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ABSTRACT

(+)-Pisatin, ([+]-[6aR,11aR]-6a-hydroxy-3-methoxy-8,9-methylenedioxypterocarpan) is

the major phytoalexin of the garden pea (Pisum sativum L.). Despite being the first

phytoalexin to be chemically characterized, its biosynthesis remains to be fully

elucidated. RNA-mediated genetic interference (RNAi) was used to gain further insights

into the (+)-pisatin biosynthetic pathway. The expression of three genes, isoflavone

reductase (IFR) catalyzing the reduction of 7,2′-dihydroxy-4′,5′-

methylenedioxyisoflavone to (-)-sophorol, sophorol reductase (SOR) involved in

reducing (-)-sophorol to (-)-7,2′-dihydroxy-4′,5′-methylenedioxyisoflavanol and

hydroxymaackiain-3-O methyltransferase (HMM) involved in methylation of (+)-6a-

hydroxymaackiain to (+)-pisatin was silenced. The genes are transcriptionally co-

regulated during (+)-pisatin biosynthesis, with the IFR and SOR proposed to function

upstream of the HMM gene.

Hairy roots expressing the HMM RNAi construct, deficient in (+)-pisatin

biosynthesis were identified. However, these did not accumulate (+)-6a-

hydroxymaackiain, precursor to (+)-pisatin. Instead they accumulated 2,7,4′-

trihydroxyisoflavanone, daidzein, liquiritigenin and isoformononetin. The amino acid

sequence of HMM is very similar to that of another methyltransferase,

hydroxyisoflavanone-4′-O-methyltransferase (HI4′MOT), found in most legumes.

HI4′MOT catalyzes the methylation of 2,7,4′-trihydroxyisoflavanone (THI) to 2,7-

dihydroxy-4′-methoxyisoflavanone, one of the earliest enzymatic steps in isoflavonoid

biosynthesis. In pea, HI4′OMT may be the same enzyme as “HMM” catalyzing the
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methylation of both THI and (+)-6a-hydroxymaackiain. Preventing the methylation of

THI could divert pea intermediates to the production of daidzein and isoformononetin

instead of (+)-pisatin.

None of the transgenic hairy roots expressing the IFR RNAi construct were totally

deficient in (+)-pisatin biosynthesis. However, all produced reduced amounts of (+)-

pisatin, with one culture accumulating 7,2′-dihydroxy-4′,5′-methylenedioxyisoflavone,

the substrate for IFR. Hairy roots expressing the SOR RNAi construct deficient in (+)-

pisatin biosynthesis were identified. These accumulated (-)-sophorol, the substrate for

SOR. These data provide evidence for the involvement of these genes and the

intermediates with (-)-optical activity in (+)-pisatin biosynthesis.

The elicitation of the biosynthesis of secondary metabolites in plant cell and tissue

cultures by electric current was explored. Electric current was demonstrated to elicit the

biosynthesis of secondary metabolites in pea hairy and intact roots, seedling, root and cell

suspension cultures of various plant species. Electric current has potential for use as an

elicitor of secondary metabolites in basic and commercial research ventures.
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CHAPTER 1

INTRODUCTION

Phytoalexins as Plant Disease Resistance Compounds

Many plant species produce secondary metabolites called phytoalexins when

infected with pathogenic microorganisms. Phytoalexins are defined as low molecular

weight antimicrobial compounds that are absent in healthy plant tissues but accumulate in

tissues infected by microbial pathogens (Smith and Banks, 1986). Implicit in this

definition is the potential role for these compounds in disease resistance against

pathogens and it is partly for this reason that phytoalexins have been studied for over 60

years. The molecular structures of phytoalexins are as diverse as the plants that

synthesize them (Figure 1.1). This diversity includes pterocarpans, e.g. (-)-maackiain,

synthesized by chickpea (Cicer arietinum) and (+)-pisatin, synthesized by pea (Pisum

sativum L), sesquiterpenes, e.g. rishitin, synthesized by potato (Solanum tuberosum),

indole derivatives, e.g. camalexin, synthesized by Arabidopsis thaliana and stilbenes, e.g.

resveratrol, synthesized by grape (Vitis vinifera) (Grisebach and Ebel, 1978; Glazebrook

et al., 1994).

The chemical structures of different phytoalexins influence the activity of these

compounds against microbial pathogens (Delserone et al., 1992).  For example the

fungitoxicity against Aspergillus niger and Cladosporium fluvum of isoflavones,

flavanones and pterocarpans was shown to be due to the lipophilicity and the occurrence

of at least one unsubstituted hydroxyl groups in these compounds (reviewed by Dixon,
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1999). In the case of pterocarpan phytoalexins like (-)-maackiain and (+)-pisatin, the

stereochemistry associated with the 6a and 11a chiral centers is believed to influence

their antifungal activities because while pathogenic fungi may possess the ability to

detoxify the isomer produced by their host plant, they may be sensitive to the opposite

isomer (Delserone et al., 1992). Changing the structure of a compound would therefore

likely change its activity and possibly the response of a pathogen to the new compound.

Understanding the enzymological or biochemical basis of the stereochemistry of

phytoalexins could be instrumental to the construction of plants capable of producing

novel phytoalexins that confer upon their host a broad disease resistance phenotype.

The phytoalexin theory of plant disease resistance dates back to the pioneering

studies of Müller and Börger with Phytophthora spp. in the 1940s (Müller and Börger,

1940). The central tenet of the phytoalexin theory was that the development of fungal

pathogens in plant tissues was restricted by the accumulation of toxic chemicals produced

by plant cells in response to the invading pathogen. Interest in the role of phytoalexins in

plant disease resistance has grown over the years and numerous reports (e.g. reviewed by

Grisebach and Ebel, 1978; Smith and Banks, 1986; Hammerschmidt, 1999; Essenberg,

2001; Nicholson and Wood, 2001) on this subject have been published. Where

phytoalexins have been carefully and quantitatively analyzed, they often have been

shown to accumulate at sites where a pathogen is restricted, in support of the hypothesis

that they play a role in plant disease resistance.
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Figure 1.1. Examples of phytoalexins produced by various plant species showing the

diversity in chemical structures. (A), (-)-maackiain, a pterocarpan produced by red

clover; (B), (+)-pisatin, a pterocarpan produced by garden pea; (C), rishitin, a

sesquiterpene produced by potato; (D), camalexin, an indole derivative produced by

Arabidopsis; (E), resveratrol, a stilbene produced by grape.
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 Compelling evidence for or against the role of phytoalexins in plant disease

resistance has been demonstrated experimentally only in relatively few examples in spite

of many studies conducted over the last five decades. The most definitive analyses of the

possible involvement of phytoalexins in plant disease resistance came from studies

conducted in Arabidopsis thaliana where the role of camalexin, the indole-derived

phytoalexin, was investigated. Five Arabidopsis mutants deficient in camalexin

biosynthesis, designated pad1 to pad5 (for phytoalexin deficiency), were isolated and

defined in studies (Glazebrook and Ausubel, 1994; Glazebrook et al., 1997) aimed at

establishing a direct correlation between camalexin accumulation and plant disease

resistance. Of these, only one mutation located in the PAD3 locus was found to confer a

completely phytoalexin-deficient phenotype upon Arabidopsis (Zhou et al., 1999).

Although it is believed that camalexin biosynthesis is derived from the tryptophan

biosynthetic pathway, the sequential enzymatic steps and the genes as well as the

intermediates involved in the biosynthesis of this phytoalexin remain unknown

(Kliebenstein, 2004).  PAD3 was shown to be a cytochrome P450 involved directly in

camalexin biosynthesis, but where it functions in the pathway is not known (Zhou et al.

1999). The other mutations, while affecting the accumulation of camalexin in

Arabidopsis following pathogen infection, are believed to have pleiotropic effects on the

signaling of camalexin biosynthesis (reviewed by Kleibenstein, 2004). When the pad3

mutant was tested for its susceptibility to Pseudomonas syringae pv maculicola ES4326

(Glazebrook and Ausubel, 1994) it did not show any more susceptibility to the pathogen

than wild type plants suggesting that PAD3 and the resulting accumulation of camalexin
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did not play an important role in disease resistance against this pathogen. The pad3

mutant did not display altered susceptibility to the biotrophic fungal pathogens

Peronospora parasitica (Glazebrook et al. 1997) and Erysiphe orontii (Reuber et al.

1998). However, it was shown subsequently (Thomma et al., 1999), to have heightened

susceptibility to infection by the nectrotrophic fungal pathogen Alternaria brassicicola.

These data indicate that PAD3 and camalexin play a role in disease resistance in a

pathogen-specific manner. Moreover, camalexin production is apparently important when

a pathogen causes cell disruption, as is the case for necrotrophic fungal pathogens.

In addition to the characterization of Arabidopsis mutants variously affected in

camalexin biosynthesis and disease resistance, other plant species have been used to

construct transgenic plant tissue deficient in phytoalexin biosynthesis and to determine

the response of such tissue to pathogen infection. Transgenic pea hairy roots expressing

antisense RNA constructs of the (+)-6a-hydroxymaackiain-3-O methyltransferase (HMM)

gene were found to be more susceptible to Nectria haematococca than non-transgenic

hairy root tissue (Wu and VanEtten, 2004).  Additionally, transgenic soybean tissue

deficient in isoflavone biosynthesis due to RNAi silencing of the isoflavone synthase is

more susceptible to Phytophthora sojae race 1 compared to non transgenic tissue

(Subramanian et al., 2005). These observations provide additional evidence supporting a

role for pea and soybean phytoalexins in disease resistance. Phytoalexin function also has

been studied in monocots. In sorghum, the accumulation of 3-deoxyanthocyanidin

phytoalexins in inclusion bodies of sorghum (Sorghum bicolor) infected by
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Colletotrichum sublineolum is directly proportional to the observed disease resistance

levels (Nicholson and Wood, 2001).

The other approach taken to study the role of phytoalexins in plant disease

resistance is to compare the virulence of pathogens able to detoxify phytoalexins to

mutants incapable of doing so (VanEtten et al., 1989). The main model pathogen used for

these studies was the broad host range pathogen Nectria haematococca. This fungus

possesses mechanisms to detoxify the phytoalexins produced by most of its host plant

species (VanEtten et. al., 1989). The most thoroughly studied detoxification mechanism

involves the degradation of the phytoalexin (+)-pisatin by N. haematococca (VanEtten et

al., 1989). The isolates that are pathogenic on pea encode pisatin demethylase (PDA)

whose product demethylates (+)-pisatin to (+)-6a-hydroxymaackiain, a less fungitoxic

compound (VanEtten et al, 1989). Isolates of N. haematococca with the PDA gene are

more virulent than transformants in which the gene has been disrupted (Wasmann and

VanEtten, 1996). Taken together, these data are consistent with the hypothesis that

phytoalexins can play a role in plant disease resistance against pathogen infection.

Additional mutants deficient in phytoalexin biosynthesis need to be created, to

examine the role of phytoalexins as disease resistance factors. A critical prerequisite is

the understanding of the enzymatic and biochemical steps involved in the biosynthesis of

phytoalexins. If plants deficient in phytoalexin biosynthesis were more susceptible to

pathogens, a direct correlation between phytoalexin production and disease resistance

would be established. This would help to rule out the influence of other genetic factors on

disease resistance unrelated to phytoalexin production.



21

 One aim of this dissertation was to construct transgenic pea hairy root cultures

deficient in (+)-pisatin biosynthesis. These can be used as a tool to (1) explore the

response of such cultures to pathogen infection and (2) gain more insights into the unique

enzymatic and biochemical steps involved in (+)-pisatin biosynthesis. This would provide

a framework for future attempts to introduce genes from this pathway into heterologous

plant species and thereby synthesize phytoalexins with novel structures. This may confer

new disease resistance phenotypes upon plants against a broad range of pathogens.
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Status of the (+)-Pisatin Biosynthetic Pathway

(+)-Pisatin, a pterocarpanoid phytoalexin is an isoflavonoid derivative produced

by the garden pea (Pisum sativum L) in response to infection by pathogens or treatment

with stress-inducing heavy metal ions such as Cu2+ and Ag+. It was the first phytoalexin

whose chemical structure (Figure 1.1) was elucidated (Perrin and Bottomley, 1962).

Significant progress to understand the enzymatic steps involved in (+)-pisatin

biosynthesis has come from biochemical and radiolabeling studies conducted in pea (e.g.

Preisig et al., 1989; Paiva et al., 1994) and related legumes such as soybean (Glycine

max), red clover (Trifolium pratense), chickpea (Cicer arietinum) and alfalfa (Medicago

sativa) that also produce pterocarpans (Banks and Dewick, 1983; reviewed by Dixon,

1999). A discussion of the intermediates and enzymatic steps relevant to the biosynthesis

of (+)-pisatin and other flavonoid derivatives will be presented in the following

discussion.

From the Phenylpropanoid and Acetate-Polymalonate Pathways to Formononetin

The biosynthesis of flavonoid and isoflavonoid derivatives begins with the central

phenylpropanoid and the acetate-polymalonate pathways shown in Figure 1.2 (Dixon,

1999; Aoki et al., 2000, Akashi et al., 2000). A review of the early steps will be given

since one of the enzymes, hydroxyisoflavanone-4′-O methyltransferase, involved in one

of the early steps of isoflavonoid biosynthesis, is particularly relevant to the synthesis of

(+)-pisatin. The first intermediates (Fig. 1.2) are 4-coumaroyl-CoA derived from the

phenylpropane unit and three molecules of malonyl-CoA from acetyl-CoA.
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These are condensed in early enzymatic steps to give rings A and B of the

flavonoid architecture (reviewed by Dixon, 1999, Aoki et al., 2000). The early enzymatic

reactions (Figure 1.2) of phenylalanine ammonia-lyase (PAL) and other enzymes

including cinnamate 4-hydroxylase (C4H) and acetyl-CoA carboxylase (ACCase) have

been well characterized and shown to be co-regulated (reviewed by Dixon, 1999). These

initial enzymatic steps lead to the biosynthesis of liquiritigenin, a (2S)-flavanone from

which isoflavones are derived (Sawada et al., 2002). The key step leading from

liquiritigenin to isoflavone formation in pea, as in other legumes, is the aryl migration

from carbon 2 of the C ring on liquiritigenin (Figure 1.2) to carbon 3 to produce 2,7,4′-

trihydroxyisoflavanone (Akashi et al., 2003). Early classical studies of Grisebach et al. in

the 1960s (Grisebach and Brander, 1961; Grisebach and Doerr, 1960) with radiolabled

compounds demonstrated the occurrence of this reaction in isoflavone biosynthesis. The

enzymatic activity of this reaction was demonstrated in 1984, in agreement with the

hypothesis for the formation of the isoflavonoid compounds in legumes (Hagmann and

Grisebach, 1984). This reaction is catalyzed by a cytochrome P450 enzyme encoded by

the isoflavone synthase (IFS) gene (Jung et al., 2000). This gene has been isolated from

soybean (Glycine max), licorice (Glycyrrhiza echinata) and red clover (Trifolium

pratense).
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Figure 1.2. Scheme showing the involvement of the phenylpropanoid and acetate-

polymalonate pathways in isoflavonoid biosynthesis. Dashed arrows show early proposed

pathway in which formononetin was believed to be derived from daidzein. PAL = L-

phenylalanine ammonia lyase; C4H = cinnamate-4-hydroxylase; 4CL = 4-coumarate :

CoA ligase; ACCase = acetyl-CoA carboxylase;  CHI = chalcone isomerase; IFS =

Isoflavone synthase; HI4′OMT = hydroxyisoflavanone-4-O-methyltransferase; I4′OMT =

isoflavone-4-O-methyltransferase; HID = 2-hydroxyisoflavanone dehydratase
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In the early schemes for the biosynthesis of pterocarpan phytoalexins, it was

believed that formononetin was derived from daidzein by the 4′-O-methylation of the

latter mediated by an isoflavone methyltransferase (I4′OMT, Fig. 1.2). Unequivocal

evidence for the involvement of daidzein in the biosynthesis of formononetin never has

been provided.  Efforts to isolate the methyltransferase believed to methylate daidzein at

the 4′ position were unsuccessful.  Instead, an enzymatic activity that methylated the 7-

hydroxyl position of daidzein, thereby producing isoformononetin, was consistently

found (Wengenmayer et. al., 1974; Edwards and Dixon, 1991; He and Dixon, 1996).

Additional data using radiolabeled daidzein indicated that the compound was not

efficiently incorporated into the isoflavonoid derivatives with 4′ methylated position in

the natural pathway (Liu and Dixon, 2001). More recent studies have ruled out daidzein

as the precursor of formononetin biosynthesis in (+)-pisatin biosynthesis (Akashi et al.,

2003). Instead, the precursor to isoflavone derivatives with modifications such as

methylation or methylenedioxy bridge formation at the 4′ and 5′ positions is 2,7,4′-

trihydroxyisoflavanone. This intermediate is methylated at the 4′ position to form 2,7-

dihydroxy-4′-methoxyisoflavanone through a reaction catalyzed by hydroxyisoflavanone-

4′-O-methyltransferase (HI4′OMT), recently identified in licorice (Glycyrrhiza echinata)

(Akashi et al, 2003). Further studies also conducted with licorice have shown that 2,7-

dihydroxy-4′-methoxyisoflavanone is itself dehydrated through a reaction catalyzed by 2-

hydroxyisoflavanone dehydratase (HID) to produce formononetin (Akashi et al., 2005).
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From Formononetin to (+)-Pisatin

A scheme of the current understanding of the enzymatic steps and intermediates

involved in (+)-pisatin biosynthesis and other pterocarpans synthesized by other legumes

is shown in Figure 1.3. Some of the diversity in the structures of major pterocarpans such

as (-)-maackiain and (+)-pisatin produced in different legumes arises from specific

modifications on the B ring of formononetin subsequent to its formation. These structural

modifications start with a 3′-hydroxylation of formononetin (Figure 1.3). Both isoflavone

3′-hydroxylase activity and the enzymatic conversion of calycosin to pseudobaptigenin

by pseudobaptigenin synthase have been identified in chickpea (Clemens and Barz, 1996;

Clemens et al., 1993; Hinderer et al., 1987). Both reactions are catalyzed by cytochrome

P450s. The enzyme isoflavone-2′-hydroxylase (I2′H) that hydroxylates the 6′ position of

pseudobaptigenin is the same enzyme that functions in (-) medicarpin and (-)-maackiain

biosynthesis in chickpea, and is believed to be common to all pterocarpan biosynthetic

pathways (Hinderer et al., 1987).

The subsequent enzymatic reaction is catalyzed by isoflavone reductase (IFR).

Because of the presence of asymmetric carbons at the adjacent 6a and 11a positions in

pterocarpans, four stereoisomers are possible but only two forms exemplified by (+)- and

(-)-maackiain in Figure 1.3, are known in nature. Unlike pea, most legumes produce

(-)-stereoisomers (reviewed by Dewick, 1988; Dixon, 1999). Since IFR is the first

enzyme in the pterocarpan biosynthetic pathway that creates an asymmetric center, it is

reasonable to assume that it determines the optically active form of the final product.

Dewick and Ward (1977) proposed that this could be the branch point leading to
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Figure 1.3. Scheme for proposed biosynthetic pathways for (-)-medicarpin, (-)-maackiain

and (+)-pisatin in various legumes. Solid arrows indicate the parts of the pathways that

have been experimentally demonstrated while dashed arrows show "Dewick’s model" for

(+)-pisatin biosynthesis via intermediates (+)-sophorol and (+)-maackiain with (+)-

optical activity. The open arrow indicates the hypothesized part of the pathway between

(-)-DMDI and (+)-6a-hydroxymaackiain.
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 the two types of pterocarpan stereoisomers, and that the IFR leading to (-)-pterocarpans

converts optically inactive isoflavones to (-)-isoflavanones while the IFR leading to (+)-

pterocarpans does the converse. The first IFR isolated and characterized was from alfalfa,

a plant that makes only (-)-pterocarpans. This IFR converts optically inactive isoflavones

to (-)-isoflavanones only (Paiva et al., 1991) supporting the prediction of Dewick (1977)

for the existence of a specific reductase for synthesis of (-)- pterocarpans.

However, the IFR enzymatic activity detected in pea tissue synthesizing (+)-

pisatin also produced only an isoflavanone with minus optical activity (Paiva et al.,

1994). In addition, the IFR cDNA isolated from pea tissue producing (+)-pisatin encodes

an enzyme that also catalyzes the conversion of the optically inactive isoflavone, 7,2′-

dihydroxy-4′,5′-methylenedioxyisoflavone (DMD) to the isoflavanone (-) -"sophorol"

(Fig. 1.3). DiCenzo and VanEtten (2005 submitted) recently demonstrated that [3H](-)-

sophorol is incorporated into (+)-pisatin better than the (+)-isomer in pea cotyledons

synthesizing (+)-pisatin, suggesting that (-)-sophorol is the normal isoflavanone in (+)-

pisatin biosynthesis. No evidence was found for an IFR-type enzyme that could produce

(+)-sophorol from DMD, or an epimerase that could produce (+)-sophorol from (-)-

sophorol. Taken together, these data support the hypothesis that (-)-stereoisomers are

involved the biosynthesis of (+)-pisatin. This is unusual in legumes where most of the

final products have (-)-optical activities that correspond to those of their intermediates.
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The Origin of 6a-OH in (+)-Pisatin

Most of the known pterocarpans have chiral centers bearing (-)-optical activity as

discussed above. In contrast, (+)-pisatin has a (+)-stereochemistry at its 6a and 11a chiral

centers. The biochemical and enzymatic origins of the stereochemistry inversion from (-)-

stereoisomers to (+)-stereoisomers in pea are still not fully understood. The other

intriguing aspect of (+)-pisatin biosynthesis is the origin of the oxygen at the 6a position

of (+)-pisatin.  From radiotracer studies, Banks and Dewick (1983) concluded that (+)-

pisatin biosynthesis proceeds via (+)-maackiain and proposed that the latter is converted

to (+)-6a-hydroxymaackiain [(+)-6a-HMK], the precursor to (+)-pisatin. This reaction

was proposed to proceed directly by the insertion of an oxygen atom at C6a, most likely

derived from molecular oxygen. An alternative route by which the oxygen could arise, by

hydration of a 6a, 11a unsaturated intermediate, a pterocarpene, was not favored because

[6,11a-2H2]maackiain was incorporated into (+)-pisatin without loss of 2H (Banks and

Dewick, 1982a). In addition, three of the most likely 6a, 11a unsaturated intermediates

(3-hydroxy-8,9-methylenedioxyptercarp-6a-ene, 3-methoxy-8,9-

methylenedioxypterocarp-6a-ene and 7,2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-ene)

were found to be poorly incorporated into (+)-pisatin (Banks and Dewick, 1982a and b).

It was suggested based on these observations that (+)-6a-hydroxymaackiain is produced

by direct hydroxylation of (+)-maackiain.

Subsequent labeling experiments (Matthews et al., 1987; Matthews et al., 1989)

using 18O2 and H2
18O failed to support the Dewick model for the origin of the 6a-

hydroxyl in (+)-pisatin and indicated that direct hydroxylation of (+)-maackiain is not
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involved in the biosynthesis of (+)-pisatin. The incorporation of 18O into the 6a-postion

of (+)-pisatin in pea was compared to that of its incorporation into the 6a-position of (-)-

glycinol in soybean. From these studies it was concluded that the oxygen atom at the 6a-

position of (-)-glycinol is from molecular oxygen, but the oxygen atom at 6a position in

(+)-pisatin is from water. However, the conversion of (+)-[6,11a-2H2]maackiain to (+)-

pisatin without the loss of the deuterium radiolabel still had to be accounted for.  These

observations, together with those of Dewick and Banks (1982a and b), led to the

following proposal. When (+)-maackiain is added to pea tissue synthesizing (+)-pisatin,

oxygen is added to the 6a carbon but not by an enzyme normally involved in (+)-pisatin

biosynthesis (Matthews et al., 1989).

The Late Steps of (+)-Pisatin Biosynthesis

The current model for the late steps of (+)-pisatin biosynthesis involves the

intermediates, (-)-sophorol, (-)-7,2′-dihydroxy-4′,5′-methylenedioxyisoflavanol,

[(-)-DMDI] and (+)-6a-HMK. The genes for the conversion of DMD to (-)-sophorol

(IFR), (-)-sophorol to (-)-DMDI (SOR) and (+)-6a-hydroxymaackiain to (+)-pisatin

(HMM) have been cloned, characterized and shown to be transcriptionally co-regulated

during (+)-pisatin biosynthesis (Wu et al., 1997; Paiva et al., 1994; DiCenzo and

VanEtten, 2005, submitted). However, the intermediate to which (-)-DMDI is converted,

as well as the exact number of enzymatic steps and the enzymes required to convert (-)-

DMDI to (+)-6a-HMK or other intermediates between these two compounds during (+)-

pisatin biosynthesis have not yet been elucidated. Several observations from recent
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studies on organic synthesis of pterocarpans (van Aardt et al., 2001) and those from Dr.

Hans VanEtten’s lab (DiCenzo and VanEtten, 2005) merit attention in attempting to

understand the last steps of (+)-pisatin biosynthesis. In their work aimed at understanding

the last steps of (+)-pisatin biosynthesis, DiCenzo and VanEtten, (2005, submitted)

evaluated the metabolism of (-)-sophorol by crude protein extracts from induced pea

tissue. The three products identified in this study were (-)-DMDI, an isoflavene, 7,2′-

dihydroxy-4′,5′-methylenedioxyisoflavene (DMDIF) and a compound tentatively

identified as trans-hydroxymaackiain (Figure1. 4A). It was not clear, however, whether

these additional compounds are produced directly from (-)-sophorol or from (-)-DMDI.

 The production of an isoflavene from an intermediate in (+)-pisatin biosynthesis [(-)-

sophorol or (-)-DMDI] is of interest with respect to the optical activity of (+)-pisatin and

appears to be of relevance to the biosynthesis of the latter in view of earlier and recent

data from the chemical synthesis of trans 6a-hydroxypterocarpans (van Aardt et al.,

2001).

The isoflavene is a symmetrical molecule and the reduction or hydration of the

3,4 double bond (Figure 1.4C) could result in the (+)-optical activity of (+)-pisatin.

Recent data from the organic synthesis of cis and trans 6a-hydroxypterocarpans have

demonstrated a possible means for the involvement of an isoflavene intermediate in the

pathway (Figure 1.4C) that would also give a 6a-hydroxy coming from water. In this

chemical synthesis scheme, an isoflavene is converted to a trihydroxy intermediate that is

dehydrated to a 6a-hydroxypterocarpan (Fig. 1.4C). Using this scheme as a model, an

epoxidase could catalyze the formation of an epoxide at carbon 3 and 4 of the isoflavene
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and an epoxide hydrolase could convert subsequently this epoxide to a 3, 4, 2′-triol as

illustrated in Figure 1.5. The triol then could be dehydrated by an enzyme similar to the

hydroxyisoflavanol dehydratases that produce (-)-medicarpin and (-)-maackiain (Fig.

1.2). In this scenario a new symmetry could be created and the oxygen at the 6a-hydroxy

position could be derived from water because of the participation of the epoxide

hydrolase. While no evidence exists for the involvement of an epoxidase or epoxide

hydrolase in the biosynthesis of pterocarpans, the foregoing discussion is used to

illustrate how the occurrence of an isoflavene in the pathway for (+)-pisatin could

account for the novelty of the pathway compared to other pterocarpan biosynthetic

pathways.  Although isoflavenes have never been shown to occur in pea, they have been

shown to be produced in some chickpea species (Vetch and Stevenson, 1987). Although

Banks and Dewick (1982a) found isoflavenes to be incorporated poorly into (+)-pisatin,

feeding experiments in alfalfa suggested that isoflavenes are precursors to coumestans

like coumestrol (Fig. 1.4B) (Martin and Dewick, 1978 and 1980). However, coumestans

have not been reported in pea.

Prior research conducted in Dr. Hans VanEtten’s lab before I began my

dissertation research produced several pieces of critical data supporting the hypothesis

that intermediates with  (-)-optical activity are involved in (+)-pisatin biosynthesis

(DiCenzo and VanEtten, 2005 submitted). Feeding experiments with radiolabeled

intermediates and pea tissue biosynthesizing (+)-pisatin demonstrated that (-)-sophorol is

incorporated into (+)-pisatin better than either (+)-sophorol or (+)-maackiain.

Additionally, a cDNA encoding for sophorol reductase was isolated, cloned and
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characterized. This enzyme was demonstrated in vitro to catalyze the bioconversion of

(-)-sophorol to an isoflavanol, (-)-7,2′-dihydroxy-4′5′-methylenedioxyisoflavanol [(-)-

DMDI] in an NADPH-dependent reaction (DiCenzo and VanEtten, 2005 submitted).

These data are all consistent with the hypothesis that asymmetric intermediates with (-)-

optical activity are involved in the biosynthesis of (+)-pisatin. Insights gained from this

prior research were instrumental to the decision made, to use RNAi to investigate the

involvement of (-)-sophorol, an intermediate with (-)-optical activity in (+)-pisatin

biosynthesis in my research.
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Figure 1.4. Schemes for the possible involvement of an isoflavene in the production of

pterocarpans. A, Products of the incubation of (-)-sophorol with protein extracts

(DiCenzo and VanEtten, 2005, submitted) from pea tissue synthesizing (+)-pisatin. B,

structure of coumestrol. C, organic synthesis of cis and trans pterocarpans via an

isoflavene (van Aardt et al., 2001). TBDMS = t-butyldimethylsilyl; TBAF =

tetrabutylammonium fluoride; Ms2O-pyridine = dimethylsilyloxy-pyridine mesylation.
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Figure 1.5. Scheme for the possible involvement of an isoflavene in (+)-pisatin

biosynthesis via an epoxide and a triol.
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Hairy Root Cultures as a Model System to Analyze the Biosynthesis of Plant

Secondary Metabolites

 The garden pea (Pisum sativum L.) as a model system to study the genetic and

biochemical basis of secondary metabolism offers certain challenges. Due to some of its

inherent genetic and physiological properties, it is not readily amenable to some of the

conventional biological techniques such as the construction of intact transgenic plants

routinely used in other model systems. The currently available protocols for the

construction of whole transgenic pea plants (e.g. De Kathen and Jacobsen, 1990;

Schroeder et al., 1993) have drawbacks limiting the production of transgenic peas to a

few successful examples. Regeneration of transgenic pea plants mostly has been achieved

via a callus phase that requires lengthy tissue culture procedures. Other problems

encountered with transgenic peas include poor regenerability, low fertility frequencies

and phenotypic abnormalities, making the interpretation of data difficult (De Kathen and

Jacobsen, 1990; Bean et al., 1997 and references therein).

A more recent method developed by Bean et al., (1997) was used to make

produced transgenic peas from cotyledonary meristems. Transgenic plantlets made by

this protocol have to be grafted onto rootstocks of non-transgenic pea seedlings to obtain

whole pea plants. In spite of some of these drawbacks, the pea has several attractive

properties that make it a useful model to study some of the unique features of

isoflavonoid biosynthesis, as outlined above. A successful alternative to constructing

whole transgenic pea plants has been the development of robust protocols for
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Agrobacterium rhizogenes-mediated transformation of pea tissue to make transgenic

hairy roots (Wen et al., 2003). Within 7-10 days after inoculation of pea stems, hairy

roots normally are available for harvest from the stems and can be transferred to plant

tissue culture medium where they can be propagated for further analyses. Hairy root

tissue cultures can be analyzed for gene expression by Northern and Western blots and

for their capacity to synthesize secondary metabolite by biochemical techniques such as

high-performance liquid chromatography.

Hairy roots are now established as a versatile experimental system and are

routinely applied in analyzing secondary metabolites in several key crop and model plant

systems such as soybean (Glycine max) (Hamill and Lidgett, 1997), pea (Pisum sativum)

(Wu and VanEtten, 2004) and tobacco, N. tabacum (Chintapakorn and Hamill, 2003).

They have been applied to the re-engineering and analyses of alkaloid biosynthesis in

tobacco (e.g. Chintapakorn and Hamill, 2003), opium poppy (Papaver somniferum L.)

and California poppy, Eschscholzia californica  (Park and Facchini, 2000).
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Analysis of Gene Function in Plant Secondary Metabolic Pathways by RNAi

RNA mediated genetic interference (RNAi) first was discovered through

experiments aimed at improving flower color in Petunia by Dr. R. Jorgensen and his

colleagues (Napoli et al. 1990). Transfer of additional copies of a gene encoding a key

enzyme for flower pigmentation into Petunia plants was expected to increase color

intensity in flowers of these transgenic plants. Instead of showing the expected deep

purple color, many of the flowers from the plants carrying the additional gene copies

produced white or partially white flowers (Napoli et al., 1990). When the endogenous

and the introduced genes were examined, it was discovered that the expression of both

was suppressed. The mechanism for this phenomenon originally named co-suppression

and later post-transcriptional gene silencing (PTGS) or RNA-mediated genetic

interference (RNAi) has become a standard procedure to study gene function

(Waterhouse et al., 1998).

In one of the earliest studies of gene function in Caenorhabditis elegans (Fire et

al., 1998) RNAi was used to silence the expression of several genes that govern key

physiological and developmental processes in the nematode. C. elegans was injected with

double stranded RNA sequences complementary to target genes. Similar to gene

mutations generated by chemical or physical agents, the researchers observed phenotypes

that included altered morphology, abnormal developmental programs and aberrant cell

cycle progression (Fire et al., 1998).

RNAi is believed to arise from the formation of double-stranded RNAs from

transgenes and the endogenous gene copies. These trigger cellular mechanisms that
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cleave the double stranded RNAs into 21-23 oligonucleotide fragments by an RNAse

type III nuclease called dicer (Bernstein et. al., 2001; reviewed by Maine, 2001; Arenz

and Schepers, 2003). An RNA-Induced Silencing Complex (RISC), which incorporates

one of the RNA strands from the double stranded short duplexes causing the complex to

be recognized as complementary RNA sequences is formed (Matzke et al., 2001). These

are degraded by the RISC thereby shutting down the expression of the endogenous gene

(Matzke et al., 2001; Denli and Hannon, 2003).

RNAi technology has been greatly enhanced by the development of plasmid

vectors (e.g. pFGC5941, Appendix A), that facilitate the cloning of gene copies as

inverted repeats within single vectors in few steps (e.g. Wesley et al., 2001; Helliwell and

Waterhouse, 2003; Waterhouse et al., 2001). Kamath et al. (2003) used short double-

stranded RNAs to rapidly and transiently inactivate close to 17,000 genes in C. elegans,

thereby, knocking down the expression of almost all of the predicted protein-coding

genes of the nematode. This study was of significance in that over 1500 different genes

were silenced, revealing phenotypes that never had been described previously in studies

using conventional mutagenesis procedures. RNAi has been also used in many studies in

plants (e.g. Kumagai and Kouchi, 2003) and it has widened the scope of the available

tools for investigating gene function in metabolic pathways.

 When I began my dissertation study, use of antisense and sense RNA constructs

to reduce gene expression in hairy root cultures of pea had been done (Wu and VanEtten,

2004) but these approaches did not completely stop the biosynthesis of (+)-pisatin in

transgenic hairy root cultures. I was not aware of any previous studies using RNAi to
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analyze secondary metabolic pathways in transgenic hairy root cultures. I used RNAi

technology in my dissertation research to test the hypothesis that intermediates with (-)-

optical activity are involved in (+)-pisatin biosynthesis. The other aim was to determine

whether gene silencing by RNAi could also lead to the accumulation of other

intermediates that may be involved in some of the enzymatic steps yet to be elucidated.

Identification of these intermediates could be instrumental in elucidating the late steps in

(+)-pisatin biosynthesis.
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Elicitation of Plant Secondary Metabolites

Plants produce secondary metabolites constitutively or in response to chemical or

microbial stimuli called elicitors (Keen, 1975). The use of the term elicitor dates back to

1975 (Keen, 1975), when culture filtrates from the fungus Phytophthora megasperma

were shown to increase phytoalexin production in soybean in correlation with disease

resistance responses. Currently, the term elicitor is used not only to define microbial

factors that lead to the manifestation of disease resistance in plant tissue, but also to

include chemical or physical determinants of microbial or non-microbial origin that

trigger physiological and chemical changes in plant tissue (Zhao et al., 2005). Based

upon their origin, elicitors are grouped into two main groups called abiotic or biotic

elicitors. Abiotic elicitors are chemicals or physical stimuli of non-biological origin and

include heavy metals such as copper and silver whereas biotic elicitors are molecules of

biological origins and include a variety of large and small molecules.   

The term elicitor is used here to define a physical agent, chemical or cell-part

obtained from various sources that causes an increase in secondary metabolite production

in treated plant tissue (reviewed by Radman et al., 2003; Zhao et al., 2005). The earliest

systematic studies on elicitation of plant secondary metabolites in plant tissue date back

to the 1960s and involved the biosynthesis of phytoalexins in pea tissue. In these studies,

treatment of pea pods with heavy metal ions such as mercury, silver, copper and amino

acid derivatives was shown to cause increases in quantities of (+)-pisatin production

(Cruickshank and Perrin, 1963). The quantities of (+)-pisatin were comparable to those

produced in tissue treated by fungal infection. Numerous studies using both biotic and
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abiotic elicitors have been undertaken both in basic and industrial research to increase the

biosynthesis of secondary metabolites. Use of elicitors has potential to increase the yield

of desired compounds that may have industrial and pharmaceutical value.

Sodium orthovanadate and vanadyl sulfate also enhance yield and accumulation

of isoflavone glucosides in Vigna angularis cultures as well as indole alkaloids in

Catharanthus roseus cultures, respectively (Hattori and Ohta, 1985). The production and

accumulation of alkaloids in C. roseus is enhanced by treatment of plant tissue with

sodium chloride, potassium chloride or sorbitol and abscissic acid (Smith et al., 1987).

Processes such as these, employing simple and cheap elicitors have much promise in the

scaled up production of secondary metabolites in plant cell cultures but have the

disadvantage that they need to be separated from the desired product and from the cell or

tissue culture system before additional elicitation can be done.

Several fungal species produce glucan polymers, glycoproteins and low molecular

weight organic acids also used as elicitors to increase the biosynthesis of secondary

metabolites (DiCosmo and Tallevi, 1985).  These have been extensively studied and are

the most well characterized of all classes of elicitors routinely used. As a result, many

examples are available in literature on the use of fungal elicitors to enhance the

biosynthesis of secondary metabolites in plants. A few examples will be discussed briefly

here before I discuss the potential use of electric current as a general broad range elicitor

to increase the production of plant secondary metabolites in plant cell and tissue culture

systems.

Psoralen production in parsley and diosgenin production in the Mexican yam are
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examples of secondary metabolites induced using elicitors of fungal origin (reviewed by

Misawa, 1994). The enhancement of the biosynthesis and accumulation of sanguinarine,

by a cell line of Papaver somniferum exposed to a homogenate of the fungus Botrytis is

another example of use of elicitors of fungal origin to induce the biosynthesis of a

secondary metabolite (reviewed by Misawa, 1994 and Radman et al., 2003).

Sanguinarine is a quaternary benzophenanthridine alkaloid used in oral hygiene products.

The use of chemical and microbial elicitors to improve the production of

secondary metabolites, while well established, suffers from inherent drawbacks. These

include toxicity, the need for elaborate downstream processing to separate desired

products from the elicitor, as well as the limited number of times an elicitor can be re-

used before it loses its activity. Due to the constant demand for chemicals of commercial

value including pharmaceuticals efforts to improve the production of secondary

metabolites in plants that normally produce secondary metabolites in low quantities are

on going. One attractive approach would be the development of broad range elicitors that

can be applied to the production of secondary metabolites in a sustainable way.

Discussions between Dr. Joel Cuello, of Agricultural and Biosystems

Engineering, University of Arizona and Dr. Hans VanEtten during the course of my

dissertation research revealed that in preliminary studies, passage of electric current in

Hyoscyamus sp. hairy root cultures elicited several fold increases in the amounts of

hyoscyamine produced. Seeing the potential that this approach had as an elicitor in basic

and industrial research on secondary metabolites, I conducted experiments to investigate

its use to increase the biosynthesis and accumulation of (+)-pisatin and other secondary
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metabolites in transgenic and non-transgenic pea hairy roots as well as in intact roots and

seedlings of various plant species. This method is cleaner and offers a more attractive

alternative to the use of chemicals such as copper chloride or biotic elicitors from

microbial organisms. Additionally elicitation of secondary metabolites could be

repeatedly applied to the same plant cell or tissue cultures for as long as these remain

viable. The exploration of this approach therefore was integrated into this study.
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Objectives of the Dissertation

(i) The main objective of this dissertation was to test the prediction of Dewick’s

model for (+)-pisatin biosynthesis by silencing the (+)-pisatin biosynthetic

pathway at three enzymatic steps. To that end, I examined pea hairy root

cultures as a model system to analyze the pisatin biosynthetic pathway.

Agrobacterium rhizogenes-mediated transformation of pea and RNA-

mediated genetic interference (RNAi) vectors were used to construct

transgenic pea hairy root cultures with altered expression of the IFR, SOR and

HMM genes. These would make it possible to:

a) directly test the hypothesis that the three genes are involved in (+)-

pisatin biosynthesis. Lack of (+)-pisatin biosynthesis by transgenic

hairy root cultures silenced at the IFR and SOR enzymatic steps would

provide evidence for the involvement of intermediates with (-)-optical

activity in (+)-pisatin biosynthesis.

b) determine if new compounds accumulate in transgenic hairy roots

silenced at each gene. In all three cases, the intermediates just prior to

the blocked enzymatic step were expected to accumulate. In addition,

new intermediates might accumulate in the transgenic hairy roots

silenced at the HMM gene and among these might be found those

serving as intermediates between (-)-DMDI and (+)-6a-HMK.
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(ii) To identify and characterize the intermediate to which (-)-DMDI is converted

in the (+)-pisatin biosynthetic pathway if objectives (i) and (ii) were

completed.

(iii) To use the (+)-pisatin biosynthetic pathway as a model to investigate electric

current as a general elicitor and if so,

(iv) To explore its application to increase and maintain the yield of secondary

metabolites in plant cell and tissue cultures.
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CHAPTER 2

INACTIVATION BY RNAI OF PEA GENES SUPPORTS THE

INVOLVEMENT OF INTERMEDIATES WITH (-)-OPTICAL ACTIVITY AND A

POSSIBLE BI-FUNCTIONAL O-METHYLTRANSFERASE IN

THE (+)-PISATIN BIOSYNTHETIC PATHWAY

Abstract

(+)-Pisatin is the major phytoalexin produced by the garden pea. In this study, the

biosynthesis of this phytoalexin was analyzed using RNA-mediated genetic interference

(RNAi) in pea hairy roots. The expression of three of the genes believed to be involved in

(+)-pisatin biosynthesis previously shown to be co-regulated at the RNA transcriptional

level during (+)-pisatin biosynthesis was inactivated by RNAi. The objectives were to 1)

investigate the involvement of intermediates with (-)-optical activity in the pathway, and

2) determine whether the compounds that accumulate in the gene knockdown pea hairy

root cultures might include unknown intermediates in (+)-pisatin biosynthesis. These

genes were 1) isoflavone reductase (IFR) whose product converts 7,2′-dihydroxy-4′,5′-

methylenedioxyisoflavone (DMD) to (-)-sophorol in the first reaction that produces an

asymmetric compound from a symmetric one, 2) sophorol reductase (SOR) whose

product catalyzes the reduction of (-)-sophorol to an isoflavanol, (-)-7,2′-dihydroxy-4′,5′-

methylenedioxyisoflavanol (-)-DMDI, the second asymmetric compound in the pathway

and 3) the hydroxymaackiain-3-O-methyltransferase (HMM) gene whose product
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converts (+)-6a-hydroxymaackiain to (+)-pisatin predicted to be the last enzymatic step in

the pathway. Transgenic pea hairy root cultures (HMMi, IFRi and SORi) expressing the

RNAi binary vectors carrying inverted repeat copies of the three target genes were

constructed and HPLC profiles of isoflavonoid extracts from transgenic pea hairy root

cultures were compared to those from non-transgenic ones. Analysis of HMMi hairy root

cultures by HPLC of the isoflavonoids that accumulated in these roots showed that these

did not accumulate (+)-pisatin or (+)-6a-HMK. Instead, they accumulated 2,7,4′-

trihydroxyisoflavanone, daidzein, isoformononetin, liquiritigenin and isoliquiritigenin

indicating that the pathway was blocked at an early step where another enzyme,

hydroxyisoflavanone-4′-O-methyltransferase (HI4′OMT) is believed to function. These

data and those from other researchers (Shin-ichi Ayabe, personal communication)

comparing the HMM and HI4′OMT amino acid sequences and their substrate preferences

indicated that HMM is the same enzyme as HI4′OMT and may catalyze two different

steps in (+)-pisatin biosynthesis. Transgenic hairy root cultures expressing the RNAi

constructs of the IFR and SOR genes were also deficient in (+)-pisatin biosynthesis. An

IFRi hairy root culture accumulated DMD while SORi hairy root cultures deficient in

(+)-pisatin biosynthesis accumulated (-)-sophorol. The fact that IFRi and SORi hairy

roots were deficient in (+)-pisatin biosynthesis indicates that (-)-sophorol and (-)-DMDI,

the intermediates produced by the IFR and SOR, respectively, were essential for (+)-

pisatin biosynthesis. These findings support the involvement of intermediates with (-)-

optical activity in (+)-pisatin biosynthesis.
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Introduction

(+)-Pisatin, a pterocarpanoid phytoalexin synthesized by pea (Pisum sativum L)

under biotic or abiotic stress, was the first phytoalexin whose chemical structure was

identified (Perrin and Bottomley, 1962).  Significant progress towards elucidating the

(+)-pisatin biosynthetic pathway has been made through biochemical studies in pea and

related legumes (Grisebach and Ebbel, 1978, Banks and Dewick, 1982a and 1982b;

reviewed by Dewick, 1986 and Dixon, 1999).  The basic pterocarpan carbon skeleton

contains four rings (labeled ABCD) as shown in Figure 2.1 for (+)-pisatin. Because of the

presence of asymmetric carbons at the adjacent 6a and 11a positions in pterocarpans, four

stereoisomers are possible, but only two forms, exemplified by (+)- and (-)-maackiain

(Figure 2.1), are known to occur in nature.  While most legumes produce pterocarpan

phytoalexins with (-)-optical activity such as (-)-medicarpin and (-)-maackiain (Fig. 2.1),

the garden pea is somewhat unusual in that it synthesizes a (+)-pterocarpan, (+)-pisatin.

Data from early research (Banks and Dewick, 1982a, b and Banks et al., 1982)

suggested that the biosynthesis of (+)-pisatin proceeded via intermediates with (+)-optical

activity such as (+)-sophorol and (+)-maackiain (Fig. 2.1). Recent studies have, however,

supported the involvement of intermediates with (-)-optical activity up to the unknown

steps that involve the conversion of (-)-7,2′-dihydroxy-4′,5′-methylenedioxyisoflavanol

[(-)-DMDI] to (+)-6a-hydroxymaackiain [(+)-6a-HMK] (DiCenzo and VanEtten, 2005

submitted). Specifically, the isoflavone reductase (IFR) gene the product of which

catalyzes the conversion of 7,2′-dihydroxy-4′,5′-methylenedioxyisoflavone (DMD)
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Figure 2.1. Modified scheme for biosynthesis of the major pterocarpans of chick pea,

alfalfa and pea respectively. Solid arrows represent the steps in which enzymes have been

identified in the (+)-pisatin biosynthetic pathway in pea,  (-)-medicarpin in alfalfa and (-)-

maackiain in chickpea, while dashed arrows represent Dewick’s (Banks and Dewick,

1982a and b; Banks et al., 1982) original hypothesis for  (+)-pisatin biosynthesis through

(+)-sophorol, (+) DMDI and (+)-6a-hydroxymaackiain. HMM = 6a-hydroxymaackiain-3-

O-methyltransferse; IFR = isoflavone reductase.
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 to (-)-sophorol in pea (Fig. 1) has been characterized and a cDNA clone isolated (Paiva

et al., 1994). This IFR, like those from alfalfa (Paiva et al., 1991), chickpea (Schlieper et

al., 1990), and soybean (Fischer et al., 1990) which make (-)-pterocarpans, converts the

symmetric isoflavone to an asymmetric (-)-isoflavanone with the configuration at carbon

3 as shown for (-)-sophorol (Fig. 2.1). There was no evidence for the existence of an IFR

that produces (+)-sophorol from the symmetric intermediate, DMD, or of an epimerase

that produces (+)-sophorol from (-)-sophorol in the protein extracts of (+)-pisatin-

synthesizing pea tissue (Paiva et al., 1991; DiCenzo and VanEtten, 2005 submitted). In

addition, feeding studies using radiolabel intermediates have demonstrated that (-)-

sophorol was incorporated into (+)-pisatin better than (+)-sophorol or (+)-maackiain

(Dicenzo and VanEtten, 2005 submitted).  Furthermore, sophorol reductase, (SOR) acting

on (-)-sophorol, was identified in pea tissue synthesizing (+)-pisatin (DiCenzo and

VanEtten, 2005 submitted).  These results support a (+)-pisatin biosynthetic pathway that

proceeds through (-) intermediates as shown in Figure 2.1

The last step for (+)-pisatin biosynthesis was predicted to be the methylation of

(+)-6a-hydroxymaackiain (Banks and Dewick, 1982). An S-adenosylmethionine:

hydroxymaackiain 3-O-methyltransferase (HMM) from pea that has a strong substrate

preference for (+)-6a-hydroxymaackiain [(+)-6a-HMK] has been isolated and cloned (Wu

et al., 1997).  The appearance of HMM activity, HMM protein, and mRNA translational

activity is correlated with pisatin accumulation and the expression of SOR and IFR genes

(Paiva et al., 1994; Preisig et al., 1989; Preisig et al., 1991; Wu et al., 1997).  Two

cDNAs (HMM1 and HMM2) encoding HMM were isolated and cloned by screening a
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cDNA library that was constructed from infected pea seedlings (Wu et al., 1997). When

expressed in E. coli, the substrate specificities of these HMM cDNAs were similar to that

of the methyltransferase activity detected in pea tissue making (+)-pisatin and HMM

expression was correlated with the accumulation of (+)-pisatin (Paiva et al., 1994; Wu et

al., 1997).  In addition, transgenic pea roots expressing antisense RNA constructs of

HMM cDNA have been shown to have significantly reduced amounts of (+)-pisatin (Wu

and VanEtten, 2004).

The current model for the late steps for (+)-pisatin biosynthesis includes (-)-

sophorol and (-)-DMDI as intermediates and has (+)-6a-HMK as the immediate precursor

of (+)-pisatin.  The enzymatic step(s) from (-)-DMDI to (+)-6a-HMK remain to be

elucidated. Prior research supports the involvement of the identified IFR, SOR and HMM

pea genes in (+)-pisatin biosynthesis. However, since pea has the capacity to synthesize

(-)-maackiain and (-) medicarpin derivatives (Stoessl, 1972; Puepke and VanEtten, 1976),

the identified IFR and SOR enzymes might be involved only in the biosynthesis of these

pterocarpans.

The objective of this study was to use RNA-mediated genetic interference (RNAi)

to silence the expression of IFR, SOR and HMM in pea hairy roots. It was predicted that

silencing the IFR and SOR genes could prevent the synthesis of (+)-pisatin and thus

provide direct evidence for the participation of intermediates with (-)-optical activity in

(+)-pisatin biosynthesis. Inactivation of the HMM gene was expected to prevent the

biosynthesis of (+)-pisatin and cause the accumulation of (+)-6a-HMK and other

intermediates that might occur between (-)-DMDI and (+)-6a-HMK. These could be
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identified and be instrumental in the elucidation of the late steps of (+)-pisatin

biosynthesis occurring subsequent to (-)-DMDI leading to the biosynthesis of (+)-6a-

HMK.
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Materials and Methods

Bacteria and Plasmid Vectors

 E. coli strain DH5α was used to clone all the constructed plasmid and binary

vectors while E. coli strain HB101, carrying the helper plasmid pRK2013 (Figurski and

Helsinki, 1979) was used to mobilize the constructed binary vectors from E. coli DH5α

to Agrobacterium rhizogenes during triparental mating. Plasmid pRK2013 carries the

nptII gene conferring kanamycin resistance. A. rhizogenes strain R1000 (nalidixic acid

resistant) was a gift from Dr. M. Hawes, Division of Plant Pathology and Microbiology,

University of Arizona, while strains A4 and A5 were a gift from Dr. F. White, Kansas

State University.

The binary plasmid vector, pFGC5941 was a gift from Dr. R. Jorgensen, Plant

Science Department, University of Arizona. This vector is based on binary vector

pCAMBIA1200. It has a cassette bearing two multiple cloning sites that facilitate the

cloning of a gene in the sense and anti-sense orientation relative to the CaMV 35S

promoter thus producing inverted repeats of the inserted gene.  The CaMV 35S promoter

drives the transcription of RNA inverted repeats that form double-stranded hairpin

structures. It also has a copy of the basta resistance gene for screening of transgenic

plants and the nptII gene for selection of transformed bacteria. Additional details of this

vector may be found at http://www.arabidopsis.org/abrc/catalog/vector_1.html.
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Reagents and Secondary Metabolites

(-)-Maackiain was extracted from red clover roots, (-)-sophorol was obtained

through fungal conversion of (-)-maackiain and (+)-pisatin was extracted from pea tissue

elicited for (+)-pisatin biosynthesis by 0.08 mM copper chloride (DiCenzo and VanEtten,

2005 submitted).  Formononetin and daidzein were purchased from Sarsyntex, France,

while (+)-6a-hydroxymaackiain [(+)-6a-HMK], was obtained from (+)-pisatin using a lab

strain of Aspergillus niduluns carrying the PDA gene. Liquiritigenin and isoliquiritigenin

were purchased from Indofine Chemical Company (Hilsborough, NJ). Isoformononetin

was a gift from Dr. R. Dixon, Samuel Roberts Noble Foundation, Ardmore, Oklahoma,

while 2,7,4′-trihydroxyisoflavanone was a gift from Dr. S. Ayabe, Nihon University,

Japan. Toluene, ethyl acetate, methanol and acetonitrile were purchased from Honeywell

International Inc. (Burdick and Jackson, Muskegon, MI).

Construction of RNAi Binary Vectors for HMM, IFR and SOR Gene

            Silencing

The 6a-hydroxymaackiain-3-O-methyltransferase (HMM) and the sophorol

reductase (SOR) genes were isolated from a cDNA library made from infected pea

seedlings by Lambda Zap II cloning (Wu et. al 1997; Di Cenzo and VanEtten, 2005)

while the pea IFR gene (Paiva et al., 1994) was a gift from Dr. N. Paiva, Samuel Roberts

Noble Foundation, Ardmore, Oklahoma.  To construct the binary vectors for RNAi, 400

bp fragments from the C-terminal or N-terminal ends of each cDNA copy of the three

genes were amplified by PCR using PCR primers designed to include BamHI and SwaI at
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their 5′ ends and XbaI and AscI at their 3′ ends. The HMM gene was amplified with

oligonucleotides HMM-3HF, 5′-TCTAGAGGCGCGCCGGCACGAGTAGAAATGGA-

3′ and HMM-3HR, 5′-CGGGATCCATTTAAATCAACAACCTGTGGCTGATC-3′, the

SOR gene with 5′-CCTCTAGAGGCGCGCCATGGCAGAGGGGAAAGG-3′ and 5′-

CGGGATCCATTTAAATGCAACACTGAATCGC-3′ while the IFR gene was

amplified with 5′-CCTCTAGAGGCGCGCCATGGCAACTGAAAAC-3′ and 5′-

CGGGATCCATTTAAATCTCATACACTGCATC-3′. The PCR conditions for the

amplification of each gene were similar and were carried out in 30 µL reaction volume.

These consisted of an initial heat denaturation step at 95oC for 5 minutes, followed by 26

cycles each of 94oC, 1 min, 58oC, 45 sec, 72oC, 1 min and a last 10 min cycle at 72oC in

an MJ Research PTC 100 thermal cycler (Global Medical Instrumentation, Inc  

Ramsey, MN, USA,

Each PCR product was divided into two portions. A fraction of the first portion

was digested with AscI and SwaI and cloned into the AscI-SwaI restriction endonuclease

sites of the multiple cloning site 1 of pFGC5941 also digested with the same restriction

enzymes. The resulting three independent binary vectors each contained the HMM, SOR

or IFR gene in the sense orientation relative to the CaMV 35S promoter. The second

portion of each PCR amplification product was digested with BamHI and XbaI and

cloned into pFGC5941 now carrying each respective gene in the sense orientation also

digested with XbaI-BamHI. The three resulting binary vectors constructed contained

inverted repeat copies of each gene.
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Triparental Matings

  E. coli DH5α carrying binary vector pFGC5941with inverted repeat cDNA

copies of SOR, HMM and IFR genes and E. coli HB101 (carrying the helper plasmid

pRK2013) cells were grown in LB broth overnight at 37oC while A. rhizogenes was

grown in yeast extract mannitol broth at 28oC. Binary vectors were mobilized into A.

rhizogenes strain R1000, A4 or A5 via the helper plasmid pRK2013 by an established

triparental mating method (Deblaere et al., 1987). Transformed A. rhizogenes were

screened on yeast extract mannitol agar containing 100 µg/l each of kanamycin and

nalidixic acid and were identified by PCR amplification using PCR primers 5′-

TGGTCAATTTGCAGGTAT-3′(forward) and 5′-AGACAGGACTCTAGGGAC-3′. A

300 bp fragment of the basta gene was amplified. A. rhizogenes carrying no binary vector

or carrying pFGC5941 without any inserted gene were used to generate hairy roots

serving as negative controls.
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Transformation of Pea Stem Tissue

Garden pea (Pisum sativum L. var. little marvel) seeds purchased from The Meyer

Seed Company (Baltimore, MD) were surface-sterilized in ethanol for 10 min followed

by 5.25% (v/v) NaOCl for 30 min and rinsing 5-6 times in sterile distilled water. Twelve

to sixteen seeds were planted on 0.8% water agar in magenta jars. Seeds were germinated

and grown in the dark for 4-6 d after which they were transferred to a growth chamber

with white light under a 16 h photoperiod for another 2-3 d.

Transgenic hairy roots were constructed as previously reported (Wen et al., 1999)

with slight modifications. Briefly 10-12 mm pieces of pea seedlings cut between the root

crown and half way up the stem were planted up side-down on MS (Murashige and

Skoog, 1962) medium semi-solidified with 0.8% agar and supplemented with 3% sucrose

and 500 mgl-1 carbenicillin disodium salt. Ten to 15 µl suspension culture of 1 x 109 CFU

A. rhizogenes, strains R1000, A4 or A5 carrying the pFGC5941 with the inverted repeat

copies of SOR, HMM or IFR genes were inoculated on each stem. Hairy roots began to

emerge after 10 d and were excised from explants and transferred onto hormone- and

herbicide-free Gamborg’s B5 (Gamborg et al., 1968) medium semi-solidified with 2 gl-1

gelrite™ and supplemented with 3% sucrose and 500 mgl-1 carbenicillin disodium salt.

Stable and clonal transgenic hairy roots were evaluated for their resistance to basta (conc.

range 1-100 mgl-1) on Gamborg’s B5 medium with 2 gl-1 gelrite™. The integration of the

basta gene into the pea genome was determined by PCR using the oligomers BarF, 5′-

TGCACCATCGTCAACCAC-3′ and BarR, 5′-ACAGCGACCACGCTGTTGAA-3′.



64

The optimum concentration of basta in Gamborg’s B5 medium used throughout

this study for screening of transgenic hairy root cultures was experimentally determined

to be 2 mgl-1. Hairy root cultures were sub-cultured every 3-4 wks onto fresh Gamborg’s

B5 plant tissue culture medium semi-solidified with 2 gl-1 gelrite™.

Elicitation, Extraction and Analyses of (+)-Pisatin and Other Secondary

           Metabolites

(+)-Pisatin and other isoflavonoids were elicited by soaking hairy root tissue in

0.08 mM CuCl2 for 1 h after which the solution was drained and hairy root tissue was

transferred to a clean beaker and covered to maintain high humidity in the dark for 24 to

72 h at 24°C. To screen for transgenic hairy root cultures deficient in (+)-pisatin

biosynthesis, induced hairy root cultures were soaked in hexanes (6 vol hexanes/gram of

tissue) on a gyratory shaker at 130 RPM for 5 to 24 h.  Hairy root tissue was removed and

hexanes were evaporated under vacuum leaving a residue that was dissolved in

100 µl to 1 ml EtOH.  The presence of (+)-pisatin in the extracts was determined by

scanning for the characteristic UV absorption spectrum of (+)-pisatin at 309 nm. The UV

absorption value at 309 nm was used to calculate (+)-pisatin concentration in hairy root

cultures using the (+)-pisatin molar extinction coefficient of 103.86 (Cruickshank and

Perrin 1965).

To determine if transgenic hairy root cultures accumulate other secondary

metabolites, total hairy root isoflavonoids were extracted by grinding CuCl2-induced

hairy root tissue in 4 vol of 70% EtOH (v/v) in water. Additional 0.25 vol. of H2O were
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added and the ethanolic extracts concentrated under vacuum using a Büchi RE 121 rotary

evaporator (Büchi Flawil Switzerland). The aqueous phase was partitioned with 4 vol of

ethyl acetate, or 1 volume dichloromethane or chloroform, which were also dried under

vacuum. Each residue was also dissolved in 100-1000 µL EtOH and analyzed by HPLC.

Isoflavonoids extracted from transgenic and non-transgenic pea hairy root

cultures were analyzed by a Beckman DU®-64 UV absorbance spectrophotometer

directly or after purification by thin layer chromatography (TLC). Secondary metabolites

were purified by TLC or by high-performance liquid chromatography (HPLC). The

HPLC system (Waters Inc. Milford, MA, USA) consisted of two 515 pumps, a 717plus

Autosampler and a Photodiode Array Detector 996. A C18 reversed phase column (4 mm

x 260 mm; Alltech or Discovery) was used to separate pea hairy root isoflavonoids by an

acetonitrile-water gradient of 25% to 55% over a 20-60 min run at the flow rates of 0.5-1

ml/min. HPLC data were collected via an online system and analyzed by Millennium

32™ software. TLC analysis was done on Analtech TLC plates (UV detection at 254nm;

Uniplate, Newark, DE) with solvent systems consisting of 10:1 chloroform:methanol or

1:1 and 60:40 toluene: ethyl acetate.

Isoflavonoids were also analyzed by atmospheric pressure chemical ionization

(APCI) mass spectrometry to determine the molecular weights of some of the compounds

identified by HPLC retention times and UV absorption spectra. The major ion peak for

the compound extracted from R1000ni with an m/z of 314 was identical to that of (+)-

pisatin standard. Several ion peaks were observed in isoflavonoids extracted from

transgenic hairy root cultures and were also identified by comparing their m/z to those of
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authentic standards. These included daidzein (m/z = 254), isoformononetin (m/z =  268),

2,7,4′-trihydroxyisoflavanone (m/z = 273) and (-)-sophorol, (m/z = 300).
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Results

            Analysis of (+)-Pisatin and Other Isoflavonoids in Non-Transgenic Pea Hairy

Root Cultures

Non-transgenic pea hairy root cultures (designated R1000ni) used as controls

were produced from pea stem tissue infected with Agrobacterium rhizogenes strain

R1000 without a binary vector or transformed with binary vector pFGC5941 without any

inserted genes (designated R1000e). To determine the amount of (+)-pisatin synthesized

by non-transgenic hairy root cultures elicited by 0.08 mM CuCl2, (+)-pisatin was

extracted by the hexane extraction method at time 0 and at 24 h after elicitation. The

mean amount of (+)-pisatin that accumulated in R1000ni and R1000e hairy root cultures

at time 0 was 0.8 µg per gram fresh weight (µg/g FW) while 24 h after induction this had

increased to 38 µg/g FW. The amounts of (+)-pisatin that accumulated in non-elicited pea

hairy root cultures after 24 h of incubation alongside the elicited hairy root cultures

averaged 5.6 µg/g FW. A time course study was conducted to determine whether non-

transgenic pea hairy root tissue could produce higher amounts of (+)-pisatin by prolonged

incubation after elicitation. Pea hairy root tissue was elicited for (+)-pisatin biosynthesis

by 0.08 mM CuCl2 and (+)-pisatin was extracted and measured at 0 h, 24 h, 48 h and 72 h

after elicitation. The amounts of (+)-pisatin progressively increased from 24 h on-ward

and by 72 h, two-fold increases of up to 77 µg/gFW (Figure 2.2) were observed.

To investigate whether pea hairy root cultures produced other secondary

metabolites in addition to (+)-pisatin upon induction, total isoflavonoids were extracted

from hairy root R1000ni cultures after induction and analyzed by reversed phase HPLC.
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Examination of the HPLC profile of the isoflavonoid extracts from R1000ni monitored at

309 nm (Figure 2.3A) revealed one major peak with a retention time (Rt) of 15.6 min

corresponding to (+)-pisatin. When the chromatogram run was monitored at 285 nm as

shown in Figure 2.3B, three additional minor peaks with retention times of 16.5 min, 17

min and 21min respectively were observed. The compound with Rt of 16.5 min was

identified by chiral HPLC to be (-)-maackiain while the other two minor compounds

were unidentified. (-)-Maackiain and the other minor compounds were consistently

produced along with (+)-pisatin in non-transgenic hairy root cultures throughout the

study.
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Figure 2.2. Time course analysis of (+)-pisatin accumulation in transgenic versus non-

transgenic hairy root cultures. Hairy root cultures were elicited to biosynthesize (+)-

pisatin by 0.08 mM CuCl2, (+)-pisatin was extracted using hexanes and the quantities of

the phytoalexin were measured by the UV absorbance spectrophotometer method at the

indicated times. A, (+)-Pisatin in extracts from hairy root cultures R1000ni (filled

diamonds), HMMi # 10 (filled triangles) (HMMi #1, #3, #4 and #6 also showed the same

pattern as HMMi #10) and HMMi #55 (filled circles). B, (+)-Pisatin in extracts from

hairy root culture R1000ni (filled diamonds), SORi #15 (open squares) and SORi #21

(open triangles). Error bars represent means and standard deviations of three replicate

samples.
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Figure 2.3. HPLC profiles of secondary metabolites extracted from non-transgenic

(R1000ni) hairy root cultures. Hairy root cultures were elicited to produce (+)-pisatin and

other secondary metabolites by 0.08 mM CuCl2 and total flavonoids were extracted after

24 h. HPLC was carried out and monitored at (A), 309 nm and at (B) 285 nm. M = (-)-

maackiain, P = (+)-pisatin, U = unknown.
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Analysis of Transgenic Pea Hairy Root Cultures Expressing the RNAi

Construct of the HMM Gene

  One hundred and eighteen transgenic hairy root cultures (designated HMMi)

transformed with binary vector pFGC5941 carrying the inverted repeat copies of the

HMM gene were produced. To determine whether silencing the expression of the

endogenous HMM gene copy by RNAi could affect the accumulation of (+)-pisatin,

transgenic hairy root cultures were screened for (+)-pisatin production using the hexanes

extraction method 24 h after induction. Twenty-three of these transformants produced

very little or no (+)-pisatin (0-0.53 µg/g FW) compared to non-transgenic hairy root

cultures (mean (+)-pisatin content = 38 µg/g FW). Thirty-two others showed 50-80%

reduction, whereas the rest showed little (10-15%) or no reductions in (+)-pisatin

production when compared to non-transgenic hairy root cultures.

Five of the transgenic lines, HMMi #1, #3, #4, #6 and #10 from the group that

produced little or no (+)-pisatin maintained this phenotype for over 8 weeks in culture.

These and transformant HMMi #55 representing the group of transgenic hairy roots that

produced reduced amounts of (+)-pisatin, were compared in a time course study for (+)-

pisatin production over a 72 h period. Transgenic hairy root cultures HMMi #1, #3, #4,

#6 and #10 consistently showed no increase in (+)-pisatin content up to 72 h after

induction with CuCl2 (only data for HMMi #10 is shown) while HMMi #55 showed a

slight increase in (+)-pisatin quantities (Fig. 2.2A) produced over the same period.

HPLC analyses at 309 nm of total isoflavonoids extracted from HMMi #10 24 h

after induction with copper chloride showed lack of (+)-pisatin content or any of the three

other minor compounds observed in hairy root cultures R1000ni or R1000e (Figure
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2.2A). However, HMMi #10 accumulated several compounds not observed in non-

transgenic hairy root culture extracts (Figure 2.4A). These compounds were identified by

comparing their retention times, UV absorption and mass spectra data with those of

flavonoid standards. Among the compounds identified were isoformononetin (Rt = 13.9

min, 26 µg/g FW), liquiritigenin (Rt = 6.6 min), daidzein (Rt = 6.2 min, 12 µg/g FW)

isoliquiritigenin (Rt = 13.92 min) and 2,7,4′-trihydroxyisoflavanone (Rt = 5.5 min). Hairy

root cultures HMMi#1, #3, #4 and #6 that also produced very little or no amounts of (+)-

pisatin after induction with CuCl2 did not reveal any detectable amounts of either (-)-

maackiain or the other minor compounds that were observed in extracts from non-

transgenic hairy root cultures. They did produce significant amounts of the same five

compounds identified in extracts from HMMi #10. (+)-6a-hydroxymaackiain the

intermediate that was expected to accumulate in HMMi hairy root cultures deficient in

(+)-pisatin biosynthesis (Figure 1.4) was not detected in extracts from any of the

transgenic hairy root cultures.
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Figure 2.4. HPLC profiles of isoflavonoid extracts from transgenic versus non-transgenic

hairy root cultures after elicitation. Hairy root cultures were elicited with 0.08 mM CuCl2

and total isoflavonoids were extracted and analyzed by HPLC as described in Materials

and Methods. HPLC profile of isoflavonoids extracted from (A) transgenic HMMi #10,

(B) transgenic SORi #2, (C) transgenic IFRi and (D) non-transgenic (R1000ni) hairy root

cultures. P = (+)-pisatin, THI = 2,7,4′-trihydroxyisoflavanone, D = daidzein, L =

liquiritigenin, IF = isoformononetin, S = (-)-sophorol, F = formononetin. Dashed arrow in

(A) represents the retention time for (+)-6a-HMK. Isoliquiritigenin and isoformononetin

co-eluted at Rt = 13.9 min.
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Analysis of Transgenic Pea Hairy Root Cultures Expressing the RNAi

Construct of the IFR gene

 Difficulties were encountered in all attempts to obtain a large sample of

transgenic hairy root cultures carrying the RNAi constructs of the IFR gene. This

suggests that silencing of this gene had pleiotropic effects on the hairy root cultures in

addition to blocking a specific step in (+)-pisatin biosynthesis. Eight independent

transgenic RNAi hairy root cultures (designated IFRi) transformed with binary vector

pFGC5941 carrying the inverted repeat copies of the IFR gene were produced. The yield

of these hairy roots as measured by the number of hairy roots obtained per total number

of pea stems inoculated with A. rhizogenes was, however, very low (4%) compared to

that of transgenic hairy root cultures carrying the HMM RNAi constructs (65%). All of

the eight transgenic hairy root cultures produced (+)-pisatin but at reduced levels

compared to controls. One of the IFRi hairy root cultures accumulated 7,2′-dihydroxy-

4′,5′-methylenedioxyisoflavone, DMD, (Figure 2.3D, Rt = 10.5 min) the intermediate

converted to (-)-sophorol by the IFR gene product (Figure 2.1) consistent with the

involvement of this intermediate and the IFR gene in (+)-pisatin biosynthesis. Further

analyses of these hairy roots could not be done because they did not survive in culture.

Because of the difficulty in obtaining more transformants containing the IFR RNAi

constructs, efforts were directed toward creating RNAi transgenic root cultures carrying

the SOR RNAi constructs.
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Analysis of Transgenic Pea Hairy Root Cultures Expressing the RNAi

Construct of the SOR Gene

 Transgenic hairy root cultures containing the RNAi constructs of the SOR gene

were readily obtained and twenty-eight of these were analyzed for (+)-pisatin production.

Five of these produced very little (<1 µg/g FW) or no (+)-pisatin while four of them

showed marked reduction in (+)-pisatin production (4-15 µg/g FW) compared to controls

(38 µg/g FW) 24 h after induction with 0.08mM CuCl2. Of the SORi hairy root cultures

producing no (+)-pisatin, SORi #2 and SORi #15 were the most stable and maintained

their (+)-pisatin deficient phenotype for over 5 generations. The two lines were used as

the primary lines in subsequent induction and HPLC profile analyses.

Time course analysis of pisatin production in these hairy root cultures (Figure

2.2B) showed that transgenic hairy root cultures (SORi #2 and #15) deficient in pisatin

production accumulated very low amounts of (+)-pisatin even after prolonged incubation

(72h) after induction. Transgenic hairy root culture SOR #21 representing the group of

hairy root cultures that produced reduced amounts of (+)-pisatin displayed intermediate

increases in the amounts of pisatin over the same period. HPLC analysis of isoflavonoid

extracts from transgenic hairy root cultures SORi #2 and #15 (Figure 2.4B) revealed the

accumulation of (-)-sophorol (Rt = 8.45 min) and formononetin (Rt = 14.4 min) but none

or very little of (+)-pisatin, (-)-maackiain or the other compounds produced by non-

transgenic hairy root cultures. SORi transgenic hairy root cultures #2 and 15, as well as

several others deficient in (+)-pisatin biosynthesis also produced several major HPLC

peaks including one at Rt = 8 min with a UV absorption maximum at 348 nm. This

compound was also observed in HMMi hairy root extracts.
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Discussion

The RNAi approach was used to silence IFR, SOR and HMM enzymatic steps in

pea hairy root cultures to explore the involvement of these enzymes and secondary

metabolites that have (-)-optical activity in pisatin biosynthesis. The biosynthesis of (+)-

pisatin is somewhat unusual in that while (+)-pisatin has a (+)-optical activity at its 6a

and11a chiral centers, it apparently is synthesized from two asymmetric intermediates (-)-

sophorol and (-)-DMDI) that have (-)-optical activity. In contrast, research in other

legumes has established that the synthesis of (-)-pterocarpan phytoalexins proceeds via

intermediates with (-)-optical activity as illustrated in Figure 2.1.

RNAi and Hairy Root Cultures as Tools for Studying the Biosynthesis of

Plant Secondary Metabolites

The (+)-pisatin biosynthetic pathway was blocked at three independent steps in

pea hairy root cultures. In all of the three classes of hairy root cultures, the intermediates

preceding each blocked enzymatic step accumulated. Transgenic hairy root cultures were

not physically different from non-transgenic ones. However, far fewer numbers of hairy

root cultures blocked at the IFR step were produced. It apparently is possible to uncover

genes like IFR whose silencing by RNAi has pleiotropic effects.  Multiple independent

lines of the HMMi and SORi hairy root cultures provided ample clonal material for

chemical analyses. These remained stable for 36 months. Some produced no (+)-pisatin,

while others produced reduced quantities or quantities of (+)-pisatin similar to those

produced by non-transgenic hairy root cultures.
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Analysis of Hairy Root Cultures Blocked at the HMM Enzymatic Step

 Hairy root cultures in which the expression of the 6a-hydroxymaackiain-3-O-

methyltransferase (HMM) was silenced by RNAi were expected to accumulate (+)-6a-

HMK while synthesizing no (+)-pisatin. As expected, some of the transgenic HMMi

hairy root cultures were deficient in (+)-pisatin biosynthesis. Prolonged incubation of

these cultures after elicitation did not cause any significant increases in the amounts of

(+)-pisatin that accumulated compared to non-transgenic hairy root cultures (Figure 2.3).

The accumulation of (+)-6a-HMK and other unknown compounds that were expected to

provide insights into the late steps of (+)-pisatin biosynthesis was not observed in any of

the HMMi hairy root cultures.

HPLC analysis of secondary metabolites from transgenic HMMi hairy root

cultures incapable of producing (+)-pisatin or those with reduced capacity to do so

revealed the accumulation of daidzein, isoformononetin, 2,7,4′-trihydroxyisoflavanone,

liquiritigenin and isoliquiritigenin (Figure 2.3A). Three of these compounds,

isoliquiritigenin, liquiritigenin, and 2,7,4′-trihydroxyisoflavanone are involved in the

biosynthesis of most isoflavonoids (Akashi et al., 2003; reviewed by Dixon, 1999). These

compounds are produced at early stages of the isoflavonoid biosynthetic pathway and

before the step at which another O-methyltransferase, the hydroxyisoflavanone-4′-O-

methyltransferase (HI4′OMT) acts (Akashi et al., 2003), Figure 2.5. HI4′OMT catalyzes

the SAM-mediated methylation of 2,7,4′-trihydroxyisoflavanone to 2,7-dihydroxy-4′-

methoxyisoflavanone. The latter is dehydrated to make formononetin, the central

precursor to the biosynthesis of isoflavonoid phytoalexins.
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The enzyme and gene for HI4′OMT was only recently described in licorice

(Glycyrrhiza echinata) (Akashi et al., 2003). When the amino acid sequence of HI4′OMT

was compared to that of HMM, a high sequence similarity (83%) between the two

methyltransferases was observed (Akashi et al., 2003). The specific activities of HMM

and HI4′OMT were tested on 2,7,4′-trihydroxyisoflavanone, (+)-6a-HMK and (-)-

maackiain to compare the substrate preferences of the two enzymes (Ayabe, pers. com.).

Both enzymes had highest preference for 2,7,4′-trihydroxyisoflavanone while their

specific activities on (+)-6a-HMK was in each case only one sixth of their activities on

2,7,4′-trihydroxyisoflavanone. Both enzymes were also found to have no activity on (-)

6a-hydroxymaackiain.

Independent of Akashi and colleagues (Akashi et al., 2003), J. Noel (Salk

Institute), R. Dixon, (Samuel Roberts Noble Foundation) and colleagues isolated the

HI4′OMT from alfalfa with 90% amino acid sequence similarity to the pea

HMM/HI4′OMT. This enzyme was also shown to have a high substrate preference for

2,7,4′-trihydroxyisoflavanone and (+)-6a-HMK over all other substrates tested (R. Dixon

 and J. Noel, personal communication). In the earliest studies, the pea HMM was

designated as 6a-hydroxymaackiain-3-O-methyltransferase based on tests of its specific

activities on a number of substrates including (+)-6a-HMK, (-) 6a-HMK, (-)-maackiain

and formononetin (Wu et al., 1997). In these early studies, 2,7,4′-trihydroxyisoflavanone

was not used as a substrate. Within the context of studies that compared the substrate

activities of HMM and licorice HI4′OMT on THI and (+)-6a-HMK and showed that the

two had a higher preference for THI than for (+)-6a-HMK, it is proposed that HMM is
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the pea equivalent of licorice HI4′OMT.  In pea, the enzyme is apparently bi-functional

and catalyzes the SAM-mediated methylations of 2,7,4′-trihydroxyisoflavanone to

produce 2,7-dihydroxy-4′-methoxyisoflavanone and  (+)-6a-hydroxymaackiain to make

(+)-pisatin.

HMMi hairy root cultures deficient in (+)-pisatin biosynthesis are proposed to

have accumulated large quantities of 2,7,4′-trihydroxyisoflavanone, isoliquiritigenin and

liquiritigenin (Figure 2.3A) because they were blocked at the pea HI4′OMT. In addition

they were unable to synthesize (+)-pisatin because the production of formononetin

needed for the synthesis of (+)-pisatin was blocked.
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Figure 2.5. Scheme for the accumulation of isoformononetin and other secondary

metabolites in transgenic HMMi hairy root cultures deficient in (+)-pisatin biosynthesis.

Transgenic pea hairy root cultures carrying the RNAi construct of the HMM gene were

elicited for isoflavonoid biosynthesis and total isoflavonoids were extracted and analyzed

by HPLC. The compounds that accumulated are shown above the HI4′OMT step.

CHI = chalcone isomerase, IFS = isoflavone synthase, HD = hydroxyisoflavanone

dehydratase, 2HID = 2-hydroxyisoflavanone dehydratase, D7OMT = daidzein-7-O

methyltransferase, HI4′OMT = hydroxyisoflavanone-4′-O methyltransferase.
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 The other two intermediates, daidzein and isoformononetin that accumulated in

transgenic HMMi hairy root cultures deficient in pisatin biosynthesis are not usually

involved in the biosynthesis of most isoflavonoid phytoalexins. The daidzein in these

hairy root extracts could be synthesized from 2,7,4′-trihydroxyisoflavanone after the

dehydration of the latter at the 2C position by a pea isoflavanone dehydratase similar to

that recently described in soybean (Akashi et al., 2005). Isoformononetin was made from

daidzein by the methylation of the latter at the 7OH position by an isoflavone 7-O-

methyltransferase. This enzyme has been found in all legumes examined (Liu and Dixon,

2001).

I propose to explain the accumulation of isoformononetin and daidzein in

transgenic hairy roots by the scheme shown in Figure 2.5. In this scheme, the HMM

catalyzes not only the methylation of 2,7,4′-trihydroxyisoflavanone but also that of (+)-

6a-HMK. Since HMM is the pea equivalent of the HI4′OMT in licorice I propose that the

enzyme be renamed hydroxyisoflavonoid-O-methyltransferase (HIOMT) to account for

its ability to catalyze the methylation of both a hydroxyisoflavanone (THI) and a

hydroxyisoflavonoid ptercarpan [(+)-6a-HMK]. The expected accumulation of (+)-6a-

HMK in transgenic hairy roots was not observed because the pathway was blocked of the

pathway at the HI4′OMT step.  The intermediates required for the biosynthesis of (+)-6a-

HMK were greatly reduced or may altogether not be available in transgenic hairy roots

deficient in HI4′OMT expression.
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Involvement of Intermediates With (-)-Optical Activity in (+)-Pisatin

Biosynthesis

 HPLC analyses of isoflavone extracts from transgenic IFRi hairy root cultures revealed

the accumulation of 7,2′-dihydroxy-4′,5′-methylenedioxyisoflavone the substrate of IFR

(Figure 2.3C). Since transgenic IFRi hairy root cultures were deficient in (+)-pisatin

biosynthesis as result of the silencing of the IFR enzymatic step, it can be inferred that

IFR and its substrate are directly involved in (+)-pisatin biosynthesis. Because (-)-

sophorol the product of the IFR-catalyzed reaction has (-)-optical activity and considering

that inactivating the biosynthesis of this intermediate curtails the biosynthesis of (+)-

pisatin, it can be concluded that (-)-sophorol is essential for and is involved in (+)-pisatin

biosynthesis.

A recent report (DiCenzo and VanEtten, 2005 submitted) showed that (-)-

sophorol was more efficiently incorporated into (+)-pisatin than (+)-sophorol in (+)-

pisatin-synthesizing pea tissue.  Additionally, sophorol reductase, the enzyme that

converts (-)-sophorol to (-)-DMDI was isolated. When the gene encoding SOR was used

to make RNAi constructs, some of the resulting transgenic hairy root cultures were

deficient in (+)-pisatin biosynthesis. HPLC analysis of the extracts from induced SORi

hairy root cultures that were severely deficient in (+)-pisatin biosynthesis revealed that

these accumulated significant quantities of (-)-sophorol (Figure 2.3B). That transgenic

hairy root cultures silenced at the SOR step were deficient in (+)-pisatin biosynthesis

shows that the SOR gene is required for and is involved in (+)-pisatin biosynthesis and is
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consistent with the (+)-pisatin biosynthetic pathway proceeding through intermediates

with (-)-optical activity.

Sophorol Reductase as a Branch Point in (+)-Pisatin and (-)-Maackiain

Biosynthesis in Pea

The accumulation of (-)-sophorol in SORi hairy root cultures arises from the

inactivation of SOR, the enzyme that is apparently required to convert this intermediate

presumably to (-)-DMDI. Unlike non-transgenic hairy root cultures that produce (+)-

pisatin and (-)-maackiain (Figure 2.2B), transgenic hairy root cultures deficient in (+)-

pisatin biosynthesis as a result of the silencing of the SOR gene were unable to make (+)-

pisatin as well as (-)-maackiain. Pea tissue has been shown to produce small amounts of

(-)-maackiain upon induction with appropriate inducers (Stoessl, 1972, VanEtten and

Pueppke, 1976). The synthesis of (-)-maackiain in pea hairy root cultures is expected to

proceed via (-)-DMDI, produced by the NADPH-dependent reduction of (-)-sophorol as

observed in chickpea. Since transgenic SORi hairy roots were unable to make (-)-

maackiain it is evident that the pathway for (+)-pisatin biosynthesis has a branch point at

(-)-DMDI. In the natural pathway, a portion of (-)-DMDI is possibly converted to (-)-

maackiain by an hydroxyisoflavanol dehydratase (Fig. 2.1), while the rest of it is used in

the biosynthesis of (+)-pisatin via intermediates and enzymatic steps prior to (+)-6a-

HMK that are yet to be elucidated. The fact that transgenic SORi hairy root cultures

deficient in (+)-pisatin biosynthesis were also unable to synthesize (-)-maackiain is

consistent with the hypothesis that the pathway was blocked at the SOR enzymatic step.
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CHAPTER 3

IN VITRO METABOLISM OF (-)-7,2′-DIHYDROXY-4′,5′-

METHYLENEDIOXYISOFLAVANOL TO POSSIBLE INTERMEDIATES

INVOLVED IN (+)-PISATIN BIOSYNTHESIS AND DEMONSTRATION OF

(-)-DMDI AS AN INTERMEDIATE FOR (-)-MAACKIAIN

 BIOSYNTHESIS IN PEA

Abstract

(+)-Pisatin, ([+]-[6aR,11aR]-6a-hydroxy-3-methoxy-8,9-methylenedioxypterocarpan) the

major phytoalexin of pea (Pisum sativum) is believed to be synthesized via two

asymmetric intermediates, (-)-7,2′-dihydroxy-4′,5′-methylenedioxyisoflavanone [(-)-

sophorol] and (-)-7,2′-dihydroxy-4′,5′-methylenedioxyisoflavanol, [(-)-DMDI] with

minus optical activity. Pea also can produce (-)-maackiain ([-]-[6aR,11aR]-3, 6a-

dihydroxy-8,9-methylenedioxypterocarpan) as a phytoalexin, but in minor amounts

compared to (+)-pisatin. The production of (-)-DMDI from (-)-sophorol is catalyzed by

sophorol reductase (SOR). When RNAi constructs of SOR were expressed in transgenic

pea hairy root cultures, (-)-sophorol accumulated while (+)-pisatin and (-)-maackiain

quantities were greatly reduced, consistent with the involvement of (-)-sophorol and (-)-

DMDI as intermediates in (+)-pisatin and (-)-maackiain biosynthesis. To investigate the

involvement of (-)-DMDI in (+)-pisatin biosynthesis, crude protein extracts from induced

pea tissue were incubated with (-)-DMDI for 2.5-16 h and the resulting products were
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identified. These included (-)-maackiain and an isoflavene, 7,2′-dihydroxy-4′,5′-

methylenedioxyisoflavene. These compounds were not produced in controls using

denatured protein extracts showing that the production of (-)-maackiain and the

isoflavene required enzymatic activity. Similarly, when the isoflavene was incubated with

the crude protein extracts, several compounds including (-)-maackiain (based on peak

retention time and UV absorption spectrum) were also made. It is concluded that (-)-

DMDI is converted to (-)-maackiain via the action of a hydroxyisoflavanol dehydratase

similar to the alfalfa hydroxyisoflavanol dehydratase. The isoflavene involvement in the

pathway may mark the point at which the inversion of stereochemistry from (-)-DMDI to

(+)-6a-hydroxymaackiain [(+)-6a-HMK] occurs during (+)-pisatin biosynthesis. The

latter is the precursor to (+)-pisatin and the last intermediate in the pathway.
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Introduction

The enzymatic steps involved in the early and mid steps for the (+)-pisatin

biosynthetic pathway, up to production of (-)-sophorol, have been elucidated (e.g. Akashi

et al., 2003; Banks and Dewick, 1982a & b; DiCenzo and VanEtten, 2005, submitted;

reviewed by Dixon, 1999). However, several aspects of the late steps of the pathway

including the enzymatic or biochemical basis of the stereochemistry inversion of (-)-

DMDI to make (+)-6a-hydroxymaackiain [(+)-6a-HMK] and the hydroxylation of the

latter at the 6a-C position remain to be elucidated.

The current model for the late steps in (+)-pisatin biosynthesis includes (-)-DMDI

as an intermediate (Fig. 3.1).  This model introduces the puzzle of the stereochemistry

inversion necessary to convert (-)-DMDI, an intermediate with (-)-optical activity to (+)-

6a-HMK an intermediate with (+)-optical activity. Recent results support this model and

suggest a surprising role for the enzyme that methylates (+)-6a-HMK. This enzyme

appears to have two functions in pea, the methylation of 2,7,4′-trihydroxyisoflavanone  to

make 2,7-dihydroxy-4-methoxyisoflavanone (Fig. 2.3 and Fig. 2.6), and (+)-6a-HMK to

make (+)-pisatin.  Previous research using Agrobacterium rhizogenes to transform pea

roots with antisense HMM created transgenic pea root tissue with reduced capacity to

synthesize (+)-pisatin (Wu and VanEtten, 1997).  In this dissertation (see Chapter 2), the

HMM gene was silenced by RNAi to construct pea hairy root cultures some of which

were completely deficient in (+)-pisatin biosynthesis after abiotic (0.08 mM CuCl2) or
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Figure 3.1. Schematic presentation of the late steps in (+)-pisatin biosynthesis.

HID = hydroxyisoflavanol dehydratase, IFR = isoflavone reductase, SOR = sophorol

reductase, HMM = hydroxymaackiain-3-O methyltransferase.
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 biotic (hairy root infection with Nectria haematococca) elicitation.

Transgenic pea hairy root tissue deficient in (+)-pisatin biosynthesis accumulated

substantial quantities of compounds that did not accumulate in control hairy root cultures

(Fig. 2.4, Chapter 2). These included isoliquiritigenin, liquiritigenin, daidzein,

isoformononetin and 2,7,4′-trihydroxyisoflavanone, Analyses of the secondary

metabolites that accumulated in these hairy root cultures led to the conclusion that

transgenic HMMi hairy root cultures deficient in (+)-pisatin biosynthesis were silenced at

an enzymatic step in (+)-pisatin biosynthesis equivalent to the one catalyzed by

hydroxyisoflavanone-4′-O-methyltransferase (HI4′OMT) (Akashi et al., 2003) recently

described in licorice (Glycyrrhiza echinata).

Additional evidence supporting the proposed bi-functionality of HMM comes

from comparisons between the licorice HI4′OMT catalyzing the SAM-mediated

methylation of 2,7,4′-trihydroxyisoflavanone and HMM from pea.  The deduced amino

acid sequence of licorice HI4′OMT was remarkably similar (83% identity) to that of

HMM (Akashi et al., 2003).  The preferred substrate for HI4′OMT, from among the

isoflavonoids tested, was 2,7,4-trihydroxyisoflavanone.  However, purified HI4′OMT

also had activity (specific activity 14 pkat/mg) on (+)-medicarpin.  The HMM from pea

was highly specific for (+)-6a-HMK (~ 360 pkat/mg) but also had some activity on (+)

medicarpin (~ 70 pkat/mg) (Wu et al., 1997).  As a result of the observations, Akashi et

al. (2003) proposed that HMM and HI4′OMT have similar catalytic functions.

The establishment of the optical activity of intermediates involved in the

biosynthesis of (-)-medicarpin in alfalfa and (-)-maackiain in chickpea was facilitated by
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the stereochemistry of the final product. In each case, the optical activity of the final

product corresponds to that of the first asymmetric intermediate, [(-)-vestitone for (-)-

medicarpin biosynthesis in alfalfa] and (-)-sophorol for (-)-maackiain biosynthesis in

chickpea (Paiva et al., 1991). During (-)-medicarpin biosynthesis the reduction of 2′-

hydroxyformononetin by the alfalfa isoflavone reductase (IFR) produces (-)-vestitone, an

intermediate with (-)-optical activity (Paiva et al., 1991). Vestitone reductase converts

(-)-vestitone to 7,2′-dihydroxy-4′-methoxyisoflavanol (DMI), which can be converted to

(-)-medicarpin by a DMI dehydratase (Paiva et al., 1991).

Evidence for involvement of (-)-DMDI in (+)-pisatin biosynthesis has come from

studies of transgenic pea hairy root cultures that were blocked at the SOR enzymatic step

by RNAi (this study, Chapter 2). Blocking (+)-pisatin biosynthesis at the SOR step

blocks the production of (-)-DMDI required to synthesize (+)-pisatin. Failure by

transgenic hairy root cultures blocked at the SOR step to make (+)-pisatin was, therefore,

attributed to the lack of (-)-DMDI. These hairy root cultures also were unable to

synthesize (-)-maackiain, indicating that (-)-DMDI is required not only for (+)-pisatin

biosynthesis but also for (-)-maackiain biosynthesis in pea. The biosynthesis of (-)-

maackiain from (-)-DMDI would be predicted to be catalyzed by an isoflavanol

dehydratase. This is consistent with (-)-DMDI being a branch point, at which the

pterocarpan pathway in pea splits. A portion of (-)-DMDI is used in the biosynthesis of

(+)-pisatin via unknown enzymatic steps while the other portion is used to make (-)-

maackiain.
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In light of the data pointing to the possible involvement of (-)-DMDI in (+)-

pisatin biosynthesis, I investigated the possible existence in pea, of enzymatic activity

capable of converting (-)-DMDI to an intermediate or intermediates that precede the

formation of (+)-6a-HMK. This could be instrumental in the cloning of the gene(s) that

convert (-)-DMDI to (+)-6a-HMK or other intermediates prior to (+)-6a-HMK. The

objective of this part of my dissertation was therefore to determine if pea tissue has

enzymes able to metabolize (-)-DMDI and to identify the substrates to which (-)-DMDI is

converted during (+)-pisatin biosynthesis. I report data that show the presence of pea

enzymatic activity that converts (-)-DMDI to an isoflavene and (-)-maackiain in vitro. I

also demonstrate that (-)-DMDI might be a precursor to (-)-maackiain biosynthesis in

pea.
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Materials and Methods

Biological Materials

 Pea (Pisum sativum L var. Little Marvel) hairy root cultures were produced by A.

rhizogenes-mediated transformation of pea stem tissue as described in Chapter 2. Red

clover (Trifolium pratense) roots were collected from fields at Samuel Roberts Noble

Research Foundation, Ardmore, Oklahoma.

Colletotrichum trifolii isolate T-456 isolated from red clover leaves from a

previous study (Delserone et al., 1992) was used to convert (-)-maackiain to (-)-sophorol

and (-)-sophorol to (-)-DMDI.

Plasmid vectors, p2B1 and p3B1 two independent vectors carrying cDNA copies

of sophorol reductase cloned in pbluescript vector in E. coli DH5α were obtained from

lab stocks from prior research (DiCenzo, 1998, PhD Thesis).

Reagents and Secondary Metabolites

Analytic grade reagents including ethyl acetate, dichloromethane, acetonitrile

chloroform, sodium borohydride and hydrochloric acid were purchased from EMD

Chemicals Inc., Gibbstown NJ, USA.

(-)-Maackiain was extracted from red clover roots by crushing 100 g of root

material in 500 ml water and letting them to soak overnight. The root slurry was filtered

and (-)-maackiain was extracted from the filtrate by adding 1 volume of chloroform and

partitioning. One volume of 0.2 M NaOH was added to the organic phase, partitioning

was carried out with 1 vol chloroform and the alkaline aqueous phase was collected.
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Chloroform (1 vol) was added to the alkaline aqueous phase and the last partitioning was

done. Chloroform was collected and dried under vacuum using a Büchi Rotory

evaporator (121 LE, Büchi, Flawil Switzerland) and the remaining residue was dissolved

in ethanol and purified by thin layer chromatography (TLC) as described below.

(-)-Sophorol was produced from (-)-maackiain using the fungus C. trifolii isolate

T-456 by the method described by DiCenzo, PhD thesis (1998). Briefly, fungal spores (1

x 109 spores/ml) were inoculated into 200 ml glucose asparagine (GA) broth (Denny and

VanEtten, 1982) and grown at 25oC overnight on a New Brunswick laboratory gyratory

shaker at 150 RPM.  Mycelium was harvested and fragmented into small pieces in a

small quantity of GA broth in a Waring blender and transferred into fresh 500 ml GA

broth. (-)-Maackiain was added to the mycelium to the final concentration of 30 µM and

this was shaken at 150 RPM on a bench top New Brunswick shaker at 25oC overnight.

After the overnight incubation, mycelium was removed by filtration and (-)-sophorol was

extracted from the GA filtrate by partitioning twice with equal volumes of ethyl acetate.

The ethyl acetate was evaporated under vacuum using a Büchi RE 121 rotary evaporator

(Büchi Flawil Switzerland) and the dry residue was dissolved in ethanol. (-)-Sophorol

made by this method was purified by TLC.

(-)-DMDI was made from (-)-sophorol by three different methods.  In the first

method, (-)-DMDI was made using an E. coli culture (p2B1 or p3B1) harboring a cDNA,

encoding sophorol reductase in the pBluescript expression vector (DiCenzo, PhD. Thesis,

1998). E. coli cells were grown at 37oC overnight and 2 ml of the overnight culture was

inoculated into 20 ml LB broth. Cells were grown to OD 0.6 (A600) and the expression of
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sophorol reductase was induced using 5 mM isopropyl-β-thiogalactopyranoside (IPTG)

and grown for an additional 2 h. The cells were harvested by a 5 min centrifugation and

lysed using a lysis buffer [(5 mM EDTA, 100 mM Tris-HCL, pH 8.0, 0.1 mg/ml

lysozyme (Sigma Chemicals St. Louis MO), 1 mM dithiothreitol] for 10 min at 25oC.

After lysis, approx. 20 µl polyethlenimine was added to help separate the DNA from

protein. The cell extract was centrifuged in a microfuge for 15 min at 4oC. 50 µl enzyme

extract was incubated with 50 µM (-)-sophorol in 1 mM NADPH in 0.2 mM phosphate

buffer at pH 6.0 in a total volume of 500 µl as described (DiCenzo, 1998, Ph.D. Thesis).

(-)-DMDI was extracted from the enzymatic reaction products by partitioning with 500

µL dichloromethane. (-)-DMDI was obtained as a dry residue that was dissolved in 200

µl EtOH and purified by TLC.

In the second method, (-)-DMDI was produced by the chemical reduction of (-)-

sophorol using sodium borohydride based on the method described by Anjaneyulu et al.,

(1965). Four hundred micrograms of (-)-sophorol in 3 ml ethanol were mixed with 6.7

mg of sodium borohydride and the mixture was shaken at 150 RPM for 3 hours at room

temperature on a New Brunswick lab gyratory shaker. Ethanol was evaporated to dryness

under a stream of nitrogen gas and 2 ml water was added to the dry residue. (-)-DMDI

was extracted by partitioning with 4 ml dichloromethane.  The dichloromethane was

dried and (-)-DMDI was again dissolved in EtOH and purified by TLC or high

performance liquid chromatography (HPLC) as described below.

 (-)-DMDI also was routinely made using C. trifolii starting with (-)-maackiain. It

was observed that during conversion of (-)-maackiain to (-)-sophorol, C. trifolii isolate T-
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456 produced not only (-)-sophorol but also converted part of the latter to (-)-DMDI,

which could be separated by TLC or HPLC from (-)-sophorol. (-)-DMDI was

subsequently routinely made by adding 24 µg/ml of (-)-maackiain to 1% C. trifolii

mycelium (w/v) in 500 ml of GA broth and shaking overnight at 25oC. The amount of (-)-

DMDI obtained increased significantly by 48 h or longer incubations.

7,2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-ene (DMDIF) was made from (-)-

maackiain by heating 2 mg of (-)-maackiain in 100 µl concentrated HCl in 3 ml of EtOH

as described by Dewick and Banks, 1982. The isoflavene was extracted by partitioning 3

times with dichloromethane and dried under a stream of nitrogen gas. The dried residue

was dissolved in ethanol and purified by HPLC or TLC.

In vitro Metabolism of (-)-DMDI and an Isoflavene by Pea Crude

Protein Extract

Pea roots or hairy roots elicited by 0.08 mM CuCl2 as described in Chapter 2 were

incubated at 23°C overnight or frozen at -80°C after incubation. Crude proteins were

extracted from 2 g of elicited or non-elicited pea hairy root tissue by grinding into fine

powder in liquid nitrogen and adding 4 ml Werth’s micro buffer (0.4 mM EDTA, 2 mM

sodium bisulfite 7 mM sodium borate, 4 mM diethyl thiocarbamic acid, 50 mM ascorbic

acid, 10% (w/v) polyvinyl pyrolidone (PVP-40) and 0.17% β-mecarptoethanol; pH 7.5)

(Werth, 1985). This was centrifuged at 12, 000 RPM for 15 min at 4oC to obtain a

supernatant containing the crude protein extract.
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Seven hundred micro-liters of crude protein extract (500-1200 µg) were incubated

with 50 µl of 0.3 mM purified (-)-DMDI or isoflavene without any co-factors or with 300

µM NADPH or FAD as co-factors at 26oC for 5, 15, 30 min, 2.5 h or overnight. As

controls, (-)-DMDI or the isoflavene were incubated with crude protein extracts

previously denatured by boiling for 10 min. The products of the enzyme reaction were

extracted by partitioning with 3 ml dichloromethane. Dichloromethane was evaporated

under a stream of nitrogen gas to leave a dry residue, which was dissolved in ethanol.

Reversed phase HPLC analysis of the enzyme-DMDI or enzyme-isoflavene

products was carried out on a Waters HPLC system using a reversed phase column

(Alltech Econopack C18) and an H2O-ACN (25-55%) gradient system at a flow rate of

0.8-1 ml per minute for 20 min as described in Chapter 2. The reaction products were

identified by comparing the UV absorption spectra and retention times of the HPLC

peaks to those of standard isoflavones.

TLC was carried out by applying samples to analytical or preparative silica gel

plates ([EM Sciences, silica gel 60 F254] Merck Kgaa, Darmstardt, Germany) using 60:40

toluene : ethyl acetate solvent system.
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Results

Production of (-)-DMDI from (-)-Sophorol

 The chemical synthesis of isoflavanols using various methods including NaBH4

reduction of un-substituted or substituted isoflavones such as daidzein has been shown

previously to produce mixtures of products including cis and trans isoflavan-4-ols

(Wähälä et al., 1997). Reduction of (-)-sophorol by NaBH4 was, thus expected to produce

two isomers of (-)-DMDI. Two compounds (Rt = 6.34 and 7.0 min respectively) were

observed upon HPLC analysis of the reaction products of sodium borohydride reduction

of (-)-sophorol, Figure 3.2A. The compound with Rt = 6.34 min has a UV maximum

absorption spectrum at 300.5 nm with a shoulder at 285 nm (Fig. 3.2B) while the

compound with Rt = 7 min has a maximum absorption at 299.4 nm with a shoulder at 285

nm (Fig. 3.2B) similar to that of (-)-DMDI (DiCenzo, 1998, PhD Thesis). The two

compounds could be cis- and trans- isomers of (-)-DMDI (Figure 3.4) similar to those

reported by Wähälä et al., (1997). (-)-Maackiain (Rt of 16.35 min) expected to be made

from (-)-DMDI through dehydration of the latter as well as other unidentified compounds

were also produced in the NaBH4-reduction of (-)-sophorol product mixture.

Incubating the enzyme produced by the cloned cDNA copy of the SOR gene with

(-)-sophorol produced two new compounds. One of these had a UV absorption spectrum

similar to that of one of the two isomers produced by NaBH4-reduction of (-)-sophorol

(Figure 3.3A). While the two UV absorption spectra scans for the SOR-reduction of (-)-

sophorol resembled those of the two isomers of (-)-DMDI made by NaBH4 reduction of

(-)-sophorol it could not be definitively confirmed that the cloned cDNA copy of the SOR
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gene produced 2 isomers of (-)-DMDI. Considering the expected specificity of enzymatic

reactions, it was surprising to have both isomers made by the enzyme.

 In addition to converting (-)-maackiain to (-)-sophorol, C. trifolii apparently

converted the resulting (-)-sophorol to a compound (Rt = 7 min) (Figure 3.3C) with a UV

absorption spectrum (max. absorption spectrum = 299.4 nm) (Figure 3.3D) similar to that

of (-)-DMDI.  These compounds had molecular ion peaks (m/z) of 300.9 when analyzed

by atmospheric pressure chemical ionization mass spectrometry. Only one (-)-DMDI

isomer was apparently produced by fungal conversion of (-)-sophorol. It was, however,

not clear which one of the two isomers made in both enzymatic and chemical conversion

of (-)-sophorol to (-)-DMDI is likely to be produced in pea. Subsequent to these results,

(-)-sophorol was incubated with crude protein extracted from pea roots induced by 5 mM

CuCl2. One (-)-DMDI isomer (UV absorption maximum = 299.4 nm) was produced. This

isomer was apparently converted to the isoflavene. The (-)-DMDI samples obtained from

NaBH4-reduction of (-)-sophorol and from C. trifolii conversion of (-)-sophorol were

both independently incubated with pea crude protein extracts to determine if pea enzymes

had preference for one of the isomers over the other.
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Figure 3.2. HPLC analysis of products of NaBH4-conversion of (-)-sophorol to (-)-

DMDI. (-)-Sophorol was reduced by NaBH4 to make (-)-DMDI and HPLC analysis of the

products was done at 299 nm. (A) chromatogram of products and (B), UV absorption

spectra for the two isomers at 6.34 and 7 min respectively. c/t-D = cis and trans DMDI ;

M = (-)-maackiain.
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Figure 3.3. HPLC profiles and UV absorption spectra of enzymatic conversion products

of (-)-sophorol to (-)-DMDI. (-)-Sophorol was incubated with the SOR enzyme produced

by the SOR cDNA cloned in E. coli DH5α (DiCenzo, 1998, Ph.D. thesis), while (-)-

maackiain was incubated with C. trifolii mycelium as described in Materials and Methods

and the products were analyzed by HPLC. (A), HPLC analysis of products of the SOR

enzyme expressed in E. coli DH5α incubated with (-)-sophorol and the associated UV

absorption spectra scanned at 309 nm (B). The products made by the incubation of (-)-

maackiain with C. trifolii were analyzed by HPLC (C) and the (-)-DMDI peak was

analyzed for its corresponding UV absorption spectrum (D).

D = (-)-DMDI, M = (-)-maackiain, S = (-)-sophorol.
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Figure 3.4. Chemical structures of the cis- and trans-DMDI isomers.
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Analysis of Products of the In vitro Metabolism of (-)-DMDI by Pea Crude Protein

Extract

  (-)-DMDI, obtained either from NaBH4 reduction of (-)-sophorol or from C.

trifolii T-456 conversion of (-)-sophorol, was incubated with crude protein extract from

induced or non-induced pea hairy root cultures. Crude protein denatured by boiling

incubated with (-)-DMDI served as a control. NADPH or FAD was used as co-factors in

some reactions while in others, no co-factors were added. The enzymatic reactions were

stopped at 0, 5, 15, 30 min, 2.5 h or after an overnight incubation. No new compounds

were observed in incubations of 5 min or less (Fig. 3.5A and data not shown). New

compounds were observed from 30 min onward. After 2.5 h incubation (Figure 3.5B and

C) to overnight incubation, an increase in the compounds produced was observed. Most

of the same products were produced when (-)-DMDI obtained from C. trifolii T-456

conversion of (-)-sophorol (Figure 3.5B) or (-)-DMDI obtained from NaBH4 reduction of

(-)-sophorol (Fig. 3.5C) were incubated with pea crude protein extract.  Both of these (-)-

DMDI samples have a UV absorption spectrum maximum of 299.4 nm. The SOR

enzyme produced by the cloned SOR gene also produced (-)-DMDI with a UV

absorption spectrum maximum of 299.4 nm

Analysis of peak retention times for the compounds, together with their associated

UV absorption spectra (Figure 3.6A-C), revealed the presence of compounds whose

physical properties were similar to those of (-)-maackiain (Rt = 16.5 min) and an

isoflavene, 7, 2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-ene (DMDIF), (Rt = 14.2 min).

The presence of (-)-maackiain in these reaction products was confirmed by chiral HPLC
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analyses conducted by Dr. L. Sumner at Samuel Roberts Noble Research Foundation at

Ardmore Oklahoma, on the samples that I submitted. The rest of the compounds

produced could not be definitively identified. These compounds were produced in

incubation reactions regardless of whether NADPH or FAD co-factors were added or not.

To rule out the possibility that the products of (-)-DMDI conversion by the pea

crude protein extracts were artifacts of the reactions, (-)-DMDI was incubated with pea

crude protein extracts denatured by boiling for 10 min. The peaks for DMDIF and (-)-

maackiain observed in the experiment were absent in the control (Figure 3.7). Only two

peaks were observed in these reactions. One peak (Rt = 8.5 min) was that for (-)-sophorol

and the other (Rt = 7.9 min) was for an unknown compound. Denatured protein product

incubated with the isoflavene did not produce (-)-maackiain (data not shown).
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Figure 3.5. HPLC profiles of the analysis of the products of the reactions of (-)-DMDI

and crude pea protein extracts. A, (-)-DMDI used as a starting substrate produced from

NaBH4–reduction of  (-)-sophorol purified by TLC. Only one isomer (UV absorption

maximum = 299.4 nm) was obtained by either HPLC or TLC purification. Efforts to

obtain the other (-)-DMDI isomer from NaBH4-reduction of (-)-sophorol by both

purification methods for use as substrate were unsuccessful. B, HPLC profile of

enzymatic conversion products using (-)-DMDI obtained by NaBH4-reduction of (-)-

sophorol and C, (-)-DMDI obtained from C. trifolii conversion of (-)-sophorol. Reaction

mixtures were incubated for 2.5 h. DI = 7,2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-

ene; M = (-)-maackiain; D = (-)-DMDI; The rest are unknowns.
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Figure 3.6. UV maximum absorption spectra for the products of the incubation of (-)-

DMDI or DMDIF with pea crude protein extracts. A. Unknown compound (Rt = 7.8

min); B, (-)-maackiain (Rt = 16.5 min) and C, unknown compound, (Rt = 13 min). D =

7,2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-ene. UV maximum absorption spectra A,

B and C were for compounds produced by the incubation of (-)-DMDI with the pea crude

protein.
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Figure 3.7. HPLC profiles of products of (-)-DMDI incubated with denatured crude pea

protein extract.  (-)-DMDI was incubated with denatured (boiled for 10 min) crude

protein extract for 2.5 h. The products of the reaction were purified and analyzed by

HPLC as described in Materials and Methods. D = (-)-DMDI substrate, S = (-)-sophorol;

dashed arrows indicate the retention times of the isoflavene, (-)-maackiain and the other

unknown.
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Analysis of Products of the In vitro Metabolism of an Isoflavene by Pea

Crude Protein Extract

 Having determined that an isoflavene was produced by incubating pea protein

extracts with (-)-DMDI, I investigated whether pea had enzyme activity capable of

converting the isoflavene to another product. Pea crude protein extract was incubated

with 15 µg of the isoflavene in 700 µl reaction volumes for 2.5 h. The products of the

reaction were extracted by dichloromethane and analyzed by HPLC. Pea protein extracts

produced several compounds from the isoflavene substrate (Fig. 3.8). A compound with

Rt = 16.5 min was identified as maackiain (Fig. 3.6B) upon comparing its retention time

and UV maximum absorption to those of maackiain standard. The other compound with

UV absorption maximum at 314 nm (Fig. 3.6C) is unknown. No new compounds were

observed in control reactions consisting of denatured enzyme and the isoflavene substrate

(data not shown).
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Figure 3.8. HPLC profiles of products of 7,2'-dihydroxy-4', 5'-methylenedioxyisoflavene

(DMDIF) incubated with crude pea protein extract for 2 h. DMDIF was purified by TLC

and incubated with pea crude protein extract for 2 h at 26OC. The products of the reaction

were extracted by chloroform and analyzed by HPLC. DI = 7, 2′-dihydroxy-4′,5′-

methylenedioxyisoflav-3-ene (substrate); M = (-)-maackiain,

S = (-)-sophorol.
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Discussion

The intermediates and enzymatic steps subsequent to (-)-DMDI and prior to the

formation of (+)-6a-HMK in the (+)-pisatin biosynthetic pathway remain to be

characterized. In a previous study (DiCenzo and VanEtten, 2005 submitted), (-)-sophorol

was reacted with enzyme extract from (+)-pisatin-synthesizing pea tissue leading to the

production of (-)-DMDI and DMDIF. It was, however, not clear whether the precursor of

the isoflavene in these studies was (-)-sophorol, (-)-DMDI or some other substrate.

Production of (-)-DMDI Substrate

 In the current study, an attempt was made to produce sufficient quantities of (-)-

DMDI and the isoflavene to determine their involvement as intermediates in (+)-pisatin

biosynthesis. Two isomers of (-)-DMDI were obtained from NaBH4-reduction of (-)-

sophorol (Figure 3.2 and Fig. 3.4) while only one (-)-DMDI isomer was obtained when

C. trifolii was used to convert (-)-sophorol to (-)-DMDI (Fig. 3.3C and Fig 3.3D). An

intriguing observation was made when the sophorol reductase produced by the expression

of the cDNA copy of SOR gene was used to convert (-)-sophorol to (-)-DMDI. Instead of

only one isomer being produced, two compounds with UV absorption spectra (Fig 3.3B)

resembling that of (-)-DMDI isomers were observed. Considering the expected high

specificity of the enzyme for (-)-sophorol, it is surprising that two isomers of (-)-DMDI

would be produced in the enzymatic reaction just as in the chemical reduction of (-)-

sophorol.
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In vitro Metabolism of (-)-DMDI Substrate

 Incubation of (-)-DMDI obtained by the C. trifolii conversion of (-)-sophorol or

NaBH4-reduction of (-)-sophorol with pea crude protein extracts led to the synthesis of (-

)-maackiain, an isoflavene, 7,2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-ene and other

unidentified compounds (Fig. 3.5B and C). While there were slight differences in the

HPLC profiles of the products from the (-)-DMDI substrates of different origins, the two

main compounds, (-)-maackiain and 7,2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-ene

were produced in either case. Visual examination of the UV absorption spectra showed

that the (-)-DMDI obtained by C. trifolii isolate T-456 conversion of (-)-sophorol or

NaBH4-reduction of (-)-sophorol were similar (UV maximum absorption = 299.4 nm).

The conversion of (-)-DMDI to the two main compounds required an enzymatic activity

since incubating (-)-DMDI with denatured crude protein extract failed to produce either

of the two identified products (Figure 3.8). The conversion reactions did not require co-

factors to make the products as HPLC profiles of the products in which NADPH or FAD

were used (data no shown) were not different from those incubated without the co-

factors.

The demonstration of the enzymatic conversion of (-)-DMDI to (-)-maackiain

suggests that (-)-DMDI could be the precursor for the biosynthesis of (-)-maackiain in

pea. The biosynthesis of (-)-maackiain from (-)-DMDI could be catalyzed by a

hydroxyisoflavanol dehydratase similar to that found in alfalfa. These data are consistent

with (-)-DMDI being a branch-point intermediate in pea that not only feeds the part of the
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pathway that produces (+)-pisatin but also the pathway that leads to the biosynthesis of

(-)-maackiain.

The conversion of (-)-DMDI to 7,2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-ene

suggest that the isoflavene could be the intermediate to which (-)-DMDI is converted

during (+)-pisatin biosynthesis. The presence of isoflavenes has never been demonstrated

in pea previously. An isoflavene, being an optically inactive intermediate, could be the

point in the pathway at which the stereochemistry inversion from (-)-DMDI to (+)-6a-

HMK is made. In this scheme (Figure 1.6), the isoflavene could be converted to an

epoxide by an epoxidase, which could be hydrolyzed to a triol. The latter could then be

dehydrated by a dehydratase to produce (+)-6a-HMK, the precursor of (+)-pisatin. This

mechanism not only would account for the inversion of the stereochemistry of the 6a-11a

positions in (+)-pisatin but also for the origin of the OH group at the 6a position.

The data from this study pointing to the possible involvement of an isoflavene in

(+)-pisatin biosynthesis are preliminary and more experiments will be needed to rule out

or confirm the involvement of both (-)-DMDI and an isoflavene in (+)-pisatin

biosynthesis. Experimental approach could involve feeding of radiolabeled (-)-DMDI to

pea tissue to determine its incorporation into (+)-pisatin, and isolation of a gene whose

enzyme product converts (-)-DMDI to the isoflavene and (-)-maackiain from the pea

cDNA library constructed from infected pea seedlings.
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CHAPTER 4

ELECTRO-ELICITATION OF THE BIOSYNTHESIS OF PLANT SECONDARY

METABOLITES

Abstract

Plants produce numerous types of secondary metabolites when subjected to biological or

non-biological stress. Some of these compounds are used by plants for their interactions

with pathogenic or non-pathogenic microbes in nature while some of these compounds

and others are sources of pharmaceuticals, fragrances and pesticides for human use. Plant

secondary metabolites are, however, mostly produced in low quantities limiting their

exploitation. Many methods including the use of abiotic and biotic elicitors, metabolic

engineering and manipulation of tissue culture parameters have been developed to

improve the yield. In this study, electric current was investigated for its potential as a

general elicitor of secondary metabolites in non-transgenic and transgenic hairy root

cultures and in plant cell–suspension cultures. Non-transgenic pea hairy root cultures

treated with non-lethal amounts of electric current produced quantities of (+)-pisatin

several folds higher than those produced by non-elicited controls. Transgenic pea hairy

root cultures blocked at various enzymatic steps in the (+)-pisatin biosynthetic pathway

when exposed to electric current produced intermediates preceding each blocked

enzymatic step. These intermediates did not accumulate in hairy root cultures not treated

with electric current. In addition, novel secondary metabolites not usually produced by
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pea accumulated in some of the transgenic root cultures after electric elicitation because

of the diversion of the normal secondary metabolites to new pathways. These results

illustrated the potential for combining electric current elicitation with plant metabolic

pathway engineering to produce novel secondary metabolites.

 Samples of Hoagland’s solution collected from a hydroponics tank in which pea

plant roots exposed to low electric currents were growing contained ten times more (+)-

pisatin than samples collected from a hydroponics tank in which non-electrically elicited

pea plants were growing. (+)-Pisatin was released into the circulating medium showing

that treatment of intact plant roots with electric current not only elicited (+)-pisatin

biosynthesis but also its release from the roots into the surrounding growth medium.

Seedling, intact root and suspension cultures of several other plant species-

fenugreek (Trigonella foenum-graecum), Medicago truncatula, Arabidopsis thaliana,

Japanese pagoda tree, (Sophora japonica), red clover (Trifolium pratense) and chickpea

(Cicer arietinum) -known to produce specialized secondary metabolites in response to

abiotic or biotic elicitors were also treated with electric current. The quantities of most of

most of the secondary metabolites known to be produced in response to elicitors

accumulated in electrically stimulated tissue at higher levels than those from non-treated

plant cell and tissue cultures. These data show that electric current is a broad range

elicitor of plant secondary metabolites and has a potential for application in both basic

and commercial research.
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Introduction

Some plant natural products are produced as part of plant developmental

processes while others are produced in response to various stresses such as microbial

infections. Numerous studies on plant-microbe interactions have attempted to identify the

microbial signals that elicit the synthesis of plant secondary metabolites that are involved

in determining the outcome of a particular plant-microbe interaction (reviewed by

Radman et al., 2003). In 1975, the term elicitor was used to describe chemicals that are

produced by pathogens and recognized by the host plants and caused the latter to initiate

defense responses, such as the production of phytoalexins (Keen 1975). Elicitors are now

broadly defined as physical agents, chemicals or cell parts obtained from various sources

that elicit the biosynthesis of target metabolites. They are classified as biotic or abiotic

based on their origin. Abiotic elicitors are chemicals or physical stimuli of non-biological

origin while biotic elicitors are organisms, whole cells, cell components or cell-free

chemicals of biological origin.

The use of abiotic and biotic elicitors to study the biosynthesis of plant secondary

metabolites in plants dates back to the 1960s. Cruickshank and Perrin (1960, 1962)

isolated the phytoalexin, (+)-pisatin, from opened pea pods treated with Monilinia

fructicola inoculum droplets or solutions of metal ions such as silver or copper. Since

then, a number of abiotic elicitors have been used to improve the output of other

secondary metabolites. Compounds such as sodium orthovanadate and vanadyl sulfate

have been shown to enhance the yield and accumulation of compounds such as

isoflavone glucosides in Vigna angularis cultures as well as indole alkaloids in
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Catharanthus roseus cultures (Hattori and Ohta, 1985; Smith et al., 1987). Other

chemicals found to stimulate alkaloid biosynthesis and accumulation in C. roseus include

sodium chloride, potassium chloride, sorbitol and abscissic acid (Smith et al., 1987).

A variety of biotic elicitors also have been identified. Fungi, including yeasts have

been a rich source of elicitors including glucan polymers, glycoproteins and low

molecular weight organic acids (DiCosmo and Tallevi, 1985).  Many examples on the

uses of fungal elicitors to improve the production of secondary metabolites are available.

The production of psoralen in parsley and diosgenin in the Mexican yam have been

improved using fungal elicitors (reviewed by Misawa, 1994). The biosynthesis and

accumulation of sanguinarine by a cell line of Papaver somniferum exposed to a

homogenate of the fungus Botrytis has been described (reviewed by Misawa, 1994).

Sanguinarine is a quaternary benzophenanthridine alkaloid used in oral hygiene products

(reviewed by Misawa, 1994).

Although numerous studies have been conducted on elicitors (reviewed by

Radman et al., 2003 and Zhao et al., 2005; Zhong, 2001), the mechanism accounting for

their modes of action is still not known. In almost all the studied cases, there is an

increase in the transcription of stress-response genes. The use of elicitors has largely been

confined to basic research for a number of reasons. First, biotic elicitors may not have the

capacity to elicit the biosynthesis of compounds over extended periods of time without

losing their efficacy or adversely affecting the physiological properties of the cell or

tissue culture producing the compounds of interest. Second, because elicitors have to be

added to the tissue or cell source of the secondary metabolites, the compounds being
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produced have to be separated from the elicitor, adding to the cost of the final products.

Third, abiotic elicitors such as metal ions may be toxic to the cells and diminish their

capacity to synthesize compounds of interest over time.

While studying (+)-pisatin biosynthesis in both transgenic and non-transgenic pea

hairy root cultures, I observed that the compounds produced in transgenic pea tissue

treated with copper chloride differed from those produced by non-transgenic pea tissue.

Non-transgenic pea hairy root cultures produced (+)-pisatin as expected while transgenic

pea hairy root cultures synthesized other compounds some of which were not normal

intermediates in the (+)-pisatin biosynthetic pathway. These “new” compounds were

produced apparently because of a diversion of the pathway (Chapter 2).

In discussions between Dr. Joel Cuello, Agricultural and Biosystems Engineering

Department, and Dr. Hans VanEtten on plant secondary metabolic pathways that produce

compounds of commercial value, Dr. Cuello indicated that he had preliminary data

showing that electric current could elicit the biosynthesis of hyoscyamine in Hyoscyamus

niger. Since I had experience working with elicitation of normal and novel secondary

metabolites in pea, it was of interest to me to test electric current as an elicitor of

secondary metabolites in pea. If electric current showed promise as an elicitor, it could be

adopted as the primary method of elicitation in my study, supplanting the aqueous copper

chloride method.  Beyond its use as a primary elicitation method, electric current might

be used to elicit secondary metabolites in plant species that produce compounds of

economic value.

I tested the hypothesis that electric current is an elicitor of (+)-pisatin and other
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plant secondary metabolites. Preliminary experiments were conducted with non-

transgenic pea hairy root tissue. Once found to elicit (+)-pisatin biosynthesis, electric

current could then be investigated for its ability to elicit the biosynthesis of secondary

metabolites in transgenic pea tissue and in other plant species. The data I report will

demonstrate that electric current is a general elicitor of plant secondary metabolite

biosynthesis with a potential for use in basic and industrial scale research.
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Materials and Methods

Plant Materials

 Seeds of red clover (Trifolium pratense), chickpea (Cicer arietinum) and

fenugreek (Trigonella foenum-graecum) were purchased from various local organic food

stores. Garden pea (Pisum sativum, L, var. Little Marvel) seeds were purchased from The

Mayer Seed Company, MD, USA, while Japanese pagoda tree (Sophora japonica) seeds

were purchased from Sheffield’s Seed Co. Inc. Auburn, NY, USA.  Arabidopsis thaliana

cell suspension cultures were a gift from Dr. K. Schumaker, Plant Science Department,

The University of Arizona, while Medicago truncatula cell cultures were a gift from Dr.

R. Dixon, Samuel Roberts Noble Research Foundation, Ardmore, Oklahoma.

Pea, fenugreek, red clover, sorghum, Japanese pagoda tree and chickpea seeds

were sterilized by soaking in 95% ethanol for 10 min followed by sodium hypochlorite

(5.25% v/v) for 30 min and washing 5-6 times with sterile water. They were germinated

on sterile moist paper towels and left to grow in the dark for 7-10 days at 23oC and high

relative humidity.

Arabidopsis thaliana and Medicago truncatula cell suspension cultures were

maintained in 50 ml Gamborg’s B5 medium (Gamborg et al., 1968) supplemented with

kinetin (2 mg/l) and α-naphthalene acetic acid (0.1 mg/l) at 25oC in 250 ml flasks on a

New Brunswick gyratory shaker at 130 RPM. They were sub-cultured to fresh tissue

culture medium every 2-3 weeks.

Non-transgenic pea hairy root cultures were produced by infecting pea stems with

Agrobacterium rhizogenes strain R1000. Transgenic pea hairy root cultures were
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produced by A. rhizogenes (R1000)-mediated transformation of pea stem explants (see

Chapter 2). Briefly, A. rhizogenes strain R1000 carrying RNAi vector constructs of the

HMM or SOR genes were independently used to infect pea stem tissue as described in

Chapter 2. Hairy roots growing on the stem tissue were harvested and grown in

Gamborg’s B5 plant tissue culture liquid medium or on Gamborg’s B5 medium semi-

solidified with 0.2% gelrite supplemented with 3% sucrose. They were sub-cultured to

fresh plant tissue culture medium every 3-4 wks.

Electro-elicitation of Plant Secondary Metabolite Biosynthesis

 Elicitation of plant secondary metabolites by electric current (electro-elicitation)

was carried out using an apparatus consisting of a 6.3 x 6.3 x 5.1cm cuvette made of

plexiglass with two metal plates, one each at two of its opposite ends. A gel

electrophoresis constant power supply unit (EC 500, E-C Apparatus, St. Petersburg, FL,

USA.; max. constant current = 150 milliAmperes (mA); power = 300 W and voltage =

2000 V) was connected to the metal plates.

For most experiments, five to fifteen grams of pea hairy root tissue was

transferred from semi-solid Gamborg’s B5 plant tissue culture medium (Gamborg et al.,

1968) plates to the electro-elicitation cuvette without any processing. In one experiment,

2 g of hairy root tissue were used to test the effects of tissue mass on current as well as

the output of secondary metabolites. For normal plant roots, 10 grams of chickpea and

fenugreek were cut into 10-15 mm pieces and transferred to the electro-elicitation

cuvette. Seventy to 100 ml Gamborg’s B5 liquid medium were added to the cuvette. For

hairy root cultures, electro-elicitation of secondary metabolite biosynthesis was tested
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using 10, 30, 50 and 100 mA at 10 min, 30 min and 1 h. For normal roots 30 mA constant

current supplied for 60 min was used.

For some experiments, electro-elicitation was carried out by placing the electro-

elicitation cuvette in a CHEF-gel electrophoresis water bath set at constant temperature of

23OC. Temperature was monitored by a thermometer placed in the electro-elicitation

medium in the cuvette. Continuous stirring of the electro-elicitation medium was done by

a magnetic stirrer to prevent the development of ionic gradients across the metallic plates

in the cuvette,

After elicitation, plant tissue was removed from the elicitation medium and

transferred to a clean beaker. This was covered by aluminum foil and incubated in the

dark overnight in a growth chamber at 23OC. (+)-Pisatin or other secondary metabolites

were extracted from the tissue as described below.  (+)-Pisatin biosynthesis was also

elicited by 0.08 mM CuCl2 as described in Chapter 2 to compare the amounts produced

by equal quantities of hairy root tissue elicited by the two different methods.

A. thaliana and Medicago truncatula cell suspension cultures in Gamborg’s B5

medium were filtered and 2-7 g were transferred to the electro-elicitation cuvette. Fresh

Gamborg’s liquid culture medium (70-100 ml) was added to the cell suspension culture

and 30 mA electric current was supplied for 60 min with constant stirring using a

magnetic stirrer. After elicitation, the cells suspensions were transferred to a clean flask

and incubated in the dark on a New Brunswick gyratory shaker at 130 RPM overnight.

 Ten grams of red clover or Sophora japonica seedlings were directly transferred

into the electro-elicitation cuvette without any processing. Gamborg’ B5 medium or
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Hoagland’s solution (70-100 ml) were added and electro-elicitation and subsequent

treatment was done as described above for normal root cultures.

Electro-elicitation of (+)-Pisatin Biosynthesis in Hydroponically-Cultivated

Pea Plants

 To investigate whether electric current could elicit the biosynthesis of natural

products in intact plant roots, hydroponically-cultivated plants (Figure 4.1) were used.

The hydroponics system consisted of a 10.5 x 150 cm (ca. 12 l) horizontal cylindrical

PVC pipe growth tank, sealed at both ends by removable end seal covers. Five

rectangular openings (3.8 x 3.8 cm) spaced 30 cm apart were cut out at the top of the tank

to hold rockwool mini-blocks supporting growing plants. Each end-seal cover had a

metal plate to which an electrical power supply unit (see Fig. 4.1) could be connected.

One end seal cover had a short in-let pipe to which PVC tubing transporting nutrient salts

from a reservoir to the growth tank was connected.  The tube was connected to a

submersible electrical pump to supply the nutrient salts from a 9-liter reservoir to the

growth tank. At the other end of the growth tank, an outlet pipe was fitted through which

nutrients were circulated back to the reservoir via another tube.

Pea seedlings were germinated in rock wool mini-blocks (3.8 x 3.8 cm) under

high humidity. After 7-9 days they were transplanted to the openings in the hydroponics

tank where they were left to grow in a growth chamber at 23OC, and a 16 h photoperiod

at 70% relative humidity. The reservoir and hydroponics tank were filled with 20 liter

Hoagland’s solution and the submersible pump was turned on to circulate the nutrients to
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the plants. After 2-4 wks of growth, 10 mA constant electrical current was supplied to the

plants for 3 h. Two hundred and fifty-milliliter samples of Hoagland’s solution were

collected from the hydroponics tank before electro-elicitation, shortly after elicitation or

24-48 h after elicitation.
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Figure 4.1. Apparatus for elicitation of secondary metabolites in hydroponically-

cultivated plants. HT = hydroponics tank; PS = power supply; RS = reservoir; P1-P4 =

pea plants growing in the hydroponics tank; E = electrode (only one is seen).
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               Extraction and Quantification of Plant Secondary Metabolites

 (+)-Pisatin was extracted from hairy root tissue cultures by soaking them in 6

volumes of hexanes per gram of hairy root tissue for 5-24 h. Hairy root tissue was

removed from the hexanes and hexanes were dried under vacuum leaving a residue. The

residue was dissolved in 200 µl EtOH and quantified by the UV absorption

spectrophotometer method. (+)-Pisatin exhibited a characteristic UV absorption scan at

309 nm with a shoulder at 286 nm and pisatin concentration was calculated using its

molar extinction coefficient value = 103.86 at 309 nm (Cruickshank and Perrin 1965).

 (+)-Pisatin was extracted from 250 ml samples of Hoagland’s solution collected

from the hydroponics tank by partitioning with 1 vol. of chloroform. The chloroform was

dried under vacuum using a Büchi RE 121 rotary evaporator (Büchi Flawil Switzerland)

and (+)-pisatin quantities were determined by the UV absorption spectrophotometer or

the HPLC method.

To extract total isoflavonoids from plant tissue or cell suspension cultures, plant

tissue or cells were weighed and four volumes of 70% ethanol (w/v) and 0.25 vol. of

water were added. Tissue was crushed into a slurry and the ethanolic solution was

filtered. The ethanol was evaporated under a vacuum, using a Büchi RE 121 rotary

evaporator (Büchi Flawil Switzerland) to concentrate the secondary metabolites in the

aqueous phase. Four volumes of ethyl acetate or 1 volume of chloroform were added to

the aqueous solution and secondary metabolites were extracted by partitioning and

collection of the organic layer. The organic solvent was evaporated and the resulting

residue was dissolved in 0.1-1 ml of ethanol and analyzed by a UV absorption
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spectrophotometer (for pisatin) or by high-performance liquid chromatography (HPLC)

as described in Chapter 2.

The identification of all secondary metabolites was done by comparing the HPLC

peak retention times and UV absorption spectra scans to those of authentic standards e.g.

(-)-maackiain (310 nm, sh. = 286 nm), isoformononetin, and daidzein (248 nm, sh. = 300

nm), (- or +)-medicarpin (285 nm), 2,7,4′-trihydroxyisoflavanone (278 nm sh. = 312 nm)

and (-)-sophorol (278 nm and sh. = 304 nm).

Determination of the Effects of Electric Current on Hairy Root Growth

 To determine whether 30 mA of electric current was lethal to plant tissue, pea

hairy root cultures were electro-elicited under sterile conditions for 1 h, transferred to

sterile Gamborg’s B5 medium plates and incubated at 24oC. Non-elicited hairy root

cultures were also sub-cultured onto fresh Gamborg’s B5 tissue culture medium. The

growth of five electro-elicited and five non-elicited hairy root tips was measured with a

millimeter rule at three day intervals and the two groups compared over 19 days. Some of

the hairy root lines that were elicited by 30 mA were left to grow for 28 days. They were

again re-elicited to synthesize secondary metabolites using both 0.08 mM CuCl2 and 30

mA electric current and the amounts of secondary metabolites that accumulated in these

were determined by HPLC.
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Results

Analysis of the Electro-elicitation of (+)-Pisatin Biosynthesis in Non-

Transgenic Pea Hairy Root Cultures

 The method of eliciting the biosynthesis of secondary metabolites by electric

current reported here will be referred to as electro-elicitation. (+)-Pisatin was extracted

with hexanes from 2-15 g of non-transgenic pea hairy root tissue electro-elicited by 10,

30, 50 or 100 mA of current for 10, 30 or 60 min and quantified by the UV absorption

spectrophotometer method. Electro-elicitation of 10-15 g of hairy root tissue at low

currents for short periods (10 min) did not increase the quantities of (+)-pisatin above

those extracted from tissue not treated with electric current (5.6 µg per gram fresh

weight, µg/gFW) (Table 4.1 and footnote to Table 4.1). The longer the electro-elicitation

time, and the higher the current used, the more (+)-pisatin was produced. The amounts of

(+)-pisatin produced by 10 g pea hairy root tissue exposed to 30 or 50 mA current after

1 h elicitation were comparable to those from equal amounts of hairy roots elicited by

0.08 mM CuCl2 (mean = 38 µg/gFW) (footnote to Table 4.1).

After the completion of most of the work described in this Chapter, the effects of

tissue mass on electro-elicitation was investigated using smaller quantities of pea hairy

root tissue masses at various currents. Two grams of hairy root tissue were electro-

elicited by electric currents ranging from 10-100mA. It was observed that lower currents

(10 mA) could elicit the accumulation of amounts of (+)-pisatin (37 µg/gFW) comparable

to those produced by 0.08 mM CuCl2 or those elicited by higher currents (30 mA) in

larger quantities of hairy root tissue (5-15 g) (Table 4.1) after 1 h of elicitation.
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However, higher currents (50-100 mA) did not increase the quantities of (+)-pisatin when

2 g of tissue were used (Table 4.1).

Having determined that electro-elicitation by 30 mA of 10 g of hairy root tissue

for 1 h caused the biosynthesis of (+)-pisatin quantities comparable to those produced by

pea hairy root cultures elicited by 0.08 mM CuCl2, 30mA electric current was used in all

experiments requiring elicitation of secondary metabolites in subsequent work. 50-100

mA currents were used in cases where higher amounts of secondary metabolites from

larger quantities of hairy tissue were desired.

Most experiments were carried out at room temperature, which was about 25°C.

The temperature within the elicitation cuvette was ± 1-2°C within the range of the room

temperature. Passage of electric current in any medium is likely to cause the generation

of heat due to resistance. To rule out the possibility that the (+)-pisatin that was produced

in pea hairy root tissue exposed to electric current was due to heat generated by the

passage of current in Gamborg’s B5 medium and not electric current, electro-elicitation

was carried out using a cuvette placed in a water bath set at 23OC. The electro-elicitation

medium in the cuvette was constantly stirred using a magnetic stirrer to prevent the

formation of ionic gradients across the metallic plates of the elicitation cuvettes. Hairy

root tissue elicited this way produced the same quantities of (+)-pisatin (38-40 µg/gFW)

as those elicited at room temperature.

Total isoflavonoids were extracted from non-transgenic hairy root cultures by

EtOH-EtOAc procedure 24 h after elicitation for 1 h to compare the HPLC profiles of

hairy root extracts elicited by electric current to those extracted from hairy roots elicited
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by 0.08 mM CuCl2. One major peak and two minor ones were observed in the HPLC

profiles of extracts from electro-elicited hairy root tissue (Figure 4.2A). The major peak

was that of (+)-pisatin. The other peak (Rt = 17.9 min) had a maximum UV absorption

spectrum at 285 nm. The third peak for an unidentified compound (Rt = 19.5 min) was

observed in extracts from electro-elicited hairy root cultures. This peak was absent in

extracts from hairy roots elicited by 0.08 mM CuCl2.

Hairy root cultures elicited by 0.08 mM CuCl2 accumulated (+)-pisatin and (-)-

maackiain (Figure 4.2B). One peak (Rt = 21.5 min) appearing in hairy root cultures

elicited by 0.08 mM CuCl2 was absent from hairy root extracts from roots elicited by 30

mA electric current. In contrast to pea hairy root cultures elicited by electric current or

copper chloride, non-elicited hairy root cultures produced 5 times less quantities of (+)-

pisatin (Fig. 4.2C). In addition, none of the other peaks observed in the elicited hairy root

extracts were observed in extracts from non-elicited root tissue.
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Table 4.1. Amounts of (+)-Pisatin Produced by 2 g or 10 g of Pea Hairy Root Cultures

After Elicitation with Various Amounts of Electric Current. (+)-Pisatin quantities were

measured by the UV absorption spectrophotometer method.

(+)-Pisatin (µg/gFW) produced 24 h after

elicitation 1, 2

10 min 30 min 60 min

Current (mA)
2 g3 10 g3 2 g 10 g 2 g 10 g

10 9.7 5.23 13.15 5.10 37 4.00

30 23.75 6.11 29.9 14.45 23.15 34.00

50 13.30 4.25 15.26 13.00 19.90 39.38

100 12.6 10.06 13.70 48.40 30.01 83.10

1 Non-elicited pea hairy root tissue produced a mean of 5.6 µg/g FW of (+)-pisatin.

2 Hairy root tissue elicited by 0.08 mM CuCl2 for 1 h produced a mean of 38 µg/g FW (+)

pisatin 24 h post-elicitation.

3 Single data points
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Figure 4.2. HPLC profiles of pea extracts from non-transgenic pea hairy roots after 30

mA electric current versus 0.08 mM copper chloride elicitation. Non-transgenic pea hairy

root cultures were treated by 30 mA electric current or 0.08 mM CuCl2. (+)-Pisatin was

extracted 24 h after elicitation of equal amounts (10 g each) of non-transgenic pea hairy

root cultures with 30 mA direct current (A), 0.08 mM copper chloride (B), and no

treatment (C) as described in Materials and Methods.  M = (-)-maackiain; P = (+)-pisatin;

U = unknown.
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Analysis of the Effects of 30 mA Electric Current on Hairy Root Growth

 The effects of 30 mA electric current on the growth of transgenic pea hairy root

tissue was determined by monitoring and comparing the increases in lengths of hairy root

tips after electro-elicitation to controls over 19 days. Although electric current had a

slowing effect on the initial rate of growth as evident at the three-day measurement, the

rate of growth after that time period was the same as that of non-elicited hairy root

cultures (Figure 4.3). Thus an initial re-direction of the plant resources from the growth to

the production of secondary metabolite production apparently occurred as observed in

other cases where enhanced production of secondary metabolites is elicited.

No persistent toxic effects of the electric current was observed. Hairy root tissue

initially elicited by 30 mA current was left to grow on Gamborg’s tissue culture medium

for 28 days. After the 28-day growth period, one batch was again re-elicited by 30 mA

electric current, while the other one was elicited by 0.08 mM CuCl2. Both groups of hairy

root cultures produced amounts of secondary metabolites similar to those produced by

hairy root cultures elicited only once by either elicitation method (data not shown).

Additionally, the gross morphologies of the electro-elicited hairy root cultures were not

any different from those of non-elicited controls.
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Figure 4.3. Plot of growth of electro-elicited versus non-elicited hairy root cultures

against time. Transgenic hairy root cultures (HMMi #10) were treated with 30 mA for 1 h

and transferred to Gamborg’s B5 medium and the increases in length of electro-elicited

(black circles) and non-elicited (black diamonds) hairy roots were measured at 3-day

intervals and compared over 19 d. Error bars are standard deviations from means of 3

independent length measurements.
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Analyses of Secondary Metabolites in Electro-elicited Transgenic Pea Hairy

Root Cultures

 Total secondary metabolites extracted from transgenic pea hairy root cultures

harboring RNAi constructs carrying the HMM gene (HMMi hairy root cultures) elicited

with 30 mA current were analyzed by reversed phase HPLC, 24 h after elicitation. The

HPLC profiles of these extracts were compared to those of extracts from non-elicited

transgenic hairy root cultures as well as HMMi root cultures elicited by 0.08 mM CuCl2.

Although there were some minor differences, HPLC profiles of secondary

metabolites extracted from HMMi hairy root cultures elicited by 30 mA electric current

(Figure 4.3A) were similar to those of secondary metabolites extracted from HMMi hairy

roots elicited by 0.08 mM CuCl2 (Figure 4.3B). HMMi isoflavone extracts from hairy

root cultures elicited by the two different methods accumulated compounds that included

daidzein, 2,7,4′-trihydroxyisoflavanone, isoformononetin, liquiritigenin, isoliquiritigenin

and several unknowns (Fig. 4.4A and Fig. 4.4B).  In contrast, HPLC profiles (Fig. 4.4C)

of extracts from non-elicited HMMi hairy root cultures were different and showed none

or highly reduced amounts of any of the compounds that were observed in the isoflavone

extracts from elicited hairy root cultures.

To determine if increasing the amounts of electric current could correspondingly

increase the quantities of some of the secondary metabolites that accumulated in these

hairy root cultures, 5 g each of HMMi  #10 hairy root cultures (see Chapter 2) were

treated with 10, 30 and 100 mA electric current and the concentration of isoformononetin

were calculated. When elicited with 10 mA current, HMMi  #10 produced 8.64 µg/gFW
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of isoformononetin. The amount of isoformononetin extracted from hairy root HMMi #10

electro-elicited by 30 mA for 1 h was 16 µg/gFW. This increased to 35.66 µg/gFW upon

elicitation by 100 mA current for 1 h.

SORi hairy root lines deficient in (+)-pisatin biosynthesis accumulated (-) -

sophorol and several unknown compounds 24 h after elicitation with 30 mA electric

current (Figure 4.4A). The HPLC profiles of isoflavonoid extracts from these hairy root

cultures elicited with electric current (Figure 4.5A) were similar to those obtained by 0.08

mM CuCl2 elicitation (Figure 4.4B). Although many of the compounds elicited in SORi

hairy root cultures were unknown, both methods of elicitation produced similar

compounds based on comparisons of their UV absorption spectra (see Appendix C) and

retention times. SORi hairy roots that were not elicited (Fig. 4.5C) produced neither (-) -

sophorol nor any of the unknown compounds that were produced in elicited SORi hairy

root cultures.

The amounts of (-)-sophorol produced in these hairy roots after elicitation by

various electric currents were also compared. SORi hairy root extracts elicited by 10 mA

electric current for 1 h accumulated 0.69 µg/gFW of (-)-sophorol compared to 4.3

µg/gFW after 30 mA and 10.55 µg/gFW after 100 mA current for 1 h.

Analyses of the secondary metabolites showed that they were capable of

producing the same levels of secondary metabolites as they did during the initial

electrical elicitation.
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Figure 4.4. HPLC profiles of isoflavonoid extracts from elicited or non-elicited HMMi

pea hairy cultures. HMMi pea hairy root cultures were electro-elicited with 30mA current

or 0.08 mM copper chloride and incubated for 24 h at 25±1oC. Total flavonoids were

extracted from HMMi hairy roots elicited by 30 mA current (A), by 0.08 mM CuCl2 (B)

or non-elicited, (C), 24 h after elicitation and analyzed by HPLC as described in

Materials and Methods.  The peak retention time of isoliquiritigenin co-chromatographed

with that of isoformononetin and the two compounds could not be resolved. T = 2,7,4′-

trihydroxyisoflavanone, D = daidzein, IF = isoformononetin, L = liquiritigenin.
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Figure 4.5. HPLC profiles of isoflavonoid extracts from elicited or non-elicited SORi

hairy root cultures. Total isoflavonoids were extracted from SORi hairy roots elicited by

30 mA current (A), 0.08 mM CuCl2, (B) or non-elicited (C), 24 h after elicitation and

analyzed by HPLC as described in Materials and Methods.  S = (-)-sophorol, F =

formononetin.
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Determination of (+)-Pisatin Content in Hoagland’s Solution after Electro-

elicitation of Hydroponically-Grown Pea Plants

  To determine whether electric current could elicit (+)-pisatin biosynthesis in the

roots of intact pea plants growing in a hydroponics system, 10 mA constant electric

current was passed for 3 h through the circulating Hoagland’s solution supporting the

growth of 2-4-week old pea plants. 250 ml samples of Hoagland’s solution were collected

from the reservoir before, shortly after or 24 h after electro-elicitation and the (+)-pisatin

concentrations were calculated. The Hoagland’s solution collected from the hydroponics

tank 24 h after elicitation contained an average of 48.8 ng/ml of (+)-pisatin (Figure 4.6A)

compared to 3.6 ng/ml (+)-pisatin from Hoagland’s solution collected before elicitation

(Figure 4.6B). Pea plants treated with 10 mA electric current were able to grow for over 8

weeks without any signs of damage as a result of the treatment with electric current.
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Figure 4.6. HPLC profiles of (+)-pisatin extracted from the hoagland's solution after 10

mA electro-elicitation of hydroponically-cultivated plants. Ten (10) mA electric current

was connected to the electrodes of the hydroponics tank for 3 h and (+)-pisatin was

extracted from 250 ml Hoagland’s solution samples were collected from the reservoir and

analyzed 24 h after elicitation (A) or immediately before elicitation (B) for (+)-pisatin

concentration. P = (+)-pisatin; U = unknown.
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            Analysis of Electro-elicitation of Secondary Metabolite Biosynthesis in Other

Plant Species

 Having established that pea hairy cultures and intact roots do produce significant

quantities of (+)-pisatin upon electro-elicitation, I investigated whether electric current

could elicit the biosynthesis of secondary metabolites in other plant species. Several plant

species known to produce phytoalexins and other secondary metabolites upon elicitation

by various biotic and abiotic elicitors were electro-elicited as described in Materials and

Methods. Arabidopsis thaliana produces camalexin as its major phytoalexin (Glazebrook

et al., 1994), chickpeas and red clover produce (-)-maackiain, (-)-medicarpin and

formononetin, (Daniel et al., 1990; Barz, and Mackenbrock, 1994), Medicago truncatula

produces (-)-medicarpin and formononetin  (reviewed by Dixon and Steele, 1999) while

sorghum produces deoxyanthocyanidin phytoalexins (Nicholson and Wood, 2001).  The

Japanese pagoda tree produces medicarpin and maackiain (VanEtten et al., 1983).

Cell suspension cultures of A. thaliana and M. truncatula, roots of chickpea and

fenugreek, intact seedlings of sorghum, Japanese pagoda tree and red clover were electro-

elicited by 30 mA current at 23°C and secondary metabolites were extracted and

compared with those extracted from non-electro-elicited control tissues by HPLC or

HPLC-MS. Table 4.2 is a summary of the results. In electro-elicited fenugreek roots,

close to 3-fold increase in (-)-medicarpin was obtained 24 h after elicitation. Electro-

elicited red clover seedlings produced over 15 times more formononentin, 44 times more

(-)-maackiain and 5 times more (-)-medicarpin, both free and glycosylated than non-

elicited seedlings.  HPLC profiles of secondary metabolites obtained from electro-elicited
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cell or tissue cultures differed dramatically from those of extracts from non-elicited cell

or tissue cultures. For example, the HPLC profile of secondary metabolites from chickpea

roots (Figure 4.7A) 24 h after electro-elicitation revealed the accumulation of over 12

compounds, compared to only one compound (formononetin) produced by non-electro-

elicited roots (Figure 4.7B). Although non-electro-elicited chickpea roots produced

significant quantities of formononetin (271.4 µg/gFW) (Fig. 4.7B), the amount was still

significantly less than that obtained from elicited roots (1180 µg/gFW). Other compounds

that accumulated in significant quantities in chickpea included (-)-maackiain (23.3

µg/gFW) and (-)-medicarpin (21.5 µg/gFW).  Electro-elicited Sophora japonica on the

other hand had marginal increases in (+)-maackiain and (+)-medicarpin (Table 4.2).

In Arabidopsis the expected accumulation of camalexin was not observed. Silver

nitrate, previously reported to induce camalexin biosynthesis was used as a positive

control, to determine if it could elicit camalexin accumulation. No camalexin was

obtained from silver nitrate-treated Arabidopsis cell suspensions either. However, two

peaks (Rt = 9 min and 13 min respectively) (Fig. 4.8B) were observed in electro-elicited

A. thaliana cell suspension cultures that were absent in non-elicited cell suspensions (Fig.

4.8A). These peaks were associated with maximum UV absorption spectra at 316 nm and

318 nm (Fig. 4.7C). Since these compounds were obtained in the organic phase of the

solvent used in attempts to isolate camalexin, they are believed to be Arabidopsis

secondary metabolites. In sorghum seedlings, the differences in the amounts of

deoxyanthocyanidins between electro-elicited and non-elicited seedlings or roots were

not significant.
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Medicago truncatula tissue was until recently known to produce mainly (-)-

medicarpin and formononetin under stress. With recent developments in functional

genomics and metabolomics -the analysis of the entire suite of secondary metabolites

produced by a species -many insights have been gained into the numbers and types of

compounds produced as well as the genes that govern the production of these compounds

(e.g. Goossens et al., 2003; Sumner et al., 2003). To determine whether electro-elicitation

could cause an increase in biosynthesis of compounds in M. truncatula, Medicago cell

suspensions were treated with 30 mA electric current and the extracted secondary

metabolites were submitted to Dr. Lloyd Sumner at The Samuel Roberts Noble

Foundation’s Metabolomics laboratory in Ardmore Oklahoma for analysis. Over 150

compounds were produced by these cell suspension cultures.  The biosynthesis of fifty-

five of these compounds was elicited by electric current as determined by a minimum of

2-fold increase in their quantities compared to those from non-electro-elicited control cell

suspensions. Some of the secondary metabolites accumulated to several folds (e.g.

naringenin, 3-fold; formononetin, 7-fold) (Table 4.2) while the amounts of others (e.g. (-

)-medicarpin, 168-fold and afrormosin, 138-fold) dramatically increased when compared

to those extracted from non-treated cell suspension cultures.
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Table 4.2. Secondary Metabolite Elicitation by Electric Current in Cell Suspension, Root

or Seedling Cultures of Several Plant Species.

Species and tissue or cell

type

Compound Conc.(Eli/non-elicited)

(µg/gFW)

Fold change

Fenugreek roots (-)-medicarpin 53.9/19.1 2.8

Chickpea roots (-)-maackiain 23.3/N.D -

(-)-medicarpin 21.5/N.D -

formononetin 1180/271.4 4.3

Red clover seedlings (-)-maackiain 52.48/1.18 44

(-)-medicarpin 36.22/7.25 5

formononetin 476/30.46 15.6

S. japonica seedlings (+)-medicarpin - 1.2

(+)-maackiain - 1.3

Sorghum bicolor seedlings deoxyanthcyanidins - -

A. thaliana cell suspension camalexin N.D. -

M. truncatula1 afrormorsin - 34.5

(-)-medicarpin - 168.1

irisolidone - 7

formononetin - 7.6

naringenin - 3.6

hispidol - 3.8

tricin - 3.5

Isoflav-3-ene glucoside

malonate

- 5.2

                                                
1 HPLC-MS analysis done by Dr. Lloyd Sumner, Samuel Roberts Noble Foundation.
N.D. = not detected
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Figure 4.7. HPLC profiles of the analysis of secondary metabolites extracted from

electro-elicited or non-elicited chickpea roots. Chickpea roots were treated with 30mA

electric current and secondary metabolites were extracted and analyzed 24 h after

elicitation (A) or without elicitation (B). F = formononetin, Me = (-)-medicarpin, M = (-)-

maackiain. Ten grams of seedlings were used both the experiment and control were

repeated twice.
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Figure 4.8. HPLC profiles of the analysis of secondary metabolites extracted from

elicited or non-elicited Arabidopsis suspension cultures. Secondary metabolites were

extracted from non-electrically elicited cell suspensions (A), or from cell suspension

cultures treated with 30mA current (B), placed on a shaker overnight and secondary

metabolites were analyzed by HPLC as described. (C) Scans of the UV absorption

spectra associated with the two peaks.
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Discussion

To the best of my knowledge, no reports on the use of electric current to elicit the

biosynthesis and accumulation of secondary metabolites in plant tissue have been

published. In this study, electric current elicited the biosynthesis of secondary metabolites

in both non-transgenic and transgenic plant tissue. Non-transgenic pea hairy root cultures

produced 5 times more (+)-pisatin upon electro-elicitation than controls. Transgenic hairy

root cultures blocked at the HMM enzymatic steps accumulated compounds known to be

involved in (+)-pisatin biosynthesis such as liquiritigenin and isoliquiritigenin upon

elicitation. Those blocked at the SOR step accumulated (-)-sophorol and other unknowns.

Electro-elicitation of transgenic pea hairy roots silenced at the HMM enzymatic

step apparently led to the activation of an isoflavanone dehydratase that mediates the

biosynthesis and accumulation of daidzein. Electric current also may have activated the

expression of an isoflavone-7-O-methyltransferase, that methylates daidzein at the C-7

position to make isoformononetin. Transgenic plant tissue could thus be engineered to

produce secondary metabolites of interest by altering the expression of key enzymes in a

pathway. Electric current was shown to have the capacity to elicit the production of novel

compounds in transgenic plant tissue.
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Electric Current as a Broad Range Elicitor of the Biosynthesis of Plant

Secondary Metabolites

 Electric current appears to be a broad range elicitor of secondary metabolites in

several species. In chickpea, it was shown to elicit the accumulation of eleven

compounds (Fig. 4.7A) that were absent from non-electro-elicited root tissue (Figure

4.7B). Some of these compounds, specifically formononetin, (-)-maackiain and (-)-

medicarpin were increased many folds (Table 4.2). M. truncatula has been known to

produce mainly formononetin and (-)-medicarpin upon elicitation. Electro-elicitation of

M. truncatula cell suspension cultures caused significant increases in fifty-five of the

over 150 compounds produced.

The potential for electric current as an elicitor of compounds in a semi-sustainable

fashion was also analyzed in intact plants. Electric current not only elicited the

biosynthesis of (+)-pisatin but might also have facilitated its release from plant roots into

Hoagland’s solution in hydroponically-cultivated pea plants.

Exceptions to the electro-elicitation phenomenon were observed. The differences

in the amounts of maackiain and medicarpin produced by electro-clicited Japanese

pagoda tree seedlings was not significant.  This was also true for sorghum and

Arabidopsis cell suspension cultures. Camalexin biosynthesis in A. thaliana cell

suspension cultures was not observed possibly because, the current used (30 mA) was not

optimum. It may also be possible that the ecotype of A. thaliana used in this study made

low and undetectable quantities of camalexin since silver nitrate was also not able to

elicit the biosynthesis and accumulation of the compound. Both elicited and non-elicited
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Japanese pagoda tree seedlings produced quantities of (+)-maackiain and (+)-medicarpin

that were similar. This is possibly because the seedlings were infected by a fungus during

the post-electro-elicitation incubation. Fungal contamination might have led to the

biosynthesis of secondary metabolites in both groups of tissues.

Effects of Electric Current on Cellular Processes

 Several studies have been conducted to investigate the effects of electromagnetic

fields on animal cellular biochemical and gene expression processes such as replication,

transcription and translation (reviewed by Menendez, 1999). In plant cell systems,

however, much of the focus has been to study the response of roots to electric fields, a

response that has been termed electrotropism (Ishikawa and Evans, 1990). Early research

to determine whether or not electromagnetic fields do alter the structure of DNA found

no significant evidence for that (Goodman, et al., 1995). Additional studies found no

evidence for adverse effects of electromagnetic fields on early cleavage stages of various

animal species during embryogenesis (Cameron et al., 1993). Menendez, (1999) has

hypothesized that electromagnetic fields affect the three-dimensional structure of proteins

by their action on the electrically charged side chains of proteins thereby influencing

protein folding.

Elicitation of (+)-pisatin biosynthesis in pea by copper chloride has been directly

linked to the activation of the genes (HMM, IFR and SOR) involved in (+)-pisatin

biosynthesis. It is likely that electric current elicits the biosynthesis of (+)-pisatin and

other secondary metabolites in plants by activation of gene transcription. How the electric
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current stimulus is perceived by the plant cells and the mechanism by which the signal is

transmitted, resulting in the biosynthesis of secondary metabolites is unknown. This also

is true for many elicitors.

Advantages of Electro-elicitation Compared to Other Secondary Metabolite

Elicitation Methods

 Electric current as an elicitor has several advantages over biotic or other abiotic

elicitors and may be useful in research on production of secondary metabolites that have

economic and commercial value (reviewed by Verpoorte and Memelinnk, 2002). First it

elicits the biosynthesis of secondary metabolites in a broad range of plant species

including garden pea, chickpea, fenugreek, red clover and Medicago truncatula. This is

in contrast to biotic elicitors that usually have a narrow range of plant secondary

metabolite elicitation. Second, it elicits the biosynthesis of compounds in roots, hairy

roots, seedlings and cell suspensions. This could be valuable if cell suspension and hairy

root cultures of whole plant species that do not produce sufficient quantities of secondary

metabolites are produced. Third, unlike biotic elicitors that may not be re-usable due to

potential loss of activity, electric current could be used over extended periods of time

without adversely affecting the physiological functions of the plant cells or tissue or

losing its activity. Moreover, because chemical elicitors have to be added directly to cell

suspension or hairy cultures, they have to be separated from the desired compounds after

elicitation. Some of these may require elaborate separation methods due to their toxicity.

In contrast, electric current does not have to be added to the source of secondary
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metabolites and as a result no separation from the desired compound(s) is necessary nor

does it have toxic effects upon plant tissues. It thus has the potential for application in

basic as well as in industrial-scale research.
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CHAPTER 5

DISSERTATION SUMMARY

In this dissertation, I have reported significant contributions to the elucidation of

the (+)-pisatin biosynthetic pathway by RNAi in particular and to the field of secondary

metabolite biosynthesis in general that will be summarized under the following headings.

Bi-functionality of the HMM

Data from my research as well as those from other labs enabled me to conclude

that HMM is a bi-functional enzyme catalyzing the methylation of 2,7,4′-

trihydroxyisoflavanone (THI) and (+)-6a-hydroxymaackiain [(+)-6a-HMK] during (+)-

pisatin biosynthesis. This significant conclusion was arrived at by comparing my data

with those that were generated from recent studies of a methyltransferase,

trihydroxyisoflavanone-4′-O-methyltransferase (HI4′OMT) in licorice, (Glycyrrhiza

echinata) and alfalfa (Medicago sativa) (Akashi et al., 2003; Zubieta et al., 2001; S.

Ayabe, personal comm.) that methylates THI. In pea, HMM is the equivalent of

HI4′OMT. Many examples of enzymes including a synthase, a peroxidase and an

oxidase, that show plasticity with respect to substrate specificity have been reported

(reviewed by Firn and Jones, 2003). The emerging broad picture of secondary metabolic

pathways is that enzymes in nature catalyze multiple reactions.
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Involvement of Intermediates with (-)-Optical Activity in (+)-Pisatin Biosynthesis

The major hypothesis for this study was that (+)-pisatin is biosynthesized through

the involvement of intermediates with (-)-optical activity. The data that I obtained

through the use of RNAi strongly support the hypothesis that (+)-pisatin is synthesized

through intermediates that possess (-)-optical activity. First (+)-pisatin was absent or

greatly reduced in some of the transgenic hairy root cultures silenced at 2 separate

enzymatic steps each of which, produces intermediates with (-)-optical activity. IFR

catalyzes the conversion of a non-optically active compound, 2′,7-dihydroxy-4′,5′-

methylenedioxyisoflavone to an asymmetric compound, (-)-sophorol [(-)-2′,7-dihydroxy-

4′,5′-methylenedioxyisoflavanone]. This is the first intermediate with (-)-optical activity

in the pathway.  In the next step, SOR catalyzes the conversion of (-)-sophorol to (-)-2′,7-

dihydroxy-4′,5′-methylenedioxyisoflavanol, [(-)-DMDI] the second intermediate with a

 (-)-optical activity in the pathway. The involvement of (-)-sophorol and (-)-DMDI in the

pathway has previously been inferred from feeding experiment data. Second, the

accumulation of (-)-sophorol in pea tissue as well as the inability by transgenic pea hairy

roots to synthesize (+)-pisatin as reported here, provided for the first time more

compelling evidence for the role of IFR, SOR and (-)-sophorol in the pathway.
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Demonstration of the Diversion of the (+)-Pisatin Biosynthetic Pathway

Compounds not involved in (+)-pisatin biosynthesis such as daidzein and

isoformononetin were shown to accumulate in transgenic hairy root cultures blocked at

the HMM enzymatic step. Moreover, hairy root cultures blocked at the SOR enzymatic

steps accumulate many unidentified compounds most of which may not be involved in

(+)-pisatin biosynthesis. This is significant in that it demonstrates that plants possess

remarkable metabolic flexibility (reviewed by Morgan and Rhodes, 2002) and are

capable of diverting secondary metabolites to other pathways to make novel compounds

if natural pathways are perturbed.

(-)-Maackiain Biosynthesis in Pea Hairy Root Cultures

Non-transgenic pea hairy root cultures were shown to synthesize not only (+)-

pisatin but also (-)-maackiain. SORi hairy root cultures on the other hand were unable to

make either of the two compounds. Failure by transgenic pea hairy root cultures silenced

at the SOR enzymatic step to make (-)-maackiain is significant in that it reveals that the

SOR enzymatic step is a branch point involved in the biosynthesis of (+)-pisatin and (-)-

maackiain.

The (-)-DMDI likely made by SOR apparently is an intermediate in (+)-pisatin

biosynthesis as well as a precursor to (-)-maackiain biosynthesis in pea.  In the last step in

(-)-maackiain biosynthesis, dehydration of (-)-DMDI by a hydroxyisoflavanol

dehydratase would produce (-)-maackiain. The inability of the SORi hairy root cultures to

make (-)-maackiain as observed in this study is consistent with the blockage of the
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pathway at the SOR step.

In vitro metabolism of (-)-DMDI by Pea Crude Protein Extracts

Incubating pea crude protein extracts with (-)-DMDI produced an isoflavene and

(-)-maackiain. It can be inferred from these data that (-)-DMDI might be the natural

intermediate for (-)-maackiain biosynthesis in pea. An isoflavene, 7, 2′-dihydroxy-4′,5′-

methylenedioxyisoflav-3-ene, was consistently produced in all experiments done by

incubating (-)-DMDI with pea crude protein extract. The reaction was shown to be

enzymatic since the isoflavene was not made in control reactions, in which the crude

protein extract was denatured by boiling. The production of an isoflavene from (-)-DMDI

is of significance in that it may account for the inversion of stereochemistry from (-)-

DMDI to (+)-6a-HMK. The isoflavene is an optically inactive compound. In pea it may

be converted to an epoxide by an epoxidase. The epoxidase may in turn be converted to a

triol, which, may be dehydrated to make a pterocarpan. The demonstration of the

production of an isoflavene in vitro is significant in that it may provide clues on the

mechanism by which transition from intermediates with (-)-optical activity to (+)-6a-

HMK, an intermediate with (+)-optical activity is made in planta.

Electro-elicitation of Plant Secondary Metabolites

Passage of constant electric current in various plant tissue or cell cultures led to

significant increases in the quantities of secondary metabolites made by various plant

species. This was especially significant when electric current was used to elicit the
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biosynthesis of compounds in transgenic hairy root cultures. Compounds such as

daidzein, isoformononetin and many other unknowns were elicited in HMMi and SORi

hairy root cultures. This demonstrated that electric current could be used as a general and

broad range elicitor to produce both normal secondary metabolites as well as novel

compounds in metabolically engineered plants.

Hairy Root Cultures as a Model System for the Analysis of (+)-Pisatin Biosynthesis

The use of hairy root cultures to study the biosynthesis of (+)-pisatin was

demonstrated. Hairy root cultures were selected because they offered certain advantages

over whole pea plants. They have a short generation time requiring 5-6 weeks from the

transformation of pea tissue to the generation of full hairy root tissue. They were also

shown to make intermediates and compounds that have previously not been shown to be

produced by pea tissue. They are amenable to the same molecular genetic techniques and

tools used in whole plant tissue. Compelling evidence for the involvement of secondary

metabolites such as (-)-sophorol, which, have previously been indirectly shown to play a

role in (+)-pisatin biosynthesis were directly shown to be intermediates in the pathway.

Hairy root tissues were shown to be a great model to study metabolic pathways. Of

significance also was the demonstration of the diversion of the (+)-pisatin biosynthetic

pathway to make novel compounds in transgenic hairy root cultures.
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APPENDIX A

MODIFIED RESTRICTION ENDONUCLEASE MAP OF BINARY VECTOR

pFGC5941

The modified restriction endonuclease map of binary vector pFGC5941 that was used to

make RNAi constructs is presented. The map shows the salient restriction endonuclease

sites and the features essential to the use of pFGC5941 in RNAi vector constructs.

(Source: Dr. R. Jorgensen, Plant Science Department, University of Arizona.
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APPENDIX B

LIST OF ABBREVIATIONS

2H deuterium
APCI Atmospheric Pressure Chemical Ionization
bp base pair
cDNA complementary DNA
d days
DMD 7,2′-dihydroxy-4′,5′-methylenedioxyisoflavone
DMDI (-)-7,2′-dihydroxy-4′,5′-methylenedioxyisoflavanol
EDTA ethylenediaminetetraacetic acid
EtOAc Ethyl acetate
EtOH ethanol
FAD flavene adeninedinucleotide
/gFW per gram fresh weight
h hour(s)
HCl hydrochloric acid
HI4′OMT hydroxyisoflavanone-4′-O methyltransferase
(+)-6a-HMK (+)-6a-hydroxymaackiain
HMM hydroxymaackiain-3-O methyltransferase
HMMi transgenic hairy root culture harboring the RNAi construct of the

HMM gene
HPLC High performance/pressure liquid chromatography
IFR Isoflavone reductase
IFRi transgenic hairy root culture harboring the RNAi construct of the

IFR gene
Isoflavene usually 7,2′-dihydroxy-4′,5′-methylenedioxyisoflav-3-ene
Kb kilobase(s)
M molar
mM millimolar
m/z mass/charge
µg microgram(s)
µl microliters
min minute(s)
ml milliliter
mRNA messenger RNA
MS mass spectroscopy
NaBH4            Sodium borohydride
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NADPH nicotinamide adenine dinucleotide, reduced form
ng nanogram(s)
nm nanometers
PAL phenylalanine ammonia lyase
PCR polymerase chain reaction
PKR polyketide reductase
RNAi RNA-mediated genetic interference
RPM revolutions per minute
Sec second(s)
SOR sophorol reductase
SORi transgenic hairy root culture harboring the RNAi construct of the

SOR gene
TLC thin layer chromatography
UV ultraviolet
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APPENDIX C

PHOTODIODE ARRAY SCANS OF THE UV ABSORPTION

SPECTRA FOR SOME OF THE COMPOUNDS THAT ACCUMULATE IN SORi

HAIRY ROOT CULTURES

A, C and D are UV absorption spectra for unknown compounds. B is (-)-sophorol. HPLC

runs producing the relevant peaks corresponding to the UV absorption spectra were

monitored at 309 nm.
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