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Welcome to Virginia Tech!

Virginia Tech, Virginia's 2nd largest public university founded in 1872, is located in Blacksburg in the
northern Blue Ridge Highlands region of Virginia, the homeland of the Tutelo/Monacan People. The
Virginia Tech campus occupies 2,600 acres in the heart of Blacksburg. Virginia Tech offers the
largest number of degree programs in the Commonwealth of Virginia to over 37,000 students.
Through experiential learning, future-focused research, and an inclusive, spirited culture, Virginia
Tech strives to accomplish the charge of its motto Ut Prosim (That | May Serve). Virginia Tech is
home to the Translational Plant Sciences Center as part of the Fralin Life Sciences Institute. For
more information about Virginia Tech and its research visit the Virginia Tech Facts and its Institute
for Research and Innovation.

We wish you a good time in Blacksburg!
Dorothea Tholl and Brenda Winkel

VIRGINIA
TECH.

Horticulture\Garden
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Al JULY 24-28, 2022
— BLACKSBURG, VIRGINIA US

Annual Meeting of the Phytochemical Society of North- America

Société Phytochimique de L’Amérique du Nord
Sociedad Fitoquimica de Ameérica Norte

VIRGINIA TECH, BLACKSBURG, VA, USA
SYMPOSIA

Phytochemical/specialized metabolism: Gene discovery, evolution and regulation
Phytochemistry at the junction of “primary” and “secondary” metabolism
Emerging approaches and applications
Synthetic biology and metabolic engineering
Phytochemical signaling (including growth regulation)
Phytochemical diversity in plant-organismal interactions
Phytochemistry in a changing environment
Phytochemistry of functional foods and bioactive natural compounds
Beyond plants: Specialized metabolism in microbes and animals

PLENARY AND KEYNOTE SPEAKERS

Jonathan Gershenzon Bjorn Hamberger Alexksandra Skirycz Hiroshi Maeda Alison Smith
Max Planck Institute for Michigan State University Boyce Thompson Institute University of Wisconsin University of Cambridge, UK

} N e, & y it !
Gloria Muday Diego Salazer Tom Sharkey Jessica Cooperstone Paolina Garbeva
Wake Forest University Florida International University Michigan State University Ohio State University Netherlands Institute of
Ecology
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Departments of Biological Sciences; Biochemistry; Entomology;
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National
3321‘322 USDA National Institute of Food and Agriculture
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Program Overview

Sunday, July 24th

e OPENING SESSION, PLENARY TALK: Jonathan Gershenzon, Max Planck Institute for Chemical Ecology
¢ RECEPTION

Monday, July 25

e SYMPOSIUM I: Phytochemical/specialized metabolism: Gene discovery, evolution and regulation
e SYMPOSIUM II: Phytochemistry at the junction of “primary” and “secondary” metabolism

e LUNCH

e SYMPOSIUM lll: Emerging approaches and applications

e SYMPOSIUM I (continued)

e POSTER SESSION I (odd-numbered posters) and RECEPTION

Tuesday, July 26"

e SYMPOSIUM IV: Synthetic biology and metabolic engineering

e SYMPOSIUM V: Phytochemical signaling (including growth regulation)
e LUNCH - Early career panel

o Free afternoon with opportunities for local excursions

e POSTER SESSION Il (even-numbered posters) and RECEPTION

Wednesday, July 27t

¢ WOMEN’S BREAKFAST

e SYMPOSIUM VI: Phytochemical diversity in plant-organismal interactions

e SYMPOSIUM VII: Phytochemistry in a changing environment

e LUNCH - Panel discussion workshop for graduate students

e SYMPOSIUM VIII: Phytochemistry of functional foods and bioactive natural compounds
e BUSINESS MEETING

e CONFERENCE BANQUET and PRESENTATION of PIONEER, LIFETIME ACHIEVEMENT, NEISH and The
PLANT JOURNAL-PSNA EARLY-CAREER AWARDS as well as TRAVEL and POSTER PRESENTATION
AWARDS

Thursday, July 28t

¢ SYMPOSIUM VIl (continued)

¢ SYMPOSIUM IX: Beyond plants: Specialized metabolism in microbes and animals
¢ ANNOUNCEMENTS of ORAL PRESENTATION AWARDS

¢ FINAL REMARKS and ADJOURNMENT

PSNA 2022
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2020 PSNA Phytochemical Pioneer Award

DANEEL FERREIRA

Professor Emeritus of Pharmacognosy

Research Professor in Research Institute of Pharmaceutical Sciences
Department of BioMolecular Sciences

School of Pharmacy

The University of Mississippi

University, MS, USA

dferrreir@olemiss.edu

After obtaining a B.Sc. (1963) at the University of Pretoria, South Africa, Daneel completed the B.Sc. (Honors) and M.Sc. programs
of the Chemistry Department, University of the Orange Free State, Bloemfontein, South Africa, while teaching Mathematics and
Physical Sciences at a local high school. Following his appointment in the Chemistry Department of Free State University, he
obtained the D.Sc. degree in Organic Chemistry and gradually progressed through the ranks to Professor of Organic Chemistry
and a four-year stint as chairperson at the Chemistry Department at Free State University. In 1990, he was appointed as Director
of a Research Unit for Polyphenol and Synthetic Chemistry at the Free State University by the South African Foundation for
Research Development. He held this position until he left South Africa at the end of 1998. He spent 1977 as a visiting lecturer at
Imperial College, London, where he worked with the Nobel Laureate, the late Sir Derek Barton, and was awarded the Diploma of
Imperial College for his work on the synthesis of aminoglycoside antibiotics. He joined the National Center for Natural Products
Research (NCNPR) at the University of Mississippi in 1999 as a Visiting Scholar, was appointed as Principal Scientist in the Drug
Discovery Program (2000) and became Chair of the Department of Pharmacognosy in April 2004. He is the recipient of the Gold
Medal of the South African Chemical Institute, the Havenga Prize of the South African Academy for Arts and Sciences for long
term, sustained excellence in Organic Chemistry, the International Tannin Award, and holds an honorary doctorate from Free State
University. He served on the Editorial Board of the journal Phytochemistry, was appointed as Associate Editor for the American
Chemical Society’s Journal of Natural Products (2004-2020), holds memberships in the American Chemical Society, the American
Society of Pharmacognosy, the Phytochemical Society of North America, and has served as president of the latter Society. He
has been involved with research in Natural Products Chemistry for more than 50 years. He has authored more than 400 peer-
reviewed scientific publications in top tier international Organic Chemistry and Natural Products journals and was listed in 2020 on
the Stanford University/Elsevier/SciTech Strategies List of the World’s top 2% scientists.

NCICNHCEENICTIiR Perspectives On 55 Years of Phytochemistry Research

My involvement in Phytochemistry research began in 1967 in the Chemistry Department, University of the Orange Free State,
Bloemfontein, South Africa. At that time the research emphasis was on the chemistry of phenolic compounds belonging to the
flavonoid/isoflavonoid classes. Thus, | was tasked with the synthesis of pterocarpans for an M.Sc. degree, followed by the first
steps into the complex world of oligomeric 5-deoxyproanthocyanidins, being fortunate to purify and partially define the structure of
the first tetraflavonoid for a Ph.D. degree. That set the scene for pioneering efforts towards the synthesis of a wide variety of
proanthocyanidins and applications of electronic circular dichroic spectroscopy to define their absolute configurations. Concluding
with a chemistry/biology stint into the vast field of oligosaccharides, | will also reminisce in “what was” vs the “marvels of 21 st
century research equipment.”
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2022 PSNA Life Membership Award

MARK BERHOW
Research Chemist
USDA ARS NCAUR
Peoria, IL, USA
mark.berhow@usda.gov

Mark Berhow is a lead scientist at the USDA, ARS, NCAUR in Peoria, lllinois, and has worked as research chemist and associate
with ARS since 1983. He received a B.Sc. in life sciences from the University of Portland, Oregon, in 1977, and a Ph.D. in
biochemistry from Washington State University, Pullman, Washington in 1984. He is an internationally recognized authority on
plant phytochemical analysis. He has developed and utilized chromatographic techniques, especially HPLC, to separate, identify,
and quantitate a wide variety of plant phytochemicals, especially plant phenolics. He has used these techniques to provide new
research findings on plant secondary metabolism and the interaction of these compounds with other plants, insects, and in animals
and humans that consume them. His recent work has centered on the development of rapid and accurate methods to identify and
measure a variety of phytochemicals from a variety of plant tissues and products. Dr. Berhow's research has led to the development
of several methods to solve complex problems associated with secondary plant metabolites—especially phenolics, flavonoids,
terpenoids, and glucosinolates.

Mark Berhow has been a dedicated member to the Phytochemical Society of North America since 1998. He served as PSNA
secretary from 2004-2008 and was chair of the 2003 Annual PSNA meeting in Peoria, IL, and the 2015 Annual PSNA Meeting at
the University of lllinois. He served as PSNA president from 2016-2017. He has further provided support to the PSNA for many
years by maintaining the society’s website and facilitating annual elections.

LR Analysis of cannabinoids, flavonoids and anthocyanins in hemp plants

Mark A. Berhow', Kelly Gude?*, Karl Vermillion', and Korey Brownstein?
TUSDA, ARS, NCAUR, Functional Foods Research Unit, Peoria, IL, USA
2U.S. Department of Energy, *Oak Ridge Institute for Science and Education appointment
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Tuesday Afternoon Excursions

LOCAL FARM AND BREWERY TOUR. Join us for a tour of Glade Road Growing, a local family-run farm producing
naturally-grown produce and pasture-raised organic-fed meats and eggs. Their methods are based on building and
maintaining soil health, biodiversity, and community involvement (read: fun). The tour will last approximately one hour
and afterwards we will visit the adjacent Rising Silo brewery that serves a selection of seasonal beers, kombucha, and
a farm-fresh food menu! We are offering van transportation for up to 22 participants. Sign up in Guidebook, then meet
at 2:30 pm outside the Inn at Virginia Tech; vans depart at

2:40 pm. You may also use your own transportation. We |
will meet at the farm for a tour starting at 3:00 pm, with time
for drinks and conversation afterwards. We will return to
campus by 5:30pm. Please contact Susan Whitehead
(swhitehead@vt.edu) if you have questions or if we can

ISING SILO BREWE

provide any accommodations to facilitate your participation
in this trip.

HIKE FOR A VIEW. Would you like to hike the Blue Ridge Mountains of
Appalachia and visit the movie setting for the iconic 1980s movie “Dirty
Dancing”? Join us on a 19mi/31km trip to Mountain Lake, Pembroke, Virginia, and
get a spectacular view on the Bald Knob Trail, an out-and-back forested trail of
0.8mi/1.3km (approx. 40 min.) that has an elevation gain of 410ft/125m. It is
described as a moderately challenging route (some rock
scrambling). Alternatively, you can walk around the lakebed on a mostly groomed
1 trail. We are offering van transportation for up to 22
participants. Sign up in Guidebook, then meet at
2:30 pm outside the Inn at Virginia Tech; vans

depart at 2:40 pm. After the hike, we will re-energize at the Mountain Lake Lodge before Genomic ;
returning to Blacksburg by 5:30 pm. Please contact Jim Tokuhisa (tokuhisa@vt.edu) if Sequencing:

you have questions or if we can provide any accommodations to facilitate your ¥ Center.
participation in this trip. iy :

FLSI CORE SERVICES AND GLYCOMIP NSF MATERIALS INNOVATION
PLATFORM. Would you like to learn more about leading-edge capabilities in Genomics
Sequencing or Mass Spectrometry? Or perhaps you are interested in the unique
technologies available through the GlycoMIP facility. If so, please join us for a 30-
minute tour at 3:00 or 3:30 pm. We will take an ~20-minute walk to Steger Hall (see
campus map on p. 5, or you can meet us there. Sign up in Guidebook; each time slot
is limited to just 10 participants. Afterwards, you might slip across the street to amble !
through the Hahn Horticulture Garden before returning to The Inn for the evening

festivities. Please contact Brenda Winkel (winkel@vt.edu) if you have questions or if @ G |YC0 M | P

we can provide any accommodations to facilitate your participation in this trip. el oot J

(7) SELF-GUIDED EXCURSIONS. Feeling adventurous, but you'd rather venture
walan J out on your own? Consider a visit to the Hahn Horticulture Garden, mentioned
above, or to historic Smithfield Manor, which “sits at the intersection of Colonial

m lt Ie America, westward expansion, African slavery, and conflicts between indigenous
peoples and European settlers.” Alternatively, the Blacksburg Museum and
Cultural Foundation in town includes an early agriculture exhibit and is open from

10 am to 4 pm, while the Moss Arts Center Gallery Exhibitions offers small exhibits in an architecturally-interesting
building, open 10am — 5 pm. Or perhaps you are interested in bowling, foosball, table tennis, or darts, ‘ i

Blacksburg, Va

available at the BreakZone in the Squires Student Center. See the map on p. 5 for the locations of many
of these sites, most within a 20-minute walk from The Inn. For a longer walking tour, consider
visiting the VT historic markers or searching out the 16 bronze frog statues scattered throughout

original Blacksburg and adjacent lands to learn about the freshwater under and around the streets and

buildings of downtown.

BLACKSBURG
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Detailed Program

All events are in the Assembly Hall / Skelton Conference Center, except as noted (see map
on page 9 for locations of Latham Foyer, Ballrooms, and Drillfield Room at The Inn)

All times are in North America Eastern Standard Time (Toronto / New York / Canciin)

July 24 (Sunday) CONFERENCE OPENING
Noon — 5 pm Conference registration - Latham Foyer, The Inn at Virginia Tech
3:00 — 5:00 pm Covid testing option — Latham Foyer facility (look for signage)
2:00 — 8:00 pm Poster hanging and preview — Latham CDEF
5:00 - 5:30 pm Opening Remarks — Assembly Hall

1. Dorothea Tholl (PSNA President and Chair, PSNA 2022 Conference) and
Brenda Winkel (Co-Chair, PSNA 2022 Conference)

2. Dennis Dean (VT Fralin Life Sciences Institute)

3. Guillaume Pilot (VT Translational Plant Sciences Center)

5:30 - 6:30 pm Plenary talk: Jonathan Gershenzon (Max Planck Institute for Chemical Ecology, Germany)
The phytochemistry of glucosinolates: phyto-protection and insects that fight back
6:30 - 8:00 pm Reception — Latham Foyer and Latham CDEF
8:00 pm Student Pizza Night — VT Visitors Center (meet at The Inn Front Lobby)
July 25 (Monday) SYMPOSIA I-lll, POSTER SESSION |
7:00 am — 1:00 pm Conference registration — Latham Foyer
8:00 — 11:30 am Covid testing option — Latham Foyer facility (look for signage)
7:30 - 8:15 am Refreshments — Expanded continental breakfast outside Assembly Hall
8:15-8:20 am Announcements — Assembly Hall

Symposium I: Phytochemical/specialized metabolism: Gene discovery, evolution &

regulation

Symposium Chair: Sangeeta Dhaubhadel (Agriculture and Agri-food Canada, Canada)

8:20 - 9:00 am Keynote: Bjoern Hamberger (Michigan State University, USA)
Building new chemical spaces: the power of promiscuity and localization in plant terpenoid
metabolism

9:00 - 9:25 am Arthur Neish Award presentation: Nik Kovinich (York University, Canada)

GmJAZ1 proteins bind GmNAC42s and suppress the activation of glyceollin phytoalexin
biosynthesis in soybean

Coffee break (20 min)

9:45 - 10:00 am Short presentation 1: Yann-Ru Lou (University of California, Davis, USA)
It happened again: convergent evolution of acylglucoses in black nightshade and wild tomato
10:00 - 10:15 am Short presentation 2: Kiyoul Park (University of Nebraska-Lincoln, USA)

Divergent evolution of extreme production of variant plant monounsaturated fatty acids

10:15 - 10:30 am Short presentation 3: Matilde Florean (Max-Planck Institute for Chemical Ecology, Germany)
Reinventing pathways: convergent evolution of specialized metabolites in flowering plants
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July 25 (Monday) SYMPOSIUM I: Phytochemical/specialized metabolism: Gene discovery, evolution and
regulation

Bjorn Hamberger, Ph.D.
Michigan State University
East Lansing, MI, USA

Dr. Hamberger earned his PhD at the Max-Planck Institute for Plant Breeding Research in Cologne with
Klaus Hahlbrock for studying the 4CL family in the core phenylpropanoid pathway in Arabidopsis. His first
postdoc was at UBC with Carl Douglas, where they applied the discovery to the total lignin network in poplar.
After that Dr. Hamberger joined Joerg Bohimann’s team at the Michael Smith Labs (still UBC) where he had
his first chance to work with P450s in terpenoid biosynthesis in conifers. Moving even further away from
model systems, he started the pathway discovery in medicinal plants in the Bohimann lab, which was the foundation for his
faculty position at the University of Copenhagen and a group leader position at the Center for Biosustainability, Danish Technical
University. After five years, he received the call from MSU, where he started in 2016 and was awarded an endowed
professorship in 2022.

Building new chemical spaces: the power of promiscuity and localization in plant terpenoid metabolism

Abby Bryson', Emily Lanier!, Garret Miller!, Jacob Bibik'?, Trine Andersen'?2, Lucas Reist', and Bjérn Hamberger'-?
"Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI, USA
2DOE Great Lakes Bioenergy Research Center, Michigan State University, East Lansing, Ml, USA

<: hamberge@msu.edu

The localization of plant specialized metabolic pathways can occur on multiple levels. This includes organ and cell-type specific
expression, spatial organization of genes within genomes, compartmentalization of enzymes and sequestration of products. These
features can drive the dynamic evolution of new chemistries and are a key for pathway discovery and engineering. Plants rely on
terpenoid specialized metabolites for adaptation and interaction with the environment. People have harnessed them for their
medicinal properties as well as for flavors, fragrances, and perfumes. Terpenoid diversity is particularly rich in the Lamiaceae (mint)
family, one of the largest families of angiosperms including aromatic herbs such as peppermint, basil, and sage. This talk will
highlight the discovery of unusual diterpene (C20) pathways and specifically a dynamically evolving gene cluster conserved across
all sequenced high-quality genomes in mint. The largest cluster is spanning approximately 400 Kb and encompassing seven
diterpene synthases and twelve cytochromes P450. Intriguingly, this cluster encodes the blueprints for two distinct diterpene
scaffolds. Further compartment-switching, unconventional substrates and inherent natural promiscuity has inspired Synthetic
Biology strategies for the engineering of host chassis systems as well as cell-free conversion of synthetic substrates, affording
access to new chemistries.

Nik Kovinich, Ph.D.
York University
Toronto, Ontario, Canada

Nik Kovinich received his Ph.D. in 2011 from Carleton University in Ottawa, Canada. His Ph.D. research
focused on understanding the genetics and biochemistry of specialized metabolite biosynthesis in the seed
coat of black soybean, and on engineering soybean metabolism to produce a visible color marker that could
be used to identify genetically modified soybean grains. His postdoctoral studies at Ohio State University in the
United States focused on understanding fundamental mechanisms of metabolite transport in plants. In 2012,
he was awarded a Pelotonia Postdoctoral Fellowship to investigate a novel approach for producing derivatives of anticancer drugs
using a combination of semi-synthesis and metabolic engineering. In July of 2015, he joined West Virginia University at the rank
of Assistant Professor to research how plants regulate the biosynthesis of phytoalexins, which are pathogen-inducible metabolites
that have important roles in plant defense but also medicinal applications. He taught undergraduate- and graduate-level molecular
genetics and bioengineering and has been nominated for several awards in mentoring undergraduate students in research. In
September of 2019, Dr. Kovinich joined York University in Toronto Canada as an Assistant Professor of Systems Biology. His
current research focuses on understanding the gene regulatory networks that control phytoalexin biosynthesis and nanoparticle-
based bioengineering of specialized metabolism in Cannabis sativa. His research is currently funded by the Natural Sciences and
Engineering Research Council (NSERC), the United States Department of Agriculture National Institute of Food and Agriculture
(USDA-NIFA), and York University.

YT CIE (WANVET o NI RNl clillih GmJAZA proteins bind GmNAC42s and suppress the activation of glyceollin
phytoalexin biosynthesis in soybean

Jie Lin', Md. Asraful Jahan?, Ivan Monsalvo', Melissa Ly", And Nik Kovinich'

"Department of Biology, York University, Toronto, Ontario, Canada
2Department of Genetic Engineering and Biotechnology, Shahjalal University of Science and Technology, Sylhet-3114, Bangladesh
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Glyceollins are the major pathogen-elicited defense metabolites (i.e. phytoalexins) of soybean (Glycine max). They have critical
roles in the defense of soybean against important pathogens in agriculture, in addition to unconventional anticancer activities that
render them desirable for pharmaceutical development. Yet, their semi-synthesis continues to be uneconomical, and we currently
possess insufficient knowledge of the regulation of their biosynthesis to bioengineer high-level production in soybean. We recently
reported the identification of GmMNAC42-1 and GmMYB29A2 as essential and direct activators of glyceollin biosynthesis genes,
yet each could not activate glyceollin biosynthesis in the absence of treatment with a pathogen elicitor. Here, by searching our
RNAseq data for genes that were oppositely regulated compared to glyceollin biosynthesis, we identified abscisic acid (ABA) genes
as the most highly represented. Treatments of soybean seedlings with ABA and the biosynthesis inhibitor norflurazon inhibited and
enhanced the elicitation of glyceollins, respectively. The effects of overexpressing GmNAC42-1 on enhancing the activation of
glyceollin biosynthesis were completely inhibited by ABA treatment. Of the putative ABA signaling genes in our RNAseq data,
GmJAZ1s were the most highly represented. RNAI silencing GmJAZ1s in elicited soybean hairy roots enhanced glyceollin
biosynthesis 2-fold, whereas in the absence of an elicitor it activated biosynthesis to 60% of the elicited control. Overexpressing
GmJAZ1-9 reduced glyceollin biosynthesis. The GmJAZ1-9 protein localized to the nucleus of soybean cells and interacted with
the C-terminal domain of GmNAC42-1, but not GmMYB29A2 in the yeast two-hybrid system, indicating a direct point of negative
regulation. Our results identify GmJAZ1s as prominent negative regulators of glyceollin biosynthesis and exemplify a strategy that
could, in-part, be used bioengineer economical and elicitor-free production of glyceollins for use in agriculture and pharmaceutical
development.

Sl ladJCNICT I R It happened again: convergent evolution of acylglucoses in black nightshade and wild tomato

Yann-Ru Lou’, Thilani M. Anthony', Paul D. Fiesel', Rachel E. Arking?, Elizabeth M. Christensen?, A. Daniel Jones', and Robert
L. Last"?

"Department of Biochemistry and Molecular Biology, 2Department of Neuroscience, *Department of Plant Biology, Michigan State University, East Lansing,
MI, USA

*current address: University of California, Davis, USA

P<: louyannr@msu.edu

Plant specialized metabolites are used by humans as medicines, food additives and natural insecticides. Solanaceae family plants
synthesize herbivory defensive acylated sugars in the tip cells of glandular trichomes. Acylsugars show striking structural variety
within the family, providing an ideal system for investigating the mechanisms of metabolic innovation. Here we explored the
common black nightshade (Solanum nigrum) that makes an unusually large number (~100) of different acylsugars in their trichome
hairs. We developed methods to structurally analyze acylsugar mixtures by 2D NMR, which led to the insight that the Old World
species black nightshade accumulates acylglucoses and acylinositols in the same tissue. Detailed in vitro biochemistry, cross-
validated by in vivo virus-induced gene silencing, revealed two unique features of the four-step acylglucose biosynthetic pathway:
A trichome-expressed, neofunctionalized invertase-like enzyme, SnASFF1 (S. nigrum acylsucrose fructofuranosidase 1), converts
BAHD-produced acylsucroses to acylglucoses, which, in turn, are substrates for a novel acylglucose acyltransferase (SnAGAT1).
Requirement of SnASFF1 makes S. nigrum acylglucose biosynthesis superficially similar to wild tomato (Solanum pennellii)
acylglucose biosynthesis, where SpASFF1 enzyme converts triacylsucroses to triacylglucoses. However, our results reveal that
the S. nigrum pathway evolved independently, with cooption of the neofunctionalized SnASFF1 from a distinct lineage of the
invertase gene phylogeny. These results demonstrate the dynamic nature of acylsugar biosynthesis with independent examples
of primary metabolic enzyme cooption and additional variation in BAHD acyltransferases.

Sl lele dJCRNCT1 4 Divergent evolution of extreme production of variant plant monounsaturated fatty acids

Kiyoul Park'23, Lu Gan'23, Jin Chai*, Evan M. Updike'?3, Hyojin Kim'23 Adam Voshall>5, Sairam Behera?®, Xiao-Hong Yu’,

Yuanheng Cai’, Chunyu Zhang®, Mark A. Wilson3, Jeffrey P. Mower?®, Etsuko N. Moriyama?®, Chi Zhang?°, Sireewan

Kaewsuwan'?, Qun Liu#, John Shanklin*, and Edgar B. Cahoon'23
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5School of Biological Sciences, °Department of Computer Science and Engineering, University of Nebraska-Lincoln, Lincoln, Nebraska, USA

"Biochemistry & Cell Biology Department, Stony Brook University, Stony Brook, New York, USA

8National Key Lab of Crop Genetic Improvement and College of Plant Science and Technology, Huazhong Agricultural University, Wuhan, China

9Department of Agronomy & Horticulture, University of Nebraska-Lincoln, Lincoln, Nebraska, USA

Department of Pharmacognosy and Pharmaceutical Botany & Excellent Research Laboratory, Phytomedicine and Pharmaceutical Biotechnology
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Metabolic extremes provide opportunities to understand enzymatic and metabolic plasticity and biotechnological tools for novel

biomaterial production. We discovered that seed oils of many Thunbergia species contain up to 92% of the unusual

monounsaturated petroselinic acid (18:1A6), one of the highest reported levels for a single fatty acid in plants. Supporting the

biosynthetic origin of petroselinic acid, we identified a A6-stearoyl-acyl carrier protein (18:0-ACP) desaturase from T. laurifolia,

closely related to a previously identified A6-palmitoyl-ACP desaturase that produces sapienic acid (16:1A6)-rich oils in T. alata

seeds. Guided by a T. laurifolia desaturase crystal structure obtained in this study, enzyme mutagenesis indicated key amino acids

for functional divergence of A6 desaturases from the archetypal A9-18:0-ACP desaturase and mutations resulting in non-native

enzyme regiospecificity. Further, we demonstrate the utility of the T. laurifolia desaturase for the production of novel
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monounsaturated fatty acids in engineered plant and bacterial hosts. Through stepwise metabolic engineering, we provide
evidence that divergent evolution of extreme petroselinic acid and sapienic acid production arises from biosynthetic and metabolic
functional specialization and enhanced expression of specific enzymes to accommodate metabolism of atypical substrates.

Sl ¥ JCRENICT I R Reinventing pathways: convergent evolution of specialized metabolites in flowering plants

Matilde Florean', Katrin Luck', Sarah E. O’connor?, and Tobias G. Kdllner!
"Department of Natural Product Biosynthesis, Max-Planck Institute for Chemical Ecology, Jena, Germany
X: mflorean@ice.mpg.de

To cope with their sessile nature, plants synthesize an array of specialized metabolites that serve as defenses against a multitude
of biotic and abiotic threats. Among specialized plant metabolites, benzoxazinoids (BXDs) form a class of indole-derived
compounds with broad antimicrobial and antifeedant properties. Unlike many other specialized metabolites, which tend to be
lineage-specific, BXDs occur sporadically in a number of distantly related plant families including Poaceae, Ranunculaceae,
Lamiaceae, Acanthaceae and Apocynaceae, raising the question of whether BXD biosynthesis arose independently in different
lineages. Decades of research in the Poaceae have led to the complete elucidation of the BXD metabolism in this monocot family.
Here, the conversion of indole to BXDs is catalyzed by a series of evolutionarily related cytochrome P450s, an oxoglutarate-
dependent dioxygenase and a methyltransferase. Despite the extensive knowledge of the pathway in monocotyledons, BXD
biosynthesis in dicotyledons is still unknown.

By using a metabolomic and transcriptomic-guided approach, we elucidated the BXD pathway in Lamium galeobdolon (Lamiaceae)
and Aphelandra squarrosa (Acanthaceae). Interestingly, the pathway in both of these species utilize a dual-function flavin-
containing monooxygenase in place of two distinct cytochrome P450s, as is the case in the Poaceae. In addition, we identified four
evolutionarily unrelated cytochrome P450s, a polyphenol oxidase and a methyltransferase involved in BXD formation in these
species. Transient expression of the enzymes in Nicotiana benthamiana allowed us to fully reconstruct the BXD pathway of L.
galeobdolon and A. squarrosa.

Our findings constitute the first discovery of BXD pathways in Eudicots. Moreover, the heterogeneous pool of identified BXD

enzymes represents a remarkable example of metabolic plasticity, in which the ability to produce BXDs according to a similar
chemical logic, but using a different set of metabolic enzymes, has independently evolved in distantly related plant families.

Two O-methyltransferases from phylogenetically unrelated Anthriscus sylvestris and Thujopsis
dolabrata var. hondae as a signature of lineage-specific evolution in aryltetralin lignan biosynthesis

Masaomi Yamamura'?’, Masato Kumatani®’, Akira Shiraishi2’, Yu Matsuura'!, Keisuke Kobayashi', Ayano Suzuki®, Atsushi
Kawamura®, Honoo Satake?, Safendrri Komara Ragamustari'-®, Shiro Suzuki'°, Hideyuki Suzuki*, Daisuke Shibata'#, Shingo
Kawai®, Eiichiro Ono®, and Toshiaki Umezawa'-®
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SFaculty of Agriculture, Shizuoka University, Ohya 836, Surugaku, Shizuoka, Japan

“Kazusa DNA Research Institute, Kisarazu, Chiba, Japan
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Two O-methyltransferases (OMTSs) catalyzing 4-O-methylation of dibenzylbutyrolactone lignans, 5-O-methylthujaplicatin and 4-O-
demethylyatein, were identified from Anthriscus sylvestris and Thujopsis dolabrata var. hondae, which were designated as
AsSecoNorYatein (SNY) OMT and TdSNYOMT respectively. AsSSNYOMT can be responsible for the methylation of 5-O-
methylthujaplicatin to 4,5-O,0O-dimethylthujaplicatin, which are precursors of yatein, deoxypodophyllotoxin, and podophyllotoxin.
Though AsSNYOMT and TdASNYOMT both accept 5-O-methylthujaplicatin and 4-O-demethylyatein as substrates, phylogenetic
analysis indicated the two OMTs shared only moderate amino acid sequence identity, 33.8 %, suggesting a signature of parallel
evolution of the OMTs for the structurally-related lignans in phylogenetically unrelated plants. The two SNYOMTs were
phylogenetically evaluated with previously identified six OMTs catalyzing methylation of dibenzylbutyrolactone lignans. These
OMTs are diverse in terms of their substrate specificity, regioselectivity, and amino acid sequence identity, and were evolved
independently in each plant species. While they showed diversity in various aspects, two-entropy analysis detected several
residues in AsSSNYOMT as the lignan OMT-specifically acquired amino acids. Site-directed mutation of ASSNYOMT indicated that
two of them contributed specifically to 5-O-methylthujaplicatin OMT activity in ASSNYOMT. The results provide a new example of
parallel evolution of OMTs in plant secondary (specialized) metabolism.

Il T CEENI UL BRI CI@ )R Comprehensive characterization of multi-substrate specificity of aminotransferase family
enzymes
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Kaan Koper!, Markus De Raad?, Shogo Hataya®, Sang-Woo Han?#, Ramani Kothadia*, Hugh Salamon*, Yasuo Yoshikuni?#, Taichi
Takasuka3, Trent Northen?, and Hiroshi A. Maeda'
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Aminotransferases (ATs) are critical enzymes in plant nitrogen (N) metabolism and facilitate the transfer of amino N between
biomolecules, namely amino acid donors and keto acid acceptors. However, the full spectra of AT multi-substrate specificity are
still largely unexplored due to the tedious nature of AT characterization and the poor understanding of sequence-function
relationship. As a result, many cross-pathway N transfer reactions remain uncharacterized and unaccounted, making our
understanding of plant N metabolic network far from complete. To address these major knowledge gaps, we first generated a
cross-kingdom phylogeny of AT families and identified evolutionary distinct monophyletic AT groups. Next, we synthesized 49
representative AT candidate genes from Arabidopsis thaliana and generated all of their encoded proteins using E. coli and/or cell-
free wheat germ expression systems. To comprehensively examine their substrate specificities, we established high-throughput
substrate screening methods using nanostructure-initiator mass spectrometry (NIMS) and matrix-assisted laser
desorption/ionization MS (MALDI-MS), which enabled determination of AT substrate utilization profiles against 32 amino donors
with 6 different keto acceptors (192 reactions per enzyme). The novel AT reactions and multi-substrate specificities of tested ATs
were further cross-validated by LC-MS/MS and spectrophotometry-based assays. '°N labeling studies are currently being
employed to further authenticate in planta functionality of novel AT reactions and their physiological functions. The new AT
reactions identified in this study are highlighting the presence of novel AT-mediated N metabolic links, which are likely important
for robust N recycling and rebalancing of various N-containing compounds in plants.

Mehran Dastmalchi, Ph.D.
McGill University
Sainte-anne-de-Bellevu, QC, Canada

Mehran Dastmalchi joined McGill University as an Assistant Professor in the Department of Plant Science in
the Fall of 2020. He is setting up a research program to study specialized metabolism in legume species
(Fabaceae) and members of the Apocynaceae, with interest in pathways producing defence and health
compounds. He received his Ph.D. from Western University, working in the lab of Dr. Dhaubhadel (2010-
2015) and completed postdoctoral fellowships with Dr. Facchini (2015-2018) and Dr. De Luca (2018-2019).

LA S\ WATE T NI el ik A metabolic shift brought on by a lesion-mimic phenotype

Fanfan Li", Stephen Bordeleau?, Kyung-Hee Kim?3, Jonathan Turcotte', Benjamin Davis?, Lan Liu*, Stephane Bayen*, Vincenzo De
Luca®, And Mehran Dastmalchi’
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Catharanthus roseus is a medicinal plant that produces an abundance of monoterpenoid indole alkaloids (MIAs). Biosynthesis of
MIAs has been resolved for the canonical pathway; however, the regulatory mechanisms controlling divergence into many lateral
branches remain largely unknown. Here, we describe a C. roseus mutant, generated via ethyl methanesulfonate (EMS)
mutagenesis, which accumulates high levels of MIAs. The mutant exhibited stunted growth, partially chlorotic leaves, with
deficiencies in chlorophyll biosynthesis, and a lesion-mimic phenotype. The lesions were sporadic and spontaneous, appearing
after the first true bifoliate and continuing throughout development. The lesions were also enriched with lateral branch metabolites
and their associated genes and transcription factors. The chemical phenotype was enhanced by jasmonate (JA) induction of leaf
samples, indicative of a role in plant defence response. Further transcriptomic studies into such mutants can guide plant and
heterologous engineering for medicinal and agricultural uses. A close analysis of inducible pathways can also improve our
understanding of their eco-physiological roles and convoluted modes of transcriptional regulation.

EECRCI S -TdFIE Redirecting tropane alkaloid metabolism reveals pyrrolidine alkaloid diversity in Atropa
belladonna

Hannah M. Parks', Maris A. Cinelli'?, Matthew A. Bedewitz?®, Josh M. Grabar?¢, Steven M. Hurney3d, Kevin D. Walker"3, A.
Daniel Jones', and Cornelius S. Barry?
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Metabolism is complex, and although it is acknowledged that linear pathways are inadequate models of metabolism, the
interconnectivity of metabolism remains poorly defined. This is particularly evident for plant specialized metabolism where shared
intermediates, branching of biosynthetic pathways, gene duplication, catalytic promiscuity, and non-enzymatic reactions combine
to create metabolic complexity. Pyrrolidine alkaloids are defined by a five-membered nitrogen heterocycle. In the Solanaceae, the
N-methyl A'-pyrrolinium cation, a simple pyrrolidine and potent electrophile, is a precursor of pharmacologically important and
defense-related metabolites, including tropane alkaloids and nicotine. In the roots of Atropa belladonna (Deadly Nightshade),
silencing of pyrrolidine ketide synthase (AbPyKS) reduces tropane alkaloid abundance and leads to N-methyl A'-pyrrolinium cation
accumulation. In this study, we utilized discovery metabolomics coupled with AbPyKS silencing to reveal major changes in the A.
belladonna root alkaloid metabolome. In particular, we discovered and annotated almost 40 pyrrolidine alkaloids that are increased
when AbPyKS activity is reduced as well as several novel tropane alkaloids that are decreased in AbPyKS-silenced plants.
Suppression of phenyllactate biosynthesis, combined with metabolic engineering in planta, and in vitro chemical synthesis,
indicates that several of these pyrrolidines share a common core structure formed through the non-enzymatic Mannich-like
decarboxylative condensation of the N-methyl A'-pyrrolinium cation with malonic acid phenyllactic acid-2-O-yl ester. Decoration of
this core scaffold through enzymatic and non-enzymatic reactions leads to the formation of a collection of hydroxylated and
glycosylated mono- and dipyrrolidine alkaloids. Together, these data reveal alternate fates for tropane pathway intermediates and
highlight the existence of previously uncharacterized alkaloid diversity that is driven through non-enzymatic mechanisms and
promiscuous enzymatic activity.

WERRCU WAL CIgIR Pelargonium uses distinct subcellular compartments for the biosynthesis of cyclic and acyclic
oxygenated monoterpenes

Matthew E. Bergman' and Michael A. Phillips'2

"Department of Cellular and Systems Biology, University of Toronto, Toronto, Ontario M5S 3G5, Canada
2Department of Biology, University of Toronto — Mississauga, Mississauga, Ontario, L5L 1C6 Canada
P<I: matthew.bergman@mail.utoronto.ca

Rose scented geraniums (Pelargonium graveolens) are rich in monoterpene containing essential oil that is store in glandular
trichomes. This essential oil has substantial variation in its composition with its value directly correlated to the ratio of geraniol to
p-menthane monoterpenes. Based on whole plant CO: labeling experiments, at least two biosynthetic pathways contribute to the
monoterpenes that are stored in glandular trichomes. Distinct chemotypic groups favor either the accumulation of cyclic p-
menthanes such as isomenthone or acyclic monoterpene alcohols such as geraniol and citronellol. This metabolic split between
‘mint-like’ p-menthanes and ‘rosy’ acyclic monoterpene alcohols reflects the respective activity in the compartments in which they
are synthesized. The p-menthanes are initially produced in the plastid from GDP derived from the MEP pathway in a pathway akin
to the (-)-menthol pathway of Mentha x piperita, whereas the acyclic monoterpene alcohols can be produced in the cytosol without
the participation of a monoterpene synthase. In P. graveolens, a cytosolic Nudix hydrolase acting on cytosolic geranyl diphosphate
forms geranyl monophosphate as substrate for a phosphatase to produce geraniol directly in the cytosol. Biochemical
characterization showed that a cytosolic, farnesyl diphosphate synthase-like cDNA encodes a multi-product enzyme that produces
geranyl diphosphate which may supply substrate to this cytosolic geraniol pathway. The identification of distinct monoterpene
pathways in the cytosol and plastid offers insight into the metabolic regulation of essential oil biosynthesis in glandular trichome
bearing plants.

July 25 (Monday) Symposium II: Phytochemistry at the junction of “primary” and “secondary” metabolism

Hiroshi A. Maeda, Ph.D.
University of Wisconsin
Madison, Wisconsin, USA

Hiroshi Maeda’s laboratory at University of Wisconsin-Madison brings together diverse researchers and ideas
to investigate biosynthesis of aromatic amino acids, essential human nutrients and precursors of numerous
plant natural products. Utilizing evolutionary biochemistry and classical genetic approaches the group has
identified enzyme variants and mutations that can de-regulate aromatic amino acid biosynthesis in various
plants. These basic discoveries are being utilized to conduct synthetic biology for sustainable production of
various chemicals using plant hosts. Maeda lab website: https://maeda.botany.wisc.edu/

Deregulating aromatic amino acid biosynthesis in plants
Hiroshi A. Maeda'

"Department of Botany, University of Wisconsin, Madison, WI, USA

DA: maeda2@wisc.edu

PSNA 2022 25


mailto:parksha2@msu.edu
mailto:matthew.bergman@mail.utoronto.ca
https://maeda.botany.wisc.edu/
mailto:maeda2@wisc.edu

With accelerating global warming and industrial development, we urgently need to develop new technologies to efficiently capture
atmospheric CO2 while sustainably producing industrial chemicals. Aromatic compounds having unusual stability provide promise
for carbon storage and major platform precursors for pharmaceuticals, commodity chemicals, and materials, with rapidly growing
global demand. Terrestrial plants convert atmospheric COz2 into diverse and abundant aromatic compounds including the phenolic
polymer lignin that accounts for up to 30% of vascular plant dry mass. However, it is unclear how plants control the shikimate
pathway that connects the photosynthetic carbon fixation with the biosynthesis of aromatic amino acids (AAAs), the major
precursors of plant aromatic natural products. Here we identified point mutations that can simultaneously enhance AAA production
and photosynthetic CO2 assimilation in plants. The genetic screening of suppressor of partially tyrosine-deficient tyra2 (sota)
identified a series of dominant mutations that dramatically elevate the levels of all AAAs in Arabidopsis thaliana plants. Nextgen
sequencing-mapping followed by extensive biochemical enzyme characterization revealed that these sota mutations attenuate
highly-complex regulation of the first enzyme of the plant shikimate pathway. Strikingly, the deregulation of the shikimate pathway
was accompanied by up to 30% increase in net CO: fixation in planta. Therefore, the feedback regulation of the first shikimate
pathway reaction is the major bottleneck in aromatic production and is directly linked to photosynthetic carbon fixation in plants.
The findings unlocked the critical gateway pathway connecting photosynthetic carbon fixation with the biosynthesis of AAAs and
aromatic phytochemicals in plants. The series of the point mutations identified in this study can provide powerful plant genetic tools
to enhance the conversion of CO2 into aromatic compounds for sustainable production of high-value compounds while
concomitantly reducing atmospheric COx.

Sl Ll WICEEIC [ Mkl New evidence for an old idea: revisiting the Dual Pathway Hypothesis of aromatic amino acid
biosynthesis in plants

Joseph H. Lynch'
"Division of Plant and Soil Sciences, West Virginia University, Morgantown, WV, USA
54: joseph.lynch1@mail.wvu.edu

In plants, the aromatic amino acids phenylalanine, tyrosine, and tryptophan serve not only as essential building blocks of proteins,
but also as precursors to thousands of primary and specialized metabolites with diverse roles in plant survival and fitness. It is well
established that a complete set of all enzymes necessary to synthesize these amino acids from phosphoenolpyruvate and
erythrose-4-phosphate are present in the plastids. However, classic biochemical evidence was used to justify the original
formulation of the “Dual Pathway Hypothesis,” which posited that an extraplastidial pathway operates in parallel to contribute to
total cellular aromatic amino acid production. While this hypothesis failed to gain widespread support as the dominance—and
perceived exclusivity—of the plastidial pathway became evident, recent evidence has led us to revisit the Dual Pathway
Hypothesis. Here | describe efforts to discover and characterize extraplastidial enzymes involved in aromatic amino acid
biosynthesis. We have successfully identified the encoding genes for the post-chorismate steps of cytosolic phenylalanine
biosynthesis. Work towards discovery of cytosolic pre-chorismate enzymes is ongoing. The findings of this research have
implications not just for our understanding of fundamental plant function, but also for metabolic engineering of plant-based platforms
for sustainable phytochemical production.

Sl WICEICl [ A Duplication and co-option of fatty acid biosynthesis leads to structurally diverse specialized
metabolites in the Solanaceae

Conor Raymond' and Craig A. Schenck’
"Division of Biochemistry, Interdisciplinary Plant Group, University of Missouri, Columbia, MO, USA
P caschenck@missouri.edu

Plants make a structurally diverse array of specialized metabolites that serve critical roles in plant-environment interactions.
Specialized metabolic pathways also enable understanding of enzyme recruitment and pathway evolution because of their lineage-
restriction and rapidly evolving characteristics. Acylsugars are trichome-synthesized metabolites produced by species across the
Solanaceae family and consist of a sugar core with esterified acyl chains. Acyl chain length is a major source of acylsugar structural
variation, however the acylsugar acyl chain elongation pathway remains unknown. Isotopic labeling studies suggest that acyl
chains are elongated by a mechanism analogous to fatty acid biosynthesis. To identify pathway genes, we took a comparative
genomics approach using characterized fatty acid biosynthetic genes to identify homologs in diverse Solanaceae species focusing
on the first step in the pathway catalyzed by p-ketoacyl-ACP synthase (KAS). Phylogenetic analysis showed that for each clade
containing an Arabidopsis KAS there were two tomato KAS. Within each of these clades, one tomato KAS was highly enriched in
the trichomes, whereas the other was not. Additional transcriptomics data highlighted that other Solanaceae species contained
trichome-enriched KAS enzymes in additional to ‘canonical’ KAS enzymes. CRISPR/Cas9 was used to individually knockout the
tomato trichome-enriched KAS and genetically test their roles in acyl chain elongation. All kas mutants had altered acylsugar
profiles compared to wild-type, however acylsugar profiles varied depending on the KAS targeted. Fatty acid profiles showed that
KAS gene mutations did not disrupt fatty acid biosynthesis. These data suggest that KAS enzymes were duplicated and co-opted
into acylsugar biosynthesis and may display altered substrate specificities from canonical KAS enzymes. We are currently
characterizing substrate specificity of extant KAS and reconstructing ancestral enzymes to understand how and when acylsugar
KAS activities emerged. With this knowledge we hope to engineer other species for production of biologically active acylsugars to
enhance crop resilience.

July 25 (Monday) Symposium lll: Emerging approaches and applications
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Aleksandra Skirycz, Ph.D.
Boyce Thompson Institute
Ithaca, New York, USA

Dr. Skirycz defended her Ph.D. from the University of Potsdam, Germany, in 2008. She then moved to
Belgium to the PSB Institute in Gent, where she worked for Prof. Dirk Inze, studying the molecular
mechanisms underlying plant growth inhibition in response to water limiting conditions. In 2012 she moved to
( Milano, ltaly, and in 2013 to Belem in Brazil. In 2015 she returned to Germany and established a small-
) - molecule signaling group at the Max Planck Institute of Molecular Plant Physiology in Golm. In October 2020,
she joined the Boyce Thompson Institute, Ithaca, US, as an Assistant Professor. Dr. Skirycz’s research focuses on the identification
and functional characterization of small regulatory molecules. Dr. Skirycz's research combines classical biochemistry with state-
of-the-art mass spectrometry metabolomics and proteomics to generate and mine metabolite—protein interaction networks.

Functional characterization of metabolomes by identification of protein-metabolite interactions.
Aleksandra Skirycz'
"Boyce Thompson Institute, Ithaca, NY, USA

DA as4258@cornell.edu

Living organisms are outstanding organic chemists, producing diverse small-molecule compounds that cover vast structural and
functional diversity. Nevertheless, the metabolome remains largely terra incognita. First of all, we do not understand the full
chemical complexity of even well-studied model organisms. Secondly, we often do not understand the metabolites' function, while
new roles are constantly being assigned to central compounds such as amino acids and sugars. Because small molecules rarely
work on their own but rather via interactions with proteins, following the proverbial "tell me who your friends are, and | will tell you
who you are," identification of protein interactors can be used to unravel the function of a metabolite. During my talk, | will introduce
an experimental approach developed in my group, enabling cell-wide identification of metabolite—protein-protein interactions. We
combine classical biochemistry with state-of-the-art mass spectrometry metabolomic and proteomic methods and use
computational tools to generate and mine metabolite—protein interaction networks. | will subsequently give examples of novel
small-molecule regulators identified by our approach, focusing on proteinogenic dipeptides and their role as metabolic switches at
the interface of proteostasis and central metabolism.

Monica Borghi, Ph.D.
Utah State University
Logan, Utah, USA

Dr. Borghi joined USU Biology in August 2020 after completing postdoctoral research in flower
metabolomics at the Max Planck Institute of Molecular Plant Physiology (Potsdam, Germany; Alisdair
Fernie laboratory) and Wageningen University (The Netherlands; Harro Bouwmeester laboratory)
sponsored by a Marie-Curie Fellowship. Previous to that, she worked as a postdoctoral researcher at North
Carolina State University on metabolic engineering of volatile organic compounds (Deyu Xie laboratory).
In her first postdoctoral cycle, she worked on plant ionomics at Purdue University (David Salt laboratory) and the University of
Tokyo, Japan (JSPS Fellow; Toru Fujiwara laboratory).

YT ET WANTET (o N IR I i )sh High-energy level metabolism and transport occur at the transition from closed to open
flowers

Monica Borghi’
"Department of Plant Physiology, Utah State University, Logan, UT, USA

DA: monica.borghi@usu.edu

During the maturation phase of flower development, the onset of anthesis visibly marks the transition from buds to open flowers,
during which petals stretch out, nectar secretion commences, and pollination occurs. Analysis of the metabolic changes occurring
during this developmental transition has primarily focused on specific classes of metabolites, such as pigments and scent emission,
and far less on the whole network of primary and secondary metabolites. To investigate the metabolic changes occurring at
anthesis, we performed multi-platform metabolomics alongside RNA sequencing in individual florets harvested from the main
inflorescence of Arabidopsis (Arabidopsis thaliana) ecotype Col-0. To trace metabolic fluxes at the level of the whole inflorescence
and individual florets, we further integrated these studies with radiolabeled experiments. These extensive analyses revealed high-
energy-level metabolism and transport of carbohydrates and amino acids, supporting intense metabolic rearrangements occurring
at the time of this floral transition. These comprehensive data are discussed in the context of our current understanding of the
metabolic shifts underlying flower opening. We envision that this analysis will facilitate the introgression of floral metabolic traits
promoting pollination in crop species for which a comprehensive knowledge of flower metabolism is still limited.

Rllelg F IR I )k Improving the interpretability of LC-MS data using computational metabolomic approaches
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Obtaining biological insights from untargeted liquid chromatography mass spectrometry (LC-MS) of plant extracts is a challenge.
Plant compounds are underrepresented in online spectral databases, partly due to which >95% of the signals go unidentified.
Furthermore, most tools for assigning metabolite peaks to pathways are designed for (mostly biomedical) model organisms and
require identified compounds. In this context, | will present four approaches that improve the interpretability of untargeted LC-MS
data. We performed a large experiment sampling the metabolome of Brachypodium distachyon, a model Poaceae species, under
17 organ-condition combinations. First, we quantified information theory based metrics, namely diversity, degree of specialization
and plasticity of the metabolome under different conditions. We found that roots are more specialized and stress-responsive than
leaves, but leaves are metabolically more diverse. We also found that a week of copper deficiency protected the root metabolome
against perturbation by transitional heat stress. Second, using MS/MS networking and spectral matching, we validated a recent
machine learning based method CANOPUS for structural class predictions of LC-MS signals. Our results also revealed significant
perturbations in various lipid subtypes, amino acids, cinnamic acids and flavonoids that may impact Brachypodium stress response.
Third, based on the well-standardized eFP browser on the BAR website, we developed a novel way of visualizing metabolite class
perturbations, thereby improving the interpretability of our findings. Fourth, we developed and validated a novel tool called
metaPathwayMap that can associate CANOPUS structural class predictions to PlantCyc metabolic pathways, thus highlighting
pathways potentially perturbed under stress. metaPathwayMap can be run by any user on the SolGenomics website and can also
enable more efficient selection of candidate genes when coupled with orthogonal RNA-seq datasets. Overall, my presentation will
not only describe the technicalities of these approaches but also reveal the novel biological insights derived by applying them to
real-world LC-MS datasets.

NP-MRD: The Natural Products Magnetic Resonance Database

John Cort'

"Pacific Northwest National Laboratory, Richland, WA, USA

P<: john.cort@pnnl.qov)

NMR spectroscopy is essential to natural products and specialized metabolite research: for example, in novel structure
determination, characterization of functions and interactions, or analysis of mixtures. However, progress in the field has been
greatly hindered by the poor accessibility to NMR data for known natural products. Currently, chemical shift assignments are
scattered throughout decades of published scientific literature and a few valuable, but incomplete, chemical shift databases.
Furthermore, nearly all raw data (FIDs) used to determine structures of natural products is not archived and is likely unrecoverable.
To address such inadequacies, the Natural Products Magnetic Resonance Database (NP-MRD, np-mrd.org) has been established
with a goal to become a comprehensive, searchable, connected, and open database and repository for all natural products NMR
data. The mission of NP-MRD is to benefit research through engagement and partnership with the worldwide natural products
community. With derived (e.g. chemical shift assignments), raw (FID), and simulated NMR data, as wells as tools and links to other
databases, NP-MRD can facilitate dereplication, support correction of erroneous or missing chemical shift assignments, and enable
structure validation or structure revision. Furthermore, NP-MRD can create opportunities for developing new artificial intelligence-
based approaches for structure determination and chemical shift or spectral prediction, among other presently unforeseen
applications of such a database resource.

July 25 (Monday) Symposium | (cont.): Emerging approaches and applications

Narayanan Srividya, Ph.D.
Washington State University
Pullman, Washington, USA

Narayanan Srividya “Sri” is currently working at the institute of Biological Chemistry , Washington State
University with Prof Mark Lange as a senior scientist since 2011 . She got her Ph.D. from the University of
Madras, Chennai, India in physical-organic Chemistry in 1997 and went on to do a post doc in Biochemistry
at University Louis Pasteur, Strasbourg, France, working on nucleocapsid proteins in HIV. She came to the

“4  University of Chicago to study RNA folding with Profs. Tao Pan and Tobin Sosnick. She moved to Western
Mlchlgan University with a prestigious Keck grant and has worked with Mark Lange at Washington State University. Her interests
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are biosynthetic pathways in plants, Biochemistry of terpenoid functionalization enzymes, structure function analysis of terpene
synthases. She currently is a Co-Pl on a Department of Energy grant with Prof. Mark Lange, on Understanding selectivity in
terpene synthases.

LR RN WANTETC NI CEE L Clile)ih Outcome of catalysis by monoterpene synthases correlates with electrostatic
stabilization of specific carbocation intermediates

N. Srividya', H. Kim?, I. Lange’, B. Ginovska?, S. Raugei?, B.M. Lange'
TInstitute of Biological Chemistry, Washington State University, Pullman, WA, USA.
2Pacific Northwest National Laboratory, Richland, WA, USA

PL: narayanan.srividya@wsu.edu

Monoterpene synthases (MTSs) catalyze the first committed step in the biosynthesis of monoterpenes, which play critical roles in
the interactions of plants with their environment and are also widely used as ingredients for the flavor and fragrance industry. MTSs
control challenging reactions that involve highly reactive carbocations through exquisite steric and electrostatic confinement, in
some cases with remarkable product specificity and enantioselectivity. We recently established, through free energy calculations
using force-field- and hybrid quantum mechanics/molecular mechanics simulations, that a common reaction intermediate, the a-
terpinyl cation (ATC), preferentially adopts one of two different conformations, thus leading to the formation of monocyclic
monoterpenes in some MTSs and bicyclic products in others. The free energy of the ATC in different enzyme environments
correlates strongly with the ratio of monocyclic to bicyclic products in model MTSs. We have now expanded these investigations
to include other carbocation intermediates, namely the pinyl, terpinen-4-yl, bornyl, and camphyl cations, to further investigate how
electrostatic and van der Waals interactions affect the free energy of these intermediates, thus leading to the formation of different
products in different MTSs. These studies are complemented by expansive mutant approaches that involve changing residues in
the MTS active site that favor the formation of a specific carbocation to other residues that facilitate the preferential stabilization of
a different carbocation, with a corresponding change in product profiles. We will be presenting a draft model to address the
determinants of product selectivity in MTSs.

Benzaldehyde is synthesized by a peroxisomal heterodimeric enzyme in plants
Xing-Qi Huang' and Natalia Dudareva'23

"Department of Biochemistry, Purdue University, West Lafayette, IN, USA

2Department of Horticulture and Landscape Architecture, Purdue University, West Lafayette, IN, USA

SPurdue Center for Plant Biology, Purdue University, West Lafayette, IN, USA

: huan1377@purdue.edu

Benzaldehyde, the simplest aromatic aldehyde in nature, is one of the most widespread volatiles that serves as a pollinator
attractant, flavor, and antifungal compound. Long known for its smell and taste, benzaldehyde is the most important, after vanillin,
contributor to the flavor industry. It is of economic value to the cosmetic and fragrance industries and is used extensively as a
precursor to plastic additives and some dyes. However, the enzyme responsible for its formation in plants remains unknown. Using
a combination of in vivo stable isotope labeling, classical biochemical, proteomics, and genetic approaches, we show that in petunia
benzaldehyde is synthesized via the 3-oxidative pathway in peroxisomes by a heterodimeric enzyme consisting of a and 8 subunits,
which belong to the NAD(P)-binding Rossmann-fold superfamily. Both subunits are alone catalytically inactive but, when mixed in
equal amounts, form an active enzyme, which exhibits strict substrate specificity towards benzoyl-CoA and uses NADPH as a
cofactor. Phylogenetic analysis of the less diverse 38 subunit proteins revealed that PhBSB homologs exist in many land plants
including monocotyledonous, dicotyledonous species, and Physcomitrella patens, most of which have only a single copy of BSf
in their genomes. In contrast, plant genomes contain multiple copies of gene encoding a subunit homologs. Alpha subunits can
form functional heterodimers with phylogenetically distant § subunits, but not all B subunits partner with a subunits, at least in
Arabidopsis. Analysis of spatial, developmental, and rhythmic expression of genes encoding a and 3 subunits revealed that
expression of the gene for the a subunit likely plays a key role in regulating benzaldehyde biosynthesis.

Accelerated discovery and engineering of biosynthetic pathways for medicinal plant alkaloids
Ryan Nett'?, Yaereen Dho?, Daria Wonderlick®, Yun-Yee Low*, Elizabeth Sattely®

"Department of Chemical Engineering, Stanford University & HHMI, Stanford, CA, USA

2Department of Chemistry, *Bioengineering Department, Stanford University, Stanford, CA, USA

“Department of Chemistry, University of Malaya, Kuala Lumpur, Malaysia

5Department of Chemical Engineering, Stanford University & HHMI, Stanford, CA, USA

acurrently Department of Molecular & Cellular Biology, Harvard University, Boston, MA, USA

PL: rnett@fas.harvard.edu

Plants synthesize an immense number of potent, bioactive small molecules that we use as pharmaceuticals to treat numerous
medical conditions, including pain, cancer, inflammation, and neurological disease. However, our ability to source these molecules
is hindered by the difficulty in cultivating medicinal plants, and the capacity to engineer production of plant-derived pharmaceuticals
is prevented by our limited understanding of the underlying biosynthetic machinery, which has historically been difficult to identify.
By combining medicinal plant metabolomics and transcriptomics with rapid enzyme testing in a plant host, | have worked to
accelerate the rate at which we can identify and characterize biosynthetic genes and pathways for pharmaceutical plant molecules.
This has allowed me to quickly elucidate a near-complete pathway for the neuroactive alkaloid huperzine A, which revealed the
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surprising involvement of multiple, neofunctionalized carbonic anhydrase enzymes that are critical for biosynthesis of this molecule.
Additionally, | have used this approach to discover a full biosynthetic pathway for the FDA-approved, anti-inflammatory drug
colchicine. Ultimately, this allowed for the total reconstitution of colchicine biosynthesis within a model plant, which required the
coordinated coexpression of 20 distinct metabolic genes. These efforts pave the way for the engineered production of plant-derived
pharmaceutical molecules within biological systems, and demonstrate our rapidly increasing ability to harness the complexity of
plant chemistry for new medicines and improved agricultural traits.

Modulating sorghum root microbiome via terpenoids

Trine Andersen'?, Ming-Yi Chou?3, Marco Llontop?3, Garret Miller', Brian Mckinley?#, Lucas Reist!, Nick Moreno®, Nick
Beculheimer3, Ashley Shade??, John Mullet>*, Gregory Bonito?3, and Bjérn Hamberger'?

"Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI, USA
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3Department of Microbiology & Molecular Genetics, Michigan State University, East Lansing, MI, USA

“Department of Biochemistry and Biophysics, Texas A&M University, College Station, TX, USA

P<: ande2202@msu.edu

Abstract

The interactions of plants with their microbiome is complex and not well understood, despite wide-ranging ecological and plant
fitness implications. The benefits of the below-ground root microbiome to plants are well established and include growth promotion,
stress adaptation and biocontrol of pathogens. Tapping this potential requires understanding of plant specialized metabolites,
including their biosynthesis and roles in shaping the plant’s microbiota. Terpenes are recognized as the largest and oldest class of
plant specialized bioproducts, important for plant development, adaptation and interaction with the environment and were chosen
as the class of specialized metabolites to be studied. The biofuel species sorghum (Sorghum bicolor) offers unique advantages
including greatly reduced terpenoid complexity, compared to other monocots. To crack the sorghum root terpenoid metabolism
and to investigate its impact on the root microbiota, the terpene synthases and oxidosqualene cyclases responsible for the initial
steps of terpene biosynthesis where characterized. Next a set of cytochrome P450s co-expressed with and acting on the terpene
backbones were functionally characterized. This along with studies of the metabolite profile offers insight into terpenoid
biosynthesis in sorghum roots and provides a cornerstone for the next steps of terpenoid engineered sorghum. To test the effect
of a set of 3 commercially available terpenoids on the composition of the microbiome, field soil from sorghum plots were augmented
with these. Using a simulated root exudation system consisting of micro-rhizon devices, sorghum plants grown in rhizoboxes were
supplied with terpenoids released into the soil surrounding the sorghum roots. Soil and roots were sampled after one month of
terpenoid exposure and the composition of the microbiome analyzed. Various species of fungi and bacteria were found to be either
enriched or depleted after terpenoid exposure. The current study is one step towards engineering microbiomes and enabling plants
to recruit beneficial members of the microbial community.

Rl Y JCEENIE ) R Old gene P with a new function: Psd, proanthocyanidin accumulation and postharvest seed coat
darkening in pinto bean

Nishat S. Islam'? and Sangeeta Dhaubhadel'2
London Research and Development Centre, Agriculture and Agri-Food Canada, London, Ontario, Canada
2Department of Biology, University of Western Ontario, London, Ontario, Canada

DA4: nislam33@uwo.ca

Postharvest seed coat darkening affects the value of pinto beans (Phaseolus vulgaris), one of the leading market classes of dry
beans worldwide. Bean producers and vendors encounter significant crop value loss due to the decreased consumer preference
for the darker beans, poor canning quality, longer cooking time and higher storage costs. Thus, the identification of the gene/s
responsible for seed coat darkening in pinto beans was demanded to address this agro-economic issue. Seed coat darkening is
caused by an elevated accumulation and oxidation of a plant specialized metabolite, proanthocyanidins (PAs). Using multiple
Omics approaches and inheritance study, we identified a unique allele of the P (Pigment) gene, Psd, responsible for the slow
darkening seed coat phenotype. P encodes for a bHLH transcription factor protein, and regulates late proanthocyanidin biosynthetic
genes by forming MBW (MYB-bHLH-WD40) complex. To further explore seed coat darkening mechanism the interacting MYB and
WD40 partners of P protein were identified by sequence analysis, protein-protein interaction and complementation assays.
Thereafter, protein complexes were introduced in pinto bean hairy root system and the subsequent effect on the expression levels
of target genes was observed, which were otherwise absent in the hairy root tissues. A promoter analysis using a luciferase gene
reporter system also identified the tentative binding site of MBW complex in PA late biosynthetic genes. Understanding the
committed steps of PA pathway will not only benefit bean breeders to tackle the postharvest darkening issue but also allow to
incorporate multiple qualitative and quantitative traits to produce improved pinto bean varieties.

HERIR IR I CIEIH Preserved plant specimens as tools for exploring the evolution of biosynthetic pathways to fatty
acid-derived natural products

Lucas Busta', Jacob Lastovich', and Emma Fitzgibbons'
"Department of Chemistry and Biochemistry, Swenson College of Science and Engineering, University of Minnesota Duluth, Duluth, MN, USA
P<: bust0037@d.umn.edu
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Plants can synthesize lineage-specific natural products via offshoots from a wide array of their core metabolic pathways. Though
phenylpropanoid, terpenoid, and alkaloid products have received much attention, numerous reports show that plants are also able
to generate many structurally diverse compounds from fatty acids, including some with highly elaborate and unique structural
features. Recent work continues to shed light on new fatty acid natural products and their biosynthetic pathways in diverse plant
species. Inspired by this progress, we became curious about the evolution of biosynthetic pathways to fatty acid-derived products
and set out to develop tools for exploring such. In this presentation, | will describe our work with surface lipids extracted from
preserved plant specimens archived in herbaria. We first show that surface lipids from preserved specimens are comparable to
those from freshly collected tissue at a semi-quantitative level for representative species from fern, gymnosperm, monocot, and
dicot lineages. We then use preserved plant specimens to provide evidence for the relative evolutionary times of pathways to two
fatty acid-derived natural products found in monocots — beta-diketones and alkyl resorcinols. | will compare those chemical data
with patterns of beta-diketone synthase and alkyl resorcinol synthase genes in 26 monocot genomes. We believe that this approach
outlines a general tool by which the evolution of pathways to a wide array of lipidic natural products, and probably other products
too, can be explored.

[EEERCILEER Unravelling the diversity and biosynthesis of bioactive flavonoid C-glycosides in maize for crop improvement

Radin Sadre!, Shannon Schrope'!, Tatiana Garcia', Alexander Silva Cordoba’, Nan Jiang', Fabio Gomez-Cano', and Erich
Grotewold'

1Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI, USA

P4: sadre@msu.edu

The corn earworm Helicoverpa zea and the cotton bollworm Helicoverpa armigera represent major foliar and fruit pests of maize,
cotton, soybean, sorghum, and many vegetable crops causing significant economic losses. On maize, early Helicoverpa
infestations can cause foliar damage. The moths preferentially oviposit on silks where the larvae initially feed and then, after
entering the tip of the husk, move to kernels. Pest management through chemical control and cultivation of Bt-transgenic crops
that produce Bacillus thuringiensis toxins has become challenging as Helicoverpa larvae rapidly develop resistance. In addition,
natural antibiosis against Helicoverpa varies considerably among maize hybrids and is not sufficiently investigated to allow crop
improvement. Previous studies indicate that maysin, a bioactive C-glycosylated flavone, accumulating in the silks and leaves of
certain maize lines slows growth of Helicoverpa larvae and is associated with antibiotic resistance. Here, we combine genetics
with targeted and untargeted metabolomics, transcriptomics and biochemistry to further our understanding on the diversity,
accumulation, and biosynthesis of maysin and related bioactive C-glycosylated flavonoids in vegetative organs in maize. The
flavonoid profiles in different inbred lines and distinct lines expressing a salmon silk phenotype associated with impaired maysin
production in silks are compared at different developmental stages and vegetative organs. These data serve as basis for the
discovery of metabolite diversity and the molecular mechanisms underlying the production of C-glycosylated flavonoids. Mining of
transcriptome data sets led us to select candidate genes involved in the biosynthesis of flavonoid C-glycosides in maize. We
successfully established an in planta transient biochemical assay system using Nicotiana benthamiana as host that identified
structural enzymes for engineered production of C-glycosylated flavonoids from different substrates.

This work is supported by Foundational Knowledge of Plant Products grant no. 2022-67013-36388 from the USDA National Institute
of Food and Agriculture

Functional characterization of tomato flavonoid 3-O-glycosyltransferases
Doosan Shin', Scott Latimer?, Gilles Basset'?, Tong Geon Lee"?3, and Jeongim Kim'2

"Horticultural Sciences Department, University of Florida, Gainesville, FL, USA
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3Gulf Coast Research and Education Center, University of Florida, Wimauma, FL, USA
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Flavonoids are specialized metabolites found widely in the plant kihngdom and play crucial roles in various biological processes.
The exact physiological function of each flavonoid is still obscure due to their structural diversity and the complexity of their
distribution in organs and species. Glycosylation of flavonoids is a major step to provide their structural diversity and unique
chemical properties such as solubility, stability, and antioxidant potential. Certain glycoside forms are known to accumulate in
specific organs, and thus, it has been suggested that they may have organ-specific functions. As 3-O glycosylation of flavonols is
necessary for further flavonol modification and limits aglycone flux toward ubiquinone production, 3-O-flavonoid
glycosyltransferases (F3GTs) are important for flavonoid diversity and ubiquinone production. From a homolog study with known
F3GTs, we found two clades of F3GTs conserved in Solanaceae family. Tomato (Solanum lycopersicum) genome has two genes
encoding 3-O-flavonoid glycosyltransferases (SIUGT78s), which we named SIUGT78D-a and SIUGT78D-b. We found that
SIUGT78D-a and SIUGT78D-b have distinctive organ-specific expression patterns. SIUGT78D-b expresses exclusively in flowers,
while SIUGT78D-a expresses in most organs, including flowers. To understand their in vivo functions, we generated their single
and double mutants using the CRISPR technology. Our biochemical and genetic evidence reveals their substrate promiscuity but
the specificity for the sugars. slugt78d-a mutants contain only 30% of wild-type levels of flavonoid glycosides derived from
kaempferol, quercetin, and anthocyanidin in most organs suggesting its major function in glycosylation of flavonols and
anthocyanins. As SIUGT78D-b does not express even in slugt78d-a mutants except for flowers, SIUGT78D-b may have distinct
catalytic activity different from SIUGT78D-a's. Biochemical phenotypes of slugt78d-a slugt78d-b double mutants indicate a non-
redundant function of SIUGT78D-b, especially in pollen.

PSNA 2022 31


mailto:sadre@msu.edu
mailto:dshin1@ufl.edu

HERIR IR LI CILIK Dirigent protein subfamily members as gateways to isoflavene and pterocarpan plant defenses
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Dennis G. Thomas?, Robert P. Young?, Mowei Zhou?, Clyde A. Smith3, Laurence B. Davin', and Norman G. Lewis'
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Dirigent protein (DP) biochemical activities give rise to distinct complex classes of plant phenolics. DPs apparently emerged during
the aquatic-to-land transition of plant life, with phylogenetic analyses revealing the presence of numerous DP subfamilies in the
plant kingdom. The vast majority (>95%) of DPs in these large sub-families still await discovery of their biochemical functions.
Here, we solved structures of isoflavene- and pterocarpan-forming proteins with dirigent-like domains, PsPTS2, PsPTS1 and
GePTS1, by X-ray crystallography to high resolution. PsPTS2 produces both plant defense pterocarpans and isoflavenes, with
the latter perhaps undergoing subsequent metabolism to generate the opposite diastereomeric plant defense pterocarpan analogs,
e.g. (+)-pisatin. PsPTS1 and GePTS1, by contrast, stereospecifically convert diastereomeric chiral isoflavonoids into chiral
pterocarpans. The PTS structures enabled comparisons with stereoselective lignan-forming DPs DRR206 and AtDIRG6, and an
aromatic terpenoid-forming DP ortholog GhDIR4, given that each DP subfamily member can provide entry into distinct plant phenol
natural product classes. Our experiments suggest a common biochemical mechanism in binding and stabilizing distinct plant
phenol-derived mono- and bis-quinone methide intermediates during different C—C and C—O bond forming processes. [Apart from
PTS, however, the intermediate in couplings mediated by lignan-forming DPs is a resonance-stabilized quinone methide radical
whose formation in vivo requires an oxidase.] These observations provide key insights into both DP emergence and functional
diversification during land plant evolution/adaptation, and also important clues as to how additional physiological roles for DPs and
proteins harboring dirigent-like domains can now be rationally and systematically identified.

July 26 (Tuesday) Symposium IV: Synthetic biology and metabolic engineering

Alison G. Smith, Ph.D.
University of Cambridge
Cambridge, UK

Alison Smith is Professor of Plant Biochemistry in the Department of Plant Sciences at the University of
Cambridge, where she is currently Head of Department. Her research interests are focussed around the
metabolism of plants, algae and bacteria, in particular of vitamins and cofactors, and more recently for
compounds of commercial interest such as high-value pigments and plant natural products. Current projects
include the role of vitamins in the interaction of algae with other microbes in the environment and the control of
gene expression. She has pioneered the use of synthetic biology in algal biotechnology, including the use of modular cloning of
standardised parts and workflows, and has used these to generate artificial regulatory circuits to control transgene expression.
She is Director of the Algal Innovation Centre in Cambridge, a facility that allows pilot-scale testing of algal-based solutions to
improve sustainability such as the use of algal cultivation for production of plant natural products, for vitamin-rich food ingredients
and for waste valorisation.

Developing microalgal platforms for production of high value compounds via synthetic biology approaches

Alison G Smith', Payam Mehrshahil, Katrin Geisler!, Carrie Faessler!, Gonzalo | Mendoza-Ochoal, Kitty Clouston?!, Pawet
Mordakal

1Dept of Plant Sciences, University of Cambridge, Cambridge, UK
DA4: as25@cam.ac.uk

There is enormous potential to use microalgae as feedstocks for everything from biofuels to recombinant proteins and high value
chemicals, but to implement this technology in a sustainable and economic manner, it will be necessary to optimize many
parameters. These include establishing effective, robust and high-yielding production strains, and improving ways in which to
modify metabolism in a predictable way. | will present our work tackling both these aspects. Firstly, we have taken a synthetic
biology approach to establish Chlamydomonas reinhardtii and Phaeodactylum tricornutum as platforms for the production of plant
natural products. We have pioneered the generation of a standardised modular cloning (MoClo) kit based on Golden Gate
technology, and established workflows to enable testing of different combinations of parts to allow stable expression of plant
biosynthetic enzymes targeted to different compartments in the cell. In parallel, we have generated several ways in which to control
expression of the transgenes using vitamin-repressible genetic elements, including the ability to regulate expression of transgenes
encoded in the chloroplast genome.
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Zhi-Yan (Rock) Du
University of Hawaii
Manoa, Hawaii, USA

Dr. Du was born in Qing Dao, China, and went to college in Beijing, majoring in Biological Sciences. He
received a Master of Science degree from the Institute of Botany, Chinese Academy of Sciences, Beijing,
working on Development and Evolutionary Biology. He then moved to Hong Kong for his Ph.D. study,
working in Plant Molecular Biology and Biochemistry in Dr. Mee-Len Chye's lab at the School of Biological
Sciences, The University of Hong Kong. Dr. Du’s postdoctoral research was in Christoph Benning's lab at Michigan State
University, DOE-Plant Research Laboratory, working on lipid metabolism in microalgae for development, photosynthesis, stress
response, and high-value bioproducts; he also worked on the symbiosis between microalgae and fungi. In 2018, he started working
in the labs of Dr. Bjorn Hamberger (Biochem & Molecular Biology, MSU) and Dr. Greg Bonito (Plant, Soil, and Microbial Sciences,
MSU) on the symbiosis between microalgae and fungi and synthetic biology in microalgae for valuable bioproducts. Dr. Du started
his own lab at the Department of Molecular Biosciences & Bioengineering, University of Hawaii at Manoa, in 2020. His group is
interested in synthetic biology in microalgae for valuable bioproducts; symbiosis between microalgae and fungi; lipid metabolism
in photosynthetic organisms; and improving traits of tropical crops.

LA RSN WANTEIC NI CRE LGl )i Co-production of high-value biomaterials using algae-fungi symbiotic systems.
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Algae are photosynthetic organisms that grow in a range of aquatic habitats, such as fresh, brackish, and saltwater. Microalgae
are a subset of algae classified by their microscopic size, ranging from several to a few hundred micrometers. Microalgae can
grow in extreme environments such as deserts and polar regions and often show great efficiency in photosynthesis and
synthesizing bioproducts such as lipids, carbohydrates, and other bioactive metabolites. A project in my lab is to engineer
Nannochloropsis, a family of marine microalgae, to produce high-value plant terpenes. | also use engineering approaches to
overcome two significant barriers that prevent the promotion of algae products: low oil content in healthy cells and the high cost
of harvesting. | developed an effective, reduced nutrient-supply regime to boost oil production in the algae. In terms of harvesting
technology, | developed a bio-filtration system using oleaginous fungal filters to collect microalgae, based on the findings on bio-
flocculation of microalgae and filamentous fungi. The fungal filters are cheap to produce, and the system is efficient and
sustainable. To further understand the mechanism of algae-fungi interaction, | found that the algal cells became internalized
within the hyphae of Mortierella elongata, a widespread soil fungus. This apparent symbiosis begins with close physical contact
and nutrient exchange, including carbon and nitrogen transfer between fungal and algal cells, as demonstrated by isotope tracer
experiments. This mutualism appears to be stable, as both partners remain physiologically active over months of co-cultivation,
leading to the eventual internalization of photosynthetic algal cells, which persist to function, grow and divide within fungal
hyphae. Nannochloropsis and Mortierella are biotechnologically important species for bioproducts, with available genomes and
molecular tool kits for gene editing. Based on the current observations, they provide unique opportunities for studying fungal-
algal mutualism and co-production of valuable bioproducts.

Realistically addressing the global biofuels/bioproducts quest from plant and algal renewables: An
assessment

Michael A. Costa’, Syed G.A. Moinuddin®, Laurence B. Davin', and Norman G. Lewis'

"Institute of Biological Chemistry, Washington State University, Pullman, Washington, USA

P4: davin@wsu.edu

Successful production of plant- and algae-derived renewable biofuels and bioproducts, at cost and scale, remain one of the highest

priorities of various funding agencies worldwide. To date, many billions of competitive research dollars globally have been invested
towards this goal - with results obtained very far from meeting either biofuel or bioproduct targets from renewables.

In our ongoing studies, we selected phenylethanol as a potential valuable co-product, one purpose of which was to reduce overall
estimated biofuel costs in both woody plants and algae. Phenylethanol is a highly valued, generally recognized as safe (GRAS),
phytochemical, largely sourced from rose petals. This natural product has many applications as a commodity chemical in perfumes,
food preparations and cosmetics/toiletries etc.
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Here we describe the successful production of phenylethanol, as its renewable non-volatile glycoside product, in both a genetically
engineered woody plant (hybrid poplar) and an alga (Chlorella sorokiniana) via genetic transformation of both species. For
transformation of hybrid poplar, only two target genes-of-interest were needed, i.e. phenylacetaldehyde synthase (PAAS), and
phenylacetaldehyde reductase (PAR1), whereas in C. sorokiniana an additional UDP-glucosyltransferase (CsUGT) was required.

This presentation addresses 1) how the various transformants were generated, 2) the levels of phenylethanol glycoside that
accumulated in both species, 3) how phenylethanol glycoside production levels also can reduce overall biofuel costs to less than
$4/gallon, and 4) an assessment of the long-term potentials.

Sl g JCNlCT) )4 Metabolic engineering of Camelina sativa for the sustainable astaxanthin production

Hyojin Kim', Kiyoul Park!, Hae Jin Kim', Tara J. Nazarenus', Tam Nguyen', Rebecca E. Cahoon', Johnathan A. Napier?, and
Edgar B. Cahoon'

Center for Plant Science Innovation and Department of Biochemistry, University of Nebraska-Lincoln, Lincoln, NE, 68588, USA ?Plant Sciences Department,
Rothamsted Research, Harpenden, United Kingdom.

P4: hkim20@unl.edu

Astaxanthin (3,3’-dihydroxy-B, B’-carotene-4,4’-dione) is a red lipophilic pigment derived from B-carotene and is distinguished by
keto groups on each ionone ring (“ketocarotenoid”). Recent research has focused on the discovery of sustainable sources and
cost-effective production of natural astaxanthin for use in aquaculture feed and as a natural pigment. Flower petals of Adonis
(Adonis aestivalis) are one of the few plant sources of this high-value ketocarotenoid. Our research has focused on the transfer of
the Adonis astaxanthin biosynthetic pathway to Camelina sativa (camelina) seeds for cost-effective, oilseed-based production. We
introduced three genes into camelina encoding phytoene synthase (PSY), Adonis B-carotenoid ketolase (CBFD2) and Adonis 8-
carotenoid hydroxylase (HBFD1) under the control of seed-specific promoters. The production of ketocarotenoids (~136 ug/g DW)
containing astaxanthin (~47 pyg/g DW) was obtained in “Asta-camelina” seeds. In addition to the production of astaxanthin, Asta-
camelina seeds also produced a novel ketocarotenoid containing one ketone and three hydroxy groups, which is considered an
intermediate or derivative in astaxanthin biosynthetic pathways. The astaxanthin containing oil extracted from Asta-camelina seeds
had higher oxidative stability during storage duration than normal camelina seed oil. Astaxanthin biosynthetic genes, CBFD2 and
HBFD1, also functioned in transient expressed Nicotiana benthamiana leaves. Furthermore, it was observed that N. benthamiana
leaves expressing a combination set of Adonis and bacterial (crtW and crtZ) astaxanthin-biosynthetic genes more effectively
converted biosynthetic intermediates to astaxanthin than leaves expressing bacterial genes alone. Overall, our results suggest that
Adonis genes are a valuable genetic source for astaxanthin metabolic engineering in oilseed crops and for generating vegetable
oils with enhanced antioxidant capacity.

Sl WICEENICI I IR Epidermis-specific metabolic engineering of sesquiterpene formation in tomato affects the
performance of potato aphid (Macrosiphum euphorbiae)

Michael Gutensohn', Fumin Wang", and Yong-Lak Park’
"Division of Plant and Soil Science, West Virginia University, Morgantown, WV, USA
P4: michael.qutensohn@mail.wvu.edu

Tomato species produce terpenes in their glandular trichomes that contribute to host plant resistance against pests. We have
recently identified two groups of sesquiterpenes in accessions of the wild tomato species Solanum habrochaites that negatively
affect the performance and choice behavior of the potato aphid (Macrosiphum euphorbiae). Since cultivated tomato (Solanum
lycopersicum) primarily accumulates a blend of monoterpenes, introduction of the identified sesquiterpene traits is a promising
approach to improve its pest resistance. Introgression of S. habrochaites terpene biosynthetic genes into the S. lycopersicum
background indeed resulted in the formation of respective sesquiterpenes in glandular trichomes, however, at significantly lower
levels than in the wild parent suggesting the involvement of additional yet unknown genes. Aphids use their mouthpart to penetrate
and probe plant tissues to ultimately access vascular tissue and ingest phloem sap. While glandular trichome derived terpenes
can affect initial steps of aphid feeding, introducing the defensive sesquiterpenes into additional tissues via metabolic engineering
could further reduce tissue penetration by aphids. Two multicistronic expression constructs were developed based on the two
identified S. habrochaites sesquiterpene traits. Both constructs are composed of sequences encoding a prenyl transferase, a
respective S. habrochaites terpene synthase, and enhanced green fluorescent protein. All coding sequences were linked by short
nucleotide sequences encoding the foot-and-mouth disease virus 2A self-processing oligopeptide which allows their co-expression
under the control of one promoter. Transient expression of both constructs under the epidermis-specific Arabidopsis CER5-
promoter in tomato leaves resulted in the formation of two sets of defensive sesquiterpenes, $-caryophyllene/a-humulene and (-)-
endo-a-bergamotene/(+)-a-santalene/(+)-endo-B-bergamotene, respectively. The epidermis-specific transgene expression and
terpene formation were verified by fluorescence microscopy and tissue fractionation with subsequent analysis of terpene profiles.
In addition, the longevity and fecundity of M. euphorbiae feeding on these engineered tomato leaves were significantly reduced,
demonstrating the efficacy of this novel aphid control strategy.

Preparation of a unique flavonol glucosyltransferase Cp3GT for crystallization
Aaron S. Birchfield! and Cecilia A. Mcintosh'

'Department of Biological Sciences, East Tennessee State University, Johnson City, TN, USA

P4: birchfieldas@etsu.edu
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Glucosyltransferases (GTs) are enzymes found throughout the plant and animal kingdoms that catalyze the transfer of a sugar
moiety to secondary metabolites such as flavonoids. In plants, glucosylated flavonoids have been shown to protect plants from UV
light, attract pollinators, and deter herbivory. In humans, glucosylated flavonoids have antioxidant activity, are cardioprotective,
and inhibit tumor growth in some cancers. While ubiquitous in nature and structurally similar, GTs vary greatly with regards to
substrate/regio-specificity. High-resolution structural imagery of enzymes, elucidated using X-ray crystallography, can be used to
direct custom enzyme development to produce bioavailable natural products. Furthermore, structural research on enzymes with
high specificity strengthens enzyme-ligand docking simulations, which are commonly used to test the binding affinity of
potential pharmaceuticals. A GT from grapefruit (Cp3GT) exclusively glucosylates flavonols at the 3-OH position and shares 43%
and 56% amino acid identity to 2 previously crystallized plant GTs with complimentary but distinct specificities for anthocyanidins
and flavonols (VvGT1 and UGT78K®6, respectively). Structural mechanisms have been proposed using solved crystal structures
that explain anthocyanidin and flavonol/anthocyanidin specificity, however, no structural model exists that explains exclusive
flavonol specificity exhibited by Cp3GT. This research hypothesizes Cp3GT has structural features that confer its unique substrate
and regiospecificity that are not revealed by homology modeling. This hypothesis will be tested using x-ray crystallography of
purified Cp3GT protein bound to various flavonol substrates and flavonoid non-substrates. Wild type Cp3GT was recombinantly
expressed in Pichia pastoris and purified to 85% purity (by Coomassie stain) using cobalt affinity chromatography. Anion exchange
chromatography was used to further purify the sample for crystallization. A matrix screen was conducted to optimize conditions
(pH, ionic strength, precipitant) for crystallizing Cp3GT starting with precipitant. This was conducted using the hanging drop method
of vapor diffusing with varying concentrations of a PEG 10000 precipitant.

July 26 (Tuesday) Symposium V: Phytochemical signaling (including growth regulation)

Gloria K. Muday, Ph.D.
Wake Forest University
Winston Salem, North Carolina, USA

Gloria Muday is the Charles M. Allen Professor of Biology at Wake Forest University and Director of the Center
for Molecular Signaling. The Muday laboratory examines mechanisms that control plant development including
hormone driven transcriptional networks and biosynthesis and function of specialized flavonoid
metabolites. Her recent work on flavonols, one subclass of flavonoids, focuses on their role as antioxidants to
modulate reactive oxygen signals produced during hormonal signaling and as a result of stress responses.
Biochemical analysis combined with confocal imaging has revealed the spatial patterns of flavonol and ROS accumulation to drive
development and to control responses to elevated temperature and drought.

LG LIER Flavonol antioxidants modulate reactive oxygen species signaling to control development and modulate
stress responses

Gloria K. Muday, R. Emily Martin, Allison Delange, Jordan M. Chapman, Anthony E. Postiglione
Wake Forest University, Department of Biology and Center for Molecular Signaling, Winston Salem, NC, USA

<: muday@wfu.edu

Flavonoids are plant specialized metabolites with important functions in development and stress responses, which have been
demonstrated using mutants with defects in genes encoding biosynthetic enzymes. In both Arabidopsis thaliana and Solanum
lycopersicum, flavonoid mutants have changes in numbers of lateral roots and root hairs. In Arabidopsis, the presence of mutants
at each step of flavonoid biosynthesis allowed us to define which flavonol controls each aspect of root development. Our current
work focuses on testing the hypothesis that the developmental and stress protection activities of flavonols are linked to their
antioxidant capability, reducing accumulation of reactive oxygen species (ROS). ROS signals are produced by plants during
hormone signaling and stress responses but must be balanced to positively regulate cell signaling without reaching levels of
oxidative stress. Ethylene and abscisic acid increase ROS, as visualized with fluorescent dyes and biosensors, to drive root hair
formation and guard cell closure, respectively. Hormone-induced ROS is accentuated in mutants with impaired synthesis of flavonol
antioxidants and they have greater sensitivity to environmental stresses including drought and high temperature. In tomato pollen,
temperature stress increases ROS in wild-type, a response that is more pronounced in the anthocyanin reduced (are) mutant,
which has a defect in flavonol synthesis. The are mutant is hypersensitive to the negative effects of high temperature on pollen
tube germination, elongation, and tube integrity. The increased ROS accumulation and pollen phenotypes of are are reversed by
genetic and chemical complementation. RNA-Seq of are reveals genome-wide transcriptional responses to high temperature that
are buffered in wild-type. Overexpression of a gene encoding an enzyme of flavonol metabolism can convey thermotolerance,
suggesting a strategy to convey pollen thermotolerance in the framework of raising global temperatures. These studies reveal
important functions of flavonol antioxidants in productive ROS signaling.
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Alexandra Jazz Dickinson, Ph.D.
University of California, San Diego
La Jolla, California, USA

Alexandra Jazz Dickinson (Jazz) received her bachelor's degree in chemistry and history from Swarthmore
College and her Ph.D. in chemistry from University of North Carolina. She conducted her post-doctoral
research in developmental plant biology with Prof. Philip Benfey at Duke University. During that time, she
also worked as a visiting scientist at Stanford University and the Carnegie Institute. In 2020, Jazz joined the
faculty at U.C. San Diego and is now a Hellman Fellow studying the chemistry of plant development.

The chemistry of development: uncovering small molecule regulators of root patterning
Tao Zhang', Sarah Noll>3, Rupak Timilsina', Amman Klair!, Jesus Peng’, Abigail Tripka'*, Richard Zare?, and Jazz Dickinson'
"University of California San Diego, Department of Cell and Developmental Biology, La Jolla, CA, USA

2Stanford University, Department of Chemistry, Palo Alto, CA, USA

3Pomona College, Department of Chemistry, Claremont, CA, USA

4University of California San Diego, Department of Chemistry, La Jolla, CA, USA

D: adickinson@ucsd.edu

Small molecules, ranging from lipids to metabolites, are essential regulators of plant development and stress response. There are
a select number of phytohormones that have received extensive biochemical and genetic characterization. These small molecules
are exquisitely tunable signaling cues, able to cross cell membranes, bind proteins with high specificity, and rapidly change their
chemical identity. However, there is considerable evidence that the repertoire of known phytohormones represents a small fraction
of the chemical signals in plants. Therefore, despite the importance of small molecule signaling, fundamental gaps remain in our
understanding of small molecule-driven regulation of plant physiology. To address this, we have applied a targeted chemical
genetic approach to uncover carotenoid-pathway metabolites and genes that regulate root development. This work has led to the
identification of a retinaldehyde binding protein that is essential for post-embryonic root organogenesis. To build on this work, we
are mapping the chemistry of developing roots using mass spectrometry imaging. This untargeted approach is revealing novel
metabolite regulators of stem cell decisions. Notably, the majority of tissue-specific metabolites we have mapped are structurally
unidentified, demonstrating the expansive chemistry that remains uncharacterized during plant development.

Sl W CRET gl M M I CI@EI)E Pinoresinol and related dimers rescue the shoot and root growth phenotypes of
phenylpropanoid mutants overexpressing FERULATE 5-HYDROXYLASE

Fabiola Muro-Villanueva'?, Tyler Bouse', Leonard D. Pysh*, Hoon Kim%®, John Ralph%®, Zhiwei Luo'?, Bruce R. Cooper?, Amber
S. Jannasch?, and Clint Chapple'?

"Department of Biochemistry, ?Center for Plant Biology, °Bindley Bioscience Center, Purdue University, West Lafayette, IN, USA

“Department of Biology, Roanoke College, Salem, VA, USA

5Department of Biochemistry, University of Wisconsin-Madison, Madison, WI, USA

8US Department of Energy's Great Lakes Bioenergy Research Center, Wisconsin Energy Institute, Madison, Wi, USA

P<: fmurovil@purdue.edu

The phenylpropanoid pathway gives rise to a variety of specialized metabolites, but the largest proportion of its flux goes towards
the production of coniferyl and sinapyl alcohol, which once polymerized give rise to guaiacyl (G) and sinapyl (S) lignin, respectively.
Lignin is a component of plant secondary cell walls and imparts hydrophobicity and tensile strength to vascular tissues, but also
negatively impacts the saccharification potential of lignocellulosic biomass. Manipulation of lignin content and composition through
genetic engineering has resulted in less recalcitrant lignocellulosic biomass, but in many cases these genetic manipulations lead
to dwarfism. This phenotype is often attributed to poor water transport due to xylem collapse in low-lignin mutants, but alternative
models suggest it could be caused by the hyper/hypo-accumulation of phenylpropanoid intermediates. In Arabidopsis thaliana
mutants, the lack of FERULATE 5-HYDROXYLASE activity shifts the normal G/S lignin ratio to pure G, and conversely,
overexpression of F6H (C4H:F5H) redirects the flux towards nearly pure S lignin. Neither of these modifications results in
substantial dwarfism in an otherwise wild-type background. In contrast, when we overexpressed F5H in the low-lignin mutants
cinnamyl dehydrogenase ¢ and d (cadc/d), cinnamoyl-CoA reductase 1, and reduced epidermal fluorescence 3, plants were
extremely dwarfed. In addition, cadc/d C4H:F5H plants exhibited a defect in lateral root and root hair development. All of these
developmental phenotypes can be rescued by growing plants in the presence of coniferyl alcohol or its derivative, pinoresinol.
These data suggest that mutations in upstream steps in the pathway diminish flux to coniferyl alcohol-derived metabolites, an effect
that is exacerbated by overexpression of F5H, which draws on cellular pools of its substrate, coniferyl alcohol. Together, these
alterations appear to limit the plant’s ability to synthesize a specialized metabolite that is necessary for normal growth.

Il g WICEENICli( ) E Altered methionine metabolism impacts phenylpropanoid production and plant development in
Arabidopsis thaliana

Doosan Shin", Veronica C. Perez?, Gabriella K. Dickinson?, Ru Dai', Haohao Zhao', Keon Ho Cho', Tong Geon Lee"?3, and
Jeongim Kim'2
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Aromatic glucosinolate production and phenylpropanoid biosynthesis are linked together via glucosinolate intermediates known as
aldoximes, and this metabolic crosstalk has been demonstrated to impact plant growth in Arabidopsis. However, it is unclear if
aliphatic aldoximes (AAOXx) can participate in this crosstalk even though AAOx-derived glucosinolates are abundant in Arabidopsis.
As CYP83A1/REF2 has high substrate specificity toward aliphatic aldoximes (AAOx) and ref2 mutants exhibit reduced
phenypropanoids, it was assumed that aliphatic aldoximes may be accumulated in ref2, which is responsible for the reduced
phenylpropanoid phenotype of ref2. However, CYP83A1/REF2 show a broad range of substrate specificity and ref2 mutant
contains the increased indole glucosinolates. Indeed, we found a substantial increase of IAOx in ref2. It is possible that tryptophan-
derived aldoxime indole-3-acetaldoxime (IAOx) rather than AAOx may fully or partially contribute to phenylpropanoid repression in
ref2. To test it, we have generated multiple genetic materials with altered AAOx or IAOx production and investigated the impact of
aliphatic aldoxime (AAOx) metabolism on plant growth. Through removal of indole-3-acetaldoxime (IAOx) or AAOXx biosynthesis in
this mutant, we found that both IAOx and AAOx impact on phenylpropanoid production. Further analysis of upstream elements of
AAOx metabolism revealed that the ‘bushy’ growth phenotype commonly observed in Arabidopsis mutants lacking AAOXx
production is a consequence of methionine accumulation. These results provide valuable insights into metabolic networks linking
plant growth and the production of defense compounds.

Sl  WICEENICl R Mechanisms for growth enhancement of Arabidopsis thaliana during recovery from ethylene
treatment

Eric Brenya' and Brad M. Binder’
"Department of Biochemistry & Cellular and Molecular Biology, University of Tennessee, Knoxville, Tennessee, USA

P<: ebrenya@utk.edu

Ethylene causes growth inhibition in dark-grown Arabidopsis thaliana seedlings. This assay known as the triple response assay
(characterized by a shorter root and hypocotyl, a thicker hypocotyl, and an exaggerated apical hook upon exposure to the gaseous
hormone ethylene) has been used to screen for ethylene mutants, but recovery from this assay has not been evaluated. In this
study, we show that seedlings pre-treated with ethylene grew ~4-fold larger than control seedlings. This enhanced growth included
longer primary and lateral roots, a higher density of lateral roots, and an increase in aerial tissue fresh weight. The ethylene pre-
treated seedlings were also more tolerant to heat or salt stress compared to untreated seedlings. Interestingly, the stimulation of
growth was observed in various ecotypes of A. thaliana and several other plant species. Licor measurements indicated that
ethylene treated plants showed ~25% increase in photosynthetic capacity and carbon assimilation compared to untreated plants.
Consistent with this, there was >2-fold increase in glucose and starch content. Our data reveals a new paradigm for the role of
ethylene in plant growth and stress tolerance.

HEERC SNk Identification and functional characterization of the Casketone products of homoterpene
biosynthesis in Zea mays

Christina Marie Jochimsen', Claudia Schaff', and Jorg Degenhardt’
TInstitute for Pharmacy, Martin Luther University Halle-Wittenberg, Halle, Germany
P<: christina.jochimsen@pharmazie.uni-halle.de

The C11-homoterpene (3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) is commonly found in volatiles emitted by many plant species.
Despite its common appearance, a functional role of DMNT was identified in only few interactions between plants and animals.
Our previous work has identified the biosynthetic pathway of DMNT in Zea mays which proceeds in two enzymatic steps. First, the
terpene synthase TPS2 catalyzes the formation of the tertiary C1s-alcohol, (E)-nerolidol from the ubiquitous farnesyl diphosphate
(FDP) substrate. The subsequent oxidative degradation of (E)-nerolidol is catalyzed by a cytochrome P450 monooxygenase,
CYP92C5. While this oxidative elimination step has not been characterized in detail, the formation of a C4 fragment has been
postulated. To identify this C4 fragment, we incubated CYP92C5 with the nerolidol substrate in vitro. We detected the butane
derivatives methyl vinyl ketone (MVK) and methyl ethyl ketone (MEK). While MEK was stable in in vitro conditions, MVK was
converted into MEK. Such a conversion was also observed in plant systems and is probably due to reductase activities. This
indicates that CYP92C5 produces at least some quantity of MVK which can be converted to MEK spontaneously or by an ubiquitous
plant enzyme.

We hypothesize that MVK or MEK are internal plant stress signals. To test the effect of MVK and MEK on volatile biosynthesis,
maize plants were treated with a solution of the two compounds. Subsequent measuring of the volatiles emitted by the plants
showed no significant difference in volatile spectrum compared to non-treated plants. This indicates that there is no direct feedback
on the induction of volatiles. However, we are currently targeting plant stress genes like glutathione-S-transferases that are induced
by MVK in other plant species.
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July 27 (Wednesday) Symposium VI: Phytochemical diversity in plant-organismal interactions

Diego Salazar Amoretti, Ph.D.
Florida International University
Miami, Florida, USA

Originally born in Costa Rica, Dr. Salazar Amoretti did his undergraduate studies at the University of Costa
Rica (UCR) focusing on plant ecology and Systematics. After a few years working in environmental impact
assessment, he got his Ph.D. at the University of Missouri St. Louis in the Marquis Lab. During this time, he
gained a strong interest in evolutionary and Chemical Ecology. After receiving his doctoral degree, he moved

- to California to work as a post-Doctoral fellow for Paul Fine’s lab at the University of California Berkeley.
Here he expanded his analytical work to include modern high-dimensional and statistical learning approaches to studying
chemically mediated plant-animal interactions. Today, he is an assistant professor at Florida International University, where he
runs the Plant Chemical Ecology Lab as part of the International Center for Tropical Botany. His work centers on understanding
the role of phytochemical diversity on evolution and species interactions. Most of his research focuses on hyper-diverse plant
genera or species swarms and how their rich phytochemistry plays a crucial role in their species interactions, distribution
patterns, and functional and phylogenetic diversity. He has performed extensive fieldwork in Mexico, Costa Rica, Ecuador, Peru,
Bolivia, and Brazil.

LS Phytochemical diversity, natural enemies, and large-scale patterns of abundance and distribution of plant
species

Diego Salazar Amoretti’
"Department of Biological Sciences, Florida International University, Miami, FL, USA

DA: dsalazar@fiu.edu

Plants use chemistry to interact with the world and accomplish their most fundamental goals: Growth, Defense, and
Reproduction. A plants' chemical makeup can allow a species to outcompete other plant species, overcome the constant
predator and pathogen pressure, and colonize habitats with challenging environmental conditions. Therefore, it is reasonable to
expect that plant chemistry is also likely to play a significant role in forging large evolutionary and ecological patterns. In this talk,
| will explore the links between phytochemical diversity and the abundance and distribution of plant species. First, | will show how
plant chemical diversity is likely helping some Amazonian tree species become regionally dominant by escaping negative
density-dependent interactions. Second, | will share some of our recent work with cycads. This work shows that, at large
geographical scales, their specialized metabolite profiles are closely linked to their evolutionary history and the environmental
characteristics of their habitat. In combination, these projects underline the role of phytochemical diversity on the forging of plant
communities at multiple scales. Our results also show that environmental factors are likely to play an important part in forging
and modulating the evolution of specialized phytochemicals. We highlight the need for more comprehensive studies and
experimental approaches to disentangle the direct and indirect effects of environmental factors on plant specialized metabolites.
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Interaction diversity explains the maintenance of phytochemical diversity
Susan R. Whitehead'?, Ethan Bass?3, Alexsandra Corrigan'#, André Kessler®, and Katja Poveda?
"Department of Biological Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA

2Department of Entomology, *Department of Ecology and Evolutionary Biology, Cornell University, Ithaca, NY, USA
4Department of Biochemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA

P4: swhitehead@vt.edu

All plants produce complex mixtures of secondary metabolites, but the ecological and evolutionary processes that maintain
phytochemical diversity have long been the subject of debate. We experimentally tested three hypotheses for the adaptive
significance of phytochemical diversity: the synergy hypothesis (complex mixtures have higher bioactivity due to synergies among
compounds), the interaction diversity hypothesis (complex mixtures are an emergent property of independent selection from
multiple consumers), and the screening hypothesis (complex mixtures are a non-adaptive consequence of selection for messy
metabolism). To distinguish among these hypotheses, we conducted a total of 3940 laboratory assays with four species of insect
herbivores and four fungal plant pathogens in which the consumers were reared in environments containing between 1-10 phenolic
metabolites at varying levels of structural diversity. We found clear support for the interaction diversity hypothesis over the synergy
or screening hypotheses. We show that the number of consumers affected by a mixture increased with increasing richness and
structural diversity. Furthermore, all compounds exhibited some bioactivity, but the effects were highly variable among the eight
consumers. We found no support for the synergy hypothesis, which predicts that the bioactivity of mixtures should increase with
increasing diversity, or the screening hypothesis, which predicts that bioactivity is a rare property among secondary metabolites.
These results provide a mechanistic understanding of how phytochemical diversity, one of the most ubiquitous features of plants,
may be maintained in nature by a complex selective landscape exerted by taxonomically and functionally diverse communities of
generalist and specialist plant consumers.

Sl g g ICRENICL) R Volatile compounds signal nutritional quality of flowers
Anne F. Murray' and Laura Russo'
"Department of Ecology and Evolutionary Biology, University of Tennessee, Knoxville, TN

4: afmurray@utk.edu

Flowering plants produce a diversity of volatile compounds resulting in complex odor profiles. While foraging for nutritional
resources, pollinating insects encounter these volatiles and are sensitive to individual volatile compounds or different blends of
volatiles. For example, bees are obligate flower-visitors that prefer high quality inflorescences to feed themselves and their
offspring. Floral odors likely act as attractants to bees and may act as indicators for the nutritional quality of inflorescences. Here
we investigate the potential of plant volatile emissions to act as signals of their nutritional quality.

To explore the potential coupling of nutritional quality, plant volatile emissions, and pollinator visitation, we will investigate 17
perennials native to the American southeast from three plant families: Fabaceae, Asteraceae, and Lamiaceae. Generally, the
pollen from Fabaceae has higher high protein concentrations, while pollen from Asteraceae and Lamiaceae tend to produce lower
protein levels. Field plots comprised of the selected species were sampled for pollinator visitation and pollen was collected over
two field seasons. Volatiles were collected from the inflorescences of each species using dynamic head space sampling (DHS)
and solid-phase microextraction (SPME) then analyzed using gas chromatography mass spectrometry (GC-MS). Compounds were
identified and here we report preliminary floral volatile profiles, the first for many of these species. The major chemical classes
identified were terpenes followed by various aldehydes. Volatile profiles within a plant family were more similar than between other
families. While some volatiles overlapped in several species, some were unique to only a single species. The volatile emissions
were semi-quantitated and individuals from Lamiaceae had the highest overall emissions followed by Asteraceae and Fabaceae.
Finally, the volatile profiles were compared to tabulated bee visitation and pollen protein content.

Sl FJCRENICT IR The interplay between membrane desaturation and reactive oxygen species signaling in
chloroplasts, and its impact on insect resistance

Hillary Fischer', Jiamei Li', Argelia Lorence?, and Fiona L. Goggin'
"Department of Entomology and Plant Pathology, University of Arkansas, Fayetteville, AR, USA
2Arkansas Biosciences Institute and Department of Chemistry and Physics, Arkansas State University, Jonesboro, AR, USA

P<: fgoggin@uark.edu

Fatty Acid Desaturase 7 (FAD7) is a chloroplast-localized w-3-desaturase that is widely conserved among plants, and promotes
the accumulation of polyunsaturated fatty acids in chloroplast membranes. Loss of function of the FAD7 gene in Arabidopsis and
tomato confers aphid resistance without compromising photosynthetic activity or growth. In both plant species, the lipid
hydroperoxide profiles of fad7 loss-of-function mutants suggest enhanced accumulation of singlet oxygen. Furthermore, knocking
out function of the EXECUTER1/EXECUTER2 (EX1/EX2) signaling pathway---a key component of singlet oxygen-mediated
retrograde signaling---in the Arabidopsis fad7 background compromises aphid resistance in this genotype. In addition, artificial
induction of singlet oxygen accumulation in a conditional mutant (flu) reduces aphid infestation on this mutant. These results
suggest that chloroplast membrane desaturation influence singlet oxygen accumulation, which in turn regulates plant defenses
against aphids. To our knowledge, this is the first study to implicate singlet oxygen and chloroplast retrograde signaling in insect
resistance, and to link these phenomena with membrane desaturation levels. Further research is needed to explore how
modifications in the chloroplast membrane impact defense signaling.
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Sl lg WICEENICl R Movement of ginsenosides through ginseng garden soil — A potential link to pathogenicity and
ginseng replant disease (GRD)

Dimitre A. Ivanov', Karina M. Kaberi', and Mark A. Bernards'
"Department of Biology, University of Western Ontario, London, ON, Canada.
P4: divanov2@uwo.ca

Ginsenosides are a class of triterpenoid saponins produced by American ginseng (Panax quinquefolius L.) based on a dammarane
carbon skeleton. Ginsenosides can be divided into two main classes: protopanaxadiols (PPD) and protopanaxatriols (PPT). It is
believed that these compounds evolved for the purpose of plant defence, as they have mild fungitoxic activity toward many different
ginseng pathogens. However, several ginseng root pathogens, including Pythium irregulare, can modify PPD-type ginsenosides
and their growth is enhanced in the presence of ginsenosides. Furthermore, ginsenosides can inhibit the growth of ginseng
seedlings at concentrations found in commercial ginseng gardens. Together these observations suggest that ginsenosides present
in soil may contribute to ginseng replant disease (GRD). Ginsenosides accumulate in garden soil during ginseng cultivation;
however the movement and persistence of ginsenosides in soil has not been studied. In the present work, the movement and
persistence of ginsenosides in GRD soil was evaluated using a soil column flow-through system. Four soil treatments were
evaluated: 1) Autoclaved Sand (as a control), 2) Replant Soil, 3) Autoclaved Replant Soil and 4) Replant Soil + P. irregulare
BR1068. Furthermore, the disease severity of each soil was evaluated in vivo, using non-invasive chlorophyll fluorescence imaging.
Only plants grown in Replant Soil (with or without P. irregulare) developed disease symptoms. Overall, protopanaxatriol
ginsenosides were more mobile and flowed more readily through the soil columns than protopanaxadiol ginsenosides, which
remained bound to the soil matrix. Recovery of both classes of ginsenosides, after destructive sampling of the soil columns, was
orders of magnitude higher from autoclaved soils, suggesting the presence of a biotic component contributing to ginsenoside
retention or possibly degradation.

Utilizing plant biofumigants to reduce grain fungal contamination and improve food safety
William T. Hay', Susan P. McCormick’, Mark A. Berhow?, Steven F. Vaughn?, Laurie Taylor?, Martha M. Vaughan'
"Mycotoxin Prevention and Applied Microbiology Unit, USDA, Agricultural Research Service, Peoria, IL, USA

2Functional Foods Research Unit, USDA, Agricultural Research Service, Peoria, IL, USA

3 University de Poitiers, Poitiers, France

X william.hay@usda.gov

Mycotoxin accumulation during the malting of wheat and barley grain causes millions of dollars in annual losses for the U.S. malting
and brewing industry. While the US malting industry has strict standards to avoid even minimally contaminated grain, the high
moisture low temperature conditions during malting are ideal for residual Fusarium graminearum proliferation and production of
deoxynivalenol (DON). This presentation discusses the potential use of biofumigant treatments from plant derived metabolites to
reduce grain Fusarium contamination and mycotoxin production during malting. Defatted seed meals from three glucosinolate
containing members of the Brassicaceae Family: Brassica juncea, Brassica carinata and Thlaspi arvense were utilized to fumigate
contaminated wheat and barley. Upon wetting, myrosinase enzymes are activated in the seed meal and convert stable
glucosinolate compounds into highly volatile isothiocyantes which can be used for fumigation. Furthermore, these naturally
occurring plant defense compounds are US-FDA approved food additives known for their antimicrobial activity. We showed that
the concentration of allyl isothiocyanate, the predominate compound emitted by wetted seed meals, caused complete inhibition
of Fusarium graminearum growth without inhibiting wheat or barley germination. Fumigation of naturally contaminated wheat and
barley under storage conditions significantly reduced the percent of infected kernels without affecting germination. Fumigation
with Brassica juncea seed meal of contaminated barley during germination reduced DON contamination by 27% and increased
barley germination success by 9%. This research provides producers and maltsters with an organic biofumigation treatment
method for wheat and barley grain that can reduce grain Fusarium contamination and the likelihood of mycotoxin accumulation
during the malting process.

I CRCA (o 1 B LYy WICEE I 2% Documentation of saponin diversity and antifungal activity in the biofuel crop
switchgrass (Panicum virgatum) using metabolomics

Xingxing Li"2, Ming-Yi Chou'-3, Acer VanWallendael'#, Saurav J. Sarma®®, Lloyd W. Sumner®8, Gregory Bonito"3, David Lowry'#,
A. Daniel Jones'2, and Robert L. Last!23

'DOE Great Lakes Bioenergy Research Center, 2 Department of Biochemistry and Molecular Biology, *Department of Plant, Soil and Microbial Sciences,
“Department of Plant Biology, Michigan State University, East Lansing, MI, USA

5Department of Biochemistry, SMU Metabolomics Center, University of Missouri, Columbia, MO, USA

P4 lixingxi@msu.edu

Switchgrass (Panicum virgatum L.) is a bioenergy crop that grows productively on lands not suitable for food production and is an
excellent target for low-pesticide input biomass production. Despite the documented roles of the low molecular weight compounds
known as specialized metabolites in plant biotic and abiotic stress tolerance, diversity of these small molecules and their genotypic
variations in switchgrass have been minimally explored. Such knowledge would inform switchgrass germplasm enhancement and
development of locally adapted cultivars. We used a combination of liquid (LC) and gas chromatography (GC)-mass spectrometry
(MS) and nuclear magnetic resonance spectroscopy (NMR) profiling of metabolites in six switchgrass cultivars. The results
revealed striking metabolite differences between the two major switchgrass ecotypes (upland and lowland) as well as distinct
developmental profiles, primarily driven by differential accumulations of steroidal saponins varying in cores and glycosylation
patterns. To probe biological impacts of the saponin differences in switchgrass roots, we screened anti-fungal activities for different
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saponin types using three representative fungi, Trichoderma spp., Linnemannia elongate and Fusarium oxysporum, isolated from
switchgrass rhizosphere. Differences in inhibitory effects were observed, and these appear to be influenced by both aglycone
structures and sugar moiety positions. To further shed light on genotypic variations in saponin content and the correlated biological
functions, we assayed >50 switchgrass genotypes from a diversity panel. Plants with especially high saponins were confined to a
small geographic region in the Northeast US and are part of the leaf-rust resistant Atlantic population. This leads to the testable
hypothesis that saponins influence switchgrass pathogen susceptibility. Altogether, these results should facilitate optimizing
switchgrass as a low pesticide sustainable bioenergy crop.

July 27 (Wednesday) Symposium VII: Phytochemistry in a changing environment

1. 1 Thomas D. Sharkey, Ph.D.
+ " Michigant State University,
East Lansing, Michigan, USA

Thomas D. (Tom) Sharkey studies the exchange of gases between plants and the atmosphere. The
biochemistry and biophysics underlying carbon dioxide uptake and isoprene emission from plants form the
| two major research topics in his laboratory. Among his contributions are an exhaustive study of short-term
7 feedback effects in carbon metabolism of photosynthesis and researching the emission of isoprene from
st plants, working to explain why plants emit more isoprene into the atmosphere than all of the hydrocarbons
resulting from human activities.
Dr. Sharkey obtained his PhD in the Department of Energy Plant Research Laboratory at Michigan State University studying
stomatal responses to light. He was a post-doc with Graham Farquhar at the Australian National University. After five years at the
Desert Research Institute in Reno Nevada, Tom was a Professor of Botany at the University of Wisconsin in Madison. There he
held a number of posts including Chair of Botany and Director of the Biotron, a controlled environment facility for plants and animals.
In 2008 Tom returned to Michigan State University to be Chair of Biochemistry and Molecular Biology until 2017. He currently is a
University Distinguished Professor in the MSU-DOE Plant Research Laboratory and Interim Director of the Plant Resilience
Institute. Tom was elected Fellow of ASPB and AAAS.

LG LICH Isoprene and the environment

Thomas D. Sharkey'’

"MSU-DOE Plant Research Laboratory, Department of Biochemistry and Molecular Biology and Plant Resilience Institute, Michigan State University, East
Lansing, MI, USA

DA: tsharkey@msu.edu

Isoprene is the hydrocarbon emitted to the atmosphere in the greatest amount, exceeding all other biogenic and even all
anthropogenic hydrocarbon emissions. Isoprene emission into the atmosphere can affect atmospheric chemistry and contribute
to ozone formation. Isoprene emission from plants responds immediately to environmental parameters such as light and
temperature because isoprene is not stored as are many specialized plant hydrocarbons, for example in resin ducts or
trichomes. Compared to photosynthesis, isoprene is much more sensitive to temperature, similarly sensitive to light, and
oppositely sensitive to CO2. The extreme sensitivity to temperature is the result of temperature making more substrate available
for isoprene synthase and stimulating the isoprene synthase enzyme. In testing for isoprene emission acclimation to
temperature, we found that isoprene emission capacity increased when the growth temperature was changed, whether increased
or decreased.

The previous hypothesis from this lab that the isoprene effect on plants is because of its diffusion into membranes turned out to
be wrong. Instead, we find significant effects on gene expression and post-translational modification (phosphorylation) of
transcription factors. Jasmonic acid signaling is enhanced while salicylic acid signaling is suppressed. One consequence is
increased tolerance of ozone in isoprene-treated leaves. If this effect is the result of gene expression changes, then it should be
possible to pretreat with isoprene and cause ozone tolerance even though the isoprene is no longer present. We have observed
that if a leaf is exposed to isoprene in the morning, it will be resistant to ozone stress given in the afternoon. It is even possible to
treat with isoprene on one day and see some ozone tolerance the following day.

Kira Tiedge, Ph.D.
University of Groningen
Groningen, The Netherlands

Dr. Kira Tiedge is an Assistant Professor for Functional Genetics and Genomics at the Groningen Institute for
Evolutionary Life Sciences (GELIFES). After finishing her bachelor's and master’s degrees, Kira completed a
Ph.D. in molecular plant biology and plant biochemistry in Germany as a fellow of the Konrad Adenauer
Foundation, with longer stays in the U.S. and Austria on the topic of nectar production in tobacco plants, which
sparked her fascination for the finely tuned ways in which plants can communicate with their environment. As
a postdoctoral research fellow of the German Research Foundation she started working on the discovery and engineering of
specialized metabolism in bioenergy plants in the Zerbe Lab at the University of California, Davis, with the aim to improve stress
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resistance in these crops. In her new role as an Assistant Professor at the University of Groningen she now combines synbio,
genomics, transcriptomics, metabolomics, and genetic tools towards the characterization of specialized metabolite pathways that
can provide crop plants with advantages for circular agriculture within a changing environment. Some of Kira’s other projects
revolve around raising inclusiveness in higher education and supporting mothers in the STEM fields.

YT CIE  WANVET W IR Tl iR Identification of novel diterpenoids for sustainable agriculture and increased drought
tolerance of switchgrass (Panicum virgatum)

Kira Tiedge'?, Xingxing Li®#, Janessa Destremps?, Robert Last®*, Philipp Zerbe?
' Groningen Institute for Evolutionary Life Sciences, University of Groningen, The Netherlands

2 Department of Plant Biology, University of California, Davis, USA

3 Department Biochemistry and Molecular Biology, Michigan State University, MI, USA

4 DOE Great Lakes Bioenergy Research Center, Michigan State University, MI, USA

DX k.j.tiedge@rug.nl

With an increasing demand for renewable energy opposed by rising climate-driven crop losses, understanding and leveraging
plant natural defenses can enable the development of sustainable crop production systems. Switchgrass (Panicum virgatum) is a
perennial bioenergy model crop valued for its energy efficiency and drought tolerance resilience. Here, we integrated comparative
transcriptomic and metabolomic analyses to gain a detailed understanding of the diversity and physiological relevance of
specialized metabolites in upland and lowland ecotypes and provide resources for future investigations of drought response
mechanisms in switchgrass.

The more drought-susceptible Cave-in-Rock genotype featured significantly more differentially expressed specialized pathways
genes than the more resistant Alamo genotype. However, diterpenoid-biosynthetic genes showed drought-inducible expression
especially in Alamo roots. Consistent with transcriptomic patterns, metabolomic analyses identified several root diterpenoids with
significant drought-induced accumulation, supporting a role in drought stress tolerance for these compounds. Structural analysis
of drought-responsive root diterpenoids via NMR verified these metabolites as oxygenated furanoditerpenoids. The gained
drought-dependent transcriptome and metabolite profiles provide the foundation to understand the molecular mechanisms
underlying switchgrass environmental resilience, while we are now developing and testing novel genetic tools e.g. virus-induced
gene silencing (VIGS) to verify the function and importance of several key resistance genes.

Sl HJCRE I CLo) Ik Integrated multi-omics analyses of lighin-reduced Arabidopsis lines on International Space Station

Norman G. Lewis', Laurence B. Davin', Michael A. Costa', Syed G.A. Moinuddin’, Erik R. Hanschen?, Samuel |. Koehler?, Brendan
J. Winnacott?, Shawn R. Starkenburg?, Kim K. Hixson'3, Mary S. Lipton3, Margaret Turpin®, David T. Hanson*, Oscar Monje®,
Jeffrey T. Richards®, Nicole Dufour®, and Howard G. Levine®

"Institute of Biological Chemistry, Washington State University, Pullman, Washington, USA

2L os Alamos National Laboratory, Los Alamos, New Mexico, USA

SEnvironmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, Washington, USA

“Department of Biology, University of New Mexico, Albuquerque, USA

SAECOM, SNASA, Kennedy Space Center, Florida, USA

P lewisn@wsu.edu

Here we report insights gained on the integrated multi-omics analyses of various lignin-reduced lines of Arabidopsis thaliana, from
two grow-outs in the Advanced Plant Habitat (APH) on International Space Station (ISS); corresponding ground controls were
conducted at Kennedy Space Center (KSC). On Earth, lignin biopolymers enable vascular plants to stand upright against forces
of gravity by reinforcing their cell walls in the vasculature, to afford conduits to enable water/nutrient transport, and as a protective
barrier to opportunistic pathogens. Additionally, lignin in different plant tissues and organs significantly reduces overall plant
digestibility (by mammals) and nutritional benefit of vascular plants. Arabidopsis lignin-reduced mutants (adt5, adt4/5, adt3/4/5,
and adt3/4/5/6) were obtained by generating homozygous knockouts of genes encoding arogenate dehydratase (ADT) as well as
those with a carbon concentrating mechanism, CCM (e.g. adt3/4/5/6/CCM). Plants were daily monitored telemetrically, where
unusual stem growth orientation and anatomy was noted particularly with lignin-reduced mutant lines. Aerial tissues (stems and
leaves) were harvested on ISS at approximately 6 weeks, then immediately freezer stored and returned later to Earth. Stem and
leaf tissues of all lines were individually subjected to integrated multi-omics (metabolomics, transcriptomics, lipidomics, proteomics
and phospho-proteomics) analyses, with multi-omics integration results compared to their corresponding wild type (WT) lines. Here
we discuss our consortium’s integrated multi-omics analyses and the insights gained, as well as the current rationale for the
unusual Arabidopsis stem growth and anatomy behavior on ISS, together with the potential for lignin reduced plant lines in extra-
terrestrial environments.

Sl lg gICRENI L) PE Cuticular wax composition is essential for plant recovery following drought with little effect under
optimal conditions

Boaz Negin', Shelly Hen-Avivi', Efrat AiImekias-Siegl', Lior Shachar’, and Asaph Aharoni’
Department of Plant and Environmental Science, Weizmann Institute of Science, Rehovot, Israel
P4 boaz.nigen@gmail.com
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Despite decades of extensive study, the role of cuticular lipids in sustaining plant fithess is far from being understood. To answer
this fundamental question, we employed genome editing in tree tobacco (Nicotiana glauca) plants and generated mutants
displaying a range of wax compositions. The mutations led to substantial modification in surface wax crystal structure and to
elevated cuticular water loss. Remarkably, under non-stressed conditions, the mutant plants did not display elevated transpiration
or reduced growth. However, under drought, plants lacking alkanes were unable to strongly reduce their transpiration, leading to
leaf death, impaired recovery and stem cracking. In contrast, plants deficient in fatty alcohols exhibited an opposite response to
drought, that was part of a larger trend, of no common phenotype connecting plants with a glossy appearance. We conclude that
alkanes are essential under drought response and much less under normal non-stressed conditions, enabling plants to seal their
cuticle upon stomatal closure, reducing leaf death and facilitating a speedy recovery.

Sl Je JJJCEEIClLl ) R Assessing the role of ascorbate of a Rice Diversity Panel to high night temperature stress tolerance

Cherryl Quifiones’, Kharla Mendez', Shannon Cunningham', Wenceslao Larazo', R Shea Harris!, Zachary Campbell!, Karina
Medina-Jimenez'!, Hannah Seats', Abigail Wilkie!, Matthew Luster!, Arlene Adviento-Borbe?®, Harkamal Walia*, and Argelia
Lorence'2.

Arkansas Biosciences Institute, Arkansas State University, Jonesboro, AR, USA

2Department of Chemistry and Physics, 3Delta Water Management Research Unit, United States Department Agriculture-ARS, State University, AR, USA
“Department of Agronomy & Horticulture, University of Nebraska, Lincoln, NE, USA

I: cherryl.quinones@smail.astate.edu

Rice is the world’s second most important cereal crop following corn and is Arkansas’ top agricultural crop. High night air
temperature stress (HNT) lowers rice grain yield and quality, but physiological and metabolic processes affected by this stress are
not fully understood. In plants, ascorbate (AsA) is a key component in abiotic stress responses. The potential role of AsA in rice
HNT tolerance is unknown. In this study, 6 (3 ambient, 3 heated) high-tunnel, movable greenhouses were built at Harrisburg, AR.
These greenhouses are equipped with heating and cyber-physical systems and housed 310 accessions from the Rice Diversity
Panel 1 (RDP1) arranged in a randomized block design. Rice accessions were subjected to HNT stress of +4°C relative to ambient
temperature for 2 weeks during flowering stage. Significant variation in foliar AsA content among RDP1 accessions was detected
under control and HNT conditions showing that regulation of total foliar AsA content is affected by HNT. We have identified 50 rice
accessions that accumulate high foliar AsA content under HNT conditions. Amongst those, 13 rice accessions produced higher
grain yield under HNT compared to controls. Most of the high AsA-yielding accessions belong to the tropical-japonica subpopulation
group, which represents 38% of the RDP1. Data validation and correlation analyses using total foliar AsA content, photosynthetic
parameters, and agronomic data from a second cropping season is on-going. Genome wide association studies will follow to
identify novel genes/markers which can be used by breeders and molecular biologists to develop more resilient rice varieties.

HERIRE SN CIEZIE Carbohydrates reserve: A promising phenotypic marker for high night temperature stress
tolerance in rice

Kharla Mendez', Cherryl Quifiones’, Shannon Cunningham’, Wenceslao Larazo', Rodney Harris'!, Zachary Campbell!, Landon
Perdue', Karina Medina-Jimenez', Argelia Lorence'2, Harkamal Walia®, and Arlene Adviento-Borbe*

Arkansas Biosciences Institute, Arkansas State University, Jonesboro, AR, USA

2Department of Chemistry and Physics, P.O. Box 419, State University, AR, USA

3Department of Agronomy & Horticulture, University of Nebraska, Lincoln, NE, USA

4Delta Water Management Research Unit, United States Department Agriculture-ARS, State University, AR, USA

DL kharlavi.mendez@smail.astate.edu

The relationship between high night air temperature (HNT) stress and carbohydrate partitioning is not yet fully elucidated,
specifically in rice. Plant tissue carbohydrate status drives night-time respiration in rice, and an increase in HNT stress can elevate
respiration rate. Plants with a higher capacity to store non-structural carbohydrates (NSC) in the stem can better tolerate changes
in climatic conditions, including elevated night air temperature. However, this finding was proven only in two rice varieties grown
under greenhouse conditions. In this study, a subset population was selected from 310 rice accessions cultivated out in the field,
including 4 HNT-tolerant, 4 HNT-sensitive, and 4 hybrid varieties. The field experiment was laid out in randomized comgardenplete
block design with three replications. Using high-tunnel greenhouses equipped with heating infrastructure, HNT stress was imposed
when approximately 50% of the rice diversity panel reached the flowering stage. A +4°C temperature difference was maintained
between the ambient and heated greenhouses. Two main tillers were collected during flowering and dough growth stages and
were separated into leaves, stem, and panicles. The anthrone colorimetric method was used to quantify soluble sugar and starch
contents. NSC was computed by summing all soluble sugar and starch. Among the plant parts, NSC significantly lessen in the
stem when selected rice accessions were exposed to HNT stress. The dough stage showed more prominent differences between
tolerant, sensitive and hybrid varieties. Tolerant varieties had higher stem NSC both in control (99.1 to 160.9 mg.g™") and heated
(71.1 to 218.3 mg.g™") conditions. Interestingly, among the selected subset, a quadratic relationship was observed between total
NSC content and grain yield. The findings of this study will provide a novel phenotypic marker through quantification of carbohydrate
reserves and will be useful in the development of high-yielding, HNT-tolerant rice varieties.

July 27 (Wednesday) Symposium VIIl: Phytochemistry of functional foods and bioactive natural compounds

PSNA 2022 43


mailto:cherryl.quinones@smail.astate.edu
mailto:kharlavi.mendez@smail.astate.edu

Jessica Cooperstone, Ph.D.
The Ohio State University
Columbus, OH, USA

Dr. Jessica Cooperstone is an Assistant Professor in the departments of Horticulture and Crop Science, and
Food Science and Technology at The Ohio State University, and was hired under OSU’s Foods for Health
focus area of the Discovery Themes Initiative. She received her B.S. in Food Science from Cornell
University and her Ph.D. in Food Science & Technology from The Ohio State University. She and her team

a are interested in understanding the chemical basis for the health benefits associated with fruit and vegetable
rich diets. From fundamental studies in crops, to nutrition-based clinical trials, her group works across the plant-food-nutrition-
health continuum. Jess and her team are located at the interface of plant, food and nutrition sciences, and utilize bioinformatics
based approaches, which she will talk about at this conference.

Understanding and modifying crop phytochemical profiles to enhance human health

Jessica Cooperstone’?
"Horticulture and Crop Science, 2Food Science and Technology, The Ohio State University, Columbus, OH, USA

DA: cooperstone. 1@osu.edu

Diets rich in fruits and vegetables are associated with decreased risk for a variety of chronic diseases. However, causal studies
are lacking in deciphering the chemical compounds responsible for these health benefits. The Cooperstone lab is focused on
using omics based approaches to understand 1) how genetic and environmental factors affect the biosynthesis of
phytochemicals in crops, and 2) how these compounds affect human health. Our projects combine analytical chemistry with
plant genetics/genomics, transcriptomics, microbiomics, sensory science, human nutrition, and bioinformatics. Today | will
discuss some recent work in both tomato and apple that show the utility of our integrated approach.

Thu Thuy Dang, Ph.D.
University of British Columbia
Okanagan, Canada

Dr. Thu Thuy Dang is currently an assistant professor and a Michael Smith Health Research Foundation
Scholar in Biochemistry at the Department of Chemistry, University of British Columbia, Okanagan. Before
joining UBC, she was a postdoctoral fellow (EMBO) at the John Innes Centre in the laboratory of Dr. Sarah
O’Connor (Norwich, UK). Thuy obtained her PhD in Biochemistry from the University of Calgary in 2014 and
solved the biosynthetic pathway of the anticancer compound noscapine in opium poppy. She has authored
and co-authored several papers in journals such as Nature Chemical Biology, Science, Angewandte Chemie, JBC, Nature
Communications, Communications Chemistry, Plant Physiology, etc. Thuy received the Michael Smith Foundation for Health
Research Scholar, European Molecular Biology Organization (EMBO) Long-Term Fellowship, University of Calgary Eyes High
International Doctoral Scholarship and Alberta Ingenuity Fund (Canada), Alberta Innovative Technology Futures Scholarship. Her
research program is funded by NSERC DG, CFl, BCKDF and NSERC Alliance International.

LN A WANTETC NG clile )ik Plant-based anticancer drugs - from discovery to final products

Thu Thuy Dang'
"Department of Chemistry, University of British Columbia, Okanagan

DA: thuy.dang@ubc.ca

Abstract: Plants produce myriads of nitrogen-containing heterocyclic metabolites called alkaloids. These chemicals have served
numerous eco-physiological functions in the plants as well as medicines for humans for thousands of years. For instance, semi-
synthetic derivatives of camptothecin, an alkaloid from happy tree (Camptotheca acuminata), are potent anticancer agents such
as topotecan (Hycamtin) and irinotecan (Camptosar). The presentation will focus on recent discoveries of new enzymes that are
involved in biosynthesis of anticancer alkaloids, with a specific focus on camptothecin hydroxylases and the use of combinatorial
chemoenzymatic C-H functionalizations to produce a suite of anticancer drugs, including topotecan (Hycamtin®) and irinotecan
(Camptosar®). This work sheds new light on camptothecin metabolism and represents greener approaches for accessing
clinically relevant camptothecin derivatives.

Sl WICENIClME Targeting the gut-liver-brain axis with hop-derived flavonoids improves lipid metabolism and
cognitive performance in mice
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Ines L. Paraiso'?, Johana S. Revel'23, Jaewoo Choi', Cristobal L. Miranda'?, Parnian Lak'23, Chrissa Kioussi?, Gerd Bobe'#,
Adrian F. Gombart'-?, Jacob Raber?®, Claudia S. Maier®, Jan F. Stevens'2

Linus Pauling Institute, 2Department of Pharmaceutical Sciences, 3Department of Chemistry, *Department of Animal & Rangeland Sciences, °Department
of Biochemistry & Biophysics, Oregon State University, Corvallis, OR, USA

5Department of Behavioral Neuroscience, Neurology, and Radiation Medicine, Division of Neuroscience, Oregon National Primate Research Center, Oregon
Health & Science University, Portland, OR, USA

P<: fred.stevens@oregonstate.edu

Objectives/Background: Our ongoing research on the health benefits of flavonoids from the hops plant (Humulus lupulus)
revealed that xanthohumol (XN), the principal prenylated flavonoid in hops, has the potential to improve diet-induced dysfunctional
glucose and lipid metabolism in preclinical rodent models of metabolic syndrome. Sphingolipids including ceramides are implicated
in the pathogenesis of obesity and insulin resistance. Correspondingly, inhibition of pro-inflammatory and neurotoxic ceramide
accumulation prevents obesity-mediated insulin resistance and cognitive impairment. Increasing evidence suggests the farnesoid
X receptor (FXR) is involved in ceramide metabolism, as bile acid (BA)-FXR crosstalk controls ceramide levels along the gut-liver
axis.

Materials/Methods: To better understand how XN and its metabolically stable hydrogenated derivatives, dihydroxanthohumol
(DXN) and tetrahydroxanthohumol (TXN), improve both insulin resistance and cognitive impairment, we analyzed lipid and BA
profiles in the liver and hippocampus, measured sphingolipid relative abundance in the hippocampus, and linked them to metabolic
and neurocognitive performance in high-fat diet (HFD) fed C57BL/6J mice. To examine the role of FXR in XN-induced changes in
BA and ceramide levels, wild-type and liver-specific FXR-null mice (FXRY"e-) were fed HFD containing XN or the vehicle and liver
tissues were examined by histological characterization, lipid, and BA profiling.

Results: XN, DXN and TXN (30 mg/kg body weight/day) decreased ceramide content in liver and hippocampus; the latter was
linked to improvements in spatial learning and memory. In addition, XN, DXN and TXN decreased hepatic cholesterol content.
HFD supplemented with XN (60 mg/kg body weight/day) resulted in amelioration of hepatic steatosis and decreased BA
concentrations in FXRYer~~ mice, the effect being stronger in male mice.

Conclusion: XN, DXN and TXN may alleviate obesity-induced metabolic and neurocognitive impairments by targeting the gut-
liver-brain axis. The findings indicate a sex-dependent relationship between FXR, lipids and BAs, and suggest that XN ameliorates
HFD-induced liver dysfunction via FXR-dependent and independent signaling.

Whole artichokes and their polyphenol extracts inhibit trimethylamine formation in an ex vivo-in
vitro colonic model

Lisard Iglesias-Carres’, Isabella D’Antuono?, Angelica Bruno?, Angela Cardinali?, and Andrew P. Neilson'

"Plants for Human Health Institute, Department of Food, Bioprocessing and Nutrition Sciences, North Carolina State University, Kannapolis, NC, USA
2Institute of Sciences of Food Production (ISPA), National Council of Research (CNR), 70126 Bari, Italy

P<:liglesi@ncsu.edu

Choline is metabolized by the gut microbiota into trimethylamine (TMA), a precursor of the pro-atherogenic molecule trimethylamine
N-oxide (TMAOQ). The inhibition of the microbial production of TMA is an attractive target to reduce cardiovascular burden, which
could be achieved through the use of plant phytochemicals such as chlorogenic acid. Artichokes are abundant in chlorogenic acid,
dicaffeoylquinic acids and fibers. We previously demonstrated that chlorogenic acid inhibits TMA formation. The objective of this
study was to evaluate the potential of artichokes and their phenolic extract as inhibitors of TMA production. To do so, a serving of
artichoke and the equivalent dose of its phenolic extract were individually subjected to an in vitro upper-tract gastrointestinal
digestion. The resulting digesta was fermented in the presence of choline-ds (100 uM) and a human fecal slurry to evaluate their
capacity to inhibit TMA-dg production. In particular, two artichoke cultivars (Spinoso artichoke, SS; and Romanesco artichoke, RS)
were characterized for their polyphenolic component, highlighting chlorogenic acid and dicaffeoylquinic acids as most abundant
compounds, with a total phenolic content of 64.8 mg/g DW and 108.5 mg/g DW, respectively. Further, the two artichoke samples
and as well as their phenolic extracts (SAE and RAE, respectively) were evaluated at equivalent doses. Results showed SS
produced lower TMA-dg production inhibition than RS (-5.6 vs. 31.9%). However, the polyphenol extract from both cultivars reported
a similar inhibition effect in TMA-do production (-10.9 to -12.2%). No cytotoxic/cytostatic effects of our treatments were reported.
These results suggest that both dietary fiber and phenolic compounds (i.e., chlorogenic acid) from artichokes are able to inhibit
TMA-do formation. Taken together, our data suggests that both whole artichokes and their phenolic extracts could be a good
nutritional strategy to manage TMAO levels. However, in vivo further studies should confirm this.

Beyond the high — Recent progress with bringing cannabis to the research mainstream

Bernd Markus Lange'?, Jordan Zager?, Joshua Polito’, Hannah Fleming?, Iris Lange’, Narayanan Srividya', and Amber Parrish’
TInstitute of Biological Chemistry and M.J. Murdock Metabolomics Laboratory, Washington State University, Pullman, WA, USA

2Dewey Scientific LLC, Pullman, WA, USA

>4 lange-m@wsu.edu

The 1925 Geneva International Opium Convention required signatories to control the trade of certain drugs (including cannabis),
which was followed by increasingly restrictive resolutions by the League of Nations and later United Nations. As a result, cannabis

has been considered an illicit substance of abuse by many governments, and could only be researched by selected, authorized
scientists in tightly supervised laboratories. Over the last few years, several jurisdictions and even entire countries have changed
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their policies on cannabis, endorsing laws that allow its therapeutic use, and decriminalizing or even legalizing it for recreational
purposes. Legislation has not been able to keep up with these recent developments, and specific labeling regulations with regard
to the composition of active ingredients, serving sizes and recommended doses are woefully lacking. This situation is
exacerbated by an inadequate understanding of how the chemistry (cannabinoids, terpenoids and other specialized metabolites)
of cannabis extracts and formulations relates to their biological effects. We will report on innovations to grow, harvest and cure
cannabis under tightly controlled conditions. Results obtained with a multi-pronged pipeline for the high confidence analysis of
terpenoid volatiles will be presented. The current knowledge regarding cannabinoid and terpenoid chemical diversity, with an
emphasis on understanding the underlying genetic and biochemical networks, will be discussed.

Reference standards and considerations for research and development projects

Kiel Henderson'

"ChromaDex, Los Angeles, CA, USA

P4: kielh@chromadex.com

ChromaDex has been dedicated to the development of novel standards and solutions for the natural products industry for more
than two decades. This talk will focus on the newest areas of reference standard commercialization. From the constituents of

ashwagandha, curcumin and turmeric to unique isolates of the cannabinoid and terpene families, as well as emerging components
of interest in the mushroom/fungi arena, there are plenty of new materials to explore.

July 28 (Thursday) Symposium VIl (cont.): Phytochemistry of functional foods and bioactive natural compounds

Nl qJCREIc i) Synthesizing heart-healthy oil in plants utilizing oil biosynthesis machinery in avocado
Jyoti Behera' and Aruna Kilaru'
"Department of Biology, East Tennessee State University, Johnson City, TN, USA

P<: behera@etsu.edu

Plants synthesize and store oil, mostly triacylglycerol (TAG), in various storage tissues. The process is transcriptionally controlled
by WRINKLED (WRI), a member of the APETALA2 (AP2) class of transcription factors, that regulates most of the fatty acid
biosynthesis genes. The terminal step of TAG synthesis is catalyzed by acyl-CoA:diacylglycerol acyltransferase (DGAT) and
phospholipid:diacylglycerol acyltransferase (PDAT) in acyl-CoA dependent and -independent pathways, respectively. Among the
four Arabidopsis WRI paralogs, only WRI2 is nonfunctional. Avocado (Persea americana) mesocarp, a nonseed tissue,
accumulates significant amounts of TAG (~70% by dry weight) that is rich in heart-healthy monounsaturated oleic acid. The oil
accumulation stages in mesocarp coincide with the high expression of WRI2, along with WRI1, WRI3, DGAT1, and PDAT1. The
strong preference for oleic acid demonstrated by the avocado mesocarp TAG biosynthetic machinery represents lucrative
biotechnological opportunities, yet functional characterization of these genes is not explored to date. Our structural analyses
showed that avocado WRI2 is a relatively stable protein, has a single intact AP2 DNA-binding domain, and has different C-terminal
properties compared to its ortholog in Arabidopsis. Through transient expression assays, we demonstrated that avocado WRI2,
along with WRI1, is functional and drives TAG accumulation in Nicotiana benthamiana leaves, unlike Arabidopsis WRI2. Both
DGAT1 and PDATT1 also increased the lipid content and elevated oleic acid levels when transiently expressed in N. benthamiana
leaves. Furthermore, a multigene-expression approach showed that avocado WRI2 in combination with either DGAT1, PDAT1, or
both is a better candidate compared to WRI1 in improving oil content in leaf tissue with a desired heart-healthy monounsaturated
fatty acid-enriched TAG. This study provides us with the knowledge base for new targets to enhance healthy oil in plants.

Sl le FJCRENICT 1)Kk Dietary phytochemical erucin induces apoptosis through suppression of mTOR signaling pathway
in cervical cancer cells

Jonathan Jansma', Raegan Koon', and Yewseok Kevin Suh'’

"Department of Biology, High Point University, High Point, NC, USA

P4 ksuh@highpoint.edu

Consumption of cruciferous vegetables in the Brassicaceae family is associated with reduced risk of various types of cancer.
Isothiocyanates such as sulforaphane and erucin are believed to be responsible for such anticancer effect. The mammalian target
of rapamycin (mTOR) kinase is an important component of PTEN/PI3K/Akt signaling pathway. The mTOR signaling pathway
promotes tumor progression and regulates autophagy and apoptotic cell death. Therefore, studies suggest that targeting mTOR
signaling pathway could be an effective strategy for the treatment of cancer. In the present study, we investigated the growth
inhibitory effect of erucin and its associated mechanism in cervical cancer cells. We found that erucin can inhibit viability and
proliferation of cervical cancer cells as measured by trypan blue and MTS assays. Using Hoechst dye, we also observed nuclear
condensation and fragmentation, which are hallmarks of apoptotic cell death. Apoptosis was further verified by detecting the
cleavage of poly(ADP-ribose) polymerase and measuring the activity of executioner caspases. In cells treated with erucin, the
activity of mTOR was significantly inhibited which was measured by western blotting, immunocytochemistry, and enzyme-linked
immunosorbent assays. The expression of mTOR signaling complex constituents such as Raptor and Rictor was also
downregulated. This resulted in the inactivation of mTOR target proteins such as ribosomal protein S6. Finally, we performed RNA
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sequencing analyses to identify novel targets of erucin. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses revealed multiple genes that are differentially expressed including the genes that are
associated with DNA replication, cell cycle, and VEGF signaling pathways. Taken together, these results indicate that erucin could
be a potent inhibitor of MTOR signaling pathway in cervical cancer cells and suggest its potential use as chemotherapeutic agent
against cervical cancer.

Unravelling the genetic basis of glyceollin induction in wild soybean

Farida Yasmin', Hengyou Zhang', Larry Leamy', Jason Winnike?, Robert Reid®, Cory Brouwer?, and Bao-Hua Song'

'Department of Biological Sciences, University of North Carolina at Charlotte, Charlotte NC, USA

2Metabolon, Inc. Morrisville NC, USA

3Department of Bioinformatics and Genomics, University of North Carolina at Charlotte, Charlotte NC, USA

P4: bsongb@uncc.edu

Phytoalexins, a group of induced plant specialized metabolites, play critical roles in plant response to various environmental
stresses. They are also a source of sustainable human nutrition and potential novel pharmaceuticals. Glyceollin is one kind of
phytoalexin that is induced in legume species with biotic and abiotic stresses, and has well-documented anticancer, antioxidant,
and neuroprotective properties. However, few studies have investigated the genetic basis of glyceollin induction with biotic stimuli.
In this study, we used a metabolite-based genome-wide association study (mMGWAS) to identify genes and gene clusters involved
in glyceollin induction from genetically diverse and underexplored wild soybean plants with soybean cyst nematode infection. Our
analyses found eight SNPs significantly associated with variation in glyceollin induction, and four SNPs on Chromosome nine. Six
candidate genes on chromosome nine, belonging to two gene clusters, encode glycosyltransferase in the phenylpropanoid
pathway. Further analyses suggested epistatic interactions of these genes. These findings indicate that these genes and their
interactions might play critical roles in glyceollin induction. We also found transcription factors, such as WRKY and NAC, within the
LD blocks of the significant SNPs, indicating they might be involved in regulating glyceollin accumulation. Further functional
analyses will shed light on the roles of these candidate genetics in glyceollin induction. Our study provides a fundamental basis for
the long-term goal of developing biofortified soybean cultivars rich in glyceollin, which would benefit plant and human health to
meet current and future global challenges.

Sl Je FJCRNICT Kk Biosynthesis and utilization of plant natural products

David Knittel!, Joey Ooka', Alena Albertson', Gloria Santos', Brooke Suzuki', and Daniel K. Owens'
"Molecular Biosciences and Bioengineering, University of Hawai’i at Manoa, Honolulu, HI, USA

P<: owensdk@gmail.com

The flavonoid biosynthetic pathway is an intriguing system whose study continues to provide information which is being used to
improve the quality of agricultural, medicinal and nutritional products. Furthermore, its analysis provides foundational insights into
the enzymology and metabolic organization of biosynthetic pathways. The focus and unifying theme of our research is the study
of natural products that are important for the survival and development of plants that can be utilized to the advantage of society.
One important aspect in achieving these far reaching goals is to unravel and characterize the biochemistry and enzymology leading
to the accumulation of specific natural products in planta. To this end, we have made progress in elucidating metabolon formation
of the flavonoid biosynthetic pathway in Citrus sinensis (Orange). This work includes not only enzymes involved in production of
the C6-C3-C6 flavonoid core structures, but also derivatizing enzymes, such as glycosyltransferases. Derivatizing enzymes are of
particular interest as they ultimately lead to the biosynthesis of myriad of compounds that actually accumulate in planta. Due the
unique amiable climate, Hawaiian plants have developed an array of phytochemicals that are hypothesized to increase their
competitiveness for resources. As another approach to achieve our long-term goals we are identifying Hawaiian plants with
potential for allelopathic activity using a phylogenetic approach and direct bioassay. This work has the potential to lead to the
discovery of new herbicidal molecular target sites which will help to address current agricultural weed issues. We have identified
an allelopathic component of the Hawaiian invasive species Psidium cattleianum (Strawberry Guava) that contributes to it invasive
strategy in the environment.
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cytochrome P450s. Our work reveals the fluid nature of BGC assembly and the importance of genome structure in contributing to
the origin of novel metabolites.

Bk E Tissue-specific and induced accumulation of cardiac glycosides in tropical milkweed, Asclepias curassavica

Honglin Feng', Jing Zhang', Adrian Powell', Lily Yang', Steven B. Boyles?, Suzy Strickler' And Georg Jander’
'Boyce Thompson Institute, 533 Tower Road, Ithaca, NY, 14853, USA.
2Department of Biological Sciences, State University of New York at Cortland, Cortland, NY, USA.

P4: hf329@cornell.edu

Asclepias curassavica (tropical milkweed) accumulates defensive cardiac glycosides (CGs) that are toxic to many herbivores.
Although a large number of CGs from different plant species have been identified and investigated for their ecological a medical
relevance, the CG biosynthesis pathways remain largely unknown. In this project, we aim to identify CG biosynthetic pathways
using genomic, transcriptomic, and metabolomic analyses. We assembled a high-quality genome from a sixth-generation inbred
A. curassavica lineage using Hi-C and lllumina sequencing. Milkweed plants were treated with methyl jasmonate (MeJA) to mimic
insect herbivory. Tissues (root, leaf, young leaf, stem, bud, flower, and latex) from the MeJA-treated plants and controls were
analyzed for metabolite content by LC-MS and gene expression using RNA-seq. We identified twelve CGs, all of which had varied
abundances across different A. curassavica tissue types. There was a clear distinction in CG profiles between roots and
aboveground tissues. Whereas MeJA treatment increased the abundance of several CGs in the aboveground tissues, especially
buds and flowers, the abundance of some of those CGs was decreased in the roots. In particular, this included the thiazolidine
ring-containing uscharin and voruscharin, CGs that were previously shown to be inhibitory for insect herbivores, including the
otherwise milkweed-adapted monarch butterfly (Danaus plexippus). Together, these LC-MS results suggest that milkweed may
reallocate its defenses upon insect attack to defend reproductive tissues. Correlation of gene expression and CG content in
different milkweed tissues will identify candidate genes for CG biosynthesis. In addition to improving the understanding of CGs
biosynthesis, our results will facilitate ecological research on interactions between milkweed and monarch butterflies and promote
the future investigation of CGs for medical and agricultural uses.

11 ¥X Identification of cardiac glycoside biosynthesis genes in Erysimum cheiranthoides (wormseed wallflower)
Martin Alani', Gordon Younkin', and Georg Jander®
"Boyce Thompson Institute, Ithaca, NY, USA

P<: gi32@cornell.edu

Cardiac glycosides are steroid-derived plant metabolites that are potent inhibitors of animal Na*, K*-ATPase. Although several
cardiac glycoside biosynthetic enzymes have been proposed, none have had their functions confirmed in vivo through the
generation of cardiac glycoside-deficient mutant plants. We are using Erysimum cheiranthoides (wormseed wallflower;
Brassicaceae) as a model organism for studying cardiac glycoside biosynthesis. In order to find as yet unknown biosynthetic
enzymes, we mutagenized E. cheiranthoides seeds by soaking them in ethyl methanesulfonate (EMS), harvested seeds from self-
pollinated mutant plants, and measured foliar cardiac glycoside abundance in the M2 generation. Out of almost 1,200 mutagenized
plants, we identified five with abnormal cardiac glycoside profiles compared to wildtype E. cheiranthoides. In subsequent crosses,
all of the mutant phenotypes showed recessive Mendelian segregation. For two lines with altered cardiac glycoside content, we
identified the causal mutations by genetic mapping using bulked segregant analysis. The functions of the identified genes were
verified by CRISPR/Cas9 mutagenesis of wildtype E. cheiranthoides to recapitulate the mutant phenotype. One of the identified
genes is a steroid reductase and, consistent with the predicted function of this enzyme, we observed unreduced cardiac glycosides
in the mutant line. The other identified gene is a cytochrome p450 that, based on the mutant phenotype, is a digitoxigenin
hydroxylase. Whereas wildtype E. cheiranthoides produces cardiac glycosides by glycosylation of digitoxigenin, cannogenol,
cannogenin, and strophanthidin, the cytochrome p450 mutant accumulates only glycosylated forms of digitoxigenin.

I EH Biosynthesis of clerodane diterpenoids in Callicarpa americana

Emily R. Lanier', Nicholas J. Schlecht!, Anh Phan', and Bjérn R. Hamberger'

"Department of Biochemistry, Michigan State University, East Lansing, MI, USA

P4: lanierem@msu.edu

Extracts from the genus Callicarpa, of the Lamiaceae (Mint) family, have been used in wide ranging medicinal applications including
the traditional medical systems of China and South Asia. The North American species American Beautyberry (Callicarpa
americana), has been shown to produce numerous clerodane-type diterpenoids, including the norditerpenoid callicarpenal (a
potent insect repellant) and a furanoditerpenoid capable of resensitizing MRSA to beta-lactam antibiotics. In this work, we utilize
comparative transcriptomics towards pathway elucidation for this important set of diterpenoids. We combine analysis of tissue-
specific transcriptomes from C. americana with de novo transcriptome assembly of the other North American species, Mexican
beautyberry (C. acuminata). Additionally, we report on a class of P450 capable of catalyzing furan ring formation present in C.
americana as well as another Lamiaceae subfamily, the Ajugoideae. Discovery of these pathways will contribute to the
understanding of enzyme families involved in unique diterpenoid modifications as well as enabling heterologous production of
industrially important compounds.

[ HICI@ER Precision genome engineering approaches in cannabis
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Israt Jahan' and Nik Kovinich’
'Department of Biology, York University, Toronto, Ontario, Canada.

P4: israt18@yorku.ca

Abstract: Cannabis (Cannabis sativa L.) is a remarkable plant that produces many medicinal cannabinoids such as A°-
tetrahydrocannabinol (THC), cannabidiol (CBD), cannabigerol (CBG) and cannabichromene (CBC). Among them THC is best
known for its psychoactive effects to induce relaxed state. These cannabinoids are important secondary metabolites that are mostly
biosynthesized in the glandular trichomes of female flowers. Numerous candidate genes are potentially involved in cannabinoid
biosynthesis, but the in vivo functions of these genes are unknown due to the lack of a stable transformation system. Therefore, in
our research we are using a stable Agrobacterium-mediated transformation method to introduce stable gene edits into cannabis
callus. By using CRISPR/CAS9 technology, our aim is to target the tetrahydrocannabinolic acid (THCA) synthase gene in cannabis
to knock it out with three constructed guide RNAs (JRNAs). These different gRNAs are in a CAS9 expression vector that encodes
resistance to L-Phosphinothricin (PPT). Until now with these constructs, we attempted to transform a total of 324 cannabis
hypocotyls and among them, 67 formed calli on selection medium. Our results showed a callus formation rate of 11.90-26.51%.
Among 67 calli, some of them were large enough to do genomic PCR analysis to test for the presence of CAS9. Our PCR results
with primers binding to the THCAS and CAS9 sequences showed clear bands for those transformed calli. Moreover, our
sequencing results suggest that our calli have CAS9 DNA sequences in them. To determine the frequency of edits in our callus
cells, our next plan is to use next-generation sequencing. We are also attempting to regenerate shoots from our transformed callus
to analyze those genetically homogenous shoots for any edits by sanger sequencing. By establishing precision genome editing
methods in cannabis, our project will pave the way for studying gene function and improving cannabis varieties.

B EX Discovery and mechanistic analysis of the biosynthesis of the unusual diterpenoid bioproduct, grindelic acid
in species of gumweed (Grindelia)

Anna Cowie', Andrew Muchlinski', Henrique Pereira®3, and Philipp Zerbe'

"Department of Plant Biology, University of California-Davis, Davis, CA, USA

2Joint BioEnergy Institute, Emeryville, CA, USA

SMolecular Biophysics and Integrated Bioimaging, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
P: aecowie@ucdavis.edu

Grindelia (Asteraceae) is a genus of traditional medicinal plants native to the Americas that are known for producing copious
amounts of terpenoid resins. The chief component of this resin is the labdane diterpenoid grindelic acid A (GrA), which accumulates
primarily on the unopened composite flowers and leaf surfaces. Previous studies have suggested potential applications of GrA and
its derivatives as pharmaceuticals and biofuel precursors. Prior work in our group identified the class |l diterpene synthase (diTPS)
GrTPS2 as a rare 7,13-copalyl pyrophosphate (7,13-CPP) synthase, which predictably represents the committed intermediate in
GrA biosynthesis. This function is further supported by the predominant transcript abundance of GrTPS2 in flower tissues. To
current knowledge, the only other diTPS producing 7,13-CPP as an intermediate is the bifunctional labda-7,13E-dien-15-ol
synthase of Selaginella moellendorffii. To investigate the mechanism underlying GrTPS2 catalytic specificity toward 7,13-CPP
formation, we generated a crystal structure of GrTPS2 and performed comparative structural analysis with known class Il diTPS
with distinct activities. Additional substrate docking into the GrTPS2 active site predicted catalytic amino acids. Biochemical
characterization of select protein variants identified residues with impact on overall enzyme activity and catalytic specificity in
forming the characteristic 7,13 double bond. These structural insights provide a deeper understanding of class Il diTPS functional
divergence and offer resources for future protein engineering efforts for synthesis of diterpenoid bioproducts. To further determine
yet unresolved GrA pathway steps, we performed transcriptome analyses of flower and root tissues of three Grindelia spp. that
feature contrasting GrA accumulation. Following de novo transcriptome assembly, phylogenetic analysis and gene expression
studies identified an additional predicted diTPS and several P450 candidates with possible roles in GrA formation. Elucidation of
the GrA pathway would enable future metabolic engineering efforts to utilize the potential benefits of this unusual diterpenoid
pathway.

Substrate specificity of ASAT1-like, the first step of acylsugar biosynthesis in tomato roots

Jaynee E. Hart!, Rachel E. Kerwin', and Robert L. Last!?2

"Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI, USA

2Department of Plant Biology, Michigan State University, East Lansing, MI, USA

P4 hartjayn@msu.edu

Acylsugars are diverse, protective metabolites found throughout the Solanaceae family. They vary in sugar core type, acylation
position, and acyl chain length, providing an extensive chemical library that is effective against various plant pests. This acylsugar
diversity is generated by Acylsugar Acyltransferases (ASATSs), which are BAHD family members that have a large degree of
substrate permissiveness. ASATs use two substrates, a sugar core that acts as an acyl acceptor (sucrose, glucose, or inositol)
and an acyl-coA acyl donor, and perform the esterification of the acyl chain from CoA to the sugar core. Here, we characterize the
ASAT1-like enzyme, which catalyzes the first acylation step of sucrose biosynthesis in cultivated tomato (Solanum lycopersicum)
roots. Surprisingly, though ASAT1-like appears to exclusively acylate sucrose in planta, its activity with this substrate is poor in
vitro. Instead, ASAT1-like has stronger acylation activity with a different sugar core, myo-inositol, though acylinositols have not
been identified in tomato roots. By contrast, ASAT1-like from wild tomato (Solanum pennellii) acylates sucrose much more
efficiently than its cultivated ortholog while maintaining strong activity with myo-inositol. We perform targeted mutagenesis of
cultivated tomato ASAT1-like to identify residues that determine acyl acceptor specificity. This study will contribute to our
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understanding of substrate specificity in the BAHD family, which may facilitate to engineering these enzymes to either become
more efficient, providing additional protection for plants, or to use artificial substrates to generate novel acylsugars that do not
occur naturally.

Discovery of genes associated with tryptophan metabolism in Arabidopsis

Zhiwei Luo’?, Amanpreet Kaur'2, Nicholas D Bonawitz'2, Jeongim Kim3#, Brian Dilkes'?2, and Clint Chapple'?
"Department of Biochemistry, 2Center for Plant Biology, Purdue University, West Lafayette, Indiana, USA

SHorticultural Sciences Department, University of Florida, Gainesville, Florida, USA

P4: luo370@purdue.edu

The balance between investing resources in growth or defense in plants plays an important role in optimizing fitness. In Arabidopsis,
tryptophan (Trp) is a precursor of phytohormone indole-3-acetic acid (IAA) and various defense-relevant compounds such as
camalexin and indole glucosinolates (IGs). The identification of genes responsible for the biosynthesis and regulation of IAA and
Trp-derived defense metabolites will improve our understanding of growth-defense tradeoffs. This study applied metabolomics and
genetic approaches to discover genes associated with Trp metabolism. A previously developed pipeline, PODIUM, was used to
annotate Trp-derived metabolite features (WDMFs) from Arabidopsis leaves. These WDMFs were aligned to our mGWAS
database to identify associated genes. In our results, WDMFs were associated with the locus ACCELERATED CELL DEATH 6
(ACD6), which encodes a known regulator of defense signaling. This observation indicates that natural variations of the ACD6
gene may contribute to the metabolic variations of Trp-derived molecules. Indole-3-acetaldoxime (IAOx) is a vital intermediate in
Trp metabolism. IAOx is a substrate of CYP83B1 in IGs biosynthesis, and it has also been proposed as a precursor of IAA. The
reduced epidermal fluorescence 5 (ref5-1) mutant, a weak allele of CYP83B1, showed high-auxin phenotypes such as elongated
hypocotyls. To discover genes involved in the IAOx-dependent IAA biosynthesis, we performed mutagenesis on ref5-1. The ref5-
1 suppressors with shorter hypocotyls were identified, and they will help to elucidate the IAOx-IAA pathway. Mediator subunits
MEDS5A and MEDSB were reported to be involved in crosstalk between the Trp-derived secondary metabolite and phenylpropanoid
pathways. We observed that med5a/b mutants developed necrotic lesions and accumulated camalexin, a Trp-derived phytoalexin,
in lesioned leaves under short-day conditions. This observation is the first indication that MED5A/B may play a role in plant-
pathogen interactions.

[T LR Ligand diversity contributes to full activation of the jasmonate pathway in Marchantia polymorpha

Sophie Kneeshaw', Gonzalo Soriano'2, Isabel Monte'?, Mats Hamberg?, Angel M. Zamarrefio?, Jose M. Garcia-Mina*, José
Manuel Franco-Zorrilla®, Nobuki Kato®, Minoru Ueda®, M? Fernanda Rey-Stolle®, Coral Barbas®, Santiago Michavila!, Selena
Gimenez-lbanez', Guillermo H. Jimenez-Aleman', and Roberto Solano™
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2Facultad de Ciencia y Tecnologia, Universidad de La Rioja, Logrofio (La Rioja), Spain.

3Division of Physiological Chemistry Il, Department of Medical Biochemistry and Biophysics, Karolinska Institutet, Stockholm, Sweden.

4Department of Environmental Biology. Bioma Institute. University of Navarra, Navarra 31008, Spain.

5Department of Chemistry, Graduate School of Science, Tohoku University, Sendai, Japan.

5Centre for Metabolomics and Bioanalysis (CEMBIO), Department of Chemistry and Biochemistry, Facultad de Farmacia, Universidad San Pablo-CEU, CEU
Universities, Madrid, Spain.
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In plants, jasmonate signaling regulates a wide range of processes from growth and development to defense responses and
thermotolerance. Jasmonates, such as JA, JAlle, OPDA and dn-OPDA, are derived from C18 and C16 polyunsaturated fatty acids
(PUFAs), which are found ubiquitously in the plant kingdom. Bryophytes are also rich in long chain (C20 and C22) PUFAs
(LCPUFASs), which are found only at low levels in some vascular plants, but are abundant in organisms of other kingdoms, including
animals. The existence of bioactive jasmonates derived from LCPUFAs is currently unknown. Here, we describe the identification
of an OPDA-like molecule derived from a C20-PUFA in the liverwort Marchantia polymorpha, which we term C20-OPDA. This
molecule accumulates upon wounding, and when applied exogenously can activate known COI1-dependent and -independent
jasmonate responses. Furthermore, we identify a dn-OPDA-like molecule (A4-dn-OPDA) deriving from C20-OPDA and
demonstrate it to be a ligand of the jasmonate co-receptor (MpCOI1-MpJAZ) in Marchantia. By analyzing mutants impaired in the
production of LCPUFAs, we elucidate the major biosynthetic pathway of C20-OPDA and A4 -dn-OPDA. Moreover, using a double
mutant compromised in the production of both A4 -dn-OPDA and dn-OPDA, we demonstrate the additive nature of these molecules
in the activation of jasmonate responses. Taken together, our data identify a novel ligand of MpCOI1 and demonstrate LCPUFAs
as a source of bioactive jasmonates that are essential to the immune response of Marchantia polymorpha.

Genome assembly of the Brassicaceae diploid Orychophragmus violaceus reveals complex whole genome
duplication and evolution of dihydroxy fatty acid metabolism

Fan Huang', Peng Chen', Xinyu Tang', Ting Zhong', Taihua Yang', Chinedu Charles Nwafor!, Chao Yang', Xianhong Ge', Zaiyun
Li", Edgar B. Cahoon?’, and Chunyu Zhang"*

"National Key Lab of Crop Genetic Improvement and College of Plant Science and Technology, Huazhong Agricultural University, Wuhan, China

2Center for Plant Science Innovation & Department of Biochemistry, University of Nebraska-Lincoln, Lincoln, NE, USA
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Orychophragmus violaceus (Chinese violet cress) is currently a horticultural Brassicaceae widely cultivated in China and is also
used as a winter cover crop in northern China due to its low temperature tolerance and modest water demand. O. violaceus has
also recently emerged as a potential industrial oilseed crop because of the discovery of its novel polyestolide seed oil that is
enriched in 24 carbon dihydroxy fatty acids that confer superior high temperature lubricant properties. Our current study was
conducted to: (1) provide genomic tools to advance the genetic improvement of O. violaceus as a viable crop, (2) uncover additional
information about the biochemical and evolutionary origins of its divergent seed oil, and (3) clarify debated questions concerning
the chromosome composition and evolutionary route of O. violaceus. In this study, we conducted the de novo assembly of O.
violaceus genome, on the basis of this, we conclude that O. violaceus genome is a diploid that has undergone genome duplication
during evolution, with a basic chromosome number of x=7. Of note, the formation of dihydroxy fatty acid was hypothesized to occur
after whole genome duplication on evolution time. Using genome and multistage seed development transcriptome information, we
predicted OvDGAT1-1 and OvDGAT1-2 as candidate genes for storage of dihydroxy fatty acid in O. violaceus seeds. These results
will greatly facilitate future development of heat-tolerant and environmentally friendly plant-based lubricant using O. violaceus seed
oil and broaden our understanding of Brassicaceae genomic evolution.

SYMPOSIUM II: Phytochemistry at the junction of “primary” and “secondary” metabolism

X EI@Ith The investigation of nitrogen flow to enhance nitrogen metabolism in plants
Rika Judd' and Hiroshi Maeda'
"Department of Botany, UW Madison, Madison, WI, USA

P4 fudd@wisc.edu

Nitrogen (N) is essential for plant development but is often limited for plant growth and development. However, it is not well
understood how N is distributed throughout plant metabolic pathways. Many efforts have been employed to improve N use
efficiency (NUE), but the investigation of N metabolism will help unlock rate limiting pathways and increase production of valuable
nutrients (e.g. amino acids) and medicine (e.g. alkaloids) while enhancing crop biomass and productivity. To determine the flow of
N in the plant metabolic network, Arabidopsis thaliana was fed with '°N stable isotope-labeled nutrients to 21-day old plants grown
in a hydroponic system. Preliminary data using LC-MS analysis demonstrated that >N was incorporated into proteinogenic amino
acids (AAs) over 3-day time course experiments. The development of a selected ion monitoring (SIM) method using high-
resolution mass spectrometry (MS) allowed for sensitive detection of '°N labeled AAs, which were distinguishable from 13C labeled
AAs. Although the levels of labeled AAs are low likely due to the presence of large unlabeled N storage pools, the highest label
incorporations were detected in AAs like arginine, serine, methionine, alanine, and proline. Additional methods are being developed
for detection and quantification of other N containing compounds derived from AAs, such as nucleotides and N containing cofactors,
to further investigate N flow to a larger metabolic network. The 5N feeding experiments is a component of a collaborative effort
funded by the Department of Energy (DOE) to construct a N flux map. This data will be integrated into computational N flux map
models for the DOE Systems Biology Knowledgebase system. Comprehension of N metabolism in plants will provide the basis to
improve plant NUE, biomass, and will bridge the connection between N and carbon metabolism.

[ ICI@WIE Cellulose acetate micro-structure electrospun membranes loaded with a mixture of antiinflammatory
compounds isolated from Prionosciadum dissectum

Maria De Los Angeles Garcia Y Nufio®, Antonio Romero Estrada’, José Guillermo Torres Renddn’, Antonio Bernabé Antonio® and
Jose Antonio Silva Guzman'

'Departamento de Madera, Celulosa y Papel, Centro Universitario de Ciencias Exactas e Ingenierias, Universidad de Guadalajara, Zapopan, Jalisco,
Meéxico.

I angeles.qgarciay1138@alumnos.udg.mx

Prionosciadum dissectum (Apiacea) locally known as "Jalocote”, is a plant endemic of Jalisco, Mexico, used in traditional medicine
to treat inflammation of the respiratory tract. However, there are no studies of its pharmacological effect that validate its traditional
uses. The objective of this study is to obtain and characterize the bioactive fraction of the aerial parts of P. dissectum and load a
cellulose acetate electrospun mat, in order to evaluate its anti-inflammatory activity in an in vitro model. The specimen was collected
and identified, aerial parts of the plants were dried in shade and powdered. The resulting biomass (1.5 kg) was extracted with n-
hexane (1:5, w/v) at room temperature every 48 h in triplicate. After filtration, the extracts were concentrated using a rotary
evaporator with vacuum at 60 °C (32 g dry extract). The bioactive fraction was obtained from the hexanic crude extract by silica
gel column chromatography, eluted with n-hexane:EtOAc mixtures (92:08), using as a reference substance the BAF obtained in a
previous study. The identification of the chemical compounds from the obtained mixture were determined by GC-MS, the results
revealed the presence of three compounds with 94.11, 2.53 and 3.36% of abundance, corresponding to pyranocoumarins. The
loaded electrospun mats were fabricated by dissolving cellulose acetate (14 %, w/v) with BAF (2, 4, 6 and 8 mg/mL) by acetone
and stirred to obtain the homogeneous spinning mixture. The applied electrical potential, fiber collection distance, fiber collection
time, flow rate, and inner diameter of needle were 9.5 kV, 15 cm, 10 min, 0.4 mL/min, and 0.9 mm, respectively. Geometric
properties of electrospun fiber were characterized by SEM. The presence and quantification of BAF in the mat was examined by
UV, showing a characteristical signal for pyranocoumarins at 329 nm; these results were confirmed by FTIR.
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A synthetic phosphomimic version of Glycine max WRKY33 for elicitor-free phytoalexin production in soybean
Melissa Ly', Jie Lin', Ivan Monsalvo', and Nik Kovinich?

"Department of Biology, York University, Toronto, Canada

DL mthanhly@my.yorku.ca

Glyceollins are isoflavonoid-derived defense metabolites specific to soybeans (Glycine max L. merr) and are biosynthesized in
response to pathogens or certain stressors. Aside from their prominent role in defense, glyceollins exhibit unique anti-cancer and
neuroprotective properties in mammals that may be useful as therapeutics. When in the presence of pathogens and certain abiotic
stressors, non-engineered roots produce low quantities of glyceollins. This makes them uneconomical for synthesizing large
amounts of glyceollins, which is a problem also faced by current synthesis methods. The phosphorylated version of the WRKY
transcription factor family AtWRKY33 is a major regulator of camalexin production in Arabidopsis thaliana, but it remains to be
determined whether phosphorylation in soybean is required to activate glyceollin biosynthesis. The N-terminal serines of
AtWRKY33 are responsible for transactivation. Once phosphorylated, communication between polymerase |l and other proteins
increase. Threonine sites located downstream to the serine sites, play a prominent role DNA binding increase. We engineered
phosphomimic version of GmWRKY33-1 to test whether it can bypass the need for stressors or pathogens to elicit glyceollin
biosynthesis. The natural and phosphomimic version will be overexpressed with a p35S promoter to facilitate high level RNA
transcription and treated with and without an elicitor. Using a green fluorescent protein tag, the localization of both the natural and
phosphomimic versions can be viewed under a fluorescent microscope. Nuclear localization of the phosphomimic GmWRKY33-1
may be an indicator that the transcription factor is binding to the DNA and other proteins to activate glyceollin biosynthesis. Yeast
one-hybrid and promoter-reporter assays will be conducted to determine whether the phosphomimic has greater transactivation
and DNA binding activities. As a result, GmWRKY33-1 may be a prominent positive regulator in glyceollin biosynthesis and the
phosphomimic version may be a successful candidate in glyceollin biosynthesis without an elicitor.

[ I@XK Regulation of tyrosine biosynthesis in non-flowering plant lineages
Andrew Hall', Jorge El-Azaz', and Hiroshi Maeda'
"University of Wisconsin-Madison, Department of Botany, Madison, WI 53715 USA.

P4: aghall@wisc.edu

The emergence of vascular plants (tracheophytes) was accompanied by critical evolutionary innovations for the production of
diverse chemical compounds such as anthocyanins, phenylpropanoids, and the phenolic polymer lignin. The aromatic amino acid
phenylalanine (Phe) serves as a metabolic precursor for these compounds; as such, high production of Phe is required to supply
the demanding downstream metabolic network. In plants, Phe and tyrosine (Tyr) biosyntheses compete for a common precursor
molecule, arogenate. In most flowering plants (angiosperms), the arogenate dehydrogenase (TyrA) enzymes catalyzing the final
step of Tyr biosynthesis are strongly feedback inhibited by Tyr, preventing overaccumulation of Tyr and directing high carbon flux
to Phe. In contrast, green algae and non-flowering plants, such as bryophytes, produce a lower diversity of aromatic-derived
compounds and do not accumulate lignin. Therefore, we hypothesized that the emergence of competitive TyrA feedback inhibition
may have been a crucial step to direct high carbon flux to Phe, and that TyrA orthologs from non-flowering plants and algae would
accordingly be less regulated than those from angiosperms. To test this hypothesis, here we characterized TyrA enzymes from
Chlamydomonas reinhardtii (green alga), Physcomitrella patens (moss), and Ceratopteris richardii (fern). We found that purified
recombinant TyrA enzymes from these nonflowering plants and alga are highly feedback inhibited by tyrosine in vitro. Furthermore,
transient expression of these TyrA enzymes in Nicotiana benthamiana did not produce significantly higher amounts of tyrosine
when overexpressed in planta compared to expression on Tyr-inhibited Arabidopsis TyrA control. These findings suggest that TyrA
enzymes likely existed in a feedback-inhibited state before the emergence of vascular land plants. Thus, a factor(s) other than
TyrA feedback inhibition likely contributed to the emergence of lignin and the diversification of phenylpropanoid metabolism.

Evolution of the tyrosine metabolic network in the order Caryophyllales

Madelyn Schaut! Samuel Lopez-Nieves?, Ya Yang?, Stephen Smith4, Samuel Brockington?2, and Hiroshi Maeda'
"Department of Botany, University of Wisconsin — Madison, 430 Lincoln Dr. Madison, WI, USA

2Department of Plant Sciences, University of Cambridge, Downing Street, Cambridge, UK

SDepartment of Plant and Microbial Biology, University of Minnesota Twin-Cities, St. Paul, MN, USA

4Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, MI, USA

P<: schaut2@wisc.edu

Plants produce an enormous variety of bioactive compounds that are essential for growth and adaptation through networks of
specialized metabolic pathways that are often lineage specific. While the evolutionary history of the enzymes involved in specialized
metabolism has been extensively studied, the underlying drivers of specialized metabolic network evolution are poorly understood.
At the root of the core group of the order Caryophyllales, the emergence of a feedback-deregulated isoform of arogenate
dehydrogenase (TyrAa) led to increased production of the aromatic amino acid tyrosine (Tyr) and subsequent evolution of unique
Tyr-derived betalain pigmentation. Here we aimed to further explore how the increased availability of Tyr influenced evolution of a
broader Tyr-derived metabolic network in Caryophyllales species. We developed a semi-targeted metabolomic pipeline to analyze
23 Tyr-related compounds using liquid chromatography coupled with high-resolution tandem mass spectrometry. We then
analyzed soluble metabolites from over 50 species across multiple Caryophyllales families and overlayed their metabolic profiles
onto a taxonomic tree. The resulting phytochemical distribution map revealed increased accumulation of Tyr as well as another
aromatic amino acid, phenylalanine (Phe), in the core Caryophyllales. The levels of L-DOPA-derived compounds as a group also
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showed some positive correlation with Tyr, though individual compounds did not. Additionally, several species showed significantly
higher accumulation of certain specialized metabolites over all other species analyzed. For example, the catecholamine
epinephrine accumulated in the floral tissue of Agdestis clematidea (Phytolaccoideae), which can be used to study the currently
uncharacterized full biosynthetic pathway of catecholamines in plants. Currently, we are performing targeted and untargeted
metabolomic analyses on an expanded list of Caryophyllales species to identify additional trends in compound distribution. Overall,
this study leveraged a broad chemical survey to explore the phylogenetic patterns and potential drivers of specialized metabolic
evolution in the plant order Caryophyllales.

SYMPOSIUM lll: Emerging approaches and applications

NP-MRD: The Natural Products Magnetic Resonance Database
John Cort'

"Pacific Northwest National Laboratory, Richland, WA, USA

P4: john.cort@pnnl.gov

NMR spectroscopy is essential to natural products and specialized metabolite research: for example, in novel structure
determination, characterization of functions and interactions, or analysis of mixtures. However, progress in the field has been
greatly hindered by the poor accessibility to NMR data for known natural products. Currently, chemical shift assignments are
scattered throughout decades of published scientific literature and a few valuable, but incomplete, chemical shift databases.
Furthermore, nearly all raw data (FIDs) used to determine structures of natural products is not archived and is likely unrecoverable.
To address such inadequacies, the Natural Products Magnetic Resonance Database (NP-MRD, np-mrd.org) has been established
with a goal to become a comprehensive, searchable, connected, and open database and repository for all natural products NMR
data. The mission of NP-MRD is to benefit research through engagement and partnership with the worldwide natural products
community. With derived (e.g. chemical shift assignments), raw (FID), and simulated NMR data, as wells as tools and links to other
databases, NP-MRD can facilitate dereplication, support correction of erroneous or missing chemical shift assignments, and enable
structure validation or structure revision. Furthermore, NP-MRD can create opportunities for developing new artificial intelligence-
based approaches for structure determination and chemical shift or spectral prediction, among other presently unforeseen
applications of such a database resource.

Wax bloom dynamics on Sorghum bicolor

Madison Larson' and Lucas Busta'

"Department of Chemistry and Biochemistry, University of Minnesota Duluth, MN, USA
P<: lars6659@d.umn.edu

Many drought-tolerant plants, including Sorghum bicolor, produce waxy coatings on their surfaces that are associated with
improved fitness in dry environments. The goal of this project is to elucidate relationships between various environmental stimuli
and wax bloom production in sorghum. To achieve this, we grew sorghum in a greenhouse and photographed leaf sheath surfaces
during light and water manipulations as well as removal of existing wax blooms on mature plants. Overall, no differences in wax
bloom development were observed between treatment groups and no regeneration was observed for the group in which wax
blooms were removed. However, the blue color channel exhibited the greatest changes in intensity compared to other color
channels as wax bloom emerged. Based on this observation and the proximity of blue light to UV light in the electromagnetic
spectrum, we predicted that wax blooms may be involved in UV reflectance. To test this, a reflectance analysis was performed on
plants both with and without wax blooms. The greatest difference in reflectance between the wax and wax-less plants was across
the UV region of the spectrum. This observation suggests that wax blooms are involved in the reflectance of UV light. We also
observed that wax blooms were only produced by surfaces once exposed to light. This led us to hypothesize that light exposure
may be involved in wax bloom induction. To test this, we harvested leaf sheath tissue that was underneath 3-4 layers of overlying
leaf sheath tissue and allowed it to incubate under in light v. dark 72 hours, then wax production on the tissue was quantified via
GC. Leaf sheath segments grown under light conditions produced notably more wax than those grown in darkness, supporting our
hypothesis. Overall, these data suggest that there is a multi-faceted connection between light and wax bloom production.

SYMPOSIUM IV: Synthetic biology and metabolic engineering

Preparation of a unique flavonol glucosyltransferase Cp3GT for crystallization
Aaron S. Birchfield! and Cecilia A. Mcintosh'’

'Department of Biological Sciences, East Tennessee State University, Johnson City, TN, USA

P<: birchfieldas@etsu.edu

Glucosyltransferases (GTs) are enzymes found throughout the plant and animal kingdoms that catalyze the transfer of a sugar
moiety to secondary metabolites such as flavonoids. In plants, glucosylated flavonoids have been shown to protect plants from UV
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light, attract pollinators, and deter herbivory. In humans, glucosylated flavonoids have antioxidant activity, are cardioprotective,
and inhibit tumor growth in some cancers. While ubiquitous in nature and structurally similar, GTs vary greatly with regards to
substrate/regio-specificity. High-resolution structural imagery of enzymes, elucidated using X-ray crystallography, can be used to
direct custom enzyme development to produce bioavailable natural products. Furthermore, structural research on enzymes with
high specificity strengthens enzyme-ligand docking simulations, which are commonly used to test the binding affinity of
potential pharmaceuticals. A GT from grapefruit (Cp3GT) exclusively glucosylates flavonols at the 3-OH position and shares 43%
and 56% amino acid identity to 2 previously crystallized plant GTs with complimentary but distinct specificities for anthocyanidins
and flavonols (VvGT1 and UGT78K®6, respectively). Structural mechanisms have been proposed using solved crystal structures
that explain anthocyanidin and flavonol/anthocyanidin specificity, however, no structural model exists that explains exclusive
flavonol specificity exhibited by Cp3GT. This research hypothesizes Cp3GT has structural features that confer its unique substrate
and regiospecificity that are not revealed by homology modeling. This hypothesis will be tested using x-ray crystallography of
purified Cp3GT protein bound to various flavonol substrates and flavonoid non-substrates. Wild type Cp3GT was recombinantly
expressed in Pichia pastoris and purified to 85% purity (by Coomassie stain) using cobalt affinity chromatography. Anion exchange
chromatography was used to further purify the sample for crystallization. A matrix screen was conducted to optimize conditions
(pH, ionic strength, precipitant) for crystallizing Cp3GT starting with precipitant. This was conducted using the hanging drop method
of vapor diffusing with varying concentrations of a PEG 10000 precipitant.

1@t Enhancing the production of tyrosine and tyrosine-derived compounds in plants using a synthetic biology
approach

Soyoung Jung'? and Hiroshi A. Maeda'?
"Department of Botany, University of Wisconsin-Madison, Madison, WI, USA
2Graduate program in Cellular and Molecular Biology, University of Wisconsin-Madison, Madison, WI, USA

P<: jung84@wisc.edu

Plants produce diverse specialized metabolites critical to both plants and humans. Synthetic biology provides an emerging tool to
produce these specialized metabolites in both microbial and plant hosts, the latter of which can provide sustainable and large
production platforms. However, the lack of our understanding of the interface of plant primary and specialized metabolism limit
efficient implementation of plant synthetic biology. Tyrosine is an aromatic amino acid precursor to produce diverse plant
specialized metabolites, including morphine alkaloids and tocopherols (vitamin E). TyrA enzymes catalyze the final step of tyrosine
biosynthesis and are strongly feedback inhibited by tyrosine in most plants. Recently, we identified BvTyrAa from Beta vulgaris,
which produces tyrosine-derived betalain pigments, showed relaxed sensitivity to tyrosine inhibition. Here we optimized tyrosine
levels to study and improve the interface of tyrosine and tyrosine-derived metabolite biosynthesis. We generated synthetic
constructs overexpressing i) BvTyrAa to enhance the production of tyrosine (“push”) and ii) three betalain biosynthetic genes to
utilize tyrosine for producing betalain pigments (“pull”). Unexpectedly, however, transient expression of these constructs in
Nicotiana benthamiana showed lower betalain production when the betalain biosynthetic genes were expressed with BvTyrAa than
without BvTyrAa expression. Metabolite and transcript analyses showed that increased tyrosine was not efficiently directed to
betalain biosynthesis due to the suppression of L-DOPA 4,5-dioxygenase (DODA). Indeed, infiliration of an additional construct
expressing DODA resulted in much higher production of betalains. To further test the effects of elevated tyrosine supply on the
betalain production and overall plant growth, we are introducing these synthetic constructs in stable transgenic Arabidopsis and
tobacco lines. Our data suggest that enhancing primary precursor supply together with fine-tuning of target biosynthetic gene
expression levels will be critical in successful implementation of plant synthetic biology to produce high levels of target specialized
metabolites.

B CI@ik The engineering of ubiquitin ligase biosensor for metabolic engineering application in yeast

Patarasuda Chaisupa’, Mahbubur Rahman?, and Clay Wright'-2
"Department of Biological Systems Engineering, Virginia Tech, Blacksburg, VA, USA
2Center for Translational Plant Sciences, Virginia Tech, Blacksburg, VA, USA

P4: patarasuda@vt.edu

Metabolic engineering has brought attention to an alternative and environmentally-friendly way to produce high-value
products effectively. However, the production yield and titer of the desired molecule produced from the heterologous pathway in
organisms are often low and limited. The engineering of chassis—the synthetic and rewired microorganism with the efficient
capability to synthesize molecules of interest--is generally sophisticated and requires rounds of costly Design-Built-Test cycles to
seek the optimal systems and best producer. Such bottlenecks impede the development of cell factories for producing a compound
of interest at a high yield. Here we present a genetically encoded biosensor—a high-throughput and efficient analytical tool— to
further identify key components and select the host cells with the desired phenotype of the host cell factory.

Auxins are important indole-derived signaling molecules that regulate the growth, metabolism, and behavior of plants and
fungi. A deep understanding of auxin interactions and its signaling pathway will allow us to identify a new target to disrupt fungal
pathogens, enhance auxin biosynthesis for plant development, design novel auxin analogs with growth-regulating effects, and
screen yeast libraries to achieve the best fit for use in agriculture and biotechnology. The auxin biosensor is a single ratiometric
construct consisting of an auxin receptor--a ubiquitin ligase enzyme—called TIR1 or AFB2, and a co-receptor Aux/IAA, each fused
to a fluorescent reporter protein and expressed from a single mMRNA. We combined synthetic recapitulations of auxin signaling
where auxin binds the receptor and promotes ubiquitination of the co-receptor leading to the degradation of the co-receptor by the
proteasome. The biosensor constructs were confirmed by Sanger sequencing and whole-genome plasmid sequencing. The
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The role of SIP428 in the abiotic stress signaling in Nicotiana tabacum
Mariam Onabanjo', and Dhirendra Kumar'

"Department of Biological Sciences, East Tennessee State University, Johnson City, TN, USA

P<: onabanjo@etsu.edu

Global climate changes and its effects are constantly threatening crop production, hence, the need to understand stress tolerance
in plants to improve crop yields for the ever-growing population. Salicylic acid (SA) is one of the most studied plant hormones that
play important roles in the biotic and abiotic stress signaling in plants. In tobacco plants, SA-binding protein-2 (SABP2) catalyzes
the conversion of methyl salicylate (MeSA) to SA, which triggers the defense response via the SA-mediated signaling pathway.
SABP2 interacts with cellular proteins to initiate downstream signaling that activates responses leading to resistance. SIP428 is a
SABP2-interacting protein that has been reported to be a negative regulator of plant defenses. SIP428 is an NAD*-dependent
deacetylase. It has also been shown to have a role in mediating salinity, drought, and osmotic stress tolerance. How SIP428 affects
abiotic stresses is not known. The role of various ROS in mediating abiotic stresses is well known and has been widely studied.
Abiotic stressors introduce more ions into the cell causing an imbalance in the regular homeostasis and the amount of ROS
generated supersedes the detoxification by the antioxidant system. SIP428 likely uses ROS/ ROS pathway to mediate its role in
abiotic stresses. The biochemical analysis of various well-known antioxidant enzymes (superoxide dismutase, catalase, and
peroxidase) will be studied in both wild-type tobacco and SIP428-silenced tobacco plants. This analysis will provide evidence to
support our hypothesis that the stress tolerance observed in the transgenic plants lacking SIP428 is due to the increased activities
of antioxidant enzymes.

X EIg¥H In-silico analysis of tobacco SIP68: A UDP glucosyltransferase and its role in plant growth and immunity
Fateh Ali Mahmud' and Dhirendra Kumar'
"Department of Biological Sciences, East Tennessee State University, Johnson City, TN, USA

P<: mahmudf@etsu.edu

SIP68, a UDP-glucosyltransferase (GT) enzyme interacts with SABP2 in a yeast two-hybrid screen. According to research
conducted in our lab, SIP68 plays a crucial role in SA-mediated defense signaling in tobacco. When compared to wild-type tobacco
plants, the SIP68-silenced plants had a different germination and development phenotype. Root, shoot, leaf width, and overall
biomass development are all affected in SIP68-deficient transgenic tobacco plants. To gain more insights about SIP68 and its role
in plant metabolism, we have performed extensive in-silico analysis. This analysis revealed the gene and protein sequence along
with molecular attributes, gene structure, and localization in the chromosome, exon-intron distribution, cis-regulatory elements in
the promoter region, homology modeling of protein, domain architecture, motif analysis, phylogenetic tree, and protein-protein
interaction. This analysis predicts that SIP68 may play a role in the cytokinin-mediated metabolic pathway to affect plant growth
and cell proliferation. The specific in-planta substrate(s) of SIP68 in tobacco plants have not yet been identified but interaction with
various classes of flavanols in-vitro has been observed. Therefore, this research is looking to investigate intracellular targets for
SIP68. We hypothesize that SIP68 is a UDP-glucosyltransferase that has a direct function in plant development and immune
response based on the data available so far.

Alterations in flavonoid metabolism affect circadian rhythms in Arabidopsis

Evan S. Littleton'?3, Sherry B. Hildreth'24, William K. Ray?4, Richard F. Helm?*5, Shihoko Kojima'2, and Brenda S.J. Winkel'-2
"Department of Biological Sciences, 2Fralin Life Science Institute, Molecular and Cellular Biology graduate program, *Mass Spectrometry Incubator, and
5Department of Biochemistry, Virginia Tech, Blacksburg, VA, USA

P<: evanlitt@vt.edu

Flavonoids are a well-known class of plant specialized metabolites that play key roles in plant development, reproduction, and
survival. We recently uncovered evidence that flavonoids also influence the plant circadian clock, which aligns cellular functions
with cyclical changes in environmental factors such as light and temperature. Mutations that alter flavonoid accumulation as well
as external feeding of flavonoids modify the expression of core clock genes in Arabidopsis and physiological rhythmicity, as
evidenced by dampened rhythms of chlorophyll levels. In the course of identifying possible mechanisms behind these effects, we
found that external feeding of the flavonol, quercetin, increased the basal signal of the [Ca?*] sensor aequorin in wild-type seedlings,
suggesting that flavonoids may influence calcium homeostasis, a well-known input signal to the circadian clock. Furthermore, using
affinity bead capture technology, we identified multiple proteins of interest that bind to rutin, a glycosylated form of quercetin. These
proteins included calcium-associated transcription factors CLB1 and CAMTAS5 as well as the peroxiredoxins, 2-Cys Prx A and 2-
Cys Prx B, which are highly-conserved indicators of circadian cycling. We are currently using advanced metabolomics methods to
examine changes in the types and levels of flavonoids preent in Arabidopsis plants across the day/night cycle. Collectively, these
experiments are providing new insights into the mechanisms by which flavonoids influence plant clock activity and open the way
to a better overall understanding of the molecular basis of flavonoid action in plants.

S /g EN Hormone signaling and antioxidants control root hair development by modulating ROS levels in Arabidopsis
R.E. Martin!, S.R. Gayomba', and G.K. Muday'
'Department of Biology, Wake Forest University
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Reactive oxygen species (ROS) act as signaling molecules that control plant development. ROS synthesis can be controlled by
hormonal or environmental signals that activate ROS synthesizing enzymes, while antioxidants restrict levels of ROS signals.
Root hair initiation and elongation is an elegant and highly regulated aspect of plant development, which is positively regulated
by localized ROS accumulation. We asked if localized synthesis of flavonol antioxidants modulate ROS in root hairs. Confocal
microscopy paired with redox sensitive biosensors and dyes revealed that the absence of flavonol synthesis in the {4 mutant
results in increased root hair formation and elevated ROS in epidermal cells that give rise to root hairs, both of which can be
reversed by treatments with flavonols and other ROS scavengers. The localized accumulation of flavonols and GFP fusions to
flavonol biosynthetic enzymes illustrate the precise spatial control of flavonol biosynthesis that allows localized ROS
accumulation to modulate root hair formation. Root hair formation is also induced by hormonal signals, such as ethylene, so we
asked if ethylene elevates ROS to drive this process. Treatments that elevate levels of ethylene increased ROS accumulation in
root epidermal cells prior to root hair formation and this effect is lost in canonical ethylene signaling and transcription factor
mutants. RBOHC and PRX44 transcript abundance was significantly increased in Col-0 roots treated with the ethylene precursor,
ACC, compared to controls and this response was lost in an ethylene transcription factor mutant. There was also a 2-fold
increase in activity of RBOHC enzyme activity in Col-0 roots treated with ACC compared to controls. Consistent with a function of
these ROS generating enzymes in root hairs, ethylene induced ROS synthesis is reduced in rbohc and prx44 mutants. Together
these results reveal biochemical mechanisms by which ROS synthesis is regulated to facilitate root hair formation.

SYMPOSIUM VI: Phytochemical diversity in plant-organismal interactions

-1 Applying plant biochemistry to chemical ecology: deciphering acylsugar structural effects on insect herbivory
Yann-Ru Lou', Andrea Glassmire?, Rachel E. Arking?®, Elizabeth M. Christensen', and Robert L. Last"*

"Department of Biochemistry and Molecular Biology, 2Department of Entomology, *Department of Neuroscience, *Department of Plant Biology, Michigan
State University, East Lansing, MI, USA.

P<: louyannr@msu.edu

Plants use their remarkable specialized metabolic capacity to interact with the biotic environment, including deterring and attracting
insects and microbes. Solanaceae trichome-synthesized acylsugars confer defense against herbivores and offer the possibility of
engineering plants with environmentally safe pesticides. The great phenotypic variation of these metabolites — with mono- and di-
saccharide cores and acylchains of C2-C12 found across the family — bears the fingerprint of an evolutionary arms race. An
alternative hypothesis is that the diversity is simply the result of genetic drift. Deciphering effects of structurally diverse acylsugars
faces the challenge of interference of other defense traits (for example, different levels of alkaloids and terpenes in plants). To
critically assess the impact of acylsugars on herbivory, we used CRISPR/Cas9 gene editing of domesticated Solanum lycopersicum
(M82) and Solanum pennellii (LA0716) wild tomato pathway enzymes to modify the amounts and types of metabolites produced.
We generated isogenic S. pennellii lines differing in glucose- or sucrose-based esters to critically assess the impact of sugar core.
Meanwhile, knockout lines of the first three acylsugar acyltransferase (ASAT) genes in both backgrounds accumulate no detectable
acylsugars, without altering plant growth or trichome development. These lines provide a good ‘null mutant’ background to test the
efficacy of acylsugars. Finally, cultivated tomato slasat4 mutants lacking acetylated acylsucroses permit us to evaluate the impact
of acetyl groups in insect protection. Our results suggest that even the performance of the specialist, Manduca sexta, is hindered
by presence of acylsugars, while we observe larger protective effects of acylsucroses than acylglucoses. The CRISPR mutated
plants are suitable for investigating the importance of acylsugars in the field. Moreover, these plants serve as a promising molecular
engineering platform that allows for investigation of the mechanisms underpinning specialized metabolic evolution.

Discovery of defense metabolites and their regulatory effects in Arabidopsis

Korey J. Brownstein'2# Gabe Ribicoff', Samuel Bertrand!, Emily Watters', Joanna Jelefiska’, Anna Berim3, and Jean T.
Greenberg'’

"Department of Molecular Genetics and Cell Biology, The University of Chicago, Chicago, IL, USA

2USDA, ARS, NCAUR, Functional Foods Research Unit, Peoria, IL, USA

SInstitute of Biological Chemistry, Washington State University, Pullman, WA, USA

*#U.S. Department of Energy Oak Ridge Institute for Science and Education (ORISE) appointment

DAl: korey.brownstein@usda.gov

Bacterial infection of crops is a major concern for farmers. Depending on the crop, yield losses can be significant. Management of
bacterial disease requires applying antibiotic and copper chemical sprays, breeding for disease resistance, and inducing systematic
acquired resistance, a type of whole plant immunity. Research using the model plant Arabidopsis has provided insights into plant-
microbe interactions. The knowledge gained from researching Arabidopsis can be applied to crops. However, incomplete
databases have limited the capabilities of identifying new signaling metabolites that set the basal defense state of Arabidopsis so
that these plants can reduce bacterial infections. Analytical and natural products chemistry techniques in combination with
metabolomics- and proteomics-based methods are necessary for characterizing a larger suite of bioactive metabolites and
determining how they relate to the accumulation of defense proteins. The metabolite profiles of Arabidopsis leaf tissues from wild-
type (WT), ALD10ox, and ald1-T2 (loss-of-function), as well as petiole exudates from ALD10x and dexamethasone (dex)-inducible
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ALD1 (6 lines) genotypes were analyzed by LC-MS. After processing the LC-MS raw files in metabolomics software, we tentatively
identified nine compounds of interest. Additional analyses by targeted LC-MS/MS confirmed the identities of two compounds. Local
infiltration of these compounds into WT leaves revealed that they significantly reduced the growth of Pseudomonas syringae
pathovar maculicola (Psm) DG3. Our discoveries enable researchers to better understand metabolite-protein interactions in
disease resistance models and have the potential to provide farmers with new crop protection methods ensuring food security.

It Effects of habitat on the root fungal community structure of a native orchid, Tipularia discolor
Jonathan |. Watkinson' and Brenda S.J. Winkel
"Dept. of Biological Sciences, Virginia Tech, Blacksburg, VA, USA

P<: jowatki2@vt.edu

Orchids are one of the largest, most diverse, and most broadly-distributed families of flowering plants and contribute significantly
to habitat biodiversity. One important aspect of orchid growth and development is the formation of mycorrhizal symbioses with
compatible endophytic fungi. These symbiotic interactions are critical for germination, and association of these fungi with orchid
roots remains important throughout the life of the plant. Substantial efforts to identify the fungi that form the mycorrhizal symbioses
across a range of orchid species have, intriguingly, often uncovered numerous non-mycorrhizal, endophytic fungi. These fungi
could have significant effects on orchid growth and development and are beginning to be analyzed more closely. Despite the
growing numbers of orchid species threatened by anthropomorphic activity, the effects of human disturbance on populations of
mycorrhizal and non-mycorrhizal endophytic fungi in orchid roots has not been examined. As a preliminary investigation into human
impacts on fungal dynamics, we undertook a survey of fungi in roots of Tipularia discolor in habitats defined as disturbed or
undisturbed. DNA from plants and soil sampled at each location was isolated and subjected to PCR with Nextera-barcoded ITS
primers and the resultant amplicons used in lllumina miSeq analysis. Data was parsed through quality control algorithms in R and
matched to the Unite fungal database. Although fungal diversity and mycorrhizal taxa associated with orchid roots did not differ
substantially between the two habitats, the fungal community profiles differed substantially and appeared to be independent of the
fungal communities present in the soil. In particular, the root fungal communities in plants from undisturbed habitats had a
preponderance of ascomycete genera. Basidiomycetes and ascomycetes differ in their production of phytochemicals, which could
impact plant growth and development. It is hypothesized that the non-mycorrhizal fungi present in orchid roots contribute to
adaptation to different habitats.

Insect herbivory has significant effects on cannabinoid and terpene levels in industrial hemp (Cannabis sativa)
Bikash Deo', Nik Kovinich?, and Michael Gutensohn'

' Division of Plant and Soil Science, West Virginia University, Morgantown, WV, USA

2 Department of Biology, York University, Toronto, ON, Canada

P<: bkd00002@mix.wvu.edu

The cultivation of industrial hemp (Cannabis sativa) is getting increasing attention in recent years due to its legalization in the 2018
farm bill, and its multiple uses for fibers and seeds as well as in medicinal and cosmetic products. Despite this interest in hemp
cultivation, there are significant risks associated which can result in economic losses to farmers. Hemp plants having levels of the
cannabinoid tetrahydrocannabinol (THC) greater than 0.3 % (w/w) are legally considered drugs, and farmers need to destroy their
crops if these exceed this threshold level. Many plant species show an increase in specific secondary metabolites when exposed
to biotic stresses like pests and pathogens. Infestation by biting-chewing insects could trigger biotic stress in hemp plants since
herbivory activates the jasmonic acid signaling pathway that may lead to an increase in cannabinoid and terpene levels, two
prominent groups of secondary metabolites produced in glandular trichomes of hemp leaves and flowers. Thus, insect feeding on
hemp may push THC levels above the legal limit. To test this hypothesis, we used a number of different hemp varieties for methyl
jasmonate (MeJA) treatments to mimicking insect herbivory, and for feeding assays with beet armyworm (Spodoptera exigua)
larvae. While MeJA was applied up to three times and flower samples were collected 2 days after each application, armyworm
larvae were allowed to feed for 2 days on leaves of hemp plants and flowers sampled after 2 days. Flower samples were extracted,
and cannabinoid and terpene contents quantified by HPLC and GC-MS. Our analysis demonstrated that both MeJA and insect
feeding result in altered terpene profiles and increased cannabinoid levels, thus suggesting that repeated or long-term herbivory
can cause concerning increases in THC. gRT-PCR analyses are now being performed to study changes in the expression of key
genes in the terpene-cannabinoid biosynthetic network.

B CIglh Germination inhibition of a root parasitic plant by the phenylpropenes apiol and myristicin in wild carrots

Sukhmanpreet Kaur', James Westwood?, Mwafaq Ibdah® and Dorothea Tholl!
"Department of Biological Sciences, Virginia Tech, Blacksburg, USA

2School of Plant and Environmental Sciences, Virginia Tech, Blacksburg, USA

SNewe Yaar Research Center, Agricultural Research Organization, Ramat Yishay, Israel

P<: sukhmak@vt.edu

Carrot is an agriculturally and economically important crop grown worldwide with high nutritional value, pleasant taste, and health
benefits. It is known for its phytochemical properties because of the abundance of antioxidants and other secondary metabolites.
Carrot is grown all year round in many parts of the world; however, its production is adversely affected by the root parasitic
plant, Phelipanche aegyptiaca. In an effort to identify carrot genotypes with resistance to P. aegyptiaca, an accession (PI1-21793)
of the wild carrot species Daucus glaber was found to cause lower germination of the parasitic plant. We hypothesized that

PSNA 2022 64



mailto:jowatki2@vt.edu
mailto:bkd00002@mix.wvu.edu
mailto:sukhmak@vt.edu

chemical compounds released by the roots of this accession could act as germination inhibitors of P. aegyptiaca. A comparison of
the chemical composition of the roots of D. glaber with those of a cultivated carrot (D. carofa) showed the presence of the
phenylpropene compounds apiol and myristicin in D. glaber but not in D. carota. Furthermore, apiol and myristicin levels were
higher in the roots of D. glaber compared to those of its shoots and flowers. Both compounds are known for their herbicidal, anti-
bacterial and anti-fungal activities. Our in vitro experiments revealed inhibitory effects of apiol and myristicin on the germination
of P. aegyptiaca seeds. This trend was also observed after addition of the synthetic germination stimulant GR24 to P.
aegyptiaca seeds. The observed properties of apiol and myristicin demand further investigation of the biosynthesis of these
compounds. We propose that the compounds are derived from eugenol and safrole by the action of cytochromes P450 and O-
methyltransferase enzymes. Future comparative transcriptome analysis will identify the genes responsible for these biosynthetic
steps, which may allow knockdown approaches for further functional analysis. Overall, our study suggests an inhibitory effect of
apiol and myristicin on P. aegyptiaca germination as a potential resistance mechanism of D. glaber.

The effects of warming climate on chemically-mediated ant seed dispersal mutualisms
Melissa A. Burt', Annika L. Nelson’, Charles Kwit?, Susan R. Whitehead'

"Department of Biological Sciences, Virginia Tech, Blacksburg, VA, USA

2Department of Forestry, Wildlife and Fisheries, University of Tennessee, Knoxville, TN, USA

P4: melissaburt@vt.edu

Diverging responses of interacting species may result in the breakdown of mutualisms experiencing anthropogenic climate change.
For example, warming temperatures can lead to reduced seed dispersal success, but little is known about the mechanistic traits,
such as specialized plant metabolites, that might mediate these shifts. We used a warming experiment and field-based
observations along an elevation gradient (spanning ~2°C) to test how warming affects the seed dispersal mutualism between
Aphaenogaster rudis (Winnow Ant) and Sanguinaria canadensis (Bloodroot). We asked: (1) How are seed preferences and
removal rates by ants responding to warming? and (2) How do warming temperatures affect seed chemical traits, including
attractive (fatty acid) and toxic (alkaloids) compounds? In our warming experiment, we found that colony and worker survival did
not differ between warmed and ambient conditions. However, colonies in ambient conditions consumed ~62% more mealworms
over the course of the experiment than colonies in warmed conditions. In parallel, ants consumed ~700% more tuna at the coolest
sites along the elevational gradient. Similarly, we found that ambient colonies removed more seeds during the first six hours of
seed placement, although these differences had disappeared by 24 hours. However, we found no detectable change in seed
dispersal rate with elevation, likely because although ants were more active at higher elevations, seeds were also larger.
Additionally, changes in temperature along the elevational gradient did not have any detectable effects on the concentrations of
attractive (fatty acid) or toxic (alkaloids) compounds present in seeds or elaiosomes. Since ants influence plant distributions through
seed dispersal in terrestrial ecosystems throughout the world, a greater understanding of the impacts of warming on this seed
dispersal mutualism may be critical to understanding the impacts of warming on ecosystems.

[ CIEYE Determining the feeding success of herbivorous insects on Arabidopsis thaliana plants with altered inositol
pyrophosphates

Ashlynn Vanwinkle', Caitlin Cridland?, and Glenda Gillaspy"
"Department of Biochemistry, Virginia Polytechnic and State University, Blacksburg, VA, USA

P<: avanwinkle@vt.edu

Inositol phosphates (InsPs) and Inositol pyrophosphates (InsP7 and InsPs) are signaling molecules that regulate a myriad of
pathways in many eukaryotic organisms. In plants, InsPs is thought to be required for jasmonic acid signaling, as mutants deficient
in InsPs are more susceptible to herbivores. With this work we aim to characterize the relationship between InsPs in plants and
defense against herbivores. To test whether Arabidopsis plants with altered InsP7 and/or InsPs levels differ in herbivore feeding
success, individual Trichoplusia ni larvae were placed on Col-0 wild-type, and two different types of transgenic plants with altered
InsP7 and/or InsPs levels. Feeding success was quantified via fresh larval weight. Our preliminary data indicate that there are
specific differences in feeding success, which suggests that InsPs levels are critical for herbivore interactions. Work is underway
to characterize the effect of herbivory on expression of plant defense associated genes MYC2 and VSP2 in these transgenic plants
with impacted InsP7 and/or InsPs.

g X) Sugar feeding by invasive mosquito species on ornamental plants
Irving Forde Upshur’, Mikhyle Fehlman, Vansh Parikh, and Chloé Lahondere’
"Department of Biochemistry, Virginia Tech, Blacksburg, VA, USA

P4: uforde96@vt.edu

Feeding on plant-derived sugars is an essential component of mosquito biology that affects key aspects of their lives such as
survival, metabolism, and reproduction. Mosquitoes locate plants to feed on using olfactory and visual cues. Aedes aegypti and
Aedes albopictus are two mosquito species invasive to the US, and are vectors of diseases such as dengue fever, chikungunya,
and Zika. These species live in heavily-populated, urban areas, where they have a high accessibility to human hosts as well as
to plants in backyards and town landscapes. Therefore, it is important to understand what plants may attract / repel mosquitoes
to inform citizens and municipal authorities accordingly. Here, we observe Ae. aegypti and Ae. albopictus sugar-feeding behavior
with eleven different commonly-planted ornamental plant species. We then assessed feeding activity using the anthrone method
and identified volatile composition of plant headspace using gas-chromatography mass-spectroscopy. Finally, we determined the
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sugar-feeding activity of local mosquitoes using the plant DNA barcoding technique and compared these results with the eleven
ornamental species tested in the lab.

SYMPOSIUM VII: Phytochemistry in a changing environment

IS IN(EEC Rl @) Carbohydrates reserve: A promising phenotypic marker for high night temperature stress
tolerance in rice

Kharla Mendez', Cherryl Quifiones’, Shannon Cunningham’, Wenceslao Larazo', Rodney Harris'!, Zachary Campbell!, Landon
Perdue', Karina Medina-Jimenez', Argelia Lorence'2, Harkamal Walia®, and Arlene Adviento-Borbe*

Arkansas Biosciences Institute, Arkansas State University, Jonesboro, AR, USA

2Department of Chemistry and Physics, P.O. Box 419, State University, AR, USA

3Department of Agronomy & Horticulture, University of Nebraska, Lincoln, NE, USA

4Delta Water Management Research Unit, United States Department Agriculture-ARS, State University, AR, USA

I: kharlavi.mendez@smail.astate.edu

The relationship between high night air temperature (HNT) stress and carbohydrate partitioning is not yet fully elucidated,
specifically in rice. Plant tissue carbohydrate status drives night-time respiration in rice, and an increase in HNT stress can elevate
respiration rate. Plants with a higher capacity to store non-structural carbohydrates (NSC) in the stem can better tolerate changes
in climatic conditions, including elevated night air temperature. However, this finding was proven only in two rice varieties grown
under greenhouse conditions. In this study, a subset population was selected from 310 rice accessions cultivated out in the field,
including 4 HNT-tolerant, 4 HNT-sensitive, and 4 hybrid varieties. The field experiment was laid out in randomized complete block
design with three replications. Using high-tunnel greenhouses equipped with heating infrastructure, HNT stress was imposed when
approximately 50% of the rice diversity panel reached the flowering stage. A +4°C temperature difference was maintained between
the ambient and heated greenhouses. Two main tillers were collected during flowering and dough growth stages and were
separated into leaves, stem, and panicles. The anthrone colorimetric method was used to quantify soluble sugar and starch
contents. NSC was computed by summing all soluble sugar and starch. Among the plant parts, NSC significantly lessen in the
stem when selected rice accessions were exposed to HNT stress. The dough stage showed more prominent differences between
tolerant, sensitive and hybrid varieties. Tolerant varieties had higher stem NSC both in control (99.1 to 160.9 mg.g™") and heated
(71.1 to 218.3 mg.g™") conditions. Interestingly, among the selected subset, a quadratic relationship was observed between total
NSC content and grain yield. The findings of this study will provide a novel phenotypic marker through quantification of carbohydrate
reserves and will be useful in the development of high-yielding, HNT-tolerant rice varieties.

SYMPOSIUM VIiI: Phytochemistry of functional foods and bioactive natural compounds

Analysis of cannabinoids, flavonoids and anthocyanins in hemp plants
Mark A. Berhow', Kelly Gude?*, Karl Vermillion®, and Korey Brownstein?

TUSDA, ARS, NCAUR, Functional Foods Research Unit, Peoria, IL, USA

2U.S. Department of Energy, *Oak Ridge Institute for Science and Education appointment

P4: mark.berhow@usda.gov

In 2018 Industrial hemp was defined in the United States to be cultivars of Cannabis sativa containing less than 0.3%
tetrahydrocannabinol (THC) in any part of the plant. Increasing interest has developed for assessing the accurate measurement
of the cannabinoid composition of hemp materials beyond just measuring the total THC and total cannabidiol (CBD) concentrations.
Hemp flowers, leaves and roots contain a wide range of other cannabinoids, flavonoids, phenolics, anthocyanins, and terpenoids,
that should also be examined for their potential functionality in the development of new products from hemp processing. We have
developed a unified HPLC method for the separation and determinization of anthocyanins, phenolics, flavonoids, and cannabinoids
in a single run. Many of the flavonoids and anthocyanins in hemp extracts have not yet been fully identified and the application of
LC-MS and purification technology is being used to fully characterize these compounds in a number of hemp varieties.

SYMPOSIUM IX: Beyond plants: Specialized metabolism in microbes and animals
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SYMPOSIUM I: Phytochemical/specialized metabolism: Gene discovery, evolution & regulation

Sl W JCNICT I M4E Elucidating the biosynthetic pathway of digoxin in foxglove plants as essential medicines for
heart disorders

Emily Carroll', Baradwaj G. Ravi', and Zhen Q. Wang'

"Department of Biological Sciences, University at Buffalo, State University of New York, Buffalo, NY, USA

P<: zhenw@buffalo.edu

Abstract: Digoxin is an essential medicine for treating heart failure and atrial arrhythmia. It is currently one of the most commonly
prescribed plant natural products. Digoxin belongs to a family of compounds called cardiac glycosides with diverse therapeutic
applications. Despite their prominence in medicine, how they are synthesized in plants remains unknown. The objective here is to
identify the complete set of genes and enzymes for cardiac glycoside biosynthesis in foxglove. De novo transcriptomic and genomic
sequencing have identified gene candidates for digoxin biosynthesis. Expressing these gene candidates in tobacco led to the
production of digitoxigenin, the smallest cardiac glycoside. Furthermore, characterizing the first and bottleneck enzyme for digoxin
biosynthesis, P450 steroid side-chain cleavage (P450scc), revealed the precursor of digoxin biosynthesis is campesterol, an
abundant plant steroid, instead of the cholesterol, as previously thought. Finally, we have identified a putative digoxin biosynthetic
gene cluster in the assembled foxglove genome. This work filled the gap of knowledge regarding the biosynthesis of digoxin and
opened the door for its production in alternative hosts.

- SYMPOSIUM II: Phytochemistry at the junction of “primary” and “secondary” metabolism
- SYMPOSIUM IlIl: Emerging approaches and applications
- SYMPOSIUM IV: Synthetic biology and metabolic engineering

A bioengineered plant production system for the anti-diabetes metabolite Montbretin A

Lars H. Kruse', Sandra Irmisch'2, Frederick G. Sunstrum’, Dylan Perera', Sharon Jancsik!, Doug Cossar®, Michael D. Mclean?,
and Joerg Bohimann'

"Michael Smith Laboratories, University of British Columbia, Vancouver, BC, Canada

2Institute of Biology, Leiden University, Leiden, Netherlands

SPlantForm Corporation, Guelph, Canada
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Type 2 diabetes (T2D), the 3rd most prevalent disease in the western world, affects nearly half a billion people worldwide.
Montbretin A (MbA) is a complex acylated flavonoid glycoside that is being developed as a novel treatment option for T2D. MbA
selectively inhibits the pancreatic a-amylase, thereby slowing starch digestion and lowering blood glucose levels. MbA appears to
not have the negative side effects of other T2D medications. However, development of MbA as a T2D treatment is limited by its
rare supply. The only known natural source of MbA are the below-ground storage organs (corms) of the plant montbretia
(Crocosmia x crocosmiiflora), which produce MbA in very small amounts during a short period of the year. The complex structure
of MbA makes scalable chemical or chemo-enzymatic synthesis unfeasible. We are therefore exploring different heterologous
bioengineered production systems as a stable and scalable source for MbA. This work builds upon our discovery of the complete
MbA biosynthetic pathway including all the essential genes and enzymes. MbA biosynthesis requires five different metabolic
building blocks: the flavonol myricetin, the activated sugars UDP-rhamnose (UDP-Rha), UDP-glucose (UDP-GIc), UDP-xylose
(UDP-Xyl), as well as the activated phenylpropanoic acid caffeoyl-CoA. These building blocks are assembled into MbA by five
different UDP-dependent glycosyltransferases (UGTs) and a BAHD-acyltransferase (AT). Here we present new results from
metabolic engineering of MbA in the plant system Nicotiana benthamiana (Nb), which is used in the biotech industry for production
of vaccines, therapeutic and diagnostic proteins. Having shown in principle that bioengineered Nb can produce MbA, we are now
focusing on yield improvement. Current engineering strategies include optimization of precursor formation, use and optimization
of modular multigene expression systems for MbA assembly, and RNAI silencing of interfering Nb genes. For example, by
modulating the availability of activated phenylpropanoids like caffeoyl-CoA, coumaroyl-CoA and feruloyl-CoA, we achieved an
engineered Nb production prototype that can be 10 times more productive than the original plant montbretia. Our presentation
highlights the potential of bioengineering a complex metabolic pathway in Nb and presents strategies to overcome the limitations
in the development of a novel treatment for T2D.

Sl FJCRENICT 1A R Enhancing plant essential oil production through metabolic engineering
Soheil S. Mahmoud'
"Department of Biology, The University of British Columbia, Okanagan campus, Kelowna, British Columbia, Canada

P soheil.mahmoud@ubc.ca

Plant essential oils (EO) are commonly constituted of monoterpenes and, to a lesser extent, sesquiterpenes. Both constituent
classes find extensive applications in the traditional and alternative medicine, food, and cosmetic industries, among others. There
is, therefore, interest in metabolic engineering in order to enhance EO composition and yield in plants, in particular those that
accumulate relatively large quantities of EO in glandular trichomes. In this context, numerus investigations have altered the
expression of genes involved in the early and late stages of terpenoid metabolism, as well as transcription factors that control the
expression of such genes, in engineered plants. In this presentation, recent advances in metabolic engineering aimed at improving
EO yield and quality in lavender will be discussed. Particular emphasis will be placed on the metabolism of camphor, a
monoterpene that contributes off odor to lavender oils used in cosmetics, aromatherapy formulations and hygiene products.

- SYMPOSIUM V: Phytochemical signaling (including growth regulation)
- SYMPOSIUM VI: Phytochemical diversity in plant-organismal interactions

Sl W ICEE L RZE Documentation of saponin diversity and antifungal activity in the biofuel crop switchgrass
(Panicum virgatum) using metabolomics

Xingxing Li"2, Ming-Yi Chou'3, Acer VanWallendael'#, Saurav J. Sarma®®, Lloyd W. Sumner>¢, Gregory Bonito"3, David Lowry"#,
A. Daniel Jones'2, and Robert L. Last!23

'DOE Great Lakes Bioenergy Research Center, 2 Department of Biochemistry and Molecular Biology, 3Department of Plant, Soil and Microbial Sciences,
“Department of Plant Biology, Michigan State University, East Lansing, MI, USA

5Department of Biochemistry, SMU Metabolomics Center, University of Missouri, Columbia, MO, USA
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Switchgrass (Panicum virgatum L.) is a bioenergy crop that grows productively on lands not suitable for food production and is an
excellent target for low-pesticide input biomass production. Despite the documented roles of the low molecular weight compounds
known as specialized metabolites in plant biotic and abiotic stress tolerance, diversity of these small molecules and their genotypic
variations in switchgrass have been minimally explored. Such knowledge would inform switchgrass germplasm enhancement and
development of locally adapted cultivars. We used a combination of liquid (LC) and gas chromatography (GC)-mass spectrometry
(MS) and nuclear magnetic resonance spectroscopy (NMR) profiling of metabolites in six switchgrass cultivars. The results
revealed striking metabolite differences between the two major switchgrass ecotypes (upland and lowland) as well as distinct
developmental profiles, primarily driven by differential accumulations of steroidal saponins varying in cores and glycosylation
patterns. To probe biological impacts of the saponin differences in switchgrass roots, we screened anti-fungal activities for different
saponin types using three representative fungi, Trichoderma spp., Linnemannia elongate and Fusarium oxysporum, isolated from
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switchgrass rhizosphere. Differences in inhibitory effects were observed, and these appear to be influenced by both aglycone
structures and sugar moiety positions. To further shed light on genotypic variations in saponin content and the correlated biological
functions, we assayed >50 switchgrass genotypes from a diversity panel. Plants with especially high saponins were confined to a
small geographic region in the Northeast US and are part of the leaf-rust resistant Atlantic population. This leads to the testable
hypothesis that saponins influence switchgrass pathogen susceptibility. Altogether, these results should facilitate optimizing
switchgrass as a low pesticide sustainable bioenergy crop.

Nutrients and fruit secondary metabolites affects bat foraging behavior and physiology
Mariana Gelambi®, Estefania Morales?, and Susan Whitehead'

"Virginia Tech. Blacksburg, VA, USA

2Universidad Técnica Nacional, Provincia de Alajuela, Costa Rica

P4 gelambi@vt.edu

Fruit chemical traits shape seed dispersal. The relative importance of primary metabolites, herein nutrients, and secondary
metabolites (SMs) on foraging decisions and physiology have been independently studied in several neotropical systems, yet the
interactive effect between nutrients and SMs remains unknown. We investigate the interactive effects of nutrients and three main
groups of SMs, namely alkylphenols, total phenolics, and amides, on the foraging behavior and physiology of the Seba's short-
tailed bat (Carollia perspicillata). Specifically, we asked three main questions: (i) how do nutrients and SMs covary in ripe Piper
fruit, the staple item in Carollia diet?, (ii) how does the covariation influence bat foraging behavior?, and (iii) do SMs affect
nutrient absorption? To answer these questions, we combined different analytical techniques, including GCMS, HPLC, and
colorimetric essays with behavioral essays. We studied the intraspecific covariation between nutrients and different groups of
SMs and found that protein concentration can predict SM concentration, both in a positive and negative fashion. Then, we tested
how the positive covariation of nutrients and SMs affect bat foraging behavior, showing that although bats are deterred by toxins,
the main driver of foraging is nutrient concentration. Finally, we explored the effects of SMs on nutrient absorption and found that
amides decreased protein absorption but did not affect absorption of soluble carbohydrates. In sum, bats can select relatively
high concentrations of SMs, if the fruit pulp also offers a suitable nutrient concentration. This behavior could have contributed to
the evolution of fruit chemical traits, and the way the different groups of molecules covary in fruit pulp. The consumption of SMs
can be detrimental for nutrient absorption, forcing the animal to consume more food, and therefore modifying seed dispersal
patterns.

- SYMPOSIUM VII: Phytochemistry in a changing environment

SIS W JICEENICT IR A novel protein family regulates drought tolerance and flowering time through effects on lipid
metabolism

Sheng Ying"23, Wolf-Riidiger Scheible®, and Peter Knut Lundquist'?
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P<: pklundqu@msu.edu

To cope with environmental stresses and ensure maximal reproductive success plants have developed strategies to adjust the
timing of their transition to reproductive growth. This has a substantial impact on the stress resilience of crops and ultimately on
agricultural productivity. Here, we report on a previously uncharacterized, plant-specific gene family which we designate as
Regulator of Flowering and Stress (RFS). Overexpression of the BdRFS gene in Brachypodium distachyon delayed flowering,
increased biomass accumulation, and promoted drought tolerance, whereas CRISPR/Cas9-mediated knockout mutants exhibited
opposite phenotypes. A double T-DNA insertional mutant in the two A. thaliana homologs replicated the effects on flowering and
water-deprivation seen in the B. distachyon CRISPR knockout lines, highlighting the functional conservation of the family between
monocots and dicots. Lipidomic analysis of B. distachyon and Arabidopsis thaliana revealed that digalactosyldiacylglycerol and
phosphatidylcholine contents were significantly, and reciprocally, altered in overexpressor and knockout mutants. Importantly,
alteration of C16:0-containing phosphatidylcholine, a Flowering Locus T-interacting lipid, correlated with flowering phenotype, with
elevated levels corresponding to earlier flowering. Co-immunoprecipitation analysis revealed that BARFS interacts with
Phospholipase D a1 as well as several other abscisic acid-related proteins. Furthermore, reduction of C18:3 fatty acids in
digalactosyldiacylglycerol correlated with reduced jasmonic acid metabolites in CRISPR mutants. Collectively, we suggest that
stress-inducible RFS proteins represent a novel regulatory component of lipid metabolism that impacts multiple agronomic traits
of clear biotechnological importance.
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- SYMPOSIUM VIiI: Phytochemistry of functional foods and bioactive natural compounds

Yl lg FJICRENICL [ R4 Plant flavonoids are a potential answer to interfere COVID-19: Green tea flavonoids, a powerful
example

De-Yu Xie", Seyit Yuzuak?, and Yue Zhu'
"Department of Plant and Microbial Biology, North Carolina State University, Raleigh, NC, USA
2Department of Molecular Biology & Genetics, Burdur Mehmet Akif Ersoy University, Burdur, Turkey
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In 2020, we reported that epigallocatechin-gallate (EGCG), epicatechin-gallate, other flavan-3-ol gallates (F3Gs), dimeric
proanthocyanidins (PAs), and these compound-rich extracts of green tea inhibited the activity of the main protease of SARS-Cov-
2. Recently, we reported that EGCG, epicatechin, and other flavonoids inhibited the replication of coronavirus 229E in human cells.
In addition, multiple studies reported the beneficial effects of green tea and flavonoids on the therapy of COVID-19. The public is
also interested in the use of green tea for interfering COVID-19. Based on both the research and public interests, we completed a
small-scale epidemic survey about recovery from COVID-19 (unpublished). From December 2020 to May 2021, we collected
demographic and ethno-pharmaceutical data about the use of green tea during the recovery of COVID-19 of 117 volunteers (20
months to 96 years old) in USA and Turkey. All recovered from COVID-19 without a medical assistance. A Pearson Correlation
Coefficient (PCC) analysis indicated a negative correlation between the recovery days and the daily green tea cups consumed by
those 92 Turkish volunteers. Furthermore, the data of the annual per capita tea consumption (PCTC) were obtained from 208 and
100 countries in 2020 and 2021, respectively. The death rates of COVID-19 in all countries or regions were calculated on different
dates in both 2020 and 2021. PCC analysis indicated a promising negative association between PCTC and death rates. These
data suggest the valuable benefit of green tea consumption to help the recovery from COVID-19 (All survey data were approved
for publication by the Institutional Review Board (IRB), the Ethic Commission for Un-Interventional Clinical Studies, and volunteers).

Dissecting carotenoid metabolism in wheat using a suite of TILLING mutants and mutant
combinations

Shu Yu', Cody Bekkering', Michelle Li', Jorge Dubcovsky', and Li Tian'

"Department of Plant Sciences, University of California, Davis, Davis, CA, USA

P4: ltian@ucdavis.edu

Carotenoids play many indispensable roles in plants, such as pigments for photosynthesis and photoprotection, biosynthetic
precursors for phytohormones and signaling molecules, and mediators of plant-environment interactions. Their essential function
in human nutrition and health is also widely recognized because of the conversion of provitamin A carotenoids to vitamin A
molecules in animals and humans. Wheat is a staple food crop with low provitamin A carotenoids. Like other crops, the performance
of wheat in the field is largely affected by environmental factors. A better understanding of carotenoid metabolism and regulation
in wheat plants has the potential for enhancing both yield and nutritional quality. We have taken a genetic approach to interrogate
carotenoid metabolism in wheat. To date, we have isolated tetraploid wheat Targeting Induced Local Lesions IN Genomes
(TILLING) mutants of the carotenoid metabolic gene homoeologs, including the homoeologs of //-carotene hydroxylases 1 and 2
(HYD1 and HYD?2), lycopene e-cyclase (LCYe), and carotenoid cleavage dioxygenase 4 (CCD4). Combinatorial mutants of the
HYD1 and HYD2 homoeologs, and the HYD2 and LCYe homoeologs were also generated through crossing. Our biochemical and
physiological analyses indicated that significant increases in B-carotene were achieved in the grain endosperm of multiple mutant
combinations of the HYD2 and LCYe homoeologs. Moreover, the B-carotene biofortified plants showed comparable physiological
traits to the control plants. Overall, this research takes steps toward untangling the functions of carotenoid metabolic gene
homoeologs in wheat to facilitate breeding and biotech-enabled efforts to improve the nutritional quality (and potentially yield) of
this crucial cereal crop.

- SYMPOSIUM IX: Beyond plants: Specialized metabolism in microbes and animals
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SYMPOSIUM I: Phytochemical/specialized metabolism: Gene discovery, evolution & regulation

Cytochrome P450 CYP81 family: ISOFLAVONE HYDROXYLASES and disease resistance in soybean
Praveen Khatri'? and Sangeeta Dhaubhadel?

London Research and Development Centre, Agriculture and Agri-Food Canada, London, ON, Canada.

2Department of Biology, University of Western Ontario, London, ON, Canada.

DK pkhatrid@uwo.ca

The phenylpropanoid pathway is a source of many specialized metabolites, such as flavonoids, isoflavonoids, anthocyanins,
lignin, and phytoalexins. Among several protein families involved in the regulation and functionality of this pathway, cytochrome
P450 monooxygenases are one of the major enzyme families. The P450 enzymes are categorized into different families, with
each family performing a different type of reaction. Some examples include hydroxylation, epoxidation, decarboxylation, N- and
O-dealkylation, nitration, and C—C bond cleavage. CYP81 family of P450 enzymes are known to participate in the hydroxylation
of isoflavonoid aglycons in legumes. This enzyme class is known as isoflavone hydroxylase (IFH) that provide building blocks
for the synthesis of phytoalexins in legume plants. IFH is the first rate limiting P450 enzyme that initiates the biosynthesis of
phytoalexin glyceollin in soybean catalyzing the conversion of daidzein to hydroxydaidzein. Production of glyceollin is an induced
response in soybean in response to environmental stress. The goal of this research is to identify and characterize IFHs in
soybean to uncover their role in stem and root rot disease caused by Phytophthora sojae. Here we report that the soybean
genome contains 12 candidate /IFH (GmIFH) genes that belong to the CYP81 family. Expression of the candidate IFHs using
the heterologous yeast expression system and enzyme assay using microsomal proteins revealed that six GmIFH are functional,
showing varied hydroxylation activity with five types of isoflavones aglycons, including daidzein, genistein, formononetin,
glycitein, and biochanin A. Transcriptome analysis of soybean roots infected with P. sojae revealed that the six functional
GmlIFHSs are induced upon pathogen infection and their transcripts accumulate at higher level in resistant soybean cultivar
compared to susceptible cultivar. In conclusion, our study demonstrates that GmIFHs play an important role in the resistance
toward P. sojae.

HEEUREN RZA (LTI -IA4IE Phylogeny and domain architecture of plant ribosome inactivating proteins

Kyra Dougherty' and Katalin A. Hudak’
"Department of Biology, York University, Toronto, ON, Canada

PXK: kyrad@my.yorku.ca

Ribosome inactivating proteins (RIPs) are RNA-glycosylases best known for hydrolyzing an adenine base from the conserved
sarcin/ricin loop of ribosomal RNA. Protein translation is inhibited by ribosome depurination; therefore, RIPs are generally
considered toxic to cells. The expression of some RIPs is upregulated by biotic and abiotic stress, though the connection
between RNA depurination and defense response is not well understood. Despite their prevalence in approximately one-third
of flowering plant orders, our knowledge of RIPs stems primarily from biochemical analyses of individuals or genomics-scale
analyses of small datasets from a limited number of species. Here, we performed an unbiased search for proteins with RIP
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