of the glycosidic linkages that lead to the partial degradation of cellulose,
hemicellulose, or pectic polysaccharides into shorter chain carbohydrates and results in the

solubilization of insoluble dietary fiber (Benitez et al. 2011).
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Figure 5.1 also shows that the application of ball milling increased the SDF yield, and the
increase was significant for the treatment at 130 °C, with 1% acid addition, and 30 min which led
to the highest SDF yield (19.5%) among all treatments. Ball milling has been reported to
increase the SDF contents in different materials. Bender et al. (2020) reported that the SDF
content in grape pomace increased from 4.06 to 13.76 g/100 g DW after ball milling. Ge et al.
(2021) found that ball milling can increase the SDF yield (up to 6.03%) from bamboo powder.
Ball milling provides various crushing directions that heterogeneously break down the fibers into
small pieces by creating the impact and shear forces (Wang et al., 2019; Chen et al., 2020). The
loosened structure with a more exposed amorphous area not only promotes the solubilization of
fibers but also provides more surface area for acid hydrolysis. In our study, the particle size
(D(3,2)) of the edamame powder significantly decreased from 152.2 £ 4.6 um to 18.7 = 0.3 um

after ball milling which manifested the increased surface area of the edamame powder.

118



Bl Control T No ball miling E= Ball milling

207 a ab%
1 bc bc
XX
3 151 ol WE =
D) !
;,10 de d
LL e e
8 J
] H H H
O' T T T T T T
C LS & & &
\ \\ RN N \ N\ N N\ N\
& & & @ & & '\
o M M R Y be S P &
QO S \S Q* Q° N Q* Q
,\3\ ,\o'\ ,ﬁ\ ,ﬁ\ ,\o,\ ,\3\ ,13\ ,ﬁ\
O O O O O O O O
QQ qQ X o &Q '&0 @Q '&Q
Treatments

Figure 5.1 Soluble dietary fiber yield of different combinations of ball milling, citric acid
concentrations, and thermal treatments.

5.3.2 Physicochemical properties

Different treatments lead to different chemical compositions of the produced SDFs. Table
5.1 shows the uronic acid, mono sugar, protein, and total phenolic contents of SDFs extracted by
four different treatments, namely SDF-I, SDF-11, SDF-III, and SDF-IV. All four SDFs contain a
high uronic acid content of 45 to 59% which indicates a high pectic polysaccharide content. The
high uronic acid content is in accordance with the previous study that soybean hulls were a good
source of pectin (Kim et al. 2015), as edamame belongs to the same species as grain soybean.
Among the four SDFs, SDF-III has the highest uronic acid content which indicated that a higher
citric acid concentration and treatment temperature tend to extract more soluble pectic
polysaccharides from edamame shells. Citric acid was reported to be an effective chemical for

extracting pectin from different raw materials such as passion fruit peel (Klieman et al., 2009),
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apple peel waste (Virk and Sogi, 2004), and yellow passion fruit rind (Yapo, 2009). It provides
hydrogen ions (H+) for hydrolyzing the cross-link networks of cell walls, thus releasing the
pectin from the matrix (Cui et al., 2021). Vriesmann et al. used hot citric acid to extract pectin
from cacao pod husks and their final product contained 54.4 to 68.9 % uronic acid which is
consistent with our results. The uronic acid content in SDF-IV (extracted from ball-mill treated
edamame shell) significantly decreased to 45.9% while it has the highest mono sugar contents
(18.6%) compared to the other three SDFs. This further demonstrated that ball milling can
promote the break-down of fiber (especially xylose-rich hemicellulose) into shorter-chain
polysaccharides which are soluble in water (Gao et al., 2017). No protein was determined in
SDF-1 while SDF-II, 11l and 1V had a small amount of protein contents of 1.50, 1.31 and 1.86%,
respectively, with no significant difference. This indicates that citric acid promoted the
dissolution of protein which resulted in the conjugated proteins in the produced SDFs. All SDF
products had a certain amount of phenolic compound as shown in Table 5.1. SDF-IV contains
the significantly highest TPC (4.1%) followed by SDF-I1I1 of 3.7%, SDF-II of 3.0%, and SDF-I
of 3.1%. The relatively high content of TPC can make the produced SDF as a potential source of
antioxidant dietary fiber. Many studies have reported that ball milling increased the TPC
contents. For example, Chitrakar et al. (2020) revealed that ball milling treatment increased the
TPC in asparagus leaves. Bender et al. (2020) reported that TPC in grape pomace increased from
0.22 to 0.91 g gallic acid/g DW after ball milling. This improvement could be due to the
breakdown of the lignin during the milling process and the release of the embedded phenolic
compounds (Bender et al., 2020).

Particle size has a profound effect on the functionalities (such as gel strength) and the

applications of dietary fiber (Huang et al., 2020), thus the particle size of SDFs were measured
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using a laser diffraction particle size analyzer. SDF-I had the largest particle size (137.5 pm)
followed by SDF-I1I (34.9 um), SDF-I1 (26.5 pum), and SDF-II (17.7 um). Increased treatment
temperature from 90 to 130 °C significantly decreased the particle size of the SDF, which is
likely due to the more severe decomposition of fiber at a higher processing temperature. On the
other hand, increasing citric acid concentration from 1 to 2% and the application of ball milling

increased the particle size slightly, which might be due to the aggregations of small particles.

Table 5.1 Uronic acid, mono sugars, protein, total phenolic content and mean particle size of
SDF extracted by different treatments.

Sample SDF-I SDF-II SDF-IIT SDF-IV

Uronic acid (% wt) 51.81+0.67Db 5431+ 1.08b 58.57+0.05a 45.89+0.21c
Mono sugars (% wt)

Glucose (Glu) 3.50+0.19 ab 3.02+£021b 3.51+0.56ab 4.41+0.10a
Xylose (Xyl) 4.53+0.11¢ 8.71+0.40b 6.67+£0.63bc 12.28+1.04a
Arabinose (Ara) 2.22+0.10a 1.42+£0.11bc 1.03+0.0lc 1.90+£0.29 ab
Glu + Xly + Ara 10.25+0.0lc  13.15+£0.72b 11.21+0.07bc 18.58+0.85a
Protein (% wt) 0.00b 150+0.38a 131+029a 1.86+0.00a

Total phenolic content
(mg gallic acid/g SDF) 3.05+0.03 ¢ 297+0.01c 3.70+£0.04b 4.08+0.03a

Mean particle size (um) 13748+ 12.44a 17.65+10.98 ¢ 34.93+9.27b 26.52+3.51 b

5.3.3 Morphological and structural properties

5.3.3.1 Scanning electron microscopy (SEM)

The morphology of SDFs was observed by SEM (Figure 5.2). All SDFs had an overall
sheet-like structure, but the detailed structure was significantly affected by different extraction
methods. The image of SDF-I showed significantly larger particles compared to the other SDF
products which is coherent with the particle size results reported in Table 5.1. SDF-I possesses a
thin-sheet-like structure and the surface is smooth and intact without pores or cracks. Even with

different extents of folding, its structure still stays integrated. SDF-1I, SDF-I111, and SDF-IV had
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smaller pieces and looser structures than SDF-I due to the more severe treatment conditions.
SDF-11 and SDF-III also had a smooth surface (Figure 5.2) but lower rigidity (easier to be broken
down into small pieces) compared to SDF-I. The sheet-like structure of SDF-1V looks thicker
and several cracks and a large number of aggregates were observed on its surface. The
aggregates were the smaller SDF particles since the ball mill provided powerful mechanical
shearing and tearing to break down fiber from more long-chain polysaccharides to shorter-chain
soluble polysaccharides (Huang et al., 2021). The same phenomenon was also observed by Liu et
al. (2016) on IDF from orange peel. In their study, the surface of regularly milled IDF (using
QE-100g high-speed multi-function crusher) was smooth while many small particles were found
on the surface of the ball-milled IDF. Additionally, not many foldings of the sheet were observed

on SDF-IV and it can be easily broken down into small pieces.

o7

Figure 5.2 Actual photos and scanning electron microscopy images (500X) of SDF-1, SDF-II,
SDF-III, and SDF-1V.
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5.3.32FTIR

All SDF samples had similar surface functional groups. FTIR spectra of SDFs prepared
by four different treatments are shown in Figure 5.3 (a). The broad absorption peak at 3360 cm™
and the small peak at 2923 cm™ was assigned to the stretching vibration of the hydroxyl group (-
OH) and methyl and methylene (C-H), respectively. These are the typical functional groups of
polysaccharides (Yan et al., 2019; Liu et al., 2016) which indicated the presence of short-chain
compounds derived from hemicellulose or cellulose. The absorption peak at 1737 cm™
corresponded to the carbonyl group (C=0) and indicated the existence of uronic acid. Stretching
bands at 1608 cm™ revealed the existence of the benzene ring in lignin, which could be
associated with phenolic structures (Bender et al., 2019). The stretching vibrations at 1145, 1070,
and 1016 cm™* were associated with the C-O of the pyranose ring which evidenced the presence
of sugar rings (Bender et al., 2019; Chen et al., 2018). The FTIR spectra of the SDF products in
our study are similar to the SDF extracted from other materials, such as wheat bran (Yan et al.,

2019), tomato peels (Li et al., 2018), and nodes of lotus root (Chen et al., 2018).
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Figure 5.3 (a) FTIR and (b) XRD spectra of SDF-I, SDF-11, SDF-III, and SDF-1V from
edamame shell.
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5.3.3.3 XRD

XRD was performed to investigate the crystal structure differences among the four SDFs.
The X-ray diffractogram (Figure 5.3 (b)) shows that all SDF had broad bands with two
characteristic diffraction peaks, one at around 14.0° 20 and the other one at 20.7° 20, suggesting
the typical amorphous structure (Jia et al., 2019; Gao et al., 2018). No other peak was observed
after treatments indicating that different treatments do not significantly affect the crystalline
type. However, the first peak of SDF-1I1 shifted to a smaller angle (13.5° 26) while SDF-1V had
a stronger peak at 20.7° 20 compared to SDF-1 and SDF-II. This indicated that higher citric acid
concentrations and the application of ball milling changed the crystalline structure of the SDFs.
This change could be due to chemical composition changes of the SDFs extracted by different
treatments. SDF-I, Il and 111 had significantly higher uronic contents which indicated potentially
higher pectin contents. Their XRD patterns are similar to the XRD pattern of pectin reported by
Nesic et al. (2014). SDF-1V had lower pectin content but higher mono-sugar content which
might come from the hydrolyzed hemicellulose. Accordingly, the XRD pattern of SDF-IV is
consistent with the XRD pattern of hemicellulose as shown in the study of Wang and Liang
(2017). Increasing the treatment temperature from 90 to 130°C decreased the crystalline index of
SDF from 41.6% to 35.9%, suggesting the elevated temperature can partially damage the crystal
structure of SDF. However, the crystalline index increased to 44.5 and 48.0%, respectively for
SDF-11I and SDF-1V. These results indicated that higher citric acid concentration and ball
milling treatment didn’t destroy the crystalline region but resulted in a more ordered and regular

crystal structure of SDF.
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5.3.4 Thermal properties (DSC and TGA)

Thermal treatments such as pasteurization and sterilization are the most crucial steps in
food processing for ensuring safety and extending shelf life, producing desirable flavor, and
increasing texture (Yousefi and Abbasi, 2022), and they are inevitable during food processing.
Therefore, thermal stability of SDF is an important property for SDF to be used as a food
ingredient (Wang et al., 2021). DSC was performed to provide thermodynamic properties of the
SDF products and the curves between 40 and 300°C are shown in Figure 5.4 (a). An endothermic
and an exothermic peak were observed on the DSC curves of all SDF products. Similar DSC
curves were also observed on SDF produced from corn bran (Li et al., 2022). All of the SDFs in
our study had similar endothermic temperature peaks occurring at around 112 °C which
attributed to the water loss, hydrogen bonding, and conformational change of polysaccharides
(Qiao et al., 2020; Li et al., 2022). Differences were observed in the exothermic peaks which
correspond to the pyrolysis of polysaccharides through thermal and oxidative degradation
(Zhang et al., 2017; Li et al., 2022). SDF-I, SDF-II, and SDF-I1I had similar exothermic
temperature peaks at around 260 °C while SDF-1V had a higher exothermic peak at 287 °C. This
upshift of the peak temperature indicated that SDF-1V had better thermal stability compared to
other SDFs.

Figure 5.4 (b) shows the TGA curve of four different SDF products and provides the
weight loss and degradation information within a chosen temperature range. Overall, all SDF
products showed a similar three-stage weight loss when the temperature increased from room
temperature to 800 °C. The first stage was a slight but fast weight decrease observed between
room temperature and 110 °C which was mainly attributed to the loss of free water (Gu et al.,

2020). A rapid weight loss was found between 208 and 345 °C which was due to the degradation
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of dietary fiber through dehydroxylation, deoxylation, or decarboxylation (Xue et al., 2019). The
temperature range of the decomposition of polysaccharides in TGA matched that in DSC. The
slower weight loss observed between 345 and 800 °C was caused by the thermal decomposition
of char (Gu et al., 2020). The residual mass for SDF-1, SDF-II, SDF-11l, and SDF-IV were 14.7,
15.4, 14.8, and 16.2%, respectively. The application of ball milling increased the thermal
stability of the final SDF product slightly. The potential reason could be that the application of
ball milling increased the crystallinity of the SDF. The crystallized zone has more intramolecular
and intermolecular hydrogen bonds which contribute to stability (Pace et al., 2014; Liu et al.,
2021). Both DSC and TGA results demonstrated that ball milling improved the thermal stability
of the final SDF products and makes SDF-1V a better potential candidate for thermally processed
foods as a functional food additive. For example, it can be used as a dietary fiber supplement in

bread, juices, nutrition shakes, etc.
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Figure 5.4 (a) DSC and (b) TGA curves of SDF-I, SDF-II, SDF-I1II, and SDF-IV from edamame
shell.
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5.3.5 Rheological properties
5.3.5.1 Dependence of apparent viscosity on shear rate

The rheological behavior of food ingredients is crucial because it will decide the final
application of SDF and will further affect the food processing, food texture, and final consumer
acceptability. The change of apparent viscosity with the shear rate of SDF solutions at 10 and 40
mg/mL concentrations is shown in Figure 5.5 (a) and (b), respectively. Overall, the data were
fitted into five different rheological models including Casson, Newtonian, Bingham, Power Law,
and Herschel-Bulkley. Herschel-Bulkley displayed the best fitting with the highest R which
demonstrated that all samples are non-Newtonian fluid. To be detailed, the apparent viscosity of
all SDF solutions decreased sharply with the increased shear rate in the low shear rate range (0-
400 s). This indicates that all SDF possessed a shear-thinning behavior when dissolved in water
at both low and high concentrations (10 and 40 mg/mL). At the high shear rate, the apparent
viscosity became stable gradually and showed the Newtonian flow behavior. A similar flow
behavior was also found in SDF extracted from wheat bran (Yan et al., 2019) and tomato peels
(Li et al., 2018). Even though the overall trends were similar, the apparent viscosity of 40 mg/mL
SDF solutions was higher than 10 mg/mL SDF samples. The reason might be because, under
high concentrations, stronger intra-molecular and inter-molecular interactions provide more
molecular chain entanglement and aggregates, thus increasing the apparent viscosity (Yan et al.,
2019). Additionally, for both concentrations, the apparent viscosity of SDF-1 decreased more
slowly compared to SDF-1I, SDF-III, and SDF-1V. The flow behaviors were similar for 10
mg/mL SDF-II, 111, and IV solutions. However, differences in the shear thinning decrease were
observed when SDF was dissolved at a higher concentration of 40 mg/mL. Figure 5.5 (b) showed

that SDF-I11 had the second slow decrease compared to SDF-I, and then followed by SDF-I1 and
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SDF-1V. It is worth noting that the shear thinning behavior of 40 mg/mL SDF solutions was
consistent with the particle size in Table 5.5. SDF-1 had a significantly larger particle size
followed by SDF-III, then SDF-Il and SDF-1V had similar particle sizes with no significant
difference. Compared to a longer chain, the entanglement formed within the shorter chains was
easier to be disrupted by the increased shear rate (Yan et al., 2019). In summary, these results
demonstrated that different acid and thermal treatments and ball milling showed observable

effects on the rheological properties of the SDF extracted from edamame shells.
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Figure 5.5 Dependence of apparent viscosity on the shear rate for SDF-1, SDF-I1, SDF-III, and
SDF-IV at different concentrations: (a) 10 mg/mL and (b) 40 mg/mL.

5.3.5.2 Viscoelastic behavior - dependence of G’ and G’ on angular frequency (®)

The trends of storage modulus (G’) and loss modulus (G’’) with increased angular
frequency (@) were plotted in Figure 5.6 (a) — (d). Except for the low-concentration solution of
SDF-I, all other samples possessed a predominant G” which was always above G”* throughout
the tested o range. Both G’ and G’ increased with increased o but no crossover occurred in the
tested range, indicating that all SDF samples possessed a typical gel-like behavior (Niu et al.,

2018). For the low-concentration solution of SDF-1, G’ became higher than G’ under higher ®
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which means that the sample transitioned from gel-like to fluid-like behavior. The high-
concentration SDF-I solution had a much higher G’ and G’ compared to the other SDF
solutions. This might be attributed to the larger particle size of SDF-I and high concentrations,
making it easier to form stronger intra- and inter-molecular interactions (Yan et al., 2019).
However, overall, different treatments didn’t profoundly affect the dynamic behavior of SDF-II,

SDF-III, and SDF-IV.
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Figure 5.6 Dependence of storage modulus (G*) and loss modulus (G”*) on the angular
frequency (®) for (a) SDF-I, (b) SDF-II, (c) SDF-III, and (d) SDF-IV at different concentrations:
10 mg/mL and 40 mg/mL.

129



5.3.6 Functional properties

5.3.6.1 SCFA formation during in vitro fermentation

Fermentation of dietary fiber by the microbiome in the gut results in the generation of
SCFAs, which have a considerable beneficial impact on numerous physiological processes,
including improved gut barrier integrity and regulation of the immune system. Therefore, the
four SDF products were subjected to in vitro fermentations for SCFA production, and the results
are shown in Figure 5.7 (a) to (d). Acetic acid, propionic acid, and butyric acid were the three
main acids produced during fermentation, thus the total SCFAs were calculated by adding all
three acids together. After 24-hr fermentation, the samples supplemented with SDF-I, I, I1I, and
IV produced 5.55 + 0.60, 5.31 + 0.06, 5.42 + 0.15, and 5.26 + 0.03 mg/mL of the total SCFAs,
respectively with no significant difference observed. Compared to the control, all SDF products
significantly elevated the total SCFAs production which indicated their potential to promote gut
health (Silva et al., 2020). To look at individual acid, SDF-I produced the highest acetic and
butyric acid while SDF-IV produced the highest propionic acid. This might be due to the
different chemical compositions of SDF products. Bai et al. (2021) conducted in vitro
fermentation using different soluble dietary fiber including xylan, xylooligosaccharide, citrus
pectin, resistant starch, inulin, and oat S-glucan as supplements. They found that different soluble
dietary fibers led to different metabolic profiles in SCFAs. In our study, SDF containing less
uronic acid led to lower acetic and higher propionic acid. In summary, different extraction
methods in our study led to slightly different SCFAs production in in vitro fermentation. In the
future, it would be necessary to further investigate the dietary fiber effect on the composition of

the microbial community in the gut.

130



(a) 7- (b) -
—_ a
Q_I 6 _— 54 a
£E S | a
&= £ 4
S = 44 et ab
T 2
§8°1 ® o Ll
T8 2 H
CERE < 1
0- T
> ™ N D Q@
L &« ®
(€) 6 (d) 6.
2 5
5 E
E 4 E
2 -
& 3 S
o
g 24 ab a 2
‘e b ab %‘
2 14 o
A [
U_
N N > > &
o & LS
& © &
& > Y ,_.’é‘

Figure 5.7 SCFAs (total SCFA, acetic acid, propionic acid, and butyric acid) profiles produced
during in vitro fermentation of (a) SDF-I, (b) SDF-II, (c) SDF-III and (d) SDF-IV.

5.3.6.2 ABTS free radical scavenging capacity of SDF

ABTS is a common free radical cation that can be used to do the antioxidant capacity test
(Chen et al., 2019) and the ABTS scavenging activity of different SDF are shown in Figure 5.8
(@). SDF-1V showed the highest ABTS scavenging activity of 3.78 = 0.41 pmol Trolox/ g SDF
followed by SDF-I1I of 3.00 + 1.23 umol Trolox/ g SDF, SDF-I of 2.52 £ 0.55 umol Trolox/ g
SDF and SDF-II of 2.23 + 0.14 umol Trolox/ g SDF. However, the difference was not
significant. It is worth noting that the trend of the ABTS scavenging activity was consistent with
the TPC as shown in Table 5.1 which indicated the TPC is the main contributor to the
antioxidant activity of the SDF products. These results showed that different treatments had

effects on the ABTS scavenging activity, but it is not significant.
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5.3.6.3 Emulsifying properties

Emulsifying properties evaluated the ability of all SDF samples to promote the
solubilization of two immiscible liquids and the results were shown in Figure 5.8 (b). The overall
trend of EAI was the same as ESI which indicated the sample having higher EAI tended to have
higher ESI. The results showed that SDF-II1 had the highest EAI of 87.8 m?/g and ESI of 72.1
m?/g followed by SDF-II and SDF-I. SDF-1V had significantly lower EAl and ESI compared to
the other SDF product. The trends of both EAI and ESI were consistent with the uronic acid
(pectin) contents of SDF as shown in Table 5.1. Pectin has been reported to have superior
emulsifying properties, such as potato pectin (Yang et al., 2018), persimmon peel pectin (Jiang et
al., 2020), and sugar beet pump pectin (Ma et al., 2013). Due to the high pectin contents of SDF
products in this study, pectin might be the main contributor to the difference in the emulsifying

properties, and different treatments led to these observed differences.
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Figure 5.8 (a) ABTS scavenging properties and (b) emulsifying activity index and emulsifying
stability index for SDF-I, SDF-II, SDF-I1II, and SDF-IV.

5.4 Conclusions
The present study developed a ball milling-assisted chemical processing to produce SDF

from edamame shells. The effects of key processing conditions, i.e., citric acid concentration,

132



processing temperature, processing duration, and ball milling, on the yield and properties of SDF
from edamame shells were thoroughly investigated. The application of ball milling helps achieve
the optimal yield and the produced SDF-1V had the lowest pectin and the highest short-chain
carbohydrate and total phenolic contents. The combined citric acid and ball milling methods
changed the particle size, morphology, and crystalline properties of the produced SDF.
Additionally, the thermal stability of the produced SDF was improved by ball milling and the
shearing thinning behavior was also enhanced, making the SDF easier to be applied in food
processing. SDF-1V had a competitive in vitro fermentation performance and antioxidant
properties which can potentially provide health benefits to the human body and contribute to the
protection of functional components in foods. In summary, ball milling-assisted citric acid
processing could be used as an environmentally friendly method to produce SDF from edamame
shells. In addition, the produced SDF by this method can be considered a promising and novel
food ingredient that might be applied to foods. In the future, comprehensive investigations on the
application of SDF in real food systems need to be conducted in the future. Moreover, a rigorous
techno-economic analysis will be conducted to evaluate the economic feasibility of producing

SDF from edamame shells at a commercial scale.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

This study aimed to thoroughly understand how genotype, planting location and harvest
time affect the edamame chemical composition and use the obtained information as guidance for
edamame breeding and harvesting. This research also aimed to utilize edamame shells to
generate a value-added product, i.e., soluble dietary fiber, using combined physical and chemical
treatments. The study was accomplished through the detailed literature review of factors that
potentially affect the chemical composition and sweetness of edamame during plant development
and current techniques used for extracting SDF from food processing byproducts (Chapter 2);
comprehensively analyzing the chemical compositions of different genotypes of edamame
planted in different locations (Chapter 3); observing the change of physical properties and
chemical compositions of edamame harvested at different development stages and applying
spectroscopy-based ML to determine the optimal harvest time (Chapter 4), and investigating how
different processing parameters of the combined ball milling and citric acid process affect the
yield and the properties of the extracted SDFs (Chapter 5).

In Chapter 3, ten edamame genotypes were harvested from three different locations and
analyzed for chemical compositions, including soluble sugars (sucrose, glucose, fructose,
raffinose, and stachyose), alanine, crude protein, NDF, starch, oil, moisture, and ash. The results
showed that genotype had significant effects on all chemical compositions excluding NDF and
raffinose while planting location significantly affected all chemical compositions of edamame (p

< 0.05). Therefore, both genotype and planting location need to be considered for breeding better
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edamame cultivars for the U.S. market. Among ten genotypes, R13-5029 was identified as a
candidate genotype for breeding in the U.S. due to its consistently high sweetness across all
planting locations.

In Chapter 4, three genotypes of edamame were harvested at six different development
stages and their physical and chemical properties were analyzed and compared. A spectroscopy-
based ML technique was applied to determine the edamame’s optimal harvest time and the
accuracies were collected and compared. The results showed that at stage R6, pod and bean
weight, and pod thickness reached their highest values. Edamame also had the highest sucrose,
glycine, alanine, and starch content as well as the highest sweetness. At this stage, the NDF, fat,
and ash contents are relatively low. The R6-1 stage was determined to be the best time to harvest
high-quality edamame if taking all physical and chemical properties changes during bean
development into account. The spectroscopy-based ML method showed the highest accuracy of
0.95 for classifying “early” and “late” harvested edamame and 0.87 for classifying “early” and
“ready” harvested edamame. Overall, our results indicate that the spectroscopy-based ML
technique can determine the best harvest time for edamame.

In Chapter 5, we investigated the effects of citric acid concentrations, extraction
temperatures, extraction time and ball milling on the extraction yield and properties of SDFs
from edamame shells. The optimal SDF yield was found on the SDF extracted from ball-mill
treated edamame shells. The produced SDF (SDF-1V) had the lowest pectin content and the
highest total phenolic and short-chain carbohydrate contents. Particle size, morphology and
crystalline characteristics of SDF changed after the combined citric acid and ball milling
treatment. Moreover, ball milling improved the thermal stability and the shearing thinning

behavior. SDF-IV is also promising regarding the in vitro fermentation performance and
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antioxidant properties when compared to other SDF products, which makes it a good functional
ingredient in foods with health benefits. In summary, SDF can be promisingly produced from
edamame shells by ball mill-assisted citric acid treatment. The produced SDF can be considered

a novel food ingredient.

6.2 Future works

First, in Chapter 3, we collected 1-year data to investigate the effect of planting location
and genotype on the chemical compositions of edamame, which provided valuable guidance on
edamame breeding. However, it should be noted that year-to-year variation cannot be ignored
since the differences in the environment might also affect the chemical compositions of
edamame. Therefore, 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.

Second, as mentioned in Chapter 4, a consistent, rapid, and accurate technique for
determining the optimal harvest time is crucial for harvesting edamame with consistently high
quality. In this study, our results proved the capability of the spectroscopy-based ML method on
identifying the early, late and ready stages of the harvested edamame, representing a proof of
concept for applying the precision farming tool for edamame harvesting. However, in the current
model, multiple wavelengths were used for building the classification model. Therefore, it is of
great importance to investigate if the spectral sets of data can be refined to a unique wavelength
which will simplify the determination process.

Third, in Chapter 5, we proved that the combined ball milling and citric acid processing

was feasible to produce SDF from edamame shells with improved certain properties which
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makes it a potential candidate for novel food ingredients. However, the benefits of the SDF
produced by this process to the actual foods are still unknown. Therefore, it will be interesting to
apply the SDF products to different food systems (such as paste, drinks, or bread) and investigate

the changes it brings to the food matrix such as food texture and potential health benefits.
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Appendix A

Appendix of Chapter 4
Table Al Dates of planting and six different harvest stages.
Days from
Date plan)t/ing date
Planting 2019.05.22 0
15t Harvest (R5-1) 2019.09.17 118
2" Harvest (R5-2) 2019.09.22 123
3rYHarvest (R6-1) 2019.09.28 129
4" Harvest (R6-2) 2019.10.04 135
5t Harvest (R7-1) 2019.10.10 141
6" Harvest (R7-2) 2019.10.11 142

R5~R7 are three of the reproductive stages of soybean plants.
R5: beginning seed; R6: full seed; R7: beginning maturity.

Table A2The relative sweetness of fructose, glucose, glycine, and alanine to sucrose.

Sugar/amino acid Relative sweetness References
Sucrose 1.00 Brady, 2013
Fructose 1.00-1.75 Brady, 2013
Glucose 0.40-0.79 Brady, 2013
Glycine 0.46 - 1.20 Cameron, 1945
Alanine 0.93-1.70 Cameron, 1945
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Table A3 Measured color (L* a* b* value) of edamame in different harvest stages.

Genotype Hgt;\;ft L* ax b*
R5-1 53.50 + 0.35° -7.35 + 0.36° 34.77 +0.93°
R5-2 55.58 + 0.58% -6.80 + 0.42" 35.14 +0.50°
R6-1 56.86 + 2.13%¢ -6.73 +0.35 35.40 + 1.26°
R15-10280 R6-2 59.71 + 1.25% -5.71 + 0.16" 36.15 +1.07°
R7-1 60.01 +2.19% -4.89 + 0.74% 36.70 + 1.44°
R7-2 61.27 +2.14° -3.10 + 1.41° 37.44 2227
R5-1 50.80 + 0.26° -7.26 +0.83° 32.88 +1.53°
R5-2 52.50 + 0.59"2 -6.89 + 0.262 3359 + o.52b;
R6-1 56.39 + 1.81° -6.83 £ 0.30 37.09 + 1.63%¢
V16-0547 R6-2 5931+ 149° 5.91 + 0.35% 38.09 + 1.27%
R7-1 58.12 + 1.88% -5.16 + 1.35% 38.52 +2.82%¢
R7-2 60.86 + 3.222 -3.68 + 2.23° 39.43 +1.33°
R5-1 51.27 +0.31° -7.71 £ 0.45° 32.62 +1.12%
R5-2 52.23 +1.32° -7.30 £ 0.07* 31.34+1.25°
UAKirksey R6-1 53.62 +0.19" -7.44 £ 0.24" 31.82+0.35°
R6-2 56.67 + 0.40% -6.93 + 0.14 33.13+0.76%®
R7-1 56.87 + 1.50% -6.37 £ 0.76° 3450 + 0.50%°
R7-2 59.44 + 2.34% -5.23 + 0.35° 35.98 + 2.33%

Different letters (abc) from each column indicate a significant difference based on the one-way ANOVA

with Tukey's HSD test (p < 0.05).

—— R15-10280

a - V16-0547
—— UA-Kirksey

2007
180
160
140
1207 @
1007 be
80
607 b b
40
20

Total sweetness (mg/g)

R5-1 R5-2 R6-1 R6-2 R7-1 R7-2
Harvest Stage
Figure Al Total sweetness of edamame in different harvest stages. Different letters (abcd) from

each line indicate a significant difference based on the one-way ANOVA with Tukey's HSD test
(p < 0.05).
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A.1 Results and discussion

Principal component analysis

In total, 13 different compositions were measured and there were inner relationships
between them, thus PCA was conducted to further elucidate the relationships among sucrose,
fructose, glucose, raffinose, stachyose, alanine, glycine, moisture content, protein, fat, starch, NDF,
and ash content of edamame harvested from different stages. Besides, the trajectory analysis of
PCA score plots could reflect the differences among different harvest stages.

Figure A2 shows the combination of PCA score plots and their corresponding trajectory
analysis along with the component plots (loading plots) of three genotypes. The first two principal
components (PC1 and PC2) could explain 69, 76, and 82% of the variance of R15-10280, VV16-
0547, and UA-Kirksey, respectively. Overall, the PCA score plots of different genotypes show the
same behavior of the distributions which were widely scattered. The three score plots show that
most of the points of R5 fell into the area where moisture content, fructose, glucose, NDF, and ash
dominated and these were in accordance with the previous results that RS samples had relatively
higher moisture content, fructose, glucose, NDF, and ash content compared to R6 and R7. Most
of the points of R6 fell into the area in which sucrose, alanine, and glycine were dominating and
this agreed with the fact that R6 samples had the relatively higher sucrose, alanine, and glycine
content. Regarding the points of R7, they fell into the area dominated by stachyose, raffinose, fat,
and protein because these compositions increased gradually and reached a peak at R7.

The trajectory analysis of PCA was used to group the points of each genotype based on
their chemical characteristics and to show the moving track of points at different harvest stages.
Generally, it shows the differences between points at different harvest stages but there were also

intersections. For R15-10280, the points of R5, R6, and R7 were separated into 3 clusters
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separately and clearly but one point from R5-2 was grouped to cluster 3. This point sat in the
middle of the area of R6 and R7 points which indicated that its chemical compositions might be
more like the samples of R6 and R7. This could be due to the replication difference or experimental
error. The outside arrows show the track of points at different harvest stages and it also clearly
shows the harvest stage-dependent changes in the chemical compositions of edamame. For
genotype V16-0547, R5-1 points were grouped into cluster 1 while R5-2 points were grouped to
cluster 2 with R6 points which indicated that the samples harvested at R5-2 had more similar
chemical compositions to samples harvested at R6. Points of R7 were grouped to cluster 3 while
only one of them was also grouped to cluster 2. The outside arrows show the overall time-
dependent changes while the inside black arrows show more detailed changes that show the
trackable differences from R5-1 to R5-2 to R6, finally to R7. For genotype UA-Kirksey, all R5-1
points were grouped while R5-2 points were grouped with most of the R6 points, one R7-1, and
one R7-2 point. One R6-2 point was grouped with most of the R7 points together. The changes
were still time-dependent and similar to the previous two genotypes. Overall, the trajectory
analysis of PCA further proved that edamame harvested from different stages had different
chemical characteristics and these differences were harvest time-dependent.

To better understand the relationships among different chemical compositions, all three
component plots were also shown in Figure A2. In the component plots, the lines that connect the
composition points and the origin point of the coordinate system were called vectors (not shown
in the figures) and each composition had one vector. The angle of the two vectors could tell us the
correlations between these two compositions. The smaller the angles are, the more positively
correlated the vectors are. With angles being 90°, the vectors are not likely to be correlated whereas

with angles being larger (close to 180°), they are more likely negatively correlated. In all three
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component plots, sucrose content was found to be always positively correlated to alanine, glycine,
and starch content and negatively correlated to stachyose and raffinose content. This indicates that
the accumulations and consumptions of sucrose, alanine, glycine and starch in edamame were
simultaneous. Sucrose was also negatively correlated to protein and fat content. Starch and NDF
contents were negatively correlated to fat and protein content which demonstrated the possibility
that the carbohydrates in the edamame could be used by the plants for the synthesis of fat and
protein over bean development. The moisture content was negatively correlated to the fat and
protein content which indicated that over the bean development, the dry mass accumulation was
mainly from the fat and protein along with the loss of the moisture.

The PCA analysis with the component plots and the trajectory analysis of the PCA gave a
comprehensive perspective of the changes in chemical compositions of edamame during the bean
development. A better understanding of the chemical composition changes would facilitate the

harvest of edamame of better quality.
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Figure A2 Trajectory analysis of principal component analysis (PCA) score plots and
component plot of PC1 and PC2 of edamame harvest from different stages.
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