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Preface to the 44th Volume of the Recent
Advances in Phytochemistry Series

Welcome to the fourth volume since the reintroduction of the Recent Advances in
Phytochemistry (RAP) series, an annual series championed by the Phytochemical
Society of North America. RAP is dedicated to publishing both review and primary
research articles for a broad audience of biologists, chemists, biochemists, pharma-
cologists, clinicians and nutrition experts, especially those interested in the biosynthe-
sis, structure, function and/or bioactivity of plant natural products. Recurring themes
include the evolution and ecology of specialized metabolites, the genetic and enzy-
matic mechanisms for plant products formation and metabolism, the systems biology
study of cells, tissues, and organs, the engineering of plant natural products, as well
as various aspects of their application for human health. Also, new developments
in the techniques used to study plant natural products are presented and discussed,
for example, those for structure elucidation and quantification, for “omic” (genomic/
proteomic/transcriptomic/metabolomics) profiling or for microscopic localization. In
short, this series combines chapters from experts that will explain and discuss selected
topics, to highlight the most exciting new research in phytochemistry.

Two main types of articles are printed in RAP: Perspectives and Communica-
tions. The RAP Perspectives aim to give a general introduction to a field and an
overview of the pertinent literature as a backdrop for new results from the primary
literature. These articles may be similar to review articles, but often present im-
portant ideas and hypotheses, including proposals for interesting directions in the
field. It is the hope of the Editorial Board that these articles will be of great value
to a large audience. The RAP Communications focus more on primary data that
showcases particular new advances in a specialized field that will be of interest to a
large audience. Articles of both types are typically solicited from prominent mem-
bers of the Phytochemical Society of North America and based on the content of the
annual meeting talks. However, the Editorial Board also invites additional Perspec-
tives and/or Communications from selected authors beyond the society’s meeting to
give a rounded picture of all “Recent Advances in Phytochemistry”.

All submissions to RAP go through a rigorous, external peer review process,
overseen by the Editorial Board. Since the reintroduction of the series, R4AP is in-
dexed together with all journals published by Springer. All RAP papers are available
not only in the published volume form, but also electronically through Springer’s
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online literature services. This marks a significant change from older volumes of
RAP, and it is the hope of the Editorial Board that this will lead to broader dissemi-
nation and greater interest in RAP.

This 44th volume of RAP includes a total of eight articles mostly based on talks
presented at the 51st annual meeting of the Phytochemical Society of North Ameri-
ca. As was seen in RAP volumes 41-43, these Perspectives give a very good picture
of the breadth of plant (bio)chemistry research in North America, which is also
indicative of the state of the field worldwide. Each of these articles describes the in-
tegration of several different approaches to ask and then answer questions regarding
the function of interesting plant metabolites, either in the plant itself or in interac-
tions with the environment (natural setting or human health application).

Two Perspectives focus on the biosynthesis of natural products: Dastmalchi and
Dhaubhadel summarize new findings on the formation and regulation of isofla-
vonoids, using soybean seeds as a model system. In contrast, Cook et al. give an
overview of natural product formation by microorganisms associated with plants,
with particular emphasis on alkaloids from the locoweeds.

The next two chapters give updates on the bioactivity of selected plant natural
products. Timoshenko et al. highlight progress on toxic lectins from various plant
species such as mistletoes and elderberries. Guerrero-Analco et al., on the other
hand, summarize work on plant natural products with activity against type 2 dia-
betes, taking an ethno-botanical approach combining Aboriginal knowledge with
modern phytochemistry.

Two further Perspectives feature biotechnological approaches, both starting with
genomic and biochemical results and exploring their applications in metabolic en-
gineering. This modern branch of Phytochemistry is explored by Zerbe and Bohl-
mann in their chapter on terpenoid products from conifers and also by Lisko et al.
in their review of vitamin C formation in various plant species.

Finally, two more Perspectives further highlight analytical aspects of plant natu-
ral products. Berhow et al. review the composition of camelina oil, a very promising
commodity containing a wide variety of plant lipids, while Glover and Murch focus
on the qualitative and quantitative analysis of a potentially toxic amino acid found
in tropical food chains.

Overall, we are excited to present this broad set of review papers on various
aspects of modern phytochemistry. We hope you will find these Perspectives to be
interesting, informative and timely. It is our goal that RAP will act not only as the
voice of the Phytochemical Society of North America, but that it will serve as an
authoritative, up-to-date resource that helps to set the gold standard for thought and
research in plant natural products. Enjoy the read!

The RAP Editorial Board
Vancouver, BC Reinhard Jetter
Ottawa, ON John T. Arnason
Pullman, WA David R. Gang
Corvallis, OR J. Fred Stevens

Blacksburg, VA Dorothea Tholl
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Chapter 1
Soybean Seed Isoflavonoids: Biosynthesis
and Regulation

Mehran Dastmalchi and Sangeeta Dhaubhadel

Abstract Isoflavonoids are plant natural products, almost exclusive to legumes,
synthesized by the phenylpropanoid pathway. They are actors in symbiosis with
nitrogen-fixing bacteria and involved in plant pathogen and stress response. Isofla-
vonoids are noted for their wide range of human health benefits. Isoflavonoids, as
phytoestrogens, can bind to estrogen receptors and modulate their activity in ani-
mals including humans. Soybean seeds contain three isoflavone aglycones that are
glycosylated and/or malonylated and stored in vacuoles. The biosynthetic pathway
starts with the recruitment of phenylalanine and enters its first committed branch
step with the conversion of flavanone to isoflavone. Soybean seeds accumulate
large amounts of isoflavonoids as a result of de novo synthesis and transport. The
isoflavonoid content and composition in the seed are complex polygenic traits that
are highly variable. Environmental factors, including drought, light conditions,
fertilization, temperature and CO, levels, and genetic factors, such as specific
pathway gene members, transcription factors coordinating expression and conju-
gating enzymes, have all been shown to have an effect on isoflavonoid content.
Understanding the genetic and molecular basis for isoflavonoid biosynthesis and
its regulatory mechanisms will allow manipulation of content in soybean seeds and
metabolic engineering of isoflavonoids in nonleguminous plants.

Keywords Isoflavonoids - Soybean - Transcription factors - Seed - Natural product
Gene regulation
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1.1 Introduction

Isoflavonoids are plant natural products synthesized by the phenylpropanoid path-
way. They accumulate almost exclusively in plant species belonging to the Faba-
ceae family. Isoflavonoids have recently been reported at relatively lower levels in
some nonlegume plants [1, 2]. Isoflavonoids are integral to plant interactions with
their environment, as precursors to phytoalexins, which function against a variety
of pests and plant pathogens, and as signaling molecules in symbiosis with nitro-
gen-fixing bacteria [3-5]. Soybean (Glycine max [L.] Merr.) seeds contain large
amounts of isoflavonoids and are the primary source of these metabolites in human
food and animal feed. There is considerable epidemiologic and clinical evidence
highlighting the positive health effects associated with isoflavonoid consumption
by animals including humans, through various forms of intake, such as soy foods
and nutritional supplements [6—8].

In this chapter, we begin by discussing the role of isoflavonoids in human
health (Sect. 1.2.1) and their role in interactions between plants and the environ-
ment (Sect. 1.2.2); we will then expand on the chemical structure and diversity
of isoflavonoids (Sect. 1.3.1), their biosynthesis (Sect. 1.3.2), and accumulation
(Sect. 1.3.3), followed by a discussion on the regulation of isoflavonoid biosynthe-
sis in soybean seeds reviewing the genetic (Sect. 1.4.1) and environmental factors
(Sect. 1.4.2); finally we draw conclusions on current findings and outline future
directions for studying isoflavonoid biosynthesis and regulation (Sect. 1.5).

1.2 Biological Roles

1.2.1 Roles in Human Health and Nutrition

Soybean has been a staple food of Asian diets for centuries that, beyond represent-
ing an essential source of dietary protein, has been linked with the disparity of
health and longevity that exists between Asian and Western populations [9—12].
In particular, the significantly lower rates of hormone-dependent cancers in Asian
countries such as Japan and China [13] have been seen as a corollary of increased
soy intake. Scientists have found that isoflavonoids are the key biologically active
compounds in soybean seeds associated with positive health benefits in animals in-
cluding humans. These unique bioactive components in soy foods contribute to hu-
man health and specifically reduce the risk of hormone-dependent cancers [7, 12].
In the past 40 years, clinical and epidemiological studies have revealed that iso-
flavonoids can function in humans as phytoestrogens [7, 14]. The physiological and
chemopreventive benefits of these plant natural products stem from the structural
similarity of the isoflavone aglycone, genistein, to 17p-estradiol, the major endog-
enous form of estrogenic hormone in both females and males [8, 14] (Fig. 1.1).
Genistein elicits weak estrogenic effects by competition with 17p-estradiol for
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Fig. 1.1 Chemical structures HO
of the isoflavone genistein
and 17f-estradiol

Genistein

OH
CH,
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binding with intranuclear estrogen receptor (ER) a, B, and sex hormone-binding
globulins; preferentially binding to ERp (reviewed in [15]). Through this form of
competition, isoflavones can render a modulating activity by exerting estrogenic
agonist or antagonistic effects, in the presence of low and high endogenous estro-
gen concentrations, respectively. The estrogenic activity of isoflavones can vary
depending on the tissue and the type of ER in the cell [16].

There is a wealth of data that purports the usage of soy foods and isoflavonoid
supplements in reducing the risk of breast cancer in women and prostate cancer in
men, based on in vitro studies, animal models, and clinical trials [9, 12, 17]. Epide-
miological evidence suggests that soy consumption during early childhood or ado-
lescence yields 28—60 % reduction in the risk of developing breast cancer [18-20].
Dietary genistein blocks activation of the human prostate cancer cell marker, p38
mitogen-activated protein kinase, inhibiting the downstream metastasis and cell in-
vasion cascade [21]. Yet another possible function for genistein in humans is as
a tyrosine kinase inhibitor that interferes with HIV-mediated actin dynamics and
thereby inhibits HIV infection [22]. Isoflavonoids are also underlined as the key
components in climacteric medicine. Intake of isoflavonoids has been suggested to
ease such post-menopausal ailments in women as osteoporosis [23] and hot flashes
[24]. Furthermore, dietary intake of isoflavonoids has been linked with reduction in
the risk of cardiovascular disease and high blood cholesterol levels [25, 26].

There is some controversy regarding the strength of the link drawn between di-
etary consumption of isoflavonoids and human health benefits. Studies have been
criticized for a high degree of heterogeneity among trials, arbitrarily determined soy
intake levels and variation in phytoestrogen dosage. This has led some observers
to believe that evidence for a causal link between isoflavonoid intake and its ben-
efits are inconsistent or misleading [12]. These concerns must be addressed with an
established standard of phytoestrogen dosages between studies and longer clinical
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trials. Additionally, dietary intake of isoflavonoids for infants and other hormonally
susceptible groups has raised some concerns. In particular, the usage of soy-based
infant formula has been problematic despite several decades of continuous use in
North America [15]. Questions are mainly centered on the possible effects of isofla-
vonoid accumulation and increase in estrogenic activity. The intake of soy formula
in infants, considering their body mass, produces doses of isoflavonoids that are
much higher than in adults eating soy foods; however, no adverse developmental or
health effects have been reported [27].

Concisely, isoflavonoids are plant natural products that have a wide range of
human health benefits. Owing to their stereochemical capability to bind to estro-
gen receptors and modulate estrogenic activity, they are thought to reduce the risk
of hormone-dependent cancers. The controversy attached to this very estrogenic
activity creates a challenge to the soy-based food industries to adapt for different
dietary requirements. Therefore, from a health and nutritional prospective, seed iso-
flavonoid content requires much more research to understand its biosynthesis and
regulation, in anticipation of developing soybeans with altered isoflavonoid levels
that fulfil consumer requirements.

1.2.2  Roles in Interaction Between Plants and Environment

Isoflavonoids are of dual importance in plant interactions with their environment:
as phytoalexins in basal and innate responses to pathogens and stress, and as signals
in symbiosis with nitrogen-fixing bacteria.

Phytoalexins are low-molecular weight, host-induced antimicrobial substances
that are released in response to pathogen attack or stress. Phytoalexins constitute a
broad-spectrum plant defense against both prokaryotic and eukaryotic microorgan-
isms [28]. Soybean phytoalexins include both the simple isoflavones and their more
complex derivatives. Several studies have reported the rapid increase in isoflavo-
noid levels upon pathogen attack in soybean[29-3 1]. The synthesis of isoflavonoids,
particularly the pterocarpan glyceollins or active aglycones such as daidzein, for-
mononetin, and genistein (reviewed in [32]), during defense response is controlled
both by the host [33] and the pathogen [34]. Synthesis and release of phytoalexins
can limit pathogen colonization, induce toxicity, and increase plant resistance. The
synthesis and function of glyceollin have been extensively studied. This pterocar-
pan phytoalexin inhibits the growth of a wide range of soybean pathogens such as
Phytophthora sojae, Sclerotinia sclerotiorum, and Macrophomina phaseolina [35].
This has been supported experimentally by silencing isoflavone synthase (IFS) and
chalcone synthase (CHS) expression, which reduced the levels of isoflavone daid-
zein, a glyceollin precursor, and decreased levels of glyceollin, leading to increased
susceptibility to pathogens including the root rot oomycete P. sojae [36, 37] and the
fungal pathogen Fusarium virguliforme [35].

The rapid accumulation of glyceollin and other phytoalexins is imperative to
limiting colonization by pathogens. The speed of synthesis is important, as patho-
gens might be capable of degrading phytoalexins, avoiding or limiting the efficacy
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of these plant defense compounds. Higher ability to degrade or modify phytoalex-
ins, such as glyceollin, into innocuous compounds in Diaprothe phaseolorum var.
meridionales and Rhizoctonia solani, results in faster growth [35]. The challenge
for soybean breeding would be to firstly, enhance the production of glyceollin in
response to pathogens, and secondly, to prevent degradation of phytoalexins by
pathogens. This would improve soybean resistance to a broad range of plant patho-
gen infections.

Another form of plant-environment interaction mediated by isoflavonoids is the
symbiosis between legumes and nitrogen-fixing bacteria. Atmospheric nitrogen
represents a vast inaccessible resource for plants. Legumes have developed sym-
bioses with nitrogen-fixing rhizobia to circumvent this problem [38]. Isoflavonoids
are key factors in this interaction as signaling molecules that induce rhizobial nodu-
lation genes, leading to bacterial attachment to root hair cells of the legume plant
[39]. The cascade of events that follows includes, invagination of the root hair cell
by a bacterial infection thread and a concurrent development of the root nodule,
a specialized organ that allows for an exchange of fixed nitrogen in the form of
ammonia from the rhizobia [40]. Subramanian et al. [5] provided the first genetic
evidence that endogenous isoflavonoids are essential for soybean root nodule for-
mation. Treatment of soybean roots with Bradyrhizobium japonicum induced the
expression of the key isoflavonoid biosynthetic enzyme IFS, in roots. Evidence for
the involvement of isoflavonoids in root nodulation came from RNA interference
(RNAI) silencing of IFS genes in soybean hairy root composite plants, which led to
severely reduced nodulation [5].

The legume-rhizobial symbiotic relationship mediated by isoflavonoids is of great
importance for its ability to acquire nitrogen indirectly from the atmosphere, and to
reduce the economic and environmental burden imposed by nitrogenous fertilizers.

1.3 Isoflavonoid Synthesis and Accumulation

1.3.1 Structure and Diversity

The isoflavone aglycones are the most bioactive forms of isoflavonoids with phy-
toestrogenic capability in animals including humans [14]. Soybean seeds contain
nine different isoflavonoids (Fig. 1.2): the three core isoflavone aglycones daidzein,
genistein, and glycitein, their corresponding 7-O-3-D glycosides (daidzin, genistin,
and glycitin), and 6"”-O-malonyl-7-O-3-D glycosides (malonyldaidzin, malonylg-
enistin, and malonylglycitin) [41]. The malonyl glycosides are thermally unstable
and, as a result of processing, are converted into their corresponding acetylgly-
cosides (6”-O-acetyldaidzin, 6"-O-acetylgenistin, and 6"-O-acetylglycitin) com-
monly found in soy food products, such as tofu and soy sauce [42]. Glycosylation
and malonylation of soybean isoflavones allows their compartmentalization into
vacuoles for storage owing to their stability and solubility. The amount of each
isoflavone varies considerably in soybean seeds, but in the majority of cases they
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Aglycones
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Fig. 1.2 Structure of nine major isoflavonoids synthesized in soybean seeds

are found in the ratio of 4:5:1 (daidzein: genistein: glycitein) [43]. Despite of their
highly unstable nature, the majority of soybean seed isoflavonoids accumulate in
the form of their malonyl derivatives (Fig. 1.3). It appears that the plant vacuoles
contain an unknown mechanism(s) that confers stability to the malonyl isoflavone
conjugates in planta.

1.3.2 Biosynthesis

Isoflavonoids are synthesized through a legume-specific branch of the phenyl-
propanoid pathway (Fig. 1.4). Phenylpropanoids are found throughout the plant
kingdom and include a plethora of secondary metabolites, among which are flavo-
noids, condensed tannins, monolignols, and stilbenoids. Isoflavonoid biosynthesis
branches off with the conversion of flavanones to isoflavones by the activity of IFS.
There is evidence for the protein—protein interaction between several of the key
phenylpropanoid pathway enzymes with the membrane-bound P450s (reviewed in
[44-46]). It has been hypothesized that the isoflavonoid biosynthetic enzymes may
form a dynamic complex, the isoflavonoid metabolon, giving rise to a higher degree
of complexity for their manipulation in plants.

The general phenylpropanoid pathway begins with the recruitment and subsequent
deamination of phenylalanine into cinnamate by the enzyme phenylalanine ammonia-
lyase (PAL), producing the general phenylpropanoid skeleton. Catalytic activity of
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Fig. 1.3 HPLC analysis of isoflavonoids extracted from mature soybean seeds

PAL is directly related to the efficiency of the entire pathway and the downstream bio-
synthesis of secondary metabolites, as it commits the flux of primary metabolites into
a plethora of secondary metabolites [47]. Plant PAL structures possess a conserved
fold with a central core formed by near-parallel a-helices [48], which resemble his-
tidine ammonia-lyase (HAL) [49]. It is postulated that PAL and the phenylpropanoid
pathway evolved from the histidine degradation pathway and HAL, with the advent of
plant annexation of land and the divergence of fungi and plants from other kingdoms.
The reaction product of PAL, cinnamate, is converted into p-coumarate by cinnamate
4-hydroxylase (C4H). C4H is a cytochrome P450 monooxygenase and is membrane-
bound. The last step of the general phenylpropanoid pathway is the conversion of
p-coumarate to p-coumaroyl-CoA by 4-coumarate-CoA-ligase.

As shown in Fig. 1.4, the first committed step in the flavonoid and isoflavonoid
pathways is the formation of a chalcone, by CHS, via the condensation of three
malonyl-CoA molecules and a p-coumaroyl-CoA. All flavonoids and isoflavonoids
are built from a chalcone scaffold, which is biosynthesized by the pivotal, plant-
specific polyketide synthase CHS. It directs the intramolecular cyclization of the
coumaroyl moiety and three acetates to form a polyketide. CHS usually functions
as a homodimer, with each monomer containing two structural domains, an upper
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and lower domain, forming a cleft where the active site is situated [50]. The soybean
genome contains nine CHS genes (CHS1-CHS9), including a duplicated copy of
CHSI. The soybean CHS gene family shares a high degree of sequence similarity,
ranging from 80 to 99 % nucleotide sequence identity in the coding region. The
members of the CHS gene family are expressed differentially during plant devel-
opment and/or in response to environmental cues. Among the CHS genes, CHS7
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and CHSS are critical for isoflavonoid biosynthesis and accumulation in soybean
[51, 52]. The end product of a CHS-catalyzed reaction is a bicyclic tetrahydroxy
chalcone (naringenin chalcone). Leguminous plants produce an additional trihy-
droxy chalcone (isoliquiritigenin chalcone) through the coupled activity of CHS
and the legume-specific chalcone reductase (CHR). CHR regiospecifically reduces
coumaroyl-trione, a polyketide intermediate of the CHS reaction to an alcohol. The
product of the CHS/CHR coaction, isoliquiritigenin, allows legumes to produce
novel-derived compounds, such as daidzein, medicarpin, and glyceollin [53, 54].

The bicyclic chalcone scaffolds, naringenin chalcone and isoliquiritigenin chal-
cone, are the substrates for the second catalytic step in the isoflavonoid pathway
catalyzed by chalcone isomerase (CHI), producing the tricyclic flavanones narin-
genin and liquiritigenin, respectively [53]. The dichotomy of the flavonoid and iso-
flavonoid pathways is thought to be established by the presence of multiple CHIs in
plants with varying catalytic abilities. The CHI family has been categorized into two
types based on their catalytic abilities: type I CHIs, common to all higher plants,
convert naringenin chalcone to naringenin, and type II CHIs, almost exclusive to
legumes, have the additional capacity to catalyze the conversion of isoliquiritigenin
to liquiritigenin [55].

The versatility of legume type II CHIs and their direct role in isoflavonoid pro-
duction have led to speculation over their necessity for achieving significant iso-
flavonoid yields during metabolic engineering efforts in plants [56, 57]. The soy-
bean CHI gene family has eight members, categorized into four subfamilies: CHI1,
CHI2, CHI3 and CHI4. There are four amino acid residues (Thr48, Tyr106, Asn113,
and Thr190) in type II CHIs that are critical for the legume-specific catalysis of
isoliquiritigenin to liquiritigenin [58]. A comparison of the deduced amino acid
sequences of the soybean CHI1 and CHI2 subfamilies and type II CHIs in other
legumes shows that the critical residues lining the active sites are almost entirely
conserved, except for the substitution of Thr190 in CHI2, which reduces its cata-
lytic efficiency by six fold [58]. The two subfamilies CHI3 and CHI4 do not have
any conservation of the critical active site residues, which explains their inability to
convert any of the chalcone derivatives used in yeast expression assays [55].

CHI enzymes were previously thought to exist exclusively in the plant kingdom
[59]; however, recent studies have found structural homologs containing the CHI-
unique open-faced B-sandwich fold in bryophytes, fungi, and bacteria [60]. The cat-
alytic residues and hence their catalytic abilities can vary largely, and many species
containing a biologically active CHI lack homologs of CHS, and vice versa [60].
Therefore, it seems that the evolution of CHI and the phenylpropanoid pathway ap-
peared gradually in land plants. Further research will be required to understand the
function of CHI in fungal and bacterial species, and to characterize soybean CHI
subfamilies lacking the catalytic ability to produce flavanones. Enzymes such as
CHI, carrying a wide variation and long evolutionary timeline, can help elucidate
the origin and evolution of flavonoid and isoflavonoid biosynthesis.

As shown in Fig. 1.4, flavanones (naringenin and liquiritigenin) are the precur-
sors that lead to the production of a range of plant secondary metabolites including
anthocyanins, condensed tannins, flavonoids, and phlobaphenes. In legumes, the
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branch point leading to isoflavonoid production is the conversion of flavanones into
isoflavones by IFS, also known as 2-hydroxyisoflavanone synthase (2-HIS) [61—
63]. IFS is a legume-specific, membrane-bound cytochrome P450 monooxygenase
that catalyzes a C-2 to C-3 aryl-ring migration and hydroxylation in position C-2.
The reaction consumes reduced nicotinamide adenine dinucleotide phosphate and
an oxygen molecule, producing the unstable intermediate 2-hydroxyisoflavanone,
which undergoes dehydration with the help of 2-hydroxyisoflavanone dehydratase
to form the double bond between C2-C3, and produces the isoflavone aglycones:
daidzein, genistein, and glycitein, in soybean. Two IFS genes, IFS1 and IFS2, have
been found in soybean, and both have the catalytic ability to mediate the production
of isoflavones [62, 63]. IFS1 and IFS2 differ by 14 amino acid residues and show
differential tissue-specific expression in soybean [64, 65]. IFS has been proven nec-
essary and sufficient for introducing isoflavonoid production in nonlegumes, albeit
only at low levels [47, 56, 57, 66, 67].

Soybean isoflavone aglycones can undergo conjugation, resulting in their corre-
sponding glycoside and malonyl-glycoside derivatives. Conjugation with a glucose
or malonyl-glucose molecule confers the aglycones with enhanced water solubil-
ity and reduced chemical reactivity, thereby altering the physiological activity and
allowing their proper storage in cell vacuoles [68]. Addition of the glycosyl and
malonyl moieties to the isoflavone aglycones is mediated by isoflavonoid-specific
uridine diphosphate glycosyltransferase (UGT) and malonyltransferase (MT), re-
spectively. Glycosylation involves the transfer of a nucleotide diphosphate-acti-
vated sugar donor molecule onto an aglycone acceptor molecule [68]. UGTs are
multifunctional enzymes, with a wide range of possible acceptor molecules in vivo,
including flavonols, isoflavones, and chalcones [69]. Glycosylation is the common
final step in the biosynthesis of most flavonoids, reducing cytotoxicity of high lev-
els of volatile, hydrophobic flavonols. Further conjugation by malonylation adds a
malonyl group from malonyl-CoA to the glycosyl moiety of isoflavone glycosides,
thereby protecting them from glycosidases [70]. In soybean, isoflavonoid-specific
UGT73F2 and GmMT7/GmIF7MaT are involved in glycosylation and malonyl-
ation of the core isoflavone aglycones, respectively [71, 72]. The overall function
of the conjugations appears to be the enhancement of compartmentalization to the
central vacuole of the cell and subsequent transport out of the cell (Fig. 1.5). Conju-
gation is therefore imperative for the role of isoflavonoids and their derivative com-
pounds in plant interaction with the environment, including induction of nodulation
genes in symbiotic nitrogen-fixing bacteria and as phytoalexins.

1.3.3 Accumulation

Isoflavonoids accumulate in all organs of soybean plants, but their levels vary de-
pending on the tissue type and developmental stage. The highest concentrations of
isoflavonoids are found in mature seeds (Fig. 1.6) and leaves [64]. Soybean em-
bryos express all the key biosynthetic genes involved in isoflavonoid biosynthesis,
and excised embryos have an ability to take up exogenously supplied isoflavonoids,
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demonstrating that these metabolites are produced locally in the tissue where they
accumulate [64]. However, there is strong evidence indicating that many plant natu-
ral products are transported from their site of synthesis to the site of accumulation.
For example, glucosinolates in Brassica species are transported into seeds from their
production sites [73, 74]. Similarly, nicotine is synthesized in roots and gets trans-
ported to leaves in tobacco [75]. Therefore, it was not surprising that soybean seeds
accumulate the largest amount of isoflavonoids, since the developing seed serves as
a sink organ for many products synthesized in other plant tissues. In case of soybean
isoflavonoids, the following indirect evidence suggests the long-distance transport
of isoflavonoids within the plants: (a) embryos excised from soybean seeds accu-
mulated isoflavonoids from a synthetic medium, (b) a maternal effect on seed isofla-
vonoid level was observed in the reciprocal crosses between two soybean cultivars
with different seed isoflavonoid levels [64, 76], and (c) ['*C] malonylgenistin and
malonyldaidzin accumulated in mature embryos and leaves when fed through the
stem [76]. However, the long-distance transport of isoflavone glucosides has not
been demonstrated directly yet. Taken together, total isoflavonoid accumulation in
soybean seed is a result of both de novo synthesis within the seed and transport from
maternal tissues [64].
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Fig. 1.6 Isoflavonoid accumulation in soybean embryos during seed development. Data shown
are mean values from three independent experiments. Numbers indicate the age of embryos in
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1.4 Regulation of Isoflavonoid Biosynthesis
in Soybean Seeds

The isoflavonoid content in soybean is a complex polygenic trait that is highly
variable. Several studies have indicated that the level of isoflavonoids in soybean
tissues depends both on environmental factors and the genetic makeup of the plant
[77-80]. The complexity of isoflavonoid accumulation in soybean seeds has been
a challenge to breeders attempting to tailor content to various consumer needs and
improve overall crop quality and yield, while reducing environmental damage. The
main factors that influence isoflavonoid content and their composition in soybean
are discussed below.

1.4.1 Genetic Factors

Although isoflavonoids had been reported in soybean and other legumes for sev-
eral decades, studies on the genetics and metabolic engineering of isoflavonoids
in soybean and nonlegume plants began only after the discovery of the entry-point
enzyme IFS in soybean [62, 63]. As shown in Figs. 1.4 and 1.5, isoflavonoid syn-
thesis involves a multistep process where the pathway intermediates are channelled
by several enzymes in a multienzyme complex. The synthesis of core isoflavones
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requires two membrane-bound cytochrome P450 monooxygenases (C4H and IFS)
that are associated with the endoplasmic reticulum [81].

There is a large degree of variation in seed isoflavonoid content among the many
different soybean cultivars. Comparison of isoflavonoid accumulation in soybean
seeds in different cultivars showed that high isoflavonoid cultivars consistently per-
form better in terms of isoflavonoid level compared to low isoflavonoid cultivars,
if grown in the same environment at the same time. For example, accumulation
of isoflavonoids in low isoflavonoid cultivar “Hardin” and the high isoflavonoid
cultivar “Corsoy-79” were 460 and 800 pg/g of seed, respectively, when grown in
Girard, Illinois. The same cultivars, Hardin and Corsoy-79, when grown in Urbana
accumulated 820 and 1,550 pg isoflavonoid/g of seed, respectively [82]. To identify
the genetic factor(s) that may contribute to the increase in isoflavonoid content in
soybean seeds, a global gene-expression analysis was performed, and expression of
isoflavonoid-related genes were compared between developing embryos isolated
from two soybean cultivars, RCAT-Angora and Harovinton, that differed in the
level of seed isoflavonoids [51]. The analysis included 430 genes involved either
in the shikimic acid or phenylpropanoid pathways, and identified two CHS genes,
CHS7 and CHSS, with significantly higher expression in RCAT-Angora (the high
isoflavonoid cultivar) compared to Harovinton (the low isoflavonoid cultivar).

Of the five CHS genes (CHS1, CHS2, CHS6, CHS7, and CHSS) present on the
array, only CHS7 and CHS8 showed differential expression, suggesting a critical
role for these two most closely related CHS genes in isoflavonoid synthesis. RNAi
silencing of CHSS in soybean hairy roots resulted in reduced expression of both
CHS7 and CHSS genes as well as isoflavonoid level in the roots, providing direct
evidence for the involvement of these two genes in isoflavonoid synthesis [52]. The
CHS7 and CHSS genes are expressed differentially in soybean tissues. A detailed
analysis of CHS7 and CHSS8 promoter regions for cis-acting factors and potential
transcription factor binding sites showed structural diversity within the promoters
of these two genes that may lead to their differential spatial, temporal, and stimulus-
response expression. Furthermore, the results also led to the speculation that CHS7
may function in induced isoflavonoid production, whereas CHSS8 is possibly in-
volved in isoflavonoid synthesis under normal conditions [52].

The phenylpropanoid pathway is one of the most extensively studied biosyn-
thetic pathways in plants. Studies have shown the coordinated transcriptional
control of phenylpropanoid biosynthetic genes as the major mechanism dictating
the level of end products (reviewed in [83]). It is well established in plants such
as Arabidopsis, maize, and petunia that transcriptional regulation of many phen-
ylpropanoid structural genes are regulated by the coordinated control of myelo-
blastosis (MYB), basic helix-loop-helix (bHLH) transcription factors, and WD40
domain proteins [84]. A chimeric transcription factor from maize, CRC, that con-
tained R myc-type transcription factor inserted between the DNA-binding and
activation domains of C1 MYB transcription factor, when expressed ectopically,
was able to increase isoflavonoid content significantly in soybean seeds [46]. This
led to the speculation that MYB transcription factors may regulate isoflavonoid
synthesis in soybean.
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A functional genomic approach in combination with gene-expression analysis
in developing soybean embryos [51] identified one such transcription factor,
GmMYB176, which regulates expression of CHS8 [85]. GmMYBI176 is a novel
R1 MYB transcription factor with SHAQKYF motif that recognizes a TAGT (T/A)
(A/T) sequence in the CHS8 promoter and regulates its expression. RNAi silencing
of GmMYB176 in soybean hairy roots reduced the expression of GmMYB176 and
its target gene CHSS, thereby reducing the isoflavonoid level in the roots and pro-
viding direct evidence for the role of GmMYB176 in isoflavonoid synthesis [85].

GmMYBI176 is the first R1 MYB transcription factor identified to have a role
in plant secondary metabolism. This study also suggested the possibility of combi-
natorial regulation of CHSS8 gene, as overexpression of GmMYB176 in hairy roots
did not increase both expression of CHSS8 and isoflavonoid levels [85]. Several
GmMYBI176 recognition motifs are present in both IFS gene promoters. RNAi
silencing of GmMYBI176 reduced the level of IFS expression, suggesting that
GmMYBI176 co-regulates multiple isoflavonoid biosynthetic genes in soybean.
Overall, it has been demonstrated that the interaction between GmMYB176 and
the CHS8 promoter is necessary but not sufficient for CHS8 gene activation and an
increase in isoflavonoid levels [85].

The subcellular localization of GmMYB176 was investigated by making a trans-
lational fusion of GmMYB176 with yellow fluorescent protein (YFP) followed by
its transient and stable expression in tobacco epidermal cells and Arabidopsis, re-
spectively. In both systems, GmMYB176 localized predominantly to the nucleus,
as expected given its role as a transcription factor. Despite its nuclear localization,
GmMYB176 does not contain a putative nuclear localization signal, which led to the
speculation that a protein—protein interaction may be involved in targeting it to the
nucleus. Computational motif search analysis predicted three potential pST-binding
sites within GmMYB176 to which 14-3-3 proteins may bind, thereby regulating its
subcellular localization. Deletion of one of the pST-binding sites within GmMYB176
indeed affected its subcellular localization [85]. Using bimolecular fluorescent
complementation and targeted yeast two-hybrid assays, it has been determined that
GmMYBI176 interacts with soybean 14-3-3 protein, SGF14d [86]. Plant 14-3-3s are
thought to be involved in a variety of signaling processes [87-91]. They regulate ac-
tivities of a variety of target proteins via protein—protein interactions, which involves
binding with phosphoserine/phosphothreonine residues in the target [92, 93] or by
other less studied mechanisms [94, 95]. The soybean genome contains 18 14-3-3
genes, among which 16 are transcribed [96]. 14-3-3 proteins interact with their cli-
ents in a dimer form, which allows them to act as scaffolds by bringing two different
regions of the same proteins or two different proteins closer together. Interaction of
GmMYB176 with 14-3-3 protein regulates its intracellular localization, thus affect-
ing target gene expression and isoflavonoid biosynthesis [97]. The involvement of
14-3-3 protein in the regulation of the R1 MYB (GmMYB176) and plant secondary
metabolism is a novel biological and biochemical phenomenon.

As discussed in Sect. 1.3.2, isoflavone aglycones are hydrophobic molecules that
are toxic to the cell that produces them. Therefore, these aglycones need to be conju-
gated with sugar and/or malonyl-sugar groups, with the help of their corresponding
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transferases, for their proper compartmentalization into plant vacuoles. Metabolic
engineering of isoflavonoids in Arabidopsis by introducing the IFS gene was suc-
cessful in producing genistein at very low levels [56]. In this case, the genistein was
conjugated with endogenous sugars, glucose and rhamnose. Failure to accumulate
higher levels of isoflavonoids in Arabidopsis could be due to the absence of iso-
flavonoid-specific UDP-glucuronosyltransferases (UGTs) and malonylltransferases
(MTs). The legume-specific aglycones may be poor substrates for endogenous non-
legume UGTs, possibly resulting into the fast turnover of isoflavone aglycones in
Arabidopsis. Therefore, isoflavonoid-specific UGTs and MTs might have a critical
role in the accumulation of these compounds in plants.

1.4.2 Environmental Factors

Many lines of evidence strongly suggest that isoflavonoid accumulation in soybean
seeds is controlled by several environmental factors [82, 98—101]. A comparison of
gene expression in developing embryos of two soybean cultivars that contrasted in
the level of seed isoflavonoids demonstrated that the environmental effects on gene
expression were large and exceeded cultivar-specific differences [51]. The analysis
included the embryo samples collected from soybean plants grown at two differ-
ent locations for two consecutive years. A similar study that included a mapping
population of recombinant inbred lines grown at four different environments sup-
ported the previous finding by Dhaubhadel and team [51], and suggested that seed
isoflavonoid levels are determined by a complex network of several minor-effect
loci interconnected by a dense epistatic map of interactions that is dependent on
environmental conditions [99]. Environmental factors that influence isoflavonoid
content include drought [102], light condition [103], fertilization [101, 104], tem-
perature and CO, levels [100, 104-106].

1.5 Concluding Remarks and Future Directions

Developing new soybean cultivars with both high and low levels of isoflavonoids
has gained considerable research interest, both for soybean seeds for human health
and nutrition and for roots because of their dual function in establishing symbioses
and inhibiting plant pathogens. Isoflavonoid content is a complex trait that is regu-
lated by a dense interweaving network of genetic and environmental factors that
has so far been elusive toward manipulation [99]. This complexity poses a scientific
and economic challenge that can only be resolved by understanding each step of
the isoflavonoid biosynthetic pathway, the factors that regulate the pathway, and
the integration of environmental components in this network. Due to its agronomic
importance, significant progress has been achieved in understanding the biosyn-
thesis of isoflavonoids. Metabolic engineering approaches, either to increase the
level of isoflavonoids in soybean or to introduce these compounds in nonlegumes,
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have identified the bottlenecks for isoflavonoid synthesis. The major challenge
has been channelling the pathway intermediates to the final product, enabled by
the metabolon. Since the phenylpropanoid pathway radiates into many other path-
ways that produce a wide array of metabolites, it is critical to understand crosstalk
between the different branches of the phenylpropanoid pathway. The results may
lead us toward finding a mechanism to manipulate a specific branch of the path-
way exclusively. Therefore, detailed knowledge of how the various pathways are
regulated and how the metabolon is formed and used, either in flavonoid or isofla-
vonoid biosynthesis, is essential. Regulation of flux through the pathway may be
affected by post-transcriptional regulation of enzymes or their regulators directly
by phosphorylation, or through a shift in redox potential indirectly. Future studies
should aim at the identification of the regulatory factors that control the expression
of isoflavonoid-specific genes, the co-factors that mediate the regulation, and the
mechanisms by which the regulatory factors interplay with each other to provide the
overall spatiotemporal regulation of the entire isoflavonoid pathway.
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Chapter 2

Biosynthesis of Natural Products in Plants
by Fungal Endophytes with an Emphasis
on Swainsonine

Daniel Cook, Dale R. Gardner, James A. Pfister and Daniel Grum

Abstract Plant natural products are frequently used as chemotaxonomic markers
which are indicative of select members of a family, genus, and/or species. How-
ever, the erratic occurrence of some natural products raises questions about their
biosynthetic origin and significance as chemotaxonomic markers. Recent research
has shown that fungal endophytes associated with plants are a rich source of natu-
ral products. The objective of this review is to highlight natural products found in
plants that are reported to be derived from fungal endophytes and, when appropri-
ate, briefly comment on the plant-endophyte interaction. We will summarize current
knowledge on alkaloids synthesized by Clavicipitaceae endophytes, then on other
diverse secondary metabolites including taxol and camptothecin. Specifically, we
will highlight the role that fungal endophytes play in the synthesis of the indoli-
zidine alkaloid swainsonine and the interaction between host and endophyte.

Keywords Ergot alkaloids - Swainsonine - Taxol - Endophytes - Clavicipitaceae *
Undifilum

2.1 Introduction

Plant natural products are frequently used as chemotaxonomic markers which are
indicative of select members of a family, genus, and/or species. However, the erratic
occurrence of some natural products raises questions about their biosynthetic origin
and significance as chemotaxonomic markers. Four mechanisms could explain the
sporadic occurrence of natural products in unrelated taxa [1]: First, plant taxa may
have lost their ability to produce the natural product; second, the biosynthetic path-
ways of a natural product may have originated multiple times over evolutionary his-
tory; third, the genes responsible for the biosynthesis of a natural product may have
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been horizontally transferred between unrelated taxa [2]; or fourth, the natural prod-
uct may be produced by a microbe associated with several, unrelated plant species.
Fungal endophytes are microbes that live within plants for part of their life cycle
without causing any apparent disease symptoms [3]. Endophytes differ in their host
range, tissues colonized, in planta biodiversity, in planta colonization, mode of
transmission, and fitness benefit conferred to the host [4]. These criteria have been
used to separate endophytes into different classes. For a more detailed review of the
proposed classes of endophytes and their diagnostic criteria see Rodriguez et al. [4].
Recent research has shown that fungal endophytes associated with plants are a
rich source of natural products [4, 5]. The objective of this review is to highlight
natural products found in plants that are reported to be derived from fungal endo-
phytes and, when appropriate, briefly comment on the plant-endophyte interaction.
We will first summarize current knowledge on alkaloids synthesized by Clavicipita-
ceae endophytes (Sect. 2.2), then on diverse other secondary metabolites (Sect. 2.3).
Specifically, we will highlight the role that fungal endophytes play in the synthesis
of the indolizidine alkaloid swainsonine and the interaction between host and en-
dophyte (Sect. 2.4). The review will not highlight plant mycorrhizal relationships.

2.2 Alkaloids Derived from Clavicipitaceous Endophytes

The most studied fungal endophyte system is the symbiotic association of the fungal
endophytes in the genera Epichloé and Neotyphodium (Clavicipitaceae) with many
cool season grasses (Poaceae). Neotyphodium species are asexual and grow within
the intercellular spaces of their grass hosts, while Epichloé species represent the
sexual states of several Neotyphodium species. Neotyphodium species are strictly
vertically transmitted while Epichloé species are horizontally and vertically trans-
mitted. Epichloé species are distinguished from Neotyphodium species because they
are capable of exiting their plant hosts via the formation of sexual reproductive
stroma on plant inflorescences.

Epichloé and Neotyphodium species may produce four classes of bioactive me-
tabolites in their symbiotic associations with plants: ergot alkaloids, indole diter-
penes, loline alkaloids, and peramine (Fig. 2.1). These four classes of alkaloids
are derived from amino acid precursors, and the pathways are independent of one
another. No individual fungal endophyte has been reported to produce representa-
tives of all four classes; most produce metabolites belonging to one to three of the
chemical classes [5].

The diverse suite of metabolites in the ergot alkaloid family can be grouped
as clavines, simple amides of lysergic acid, or ergopeptines with the classification
based on the structural complexity and position in the pathway [6, 7]. Like the
ergot alkaloids, the indole-diterpenes represent a suite of products including the
terpendoles, lolitrems, and janthitrems derived from oxidation and prenylation of
a shared biosynthetic precursor, terpendole I [8, 9]. The lolines represent a fam-
ily of aminopyrrolizidine alkaloids, derived from homoserine and proline. Lastly,
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Fig. 2.1 Chemical structures of representative alkaloids produced by Clavicipitaceae endophytes
associated with the grasses and morning glory families

peramine represents a single alkaloid rather than a family of alkaloids and is derived
from a dipeptide possibly made up of arginine and a precursor to proline. Epichloé
and Neotyphodium endophytes of grasses and the alkaloids associated with this
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interaction affect herbivores and significantly impact ecological communities. For
a more detailed commentary on each of these alkaloids and their biology and the
effects of this symbiotic interaction, readers are referred to Schardl et al. [5, 10].
Not only are ergot alkaloids found in cool season grasses, but they are also pres-
ent in select taxa of the Convolvulaceae, the morning glory family [11]. The three
major types of ergot alkaloids have been detected in the Convolvulaceae [11], as
well as the lolines in one taxon of the Convolvulaceae, Argyreia mollis [12]. In
regard to the other bioactive metabolites found in grasses, there are no published
reports of any Convolvulaceae taxa containing the indole diterpenes or peramine.
However, there are a number of reports of livestock having a tremorgenic syndrome
caused by feeding on select Ipomoea species including Ipomoea muelleri and
Ipomoea asarifolia [13, 14]. These cases suggest that [pomoea species may contain
the indole diterpenes, as they are known to be tremoregenic, but this remains to be
verified. Recent research has demonstrated the presence of clavicipitaceous epibiot-
ic fungal symbionts described as Periglandula species in Ipomoea taxa [1, 15-17].
These fungi are vertically transmitted and appear to have a narrow host range, as
the described species to date occur on different plant hosts. Periglandula species
are the only clavicipitaceous fungi known to be associated with a dicot host [15].
The ecological effects of this interaction have yet to be studied; however, effects are
likely to be substantial due to the bioactivities of the endophyte-derived alkaloids.

2.3 Other Natural Products

Numerous other natural products in plants are reported to be produced by fungal
endophytes associated with the host. Some examples include paclitaxel (also known
as taxol), podophyllotoxin, deoxypodophyllotoxin, camptothecin and structural an-
alogues, hypericin and emodin, and azadirachtin (Fig. 2.2). In each of these cases,
the compounds are thought to be produced by the plant as well as an endophyte that
has been isolated from the plant host. Furthermore, in the cases of paclitaxel and
camptothecin, the biosynthetic pathways in planta have been described, and several
enzymes in the pathways have been characterized.

2.3.1 Taxol

Taxol, a taxane-type diterpene, is a tetracyclic lactam found in the genus Zaxus
[18]. All Taxus species are reported to contain taxanes. Taxol is an anticancer drug
that acts as a microtubule inhibitor. Taxol was first reported to be produced by
Taxomyces andreanae, an endophytic fungus associated with Taxus brevifolia [19].
Since then, more than 20 genera that produce taxol have been isolated, represent-
ing several species of unrelated endophytic fungi [20]. In several cases, more than
one endophytic isolate from the same host has been reported to produce taxol. In
one study of 109 endophytic isolates cultured from Taxus chinensis, 28 isolates
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Fig. 2.2 Chemical structures of other highlighted natural products reported to be produced by
endophytes

were reported to produce taxol [21]. Taxol-producing endophytes have been iso-
lated from various hosts including 7axus species, cypress [22], Wollemia pine [23],
and a variety of other non-7axus species [24, 25]. These hosts include some that are
reported to contain taxol and some that are not. None of the taxol-producing endo-
phytes has been reported to contain any intermediates that are detected in planta
for the taxol biosynthetic pathway. Furthermore, there are no reports of plant taxol
biosynthetic enzymes found in fungi. In the cases where the endophytic isolates
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were isolated from Taxus species, the authors propose that horizontal gene transfer
was responsible for the biosynthetic machinery of the plant being transferred to the
fungus, although no data are presented in support of this hypothesis. In cases where
taxol-producing endophytic isolates were isolated from hosts that are reported not
to produce taxol, the authors suggest that the endophytic isolate may have been
associated with a Taxus species, but through time came to be associated with a dif-
ferent host [23].

2.3.2 Podophyllotoxin

Podophyllotoxin, podophyllotoxin glycoside, deoxypodophyllotoxin, and related
analogues are present in four plant families: the Berberidaceae, Cupressaceae, Poly-
galaceae, and Linaceae [26]. These compounds are aryl tetralin lignans, and have
various bioactivities including but not limited to antiviral [27], anticancer [28], an-
tiproliferative [29], and insecticidal [30] properties. In fact, podophyllotoxin is in
great demand as a precursor in the synthesis of topoisomerase inhibitors that are
anticancer drugs. Recently, endophytes have been isolated from both Podophyl-
lum and Juniperus species that are reported to produce these structurally related
compounds [31-33]. In two Podophyllum species, two unrelated endophytes were
identified: in Podophyllum hexandrum the endophyte Trametes hirsuta was identi-
fied that produces podophyllotoxin, podophyllotoxin glycoside, and deoxypodo-
phyllotoxin [32], whereas in Podophyllum peltatum the endophyte Phialocephala
fortinii was identified that produces podophyllotoxin [31]. In Juniperus communis,
the endophyte Aspergillus fumigatus was identified and reported to produce deoxy-
podophyllotoxin [33]. Interestingly, in the latter two examples the authors do not
mention if the endophyte produces any of the other structurally related analogues.
In all three cases, the authors propose that horizontal gene transfer was responsible
for the biosynthetic machinery from the plant being transferred to the fungus, al-
though no data are presented in support of this hypothesis.

2.3.3 Hypericin

Hypericin is a naphtodianthrone derivative of significant medicinal value isolated
from St. John’s Wort, Hypericum perforatum [34]. Hypericin is reported to have a
number of bioactivities including but not limited to being an antidepressant [35],
anti-inflammatory, and antiviral [36]. Hypericin is a photodynamic compound acti-
vated by light, and animals consuming St. John’s Wort can suffer from primary pho-
tosensitization due to hypericin. Emodin is thought to be a biosynthetic precursor of
hypericin [36, 37]. Recently, an endophyte isolated from the inner stem tissues of
Hypericum perforatum and found to produce both emodin and hypericin was identi-
fied as Thielavia subthermophila [37].
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2.3.4 Camptothecin

Camptothecin, a pentacyclic quinoline alkaloid, has been reported from several
genera in unrelated angiosperm families [38]. For example, camptothecin has been
reported in Camptotheca spp. (Nyssaceae) [39], Ophiorrhiza spp. (Rubiaceae) [40],
Nothapodytes foetida, and Apodytes dimidiate (Icacinaceae) [41], and two genera of
the Apocynaceae and Gelsemiaceae [42, 43]. Camptothecin and its structural ana-
logues 9-methoxycamptothecin and 10-hydroxycamptothecin are potent neoplas-
tic compounds that are important because they inhibit the enzyme topoisomerase I
which is required for DNA replication and transcription [38]. In fact, two semisyn-
thetic drugs targeting different cancers are derived from camptothecin [38]. Endo-
phytes isolated from Nothapodytes foetida, Apodytes dimidiate, and Camptotheca
acuminata have been reported to produce camptothecin [44—47]. Two unrelated en-
dophytes have been isolated from Nothapodytes foetida that produce camptothecin
[44, 45]. Interestingly, separate strains of Fusarium solani that produce camptoth-
ecin were isolated from two unrelated plants (Apodytes dimidiate and Camptotheca
acuminata) [46, 47]. In two of the above examples, the isolated endophytes produce
camptothecin and its structural analogues [46, 47] while in the other two examples
camptothecin is produced, but the authors do not mention if the endophyte produces
other structurally related compounds [44, 45].

The endophyte isolated from Camptotheca acuminata was particularly intrigu-
ing because it lost its ability to produce camptothecin at the third subculture and
continued as such to the seventh generation [46]. To further investigate the loss of
camptothecin synthesis in the endophyte isolated from Camptotheca acuminata, the
authors took advantage of the fact that the biosynthetic pathway of camptothecin is
known and several enzymes in the pathway have been described [48]. The authors
identified geraniol 10-hydroxylase, secologanin synthase, and tryptophan decar-
boxylase in the Fusarium solani strain isolated from Camptotheca acuminata [48],
which were 100 % identical to the host enzymes. The authors found no evidence of
the strictosidine synthase in the endophyte, the enzyme in the biosynthethic path-
way of camptothecin that forms strictosidine from tryptamine and secologanin. The
authors proposed a cross-species biosynthetic pathway where the endophyte uses
the host strictosidine synthase. Furthermore, the authors showed that the genes in-
volved in camptothecin biosynthesis in the endophyte had undergone random non-
synonymous mutations from generation 1 to generation 7 to further explain the
inability of the endophyte to produce camptothecin and its precursors [48].

2.3.5 Azadirachtin

Azadirachtin A and its structural analogues are highly oxygenated tetranortriterpe-
noids isolated from the Indian neem or Indian lilac, Azadirachta indica [49]. These
compounds are reported to have various bioactivities, including as insecticides that
act as antifeedants and have growth-regulating properties [50]. They are found in
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all parts of the plant, with the highest concentrations in the seeds [49]. Recently, an
endophytic fungus identified as Eupenicillium parvum was isolated from the plant
host, Azadirachta indica, that was capable of producing azadirachtin A and B but
not the other structural analogues [51].

2.4 Swainsonine

Several species in the legume (Fabaceae) genera Astragalus, Oxytropis, and
Swainsona are toxic to grazing livestock in the Americas, Asia, and Australia
[52-55]. Locoism, a disease induced by prolonged grazing of some Astragalus
and Oxytropis species generally called locoweeds, was first noted by the Spanish
conquistadors, and again during the settlement of western North America by pio-
neers [52, 53, 56]. Clinical signs and pathology of locoism, a neurologic disease,
are similar in animals intoxicated by locoweed species and Swainsona species
[57, 58]. Swainsonine (Fig. 2.3), a trihydroxyindolizidine alkaloid, was first iden-
tified as the bioactive principle of the neurologic disease in Swainsona canescens,
a legume native to Australia [59], and subsequently identified as the active prin-
ciple in locoweeds [60]. Swainsonine inhibits the enzymes o-mannosidase and
mannosidase II, resulting in lysosomal storage disease and altered glycoprotein
synthesis [61, 62].

A fungal endophyte, Undifilum oxytropis, previously described as an Embellesia
species [63], is reported to produce swainsonine in locoweeds [64, 65]. The Un-
difilum genus (Pleosporaceae) is related to the genera Alternaria, Embellesia, and
Ulocladium [65]. In general, Undifilum species are associated with swainsonine-
containing Astragalus and Oxytropis species in North America and China [65-67].
Other species of Undifilum have been found and characterized in the swainsonine-
containing plant species Astragalus lentiginosus and Astragalus mollissimus [67].
Undifilum bornmuelleri, a pathogen of the legume Securigera varia [65], is re-
ported to not produce swainsonine. Undifilum species associated with locoweeds
are vertically transmitted and have no apparent sexual stage [68]. Undifilum species
appear to have a narrow host range, as different plant species are associated with
unique Undifilum species [65, 67].
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Swainsonine concentrations vary greatly among plant species, varieties and pop-
ulations, often ranging from not being detected to greater than 0.2 %. For example,
Astragalus locoweed species generally have greater swainsonine concentrations
than Oxytropis locoweed species in North America, although this depends on the
specific taxa being compared [69]. Swainsonine concentrations vary greatly among
different varieties of some Astragalus and Oxytropis species. For example, some
Oxytropis lambertii and Astragalus mollissimus varieties contain swainsonine,
while others contain very little or no swainsonine [69, 70]. Additionally, swainso-
nine concentrations vary greatly among populations, for example some populations
of O. lambertii var. bigelovii contain swainsonine while others contain very little or
no swainsonine. Furthermore, within toxic populations of locoweeds, swainsonine
concentrations vary greatly among individual plants.

Initial reports demonstrated that the endophyte usually could be cultured only
from locoweed samples, with swainsonine concentrations greater than 0.01 %, but
could be detected by polymerase chain reaction (PCR) in all samples regardless of
swainsonine concentration [69]. To further describe the plant-endophyte—swainso-
nine relationship and to investigate the differences in swainsonine concentrations
among individual plants in locoweed populations, a method was developed to quan-
titate the endophyte in plant samples. Using quantitative polymerase chain reaction
(qPCR), the amount of endophyte was measured in the Astragalus and Oxytropis
locoweeds with different swainsonine concentrations. Two chemotypes of plants
were identified, namely chemotype 1 plants, which contain swainsonine concentra-
tions greater than 0.01 %, and chemotype 2 plants, which have concentrations be-
low 0.01 % (generally near 0.001 % or not detected) (Fig. 2.4a) [71, 72]. These two
chemotypes were determined to differ significantly in the amount of endophyte they
contain, which may help to explain the difference in swainsonine concentrations of
the respective host plants (Fig. 2.4b) [71, 72].

Swainsonine and endophyte concentrations have been shown to be influenced
by the plant part [71, 72] and phenological stage of the plant [73, 74]. Swainsonine
was found in all plant parts, with greater concentrations in aboveground parts than
in below-ground parts (Fig. 2.4a); the endophyte Undifilum was also found in all
plant parts, again with greater concentrations in aboveground parts than in the root
(Fig. 2.4b) [71, 72]. The root crown has endophyte amounts equivalent to aboveg-
round parts, which we believe may serve as a reservoir for the endophyte for the
following year’s growth, as many locoweeds are perennial plants [71, 72]. Swainso-
nine concentrations are greatest in floral parts and seeds [73]. This is consistent with
the optimal defense theory of protecting reproductively valuable plant and endo-
phyte tissues. Swainsonine and endophyte amounts in aboveground parts increase
throughout the growing season until the plant reaches maturity [73, 74]. As plants
senesce, swainsonine concentrations decrease significantly [73]. Swainsonine and
endophyte amounts are highly correlated over the growing season, suggesting the
endophyte amount plays a critical role in determining swainsonine concentration in
the plant [73].

Three mechanisms were proposed that may explain the origin of chemotype
2 plants in Astragalus and Oxytropis locoweeds [72]. First, different endophyte
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genotypes distributed across host plants may account for differences in swain-
sonine accumulation. However, recent work does not support this suggestion, as
we have reported that the internal transcribed spacer (ITS) of the rDNA region of
Undifilum spp. from three locoweed species are identical between chemotype 1
and 2 plants [72].
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Second, plants with no detectable or very low swainsonine concentrations may
have arisen, due to imperfect transmission of some critical amount of the endophyte
to the seed or seedling [72, 75] that is required for new plants to be colonized and
produce concentrations of swainsonine characteristic of chemotype 1 plants. To test
this, the transmission of the endophyte in these two chemotypes was investigated.
Seeds derived from chemotype 1 and chemotype 2 plants were germinated and the
chemical phenotype of the resulting plants was evaluated. Progeny derived from the
seeds of chemotype 1 plants had swainsonine concentrations consistent with both
chemotype 1 and chemotype 2 plants, demonstrating imperfect transmission. All
progeny derived from seeds of a chemotype 2 plant had swainsonine concentrations
consistent with chemotype 2 plants [76], suggesting that these seeds may lack some
critical amount of endophyte.

Third, low swainsonine chemotype 2 plants may suppress endophyte growth and
thus alkaloid production due to a plant genotype by endophyte interaction similar to
that observed in grasses [72, 77, 78]. To investigate this possibility further, swain-
sonine and endophyte amounts were investigated in seeds derived from chemotype
1 and chemotype 2 plants. Seeds derived from a chemotype 1 plant had greater
swainsonine and endophyte amounts than seeds derived from a chemotype 2 plant.
We hypothesized that seed endophyte amounts were a critical factor in determining
the swainsonine concentration in the resulting plant. To address this hypothesis,
we investigated if plants derived from chemotype 1 seeds could have swainsonine
concentrations like chemotype 2 plants by reducing the amount of Undifilum in
chemotype 1 seeds [79]. Furthermore, we investigated if plants derived from che-
motype 2 seeds could have swainsonine concentrations like chemotype 1 plants by
inoculating chemotype 2 embryos with Undifilum [79]. Plants derived from che-
motype 1 seeds, where the amount of endophyte was reduced by seed-coat removal
and fungicide treatment, had swainsonine and endophyte amounts consistent with
chemotype 2 plants (Fig. 2.5). On the other hand, plants derived from Undifilum-
inoculated chemotype 1 and chemotype 2 embryos had swainsonine and endophyte
amounts consistent with chemotype 1 plants (Fig. 2.5). Similar results were seen
for A. lentiginosus and A. mollissimus. This suggests that endophyte amount at seed
germination is a determining factor if a plant exhibits a swainsonine chemotype 1
or 2. If the plant endophyte by genotype interaction is a key determinant, one may
expect that plants derived from inoculated chemotype 2 embryo would have swain-
sonine and endophyte amounts similar to a chemotype 2 plant.

Concentrations of swainsonine are reported to differ among populations of
Oxytropis sericea. For example, mean concentrations were approximately three
times greater in plants from Cuchara, CO (0.40%) than plants from Park Valley,
UT (0.15%) [80]. Differences in concentrations among populations may be due
to the environment, genotype of the plant, and/or endophyte, or some combination
of these factors. To identify the contributing factor(s) responsible for the observed
swainsonine differences, plants were grown in a common garden. Swainsonine con-
centrations were different between the two populations in plants grown in a com-
mon garden [80]. The endophyte cultured from each population produced different
amounts of swainsonine in vitro when grown under common culture conditions
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Fig. 2.5 Swainsonine concentrations in Oxytropis sericea across different seed treatments. Mean
swainsonine concentrations (%, = SE) from plants grown after each seed treatment: C/ CTL (plants
derived from control chemotype 1 seeds), C2 CTL (plants derived from control chemotype 2
seeds), C1 RSC (plants derived from chemotype 1 seeds where the seed coat was removed), C/
FUNG (plants derived from chemotype 1 fungicide-treated seeds), C/ HEAT (plants derived from
chemotype 1 heat-treated seeds), CI RSC INOC (plants derived from endophyte-inoculated che-
motype 1 embryos), and C2 RSC INOC (plants derived from endophyte-inoculated chemotype 2
embryos). Y axis shows a break from 0.005 % swainsonine to 0.1 %. Different letters above each
bar represent significant differences at P<0.05 [77]

[80]. Furthermore, a cross-inoculation experiment was performed [80], wherein the
endophyte from one population was inoculated to the embryo from the other loca-
tion, and vice versa. Results from this experiment and others clearly demonstrated
that the endophyte amount was responsible for differences in swainsonine concen-
tration between the two populations, not plant genotype or differences in endophyte
amount.

Limited studies exist regarding the ecological benefit or role of swainsonine and
the influence of environmental conditions on swainsonine production. Swainsonine
does not deter grazing; in fact, animals take 2-3 weeks to show clinical signs and
continue grazing locoweeds after becoming intoxicated [81]. Furthermore, swain-
sonine concentrations are reported not to change in response to the clipping used to
simulate herbivory [82]. Swainsonine has not been reported to be bioactive against
insects, fungi, or bacteria; one preliminary study suggested that it has no effect on
a native weevil herbivore of locoweeds [83]. Legumes are known for forming sym-
bioses with nitrogen-fixing bacteria, and investigators found that swainsonine con-
centrations were greater in plants inoculated with one strain of Rhizobium but not
others, which suggested an interaction between the two classes of symbionts [84].
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An alternative interpretation is that the host may have increased substrate avail-
ability for swainsonine production due to the improved nitrogen status. However,
another report showed no consistent differences in swainsonine concentrations
across locoweed taxa with deficient or adequate nitrogen, when nitrogen was sup-
plied through fertilizer [85]. Lastly, water stress was shown to result in increased
swainsonine concentrations in some locoweed species, but not others [86]. Thus,
the ecological role of swainsonine for the endophyte and/or plant remains unclear,
and swainsonine production does not appear to respond in a consistent manner to
variation in environmental conditions experienced by the plant.

The following observations support that swainsonine is a fungal-endophyte-de-
rived secondary metabolite in locoweeds, and is not produced by the host plant: (1)
Astragalus and Oxytropis species that contain swainsonine are infected with Un-
difilum species; (2) plants derived from Astragalus and Oxytropis embryos where
the seed coat was removed have no detectable swainsonine, or have concentrations
less than 0.001% [68, 79]; (3) plants derived from fungicide-treated Astragalus
and Oxytropis seeds have no detectable swainsonine or have concentrations less
than 0.001% [79]; (4) Undifilum species isolated from locoweeds produce swain-
sonine in vitro [64]; (5) plants derived from Undifilum-inoculated embryos have
swainsonine concentrations greater than 0.01 % [79]; and (6) rats fed U. oxytropis
developed lesions and clinical signs similar to those fed swainsonine-containing
O. lambertii [87].

In addition to the Astragalus and Oxytropis species, swainsonine has been reported
in the Fabaceae genus Swainsona and two other plant families, the Convolvulaceae
and the Malvaceae. As mentioned previously, swainsonine was first isolated from
S. canescens, and some other Swainsona species including Swainsona galegifolia and
Swainsona greyana contain swainsonine [88]. In the Convolvulaceae, some Ipomoea
and Turbina species, including Ipomoea carnea, Ipomoea riedelli, Ipomoea seri-
cophylla, and Turbina cordata have been reported to contain swainsonine [89-91].
Only a single species of Malvaceae, Sida carpinifolia, has been reported to contain
swainsonine [92]. Like the legumes, swainsonine was identified in the plant species
associated with these families due to livestock poisoning and subsequent economic
impact. The presence of swainsonine in these species may be a case of convergent
evolution or horizontal gene transfer; however, due to the sporadic occurrence of
swainsonine in these genera, it seems likely that a swainsonine-producing fungal en-
dosymbiont is associated with these taxa that contain swainsonine.

Swainsonine is reported to be produced by Undifilum species (Pleosporales)
associated with locoweeds, and additionally by two phylogenetically disjunct fungi
not associated with plants as endophytes. Rhizoctonia leguminicola (Cantharellales)
is a fungal pathogen of red clover (7rifolium pratense) that causes black patch
disease in the plant, and Metarhizium anisopliae is an entomopathogen that attaches
to the outside of an insect, grows internally, and causes death (Hypocreales)
[93, 94]. As a result, we hypothesized that a fungal endosymbiont may be associ-
ated with swainsonine-containing Swainsona and Ipomoea species. Furthermore,
we speculated that it may be vertically transmitted and thus associated with seeds.
To investigate this possibility, seeds from S. canescens and I. carnea were surface
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sterilized and placed on media to culture any seed-associated endophytes. Both
plant species yielded a single endosymbiont that produced swainsonine in vitro.
Each endosymbiont was detected by PCR and recovered by culturing from swain-
sonine-containing plant material from each respective species. Lastly, preliminary
data suggest that these endophytes are vertically transmitted and have a narrow host
range. The endosymbiont from S. canescens was characterized by morphologic and
phylogenetic methods and represents a novel species of Undifilum. The endosym-
biont from I. carnea belongs to the Ascomycete order Chaetothyriales and is not
phylogenetically similar to any described fungi [95]. Furthermore, I. carnea plants
derived from fungicide-treated seeds lack swainsonine, further demonstrating that
the endosymbiont, but not the host plant, produces swainsonine [95]. These studies
[95] provide more evidence that the presence of swainsonine in plants is associated
with the presence of a vertically transmitted endosymbiont.

2.5 Summary

Recent research has increasingly shown that fungal endophytes associated with
plants are a rich source of diverse natural products found in plants. The alkaloids,
derived from the Clavicipitaceae endophyte association with grasses, and the morn-
ing glories represent one of the more well-studied examples of natural products
derived from endophytes. The indolizidine alkaloid swainsonine and the association
between swainsonine-containing plant hosts with the associated endophytic fungi
represents a parallel example where only the endophyte, not the host plant, produc-
es the alkaloid. One of the most striking differences between the two systems is that
all vertically transmitted endophytic fungi that produce the ergot alkaloids, indole
diterpenes, lolines, and peramine are derived from Clavicipitaceae, regardless of
the plant family with which they are associated. In contrast, vertically transmitted
endophytes that produce swainsonine are derived from different fungal orders that
form relationships with specific plant families. In the light of this observation, the
evolutionary history of the swainsonine biosynthetic pathway in these diverse fungi
is particularly intriguing.

In regard to the other natural products discussed here, future work is needed to
further describe the interaction between the plant hosts and fungal endophytes. In
most of these examples, an endophyte was simply isolated from the plant host that
produces the natural product of interest. Additionally, in most of these examples
there was evidence that the plant host produced the natural product as well, so hori-
zontal transfer of the biosynthetic pathway to the fungal endophyte was proposed.
If these cases are verified as reported, this represents a tremendous example of hori-
zontal gene transfer to various unrelated fungi in which all the biosynthetic genes
are functionally transferred. These examples are thus fundamentally different from
the Clavicipitaceae endophyte association and the Undifilum endophyte association
wherein the endophytes found in related plant taxa are also related.
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Chapter 3
Lectins from Medicinal Plants: Bioeffectors
with Diverse Activities

Alexander V. Timoshenko, Irina V. Gorudko and Hans-Joachim Gabius

Abstract Lectins represent a family of glycan-binding proteins that are differen-
tially expressed in various plant tissues and organs. As a component of traditional
herbs, some purified plant lectins are known to possess immunomodulatory, cyto-
toxic, and anticancer activities with a potential biomedical application. In this chap-
ter, we summarize our procedures for lectin isolation from medicinal plants and
methods for lectin screening and biotesting based on a variety of cellular responses
(cell aggregation, generation of hydrogen peroxide, and secretion of vascular endo-
thelial growth factor C). The importance of detecting and characterizing lectins in
herbal preparations is discussed in the context of safety and efficacy of lectin-based
phytotherapeutical approaches.

Keywords Cancer - Innate immunity - Lectins - Medicinal plants - Phytochemicals

3.1 Introduction

Cellular glycans are increasingly recognized as a versatile basis to store and transmit
biological information [1]. Due to this appreciation of sugars as the third alphabet of
life forming the sugar code [1, 2], the ways sugar-encoded information is translated
into cellular effects have become an attractive study area. A key role in this pro-
cess is played by lectins, glycan-binding proteins, which are neither glycoenzymes
such as glycosyltransferases or glycosidases, nor glycan-specific antibodies, nor
transporters for free glycans [2]. Starting with H. Stillmark’s pioneering work on
a respective activity in Ricinus communis in 1888, plants have proven to be a rich
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Table 3.1 The list of medicinal plants specified in 2012 US Pharmacopeia that contain lectins
based on a search of peer-reviewed sources on PubMed

Latin name of plants PubMed hits* Lectin MW, Nominal glycan-binding  References
(all/lectin) kDa specificity
Aesculus hippocastanum  368/2 132 O-glycan [12]
Allium sativum 4,119/75 25, 24,48 o(1—3)Man [13-15]
Curcuma longa 1,664/11 19.6, 20.3, 404 Man [16]
Glycine max 21,088/923 110 GalNAc [17]
Trifolium pratense 1,192/5 ND ND [18]°
Urtica dioica 332/49 8.3-9.5 (GleNAc)n [19, 20]
Vitis vinifera 1,469/2 11.9-13.2 p-nitrophenyl B-D-Gal/Glc [21]
Withania somnifera 521/3 30 ND [22]
Zingiber officinale 1,724/4 16.2 Man [23]

2 The search was performed using first Latin names of the plants as key words and then in their
combination with “lectin” as second key word

® In silico analysis

ND not determined

source for lectins, then referred to as phytohaemagglutinins because of their capac-
ity to agglutinate erythrocytes in a carbohydrate-dependent manner [3]. The highest
concentration of lectins is usually detected in seeds, for example with 2.1 g/100 g
in beans [3]. With purification yields in this range, it is evident why these glycan-
binding proteins have become a popular tool for structural research [1-3].

The enormous toxicity of certain lectins, especially the AB toxins such as ricin,
and also other activities on mammalian cells such as mitogenicity or the simple ca-
pacity to define aspects of the glycophenotype have made plant lectins study objects
in biomedicine. Owing to their stability, they maintain their active form in vivo even
after consuming a lectin-containing meal, e.g., with roasted peanuts [4]. Of inter-
est in this context, purified plant lectins are known to affect aspects of functional
activity of mammalian cells that are associated with immunomodulation (e.g., mi-
togenic stimulation of lymphocytes, activation of innate immunity, production of
cytokines, and growth factors) [5—-8], by virtue of binding to distinct glycans, e.g.,
o 2,3/6-sialylated N- and O-glycans. Detailed glycan mapping, with plant lectins
as sensors, in combination with tissue lectins, has been instrumental to define, for
instance, the master-regulator potency of a tumor suppressor which downregulates
o 2,6-sialylation [9, 10]. Along this line, the significance and role of a lectin com-
ponent in medicinal plants can deserve attention in phytopharmacology, despite the
relatively low content of lectins in traditional pharmacopoeial materials, e.g., leaves
and flowers. As a consequence, available information about lectins in medicinal
plants that are listed in national pharmacopeias is rather limited [11]. In particular,
a PubMed-based search (December 2012) on lectins (also using the synonymous
term “agglutinin”) in 43 herbs from Dietary Supplements Official Monographs of
the 2012 US Pharmacopeia has revealed that information about lectins in medicinal
plants is available only for ~ 21% of the listed herbs (Table 3.1) [12-23].

Of interest in this context, the market in Central and Eastern Europe offers a vari-
ety of so-called lectin-containing herbal teas that are based on medicinal plants such
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as Agastache rugosa (wrinkled giant hyssop), Calendula officinalis (pot marigold),
Hypericum perforatum (St. John’s wort), Salvia officinalis (sage), Melissa officina-
lis (lemon balm), Mentha piperita (peppermint), Nepeta cataria (catmint), and Zea
mays (corn silk). To the best of our knowledge, no peer-reviewed publications on
lectin composition in the aqueous extracts of the above-mentioned plants, except
for Z. mays seeds but not silk, are available in PubMed, and thus the significance of
leaf lectins is unclear. In fact, recent studies have identified several leaf lectins with
potential antimicrobial and antiproliferative properties in medicinal plants including
Morus and Schinus species [24, 25]. To date, only one leaf lectin, a galactoside-bind-
ing lectin (agglutinin) from mistletoe leaves (Viscus album agglutinin, VAA), was
examined rather rigorously as a drug. Based on a purely spiritual concept, mistletoe
extracts had been suggested to be able to cure cancer by acting on the dysbalance be-
tween nonmaterial spheres within the patient’s personality [26]. Biotesting of the pu-
rified galactose-binding lectin from clinically approved mistletoe extracts had shown
that its application in ng quantities had diverse immunomodulatory effects both in
vitro and in vivo, including the increase in secretion of cytokines such as interleu-
kin-6, which has a potential to stimulate tumor growth [7, 27, 28]. When increasing
the concentration, mistletoe lectins were shown to be cytotoxic for tumor and normal
cells alike [29]. Overall, these studies indicate that many medicinal plants may con-
tain biologically active lectins that warrant investigation. To this end, methods for
lectin isolation and characterization must be established and optimized. The purpose
of this chapter is to summarize our ongoing work in this field, first illustrating the
procedure for lectin isolation (Sect. 3.2), then the assays used for biotesting of plant
lectins in different cellular systems, e.g., isolated human blood cells (Sects. 3.3 and
3.4) and cancer cells (Sects. 3.5 and 3.6). Special aspects covered are applicability of
lectins from medicinal plants and the specification of different levels of lectin-medi-
ated modulation of selected cellular responses, such as cell aggregation (Sect. 3.3),
hydrogen peroxide generation (Sect. 3.4), and vascular endothelial growth factor C
(VEGF-C) secretion (Sect. 3.5). Based on this, it will be discussed whether treatment
with a lectin immunomodulator can cause harmful effects in vivo (Sect. 3.6).

3.2 Isolation of Lectins from Medicinal Plants

A gold standard for lectin isolation is glycan-based affinity chromatography, which
will need to be optimized for each protein studied. Such work is outlined in this
section for the mistletoe lectin VAA, with an eye on yield [30]. To start with an im-
portant aspect of this technique, the proper matrix should be selected and substituted
with covalently attached glycans using a spacer of sufficient length and flexibility to
bind lectins. To isolate the galactoside-binding lectin from mistletoe leaves, we have
employed Sepharose 4B with immobilized lactose. The preparation of this affinity
matrix included activation (50 mL, rinsed with 1 L of distilled H,O and then 0.5 M
Na,CO, buffer, pH 11) with 6 mL divinyl sulfone for 90 min. The divinyl sulfone-
activated resin was then mixed with a solution of 20% lactose and left overnight
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Fig. 3.1 Isolation and characteristics of Gal-binding lectin from mistletoe leaves. a Main steps of
the lectin purification. b SDS-PAGE gel of purified VAA showing the presence of glycan-binding
B subunit (34 kDa) and two closely related toxic subunits Al (28.5 kDa) and A2 (29.5 kDa);
protein standards were bovine serum albumin (66 kDa), egg albumin (45 kDa), B-lactoglobulin
(18.4 kDa), and a-lactoglobulin (14.2 kDa)

under gentle rotation or stirring for lactose immobilization. Final steps of Sepharose
4B-lactose resin preparation required consecutive washes with distilled H,0, 0.5 M
NaHCO; buffer (pH 8.5), 2 h treatment with 4% B-mercaptoethanol to block any
residual activated groups, and finally extensive washes with distilled H,O and then
20 mM phosphate-buffered saline (PBS, pH 7.2) to completely remove any reagents.

Figure 3.1a shows the flow chart for isolation of VAA using the Sepharose 4B-
lactose affinity matrix prepared as described above. All steps were performed at room
temperature if not otherwise indicated. First, 100 g of dried leaves of V. album from
a local drug store were macerated overnight in 400 mL of 20 mM PBS (pH 7.2), ho-
mogenized with additional 200 mL of PBS in a blender for 3 min, and filtered through
a Buchner funnel. Second, the filtrate was centrifuged at 14,000 rpm for 20 min at
4 °C, in a Beckman J2-21 centrifuge (JA-14 rotor), and the supernatant was mixed
with 30 mL of the Sepharose 4B-lactose matrix. The mixture was incubated over-
night in a cold room (4 °C) with gentle shaking. Third, a glass column (2.5 7 cm)
was filled with the gel suspension, washed with 600 mL PBS (flow rate of 150 mL/h),
and, after washing thoroughly, VAA was eluted (rate of 50 mL/h) with 150 mL of
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0.3 M lactose in PBS (pH 7.2). Fourth, the eluate was concentrated down to 10 mL
in an Amicon ultrafiltration cell 8200 (YMS5 membrane), dialyzed first against PBS
(3 days with daily buffer exchange of 2 L) and then distilled H,O (day 4), aliquoted
at 500 pg, frozen and lyophilized. The entire isolation procedure lasted 1 week and
can result in 4-6 mg/100 g d.w. of mistletoe leaves. The purity of the lectin attained
was confirmed by SDS-PAGE as described by Laemmli [31] using vertical slab
gels (10x7x0.1 cm) that combined a 4 % stacking gel (length is 1.5 cm) and 10%
separating gel (length is 8.5 cm). The gels were run at a constant current of 20 mA
in a Mini-PROTEAN system and stained using AgNO, as described elsewhere [32].
This isolation method produced the heterodimer with molecular weight of 62 kDa
that consists of a carbohydrate-binding B subunit (34 kDa) and a mixture of two
slightly different toxic subunits A1 and A2 of 28.5 kDa and 29.5 kDa, respectively
(Fig. 3.1b). The toxicity of A subunits is based on their ability to inactivate eukary-
otic ribosomes by cleaving a single N-glycosidic bond at adenosine-4324 of 28S
rRNA [33]. Further analysis of the lectin revealed a concentration-dependent equi-
librium in the quaternary structure and preferential lectin activity to the so-called Tyr
site in the dimer [34, 35].

3.3 Lectin-Induced Cell Aggregation Assay

Cell aggregation or agglutination activity is a ‘natural’ property of many lectins,
because they can serve as molecular bridges between cell surface glycans of con-
tacting cells, if harbouring more than one glycan-binding site as VAA does [36]. As
such, the lectin-induced aggregation assay senses the accessibility of reactive gly-
cans on the cell surface. To run this assay, lectins (usually 1-50 pg/mL) are added
to the suspension of isolated human/animal cells (1-5 x 10° cells/mL) in a balanced
saline solution (PBS or HBSS). The formation of cell aggregates can be detected
microscopically and spectrophotometrically by recording changes in the turbid-
ity of cell suspensions [37]. Microscopic detection, although mostly qualitative, is
however required to ascertain the formation of cell aggregates (Fig. 3.2a—c). Turbi-
dimetric cell aggregation assay is quantitative and requires respective equipment,
i.e., cell aggregometers, which are available from several suppliers such as SOLAR
(Minsk, Belarus) or Chrono-Log (Havertown, PA), or any spectrophotometer with
stirring and temperature-controlled cell.

Figure 3.2d, e (trace 1) show the courses of aggregation of human neutrophils
(2 %108 cells/mL) by two lectins with different glycan-binding properties, i.e., VAA
(5 pg/mL) and wheat germ agglutinin (WGA) (50 pg/mL). Both lectins induced
increase in light transmission of cell suspensions at 560 nm. This increase correlates
well with microscopic observations of either individual cells or cell aggregates in
the absence and presence of lectins, respectively (Fig. 3.2a, b). The glycan-binding
specificity of lectins can also be measured in an aggregation assay by adding in-
hibitory (or haptenic) sugars prior or together with lectin(s). For example, as seen
in Fig. 3.2d, e (trace 2), the aggregation response to VAA is inhibited by lactose
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Fig. 3.2 Microscopical and turbidimetric detection of lectin-induced aggregation of human neu-
trophils. a Control suspension of neutrophils (2 x 10° cells/mL). b neutrophil aggregates formed in
response to VAA (5 pg/mL) at 10—15 min corresponding to the plateau phase of the aggregation
response. ¢ VAA-induced neutrophil aggregates after addition of lactose to a concentration of
55 mM to cell aggregates at the plateau phase. d and e aggregation kinetics of human neutrophils
recorded as changes in the light transmission of cell suspensions at 560 nm after the addition of
VAA (5 pg/mL) and WGA (50 pg/mL), respectively: / a regular kinetics of lectin-induced cell
aggregation, 2 inhibition of cell aggregation by haptenic sugars added before lectins (55 mM lac-
tose to inhibit VAA and 100 mM GlcNAc to inhibit WGA), 3 formation of HSR contacts as proven
by adding haptenic sugar to cell aggregates (indicated by arrow), 4 inhibition of HSR contacts in
the presence of N-ethylmaleimide (50 uM) as revealed by cell aggregate dissociation induced by
haptenic sugars (reproduced with permission from [37]). Bar=100 pm (a—c)

(55 mM), whereas the aggregation response to GlcNAc-binding WGA is inhibited
by GlcNAc (100 mM). Haptenic sugars can also be added in the course of the ag-
gregation reaction, stopping cell aggregation or inducing dissociation of cell aggre-
gates (Fig. 3.2d, e, trace 3). Remarkably, not all lectin-induced cell aggregates can
be dissociated by haptenic sugars, indicating that additional intercellular contacts
could be formed in response to lectins as demonstrated earlier [38—41]. Such lectin-
inducible haptenic-sugar-resistant (HSR) contacts resulted from activation of trans-
membrane signaling in cells, because they can be inhibited by compounds [39, 40]
that affect signaling pathways involved in cell adhesion [42]. For example, a very
efficient inhibitor of HSR contacts is the sulthydryl-blocking reagent N-ethylma-
leimide, addition of which leads to dissociation of cell aggregates in the presence of
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haptenic sugars (Fig. 3.2d, e, trace 4). It should be noted that lectin-induced increase
in cell adhesion and expression of adhesion receptors was documented for human
eosinophils and monocytes [43, 44]. Thus, analysis of cell aggregation and dissocia-
tion responses enables detecting both the presence of lectin-binding glycans on the
cell surface and the ability of lectins to link counterreceptors, a process which can
lead to stimulation of transmembrane signaling in cells. This approach is especially
important for lectins from medicinal plants, because it provides a powerful and
rapid method for screening lectins with potential immunomodulatory activity, for
testing immune cells such as neutrophils and lymphocytes. To quantify the extent of
cell aggregation and disaggregation, three parameters are suited, i.e., the maximal
rate of cell aggregation based on the slope of the aggregation curve, the maximal
extent of aggregation based on the light transmission plateau, and the stability of
lectin-induced cell aggregates based on the response to haptenic sugars [37]. Inter-
estingly, while there was a significant correlation between the aggregation rate and
extent, the stability of lectin-induced aggregates, for obvious reasons, did not corre-
late in the majority of cases with those of the two conventional aggregation indices.

3.4 Lectin-Induced Generation of Hydrogen Peroxide
by Human Neutrophils

Many plant lectins are able to activate plasma membrane NADPH oxidase, a piv-
otal enzyme complex of phagocytic cells (neutrophils, eosinophils, and macrophages)
which generates superoxide anion radicals [45]. Superoxide radicals are dismutated
spontaneously or enzymatically into H,0,, which is often used as an indicator of the
phagocyte NADPH oxidase activity [6, 46]. The biological importance of this special
oxidase is to make an effector in innate immunity available, because this reactive
oxygen species contributes to the inactivation of pathogens taken up by phagocytosis
[47]. The functionally active NADPH oxidase complex is assembled in cholesterol-
enriched lipid rafts with plasma membrane flavocytochrome b558 (heterodimer of
p22phox and gp91phox) and four cytoplasmic subunits (p40phox, p47phox, p67phox,
and Rac) [48]. The only glycosylated component of this complex is gp91phox
(NOX?2), which is a key catalytic subunit and a founding member of NOX family of
NADPH oxidases [48, 49]. We demonstrated that the sustainability of lectin-induced
generation of H,0, by human neutrophils depends on whether or not lectins interact
with cytochrome b558, i.e., its glycosylated subunit gp91phox, and this interaction
minimizes a requirement of presentation in lipid rafts [50]. This aspect of lectin activ-
ity can be disclosed by examining H,O, generation by human neutrophils treated with
drugs impairing the integrity of lipid rafts, e.g., with methyl-B-cyclodextrin which
removes cholesterol from the cells without abolishing their viability [50].

A convenient assay of the phagocyte NADPH oxidase activity utilizes scopoletin,
a fluorescent substrate of horseradish peroxidase (HRP) [6, 46]. To run this assay, neu-
trophils are used at a concentration of 1 x 10° cells/mL in PBS or HBSS (pH 7.2-7.3)
containing 1 pM of scopoletin, 20 pg/ml of HRP, and 1 mM of NaN,. Sodium azide
is an optional component and included to inhibit endogenous myeloperoxidase and
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Fig. 3.3 Lectin-induced oxidation of scopoletin by human neutrophils as a measure of H,0, gen-
eration. a and b Cell responses to GalNAc-binding lectin from Caragana arborescens (50 pg/mL)
and NeuNAco2,6Gal/GalNAc-binding lectin from Sambucus nigra (50 pg/mL): I basal oxida-
tion, 2 lectin-induced oxidation, 3 lectin-induced oxidation in the presence of 10 mM methyl-f-
cyclodextrin. ¢ and d dose-dependent effects of lectins from Caragana arborescens (CAA) and
Sambucus nigra (SNA) on scopoletin oxidation in the absence and presence of 10 mM methyl--
cyclodextrin. Error bars were included for only one tested concentration on cells isolated from at
least 3—5 donors. The reaction was performed in suspensions of human neutrophils in PBS, pH 7.2
(106 cells/mL) supplemented with 1 pM scopoletin, 20 pg/mL horseradish peroxidase, and 1 mM
NaN; at 37 °C. (Reproduced with permission from [507)

catalase activity that provides better conditions for the detection of total H,O, pro-
duction. To start the reaction, a lectin is added (final concentration ranges from 1 to
50 pg/mL) to 1.5-2 mL of the stirred cell suspension at 37 °C, and the kinetics of
scopoletin oxidation is recorded as a decrease in fluorescence intensity at 460 nm
(excitation at 350 nm) (Fig. 3.3). The quantification of lectin-induced H,O, genera-
tion yields two parameters; these are the maximal rate of scopoletin oxidation based
on the slope of the kinetics and the lag-period, i.e., the initial time required to as-
semble NADPH oxidase complex. To infer whether lectins interact with gp91phox,
the neutrophils are treated with methyl-f-cyclodextrin (extracting cholesterol from
lipid microdomains; 10 mM) for 10 min at 37 °C and the regular response to lec-
tins is measured. Methyl-B-cyclodextrin-induced inhibition of the lectin response
suggests no direct interaction between lectin and flavocytochrome b558, while the
sustained or increased H,O, generation implies an interaction. Figure 3.3 shows the
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corresponding kinetics and dose-dependent curves for two experiments with lectins
from Caragana arborescens and Sambucus nigra, with opposite properties.

3.5 Lectin-Induced Secretion of VEGF-C by Cancer Cells

Binding of lectin with cells can induce the secretion of diverse types of immune
modulators and cytokines having been noted above [27, 28]. This cellular response
can be harmful in vivo as implied by an ongoing paradigmatic shift considering the
tumor-promoting activity spectrum of some cytokines [51, 52]. To substantiate this
concept, we present respective experimental data, first introducing a rather novel
activity in this context. A dysregulated presence of growth factors required for an-
giogenesis and lymphangiogenesis is considered as a signature of cancer cells that
require an efficient vascular system in tumors [53]. We showed that overproduc-
tion of VEGF-C, which is a major lymphangiogenic factor, is a feature of highly
metastatic human breast cancer cell line MDA-MB-231 [54]. The level of VEGF-C
in the cell culture medium may reach up to 10 ng/mL as can be readily measured
by commercially available ELISA kits. Plant lectins with different glycan-binding
properties were able to stimulate VEGF-C secretion by MDA-MB-231 cells, to a
similar extent as human lectins (Fig. 3.4), what may also suggest a protumoral as-
pect of activity of these lectins. However, interpretation should be done cautiously
for at least two reasons: First, there was evidence that other breast cancer cell lines
(MCF7 and T-47D) showed differential responses to galectins and concanavalin
A [55] and second, VEGF-C can mediate alternative functions in vivo affecting
the permeability of blood vessels [56] and activating o’B' integrin and neuropilins
that are involved in cell migration [57]. Thus, VEGF-C testing with cancer cells is
an example of an assay for lectins from medicinal plants to gain insights on their
biomedical potential. To decide on in vivo benefit or problems, animal models will
provide salient information.

3.6 Tumor-Promoting Effects of Mistletoe Lectin In Vivo

In order to address the issue on potentially harmful effects of immunomodulation,
a lectin can be tested at doses effective to increase cytokine levels. Such work has
been done for the mistletoe lectin in two animal models. First, long-term VAA
therapy was used to treat urinary bladder carcinomas in rats induced by N-methyl-
N-nitrosourea or N-butyl-N-(4-hydroxybutyl)-nitrosamine [58, 59]. The standard
regime of subcutaneous injections of VAA (1 ng/kg body weight, biweekly) was
applied for 15 months. In both cases, no protection against chemically induced
bladder carcinomas was noticed. In contrast, evidence for tumor stimulation was
obtained. Second, short-term VAA therapy was applied to a breast cancer model in
C3H/Hel mice, which were transplanted with a metastatic C3L5 mammary adeno-
carcinoma cell line [52]. This model provides a convenient in vivo tool to monitor
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Fig. 3.4 Effect of plant
lectins and human galectins
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tumor growth over a period of few weeks. While tumor growth was inhibited by the
routine intraperitoneal administration of interleukin-2, subcutaneous injections of
VAA (1 ng/kg body weight biweekly) promoted tumor growth and the incidence of
lung metastasis (Fig. 3.5). The C3L5 cell line, which was used in this study, is char-
acterized by a high metastatic activity resulting most likely from high cyclooxygen-
ase-2, eNOS, and VEGF-C/VEGF-D expression [52, 60] that may make it sensitive
to lectin-induced cytokines. Potential of growth stimulation in human histocultures
[29] further adds to the notion that the actual physiological context determines the
outcome of lectin application. It is therefore mandatory to rigorously exclude any
risk potential of an immunomodulatory application (primum non nocere).

3.7 Conclusions

Medicinal plants in many cases contain lectins. They can readily be isolated using
affinity chromatography, as demonstrated for a galactoside-binding lectin from
mistletoe leaves. As a part of aqueous extracts, these lectins may contribute to the
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Fig. 3.5 Effects of intraperitoneal injection of interleukin-2 (IL-2, 6 10* U every 8 h during 5
days, followed by a 4-day recess and then a similar 5-day round) and subcutaneous (s.c.) injections
of VAA (1 ng/kg body weight, biweekly), as well as their combination on tumor growth after s.c.
inoculation of 5 x 10° C3L5 cells in C3H/HeJ female mice. Starting at 1 week after tumor transplan-
tation, the minimal and maximal diameters (a and b) of the tumors were measured on alternate days
using digital calipers and the tumor volume was calculated according to the equation ¥'=0.52ab.
Data indicate mean+standard error (n=6-10). (Reproduced with permission from [52])

activity profile of herbal medications, which needs to be thoroughly assessed. As
instructive examples, different features of activity can be examined, e.g., using the
aggregation assay in conjunction with inhibitory sugars and assays measuring the
production of regulatory molecules such as reactive oxygen species and growth
factors. In vivo work, as shown, is essential to identify and exclude harmful conse-
quences that may arise from an administration of lectin-containing extracts. The set
of methods that we have described in this chapter can thus be applied for screening
and characterizing lectins in medicinal plants, with the aim of lectin-based assess-
ment and standardization of herbal extracts, required to ensure optimal efficacy and

herbal medicine safety.
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Bioactive Phytochemicals from Canadian
Boreal Forest Species Used Traditionally
by Eastern James Bay Cree Aboriginals
to Treat Diabetes Mellitus
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Abstract Type-2 diabetes mellitus is a chronic metabolic disorder characterized
by impaired insulin secretion and sensitivity, and is more pronounced among some
indigenous populations due to their transition from traditional to modern diets,
as well as their cultural disconnection from modern pharmacological treatment
regimes. This is the case for the Cree Nations of Eeyou Istchee (CEI) of northern
Quebec, where the age-adjusted prevalence of disease reached 29 %. The Canadian
Institutes of Health Research Team in Aboriginal Antidiabetic Medicines is a multi-
disciplinary team aimed at alleviating the impact of this disease in the CEI by using
a culturally adapted approach. A quantitative ethnobotanical study of traditional
medicines conducted by our team in collaboration with Healers and Elders resulted
in the identification of several potential antidiabetic plants. The crude extracts of
these plants were tested in a comprehensive platform of in vitro bioassays designed
to detect potential antidiabetic biological activities including: stimulation of glu-
cose uptake in C2C12 muscle cells and potentiation of differentiation of 3T3-L1
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pre-adipocytes indicating enhanced insulin sensitivity. These procedures allowed us
to identify the most significant species from the biological activity viewpoint, and
they were considered for further phytochemical characterization. The present report
provides a comprehensive summary of the major biological activities and phyto-
chemistry of these key Canadian boreal forest plants that demonstrated significant
ethnobotanical evidence of antidiabetic activity and associated symptoms.

Keywords Bioassay-guided fractionation + Canadian Boreal forest - Adipogenesis *
Glucose uptake - Diabetes * Triterpenoids * Diterpenoids * Stilbenoids + Flavonoids -
Lignans - Phenolics

Acronyms

NMR Nuclear magnetic resonance spectroscopy

COSY Homonuclear correlation spectroscopy

DEPT Distortionless enhancement by polarization transfer

NOESY Nuclear Overhauser effect spectroscopy

HMQC  Heteronuclear multiple-quantum correlation spectroscopy
HMBC  Heteronuclear multiple-bond correlation spectroscopy
HRMS  High resolution mass spectrometry

uv Ultraviolet spectroscopy

IR Infrared spectroscopy

4.1 Introduction

Type 2 or non-insulin-dependent diabetes mellitus (NIDDM) is a chronic metabolic
disorder characterized by impaired insulin secretion and sensitivity. NIDDM has
become a worldwide epidemic according to the World Health Organization (WHO)
[1-4] and is more pronounced among indigenous populations due to their transition
from traditional to modern diets, to a certain level of genetic predisposition and
to their cultural disconnection from modern pharmacological treatment regimes.
This is the case for the Cree Nations of Eeyou Istchee (CEI) of northern Quebec
(Eastern James Bay Cree), where the age-adjusted prevalence of disease reached
29% in 2009 [5]. The burden of NIDDM and the ensuing deleterious complica-
tions (cardiovascular, retinopathy and nephropathy) prompted the search for cultur-
ally adapted complementary and alternative treatment options for these Aboriginal
populations.

The CIHR Team in Aboriginal Antidiabetic Medicines is a multidisciplinary
team aimed at alleviating the impact of this disease by using a culturally adapted
approach. A quantitative ethnobotanical study of traditional medicines conducted
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by our team in collaboration with Healers and Elders of six CEI communities re-
sulted in the identification of several potential antidiabetic plants [6, 9, 10]. The
crude drugs of 17 of these species were found to be most promising, including:
Abies balsamea (L.) Mill. (Pinaceae), bark; Alnus incana subsp. rugosa (Du
Roi) R.T. Clausen (Betulaceae), bark; Gaultheria hispidula L. Muhl. (Ericace-
ae), fruits; Juniperus communis L. (Cupressaceae), bark; Kalmia angustifolia L.
(Ericaceae), leaves; Larix laricina K. Koch (Pinaceae), bark; Lycopodium clavatum
L. (Lycopodiaceae), shoots; Picea glauca (Moench) Voss. (Pinaceae), bark; Picea
mariana (Mill.) BSP (Pinaceae), cones; Pinus banksiana Lamb (Pinaceae), cones;
Populus balsamifera L. (Salicaceae), bark, Rhododendron groenlandicum (Oeder)
Kron and Judd (Ericaceae), leaves; Rhododendron tomentosum (Stokes) Harmaja
(Ericaceae), leaves; Salix planifolia Pursh (Salicaceae), bark; Sarracenia purpurea
L. (Sarraceniaceae), whole plant; Sorbus decora C.K. Schneid. (Rosaceae), bark;
and Vaccinium vitis-idaea L. (Ericaceae), fruits. These Canadian boreal plants were
identified as herbal remedies effective for the treatment of diabetic symptoms such
as frequent urination, blurry vision and slow-healing wounds [6]. Plant samples of
the above 17 plant species were collected with the guide and consent of local Cree
Elders in CEI territory. The collection and identification of the plant species was
done by Dr. Alain Cuerrier of the Montreal Botanical Garden, and voucher speci-
mens were archived in the Marie-Victorin Herbarium™ of the Montreal Botanical
Garden in Montreal, Québec, Canada.

The crude extracts of these plants were further tested in a comprehensive plat-
form of in vitro bioassays designed to detect potential antidiabetic biological
activities including: stimulation of glucose uptake in C2C12 muscle cells and po-
tentiation of differentiation of 3T3-L1 pre-adipocytes indicating enhanced insulin
sensitivity [7-9]. These procedures allowed us to identify the most significant
species from the biological activity viewpoint and were considered for a further
phytochemical characterization. The selected species include: Alnus incana sub-
sp. rugosa, Larix laricina, Populus balsamifera, Rhododendron groenlandicum,
Rhododendron tomentosum, Sarracenia purpurea, Sorbus decora and Vaccinium
vitis-idaea [7—-10]. The present report provides a comprehensive summary of the
major phytochemical findings concerning key Canadian boreal forest plants that
demonstrated significant ethnobotanical and biological evidence of antidiabetic
activity. Nevertheless, additional experimental work is ongoing using in vivo dia-
betes models in order to provide more supporting information about the efficacy
and potential mode of actions of these valuable resources and their derivatives. On
the other hand, no toxicity has been reported by the traditional Healers with these
particular traditional medicines, although they have provided caution about other
species. No toxicity has been observed in our in vivo trials with these products
(data not shown). Eventually, more formal toxicity evaluation is recommended,
such as a 28-day feeding study at 10x bioactive dose. In the following sections, the
methods used in the project are described as well as a summary of results for the
key Cree medicinal plants..
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4.2 Materials and Methods

4.2.1 Phytochemistry

Isolation of the putative antidiabetic principles responsible for the observed bio-
logical activities was carried out in all cases by a bioassay-guided fractionation
approach using conventional phytochemical separation techniques such as open
glass column (CC), thin layer (TLC) and high performance liquid (HPLC) chroma-
tographies. Structural elucidation of all the new chemical entities was undertaken
by spectroscopic and spectrometric methods including 1D (‘H, '*C, DEPT) and 2D
(COSY, NOESY, HMQC, HMBC) NMR, HRMS, UV and IR. Known compounds
were identified by comparison of their physicochemical properties with those previ-
ously reported in the literature.

4.2.2 Glucose Uptake Assay

2-Deoxy-D-glucose uptake assay was performed as described previously with a few
modifications.[8] Confluent and differentiated C2C12 myotubes (in 12-well plates)
were incubated for 18 h in differentiation medium (DMEM with 2 % horse serum)
containing different concentrations of the crude extract, the fractions (100 pg/
mL), or the pure compounds (6.25, 12.5, 25, 50 and 100 uM). Dimethyl sulfox-
ide (DMSO) (0.1 %) and metformin (400 uM) were used as negative and positive
controls, respectively. After 18 h, cells were washed twice with prewarmed (37 °C)
Krebs phosphate buffer, pH 7.4 (136 mM NaCl, 20 mM HEPES, 4.7 mM KClI,
1 mM MgSO4, 1 mM CaCl,, 4.05 mM Na,HPO, and 0.95 mM NaH,PO,), con-
taining glucose (5 mM) and then incubated in the same buffer for 30 min at 37°C.
After 30 min, cells were rinsed three times with Krebs phosphate buffer, pH 7.4
(37°C), with no glucose. Glucose uptake was initiated by the addition of 500 pL (in
each well) of Krebs phosphate buffer (37 °C) containing 10 uM 2-deoxy-D-glucose
and 1 uCi/mL of [*H-]-2-deoxy-D-glucose. After 10 min incubation at 37 °C, cells
were rinsed three times with cold Krebs phosphate buffer (4 °C) containing glucose
(5 mM), then lysed by incubating the samples with 500 uL of 0.1 M NaOH for
30 min at room temperature. Lysates were added to 4 mL of liquid scintillation
cocktail (Ready-gel, Beckman Coulter Inc.), and radioactivity from [*H]-2-deoxy-
D-glucose incorporated into cells was measured in a scintillation counter.

4.2.3 Adipogenesis Assay

Pre-adipocyte 3T3-L1 cells were grown to confluency in Dubelcco’s modified eagle
medium (DMEM) containing 10 % ofbovine calfserum (BCS, proliferation medium).
Twenty-four hour post-confluence (day 0), cells were induced to differentiate with
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high-glucose DMEM supplemented with 10% of fetal bovine serum (FBS), 1 uM
dexamethasone, 250 uM 3-isobutyl-1-methylxanthine (IBMX) and 500 nM insu-
lin. After 48 h, the medium was replaced with DMEM containing 10% FBS and
500 nM insulin. Cells were differentiated for a total of 7 days with media changes
every 2 days. Plant extract and fractions (25 pg/ml), compounds (0.5-100 uM) as
well as rosiglitazone (10 uM; inducer of differentiation) were dissolved in (DMSO,
0.1% final concentration), added to the cells at day O of differentiation and replen-
ished at every medium change thereafter.

Adipogenesis was assessed in the well-characterized 3T3-L1 cell model by mea-
suring the accumulation of triglycerides (TG) upon differentiation (at day 7), using
the AdipoRed reagent according to the manufacturer’s instructions as described pre-
viously with minor modifications [8—9]. Briefly, after washing each well twice with
Phosphate-Buffered Saline (PBS: 8.1 mM Na,HPO,, 1.47 mM KH,PO,, 137 mM
NaCl and 2.68 mM KCI; pH 7.4), 2 mL of PBS containing 60 pl of AdipoRed
reagent were added to each well and incubated for 15 min at room temperature.
AdipoRed becomes fluorescent when partitioned in a hydrophobic compartment.
The fluorescence of each well was measured by excitation at 485 nm and emission
at 572 nm. The results were reported as percentage of the vehicle control (0.1 %
DMSO). The compounds were tested at varying concentrations ranging from 0.5 to
25 pg/ml (0.5-100 uM) on 3T3-L1 cells to determine their adipogenic effect.

4.2.4 Statistical Analysis

Intracellular TG and [*H]-2-deoxy-D-glucose content results are presented as mean
+ SEM of three independent experiments, each performed in triplicate. Statistical
calculations and EC, (calculated using sigmoidal dose-response (variable slope))
analysis was performed with Prism GraphPad software. Differences between groups
were analysed by one-way analysis of variance (ANOVA). A p value below 0.05
was considered statistically significant.

4.3 Sorbus decora (Rosaceae)

S. decora, commonly known as showy mountain ash, is a widely distributed tree
of the boreal forest of North America [11]. The plant is known as muskuminana-
tikw. Traditionally, the bark is used by the CEI to treat symptoms associated with
diabetes mellitus as well as other diseases like muscle and back aches, colds, rheu-
matism and coughs [6, 8—10, 12—13]. We have described the first comprehensive
phytochemical investigation from an active ethanol (EtOH) (80% in water) ex-
tract via a bioassay-guided separation based on in vitro glucose uptake by C2C12
cells and the activity of various fractions as well as the isolated pure components
[14]. This effort has resulted in the isolation and structure elucidation of three new
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Fig. 4.1 Compounds isolated from the stem bark of S. decora

triterpenoids: 23,28-dihydroxy-urs-12-ene-3/-caffeate (1), 23,28-dihydroxy-lup-
12-ene-3f-caffeate (2), and 34-23,28-trihydroxyurs-12-ene (3). In addition, seven
known compounds were also isolated from the active extract, including 23-hydroxy-
betulin (4), uvaol (5), betulin (6), a-amyrin (7) and betulinic acid (8), (+)-catechin
(9) and (—)-epicatechin (10) [14]. The chemical structures of compounds 1-10 are
shown in Fig. 4.1. One of the new triterpenes, compound 2, showed significant an-
tidiabetic properties as determined by an increase in glucose uptake by the C2C12
cells when compared with the positive control metformin (400 uM). The bioactivity
results were concentration dependent when cells were treated with active extracts
or purified active principle. The EC,, values estimated using linear regression of
the uptake versus log C (concentration) varied from 1.28 to 25.5 pg/mL [14]. The
bioactivity results (Fig. 4.2) showed that both crude extract (SDE) and compound 2
exhibited potent glucose uptake activity, suggesting that 2 underlies, at least in part,
the antidiabetic effects observed with the crude extract in vivo experiments where
S. decora demonstrates both anti-hyperglycemic and insulin-sensitizing activity in
mice [15]. Further work is needed to confirm the mode of action of 2.
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Fig. 4.2 Effect of the crude extract (SDE) of S. decora at the maximum concentration (15 pg/mL)
and pure compounds (1-4, 15 uM) tested on glucose uptake assay in C2C12 cells. Each value is
the mean + SE (n=4 wells) in each group. *p<0.05 Significantly different after one-way ANOVA
analysis followed by Dunnett’s z-test versus the negative control group (DMSO 0.1 %). (Adapted
with permission from [14]. Copyright 2010 American Chemical Society)

4.4 Larix laricina (Pinaceae)

L. laricina, commonly known as watnagan (Cree), tamarack (English) or méléze
(French), is a highly regarded plant used by many First Nations throughout Canada
as a culturally important medicine to treat several ailments, including cuts, burns,
coughs, stomach pain, sores (mouth, skin and throat), heart problems and frostbite
[12, 13,16—19]. The bark was especially identified for the treatment of diabetic
sores, frequent urination, poultice on infected wounds and the folk description “to
heal the insides” by Aboriginals of Eastern Canada [16, 20-21]. It was notably
found to significantly enhance adipogenesis in differentiating 3T3-L1 adipocytes
in a screening study using in vitro cell-based bioassays [8]. We used the same cell
line to carry out a bioassay-guided fractionation of an 80 % EtOH extract (LLE) in
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Fig. 4.3 The adipogenic activity of L. laricina crude extract (LLE; dotted line added for ease of
comparison), fractions (LLE-1-LLE-16) at 25 pg/mL and compounds. a Preadipocytes (3T3-L1
cells) were induced to differentiate in the presence of the crude extract and fractions or rosigli-
tazone (Rosi, inducer of differentiation; 10 pM). 0.1 % DMSO was used as vehicle control. Fol-
lowing 7 days of differentiation, cells were washed and the intracellular content of triglycerides
(TG) was determined. *Denotes statistically significant from vehicle control (»<0.05). $ Denotes
statistically significant from crude extract LLE (p<0.05). b Preadipocytes were treated with rosi-
glitazone (10 uM), LLE (25 pg/ml), LLE-5 (25 pg/ml) and eight of the isolated compounds (10 pg/
ml) for 7 days then TG content was determined. **Denotes statistically significant from vehicle
control (p <0.01). ***Denotes statistically significant from vehicle control. (p<0.001; adapted
with permission from [22])

order to identify potential active principles of the plant. The results from a silica
gel column chromatography (CC) showed that, from a total of 16 primary frac-
tions (LLE-1 to LLE-16), only LLE-1, LLE-3, LLE-4 and LLE-5 exhibited the
largest increases in 3T3-L1 cell adipogenesis (Fig. 4.3) [22], the most active one
(LLE-5) reaching more than double the activity of the crude LLE and some two-
thirds of the activity of the reference drug rosiglitazone. Ten compounds (Fig. 4.4)
were further isolated by preparative reversed phase HPLC (30 min linear gradient
of 20-80% of CH,CN in water at the flow rate of 31.5 ml/min) from the active
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Fig. 4.4 Compounds isolated from the bark of L. laricina

fractions, and two compounds (11 and 12) were found to be most active, display-
ing physiological dose-response curves (data not shown) [22]. We identified one
major active principle responsible for the effect of Larix laricina on adipogenesis
[22]. Compound 11 is a previously unidentified cycloartane triterpenoid, 23-oxo-
3a-hydroxycycloart-24-en-26-oic acid, which strongly potentiates adipogenesis
with an EC,, of 7.7 uM. In addition, we reported a new biological activity for
13-epitorulosol (12, EC,; 8.2 uM) and rhapontigenin (17, EC,, 127 uM) at high
concentrations. Although compounds 12 and 17 had previously been identified in
L. laricina [23], this is the first report of such antidiabetic activity. Indeed, there
is currently no reported biological activity for compound 12. On the other hand,
compound 17, a natural analog of resveratrol with known antioxidant and antican-
cer activities, has been shown to inhibit mammalian intestinal-glucosidase activity
(responsible for the first step in glucose degradation and therefore absorption) [24].
Further investigation is needed to determine the possible synergistic activity be-
tween compound 13 (13-epicupressic acid), compound 15 (lariciresinyl-3-acetate)
and compound 16 (lariciresinyl-9'-p-coumarate) at the concentrations present in the
most active fraction [22]. On the other hand, no antidiabetic activity was found for
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compounds 14 (19-norlabda-8(17),14-diene-4,13-diol), 18 (piceatannol), 19 (rha-
pontecin) and 20 (taxifolin) in our study. Finally, ours is the first study that focuses
on the identification of the active principles responsible for the adipogenic effect as
the putative antidiabetic mechanism of L. laricina, as used by traditional Healers in
Canadian Aboriginal populations. In support of this, we have recently shown that
L. laricina decreases hyperglycemia and insulin resistance in vivo, using the diet-
induced obese mouse model [25].

4.5 Sarracenia purpurea (Sarraceniaceae)

S. purpurea, commonly known as ayigadash (Cree) or purple pitcher plant (Eng-
lish), was among the top-ranked species in the syndromic importance value for dia-
betes symptoms. It is a carnivorous plant, which is widely distributed across North
America [26]. These plants adapt to their nitrogen-poor habitats (such as bogs and
peatlands) by consuming nitrogen from insects trapped within their pitchers (fused
leaves). The purple pitcher plant is well known for its medicinal properties and was
mentioned in the treatment of urination problems, headaches, lower back pain, fever
and dysmenorrhea [6,12,18]. S. purpurea extract exhibited interesting antidiabetic
potential in an initial screening study. In particular, S. purpurea extract significantly
increased glucose uptake in C2C12 mouse muscle cells under basal and insulin-
stimulated conditions [8]. This plant extract also decreased hepatic glucose output
by reducing the activity of glucose-6-phosphatase, a key enzyme in gluconeogen-
esis, and by increasing glucose storage through an increase in glycogen synthase ac-
tivity (Nachar, Haddad et al., unpublished observation). In addition, the extract also
protected PC12 neuronal cells against cell death caused by hyper- or hypoglycemic
conditions [8]. Therefore, this plant exhibits both primary (glycemia-lowering) and
secondary (protection against diabetes complications) antidiabetic activities. Given
these interesting antidiabetic effects, a bioassay-guided fractionation approach was
taken by our team, with the main goal of identifying the active principles of S. pur-
purea responsible for modulating muscle glucose uptake.

The dried leaves of S. purpurea were extracted with 80% aqueous EtOH and
fractionated using polyamide-6 chromatography. Separation of the EtOH extract
(SE) resulted in eight fractions (SE-1 to SE-8). The crude extract and fractions SE-3
to SE-7 (100 pg/mL) significantly increased glucose uptake in C2C12 mouse mus-
cle cells between 30 and 60 % as compared to a vehicle control (Fig. 4.5). Further
separation of the active fractions by preparative recycling reversed-phase HPLC
(flow rate of 5 ml/min with 60% H,O in MeCN) resulted in the identification of
the new 6'-O-caffeoylgoodyeroside (21) and ten known compounds (Fig. 4.6): tax-
ifolin-3-O-glucoside (22), 7a-O-methylmorroniside (23), 7B-O-methylmorroniside
(24), rutin (25), isorhamnetin-3-O-glucoside (26), kaempferol-3-O-rutinoside (27),
kaempferol-3-O-(6"-caffeoylglucoside) (28), morroniside (29), goodyeroside (30)
and quercetin-3-O-galactoside (31). Pure compounds were initially tested at 50 uM
to determine their effect on glucose uptake in C2C12 muscle cells. Most isolates
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Fig. 4.5 Effect of the crude extract (SE; 100 pg/mL) and isolated compounds (21-31; 50 uM) of
S. purpurea on glucose uptake in C2C12 mouse muscle cells. Results are presented as mean + SE
(n=4 wells) for each group. *Denotes significantly different as compared to DMSO 0.1 % control
(p<0.05) using one-way ANOVA analysis followed by Dunnett’s #-test. (Adapted with permission
from [24]. Copyright 2012 American Chemical Society)

(except isolates 2123 and 25) showed significant potentiation of glucose uptake
(ranging between 25 and 101 %) as compared to vehicle control (p<0.05, Fig. 4.5).
We then acquired a dose-response curve for each of the seven promising isolates
at concentrations ranging from 6.25 to 100 uM in order to determine their EC,
value [27]. Compounds 26, 28 and 31 exhibited significant potency and the high-
est maximal efficacy on glucose uptake, suggesting that these compounds are most
likely the active principles responsible for the ability of S. purpurea to potentiate
glucose uptake in these cells. It is noteworthy that 31 (quercetin-3-O-galactoside),
which significantly potentiated glucose uptake in C2C12 muscle cells in this study
(EC,,=60.5 uM; max =211%; Fig. 4.5), has previously been identified as one of
the active principles of Vaccinium vitis-idaea berries [28]. Kaempferol and its de-
rivatives, on the other hand, were reported to have mixed effects on glucose uptake.
Indeed, kaempferol and kaempferol-3-neohesperidoside have been shown to stimu-
late glucose uptake in adipocytes and muscle cells, respectively [29, 30]. On the
other hand, kaempferitine inhibited glucose uptake in adipocytes. Kaempferol-3-O-
(6"-caffeoylglucoside), identified herein as compound 28, is a potent stimulator of
glucose uptake, with an EC, value of 13.8 uM and maximal efficacy of 188 % as
compared to vehicle control. Finally, compound 26 also stimulated glucose uptake
in C2C12 muscle cells (EC,,=18.5 uM; max=150% of vehicle control; Fig. 4.5),
thereby providing the first evidence for a potential direct glycemia-lowering effect
for this compound [27].
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Fig. 4.6 Compounds isolated from the leaves of S. purpurea

4.6 Alnus incana subsp. rugosa (Betulaceae)

Alnus (atushpi in Cree) bark is widely used for the treatment of skin conditions
and diabetic sores [20] and was among the top eight antidiabetic treatments in the
Cree territories [6]. Within the Cree Nations of Canada, a number of uses have been
mentioned in the literature: coughs, sore throat, mouth sores [13, 17], sore eyes
and laxative [19]. In the course of screening experiments on antidiabetic potential
using 3T3-L1 adipocyte cell model to assess glitazone-like stimulation of adipo-
genesis, the EtOH (80% in water) extract of 4. incana subsp. rugosa was found
to be very active. However, it exerted an inhibitory effect, suggesting a potential
antiobesity action. Therefore, a classical activity-guided fractionation approach was
used to isolate its constituents with anti-adipogenic activity. The process was guided
by the assessment of triglyceride content in cells treated with fractions or isolates.
The phytochemical and bioactivity results are summarized in the scheme shown in
Fig. 4.7, with anti-adipogenic activity (% inhibition) indicated under each fraction
or isolate. Fractionation of A/nus extract was initially performed using various sol-
vents. The hexane extract was found to be inactive. The hexane-insoluble material
was extracted in ethyl acetate, and this extract was found to be more active than the
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Fig. 4.7 Bioassay-guided fractionation of the extract of 4. incana subsp. rugosa was performed
according to this scheme and resulted in the isolation and identification of oregonin (33) as the
active principle. At each level of fractionation, all fractions generated were tested simultaneously
and were compared to the crude extract tested in parallel. All tests were performed at the same
concentration used for the crude extract (50 pg/mL). Fractionation was guided by inhibition of
adipogenesis. Mean inhibitory activity for n=4 wells of a single cell preparation is indicated in
brackets under each fraction. Yields are indicated in g or mg beside each fraction. (Adapted with
permission from [32])

crude extract. The ethyl acetate-insoluble material was then extracted in 80 % etha-
nol, but the resulting fraction was found to be less active than the crude extract. The
ethyl acetate fraction was therefore further purified and subjected to gel filtration
chromatography using water/methanol as solvents. Fractions were pooled according
to analytical HPLC profiles, resulting in three distinct fractions, of which fraction
1 was found to be most active. This fraction was further purified by preparative
HPLC to yield five compounds: rubranoside A (32), 1,7-bis-(3,4-dihydroxyphenyl)-
5-hydroxyheptane-3-O-$-D-xylopyranoside (33), oregonin (34), alnuside A (35),
alnuside B (36). All five compounds (Fig. 4.8) had previously been reported [31-34].
They were all tested at equal concentration, and only oregonin was found to be as
active as the crude extract; the other four compounds exhibited various degrees of
inhibitory activity, in every case inferior to the activity of the crude extract, despite
more than an order of magnitude greater enrichment than oregonin [35].

4.7 Populus balsamifera (Salicaceae)

Although poplar buds are a well-known anti-inflammatory medicine, poplar bark is
used as Spring food by the Cree and other Eastern Canadian First Nations [20]. None-
theless, as far back as 1884, Holmes mentioned the use of bark as a purgative or
antitussive medicine [16]. Other uses encompass the treatment of boils and abscesses,
rashes, snow blindness [13, 17], nosebleed and sores [12], high blood pressure, child
asthma, eczema and psoriasis, heart problems, teething toothache and diabetes [6, 19].
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Fig. 4.8 Compounds isolated from the bark of 4. incana

An activity-guided fractionation approach similar to that employed for A. incana
was used to isolate bioactive constituents of P. balsamifera (mitush in Cree) bark
extract. Indeed, the plant exhibited unexpected and even more pronounced anti-
adipogenic activity. Moreover, antiproliferative activity was also observed and
served as an additional bioactivity guide. Results are presented in Scheme 2 shown
in Fig. 9, with % inhibitory activity data indicated under each fraction or isolate.
Fractionation of P. balsamifera inner bark begun by extraction in 80% ethanol, and
the crude extract was washed with hexane to remove waxy material. The hexane-
insoluble material was dissolved in methanol and subjected to gel filtration chroma-
tography. Elution and pooling of fractions, as carried out for 4. incana, resulted in
nine fractions, of which fractions 2 and 3 completely inhibited adipogenesis. Since
fraction 2 exhibited better anti-proliferative activity, this fraction was subjected to
gel filtration chromatography, and it yielded six subfractions, of which subfrac-
tions 2.3 and 2.4 exhibited complete anti-adipogenic activity. As both had similar
composition, only 2.3 was further purified by preparative HPLC, as carried out for
A. incana, yielding five subfractions, of which 2.3.3, 2.3.4, and 2.3.5 completely
inhibited adipogenesis. Subfraction 2.3.1 was composed exclusively of salicin (37)
[i.e. 2-(hydroxymethyl)-phenyl-B-D-glucopyranoside] and was almost completely
inactive. Subfraction 2.3.5 was composed exclusively of salicortin A (38). Both
salicin and salicortin (Fig. 10) are well-known compounds [36].

The three other subfractions were composed of two salicortin diastereomers
(salicortin A and B (39)). Using subfraction 2.3.2 as starting material, the isomers
were isolated, and both were found to induce complete inhibition of adipogenesis
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Fig. 4.10 Compounds isolated from the bark of P. balsamifera

[35]. Following isolation and identification, quantification of salicortin diastereo-
mers A and B was performed using the crude extract. Together, these active principles
accounted for 10 % of the extract mass.

4.8 Vaccinium vitis-idaea (Ericaceae)

Various members of the Vaccinium genus, including lowbush blueberry (V. angusti-
folium), American cranberry (V. macrocarpon) and European bilberry (V. myrtillus),
are traditionally used for the treatment of diabetes by several cultures around the
globe [37]. Vaccinium vitis-idaea berry extract, known as wishichimna (Cree),
was also found to enhance muscle cell glucose uptake in the antidiabetic screening
studies already mentioned [9]. We thus sought to verify if these species exerted their
effect by a mechanism similar to other boreal forest medicinal plant species [38,39],
while simultaneously elucidating the active principles by using our expertise in the
phytochemistry of Ericaceae [40—42].

In order to identify its active principles, the V. vitis-idaea berry extract was
fractionated using a multistep approach guided by the enhancement of glucose
uptake activity in C2C12 cells. All fractions were tested at 200 pg/mL and all
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Fig. 4.11 Compounds isolated from the fruits of V. vitis-idaea

isolates at 100 uM. The crude ethanol extract was first fractionated into ethyl
acetate-soluble and -insoluble fractions. Only the ethyl acetate-soluble fraction
showed a significant stimulation of glucose uptake (41+5% above vehicle
control) and was selected for further fractionation on a Sephadex LH-20 col-
umn. This yielded six subfractions pooled according to similar HPLC profiles.
Of these, subfractions 2 and 3 showed significantly higher stimulation of glu-
cose uptake than the original V. vitis-idaea berry extract and other fractions
(377+3 and 527+4%, respectively). These two fractions were selected for
further fractionation. Using preparative HPLC chromatographic fractionation,
five compounds were isolated from subfractions 2 and 3 (Fig. 4.11): p-coumar-
ic acid (40), p-coumaroyl-D-glucose (41), benzoic acid (42), p-hydroxyben-
zoic acid (43) and quercetin (44). Of these, only quercetin stimulated uptake
when tested at 100 uM (377+9 %; n=06). Finally, eight additional compounds
(Fig. 4.11) were identified from subfraction 3: quercetin-3-O-glucoside (45),
quercetin-3-0O-galactoside (46), an unidentified quercetin-3-O-pentoside (47),
(+)-catechin (9), (—)-epicatechin (10), cyanidin-glucoside (48) and cyanidin-
galactoside (49) [27]. The first five of these compounds were isolated, and the
three quercetin-3-O-glycosides were found to significantly enhance glucose
uptake at 100 uM (597, 387+4 and 247 +3 %, respectively; n=6). Cyanidin
glycosides were also tested and found to be inactive [28].
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Fig. 4.12 V. vitis-idaea berry extract and its active principles stimulate the AMPK signalling
pathway but not the insulin receptor pathway. C2C12 skeletal muscle cells were treated for 18 h
with either 0.1 % DMSO (vehicle), 200 mg/ mL of V. vitis-idaea berry extract, or 50 and 100 uM of
quercetin (44), quercetin-3-O-glucoside (45) or quercetin-3-O-galactoside (46). Phosphorylation
of the insulin receptor pathway marker Akt (a) and of the AMPK effect or ACC (b) was measured
by western immunoblot. Insulin (100 nM) and AICAR (2 mM) applied for 30 min served as posi-
tive controls. (Adapted with permission from [25])

To understand the mechanism mediating the effect of V. vitis-idaea berry ex-
tract on skeletal muscle cell glucose uptake, we evaluated the activity of the two
main signalling pathways that regulate the rate of glucose uptake in this cell type:
namely, the insulin-receptor pathway and the AMPK pathway. The effects of plant
products on the insulin and AMPK signalling pathways of C2C12 muscle cells or
HA4IIE hepatocytes were assessed by western immunoblot. In C2C12 cells, there
was no indication of increased phosphorylation of the protein kinase B (Akt/PKB,
Fig. 4.12a), a marker of the former pathway, whereas insulin, as expected, pro-
duced a clear activation of this enzyme. Conversely, treatment of C2C12 with the
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extract increased the phosphorylation of AMPK and the downstream acetyl-CoA
carboxylase enzyme (ACC, Fig. 4.12b). AICAR, an AMP mimetic and known ac-
tivator of AMPK signalling, served as a positive control and also greatly enhanced
activation of ACC. Concordant with the activity of the crude extract, treatment of
C2C12 cells for 18 h with 50 or 100 uM of compounds 44, 45 or 46 did not in-
crease phosphorylation of Akt (Fig. 4.12a) but increased phosphorylation of ACC
(Fig. 4.12b). Total content of ACC was not significantly altered by any treatment,
indicating the modulation of enzyme activation rather than a change in protein
expression.

AMPK is recognized as an important therapeutic target for diabetes [43—45]. In-
deed, the effects of Metformin are mediated through this metabolic master enzyme
and transducer of metabolic stress. Upon activation by an increase in the cellular
ratio of AMP to ATP, AMPK serves to restore energy homeostasis by increasing flux
through energy-producing pathways and by decreasing energy-consuming process-
es [46]. Energy production is increased by simultaneous enhancement of uptake and
oxidation of lipids and carbohydrates. Some more tissue-specific effects include
the insulin-like inhibition of hepatic glucose output and the translocation of GLUT-
4 glucose transporters in skeletal muscle, activities that contribute to a systemic
anti-hyperglycemic effect [47-50]. In addition to acute actions for restoring energy
homeostasis, the activation of AMPK produces long-term adaptive effects, such as
increased capacity for substrate uptake and oxidation that confer protection against
future metabolic stresses [51-52].

Our studies thus suggest that quercetin and certain glycosides of this well-stud-
ied and widely distributed flavonoid [53] transiently inhibit mitochondrial ATP-
synthase, leading to the activation of AMPK, and in addition that quercetin glyco-
sides are responsible in part for the antidiabetic activity of V. vitis-idaea and perhaps
of other species of this genus.

Finally, these results were further confirmed by our team using in vivo mod-
els for type 2 diabetes in KKAy and C57BL/6 mice [54]. In both models, V.
vitis-idaea extract significantly decreased glycemia and strongly tended to de-
crease insulin levels, and this was accompanied by reduced fluid intake in the
KKAy model. This correlated with either a tendency or a significant increase
in GLUT4 content and activation of the AMPK and/or Akt pathways in skeletal
muscle. V. vitis-idaea treatment also improved hepatic steatosis by decreas-
ing hepatic triglyceride levels and significantly activating the AMPK and Akt
pathways [54].

Finally, it is also known that quercetin and its glycosidic derivatives have been
found to have poor bioavailability in mammals [55]. Without any doubt, further
scientific work is needed to investigate which factors (physical, chemical and id-
iosyncratic) may be playing a key role in the improvement of such properties of
these known biologically active compounds, as has also been described by several
authors [55 and references there cited].
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Fig. 4.13 Additional compounds isolated from R. groenlandicum

4.9 Rhododendron groenlandicum (Ericaceae)

R. groenlandicum, a plant of the heath family commonly known as kachichepukw
(Cree) or Labrador tea (English), grows in the tundra, bogs and forests of North
America [56]. It is highly recommended by many Cree Elders as a plant with strong
antidiabetic potential [6, 57]. Among the Cree Nations of Canada, the plant is equal-
ly known to possess properties that can help in the healing of wounds [16], the treat-
ment of coughs, cold, chills, infections (skin, urinary and other), upset stomachs,
diarrhea, arthritis, backaches, headaches [13, 17-19], burns and scalds, [18, 57]
as well as heart and kidney problems. There is also a mention in Beardsley (1941)
[58] about Labrador tea being a possible emetic, while Marles et al. (2000) [19]
recorded its use against bad breath, pneumonia, infants’ teething pain and rashes
and eye infections. In our screening studies, it stimulated glucose uptake in muscle
cells, but more importantly induced adipogenesis as strongly as the reference drug
rosiglitazone [8]. This would mean less free fatty acids circulating and accumulat-
ing in insulin-sensitive tissues such as the liver and the muscle. Such activity is
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Fig. 4.14 Additional compounds isolated from R. tomentosum

also associated with an improvement of insulin sensitivity. Our team has previously
reported the phytochemical characterization of Labrador tea crude ethanolic extract
[59]. In that study, we identified (+)-catechin (9), (—)-epicatechin (10), chlorogen-
ic acid (50), myricitin (51), procyanidin B2 (52), procyanidin A1 (53) and sev-
eral quercetin glycosides (quercetin-3-O-glucoside (45), quercetin-3-O-galactoside
(46); rutin (25) and quercetin-3-O-rhamnoside (54)). The additional chemical struc-
tures of the isolated compounds from R. groenlandicum are shown in Fig. 4.13. As
mentioned, our previous screening studies revealed that R. groenlandicum strongly
stimulates the differentiation of 3T3-L1 cells (adipogenesis) [8] and additional phy-
tochemical work is currently being conducted by our team in order to identify the
constituents responsible for the observed biological activity.

4.10 Rhododendron tomentosum (Ericaceae)

R. tomentosum is a woody evergreen shrub commonly called weeshichbuksh (Cree)
or northern Labrador tea (English). R. tomentosum is endemic to the circumpolar
Subarctic with a short snow-free growing season and long daylight exposures. It is
amongst the most commonly used medicinal plants in multiple Canadian First Na-
tions populations for the treatment of type 2 diabetes symptoms [9—10], respiratory
illnesses [60], infection [20] and other uses. There is a strong consensus amongst
populations for selected usage of R. tomentosum for stomach ache, cold symptoms
and toothache. Labrador tea, R. groenlandicum, has overlapping habitat in sub-
boreal climates with northern Labrador tea and is often used interchangeably with
an occasional preference for using the smaller northern Labrador tea for children.
These species differ phytochemically, at least in their volatile oil contents, with R.
groenlandicum having more germacrone and R. tomentosum more ledol [19].
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Our team identified and quantified a total of 15 phytochemicals in R. fomento-
sum leaf extract throughout their growing season. HPLC-DAD with a detection at
325 nm was used to quantify chlorogenic acid (50), p-coumaric acid (39), myric-
etin (51), quercetin (44), quercetin 3-O-galactoside (46), quercetin 3-O-glucoside
(45), quercetin pentoside (47), quercetin 3-O-rhamnoside (54) and three caffeic acid
derivatives (unknown chemical structures), whereas detection at 280 nm enabled
the identification and quantification of (+)-catechin (9) and three procyanidins
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(B1 (55), B2 (52) and B3 (56)). The additional chemical structures of the isolated
compounds from R. fomentosum are shown in Fig. 4.14.

Of the 15 constituents quantified, compounds 9, 47 and 46 were the most abun-
dant, in agreement with previous findings for R. tomentosum [59, 61]. These com-
pounds showed a seasonal average of 6.75, 4.79 and 4.58 mg/g DW (milligrams
of extract per gram of plant dry weight), and concentration ranges of 3.21-10.2,
3.44-5.83 and 3.51-5.96 mg/gDW, respectively. The quantities of all three com-
pounds were at maxima in September when the leaves of R. tomentosum turn red
(Fig. 4.15). Similarly, compounds 56 and 52—the fourth and fifth most abundant
compounds—displayed seasonal maxima in September. Compound 55 was one of
the least abundant compounds with a maximal seasonal average quantity in June.
Compounds 50 and 39 had relatively low seasonal average concentrations and dis-
played similar seasonal trends with a maximal concentration at the end of June.
In contrast, the quantities of the three caffeic acid derivatives did not follow any
seasonal trend. Compounds 51, 44, 45 and 54 had relatively low seasonal average
concentrations. Compounds 50 and 39 had relatively low seasonal average con-
centrations and displayed similar seasonal trends, with a maximal concentration at
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the end of June. The sum of the 15 phenolic compounds did not vary significantly
throughout the season; however, there was a clear growth dilution trend [62].

As expected, the DPPH antioxidant activity of R. tomentosum displayed a sea-
sonal trend similar to that of the total sum of compounds, whereas there was no
such relationship with the TNF-a anti-inflammatory activity (Fig. 4.16). There was
a significant correlation between antioxidant activity DPPH IC,, and the total sum
of phenolic constituents (»=-0.77; p=0.02), a trend that has been well established
[63, 64]. There was no correlation between anti-inflammatory activity and total
sum of constituents. The antioxidant activity found in the R. fomentosum leaf ex-
tract was generally in agreement with previously reported values [9-10], despite
varying sampling locations, seasonal collection dates and testing procedures [61].
Antioxidant activity was not correlated to anti-inflammatory activity, despite the
well-characterized use of phenolics as anti-inflammatory agents. Inflammatory sig-
nalling cascades include free radicals, which lead to the activation of nuclear factor
kB and the transcription of TNF-a inflammatory cytokine [65]. Many traditionally
used medicinal plants and phytochemical compounds, such as parthenolide (used
as positive control in our study), are known to target these pathways as anti-inflam-
matory therapies [64].

Considering the widespread use of R. tomentosum as a medicinal plant by First
Nations and Inuit peoples of Canada, it was important to characterize its phenolic
constituents and medicinal activities, as well as to determine how these properties
vary over time. The seasonal variation of phenolic constituents and medicinal prop-
erties has implications for optimal harvest time and consistency of product. Our
results show a significant seasonal variation of phenolic constituents and medicinal
properties of R. tomentosum, with an optimal harvest time at the end of August to
September for our study location, which corroborated traditional knowledge.

4.11 Conclusions and Remarks

While the medicinal phytochemistry of traditionally used plants has been intensive-
ly studied in Europe, Asia, Latin America and Africa, plants from temperate North
America are lacking such analyses. The formation of the CIHR Team in Aboriginal
Antidiabetic Medicines was therefore the first major research project funded by
Canada for the study of an important and still actively used traditional medicine
system of North America. Clearly, the traditional medicine of the Cree possesses a
strong pharmacological [7] and phytochemical basis and can take its place amongst
other well-studied world traditional medicine systems. The project also sets a strong
example for the mutually respectful collaboration between scientists and Cree Heal-
ers. Finally, the research agreement that governs the research programme of the
CIHR team in Aboriginal Antidiabetic Medicines sets international precedents in
terms of the protection of Cree traditional knowledge and the management of the
intellectual property generated by the collaborative studies [66].
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Chapter 5

Bioproducts, Biofuels, and Perfumes:

Conifer Terpene Synthases and their Potential
for Metabolic Engineering

Philipp Zerbe and Jorg Bohlmann

Abstract Conifer trees, including the economically and ecologically important
pine (Pinus), spruce (Picea), and fir (Abies) species, produce large amounts of
oleoresin terpenoids as a defense against herbivores and pathogens. Due to the
structural diversity of oleoresin terpenoids and their various chemical and physical
properties, which range from solid and viscous resins to liquids and volatiles,
many of these compounds are useful to humans for the production of therapeutics,
fragrances and flavors, biofuels, and fine chemicals. In this chapter, we feature three
examples of conifer terpenoids, the diterpene resin acids (DRA), the sesquiterpene
E-o-bisabolene, and the diterpenol cis-abienol, to highlight the versatile utility of
conifer terpenoids as renewable bioproducts. We focus on recent research progress
on conifer terpene synthases (TPS) which produce a wealth of terpene scaffolds in
nature. Our recent advances in conifer transcriptome and genome sequencing as
well as metabolite analyses have accelerated discovery and definitive functional
annotation of terpenoid pathway genes. New insights into the evolutionary diversi-
fication of conifer TPS, their modular organization, and dynamic expression will be
fundamental to advance metabolic engineering and synthetic biology platforms for
high-value terpenoids.

Keywords Conifer defense - Plant specialized metabolism - Terpene synthase -
Metabolic engineering - Bioproducts - Biofuel

5.1 Introduction: Conifer Terpenoids

Terpenoids, or isoprenoids, are a large group of tens of thousands of linear or cyclic
natural products, the biosynthesis of which originates from common five-carbon
(Cy) building blocks [1, 2]. The many known functions of terpenoids in plant
development, general (i.e., primary) metabolism, and in the chemical ecology of
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plants interacting with their environment reflect the extraordinary chemical diver-
sity of these metabolites [3, 4]. The majority of plant terpenoids represent specialized
(i.e., secondary) metabolites, some of which are of narrow taxonomic distribution
(e.g., taxol) while others appear to be present in many different plant species (e.g.,
simple monoterpenes such as myrcene, limonene, or pinenes). Some of these spe-
cialized compounds may facilitate survival of the producing plant species in hostile
environments. For example, coniferous trees of the pine family (Pinaceae) are among
the tallest and the longest living organisms on earth, exposed to many potential her-
bivores and pathogens. Production, accumulation, and secretion of copious amounts
of terpenoids in the form of oleoresin provides, in general and under healthy plant
and environmental conditions, a durable defense system against pests and pathogens
[5—10]. Mono- and diterpenes, including diterpene resin acids (DRA), constitute the
most abundant components of conifer oleoresin, with smaller amounts of sesquiter-
penes [6, 11-14]. The viscous and hydrophobic oleoresin accumulates in resin cells,
resin blisters, or resin ducts in different tissues and organs of conifer trees. Formation
of these compounds in specialized secretory epithelial cells of resin ducts is constitu-
tive and inducible [15—18]. Upon wounding, the resin is released from storage reser-
voirs and moves under pressure to the tree surface or into wound sites within tissues,
where the resin can physically and chemically repel or kill herbivores and pathogens.
After evaporation of the volatile mono- and sesquiterpenes, the remaining oleoresin
compounds, mostly DRA, polymerize and seal off the wound site [7, 11].

The complex chemical and physical defense system of conifer oleoresin
has proven effective against many mammalian herbivores, insect pests, and
microorganisms, and has allowed conifer trees to evolve and thrive as the dominant
group of gymnosperm plants on earth. However, as with any plant defense system,
certain specialist herbivores and pathogens have evolved with the oleoresin
defenses of conifers and have developed behavioral and biochemical strategies to
cope with these chemicals [9]. For example, mass attack of bark beetles, such as the
mountain pine beetle (Dendroctonus ponderosae), and their associated microbial
communities (e.g., ophiostomatoid blue staining fungi) have destroyed more than
15 million ha of pine forest across western North America in the past 10-20 years,
with dramatic impacts on the ecosystems of entire landscapes and on the economies
of forestry-dependent industries and communities [8, 19, 20]. Applied genomics
and systems research of the mountain pine beetle system (e.g., the Tria Project)
has revealed some of the molecular and genetic intricacies and forces of the in-
teracting pine, bark beetle, and microbial components of the mountain pine beetle
system, including chemical interactions mediated by pine terpenoid defenses and
adaptations to these defenses by specialist insects and associated microorganisms
[8, 21-26]. For example, behavioral and molecular adaptations of the mountain
pine beetle include mass attack of pine hosts, which involves detoxification and
metabolism of host monoterpenes to produce insect pheromones. Molecular adapta-
tions of the mountain pine beetle-associated fungal pathogen Grosmannia clavigera
to its pine host include transport (export) and metabolism of monoterpenes and
utilization of some monoterpenes as a carbon source to support fungal growth [24].
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Paralleling the diversity and importance of hundreds of different terpenoid
compounds in conifer defense, practical uses of conifer terpenoids by humans are
also manifold [12]. For centuries, conifer terpenoids in the form of plant extracts,
resins, or essential oils have been used as traditional medicines, fragrances, or as
incense for religious and other ceremonial purposes. As a large-volume raw material,
conifer terpenoids have long been used in the traditional naval stores industries.
In present times, owing to their unique and often pleasant odor characteristics,
volatile mono- and sesquiterpenoids of conifers serve in large-volume feedstocks
for fragrance and food industries with an annual production volume of several hun-
dred thousand metric tons. Limonene and pinenes produced in conifers and in other
plant species are some of the major commercially used terpenoids, commonly found
as ingredients in numerous household and industrial cleaning products, paint thin-
ners and solvents, cosmetic and hygiene products, air fresheners, and a multitude of
other consumer articles of everyday modern life [27] (Fig. 5.1). Some terpenoids,
specifically B-pinene, farnesene, and E-a-bisabolene of conifer or other plant origin,
are developed as potential biofuel alternatives to conventional petrochemicals [28].

The nonvolatile rosin fraction of oleoresin is also commercially important, with
more than one million metric tons produced yearly for applications, ranging from
adhesives and solvents over industrial coatings to printing inks [29, 30]. As the
major rosin component, DRA attract increasing interest in the synthesis of de-
signer polymers for long-term replacement of petroleum-based plastics [30, 31].
The antimicrobial properties of conifer DRA are further being considered for
medicinal applications [32]. While a mixture of DRA are present in many conifer
species of the pine family, some conifer terpenoids are more narrowly restricted
in their taxonomic distribution. For example, the diterpene alcohol cis-abienol is
abundant in the bark tissue of balsam fir (4bies balsamea (L.) Mill.) and can be
used as a direct precursor for synthesizing ambroxides (Ambrox® is trademarked
by Firmenich, Geneva), which are fixatives in some high-value perfume formula-
tions [33]. Another prominent example of a conifer diterpenoid of limited natural
occurrence is paclitaxel (Taxol® is a trademark of Bristol-Myers Squibb, New
York), the most widely employed anticancer drug worldwide (Fig. 5.1). Paclitaxel
can be found exclusively in species of yew (Zaxus spp.) and was traditionally
harvested from the trees’ bark tissue [34]. However, the increasing demand for
cancer chemotherapy made this slow-growing tree a limited and dwindling natural
resource [35]. In the absence of economically feasible total synthesis procedures,
extensive efforts have been undertaken to identify the enzymes involved in the
biosynthesis of taxol in planta and their complex catalytic mechanisms [36], which
can be applied to metabolic engineering of taxol (comprehensively reviewed in
[36, 37]). Today, taxol is produced in large-scale microbial and plant cell culture
platforms with an annual market value of several billion US dollars [38, 39]. Other
emerging diterpenoid therapeutics of conifer origin include pseudolaric acids found
in the roots of golden larch (Pseudolarix amabilis, J. Nelson) [40], and ferruginol
occurring in the bark of Japanese cedar (Cryptomeria japonica, (L.f.) D. Don) and
in cones of giant redwood (Sequoia sempervirens, (Lamb. ex D. Don) Endl.), with
efficacy against various cancers [41, 42] (Fig. 5.1).
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Fig. 5.1 Conifer terpenoid natural products. General overview of the biosynthesis of select coni-
fer-derived natural products. MEP 2-C-methyl-D-erythritol-4-phosphate, MEV mevalonate, G3P
glyceraldehyde-3-phosphate, /PP isopentenyl diphosphate, DMAPP dimethylallyl diphosphate,
GPP geranyl diphosphate, PP farnesyl diphosphate, GGPP geranylgeranyl diphosphate

Given a continuous interest in new and improved diterpenoid bioproducts
for industrial applications, reliance on natural resources alone is often neither
sufficient nor sustainable. Chemical synthesis, although successful in several cases
[27, 43], has often been impractical and not cost-effective, given the structural and
stereochemical complexity of many terpenoids. Following the lead of taxol and
artemisinin (an antimalaria sesquiterpene agent derived from Artemisia annua, L.)
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[44, 45], exciting opportunities exist to develop and enhance the industrial-scale
production of high-value terpenoids by metabolic engineering of partial or entire
natural biosynthetic pathways in microbial systems, such as Escherichia coli and
yeast (Saccharomyces cerevisiae), as well as in heterologous plant hosts. Key
to successful terpenoid pathway engineering is a detailed understanding of the
biosynthetic enzymes responsible for the formation of both simple and complex
molecules. Advanced methodologies in genomics, proteomics, and metabolomics
have accelerated discovery and characterization of relevant genes, enzymes, and
metabolites, and are revealing matrix-type metabolic networks of terpenoid bio-
syntheses in conifers that provide a versatile toolbox for enzymatic small molecule
manufacture [33, 46, 47].

In this article, we highlight recent advances in research on the family of conifer
terpene synthases (TPS), their functional diversification and possible industrial
application. On the basis of three examples, DRA biosynthesis, formation
of cis-abienol, and E-a-bisabolene production, we discuss the economic value of
conifer terpenoids and new opportunities to utilize TPS for developing metabolic
engineering and synthetic biological approaches for the sustainable production of
high-value terpenoid bioproducts.

5.2 TPS-d Enzymes for Terpenoid Biosynthesis
in Conifers

Much of today’s understanding of enzymes of terpenoid biosynthesis in conifers
builds on the fundamental research by Professors Rodney Croteau, Robert Coates,
and their coworkers during the last three decades [48, 49]. On this foundation,
several gymnosperms, including species of yew (Zaxus) and spruce (Picea) have
been established among some of the best studied systems for terpenoid biosynthesis.

Despite their tremendous chemical diversity, all plant terpenoids share a
biosynthetic origin in form of two common C; building blocks, isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) (Fig. 5.1). Two
routes exist in plants from which IPP and DMAPP derive, the cytosolic
mevalonate (MVA) pathway originating from acetyl-CoA and the plastidial
2-C-methyl-D-erythritol-4-phosphate (MEP) pathway that derives from pyruvate
and glyceraldehyde-3-phosphate [50]. With the exception of hemiterpenes (C),
formed directly from DMAPP [51], condensation of two, three, or four C; units
by prenyl transferases affords a few distinct prenyl diphosphate intermediates as
central precursors for all terpenoids [52] (Fig. 5.1). Monoterpenes (C, ) are derived
from geranyl diphosphate (GPP), sesquiterpenes (C,;) and triterpenes (C, ) are de-
rived from farnesyl diphosphate (FPP), and diterpenes (C,) and tetraterpenes (C,)
are formed from geranylgeranyl diphosphate (GGPP).

Immediately downstream of the formation of GPP, FPP, and GGPP, it is
the catalytic plasticity (i.e., the ability of enzymes to evolve functional changes
with only a few amino acid substitutions) of TPS that drives the initial structural
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diversification of terpenoids [2, 52]. TPS catalyze the conversion of prenyl
diphosphate substrates into various hydrocarbon or oxygenated terpene scaffolds
via multistep, carbocation-driven (cyclo)isomerization reactions [53]. The func-
tional diversity of TPS is rooted in their modular structure of a conserved a-helical
folding pattern with variations in three common domains vy, B, and a (for review
see [53, 54]). Depending on the presence and composition of either one or two ac-
tive sites and their associated catalytic motifs, TPS are classified as class I, class
I, or class I/IT enzymes [2]. Class II enzymes contain a conserved DxDD motif
and are specific to diterpene metabolism, catalyzing the protonation-initiated cy-
clization of GGPP into stable bicyclic diphosphate intermediates with differences
in stereochemistry and, in some cases, functional modification through capture of
water [33, 55, 56]. Other diterpene synthases (diTPS), and likewise all plant mono-
terpene synthases (monoTPS), and sesquiterpene synthases (sesquiTPS), are class
I TPS carrying DDxxD and (N/D)x,(S/T/G)x,E signature motifs and transforming
linear or cyclic (diterpene biosynthesis) diphosphate substrates through cleavage of
the diphosphate leaving group and subsequent rearrangement of resulting carboca-
tions. Bifunctional class I/Il diTPS that harbor both functional active sites occur in
the diTPS of mosses, such as Physcomitrella patens ((Hedw.) Bruch & Schimp) and
Jungermannia subulata (Evans), the lycophyte Selaginella moellendorffii [57, 58],
and gymnosperms [59]. Cytochrome P450 monooxygenases (P450) and in some
instances various transferase enzymes increase the structural diversity of terpenoids
in conifers by introducing additional functionalities to the TPS products [46, 60—63].

Current knowledge suggests that only S. moellendorffii [64] and conifers
contain members of all three TPS classes (I, II, and I/I[). An assembly of the
20 Gbp white spruce genome sequence was recently completed [65], which can
be used in future work for the genome-wide annotation of TPS genes in a conifer.
In the meantime, transcriptome analyses estimated that a single conifer species
may contain more than 70 distinct TPS [2, 66], similar to the number of TPS in
some well-annotated plant genomes (e.g., 40 in Arabidopsis (L.) Heynh. [67],
66 in S. moellendorffii [64], and 152 in grapevine (Vitis vinifera, L.) [68]). The
evolution of these TPS families apparently involved repeated gene duplication
events followed by sub- and neofunctionalizations [2]. Conifer TPS of specialized
metabolism form the TPS-d family which comprises the monofunctional class I ses-
quiTPS (TPS-d2) and monoTPS (TPS-d1) and the bifunctional class I/Il diTPS as
well as monofunctional class I diTPS and diTPS-like enzymes of the TPS-d3 family
[2, 47] (Fig. 5.2). We also recently identified the monofunctional class II and class
I diTPS ent-copalyl-diphosphate synthase and ent-kaurene synthase, respectively,
in spruce [56]. These latter enzymes group with angiosperm enzymes of the TPS-c
and TPS-e/f families of general metabolism, suggesting that diTPS of gibberellin
biosynthesis are conserved across angiosperms and gymnosperms.

While the evolutionary diversification of TPS functionalities in the angiosperms is
thought to have arisen from diTPS of gibberellin biosynthesis [55], the diversity of co-
nifer TPS functions appears to have evolved from bifunctional diTPS ancestors, which
may have been similar in structure and function to P. patens ent-kaurene synthase
[2, 57]. This model is underscored by recent breakthroughs in the structure elucida-
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Fig. 5.2 Conifer terpene synthase phylogeny. Maximum likelyhood tree of functionally character-
ized gymnosperm terpene synthases. Physcomitrella patens ent-kaurene/kaurenol synthase was
used to root the tree. Branches indicated with asterisks represent bootstrap support greater than
80 % (100 repetitions). Alterations in the substrate specificity from GGPP (C,) to FPP (C,) and
GPP (C,,) are highlighted. Modifications in the typical yBa-domain architecture of TPS and the
presence of functional active sites (a red cross indicates loss of function) are illustrated corre-
sponding to the individual subfamilies

tion of several diTPS and diTPS-like enzymes, which revealed a conserved domain
architecture among all TPS classes [54, 69—71]. Based on the conserved TPS-folding
pattern, Cao et al. developed a unifying model of TPS evolution, proposing that a pro-
totypical yBo-domain architecture originated from ancient gene fusion events between
bacterial yB- and a-domain diTPS, which themselves evolved from archetypical
yB-domain triterpene synthase and a-domain prenyl transferase-type progenitors [72].
The large group of fa-domain monoTPS and sesquiTPS from the TPS-d2 and TPS-d1
families are the result of subsequent events of monofunctionalization and loss of the
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y-domain and/or the plastidial transit peptide [2] (Fig. 5.2). The recently solved crystal
structure of grand fir (4bies grandis, (Douglas ex D. Don) Lindl.) E-a-bisabolene syn-
thase (4AgBIS) is in agreement with this evolutionary path, as it adopts the ancestral
yPa-domain architecture similar to diTPS members of the TPS-d3 family, but carries a
vestigial class II active site and a substantially modified class I active site toward FPP
rather than GGPP conversion [73].

Bifunctional class I/Il diTPS appear to have been retained only in non-seed plants
[57, 58] and gymnosperms [59]. In the gymnosperms, the bifunctional class I/II
diTPS constitute the TPS-d3 family, which also includes yBa-domain sesquiTPS,
such as AgBIS, and the taxadiene synthases of the yew genus (Zaxus) [2] (Fig. 5.2).
Bifunctional conifer diTPS include the levopimaradiene/abietadiene synthases
(LAS) and isopimaradiene synthases (ISO) of DRA metabolism [47, 74, 75], as well
as the bifunctional cis-abienol synthase of balsam fir (4bCAS) [33]. Interestingly,
AbCAS is phylogenetically equidistant between the LAS from Ginkgo biloba (L.)
and LAS and ISO enzymes of other conifer species, suggesting that this function
evolved prior to the speciation of spruce and fir and was lost in other conifer species
(Fig. 5.2) [33]. The recent discovery of AbCAS highlights the power of genomic
and transcriptomic approaches to elucidate novel TPS functionalities.

5.3 Biosynthesis of Conifer Diterpene Resin Acids
and Applications

In the last 5-10 years, much has been learned about the diTPS and P450 of DRA
biosynthesis in conifers. Bifunctional class I/II conifer diTPS form various abietane
and pimarane scaffolds via conversion of GGPP into (+)-copalyl diphosphate
(CPP; i.e., CPP of normal stereochemistry) and subsequent rearrangement of distinct
secondary and tertiary carbocations. DiTPS of the LAS type were known for the last
decade to produce multiple abietane products, while ISO-type synthases appear to
be single-product enzymes [33, 47, 74-76]. A recent detailed functional analysis of
Norway spruce LAS identified a novel, previously overlooked, epimeric diterpene
alcohol 13-hydroxy-(8, 14)-abietene (Fig. 5.3) as the initial product of this enzyme
[77]. The 13-hydroxy-(8, 14)-abietene product is formed during the class I reaction
of LAS through hydroxylation of an abietadienyl carbocation [77]. These tertiary
alcohol epimers are unstable and in vitro (and perhaps also in vivo) dehydrate into the
previously reported LAS products, abietadiene, palustradiene, levopimaradiene, and
neoabietadiene. Formation of the diterpenol 13-hydroxy-(8, 14)-abietene as a product
was confirmed for LAS enzymes of balsam fir [33], jack pine (Pinus banksiana, Lamb.),
and lodgepole pine (Pinus contorta, Douglas ex Loudon) [47], as well as golden larch
(P amabilis; Zerbe et al., unpublished) and appears to be specific to LAS, whereas
isopimaradiene formation proceeds directly to the diterpene olefin product. While the
enzyme structural features that control the formation of 13-hydroxy-(8, 14)-abietene
are unresolved, investigation of the crystal structure of grand fir LAS [71] may shed
new light on the single versus multiproduct nature of LAS-type diTPS.
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Fig. 5.3 Diterpene resin acid
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The olefin products of LAS and ISO enzymes are substrates for the
P450-dependent formation of the corresponding C .-alcohols, aldehydes, and
DRA. The P450s of DRA biosynthesis are members of the conifer-specific
CYP720B family [46, 60]. Genome and transcriptome mining of several
spruce species showed that CYP720B enzymes belong to a small gene family
of approximately 12 members in a single species [46, 60]. Transcripts of Sitka
spruce CYP720B4 were strongly inducible by methyl jasmonate and abun-
dant in resin ducts as the primary location of DRA biosynthesis [46]. In vitro
and in vivo functional analysis demonstrated CYP720B4 as a multifunctional
and multi-substrate enzyme that facilitates the three-step oxidation of all ma-
jor conifer diterpene olefins to the respective C,¢-alcohols, aldehydes and
ultimately DRA. Future studies are needed to elucidate the functions of other
members of the CYP720B family. Preliminary work suggests that some mem-
bers of the CYP720B family can convert the olefin products of LAS and ISO,
while others can use the 13-hydroxy-(8, 14)-abietene diterpenol as a substrate
(unpublished work from our laboratory).

The DRA formed by conifer diTPS and P450s are released upon insect attack
and polymerize when exposed to oxygen and UV light into a solid material [7].
While the DRA polymers act as a wound sealant in nature, it can also be used for the
production of industrial polymeric materials, including resins, rubbers, and plastics
[31, 32]. Even though the mechanistic details of the polymerization are not yet fully
understood, chemical synthesis of tailored polymers based on tree-derived resin
feedstock is possible [32]. With increasing numbers of characterized diTPS and
diterpene-modifying P450s, microbial production platforms attract attention as an
alternative source for diterpene-based polymers. Combinatorial expression of diTPS
and P450s in yeast for laboratory-scale biosynthesis of abietane- and pimarane-type
diterpene monomers has been established [46]. This provides a promising tool for
future synthetic biology approaches to produce designer polymers with tailored
stereo-specificity and intermolecular linkage that may possess enhanced properties
and biodegradability [31].

5.4 Biosynthesis of cis-abienol, a Perfume Precursor
from Trees

cis-abienol is a relatively rare labdane-type diterpene alcohol found in a few species
of the Solanaceae, Asteraceae, and Pinaceae [78—81]. Balsam fir (4bies balsamea)
produces large amounts of cis-abienol that can account for up to 40 % of the aromatic
oleoresin accumulating in resin ducts and blisters [33]. Historically, balsam fir
oleoresin was known as “Canada Balsam” for its use as an antifouling component
in naval stores [78, 82]. Today, diterpene alcohols, such as cis-abienol, sclareol,
and manool are important in the fragrance industry for the production of ambroxide
compounds which substitute for ambergris (grey amber). Ambergris and ambroxides
are valued in high-end perfume compositions for their musky and sweet earthy
notes and fixative properties [83, 84]. Natural ambergris was traditionally collected
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as a scarce biliary secretion from sperm whales, an endangered species. Ambrox®
is synthesized from the labdanoid diterpenediol sclareol, which is harvested from
cultivated clary sage (Salvia sclarea, L.) [85]. The recent discoveries of the diTPS
genes and enzymes for the biosynthetic pathways for cis-abienol [33] and sclareol
[84, 86] created new opportunities for the biotechnological production of ambergris
substitutes for perfume manufacture.

For the discovery of cis-abienol synthase (CAS) [33], we used high-throughput
transcriptome sequencing of balsam fir bark tissue. Assembled transcriptome
sequences were searched for diTPS genes using expert annotated TPS protein
sequence databases developed in our program. This approach identified three
new bifunctional class I/Il diTPS. Enzyme characterization showed that ADLAS
and AbISO were paralogous to other conifer LAS and ISO enzymes involved in
DRA biosynthesis, respectively, and a third more divergent candidate was a novel
diTPS producing cis-abienol as a single product [33]. AbCAS transforms GGPP in
a cyclohydration reaction to labda-13-en-8-ol diphosphate (LPP) in the enzyme’s
class II active site, followed by cleavage of the diphosphate ester without further
cyclization in the class I active site (Fig. 5.4). Elucidation of the catalytic specificity
of AbCAS confirmed that diTPS can form hydroxylated products without require-
ment for P450-mediated oxygenation. Formation of diterpenol products by diTPS
has also been described for the non-seed plants P. patens and S. moellendorffii
[57, 58], several angiosperms [81, 84, 87], and Norway spruce LAS [76]. The
functional divergence of AbCAS relative to LAS and ISO enzymes is reflected by
its distinct position in the TPS-d3 phylogeny (Fig. 5.2). Several active site resi-
dues are unique in the ADCAS class II and class I active sites when compared with
other bifunctional conifer diTPS. The underlying changes may have been critical
in a neofunctionalization for producing a bicyclic diterpene alcohol instead of
tricyclic diterpene olefins. Indeed, substitution of one of the respective residues
in the bifunctional abietadiene synthase from grand fir (4. grandis; AgAS) led to
an alteration of the class II activity from producing (+)-CPP to LPP [88]. Future
structural and functional analysis of AbCAS can provide particular insight into the
mechanism and plasticity of the class II reaction which is not well understood.

In contrast to the formation of cis-abienol by a single bifunctional class
I/IT diTPS protein in balsam fir, formation of the same metabolite in tobacco is
catalyzed by a pair of sequentially acting monofunctional class II and class I diTPS
of the TPS-c and TPS-e/f families, with the class Il enzyme transforming GGPP into
LPP, and the class I diTPS facilitating the subsequent formation of cis-abienol [81].
Apparently, the diTPS genes for cis-abienol biosynthesis evolved independently
in gymnosperms and angiosperms, illustrating a case of convergent functional
specialization. The active site residues found to be unique in AbCAS, relative to
other conifer diTPS of the TPS-d3 family, are not conserved in functionally similar
angiosperm diTPS, leaving the mechanistic underpinnings of the cyclohydration
reaction yet to be explored. In tobacco, labdanoid diterpene alcohols were recently
correlated with pathogen resistance [89].

Ambrox® can be produced from cis-abienol in high yield through a three-step
chemical synthesis [83] (Fig. 5.4). Natural sources of a cis-abienol, specifically
balsam fir oleoresin and extracts of tobacco, provide a complex mixture of different
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diterpenes requiring additional separation and purification. In contrast, microbial
systems transformed with a plant diTPS can afford the production of a single defined
diterpene target compound. Proof of concept for microbial metabolic engineering
of diterpene production has been provided, for example, by overexpression of
two monofunctional diTPS from clary sage for production of sclareol in yeast and
E. coli [84, 86], and by production of taxadiene in E. coli using taxadiene synthase
[44]. For the microbial engineering or synthetic biology of cis-abienol production,
AbCAS as a bifunctional enzyme, directly converting GGPP into cis-abienol, may
have advantages over the use of combinations of monofunctional diTPS from to-
bacco. Use of 4bCAS requires expression and optimization of only one gene and
provides a naturally evolved scaffolded arrangement for the two critical active sites
allowing for efficient channeling of metabolic intermediates.

5.5 Biosynthesis of E-a-bisabolene, a Potential
Biofuel Precursor

Conifer terpenoids are being explored as alternative fuel sources to conventional
petrochemicals with potentially superior qualities compared to ethanol and biodiesel
(for review see [28]). For example, the fully reduced forms of some monoterpenes
(e.g. myrcene and limonene) and sesquiterpenes (e.g. farnesene and bisabolene)
(Fig. 5.1), show comparable properties to traditional diesel fuel and are being
developed as tailored D2 diesel substitutes [90-92]. The cyclic monoterpene pinene
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can be converted into constrained dimeric ring structures of higher energy con-
tent for usage as jet and rocket fuel additives [28, 93]. Large-volume feedstock
for these terpenoids is derived from tree and fruit oils. Beyond these natural
resources, metabolic engineering and synthetic biology using microbial hosts are
being explored, or are already emerging, as alternative approaches for producing
terpenoid-based biofuels [28]. In a recent study, Peralta-Yahya et al. highlighted
the utility of conifer TPS for biofuel production [91], using a grand fir AgBIS [94].

In conifers, E-a-bisabolene is produced as a sesquiterpene component of the
oleoresin and can serve as a precursor of todomatuic acid and related insect juvenile
hormone III mimics, which may interfere with insect development and reproduction
[94, 95]. AgBIS was the first bisabolene synthase to be characterized [94] (Fig. 5.5).
Paralogous enzymes exist in Douglas fir (Pseudotsuga menziesii, (Mirb.) Franco)
and Norway spruce [75, 96]. When developing microbial production systems
for E-o-bisabolene as a biofuel component, 4gBIS was found to be the most
catalytically efficient candidate among several conifer yfa-domain BIS and their
Bo-domain counterparts from angiosperms [91]. Using E. coli and yeast host
strains, previously engineered for FPP overproduction [45, 97], codon optimization
of AgBIS and several key genes in the MEV pathway was combined with additional
promoters to generate successful microbial production of E-a-bisabolene [91]. Fur-
ther metabolic engineering through downregulation of competing pathways (i.e.,
lipid and ergosterol biosynthesis), as well as improved fermentation processes,
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achieved production levels of more than 5 g/L culture [98]. Simple chemical re-
duction of the produced E-a-bisabolene afforded a-bisabolane as a possible diesel
additive [91] (Fig. 5.5).

The tertiary structure of AgBIS was recently elucidated [73]. Like the conifer
bifunctional diTPS, from which it has evolved, AgBIS adopts the ancestral yBo-
domain structure, but lacks class II activity and exhibits a smaller class I cavity
that accommodates FPP as a substrate rather than GGPP. Structural analysis of
AgBIS in the presence of several inhibitors and substrate analogues revealed that
the enzyme’s catalytic mechanism proceeds via a unique bisabolyl carbocation, and
identified several active site residues that determine its catalytic activity. Since the
enzymatic efficiency of a TPS can be a limiting factor for microbial formation of
a terpenoid product, information from structure/function analyses of AgBIS may
offer new leads for enzyme engineering and improved E-a-bisabolene production.

Significant progress has been made with the development of metabolically en-
gineered microbial systems for the production of terpenoid biofuel precursors such
as E-a-bisabolene, farnesene, or pinene [28, 90, 99]. Scaling processes to industrial
production and achieving competitive production costs remain challenges for com-
mercialization of terpenoid biofuels. Regardless of any success or possible demise
of terpenoid biofuels, the knowledge and technology development that resulted
from this work will be broadly transferrable to metabolic engineering and synthetic
biology applications of other terpenoids of high value, including pharmaceuticals
and fine chemicals.

5.6 TPS Diversity, a Reservoir for Biochemical
Engineering

The conifer TPS for the biosynthesis of DRA, cis-abienol, and E-a-bisabolene pro-
vide a few examples of the catalytic capacity of the TPS family in the formation of
thousands of natural products. The modular architecture of TPS enzymes and their
molecular evolution through recombination and modifications of the typical yBa-
domain structure and the composition of class II or class I active sites is fundamen-
tal to the functional plasticity of TPS [54,100]. In future work, it should be possible
to explore this functional plasticity for rational design of custom-made TPS for the
production of desired natural or nonnatural terpenoids, retaining enzymatic control
over the stereo- and regio-selectivity of the reaction. In addition, the rapidly grow-
ing genome and transcriptome resources are expanding the functional landscape
of known TPS, providing a nearly unlimited reservoir of enzymes for biochemical
engineering approaches [101, 102]. Following earlier pioneering work on structures
of various class I Ba-domain mono- and sesqui-TPS from angiosperms [53], the re-
cent solution of structures of four yBa-domain TPS (7axus taxadiene synthase (class
I); Arabidopsis ent-CPP synthase (class II); grand fir abietadiene synthase (class 1/
I1) and E-a-bisabolene synthase (class I) [69-71, 73]) revealed not only a plausible
evolutionary relationship of all TPS, but provided fundamental new insights into
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Fig. 5.6 “Hotspots” in the terpene synthase structure are critical for functional divergence.
Depicted is the crystal structure of the bifunctional grand fir abietadiene synthase (PDB-ID: 3S9V)
that adopts the characteristic three-domain architecture of an N-terminal y- (orange) and f-domain
(blue) and a C-terminal a-domain (green). The catalytic motifs of the class II (DxDD) and class
I (DDxxD, (N/D)x,(S/T/G)x;E) active site are highlighted in red. The magnified hinge region on
helix G in the a-domain is conserved as shown here by superimposition of representatives of all
known TPS classes: grand fir abietadiene synthase (blue), Norway spruce isopimaradiene syn-
thase (red), white spruce ent-kaurene synthase (brown), pacific yew taxadiene synthase (purple),
grand fir a-bisabolene synthase (orange), tobacco epi-aristolochene synthase (yellow), and Salvia
fructicosa 1, 8-cineol synthase (green). Presence of aliphatic or hydrophilic amino acids in this
short-loop segment dramatically impact TPS catalytic specificity

the active site contour and composition of some important TPS enzymes (for de-
tailed review see [54]). Certain aspects of TPS mechanisms remain to be explored,
such as the conformational transition underlying active site closure, channeling of
intermediates between active sites of the same enzyme and different proteins, or the
complex steric and electrostatic control that TPS exert during catalysis.

A number of targeted structural/functional analyses demonstrated the ease of
functional change in conifer yBa-domain diTPS through as little as a single residue
exchange, highlighting select “hotspots” where mutations cause a major change
in product specificity [76, 88, 103, 104]. A critical structural feature is the short
hinge region on helix G, deeply buried at the bottom of the class I active site cavity
(Fig. 5.6). Small changes in the composition of this short loop segment completely
alter product outcome. For example, in several bifunctional conifer diTPS, substitu-
tion of aliphatic to hydrophilic amino acids and vice versa in this region redirected
the catalytic route from abietadiene-type products to pimaradiene-type structures
[76, 103]. From these results, it was postulated that introducing a hydroxyl group in
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this position will stabilize the intermediate pimarenyl carbocation for deprotonation
and formation of pimaradiene, whereas aliphatic residues promote carbocation
rearrangement en route to abietadiene and related diterpene olefins [103]. In a
pair of paralogous Norway spruce diTPS, reciprocal exchange of four residues
was sufficient to achieve the functional interconversion between a LAS- and an
ISO-type diTPS, with the major contributor being an alanine residue located in
the hinge region [76] (Fig. 5.6). Interestingly, while this catalytic quartet is strictly
conserved among gymnosperm LAS-type diTPS, residues in ISO enzymes such
as in the recently identified balsam fir ISO can differ, suggesting that formation of
a tertiary abietenyl carbocation toward abietanes, rather than direct deprotonation
to isopimaradiene is dependent on strict conservation of these amino acids [33].
Even more strikingly, a conserved isoleucine located directly adjacent to the hinge
region was shown to determine the catalytic fidelity of ent-kaurene synthases in rice
(Oryza sativa, L.), Arabidopsis and white spruce, while substitution of this residue
resulted in formation of pimaradiene, that is, from a central intermediate in gen-
eral metabolism to specialized diterpene with functions in plant defense [104—106].
Given its importance in stabilizing the intermediate allylic carbocations, it is not
surprising that this short loop segment is widely conserved across class I TPS and
is a key player in the evolutionary diversification of the protein family (Fig. 5.6).

Several rational protein engineering approaches targeting TPS a-domain func-
tionality have been reported in recent years. These studies demonstrated the ap-
plicability of combinatorial site-directed mutagenesis for tailoring TPS activity and
fidelity, including a decrease in undesirable byproducts [107-110]. However, this
approach is cost- and labor-intensive, requiring individual functional characteriza-
tion of dozens or hundreds of individual protein variants. Effective high-throughput
assay systems are needed to enable high-throughput and automated screening of
large TPS mutant libraries. It is also important to consider that TPS appear to have
evolved toward diversity rather than catalytic efficiency and hence often represent
the rate-limiting factor in terpenoid biosynthetic pathways in engineered E. coli or
yeast systems [45, 109, 111]. Combining directed protein evolution with suitable
screening systems would allow the design of TPS with higher stability and catalytic
rates for balancing stoichiometry between upstream and downstream pathway mod-
ules and ultimately higher yields [107, 112]. Furthermore, pathway engineering has
used gene fusions between different TPS or TPS and prenyl diphosphate synthases to
successfully improve production of diterpene scaffolds [113], providing a powerful
tool for enhancing metabolic channeling in engineered biosynthetic pathways.

5.7 TPS and Beyond, Challenges and Future Directions

Despite the many advances in plant and microbial engineering of terpenoid path-
ways, numerous constraints continue to impede economically viable product yields
that can compete with conventional resources of terpenoid-based pharmaceuticals,
fuels, and other fine chemicals. Accurate computational annotation of TPS functions



5 Bioproducts, Biofuels, and Perfumes 101

is substantially hampered by high sequence identity of functionally diverse enzymes.
TPS characterization therefore requires laborious in vitro and in vivo analysis of
each gene candidate, often limited by lack of commercially available substrates and
standards.

Based on the larger catalytic landscape of terpenoid biosynthetic enzymes,
metabolic engineering and synthetic biology approaches can be developed to
recombine TPS and terpene-modifying enzymes, such as P450s, to produce natu-
ral and nonnatural terpenoids. Regulatory elements, such as transcription factors,
tissue-specific promoters, and microRNAs, can expand the toolkit for microbial
and plant engineering [114]. Other tools to explore for the metabolic engineering
of terpenoids are efficient transporters for targeted sequestration or secretion of
compounds that can interfere with essential processes of the living host cell. For
example, the recently identified fungal ABC transporter Ge-ABC-G1, which acts
on conifer monoterpenes in the mountain pine beetle system, could be engineered
and utilized for the microbial production of terpenoids [24].
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Engineering Elevated Vitamin C in Plants

to Improve their Nutritional Content, Growth,
and Tolerance to Abiotic Stress
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Abstract Vitamin C (L-ascorbic acid, AsA) is essential for human health; how-
ever, despite our dependency on plants as dietary sources of this nutrient, little
is known about its metabolism in crops. Ascorbate protects cells and organelles
from oxidative damage by scavenging reactive oxygen species that are produced
in response to abiotic and biotic insults, and is also a cofactor of many enzymes,
controls cell division, affects cell expansion, and is a modulator of plant senes-
cence. Biosynthesis of AsA in plants is carried out by a complex metabolic network
involving D-mannose/L-galactose, D-galacturonate, L-gulose, and myo-inositol as
main precursors. The recent cloning of several genes that regulate AsA synthesis
and recycling has facilitated the generation of transgenic plants with enhanced AsA
levels, and in some cases as much as sixfold increases in AsA relative to wild-
type plants have been achieved. In this review, we provide an overview of research
revealing three aspects of the biochemistry of AsA that have not been fully covered
elsewhere. First, we discuss the main findings of studies on feeding plant tissues
with precursors as a proxy to determine which of the AsA biosynthetic pathways
are operational in model and crop plants, and discuss these in the context of the
forward and reverse genetic studies that support the operation of each pathway.
Next, we critically discuss the consequences of elevating AsA content for plant
growth, and finally we explore the effect of AsA content on plant performance
under environmental stress.
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Abbreviations

L-Gal = L-Galactose

L-GalL = L-Galactono-1,4-lactone

D-GalUA = D-Galacturonic acid

D-Glc = D-Glucose

D-GIcUA = D-Glucuronic acid

D-GlucL = D-Glucuronolactone

L-Gul = L-Gulose

L-GulL = L-Gulono-1,4-lactone

D-Man = D-Mannose

D-Fruc = D-fructose

MI = Myo-inositol

Suc = Sucrose

AMRI1 = Ascorbic acid mannose pathway regulator 1
AsA = L-Ascorbic acid, ascorbate, vitamin C
AtERF98 = Arabidopsis ethylene responsive factor 98
AtPAP15 = Purple acid phosphatase 15 from Arabidopsis thaliana
DHA = Dehydroascorbate

DHAR = Dehydroascorbate reductase

GalDH = L-Galactose dehydrogenase

GalUR = D-Galacturonate reductase

GIlcUR = D-Glucuronate reductase

GLDH = L-Galactono-1,4-lactone dehydrogenase
GLOase = L-Gulono-1,4-lactone oxidase (a.k.a. GulLO)
GME = GDP-mannose-3',5'-epimerase

GNL = Gluconolactonase

HBK3 = KNOTTED-like homeobox gene from Norway spruce
MIOX = myo-Inositol oxygenase

MDHAR = Monodehydroascorbate reductase

PMI = Phosphomannose isomerase

PMM = Phosphomannose mutase

VTCI = GDP-mannose pyrophosphorylase

VTC2 = GDP-galactose phosphorylase

VTC4 = L-Galactose-1-phosphate phosphatase

6.1 Introduction

Ascorbate (L-ascorbic acid, AsA, a.k.a. vitamin C) is ubiquitous in plants, and
serves a host of different functions. It protects cells and organelles from oxidative
damage by scavenging reactive oxygen species (e.g., superoxide and H,0,), which
are produced by aerobic metabolic processes such as photosynthesis and respiration
or by environmental stresses like salt, drought, cold, and excess light. AsA also
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participates in the regeneration of vitamin E [17] and acts as a substrate for synthe-
sis of important organic acids (e.g., L-tartaric, L-threonic, L-glyceric, and L-oxalic
acids) [24], as well as being a cofactor for enzymes involved in a diverse array of
processes including flavonoid and phytohormone biosynthesis and the xanthophyll
cycle [23]. There is also growing evidence that AsA participates in the regulation
of cell division and elongation [48, 86], modulates flowering time and the onset of
senescence [10], acts as a signaling molecule involved in plant response to environ-
mental stresses such as ozone and pathogen attack [17], and regulates cell polarity
during embryo development [15]. In short, AsA is crucial to plant health, as illus-
trated by the fact that no mutant completely devoid of AsA has ever been described.
The vtc2/vte5 double mutant, a line defective in the expression of two genes in the
D-mannose (D-Man)/L-galactose (L-Gal) pathway to AsA that is predicted to en-
tirely lack ascorbate in fact suffers from very early growth arrest and is essentially
nonviable [27].

Some animal species, including humans, do not synthesize AsA due to the lack
of the enzyme catalyzing the last step of the biosynthetic pathway (L-gulono-1,4-
lactone oxidase or GLOase, a.k.a. GulLO), and for them it thus is a vitamin. In addi-
tion to its essential roles as redox buffer in key organelles such as the mitochondria
and the endoplasmic reticulum [70], vitamin C is an indispensable cofactor in the
hydroxylation of proline to lysine, and therefore is essential for collagen synthesis
and connective tissue integrity. A consequence of this is that vitamin C deficiency
can cause scurvy, a condition characterized by hemorrhages, bleeding gums, and
impaired wound healing. Vitamin C is also involved in a wide array of other crucial
physiological processes in animals, including the synthesis of cytokines [90], mod-
ulation of nitric oxide synthase activity [49], oxidative protein folding and endo-
plasmic reticulum stress [70, 71], cell proliferation and apoptosis [25], activation of
the epithelial cystic fibrosis transmembrane conductance regulator chloride channel
[32], maintenance of immune homeostasis [101], promotion of iron absorption and
mobilization, and tyrosine, folate and xenobiotic metabolism. In humans, diverse
studies indicate that vitamin C may decrease the incidence of various diseases,
including dementia [74], cancer [59, 60], stroke [104], heart disease [88], athero-
sclerosis [76], type 2 diabetes [44], and Charcot—Marie—Tooth disease, a hereditary
peripheral neuropathy [83]. According to the 2003—2004 National Health and Nu-
trition Examination Survey, 7.1% of the US population was vitamin C-deficient,
and smokers, low-income people, and the elderly are among those at increased risk
[89]. These data provide a clear rationale for enhancing the vitamin C content of
food crops.

Despite the critical importance of AsA to plant health and human nutrition, it
is only recently that scientists have succeeded in identifying pathways that lead to
AsA synthesis in plants (reviewed in [12, 68]). In contrast to animals, which utilize
D-glucuronate (D-GIcUA) as a precursor for AsA synthesis, plants rely on at least
four alternative routes for AsA synthesis; these routes utilize myo-inositol (MI)
[69], L-gulose (L-Gul) [102], D-Man/L-Gal [100], and D-galacturonate (D-GalUA)
[1] as main precursors (Fig. 6.1). The recent cloning of several genes that regulate
AsA synthesis and recycling has facilitated the generation of transgenic plants with
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Fig.6.1 Pathwaysinvolvedinascorbate biosynthesis and regeneration in plants: The D-mannose/L-
galactose (Man/Gal) route, the L-gulose (Gul) shunt, the D-galacturonate (GalU) pathway, and the
myo-inositol (MI) route. A purple acid phosphatase with phytase activity (AtPAP15) has been
shown to channel phytate to the MI pathway, while VTC4 has been shown to also use L-myo-
inositol-1 phosphate and contribute to both myo-inositol and ascorbate metabolisms. The enzymes
participating in the Man/Gal route are: Phosphoglucose isomerase (EC 5.3.1.9); phosphoman-
nose isomerase (PMI, EC 5.1.3.1.8); phosphomannose mutase (PMM, EC 5.4.2.8); GDP-mannose
pyrophosphorylase (VTC1, EC 2.7.7.13); GDP-mannose-3',5'-epimerase (GME, EC 5.1.3.18);
GDP-galactose phosphorylase (VTC2, EC 2.7.7.B2); L-galactose-1-phosphate phosphatase
(VTC4); L-galactose dehydrogenase (GalDH, EC 1.1.1.48); L-galactono-1,4-lactone dehydro-
genase (GLDH, EC 1.3.2.3). The enzymes in the GalU pathway are: D-galacturonate reductase
(GalUR) and gluconolactonase (EC 3.1.1.17). The enzymes in the MI pathway are: Inositol phos-
phate phosphatase (EC 3.1.3.25); myo-inositol oxygenase (MIOX, EC 1.13.99.1); glucuronate
reductase (GIcUR, EC 1.1.1.19); gluconolactonase (GNL, EC 3.1.1.17), and L-gulono-1,4-lactone
oxidase (GLOase, EC 1.1.3.8). The enzymes involved in AsA recycling are: Monodehydroascor-
bate reductase (MDHAR, EC. 1.6.5.4) and dehydroascorbate reductase (DHAR, EC 1.8.5.1).
Where omitted EC number have not been assigned. (Adapted from [68])

enhanced AsA levels and in some cases as much as sixfold increases in AsA relative
to wild-type plants have been achieved (Table 6.1). We and various other groups
who discovered these AsA biosynthetic genes have patented their use in metabolic
engineering [42].

In 2004, we reported that myo-inositol oxygenase (MIOX) overexpression in
Arabidopsis thaliana leads to plants with 2—-3-fold increase in foliar AsA content
[69]. During the past 9 years we have worked with multiple generations of these
lines and, with the exception of one line where we found gene silencing, we have



6 Engineering Elevated Vitamin C in Plants to Improve ... 113
Table 6.1 Successful metabolic engineering strategies that have led to high vitamin C plants
Pathway Plant Enzyme  Gene source AsA fold Reference
increase
Mpyo-inositol Lettuceand  GLOase Rat 2-7 [53]
tobacco
Arabidopsis  GLOase  Rat 2-3 [87]
Arabidopsis  MIOX4  Arabidopsis  2-3,N.D., [31, 69, 94]
1.7
Tobacco MIOX4  Arabidopsis 2 [78]
Lettuce MIOX4  Arabidopsis 2-3 [78]
Arabidopsis ~ AtPAP1S5  Arabidopsis 2 [105]
Tomato MIOX4  Arabidopsis 2 [56]
Arabidopsis ~ GIcUR  Arabidopsis  2-3 Lorence et al.
unpublished
D-Mannose/L-Galactose Tobacco GMP Acerola 2 [6, 7]
Arabidopsis  AMR1 Arabidopsis  2-3 [106]
Tobacco PMM Acerola 2 [7]
Tomato GME Tomato 1.6 [107]
Tomato, VTC2 Kiwifruit 3-6/3/2 [12]
potato, and
strawberry
Arabidopsis ~ AtERF98  Arabidopsis 1.7 [108]
D-Galacturonate Arabidopsis  GalUR Strawberry 23 [1]
Tomato GalUR Strawberry 2 [99]
Potato GalUR Strawberry 2 [47]
Recycling Tobaccoand DHAR Wheat 2-4 [16]
maize
Tobacco DHAR Arabidopsis [28]
Potato DHAR Sesame 1.5 [39]
Maize DHAR Rice [77]
Arabidopsis  DHAR Arabidopsis 24 [98]
Tomato DHAR Tomato 1.6 [45]
Tomato MDHAR Tomato 1.27 [35]
Other pathways Tomato MDH Tomato 6 [79]
Norway HBK3 Norway 1.6 [11]
Spruce Spruce

Abbreviations of most enzyme names are described in Fig. 6.1; AMRI Ascorbic acid mannose
pathway regulator 1; AtERF98 Arabidopsis thaliana ethylene response factor 98; HBK3 KNOT-
TED-like homeobox gene from Norway spruce; MDHAR monodehydroascorbate reductase; MDH
malate dehydrogenase; N.D. nondetected

always detected elevated foliar AsA content [56, 78]. In a study published in 2009,
Endres and Tenhaken failed to detect differences in AsA content between a wild-type
line from the Arabidopsis Stock Center in Europe and our MIOX4 overexpressors,
but did detect lower MI content in those lines [31]. In 2011, a group in Hungary
provided evidence and independent verification that our MIOX4 overexpressors
have elevated AsA (1.7-fold), display enhanced growth (a phenotype noted by the
authors and documented with a photograph in the article), and are tolerant to high
light stress compared to the wild type background used for transformation [94]. We
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further reported that MIOX4 over-expressors continue to have elevated AsA content
(1.75-fold) compared to controls not only when grown under normal conditions, but
also when subjected to salt, cold, heat, and pyrene stresses [66].

During the past few months, excellent review papers have been published de-
scribing in detail novel functions of AsA and its role in plant evolution [33, 36].
Instead of duplicating that effort, in this review we provide an overview of research
revealing three aspects of the biochemistry of AsA that have not been fully cov-
ered elsewhere. First, we will discuss the main findings of studies on feeding plant
tissues with AsA precursors as a proxy to determine which of the AsA biosynthetic
pathways are operational in model and crop plants, and discuss these studies in the
context of the forward and reverse genetic studies that support the operation of each
pathway (Sect. 6.2). Next, we will critically discuss the consequences of elevating
AsA content for plant growth (Sect. 6.3). Finally, also the effect of AsA content on
plant performance under environmental stress will be reviewed (Sect. 6.4).

6.2 Which Biosynthetic Pathways Leading to Ascorbate
Formation are Operational in Plants?

Feeding plant organs, tissues, or cells with AsA precursors has been an invaluable
tool that has allowed researchers to gain a better understanding about the plasticity
of the metabolic machinery leading to AsA formation in model and crop plants (Ta-
ble 6.2). This approach has been employed for more than 5 decades in the field. In
most cases, the experiment has consisted in the incubation of detached tissues or or-
gans from the plant of interest in an aqueous solution of each of the AsA precursors
to be tested. Most feeding experiments have been conducted under continuous light
and have lasted between 1 and 24 h. The main goal of these assays has consisted in
measuring the in planta AsA content resulting from the uptake, transport, and con-
version of the substrate in question into AsA. Table 6.2 presents a summary of the
studies in which more than one AsA precursor has been tested. The reader should
note that we did not include several other published studies in which only one par-
ticular precursor has been fed to the plant model of study.

The results of these feeding studies should not be analyzed in isolation but as one
of many tools available to understand AsA metabolism. These studies using “cold
chemicals” although valuable are considered less sensitive and accurate than those
where radioactively labeled precursors have been used.

Table 6.2 illustrates that without exception the AsA pathway that is operational
and predominant in tissues of all the plant species analyzed with this approach is the
Man/Gal route (a.k.a. Smirnoff-Wheeler pathway, [100]). Of the intermediates in
this route, L-Gal is the substrate that has led to the by far highest increases in AsA,
followed by L-galactono-1,4-lactone (L-GalL) with the exception of sweet pepper
[9] and papaya [9] where L-GalL seems to be preferred over L-Gal. These studies
also indicate that this pathway is clearly controlled by substrate availability.
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Table 6.2 Feeding studies with AsA precursors in plants
Species Feeding conditions  Substrate Percent increase Reference
AsA?
Apple (Malus Flesh peel, flesh, and Water 100 (y), 100 (m) [61]
domestica) seed of young (y), D-Glc 108 (y), 109 (m)
and mature (m) L-Gal 142 (y), 132 (m)
fruits, 10 mM, 2 h L-GalL 142 (y), 127 (m)
shaking, 25°C D-GalUA 142 (y), 145 (m)
MI 108 (y), 91 (m)
D-GIcUA 145 (y), 118 (m)
L-GulL 100 (y), 100 (m)
Apple (M. domestica) Leaf disks 15 mM,  Water 100 [22]
30h L-Gal 300
L-GalL 300
L-GulL 150
Arabidopsis Cell suspensions Water 100 [21]
(Arabidopsis (mid-log phase L-Gal 6800
thaliana) cells) 15 mM, L-GalL 3180
30 h 16:8 h photo- D-GalUA 3470
period, 24°C MI 100
D-GlucL 300
L-GulL 970
Bean (Phaseolus Shoots (7-8 day Water 100 [8]
vulgaris) seedlings) 0-2%, L-GalL 364
6-48 h D-GulL 157
Black currant (Ribes  Flowers 25 mM, Water 100 [43]
nigrum L.) 18 h shaking, dark D-Glc 103
L-Gal 296
L-GalL 235
D-GalUA 110
L-Gul 108
MI 93
L-GulL 108
Broccoli (Brassica Florets (petiole feed- Water 100 [9]
oleracea) ing) 0.5%,24h  D-Man 92
room temperature,  L-Gal 2087
40 W artificial L-GalL 233
light
Chestnut rose (Rosa ~ Fruit25 mM, 24 h  Water 100 [3]
roxburghir) room temperature, Suc 120
natural daylight ~ D-Fruc 125
photoperiod L-GalL 200
L-Gul 140
Mannitol 136
D-GIcUA 125
Green sweet pep- Whole pepper sliced Water 100 [9]
per (Capsicum and immersed to  D-Man 86
annuum) feed 0.5%,24h  L-Gal 99
room temperature, L-GalL 134

40 W artificial
light
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Table 6.2 (continued)

Species Feeding conditions  Substrate Percent increase Reference
AsA?
Guava (Psidium sp.) ~ Whole fruit sliced Water 100 [9]
and immersed to  D-Man 107
feed 0.5%,24h  L-Gal 158
room temperature, L-GalL 143
40 W artificial
light
Kiwi (Actinidia Flesh discs 10 mM,  Water 100 [62]
deliciosa) 20 h shaking, D-Gle 125
25°C L-Gal 162
L-GalL 168
D-GalUA 125
MI 87
D-GIcUA 100
L-GulL 150
Papaya (Carica Whole fruit sliced Water 100 [9]
papaya) and immersed to  D-Man 104
feed 0.5%,24h  L-Gal 95
room temperature, L-GalL 113
40 W artificial
light
Pea (Pisum sativum  Embryonic axes Water 100 [82]
L) 25 mM, 8 hdark, D-Glc 102
20°C L-GalL 420
L-GulL 124
Peach (Prunus per- ~ Immature whole Water 100 [51]
sica L.) fruits (59 days L-Gal 350
after full bloom) L-GalL 200
25-50 mM, 18 h  D-GalUA 100
room temperature L-GulL 125
Rice (Oryza sativa) ~ Shoots (s) and Water 100 [40]
roots (1) D-Glc 120 (s), 186 (1)
D-Glc 10-20 mM L-GalL 390 (s), 740 (r)
L-GalL 2-10 mM
72 h natural light,
25-30°C
Strawberry (Fragaria Fruit 0.5%, 24 h Water 100 [9]
sp.) room temperature, D-Man 103
40 W artificial L-Gal 143
light L-GalL 148
Tobacco (Nicotiana ~ Young leaves Water 100 [53]
tabacum) 30 mM, 72 h L-GalL 6932
22°C, 14:10 h L-GulL 1068
photoperiod light:
40 pmol m2 57!
Tobacco (N. tabacum) Leaf discs (young Water 100 [52]
leaves) 5 mM, D-Man 100
6 h light: L-Gal 200

400-1,000 pmol

m?s’!
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Table 6.2 (continued)

Species Feeding conditions  Substrate Percent increase Reference
AsA?
Tomato (Solanum Hairy root cultures ~ Water 100 [99]
lycopersicum) 30 mM, 16264 h L-Gal 130
25+£2°C12h D-GalUA 210
photoperiod
Tomato (S. Fruit disks; mature ~ Water 100 (m), 100 (r) [75]
lycopersicum) green (m) and D-Glc 124 (m), 106 (1)
red tomatoes (r)  D-Man 130 (m), 203 (r)
15mM, 24 h L-Gal 246 (m), 201 (r)
25°C, constant L-GalL 287 (m), 192 (r)
light MI 112 (m), 149 (r)
L-GulL 180 (m), 151 (1)
Wood tobacco (Nico- Detached leaves Water 100 Aboo-
tiana benthamiana)  fed via petiole D-Man 132 bucker
50 mM, 8 h25°C, L-Gal 338 and
constant light L-Gul 184 Lor-
D-GalUA 104 ence,
Ml 102 unpub-
L-GulL 210 lished

2 Values were normalized relative to the water control. Values in italics were reported to be signifi-
cantly different from those of the water controls.

L-Gal 1-Galactose; L-GalL 1-Galactono-1,4-lactone; D-GalUA D-Galacturonic acid; D-Glc
D-Glucose; D-GlcUA D-Glucuronic acid; D-GlucL D-Glucuronolactone; L-Gul L-Gulose; L-GulL
L-Gulono-1,4-lactonel; D-Man D-Mannose; D-Fruc D-Fructose; MI Myo-inositol; Suc Sucrose

In addition to the results of the feeding studies listed in Table 6.2, much biochem-
ical and molecular genetic evidence now exists in support of the Man/Gal route.
Genes encoding all the proposed biosynthetic enzymes have been identified in
higher plants [19, 20, 27, 34, 50, 58, 65, 72, 81, 102]. Two master regulators of this
pathway, Arabidopsis AMR1 [106] and AtERF98 [108] have been recently reported
as well.

As shown in Table 6.2, there is a significant body of work supporting the op-
eration of alternative routes leading to AsA formation that serve to supplement the
synthesis via L-Gal at certain developmental stages and in particular tissues. In the
following paragraphs, we discuss the studies supporting the operation of the L-Gul,
D-GalUA, and MI pathways.

Only a few of the studies have included L-Gul in the suite of precursors analyzed
(Table 6.2). Of those, the one in chestnut rose [3] and the one in wood tobacco
(Aboobucker and Lorence, unpublished) provided data supporting the conversion
of this substrate into AsA. L-Gul does not seem to be converted into AsA in black
currant under the conditions tested [43].

In addition to the feeding studies in which L-Gul has been effectively converted
into AsA, molecular evidence supporting the operation of the L-Gul pathway was
obtained through the characterization of the Arabidopsis GDP-mannose-3'-5'-
epimerase (GME) enzyme [102]. GME is able to also synthesize GDP-L-gulose,
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and it may be assumed that this substrate can be converted to L-gulono-1,4-lactone
(L-GulL) in an analogous way to the conversion of L-Gal to L-GalL and then to
AsA. Maruta and collaborators [73] obtained evidence for the operation in tobacco
cells of GLOases (a.k.a. GulLOs), enzymes capable of oxidizing L-GulL into AsA.
These enzymes also participate in the MI pathway to AsA.

Multiple studies carried out in apples [22], Arabidopsis [21], kiwi [62], and to-
mato fruits [107] report the conversion of D-GalUA into AsA. However, this sub-
strate does not seem to contribute in a significant way to vitamin C synthesis in all
fruits, as indicated by the lack of conversion to AsA in black currant [43], peaches
[51], and leaves of wood tobacco (Aboobucker and Lorence, unpublished).

Molecular evidence in support of the operation of the GalUA pathway to AsA was
provided by the characterization of an enzyme with D-GalUA reductase activity [1]
in strawberry. When overexpressed, this enzyme leads to plants with elevated AsA.

Five feeding studies have included MI in the suite of precursors assayed. Of
these articles, one provides convincing evidence (statistically significant differ-
ences compared to controls fed with water) of the conversion of MI into AsA in
red tomatoes [75]. Inositol does not seem to be effectively converted into the final
product in apples [61], Arabidopsis cells [21], black currant [43], or kiwi fruits [62].

Multiple teams including ours have provided molecular evidence for the opera-
tion in higher plants of enzymes capable of using MI and other inositol phosphates
including phytate for AsA production [69, 93, 105]. Overexpression of AtMIOX4
led to elevated foliar AsA content in Arabidopsis, as demonstrated by us [69] and
independently confirmed by Téth and collaborators [94]. The enzymes that follow
MIOX in the proposed MI pathway to AsA are glucuronate reductase (GIcUR),
gluconolactonase (GNL), and GLOase (a.k.a. GulLO). Manuscripts with the de-
tailed characterization of at least one member of each of these enzyme families in
Arabidopsis are in preparation in our group.

A multitude of studies have obtained data showing the effective conversion of
L-GulL into AsA in apples [22], Arabidopsis [21], beans [8], kiwi [62], peas [82],
peaches [51], tobacco [53], tomato [75], and wood tobacco (Aboobucker and Lorence,
unpublished). This substrate is structurally quite similar to the immediate AsA pre-
cursor in the Man/Gal pathway, L-GalL. However, detailed characterization of L-
galactono-1,4-lactone dehydrogenase (GLDH), the terminal enzyme in that pathway,
shows that plant GLDHs are highly specific for L-GalL (reviewed in [92]). Therefore,
conversion of the alternative substrate L-GulL into AsA is most likely catalyzed by
GulLO, the terminal enzyme that connects the L-Gul and MI pathways (Fig. 6.1).

6.3 Effects of Ascorbate Content on Plant Growth

Among the new knowledge that has emerged from the detailed characterization of
the function of the various enzymes involved in AsA metabolism in plants are the
remarkable negative consequences for growth, morphology, and development of lines
that are deficient in this key molecule (Table 6.3). These low-AsA lines have been
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Table 6.3 Effects of low ascorbate content on the phenotype, cell structure, and development of
plants

Gene mutated Plant species Phenotype References

VTCl Arabidopsis  Reduced growth of aerial tissue [18, 80, 85, 97]
Shorter primary root length
Accelerated leaf senescence
Delayed flowering
Cells stop elongation and undergo apoptosis
early in development
Extensive degradation of grana stacks

Potato Reduced biomass of aerial tissue [54]
accelerated leaf senescence
GME Tomato Reduced growth of aerial tissue [37]

reduced cell number and size
reduced fruit firmness
GLDH Rice Reduced plant height and root length [67]
reduced leaf and root weight
delayed flowering
reduced number of flowers, tillers, and number
of grains
Tomato Reduced growth of aerial tissue 2]
reduced leaf size
reduced fruit diameter and weight
reduced cell size
DHAR Tobacco Reduced rate of leaf expansion [14]
reduced growth of aerial tissue
delayed flowering

developed either after chemical mutagenesis or via knockout approaches. A common
phenotype reported for Arabidopsis, potato, rice, tomato, and tobacco low-AsA mu-
tants is a significant reduction of growth and biomass accumulation of both aerial and
root tissues. At the cellular level, this reduction in plant size and biomass is linked in
some cases with decreased cell size and in others with lower number of cells. Reduced
AsA levels also seem to have a negative impact on the number of flowers, number of
tillers, the size of the fruits, and seed yield. On the other hand, a question that remains
open is whether elevated AsA has positive effects for plant growth and development.
We reported that Arabidopsis lines with enhanced AsA content overexpressing
enzymes that participate in the inositol pathway, MIOX4 [69] and GLOase [87],
accumulate more biomass (measured as dry weight of the aerial tissue) and display
a longer inflorescence stem and a wider rosette diameter compared to controls grow-
ing in soil under similar conditions. These MIOX4 and GLOase overexpressors also
showed enhanced growth of both aerial and root tissues when grown in liquid culture
[66, 78]. To our knowledge, this is the first study demonstrating such a marked posi-
tive effect on plant growth in lines engineered to have elevated AsA concentrations.
We have recently incorporated the use of a Scanalyzer HTS instrument
(LemnaTec, Germany), a powerful tool that allows nondestructive, unbiased, and
accurate phenotyping of small plants to the characterization of the high AsA lines
(MIOX4 and GLOase). For this experiment, seeds of wild type (untransformed A.
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Fig. 6.2 Arabidopsis high vitamin C lines, MIOX4 and GLOase, display enhanced growth rate
and biomass accumulation compared to wild-type controls. Seeds were germinated on MS media
and seedlings were transferred to soil and grown under controlled conditions (23 °C, 65 % humid-
ity, 14:10 h photoperiod, and 150 pmol m™ s™! light intensity). Images were acquired with a
nondestructive high throughput phenotyping system (Scanalyzer HTS, LemnaTec, Germany), and
leaf area was measured as previously described [4]. Images shown correspond to plants at the end
of the vegetative growth (29 days after germination). Values are means+standard error (n=15)

thaliana var. Columbia, ABRC stock CS-60000) and homozygous MIOX4 and
GLOase lines were cleaned and planted on Murashige and Skoog (MS) plates and
vernalized for 3 days at 4°C. Plates were then incubated in a controlled environ-
mental chamber (Conviron, Pembina, ND) under the following conditions: 23 °C,
65 % humidity, 14:10 h photoperiod, and 150 umol m2 s™! light intensity. After a
week, seedlings were transferred to the soil (Arabidopsis Growing Medium, Lehle
Seeds, Round Rock, TX) and grown in QuickPot 15 trays (HerkuPlast, Germany)
until maturity under the above conditions. During their entire life cycle, plants were
phenotyped with the Scanalyzer HTS. The acquired images were analyzed as previ-
ously described [4] to calculate plant growth (measured as foliar area in cm?). As
illustrated in Fig. 6.2, MIOX4 and GLOase overexpressors grew faster and accumu-
lated more biomass than untransformed controls growing under similar conditions.

6.4 Effects of Ascorbate Content on Abiotic Stress
Tolerance

Table 6.4 summarizes the results obtained by us and others after detailed character-
ization of model and crop plants with enhanced AsA content in response to various
forms of abiotic stress. The AsA enhancement has been achieved in most cases after
constitutive expression of biosynthetic and recycling genes; however, in some cases
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Table 6.4 Stress responses of plants with elevated AsA content
Species Method to elevate AsA  Fold AsA Plants’ performance Reference
Arabidopsis  OE rice DHAR 1.2 Salt tolerance [96]
OE Arabidopsis DHAR ~ 2-4.2 Paraquat tolerance Heat [16]
tolerance
OE Arabidopsis MIOX4 1.7 Heat and high-light [46]
tolerance
OE Arabidopsis MIOX4  1.48-1.75 Salt tolerance [46, 66, 78]
and rat GLOase Cold tolerance
Heat tolerance
Tolerance to pyrene
Maize Feeding AsA 1.25 Drought tolerance [26]
Potato OE rat GLOase 1.4 paraquat tolerance [95]
osmotic stress tolerance
salt tolerance
OE Arabidopsis DHAR ~ 2.2-2.8 Paraquat tolerance [30]
osmotic stress tolerance
salt tolerance
Rice Feeding AsA and AsA 2.9 shoots Chilling tolerance [52]
precursors 6.4 roots drought tolerance
Al toxicity tolerance
Soybean Feeding AsA NM Salt tolerance [41]
Tobacco OE human DHAR No change Cold tolerance [57]
salt tolerance
OE wheat DHAR 2-4 ozone tolerance [13]
OE Arabidopsis DHAR ~ 1.9-2.1 Drought tolerance [28]
ozone tolerance
salt tolerance
osmotic stress tolerance
OE Arabidopsis 2-2.2 Salt tolerance [29]
MDHAR ozone tolerance
osmotic stress tolerance
OE Arabidopsis DHAR 1.3 Tolerance to Al stress ~ [103]
Tomato Feeding AsA NM Salt tolerance [91]
OE tomato MDHAR 1.2 cold tolerance [63]
heat tolerance
paraquat tolerance
OE tomato GME 1.2-1.4 leaves Paraquat tolerance [107]
1.2-1.6 fruits  cold tolerance
salt tolerance
OE potato DHAR 1.2-1.4 leaves Paraquat tolerance [64]
1.1-1.2 fruits  salt tolerance
Wheat Feeding AsA 1.3-1.4 Salt tolerance [5]

NM not measured; OF overexpression

feeding AsA or its precursors has also led to elevated antioxidant content. The big
picture that emerges from this summary is that even modest increases in AsA con-
tent have led to broad tolerance to common stresses such as salt, cold, ozone, and
herbicide treatment. In addition to the overall AsA content, an aspect equally im-
portant for the health of the plant tissue is the ratio of reduced to oxidized ascorbate
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or AsA redox status. In some of these studies, particularly those where DHAR and
MDHAR have been overexpressed, the redox status of the plants changed, helping
them overcome the stresses they have been subjected to.

Interestingly, exposure to pyrene, a polycyclic aromatic hydrocarbon and a
known inducer of oxidative stress in plants, led to stunted growth of the aerial tis-
sue, reduction in the number of root hairs, and inhibition of leaf expansion in wild-
type plants, while these symptoms were less severe in the MIOX4 and GLOase
overexpressors [46]. These results indicate the potential of high AsA crops as a tool
for phytoremediation applications.

As AsA is intertwined in such a large number of networks (photosynthesis, flow-
ering, ROS signaling, cell growth/division, pathogen response) and elevation of
AsA levels has been shown to alter the transcription of many genes [55, 84], there
could be unexpected, perhaps negative, consequences to significant elevation of
AsA in plants beyond the normal physiological level. Additional research is needed
in this regard.

6.5 Conclusions and Perspectives

Feeding studies have revealed that the Man/Gal pathway is operational and pre-
dominant in all the plant species analyzed to date. Of the intermediates participat-
ing in this route, L-Gal and L-GalL are most effective at increasing AsA content.
However, without a doubt, these feeding studies also demonstrate the operation
of all the alternative pathways that supplement the one using L-Gal in particular
tissues and developmental stages. The research here reviewed indicates the po-
tential of engineering elevated AsA content as an effective strategy to develop
crops with enhanced biomass and abiotic stress tolerance. Based on our results
and the ones of others, we propose that increases between 1.5- and 6-fold in the
total AsA content of plant tissues are necessary to have broad tolerance to abiotic
stresses in crops. Future generations of these engineered crops are likely to include
the combination of the expression of biosynthetic and recycling genes, and/or the
expression of regulatory proteins and transcription factors that have been recently
shown to modulate multiple genes at once (e.g., [106, 108]). Although the results
obtained by us and others show significant promise for the development of plants
with enhanced abiotic stress tolerance, an aspect until now not fully explored is
the evaluation of the consequences of elevated AsA content in the ability of plants
to interact with insects and other herbivores (reviewed in [38]). This is a crucial
aspect that must be evaluated at both greenhouse and field levels before these
crops can be deployed.
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Chapter 7

Evaluating the Phytochemical Potential

of Camelina: An Emerging New Crop of Old
World Origin

Mark A. Berhow, Steven F. Vaughn, Bryan R. Moser, Deniz Belenli
and Umit Polat

Abstract Out on the next frontier of nutritional research will be the complete
biochemical and physiological characterization of plant-derived foods that prevent
or delay the development of chronic diseases in humans and animals. The chemical
composition of many major crop products (seeds, flour, oil, leaves, etc.) have been
determined, but the slow process of evaluating each compound alone or in mix-
tures for the biological function in nutrition and health of the animals that consume
them has only just begun. Camelina, or false flax (Camelina sativa L. Crantz), is an
emerging oil seed crop in North America mostly used as a biodiesel fuel. The seeds
contain up to 45 % oil, which is rich in polyunsaturated omega-3 and omega-6 fatty
acids, as well as fat-soluble antioxidants such as the vitamin E-active tocopherols.
Extraction of oil from camelina seeds by mechanical expeller yields a seed meal that
consists of approximately 10 % residual oil, 45 % crude protein, 10 % soluble sugars,
13% fiber, 5% minerals, and 10% phytochemical constituents such as glucosino-
lates, flavonols, lignans, phenolic acids as well as nucleic acids. The seed meal also
contains a hydrophilic gum. While the oil fraction has been well characterized and its
uses are growing, the seed meal has yet to be fully characterized for its potential use
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in animal feeds or in foods for humans. The phytochemical components of camelina
potentially have strong benefits for use in functional food roles.

Keywords Camelina - Oil seed - Chemical composition - Glucosinolate - Flavonols -
Phenolics

7.1 Complete Characterization of Plant Crop Products

The next frontier of nutritional research will be the characterization of plant-derived
chemical components—and the resulting biochemical processes that they regulate
in animals—that are critical in preventing or delaying the development of chronic
diseases such as cancer, diabetes, heart and circulatory diseases, and other chronic
conditions that develop in humans and animals. Seeds, leaves, bark, stems and flow-
ers, as well as extracts from these plant organs, have historically been used to treat
diseases and infirmaries in humans and animals. The development of the modern
pharmaceutical industry owes its very existence to the characterization and purifica-
tion of physiologically active chemical compounds from plants, fungi, and bacteria.
Epidemiological observations have shown that regular consumption of a number of
specific foods or plant extracts significantly reduces the occurrence, or slows the
development of nearly all of the chronic disease conditions that afflict humankind.

The challenge in preventing chronic disease by nutritional phytochemicals is
that their effect may not be due to a single chemical agent or even a set of chemi-
cally related compounds, unlike pharmacological chemicals which tend to specifi-
cally destroy disease-causing microbes or abnormal mammalian cell types. Disease
prevention through nutrition may be the result of an optimal mix of phytochemical
agents—from a single plant species or even a mixture of plant species—combined
with a defined caloric intake and regular exercise that will result in the preven-
tion or slowing of the development of chronic disease. Traditional Chinese and
Indian medicines have been prescribed for exactly these purposes for thousands of
years, yet we still do not understand how they work on a chemical or biochemical
level. In order to fully understand these very complex processes, it is essential to
have a complete chemical profile of the components that make up a particular food.
As many of these compounds are produced by plants to mediate ecophysiological
stress, microbial, or herbivore pressure, this would have the added benefit of being
able to better evaluate the full chemical profile of particular plant species for more
effective pest control.

Full chemical characterization of a given plant material is still a difficult endeavor
even with all the advances in modern computers and analytical equipment. Also, the
considerable variation in plant organ chemical composition due to genetic and en-
vironmental factors makes this complex analysis even more challenging. Analytical
research has yielded fairly complete chemical characterization of the major food
crops, especially the grains and soybean. These foods are fairly complex mixtures
of primary metabolites and phytochemicals of which the minor components may
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play key roles in determining the long-term bioactivity. Yet even in these major
crops, very few of the minor phytochemical components are available as pure stan-
dards for further nutritional evaluation. Often, as in the case with soy, researchers
have focused on just one family of phytochemicals, such as the isoflavones, and the
resulting nutritional and disease research studies conducted on these compounds
have often shown that isolated soy isoflavones are generally less effective than the
whole foods.

It would be beneficial to have a relatively simple phytochemical model food
system as an effective tool to use for compositional nutritional studies, such as
Arabidopsis is being used in plant genetic studies. The nutritional model plant needs
to be in crop production, as no rare and hard to obtain plant will be effective for such
studies. One candidate is Camelina sativa, or simply camelina, which is an emerg-
ing bio-oil crop in North America from the Brassicaceae family (see Sect. 7.2) The
aim of this review is to summarize all of the known chemical components of came-
lina seed meals with special emphasis on the analysis and determination of the phy-
tochemical composition, with the aim of assessing the key chemical components to
be evaluated for their roles in the prevention of chronic disease in animals. The oil
composition has already been well characterized, so it will only be summarized here
(Sect. 7.3), followed by a detailed discussion of the phytochemical compositions of
camelina seed meal (Sect. 7.4) and the methods used for the analyses (Sect. 7.5).

7.2 Camelina: An Emerging New Crop in North America

Camelina sativa L. Crantz—also known as gold-of-pleasure, false flax, wild flax,
linseed dodder, German sesame, and Siberian oilseed—is an annual member of the
Brassicaceae (mustard family). It is a plant native to temperate northern Europe
and central Asia, but was introduced to North America, possibly as a contaminant
in flax seed. It was traditionally cultivated in Europe to produce vegetable oil and
animal feed [1, 2]. There is ample archeological evidence to show that it has been
grown for at least 3,000 years [3, 4]. Camelina was an important oil crop in eastern
and central Europe, and has continued to be cultivated in a few parts of Europe for
its seed, which was used in oil lamps and as edible oil. Camelina has a number of
agronomic advantages: it can be grown in a variety of climatic and soil conditions
as a spring/summer crop or as a biannual winter crop, and can be easily incorporated
into crop rotations; it has a short growing season (85—100 days); it is compatible
with existing farm practices and does not require specialized harvesting equipment;
it tolerates cold weather, drought, and low-fertility/saline soils; it has few natu-
ral pests and so requires relatively little pesticide application [5-7]. It is currently
grown in the northern USA and in Canada, and the USDA, AgCanada, several US
states and Canadian provincial agencies, and at least two private companies have
both breeding and genetic modification programs aimed at further improving came-
lina traits such as improved oil content, seed viability, expanded growing locations,
and resistance to disease, pest, and weed competition.
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Table 7.1 Yield of camelina compared to other commodity oil crops

Crop Seed yield Seed oil Oil yield

(kg ha-1 year-1) (mass %) (kg ha-1 year-1)
Camelina 1,500-3,000 28-47 420-1,410
Rapeseed 2,680-3,390 4044 965-1,342
Soybean 2,140-2,840 18-22 347-562
Sunflower 1,440-1,700 3949 505-750

Data for seed yield of rapeseed, soybean, and sunflower were taken from Oil World Annual 2009,
1, Oilseeds pp. 5-9. Data for seed oil content of camelina (and seed yield), rapeseed, soybean, and
sunflower were taken from the 3rd edition of The Lipid Handbook.

Although camelina is harvested primarily for its seed, the rest of the plant could
be used as a straw or as a source of cellulose and lignin [6]. Interest in the use of
camelina as a functional food and as a source of biodiesel continues to grow. The
seed is generally processed by cold pressing to remove 80-90% of the oil, yielding
crude oil and seed meal. Methods have been developed to refine the oil for both food
and fuel uses, and the chemical composition has been extensively studied. Yields
are anywhere from 336 to 2,240 kg per hectare with lipid contents of 2545 weight
percent (Table 7.1 and [8—10]). Oil yields are comparable to rapeseed, soybean, and
sunflower. The interest in North America is partly due to its exceptionally high level
of omega-3 fatty acids, which is uncommon in commodity vegetable sources. Over
50% of the fatty acids in cold-pressed camelina oil are polyunsaturated (Table 7.2).
Because of its apparent health benefits and its relative oil stability, camelina oil
should be added to the growing list of functional foods. However, additional uses
are still needed for processing coproducts to render camelina economically viable.
Defatted camelina seed meal contains significant levels of proteins and carbohy-
drates as well as a number of phytochemicals including glucosinolates, which could
be utilized in additional food, feed, and agricultural uses.

On a compositional level, a wealth of information has recently become available
on the chemical components of camelina seeds. Applying modern analytical tech-
niques can solve a few of the missing pieces of the phytochemical puzzle. In the
next step, nearly all of the camelina chemical components can then be assembled to
create artificial food that very closely resembles that of camelina oil and seed meal.
Nutritional researchers will thus be able to evaluate the artificial mixture against
natural camelina seed meal and further evaluate each of the components—either
individually or as mixtures—to characterize its nutritional bioactivity.

7.3 Camelina Seed QOil

Crude camelina oil consists of about 45 % polyunsaturated fatty acids, 35 % mono-
unsaturated fatty acids, 10 % saturated fatty acids, and up to 10% free fatty acids,
tocopherols, sterols, other terpenes and volatiles.



7 Evaluating the Phytochemical Potential of Camelina 133

Table 7.2 Fatty acid composition of camelina oil (*[16], ®[18])

Carbon number Weight percent?
Unsaturated ® ®
o-Linolenic acid 18:3 37%
Linoleic acid 18:2 15%
Oleic acid 18:1 15%
11Z-Eicosenoic acid 20:1 15%
Erucic acid 22:1 3%
cis-11,14-Eicosadienoic acid 20:2 2%
Eicosatrienoic acid 20:3 2%
Saturated * ®
Palmitic acid 16:0 5%
Stearic acid 18:0 3%
Arachidic acid 20:0 1%
Minor®
Total 2%
13Z,16Z-Docosadienoic acid 22:2 Trace
10Z-Heptadecenoic acid 17:1 0.5%
Palmitoleic acid 16:1 Trace
Nervonic acid 24:1 Variable
Heptadecanoic acid 17:0 0.2%
Heneiosanoic acid 21:0 Trace
Behenic acid 22:0 0.5%
Tricosanoic acid 23:0 Trace
Lignoceric acid 24:0 Trace

7.3.1 Camelina Oil Composition

The average concentrations are covered in detail in several published reports [9-22]
and summarized in Table 7.2. o-Linolenic acid, an omega-3 fatty acid, is the most
abundant fatty acid in camelina oil along with linoleic, oleic, and 11-eicosenoic
acids. These fatty acids account for 80—-85 % of the oil. Camelina oil contains rela-
tively high levels of erucic acid, but the amount is below the 5% threshold that is
critical for food use [20, 23]. Extensive breeding programs are currently underway
hope to lower the levels of this fatty acid in future crop lines.

The extractable oil fraction (Table 7.3 and [11, 16—18, 24]) includes the nonvolatile
terpenes—sterols, tocopherols, small amounts of the un-cyclized terpenes squalene
and phytol, and a few other degradation products—the levels of which depend on the
amount of processing conducted on the sample. Of interest here, are the relatively
high levels (for a plant) of cholesterol [25]. The tocopherol levels are relatively low
compared to oils of other species such as soybean. The major tocopherols found in
camelina are o-tocopherol, y-tocopherol, and 8-tocopherol, with small amounts of -
tocopherol also identified. Tocotrienols have not generally been detected in camelina.

Small amounts of free fatty acids in the range of less than 0.1-0.8 % are present in
the extracted oil, which are probably released during the course of oil extraction, pro-
cessing, and storage [16]. All plant seed oil fractions have a unique and often distinct
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Table 7.3 Composition of unsaponifiables (sterols and nonvolatile terpenoids) comprising 0.5-0.8
weight percent of camelina oil (*[16], °[17], ¢[24],9[18])

Sterols Tocopherols
B-Sitosterol®¢ o-Tocopherol?®
Campesterol® "¢ B-Tocopherol (trace)?*®
Campestanol® v-Tocopherol?® ¢
Cholesterol?®¢ §-Tocopherol (trace)? ©
Brassiciasterol*®¢ Retinoic acid (trace)?
v-Sitosterol* Plastochromanol
Sitostanol®

8-5-Avenosterol (trace)*® Non-cyclized terpenes
8-7-Avenosterol (trace)® Squalene®
14-Methylergost-8-en-3-ol (trace)? Phytol*

Stigmasterol (trace)? Squalane (trace) ?

Stigmasta-5,24-dienol®
Obtusifoliol (trace)?
Cycloartenol (trace)™
24-Methylenecycloartanol®
o-1-Sitosterol (trace)?
14-Methylfecosterol (trace)?
6-Methylcholest-5-en-ol (trace)?
Gramisterol + o-amyrin®
B-Amyrin (trace)?®
Citrostadienol®

odor made up of the volatile and semi-volatile compounds. Typically, this compris-
es a large number of alkyl and benzyl compounds, each present in relatively small
amounts. The amounts and types of these compounds can vary considerably from cul-
tivar to cultivar and depend on growth conditions, as well as the amount and type of
processing in the oil extraction and preparation. Table 7.4 lists 30 volatile compounds
found in freshly prepared camelina oil by headspace analysis, another reference identi-
fied 168 acids, alcohols, esters, ketones, aldehydes, alkanes, alkenes, aromatics, ethers,
pyrazines, terpenes, and sulfur-containing compounds [16, 19]. Overall, this mixture
of volatiles constitutes a very small fraction of the camelina oil, and their concentration
in the oil continually decreases with storage time and at elevated temperatures.

7.3.2 Camelina Oil Uses

The unusually high content of polyunsaturated omega-3 fatty acids makes camelina
oil useful as a nutritional food and for cosmetic applications although this has been
underexploited so far.

The rise in production of camelina in North America has been fueled, so to speak,
by its potential use as a feedstock for the production of biodiesel [6-8, 13—15].
Camelina oil has been successfully converted to biodiesel by a variety of catalytic
and heating methods. The fuel properties are similar to those of biodiesel prepared
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Table 7.4 Volatile compounds in camelina oil listed by retention time on a nonpolar GC column
(less than 0.5 weight percent of fresh crude extracted oil) [19]

Compound Compound

Acetic acid trans-2-Heptenal
Ethylacetate Benzaldehyde
trans-2-Butenyl Sabinene
trans-3-Penten-2-one 1-Octen-3-ol
trans-2-Pentenal 6-Methyl-5-hepten-2-one
Butyric acid B-Myrcene

Isovaleric acid trans, trans-2,4-Heptadienal
trans-2-Hexenal Octanal

Hexanol 3-Carene

2-Heptanone p-Cymene

Styrene Limonene

Heptenal trans-3-Octen-2-one

trans, trans-2,4-Hexadienal trans, trans-3,5-Octadiene-2-one
v-Butyrolactone Nonal

a-Pinene Decanal

from soybean oil, but as camelina oil contains a high percentage of polyunsaturated
fatty acid methyl esters, it requires antioxidant additives to meet fuel stability speci-
fications, which is typical for most biodiesels. Camelina-based diesel blends pro-
vide fuel performance characteristics similar to those of the corresponding soybean-
based blends. Camelina oil can also be converted to a wax ester that can be used as
a biolubricant and an ingredient for cosmetics [6, 7].

7.4 Camelina Seed Meal

Extraction of the oil from camelina seeds is typically done by mechanical expel-
lers which yield a seed meal that consists of approximately 10 % residual oil, 45 %
protein, up to 15% carbohydrate/lignin insoluble fiber, up to 10% soluble carbo-
hydrates, 5% minerals, approximately 0.2% nucleic acids, and 10% or more of
a mixture of phytochemical components consisting mostly of glycosylated gluco-
sinolates, flavonoids, phenolics, and terpenoids. Ground seed can also be extracted
with solvents, such as hexane, or by newer “green” extraction technologies, such as
supercritical carbon dioxide or high-pressure and temperature ethanol, to produce a
powdered meal that contains less than 1% residual oil.

7.4.1 Carbohydrates

Carbohydrates found in camelina seed meal include mono-, di-, tri-, and tetra-sac-
charides, along with both oligo- and polysaccharides in the form of starch, pectin,
and fiber of which a substantial part is composed of cellulose (Table 7.5 and [26]).
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Table 7.5 Weight percent of carbohydrates, fiber, and phytic acid in solvent-defatted camelina
seed meal

Sugar Berhow Zubr [26]
Glucose 0.02% 0.42%
Fructose 0.01% 0.04%
Sucrose 5.60% 5.50%
Raffinose 0.80% 0.64 %
Stachyose 0.30% 0.36
Verbascose 0.08% -
Total Soluble 8.60% 6.96%
Mucilage - 6.70%
Starch (measured as glucose) 0.52% 1.21%
Pectin - 0.96%
Acid-hydrolyzable uronic acid (pectin)  1.21% -
Acid-hydrolyzable fructan 0.42% -
Acid-hydrolyzable arabinose 4.61% -
Acid-hydrolyzable galactose 4.24% -
Acid-hydrolyzable glucose 5.96% -
Acid-hydrolyzable xylose 1.68% -
Insoluble sugars (total) 18.64 % -
Crude fiber - 12.80%
Lignans® - 7.40%
Acid insoluble residue 9.96% -

Ash 0.47% -
Inositol hexaphosphate® - 2.25%
Inositol pentaphosphate® — 0.10%
2 Table 7.9

*[28]

The most interesting carbohydrate component is the mucilage that is formed after
the addition of water, which forms a gel that can be isolated as a separate component
that may be useful as a gum or tackifier [6, 26, 27]. Some of the soluble disaccha-
rides and polysaccharides can contribute to caloric intake, while the insoluble fiber
and phenolic lignin precursors have good effects on gastrointestinal processes and
health. Camelina does not contain appreciable levels of beta-glucan [11]. A percent-
age of the digestible carbohydrates is bound to a variety of proteins and phytochem-
icals and may be nutritionally available or utilized by gut microflora. Camelina, like
many other plant species, accumulates significant amounts of phytic acid, a poly-
phosphorylated inositol sugar [28—30]. This compound can decrease mineral and
protein bioavailability; however, some protective effects have also been described.

7.4.2 Proteins

The proteins of camelina meals are the least characterized of the camelina seed
components [10]. Unlike for soy, wheat, rice, and peanuts, there has been no care-
ful characterization of the storage proteins of camelina seeds. The amino acid
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Table 7.6 Weight percent of amino acids in camelina seeds [10]

Amino acid % protein % seeds
Alanine 4.61% 1.96%
Arginine 8.15% 3.46%
Aspartic acid 8.71% 3.70%
Cysteine 2.12% 0.90%
Glutamic acid 16.40% 6.97%
Glycine 5.44% 2.31%
Histidine® 2.60% 1.10%
Isoleucine® 3.96% 1.68%
Leucine? 6.63% 2.82%
Lysine® 4.95% 2.10%
Methionine* 1.72% 0.73%
Phenylalanine® 4.19% 1.78%
Proline 5.09% 2.16%
Serine 5.04% 2.14%
Threonine 4.25% 1.81%
Tryptophan® 1.15% 0.49%
Tyrosine 3.04% 1.29%
Valine® 5.42% 2.30%

2 Dietary essential amino acid

composition has been examined [23], and a few studies have looked at trypsin in-
hibitor activity. In one study, the trypsin inhibitor activity was found to be between
16 and 21 units per mg on a dry weight basis [11], high enough to warrant some
concerns. However, the activity could be alleviated by heat treatment, and suffi-
cient variation exists to indicate that it could also be minimized through selective
cultivar breeding. Camelina has at least 18 amino acids, of which nine are essential
(Table 7.6 and [23]). No allergenic proteins or peptides have been detected in cam-
elina.

7.4.3  Phytochemicals and Other Components

One of the more difficult aspects of plant chemical compositions to assess is the
group of compounds aggregately termed “phytochemicals”. Phytochemicals
are generally defined as “secondary metabolites” or “natural products”—those com-
pounds produced by individual plant species, not inherently required to reproduce
and maintain living cells, unlike the primary metabolites, which enables the plant
species to chemically mediate environmental stresses such as microbial infestation,
herbivore feeding, water stress, light stress, etc. [31]. Phytochemicals are distinct
and characteristic to each plant species, and may be produced at various times in a
plant’s life cycle and accumulate in specific organs or even cell types. As such, they
can be present in fairly significant quantities or in very minor quantities. They have
been classified by their biosynthetic pathways: the major classes are the terpenes
(isoprenoids), the phenolics (phenylpropanoids and polyphenols), and the alkaloids;
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the minor ones which include sulfur-containing phytochemicals such as the glu-
cosinolates, and other nitrogenous compounds such as the indoles and bioactive
peptides. These minor phytochemical groups are often produced only by members
of a few plant families. It is generally true that the types of phytochemicals found in
a plant species/cultivar are always consistent, but the levels may vary considerably
from cultivar to cultivar, from location to location, and from crop year to crop year.
In many plant species—even the important crop species—not all of the phytochemi-
cals have been completely characterized. This is true for camelina as well. Camelina
seeds accumulate a suite of compounds presumably to facilitate germination and
growth. These include terpenoids found in the oil fraction discussed above, lignans,
tannins, flavonoids and other polyphenolics, and glucosinolates. Camelina seeds do
not contain detectable levels of alkaloids, triterpenoid glycosides, or indoles.

7.4.3.1 Glucosinolates

Glucosinolates occur as secondary metabolites in many plants of the order
Brassicales (especially in the Brassicaceae, as well as in members of the
Capparidaceae and Caricaceae), with about 120 different glucosinolates
known to occur naturally [32-34]. The plants contain the enzyme myrosi-
nase, which in the presence of water liberates glucose. The remaining part of
the molecule is quickly converted to either a thiocyanate, an isothiocyanate,
or a nitrile; these are the active substances that serve as chemical defenses
for the plant. Glucosinolates are well known for their toxic effects (mainly as
goitrogenic agents) in both humans and animals at high doses. In contrast, at
sub-toxic doses, their hydrolytic and metabolic products act as chemoprotec-
tive agents against chemically induced carcinogens by blocking the initia-
tion of tumors in a variety of mammalian tissues. They exhibit their effect
by inducing phase I and phase Il enzymes, by inhibiting enzyme activation,
modifying steroid hormone metabolism, and protecting against oxidative
damages [32, 35-37].

Camelina accumulates significant levels of just three glucosinolates in its
seeds: glucoarabin (9-methylsulfinylnonyl-glucosinolate), glucocamelinin
(10-methylsulfinyldecyl-glucosinolate), and 11-methylsulfinylundecyl-glucosinolate
(Fig. 7.1, Table 7.7) [38—40]. As with all phytochemicals, this accumulation is greatly
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Table 7.7 Weight percent of glucosinolates in camelina seeds

Berhow Berhow Shuster [40]
Glucosinolate Defatted Whole Whole
Glucoarabin (GS9) 0.55% 0.47% 0.29%
Glucocamelinin (GS10) 1.35% 1.15% 0.80%
11-(Methylsulfinyl) undecyl-GS (GS11)  0.20% 0.17% 0.15%
Total 2.13% 1.79% 1.23%

affected by genotype and environmental growing conditions. The effect of the degra-
dation products—the isothiocyanates, thiocyanates, and nitriles—from the camelina
glucosinolates in diets and in agriculture has not been assessed, mainly due to a lack
of purified standards for the necessary bioassays.

7.4.3.2 Flavonoids

Flavonoids and the (biosynthetically) related coumarins are ubiquitous in the plant
kingdom, though most plant species accumulate significant levels of only a select
few. No other class of phytochemicals has been credited with so many and such
diverse functions in plant growth and survival as the flavonoids [41]. Not only
are these compounds involved in defense against pathogens, herbivores, and other
plants, but they also function in plant reproduction, mineral absorption, and a vari-
ety of symbiotic relationships with species as diverse as bacteria, insects, birds, and
humans. Many flavonoids, along with benzoic acid derivatives discussed below,
function as antioxidants, which allow these compounds to act as reducing agents,
hydrogen donators, and singlet oxygen quenchers, an important role as natural an-
tioxidants in foods [42].

In camelina plants, there are likely many flavonoids synthesized and utilized in
leaves, stems, roots, and flowers, but in mature seeds only five are accumulated to
detectable levels, the most significant of which are the glycosides of the flavonol
quercetin [43—45]. Work in our lab has identified three forms of quercetin glyco-
sides, resulting in a total concentration in the range of 10 mg/g (Fig. 7.2, Table 7.8).
Other flavonoids that have been tentatively identified include an apigenin
di-glycoside and a diosmetin di-glycoside, both found at relatively low levels. The
total flavonoid amounts in a seed extract was reported to be 143 mg/g based on
spectroscopic measurements, but these are likely inaccurate as many phenolics re-
act with the chromogen reagent to produce absorbance at 640 nm [42]. Camelina
has no reported levels of proanthocyanins or coumarins.

7.4.3.3 Mono- and Polyphenolics: Sinapine, Lignans, Tannins
The hydroxylated derivatives of benzoic and cinnamic acid are used by plants as the

building blocks for flavonoids, coumarins, lignans, hydrolysable tannins, proantho-
cyanins, and a variety of other phenolic compounds. The phenolic compounds are
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Fig. 7.2 Structure of
quercetin glycosides in
camelina seed meals. Rutin
(quercetin-3-O-rutinoside)
R1=R2=H; quercetin-2"-
O-apiosyl-3-O-rutinoside
R1=apiose, R2=H,
quercetin-O-sinopyl-2"-
O-apiosyl-3-O-rutinoside
R1=apiose, R2 (position not
confirmed) =sinapic acid

RO 0]

O/l\/OH

HO OH

the building blocks of many plant structural materials and they have a large array
of biological activities including as antioxidants, as defense against pathogens and
herbivores, as well as an array of dietary effects in humans and animals that con-
sume them [30, 48].

Camelina seeds are reported to contain lignans, tannins, and some unbound
phenolic acids (Table 7.9 and [28, 42, 45-48]). Camelina seeds contain sinapine, the
choline ester of sinapic acid, at levels potentially as high as 60 mg/g [42]. Sinapine
is present in many other Brassicaceae species and has several undesirable properties
as a constituent in animal feeds. It is bitter tasting, thus rendering it less palatable
to animals. It is possible that natural variability or breeding programs will lead to
camelina cultivars with much lower levels of sinapine.

Table 7.8 Flavonoids and phenolics in whole camelina seeds

RT Class Name Weight %
5 Phenolic Chlorogenic acid derivative 0.07%
9 Phenolic Sinapine 0.22%
12 Phenolic Ellagic acid 0.11%
13 Phenolic Sinapic acid 0.10%
16 Phenolic Phenolic acid 0.06%
23.2 Flavonoid Quercetin-2"-O-apiosyl-3-O-rutinoside 0.27%
234 Flavonoid Flavone di-glycoside 0.11%
26 Flavonoid Quercetin-3-O-rutinoside (rutin) 0.52%
27 Flavonoid Kaempferol-O-rutinoside 0.07%
28.8 Flavonoid Quercetin-O-sinopyl-2"-O-apiosyl-3-O-rutinoside 0.05%
29.2 Flavonoid Isorhamnetin-O-rutinoside 0.08%
Total 1.61%

RT retention time in HPLC elution profile in minutes running a 250 x4.6 C-18 reverse-phase
column at 1 mL per min. The column was developed over 50 min with a liner gradient from 20 %
methanol and 80 % 0.01M phosphoric acid to 100 % methanol
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Table 7.9 Sinapine, lig-
nans, and tannins in whole
camelina seeds [47, 48]

Table 7.10 Vitamins in
camelina full fat seed
meal [26]

7.4.3.4 Vitamins

141
Compound Weight percent
Sinapine® 0.50%
Protocatechuic acid -
p-Hydroxybenzoic -
Ellagic acid -
(+)-Secoisolariciresinol 1.52%
(+)-Pinoresinol 0.98%
(+)-Syringaresinol 0.71%
(—)-Lariciresinol 2.18%
(—)-7-hydroxymatairesinol 0.04%
(+)-Medioresinol 0.65%
Cyclolariciresinol 0.12%
Secoisolariciresinol-sesquilignan 0.04%
Matairesinol 0.03%
Lariciresinol-sesquilignan 0.02%
Tannins® 0.20%
Total 6.58%
2[42] notes as high as 5%
® Tannins expressed as gallic acid equivalents
Vitamin Weight %
Thiamin (B1) 0.0019 %
Riboflavin (B2) 0.0004 %
Niacin (B3) 0.0194%
Panthothenic acid (B5) 0.0011%
Pyridoxine (B6) 0.0002 %
Biotin (B7) 0.0001%
Folate (B9) 0.0003 %

Camelina seeds contain detectable levels of several vitamins. Besides vitamin E in
the oil fraction, the seeds contain several of the B vitamins (Table 7.10) [26] and
are considered to be a good source of thiamin (B1), niacin (B3), and panthothenic

acid (BS).

7.4.3.5 Minerals

Camelina has appreciable levels of several essential dietary minerals (Table 7.11)
[26]. There is ancillary evidence that, like other Brassicaceae species, it is capable
of sequestering heavy metals such as cadmium. This should be considered when
growing camelina in areas that have high levels of toxic minerals in the soil.
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Table 7.11 Minerals in Mineral Weight %

camelina full fat seed

meal [26] Calcium 1.00%
Magnesium 0.51%
Sodium 0.06%
Potassium 1.60%
Chlorine 0.04%
Phosphorus 1.40%
Sulfur 0.24%
Iron 0.0329%
Copper 0.0099 %
Manganese 0.0040 %
Nickel 0.0002 %
Zinc 0.0069 %

7.4.4 Camelina Meal Uses

Due to the glucosinolate content, camelina meal has had only limited evaluation
as a feed ingredient, but its use is slowly increasing. Recent research results have
shown that adding defatted camelina meal to chicken [49], sheep [50], and cattle
feeds [51, 52] has no discernable ill effects for meat, egg, and milk production
animals. Press cake meals typically contain 10% residual oil, which is high in
omega-3 fatty acids and is somewhat enriched in phytosterols and tocopherols rela-
tive to expressed oil.

These observations, combined with the favorable amino acid composition of the
protein, indicate that camelina meal is an excellent animal feed ingredient from a
nutritional perspective. Current breeding work in the USA, Canada, and Finland,
coupled with the analytical methodology discussed in this review, indicate that it
is possible to reduce or eliminate some of the taste components of camelina that
currently prevent higher percentages in feed blends. The unique character of the
camelina glucosinolates, especially since they are similar in structure when con-
verted to isothiocyanate form to the anticancer constituent sulforaphane identified
in broccoli, makes camelina meal even more interesting as a functional food and as
a source of nutraceuticals [33, 38].

7.5 Phytochemical Characterization Methods

Analytical methods and equipment are now well established and numerous chro-
matographic and spectrophotometric methods have been published for the analysis
of all of the major classes of compounds found in camelina. In general, it can be
concluded that (1) most spectrophotometric methods are inherently inaccurate; (2)
most chromatographic methods are generally accurate and reproducible (as long as
good calibration standards are available). Inaccuracies with the chromatographic
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methods generally come from poor and inconsistent sample preparation methods
which either do not allow for the maximum extraction of the components of inter-
est, and/or enhances the loss of the compounds of interest through binding to clean-
up and concentration methods or alteration/degradation by chemical and physical
effects. The best general sample preparation method is to start with dry samples,
grind them into as fine and uniformly-sized powder as possible with minimal addi-
tion of heat, extract with the maximum ratio of solvent to solid as possible, using
heat or sonication to aid the process, then run the analysis on the samples with as
little postextraction cleanup as possible.

For camelina, analysis should be performed on whole seeds, which can be used
to compare to analytical results obtained on processed samples. Seeds can be ground
with a variety of mills—for instance, coffee grinders. Because the seeds are small,
sieving is not generally required.

For accurate measurement of the oil and seed meal components, they should
be separated by extraction with a nonpolar solvent such as hexane. Care should
be taken to prevent volatile loss if one is interested in headspace analysis [19].
Unrefined oil can be quantified after derivatization to fatty acid methyl esters us-
ing conventional GC-FID methodology [15]. Analysis of sterols, tocopherols,
and terpenes is accomplished by HPLC after recovery of unsaponifiables
[17, 24, 53]. The defatted seed meal may be extracted using a variety of polar sol-
vents (water, methanol, DMSO, ethyl acetate, dichloromethane, etc.) to isolate
polar constituents for further quantification using chromatographic methods such
as HPLC. Some indirect spectrophotometric methods or digestion methods are
needed to obtain values for starch, pectin, cellulose amounts [26], or for amino acid
[23] and lignin composition [48]. Quantitative analysis of the water-soluble oligo-
saccharides from camelina meal is achieved by high-performance anion-exchange
chromatography-pulsed amperometric detection [54-56]. The bound carbohy-
drates in the remaining sample can then be hydrolyzed with trifluroacetic acid and
per-acetylated for subsequent GC analysis [57].

Free phenolics, flavonoids, and many other glycosylated phytochemicals can be
measured by a variety of reverse phase HPLC methodologies as long as the proper
absorption wavelength and standards are used [58, 59]. The emergence of accu-
rate mass spectrometry as a benchtop detection system makes the identification of
known chemical species even more straightforward. Glucosinolate analysis is more
complicated. The original methodology was to analyze desulfonated forms of the
glucosinolates [33, 40, 47], but if good ion-pairing agents are used, reverse phase
chromatographic analysis can be carried out on intact glucosinolates extracted from
the meal [33, 38, 60].

Currently there remain a few uncharacterized components of camelina seeds.
Comprehensive evaluation of the seed proteins would essentially complete the
compositional profile of camelina. For phytochemicals, we have used the lat-
est accurate mass LC-MS analysis to quickly characterize the potential chemical
formulas for a series of unknown compounds. We were able to tentatively identify
several phenolics in the methanol extracts of defatted camelina seeds including
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rutin (quercetin-3-O-rutinoside), and two derivatives of rutin—quercetin-2"-O-
apiosyl-3-O-rutinoside and quercetin-O-sinopyl-2"-O-apiosyl-3-O-rutinoside. The
identification of the latter two compounds was accomplished in a single CID/HCD
mass fragmentation experiment in which interpretation of the daughter ions allowed
for the identification of the aglycone and the various substitute fragments (Fig. 7.3).
This result—coupled with DEPT NMR analysis of a partially purified compound
and the observation that the isolated compound degraded to rutin—resulted in the
identification of these phytochemicals in camelina.

The original M-H™ accurate mass ion of the peak at retention time 23.8 min was
741.18518 providing a chemical formula for the intact compound of C,,H;.0,,.
The upper trace in Fig. 7.3 shows the UV absorbance at 280 nm, the second
trace shows the SIM trace for the negative ion m/z 741, the third panel shows
the identification of the daughter mass ions produced after collision-induced-
fragmentation at 30% energy level on the original ion m/z 741. M=negative
ion of the original compound, Api=Iloss of apiose mass, Rha=1loss of rhamnose
mass, Glu=loss of glucose mass. The aglycone of the compound is quercetin
(M-H™ m/z 301), which also gives rise to an ion M-2H" (m/z 300) in the fragmen-
tation. The ions resulting from the losses of apiose, rhamnose, and glucose were
identified in the spectrum.

The attachment point of the apiose sugar was determined to be the 2”-position
of the glucose moiety from the observation that fragmentation formed ions that
were the result of the loss of two-thirds of the glucose (and the rhamnose attached
to it), but the apiose moiety remained attached to one of those fragments (m/z 475)
[61]. The identity of the unknown third 5-carbon sugar as apiose was determined
by DEPT NMR on a partially purified isolate prepared from the methanol extract of
camelina defatted seed meal.

Similarly, a peak with a later retention time of 27 min had a negative mass
ion of 947.24225, which provided a chemical formula for the intact compound
of C,;H,0,,. It was identified by accurate mass fragmentation showing the
loss of sinapic acid to form an ion m/z 741, which was further fragmented
into ions m/z 609 and m/z 300, matching the fragmentation pattern found for
quercetin-2"-O-apiosyl-3-O-rutinoside. This compound was tentatively identified
as quercetin-O-sinopyl-2"-O-apiosyl-3-O-rutinoside.

The rapid advances in chromatography equipment have made the reliable and
reproducible measurement of a wide range of plant chemical components possible.
These accurate measurements on a limited scale can be coupled to more rapid
nondestructive spectrophotometric analytical methods such as pulsed NMR and
near infrared (NIR) spectroscopy, which will allow for the rapid and nondestructive
analysis of thousands of samples for a wide range of physical and chemical
composition parameters.
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Chapter 8
Analysis of f-Methylamino-Alanine
in Environmental and Food Samples

W. Broc Glover and Susan J. Murch

Abstract The naturally occurring, non-protein amino acid N-f-methylamino-
L-alanine (BMAA) is produced by cyanobacteria in many different parts of the
world. Beginning with field studies performed in Guam in the early 1960s, evi-
dence has correlated chronic exposure to low levels of BMAA in the diet to an
increased risk of neurodegenerative diseases, including amyotrophic lateral scle-
rosis (ALS) and Parkinsonism-dementia. In animal model systems and in vitro
bioassays, BMAA has been shown to damage neurons and induce neurodegen-
eration. However, inconsistency in analytical methods has led to conflicting data
and controversial interpretations, and accurate analytical methods for the detec-
tion and quantification of BMAA are required. This review provides an overview
of analytical methods used for BMAA analysis, including sample preparation and
clean-up protocols, derivatization, chromatography, and mass spectrometry. A num-
ber of factors that should be carefully considered are identified, including solvent
interactions, ion suppression, and the formation of metal adducts and complexes.
Advancements in our understandings of these areas will lead to better methods for
identification and quantification of BMAA in biological and environmental sam-
ples, and will help to resolve the ongoing controversy about the potential role(s) of
BMAA in human health.

Keywords f-Methylamino-L-alanine(BMAA) - 2,4-Diaminobutanoicacid (DAB)
N-(2-Aminoethy)glycine (AEG) - f-Amino-N-methylalanine (BAMA) - Natural
neurotoxin

8.1 Introduction

In 1952 and 1953, reports appeared in the medical literature describing an epidem-
ic of amyotrophic lateral sclerosis (ALS) on the island of Guam [1-3]. The earli-
est documented case of the disease that could be confirmed by a death certificate
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occurred in 1904 but the indigenous Chamorro people had a long memory of the
disease that they called “lytico” [4]. A “house-to-house” survey of three villages
in 1953 concluded that the prevalence of ALS among the Chamorro on Guam and
Rota was about 420 per 100,000 in the population, as compared to ca. 4/100,000
in North America and Europe [4, 5]. The disease accounted for 8-10% of the
adult Chamorro deaths per year, and the highest incidence was found among the
most traditional families [5]. Further studies diagnosed a second clinical mani-
festation of the disease that was identified as “parkinsonism dementia” (PD), and
the disease became broadly known as amyotrophic lateral sclerosis/parkinsonism
dementia complex ALS/PDC [6]. Understanding the causes of ALS/PDC in Guam
could provide the keys to understanding progressive neurodegenerative diseases
elsewhere.

In 1960, the indigenous Chamorro population of Guam was 34,762, including
approximately 40,000 American military personnel and related staff or family, 6,000
Filipino contract workers and 600 Caroline Islanders [6]. The disease incidence was
limited to the Chamorro in Guam and Chamorro who had moved to California, sug-
gesting a genetic or hereditary basis for the disease (reviewed in [6]). From 1962 to
1964, two cases of the disease were reported among the non-Chamorro population
[6-8]. These cases, along with detailed statistical analysis of the Chamorro popula-
tion, lead to the conclusion that the risk of the disease is clustered among families
but not genetically determined [7, 9, 10]. A non-Chamorro living in the Chamorro
community had an equal chance of becoming ill [6]. Likewise, the possibilities of
viral infections, transmissible agents from animals, micronutrient deficiencies, and
calcium deficiency were all eliminated, leading to the conclusion that the disease
was most likely the result of “long-term exposure to the environment” (reviewed in
[6, 11]). Over more than 40 years of study, the only factor that was positively corre-
lated with the disease incidence was a preference for traditional Chamorro foods [11].

8.1.1 Discovery and Chemistry of f-Methylamino-Alanine
(BMAA)

The ethnobotanist Marjory Whiting conducted extensive field studies in Guam to
document the Chamorro culture and to determine whether traditional foods might
be implicated in ALS/PDC [12]. Whiting identified flour made from the seeds of
the indigenous cycad (Cycas micronesica Hill; Fig. 8.1a) as a potentially toxic food
source [12], tested the flour on rats [13], and submitted samples of cycad seeds for
analysis [12]. An extract of these Cycad seeds was neurotoxic to chicks and mice [ 14,
15], and found to contain relatively large concentrations of f—methylamino-alanine
(BMAA, synonymous with a—amino-f-methylaminopropionic acid; Fig. 8.2) [14].
Throughout the 1970s and 1980s, the potential neurotoxicity of BMAA was exten-
sively investigated in many different model systems and, most significantly, BMAA
was found to be neurotoxic in primates when administered at high doses [16]. How-
ever, Duncan et al. (1992) argued that the traditional process of washing the cycad
seeds in making the flour removed a significant proportion of the BMAA and that
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Fig. 8.1 Cyanobacteria isolated from roots of Cycas micronesica Hill on Guam. a Cycas micro-
nesica. b Coralloid roots of C. micronesica with cyanobacteria infections. ¢ Cyanobacteria were
isolated from surface sterilized roots on standard BG11 media. d Sequential subcultures of cya-
nobacterial isolates produced axenic cultures on BG11 media. e A collection of cyanobacteria
cultures from cycads at different locations on the island of Guam

Fig. 8.2 f—Methylamino- (@)
L-alanine (syn. o—amino-f-
methylaminopropionic acid)

OH

Iz

NH,

the remaining dose was not sufficient to cause the disease [17, 18] or that disease
might be caused by zinc leaching from the wash buckets [19]. Research into the role
of BMAA in progressive neurodegeneration was effectively suspended following
these observations.

8.1.2 The BMAA Hypothesis

In 2002, Cox and Sacks proposed a hypothesis that re-invigorated research into
the neurotoxicity of BMAA [20]. They hypothesized that BMAA could accumulate
through different trophic levels of the ecosystem, resulting in different routes of
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Fig. 8.3 The hypothesis that BMAA accumulates through trophic levels and can be consumed
from many different parallel sources in the diet

exposure and biomagnification of the compound that would have increased the ex-
posure of the Chamorro people. Research in Guam demonstrated that BMAA could
be accumulated through the traditional Chamorro food web from cycads to animals
including flying foxes, deer, and wild pigs [21-25]. In addition, BMAA was identi-
fied and quantified in brain autopsy samples of both Chamorro patients who died of
ALS/PDC and Canadian Alzheimer’s patients [26].

Roots of cycad trees form a symbiosis with cyanobacteria that induce the roots to
grow upward through the soil surface (Fig. 8.1b). Cyanobacteria were isolated from
surface sterilized roots collected at seven different sites in Guam (Fig. 8.1c) and
established as axenic cultures (Fig. 8.1d). Analysis of these Guam cyanobacteria
and international cyanobacteria collections (Fig. 8.1¢) demonstrated that BMAA is
produced by a diverse variety of symbiotic and free-living cyanobacteria including
Nostoc, Nodularia, and Trichodesmium species [22, 27].

Together, these data suggest that BMAA is produced by cyanobacteria and ac-
cumulates in plants and animals that consume the plants, including humans who are
exposed to unknown doses from multiple sources (Fig. 8.3). BMAA accumulation
from cyanobacteria through food webs has been shown in blue crab, shrimp, and
oysters in South Florida [28], mussels, oysters, and bottom dwelling fish of the
Baltic [29] and traditional Chinese foods such as noodles [30] and shark fins [31]
(Fig. 8.3). Also, BMAA has been identified and quantified in brain tissues of ALS
and AD patients in Miami, Florida [32].
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8.1.3 The Importance of Methods for Analysis of BMAA

Evaluating the BMAA hypothesis requires accurate analytical methods for detec-
tion, identification, and quantification of BMAA [33, 34]. Montine et al. (2005)
reported that they were unable to detect BMAA in autopsy tissues of Chamorro
ALS/PDC patients [35]. Several groups were unable to detect or quantify BMAA
in cyanobacteria isolates [36—38]. To date, more than a dozen research groups have
published 51 reports, with 42 confirming detection of BMAA and nine publica-
tions reporting a failure to detect BMAA (Table 8.1). Duncan (2012) stated “the
role of BMAA in neurodegenerative disorders is fiercely debated. In large part, the
controversy arises because of conflicting findings relating to the analytical work
underpinning this complex web of observation and chemical analysis” (p. 804) [34].
The objective of this review is to highlight some of the most important issues, recent
advancements and ongoing considerations in methods for analysis of BMAA in
complex biological, environmental, and food samples.

8.2 Methods for Analysis of BMAA

The majority of analytical methods for detection and quantification of BMAA have
used standard amino acid analysis techniques modified for low concentrations in
complex samples. The early approaches used GC-MS [17, 18] or 9-fluorenylmethyl
chloroformate (FMOC) derivatization followed by HPLC separation and fluores-
cence detection [39]. Our work, beginning in 2003, used a similar approach with
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) derivatization prior
to reverse phase chromatographic separation and fluorescence detection [21-23,
26]. The BMAA peak assignment was confirmed by LC-MS using an orthogonal
method [22, 23, 26]. BMAA has also been successfully quantified in cyanobacte-
rial isolates with a separate derivatization technique using propyl chloroformate
derivatization (EZ:faast) and MS detection of the derivatized compound [40, 41].
Positive detection of BMAA was found in the majority of methods that employed
a deriviatization reaction while the majority of methods failing to quantify BMAA
attempted to detect underivatized BMAA by either MS or MS/MS. Additionally,
the chromatographic separation seems to be important as many of the methods that
failed to detect BMAA in biological samples attempted separation by hydrophilic
interaction liquid chromatography (HILIC) rather than reverse phase LC-MS (Ta-
ble 8.1; [36-38, 42, 43]. Recently, a study of the analysis of underivatized BMAA
standards by MS found that the molecule is highly reactive and readily forms metal
ion adducts and complexes in solution that complicate the analysis [44] (Table 8.2).
No study has been done that compared the different approaches of different labs on
a common set of samples or extracts.
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Table 8.2 Predicted adducts of BMAA in mass spectrometry analysis with electrospray ionization
in positive mode [69]

Ton name Charge Ton mass m/z

M+3H 3+ M/3+1.0073 40.3653
M+2H+Na 3+ M/3+8.3346 47.6927
M+H+2Na 3+ M/3+15.7662 55.1243
M+3Na 3+ M/3+22.9892 62.3473
M+2H 2+ M/2+1.0073 60.0444
M+H+NH4 2+ M/2+9.5201 68.5577
M+H+Na 2+ M/2+11.9982 71.0353
M+H+K 2+ M/2+19.9852 79.0223
M+ACN+2H 2+ M/2+21.5206 80.5577
M+2Na 2+ M/2+22.9892 82.0263
M+2ACN+2H 2+ M/2+42.0339 101.0709
M+3ACN+2H 2+ M/2+62.5471 121.5842
M+H 1+ M+1.0073 119.0815
M+NH4 1+ M+18.0339 136.1080
M+Na 1+ M+22.9892 141.0634
M+CH30H+H 1+ M+33.0335 151.1077
M+K 1+ M+38.9632 157.0374
M+ACN+H 1+ M+42.0338 160.1080
M+2Na-H 1+ M+44.9712 163.0454
M +IsoProp+H 1+ M+61.0653 179.1395
M+ACN+Na 1+ M+64.0158 182.0900
M+2K+H 1+ M+76.9190 194.9932
M+DMSO+H 1+ M+79.0212 197.0954
M+2ACN+H 1+ M+83.0604 201.1346
M-+IsoProp+Na+H 1+ M+84.0551 202.1293
2M+H 1+ 2M+1.0073 237.1557
2M+NH4 1+ 2M+18.0338 254.1822
2M+Na 1+ 2M+22.9892 259.1376
2M+3H20+2H 2+ 2M+28.0231 264.1715
2M+K 1+ 2M+38.9632 275.1116
2M+ACN+H 1+ 2M+42.0338 278.1822
2M+ACN+Na 1+ 2M+64.0158 300.1642

8.2.1 Sample Preparation

Preparation of the samples and extraction of BMAA from the sample matrix is the
critical first step to ensure accurate analysis of BMAA. Many published methods be-
gin with precipitation of the protein from samples using either 0.1 N trichloroacetic
acid [22, 23, 26], water [45] and aqueous ethanol (50-80 %)/dilute HCI [14, 36, 39,
46]. Other researchers subjected samples to freeze/thaw treatments in 80 % methanol
followed by ultrasonication [47]. The complete precipitation of proteins is essential
since hydrolysis of the protein pellet with 6 N HCI at 110 °C increased the detectable
concentrations of BMAA in cycad flour samples from Guam and could account for
differences in the reported values of nearly six orders of magnitude [23]. Additional
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considerations include the need to remove lipids that, if present in sample matrices,
can interfere with MS detection. A liquid-liquid solvent partition using chloroform
has been used by some researchers to remove lipids following acid hydrolysis [47].

8.2.2 Solid Phase Extraction

Solid phase extraction has been used in six reports of BMAA analysis with three
of the manuscripts providing detailed procedures. Kubo et al. (2008) reported that
BMAA, a highly polar molecule, is not effectively retained on C18 (Waters Sep-
pak) or a lipophilic polymer (Waters Oasis HLB), but a polymeric cation exchange
sorbent (Waters Oasis MCX), which contains a y-lactam moiety to aid in the re-
tention of polar analytes, readily retained BMAA [46]. Jiang et al. (2013) used an
Isolute HCX SPE column for sample clean-up, added D,-BMAA as an internal
standard and reported a recovery of the D,-BMAA of 63.3% [47]. Downing et al.
(2011) reported isolation and concentration of BMAA from drinking water using a
polymeric sorbent containing a phenylsulphonic acid moiety (Phenomenex Strata
X-C) [48]. Recovery of BMAA with this method was shown to be near 100 % for
analyte spiked into distilled water, but much lower recoveries of 40-60% were
measured for other sample matrices. The authors propose that competition for the
cation exchange sites between basic amino acids may reduce recovery [48]. Li et al.
(2012) compared the relative recoveries of the Strata X-C and Oasis MCX systems
[38]. Slightly improved recoveries (2—6 %) were reported for complex cyanobac-
terial samples with the Oasis cartridge despite using a much lower sorbent load
(200 mg vs. 60 mg, respectively) [38]. Combined, these results suggest that SPE
may be a highly effective cleanup and concentration procedure for BMAA analysis,
but the type of cartridge must be carefully chosen and tested for individual matrices.
As recovery is highly variable between different sorbents [38], it is important to
include an internal standard during SPE clean-up steps to account for losses due to
incomplete retention. Likewise, it is important that proper method development be
performed when designing SPE methods so that BMAA is simultaneously not lost
during wash steps, but also completely removed during the elution step. Without
this, it is likely that false negatives could be obtained during the analysis of BMAA.

8.2.3 Derivatization

Derivatization facilitates detection of amino acids in low concentrations in com-
plex sample matrices, improves chromatographic separation, improves the selec-
tivity of the method, and facilitates sample preparation and clean up. Often, stable
derivatives can be formed from unstable metabolites. During derivatization, the
samples are often dissolved in a buffer at pH as high as 9 and the buffer may also
contain EDTA or similar compounds that chelate metal ions [49]. The fluorenyl-
methyloxycarbonyl chloride (FMOC) derivatization procedure effectively detected
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BMAA in trial animals, cycads, and cycad flour [39] (Fig. 8.4a). It is possible to
have two potential products of the derivatization reaction, either a single or double
derivative (Fig. 8.4a). In two recent studies, BMAA was not detected in FMOC-
derivatized preparations of human brain tissue, cyanobacteria, water samples, or
supplements [35, 50].

A second derivatization technique uses the ethyl or propyl chloroformate de-
rivative EZ:Faast [41, 42, 48] (Fig. 8.4b). In this method, propyl chloroformate is
reacted with not only primary and secondary amines, but also with carboxyl groups
in amino acids, with the derivative detectable by MS. When reacted with BMAA,
this reagent generates a triply derivatized product with very different selectivity on
C18 columns than other methods, making it an ideal system for orthogonal method
comparisons [48].

6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) derivatization as a
method for quantification of BMAA has been verified by several orthogonal tech-
niques [23, 51] including MS detection of the double derivative and monitoring
for the single derivative peak [51, 52] (Fig. 8.4c). Successful AQC derivatization
requires a pH of approximately 9, and acidic samples can fail to complete the reac-
tion, leading to false negative results. Additionally, the borate buffer (Waters AccQ-
Fluor Reagent) provided as part of the derivatization procedure contains a chelating
agent that removes metal ions from the solution which may aid in derivatization and
sample detection.

One of the biggest challenges with derivatization methods is ensuring that the
reaction goes to completion. Partial derivatization or incomplete derivatization can
fail to identify BMAA in samples and other amino acids such as norleucine or lysine
can be useful for quantification of the efficiency of the derivatization reaction. This
is particularly important when more than one reaction product is possible or when
quantification of a minor metabolite in the presence of large excess of common
reactants is required (Fig. 8.4a, c). BMAA is present in relatively small quantities
in samples containing much larger amounts of the 20 protein amino acids, and the
AQC derivatization reaction can result in two products with insufficient amounts of
the reagent (Fig. 8.4c). Lysine also forms both single and double derivatized forms
in the same reaction and can be used as a secondary internal standard to determine
the completeness of the derivatization for each individual sample. The single de-
rivatized form of lysine can be monitored by selected ion recording (SIR) of m/z
317.3 in MS systems or by the multiple-reaction-monitoring (MRM) transition m/z
317.3 — 171.0 in MS/MS instruments. The fragment m/z 171.0 results from loss of
the AQC fluorophore tag from the parent ion and is a universal daughter ion in this
method. When combined with its high ionization efficiency, this ubiquity makes it
a good choice for MRM measurements for amino acids using this method. These
data allow for monitoring and balancing of the derivatization reaction that is crucial
to accuracy.
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Fig. 8.4 Methods of
derivatization of f—methyl-
amino-alanine. a Fluorenyl-
methyloxycarbonyl (FMOC)
derivatives. b Propyl-
chloroformate (EZ:faast)
derivatives. ¢ 6-Amino-
quinolyl-N-hydroxysuccin-
imidyl carbamate (AQC)
derivatives
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Fig. 8.5 Isomers of BMAA. f-Methylamino-L-alanine (BMAA), 2,4-diaminobutanoic acid
(DAB), N-(2-aminoethy)glycine (AEG), f-amino-N-methylalanine (BAMA)

8.2.4 Chromatography

One of the most difficult problems of BMAA analysis in complex samples is the
presence of isomers with identical molecular mass that need to be separated by
chromatography (Fig. 8.5; [21, 52, 53]). From a database search of all the theo-
retical isomers of BMAA, a subset of seven possible interfering compounds were
identified [53]. Two of these isomers, 2,4-diaminobutyric acid (DAB) and N-(2-
aminoethyl) glycine (AEG), have been studied in detail since 2003 [21, 36, 37,
51-54]. Separation and identification of BMAA from DAB and AEG is achieved
with derivatized samples through chromatographic separation (Fig. 8.6) [53-55].

The chemistry of the column and eluents are especially important for accurate
BMAA analysis. Most of the reported separation systems used C,, columns but
eight out of the nine reports that failed to detect BMAA in cyanobacteria used an
HILIC column for separation and elution with formate/acetonitrile either isocrati-
cally or with a gradient (Table 8.1; reviewed in [33]).

A second approach uses hydrophilic interaction liquid chromatography (HILIC)
to separate underivatized BMAA from the sample matrix [36-38, 46]. HILIC sepa-
rations rely on the interactions between the polar stationary phase, liquid—liquid
partitioning, ionic, and hydrophobic interactions with an initial elution in an organic
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Fig. 8.6 Chromatographic separation of AQC-derivatized isomers BMAA and DAB on a Waters
100x2.1 mm, 1.7 pm C18 BEH column using a Waters Acquity I-Class UPLC. The flow rate was
0.65 mL/min with a column temperature of 30 °C. Compounds were eluted with 0.1 % formic acid
(eluent A) and 0.1 % formic acid in acetonitrile (eluent B) and separated according to the following
gradient: 0-0.5 min, 99.1% A; 1.0-3.0 min, 95% A; 5.5 min, 90% A, curve 7; 8.0 min, 80% A;
8.10-8.60 min, 15% A; 9.0-10.0 min, 99.1 % A. A linear curve for each change in the gradient is
assumed unless stated otherwise. BMAA and DAB were detected with a Waters Xevo TQ-S mass
spectrometer in ESI + mode

solvent such as acetonitrile. One of the leading causes of peak distortion and signal
loss in HILIC separations is the difference in viscosity and polarity between the
sample and the organic elution buffer [56]. Samples for BMAA analysis were dis-
solved in acid [38, 56], water [36, 37], or a solution of acetonitrile and water [46].
The interaction of the polar sample diluents with the organic elution buffer may
have reduced the solubility and separation of BMAA from the sample matrix [56].

8.2.5 Mass Spectrometry

Almost 70% of the published literature relied on detection by MS (29 %) or MS/
MS (40%), while fluorescence detection (27 %) and diode array detection (4 %)
proved less popular. Most LC-MS/MS methods have identified BMAA as a single
underivatized parent ion, with the transition m/z 119 — 102 (loss of OH") [37, 43,
55] or a fragmentation pattern m/z 119 — 102, 88, 76, 73, and 44 [36] used for
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quantification. Using a GC/GC-time of flight MS, Snyder et al. (2010) created a
proprietary algorithm to combine signals of m/z 100, 101, 102, 103, 114, 115, 116,
117, 118, 129, 131, 132, 133, 291, and 292 to identify and quantify BMAA [42].
These approaches may have reduced quantitative accuracy in a complex matrix due
to ion suppression arising from competition for available charge, surface satura-
tion of ESI droplets with analytes, increase in droplet viscosity, and analyte hydro-
phobicity [33]. Recently, we demonstrated that overreliance on the underivatized
BMAA precursor ion can lead to false negative results and that at least 30 BMAA
adducts may be common in MS analysis (Table 8.2) [44]. The composition of the
eluents and sample matrix contribute to the complexity of the adduct profile, and
only 0-10% of the BMAA was represented by the [M+H]+peak. Other authors
have argued that a D,-BMAA internal standard “should be chelated with the metal
to the same degree as BMAA, thus accounting efficiently for this effect” but this
argument assumes that all reactions occur within the timeframe of the sample prepa-
ration from the addition of the D,-BMAA through the extraction and injection [47].
Interestingly, a recent publication compared the concentrations obtained with AQC
derivatization and fluorescence detection to those obtained by MS/MS analysis of
the underivatized parent concluded “HPLC-FLD overestimated BMAA concentra-
tions in some cyanobacterial samples” [55]. It is much more likely that the MS/MS
analysis of the precursor and products ions underestimated BMAA as a result of
adduct formation and ion suppression [33, 44]. Mass spectrometry can also be used
to partially solve the problems of confounding results created by isomers of BMAA.
Jiang et al. (2012) reported that only one of the possible BMAA isomers, f-amino-
N-methylalanine (BAMA), produced the identical product ions as BMAA in tan-
dem MS analysis of the AQC derivative but that the relative ratio of the daughters
varied significantly [53] (Figs. 8.5 and 8.7).

8.3 Conclusions

Analysis of BMAA in natural samples is complicated by the polarity and reactivity
of the molecule, the presence of BMAA at relatively low concentrations in complex
sample matrices and the limitations of analytical instrumentation. Solid phase ex-
traction media, liquid-liquid partitioning, and acid hydrolysis can be used to reduce
the complexity of the sample matrix but the recovery of BMAA through each of
these methods may be poor. Methods that rely on separation of BMAA from the
sample matrix by HILIC are subject to interferences between the sample matrix, the
sample diluent and the organic elution buffer that can mask the signal or obscure the
chromatographic peak. Derivatization increases the size and reduces the reactivity of
BMAA, thereby improving the separation chemistry and detection efficiency. Solvent
interactions, ion suppression, and the formation of metal adducts and complexes can
interfere with mass spectrometry identification and quantification. Advancements in
our understandings of these areas will lead to better methods for identification and
quantification of BMAA in biological and environmental samples and will help to re-
solve the ongoing controversy about the potential role(s) of BMAA in human health.
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Fig. 8.7 Fragmentation of AQC derivatives of BMAA and DAB give characteristic daughter ions
as qualifiers. a 459.0 — 119.0 transition resulting from loss of the fluorophore tags from both
BMAA and DAB. b 459.0 — 171.0 fragmentation is seen in both BMAA and DAB. ¢ 459.0 —
188.0 fragmentation is characteristic of DAB. d 459.0 — 258.0 fragmentation is characteristic
of BMAA. e 459.0 — 289.1 fragmentation is seen in both BMAA and DAB. MRM transitions
were scheduled to maximize the sensitivity of the mass spectrometer throughout the analysis. Two
channels were monitored simultaneously from 0.0-3.0 min, both to ensure no single derivatized
BMAA (189.0 — 171.0, CV 18), DAB (189.0 — 171.0, CV 18) or lysine (317.3 — 171.0, CV 20)
were present in the sample. From 2.50 to 8.0 min, five MRM channels were used. Three were used
for both BMAA and DAB: 459.0 — 119.0, CV 20; 459.0 — 171.0, CV 30; and 459.0 — 289.1,
CV 14. Two additional channels were used as qualifiers for BMAA (459.0 — 258.0, CV 20) and
DAB (459.0 — 188.0, CV 20) as these transitions are specific to each AQC-derivatized molecule.
Double-derivatized lysine (487.2 — 171.0, CV 18) was monitored from 6.0-8.0 min to ensure
derivatization completeness and prevent the occurrence of false negatives in the quantification
process. A cone voltage of 16 V and a dwell time of 60 ms were used for all transitions monitored
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