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Abstract Oats produce a group of secondary metabolites

termed avenanthramides (avn). These compounds are bio-

synthesized through the action of the enzyme hydroxy-

cinnamoyl CoA: hydroxyanthranilate N-hydroxycinnamoyl

transferase (HHT) which catalyzes the condensation of one

of several cinnamate CoA thioesters with the amine func-

tionality of anthranilic acid, 4-hydroxy- or 5-hydroxy-

anthranilic acid. In oat leaf tissue the biosynthesis of

avenanthramides appears to result from elicitation by fun-

gal infection. Here we demonstrate the biosynthesis of

several avenanthramides in suspension cultures of oat

apical meristem callus tissue. This phenomenon appears as

a generalized pathogen response, evidenced by the pro-

duction of PR-1 mRNA, in response to elicitation with

chitin (poly-N-acetyl glucosamine). The suspension cul-

tures also produce relatively large quantities of avnA and G

in response to chitin elicitation. Under certain culture

conditions avnB and C are also produced as well as three

additional metabolites tentatively identified as avnH, O and

R. These findings portend the utility of oat suspension

culture as a tool for more detailed investigation of the

mechanisms triggering their biosynthesis as well as the

factors dictating the particular types of avenanthramides

biosynthesized.
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Introduction

Phenolic antioxidants, termed avenanthramides, are, among

the cereals, produced exclusively in oat. Avenanthramides

have also been found in butterfly eggs (Blaakmeer et al. 1994a,

b) and in carnation (Dianthus caryophyllus) (Ponchet et al.

1988). These metabolites are conjugates of a phenylpropanoid

with an anthranilic acid (or hydroxylated anthranilic acid)

moiety. The final reaction in their biosynthesis is catalyzed

by the enzyme hydroxycinnamoyl-CoA:hydroxyanthranilate

N-hydroxycinnamoyltransferase (HHT) (Ishihara et al. 1997,

1999a) (Fig. 1). There are at least twenty-five structural vari-

eties of avenanthramides found in oat (Collins 1989);

however, the three forms typically found in greatest

abundance in the grain are avenanthramide (avn) A, B,

and C (Collins 1989), corresponding to: N-(40-hydroxy-(E)-

cinnamoyl)-5-hydroxyanthranilic, N-(40-hydroxy-30-methoxy-

(E)-cinnamoyl)-5-hydroxyanthranilic acid, and N-(30,
40-dihydroxy-(E)-cinnamoyl)-5-hydroxyanthranilic acid,

respectively. Avenanthramides possess potent antioxidant

activity in vitro (Bratt et al. 2003; Dimberg et al. 1993;

Peterson et al. 2002) and antifungal properties (Mayama

et al. 1982). Recently, avnC was demonstrated to be effective

in reducing muscle inflammation in exercise stressed rats (Ji

et al. 2003). In experiments using in vitro cell culture

models for atherosclerosis development, avnC demon-

strated potent inhibition of vascular smooth muscle cell

proliferation (Liu et al. 2004; Nie et al. 2006b), a hallmark

of atherosclerosis. These effects appear to be mediated

through inhibition of certain protein phosphorylations

necessary for cell cycle progression (Nie et al. 2006a). The

anti-irritant properties ascribed in folklore to oatmeal sal-

ves have been shown to result primarily from the

avenanthramide component (Vollhardt et al. 2000).

M. L. Wise (&) � R. W. Skadsen

USDA, ARS, Cereal Crops Research Unit, 502 Walnut St.,

Madison, WI 53726, USA

e-mail: mlwise@wisc.edu

H. K. Sreenath � H. F. Kaeppler

Department of Agronomy, University of Wisconsin,

1575 Linden Dr., Madison, WI 53706, USA

123

Plant Cell Tiss Organ Cult (2009) 97:81–90

DOI 10.1007/s11240-009-9501-6



Quantitative analysis of avenanthramides in oat grain

shows a wide range of concentrations in various genotypes

and growing environments. In Swedish cultivars, concen-

trations in groats ranged between 25–47 mg/kg (avnA),

21–43 mg/kg (avnB), and 28–62 mg/kg (avnC) (Dimberg

et al. 1996). The same avenanthramides were found in 80%

ethanol extracts from oat grown in Wisconsin, along with

additional putative avenanthramides in minor amounts that

were not identified (Emmons et al. 1999). Significant dif-

ferences between cultivars and growing environments were

also observed in the Wisconsin grown oats (Emmons and

Peterson 2001). Thus, avenanthramides are found consti-

tutively in oat groats (albeit with dynamic metabolic

profiles) but only at very low concentrations in healthy leaf

tissue (Peterson and Dimberg, unpublished data). Biosyn-

thesis of avenanthramides in leaf tissue occurs in response

to fungal pathogens or chemical elicitors (Ishihara et al.

1998, 1999b). Genes encoding HHT have recently been

cloned and sequenced and appear to exist as at least four

isozymes (Yang et al. 2004).

To further investigate factors affecting the biosynthesis of

avenanthramides we have developed a suspension culture

system responsive to elicitation by crab shell chitin. These

cultured cells produce and secrete avnA (N-(40-hydroxy-(E)-

cinnamoyl)-5-hydroxyanthranilic acid) as well as avnG

(N-(40-hydroxy-(E)-cinnamoyl)-4-hydroxyanthranilic acid),

in response to elicitation (Fig. 2). They also demonstrate a

generalized pathogen response as evidenced by the produc-

tion of pathogen related-1 (PR-1) mRNA. Here we describe

the time course of avenanthramide biosynthesis as well as the

production of HHT mRNA, HHT enzyme activity and the

PR-1 mRNA in oat cell cultures, subsequent to elicitation by

chitin.

Methods

Cell culture

Suspension cultures were initiated from callus obtained

from the shoot apical meristem of germinating oat (Avena

sativa) cv ‘Belle’ (Forsberg et al. 1999). After sterilization

with a 10% solution of chlorox the dehulled groats were

imbibed in sterile water for several hours and then allowed

to germinate for 2 days. When the emerging coleoptiles

reached 4–10 mm in length the shoot apical meristem tis-

sue was cut into approximately 1 mm length sections. The

explant meristem was placed on solid (0.2% phytogel)

Fig. 1 Reaction catalyzed by hydroxycinnamoyl-CoA:hydroxyanth-

ranilate N-hydroxycinnamoyltransferase (HHT) the final step in

avenanthramide biosynthesis. A Coenzyme A activated phenylprop-

anoid (p-coumaric, ferulic, or caffeic acid) is conjugated to 5-hydroxy

(or 4-hydroxy-) anthranilic acid to form avn A, B, C, G or H or with a

Coenzyme A activated avenalumic acid to form avn O and R

Fig. 2 Overlaid HPLC chromatograms monitored by UV adsorption

at 340 nm of ethyl acetate extracted media 12 h after elicitation with

0.1 mg/ml chitin (solid) and unelicited callus (dashed). The peaks

labeled 1, 2 and 3 had retention times and UV spectra identical to

authentic standards of avn C, A and B, respectively. Peak 4 is

identified as AvnG (see methods). Peak 5 is unidentified. Both

chromatograms are set to the same vertical scale and are slightly

offset
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Murashige and Skoog (1962) media (MS), in the dark, for

14 days before transfer to fresh solid media. The callus used in

these experiments was subcultured multiple times on solid

media. For liquid cultures a minimum of 1.0 g callus was

transferred to 25 ml of MS media (MP Biomedicals

#2623020) containing: 2 mg/l (4.5 lM) 2,4D (2,4 dic-

hlorophenoxyacetate), 100 mg/l myo-inositol, 2% (w/v)

sucrose, and 150 mg/l L-asparagine with 750 ll/l PPM (plant

preservative mixture, Plant Cell Technology, (5-chloro-2-

methyl-3(2H)-isothiazolone and 2-methyl-3(2H)-isothiazo-

lone active ingredients)), in a 125 ml Erlenmeyer flask and

grown an additional 2 weeks at 23�C, shaking at 110 RPM in

the dark. Liquid cultures were sub-cultured twice before use.

Cultures were induced with sterile chitin at 0.25 mg/ml

(unless otherwise stated) by adding an appropriate volume

of a sterile suspension of 50 mg/ml chitin in water.

Control cultures were treated with an equal volume of sterile

H2O.

Effect of time in liquid media on avenanthramide

production

In these experiments approximately 2.0 g of tissue was

transferred from solid MS media to 25 ml of liquid MS

media with PPM. The tissues were conditioned in the

fresh media for 24, 48, or 72 h prior to elicitation with

100 lg/ml chitin by adding 50 ll of a sterile 50 mg/ml

suspension of chitin. Each treatment was performed in

triplicate and media was extracted at 24, 48, and 72 h after

elicitation. Control cultures received 50 ll sterile water

instead of the chitin solution.

Avenanthramide analysis

Approximately 0.5 ml 1 M HCl was added to the media

which was then extracted three times with an equivalent

volume of ethyl acetate. The organic phase was pooled,

reduced under vacuum (rotoevaporated) and resuspended

in MeOH. The methanolic extract was filtered through a

0.22 lm filter, reduced to dryness then resuspended in

0.5 ml MeOH. This fraction was analyzed by HPLC on a

4.6 9 50 mm C-18 column using a diode array spectro-

photometer detector (Shimadzu 10A). The mobile phase

consisted of buffer A: H20 with 5% acetonitrile and 0.1%

formic acid and buffer B: acetonitrile with 0.1% formic

acid. A gradient of 13 to 30% B over 20 min at a flow rate

of 1.0 ml/min was employed. The peaks corresponding to

avnA, B, and C were quantified by comparison of the peak

area to standard curves developed using the corresponding

authentic, synthesized avenanthramides. The avnG was

estimated by comparison of peak areas with the standard

curve of avnA. Avenanthramides were extracted from the

oat tissue by grinding 0.5–1.0 g (wet weight) with a hand

held Polytron for approximately 1 min. The ground tissue

was resuspended in 10 ml 80% EtOH and shaken in a

water bath at 50�C for 20 min. The tissue was pelleted by

low speed centrifugation and the 80% EtOH supernatant

decanted. The tissue was extracted twice more in the same

manner and the supernatants pooled, reduced to dryness

under vacuum (rotovap). The residue was resuspended in

2–3 ml MeOH, filtered through a 0.22 lm filter reduced to

dryness, resuspended in 0.5 ml MeOH and stored at -20�C

until analyzed by HPLC or LC-MS. LC-MS analysis was

performed on an Agilent 1100 liquid chromatography

system with a 1946 series ion-trap mass spectrometer. A

2.1 9 30 mm C-18 column (Zorbax SB-C18, Agilent) was

employed with the same solvent system as above at a flow of

0.2 ml/min. Detection was made by diode array spectrom-

etry monitoring absorbance at 280 and 330 nm and by ion-

trap mass spectrometry. Electrospray ionization parameters

were as follows: nebulizer gas (N2) 30 psi, dry gas flow at

8.0 l/min at 350�C with a capillary voltage set at 3,500 V.

The ion trap was operated in the positive mode, scanning

from m/z 100–1,000 at 13,000 m/z sec-1.

Isolation and NMR analysis of avnG

The media and tissue extracts from the elicitation time

course experiments were pooled, concentrated under vac-

uum and separated on a 10 9 250 mm C-18 column

(Beckman ultrasphere) using an isocratic solvent of 30%

acetonitrile in water with 0.1% formic acid at 3.0 ml/min.

The eluent corresponding to avnG was collected, pooled,

extracted into ethyl acetate, dried under vacuum and

resuspended in CD3OD for NMR analysis. NMR analysis

was performed on a Varian Unity Inova 800 MHz instru-

ment. 1H NMR: d 6.48 (1H, dd, J = 8.8, 2.4 Hz), 6.54 (1H,

d, J = 16.0 Hz), 6.81 (1H, d, J = 8.8 Hz), 7.49 (2H, d,

J = 8.8 Hz), 7.56 (1H, d, 16.0 Hz), 7.94 (1H, d, J =

8.8 Hz), 8.15 (1H, d, J = 2.4 Hz). (Note that in the original

description of avnG (Miyagawa et al. 1996b) the coupling

constants for the signals at d 6.48 and 6.54 were inadver-

tently reversed (Miyagawa, personal communication)).

HHT activity

Between 0.5 and 1.0 g of tissue was homogenized with a

Brinkman homogenizer in 2 ml of 100 mM BisTris buffer

at pH 7.2 with 2 mM DTT. The homogenate was centri-

fuged at 12,000g for 25 min and the supernatant recovered.

Protein concentration was determined by the Bradford

method using BSA as a standard. HHT enzyme activity

was determined by reacting 10 ll the protein extract with

10 ll of 10 mM 5-hydroxy-anthranilic acid in DMSO and

50 ll of 2.5 mM coumaryl CoA in H2O for 50 min at 30�C

in 30 ll BisTris (100 mM, pH 7.2) and 2 mM DTT, total
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reaction volume 100 ll. The reaction was initiated by

adding the protein extract and stopped by adding 20 ll

concentrated (17.4 M) acetic acid. The reaction mixture

was diluted with 0.38 ml MeOH, filtered through 0.22 lM

filter and analyzed by HPLC.

Coumaryl CoA was biosynthesized using a crude buf-

fer extract of corn rind as a source for 4-coumaryl CoA

ligase (4-CL). Approximately 50 g of corn rind was

ground to a fine power in liquid N2 using a stainless steel

Waring blender. The powdered rind was dissolved in

100 ml of MOPS (200 mM with 15% glycerol, 10 mM

MgCl2 and 1 mM dithiothreitol), stirred at room temper-

ature for 2 h then filtered through cheesecloth and

centrifuged for 15 min at 25,000g. A 50 ml portion of the

supernatant was added to a flask containing 200 ml

MOPS buffer, pH 7.5 with 15% glycerol, 14 mg p-cou-

maric acid, 35 mg Coenzyme A and 300 mg ATP (final

concentrations of 0.4 mM, 0.2 mM and 2.5 mM, respec-

tively) and incubated at 30�C for approximately 2.5 h

(until the UV absorbance at 333 nm no longer increased).

The reaction solution was passed through a 12 ml (2 g)

C-18 solid phase extraction column pre-equilibrated with

50 mM MOPS, pH 7.5 and washed with 6 volumes of

buffer followed by 1 volume de-ionized (MilliQ) H2O. The

coumaryl CoA was eluted with 1 volume of MeOH. The

MeOH was rotovaped to near dryness and the coumaryl

CoA was resuspended in H2O acidified to pH 4.0 with HCl

to a final concentration of 2.5 mM (approximately 5 ml)

based on the UV absorbance at 333 nm and a molar

extinction coefficient of 21,000 l (mol-cm)-1 (Stockgit and

Zenk 1975).

mRNA hybridization analysis

Total RNA was isolated from cells elicited with chitin for

18 h, using Triazol (Ambion) according to the vendors

instructions. The polyA RNA (mRNA) was extracted from

total RNA with a Poly(A) Purist kit (Ambion). cDNA was

then generated using Superscript II reverse transcriptase

(Invitrogen). A 523 base pair (bp) fragment of HHT cor-

responding to nucleotides 352 to 874 of AsHHT2

(GeneBank accession #AB076981; (Yang et al. 2004)) was

amplified from cDNA isolated from induced tissue using

primers HHTF3: 50-TGGTGCCCTTCTACCCGATG-30

(forward) and HHTR3: 50-GCGGGACAGCTTGAAGAT

GTC-30 (reverse). This fragment was cloned into Topo TA,

sequenced and termed pHHT1F3R3. Plasmid pHHT1F3R3

was digested with EcoRI and the HHT coding insert gel

purified on agarose and used as template to generate a 32P

labeled probe by random hexamer priming with 32P dCTA

using standard methods (Sambrook et al. 1989).

The 454 bp barley PR-1 sequence (GenBank Accession

Z21494) was previously cloned by PCR and represents

most of the transcript sequence (Federico et al. 2006).

Probe synthesis, RNA blot probing and washing were done

according to Sambrook et al. (1989). The hybridization and

wash temperature for PR-1 was 55�C. Blots were initially

probed with HHT, stripped, and then re-probed with the

PR-1 probe.

Time course of avenanthramide biosynthesis

Total RNA was isolated from tissue at the indicated times

post induction as described above. The RNA from triplicate

cultures at each time point was pooled and an aliquot

(*5 lg) was electrophoresed on a 1.35% formaldehyde

denaturing agarose gel (1.5%) at 15 V overnight. The RNA

was transferred to a nylon membrane and probed for HHT

mRNA using a 32P labeled probe as described above by

standard methods (Sambrook et al. 1989).

Results

Chitin elicitation of avenanthramide biosynthesis

In our preliminary experiments we found that oat callus

tissue, suspended in liquid media, biosynthesized sub-

stantial quantities of avnA and G in response to treatment

with crab shell chitin. Media extracts from chitin elicited

cultures yielded maximal quantities of avnA and G 12–

24 h after induction. The production of avnA and G was

monitored by growing cultures in triplicate for time points

(0, 6, 12, 24, 48, and 96 h) subsequent to chitin elicitation.

Both tissue and media from these cultures were extracted

separately for avenanthramide quantitation. The concen-

tration of extractable avnA in the media increased from

4.6 ± 0.8 lg/g tissue immediately after adding chitin to

62 ± 20 lg/g tissue (wet weight) at 24 h, after which

concentrations dropped to 7.9 ± 2.8 lg/g tissue at 48 h

and 3.1 ± 2.0 lg/g at 96 h. Similarly avnG increased from

8.6 ± 3.7 lg/g tissue immediately after adding chitin to a

maximum of 105 ± 18.6 lg/g at 12 h after elicitation.

AvnG levels then dropped to 80.7 ± 13.1 lg/g at 24 h and

finally to 3.32 ± 1.7 lg/g tissue at 96 h (Fig. 3a). A sim-

ilar pattern of avnA and G production was observed in the

oat tissue extracts. Starting from an undetectable level

immediately after adding chitin, avnA levels reached a

maximum concentration of 51.1 ± 7.2 lg/g tissue (wet

weight) at 24 h, with the concentration decreasing to

24.3 ± 3.7 lg/g tissue at 48 h then to 8.5 ± 2.1 lg/g

tissue at 96 h. AvnG increased from an undetectable level

at time 0 to 172 ± 23.2 lg/g tissue at 24 h, then decreased
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to 15.3 ± 4.0 by 96 h (Fig. 3b). Analysis of the media

extracts by LC-MS did not reveal a concurrent increase in

either p-coumaric acid or 5-hydroxy-anthranilic acid (data

not shown). Thus, this apparent disappearance of avnA

does not result from hydrolysis of the pseudo peptide bond

linking the phenolic moieties.

Time course of HHT induction

Aliquots of the tissue harvested at 0, 6, 12, 24, 48, and 96 h

were analyzed by RNA hybridization (Northern) analysis

using a 32P-labeled HHT fragment (see Methods). Although

a trace of mRNA is discernable in some of the un-elicited

control lanes, a dramatic increase in HHT mRNA levels

occurs at 6 h after elicitation and reaches a maximum at

24 h (Fig. 4b). The level of HHT mRNA remained elevated

for the duration of the experiment. Assay of HHT enzyme

activity also shows a pronounced increase from elicitation

to 12 h post-induction, followed by a transient decrease at

24 h, then returns to an elevated level where it remains until

the end of the experiment at 96 h (Fig. 5).

Time course of PR-1 induction

Messenger RNA levels of the pathogenesis-related protein

gene PR-1 were noticeably elevated by 6 h after elicitor

treatment and continued to rise until 48 h, then declined

slightly by 96 h (Fig. 4c). PR-1 and HHT mRNA levels

increased at similar rates, although HHT continued to

increase after 48 h.

PR-1 is a gene associated with pathogen induced defense

mechanisms such as systemic acquired resistance (SAR)

(van Loon et al. 2006). In our experience PR-1 is a slow-

acting gene that produces substantial transcript levels

24–72 h after infection of barley with Fusarium graminea-

rum (Federico et al. 2006). Similar results are also seen in

Arabidopsis inoculated with Pseudomonas syringae (Spoel

et al. 2003). Elevated salicylic acid (SA) levels commonly

follow pathogen infection and these appear to induce

increases of pathogenesis related proteins, including PR-1

(Lawton et al. 1995; Malamy et al. 1990). Application of SA

through root feeding also induced expression of PR-1 in

barley leaves 48 h after treatment (Federico et al. 2005). The

up-regulation of a PR-1 like gene suggests a general defense

response to a perceived pathogen attack. This, in addition to

avenanthramide biosynthesis, demonstrates a capability of

this callus tissue for a complex pathogen defense response.

We have yet to examine the role for salicylic acid in elici-

tation of avenanthramide biosynthesis.

Effect of cell time in liquid media on avenanthramide

production

In the previous experiment the callus was conditioned in

fresh media for seven days prior to elicitation. We found

that transfer of callus tissue from solid media to liquid

media resulted in secretion of additional avenanthramides

(avnB and C), albeit at relatively low levels (1–10 lg/g

tissue). We examined the effect of time in fresh media,

Fig. 3 Avenanthramide A (d) and G (j) concentration in the media

extracts (a) and tissue extracts (b) at the indicated time points after

elicitation with chitin. Un-elicited control cultures showed no

detectable avenanthramides (m). Concentrations are represented as

lg Avn/g tissue (wet weight). Each point represents the mean of

triplicate cultures, bars represent standard error

Fig. 4 Northern blot analysis of HHT mRNA. Total RNA isolated

from triplicate suspension cultures at the indicated times after

elicitation with chitin. I = induced cells, C = control (un-induced)

cells. Panel A is the ethidium bromide stained 18S ribosomal

band (to assess RNA loading), panel B is the 32P labeled HHT

fragment hybridization, panel C is the 32P labeled barley PR-1 cDNA

hybridization
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prior to elicitation, on the quantities and profiles of aven-

anthramides biosynthesized. Approximately 2.0 g of callus

tissue was transferred from solid media to 25 ml of liquid

MS media and allowed to condition 24, 48, and 72 h in the

media before eliciting with chitin. Due to limitations of

culture facilities we only provided un-elicited controls for

the 24/24, 48/48, and 72/72 (conditioning time/post-elici-

tation time) time points (Table 1). Nevertheless, these

control cultures illustrate that low, but detectable levels of

all four avenanthramides were present in the media without

elicitation and that the avenanthramide levels universally

diminished under all treatment regimes (in both elicited

and un-elicited cultures). Least significant difference

(LSD) analysis showed that, at the 95% confidence level,

avnA and G were strongly elicited at 24 h after chitin

treatment in all three conditioning regimes (Table 1).

AvnB concentrations were not significantly elevated rela-

tive to the un-elicited control in the cultures conditioned

for 24 h in fresh media, however, in the cultures condi-

tioned for 48 and 72 h prior to elicitation there was a

statistically significant increase in avnB levels relative to

the corresponding un-elicited controls. AvnC concentra-

tions were also significantly elevated relative to the un-

elicited controls in all three treatments regimes. However,

the levels of avnA and G were dramatically higher than

those of the other two avenanthramides. The rate at which

the avenanthramides disappeared from the media extracts

appears to accelerate with longer conditioning of the callus

in the liquid media. Cultures conditioned in fresh liquid

media for 24 or 48 h prior to elicitation showed the highest

concentrations of avnA and G in the media whereas the

cultures conditioned for 72 h had diminished levels of

secreted avenanthramide and also showed a more rapid

clearing of the avenanthramides from the media. Whether

this represents a reduced rate of biosynthesis or an

enhanced rate of removal is unclear.

LC-MS analysis of the media extracts from these

experiments revealed at least three additional peaks sug-

gestive of avenanthramides. Their UV and mass spectra are

consistant with those of avnH (N-(40-hydroxy-30-methoxy-

(E)-cinnamoyl)-4-hydroxyanthranilic acid), avnO (N[5-(40-
hydroxyphenyl)-(2E,4E)-2,4-pentadienoyl]-5-hydroxy anthra-

nilic acid) and avnR (N[5-(40-hydroxyphenyl)-(2E,4E)-2,

4-pentadienoyl]-4-hydroxy anthranilic acid). From these

experiments it is clear that the profile and dynamics of

avenanthramide production are affected by the age of the

cells and their time in liquid culture.

Growth rate of suspension cultures

Callus cultured in liquid media was transferred to fresh

media at 9–12 day intervals for 45 days and wet weights

were determined at each transfer. Two distinct phenotypes

were observed; we termed these ‘‘friable’’ and ‘‘aggregate’’.

To determine wet weight the cultures were transferred from

their Erlenmeyer flasks to sterile 50 ml Falcon tubes and the

large clumps of aggregate tissue allowed to rapidly settle to

the bottom of the tube. The friable tissue readily sloughed

off the more solid aggregate tissue and remained well dis-

persed in the culture media. These dispersed cell types were

isolated and cultured separately. The aggregate tissue was

thoroughly drained of media, weighed, and then transferred

to fresh media for continued growth. In six replicate cul-

tures the average wet weights were 1.81 ± 0.31, 1.85 ±

0.14, 2.24 ± 0.17, 2.61 ± 0.44, and 4.47 ± 0.29 (g ± std

dev) at 0, 10, 19, 31, and 42 days, respectively. With suc-

cessive sub-cultures the relative amount of friable tissue

declined, as determined by visual observation. Thus the

increased rate in tissue weight gain between day 35 and 45

almost exclusively reflects the increase in the aggregate

tissue (Fig. 6).

In a separate experiment we treated cultures of isolated,

finely dispersed (friable) tissue with chitin. Although low

levels of avnA and G were produced, no dramatic spike in

biosynthesis was observed as with the ‘‘aggregate’’ tissue.

The friable tissue cells did not stain with Evans blue, hence

appeared to be alive and metabolically active. Thus, the

phenotypically different cells are also metabolically dis-

tinct. One possibility is that the ‘‘aggregate’’ cells are more

highly lignified, which might account for their increased

response to chitin elicitation, i.e., they are metabolically

equipped to biosynthesize the precursors of avenanthra-

mides. More detailed experiments on the extent of

lignification, optimal age and culture conditions for aven-

anthramide production are being pursued.

Fig. 5 HHT activity of crude protein extracts from suspension

cultures at indicated times after elicitation with chitin. Each point

represents the mean of two assays performed on each of three cultures

at each time point. Induced (d), uninduced (m), bars represent the

standard error
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Identification of avenanthramides G and putative

H, O, and R

Analysis of ethyl acetate extracts from the media of chitin

elicited cultures revealed a prominent peak (peak 4), in

addition to the avnA peak (peak 2), in the UV chromatogram

(Fig. 2). By LC-MS analysis this peak had a retention time

of 8.8 min, whereas the peak corresponding to avnA eluted

at 7.6 min. Mass spectra of the metabolite showed a pseudo-

molecular ion [M ? H]? with m/z 300; this ion fragmented

to yield a daughter ion [M2]? = 147, putatively the acyl

carbocation of p-coumarate. These parent and daughter ions

are identical to avnA. The NMR data of the HPLC purified

compound has a 1H spectra essentially identical to that

reported for avnG (Miyagawa et al. 1996b). The retention

time relative to avnA, the diode array spectra, the mass

spectra, and the NMR spectra provide convincing evidence

that this compound corresponds to avnG (N-(40-hydroxy)-

(E)-cinnamoyl)-4-hydroxyanthranilic acid), i.e., the isomer

of avnA with the hydroxyl group at the 4 position of the

anthranilic acid moiety.

Likewise, in the experiments to determined the effect of

time in liquid media some of media extracts from the chitin

elicited cultures included a small peak on the total ion

chromatogram with a retention time of 9.4 min having a

pseudo-molecular ion [M ? H]? with m/z 330 and a

daughter ion [M2]? = 177, putatively the acyl carbocation

of ferulate. These ions are identical to avnB, however, the

longer HPLC retention time (9.4 min vs. 8.3 min for avnB)

suggests that it is the avenanthramide isomer containing

Table 1 Avenanthramide A, B, C and G concentrations extracted from the media of oat callus cultures that were transferred from solid to liquid

media for 24, 48, or 72 h before elicitation (left column)

Avenanthramide concentration lg/g tissue (±S.E.)

Time cells conditioned in fresh media (h) Un-elicited Time after elicitation

24 h 48 h 72 h

AvnA

24 9.9 ± 2.7 88.7 ± 21 71.4 ± 12 26.8 ± 9.5

48 0.4 ± 0.06 75.6 ± 22 51.7 ± 21 7.8 ± 3.8

72 0.2 ± 0.02 32.5 ± 4.2 6.0 ± 1.0 1.8 ± 0.75

AvnB

24 3.2 ± 1.8 9.8 ± 3.7 4.0 ± 0.6 2.9 ± 0.3

48 0.4 ± 0.04 5.7 ± 1.5 4.0 ± 1.1 1.7 ± 0.60

72 0.2 ± 0.12 5.0 ± 0.5 2.6 ± 0.6 1.2 ± 0.3

AvnC

24 0.8 ± 0.01 2.4 ± 0.2 3.7 ± 0.8 1.7 ± 0.4

48 nd 5.1 ± 0.9 3.8 ± 1.2 1.0 ± 0.3

72 nd 4.1 ± 0.3 2.6 ± 0.7 0.7 ± 0.1

AvnG

24 0.4 ± 0.06 74.5 ± 6.5 110.8 ± 10 69.7 ± 11

48 1.0 ± 0.3 23.7 ± 6.4 21.1 ± 7.6 3.2 ± 1.2

72 0.3 ± 0.06 12.8 ± 2.1 2.1 ± 0.3 1.2 ± 0.3

Media was extracted from separate cultures (in triplicate) at 24, 48, and 72 h after elicitation (three right most columns). The un-elicited cells

were treated with sterile water rather than chitin. The left column indicates the time the un-elicited cells were conditioned prior to mock

elicitation and the time after which the media was extracted for avenanthramides, i.e., the un-elicited value to the right of 24 indicates the cells

were conditioned for 24 h then mock elicited for 24 h

nd = not detected

Fig. 6 Weight gain of callus tissue in liquid media. Points represent

average weight of five replicate 50 ml cultures at approximately

10 day intervals. Error bars represent standard error
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4-hydroxy anthranilic acid, avnH (Collins and Mullin

1988). Two additional peaks eluting at 10.0 and 11.2 min

both showed pseudo-molecular ions [M ? H]? with m/z

326 and daughter ion [M2]? = 173. They also display UV

maxima at 340–350 nm. These data are consistent with the

structures of avenanthramide O and the 4-hydroxy

anthranilic acid homolog avenanthramide R (Collins and

Paton 1992). (Note that avnO has also been termed avnL by

Miyagawa et al. (1995)). So far we have been unable to

isolate sufficient material to confirm their identity by NMR

analysis.

Discussion

Chitin, poly-N-acetyl-b-glucosamine, is a component of

fungal cell walls. Plants are known to respond to oligo-

meric chitin by expressing a variety of defense mechanisms

including the biosynthesis of phytoalexins (anti-microbial

secondary metabolites) (Ren and West 1992; Ryan 1987).

In these experiments we demonstrate that the biosynthesis

of avnA and G is up-regulated in response to treatment

with crab shell chitin. Interestingly, the avenanthramide

concentration in both the media and the tissue reaches a

maximum at 24 h (avnG reached its maximum in the media

at 12 h) but declines precipitously thereafter. We have not,

as yet, determined the metabolic fate of this metabolite.

Note that the amount of avenanthramide, as a function of

tissue wet weight, was comparable in both the media and

the tissue, suggesting facile transport of these metabolites

across the cell membrane.

Okazaki and co-workers, using whole oat leaves floated

on solutions of partially deacylated chitin (chitosan) as

elicitor, conducted an incisive investigation of the bio-

synthesis and metabolism of avenanthramides (Okazaki

et al. 2004). They demonstrated that avenanthramides were

secreted into the surrounding solution and that, as observed

in our suspension cultures, they also disappeared. The

dynamics of avenanthramide biosynthesis and disappear-

ance in the suspension cultures were similar to those

observed by Okazaki but with some notable differences.

Okazaki found avnB to be the most rapidly biosynthesized

avenanthramide, its maximum rate of biosynthesis was

reached at 24 h subsequent to elicitation after which

the rate of biosynthesis slowly declined until the end of the

experiment at 96 h. The maximum concentration in the

elicitor solution was attained at 72 h after elicitation.

Okazaki et al. also found that avnA biosynthesis was up-

regulated for the first 24–48 h after elicitation but appeared

to cease thereafter. Both metabolites were rapidly metab-

olized. This is in contrast to previous work by Ishihara

et al. (1999b) who found that when whole leaves were

elicited with chitin avnA was the major form of

avenanthramide to incorporate radio-labeled precursors or

to be secreted into the elicitor solution (Ishihara et al.

1999a); avnB was the other major form biosynthesized.

Other avenanthramides (D, G and L) were also produced

but only at levels about 1–10% of the two major forms

(Ishihara et al. 1999a). Moreover, in these experiments,

avnA and avnB appeared to decrease about 48 h after

elicitation, this decline was more gradual than those

observed with the suspension cultures or those described by

Okazaki et al. The more complex structure and vasculature

of leaf tissue relative to callus might account for the altered

dynamics of avenanthramide secretion to the surrounding

environment.

The dynamics of avnA and B biosynthesis in the sus-

pension cultures contrasts with those described by Okazaki

et al. (2004) where the biosynthesis of avnA completely

stops after about 24 h and the biosynthesis of avnB steadily

decreases from its maximum at 24 h until 72 h. Ishihara

found that HHT activity in chitin elicited leaves reached a

maximum at 12 h after elicitation then dropped to about half

maximum at 24 h and remained there until the end of the

experiment at 60 h post elicitation (Ishihara et al. 1998).

Why we observe the loss of avenanthramide from tissue

and media over time is not clear. The avenanthramides are

relatively stable at pH 4.0–6.0 (Collins 1989; Dimberg et al.

2001); we found little or no loss of avnA when synthetic

avnA was incubated for up to 96 h in MS media alone (data

not shown). Okazaki et al. (2004), based on data from

feeding radio-labeled avnB to elicited leaves, suggested that

some of the radioactivity was bound, through saponifiable

bonds, to components of the cell walls. In addition, some of

the radio-labeled avnB was converted to dimers and de-

hydrodimers found in the elicitor solution. We have not

observed any ethyl acetate extractable products either from

media or tissue suggesting dimerization of the avnA or

avnB. We have not attempted saponification of the callus

tissue, but the evidence to date indicates that it is exclusively

avnB that is dimerized (Okazaki et al. 2007) or incorportated

into cell walls (Okazaki et al. 2004). We observe very little

avnB in our cultured cells .

Elicitation of leaves from oat cultivars carrying the Pc-2

gene with victorin (a peptide toxin produced by Cochlio-

bolus victoriae), as well as certain heavy metals, results in

significant production of avnG (Ishihara et al. 1997;

Miyagawa et al. 1996a, b). Although it is unknown if cv

Belle, the source of callus tissue used in our experiments,

carries this gene, cv Victoria, a source for Pc-2, is in its

breeding line (Forsberg et al. 1999). Thus, the high levels

of both avnA and G (but not avnB) produced in response to

chitin elicitation is novel to this suspension culture system.

Plant suspension cultures may serve two principal pur-

poses. They offer a possibility to produce metabolites of

interest, often in a relatively non-contaminated background
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and they can provide a vehicle with which to investigate

the metabolic pathways and basic physiology of the plant.

The shoot apical meristem callus tissue employed in these

experiments responds to chitin elicitation by up-regulating

the biosynthesis of avnA and G. This contrasts with studies

using whole leaves in which avnA or B are the principal

forms elicited. These cultures also appear to biosynthesize

a broad suite of avenanthramides under appropriate culture

conditions. The system described here offers an opportu-

nity to more closely investigate the signaling pathways and

the role of the various isozymes involved in avenanthra-

mide production and to the general defense response of oat

to chitin elicitation. The relatively high expression level of

both avnA and G in response to chitin elicitation is unique

to these cultures. As avnA and G only differ in the

anthranilate hydroxylation position and the likelihood that

other 4-hydroxy anthranilate homologs are produced by

this system, it might provide a useful tool for investigating

the metabolic pathway to these metabolites. We also

believe this system offers the potential to selectively

biosynthesize the individual avenanthramides with low

background contamination.
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