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CHARACTERIZATION OF BIOACTIVE COMPOUNDS IN AMERICAN
ELDERBERRY (Sambucus nigra subsp. canadensis) JUICES

Amanda Dwikarina
Dr. Chung-Ho Lin, Dissertation Supervisor
ABSTRACT

American elderberry (Sambucus nigra subsp. canadensis) is an emerging specialty
crop in North America, valued for its rich composition of bioactive compounds, which
have demonstrated nutritional and therapeutic potential. However, comprehensive
chemical and functional characterization of American elderberry remain limited. This
dissertation integrates advanced metabolomic analysis, bioassay screening, and molecular
mechanism studies to elucidate the chemical diversity and antiviral activity of American
elderberry.

An untargeted ultra-high performance liquid chromatography coupled with high-
resolution mass spectrometry (UHPLC-HRMS) metabolomics analysis, combined with
high-throughput bioassay screening, was employed to characterize juices from 18
propagated accessions and three established American elderberry cultivars. More than 100
putative bioactive compounds were identified, revealing genotype-dependent differences
in metabolite composition. Cultivar Ozark and several wild accessions, such as accession
1911, displayed distinct chemical signatures. Among 32 tested compounds, 14 exhibited
strong antioxidant activity, and six demonstrated antiviral effects against HIV-I,
highlighting elderberry’s potential in functional food and nutraceutical applications.

This study further investigated the antiviral properties of American elderberry
against the Influenza A Polymerase Acidic (PA) protein using fluorescence resonance

energy transfer (FRET)-based endonuclease assay. Four cultivars, Ozark, accession 1892,
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1196, and 2084, showed inhibition activity greater than 65% against PA activity,
surpassing the European cultivar ‘Haschberg’. Several phenolic compounds, including
gallic acid, myricetin, caffeic acid, and luteolin, displayed potent inhibition of PA
endonuclease activity (ICso < 30 uM), suggesting their role as key bioactive constituents
underlying elderberry’s anti-influenza potential.

A targeted ultra-high performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS) method was developed and validated to quantify the
bioactive compounds in American elderberry across 21 cultivars. The optimized UHPLC—
MS/MS platform achieved excellent detection limits (< 1 ng/mL), minimized matrix
effects, and provided accurate quantification of complex juice extracts. This study revealed
genotype-dependent variation in metabolite composition, highlighting opportunities for
targeted breeding and cultivar selection to enhance desired phytochemical traits, such as
antioxidant capacity, antiviral bioactivity, and overall nutritional quality. Notably, wild -
propagated accession 1199 exhibited high levels of cyanidin-based anthocyanins,
suggesting its utility as a natural food color source. Phenolic acid compounds were found
most abundant in accession 1196, whereas the flavonoid isorhamnetin 3-rutinoside was
found highest in cultivar Ozark.

Collectively, this work establishes a robust, comprehensive, analytical, and
bioactivity framework for the characterization of American elderberry. By integrating
metabolomic profiling, targeted quantification, and antiviral mechanism studies, these
findings advance the understanding of elderberry phytochemistry and support its
development as a source of functional and bioactive compounds for nutraceutical

applications.

v



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...t i
ABSTRACT ..ottt sttt s et e es 1l
TABLE OF CONTENTS ......cooiiiiiiiiee ettt s e v
LIST OF TABLES ...ttt ix
LIST OF FIGURES AND ILLUSTRATIONS......ooiiiiiieiieeenee e X
LIST OF EQUATIONS ...t s Xil
LIST OF APPENDIX ....cuiiiiiiiiiiiiiietcitee ettt s Xiil
INTRODUCTION ....ooiiiiiiiiiiiiiiicccee et s 1
OBIJECTIVES ...ttt et e e 4

CHAPTER 1. CHARACTERIZATION OF BIOACTIVE COMPOUNDS IN 21
CULTIVARS OF AMERICAN ELDERBERRY USING METABOLOMICS

AN ALY SIS ettt ettt et e st et e s it e e bt e s bt e saae e beesaeeenne 5
ABSTRACT ...ttt ettt et ettt s 5
INTRODUCTION ..ottt ettt ettt ettt e it e sttt e sabeesbeesnseeseeenees 6
MATERIALS AND METHODS. ...t 9
Plant material ... 9
Chemical ...t 11
Sample Preparation ..............ccooooiiiiiiiiiiiii e 11
Untargeted metabolomics analyses ..............ccccovviiiiiiiiiiiiie e 12
Metabolomics data analysis ...........cocccooiiiiiiiiiiiiiii 13
High-throughput screening assay (HTS) ... 13



Statistical AnalySis .............coooiiiiiiiiiii e 17

RESULTS ettt et ettt et e st e e bt e enbeesaeeeneens 19
Untargeted metabolomic analysis...............ccccooiiiiiiiiiniiceeeee e 19
Antioxidant compounds in American elderberry ..., 29
Antiviral compounds in American elderberry ...............ccccooiiiiiiiiiiniii i 32
Antibacterial compounds in American elderberry ...............cc..ccoocoiiinnnnnn. 34
DISCUSSION ...ttt ettt ettt ettt et e et esateenbeessbeesnneeneens 38
CONCLUSIONS.....c ettt ettt sit e ettt st e st e ebeesaee e 45

CHAPTER 2. EXPLORATION OF AMERICAN ELDERBERRY BIOACTIVE
COMPOUNDS FOR INHIBITION OF THE INFLUENZA VIRUS POLYMERASE

ACIDIC ENDONUCLEASE .......oootiiineeee ettt 46
ABSTRACT ...ttt ettt ettt et e sate e b 46
INTRODUCTION ..ottt ettt ettt ettt et e ebeesbee et e sbeesnbeesseesnneaens 47
MATERIALS AND METHODS. ...ttt 50
IMEATETIALS ...t 50
Plant material ..ot 52
Gene CIOMING ..........ooiiiiiiiii ettt et e e e 52
Protein expression and purification ....................cccccoiiiiiiii i 54
In vitro endonuclease activity assay .............ccccoeviiiiiiiiniiiiniiieeiceeee e 55
Statistical analySis ..ot 59
RESULTS Lttt sttt et e st 60

vi



DISCUSSION ..ottt s 71

CONCLUSION ...ttt ettt saneere e e e e e 73

CHAPTER 3. QUANTIFICATION OF BIOACTIVE COMPOUNDS IN THE

JUICES OF 21 AMERICAN ELDERBERRY CULTIVARS ......ccccooiiiiiiieierieeen, 74
ABSTRACT ...ttt ettt ettt et e st e e bt e ssbeesnteeneens 74
INTRODUCTION ..ottt ettt ettt sttt st sane e e 75
MATERIALS AND METHODS......c.ooiiieeee et 78
Chemical ..o et 78
Plant materialS.............oooooiiiiiiiiiii e 78
Sample Preparation ................coooiiiiiiiiiiiiiee e e 79
HPLC-MS/MS Methods ........cccoooiiiiiiiiiiiiieiieteeeeeceeeee e 79
UHPLC-MS/MS Method...........ccccooiiiiiiiiiiiee e 80
Method validation ...............ccooiiiiiiiiiiee e 81
Statistical AnAaLYSIS ...........oooiiiiiii e 82
RESULTS Lttt et ettt e e e e st e e bt 86
DISCUSSION ..ottt sttt et sttt st sb e e 100
CONCLUSION ...ttt ettt ettt sttt et e esateesane s 104

CHAPTER 4. SUMMARY AND FUTURE DIRECTION........ccccocveveriiniiiiniennene 105

FUNDING AND ACKNOWLEDGEMENT .....cccoiiiiiiiiiiiieeeeeeeeee e 108

APPENDIX ..ottt sttt s 109

REFERENCES ...ttt sttt ettt 132

vil



viil



LIST OF TABLES

Table 1-1 American elderberry accessions and cultivars (genotypes) evaluated in this study

Table 1-2. List of bioactivities of 32 selected compounds identified in American elderberry
juices, as previously reported in lIteTatures. .........cceeeeeveeeiieeeciee e 23
Table 1-3. Identification of specialized metabolites in American Elderberry juices through
untargeted metabolomics analysis. ........ccueevuierieiiiienieeiie e 25
Table 2-1. List of 32 bioactive compounds identified in American elderberry juices that are
USEd 1N TS STUAY c.eevieeiiie et eeae s 51
Table 2-2. The half maximal inhibitory concentration (ICs0)values of bioactive compounds
against nfluenza NPA ProteIN .........ccoviiiiiiiiieiieeee e 69
Table 3-1. Optimized multiple reaction monitoring (MRM) conditions for the analysis of
neochlorogenic acid and chlorogenic acid in HPLC-MS/MS ..........cooiiiiinineen. 83
Table 3-2. Optimized MRM conditions for the analysis of elderberry compounds in
UHPLC-MS/MS ...ttt sttt et st e s se e sraenseenaeenes 84
Table 3-3. Calculated LOD and LOQ of selected analytes as measured in HPLC-MS/MS
and UHPLC-MS/MS ...ttt 88
Table 3-4. Calculated LOD,LOQ, and mean recovery of matrix effect of analytes for spike
concentrations of 100 ng mL-! measured by HPLC-MS/MS .......c.ccoovevevvevvennnn. 90
Table 3-5. Calculated LOD, LOQ, and mean recoveries of matrix effect of analytes for

spike concentrations of 10 ng mL-! measured by UHPLC-MS/MS....................... 91

X



LIST OF FIGURES AND ILLUSTRATIONS

Figure 1-1. Result of untargeted metabolomic analysis. ..........ccoceeviiniiiiiieniiienieeeeee, 21
Figure 1-2. Experiment spectrum (in black) versus reference MS/MS tandem spectrum data
(I TEA ).ttt ettt et e ettt e e tb e et e e s saeenbaesabeenbeensaeensaeenseenaeeenne 27
Figure 1-3. Antioxidant activity r@SUIL. .........cceoviiriiiiiieriieieeie e 31
Figure 1-4. Inhibitory activity of American elderberry compounds against HIV strains
NL4-3 (in blue) and BaL (in grey) at concentration 11.1uM (n=2). ........cc..c...... 33
Figure 1-5. Antibacterial activity of American elderberry putative compounds against A.
gram-positive bacteria Staphylococcus aureus, B. gram-negative bacteria
Klabsiella penumoniae. C. gram-negative bacteria Pseudomonas aeruginosa, D.
gram-positive and negative bacteria M. Smegmatis. ...........ccecoveeveeeceenveeneennnnn. 36
Figure 2-1. Fluorescence resonance energy transfer (FRET)-based endonuclease assay
scheme. nPA = N-terminal domain of Influenza Polymerase Acidic protein. 23mer
ssDNA substrate = single-strand DNA oligonucleotide. FAM = fluorophore. .... 57
Figure 2-2. Influenza A (A/California/07/2009(H1N1)) segment 3 polymerase PA (PA)
gene, complete cds (Source: NCBI; NC _026437.1). ..covoeeviiiiiieieeieieeieeee 61
Figure 2-3. A. Analysis of nPA clones (yellow arrow) after Xbal and Xhol restriction
enzyme digestion on 1% agarose gel electrophoresis. . .......ccceevveeciienieecieennenne. 62
Figure 2-4. Detection of nPA endonuclease activity determined by FRET-based assay.. 64
Figure 2-5. Inhibitory effects of elderberry juices from various cultivars on influenza nPA

10201157 1 TR 66



Figure 2-6. The half maximal inhibitory concentration (ICso) values of American
elderberry compounds against Influenza A nPA protein. .........cccceceveevcevieneennnn. 68
Figure 3-1. Ion spectra generated by the Waters Intellistart software package of the
molecular ion m/z 611.235 and product ions at m/z449.152 and m/z 287.078 for the
analysis of cyanidin 3,5-O-diglucoside in positive ion mode...........ccccecvereveneenne. 89
Figure 3-2. Analysis of compound cyanidin 3,5-O-diglucoside ...........ccceceevirniienenennne. 93
Figure 3-3. Mean concentration (mg/L) of anthocyanin compounds quantified in the juice
of American elderberry cultivars measured by UHPLC-MS/MS...........cccoeennee. 96
Figure 3-4. Mean concentration (mg/L) of phenolic acid compounds quantified in the juice
of American elderberry cultivars measured by UHPLC-MS/MS and HPLC-
IMIS/MIS . ettt ettt ettt et e nt ettt e a et e bt et ns 97
Figure 3-5. Mean concentration (mg/L) of flavonoid compounds quantified in the juice of
American elderberry cultivars measured by UHPLC-MS/MS. ........cccceviiiinnnene. 98
Figure 3-6. Multivariate analysis of compounds in various cultivars of American elderberry
JUICES eveevreeteeeuteeteeeteetteeteeesseesseeesseesseesssaesseeesaesnsaesssaesseenssesnseensseesseanseenssesnseens 99

Figure 4-1. Schematic representation of the application ............ccccocevviiveiiiniiniencnnen. 107

X1



LIST OF EQUATIONS

(EQUALION 1) 1ottt ettt st ettt eeeens 82
(EQUALION 2) 1.ttt sttt et sttt st st e bt nb et satenbeenne s 82
(EQUALION 3) .ottt ettt ettt et e ettt e e bt et e e be e st e e s ateenbeesseeenneens 82
(70 18T Ta) s I SRS 82

xii



LIST OF APPENDIX

Table

Table A 1. Annotation of peaks isolated from American elderberry juices in positive ion

Table A 2. Annotation of peaks isolated from American elderberry juices with putative
identifications assigned through comparison with mass spectral reference data in
MSDIAL library (>70% identification score cut off)........cccceeceeveiveniniincnnncns 113

Table A 3. ICso concentration of American elderberry putative compounds against HIV
virus strains NL4-2 and BaLl........ccoccoiiiiiiiieeeeee e, 119

Table A 4. The ICso concentration of American elderberry putative compounds against S.
QUUFCUS ... eeeeeeeeeeeseee e e eteeeeeeaaseeeasasaaaeeassssaeesanssaeesanssseaesensssaaesansssaeaeennssseeennnsnns 120

Figure

Figure A 1. The heatmap relative intensity of 127 putatively identified compounds in the
juices of 21 American elderberry genotypes.......ccocueeveerieerieenieeiieeiienieeveeee 121

Figure A 2. Chemical structure of nine anthocyanin compounds putatively identified in
American elderberry JUICES. .....ccvviiirviieeriieeiieeeiiieeriee et eree e e eaee e esreeeaaeeens 122

Figure A 3. Chemical structure of eight polyphenol compounds putatively identified in
American elderberry JUICES. ......cccuiviieriiriiierieeiie ettt 123

Figure A 4. Chemical structure of 15 flavonoid compounds putatively identified in
American elderberry JUICES. ......covvieriierieeiiierie ettt e senas 124

Figure A 5. K-means clustering analysis of metabolomic data from American elderberry

Fo03 10 1 01T SRS 125

Xiil



Figure A 6. Metabolomic cloudplot representation generated from XCMS platform for
the analysis of the juice of American elderberry accession 1896 and 1191 showed
2561 features with p-value <0.001, and fold-change >1.5...........ccccceeiiiniinneee. 126

Figure A 7. Representative American elderberry compound cytotoxicity in ARE assay in
HepG2 cell NG (N=2). evveeeeiieeiie ettt e e 127

Figure A 8. Antiviral activity of American elderberry compounds against HIV strains
NL4-3 and BaL (n=2). A. Gallic acid. B. Isorhamnetin. C. Kaempferol. D.

Luteolin. E. Myricetin. F. QUEercetin..........cccceevviiriiiieiciieeeiiee e 128

Xiv



INTRODUCTION

Elderberries are perennial fruit-producing shrubs or small trees belonging to the
family Viburnaceae and genus Sambucus'. Sambucus nigra subsp. nigra (European
elderberry) and Sambucus nigra subsp. canadensis (American elderberry) are two taxa of
elderberry that are increasingly being commercially produced. American elderberry is
native to much of eastern and midwestern North America and has been used for both food
and medicine by indigenous communities for millennia?~#. It is emerging as an important
specialty crop in the midwestern USA, mostly cultivated for processing markets>. Both
fruits and flowers have become increasingly popular for use in a variety of foods, wines,
and health supplements®’.

Elderberry fruits and flowers contain abundant health-promoting bioactive
compounds, including phenolics, flavonoids, and antioxidant phytochemicals®. Several
studies analyzed the bioactive composition of American and European elderberries,
identifying different polyphenolic compounds in the fruits, flowers, leaves, and stems®~12,
Elderberry's major phenolic and flavonoid compounds include gallic acid, neochlorogenic
acid, rutin, and quercetin®!'2. In addition, elderberry fruits contain large amounts of
anthocyanins, such as cyanidin-3-glucoside and cyanidin-3-sambubioside, which exhibit
antioxidant activity 813,

Previous research has demonstrated the potential health benefits of elderberry,
showcasing a wide range of biological functions, including antioxidant!%!L1415 anti-
inflammatory!3:16:17 anticancer!®1°, antiviral®2°, antibacterial'>2!, and anti-diabetic??

attributes. Elderberry has also gained popularity as a potential remedy for treating colds



and flu. However, most research has focused on European elderberry, with only limited
studies on the health-promoting activities of American elderberry. Modern bioanalytical
techniques, such as high-throughput screening bioassays and metabolomic analyses, can
be used to untangle and elucidate the potential health-benefitting metabolites of American
elderberry at much higher levels than have been previously possible.

High-throughput screening (HTS) is a subset of the drug discovery process that
incorporates the multidisciplinary fields of analytical chemistry, biology, biochemistry,
and computational technologies. It plays an important role, especially when novel
biochemical targets are involved??. The HTS allows for a standardized, rapid, and cost-
effective evaluation of small molecules and novel chemical biological functions. In recent
years, HTS labs have used a combination of biochemical and cell-based assays. Both are
necessary for discovering and characterizing newly identified compounds in the drug
discovery process?*?4, In addition, recent advancements in computational power and
database capacity for the metabolomic analyses allow exploring the bioactive molecules in
American elderberry.

In this dissertation, the first chapter focuses on the metabolomic analysis and
bioactive compounds exploration in American elderberry juices. This chapter also
discusses high-throughput screening assays and metabolomics analyses to establish a
systematic and standardized strategy for investigating the biological functions of American
elderberry, including its antioxidant, antibacterial, and antiviral properties. The second
chapter elaborates on the antiviral mechanisms of American elderberry compounds. This
chapter aims to establish a screening method to assess the potential antiviral properties of

American elderberry, targeting the viral transcription and replication mechanisms of



Influenza A viruses. Lastly, the third chapter focuses on quantifying the bioactive
compounds in American elderberry juices across 21 cultivars. The findings from this

research help identify the niche markets and facilitate the development of new economic

opportunities for the American elderberry industry.



OBJECTIVES

The specific objectives of the work reported below were the following:

. Identify and characterize a variety of bioactive metabolites in the juices of 21
American elderberry genotypes using untargeted metabolomics.

. Utilize standardized high-throughput screening (HTS) protocols at the Kansas High
Throughput Screening Laboratory at the University of Kansas, Lawrence, KS

(https://hts.ku.edu/) to evaluate the potential health benefits of 32 selected bioactive

metabolites identified in American elderberry juices.

. Established a screening method to elucidate the possible mode of action targeting
Influenza A viral transcription mechanism

. Quantify the 32 select specialized metabolites in American elderberry juices using

targeted metabolomics analysis.


https://hts.ku.edu/

CHAPTER 1. CHARACTERIZATION OF BIOACTIVE COMPOUNDS IN 21
CULTIVARS OF AMERICAN ELDERBERRY USING METABOLOMICS

ANALYSIS

ABSTRACT

American elderberry (Sambucus nigra subsp. canadensis) is an emerging specialty
crops for Missouri, recognized for its high level of bioactive compounds with significant
health benefits. Here we integrated untargeted UHPLC-HRMS metabolomics with High-
throughput screening (HTS) bioassays characterized American elderberry juice from 18
propagated accessions and three established cultivars. Our metabolomics study has
identified >100 putative bioactive compounds in the American elderberry juices.
Multivariate analysis showed significant chemical profile between genotypes. Multivariate
analyses showed genotype-depended differences in metabolite composition. Cultivar
Ozark and wild accessions such as 2079, 1911, and 2095, displayed distinct chemical
profiles while accession 1196 accumulated high levels of key bioactive flavonoids. An
array of high-throughput screening bioassays was conducted to evaluate bioactivity of the
32 selected putatively identified compounds. Our results revealed that 14 of the 32
American elderberry compounds exhibited strong antioxidant activity. Six compounds
demonstrated significant antiviral activity against two strains of HIV-1 virus. These
findings provide the first comprehensive studyof American elderberry juices and highlight
their potential use in dietary supplements and innovative applications in health and

medicine.



INTRODUCTION

Elderberries are perennial fruit-producing shrubs or small trees belonging to the
family Viburnaceae and genus Sambucus '. Sambucus nigra subsp. nigra (European
elderberry) and Sambucus nigra subsp. canadensis (American elderberry) are two taxa of
elderberry that are increasingly being commercially produced. American elderberry is
native to much of eastern and midwestern North America and has been used for both food
and medicine by indigenous communities for millennia. It is emerging as an important
specialty crop in the midwestern USA, mostly cultivated for processing markets >2°. Both
fruits and flowers have become increasingly popular for use in a variety of foods, wines,
and health supplements 267,

Numerous studies have identifying a wide-range of polyphenolic compounds in
fruits, leaves and stems of elderberry 27-%8, Their health-promoting potential is largely
attributed to anthocyanin and other polyphenols, which are well-recognized free radical
scavengers with strong antioxidant capacity '°. While extensive research on European
elderberry has demonstrated broad biological activities, including antioxidant '+, anti-
inflammatory!3, anticancer'®, antiviral®, and antibacterial attribute!>, while systematic
studies of American elderberry cultivars remain limited. The recent phytochemical
evaluation of American elderberry focused only on a subset of anthocyanins and
polyphenols compounds in well-established American elderberry cultivars, namely Adams
IT, Bob Gord on, and Wyldewood 23. Advances in analytical technologies, particularly mass
spectrometry (MS)-based untargeted metabolomics and high-throughput screening

bioassays, provide powerful tools to comprehensively characterize the phytochemical



properties of American elderberry and validate the health benefit claimed of identified
metabolites

Advances in MS-based untargeted metabolomics, utilizing ultra-high performance
liquid chromatography (UHPLC) coupled with high-resolution tandem MS, have enabled
detailed exploration and characterization of natural products bioactive compounds across
plant cultivars and genotypes. LC-MS/MS is among the popular analytical technique,
offering high mass accuracy and fragmentation pattern data (MS/MS spectra) that allow
reliable prediction of molecular compounds based on accurate m/z values of precursors ion
29, Furthermore, the availability of comprehensive MS/MS spectral libraries greatly
facilitates rapid and accurate metabolite annotation in untargeted analysis.

High-throughput screening (HTS) is a subset of the drug discovery process that
incorporates the multidisciplinary fields of analytical chemistry, biology, biochemistry,
and computational technologies. It plays an important role, especially when novel
biochemical targets are involved?3. The HTS allows for a standardized, rapid, and cost-
effective evaluation of small molecules and novel chemical biological functions. In recent
years, HTS labs have used a combination of biochemical and cell-based assays, both of
which are essential for discovering and characterizing newly identified compounds in the
drug discovery process?3. Building on this framework, we applied HTS in combination
with advanced metabolomics profiling to systematically investigate chemical profile of
American elderberry and to validate the bioactivities attributed to its metabolites.

A previous study by Mudge et al. (2016)3° analyzed polyphenol content of wild-
growing American elderberry collected from eastern and midwestern United States, from

which a subset of these collections was selected for propagation at the University of



Missouri’s Southwest Research, Extension, and Education Center near Mt. Vernon,
Missouri, USA. In this study we compared the overall metabolomic composition of the 18
selected propagated accessions and three established cultivars of Sambucus nigra subsp.
canadensis, using advanced MS-based metabolomic analysis. In addition, HTS bioassay
were utilized to evaluate and validate the potential bioactivity of putatively identified
compounds. To our knowledge, this is the first study to report a complete chemical profile
together with comprehensive bioactivity data across 18 diverse propagated accession of
American elderberry in comparison with three well-established cultivars. By integrating
metabolomics analyses with HTS assay, we developed a standardized strategy for
investigating the biological functions of American elderberry, with focus on antioxidant,
antibacterial, and antiviral properties. Leveraging recent advancements in instrumentation,
computational power and database capacity, this study provides new insights into the
bioactive potential of American elderberry, supporting breeding programs for cultivar

selection, and the development of novel economic opportunities.



MATERIALS AND METHODS

Plant material

Elderberry fruits from 21 American elderberry (Sambucus nigra subsp. canadensis)
accessions and cultivars (Table 0-1) were harvested from plantings at the University of
Missouri’s Southwest Research, Extension, and Education Center near Mt. Vernon,
Missouri, U.S.A. The samples represent wild American elderberry accessions from across
the midwestern and eastern USA, including collections amassed and studied in Mudge et
al. (2016) 39, as well as established cultivars 31-32. For simplicity, all elderberry accessions
and cultivars described in this study are henceforth noted as “genotypes”. Elderberry fruit
was harvested at peak ripeness and immediately frozen. Later, the fruit was de-stemmed,
thawed at ambient temperature, and the juice pressed by hand, filtered through a kitchen

sieve, aliquoted into 50 mL polypropylene tubes, and re-frozen (-20 °C) until further

processing.



Table 0-1 American elderberry accessions and cultivars (genotypes) evaluated in this study

Accession/Cultivar Collector? State (USA) Access30n/.Cultlvar
Citations

ACC 1069 Meyer Pennsylvania 30
ACC 1076 Meyer New York 30
ACC 1191 Meyer Arkansas 30
ACC 1196 Meyer Alabama 30
ACC 1199 Meyer Georgia 30
ACC 1887A Townesmith West Virginia 30
ACC 1889A Townesmith West Virginia 30
ACC 1892 Townesmith New York 30
ACC 1896 Townesmith Connecticut 30
ACC 1911 Townesmith Pennsylvania 30
ACC 1913 Townesmith Pennsylvania 30
ACC 2073 Townesmith Mississippi 30
ACC 2079 Townesmith South Carolina 30
ACC 2083 Townesmith South Carolina 30
ACC 2084 Townesmith South Carolina 30
ACC 2085 Townesmith South Carolina 30
ACC 2089 Townesmith North Carolina 30
ACC 2095 Townesmith West Virginia 30
Bob Gordon (BG) Thomas Missouri 32
Ozark Byers Arkansas 6
Wyldewood (WW)  Millican Oklahoma 31

aAccession/cultivar collectors are Karen M. Meyer and Andrew K. Townesmith (Missouri
Botanical Garden, St. Louis, MO), Andrew L. Thomas and Patrick L. Byers (University of
Missouri, Columbia, MO), and Margaret Millican (Wyldewood Cellars, Wichita, KS).
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Chemical

Acetonitrile, and formic acid were purchased from Fisher Chemical (Fair lawn, NJ,
USA) and were all LC/MS grade. Milli-Q water was for UHPLC-MS and was obtained
from in-house Millipore water purifier (Burlington, MA, USA). Methanol for sample
extraction were of HPLC-grade and purchased from Sigma-Aldrich (St. Louis, MO, USA).
Chemical standards for high-throughput analysis were purchased from Sigma-Aldrich (St.
Louis, MO, USA) with purity >95%, except cyanidin 3-O-rutinoside, peonidin 3-O-
glucoside and isoquercetin with purity >90%; myricetin with purity >96%; kaempferol
with purity >97%; caffeic acid, cryptochlorogenic acid, catechin hydrate, p-coumaric acid,
cyanidin  3,5-O-diglucoside, cyanidin 3-O-glucoside, epicatechin, gallic acid,
neochlorogenic acid, and isorhamnetin 3-O-glucoside with purity >98%; ferulic acid was
of certified reference standard grade; and isorhamnetin 3-rutinoside was purchased from

Fisher Chemical (Fair lawn, NJ, USA) with purity >95%.

Sample preparation

All American elderberry juice samples were thawed, then centrifuged at 8000 rpm
for 20 minutes. One mL of supernatant was mixed with four mL of HPLC-grade methanol.
The mixture was then sonicated for 60 minutes using a sonicator (Fisher Scientific,
Pittsburgh, PA, USA). The mixture was then filtered through a 0.2 um PTFE Acrodisc
syringe filter (Waters, Milford, MA, USA) to remove solid components and transferred to

an HPLC autosampler vial (Waters, Milford, MA, USA) for further analyses.
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Untargeted metabolomics analyses

The untargeted metabolomics profiling was performed on a Bruker maXis
impact II quadrupole-time-of-flight (Q-ToF) mass spectrometer (MS) coupled with Waters
Acquity Ultrahigh Performance Liquid Chromatography (UHPLC). High-resolution mass
spectrometry was performed in negative and positive electrospray ionization mode as a
preliminary experiment to identify the chemical compounds in the plant extract. Separation
was achieved on a Waters C18 column (2.1 x 150 mm, BEH C18 column with 1.7 pum
particles) using a linear gradient of 95%:5% to 30%:70% eluent A:B (A: 0.1% formic acid
in water, B: acetonitrile) over 30 min. Between 30 — 33 min, the linear gradient was
increased from 70% to 95% B and maintained at 95% B for 3 min. The percentage of B
was maintained at 5% from 36 — 40 min. The flow rate was 0.56 mL/min, and the column
temperature was 60°C. Mass spectrometry was performed in the positive and negative
electrospray ionization mode with the nebulization gas pressure at 43.5 psi, dry gas of 12
L/min, dry temperature of 250°C, and a capillary voltage of 4000 V. Auto MS/MS tandem
mass spectral data were collected using the following parameters: MS full scan: 100 to
1500 m/z; the number of precursors for MS/MS: 3; threshold: 10 counts; active exclusion:
3 spectra, released after 0.15 min; collision energy: dependent on mass, 10eV at 50 Da, 20
eV at 200 Da, 30 eV at 500 Da, 40 eV at 1000 Da, and 50 eV at 1500 Da. The MS and
MS/MS data were auto-calibrated using sodium formate that was introduced at the end of

the gradient and after data acquisition.
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Metabolomics data analysis
Bioactive compounds were identified in elderberry juice using the web-based
platform XCMS Online, which is equipped with the METLIN database and is freely

available at https:/xcmsonline.scripps.edu. The METLIN library contains over one million

molecules to facilitate metabolite identification. UHPLC-MS chromatograms were aligned
using the R package XCMS. CentWave settings were used for feature detection (maximal
tolerated m/z deviation = 10 ppm, minimum peak width =15 s, and maximum peak width =
20 s). Obiwarp settings were used for retention time correction (profStep = 1). The
chromatogram alignment setting for peak alignment was as follows: bw = 5, minfrac =0.5,
mzwid 0.015. The statistical testsare carried out systematically following feature detection
and profile alignment using the Welch t-test (p-value <0.05).

Metabolite UHPLC-MS/MS mass spectral data were analyzed using MS-DIAL

Software (Version 4, http:/prime.psc.riken.jp/) to further aid compound identification.

Data files were converted to ABF format using AnalysisBaseFile Converter

(https://www.reifycs.com/AbfConverter/) before import to MS Dial software. Peak

picking, alignment, deconvolution, and MS/MS database search were performed with the
following parameter: MS1 tolerance 0.01 Da, MS2 tolerance 0.05 Da, identification score

cut off 70%, minimum peak height 3000, mass slice width 0.1 Da, retention time tolerance

0.05 min, MS/MS databases ESI(+) and (-)-MS/MS from authentic standards.

High-throughput screening assay (HTS)
Metabolomics analysis of American elderberry juices putatively identified more

than 100 bioactive compounds, of which 32 compounds were selected to further validation
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of their antioxidant, anti-HI'V, and antibacterial activities using high-throughput screening
assays (HTS) at the Kansas High Throughput Screening Laboratory at the University of

Kansas, Lawrence, KS (https:/hts.ku.edu/).

1. Total antioxidant capacity
The total antioxidant activity of American elderberry compounds was evaluated
using an electron transfer-based Cupric Reducing Antioxidant Capacity (CUPRAC)
method 33. Briefly, the compounds were solvated in 100% DMSO and transferred
acoustically to prepare assay plates using ECHO 655 (Beckman Inc.). The compounds
were tested in a 7-concentration dose response in 384 well microplates. The compounds
were mixed with 50 pL of freshly prepared CUPRAC reagent (Cu(I11)-neocuproine). After
mixing at 650 rpm for 2 mins, the plates were sealed and incubated for up to 3 h at 25°C.
The absorbance of the samples of Cu(I)-neocuproine (Nc) chelate formed from redox
reaction between antioxidants and CUPRAC reagent was read at 1.5 h and 3 h at 450 nm
using a microplate reader (BioTek Neo, Agilent). A Trolox standard curve was included
on each assay plate, and the total antioxidant capacity of the compounds was interpolated
and expressed as Trolox equivalent (mM) from the Trolox standard curve of the Trolox
control.
2. Antioxidant response element (ARE) activation
American elderberry compounds were evaluated for Nuclear factor erythroid 2-
related factor 2 (Nrf2) activation using ARE-Luciferase reporter-based assay in the HepG2
cell line3*. The method for ARE activation assay is as follows: a HepG2 hepatic cell line
stably expressing firefly luciferase (Luc) reporter under the control of ARE was obtained

from BPS Bioscience. Briefly, the HepG2-ARE-Luc cells (10,000 cells/well) were seeded
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in 384-well plates in 50 pL. complete media per well using a Multidrop Combi dispenser
(Thermo Fisher Scientific, Waltham, MA, USA). Compounds (7-concentration dose-
response) were transferred to the plates and incubated at 37°C in a 5% CO2 humidified
incubator for 18 h. Each assay plate also contained known positive controls [tert-
butylhydroquinone (TBHQ) and DL-Sulphorane] as well as DMSO (as a vehicle negative
control). The reporter activity was measured by the addition of 25 pL Steady-Glo®
luciferase assay reagent (Promega Inc.) for 30 min. The luminescence intensities of the
384-well plates were read on a BioTek Neo microplate reader (Agilent Inc.). The increase
in luciferase activity correlates with compound-induced activation of Nrf2. The fold
increase in luciferase was normalized to the positive and negative controls on each assay
plate.

The ARE fold induction of the compounds was measured by dividing the
luminescence absorbance of the treatment by the specific luminescence absorbance of the
control sample and multiplying by 100. The control sample (in the presence of DMSO
vehicle and without the compounds) was set at 100%. The compounds with ARE fold
induction to 10-fold over the vehicle controls in one or more concentrations were
considered to have significant ARE induction activity. The bioactive compounds' relative
cytotoxicity (%) was calculated by dividing the specific luminescence absorbance of the
treated sample by the specific luminescence absorbance of the control sample and
multiplying by 100. The control sample (in the presence of DMSO vehicle and without the

compounds) was set at 100%.
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3. Evaluation of anti-HIV activity.
The anti-HIV activity of 32 putative compounds identified in American elderberry
juices was evaluated at the Kansas High Throughput Screening Laboratory at the

University of Kansas, Lawrence, KS (https:/hts.ku.edu/). The method foranti-HIV activity

assay provided by Dr. Anuradha Roy is as follows: all reagents for HIV neutralization
assay were obtained through the HIV Reagent Program, Division of Acquired
Immunodeficiency Syndrome (AIDS), National Institute of Allergy and Infectious
Diseases (NTAID), NIH. TZM-bl reporter cells, derived from Hela cell clone expressing
CD4 glycoprotein, CC-chemokine receptor type 5 (CCRS5), and CXC-chemokine receptor
4 (CXCR4) as well as an HIV-trans-activator of transcription (HIV-Tat) regulated firefly
luciferase & P-galactosidase reporters (Cat. no. 8129), used to optimize the HIV-1
neutralization assay according to reference 33. Briefly, the TZM-bl cell line was grown at
37°C in humidified 5% CO2 in Dulbecco's Modified Eagle's Medium with L-glutamine,
sodium pyruvate, glucose, and 10% heat-inactivated fetal bovine serum (FBS) and 50 pg
gentamicin/ml. Two HIV-1 strains, NL4-3 [ARP-114, X4 tropic] and Bal[ARP-11414, RS
tropic] viruses, were prepared by transfecting 293T/17 cells with DNA constructs
containing full-length wild type (WT) sequences, as described previously3°. The virus was
titrated in TZM-bl cells to achieve an average tissue culture infectious dose (TCID) of
150,000 relative light unit (RLU) equivalents for pNL4-3 and TCID of 20,000 for pBAl
WT corresponding to 8-10 times the background, respectively.

To identify compounds that interfere with viral replication, 5000 cells/well were
seeded in 384 well plates containing compounds. An equal volume of virus (2X stock) was

added to the cells in 8 pg/mL diethylaminoethanol (DEAE)-Dextran. After 48h at 37°C,
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5% CO2, Promega Steady Glo Luciferase detection reagent was added to detect Firefly
luminescence. Percent inhibition was normalized to DMSO controls. Four known HIV
inhibitors (AZT, IM2987, TAK779 and Maraviroc) were used as positive controls.
4. Antibacterial growth assay

The activity of American elderberry compounds was tested against Staphylococcus aureus
subsp. aureus Rosenbach, ATCC 29213, Pseudomonas aeruginosa, PAO1, ATCC 15692,
and Klebsiella pneumoniae subsp. pneumoniae, ATCC 27736. The bacteria from a single
colony were grown overnight in Mueller Hinton cation-adjusted broth at 37°C, 250 rpm.
The overnight culture was diluted 100-fold, and 40 pL of bacterial suspension was grown
in the presence of American elderberry compounds (7 concentration dose-response) for
24h at 37°C. The activity of compounds was also evaluated against Mycobacterium
smegmatis, which was grown in Middlebrook 7H9 OADC supplemented media at 37°C,
250 rpm, for 24h and 48h. Positive controls included Vancomycin and Amikacin, while
DMSO was the negative control on each assay plate. The plates were read at Abs 600 nm
at 24 h and 48 h. Afterthe absorbance reads, Bact-Titer Glo was added to the plates, and
an ATP-based luminescence assay was read using BioTek Synergy. Percent inhibition of

growth was normalized to positive and negative controls on each assay plate.

Statistical analysis
The relative abundance of putative metabolites identified was statistically analyzed

using the web-based platform MetaboAnalyst ver. 6.0 (https:/www.metaboanalyst.ca/).

Features were normalized by sum, log transformed and scaled by the pareto scaling

method. Unsupervised multivariate analysis of principal component analysis (PCA) was
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performed to determine differences in metabolic profiles between genotypes. Supervised
multivariate method of partial least squares-discriminant analysis (PLS-DA) was used to
identify altered metabolites between groups. Heatmap clustering analysis was performed
to compare relative abundance of compounds across genotypes.

For total antioxidant capacity analysis, linear regression analysis was performed
using GraphPad Prism 10 (San Diego, CA, USA) to identify the linear regression equation
for each compound. The coefficient of the compound equation was compared with the
coefficient of the Trolox control to determine each compound's relative total antioxidant
capacity. The fold increase over Trolox was calculated by dividing the compound models'
coefficient by the Trolox control coefficient. The compounds that exhibited a fold increase
over Trolox greater than 5 were considered to possess significant total antioxidant capacity.

For ARE activation assay, HIV inhibitory assay and antibacterial analysis,
GraphPad Prism 10 was used to generate non-linear regression analysis of data to identify
the dose-response curve for each compound. The ICso values (half maximal inhibitory
concentration) of each compound were determined from the dose-response curve for the
A549 and MRC-5 cell lines for ARE activation assaya and TZM-bl cell line for HIV
inhibitory assay. The compounds that exhibited 1Cso values < 10 pM in the A549 cell line
and had no toxic effects on the control cell line MRC-5 were considered potent
antiproliferative compounds. Compound withICso values >100 uM were considered to not
have inhibitory effect against HIV virus strains NL4-3 and BaLL Dataare presented as mean

+ standard deviation (n=2). One-way analysis of variance (ANOV A) was performed using

GraphPad Prism 10 to determine the significance differences among mean values.
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RESULTS

Untargeted metabolomic analysis

Spectral data generated from UHPLC-QTOF-MS were analysis using XCMS
online platform, resulting in the putative identification of more than 10,000 peaks in
American elderberry juices (data not shown). Among these, over 100 compounds with
potential bioactivity were putatively identified in both positive and negative ionization
modes through comparison of MS spectral dataand accurate mass values withthe METLIN
library. For this study, the bioactivities of 72 compounds were further summarized based
on previously published reports (Table 0-2 and Table A 1). These findings demonstrated
the utility of XCMS platform for broad chemical profiling, due to the extensive coverage
of the METLIN spectral library. However, because of limited storage capacity and
incomplete integration of XCMS with METLIN-MRM library, compound annotation
relied primarily on accurate mass matching. Therefore, further validation is required to
increase confidence in compound identification.

We further analyzed the untargeted UHPLC-QTOF-MS/MS data using MS-DIAL
platform, which resulted in MS/MS spectral matching of 110 putative compounds against
the MS-DIAL metabolomics MSP library using an identification score cutoff of 70%
(Table 3 and Table A 2). While XCMS-based annotation yielded a wider range of putative
compounds overall, only 10 of these overlapped with MS-DIAL identification, suggesting
the limited MS/MS spectral library available in MS-DIAL compared with XCMS-
METLIN library. Furthermore, the peak height cutoff of 3000 set, may have reduced the

number of matches, as compounds present at low concentration in the juice may have been
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excluded. In total, we identified more than 100 putative compounds in American elderberry
juices, including at least 31 flavonoids, 15 anthocyanins, and 23 polyphenolic compounds
(Table 0-3, Table A 1, and Table A 2).

Principal component analysis (PCA), an unsupervised method used to identify
patterns between multivariate samples, was performed, and the result is presented in Figure
0-1. The PCA analysis showed a separation among genotypes, reflecting differential
metabolic profile between groups. Two principal components (PCs) explained 35.4% of
the total variability, with the first principal component (PC1) explained 25% of the data

variability and the second PC (PC2) accounted for 10.4% of data variability.
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Figure 0-1. Result of untargeted metabolomic analysis. A. PCA scores plot and B. PLS-DA scores
plot of putatively identified compounds in juices of 21 American elderberry genotypes revealed
differences in the metabolomic profiles between genotypes. Circles with the same color represent
analytical replicates (n=3). The colored ellipses indicate 95% confidence regions of each group. C.
Important features identified by PLS-DA. The colored boxes on the right indicate the relative
abundance of the corresponding metabolite in each American elderberry genotype under study,
with dark red representing high abundance and dark blue representing low abundance. D. The
heatmap shows the relative abundance of 32 selected identified compounds in the juices collected
from various American elderberry genotypes. Each color represents a relative abundance of
compounds in the juices. The scale ranges from dark red to dark blue, representing the range of
high to no abundance of compounds. Heatmap features the top thirty -two metabolite features as
identified by t-test analysis (p <0.05 and intensity >10,000). The distance measure is by Euclidean
correlation, and clustering is determined using the Ward algorithm.
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To further resolve group-specific differences, partial least-square discriminant
analysis (PLS-DA), a supervised analysis model, was performed (Figure 0-1B). PLS-DA
highlighted the specific similarities and differences among groups, identifying metabolites
most responsible for genotype discrimination 37. The variable importance in projection
(VIP) scores indicated the top 15 most importance variables (Figure 0-1C) that identified
as metabolites responsible for the discrimination between genotypes. Overall, PLS-DA
revealed significant differences in the metabolomic profiles of American elderberry
genotypes, with two PCs explaining 30.5% of the total variability of the data (PC1 21.8%
and PC2 8.7%). Notably, cultivars Bob Gordon and Wyldewood exhibited highly similar
metabolomic profiles, whereas the cultivar Ozark displayed a distinctively different profile
compared to other genotypes. Complementary partitional clustering using k-means

analysis (k=3) further grouped Ozark separately from the other genotypes (Figure A 5).
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Table 0-2. List of bioactivities of 32 selected compounds identified in American elderberry juices, as previously reported in literatu res.

€

No Compounds Formula Activities Ref
1 Gallic acid C;H4O; Antioxidant, anti-inflammatory, anticancer, antimicrobial, antiviral 38
2 3,4-Dihydroxybenzoic acid C,HO, Antioxidant, anti-inflammatory 39
3 Rutin (quercetin-3-rutinoside) C,;H;300,;  Anticancer, antioxidant, anti-inflammatory 40-43
4  Delphinidin 3-O-rutinoside C,;H;,0,  Antioxidant, anticancer 44,45
5 Caffeic acid CoHs0O, Antioxidant 46
6 Cryptochlorogenic acid Ci6H, 50, Anti-inflammatory, antioxidant, antidiabetic 4748
7 Chlorogenic acid CHy O, AnFimicrobial', antidiabetic, antioxidant, anti-obesity, 49,50
antihypertension

8§ Neochlorogenic acid C1eHOs Antioxidant, antifungal, anti-inflammatory and anticarcinogenic s1.52
effects

9  Cyanidin 3-O-galactoside C,H,0;;  Antioxidant, anti-inflammatory, anticancer 33

10  Cyanidin 3-O-glucoside C, H,,0,, Antioxidant, anti-inflammatory 54-56
11 Kaempferol C,sH,00¢ Antimicrobial, antioxidant 5758
12 Cyanidin 3-O-sambubioside C,sH,90,5  Anticancer, antihypertension, antioxidant, antimicrobial 59,60
13 p-Coumaric acid CyH;05 Antimicrobial, antioxidant, anticancer 61-63
14  Ferulic acid CioH 00, Antioxidant, anti-inflammatory, anticancer, antimicrobial 64,65
15  Pelargonidin 3-O-glucoside C,H,,0,p  Anti-inflammatory, antioxidant 66-68
16 Catechin C,sH,40q Antioxidant, anticancer, cardiovasculo protective potency 69,70
17  Epicatechin C,sH,40q Antioxidant, anti-inflammatory, neuroprotective agent 71-73
18 Luteolin CsH,00¢ Anticancer, antiviral 74-77
19 Kaempferol 3-O-rutinoside C,,H;00,5  Antioxidant 78,79

20 Quercetin CisH 0O,  Antioxidant, anti-inflammatory, anticancer 41,80-82




vC

21  Cyanidin 3,5-O-diglucoside C,,H;,0,¢  Anticancer, antioxidant 83,84
22 Cyanidin 3-O-sophoroside C,;H;,016  Antioxidant, anti-inflammatory, skin hydration effect 85.86
23 Quercetin 3-galactoside C,H50,,  Anticancer, anti-inflammatory, antibacterial, antiviral, antidepressant 87
24 Isoquercetin C,H,00,;  Antioxidant, anti-inflammatory, neuroprotective 42,8889
25 Kaempferol 3-glucoside i HaiO Anti.—inflamm‘atory, antioxidanjc, antidiabetic, anticancer, 9
cardioprotective agent, cosmetic use
26  Cyanidin 3-O-rutinoside C,;H;,0,5  Antioxidant, anti-inflammatory 54,56
27  Isorhamnetin Ci6H,,0; Anticancer, antioxidant 91,92
28  Isorhamnetin 3-O-rutinoside CyH3,0,¢  Antiviral, antioxidant, antimicrobial, anticancer 93-95
29  Peonidin 3-O-glucoside C»H»0,,  Anti-inflammatory %6
30 Isorhamnetin-3-O-glucoside CpH,3ClO,;  Anti-inflammatory, antioxidant, anticancer 9798
31 Naringenin C1.H.,0- Anticancer, gntioxidant, anti-inflammatory, antidiabetic, 99,100
neuroprotective agent
32 Myricetin C1<H1004 Anticancer, anti-inflammatory, antidiabetic, cardio-cerebrovascular Lol

protection agent, anti-neurodegenerative
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Table 0-3. Identification of specialized metabolites in American Elderberry juices through untargeted metabolomics analysis.

No. Compound RT (min) Formula Adducts The;/[;itsical Ol;wse:sw;ed (pApI:ln) Identification*
1 Gallic acid 0.73 C7H6Os [M+NH4]" 170.0215 170.0212 2.1090 b
2 3,4-Dihydroxybenzoic acid 1.38 C7HsO4 [M-H]- 154.0266 154.0269 1.8600 b
3 Rutin (quercetin-3-rutinoside) 1.40 C27H30017 [M-H]- 610.1534 610.1537 0.5086 a,b
4 Delphinidin 3-O-rutinoside 1.44 C27H31016" MT* 611.1612 611.1616 0.6000 b
5  Caffeicacid 2.24 CoHgO4 [M+HT" 180.0423 180.0417 1.9560 b
6 Cryptochlorogenic acid 2.34 C16H1809 [M+HT* 354.0951 354.0948 1.2440 b
7 Chlorogenic acid 2.34 C16H1809 [M+H]* 354.0951 354.0948 1.2440 b
8 Neochlorogenic acid 2.34 Ci6H1309 [M+HT* 354.0951 354.0948 1.2440 b
9  Cyanidin 3-O-galactoside 2.39 C21H2:1011* MT* 449.1084 449.1078 1.3950 a,b
10 Cyanidin 3-O-glucoside 2.39 C21H2:1011* M] 449.1084 449.1078 1.3950 b
11 Kaempferol 2.39 Ci5H1006 [M+HT* 286.0477 286.0474 1.2554 a,b
12 Cyanidin 3-O-sambubioside 2.50 C26H29015* M]* 581.1507 581.1495 1.9020 a,b
13 p-Coumaric acid 2.67 CoHsOs [M+H]* 164.0473 164.0468 2.9680 a,b
14 Ferulic acid 2.76 C10H1004 [M+H]* 194.0579 194.0575 2.2420 b
15  Pelargonidin 3-O-glucoside 291 C21H21010" MT* 433.1135 433.1132 0.6510 a,b
16  Catechin 3.13 C15H1406 [M+HT" 290.0790 290.0786 0.1520 b
17  Epicatechin 3.13 C15H1406 [M+H]" 290.0790 290.0786 0.1520 a,b
18  Luteolin 4.70 Ci5H100s [M-H]- 286.0477 286.0478 0.1138 a,b
19  Kaempferol 3-O-rutinoside 5.11 C27H30015 [M+HT* 594.1585 594.1585 0.2772 b
20 Quercetin 5.14 Ci5sH1007 [M+HT* 302.0427 302.0424 0.7919 b
21  Cyanidin 3,5-O-diglucoside 5.16 C27H31016" MT]* 611.1612 611.1613 0.1790 b




22 Cyanidin 3-O-sophoroside 5.16 C27H31016" MT* 611.1612 611.1613 0.1790 b

23 Quercetin 3-galactoside 5.24 C21H20012 [M-H] - 464.0955 464.0955 0.1265 b
24 gsli)egzeetri:efﬁ'l‘(;’lucomde 524 C21H20012 [M-H]- 464.0955 464.0955 0.1265 b
25  Kaempferol 3-glucoside 6.09 C21H20011 [M+HT* 448.1006 448.1006 1.5000 b
26  Cyanidin 3-O-rutinoside 6.10 C27H31015" MT* 595.1663 595.1663 0.0370 b
27  Isorhamnetin 6.46 Ci6H1207 [M+H]* 316.0583 316.0580 0.8660 b
28  Isorhamnetin 3-O-rutinoside 6.46 C28H320156 [M+H]* 624.1690 624.1691 0.0889 a,b
29  Peonidin 3-O-glucoside 6.49 C22H23CIO 11 [M]* 498.0929 463.1242 0.2465 b
30 Isorhamnetin-3-O-glucoside 6.49 C22H22012 [M+HT* 478.1111 478.1113 0.3520 b
31 Naringenin 6.54 Ci15H1205 [M+H]* 272.0685 272.0684 0.3503 b
32 Myricetin 8.31 Ci5H100s8 [M-H] - 318.0376 318.0377 0.2884 b

b

>
*Procedures employed for the identification or putative identification '°>1%: a, comparison with literature MS/MS tandem mass spectral data using
MS-DIAL; b, comparison with MS spectral data or accurate mass using XCMS platform with METLIN library.



LT

1004 287,055 100 147,045 100 287.056 1004 287.056
501 50 81.085 119,080 50 501
= = =z 213,055 =
B 581.151 ﬁ 49388 k-] L N 449110 k3 595 167
5 0 4 5 07 ‘ 5 © L I. t 5 0 4
E = = 137.020 E
504 50 504 504
91.054
100+ 287055 100+ 147.043 100 287.055 1004 287.056
0 100 200 300 400 500 600 40 60 80 100 120 140 160 50 100 150 200 250 300 350 400 450 a 100 200 300 400 500 600
m/z m/z m/z m/z
100 267,055 1001 287.056 100 123,044 100 317,066
50 504 504 504
= 153.020 = 153,016 = | I = |
2 RPN ¥y 200 , z g . 2 wanlb B Yy 2 Ll
(o] ¥ t 0 [0} t o] T
5 t & T ™7 5 P AN ]
= 121,028 b= = b= 71.046
= 153.018 = 1531030 = £
504 504 504 50
100 267.055 1001 287.056 1004 30.039 1004 317.068
50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300 0 100 200 300 400 500 600
miz miz miz m/z
100 271,080 1004 303,050
50 50
z 121,028 £ |
N . 465.103
i -t R
= = a5.026
= 197.062 =
121.028
50 50
100 271.061 1004 303.050
50 100 150 200 250 300 350 400 450 o 100 200 300 400 500
m/z m/z

Figure 0-2. Experiment spectrum (in black) versus reference MS/MS tandem spectrum data (in red). A. Cyanidin-3-O-sambubioside, B. p-
Coumaric acid, C. Cyanidin-3-O-galactoside, D. Cyanidin-3-O-rutinoside, E. Kaempferol, F. Luteolin, G. Epicatechin, H. Isorhamnetin-3-O-
rutinoside, I. Pelargonidin-3-0-glucoside, J. Quercetin-3-O-rutinoside (Rutin).



From the compounds identified, 32 metabolites were selected for further analysis
based on their unique relevance to American elderberry (Table 0-2). Several cyanidins,
including cyanidin 3-O-sophoroside, cyanidin 3-O-sambubioside, cyanidin-3-O-
rutinoside, and cyanidin 3-O-galactoside, were putatively identified in elderberry juice.
Multiple quercetin derivatives were also detected, such as quercetin, quercetin-3-glucoside
(isoquercetin), quercetin-3-rutinoside (rutin), and quercetin-3-galactoside (hyperoside). In
addition to cyanidins and quercetins, other polyphenols, including isorhamnetin,
kaempferol, luteolin, and myricetin, were also putatively identified. Ten metabolites,
catechin, p-coumaric acid, cyanidin-3-O-galactoside, cyanidin-3-O-rutinoside, cyanidine-
3-O-sambubioside, epicatechin, isorhamnetin-3-O-rutinoside, kaempferol, luteolin,
pelargonidin-3-O-glucoside, and quercetin-3-O-rutinoside (rutin), were further supported
by MS/MS spectral matching with reference data (Figure 0-2), hence increasing confidence
in their identification. To complement the metabolic analysis, a comprehensive literature
review was conducted to summarize the reported biological functions of these compounds
(Table 0-2).

Hierarchical clustering of metabolomic profiles from 21 American elderberry
genotypes revealed a significant variation in the relative abundance of compounds (Figure
A 1). A heatmap of 32 selected metabolites is shown in Figure 0-1D. Cyanidin 3,5-O-
diglucoside and cyanidin 3-O-sophoroside accumulated at higher levels in genotypes 2079,
1911, and 2095, which also exhibit the greatest overall anthocyanins and polyphenol
content. In contrast, 3,4-dihydroxybenzoic acid and myricetin were detected at highest
relative abundance in genotype 1196, while gallic acid was detected with the highest

relative abundance in genotype 2073. The commercial cultivars Ozark and Wyldewood,
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displayed moderate accumulation of both anthocyanin and flavonoid, while Bob Gordon
showed the lowest levels of metabolites, particularly polyphenols, relative to other
genotypes. Notably, cyanidin 3-O-glucoside (isoquercetin), cyanidin 3-O-galactoside
(hyperoside), cyanidin 3-O-sambubioside, and kaempferol were accumulated in a subset
of genotypes (Bob Gordon, 1076, 1887A, 1069, 1896, 1191, 2085, and 1196), suggesting
genotype-specific patterns of metabolite accumulation. Furthermore, quercetin 3-glucoside
(isoquercetin) and quercetin-3-rutinoside (rutin) were especially abundant in genotype
1913, highlighting this genotype as a promising candidate for cultivar selection as a

potential source of antioxidant or anticancer compounds.

Antioxidant compounds in American elderberry

To validate the bioactive potential of compounds identified in American elderberry,
a series of high-throughput screening assay was performed. Putatively identified
compounds in American elderberry juice were screened for antioxidant activity at the
University of Kansas High Throughput Screening laboratory, Lawrence KS
(https://hts.ku.edu/ ). The total antioxidant capacity (TAC) of American elderberry
compounds was performed using CUPRAC methods 33 with Trolox as control. The total
antioxidant capacity was expressed as Trolox equivalent, and compounds that showed TAC
values greater than 5 Trolox units at any one concentration tested were considered
significant. From 32 compounds tested, 14 compounds showed TAC five-fold greater than
Trolox, which are quercetin 3-galactoside, cyanidin 3-O-sambubioside, quercetin, cyanidin
3-O-galactoside, isorhamnetin, myricetin, delphinidin 3-O-rutinoside, cyanidin 3-O-

sophoroside, cyanidin 3-O-rutinoside, cyanidin 3-O-glucoside, isoquercetin (quercetin 3-
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glucoside), cyanidin 3,5-O-diglucoside, neochlorogenic acid, and gallic acid (Figure
0-3A).

Of the 32 compounds putatively identified in American elderberry juices, 12
showed TACs ranging from two to 4.9 times greater than Trolox. These compounds are
rutin, peonidin 3-O-glucoside, caffeic acid, epicatechin, 3,4-dihydroxybenxoic acid,
luteolin, kaempferol, catechin, 4-caffeoylquinic acid (cryptochlorogenic acid), chlorogenic
acid, isorhamnetin 3-O-rutinoside, and pelargonidin 3-O-glucoside. Ferulic, acid,
naringenin, isorhamnetin 3-O-glucoside, p-coumaric acid, kaempferol 3-glucoside, and
kaempferol 3-O-rutinoside showed TACs in the same range as Trolox.

Putatively identified compounds in American elderberry juices were also evaluated
for their ability to activate the Nrf2 transcription factor-ARE signaling pathway in the
HepG2 cell line. Four American elderberry compounds (kaempferol, luteolin, quercetin,
and isorhamnetin 3-O-glucoside), activated ARE activity. At a concentration of 10 pM,
kaempferol exhibits the highest level of ARE activation, followed by luteolin, isorhamnetin
3-O-glucoside, and quercetin, respectively (Figure 0-3B). All four compounds were found
to be non-cytotoxic to the cells (

Figure A 7). Despite their ability to activate the ARE pathway, they may not be

potent inducers of the Nrf2-ARE pathway compared to Trolox.
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Figure 0-3. Antioxidant activity result. A. Total antioxidant capacity of compounds in American elderberry juices. Data was expressed as Trolox
equivalent (n=2). B. Evaluation of American elderberry compound (at a concentration of 10 uM) on activating antioxidant re sponse element
(ARE) in HepG2-Nrf2 reporter cell line (n=2).



Antiviral compounds in American elderberry

Thirty-two putatively identified compounds of American elderberry juices were
evaluated for their ability to inhibit HIV. Two HIV strains were used: CXCR4-dependent
NL4-3 virus and CCR5-dependent BaL virus. Six of the 32 compounds tested (gallic acid,
isorhamnetin, kaempferol, luteolin, myricetin, and quercetin) showed significant inhibition
of HIV viruses at any one concentration (Figure 0-4). Luteolin showed the strongest
inhibition on both strains, with more than 90 percent. The second strongest inhibitor is
isorhamnetin, followed by myricetin. both showed more than 50 percent inhibition of HIV
viruses at a concentration of 11.1 uM. This suggested that both luteolin and myricetin can
inhibit infection of HIV strains that utilize both CXCR4 and CCRS5 co-receptors for their
entry.

Quercetin and Kaempferol inhibited the HIV strain NL4-3 virus by more than 65
percent but didn’t significantly inhibit the HIV strain BalL virus. This suggests that
quercetin and kaempferol can inhibit HI'V infections that use CXCR4 as their co-receptor
during viral entry. Gallic acid showed moderate inhibition of both HIV strains, with about
50 percent at a concentration of 11.1 uM. This suggested that a higher dose of gallic acid
was required to inhibit the HIV strains significantly. The half maximal inhibitory
concentration (ICso) of all compounds tested against HIV strains NL4-3 and Bal are

presented in Table A 3.
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Figure 0-4. Inhibitory activity of American elderberry compounds against HIV strains NL4-3 (in blue) and BaL (in grey) at concentration 11.1uM
(n=2).



Based on the anti-HIV assay of American elderberry putative compounds,
isorhamnetin, luteolin, kaempferol, quercetin, myricetin, and gallic acid showed dose-
dependent antiviral activity against CXCR4-dependent NL4-3 virus and CCR5-dependent
BaL virus (Figure A 8). Isorhamnetin has the lowest I1Cso, with 1Cs0 of 0.64 uM + 0.01
against NL4-3 and 1.77 £ 0.02 uM against Bal-3. Luteolin has 1Csos slightly higher of
1.32 uM £ 0.05 and 2.22 £ 0.69 uM against the NL4-3 and BaL viruses, respectively (Table
A 3). Kaempferol has [Csos 0f 2.45 £ 0.28 uM and 8.73 £ 0.70 uM against NL4-3 and Bal
viruses, respectively. Isorhamnetin, luteolin, and kaempferol were toxic to cells, with
cytotoxicity concentrations of 3.042 + 0.27 uM, 4.28 £ 0.45 uM, and 11.00 £ 0.62 uM,
respectively. Quercetin showed dose-dependent antiviral activity with ICso of 2.49 + 0.24
uM against NL4-3 virus and 3.84 + 0.56 uM against BaL virus. Quercetin was toxic to
cells at a concentration of 26.41 +£3.91 uM. Myricetin has ICs0 of 3.11 £ 0.12 uM and 2.97
+1.39 uM against NL4-3 and BaL viruses, respectively. In contrast, gallic acid has ICso of
6.24 £ 0.12 uM and 6.08 = 0.04 uM against NL4-3 and BaL viruses, respectively. Gallic
acid showed cytotoxicity of 80.42 = 0.57 uM. Only myricetin showed cytotoxicity higher

than 100 uM.

Antibacterial compounds in American elderberry

Thirty-two putatively identified American elderberry compounds were evaluated
for antibacterial activity against gram-positive and gram-negative bacteria. The gram-
positive bacteria strain used for testing was Staphylococcus aureus (Figure 0-5). From 32
American elderberry putative compounds evaluated for antibacterial activity against S.

aureus, three compounds inhibit the growth of S. aureus by more than 50 percent at a
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concentration of 11.1 uM. These compounds are cyanidin 3-O-glucoside, cyanidin 3-O-
rutinoside, and delphinidin 3-O-rutinoside. In higher doses (100 uM), five compounds
showed antibacterial activity against S. aureus. Those compounds are cyanidin 3-O-
sambubioside, cyanidin 3-O-sophoroside, pelargonidin 3-O-glucoside, peonidin 3-O-
glucoside, and quercetin. Epicatechin showed more than 50 percent inhibition against S.
aureus at a concentration of 300 uM.

The half maximal inhibitory concentration (ICso) of eight American elderberry
putative compounds with significant antibacterial activity against S. aureus are presented
in Table A 4. Eight American elderberry compounds were found to have antibacterial
activity against gram-positive bacteria S. aureus, with cyanidin 3-O-rutinoside having the
most potent antibacterial activity (ICso = 8.44 + 0.01 uM), followed by cyanidin 3-O-
glucoside (ICs0= 10.27 £ 0.52 uM). Although eight compounds showed antibacterial
activity against S. aureus, it is still less potent than Vancomycin, an antibiotic used as the

positive control.
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Figure 0-5. Antibacterial activity of American elderberry putative compounds against A. gram-positive bacteria Staphylococcus aureus, B. gram-
negative bacteria Klabsiellapenumoniae.C. gram-negativebacteria Pseudomonas aeruginosa, D. gram-positive and negative bacteria M. smegmatis.
The graph showed the activity of two control compounds (Amikacin and Vancomycin) compared with two representatives of American elderberry
putative compounds.



Thirty-two American elderberry putative compounds were evaluated for their
antibacterial activity against gram-negative bacteria Klebsiella pneumoniae (Figure 0-5B)
and Pseudomonas aeruginosa (Figure 0-5C). The majority of American elderberry putative
compounds did not significantly inhibit the growth of K. penumoniae. Nine compounds,
including cyanidin 3-O-sophoroside, pelargonidin 3-O-glucoside, and peonidin 3-O-
glucoside, inhibit the growth of K. penumoniae of more than 50 percent at a concentration
of 300 uM. It is less potent than the positive control antibiotic, Amikacin. The majority of
American elderberry putative compounds did not significantly inhibit the growth of
Pseudomonas aeruginosa.

Three American elderberry putative compounds, luteolin, kaempferol, and
isorhamnetin, showed slightly more than 50 percent inhibition of Pseudomonas aeruginosa
at a concentration of 11.1 pM. Five compounds showed more than 50 percent inhibition at
a higher concentration (100 uM). However, they are still less potent than the positive
control antibiotic Vancomycin (ICso = 2.16 £ 0.42 uM). Furthermore, to extend our
analysis of the antibacterial activity of American elderberry putative compounds, 32
compounds were assayed against Mycobacterium smegmatis, bacteria with gram-positive
and gram-negative characteristics. The majority of American elderberry putative
compounds did not significantly inhibit the growth of M. smegmatis (Figure 0-5D). Only
two compounds, cyanidin 3-O-rutinoside and cyanidin 3-O-sambubioside, showed more

than 50 percent inhibition at a high concentration of 300 uM.
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DISCUSSION

Traditional bioassay-guided fractionation strategies for characterizing bioactive
molecules in natural product are known to be time-consuming, labor intensive, and
expensive. Untargeted metabolomics, using UHPLC coupled with high-resolution mass
spectrometry (HRMS) in combination with HTS bioassays, has emerged as an powerful
alternative to improve the early identification and characterization of metabolites while
maximizing the extraction of relevant chemical information 4, Recent advancement in
metabolomics tools, including software, algorithm, computational capacity and spectral
databases library, have further promoted the use of this approached for comprehensive
compound characterization comparison among multiple groups. In this study, the XCMS
and MS-DIAL platforms were utilized to identify putative bioactive compounds in
different American elderberry genotypes.

XCMS online, first developed and introduced in 2006 by the Scripps Research
Institute, incorporates a metabolomics workflow that includes raw data processing,
retention time correction, and metabolite annotations '%. The current METLIN library
integrated within XCMS contains over 1 million molecules with 960,000 MS/MS spectra
from pure standards !¢, making it one of the most comprehensive platforms for initial
metabolites identification. However, despite its extensive library capacity, peak
annotations remain challenging, as identification often requires manual assignment of
peaks based on the top putative candidates. In addition, limited storage capacity poses
difficulties for processing larger datasets. The XCMS-MRM and METLIN-MRM platform

(beta version, introduced in 2018) are still not fully integrated, further complicating
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identification workflows. Considering both its advantages and limitations, we utilized
XCMS online to putatively identify compounds by comparing MS spectral data and
accurate mass values with references in the METLIN library. Using this approach, 72
bioactive compounds in American elderberry with reported potential bioactivities were
identified in American elderberry (Table 3 and Table A 1).

MS-DIAL, another widely used metabolomics platform, provided a more
automated workflow 197, It annotates metabolites using existing MS and MS/MS spectral
libraries, which currently contain approximately 320,000 molecules in positive ion mode
and over 50,000 molecules in negative ion mode. Although this spectral library is
considerably smaller than the XCMS-METLIN database, MS-DIAL offers automated peak
annotation based on retention time, m/z, and MS/MS spectral matching, thus providing an
additional layer of validation with higher confidence in compounds identification.

In this study, 10 compounds identified in XCMS were confirmed by the MS/MS
spectral matching in MS-DIAL (Figure 2), and additional 100 compounds were identified
directly through MS-DIAL including acylated anthocyanins. American elderberry has
previously been reported to contain acylated anthocyanins, which are more stable and
considered non-toxic form of anthocyanins compared to predominantly non-acylated forms
found in European elderberry 27. In this study, we identified at least two acylated
anthocyanins in American elderberry juices, namely cyanidin-3-O-sambubioside-5-O-
glucoside and cyanidin-3-O-(6"-O-(E-p-coumaroyl)-2"-O-(B-xylopyranosyl) - -
glucopyranoside)-5-O-B-glucopyranoside (Table A 2).

Beyond the 10 overlapping metabolites, compounds identified by XCMS could not

be validated in MS-DIAL, likely due to the more limited spectral coverage of the MS-
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DIAL library compared to XCMS-METLIN. Other contributing factors may include the
complexity of samples matrix which can cause ion suppression, and the low abundance of
certain metabolites in the samples. Despite these challenges, more than 100 putative
compounds were identified and compared across 21 American genotypes.

Multivariate analyses, including PCA and PLS-DA, were employed to evaluate
metabolomic diversity among 21 American elderberry genotypes based on the 127
compounds identified. The PCA analysis revealed both differences and similarity among
genotypes, indicating that variation in metabolite composition can distinguish groups based
on their metabolic profiles. PLS-DA and k-means clustering further separated the cultivars
into three distinct clusters The cultivar Bob Gordon and Wyldewood were clustered
together, along with genotypes 1069, 1076, 1887A, 1896, and 2085, suggesting that they
share relatively similar metabolomic profiles. In contrast, the cultivar Ozark showed a
distinct chemical profile compared with the other genotypes, a finding consistent with
previously reported in a previous study ©. The clustering of other wild genotypes with
relatively high anthocyanins content, such as genotypes 2079, 1911, and 2095, suggests
that these accessions may serve as valuable sources of antioxidant compounds for future
cultivar selection. However, further studies are needed to evaluate the consistency and
stability of the metabolites in these genotypes after propagation. Such evaluations will be
critical to determine whether these genotypes maintain their unique metabolite signatures
under different field conditions and across multiple growing seasons.

To further validate the potential health benefits of American elderberry, we
employed standardized HTS protocols. From the 127 putative metabolites identified, 32

were selected for further analysis based on their unique relevance to American elderberry.
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This systematic and comprehensive approach enabled the capture of a broad spectrum of
metabolites, facilitating the characterization oftheir antioxidant, antiviral, and antibacterial
activities.

Our results demonstrated that several of the selected compounds exhibit strong
antioxidant activities (Figure 0-3). Antioxidants are compounds that behave as electron
scavengers to neutralize the effects of an excess of oxidants, which occurs due to an
imbalance of oxidants over antioxidants that may emerge due to oxidative stress conditions
33. An electron transfer (ET)- based assay, the CUPRAC assay, was used to measure the
total antioxidant capacity (TAC) of the compounds, by quantify their ability to reduce a
chromogenic oxidant (probe), which undergo color changes when reduced 33. Fourteen
compounds [quercetin 3-galactoside, cyanidin 3-O-sambubioside, quercetin, cyanidin 3-
O-galactoside, isorhamnetin, myricetin, delphinidin 3-O-rutinoside, cyanidin 3-O-
sophoroside, cyanidin 3-O-rutinoside, cyanidin 3-O-glucoside, isoquercetin (quercetin-3-
D-glucoside), cyanidin 3,5-O-diglucoside, neochlorogenic acid, and gallic acid] showed
higher TAC values than Trolox, the positive control standard.

To complement these findings, we evaluated whether the 32 compounds could
activate the Nrf2-ARE transcriptional pathway in HepG?2 cells, a key regulatory pathway
of gene expression of antioxidant and detoxification enzymes mediated by the ARE
element 198, Of all the compounds tested, kaempferol, luteolin, isorhamnetin 3-O-
glucoside, and quercetin activated the Nrf2-ARE transcription pathway though none
exceeded the 10-fold activation threshold to be considered as a potent inducer (Figure 3B).
Nevertheless, these results indicate that certain flavonoids may modulate Nrf2-ARE

signaling.
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The antiviral potential of the compounds was also evaluated against two HIV -1
virus strains: the CXCR4-dependent NL4-3 virus and the CCR5-dependent BaL virus.
BothCXCR4and CCRS5serve as critical co-receptors for viral entry into host cells, making
them key targets in antiretroviral therapy'?. Six compounds (isorhamnetin, luteolin,
kaempferol, quercetin, myricetin, and gallic acid) exhibit significant antiviral activity
against both strains (Figure 4). These findings highlight the potential of American
elderberry metabolites as inhibitors of early HI'V infection and replication.

In addition, antibacterial activity was assessed against a range of gram-positive and
gram-negative bacteria. Eight anthocyanin (cyanidin 3-O-galactoside, cyanidin 3-O-
glucoside, cyanidin 3-O-rutinoside, cyanidin 3-O-sambubioside, cyanidin 3-O-
sophoroside, delphinidin 3-O-rutinoside, pelargonidin 3-O-glucoside, and peonidin 3-O-
glucoside) inhibited the growth of Staphylococcus aureus. Among these, cyanidin 3-O-
rutinoside showed the strongest activity (ICso = 8.44 + 0.01 uM), followed by cyanidin 3-
O-glucoside (ICs0=10.27 £ 0.52 uM). Nevertheless, their potency was lower than that of
vancomycin, the antibiotic control. In contrast, most compounds exhibited little or no
inhibitory effect against Klebsiella pneumoniae and Pseudomonas aeruginosa. Similarly,
assays against Mycobacterium smegmatis, a bacterium with both gram-positive and gram-
negative characteristics, showed no inhibitory effect. While some anthocyanins
demonstrated antibacterial potential, their efficacy remains modest relative to conventional
antibiotics. Further research, including longitudinal studies with repeated doses, is needed
to optimize their antibacterial application.

In general, HTS assays identified isorhamnetin, luteolin, and quercetin as

particularly promising bioactive compounds in American elderberry juices. Previous
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studies have documented a wide range of pharmacological activities for these flavonoids.
Isorhamnetin has been reported to exhibit antioxidant, anti-inflammatory, and anticancer
activities °1-92, findings consistent to our results of its antioxidant potential. Luteolin, a
flavonoid with anticancer potential 7>-74 has gained popularity as an antiviral agent against
respiratory viruses 7776, Notably, this study is the first to demonstrate the ability of luteolin
to inhibit HIV-1 replication likely through interaction with viral co-receptor. Quercetin is
widely recognized for its diverse bioactivities, including strong antioxidant activities, and
in our HTS assays, it exhibited activity across all tests performed. Interestingly, cultivar
1196 showed an accumulation of these three compounds, suggesting its potential as a
breeding candidate for enhancing health promoting phytochemicals.

Building of these findings and given the growing popularity of American elderberry
as a functional food and dietary supplements ingredient, our results provide important
scientific evidence supporting its health-promoting potential. By characterizing the
bioactivity of key metabolites, this study enhances the value of American elderberry as
functional food and supports its application in nutraceutical. As consumer demand for
natural health-promoting products continues to rise, further systematic studies will be
essential to translate these findings into practical application, including cultivar selection
in plant breeding program tailored to meet the needs of the food and nutraceutical
industries.

Despite these promising results, several limitations must be acknowledged. The
HTS assays employed in this study were conducted under in vitro conditions, which may
not fully reflect the bioavailability, and pharmacokinetics of these compounds in vivo. In

addition, the concertation tested may not be achievable through dietary intake alone. To
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address these challenges, future research should include animal study to confirm the
therapeutic potential of these metabolites and guide their incorporation into functional food

and nutraceutical applications.
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CONCLUSIONS

This study provides the first comprehensive integration of untargeted metabolomics
with HTS bioassays to characterize the phytochemical diversity and bioactive potential of
21 American elderberry genotypes. Using UHPLC-HRMS/MS-based metabolomics, we
putatively identified more than 100 metabolites including anthocyanins, flavonoids, and
other phenolic compounds. Multivariate analyses showed genotype-depended differences
in metabolite composition. Cultivar Ozark and wild accessions such as 2079, 1911, and
2095, displayed distinct chemical profiles while accession 1196 accumulated high levels
of bioactive flavonoids. HTS assays highlighted isorhamnetin, luteolin, and quercetin as
promising key bioactive compounds. These findings establish a foundation for linking
metabolomic diversity to functional bioactivity in American elderberry. Future work
should focus on in vivo validation, stability testing in food systems, and integration with

genomic tools to guide cultivar selection for food and nutraceutical applications.
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CHAPTER 2. EXPLORATION OF AMERICAN ELDERBERRY BIOACTIVE
COMPOUNDS FOR INHIBITION OF THE INFLUENZA VIRUS

POLYMERASE ACIDIC ENDONUCLEASE

ABSTRACT

Elderberries have been commonly used to relieve symptoms of influenza and the
common cold. In this study, the antiviral activity of juices of American elderberry
(Sambucus nigra subsp. canadensis) cultivars were evaluated against the recombinant N-
terminal domain of Influenza APolymerase Acidic protein using a Fluorescence Resonance
Energy Transfer (FRET)-based endonuclease assay. The American elderberry cultivar
Ozark showed the strongest inhibitory activity among 21 cultivars, followed by the wild
accession 1196. The juice from four American elderberry cultivars Ozark, accession 1892,
1196, and 2084 demonstrated stronger inhibitory effect against nPA protein (>65%
inhibition) compared to the European elderberry cultivar Haschberg, which showed 62%
inhibition, suggesting a higher abundance of bioactive compounds in these cultivars,
capable of interfering with Influenza PA activity. Among the elderberry compounds tested,
gallic acid (ICs0 11.56 £+ 1.80 uM), myricetin (ICs0 16.02 + 0.06 uM), cafteic acid (ICso
22.75 £ 0.9 uM), and luteolin (ICs0 27.92 + 0.72 uM), showed the strongest inhibition of
nPA endonuclease activity. These findings support the application of American elderberry
in nutraceutical product formulations designed to help manage flu symptoms. To the best
of our knowledge, this is the first study elucidating the anti-influenza mode of action of

American elderberry against influenza molecular targets.
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INTRODUCTION

Influenza is arespiratory pathogen that causes the seasonal flu. Influenza could lead
to significant morbidity and mortality worldwide. Although vaccines and antivirals are
available, both are hindered by limitations, including restricted treatment windows and the
emergence of resistance mutations. These challenges underscore the urgent need for
alternative or complementary antiviral strategies that utilize viral targets.

There is a strong societal trend towards the use of natural health products to manage
respiratory infections. Elderberry-based supplements, particularly syrups and juices, are
widely marketed to alleviate cold and Influenza-like symptoms, reflecting consumer
preferences for natural remedies. Previous studies on European elderberry (Sambucus
nigra subsp. nigra) demonstrated the benefit of elderberry consumption on health. A
clinical study showed that consumption of elderberry syrup containing elderberry extract
reduced the duration and severity of Influenza-like symptoms in adults. !1%-1!1 Previously,
the studies with in vitro cell culture reported that elderberry extract not only suppresses
Influenza replication but also modulates host immune responses, such as enhanced
inflammatory cytokine production in host cells 112-114,

The anti-Influenza activity of elderberries has become the subject of study, with a
primary focus on European elderberries '!13-118, Several antiviral mechanisms of elderberry
have been proposed. A previous study utilizing plaque reduction assays demonstrated that
the juice of European elderberry showed antiviral effects against Influenza by directly
interacting with viral surface glycoproteins, hemagglutinin and neuraminidase, hence

blocking viral entry !4, Pre-treatment of viruses with elderberry juice before being exposed
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to the cells reduced the Influenza infection, while extended exposure of elderberry juice to
the cells after Influenza infection significantly enhanced antiviral activity, suggesting that
elderberry interferes with multiple stages of the viral life cycle. However, the molecular
targets underlying antiviral activity on viral replication remain poorly characterized.
Moreover, the antiviral properties of American elderberry (Sambucus nigra subsp.
canadensis) have not been well described in comparison to its European relatives.

Based on previous studies, elderberry has been suggested to alleviate the symptoms
of influenza, raising the possibility that its bioactive compounds may act by targeting early
stages of infection and interfering with the viral transcription mechanism within host cells.
During Influenza infection, viral mRNA requires both a 5’cap structure and a poly(A) tail
to be recognized and transcribed by the host transcriptional machinery. The process to
acquire them is mediated by the Influenza RNA-dependent RNA polymerase (RdRp)
complex. The viral RARp complex consists of three subunits, Polymerase Basic 1 (PB1),
Polymerase Basic 2 (PB2), and Polymerase Acidic (PA) protein. The PA protein is an
essential component of the viral RARp complex, due to the endonuclease active site in its
N-terminal domain that is necessary for “cap-snatching” from the hosts’ pre-mRNAs to
initiate viral transcription !'°. In this mechanism, PB2 would bind to the 5° cap of the host
pre-mRNA molecules for PA endonuclease to cleave it off from the host pre-mRNA, and
then PB1 has polymerase activity to add it on the viral RNA and generate a capped primer
required for initiating transcription in the host cells. The PB1 is also responsible for the
addition of a poly(A)tail. The clinical success of baloxavir marboxil, a selective inhibitor
of the PA endonuclease, validated this complex as a target for antivirals. Baloxavir binds

to the active site of the PA protein, preventing it from cleaving the host RNA 20, By
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blocking the cap-snatching process, baloxavir inhibits virus’s ability to replicate and
produce new viral particles.

Flavonoids, a diverse group of plant-derived specialized metabolites that have well-
documented antiviral activity, are abundant in elderberries. It represents a promising source
of diverse small molecules with the potential to inhibit PA endonuclease activity. This
study evaluated the antiviral potential of the elderberry juices and bioactive compounds
identified in American elderberry against the PA protein of Influenza A using a FRET-
based endonuclease assay to explore critical bioactive compounds underlying the antiviral

effects of elderberry.
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MATERIALS AND METHODS

Materials

The ¢cDNA template encoding Influenza A/California/07/2009 (HIN1) PA ORF was
purchased from Integrated DNA Technologies (Coralville, 1A, USA). StrataClone PCR
cloning kit was purchased from Agilent Technologies (La Jolla, CA, USA). The
Escherichia coli expression host BL21(DE3)RIL competent cells were obtained from
Agilent Technologies (La Jolla, CA, USA). Terrific broth expression media, Ni-NTA His-
spin columns, and HEPES bufferwere purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Purification buffers (binding buffer, wash buffer, and elution buffer) were
purchased from Zymo (Irvine, CA, USA). Chemical standards of bioactive compounds in
American elderberry were purchased from Sigma-Aldrich (St. Louis, MO, USA) but
isorhamnetin 3-rutinoside was purchased from Fisher Chemical (Fair lawn, NJ, USA) with

purity >95% (Table 0-1).
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Table 0-1. List of 32 bioactive compounds identified in American elderberry juices that are used
in this study

No. Compound Name Sources Purity
1 Caffeic acid Sigma-Aldrich >98%
2  Cryptochlorogenic acid Sigma-Aldrich >98%
3 Catechin hydrate Sigma-Aldrich >98%
4  Chlorogenic acid Sigma-Aldrich >95%
5  p-Coumaric acid Sigma-Aldrich >98%
6  Cyanidin 3,5-O-diglucoside Sigma-Aldrich >98%
7  Cyanidin 3-O-galactoside Sigma-Aldrich >95%
8  Cyanidin 3-O-glucoside Sigma-Aldrich >98%
9  Cyanidin 3-O-rutinoside Sigma-Aldrich >90%
10 Cyanidin 3-O-sambubioside Sigma-Aldrich >95%
11  Cyanidin 3-O-sophoroside Sigma-Aldrich >95%
12 Delphinidin 3-O-rutinoside Sigma-Aldrich >95%
13  3-4, Dihydroxybenzoic acid Sigma-Aldrich >95%
14  Epicatechin Sigma-Aldrich >98%
15  Ferulic acid Sigma-Aldrich  certified reference standard
16  Gallic acid Sigma-Aldrich >98%
17  Hyperoside (quercetin 3-galactoside) Sigma-Aldrich >95%
18 Isorhamnetin Sigma-Aldrich >95%
19  Isorhamnetin 3-rutinoside Fisher Chemical >95%

20 Kaempferol Sigma-Aldrich >97%
21  Kaempferol-3-glucoside Sigma-Aldrich >95%
22 Kaempferol 3-O-rutinoside Sigma-Aldrich >95%
23 Luteolin Sigma-Aldrich >95%
24 Myricetin Sigma-Aldrich >96%
25  Naringenin Sigma-Aldrich >95%
26  Neochlorogenic acid Sigma-Aldrich >98%
27  Pelargonidin 3-O-glucoside Sigma-Aldrich >95%
28  Peonidin 3-O-glucoside Sigma-Aldrich >90%
29  Quercetin Sigma-Aldrich >95%
30 Isoquercitrin (quercetin-3-glucoside) Sigma-Aldrich >90%
31  Rutin (Quercetin-3-rutinoside) Sigma-Aldrich >95%
32 Isorhamnetin 3-O-glucoside Sigma-Aldrich >98%
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Plant material

The American elderberry juices subjected to this study were previously described
above. In brief, American elderberry (Sambucus nigra subsp. canadensis) fruits from 18
propagated accessions and three established cultivars (Table 0-1) were harvested from
plantings at the University of Missouri’s Southwest Research, Extension, and Education
Center near Mt. Vernon, Missouri, USA. The fruits were harvested at peak ripeness and
immediately frozen. The fruit was then de-stemmed, thawed at room temperature, and the
juice was pressed by hand. It was filtered through a kitchen sieve, aliquoted into 50 mL
polypropylene tubes, and re-frozen at -20 °C until further analysis.

The fruits of the European elderberry (Sambucus nigra subsp. nigra) were of
cultivar Haschberg. The seedlings were originally purchased from a local nursery in

Portland, Oregon (https:/onegreenworld.com/) and cultivated under greenhouse

conditions at the University of Missouri, Columbia, MO, USA. The fruits were harvested
at full ripeness during the summer of 2024 and immediately frozen. Prior to processing,
fruits were de-stemmed, thawed at room temperature, and placed in 15 ml tubes for juice
extraction. Berries were gently pressed witha clean spatula to extract juice, which was then
centrifuged at 4700 rpm for 10 minutes at 10 °C to separate the pomace. The supernatant

was then transferred to a 2 mL Eppendorf tube and stored at -20°C until further analysis.

Gene cloning

PCR amplification of the gene encoding the N-terminal domain of Influenza
A/California/07/2009 (HIN1) PA ORF, corresponding to amino acids residues 1-257, was

performed with annealing temperature of 53.6 °C and 55.5 °C, and extension time for 1
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min at 72 °C. Forward primer sequences containing Xbal restriction site (in bold) that were
used for PCR in this study were: 5 TCT AGA ATG GAA GACTIT GTG CCGA CAA
TG 3°. Reverse primer sequences containing Xhol restriction site (in bold) that were used
for PCR in this study were: 5> CTC GAG AAT TTT GGC GTT CAC TTC TTT TG 3°.
The npa gene fragments were then cloned into PCR cloning vector pSCA (Agilent
Technologies, La Jolla, CA, USA). E. coli SoloPack cells were then transformed with npa
cloned pSCA using heat shock method by incubation at 37°C for 5 min and then revivable
incubation at 37°C for 1 hour after adding 250 pl of LBroth, for cloning amplification.
Gene fragments of npa were dropped out of the cloned pSCA by the dual digestion of Xbal
and Xhol restriction enzymes (New England Biolabs, Ipswich, MA) and subcloned to a T7
expression vector, pET303 vector plasmid (Invitrogen) in frame with a nucleotide region
encoding for a C-terminal 6X-HisTag. The ligation reaction was prepared by mixing the
digested vector and the npa fragments with T4 DNA ligase (NEB England Biolabs,
Ipswich, MA) following the manufacturer’s protocol. The ligation reactions were
incubated at 16°C overnight. The ligation products were then transferred into E. coli
competent cells strain DH5a and were inoculated into LB agar media containing 100
png/mL ampicillin. DNA extraction was performed to purified recombinant plasmids using
Wizard PLUS SV minipreps DNA purification kit (Promega, Madison, WI, USA). The
purified recombinant plasmids were digested by Xbal and Xhol restriction enzymes and
run on the 1% agarose gel containing ethidium bromide. The insertion of the nPA4 gene
fragments into pET303 was confirmed by size, then the clones were sent for sequence
verification at MU DNA core facility. The pET303 carrying the nPA ORF was transferred

into the T7 expression host BL21(DE3)RIL strain for protein expression.
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Protein expression and purification

The nPA protein was expressed and purified following as described previously !
with modification. Overnight cultures were grown in 5 mL of LB broth containing 100
pg/mL ampicillin and 10 pg/mL chloramphenicol and incubated with 200 rpm agitation at
37°C overnight. This starter culture was then used to inoculate 1 L of expression media
(Terrific Brothmedia with 0.2% dextrose, 0.1 mM MnClz, and 0.1 mM MgSO4) containing
100 pg/ml ampicillin and 10 pg/ml chloramphenicol. The culture was incubated at 37°C
with shaking at 180 rpm until an optical density at 600 nm of 0.8 was reached. Expression
of nPA protein was then induced by adding IPTG to a final concentration of 1 mM. The
induced culture was incubated at 22°C with agitation at 180 rpm for 16-18 hours. The
culture for protein expression was harvested by centrifuged at 5,000 rpm at4°C for 15 min.
The cell pellets were collected and then stored at -80°C for at least 2 hours.

The cell pellets were re-suspended in the cell lysis buffer (50 mM Na2PO4,300 mM
NaCl, 10 mM imidazole, 1 mM MgClz, 2 mM dithiothreitol (DTT), 0.03% Triton-X, pH
7.7) with the addition of Complete EDTA-free protease inhibitor cocktail (Roche,
Mannheim, Germany). The cell suspensions were sonicated for 4 cycles of 30 seconds on
ice with a 1-minute rest interval. The cell lysate was then centrifuged at 5,000 rpm, at 4 °C
for 15 min. The supernatant was transferred into 50 mL centrifuge tubes and incubated
with DNase I (Roche, Mannheim, Germany) at a final concentration of 100 pg/mL on ice
with low agitation for 1 hour. Cell lysates were then centrifuged at 5,000 rpm and 4°C for

15 minutes. The supernatant was collected as a crude extract.
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The recombinant protein was purified by the His-tag atits C-terminus using affinity
chromatography. Two of 3-mL His-spin columns (ThermoFisher) were equilibrated with
2-fold of resin bed volume of His-Binding buffer (50 mM Na2PO4,300 mM NaCl, 10 mM
imidazole, 1 mM MgCl, pH 7.7, Zymo) for 5 times. Six mL of crude extracts was loaded
into each of the His-spin columns and incubated for 30 min at 4°C with low agitation. The
columns were then centrifuged at 700 X g for 2 min at 10 °C. The loading steps were
repeated until all crude extracts were loaded into the columns. The columns were then
washed three times with Wash buffer (50 mM Na>PO4,300 mM NaCl, 50 mM imidazole,
1 mM MgCl, pH 7.7, Zymo) to remove unwanted protein. The recombinant protein was
then eluted with Elution buffer (50 mM Na2PO4,300 mM NacCl, 250 mM imidazole, | mM
MgCl, pH 7.7, Zymo). The elution fractions were pooled and dialyzed against 50 mM
HEPES buffer, pH 7.4. Protein concentrations were quantified by the Bradford assay, using
BSA as a standard. Western blot analysis was performed to determine the purity of the
target protein. The pools containing recombinant nPA protein were analyzed by 4-20%
SDS-PAGE and then transferred to PVDF membrane. The membrane was blotted with
Influenza A PA Polyclonal antibody (1:20,000) as the primary antibody. The HRP-
conjugated anti-rabbit 1gG was used to attached against the primary antibody. The blot was
developed with HRP substrates, and the image was taken by iBright CL750 Imaging

System instrument (Invitrogen).

In vitro endonuclease activity assay

A fluorescence resonance energy transfer (FRET)-based endonuclease assay (Figure 0-1)

was employed and validated to assess the functionality of the recombinant nPA protein as
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described in previously published method '?? with modification. A FRET-based
endonuclease assay was set up in Black Costar 96-well microplates. Dual-labeled single-
strand DNA oligonucleotide with FAM (fluorophore) and a nonfluorescent quencher
conjugated to its 5° and 3’ terminals, respectively (5° - 6FAM
GGTTCCATGCTATATCTGGGACC MGBNFQ - 3°), synthesized by Thermo Fisher
Scientific, was used as substrate (the 23mer ssDNA substrate described in the Figure 0-1).

Ina 100 pL reaction, nPA protein of the concentrations (25, 12.5, 6.25, 3.125, and
1.56 pg/mL) of a serial 1:2 dilution was added to the reaction buffer containing 50 mM
HEPES buffer (pH 7.8), 150 mM NacCl, and 1 mM MnClz, along with 200 nM substrate.
Wells containing all assay components except the protein were used as background control.
The fluorescence signals would be released dueto the endonuclease cleavage and measured
in BioTek Synergy Neo2 microplate reader at 39 s intervals, over 60 min at 37°C (Aex =
485 nm, Aem = 535 nm). The gain was set to 50, and the fluorescence emission read for

each concentration was background corrected. The slope of relative fluorescence unit
(RFU) was plotted against the protein concentration to determine the optimum

concentration of nPA protein applied in the endonuclease inhibitory assay.
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Figure 0-1. Fluorescence resonance energy transfer (FRET)-based endonuclease assay scheme. nPA = N-terminal domain of Influenza Polymerase

Acidic protein. 23mer ssDNA substrate = single-strand DNA oligonucleotide. FAM = fluorophore.




The FRET-based endonuclease assay was performed to evaluate the antiviral
property of the juices of 21 American elderberry cultivars and 1 European elderberry (EEB)
cultivar. For sample preparation, 1.5 mL of juice from each elderberry cultivar was
centrifuged for 5 min at 10,000 rpm and 10 °C to remove any leftover pomace and
precipitate from the juice. The supernatant was transferred to a clean 1.5 mL Eppendorf
tube for testing. Ten microliters of the samples were added to the well, followed by the
reaction buffer (50 mM HEPES buffer pH 7.8, 150 mM NaCl, and 1 mM MnCl2) and 200
nM substrate in 96-well black microplates. Then, 25 ng/ul of nPA protein was added to
each well. Wells containing all assay components except the protein were used as
background control. The plate was then placed in the plate reader and run the course of
the assay at 37°C for 60 minutes.

Selected 32 bioactive compounds of American elderberry were screened for
antiviral activity. Bioactive compounds were dissolved in pure DMSO and serially diluted
to 20, 10, and 5 uM. An endonuclease inhibitory assay was carried out using the same
method described above. Gallic acid, a known inhibitor of influenza endonuclease activity
from a natural product '23, was used as a positive control in this assay. Wells containing all
assay components except the protein were used as background control. Wells containing
all assay components except the compounds were used as a negative control. Percent of
inhibition of each compound was determined by normalizing the slope of fluorescence

emission reads to that of the positive and negative controls.
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Statistical analysis

The results of the analysis were expressed as means + SEM (n=2). One-way analysis of
variance (ANOVA) with Tukey’s multiple comparison test was performed using the R
programming language version 4.5.1 to determine significant differences among mean

values. Statistical significance was defined at p-value of < 0.001.
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RESULTS

The npa gene (Figure 0-2) has been successfully cloned into the T7 expression
vector pET303 as confirmed by sequence analysis at the MU DNA core facility. The npa
gene cloned pET303 was subsequently transferred into the expression host E. coli
BL21(DE3) RIL strain (Figure 0-3A). The recombinant nPA protein was expressed in a
2-L culture and then isolated by the His-tag using 6xHis-tag affinity chromatography.
Western blot analysis of the purified protein revealed a major band of protein species at
~30 kDa that is the estimate molecular weight of nPA protein, confirming the successful

expression and purification (Figure 0-3B, red arrow).

60



Sequence View

T |1 Q E ®
71 l‘;"‘l"—f"F‘—G}'&AlC"CI\ "C I\.hh\_.T hFBAGT”TG””TLATB”F‘A“&\"B“I\."TTJJ’\AGT"TC"T”TCJ\T
¥ [ & o E A1 M
141 :"A"M@"&cnm"cmmscu&:m"m AMICIGETGACCCGARISCA
& E 5 I T ¥ E 5 & 00 P H B
211 I""'l""Ic;hh"'\_,M"r'hI I qu:A"AhTTM ﬂ"h"‘l:‘;hl.'ﬂ"h” _(“" CTEERCRCTGETCRRC nr"rp,
L L K H R I B M W IUVVN
281 IMﬂmmamﬁC"mnmmcr”ﬂcauﬂmrﬂ.mmmcmcscu
I C N T C ¥V E KE P K F L P ¥ E R B F
_M"mhr""rncrmccsn"fmlmnw”rmac TR CACANAGOCARCAARATRAZATC
I ETI & ¥V T BE R E VW H ¥ ¥ L E K B N K I K &
421 EEEAAGEECMCAC&LT"T:CEIIC&EIG FAS.EECM.BIG.C mm”m
Z E E M 2 T K B I ¥ L
131 AmmwmeﬂJ"ermcmﬁmuwc"wsrd
I E E 8 E B E I K = = M 5 =
561 BTEEEATTCCITTCE Irn.r'[ccmm:ar- ,rgnm"m-r cwm”rmcrrmut
W DS F R o5
£31 AZGSECAASCTTGCCEACCABACTTES cwu:;n:"caa‘c :smn mmmaa;"aw
M B K L 2 0D ¢ 5§ L P P W
701 ATGEATTCEAGCCEAACGECTES "rrnra&,nnccrr phATFIl"P.?-'I.J\. anwm,m"nm
E E e "T = : E E' K L
CTCAGATTGLCT
I. E L F

AETL-!. ATTRRRCRCOD

L I D I
911 TATATCA “MT“:ALT cw.mrtbu-—auwm
M K T F E' S W K

C,; TF“L\,I""AZ_‘AIAF‘

b N T

i' ”“TI“E“;F"E-HI C ';. 2 IEdT'dE' r'.._t,_..m
L E

C
147 ]_mr..;_....m r.m.c- ARRCRALCC
E = '-l R '{ :' I]

1%11.._._1-14.

g L E

0=l au'““EEB-‘ ubIL;CAIﬂ:CJ:"

G T F D

2101 TT I"*_.'I“'A:.Tu_ BTCT
T L § A

Figure 0-2. Influenza A (A/California/07/2009(HIN1)) segment 3 polymerase PA (PA)
gene, complete cds (Source: NCBI; NC 026437.1). N-terminal domain of PA gene (1-
771 bp) is highlighted in yellow.
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Figure 0-3. A. Analysis of nPA clones (yellow arrow) after Xbal and Xhol restriction enzyme
digestion on 1% agarose gel electrophoresis. Lane 1, 1kb DNA ladders; lane 2, npa cloned pET303
isolated from BL2 1(DE3) RIL. B. Isolated recombinant nPA (red arrow) separated by 4-20% SDS-
PAGE, transferred to PVDF membraneand developed against Influenza A PA Polyclonal antibody
1:20,000) as the primary antibody. The HRP-conjugated anti-rabbit I[gG was used to attach to the
primary antibody. The blot was developed with HRP substrates, and the image wastakenby iBright
CL750 Imaging System instrument (Invitrogen). Lane 1. protein ladder; lane 2. recombinant nPA
protein (Size = 30.58 kDa).
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An endonuclease assay method to determine the enzymatic activity of the
recombinant nPA protein was established and validated using a FRET-based approach. The
fluorescence intensity was recorded in a time course to monitor the cleavage activity of the
nPA protein using the single-stranded DNA (ssDNA) substrate. The endonuclease activity
of Recombinant nPA protein at varying concentrations was represented by fluorescence
intensity RFU in Figure 4A. Enzyme activity was determined from the slope of
fluorescence intensity over time using linear regression analysis. The resulting slopes were
plotted against nPA protein concentration, demonstrating a positive correlation between
enzyme concentration and endonuclease activity (Figure 4B). Protein concentration of 25
ng/ml was chosen for the inhibitory assay. To validate this endonuclease assay method for
evaluating the inhibitory potential of natural product-derived compounds, gallic acid was
used as a model inhibitor. Gallic acid was tested at varying concentrations of 20, 10, 5, and
0 uM, and the results demonstrated a dose-dependent inhibition of nPA endonuclease

activity (Figure 4C), reflected by a decrease in the slope of enzymatic activity (Figure 4D).
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Figure 0-4. Detection of nPA endonuclease activity determined by FRET-based assay. The fluorescence intensity of each reaction was recorded at
the indicated time points. (A) Endonuclease activity as a function of nPA protein concentration. The various concentration (25, 12.5, 6.25, and 0
pg/ml) of nPA protein was incubated with 200 nM ssDNA substrate and the fluorescence intensity was measured. (B) A concentration-dependent
increase in fluorescence intensity over time, represented as the slope of the linear regression of nPA enzymatic activity. (C). Endonuclease activity
as a function of Gallic acid inhibitor concentration. (D) Inhibitory effect of gallic acid at varying concentrations (20, 10, 5, and 0 uM) against nPA
endonuclease activity (n=2) presented as the slope of nPA enzymatic activity.



The antiviral activity of elderberry juices from 3 established cultivars and 18 wild
accessions of American elderberry cultivars was evaluated using the validated
endonuclease inhibitory assay against the recombinant nPA protein produced in this
project. All of cultivar juices were tested as undiluted juices due to the complexity of the
juice matrix. Results indicated that juices of American elderberry cultivars exhibited
varying level of inhibition of nPA endonuclease activity, with juices from cultivar Ozark
showing the strongest inhibitory effect, followed by accession 1196 and 2083 with percent
inhibition of 97.86% =+ 9.42, 81.48% + 7.68, and 75.73% =+ 0.93, respectively. Among the
American elderberry cultivars, Bob Gordon, and wild accessions 2084, 2079, 1889A, and
2095, demonstrated moderate inhibition levels of approximately 60%, with percent
inhibition of 63.61% =+ 4.55, 66.41% =+ 8.86, 62.67% + 4.98, 62.09% =+ 0.45, 61.66% =+
1.59, and 60.88% + 5.86, respectively. Wild accession 1191, 1199, and 1887A showed low
inhibition levels below 25%, with inhibition levels of 19.42% =+ 10.47, 15.83% =+ 11.30,
and 11.11% +£11.89, respectively. Interestingly, wild accession 2089 did not show the

inhibitory effect.

65



99

Inhibition Activity of Eldebrerry Juices

120

100
80
.
e <

inhibition (%)
N N
o o

S

[w]

Y > & ® > N °) Y

% SURCHIE N & N SN '»Qoo ¥

& c9 cf’ OQ &Y cf’ & e oQ & ¢
kot e i e N T e

Cultivar
Figure 0-5. Inhibitory effects of elderberry juices from various cultivars on influenzanPA protein. The percentage of inhibitory effect as a function

of the species of elderberry cultivars, determined by endonuclease inhibitory assay in duplicate. Data presented as mean + SEM (n=2). EEB =
European elderberry cultivar Haschberg.



In order to compare the antiviral activity of American elderberry with European
elderberry, the juice of the European elderberry cultivar Haschberg (EEB) was also tested
and exhibited the level of 61.65% + 1.59 inhibitory effect. The results showed that four of
American elderberry juices outperformed European elderberry juice in inhibitory potential
to nPA endonuclease in this assay.

To further evaluate the possible bioactive compounds responsible for the antiviral
activity of American elderberry juices, 32 bioactive compounds (Table 0-1) previously
identified in American elderberry juices were tested using the endonuclease inhibitory
assay. These compounds, which included anthocyanins, flavonoids, and other polyphenolic
compounds, were selected based on their relevance to American elderberry’s unique
phytochemical profile and were previously evaluated for their bioactive potential %4,
Testing these compounds provided a more direct assessment of elderberry's ability to
inhibit the nPA endonuclease activity of influenza A virus, hence providing the connection

between metabolomic findings and functional antiviral validation.
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Figure 0-6. The half maximal inhibitory concentration (ICs) values of American elderberry compounds against /nfluenza A nPA protein. Data
presented as mean value = SEM (n=2)



Table 0-2. The half maximal inhibitory concentration (ICs,) values of bioactive compounds
against Influenza nPA protein

No. Compound Name ICs0 (uM)
AVG SEM
1 Caffeic acid 22.75 0.90
2 Cryptochlorogenic acid NI NI
3 Catechin hydrate NI NI
4 Chlorogenic acid 33.28 2.63
5 p-Coumaric acid NI NI
6 Cyanidin 3,5-O-diglucoside NI NI
7 Cyanidin 3-O-galactoside NI NI
8 Cyanidin 3-O-glucoside NI NI
9 Cyanidin 3-O-rutinoside 93.64 23.94
10  Cyanidin 3-O-sambubioside 120.60 28.02
11 Cyanidin 3-O-sophoroside NI NI
12 Delphinidin 3-O-rutinoside 71.11 12.83
13 3-4, Dihydroxybenzoic acid NI NI
14  Epicatechin NI NI
15 Ferulic acid NI NI
16  Gallic acid 11.56 1.81
17  Hyperoside (quercetin 3-galactoside) NI NI
18  Isorhamnetin NI NI
19 Isorhamnetin 3-rutinoside NI NI
20  Kaempferol NI NI
21 Kaempferol-3-glucoside NI NI
22 Kaempferol 3-O-rutinoside NI NI
23 Luteolin 27.92 0.72
24 Myricetin 16.01 0.06
25 Naringenin NI NI
26 Neochlorogenic acid 49.67 4.45
27  Pelargonidin 3-O-glucoside NI NI
28  Peonidin 3-O-glucoside 104.75 1.04
29 Quercetin 39.80 3.79
30  Quercetin-3-glucoside (isoquercitrin) NI NI
31 Rutin (Quercetin-3-rutinoside) NI NI
32  Isorhamnetin 3-O-glucoside NI NI

" NI =No inhibition
"*Data presented as mean value = SEM (n=2)
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Among the 32 compounds tested, eight compounds showed a dose-dependent
inhibition against nPA protein. Each compound was evaluated at three different
concentrations (20, 10, and 5 uM), and the half maximal inhibitory concentration (ICs0) values
were calculated based on the linear regression of the slope of their inhibitory activity. This
analysis enabled a quantitative comparison of the inhibitory potency of each compound
tested (Figure 6). Two compounds exhibiting the strongest inhibitory activity were
classified as phenolic acid (gallic acid) and flavonoids (myricetin). Gallic acid showed the
strongest inhibition, with an ICso value of 11.56 + 1.80 uM, followed by myricetin with an
ICso value of 16.02 + 0.06 uM. Caffeic acid, a phenolic acid, and luteolin, a flavonoid,
showed moderate inhibition with ICso values of 22.75 + 0.9 uM and 27.92 + 0.72 pM.
Other phenolic acids, such as chlorogenic acid and neochlorogenic acid, also displayed
inhibitory effects, although with lower potency (ICso values of 33.28 &+ 2.664 and 49.68 +
4.45, respectively). In contrast, most anthocyanins, such as cyanidin-3-O-sambubioside
and cyanidin-3-O-rutinoside, showed ICso values higher than 50 mM, suggesting that
flavonoids and phenolic acids may be the primary contributors to the antiviral potential of

elderberry (Table 0-2).
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DISCUSSION

In this study, we utilized a FRET-based endonuclease assay to evaluate the
inhibitory activity of elderberry juices against the /nfluenza A PA protein. This assay has
previously been used to screen novel bioactive compounds and shown to be reliable for
determining the inhibitory activity of compounds!??-12!. Our results demonstrated that
American elderberry juices inhibited nPA endonuclease activity, with apparent differences
across cultivars that likely reflect the variation in phytochemical composition. Notably,
American elderberry juices of cultivars Ozark, accession 1892, 1196, 2084 outperformed
European elderberry (S. nigra subsp. nigra, cultivar Haschberg). These findings suggest
that American elderberry could have a more diverse and potentially superior chemical
profile compared to its European counterpart, making it a better source of raw material for
the production and development of antiviral supplement products. However, the different
of growth conditions between the European elderberry and the American elderberry
cultivars analyzed in this study should also be taken into consideration, as environmental
factors can significantly influence the biosynthesis and accumulation of metabolites in the
juices!?.

Previous studies utilizing European elderberry extract as a source of antiviral agents
have identified the major anthocyanin, cyanidin 3-glucoside, as a key compound
responsible for antiviral activity by inhibiting the viral hemagglutinin glycoprotein, thereby
preventing viral attachment to host cells !'4. However, our findings suggested that different
classes of metabolites, including flavonoids and phenolic acids, from American elderberry
contribute to the antiviral activity against /nfluenza A virus through different mechanisms

of action.
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In addition to the inhibitory effects observed in the juices, several compounds were
found to inhibit /nfluenza PA endonuclease activity, including flavonol compounds, gallic
acid, myricetin, and luteolin. The inhibitory activity of gallic acid against influenza PA
endonuclease has previously been reported in studies investigating the bioactive
compounds of green tea!?3. Interestingly, three isomers, chlorogenic acid,
cryptochlorogenic acid, and neochlorogenic acid, demonstrated various levels of inhibition
against nPA endonuclease activity. This finding suggested potential structural specificity
in the interaction between the inhibitor and the active site of the PA N-terminal domain.
However, further structural binding analysis is needed to elucidate the precise molecular
mechanism underlying this selectivity. In contrast, several anthocyanin compounds that are
unique to American elderberries didn’t inhibit the nPA endonuclease activity (Table 0-2).

Aside from that individual elderberry compounds exhibit inhibitory effects,
potential synergistic interactions among multiple metabolites may lead to enhanced
antiviral potency. Further studies are needed to elucidate how a combination of multiple
metabolites could be optimal to the overall antiviral activity of elderberry. Nevertheless,
these findings not only support the inhibitory effects observed at the juice level but also
identify chemical scaffolds that can be used in the nutraceutical industry. This study
provides the scientific evidence that American elderberry juices and their metabolite

constituents interfere with the function of the Influenza nPA protein.
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CONCLUSION

Elderberry exhibits potent antiviral properties against Influenza, acting through
inhibition of viral replication mechanisms. This study demonstrated, for the first time, the
inhibitory effect of elderberry juice against the nPA protein. The juice of several American
elderberry cultivars outperformed the inhibitory potential of European elderberry juice,
with the American elderberry cultivar Ozark showing the most potent inhibitory effect.
Elderberry compounds gallic acid, myricetin, caffeic acid, and luteolin showed the most
potent inhibitory effect against nPA endonuclease activity in vitro. Incontrast, anthocyanin
compounds didn’t inhibit the nPA endonuclease activity. This finding supports the use of
American elderberry as a superior raw material for application in nutraceutical
formulations that aim at developing a natural product supplement to help manage Influenza

symptoms.

73



CHAPTER 3. QUANTIFICATION OF BIOACTIVE COMPOUNDS IN THE

JUICES OF 21 AMERICAN ELDERBERRY CULTIVARS

ABSTRACT

American elderberry (Sambucus nigra subsp. canadensis) is recognized as a rich
source of bioactive compounds with nutritional and therapeutic potential. However,
comprehensive quantification of its metabolites remains analytically challenging dueto the
structural complexity of phenolics and matrix interferences in juice extracts. In this study,
a targeted ultra-high performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) workflow was developed and validated to quantify 22 bioactive
metabolites, including anthocyanins, flavonoids, and phenolic acids, in juices from 21
American elderberry cultivars. An optimized UHPLC-MS/MS system demonstrated
higher sensitivity, selectivity, and throughput than conventional high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS), achieving limits of
detection and quantification below 0.1 ng/mL for most analytes. Matrix effects were
effectively mitigated through sample dilution, enabling accurate and reproducible
quantification across complex juice matrices. Quantification of metabolites showed that
accession 1199 exhibited high levels of cyanidin-based anthocyanins, suggesting its utility
as a natural food color source. Overall, high-throughput UHPLC-MS/MS method provides
a robust analytical framework for metabolomic profiling for cultivar selection and the

development of elderberry-derived functional products.
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INTRODUCTION

American elderberry (Sambucus nigra subsp. canadensis) has gained popularity in
recent decades as a rich natural source of bioactive phytochemicals with nutritional and
therapeutic potential. The chemical composition of elderberries varies substantially among
cultivars and plant tissues, suggesting the influence of both genetic and environmental
factors on specialized metabolite biosynthesis’-12-123 Classes of compounds, including
flavonoids, anthocyanins, and polyphenolic acids, were known to contribute to the
characteristic dark purple color of elderberry 7-12-7. Studies on European elderberry have
demonstrated broad bioactivity of compounds, including antioxidant!*!3, anti-
inflammatory!!2, anticancer!®, and antiviral®. The chemical diversity within these classes
results from various glycosylation, acylation, and methylation patterns that alter solubility,
stability, and bioavailability®. This structural complexity presents analytical challenges in
terms of extraction, separation, and accurate quantification of metabolites.

Comprehensive chemical identification and quantification of plant-derived
metabolites is known to be challenging when applied to complex matrices!?¢. Traditional
analytical practices, such as gas chromatography-mass spectrometry (GC-MS), liquid
chromatography with UV detection (LC-UV), and single-quadrupole liquid
chromatography-mass spectrometry (LC-MS), are limited by low throughput, limited
specificity, and labor-intensive sample preparation. Gas chromatography-mass
spectrometry is known to be effective in analyzing volatile and low-polarity
compounds!?6-127. The method development process in GC-MS is generally

straightforward and easily transferable between instruments due to standardized ionization
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techniques and reproducible chromatographic conditions. However, for GC-MS,
evaporation and derivatization steps during the sample preparation stage significantly
increased the time required for sample preparation!?%. On the other hand, LC-UV methods,
though cost-effective and widely applied for quality control, lack the selectivity to
distinguish co-eluting isomeric compounds with overlapping UV absorption spectra. The
LC-UV is still one of the analytical chemistry techniques that many people use, which can
capture a broader range of non-volatile compounds!?8-139,

The development of LC-MS methods has addressed many of the limitations
associated with traditional analytical techniques. The LC-MS offers greater selectivity and
was optimized for the detection of a broad range of compounds!?¢. Recent advances in LC
separation technology, coupled with tandem mass spectrometry (MS/MS), have
significantly increased analytical sensitivity and selectivity!?8:126, Advancements in column
technology, such as hydrophilic-lipophilic balanced (HLB), hydrophilic interaction liquid
chromatography (HILIC), and high-efficiency C18+ stationary phases, have further
improved the resolution and peak capacity of compounds'3!.

Matrix interferences remain a common challenge in LC-MS/MS analysis of
complex biological and plant-derived samples. These matrix effects (MEs) can alter
ionization efficiency and compromise quantification accuracy!3?-133. Incorporating a
sample clean-up step, such as solid-phase extraction (SPE), during sample preparation can
reduce MEs; however, recovery rates and potential compound losses must be carefully
evaluated to ensure accurate quantification!3*. Such dependencies highlight the need for
optimized compound-specific extraction and quantification strategies in metabolomic

workflows.
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Despite these advancements, comparative analysis of American elderberry juices
using an optimized high-throughput LC-MS/MS workflow remains limited. Previous
studies have focused on a selected group of chemicals, such as cyanidin’!2-125, A robust,
validated targeted metabolomics approach is therefore needed to quantify a broad range of
bioactive compounds across diverse cultivars and to identify genotype-specific metabolic
signatures that may inform breeding, product development, and the standardization of
elderberry-based nutraceuticals.

This study aimed to develop and validate a streamlined LC-MS/MS workflow for
quantifying major bioactive anthocyanins, flavonoids, and phenolic acids in American
elderberry juices. Using both high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) and ultra-high-performance liquid chromatography-tandem
mass spectrometry (UHPLC-MS/MS), this study compared analytical performance,

evaluated matrix effect, and quantified metabolites in 21 cultivars of American elderberry.
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MATERIALS AND METHODS

Chemical

Acetonitrile, and formic acid were purchased from Fisher Chemical (Fair lawn, NJ,
USA) and were all LC/MS grade. Methanol for sample extraction were of HPLC-grade
and purchased from Sigma-Aldrich (St. Louis, MO, USA). Chemical standards for standard
calibration curve were purchased from Sigma-Aldrich (St. Louis, MO, USA) with purity
>95%, except caffeic acid, catechin, p-coumaric acid, cyanidin 3,5-O-diglucoside,
cyanidin 3-O-glucoside, epicatechin, gallic acid, neochlorogenic acid, and isorhamnetin 3-
O-glucoside with purity >98%; kaempferol with purity >97%; myricetin with purity >96%;
cyanidin 3-O-rutinoside, peonidin 3-O-glucoside and isoquercetin with purity >90%;
ferulic acid was of certified reference standard grade; and isorhamnetin 3-rutinoside was
purchased from Fisher Chemical (Fair lawn, NJ, USA) with purity >95%. The list of

compounds was described in Table 0-1.

Plant materials

The elderberry juice samples analyzed in this study have been described above
(Table 0-1). American elderberry (Sambucus nigra subsp. canadensis) fruits from 18
propagated accessions and three established cultivars were harvested from plantings at the
University of Missouri’s Southwest Research, Extension, and Education Center near Mt.
Veron, Missouri, USA. The fruits were harvested at peak ripeness, and the juice was
pressed by hand. The juices were then filtered through a kitchen sieve, aliquoted into 50

mL polypropylene tubes, and were kept frozen at -20 °C until further analysis.
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Sample preparation

One mL of raw juice was mixed with three mL of methanol in a glass vial. The
mixture was then sonicated for 60 minutes using a sonicator (Fisher Scientific, Pittsburgh,
PA, USA). The extract then centrifuged for 30 min at 5000 rpm with temperature set at 10
°C. One mL of juice extract (supernatant) was transferred to a 1.5 mL Eppendorf tubes.
The extract was then filter using 25 mm 0.2um PTFE filter (Acrodisc syringe filter). 100
uL of the juice extract was diluted with methanol to final dilution factor of 800. 1.5 mL of
diluted juice extract was then transferred to the LC-MS /MS vial prior to injection to
HPLC-MS/MS. 750 pL of the diluted juices extract was further diluted with methanol (1:2,

v/v) then transferred to LCMS vial prior to injection to UHPLC-MS/MS.

HPLC-MS/MS Methods

The targeted metabolomic analysis of compound chlorogenic acid and
neochlorogenic acid were performed on Waters Alliance 2695 Separation Module High
Performance Liquid Chromatography system coupled with a Waters Acquity TQ triple
quadrupole mass spectrometer (HPLC-MS/MS) consisting of a quaternary pump,
autosampler and a column oven. The analytical column for HPLC was a Phenomenex
(Torrance, CA, USA) Kinetex C18 100 A (100 length x 4.6 mm internal diameter, 2.6 pm
particle size) reversed-phase column. Sample injection volume was 30 pl. Column
temperature was maintained at 40°C £+ 5°C. A linear two-part mobile-phase gradient was
used. Mobile phase A consisted of 100% acetonitrile, and mobile phase B consisted of
0.1% formic acid in water. The gradient conditions are: 0 - 0.3 min, 2% A; 0.3 - 7.27 min,

2-80% A (linear gradient);7.27 —7.37 min, 80-98% A (linear gradient); 7.37 — 9 min, 98%
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A, 9 — 10 min, 98-2% A (linear gradient), and the gradient was maintained at 2% A until
15 min. The flow rate was set at 0.5 mL/min.

To identify the chemical compound in the American elderberry sample, the MS/MS
system was operated using electrospray ionization (ESI) in negative ionization mode with
capillary voltage of 1.5 kV. The ionization source was programmed at 150°C and the
desolvation flow rate was programmed at 750 L h-!. The MS/MS system was operated in
multi-reaction monitoring (MRM) mode with parameters as described in Table O0-1.
Optimized multiple reaction monitoring (MRM) conditions for the analysis of
neochlorogenic acid and chlorogenic acid in HPLC-MS/MS. The Retention time of
neochlorogenic acid was around 5.71 min, while the retention time of chlorogenic acid was
around 6.07 min.

The MS/MS system was optimized using collision optimization in the MRM mode.
The transition ions for molecular and product ions identification, MRM, cone voltage, and
collision energy were optimized by Empower 3 Autotune Wizard software package.

Analytical data were processed using Waters Empower 3 software (Waters, USA).

UHPLC-MS/MS Method

The concentrations of American elderberry compounds were determined by a
Waters Acquity Ultra-High-Performance Liquid Chromatography (Waters, Milford, MA,
USA) coupled with a XEVO TQ-XS tandem mass spectrometer (UHPLC-MS/MS, Waters)
controlled by MassLynx software Ver 4.2. The compounds were separated by a
CORTECS® C18+ analytical column with 1.6 um particle size, 100 mm length x 2.1 mm
internal diameter connected to CORTECS® UPLC C18+ VanGuard Pre-Column (1.6 pm

particle size, 5 mm length x 2.1 mm internal diameter). Separation was achieved using a
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linear gradient of 0.01% formic acid in water (A) and 0.01% formic acid in 100%
acetonitrile (B). The gradient conditions are: 0—0.2 min, 2% B; 0.2—-1.89 min, 2-80%
(linear gradient) B; 1.89-1.92 min, 80-98% (linear gradient) B; 1.92-3.61 min (linear
gradient), 98% B; 3.61-6.77 min, 2% B with a flow rate of 0.4 ml/min. The column
temperature was set at 40°C and the autosampler temperature was set at 10°C. The system
was first conditioned with 50 % acetonitrile and 50% of 0.01% formic acid, and the column
was equilibrated with 2% acetonitrile and 98% of 0.01% formic acid solution before
injection. The injection volume is 2 pl. The mass analyzer Xevo-TQXS was equipped with
an electrospray ionization (ESI) source and operated in positive and negative ion mode.
The acquisition parameters for compounds were carried out in the multi-reaction
monitoring mode (MRM). Two fragment ions were monitored for quantification of
analytes and qualifier as trace ions for confirmation (Table 0-2. Optimized MRM
conditions for the analysis of elderberry compounds in UHPLC-MS/MS). The ionization
energy, multi-reaction monitoring (MRM) transition ions (precursor and product ions),
capillary and cone voltage (CV), desolvation gas flow, and collision energy (CE) were
optimized by Waters IntelliStart™ optimization software package. The data was processed,
quantified, and reviewed by TargetLynx software Ver 4.2. The optimized ionization,
collision energy, and ion selections were described as in Table 0-2. Optimized MRM

conditions for the analysis of elderberry compounds in UHPLC-MS/MS.

Method validation
The optimized method was validated for linearity, limit of detection (LOD), and
limit of quantification (LOQ), carry-over, and matrix effects. Linearity of each compound

was assessed by injection of seven-point calibration curves ranging from 5 to 500 ng mL!
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for analysis in HPLC-MS/MS and from 0.1 to 100 ng mL-! for analysis in UHPLC-MS/MS.

LOD and LOQ values were calculated using the following equation:

3.3 X Concentration .
LOD = - - (Equation 1)
Signal/Noise

10 X Concentration

LOQ =

Signal/Noise (Equat1on 2)

Carry-over was assessed by injecting five solvent-blank samples after the highest
calibration standard concentration. To assess the matrix effect (ME) and recovery (RE) of
compound in HPLC-MS/MS analysis!33, a standard mixture solution (100 ng mL™") was

added to the 800-fold diluted elderberry juice extract and calculated as

ME = [((Css — Cns)/Cstd) -1] x 100, (Equation 3)

RE = [(Css — Cns)/Cstd] x 100, (Equation 4)
where Css, Cnsand Cstarepresent the estimated concentration of the spiked sample, a non-
spiked sample, and a spiked standard concentration in the solvent, respectively. To assess
the matrix effect in UHPLC-MS/MS analysis, a standard mixture solution (10 ng mL-")
was added to the 1,600-fold diluted elderberry juice extract. The matrix effect and recovery

rate of the compound were calculated using equations (3) and (4), respectively.

Statistical analysis

Quantification of analytes in American elderberry juices was performed in three
analytical replicates. The results were expressed as mean + SD. One-way ANOVA was
performed using the statistical program R (ver. 4.5.1) to assess significant differences in
analyte concentrations between cultivars. Statistical significance was defined at p-value of
< 0.001. Multivariate analysis was performed using Metaboanlyst ver. 6.0

(https://www.metaboanalyst.ca/).
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Table 0-1. Optimized multiple reaction monitoring (MRM) conditions for the analysis of neochlorogenic acid and chlorogenic acid in HPLC-

MS/MS
Compound name MW (g/mol) Ion mode RT (min) Q1 (m/z) Q2 (m/z) Cone (V) Collision (eV)
Neochlorogenic acid 354.10 ES- 5.71 352.95 191.3 40 20
Chlorogenic acid 354.10 ES- 6.07 352.95 191.3 40 20

*Ql = Molecular ion, Q2 = Product ion (quantifier)
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Table 0-2. Optimized MRM conditions for the analysis of elderberry compounds in UHPLC-MS/MS

Compound Name MW Ion RT Q1 Q2 Cone  Collision Q3 Cone Collision
(g/mol) mode (min) (m/7) (m/?) (V) (eV) (m/?) (V) (eV)
Cyanidin 3,5-O-diglucoside 611.16 ES* 2.06 611.235 449.152 44 18 287.078 44 36
Cyanidin 3-O-sophoroside 611.16 ES~ 2.07 611.235 136.928 50 70 287.078 50 28
Cyanidin 3-O-sambubioside 581.15 ES~ 2.09 581.220 287.080 44 28 136.93 44 68
o aocnee! 44901 ES' 210 449.185 287085 34 26 136995 34 54
Cyanidin 3-O-rutinoside 595.17 ES* 2.10 595.181 287.078 58 28 136.929 58 72
Pelargonidin 3-O-glucoside 433.40 ES~ 2.14 432900 271.104 32 30 120.995 32 54
3-4, Dihydroxybenzoic acid 154.03 ES- 2.15 152998 108.856 12 14 80.857 12 22
Peonidin 3-O-glucoside 463.40 ES~ 2.16 463.202 301.122 28 18 286.034 28 44
Catechin 290.08 ES- 222 289.110 245.037 40 16 202.876 40 20
Epicatechin 290.27 ES- 2.24  289.110 245.037 46 16 108.897 46 24
Caffeic acid 180.40 ES* 2.30 181.064 88.986 18 28 162.998 18 8
Delphinidin 3-O-rutinoside 611.16 ES* 2.30  611.171 303.016 50 30 228.991 50 70
Rutin (quercetin-3-rutinoside)  610.50 ES- 2.30  609.341 300.145 78 36 271.007 78 64
Myricetin 318.23 ES- 2.33  317.070 150.000 6 28 178.86 6 20
Isoquercetin / hyperoside 464.40 ES- 2.34  463.177 300.165 60 26 270.964 60 44
Kaempferol 3-O-rutinoside 594.50 ES~ 2.35 595277 287.065 30 20 449.191 30 12
Isorhamnetin 3-rutinoside 624.50 ES- 236  623.330 314.857 74 32 270.95 74 56
Kaempferol 3-glucoside 448.40 ES* 2.39  449.177 287.082 26 12 153.002 26 48
Isorhamnetin 3-O-glucoside 478.40 ES- 240 477.177 314.061 68 28 242.907 68 44
p-Coumaric acid 164.16 ES- 2.41  163.000 118.941 16 14 92.834 16 26
Ferulic acid 194.18 ES- 2.45 193.020 133.898 10 16 177.893 10 12
Luteolin 286.24 ES~ 2.61  287.080 134.989 42 32 153.016 42 28
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Quercetin 302.23 ES- 2.62 301.070 150.876 48 22 178.859 48 20
Naringenin 272.25 ES* 272 273.090 153.010 46 20 147.024 46 18
Kaempferol 286.24 ES* 2.75  287.080 120.997 46 30 153.016 46 32
Isorhamnetin 316.26 ES- 2.79  315.100 300.000 56 22 150.89 56 28

*Q1 = Molecular ion, Q2 = Product ion (quantifier), Q3 = Trace ion (qualifier)



RESULTS

The analytes in this study were analyzed using HPLC-MS/MS and UHPLC-
MS/MS platforms. Based on the calculated limits of detection (LOD) and quantification
(LOQ), the UHPLC-MS/MS system demonstrated better sensitivity and overall
performance (Table 0-3. Calculated LOD and LOQ of selected analytes as measured in
HPLC-MS/MS and UHPLC-MS/MS). However, chlorogenic acid (CGA) and
neochlorogenic acid (NCGA) were not detected by UHPLC-MS/MS, likely due to the
differences in column chemistry and mobile-phase composition. Furthermore, evidence of
matrix effect (ME) was observed on several analytes when analyzed by HPLC-MS/MS
(datanot shown). To minimize this effect, samples were further diluted. Because dilution
reduces analyte concentration, the use of a more sensitive analytical platform was essential
to maintain the detection capability. This approach effectively reduced MEs to below 20%
for most analytes, except for quercetin (Table 0-4 and Table 0-5). Nevertheless, all
quantitative results were corrected by the estimated MEs value. All compounds except
CGA and NCGA were quantified using UHPLC-MS/MS, while these two phenolic acids
were analyzed using HPLC-MS/MS.

Method optimization for each analyte was performed with Waters IntelliStart™
software to generate product ions and optimize multiple reaction monitoring (MRM)
parameters (Table 0-1). The method optimized for CGA and NCGA was performed using
the AutoTune Wizard package in Empower3 software, and the optimized method
parameters are presented in Table 0-2. An example of ion spectra generated for cyanidin

3,5-O-diglucoside by Waters IntelliStart™ software is shown in Figure 0-1. Ion spectra
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generated by the Waters Intellistart software package of the molecular ion m/z 611.235 and
productions at m/z449.152 and m/z 287.078 for the analysis of cyanidin 3,5-O-diglucoside
in positive ion mode.. The molecular ion m/z 611.235 was detected in positive ionization
mode, corresponding to the protonated ion [M]" of cyanidin 3,5-O-diglucoside.
Fragmentation of'this precursor ion produced product ions at m/z 449.152 and m/z 287.078,
corresponding to the sequential loss of one and two glucose moieties, respectively. The
fragment m/z 287.078 corresponds to the aglycone cyanidin, which is a characteristic of
cyanidin-based anthocyanins. This fragmentation pattern is consistent with previous
reports that characterized cyanidin derivatives in dried red hybrid-tea rose petals using
high-mass-accuracy, multi-dimensional fragmentation analysis by liquid chromatography—
electrospray ionization—ion trap—time of flight mass spectrometry (LC-ESI-IT-TOF-
MS)!36.

Two cyanidin isomers, cyanidin 3-O-galactoside and cyanidin 3-O-glucoside, could
not be chromatographically separated due to the identical retention time and fragmentation
patterns; hence, the quantification of these analytes should be considered as the sum of two
isomeric compounds. Similarly, quercetin derivatives, isoquercetin and hyperoside, which
differ only in the attached sugar moiety, were not chromatographically resolved under the

current analytical conditions, and their quantification was likewise reported as the sum of

the two isomeric compounds.
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Table 0-3. Calculated LOD and LOQ of selected analytes as measured in HPLC-MS/MS and

UHPLC-MS/MS
HPLC-MS/MS UHPLC-MS/MS
Compound name
LOD* LOQ* LOD* LOQ*

3-4, Dihydroxybenzoic acid 1.26 4.15 1.36 4.50
Caffeic acid 0.38 1.26 0.51 1.68
p-Coumaric acid 1.32 4.34 0.24 0.80
Quercetin 0.72 2.37 0.14 0.43
Kaempferol 0.18 0.58 0.02 0.05
Naringenin 0.08 0.26 0.02 0.06
Cyanidin 3,5-O-diglucoside 3.13 10.34 0.06 0.21

*LOD and LOQ concentrations are in ug L

88



[CyHy, 0y, ]7
449,152
100+

[CisH106] 7
287.078 [M]*
611.235

Cyanidin 3,5-O-diglucoside’
m/z 611.235

%_

0_“I""I""\ TP

5 100 150 200 250 300 350 400 450 500 550 = 600
Figure 0-1. Ion spectra generated by the Waters Intellistart software package of the molecular ion
m/z 611.235 and product ions at m/z 449.152 and m/z 287.078 for the analysis of cyanidin 3,5-O-
diglucoside in positive ion mode.
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Table 0-4. Calculated LOD, LOQ, and mean recovery of matrix effect of analytes for spike concentrations of 100 pg L' measured by HPLC-

MS/MS
No Compound name LOD (ug L) LOQ (ng L) ME (%) RE (%) R?
1 Neochlorogenic acid 3.39 11.21 -8.44 +7.24 91.56 £+7.24 0.999
2 Chlorogenic acid 3.66 12.10 -1.78 £21.09 106.24 +21.09 0.998

*+ ME implies ion enhancement, — ME implies ion suppression
“Data presented as mean + SD



Table 0-5. Calculated LOD, LOQ, and mean recoveries of matrix effect of analytes for spike concentrations of 10 pg L' measured by UHPLC-

16

MS/MS
No Compound name LOD (ng L) LOQ (ug LY ME (%) RE (%) R?
1  Cyanidin 3,5-O-diglucoside 60.69 200.26 -1.42 £9.99 98.58 £9.99 0.9996
2 Cyanidin 3-O-sophoroside 24.56 81.04 -9.01 £9.55 90.99 +9.55 0.9999
3 Cyanidin 3-O-sambubioside 41.63 137.39 -11.91+9 88.09+9 0.9999
4  Cyanidin 3-O-galactoside / Cyanidin 3-O-glucoside 46.38 153.04 -7.02 +£10.14 9298 +£10.14 0.9998
5 Cyanidin 3-O-rutinoside 55.54 183.25 -17.26 £3.19 82.74 £3.19 0.9995
6  Pelargonidin 3-O-glucoside 5.06 16.66 -5.21 £2.55 94.79 £2.55 0.9994
7  3-4, Dihydroxybenzoic acid 1360.54 4489.79 -2.27+4.26 97.73 +4.26 0.9993
8  Peonidin 3-O-glucoside 43.76 144.40 -8.22 +£1.84 91.78 £ 1.84 0.9996
9 Catechin 32044 1087.17 -12.76 £19.09 87.24 +19.09 0.9966
10 Epicatechin 319.79 1055.30 -8.96 £ 6.95 91.04 £6.95 0.9989
11 Caffeic acid 511.18 1686.90 4.61 £5.31 104.61 £5.31 0.9990
12 Delphinidin 3-O-rutinoside 56.10 185.14 -5.8 £27.02 94.2 £27.02 0.9983
13 Rutin (quercetin-3-rutinoside) 021 0.69 10.54 £23.51 110.54 £23.51  0.9988
14 Myricetin 155.34 512.62 3.94+13.21 96.06 + 13.21 0.9937
15 Isoquercetin/hyperoside 0.03 0.13 1.73 £2.13 101.73 £2.13 0.9990
16 Kaempferol 3-O-rutinoside 0.03 0.13 -4.85+4.73 95.15+£4.73 0.9995
17 Isorhamnetin 3-rutinoside 4.34 14.30 -1.46 £3.76 98.54 £3.76 0.9988
18 Kaempferol 3-glucoside 0.80 2.64 -1.94 £2.79 98.06 £2.79 0.9996
19 Isorhamnetin 3-O-glucoside 1.34 4.43 -6.39 £2.37 93.61 £2.37 0.9984
20 p-Coumaric acid 240.61 793 .98 -10.1 £4.52 91.32+£4.52 0.9994
21  Ferulic acid 6.06 20.03 -4.37+£1.24 95.63 £1.24 0.9999
22 Luteolin 97.57 321.95 -7.27+3.52 92.73 £3.52 0.9988
23 Quercetin 132.48 437.20 39.1 £21.31 139.1 £21.31 0.9982
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24 Naringenin 14.11 46.59 -7.41+£3.23 92.59 +£3.23 0.9989
25 Kaempferol 18.45 60.88 -9.08+£14.3 90.92 £14.3 0.9989
26 Isorhamnetin 5.38 17.73 19.24 +£ 6.84 119.24 + 6.84 0.9989

*+ ME implies ion enhancement, — ME implies ion suppression
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Figure 0-2. Analysis of compound cyanidin 3,5-O-diglucoside. A. Standard calibration curve (R? =0.9996). B. Ion chromatogram of compound at

RT 2.05 min.




For quantification of analytes in American elderberry juices, seven-point
calibration curves ranging from 5 to 500 pug L-! for analysis in HPLC-MS/MS and from 0.1
to 100 ug L' for analysis in UHPLC-MS/MS were used. Standard calibration curves
showed good linear correlations (R? values >0.998) between integrated peak areas and
known compound concentrations. An example of a standard calibration curve is shown in
Figure 0-2A with an integrated peak at RT 2.05 min for the quantification of compound
cyanidin 3,5-O-diglucoside (Figure 0-2B).

An attempt to quantify myricetin in American elderberry juices was carried out
using both HPLC-MS/MS and UHPLC-MS/MS systems; however, the compound
exhibited poor stability and was found to be degraded relatively quickly, even in stock
standard solutions. This instability is consistent with a previous report describing the
susceptibility of myricetin and related flavonols to oxidation under ambient conditions'’.
Therefore, the quantification of myricetin was excluded from the analysis.

Juices from 21 American elderberry cultivars were analyzed and quantified for their
concentrations of three major classes of compounds: anthocyanins, phenolic acids, and
flavonoids. The results were presented in Figure 0-3, Figure 0-4, and Figure 0-5 for the
quantification of anthocyanins, phenolic acids, and flavonoids, respectively. The results
showed that cyanidin-3-O-rutinoside was detected only in accession 1199, with a
concentration of 2.54 + 0.12 mg/L. Cyanidin-3-O-sophoroside was found to be the highest
in accession 1896. Cyanidin-3-O-glucoside was detected in 5 accessions, with the highest
concentration found in accession 1199, followed by accession 2083. Phenolic acid
compounds were found to be the most abundant in accession 1196, although CGA and

NCGA were not detected in this accession. In contrast, the flavonoid compound
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isorhamnetin 3-rutinoside was found to be the highest in cultivar Ozark. Compounds
pelargonidin 3-O-glucoside, peonidin 3-O-glucoside, catechin, epicatechin, and luteolin
were not detected in any of the samples. Concentration of bioactive in the juice of American
elderberry is presented in Table A 5, Table A 6, and Table A 7.

An unsupervised multivariate analysis, principal component analysis (PCA), was
performed to explore overall patterns in the metabolite profile of American elderberry
(Figure 6A). The PCA results showed separation among cultivars, indicating differential
metabolic profiles between groups. Two principal components (PCs) explained 69.1% of
the total variability, with the first principal component (PC1) explaining 48.1% of the data
variability and the second PC (PC2) accounting for 21% of the data variability. A
supervised model, partial least-squares discriminant analysis (PLS-DA)?’, was applied to
further resolve group-specific differences (Figure 6B). PLS-DA model revealed significant
discrimination among American elderberry cultivars, with two components explaining
61.1% of the total variance (PC1: 44.3%; PC2: 16.8%). Notably, accession 1896 clustered
distinctly from the other cultivars, suggesting substantial differences in its metabolite
composition. Cultivar Ozark also clustered separately from the other cultivars, indicating
a distinct metabolite composition. This observation is consistent with previous studies
employing untargeted metabolomic approaches, which similarly reported unique chemical

profiles for Ozark compared to other American elderberry genotypes?26-124

95



96

Anthocyanins Compounds
Error bars represent + SE

Cyanidin 3-O-galactoside/Cyanidin 3-O-glucoside Cyanidin 3-O-rutinoside
12 I I
2
8
T
4 & !
0o - - - - - - - == - - - - - - - - 0 - - - - S T T
Cyanidin 3-O-sambubioside Cyanidin 3-O-sophoroside
. E 150 i
-
) 9
E
[ 1, 100
2 6
K I ek
=
= I
3 3 & 50 = I
g 1 - 1 = 1 &
Q x 1 L = =
o > = | | - = o= |
0 - - - - - - - 0 - - - -
Cyanidin 3,5-O-diglucoside Delphinidin 3-O-rutinoside
300 I 300 I
= I
200 200
* I
1
1] z
100 100 L L = =
z - = | "
- - - = = - - - - - -
0 - = - ~ 0 - - - - -
D A0 N O D AT B L PN D AP A D X DO o o D D 40 N R AT o G D AP 4D D DS e D
© QA° 9" .87 @7 AV oF ©F o7 NN A A @ @ PO A O ©° Q%2 9% @7 AV OF (o (97 N N AP AP @ P P & O
KOS RS OSINSENS ’:btz; \nb NGRS DS S S ,Lqed\b Oﬂ?b@“\ 7R N NN '3’% ®% D77 2T 9 I S S SN ’I«Q@o‘é O/V{va,“‘o
3® 3¢
& W &
Cultivar

Figure 0-3. Mean concentration (mg L'!) of anthocyanin compounds quantified in the juice of American elderberry cultivars measured by
UHPLC-MS/MS. Results were presented as mean value + standard error (n=3).
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Figure 0-4. Mean concentration (mg L) of phenolic acid compounds quantified in the juice of American elderberry cultivars measured by
UHPLC-MS/MS and HPLC-MS/MS. Results were presented as mean value + standard error (n=3).
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Figure 0-5. Mean concentration (mg L) of flavonoid compounds quantified in the juice of
American elderberry cultivars measured by UHPLC-MS/MS. Results were presented as mean
value + standard error (n=3).
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DISCUSSION

This study aimed to establish a rapid, high-throughput method for quantifying
classes of bioactive metabolites in American elderberry juices. Both HPLC-MS/MS and
UHPLC-MS/MS systems were evaluated for their analytical performance. The UHPLC-
MS/MS setup demonstrated a higher sensitivity with better chromatographic resolution and
shorter run times compared to the HPLC-MS/MS system. The smaller particle size in the
UHPLC column improved the column efficiency, resulting in lower baseline noise and
higher signal-to-noise ratios. The sensitivity and selectivity of UHPLC-MS/MS at low
detection levels enable precise quantification of analytes in complex matrices with minimal
sample preparation.

Complex sample matrices are known to interfere with analytical measurements.
The matrix effect (ME) refers to the direct or indirect alteration of an analyte’s response
caused by co-eluting, unintended components present in the sample. These interferences
can either suppress or enhance ionization efficiency in the mass spectrometer, leading to
inaccurate quantification if not properly monitored 3133138 Tn this study, a 1600-fold
dilution of the samples minimized the matrix effect, as shown in Table 0-5 with range of
recovery rates of 82.74% +3.19 to 139.1% £ 21.31.

Compounds neochlorogenic acid and chlorogenic acid exhibit inconsistent peak
formation under UHPLC conditions but are detected under chromatographic conditions in
an HPLC system. Chlorogenic acids (pKa = 3.5) are weak acids with carboxyl (-COOH)
and phenolic hydroxyl groups (-OH) that can be deprotonated at moderately acidic pH

conditions. The lower acid concentration in the aqueous mobile phase (0.01% Formic acid)
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of UHPLC systems might promote deprotonation of these phenolic acids. As these
compounds become more anionic, their interaction with the C18 stationary phase weakens,
leading to a reduction in compound retention in the column, and elution occurs earlier from
the column near the solvent peak. This behavior is consistent with previous reports showing
that acidified mobile phase improves retention and peak shape of phenolic acids!3%-140,

This study presents a comprehensive quantification of metabolites in American
elderberry (Sambucus nigra subsp. canadensis) juices from 18 propagated accessions and
three established cultivars. A streamlined and validated workflow was developed to
quantify 20 bioactive metabolites using a UHPLC-MS/MS system and two additional
metabolites using HPLC-MS/MS. The study also addressed matrix effects inherent to
complex juice samples, which were effectively mitigated through sample dilution while
maintaining detection sensitivity on the UHPLC—-MS/MS platform. This approach enabled
accurate and reproducible quantification of target analytes and established a robust
analytical framework for metabolomic evaluation of specialty crops.

Among the metabolites analyzed, anthocyanin compounds such as cyanidin-3,5-O-
diglucoside, cyanidin-3-O-sophoroside, and cyanidin-3-O-sambubioside were consistently
detected acrossall American elderberry juices, indicating that cyanidin-based anthocyanins
represent the predominant pigments in elderberry. This finding aligns with previous reports
describing cyanidin derivatives as the major anthocyanins responsible for the characteristic
coloration of elderberry fruits’3.

The instability of myricetin observed in this study underscores the importance of
considering the compound's stability in metabolomic analysis. The stability of compounds

should also be carefully evaluated during product development, as degradation of
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metabolites can alter both chemical composition and bioactivity of a product. Future
studies should incorporate stabilization strategies, such as acidifying extraction solvents,
to preserve sensitive compounds. Furthermore, despite the excellent performance of the
developed analytical methods and high compound recovery, compounds such as
pelargonidin 3-O-glucoside, peonidin 3-O-glucoside, catechin, epicatechin, and luteolin
were not detected in any of the samples, suggesting that these compounds may be present
in low concentrations. The dilution factor used in this analysis may have reduced their
levels below the detection limit. However, if additional dilution reduces analyte
concentrations to the point where they fall near or below the detection threshold, this
suggests that their native abundance in the juices may be too low to exert a meaningful
biological or bioactive effect.

Quantification of the bioactive metabolites in juices from 21 American elderberry
cultivars revealed apparent genotype-dependent variation in metabolite composition.
Similar genotype-dependent differences have been reported in a previous study of
European elderberry (Sambucus nigra subsp. nigra)'#-142, This finding underscores the
potential for targeted breeding and cultivar selection to enhance desirable phytochemical
traits, such as antioxidant capacity!>, antiviral bioactivity!!'6, color stability, and overall
nutritional quality.

A previous study by Johnson et al. (2017) reported that quercetin 3-rutinoside was
the most abundant polyphenol in juices from three American elderberry cultivars, with
concentrations ranging from 47 + 13 to 1,140 = 107 mg/L. In our study, quercetin 3-
rutinoside was likewise the dominant polyphenol across cultivars; however, its

concentrations were lower overall, ranging from 0.6 &+ 0.27 to 268.1 &+ 8.06 mg/L. Johnson
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et al. (2017) suggested that differences in genotype, growing year, and environmental
conditions can substantially influence the accumulation of phenolic compounds in
elderberry juices. Such factors likely contribute to the variation observed between studies,
as metabolite biosynthesis in elderberry is highly responsive to environmental cues and

cultivar-specific traits.
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CONCLUSION

This study established and validated a high-throughput LC-MS/MS workflow for
the targeted quantification of phenolic metabolites in American elderberry (Sambucus
nigra subsp. canadensis) juices from 21 cultivars. Using a combination of UHPLC-
MS/MS and HPLC-MS/MS platforms, 22 metabolites were successfully quantified across
three major compound classes, anthocyanins, flavonoids, and phenolic acids, with
excellent recovery rates. The optimized UHPLC-MS/MS method demonstrated superior
sensitivity, precision, and efficiency, while strategic sample dilution effectively minimized
matrix effects, ensuring accurate quantification in complex juice matrices.

Multivariate statistical analysis revealed apparent genotype-dependent variation
between cultivars. American elderberry accessions 1896 and 2083, and the cultivar Ozark,
were observed to have distinct chemical compositions, distinguishing them from other
cultivars. In contrast, accession 1199 exhibited a high accumulation of cyanidin-based
anthocyanins, suggesting its potential as a valuable source of natural pigment for colorant

or functional food applications.
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CHAPTER 4. SUMMARY AND FUTURE DIRECTION

This project establishes a comprehensive, high-throughput analytical framework
for characterizing and quantifying bioactive metabolites in American elderberry using
advanced UHPLC-MS/MS platforms. The study expands scientific understanding of
elderberry phytochemistry, particularly its antioxidant and antiviral potential. Metabolomic
profiling revealed substantial variation in the composition of polyphenols, flavonoids, and
anthocyanins across cultivars, confirming strong genotype-dependent differences.
However, environmental factors, including growing conditions, harvest year, pest or virus
infection, and site-specific variables, can also influence metabolite accumulation. Future
multi-year analyses will be essential to better predict the stability and production of
bioactive compounds across diverse environments.

Comprehensive profiles of bioactive compounds for individual cultivars provide
critical information for optimizing decision-making across the entire American elderberry
supply chain. For growers, knowing the phytochemical strengths of each cultivar supports
informed decisions on which to plant, allowing them to target cultivars with higher levels
of’bioactive compounds, stronger antioxidant activity, or enhanced antiviral potential. This,
in turn, helps buyers by ensuring access to raw materials with verified chemical quality,
enabling them to selectively source fruit from high-value cultivars and maintain
consistency in product formulation. Processing facilities can leverage this chemical
information to optimize extraction procedures, standardize product quality, and develop
value-added ingredients enriched in specific bioactive compounds. Scientifically validated

phytochemical profiles allow manufacturers and marketers to support evidence-based
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health claims and clearly differentiate their products in the marketplace. Ultimately,
consumers gain confidence in elderberry products supported by robust chemical analysis,
ensuring transparency, reliability, and trust in nutraceuticals, functional beverages, and

other health products derived from American elderberry.
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APPENDIX

Table A 1. Annotation of peaks isolated from American elderberry juices in positive ion mode. Putative identifications were assigned through
comparison with MS spectral data and accurate mass in METLIN library. Reported bioactivities of the compounds are summarized based on
published references.

Theoretical

Observed

Am

No. Compounds RT Formula  Adducts Mass Mass (ppm) Bioactivities Ref
1 Spermine 0.45 CioHaNs [M+H]"  202.21575 202.215 -2.6  Antioxidant, anticancer, antiaging 143-145
2 Niacinamide 057 CeHeN:O  [MHH]®  122.04801  122.048 -3  ‘\nti-acne, antiaging and skin 146.147

improvement effect
. . N Anti-dyslipidemia, anti- 148.149
3 Niacin (Vit B3) 0.59 C¢HsNO, [M+H] 123.03203 123.032 -3.9 . ’
inflammatory
4 Picolinic acid 0.59 C¢HsNO, [M+H]" 123.03203 123.032 -3.9  Anticancer, antiviral 150-152
Betaine 0.63 GCsH;NO, [M+H]* 117.07898 117.078 -4.3 Antioxidant, anti-inflammatory 153,154
6 L-Valine 0.63 GCsHiINO, [M+H]" 117.07898 117.078 -4.3 Amino acid 155
7 3-Furoic acid 0.65  CsH4O; [M-H]- 112.01605 112.017 4.3 Allosteric modulator 156
8 Citric acid 0.65  CeHsOy [M-H]" 192.027 192.027 0.6 Antioxidant, anti-inflammation 4L157
Antioxidant, anti-inflammatory,
9  Dehydrozingerone 0.65 CuHi2Os [M+H]" 192.07864 192.078 -3.7  antidepressant, antimicrobial, 158-161

antidiabetic, anticancer




011

Antioxidant, wound healing,

10  4-hydroxybenzaldehyde 0.76  C;H60.  [M+H]* 122.03678 122.036 -5.0 ; 162,163
vasculoprotective agent

11 Salicylaldehyde 0.76  C/H¢O2  [M+H]" 122.03678 122.036 -5.0  Antimicrobial 164

12 Tropolone 0.76  C7HeO: [M+H]* 122.03678 122.036 -5.0  Anticancer, antimicrobial 165,166
Antiallergic, anti-inflammatory,

13 Chromone 0.78  CoHeO: [M+H]* 146.03678 146.036 -3.1 antidiabetic, anticancer, and 167,168
antimicrobial

14 Coumarin 078  CoHsO: [M+H]*  146.03678  146.036  -3.1  ‘/nticancer, anti-inflammatory, 169.170
antimicrobial

15  L-tyrosine 0.78 CoH;INO3 [M+H]" 181.07389 181.074 -1.9  Antidepressant, antioxidant 171,172

16  Pyroglutamic acid 0.79 CsH/NOs [M+H]®  129.04259  129.042 -3  Antimicrobial, anti-inflammatory, 73,74
neurogenic activities

17 Cotinine 091 CioHi2N2o  [M+H] 176.09496 176.094 -4.9  Neuroprotective 175

18  Castanospermine 1.02  CsHisNOs [M+H]* 189.10011 189.1 -2.3  Antivirus, anticancer 143,176

19 Cearoin 157 CuHpOs [MtH]® 24407356 244073 .09  /nticancer, anti-inflammatory, 177-179
antimicrobial

20 Vanilloloside 158 CuHnOs [M-H]" 31611582 316116 03  /ntimicrobial, antioxidant, 180-182
anticancer

21 Indoleacrylic acid 1.76  CiiHoNO> [M+H]* 187.06333 187.063 -2.4  Anti-inflammatory 183

. . Anticancer, anti-inflammatory, 169.170.184
22 3-hydroxycoumarin 233 CoHeOs  [MHH]® 16203169  162.031  -2.9 170,

antimicrobial




IT1

Antimicrobial, antidiabetic,

23 Cinnamaldehyde 2.83 CoHsO [M+H]* 132.05751 132.057 -3.8 . 185,186
antioxidant
24 Ethyl p-coumarate 2.85 CiHi20s  [M+H]® 192.07864 192.078 -3.7  Antifungal, antioxidant 187,188
o + Anticancer, anti-inflammatory, 189,189
25  Herniarin 2.85  CioHs03 [M+H] 176.04734 176.047 -2.7 . ;
neuroprotective
26  Hymechrome 2.85 CioHsO3;  [M+H]" 176.04734 176.047 -2.7  Anticancer 190
o + Anticancer, antimicrobial, anti- 191-193
27 Myristicin 2.85 CiHi20;  [M+H] 192.07864 192.078 -3.7 . .
inflammatory, antioxidant
5,7-Dihydroxychromone 3.23  CoHsOs  [M+H]®  178.02661  178.026  -2.4  ‘ntioxidant antidiabetic, 194-196
anticancer
29 7,8—D1hy§1roxycoumar1n 33 CoHsOs [M+H] * 178.02661 178.026 24 Neuroprotectlve, gnt10x1dant, anti- 197.198
(Daphnetin) inflammatory, anticancer
30  Allamandin 3.74 CisHis07  [M+H]" 308.0896 308.089 -1.3 Antiviral, anticancer 199-201
31 eEtlfl‘;fzel"Chm rimethyl 4 05 CisHaOs  [MHH]® 31613107 316131 0.8 Anticancer 202
32 Aurentiacin 458 CisHisOs4  [M+H]" 298.12051 298.12 -1.0  Anti-inflamatory, antimicrobial 203,204
33 Monocerin 5.09 CigH2006 [M+H]™ 308.12599 308.125 -3.3  Antimicrobial 205
34  Lucenin 2 5.13 CyH30016 [M+H]" 610.15338 610.154 0.3 Anti-inflammatory, antioxidant 206
35  p-Cymene 547  CoHw  [M+H]® 13410955 134109  -p7  ‘Antioxidant, anti-inflammatory, 207-210
anticancer, antimicrobial
36 Kuwanon L 646 CiHxOn [M+H]® 62617881  626.175  -6.0  ‘wntiviral, anti-inflammatory, 21213

antimicrobial




Cll

Anticancer, anti-inflammatory,

37  Tamarixetin 6.46 CiHi20;  [M+H]" 316.0583 316.058 -0.9  anti-oxidation, organ protection, 214-216
prevention of obesity

38 Anethole 867 CwoH,0 [MH]® 14808882  148.088  -3.  ‘\ntimicrobial, antioxidant, anti- 217218
inflammatory

. N Antimicrobial, antioxidant, 219220

39  Cuminaldehyde 8.67  CioHi20 [M+H] 148.08882 148.088 -3.6 . :
anticancer

40  Estragole 8.67 CioH,O  [M+H]* 148.08882 148.088 -3.6  Antioxidant, anticancer 221




el

Table A 2. Annotation of peaks isolated from American elderberry juices with putative identifications assigned through comparison with mass
spectral reference data in MSDIAL library (>70% identification score cut off).

No. Compounds Formula Adducts RT Th?\?[l;tsical Ol;[e;s‘;ed (pApr:;)
1 Arginine CsH1aN4O2 [M+H]* 0.53 175.1191 175.1190 -0.69
2 L-histidine CsHoN302 [M+H]* 0.53 156.0775 156.0773 -1.28
3 Cis-4-hydroxy-d-proline CsHoNO:s [M+H]* 0.60 132.0654 132.0654 0.00
4  2-Hydroxycinnamic acid, predominantly trans CoHs0s [M+H]" 0.79 165.0551 165.0552 0.12
5  Adenosine CioH13NsO4 [M+H]* 0.79 268.1043 268.1040 -1.04
6  Metalaxyl-M-TP CGA108906 C14H17NOs [M+H]* 0.81 296.1134 296.1129 -1.72
7  Serotonin CioH12N20 [M+H]* 0.93 177.1023 177.1022 -0.56
8  Oxadixyl Ci4aH1sN204 [M+H]* 0.99 279.1343 279.1339 -1.22
9  Piperidine CsHuN [M+H]* 1.00 86.0964 86.0964 0.12
10 Coniferaldehyde Ci0H1003 [M+H]* 1.11 179.0703 179.0703 0.28
11  DL-4-Hydroxyphenyllactic acid CoH1004 [M+H]* 1.14 183.0655 183.0652 -1.42
12 Gamma-Glutamyltyrosine C1aH1sN2Os [M+H]" 1.22 311.1229 311.1238 2.86
13 Hesperidin C28H34015 [M+H]* 1.38 611.1881 611.1900 3.09
14  Kaempferol 3-O-sophoroside C27H30016 [M+H]* 1.41 611.1605 611.1606 0.29
15 Pantothenate CoHi17NOs [M+H]* 1.43 220.1178 220.1179 0.27
16  D-Pantothenic acid CoH17NOs [M+H]* 1.52 220.1180 220.1185 2.23
17  Taxifolin-3-glucoside C21H22012 [M+H]* 1.55 467.1191 467.1180 -2.42
18 Indole-3-carboxyaldehyde CoH/NO [M+H]* 1.76 146.0601 146.0606 3.29
19  Tryptophan Ci1H12N202 [M+H]* 1.76 205.0973 205.0980 3.51
20  Desethylatrazine CsH10CINs [M+H]* 1.82 188.0704 188.0697 -3.72
21  Adenine CsHsNs [M+H]* 1.94 136.0619 136.0618 -1.03
22 5'-s-methylthioadenosine CiiHisNsOsS  [M+H]™ 1.94 298.0967 298.0974 2.05




144!

23 Cis-Cinnamic acid CoHzO: [M+H]* 2.07 149.0597 149.0597 0.13
24 Paeonol CoH100:s [M+H]* 2.11 167.0705 167.0703 -1.08
25  3-hydroxy-1-(4-hydroxyphenyl)propan-1-one CoH100:s [M+H]" 2.15 167.0704 167.0703 -0.54
26  3'.5'-Dimethoxy-4'-hydroxyacetophenone Ci10H1204 [M+H]* 2.16 197.0808 197.0808 0.20
NCGC00168941-08!(1S,3R,4R,5R)-3-[(e)-3-(3,4-
27  dihydroxyphenyl)prop-2-enoyljoxy-1,4,5- Ci6H180o [M+H]* 2.33 355.1026 355.1020 -1.72
trihydroxycyclohexane-1-carboxylic acid
NCGC00385551-01!5-[(2S,3R,4S,5S,6R)-6-
[[2R,3R,4R)-3,4-dihydroxy-4-
28  (hydroxymethyl)oxolan-2-ylJoxymethyl]-3,4,5-  Cz6H25015 [M+H]" 2.45 581.1505 581.1500 -0.84
trihydroxyoxan-2-yl|oxy-4-(3,4-dihydroxyphenyl)-
7-hydroxychromen-2-one
29 2.4 ,6-trihydroxyacetophenone CsHsOs [M+H]" 2.47 169.0495 169.0500 3.25
NCGC00380393-01_C15H2004 Pentaleno|[1,6a-
30 c]pyran-9-carboxylic acid, 1,3,4,5,6,7,7a,9a- C15H2004 [M+H]* 2.56 265.1436 265.1430 -2.04
octahydro-4,6,6-trimethyl-3-oxo-, (4S,4ar,7as,9ar)-
5-hydroxy-3-[(2S,3R,4R,5S)-3-hydroxy-5-
(hydroxymethyl)-4-[(2S,3R,48S,5S,6R)-3,4,5-
trihydroxy-6-(hydroxymethyl)oxan-2- N
31 yloxyoxolan-2-ylJoxy-2-(4-hydroxyphenyl)-7- C32H38019 [M+H] 2.70 727.2099 727.2080 -2.60
[(2S,3R,4R,5R,6S)-3,4,5-trihydroxy-6-methyloxan-
2-ylJoxychromen-4-one
32 Lonicerin C27H30015 [M+H]* 2.72 595.1677 595.1660 -2.76
33 Quercetin-3,4'-O-di-beta-glucoside C27H30017 [M+H]* 2.75 627.1553 627.1556 0.40
34  3,4-Dihydroxymandelic acid CsHsOs [M+H]* 2.98 185.0440 185.0445 2.43
7-[(2S,3R,4S,5S,6R)-6-[[(2S,3R,4R)-3,4-
dihydroxy-4-(hydroxymethyl)oxolan-2-
35  ylloxymethyl]-3,4,5-trihydroxyoxan-2-ylJoxy-5- C27H300:1s [M+H]" 3.31 595.1677 595.1658 -3.18
hydroxy-3-(4-hydroxyphenyl)-6-methoxychromen-
4-one
36  Myricetin-3-rutinoside C27H30017 [M+H] " 3.31 627.1590 627.1590 0.00




Kaempferal-3-O-glc-1-3-rham-1-6-glucoside C33H40020 [M+H]" 3.42 757.2187 757.2190 0.40

4-Methyl-6,7-dihydroxycoumarin Ci0oHsO4 [M+H]" 3.70 193.0498 193.0500 0.83

NCGC00169080-02 C15H1803 Azuleno[6,5-
b]furan-2,6(3H,4H)-dione, 3a,7,7a,8,9,9a-

!

hexahydro-5,8-dimethyl-3-methylene-, CisHi:0s [M+H] 3.81 247.1331 247.1330 -0.28
(3ar,7as,8S,9ar)-

Piliformic-acid Ci1Hi504 [M+H]* 4.10 215.1276 215.1278 1.12
NCGC00381208-

01 _C20H2406 (3ar,4S,6E,97,11as)-4-Hydroxy-

6,10-dimethyl-3-methylene-2,8-dioxo- C20H2406 [M+H]* 4.14 361.1646 361.1650 1.02
2,3,3a,4,5,8,11,11a-octahydrocyclodeca[b]furan-

11-yl (27)-2-methyl-2-butenoate

6a,7,8-trihydroxy-3-methyl-3,4,5,6,7,12a- . )
hexahydro-2H-benzo[alanthracene-1.12-dione Ci9H2005 [M+H] 4.19 329.1393 329.1378 4.44
NCGC00385777-01_C19H3208 (2R)-4-[(1S)-1-

Hydroxy-2,6,6-trimethyl-4-ox0-2-cyclohexen-1- CioH320s [M+H]* 4.20 389.2177 389.2170 -1.64
yl]-2-butanyl beta-D-glucopyranoside

6-methylcoumarin CioHsO2 [M+H]* 4.22 161.0593 161.0600 4.16
NCGC00169108-02!3-[6-[[(2R,3R4R,58S,6S)-3,5-

dihydroxy-6-methyl-4-[(2S,3R,4R,5R,6S)-3,4,5-

trihydroxy-6-methyloxan-2-ylJoxyoxan-2- N )
ylJoxymethyl]-3,4 5-trihydroxyoxan-2-ylJoxy-2- C33H40020 [M+H] 4.29 757.2189 757.2180 1.20
(3,4-dihydroxyphenyl)-5,7-dihydroxychromen-4-

one

>,7-dihydroxy-2-(3,4,5-trihydroxyphenyD-4H- - 1 o [MH+H]* 430  303.0501 303.0500 -0.20
chromen-4-one

Quercetin-3-O-vicianoside C26H28016 [M+H]* 4.33 597.1453 597.1450 -0.40
2-Norbornene-5,6-dicarboxylic anhydride CoHsO3 [M+H]* 442 165.0549 165.0546 -2.00
Methyl trans-cinnamic acid Ci10H1002 [M+H]* 4.42 163.0758 163.0754 -2.27
Gibberellic acid Ci9H2206 [M+H]* 4.42 347.1498 347.1489 -2.62




911

51

NCGC00386049-01!3-[(2S,3R,4S,5R,65)-3,4-
dihydroxy-6-methyl-5-[(2S,3R,4S,5S,6R)-3.,4,5-
trihydroxy-6-(hydroxymethyl)oxan-2-ylJoxyoxan-
2-ylloxy-2-(3,4-dihydroxyphenyl)-5,7-
dihydroxychromen-4-one

C27H30016

[M+H]*

491

611.1610

611.1600

-1.70

52

Delphinidin 3-galactoside

C21H21012

(M]”

4.94

465.1029

465.1022

-1.59

53

3-[4,5-dihydroxy-6-(hydroxymethyl)-3-
[(28,3R,4R,5R,6S)-3,4,5-trihydroxy-6-methyloxan-
2-ylloxyoxan-2-ylJoxy-5-hydroxy-2-(4-
hydroxyphenyl)-7-[3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-ylJoxychromen-4-one

C33H40020

[M+H]”

5.01

757.2206

757.2186

-2.65

54

Cyanidin-3-O-sambubioside-5-O-glucoside

C32H39020

(M]”

5.19

743.2015

743.2024

55

[6-[2-(3,4-dihydroxyphenyl)-8-hydroxy-4-
oxochromen-7-ylJoxy-3,4,5-trihydroxyoxan-2-
yllmethyl (E)-3-(4-hydroxyphenyl)prop-2-enoate

C30H26013

[M+H]*

5.22

595.1455

595.1446

-1.55

56

Cyanidin-3-0-(6"-O-(E-p-coum)-2"-O-(beta-
xylopyranosyl)-beta-glucopyranoside)-5-O-beta-
glucopyranoside

C41H4SO22

(M]*

5.28

889.2414

889.2402

-1.30

57

NCGC00385836-01!3-[[(2R,385,4S,5R,6S)-6-[2-
(3,4-dihydroxyphenyl)-5,7-dihydroxy-4-
oxochromen-3-ylJoxy-3,4,5-trihydroxyoxan-2-
yl]methoxy]-3-oxopropanoic acid

C24H2201 5

[M+H]”

5.57

551.1044

551.1030

-2.43

58

NCGC00385924-01_C15H1804 (3as,10ar,10br)-
6,10a-Dimethyl-3-methylene-3,3a,4,5,7,8,10a,10b-
octahydrofuro[3',2":6,7]cyclohepta[1,2-b]pyran-
2,9-dione

C15H1804

[M+H]*

5.57

263.1277

263.1280

1.25

59

Petunidin-3-O-beta-glucoside

C22H23012

(M]*

6.29

479.1193

479.1179

-2.92

60

Delta-Tridecalactone

C13H2402

[M+H]*

6.79

213.1846

213.1849

1.59

61

E-Resveratrol trimethyl ether

C17H1803

[M+H]*

6.90

271.1324

271.1329

1.92

62

NCGC00015870-35!2-(3,4-dihydroxyphenyl)-
3,5,7-trihydroxychromen-4-one

C15H1007

[M+H]"

8.06

303.0503

303.0500

-1.09
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(2E)-1-(2,4-dihydroxyphenyl)-3-(4-

63 CisHi204 [M+H]* 9.93 257.0813 257.0800 -4.98
hydroxyphenyl)-2-propen-1-one
64  2-naphthalenol CioHsO [M+H]*  10.98 145.0649 145.0648 -0.90
(4ar,5as,9R)-9-ethynyl-9a,1 1b-
65  dimethylhexadecahydrocyclopenta[l,2 Jphenanthro] C2:H300s [M+H]* 1191 331.2201 331.2200 -0.36
8a,9-bJoxirene-3,9-diol
66  Alpha-Cyperone CisH220 [M+H]"  22.61 219.1747 219.1743 -1.96
67  Phthalic anhydride CsH40s [M+H]*  23.10 149.0235 149.0233 -1.07
68  Tri(butoxyethyl)phosphate CisH30O7P [M+H]*  23.60 399.2518 399.2506 -2.98
69  1-Oleoyl-sn-glycero-3-phosphocholine C26Hs2NO7P [M+H]"  24.21 522.3585 522.3560 -4.67
70 ~ 1:palmitoyl-2-hydroxy-sn-glycero-3- C2iHaNO/P [M+H]* 2426 454.2933 454.2928 “1.19
phosphoethanolamine
71 Velvione CisH2:0 [M+H]"  25.77  237.2212 237.2213 0.25
4-((17S)-3-(((2R,4S,6R)-5-(((4S,6R)-5-
(((45,5S,6R)-4,5-dihydroxy-6-methyltetrahydro-
2H-pyran-2-yl)oxy)-4-hydroxy-6-
72 methyltetrahydro-2H-pyran-2-yl)oxy)-4-hydroxy- CaiHesO14 [M+H]"  28.41 781.4309 781.4300 -1.18
6-methyltetrahydro-2H-pyran-2-yl)oxy)-12,14-
dihydroxy-10,13-dimethylhexadecahydro-1H-
cyclopenta[a]phenanthren-17-yl)furan-2(5H)-one
73 Stearamide CitH37NO [M+H]" 31.49  284.2953 284.2940 -4.40
74  Dehydrocorydaline nitrate C22H24N207 [M+H]"  32.75  429.1702 429.1700 -0.44
75  Lutein Ca0Hs60: [M]* 32.75 568.4297 568.4300 0.53
76  Erucamide C22H43sNO [M+H]" 3290  338.3421 338.3424 1.00
77  Deoxycholic acid C24H4004 [M+H]"  33.03 393.2984 393.3000 4.04
78  Artesunate Ci9H2:0s [M+H]"  34.25 385.1794 385.1800 1.43
79  M-Cumenyl methylcarbamate Ci11HisNO2 [M+H]"  34.29 194.1175 194.1176 0.31
80  2-(4-oxoquinazolin-3(4H)-yl)ethyl isobutyrate Ci14H16N205 [M+H]*  34.33 261.1313 261.1300 -4.94
81  Toddalolactone Ci6H2006 [M+H]"  34.62  309.1307 309.1300 -2.30




8I1

82  Datiscetin-3-O-rutinoside C27H30015 [M+H]* 5.85 595.1666 595.1658 -1.44
83  Delta-Aminolevulinic acid CsHoNO:s [M-H]- 0.58 130.0505 130.0508 2.69
84  (S)-malate C4HesOs [M-H]- 0.67 133.0140 133.0142 1.13
85  Citrate CsHzO~ [M-H]" 0.78 191.0190 191.0196 2.88
86  Citramalate CsHsOs [M-H]" 0.83 147.0287 147.0294 4.35
87  3-hydroxy-3-methylglutarate CsH100s [M-H]" 0.89 161.0445 161.0451 3.29
88  Catechol CsHsO: [M-H]" 0.99 109.0295 109.0291 -3.30
89  4-hydroxybenzoate C7HeOs [M-H]- 1.04 137.0240 137.0246 4.60
90 L-phenylalanine CoHi11NO: [M-H]- 1.24 164.0717 164.0715 -1.10
91  Trans-Cinnamic acid CoHs0: [M-H]" 1.24 147.0452 147.0453 0.95
92  P-Coumaraldehyde CoHs0: [M-H]" 2.10 147.0452 147.0454 1.97
93  4-hydroxybenzoic acid C7HsOs [M-H]" 2.28 137.0244 137.0242 -1.53
94  D-(-)-quinic acid C7H1206 [M-H]" 2.33 191.0561 191.0564 1.57
95  2-Isopropylmalic acid C7Hi20s [M-H]- 241 175.0607 175.0608 0.80
96  Trans-4-Coumaric acid CoHs0s [M-H]- 2.60 163.0401 163.0399 -1.04
97  4-coumarate CoHs0:s [M-H]" 2.65 163.0400 163.0400 0.18
98  M-xylene-4-sulfonic acid CsH100s3S [M-H]" 3.31 185.0278 185.0278 0.00
99  2-Hydroxy-4-methylpentanoic acid CsH120s [M-H]- 3.68 131.0713 131.0715 1.30
100  3-phenyllactic acid CoH100:s [M-H]- 6.07 165.0557 165.0559 0.91




Table A 3. The half maximal inhibitory concentration (ICs) concentration of American
elderberry putative compounds against HIV virus strains NL4-2 and Bal

No. Compound name NL4-3 BaL
Mean (uM) SEM  Mean(uM) SEM
1 Caffeic acid 97.14 13.97 >100 0.00
2 Cryptochlorogenic acid >100 0.00 >100 0.00
3 Catechin hydrate NI NI NI NI
4 Chlorogenic acid NI NI NI NI
5 p-Coumaric acid NI NI NI NI
6 Cyanidin 3,5-O-diglucoside NI NI NI NI
7 Cyanidin 3-O-galactoside 55.95 3.57 >100 0.00
8 Cyanidin 3-O-glucoside 65.77 11.68 >100 0.00
9 Cyanidin 3-O-rutinoside >100 0.00 >100 0.00
10 Cyanidin 3-O-sambubioside 51.28 2.10 >100 0.00
11 Cyanidin 3-O-sophoroside 53.31 5.10 87.37 2.88
12 Delphinidin 3-O-rutinoside 34.92 1.25 97.52 9.13
13 3-4, Dihydroxybenzoic acid NI NI NI NI
14 Epicatechin NI NI NI NI
15 Ferulic acid NI NI NI NI
16  Gallic acid 6.24 0.12 6.24 0.12
17 Hyperoside NI NI NI NI
18 Isorhamnetin 0.64 0.01 2.22 0.69
19 Isorhamnetin 3-rutinoside NI NI NI NI
20  Kaempferol 2.45 0.28 8.73 0.70
21 Kaempferol 3-glucoside NI NI NI NI
22 Kaempferol 3-O-rutinoside NI NI NI NI
23 Luteolin 1.32 0.05 1.77 0.02
24 Myricetin 3.11 0.12 2.97 1.39
25 Naringenin NI NI NI NI
26  Neochlorogenic acid NI NI NI NI
27  Pelargonidin 3-O-glucoside NI NI NI NI
28 Peonidin 3-O-glucoside NI NI NI NI
29 Quercetin 2.49 0.24 3.84 0.56
30  Quercetin-3-B-D-glucoside >100 0.00 >100 0.00
31 Rutin NI NI NI NI
32 Isorhamnetin 3-O-glucoside NI NI NI NI

*NI = No inhibition.
**Compounds with an ICs, concentration greater than 100pM were found to have no inhibitory
on the growth of S. aureus (n=2).
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Table A 4. The half maximal inhibitory concentration (ICs) concentration of American
elderberry putative compounds against S. aureus

No. Compounds ICso (uM) SEM
1 Caffeic acid NI NI
o) 4-caffeoylquinic acid (cryptochlorogenic acid) NI NI
3 Catechin hydrate NI NI
4 Chlorogenic acid (5-caffeoylquinic acid) NI NI
5 p-Coumaric acid NI NI
6 Cyanidin 3,5-O-diglucoside NI NI
7 Cyanidin 3-O-galactoside 21.95 0.37
8 Cyanidin 3-O-glucoside 10.27 0.52
9 Cyanidin 3-O-rutinoside 8.44 0.01
10 Cyanidin 3-O-sambubioside 16.78 0.92
11 Cyanidin 3-O-sophoroside 32.36 9.19
12 Delphinidin 3-O-rutinoside 22.00 2.66
13 3-4, Dihydroxybenzoic zcid NI NI
14  (-)-Epicatechin NI NI
15  Ferulic acid NI NI
16  Gallic acid NI NI
17  Hyperoside (Quercetin 3-galactoside) NI NI
18  Isorhamnetin NI NI
19  Isorhamnetin 3-rutinoside NI NI

20 Kaempferol NI NI
21  Kaempferol 3-glucoside NI NI
22 Kaempferol 3-O-rutinoside NI NI
23  Luteolin NI NI
24  Myricetin NI NI
25  Naringenin NI NI
76  Neochlorogenic acid (3-caffeoylquinic acid) NI NI
27  Pelargonidin 3-O-glucoside 46.45 5.78
78  Peonidin 3-O-glucoside 28.65 2.25
29  Quercetin >100 0.00
30  Quercetin-3-B-D-glucoside (hirsutrin) NI NI
31  Rutin (Quercetin-3-rutinoside) NI NI
32  Isorhamnetin 3-O-glucoside NI NI

33 Vancomycin (control +) 2.16 0.42

*NI = No inhibition.
**Compounds with an ICs, concentration greater than 100pM were found to have no inhibitory
activity on the growth of S. aureus (n=2).
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Bob Gordon
Wyldewood

Figure A 1. The heatmap relative intensity of 127 putatively identified compounds in the juices of 21 American elderberry genotypes.



Delphinidin 3-O-rutinoside Pelargonidin 3-O-glucoside Peonidin 3-O-glucoside

Figure A 2. Chemical structure of nine anthocyanin compounds putatively identified in American
elderberry juices.
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Figure A 3. Chemical structure of eight polyphenol compounds putatively identified in American elderberry juices.
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Naringeni Querceti Isoquercetin Quercetin 3- Ruti

Figure A 4. Chemical structure of 15 flavonoid compounds putatively identified in American elderberry juices.




¢l

A. B.
¢ Cluster Members
e 1191, 11911, 1191.2, 1196 , 1196.1, 1196.2 , 1199, 1199.1, 1199.2 ,
Rl , , , 1892 ,1892.1,1892.2, , ,
o 8 Cluster 1 ; | ' ' | ; , 2079, 20791,
: @ ] 8 o f@l 2079.2, , , , 2084 , 20841, 2084.2 , 2085.1,
z ] - . o 2089, 2089.1, 2089.2, 2095, 2095.1, 2095.2
£ (@ 191 (@] ww
: { ] °® ® 1912
e ¢ ; P .g. 3 C Cluster 2 , .
e @
; o 1069, 1069.1, 1069.2 , 1076 , 1076.1, 1076.2 , 1887A , 1887A.1,
o % o Cluster 3 1887A.2 , 1896 , 1896.1, 1896.2 , 2085, 2085.2 , BG, BG.1, BG.2,
WW, WW.1, Ww.2

Figure A 5. K-means clustering analysis of metabolomic data from American elderberry genotypes. A. Metabolomic abundance data were subjected
to k-means clustering (K=3) resulting in the grouping of genotypes based on similarity in metabolomic profiles. Each color represents a distinct of
cluster. B. List of genotypes assigned to each cluster group.
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Figure A 6. Metabolomic cloudplot representation generated from XCMS platform for the analysis of the juice of American elderberry acce ssion
1896 and 1191 showed 2561 features with p-value <0.001, and fold-change >1.5. Each circle represents a feature detected on the samples. Green
color represented metabolomic feature that is up-regulated, while red color represented metabolomic feature that is down-regulated. Fold-change of
a feature was presented as a radius of a circle.
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Figure A 7. Representative American elderberry compound cytotoxicity in ARE assay in HepG2
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[ 1C50 [ 1.318 _ 1.768  4.304 | [ IC50 [3.421 | 2.977 137.3 | [ 1C50 | 2.489 | 3.844 26.30 |

Figure A 8. Antiviral activity of American elderberry compounds against HIV strains NL4-3 and BaL (n=2). A. Gallic acid. B. Isorhamnetin. C.
Kaempferol. D. Luteolin. E. Myricetin. F. Quercetin
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Table A 5. Concentration of bioactive compounds in the juice of American elderberry accession 1892, 2083, 2073, 1076, 1069, and 2095

No. Elderberry Compound ACC 1892 ACC 2083 ACC 2073 ACC 1076 ACC 1887A ACC 1069 ACC 2095
1 Caffeic acid 1267+126  2797+1.21 1444+149 2490+1.15 13.58+4.66 43.81+0.61 4943 +4.82
2 Chlorogenic acid 38.30+497 11926+1023 2622+4.81 3593+588 19.35+1.92 46.72 +4.06 nd*

3 p-Coumaric acid 19.79+0.88  40.89+0.36 63.26+0.75 4633+£047 55.00+0.36 4731 +1.16 70.51+2.73
4 Cyanidin 3,5-O-diglucoside 20.65+1.87 83.52+3.89 1.30+0.65 19.00+1.12 10.29+0.32 84.01+2.66 55.14 +1.88
s gizﬂfﬁ g:g:ﬁf‘ﬁgg‘i’;éde/ 2174006 649022  024+0.09 nd* nd* nd* nd*
6 Cyanidin 3-O-rutinoside nd* nd* nd* nd* nd* nd* nd*
7 Cyanidin 3-O-sambubioside 1.40+0.05 10.62 +0.36 nd* 5.04+0.24 nd* nd* 426+0.28
8 Cyanidin 3-O-sophoroside 10.52+0.94  38.88+3.25 0.96+0.28 9.32+£0.66 4.88+0.41 36.58 £2.58 23.45+1.63
9  Delphinidin 3-O-rutinoside 89.65+520 29483+1436 096+0.64 92.87+339 8.80+0.88 173.80+5.83 nd*

10  3-4, Dihydroxybenzoic acid 2145+1.84 3647+1.81 4023+0.78 4240+1.74 64.00+7.36 34.86 £3.59 137.70£6.74
11 Ferulic acid 0.63+£0.04 0.80+0.09 1.71+£0.17 0.83+0.15 1.88+£0.17 1.48 £0.05 3.89+0.20
12 Isorhamnetin 0.17+0.00 1.49+0.16 0.40=+0.05 0.27+0.01 0.56 £0.06 0.57+0.07 0.04+0.01
13 Isorhamnetin 3-rutinoside 5.82+0.25 60.41 +0.80 0.86+0.12 7.77+0.42 6.65+0.15 4146 +0.56 nd*

14  Kaempferol 2.52+049 4.07+0.14 226+0.14 211+£0.25 nd* 3.69+£0.41 nd*

15 Kaempferol 3-glucoside 0.56 +0.02 0.70 £ 0.04 nd* nd* nd* 126 £0.10 nd*

16 Kaempferol 3-O-rutinoside 4.09+0.13 8.96+0.32 0.13+0.03 291+0.25 nd* 10.76 £0.55 nd*

17  Naringenin 0.12+0.03 0.09 £0.04 0.21+0.01 0.13+0.01 027 +£0.02 0.08 +£0.01 0.06 +0.02
18  Neochlorogenic acid 4777+398 11561+£16.50 2437+720 53.17+727 36.70+3.71 56.90 £4.69 26.08 +4.23
19  Quercetin 16.10+0.86  71.30+1.68 362+069 31.13+3.50 8.55+1.19 25.89+2.50 1.65+0.46
20 Isoquercetin 7.47£0.41 19.32+0.56 042+0.05 7.31+0.10 2.92+0.21 12.22+£0.38 0.05+0.03
21  Rutin (quercetin-3-rutinoside)  79.12+1.18  268.10£8.06 143+034 8523+380 7.35+0.09 158.66 291 nd*

22 Isorhamnetin 3-O-glucoside 0.74 £0.06 3.38+0.28 1.16+0.10 0.88+0.11 2.03+0.26 391+0.16 nd*

*nd = not detected/below limit of detection. **data presented as mean + SD (mg L)
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Table A 6. Concentration of bioactive compounds in the juice of American elderberry cultivar Ozark, 1196, 1199, 2084, 2085, 1889A, and 1913

No. Elderberry Compound Ozark ACC 1196 ACC 1199 ACC 2084 ACC 2085 ACC 1889A  ACC 1913
1  Caffeic acid 13.22+0.61 123.64+8.53 47.50+043 7.34+0.69 5023 £14.42 35.86+3.10 2.96 +0.71
2 Chlorogenic acid 92.05+12.42 nd* 22.04+£5.73 nd* 36.87+£1594  69.01 £15.06 nd*

3  p-Coumaric acid 31.91+0.76 8773 +£1.13 3490+034 4.06=0.07 46.83 £6.58 38.10+1.05 71.26+1.49
4 Cyanidin 3,5-O-diglucoside 52.84 £4.08 521+0.66 111.72+£4.62 3043+290 4722+22.42 73.15+2.22 2995+4.29
S gzzﬁﬁﬂ g:g:gi}igg?;ide/ nd* nd* 11.80+1.16 nd* 1344232 4314025 nd*

6 Cyanidin 3-O-rutinoside nd* nd* 2.54+0.12 nd* nd* nd* nd*

7  Cyanidin 3-O-sambubioside 6.79+£0.30 0.86+0.09 511+0.38 nd* 2.75+1.54 1.15+0.18 nd*

g  Cyanidin 3-O-sophoroside 24.09 +1.66 3.18+0.57 51444236 1446+1.64 22.64+941 36.02+5.32 14.74+0.79
9  Delphinidin 3-O-rutinoside 236.71+13.95  0.00+0.00 20.79+1.52  0.00+£0.00 11224+107.37 239.44+3.18 11535+4.16
10 3-4, Dihydroxybenzoic acid 32.81+141 328.54+8.55 51.60+1.18 1130.'85;‘i 55.76 £28.31 9795+833  75.68=+2.54
11 Ferulic acid 0.72+0.12 9.56+0.24 1.88£0.11 0.15+0.02 1.25+0.52 0.92+0.23 1.15+£0.06

12 Isorhamnetin 0.44+0.02 0.04+£0.01 0.44+0.03 0.03+£0.01 0.08 £0.01 0.10+£0.01 0.40 +£0.04

13 Isorhamnetin 3-rutinoside 111.91+£2.89 nd* 126+0.10 nd* 0.73+1.27 221+0.16 42.10+1.88
14 Kaempferol 1.36 £0.05 nd* 6.71 £0.33 nd* 5.56 £3.46 1.59+0.18 1.04 £0.09

15 Kaempferol 3-glucoside nd* nd* nd* nd* 0.74+0.13 046=+0.14 0.50+0.04

16 Kaempferol 3-O-rutinoside 1542 +047 nd* nd* nd* 2.93+0.59 3.94+0.38 3.64+£0.23

17 Naringenin 0.11+0.03 0.31+0.01 0.17+0.02 0.19+0.02 0.14+£0.02 0.12+0.01 0.12+0.02

18 Neochlorogenic acid 94.02 +5.68 nd* 50.80+1.72 31.19+£222 52.81+£30.20 95.83+1448 nd*

19  Quercetin 8.85+0.56 1.44+0.20 52.88+2.64 1.90+0.76 5710+£11.76  4325+£092 14.16+£0.56

20 Isoquercetin 10.76 +£0.40 0.00 £0.00 748 £0.20 0.29+0.03 9.02+3.34 12.72+0.25  17.79+0.17
21 Rutin (quercetin-3-rutinoside)  216.70 +3.85 0.60+£0.27 1517+£056  1.13+£032  116.21+8821 221.64+555 113.83=£0.70
22 Isorhamnetin 3-O-glucoside 3.14+£0.19 nd* 0.70+0.05 nd* 0.14+0.24 0.40+0.04 4.58 +£0.06

nd = not detected/below limit of detection. **data presented as mean + SD (mg L)
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Table A 7. Concentration of bioactive compounds in the juice of American elderberry accession 2079, 1911, 1896, 2089, Bob Gordon,
and Wyldewood. *nd = not detected/below limit of detection. **data presented as mean + SD (mg L)

No. Elderberry Compound ACC 2079 ACC 1911 ACC 1896 ACC 1191 ACC 2089 Bob Gordon Wyldewood
1 Caffeic acid 2243+3.63 16.68+£0.59 46.36+3.00 23.51+2.17 28.89+2.80 21.64+1.38 67.95+2.65
2 Chlorogenic acid 40.96 £ 6.02 nd* 33.67+1026 73.71+13.10 25.86+0.56 61.47+£2.92 65.78 £2.18
3 p-Coumaric acid 4235+0.73 72.80+0.78 21.61+0.48 67.14+1.58 48.63+1.14 61.00+£0.27 90.46 £1.56
4 Cyanidin 3,5-O-diglucoside 13.61£039 4926+5.14 30344+744 1947+0.65 1.75+0.22 130.83+9.82  23.95+2.80
T oo w e w  w w w
6 Cyanidin 3-O-rutinoside nd* nd* nd* nd* nd* nd* nd*

7 Cyanidin 3-O-sambubioside 2.41+0.08 2.51+040 2.75+0.16 1.60+0.15 2.17+0.30 nd* nd*

8 Cyanidin 3-O-sophoroside 7.50+1.38 21.71£1.32 151.50+10.22 833+1.46 1.12+0.18 51.03+4.34 10.52+0.92
9 Delphinidin 3-O-rutinoside 105.57+3.44 2187+0.63 4145+141 2120+£1.72 105.84+£2.62 16576 +7.93 20.11+1.06
10 3-4, Dihydroxybenzoic acid 41.69+149 7943+£1.65 74.01+195 3827+146  62.39+4.75 40.96 £3.02 4530+1.18
11 Ferulic acid 0.81+0.08 245+0.10 042+0.10 223+0.12 0.81+0.11 1.54£0.06 2.11+0.17
12 Isorhamnetin 0.04+0.01 0.07+0.01 0.65+0.03 0.08 £0.01 1.00£0.05 0.63+0.05 0.68 +0.03
13 Isorhamnetin 3-rutinoside 048 £0.05 0.88£0.00 335+0.17 0.13+0.00 4722+1.40 39.89+0.33 437+0.29
14 Kaempferol nd* nd* 2.92+0.27 6.65+0.22 2.79+£0.39 2.91+0.19 3.50+0.40
15 Kaempferol 3-glucoside 0.40+0.70 nd* 0.32+0.04 0.62+0.02 0.37+0.04 nd* nd*

16 Kaempferol 3-O-rutinoside 1.30+0.20 nd* nd* 0.88 +0.06 2.50+0.25 9.20+0.08 0.00+£0.00
17 Naringenin 0.14+0.05 0.09 +£0.03 0.17+0.03 0.18+0.03 0.13+0.03 0.10+0.01 0.32+0.02
18 Neochlorogenic acid 93.39+7.76 nd* 59.77 +£5.83 72.83+£8.70 55.81+£2.89 100.06+1046 119.46+7.40
19 Quercetin 21.92+1.12 1334+1.12 10597+3.09 59.05+3.18 25.19+£2.00 28.85+0.30 2898 £2.31
20 Isoquercetin 6.54+0.23 2.55+0.11 16.14 £0.58 9.93+0.14 5.85+0.50 20.81 £0.25 4.18+0.27
21 Rutin (quercetin-3-rutinoside) 9697+444 18.17+0.77 31.40+0.76 1527+0.12 100.16+2.73  159.10+1.70 15.90+0.97
22 Isorhamnetin 3-O-glucoside nd* nd* 1.13+£0.07 nd* 5.07+0.35 4.23+0.08 1.33+0.07
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