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Metabolism of [carbonyl-14C]nicotinamide was surveyed in various plant

materials including the model plants, Arabidopsis thaliana, Oryza sativa and

Lotus japonicus. In all plants studied, nicotinamide was used for the pyridine
(nicotinamide adenine) nucleotide synthesis, probably after conversion to

nicotinic acid. Radioactivity from [carbonyl-14C]nicotinamide was incorpo-

rated into trigonelline (1-N-methylnicotinic acid) and/or into nicotinic acid

1N-glucoside (Na-Glc). Trigonelline is formed mainly in leaves and

cell cultures of O. sativa and L. japonicus and in seedlings of Trifolium

incarnatum, Medicago sativa and Raphanus sativus. Trigonelline synthesis

from nicotinamide is generally greater in leaves than in roots. Na-Glc was

formed as the major nicotinic acid conjugate in A. thaliana and in tobacco
Bright Yellow-2 cells. In seedlings of Chrysanthemum coronarium and

Theobroma cacao, both trigonelline and Na-Glc were synthesized from

[carbonyl-14C]nicotinamide. Trigonelline is accumulated in some seeds,

mainly Leguminosae species. The pattern of formation of the nicotinic acid

conjugates differs between species and organs.

Introduction

Nicotinamide is formed as a catabolite of nicotinamide
adenine nucleotide and is a key metabolite of pyridine

metabolism. It is similar to purine and pyrimidine bases

(Ashihara and Crozier 1999, Moffatt and Ashihara 2002,

Stasolla et al. 2003, Zrenner et al. 2006); this pyridine base

is salvaged to nicotinamide mononucleotide (NMN) or

nicotinic acid mononucleotide (NaMN) and is used for

regenerationofNADandNADP (Ashihara et al. 2005). Less

is known about pyridine metabolism in plants (Katoh and
Hashimoto 2004, Noctor et al. 2006) than in mammals or

microorganisms (Moat and Foster 1987). Some differences

between plants and animals are known. In mammals,

nicotinamide is salvaged to NMNdirectly by nicotinamide

phosphoribosyltransferase (EC 2.4.2.12) or by two-step

reactions via nicotinamide riboside (NR) (Magni et al.

1999). Although nicotinamide is not deaminated to

nicotinic acid inmammals, exogenously supplied nicotinic

acid as diet is salvaged by nicotinate phosphoribosyltrans-

ferase (EC 2.4.2.11) toNaMNand is used inNAD synthesis
(Brenner 2005, Revollo et al. 2004, Sestini et al. 2000).

Plants lack nicotinamide phosphoribosyltransferase, so

that the pathway via NaMN is functional; nicotinamide is

converted to nicotinic acid, which is then phosphoribosy-

lated in plants (Ashihara et al. 2005, Zheng et al. 2005).

Outlines of the metabolic pathways are shown in Fig. 1.

In addition to salvage, nicotinamide and nicotinic acid

are used in a few plants for the synthesis of alkaloids such
as nicotine (Katoh and Hashimoto 2004) and ricinine

(Waller et al. 1966), in very limited plants, such as

tobacco and castor bean plants for instance. A simple

and ubiquitous alkaloid is derived from nicotinic acid

in the one-step conversion to trigonelline (1-N-methyl-

nicotinic acid) by an N-methyltransferase. In the 1980s,

Tramontano et al. (1983) and Barz (1985) published

reports on trigonelline formation and its possible functions,

Abbreviations – NaAD, nicotinic acid adenine dinucleotide; Na-Glc, nicotinic acid 1N-glucoside; NaMN, nicotinic acid

mononucleotide; NaR, nicotinic acid riboside; NMN, nicotinamide mononucleotide; NR, nicotinamide riboside; PNC, pyridine

nucleotide cycle.
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but their work has not been followed up nicotinamide is

converted to 1N-methylnicotinamide in some organisms

(Shibata et al. 1996), but no such reaction has been
reported in plants. In some plant species, nicotinic acid

1N-glucoside (Na-Glc) is formed (Upmeier et al. 1988c).

This compound has been incorrectly reported as nicotinic

acid arabinoside (Willeke et al. 1979), but it was corrected

as Na-Glc by the same group (Barz 1985, Upmeier et al.

1988c). Diversity of trigonelline and Na-Glc in plant cell

cultures has been reported (Willeke et al. 1979).

Recently, some model plants have been used for
metabolic studies of higher plants at molecular and/or

cellular level. Arabidopsis thaliana is the most popular

dicot model plant for which the genome has been fully

sequenced. Rice (Oryza sativa) is used as a monocot

model plant and has one of the smallest genomes of

cereal species. Lotus japonicus is a legume model and is

useful for studies of symbiosis and nitrogen fixation (Sato

and Tabata 2006, Udvardi et al. 2005); its genome has

been partially sequenced. The tobacco (Nicotiana tabacum)

Bright Yellow (BY)-2 cell line is often used in plant

physiological studies at the cellular level (Nagata et al. 1992).
To understand the function of metabolic pathways in

relation to physiological phenomena such as environment

stress and growth stages of plants, databases on genome

(DNA), transcriptome (mRNA), proteome (enzyme) and

metabolome (metabolite) information are useful. If basic

information on in situ metabolism is provided, such

databases can be used more properly. This study seeks to

determine the metabolic fate of 14C-labelled nicotinamide
in cells and tissues of various plants, includingmodel plants.

In addition to the model plants specified above, we

examined the metabolic fate of [14C]nicotinamide in

each organ of cacao seedlings. We also investigated

trigonelline accumulation in various seeds and compared

themetabolismof nicotinamide in seedlings of plants that

store a high concentration of trigonelline in seeds (clover

and alfalfa) and in plants that lack trigonelline in seeds
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Fig. 1. Metabolic fate of nicotinamide in plants. PNC and synthesis of nicotinic acid conjugates are shown. A seven-member PNCVII (reactions 1–7),
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(chrysanthemum and radish). Our results suggest that

nicotinamide salvage for NAD synthesis is generally

active in actively growing cells of all plant species exam-

ined, but synthesis of trigonelline is absent in some plant

species. Trigonelline synthesis was extremely high in leaves

of rice, L. japonicus, cacao and radish, but no or little
biosynthetic activity was detected in A. thaliana or cul-

tured tobacco BY-2 cells. In contrast to trigonelline synthesis,

Na-Glc formation was found in only a few plant species.

Materials and methods

Plant materials

Lotus japonicus seeds were obtained from the National

Bioresource Project (L. japonicus andGlycine max) Core

Facility Office, Department of Agriculture, Miyazaki

University, Miyazaki, Japan. Seeds of Picea glauca were

supplied by Professor E. C. Yeung, Department of

Biological Sciences,University of Calgary, Canada. Seeds

of rice (O. sativa cv. Nihonbare) were donated by

Professor N. Yamamoto of our Department. Cacao seeds
were supplied by Dr C. Nagai, Hawaii Agriculture

Research Center, USA. Other seeds were purchased from

Carolina Biological Supply Company, Burlington, NC,

USA, or Sakata Seed Corporation, Yokohama, Japan.

Seeds of A. thaliana accession Columbia and cell

cultures of A. thaliana, rice, L. japonicus and tobacco

BY-2 were obtained from the Experimental Plant Division

of the RIKEN Bioresource Center. One-month-old
L. japonicus plantswith nodules (Oka-Kira et al. 2005)were

kindly supplied byDrM. Kawaguchi,University of Tokyo.

Tracer experiments with 14C-labelled compounds

[Carbonyl-14C]nicotinamide (specific activity 1.96 GBq

mmol21) and [carboxyl-14C]nicotinic acid (specific

activity 1.92 GBq mmol21) were obtained fromMoravek
Biochemicals, Inc., Brea, CA.

We administered labelled compounds into the seg-

ments of plant tissues or into cultured cells according to

the procedures of Zheng and Ashihara (2004) and

Ashihara et al. (2005). Sample tissues or cells (approxi-

mately 100 mg FW) and 2 ml of 10 mM sucrose in

20 mM sodium phosphate buffer (pH 5.6), or 2 ml of the

culture media specific for the materials, were placed in
the main compartment of a 30-ml Erlenmeyer flask. The

flask was fitted with a glass tube that contained a piece of

filter paper impregnated with 0.1 ml of 20% KOH in

a centre well. Each reaction was started by adding 10 ml

of a solution of labelled compound (37 kBq) to the main

compartment of the flask. The flasks were incubated in an

oscillating water bath at 27�C, except for A. thaliana

(22�C). After incubation, the glass tube was removed from

the centre well and placed in a 50-ml Erlenmeyer flask

containing 10 ml of distilledwater. Sampleswere collected

by filtering through a tea strainer or a layer of Miracloth

(Merck, Darmstadt, Germany) on a Büchner funnel, were

washed with distilled water, then frozen with liquid
nitrogen and stored at 280�C until extraction. Potassium

bicarbonate that had been absorbed by the filter paper was

allowed to diffuse into 10 ml distilled water overnight, and

aliquots of the resulting solution (usually 0.5 ml) were used

for the determination of radioactivity. Radioactivity was

measured with a liquid scintillation analyser (Beckman,

type LS 6500, Beckman Instruments, Fullerton, CA).

The labelled metabolites were extracted with 80%
methanol (v/v) containing 20 mM sodium diethyldithio-

carbamate and were analysed as described previously

(Zheng and Ashihara 2004). Plant materials were homo-

genized in a mortar and pestle with the extraction

medium, and the resulting methanol-soluble fraction

was evaporated in vacuo to dryness at 37�C.
The labelled metabolites were separated by TLC using

microcrystalline cellulose TLC plates (Merck, Darmstadt,
Germany). Solvent systems I and IVof our previous paper

(Zheng and Ashihara 2004) were used to identify the

radiolabelledmetabolites. Radioactivity on the TLC sheet

was determined using a Bio-Imaging Analyser (Type FLA-

2000; Fuji Photo Film Co., Ltd, Tokyo, Japan).

Determination of trigonelline content

Trigonelline was extracted with 80% (v/v) methanol

containing 20 mM sodium diethyldithiocarbamate. After

the methanol-soluble fraction had been evaporated in

vacuo and dissolved in distilled water, the sample was

analysed with HPLC, as in our previous paper (Zheng
and Ashihara 2004) except that the absorbance was

monitored using a Shimadzu Diode Array Detector, type

SPD-M10A (Shimadzu Corp., Kyoto, Japan).

Results

Simple TLC analysis of 14C-metabolites

In situ examination of the metabolic fate of [14C]nicotin-

amide was performed with TLC. Fig. 2 shows a typical

example of the separation of labelledmetabolites by TLC.

Most labelled compounds were efficiently separated by
solvent I (n-butanol/acetic acid/water, 4/1/2, v/v) (Zheng

and Ashihara 2004). However, nicotinic acid and

nicotinamide appeared in a single spot, and separation

of NADandNADP, and also of NMNandNaMN,was not

always clear. To overcome this problem, solvent IV

(isobutyric acid/ammonia/water, 660/17/330) (Zheng and

Ashihara 2004)was used. Spots corresponding to nicotinic
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acid and nicotinamide, and to NMN and NaMN, were

clearly separated, and NADP was separated from other

compounds including NAD by this system. We used this

solvent systemwhenever itwas necessary to separate these
compounds. The TLC profiles shown in Fig. 2 were

obtained from the methanol-soluble metabolites from

Arabidopsis leaves. In addition to spots representing

NADP, NAD, NaMN, NMN, Na-Glc, trigonelline, nico-

tinic acid and nicotinamide, a spot of unknowncompound

wasobserved inTLCwith solvent I. This compoundmaybe

a metabolite unique to A. thaliana, since this spot is not

observed in extracts from other plant materials.

Metabolism of [14C]nicotinamide in
Arabidopsis thaliana

Fig. 3 shows the metabolic fate of 14C at 18 h after

administration of [carbonyl-14C]nicotinamide in 50-day-

old leaves (A) and 20-day-old cultured cells (B) of

A. thaliana accession Columbia. In the leaves, radioac-

tivity was found in the NAD/NADP, NaMN/NMN and

Na/N fractions. The results of our preliminary experi-

ments indicated that major components of the latter two
fractions were NMN and nicotinic acid (data not shown).

Only 4.7% of total radioactivity was recovered in Na-Glc

Fig. 2. Separation of 14C-labelled metabolites by TLC. The profiles of
14C-metabolites shown in this figure are from experiments with leaves of

50-day-old Arabidopsis thaliana accession Columbia, grown in a plant

growth room at 22�C, 16:8 h of light : dark cycle. [Carbonyl-14C]-

nicotinamide was administered to the leaf segments and incubated for

4 h. Solvent systems used for TLC are (A) n-butanol/acetic acid/water

(BAW) (4/1/2) and (B) isobutyric acid/ammonia/water (IAW) (660/17/330).

N, nicotinamide; Na, nicotinic acid; Tg, trigonelline.

Fig. 3. Metabolic fate of [14C-carbonyl]nicotinamide in (A) leaves and (B)

cultured cells of Arabidopsis thaliana accession Columbia. The leaves are

the same as those in Fig. 2. Suspension-cultured cells of A. thaliana (T87

strain) obtained fromRIKENwere transferred to 0.7%agar gel containing

Murashige–Skoog medium and were cultured for 20 days in the growth

room. The metabolic fate of 10 mM [carbonyl-14C]nicotinamide (37 kBq)

was analysed at 18 h after administration. Values are expressed as

a percentage of radioactivity taken up by the samples and standard

deviations (n ¼ 4). nd, not detected; N, nicotinamide; Na, nicotinic acid;

Tg, trigonelline.
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and 1.9%was recovered in trigonelline. In cultured cells,

less than 20% of total radioactivity was found in NAD/

NADP, and significant radioactivity was found in nico-

tinic acid and unidentified compounds. Nearly 15% of

radioactivity was recovered in Na-Glc, but no radio-

activity was found in trigonelline.
These results suggest that nicotinamide is readily

converted to nicotinic acid and is salvaged for the NAD

and NADP biosynthesis. Limited amounts of nicotinic

acid are converted to nicotinic acid conjugates. Na-Glc is

formed in both leaves and cultured cells. Very low

biosynthetic activity of trigonelline was detected in

leaves. In contrast to most other plant materials, radio-

activity was recovered in unidentified compound(s) in
A. thaliana, as shown in Fig. 2.

Metabolism of [14C]nicotinamide in rice

We examined the metabolic fate of radioactivity from

[carbonyl-14C]nicotinamide using leaves of 14-day-old

seedlings (Fig. 4A) and 20-day-old cultured cells (Fig. 4B)

of rice. Large amounts of radioactivity were recovered in

trigonelline 18 h after administration of labelled nicotin-

amide in leaves and in culturedcells. Considerable amounts

(25–30%) of radioactivitywere recovered inNAD/NADP,

but little radioactivity was found in Na/N. No radioactiv-
ity was detected in Na-Glc. It follows that nicotinamide is

efficiently used by rice leaves and by cultured rice cells

for the synthesis of NAD and NADPand trigonelline.

Metabolism of [14C]nicotinamide in
Lotus japonicus

The metabolic fate of [14C]nicotinamide in leaves of

seedlings and in cultured cells of L. japonicus is shown in

Fig. 5A, B.Major productswere pyridine nucleotides and

trigonelline in both materials, although more radioactiv-
ity was incorporated into trigonelline than into nucleo-

tides in leaves; the reverse was found in cultured cells.

Metabolism of [14C]nicotinamide was also compared in

nodules, roots and leaves of 1-month-old L. japonicus

plants (Fig. 6A–C). Almost all radioactivity from [14C]-

nicotinamide was recovered in the salvage products

(NAD,NADPandNMN) in nodules (Fig. 6A). In roots and

leaves, however, incorporation of 14C into these salvage
products was only 20% of the total radioactivity (Fig. 6B,

C). In leaves, as in the leaves of seedlings (Fig. 5A), a large

amount of radioactivity was found in trigonelline (Fig. 6

A). These results suggest that, in actively growing and

undifferentiated tissues such as nodules, nicotinamide is

used in the regeneration of NAD and NADP; in other

words, an active pyridine nucleotide cycle (PNC) is

Fig. 4. Metabolic fate of [14C-carbonyl]nicotinamide in (A) leaves and (B)

cultured cells of Oryza sativa. The leaves were taken from 14-day-old rice

seedlings. Suspension-cultured rice cells were obtained from RIKEN and

transferred to 0.7% agar gel containing Murashige–Skoog medium and

were cultured for 20 days at 26�C in the dark. The metabolic fate of

10 mM [carbonyl-14C]nicotinamide (37 kBq) was analysed at 18 h after

administration. Values, standard deviations and abbreviations of com-

pound names are the same as shown in Fig. 3. nd, not detected.
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operating in these tissues. In contrast, in leaves, which are

differentiated tissue, trigonelline synthesis is abundant.

Nicotinamide metabolism in tobacco BY-2 cells

The metabolic fate of [carbonyl-14C]nicotinamide in

N. tabacum is shown in Fig. 7. Almost half of the

radioactivity was found in Na-Glc, and up to 20% of

radioactivity was recovered in the NAD/NADP fraction.

No trigonelline was detected. Essentially, the same

metabolic profile was obtained when [carbonyl-14C]-

nicotinamide was replaced by [carboxyl-14C]nicotinic
acid (data not shown), so that nicotinamide seems to be

easily converted to nicotinic acid and metabolised by the

same routes as [14C]nicotinic acid.

Nicotinamide metabolism in cacao seedlings

We compared nicotinamidemetabolism in different parts

of cacao seedlings (Fig. 8). In leaves, a major product of

[carbonyl-14C]nicotinamide metabolism was trigonel-

line, but in taproots, both trigonelline and Na-Glc were

formed. Conversion of [14C]nicotinamide to salvage

products (NAD, NADP and NMN) was greater in

cotyledons than in other parts.

Survey of trigonelline accumulation in seeds
from various plant species

We surveyed the concentration of trigonelline in seeds of

various plant species; the results are shown in Table 1.

Accumulation of trigonelline took place in Leguminosae
seeds. The highest concentration (58 mM) was found in

Trifolium incarnatum. In the Leguminosae seeds exam-

ined, the lowest value (0.9 mM) was found in L. japoni-

cus. Smaller amounts of trigonelline were also found in

seeds of rye, lettuce, sunflower and tomato.

Nicotinamide metabolism in seedlings grown
from trigonelline-accumulating and
non-trigonelline-accumulating seeds

As shown in Table 1, trigonelline is accumulated in

seeds of certain plant species. In cotyledons and em-

bryonic axes isolated from seedlings of the trigonelline-
accumulating Leguminosae species, clover and alfalfa,

a large amount of radioactivity from [14C]nicotinamide

was found in trigonelline and a lesser amount was

recovered in the salvage products, but no radioactivity

was found in Na-Glc (Fig. 9A, B). In a pair of the first

leaves and the shoot–root axis of the non-trigonelline-

accumulating plant garland chrysanthemum, both trig-

Fig. 5. Metabolic fate of [14C-carbonyl]nicotinamide in (A) leaves and (B)

cultured cells of Lotus japonicus. The leaves were taken from 7-day-old

L. japonicus accession Miyakojima MG-20 seedlings grown in 0.55% agar

gel in a light (18 h)/dark (6 h) cycle at a light intensity of 150 mmol m22 s21

at 22�C. Suspension-cultured L. japonicus cells obtained from RIKEN were

transferred to 0.9% agar gel containing Murashige–Skoog medium and

were cultured for 1 month in the dark at 26�C. The metabolic fate of

10 mM [carbonyl-14C]nicotinamide (37 kBq) was analysed at 18 h after

administration. Values, standard deviations and abbreviations of com-

pound names are the same as shown in Fig. 3. nd, not detected; tr, trace.
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onelline andNa-Glc were formed from [14C]nicotinamide

(Fig. 9C). In contrast, trigonelline alone was produced in

germinating non-trigonelline-accumulating radish seeds

(Fig. 9D).These results suggest that trigonelline-accumulating

seeds have active trigonelline synthetic machinery in

both cotyledons and embryonic axes. Even in non-

trigonelline-accumulating seeds, trigonelline is produced

during germination.

Discussion

In plants, NAD is synthesized from nicotinamide and

nicotinic acid by a salvage pathway that involves

nicotinamidase (EC 3.5.1.19) and nicotinic acid phos-

phoribosyltransferase, but nicotinamide is not directly

converted to pyridine nucleotides (Ashihara et al. 2005,
Katoh and Hashimoto 2004). Therefore, as in coffee

leaves and fruits (Zheng et al. 2004a) and mungbean

seedlings (Zheng et al. 2005), NAD seems to begin

the seven- or eight-component PNC (PNC VII or VIII),

NAD / NMN /NR / N / NA (/NaR) NaMN /
NaAD / NAD in plants. A few putative enzymes of the

cycles have been found in the nucleotide databases of

A. thaliana and rice (Katoh and Hashimoto 2004),
namely nicotinamidase (step 1 in Fig. 1), nicotinate

phosphoribosyl transferase (step 2) and NAD synthetase

(step 4).

The present results suggest that plants may be grouped

into three types according to the synthetic ability of

nicotinic acid conjugates: trigonelline-forming plants

(type I), Na-Glc-forming plants (type II) and plants

forming both conjugates (type III). These differences seem
to be because of the presence or expression of

S-adenosylmethionine : nicotinic acidN-methyltransfer-

ase (step A in Fig. 1) and UDP glucose : nicotinic acid

glucosyltransferase (step B). Although the presence of

enzymes involved in these steps has been reported (Chen

and Wood 2004, Upmeier et al. 1988a, 1988b, Zheng

et al. 2005), no gene has been isolated from any species.

Trigonelline accumulation in plants has been often
reported; in contrast, Na-Glc seems to be only transiently

accumulated (Barz 1985, Zheng et al. 2004a).

Fig. 6. Comparison of the metabolic fate of [14C-carbonyl]nicotinamide in (A) nodules, (B) roots and (C) leaves of 1-month-old Lotus japonicus plants.

The plants were placed under a light : dark cycle of 16:8 h at a light intensity of 150 mmol m22 s21 at 22�C. The metabolic fate of 10 mM

[carbonyl-14C]nicotinamide (37 kBq)was analysed at 18 h after administration. Values, standard deviations and abbreviations of compound names are as

shown in Fig. 3. nd, not detected; tr, trace.

Fig. 7. Metabolic fate of [14C-carbonyl]nicotinamide in cultured cells of

Nicotiana tabacum BY-2. Suspension-cultured cells of tobacco BY-2

obtained from RIKEN were transferred to 0.7% agar gel containing

Murashige–Skoog medium and were cultured for 20 days in the dark at

26�C. The metabolic fate of 10 mM [carbonyl-14C]nicotinamide (37 kBq)

was analysed at 18 h after administration. Values, standard deviations and

abbreviationsof compoundnamesare as shown in Fig. 3. nd, not detected.
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The functions of trigonelline in plants have been

summarized by Minorsky (2002). They include cell cycle

regulation, nodulation, oxidative stress and UV stress,

DNAmethylation, salt stress and nystinasty. However, the

detailed molecular mechanisms are not yet known. The

most plausible and simple function of trigonelline
synthesis from nicotinic acid would be detoxification of

excess nicotinic acid and nicotinamide released from the

NAD cycle in cells. Exogenously supplied nicotinic acid

and nicotinamide inhibited the growth of mungbean

seedlings, but trigonelline has no such effect (Zheng et al.

2005). The role of trigonelline that has accumulated in

seeds is not yet known. In mungbeans, trigonelline was

transported from cotyledons to embryonic axis during
germination but was not used in the salvage synthesis of

NAD (Zheng et al. 2005). Although we could not confirm

the conversion of trigonelline to nicotinic acid in our

plantmaterials, trigonelline demethylating enzyme activ-

ities were reported by Taguchi and Shimabayashi (1983).

In contrast to trigonelline, Na-Glc seems to be easily

metabolized. For example, in roots of tea seedlings, more

than 50% of radioactivity from [carbonyl-14C]nicotina-
mide was recovered in Na-Glc during the first hour, but

the rate of incorporation into Na-Glc was reduced to less

Table 1. Trigonelline contents in seeds

English name Scientific name Family Content (mmol g21 FW)

Clover (Crimson) Trifolium incarnatum Leguminosae 58.0 � 0.5

Coffee Coffea arabica Rubiaceae 52.5 � 0.8

Alfalfa Medicago sativa Leguminosae 12.2 � 1.1

Kidney bean Phaseolus vulgaris Leguminosae 6.2 � 0.7

Mungbean Phaseolus aureus Leguminosae 6.2 � 0.7

Pea (Alaska) Pisum sativum Leguminosae 2.7 � 0.3

Horse bean Canavalia ensiformis Leguminosae 2.2 � 0.3

Soybean Glycine max Leguminosae 1.2 � 0.3

Miyakogusa trefoil Lotus japonicus Leguminosae 0.9 � 0.1

Rye Lolium perenne Gramineae 0.40 � 0.09

Lettuce Lactuca sativa Compositae 0.30 � 0.05

Sunflower Helianthus annuus Compositae 0.09 � 0.06

Rice Oryza sativa Gramineae 0.04 � 0.00

Tomato Lycopersicon esculentum Solanaceae 0.03 � 0.02

Wheat Triticum aestivum Gramineae 0

Maize Zea mays Gramineae 0

Oat Avena sativa Gramineae 0

Big quaking grass Briza maxima Gramineae 0

Stipa Stipa tenuissima Gramineae 0

Peppermint Mentha piperata Labiatae 0

Carrot Daucus carota Umbelliferae 0

Garland chrysanthemum Chrysanthemum coronarium Compositae 0

Radish Raphanus sativus Brassicaceae 0

Indian mustard Brassica juncea Brassicaceae 0

Field pumpkin Cucurbita pepo Cucurbitaceae 0

Cucumber Cucumis sativus Cucurbitaceae 0

Loblolly pine Pinus taeda Pinaceae 0

White spruce Picea glauca Pinaceae 0

Fig. 8. Metabolic fate of [14C-carbonyl]nicotinamide in Theobroma

cacao seedlings. Leaves, upper stem, cotyledons, lower stem, taproot

and lateral rootswere isolated from1-month-old seedlings grown in a pot

under natural conditions. The metabolic fate of 10 mM [carbonyl-14C]ni-

cotinamide (37 kBq) was analysed at 18 h after administration. Values

and standard deviations are as shown in Fig. 3.
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than 15%by the following 17 h (Zheng et al. 2004). In the

present work, the incubation time in most experiments

was 18 h, so that conversion of nicotinamide to Na-Glc

appears to be underestimated.

Based on the present study, we conclude that nicotin-

amide and nicotinic acid are involved in the plant PNC.

Nicotinamidase characterises the unique PNC in plants,

which is distinguishable from the cycle in animals. After

nicotinamide has been converted to nicotinic acid by this

enzyme, it is simultaneously used for the synthesis of

pyridine nucleotides. In plants, the activity of nicotinami-

dase is extremely high (Ashihara et al. 2005, Zheng et al.
2005), so that exogenously supplied nicotinamide is

rapidly deaminated and nicotinic acid is produced. Re-

cently, importance of nicotinamidase for plant NAD sal-

vagewas also arguedbyWang andPichersky (2007). Large

amounts of nicotinic acid are converted to the nicotinic

acid conjugates trigonelline and Na-Glc in plants when

nicotinamide is supplied exogenously. Although we can-

not exclude the possibility that this is caused artificially as
a result of the supplyof excess nicotinamide,plant pyridine

metabolism can be characterized according to the for-

mation of trigonelline and/orNa-Glc. The detailedmetabolic

role of these pyridine conjugates remains to be determined.
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