
ABSTRACT 

 

LA HOVARY, CHRISTOPHE. Allelochemicals in Secale cereale: Biosynthesis and 

Molecular Biology of Benzoxazinones. (Under the direction of James D. Burton and David. 

A. Danehower). 

 

 

 One of the benefits of the agricultural use of rye (Secale cereale L.) as a cover crop is the 

suppression of weed growth, by both physical competition and chemical interference through 

the production and release of allelopathic chemicals.  The main allelochemical in rye is the 

benzoxazinone (BX) DIBOA (2,4-dihydroxy-2H-1,4-benzoxazin-3(4H)-one). The 

environmental, physiological, and molecular factors that regulate BX synthesis are not 

understood, nor are the dates or growth stages for maximum BX content.  This research was 

conducted to elucidate 1) the changes in BX allelochemical levels in fall-planted, field-grown 

rye shoot tissue during the growing season in North Carolina; 2) the fundamental patterns of 

BX synthesis in rye shoots and 3) the conditions in which BX synthesis genes are expressed. 

In understanding more fully rye’s natural allelopathic potential, it may be possible to 

optimize the allelochemical content in foliar tissues to coincide with the needs of the farmer. 

 

 Four different rye varieties, two winter and two facultative types were planted in the fall, 

and 0.5 m
2
 plots were harvested at intervals the following spring. Two different measures of 

allelochemical content were taken. Seed germination bioassays were used as an estimate of 

rye allelopathic potential. Dilutions of aqueous extracts from rye tissue were tested using 

perennial ryegrass (Lolium perenne) and pigweed (Amaranthus retroflexus) as indicator 

species to compare the relative toxicity of the tissue harvested at different times during the 



 

 

season. Levels of DIBOA, DIBOA-glycoside and BOA (benzoxazolin-2(3H)-one, the 

degradation product of DIBOA) in rye shoot tissue were also directly determined using a GC 

method. Rye tissue harvested at Julian Date (JD) 37 was the most toxic to both indicator 

species, and the toxicity decreased over time. The total BX concentration of the tissue 

increased from JD 37 to JD 65 and then decreased over time. BX levels and phytotoxicity as 

measured by the bioassay have a similar, but not identical temporal profile. Total BX field 

rate peaked twice, the first time due to maximum BX concentration, the second time due to 

biomass accumulation. 

 

 To understand the fundamental conditions under which rye plants synthesize BX, the 

sequence and expression profile of key pathway genes were determined, as well as the 

concentration of BX in individual leaves of 21 day-old vegetatively growing rye plants. The 

sequences of the genes coding for anthranilate synthase alpha 1 (ASA1), tryptophan synthase 

alpha (TSA), the indole-3-glycerol phosphate lyase Bx1 (Bx1) and the cytochrome P450 

monooxygenase BX2 (Bx2) were obtained.  The rye genes proved to be closely related to 

homologous genes in other Triticeae.  Maximum benzoxazinone levels were measured in the 

youngest tissue, as were the expression levels of genes Bx1 and Bx2.  Bx1 and Bx2 exhibited 

a coordinated, developmentally-responsive expression patterns, which best followed the 

expected profile for biosynthesis of the BX found in the tissue.  In contrast, ASA1 and TSA 

were expressed at a constitutive basal level.  In order to test the inducibility of the BX 

synthesis pathway in rye, the concentration of BX and expression levels of genes ASA1, TSA, 

Bx1 and Bx2 were determined in 21 day-old plants that were treated by wounding or an 



 

 

application of methyl jasmonate.  BX levels increased significantly in both mechanically and 

chemically induced tissue, and the highest response was observed in young tissue.  Gene 

expression, however, did not appear to change following treatment, or the pattern did not 

reflect expectations for the observed changes in BX biosynthesis. 

 

 These results suggest possibilities to increase the levels of allelochemicals in rye cover 

crops, or that by different management strategies, growers could better maintain the existing 

levels for longer times.  Allelochemicals are important tools in weed suppression and cover 

crops could be better managed for optimum use of their allelopathic potential. 
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ABSTRACT 
 

Winter rye (Secale cereale L.) is often used as a cover crop because of the weed suppression 

potential of its mulch.  This research was conducted to elucidate the changes in 

benzoxazinone allelochemical levels in rye shoot tissue during the growing season in North 

Carolina.  Four different rye varieties, two winter and two facultative types, were planted in 

the fall and 0.5 m
2
 plots were harvested at intervals the following spring.  Two different 

measures of allelochemical content were taken.  Seed germination bioassays were used as a 

general estimate of rye allelopathic potential.  Dilutions of aqueous extracts from rye tissue 

were tested using perennial ryegrass (Lolium perenne) and pigweed (Amaranthus retroflexus) 

as indicator species to compare the relative toxicity of the tissue harvested at different times 



2 

 

during the season.  Levels of benzoxazinones (BX) (DIBOA, DIBOA-glycoside and BOA) in 

rye shoot tissue were also directly determined using a GC method.  Our results demonstrated 

that the allelochemical content of rye shoot tissue was generally greater early in the season, 

and decreased over time.  Pigweed seed germination and root elongation were more sensitive 

to rye extracts than was ryegrass.  Rye tissue from the March harvests was the most toxic to 

both pigweed and ryegrass, and the toxicity decreased over time.  The total BX content of the 

tissue increased from February to March and then decreased over time.  Thus, BX levels and 

phytotoxicity as measured by the bioassay have a similar, but not identical temporal profile.  

 

INTRODUCTION 
 

 The agricultural use of cover crops has many potential benefits including reduced soil 

erosion, decreased nutrient runoff, increased soil organic matter, improved soil tilth, the 

ability to scavenge residual nitrogen and the suppression of weed growth.
1, 2

  Suppression of 

weed growth is of particular importance to organic growers, due to restrictions in herbicide 

use.
3, 4

  In general, cover crops suppress weed growth by both physical competition and 

chemical interference.  Chemical interference involves the production and release of 

allelopathic chemicals, secondary metabolites that are phytotoxic or have growth regulating 

properties.  Allelopathy refers to a broad range of chemical interactions between and among 

plants and other organisms.
5-8

 Many examples of allelopathic chemicals from plants have 

been described, including sorgoleone from Sorghum spp.,
9
 juglone from walnut,

10
 artemisinin 

from Artemisia spp.,
5
 and the benzoxazinones (BXs) from corn, wheat and rye.

11-15
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Rye (Secale cereale) is widely used as a winter cover crop because of its winter 

hardiness, high biomass productivity, low cost, and effectiveness in controlling weeds in 

multiple crops.
16-19

  Several allelochemicals have been identified in rye foliage, including the 

BXs, or cyclic hydroxamic acids, such as DIBOA (2,4-dihydroxy-2H-1,4-benzoxazin-3(4H)-

one 
20, 21

), and organic acids (β-phenyllactic acid and β-hydroxybutyric acid 
21, 22

).  DIBOA 

and other BXs have been the focus of extensive research because they have diverse 

biological activities, including anti-bacterial, anti-fungal, and anti-feedant properties.
8, 21, 23

 

Further emphasizing the versatility of this chemistry, BXs are also under investigation for use 

as pharmaceuticals.
24-27

  DIBOA and its corresponding glycoside are major allelochemicals 

in rye, as is demonstrated by their inhibition of seedling growth in bioassays.
28, 29

  Additional 

evidence for the activity of BXs in vivo was provided by studies with wheat, where 69% of 

the allelopathic activity was correlated with the exudation of BXs from roots.
30

  The 

decomposition of rye shoot tissue in soil revealed a complex BX profile over time,
31

 and 

microbiological studies have demonstrated that BOA (benzoxazolin-2(3H)-one), the 

predominant BX degradation product,
32

 is transformed by soil-borne bacteria into an 

aminophenoxazinone that is even more phytotoxic in bioassays.
33

 It is assumed that all BOA 

present in an extract is a degradation product of DIBOA, itself a degradation product of the 

DIBOA-glycoside that was at one time stored in the vacuole.
11

 

 The use of allelochemicals to manage weeds can theoretically take one of two 

approaches.  One method involves the use of crops that possess and deliver allelochemicals 

by root exudation during growth in the field.
8
 Alternatively, allelopathic cover crops can be 

utilized.  These are killed prior to planting the main crop, and both the allelochemicals 
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leached from the living cover crop and those released from the resulting mulch act to 

suppress weeds and pests. 

 The allelochemical concentration in rye tissue is not constant, but rather changes over 

time. The BX concentration (mg/g dry weight of tissue) in fall-planted rye reaches a 

maximum soon after planting or in early spring, depending on the conditions.  In Maryland, 

Rice et al.
15

 observed a constant decrease in BX concentration from November to June, 

whereas in North Carolina, BX content decreased from March through May.
14

  Not only does 

the BX/DIBOA content change, but the allelochemical potency of the rye aqueous extract (as 

determined by bioassay) also changes over the season in a manner that parallels the DIBOA 

content.
14, 15, 34

  Unfortunately, changes in the amounts of secondary metabolites that might 

function as allelochemicals do not always coincide with the needs of the farmer, who 

requires optimum allelochemical levels in the mature cover crop for effective weed growth 

suppression.
35

 Thus the observed decrease in the allelochemical content in rye may account 

for the inconsistent weed control with rye cover crops.
36

 

 Weed control utilizing allelopathic cover crops could become a more valuable and widely 

utilized weed management option. First, however, knowledge of the specific allelochemicals 

and the minimum levels needed to suppress growth are essential to make this a useful and 

reliable tool.  The environmental, physiological, and molecular factors that regulate 

allelochemical production are not understood, nor do we know the dates or growth stage for 

maximum allelochemical content.  The goals of this research were to better define the 

temporal changes in BX content in North Carolina fall-planted, field-grown rye in order to 

obtain optimal weed control for the following spring crop.  With a better understanding of 
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rye’s natural allelopathic potential, it may be possible to optimize the management or variety 

choices such that the allelochemical content in foliar tissues better coincides with the needs 

of the farmer. 

 

MATERIALS AND METHODS 
 

Plant Material.  Field experiments were conducted over a two year period.  In year one, rye 

(Secale cereale L.) was planted on November 15
th

 at the Goldsboro Field Station in 

Goldsboro, NC, in a clay-loam soil that had been in pasture.  Seeds for each variety were 

planted on 1.90 x 18.3 m plots with a grain drill set for 18 cm row spacing.  Seeding rate was 

100 kg/ha at a depth of 4 cm.  Rye varieties used were Wheeler and Aroostook, which are 

winter types, and Wrens Abruzzi and Bonel, which are facultative types, i.e. that do not 

require vernalization for flowering.  Plots were distributed in a randomized complete block 

design with five replications.  Shoot tissue was harvested on seven dates [Julian date (JD) in 

parentheses]: February 6 (37), 15 (46) and 25 (56), March 6 (65) and 25 (84), April 12 (102) 

and May 1 (121).  Tissue was harvested from a 0.5 m
2
 area by cutting the stems just above 

the soil surface, and then dried at 60º C for 3 days. The tissue was then ground to a powder in 

a Wiley mill with a 1 mm screen, and stored at -20º C pending analysis.  Samples were used 

both for determining BX concentration and in bioassays. 

 The second year experiment was conducted to better characterize the decline in BX 

content and allelopathic potential of rye tissue that occurs in March in North Carolina.  Rye 

(Secale cereale L.) was planted on December 3 at the Lake Wheeler Field Laboratory in 
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Raleigh, NC, in a clay-loam soil that had been in pasture.  Seeds were planted on 1.90 x 18.3 

m plots with a grain drill set for 18 cm row spacing.  Seeding rate was 100 kg/ha at a depth of 

4 cm.  Rye varieties used were Aroostook, Wheeler (winter types) and Wrens Abruzzi 

(facultative type).  Plots were distributed in a randomized complete block design with five 

replications.  Shoot tissue was harvested at five dates (Julian date in parentheses): March 2 

(61), 11 (70), 17 (76), 24 (83) and 31 (90), and processed as described above. 

 

Bioassay of rye allelopathic potential.  Due to the minimal phytotoxicity of the tissue 

extracts from the last two sampling dates for the first year, only tissue from the first five 

harvests was used for the bioassays.  To assess changes in the allelopathic potential of rye 

foliage over time, the D50 (dilution of extract that inhibits indicator species root elongation by 

50% compared to a control) was calculated from serial dilutions of the extract.  One gram of 

ground tissue was added to 50 mL de-ionized water and extracted by agitation on an orbital 

shaker for 1 h.  The extract was then vacuum-filtered through Whatman no. 1 filter paper, 

and stored for up to 12 h at 4º C, or at -20º C for longer periods.  Serial dilutions of the 

filtered extract were made, ranging from 1:50 to 1:1600.  5 mL aliquots of the diluted extract 

were added to 90 x 15 mm circular culture dishes containing two Whatman no. 1 filter 

papers.  Ten seeds of redroot pigweed (Amaranthus retroflexus) or ryegrass (Lolium perenne) 

were placed on the filter papers and the dishes were sealed with parafilm and incubated in a 

germination chamber at 28º C in the dark.  Root elongation of each seedling was measured to 

the nearest mm after 72 h. 
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Determination of BX content.  The benzoxazinone content of tissues was analyzed by 

GC.
37

  Dried rye shoot tissue (0.5 g, see above) was extracted in 10 mL of 50% ethanol in a 

75 mL SPE reservoir (Alltech Associates, Deerfield IL) fitted with a bottom frit (20 μ 

porosity). Samples were vortexed for 1 min and the resulting extract filtered through the 

reservoir using a vacuum manifold (VWR Scientific, West Chester, PA).  The extracted 

tissue was then washed with 5 mL of deionized (DI) water and dried under vacuum.  The 

ethanol filtrate was transferred to a volumetric flask, and brought to 25 mL with DI water.  A 

10 mL aliquot of the filtrate was partitioned three times against equal volumes (5 mL) of 

ethyl acetate (EtOAc).  The EtOAc layers were combined and dried overnight with 

anhydrous sodium sulfate.  A 10 mL aliquot of the resulting anhydrous EtOAc-extract was 

mixed with 750 l of a 200 g/mL octadecanol internal standard dissolved in toluene, and 

the resulting mixture reduced to dryness under a N2 stream at 40 C.  The dried residue was 

resuspended in 400 L of 1:1 MSTFA–DMF (derivatization agent N-methyl-n-

trimethylsilyltrifluoroacetamide and keeper solvent dimethyl-formamide), capped under N2, 

and heated at 75 C for 30 min.  Compounds in the plant extracts were then resolved and 

quantified using an Agilent 6890N gas chromatograph (Agilent Technologies, Santa Clara. 

CA)  equipped with a 20 m DB-5 megabore column (0.53 mm diameter, 1.5 m film 

thickness, J&W Scientific, Agilent Technologies, Santa Clara. CA) and an autosampler.  

Derivatized sample (0.5 L) was introduced using splitless injection with an injector 

temperature of 250 C, and separation performed using a helium (UHP) carrier gas linear 

velocity of 43.0 cm/s.  The initial oven temperature was 100 C, followed by a 5 /min 
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temperature increase to a final temperature of 300 C.  Oven temperature increase began upon 

injection, and the final temperature was maintained for 30 min.  Flame ionization detection 

was utilized with a detector temperature of 325 C, and data were collected using a Perkin-

Elmer TotalChrom 6.2 data collector (PerkinElmer, Waltham, MA).  Quantitation of peaks 

was by comparison to internal standards, using appropriate multi-level calibration curves for 

BOA, DIBOA, and DIBOA-Glu. 

 

Statistical analysis.  Data were analyzed over time using a PROC MIXED repeated 

measures ANOVA model (SAS Institute, 2002) with the Tukey adjustment method to test for 

significance of differences among varieties and sampling dates. 
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RESULTS AND DISCUSSION 
 

Phytotoxicity of Rye Extracts 

 Previous analyses of rye tissue phytotoxicity were based on single dilution bioassays that 

did not anticipate that phytotoxicity might change dramatically over the experimental 

season.
14

 To make more complete comparisons over the large changes in toxicity seen during 

the season, pigweed or ryegrass seeds were germinated in serial dilutions of the initial tissue 

extracts.  The inhibition of germination and growth of the seedlings was compared to a 

control, and the dilution that inhibited growth by 50% (D50) was calculated.  Germination 

rates per se were not directly analyzed, but seeds showing no root growth at all were 

included in the growth measurement pool.  Preliminary bioassays were conducted to estimate 

a suitable range of dilutions, and replicate bioassays were then conducted at dilutions that 

would bracket the D50.  The second year field experiment focused on the later part of the 

season (in March, JDs 60 and 90) to obtain a more precise measurement of the change in rye 

leaf tissue phytotoxicity and benzoxazinone content during their decline phase. 

 In the first year, phytotoxicity of extracts from field grown rye tissue varied depending on 

the variety, harvest date, and indicator species used (Figures 1 and 2, Tables S1 and S2).  In 

general, extracts from tissues harvested earlier in the season were more phytotoxic.  For the 

pigweed bioassays seed germination and root elongation was sensitive to aqueous extracts 

from all rye varieties tested (Figure 1, Table S1).  The phytotoxicity of these extracts 

decreased as the season progressed, but the rate of decrease varied among species.  For 

Aroostook and Bonel, extracts from the first three harvest dates (JDs 37, 46 and 56) were the 
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most phytotoxic.  Extracts from these varieties then decreased in phytotoxicity at the fourth 

harvest date (JD 65) and remained at that level until the last harvest date (JD 84).  For 

Wheeler and Wrens Abruzzi, extracts from the first harvest date were the most phytotoxic, 

with toxicity decreasing by the second harvest and remaining low until the last harvest.  For 

each individual sampling date, there was no statistically significant difference in 

phytotoxicity between varieties except at the first harvest date, when Wheeler extracts were 

significantly more phytotoxic than Aroostook extracts (p=0.01) and at the second harvest 

date, when Bonel extracts were significantly more phytotoxic (p=0.03) than Wheeler 

extracts.  During the second year experiments, pigweed bioassays between JDs 61 and 90 

showed the same decline in phytotoxicity (Figure 3, Table S3), with no significant 

differences between varieties (p=0.21).  Phytotoxicity was the same at JDs 61 and 70, and 

then decreased at JD 76 to a minimum that remained stable until the last sampling date (JD 

90).  Phytotoxicity values in the second year were equivalent to those measured in the first 

year during equivalent sampling periods. 

 In the first year, for ryegrass seed bioassays, germination and root elongation were also 

sensitive to aqueous extracts of all rye varieties (Figure 2, Table S2) and the phytotoxicity of 

extracts from tissues of different varieties decreased at different rates.  For Aroostook, 

extracts from the first two harvests (JDs 37 and 46) were the most phytotoxic to ryegrass. 

Phytotoxicity then decreased at the third harvest (JD 56) and remained low until the last 

harvest (JD 84).  For Wrens Abruzzi, extracts from the first three harvests were the most 

phytotoxic. Phytotoxicity then decreased at the fourth harvest (JD 65) and remained stable 

until the last sampling date.  There was no significant variation observed in phytotoxicity to 
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ryegrass in extracts of Bonel or Wheeler tissue over the duration of the experiment.  For each 

individual sampling date, there was no difference in phytotoxicity between varieties except at 

the second harvest (JD 70), when Aroostook extracts were significantly more phytotoxic than 

those of all other varieties (p≤0.01).  The relatively constant, low levels of phytotoxicity 

between JDs 65 and 84 were also observed during the second year (Figure 4, Table S4).  

Although extracts from all rye varieties were inhibitory to ryegrass seed germination and root 

elongation during the second year, significant differences between varieties were observed 

(p=0.05).  Phytotoxicity of Aroostook extracts was maximal and equivalent at JDs 61, 70 and 

76, then decreased at JD 83 and remained stable until the last sampling date (JD 90).  

Phytotoxicity of Wheeler extracts increased, for reasons that are unclear, between JDs 61 and 

70 then returned to its initial level at JD 76 to remain stable until the last sampling date.  

Finally, Wrens Abruzzi extracts gradually decreased in phytotoxicity between JDs 61 and 90, 

with no significant difference between JDs 61 to 83.  Phytotoxicity values in the second year 

were similar to those observed between JDs 65 and 84 during the first year’s experiment. 

 Comparing the data in Figures 1 and 2, it appears that during the first year, pigweed seed 

were more sensitive than ryegrass seed to extracts from all rye varieties except Aroostook 

from the first harvest (p<0.001 for Bonel and Wheeler, p=0.0019 for Wrens Abruzzi). 

Pigweed was also more sensitive to extracts of Bonel (p<0.001) from the second harvest.  

Extracts of all varieties at third, fourth and fifth harvests were equally phytotoxic to pigweed 

and ryegrass seed. This corresponds to results from the same harvests during the second year.  

Previous reports indicate that dicot species are more sensitive than monocots in bioassays.
20, 

38
 The observation that there is a general decline over the growing season in phytotoxicity of 
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rye extracts is also consistent with previous research.
14, 15

 Maximum phytotoxicity of rye 

plant extracts occurred when plants were at stage 3 or stage 4 of the Feekes scale 
39

 (Figures 

1 and 2; Table 1). The reason why Aroostook and Bonel remain phytotoxic to pigweed at 

later growth stages than Wheeler and Wrens Abruzzi is unclear. Compounds other than 

benzoxazinones could be involved in extract toxicity. Although not measured in the present 

study, other research indicates that rye contains additional phytotoxic compounds such as 

phenolic acids.
22, 40

 Compared to the first year, plants were at an earlier phenological stage at 

the same date during the second year (Figure 9, Table 1).  This is likely due to a later 

planting date (18 days) the second year. 

 Although a bioassay does not identify the biochemical mechanisms of release or uptake 

of an allelochemical, it can suggest, with proper controls, the presence of an allelopathic 

interaction.  Given the complexities of such interactions, however, the results of laboratory 

bioassays must be interpreted with care. 

 

Benzoxazinone content 

 In the first year of this study, levels of BX in extracts of rye shoot tissue varied during the 

season (Figure 5, Table S5).  For all varieties, maximum concentrations of BX were found by 

JD 65, with levels decreasing to a minimum by the next sampling date (JD 84).  For 

Aroostook, Bonel and Wheeler, total BX concentration increased from JDs 37 to 46, and 

remained statistically unchanged until JD 65.  Thereafter, BX concentrations decreased to a 

minimum by JD 84, where they remained until the last sampling date (JD 121).  For Wrens 

Abruzzi the profile was more complex, with BX concentrations having already achieved a 
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maximum by the first sampling date (JD 37), and then decreasing after JD 56, before 

returning to the initial maximum by JD 65.  BX concentrations then decreased to a minimum 

by JD 84, where they stayed for the remainder of the season.  In all varieties, the observed 

decrease in BX content from peak levels at JD 65 to a minimum by JD 84 was associated 

with a shift from vegetative to reproductive growth (Table 1).  For example, at JD 65, Wrens 

Abruzzi was at Feekes 6, while the other varieties were either Feekes 4 or 5.  Feekes 5 is the 

end of vegetative growth and tillering, while Feekes 6 is the beginning of reproductive 

growth. By JD 84, all varieties were between Feekes 8 and 10.1, well into reproductive 

growth.  The change from vegetative to reproductive growth is known to initiate a 

reallocation of assimilated C and N from older leaves to developing reproductive tissues.
41

 

Thus the observed decrease in BX content coinciding with the onset of reproductive growth 

might reflect catabolism or reallocation of BX to reproductive tissues. 

 Differences in the BX profiles were seen between years one and two of the study.  In 

part, this was due to later planting in the second year due to weather constraints.  

Consequently the initial harvest was delayed (Figure 9) to obtain adequate sample size.  In 

addition, temperatures in year two were higher than in year 1, resulting in a significant 

increase in growing degree days (GDDs; Figure 9).  As a result, at corresponding dates after 

planting, plants in year two had accumulated from 27 to 48% more GDDs than in year one.  

In the second year, total BX per leaf gram dry weight decreased between JDs 61 and 90 

(Figure 6), with no significant difference being observed between varieties (p=0.79).  BX 

concentration was similar at JDs 61 and 76 (Feekes stages 3 to 5), and had decreased by JD 

83 and remained the same thereafter (Feekes 7 to 8).  The average BX content for the initial 
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harvests in year two (BX = 925 and 876 µg.g
-1

 dry wt. at JDs 61 and 70, respectively - Figure 

6, Table S6) was much lower than at similar dates in year one (BX = 1902 µg.g
-1

 dry wt. at 

JD 65 - Figure 5, Table S5).  By JD 84, however, average BX content was similar (Year 2, 

723 µg.g
-1

 dry wt. at JD 83 - Figure 6; year 1, 605 µg.g
-1

 dry wt. at JD 84 - Figure 5). 

 An earlier North Carolina study
14

 found that Wheeler generally had higher BX 

concentrations than other rye varieties.  In the present, more detailed, time-course study, 

however, no significant varietal differences were noted, except for the aforementioned 

decrease in BX for Wrens Abruzzi (p=0.038) at JD 37 in year 1 (Figure 5, Table S5).  

Furthermore, in contrast to the constant decrease in total shoot BX between November and 

June (JD 314 to 168) reported previously by Rice et al.,
15

 during the first year of our study 

we observed an increase in shoot BX levels between dates 37 and 46 (beginning of February) 

for three of the four varieties.  The single exception was again Wrens Abruzzi, which was 

already at its season maximum.  Rice et al.
15

, however, did not sample between November 

and the end of March, the period of BX increase observed here.  Varieties Aroostook and 

Bonel had the highest BX concentration at stages 3 to 5 of the Feekes scale, Wheeler at 

stages 3-4, and Wrens Abruzzi at stages 3, 4 and 6 (Figure 5; Table S5).  In previous 

abbreviated time-course studies (JD 60, 95, and 113) the highest BX concentrations were 

found in tissue at stages 4 and 5 of the Feekes scale.
14

   

 The highest BX concentrations here were in year one and ranged from 1981 to 1744 µg.g
-

1
 dry tissue (Figure 5; Table S5).  In year two, the highest BX concentrations ranged from 

965 to 870 µg.g
-1

 dry tissue (Figure 6; Table S6). In studies by Burgos et al.,
34

 field-grown 

shoot tissue of various varieties (planted October 22 in Arkansas, harvested April 30, at 
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Feekes 10), had 137 to 1240 µg.g
-1

 dry tissue total BX.  Abruzzi rye planted in mid 

September in Maryland contained 404 µg.g
-1

 dry tissue of total BX in early November.
15

  In 

North Carolina, four rye varieties planted in mid November had 1000 to 1800 µg.g
-1

 dry 

tissue DIBOA,
14

 and in Denmark, thirteen spring-harvested (Feekes 7 to 8) varieties had an 

average of 1944 µg.g
-1

 dry tissue total BX.
40

 

 In analyses presented here, the primary BX found in tissues was the DIBOA-glycoside.  

Some DIBOA aglycone and BOA were also present (data not shown), but the proportion of 

each varied slightly over the sampling period.  This variation was likely not entirely due to 

phenological differences, as sample handling and processing can also independently affect 

BX stability. 

 Our results show that BX levels and phytotoxicity as measured by bioassay had similar 

temporal profiles, with BX content and phytotoxicity being generally greater early in the 

season, and then decreasing over time.  BX and phytotoxicity profiles were more similar in 

year two than in year one. In year one, maximum phytotoxicity of rye extracts was found in 

tissue harvested between JD 37 and 56 (Feekes stages 3 to 4), while maximum BX 

concentrations were found at slightly later growth stages (Feekes stages 3 to 6, JD 46 to 65).  

The exception was Wrens Abruzzi, in which maximum BX concentrations were seen as early 

as JD 37 (Figure 5, Table S5).  In year two, the BX content and phytotoxicity generally 

decreased over time.  The data from year one suggests either the presence of additional active 

allelochemicals in rye tissue early in the season, prior to the accumulation of BX, or the 

absence of allelochemical antagonists.  Finally, contrary to previous observations
14

 indicating 

an earlier decline in BX for facultative varieties, we observed no differences between winter 
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and facultative varieties. 

 

Total Field BX 

 The total amount of BX in a field at any point in time depends on both the concentration 

in the plant and the total plant biomass. The total dry matter accumulation for different rye 

varieties throughout the growing season was recorded. In year one (Figure S1), Wheeler 

accumulated dry matter at a lower rate than did Bonel (p=0.015) or Wrens Abruzzi 

(p=0.001).  This might be because Wheeler, a winter variety, is the latest maturing of the 

varieties tested (Table 1). Wheeler, however, is in fact a high biomass producer,
14

 and was 

still accumulating biomass at the last sampling date.  In contrast, Aroostook, also a winter 

variety, showed no significant difference in biomass accumulation from other varieties.  

Although the concentration of BX in tissues reached a maximum and then decreased over the 

season (Figure 5, Table S5), the continued accumulation of tissue biomass resulted in two 

peaks of in-field BX accumulation.  These two peaks occurred between mid February and 

early May, at JDs 65 and 121 with BX ranging from 3.0 to 5.0 kg/ha at each maximum 

(Figure 7).  The first peak (JD 65) corresponds to the maximum concentration of BX in rye 

leaf tissue (Figure 5, Table S5) that occurs at the end of the vegetative growth phase.  The 

second peak (JD 121) is on the last sampling date, when maximum biomass was found.  

Although the total BX concentration in rye tissue had decreased by the end of the growing 

season to about 1/4 of its early season maximum, total BX field accumulation was at its 

maximum due to the large amount of above-ground biomass. All varieties accumulated 

equivalent total BX per hectare throughout the experiment, with the exception of Wheeler, 
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which accumulated lower dry matter (Figure S1). 

 In year two total BX per hectare also increased over the season (Figure 8), but without 

the initial peak at JD 64.  There were no statistically significant differences between varieties 

for either total field BX or dry matter accumulation (Figure S2).  Total BX amounts per ha 

were similar on JDs 61, and 70 but beginning at JD 76 increased throughout the remainder of 

the sampling period (JD 90).  During the second year, BX tissue concentrations (Figure 6) 

were not only initially lower than those observed during the corresponding period the first 

year, but they continued to decline over the experimental time-course.  Given the late 

planting and warmer weather, this might correspond to the decline phase observe between 

JDs 65 and 84 in year one. 

 In addition to differences in BX tissue concentrations between the two growing years, 

differences in BX per hectare were likely also impacted by several factors.  First, dry matter 

accumulation was slower in year two than in year one.  This was again at least partly due to 

the later planting date (November 15 in year one vs. December 3 in year two), which resulted 

in plants attaining Feekes stage 4, 5 or 6 at JD 65 in year one, but only reaching stage 3 at the 

same date in year two (Table 1).  There was also a poorer stand in year two.  Thus, total BX 

accumulation in the first year was higher because; i) leaf BX concentration was higher and ii) 

the earlier planting date led to a greater biomass on a particular date in year one. 

 In a previous North Carolina study, a decrease in total BX field accumulation was 

recorded during the month of April for all varieties.
14

  At that time, the increase in total 

biomass apparently did not compensate for the very large decrease in allelochemical content 

that was observed.  This was possibly due to limitations in the analytical method used 
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(HPLC), which has lower sensitivity than the GC methods used here.  Another possibility is 

that the BX in older, vegetative leaf tissue was lost due to stress-induced desiccation and/or 

leaf abscission.  The soil type in that study
14

 was a sandy-loam, and early desiccation of the 

older leaves was observed. In contrast, the soils in the present study had a greater water 

holding capacity, so early desiccation was not observed (data not shown). 

 Cover crops can be a viable component of sustainable weed management systems.  

However, if allelochemicals in cover crops play a role in weed suppression, as they 

apparently do, then it is necessary to understand the factors that regulate allelochemicals 

levels in the plant.  For effective weed suppression using crop mulches, there must be both 

sufficient biomass for physical competition, and sufficient allelochemical content to provide 

chemical competition. Additionally, both biomass and allelochemicals must be present in 

sufficient quantities when the main crop is planted.  Unfortunately, this and other research 

shows that the levels of the allelochemical BX in rye tissue are not stable, but decrease over 

the season.  On the other hand, given a sufficient increase in biomass, the total amount of BX 

per hectare can continue to increase, even while tissue content is decreasing. Currently, 

methods are available for growing rye for high biomass, although we do not know if 

simultaneous management for biomass and allelochemical levels is compatible. 

 The observed difference in BX content between years in this study underscores the need 

for more information about the regulation of BX biosynthesis, the stability of the various 

BXs, and the factors that impact the degradation (or recycling) of BX and other 

allelochemicals in plant tissue. In year one, BX levels at JD 65 were nearly two fold higher 

than at JD 61 in year two.  BX content peaked by JD 64, and then decreased 62 to 72% by JD 
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84 in year one.  In contrast, the maximum BX content in year two was observed at the initial 

sampling date (JD 61) and was approximately equivalent to the lowest levels seen in year one 

after JD 84.  These levels subsequently decreased 21 to 30% between JD 61 and the last 

sampling point at JD 90.  The BX levels in year two might have been higher earlier in the 

season, but were not detected due to the slightly later analysis date. This correlates with the 

previous North Carolina study
14

, where foliar BX content had decreased by 40 to 89% on JD 

95 from a maximum of 1000 to 1800 µg.g
-1

 on JD 60.  Similarly a study in Maryland
15

 

reported that rye tissue at JD 105 had 73% less BX than tissue at JD 83. Finally, a season-

long study of wheat found BX levels in the foliage decreased most dramatically from 

emergence to tillering in the fall, and thereafter were statistically indistinguishable through 

the final sampling on June 5
th

 of the following year.
42

 

 Results from this and other studies suggest that growth stage plays an important role in 

allelochemical levels.  In year one, the rapid decrease in BX between JDs 65 and 84 for all 

four varieties was associated the shift from vegetative to reproductive growth.  In year two, 

the decline was not as dramatic, but BX levels decreased as reproductive growth progressed.   

Reberg-Horton et al.
14

 previously reported a similar dramatic decrease associated with the 

change from vegetative to reproductive growth.  Finally, Rice et al.
15

 reported a similar 

relationship between growth stage and allelochemical accumulation, with BX levels 

decreasing after Feekes 4 at JD 83.  Additional support for a correlation between growth 

stage and allelochemical accumulation can be found in small grain forage studies.  For 

instance, many measures of rye forage quality, including crude protein (CP), digestible dry 

matter (DDM), and neutral detergent fiber digestibility (NDFD) decreased at the onset of 
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reproductive growth, while neutral detergent fiber (NDF) increased.
43

 Although these are not 

direct measures of secondary metabolite changes, they do illustrate the extensive alteration in 

plant metabolism that occurs with the shift from vegetative to reproductive growth. 

 The higher allelochemical levels in year 1 (JDs 46 - 65) versus year 2 (JDs 61 - 70) could 

be due to different environmental factors that impact BX accumulation during early 

vegetative growth. The major differences between years include higher temperatures, later 

planting and the resulting later maturity in year two.  Once again this, would be consistent 

with observed environmental responses of rye forage quality indicators, including CP, NDF, 

NDFD, and DDM, in studies in Minnesota.
43

 

 The roles of growth stage and leaf senescence in secondary metabolite and allelochemical 

content in plants have not been extensively explored.  However, when cereal grasses and 

other plants shift from vegetative to reproductive growth, they have been shown to begin a 

patterned process of recycling accumulated C and N products from older leaves to the 

flowering stalks.  For instance, the programmed catabolism of chlorophyll and 

photosynthetic proteins and the remobilization of the recycled C and N to reproductive 

tissues is characteristic of this transition.
41, 44

  Thus one might expect a similar reallocation or 

directed export of accumulated defense compounds, and a resultant decrease in levels of 

these compounds in the senescing tissue.  Current data on secondary metabolites in senescing 

leaves in other plants indicate however that the content of at least some these compounds 

increases.
41, 44, 46

  For instance, higher levels of flavonoid and anthocyanin secondary 

metabolites and/or increased specific expression their biosynthetic genes have been observed 

in senescing leaves of Arabidopsis and poplar.
41, 44

  This is hypothesized to be a response to 
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an increased need for defense compounds during senescence, because senescing tissues are 

more susceptible to pathogens.  Though there is no data for rye, senescence in the flag leaf of 

wheat is also characterized by an increase in the expression of specific secondary metabolite 

including the genes for BX2, BX4 (P450 monooxygenases), BX6 (dioxygenase), and BX9 

(UDP-glucosyltransferase), which are involved in BX biosynthesis in wheat.
45

  In rice, a 

similar increase in serotonin levels and tryptophan biosynthetic pathway genes was observed 

in senescing flag leaves.
46

  Although these studies might lead us to expect that levels of BX 

and serotonin, would increase during senescence and flowering respectively, one actually 

sees a decrease in BX content at the whole plant level in wheat as flowering progresses.
42

  

This suggests that factors regulating of secondary metabolites in flag leaves are more tissue 

specific than the factors regulating BX levels in whole plants, which represent a range of 

plant tissue types at various stages of development. 

 In summary, we found that all varieties of field grown rye tissue were the most 

phytotoxic when harvested early, before the transition from vegetative to reproductive 

growth.  When estimating potential phytotoxicity, bioassays and chemical analyses were less 

similar during vegetative growth, but more similar during reproductive growth.  Because the 

overall allelopathic potential of a cover crop depends on the total amount of allelochemical in 

the field, yield or biomass is also a critical factor.  Thus, in the first year, this resulted in two 

maxima for allelopathic potential, one at JD 65, when tissue BX concentrations were highest, 

and one at JD 121, when biomass accumulation was highest.  In contrast, because the initial 

BX maximum was absent, the highest allelochemical potential for year two was at the final 

harvest only. 
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 Our studies suggest several potential management strategies for rye cover crops that 

would result in elevated levels of allelochemicals and enhanced weed suppression.  One 

strategy would involve the late winter or early spring planting of a late maturing rye that has 

a high vernalization requirement.  These conditions would delay or prevent flowering, and 

the resulting increase in the duration of vegetative growth should synchronize the maximum 

accumulation of BX with the desired spring planting dates.  This approach, however, could 

reduce accumulated biomass and thus reduce the cover crop’s ability to smother weeds.  

Another possible management strategy would involve spring mowing of fall planted rye.  

The ensuing regrowth would result in the presence of younger tissue later in the season.  This 

might also circumvent biomass issues, because De Bruin et al.
47

 report that mowing early 

during vegetative growth has minimal impact on the regrowth potential of rye.  An additional 

approach not previously considered in cover crop allelopathy studies is the potential impact 

of “stay-green” genes, which delay leaf senescence.
48

  Such a delay might result in retention 

of allelochemical levels in vegetative tissues.  This germplasm could be utilized alone or in 

either of the above management strategies, with potential for improving weed management 

by the cover crop residue. 

 The present study extended existing assessments of rye’s allelopathic potential by 

increasing the sampling frequency over the growing season.  Further, the combination of 

tissue extract dose-response bioassays, and GC analysis of the same extracts improved 

estimates of allelochemical potential.  Together, these revealed previously unobserved 

patterns in allelochemical accumulation later in the growing season.  Though these results 

represent an important step forward, additional studies are necessary to also assess BX 
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release from rye foliage into the soil, as well as its subsequent transformation and resulting 

effect on weed seed germination and seedling development. 

 

ABBREVIATIONS USED 
BX, benzoxazinones; DIBOA, 2,4-dihydroxy-2H-1,4-benzoxazin-3(4H)-one; BOA, 

benzoxazolin-2(3H)-one; JD, Julian date; wt, weight. 
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Table 1. Average growth stage (Feekes scale) (Large, 1954) of different rye varieties 

observed at successive sampling dates during the first and second year of experiments 

(variety Bonel wasn’t used in the second year). 

 

   Average growth stage (Feekes scale) 
                   

  Date   Aroostook Bonel Wheeler WrensAbruzzi 

           

 37  3  3  3  3  

 46  3  3  3  4  

 56  4  4  3  4  

year 1 65  5  5  4  6  

 84  9  9  8  10.1  

 102  10.5  10.5  10.4  10.5  

 121  10.54  10.54  10.53  10.54  

           

 61  3  -  3  3  

 70  3  -  3  4  

year 2 76  5  -  3  7  

 83  7  -  4  8  

  90   8   -  5   9   
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Figure 1. Inhibition of pigweed germination and growth by extracts of four field grown rye 

varieties, harvested at five different dates (Julian dates) during the spring of the first year of 

experiments. D50 is the concentration required to cause 50% growth inhibition.  Significant 

differences over time within each variety according to the Tukey-Kramer method (p<0.05) 

are indicated by different letters. Vertical bars represent standard errors at each sampling 

date. 

  

Date 37 46 56 65 84 

Aroostook a a ab b b 

Wheeler a b b b b 

Bonel a a ab b b 

Wrens Abruzzi a b b b b 
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Figure 2. Inhibition of ryegrass germination and growth by extracts of four field grown rye 

varieties, harvested at different dates (Julian dates) during the spring of the first year of 

experiments.  D50 is the concentration required to cause 50% growth inhibition.  Significant 

differences over time within each variety according to the Tukey-Kramer method (p<0.05) 

are indicated by different letters. Vertical bars represent standard errors at each sampling 

date. 

 

 

 

Date 37 46 56 65 84 

Aroostook ab a b b b 

Wheeler a a a a a 

Bonel a a a a a 

Wrens Abruzzi a a a b b 
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Figure 3. Inhibition of pigweed germination and growth by extracts of three field grown rye 

varieties, harvested at five different dates (Julian dates) during the spring of the second year 

of experiments. D50 is the concentration required to cause 50% growth inhibition.  Values 

associated with the same letter are not significantly different according to the Tukey-Kramer 

method (p<0.05). Vertical bars represent standard errors at each sampling date. 
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Figure 4. Inhibition of ryegrass germination and growth by extracts of three field grown rye 

varieties, harvested at five different dates (Julian dates) during the spring of the second year 

of experiments.  D50 is the concentration required to cause 50% growth inhibition.  Values 

associated with the same letter are not significantly different according to the Tukey-Kramer 

method (p<0.05). Vertical bars represent standard errors at each sampling date. 

  

Date 61 70 76 83 90 

Aroostook a a a b b 

Wheeler b a b b b 

Wrens Abruzzi a ab ab ab b 
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Figure 5. Variation of total benzoxazinone concentration (sum of DIBOA-glucoside, DIBOA 

and BOA) in shoot tissue of four rye cultivars between dates 37 and 121 (Julian dates) during 

the first year of experiments. Significant differences over time within each variety according 

to the Tukey-Kramer method (p<0.05) are indicated by different letters. Vertical bars 

represent standard errors at each sampling date. 

 

 

  

Date 37 46 56 65 84 102 121 

Aroostook b a a a bc c b 

Wheeler b a a a bc c bc 

Bonel b a a a bc c bc 

Wrens Abruzzi ab a b a c c c 
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Figure 6. Variation of total benzoxazinone content (sum of DIBOA-glucoside, DIBOA and 

BOA) in shoot tissue of three rye cultivars between dates 61 and 90 (Julian dates) of the 

second year of experiments.  Values associated with the same letter are not significantly 

different according to the Tukey-Kramer method (p<0.05). Vertical bars represent standard 

errors at each sampling date. 
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Figure 7. Benzoxazinone rate (concentration x biomass) at successive dates in rye foliage of 

four rye varieties during the first year of experiments. Vertical bars represent standard errors 

at each sampling date. 
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Figure 8. Benzoxazinone rate (concentration x biomass) at successive dates in rye foliage of 

three rye varieties during the second year of experiments. Vertical bars represent standard 

errors at each sampling date. 
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Figure 9. Accumulated days after planting (DAP), growing degree-days (GDD) and observed 

Feekes growth stage (GS, for variety Aroostook) at successive sampling dates (Julian dates) 

for year one and year two of the field experiment. 

  

Julian date

Year 1

Year 2

30 40 50 60 70 80 90 100

Date 37

DAP:83

GDD:438

Date 46

DAP:92

GDD:478

Date 56

DAP:102

GDD:553

Date 65

DAP:111

GDD:626

Date 84

DAP:130

GDD:876

Date 102

DAP:148

GDD:1265

Date 61

DAP:89

GDD:631

Date 70

DAP:98

GDD:700

Date 76

DAP:104

GDD:806

Date 83

DAP:111

GDD:850

Date 90

DAP:118

GDD:918
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Table S1.  Dilution necessary to obtain 50% inhibition (D50) of pigweed root elongation by 

aqueous leaf tissue extracts of four field grown rye varieties harvested at five different dates 

during the first year experiment.  Values within columns followed by the same letter are not 

significantly different according to the Tukey-Kramer method (p<0.05). 

 

 Dilution for D50 (mL.g
-1

) 

Julian Date Aroostook Bonel Wheeler Wrens Abruzzi 

37 479.41 a 785.84 a 1089.65 a 748.12 a 

46 560.95 a 748.04 a 120.30 b 281.20 b 

56 484.59 ab 579.20 ab 223.77 b 190.08 b 

65 140.11 b 136.97 b 337.95 b 305.69 b 

84 102.22 b 105.58 b 134.16 b 97.51 b 
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Table S2. Dilution necessary to obtain 50% inhibition (D50) of ryegrass root elongation by 

aqueous leaf tissue extracts of four field grown rye varieties harvested at five different dates 

during the first year experiment.  Values within columns followed by the same letter are not 

significantly different according to the Tukey-Kramer method (p<0.05). 

 

 Dilution for D50 (mL.g
-1

) 

Julian Date Aroostook Bonel Wheeler Wrens Abruzzi 

37 185.14 ab 162.76 a 268.33 a 247.05 a 

46 371.92 a 139.38 a 145.47 a 152.18 a 

56 120.67 b 169.02 a 161.46 a 158.43 a 

65 137.59 b 217.39 a 153.23 a 106.95 b 

84 105.26 b 69.10 a 97.51 a 52.94 b 

 

 

Table S3. Dilution necessary to obtain 50% inhibition (D50) of pigweed root elongation by 

aqueous leaf tissue extracts of three field grown rye varieties harvested at five different dates 

during the second year experiment.  Values within columns followed by the same letter are 

not significantly different according to the Tukey-Kramer method (p<0.05). 

 

 Dilution for D50 (mL.g
-1

) 

Julian Date Aroostook Wheeler Wrens Abruzzi 

61 121.23 ab 207.55 a 110.00 ab 

70 177.95 a 169.21 ab 209.27 a 

76 70.42 bc 97.10 ab 86.71 b 

83 34.95 c 80.05 ab 116.08 ab 

90 52.32 b 69.65 b 25.07 b 
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Table S4. Dilution necessary to obtain 50% inhibition (D50) of ryegrass root elongation by 

aqueous leaf tissue extracts of three field grown rye varieties harvested at five different dates 

during the second year experiment.  Values within columns followed by the same letter are 

not significantly different according to the Tukey-Kramer method (p<0.05). 

 

 Dilution for D50 (mL.g
-1

) 

Julian Date Aroostook Wheeler Wrens Abruzzi 

61 181.79 a 62.89 b 107.20 a 

70 212.59 a 195.26 a 83.30 ab 

76 173.24 a 73.91 b 50.74 ab 

83 61.22 b 83.17 b 64.26 ab 

90 57.01 b 75.77 b 41.39 b 
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Table S5. Total benzoxazinone (BOA, DIBOA and DIBOA-glucoside) concentration in leaf 

tissue of four rye varieties harvested at seven successive dates during the first year 

experiment. Values within columns followed by the same letter are not significantly different 

according to the Tukey-Kramer method (p<0.05). 

 

 Total BX concentration (µg.g
-1

 dry tissue) 

Julian Date Aroostook Bonel Wheeler Wrens Abruzzi 

         

37 851.23 b 951.08 b 936.69 b 1475.00 ab 

46 1508.62 a 1477.86 a 1449.58 a 1786.22 a 

56 1541.64 a 1765.35 a 1593.19 a 1249.19 b 

65 1980.62 a 1960.56 a 1922.36 a 1743.89 a 

84 610.79 bc 586.35 bc 735.12 bc 488.73 c 

102 349.70 c 327.31 c 388.73 c 340.39 c 

121 542.16 b 554.47 bc 520.80 bc 472.41 c 

 

 

 

Table S6. Total benzoxazinone (BOA, DIBOA and DIBOA-glucoside) concentration in leaf 

tissue of three rye varieties harvested at five successive dates during the second year 

experiment. Values within columns followed by the same letter are not significantly different 

according to the Tukey-Kramer method (p<0.05). 

 
    Total BX concentration (µg.g

-1
 dry tissue) 

Julian Date Aroostook Wheeler Wrens Abruzzi 

61  941.55 a 964.93 a 869.91 a 

70  873.95 ab 937.06 ab 817.44 a 

76  789.70 ab 781.40 bc 832.90 a 

83  715.24 b 674.47 c 780.37 a 

90   795.60 ab 722.31 c 687.42 a 
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Figure S1. Accumulation of above ground dry matter in four rye varieties over time (Julian 

dates) during the first year of experiments. Vertical bars represent standard errors at each 

sampling date. 

 

 
Figure S2. Accumulation of dry matter for three rye varieties over time (Julian dates) during 

the second year of experiments. Vertical bars represent standard errors at each sampling date. 
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ABSTRACT 

 

Rye (Secale cereale L.) synthesizes benxoxazinone allelochemicals that contribute to its 

ability to suppress weeds.  The phenological stage and physiological conditions under which 

the plant synthesizes maximal levels of allelochemicals are not well defined.  Knowledge of 

the conditions under which genes encoding benxoxazinone biosynthesis enzymes are 

expressed should help in determining the timing and potential for manipulation of maximal 

allelochemical content in rye leaf tissue. The sequences of the genes encoding anthranilate 

synthase alpha 1 (ASA1), tryptophan synthase alpha (TSA), indole-3-glycerol phosphate lyase 

BX1 (Bx1) and cytochrome P450 monooxygenase BX2 (Bx2) were obtained.  The rye genes 

were closely related to homologous genes in other Triticeae.  The expression profiles of these 
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genes were determined in individual leaves of vegetatively growing rye plants, as well as the 

corresponding changes in the concentration of benzoxazinones (DIBOA, DIBOA-glucoside 

and BOA).  Maximum benzoxazinone levels were found in the youngest tissue, as were the 

highest expression levels for the genes Bx1 and Bx2.  The genes for Bx1 and Bx2 exhibit 

highly similar, developmentally-correlated expression patterns, while ASA1 and TSA are 

expressed at a constitutive, basal level. 

 

INTRODUCTION 

 

 Although cereal rye (Secale cereale L.) originated in southwestern Asia and is mostly 

cultivated in cool and temperate zones such as Northern Europe, western Russia, Belarus and 

Ukraine, it can also grow in semi-arid regions and at high altitudes (Bushuk, 2001). Rye is 

the second most important cereal for the production of bread and is an important grain crop 

used in animal feed, as well as being used for livestock forage.  Most rye is grown as an 

annual, fall-sown crop, in areas where the climate and fertility conditions are too severe for 

wheat or barley.  Because of its hardiness and competitiveness with weeds (Barnes and 

Putnam, 1983; Worsham, 1989) rye is commonly used as a cover crop.  Rye can produce a 

dense canopy and, once mowed, the resulting mulch inhibits seedling growth both by 

smothering new seedlings and by releasing allelopathic leachates (Kimber, 1973).  Rye 

allelochemicals are also exuded from the roots, and can provide chemical weed control as the 

crop stands (Perez and Ormeño-Nuñez, 1991, 1993, Belz and Hurle, 2005).  As with other 
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grasses, rye produces a phytotoxic cyclic hydroxamic acid (general formula RCONHOH), 

called benzoxazinone (BX), which is involved in the plant's allelochemical defense 

mechanisms (Virtanen and Hietala, 1955).  Benzoxazinones and their derivatives, 

benzoxazinoids, are well characterized secondary metabolites that have been shown to be 

involved in host plant resistance to pests and diseases (Niemeyer, 2009).  Not only do the 

benzoxazinones play a major role in the defense of cereals against herbivores such as cereal 

aphids (Argandoña et al., 1980), European corn borer (Barry et al., 1994) and western corn 

rootworm (Xie et al., 1990), they are also implicated in protection against fungal and 

bacterial diseases (Niemeyer & Pérez, 1995) as well as in the detoxification of herbicides 

(Raveton et al., 1997).  BXs also have pharmacological and toxicological properties, 

including antimicrobial, antifungal, anti-inflammatory, and mutagenic effects.  Thus, a 

number of synthetic BXs have been developed for pharmacological and agrochemical use 

(Hashimoto and Shudo, 1996).  Decomposition products of BX have been reported to inhibit 

host perception by Agrobacterium tumefaciens in maize, thus protecting the plant from 

infection (Maresh et al., 2006). Unfortunately, this also makes it difficult to use 

Agrobacterium for maize transformation (Sahi et al., 1990).  More recently, oxidation 

products of BXs have shown to be involved in cytokinin metabolism in maize phloem sap 

(Frébortová et al., 2010). 

 

 The main BX synthesized in rye foliage is DIBOA (2,4-dihydroxy-2H-1,4-

benzoxazin-3(4H)-one), while its methoxy derivative DIMBOA (2,4-dihydroxy-7-methoxy-

2H-1,4-benzoxazin-3(4H)-one) can been detected in root tissue (Copaja et al., 2006). Other 
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potential allelochemicals found in acqueous extracts of rye residues are β-phenyllactic acid 

and β-hydroxybutyric acid (Shilling et al., 1986).  These are both reported to be less 

phytotoxic than either DIBOA or its breakdown product BOA (2-benzoxazolinone) (Barnes 

and Putnam, 1986; Barnes et al., 1987). 

 BXs usually occur as vacuolar glucosides (Leighton et al., 1994) in healthy plants, 

thus preventing auto-toxicity.  Glycosylation typically occurs at the 2-postion of the azinone 

ring system (Hofman and Hofmanova, 1969; Bailey and Larson, 1989).  Upon wounding or 

leaf senescence, the glucoside is cleaved by a hydrolytic β-glucosidase and the active 

hydroxamic acid aglycone is released into the environment where it is available for the 

plant's defense (Virtanen and Hietala, 1960, Sue et al., 2000a).  Rye β-glucosidases are 

present mostly in the coleoptile and the epidermal cells of shoot and root tissue (Nikus and 

Jonsson, 1999).  Although plant β-glucosidases are also found in the cytosol and in cell walls 

(Nikus et al., 2001), monocotyledonous β-glucosidases typically contain an N-terminal 

transit peptide that localizes them to plastids (Nikus et al., 2003; Morant et al, 2008).  Nikus 

and Jonsson (1999) demonstrated that rye, wheat and maize β-glucosidases all had higher 

activity with the natural substrates (DIMBOA-glucoside or DIBOA-glucoside) than with an 

artificial glucoside (p-nitrophenyl- β-D-glucopyranoside), thus indicating specificity for the 

hydroxamic acid glucosides (Nikus and Jonsson, 1999).  Sue et al. (2000a), however, showed 

that rye glucosidases have a broader substrate specifity than wheat or maize glucosidases, 

and that maximum glucosidase activity coincides with maximum DIBOA-glucoside 

concentration in rye (36 hours after seeding). 
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 A large number of factors correlate with changes in BXs concentration in cereals.  

For instance, BXs are absent from cereal seed but increase in concentration upon 

germination, peak at the young seedling stage and decrease thereafter (Argandoña et al., 

1981; Nakagawa et al., 1995; Copaja et al., 1999, 2006).  In mature plants the youngest 

tissues retain a high concentration of BX (Thackray et al., 1990, Gianoli et al., 1999).  The 

difference in BX concentration between shoot and root tissue varies among cultivars and 

depends on plant age (Wu et al., 2000; Rice et al., 2005; Copaja et al., 2006; Villagrasa et al., 

2006; Carlsen et al., 2009).  In germinating wheat seedlings colorimetric assays with ferric 

chloride showed that BXs were localized in root tips and in all tissues of the leaf sheath and 

blade except the epidermal layer (Iwamura et al., 1996).   In maize, BX concentration 

decreased during the first 10 days after germination while total BX content increased, 

suggesting that BX biosynthesis continues in older tissues but at a lower rate (Cambier et al., 

2000).  Similarly, Gianoli et al. (1999) reported that in rye, younger leaves have a higher 

DIBOA concentration than older leaves, but that this concentration decreases as the plant 

matures. Total DIBOA content per leaf is, however, not higher in younger leaves.  Thus, it is 

not clear whether the biosynthesis of BX ceases as the plant matures (so the concentration of 

BX decreases as the tissue mass increases), or whether biosynthesis continues, but at a slower 

rate.  It is also possible that BX concentration may be under hormonal control, causing 

catabolism or mobilization of BXs at specific growth stages (Frébortová et al., 2010).  

Finally, fertility also affects allelochemical concentration in rye (Mwaja et al., 1995).  Given 

the complex interaction of factors affecting BX accumulation in rye, profiling the activity of 

the DIBOA biosynthetic pathway enzymes and the expression of the associated genes should 
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help clarify whether the observed decrease in DIBOA concentration during maturation is 

developmentally regulated or is regulated by other signal pathways. 

Biosynthetic pathway 

To synthesize defense compounds plant cells must partition resources between primary and 

secondary metabolism.  BXs are derived from indole, the precursor of tryptophan, an amino 

acid from which various secondary
 
metabolites are also derived.  In addition to the BXs these 

include the phytohormone indole-3-acetic acid and many other plant
 
defense compounds 

(Radwanski and Last, 1995). The main branch point precursor of BX, chorismate, is a 

product of the chloroplast localized shikimate pathway in plants.  Chorismate is also the 

precursor for the biosynthetesis of the aromatic amino acids phenylalanine, tyrosine and 

tryptophan (Hermann, 1995).  Phenylalanine and tyrosine are the end products of separate 

pathways which utilize the chorismate-derived prephenate, whereas tryptophan is the end 

product of a series of reactions initiated by the catalysis of chorismate into anthranilate by 

anthranilate synthase (Figure 1).  Anthranilate synthase is a heterotetramer consisting of  

and  subunits (Niyogi and Fink, 1992; Poulsen et al., 1993;
 
Bohlmann et al., 1995; Romero 

and Roberts, 1996).  The  subunit catalyzes the conversion of chorismate to anthranilate 

using ammonia as the amino donor, whereas the β subunit functions as a glutamine 

amidotransferase, transferring an amino group from glutamine to the  subunit for 

subsequent transfer to chorismate.  The other products of the TS  reaction are pyruvate and 

glutamate (Figure 1).  Although the
 
synthesis of anthranilate from chorismate and glutamine 
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requires both  and β subunits, if ammonia concentrations are high enough, the  subunit can 

independently catalyze the synthesis
 
of anthranilate from chorismate using ammonia as an 

amino donor (Niyogi and
 
Fink, 1992; Niyogi et al., 1993; Bohlmann et al., 1995).  The  

subunit is a monofunctional polypeptide, whereas the β subunit is often part of 

multifunctional polypeptide in which one domain contains the glutamine amidotransferase 

activity, while the others catalyze subsequent reactions in the tryptophan biosynthetic 

pathway.  Bacterial anthranilate synthase complexes, in contrast, are heterotetramers 

composed of two  and two β subunits (Knochel et al., 1999). 

 Two anthranilate synthase isozymes for subunit alpha have been identified in plants 

(Niyogi and Fink, 1992; Bohlmann et
 
al., 1995; Tozawa et al., 2001; Lu et al., 2005) and in 

Pseudomonas aeruginosa (Essar et al., 1990).  In contrast, only one anthranilate synthase 

alpha subunit gene has been found in other bacteria or in fungi (Romero et al., 1995).  In 

plants, the gene encoding one of these isozymes is constitutively expressed at a low basal 

level while the gene encoding the other is transiently upregulated during seedling growth or 

is induced by wounding and pathogen infection.  The nomenclature used to designate these 

isozymes varies according to the studied species and authors (Table 1).  In Arabidopsis 

thaliana, the inducible isozyme subunit ASA1 (encoded by the ASA1 gene) is expressed 10-

fold more than the constitutive ASA2 isozyme subunit (encoded by the ASA2 gene; Niyogi 

and Fink, 1992).  Similarly, the
 

abundance of the analogous Ruta graveolens AS 1 

transcripts increased approximately 100-fold in response to a fungal elicitor,
 
whereas the 

constitutively expressed AS 2 transcripts were not affected (Bohlmann et
 
al., 1995).  In 
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Oryza sativa, an elicitor induced an increase in the alpha subunit  OASA2 mRNA levels but 

had no effect on OASA1 (Tozawa et al, 2001). The increases in ASA1, AS 1 and OASA2 

transcript accumulation induced by wounding
 
or pathogen-related stimuli suggest a role for 

these genes in
 
the production of phytoalexins (Niyogi and Fink,

 
1992; Bohlmann et al., 

1996). 

 Plant, bacterial and fungal AS enzymes are generally subject to feedback inhibition 

by tryptophan (Romero et al., 1995; Yanofsky and Crawford, 1987).  Inhibition is 

competitive with respect to chorismate.  However, the wounding or pathogen inducible 

enzymes encoded by R. graveolens AS 1
 
(Bohlmann et al., 1996) and Oryza sativa OASA2 

(Tozawa et al., 2001), are
 
insensitive to tryptophan feedback inhibition.  Feedback-insensitive 

AS has also been found in lines of Daucus carota (Brotherton et al., 1986), Solanum 

tuberosum (Carlson and Widholm, 1978), Nicotiana tabacum (Brotherton et al., 1986) and 

Arabidopsis (Li and Last, 1996).  In Avena sativa, both constitutive and elicitor-induced AS 

enzymes are thought to be feedback-sensitive to tryptophan, the constitutive form, however, 

being 2-fold more sensitive than the inducible form (Matsukawa et al., 2002).  Both ASA1 

and ASA2 isoforms in Arabidopsis are also feedback-sensitive (Niyogi and Fink, 1992).  

Taken together, this suggests that the presence of an inducible anthranilate synthase isoform 

allows the plant to synthesize necessary defense compounds in response to environmental 

stimuli when tryptophan levels would normally inhibit a non-inducible isoform by feedback 

inhibition. 
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 A single amino acid substitution in R. graveolens AS 1, Arg-140 for Gln-140, may 

cause tryptophan feedback insensitivity; in an Arabidopsis mutant, an Asp-341 to Asn-341 

substitution is associated with insensitivity to tryptophan feedback inhibition (Li and Last, 

1996; Kreps et al., 1996).  The residues that are possibly involved in tryptophan feedback 

inhibition in plants are located in the vicinity of the conserved motifs Leu-Glu-Ser-X10-Ser 

and Asn-Pro-Ser-Pro-Tyr-Met that are associated with trp feedback inhibition in bacteria and 

yeast (Matsui et al., 1987; Caligiuri and Bauerle, 1991; Graf et al, 1993). 

 There is no apparent subcellular separation of the ASA enzyme activities, as both 

ASA genes encode N-terminal transit peptides for chloroplast import in all plants 

characterized to date (Niyogi and Fink, 1992, Arabidopsis; Bohlmann et al., 1995, Ruta 

graveolens; Song et al., 1998, Nicotiana tabacum).  In addition, a radioactively labeled Ruta 

graveolens ASA precursor is imported into the stroma of isolated pea chloroplasts in vitro, 

thus confirming the plastid localization of ASA (Bohlmann et al., 1995).  This is consistent 

with the results of immunological and subcellular fractionation studies in Arabidopsis that 

have localized ASA and the other tryptophan synthesis pathway enzymes to the chloroplast 

(Mousdale and Coggins, 1986; Zhao and Last, 1995).  An exception to the above is an older 

report of a cytosolic AS isozyme in 5-methyltryptophan-resistant tobacco cell cultures 

(Brotherton et al., 1986). 

 

 
14

C labeling has shown that anthranilic acid is a precursor to benzoxazinones in 

grasses (Nakagawa et al., 1995).  Anthranilate is converted by three catalytic steps into 
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indole-3-glycerol phosphate (Figure 2).  First it is converted by phosphoribosylanthranilate 

transferase into phosphoribosylanthranilate. This is then converted by 

phosphoribosylanthranilate isomerase into 1-(O-carboxyphenylamino)-1-deoxyribulose-5-

phosphate, which is in turn converted by indole-3-glycerol phosphate synthase into indole-3-

glycerol phosphate (Radwanski and Last, 1995).  At this point, in cereals, at least three 

choloroplastic indole synthase (or indole-3-glycerol phosphate lyase) isozymes, TSA, BX1 or 

Igl, can intervene to convert indole-3-glycerol phosphate into indole. For tryptophan 

biosynthesis, TSA/TSα, a subunit of the tryptophan synthase α2β2 complex, cleaves indole-3-

glycerol phosphate into indole and glyceraldehyde-3-phosphate.  Indole is then channeled to 

the TSβ subunit where it is condensed with serine to form tryptophan (Figure 3).  BX1 rather 

than TSα catalyzes the formation of indole that is used in the subsequent synthesis of 

secondary metabolites (Frey et al., 1995, 1997; Melanson et al., 1997).  The BX1 enzyme is 

encoded by the Bx1 gene which is under developmental control.  A third indole synthase, Igl, 

isolated from maize (Frey et al., 2000) also catalyzes the formation of free indole, probably 

also for use in the synthesis of secondary metabolites. Unlike Bx1, Igl is induced in maize by 

volicitin, a compound present in an insect pest's saliva. This is consistent with indole‟s role 

as part of a volatile blend of signaling molecules that attract beneficial insects (Frey et al., 

2000; Gierl and Frey, 2001).  A fourth isoform has been identified in the cytosol of maize 

(ZmTSAlike; Frey et al., 2000) and Arabidopsis (INS; Zhang et al., 2008).  It is unclear if 

ZmTSAlike functions as a true TSA isoform or if it has an alternate function (Kriechbaumer 

et al., 2008).  INS, however, has been characterized as an indole synthase and may be 

involved in the synthesis of tryptophan-independent indole acetic acid of other indole-
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derived secondary metabolites.  Indole synthase isoforms were probably generated by the 

neo-functionalisation of duplicates of the primary metabolic gene TSA (Frey et al, 2009). 

 

 Most plant indole synthases have N-terminal sequences with no counterpart in 

bacteria, and represent transit peptides for plastid import (Kriechbaumer et al., 2008).  No 

specific signature distinguishing a „BX1‟-type from a „TSA‟-type transit sequence can be 

deduced from primary amino acid sequences (Frey et al., 2009).  However, structural studies 

of maize and bacterial TSAs suggest that the orientation of a glutamate and an aspartate 

residue (at positions St49 and St60, respectively, in Salmonella typhimurium TSA) is critical 

for the efficiency of indole synthesis, and accounts for differences in the level of activity 

among the indole synthases (Kulik et al., 2005). The catalytic rate of BX1, for instance, is 

1400 times higher than that of an isolated tryptophan synthase α subunit and 14 times higher 

than an α subunit within a tryptophan synthase α2β2 complex (Frey et al., 2000). 

 

 Indole synthesized in the chloroplast is released into the cytosol/E.R. by an as yet 

unknown mechanism, although small apolar molecules, such as indole, have a high solubility 

in a membrane lipid bilayer and therefore a high coefficient of permeability.  Compounds 

which do not diffuse freely through the chloroplast membranes are generally translocated 

through specific protein transmembrane channels or carriers as well as through non-specific 

pores (Neuhaus and Wagner, 2000).  Once in the cytosol/E.R., indole becomes a substrate for 

the first of a series of four hydroxylations (Frey et al., 1995, 1997), including one ring 



56 

 

expansion (Spiteller et al., 2001). These are catalyzed by four CYP71C subfamily 

cytochrome P450 monooxygenases (BX2-BX5) situated on the endoplasmic reticulum.  

P450s utilize NADPH or NADH as electron donors and molecular oxygen to yield 

monooxygenated organic substrates and water.  In rye, indole is converted by BX2 to 

indolin-2-one, which is transformed into 3-hydroxy- indolin-2-one by Bx3.  A ring expansion 

catalyzed by BX4 yields 2-hydroxy-1,4-benzoxazin-3-one (HBOA) which is N-hydroxylated 

to DIBOA by BX5.  DIBOA is then glucosylated by a glucosyltransferase and transferred to 

the vacuole for storage and to prevent auto-toxicity (Figure 4).  Glycosylation is required for 

transport into the vacuole (Morant et al., 2008; Niemeyer, 2009).  In maize and wheat, 

following glycosylation, DIBOA-glucoside is further hydroxylated by a 2-oxoglutarate-

dependant dioxygenase, BX6 (Frey et al., 2003), and finally methylated by the O-

methyltransferase BX7 to form DIMBOA-glucoside (Jonczyk et al., 2008). Two 

glucosyltransferases, Bx8 and Bx9, were identified in maize (Bailey and Larson, 1989, von 

Rad et al., 2001, Ebisui et al., 2001).  Both have a higher affinity for DIMBOA than DIBOA, 

but Bx8 has a higher affinity for DIBOA than Bx9.  In wheat, two glucosyltransferases were 

also identified but showed similar substrate specificity for DIBOA and DIMBOA (Sue et al., 

2000b). 

 In maize, the P450 genes involved in BX synthesis are all located in a 6cM cluster on 

the short arm of chromosome 4. This is characteristic of repeated ancestral gene duplication 

and is noteworthy because these genes now represent five different functional classes.  This 

may have implications with respect to gene expression, which could be co-regulated by 
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changes in chromatin structure, as well as being a potential selective advantage (Frey et al., 

2009).  These genes are separated into two clusters in rye and wheat.  Bx1 and Bx2 have been 

mapped to chromosome 7R of rye and chromosome group 4 in wheat, while Bx3, Bx4 and 

Bx5 have been mapped to chromosome 5R of rye and the short arm of chromosome 5 in 

wheat (Nomura et al, 2003). Rye chromosomes 7R and 5R have synteny with parts of the 

long arms of wheat chromosome groups 4 and 5 and chromosome group 5, respectively 

(Devos et al., 1993). 

 

 To gain a better understanding of the regulation of benzoxazinone synthesis in a rye, 

we first determined the sequence of key genes involved in the synthesis of benzoxazinones.  

These sequences were then used to design primers to assess expression of the genes in rye 

during normal vegetative plant development.  Total transcript accumulation for the primary 

metabolism gene TSA and secondary metabolism genes ASA1, Bx1 and Bx2 were determined 

in mature and immature tissues and compared with benzoxazinone concentration in the same 

tissues.  Although ASA1 expression has been extensively investigated with regards to other 

secondary metabolite pathways it has not been assessed in relation to benzoxazinone 

synthesis.  BX concentration in grass seedlings has been previously reported to reach a 

maximum a few days after emergence and to decline rapidly thereafter (Argandoña et al., 

1981; Nakagawa et al., 1995; Copaja et al., 1999, 2006). Thus, the youngest tissues contain 

the highest BX concentration (Argandoña et al., 1981; Thackray et al., 1990, Gianoli et al., 

1999).  Gene expression associated with BX synthesis was previously studied in whole 

shoots but not in individual leaves or newly formed tillers; it generally reaches maximal 
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levels a few days after emergence.  In maize shoots Bx1 mRNA levels reached a maximum at 

7 days after emergence (von Rad et al., 2001) and Bx2-Bx5 transcripts were highest at 5 to 7 

days after imbibitions (Frey et al., 1995); The transcript levels of the Bx1 isoform TSA in 

maize remained stable and at housekeeping gene levels (Kriechbaumer et al., 2008).  In 

wheat shoots Bx1-Bx5 transcripts decreased between 36 hours and 5 days after seeding 

(Nomura et al., 2005).   

 

MATERIALS AND METHODS 

 

Gene sequencing.  As the studied genes had never been isolated from rye, their full length 

coding sequence was determined by PCR using primers designed from published sequences 

of the same genes or ESTs in other plant species.  Back-translated amino acid sequences of 

AS from Arabidopsis thaliana (GenBank: NP_180530, NP_196192), maize (Zea mays; 

GenBank: NP_001105813), rice (Oryza sativa; GenBank: BAA82094, BAA82095), oats 

(Avena sativa; GenBank: BAF30814), tobacco (Nicotiana tabacum; GenBank: AAC27795), 

rue (Ruta graveolens; GenBank: AAA74900, AAA74901) and Madagascar periwinkle 

(Catharanthus roseus; GenBank: CAC29060) as well as rye (Secale cereale; GenBank EST: 

BE705290) and wheat (Triticum aestivum; GenBank EST: BQ805591) ESTs were used to 

design completely degenerate primers that were used in PCR reactions with cDNA prepared 

from tissues of Aroostook rye.  Aroostook rye (Secale cereale L. cv. „Aroostook‟) is a rye 

cultivar commonly used as a cover crop in the US and it is known to synthesize BXs.  
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Initially, pooled amino acid sequences for both anthranilate synthase isoforms (ASA1 and 

ASA2) were used to design primers, to maximize the possibility of targeting an AS gene.  

Similarly amino acid sequences or ESTs from Arabidopsis thaliana (GenBank: AAM65526), 

maize (Zea mays; GenBank: NM_001123592, NP_001105219), rice (Oryza sativa; 

GenBank: EAZ38915, NP_001051561), wheat (Triticum aestivum; GenBank: BAD93363) 

and rye (Secale cereale; GenBank EST: BE637291) were used to design primers for cloning 

the isoforms Bx1 and TSA.  Partially degenerate primers were also designed using the 

CODEHOP strategy described by Rose et al. (1998).  For the Bx2 cDNA, published 

sequences of wheat TaBx2 (Triticum aestivum; GenBank: BAD93365; Nomura et al., 2002) 

and maize ZmBx2 (Zea mays; GenBank: NM_001137845) were used directly to isolate the 

equivalent sequences in rye tissue.  Sequences of primers used to clone full length sequences 

of ASA1, TSA, Bx1 and Bx2 are presented in Table 2. 

Total RNA was isolated from pulverized flash-frozen (in liquid nitrogen) tissue from 

14 day-old rye plants (cv. Aroostook) grown in a controlled environment (20 C constant 

temperature, 12 hour photoperiod, 400 molm
-2

s
-1

 PPFD) using the RNeasy mini-kit 

(Qiagen, Valencia, CA).  RNA recovery and purity were determined spectrophotometrically 

and sample integrity was assessed by nondenaturing agarose gel electrophoresis.  Single-

strand cDNA was then synthesized using the Superscript III First Strand Synthesis System 

(Invitrogen, Carlsbad, California).  This template was used in PCR reactions using Amplitaq 

(Life Technologies, Carlsbad, CA) or GoTaq (Promega, Madison, WI) DNA polymerase in 

an MJ-Research PTC-200 (Bio-Rad, Hercules, CA) thermocycler.  3' RACE (3' RACE 

system for rapid amplification of cDNA ends, Invitrogen Corporation, Carlsbad, California) 
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was used to determine 3'UTRs.  For reactions using degenerate primers, a “touchdown” 

program was used with the following thermal profile: 94°C for 20 s, followed by 60°C for 1 

min, then 72°C for 1 min 30 s for the initial 30 cycles with a 0.5°C decrease in annealing 

temperature per cycle, followed by 10 additional cycles of 94°C for 20 s, 45°C for 1 min, 

then 72°C for 1 min 30 s.  For reactions with sequence-specific primers, the thermal profile 

was: 94°C for 20 s, followed by 50°C-60°C (depending on melting temperature of primers) 

for 1 min, then 72°C for 1 min 30 s for 30 to 40 cycles.  PCR products were then gel-purified 

(Qiaquik PCR purification kit, Qiagen, Valencia, CA) and either inserted into a vector 

(pGEM-T-Easy Vector Systems, Promega, Madison, WI) for sequencing, or sent as primary 

PCR products for direct sequencing.  Sequences were assembled using the SeqMan software 

(DNASTAR, Inc, Madison, WI).  The 3'UTRs of these five sequences were later used to 

design gene specific primers for quantitative PCR. 

 

Developmental study: plant material and growth conditions.  Rye (Secale cereale cv. 

Aroostook) seed were germinated and grown in 5x25 cm cylindrical PVC containers (Cone-

TainersTM, Ray Leach Nursery, Canby, OR) filled with Fafard Mix No. 4 (Conrad Fafard Inc., 

Agawam, MA), and placed in trays tin growth chambers.  3 or 4 seeds were initially planted 

in each container and later thinned to one plant per container.  Fertility was maintained by 

daily irrigation with a nutrient solution (Table 3).  Plants were grown at a constant 20˚C with 

a PPFD of 400 mol·m
-2

·s
-1 

and a 12 hour photoperiod, to maintain plants in a vegetative 

state,.  Whole plants (aerial parts only) were harvested daily between 5 and 10 days after 

planting (DAP), then again at 15 DAP.  Plants were also harvested at 21 and 28 DAP, for 
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separate assessment of tillers and leaves.  All tissue was immediately flash-frozen in liquid 

nitrogen.  An individual plant constituted one replication for each harvest date/experiment, 

and three replicates were conducted for each of two independent experiments.  

 

Gas chromatographic analysis of Bx content.  Benzoxazinone content of tissues was 

analyzed utilizing a GC method modified from Finney et al. (2005).  Freeze-dried rye shoot 

tissue (see above) was weighed (0.5 g) and transferred into an empty 75 ml SPE (Alltech 

Associates, Deerfield IL) reservoir fitted with bottom frits (20 μm porosity). After adding 10 

ml of 50% ethanol the reservoir was vortexed for 1 min, the extract was collected under 

vacuum (VWR Scientific, West Chester, PA).  The tissue was extracted with an additional 5 

ml deionized (DI) water and the extract collected under vacuum until the tissue was dry. The 

combined extracts were transferred to a 25 ml volumetric flask, and brought to volume with 

DI water.  A 10 ml aliquot of this filtered extract was partitioned three times against equal 

volumes (5 ml) of EtOAc. The EtOAc layers were combined and water removed overnight 

using sodium sulfate. A 10 ml aliquot of the dried EtOAc fraction combined with 750 µl of a 

200 µg/ml octadecanol internal standard dissolved in toluene was reduced to dryness under a 

N2 stream at 40 C. For derivitization, 400 µl of 1:1 MSTFA–DMF were added to the 

sample/internal standard residue, the samples were capped under N2, and then heated at 75 C 

for 30 min. Samples were then transferred to auto-sampler vials for GC analysis.  

 An Agilent 6890N (Agilent Technologies, Santa Clara. CA) gas chromatograph equipped 

with a 30 m DB-5 megabore column (0.32 mm diameter, 1.5 µm film thickness, J&W 

Scientific, Agilent Technologies, Santa Clara. CA) was used for analyses.  0.5 µL of the 
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derivatized sample was analyzed using splitless injection and an injector temperature of 

250 C. Flame ionization detection was used with a detector temperature of 325 C. Column 

flow of the helium (UHP) carrier gas was 43.0 cm/s linear gas velocity. The initial oven 

temperature was 100 C, followed by a 5 /min increase to a final temperature of 300 C. The 

oven temperature increase began upon injection, and the final temperature was maintained 

for 30 min. Data collection and analysis used ChemStation Software (Agilent Technol. Rev. 

B.03.02).  Peaks were quantitated by comparison to internal standards. Appropriate multi-

level calibration curves were run for BOA, DIBOA, and DIBOA-Glu.  Synthetic DIBOA 

standard was prepared in the laboratory of W.S. Chilton, Department of Botany, North 

Carolina State University.  DIBOA- glucoside standard was prepared according to the 

method described in Finney et al. (2005). 

 

Statistical analysis. GC data were analyzed using a PROC GLM ANOVA model (SAS 

Institute, 2002) with the LSD method to test for significant differences between sampling 

dates. 

 

Expression analysis.  Total RNA was extracted from flash-frozen leaf tissue using the Qiagen 

RNeasy mini-kit (Qiagen, Valencia, CA). The RNA samples were treated with DNase I “on 

column” as per manufacturer‟s instructions using the  Qiagen RNase-free DNase set (Qiagen, 

Valencia, CA) to remove residual DNA contamination.  First strand cDNAs were synthesized 

from 2 μg of total RNA in a 100 μL reaction volume using the TaqMan Reverse 

Transcription Reagents Kit (Applied Biosystems, Foster City, CA) as per the manufacturer‟s 
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instructions. Quantitative real-time PCR reactions were performed in triplicate using the 

GenAmp® 7300 Sequence Detection System (Applied Biosystems).  Separate PCR reactions 

using the SYBR® Green PCR Master Mix were performed on aliquots of the same cDNA 

using a primer for the gene of interest in one reaction and an 18S rRNA primer in the second 

(Applied Biosystems).  Gene-specific primers were designed for the gene of interest and the 

18s rRNA using Primer Express
®
 software (Applied Biosystems) and the Amplify program 

(http://engels.genetics.wisc.edu/amplify).  The primer sequences were i) for ASA1, 5‟- 

GCAGAGTCCGCTTTTGTAGACA-3‟ (forward) and 5‟- 

CAACATGAACTGGGTGAAGAATG-3‟ (reverse) ii) for TSA, 5‟- 

CGCATTTCCATGAAACATGC-3‟ (forward) and 5‟- 

GTATATGGTATTCATGCGGTTTCC-3‟ (reverse) iii) for Bx1, 5‟- 

CGTCATTGTATCATTAGCCTTCGC-3‟ (forward) and 5‟- 

CGGTGAACTAGTTACTCAGGACCATC -3‟ (reverse) and iv) for Bx2, 5‟- 

CCATGTGAGTGCATGTAGCG -3‟ (forward) and 5‟- GCACCAAATACCATGGCTCA-3‟ 

(reverse).  The PCR conditions consisted of denaturation at 95°C for 10 min, followed by 40 

cycles of denaturation at 95°C for 15 sec and annealing/extension at 60°C for 1 min.  A 

dissociation curve was generated at the end of each PCR cycle to verify that a single product 

was amplified using software provided with the GeneAmp® 7300 sequence detection 

system.  A negative control reaction (without template) was also routinely performed in 

triplicate for each primer pair.  The change in fluorescence of SYBR® Green I dye in every 

cycle was monitored by the GenAmp® 7300 system software, and the threshold cycle (CT) 

above background for each reaction was calculated.  The CT value of 18S rRNA was 
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subtracted from that of the gene of interest to obtain a ΔCT value.  The CT value of an arbitrary 

calibrator (e.g., the tissue sample from which the largest CT values were obtained) was 

subtracted from the ΔCT value to obtain a ΔΔCT value.  The gene expression level relative to 

the calibrator was expressed as 2
-
 
ΔΔCT

. 

 

RESULTS AND DISCUSSION 

 

Gene sequencing 

 

 Full length cDNA sequences were obtained for the rye ASA1, Bx1 and Bx2 homologs, 

and a near full length TSA sequence was determined that lacked only a transit peptide.  The 

rye ASA1 coding sequence (AS1) is 1827 bp with an additional 186 bp 3'UTR.  Although not 

shown here, the AS1 nucleotide sequence has 89% identity to an oat ASA2 (Genbank: 

AB271761; Matsukawa et al., 2002), and 86% identity to a reported rice OASA2 sequence 

(Genbank: AB022603; Tozawa et al., 2001), both of which are associated with secondary 

metabolism. Further, AS1 encodes a protein with 89% amino acid identity to the 

corresponding oat (Avena sativa) ASA2-encoded protein (Genbank: BAF30814) and 87% 

identity to the corresponding rice (Oryza sativa) OASA2-encoded protein (Genbank: 

BAA82095) (Figure 5).  The translated AS1 sequence contains a putative 50 amino acid  N-

terminal transit peptide, conserved residues for tryptophan feedback inhibition, an 

anthranilate synthase N-terminal region and a chorismate binding region (Figure 5). 
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The rye Bx1 homolog contains a coding sequence of 960 bp and a 3'UTR of 319 bp.  

The rye Bx1 has 94% nucleotide identity with the wheat (Triticum aestivum) Bx1 located on 

chromosome A (TaBx1A, Genbank: AB094060, Nomura et al., 2003) and a 75% nucleotide 

identity with a maize Bx1 (Genbank: NM_001111749, Kriechbaumer et al., 2008) (not 

shown).  The rye Bx1 deduced amino acid sequence has a 97% identity with the 

corresponding wheat indole-3-glycerol phosphate lyase TaBx1-B protein (Genbank: 

BAD93363) and an 78% identity with the corresponding maize Bx1 (Genbank: 

NP_001105219) (Figure 6.).  It contains an N-terminal 41 amino acid putative transit peptide, 

conserved regions for catalytic and substrate binding sites, as well as heterodimer interface 

(Figure 6). 

The TSA coding sequence (which doesn't include the transit peptide coding sequence) 

is 835 bp and has a 192 bp 3'UTR.  The rye TSA has 78% nucleotide identity with a maize 

TSA (ZmTSA, GenBank: NM_001130120, Kriechbaumer et al., 2008) that itself has a 960bp 

coding sequence, and has 58% nucleotide identity with an Arabidopsis TSA (Genbank: 

AY087980).  The rye TSA has a deduced amino acid sequence with 81% identity to the 

corresponding maize sequence (Genbank: NP_001123592) and a 68% amino acid identity to 

the corresponding Arabidopsis sequence (Genbank: AAM65526) (Figure 7).  The rye TSA 

and Bx1 isoforms share 63% identity at the nucleotide level and 66% identity at the deduced 

amino acid level.  They contain the same conserved regions for catalytic and substrate 

binding sites, as well as heterodimer interface (Figure 8). 

The Bx2 coding sequence is 1587 bp and its 3'UTR is 164 bp.  It has a 96% 

nucleotide identity to a wheat TaBx2 sequence (Genbank: AB042630, Nomura et al., 2002) 
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and a 76% identity to a maize ZmBx2 sequence (Genbank: X81831, Frey et al., 1995).  Its 

deduced amino acid sequence has a 97% identity to the corresponding wheat sequence 

(Genbank: BAD93365) and a 77% identity to the corresponding maize sequence (Genbank: 

CAA57425).  It contains the following conserved elements typical of cytochrome P450 

enzymes (Kalb and Loper, 1988); an anchor region, a proline-rich region, a heme-binding 

region (with conserved motif FXXGXRXCXG; Schuler et al., 1996) and the dioxygen-

binding (threonine) site (Figure 9). 

 

 As depicted in the phylogenetic trees show in figures 10-12, the rye amino acid 

sequences for ASA1, Bx1, TSA and Bx2 show a high degree of identity with homologous 

sequences from other members of the Poaceae, especially Triticeae (T.aestivum, H. lechleri).  

Although the rye and wheat genomes are distinguished by at least 7 rearrangements, 

colinearity was conserved within the translocated segments (Devos et al., 1993).   Figure 10 

clearly shows the divergence of the monocot from the dicot sequences as well as the ASA1 

sequences from their AS2 isoforms in the Poaceae.  Further, the secondary metabolism-

associated ASA1 isoforms appear to be more closely related than do the primary metabolism-

associated ASA2 isoforms, indicating a possible duplication of an ancestral ASA2 gene.  The 

positions of the rye Bx1 and TSA sequences in the phylogenetic tree of indole-3-glycerol 

phosphate lyases (Figure 11) are consistent with a monophylogenetic origin for the DIBOA 

synthesis pathway genes in Poaceae, as the Bx1 genes of rye, wheat, maize and H. lechleri all 

appear to be the result of a TSA gene duplication (Frey et al., 2009).  Further, an independant 

duplication event for the H. lechleri Bx1 gene, would account for its somewhat more distant 
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relationship to the wheat or rye gene (Grün et al., 2005).  The BX pathway genes in dicots, as 

shown by the position of the C. orientalis Bx1, do not appear to share a phylogenetic origin 

with monocot genes, even though they encode enzymes with the same functions.  This 

suggests that these functions evolved independantly (Shullehner et al., 2008).  Finally, Figure 

12 shows the close relationship between the cytochrome P450 monooxygenases involved in 

BX synthesis (Bx2-Bx5) and their expected divergence from the dioxygenase Bx6 and the O-

methyltransferase Bx7. 

 

Developmental study 

 

Between 5 and 15 days after planting (DAP), total benzoxazinone (DIBOA, BOA and 

DIBOA-glucoside) content in rye shoot tissue was relatively constant at 1256 to 1983 g·g
-1

 

dry weight (Figure 13).  During that period, plants were at Feekes growth stage 1.  Although 

a second leaf appeared at 7 DAP, all leaf tissue was combined for the 5 to 15 DAP analyses.  

At 21 DAP, Feekes growth stage 2, individual leaves from each tiller were analyzed (Figure 

14).  At that time, plants had as many as three tillers, as many as three leaves on the first 

tiller, as many as two leaves on the second tiller and one leaf on the third tiller.  The highest 

concentrations of benzoxazinones were found in the youngest leaf of the second tiller (1832 

g·g
-1

 dry weight) and the leaf of the third tiller (2269 g.g
-1

 dry weight). By 21 DAP, BX 

content of the older leaves had decreased to 500 g·g
-1

 dry weight. At 28 DAP, Feekes 

growth stage 3, plants had four tillers with as many as four leaves on each tiller (Figure 15).  

Again, the highest concentration of benzoxazinones was found in the youngest tissue, i.e. the 
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fourth leaf of the first, second and third tillers (2244, 1974 and 1939 g·g
-1

 dry weight, 

respectively) and the third and fourth leaves of the fourth tiller (1803 and 1796 g·g
-1

 dry 

weight, respectively).  There were no significant differences in BX concentration of the 

youngest leaves in all tillers.  There also did not appear to be any differences in BX 

allocation between successive tillers, with the exception of the youngest tiller where the 

second and third leaves still had relatively high BX levels.  Also, the BX concentration in the 

youngest tissue at 28 DAP was comparable to that in the youngest tissues at 21 DAP and in 

pooled tissues between 5 and 15 DAP.  This suggests that BX synthesis occurs in newly 

formed tissue as long as vegetative growth contiues.  It appears that a maximal BX 

concentration of about approximately 2000 g.g
-1

dw was reached in newly formed leaf tissue 

at any growth stage.  As leaves mature, BX concentration decreases, suggesting that 

synthesis has ceased and existing BX now becomes a smaller proportion of the leaf dry 

weight as a simple dilution effect.  Alternatively, BX synthesis could continue, but BX 

concentration might decrease due to degradation or export.  BX has been detected in maize 

vascular bundles (Massardo et al., 1994) and phloem sap (Frébortová et al., 2010), and BX 

exudation from roots in wheat and rye has been documented (Belz and Hurle, 2005), 

suggesting export might play a role in the observed BX concentration decrease.  However, 

BXs are stored in the vacuole after biosynthesis and Gianoli et al., (1999) report that total 

leaf content is maintained unless tissue is disrupted by biotic or abiotic means (Morant et al., 

2008). 

 The initial conversion of chorismate to anthranilate that ultimately leads to the 

synthesis of both primary and secondary metabolytes branching from this pathway is 
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catalyzed by the enzyme anthranilate synthase, ASA1.  The observed relative accumulation 

of ASA1 transcripts varried from leaf to leaf and showed a decreasing trend in the second and 

third tillers from oldest to youngest leaves (Figure 16). This is opposite to the observed BX 

accumulation, and suggests that unlike its orthologs in Arabidopsis (Niyogi and Fink, 1992) 

or Ruta graveolens (Bohlmann et al., 1996), the rye ASA1 is not transiently induced in young 

tissue. This further suggests that any necessary up-regulation in the anthranilate derived 

secondary metabolite pathway does not occur at the anthranilate synthase catalytic step.  It is, 

of course possible that the rye ASA1 sequence used here does not correspond to the inducible 

or secondary metabolism-associated isoform but to the constitutive ASA2 isoform.  

Expression analysis of other rye ASA isoforms would be necessary to assess their 

developmental inducibility, and their heterologous expression would confirm their function.  

As with the expression of ASA1, the relative accumulation of TSA transcripts (Figure 17) 

was similar in tissues of all ages.  Thus TSA is likely not responsible for up- regulation in the 

anthranilate derived secondary metabolite pathway, but is probably responsible for the 

constitutive synthesis of tryptophan. 

 In contrast, accumulation of the TSA isoform Bx1 transcript varied significantly with 

the age of the tissue (Figure 18).  With the exception of the second tiller, transcript 

accumulation was highest in the youngest tissue in the tillers.  Highest transcript levels were 

found in the fourth leaf of the fourth tiller, where the relative levels of Bx1 RNA were more 

than 200 times higher than in the calibrator treatment (tiller 3, leaf 1).  In tillers 1 and 3 the 

third and fourth leaves also showed the highest levels of Bx1 accumulation, with levels up to 

50-fold higher in leaf 3 than in the oldest leaf (leaf 1). 
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 The pattern of Bx2 RNA accumulation is strikingly similar to that of Bx1 (Figure 19).  

Highest Bx2 transcript levels were observed in the fourth leaf of the fourth tiller as well, 

where they reached a level more than 300 times greater than in the calibrator treatment.  

Similar to Bx1, higher expression levels were typically found in the youngest leaves, with the 

lowest accumulation being in the oldest leaves of each tiller.  The expression of Bx1 and Bx2 

appear to be coordinated and transient in newly formed tissue, with their expression 

gradually decreasing with leaf.  BX1 and BX2 transcript levels generally paralleled the 

observed BX concentration for the same tissue (Figure 15). Assuming RNA levels correlate 

with enzymatic activity, then one would expect BX synthesis to decrease with leaf age, with 

total leaf BX content being progressively diluted by accumulating leaf biomass. 

 The strikingly similar expression of Bx1 and Bx2 could be facilitated by the close 

proximity of these genes on chromosome 7R.   Similarly, the Bx3-Bx5 genes are close 

neighbors on chromosome 5R (Nomura et al., 2003).  Nomura et al. (2002) suggested that the 

five wheat TaBx and rye Bx genes were originally clustered in a single chromosomal region, 

before a translocation occurred in the genome of an ancestoral species.  Rye chromosomes 

7R and 5R show synteny with the long arms of hexaploid wheat group-4 chromosomes 

(where TaBx1 and TaBx2 are located) and the short arms of group-5 chromosomes (where 

Tabx3-TaBx4 are located), respectively.  The wheat group-5 chromosomes show synteny 

with maize chromosome 4, where all the Bx genes form a cluster on the short arm (Frey at al, 

1997).  The clustering of genes that are all involved in the same process could facilitate their 

coordinate expression at the chromatin level (Zhan et al., 2006) and thus constitute a 

selective advantage (Jonczyk et al, 2008).  Additionally, the expression of multiple pathway 
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genes for the biosynthesis of a secondary metabolite can frequently be regulated by a 

common transcription factor (Vom Endt et al., 2002).  While analyzing the promoter regions 

of TaBx3 and TaBx4, Nomura et al. (2008) identified three common putative cis-regulatory 

elements that were also present in the 5‟-upstream region of ZmBx4 in maize.  A closer 

analysis of the rye Bx genes‟ promoter regions might help identify their mechanism of co-

regulation. 

 This study has shown that BX accumulation in vegetative rye plants is highest in 

newly formed tissue, where defense compounds would be most needed to repress herbivores 

or pathogens.  The lower BX concentrations found in aging leaves appears to be due, at least 

in part, to a decrease in the accumulation of the Bx RNAs (and thus a decrease in BX 

synthesis) combined with an increase in leaf biomass.  The observed concentration of BX in 

the young plant may represent a level that, through natural selection, has proven to be 

sufficient for resistance to predators and pathogens. This pattern of higher levels of defense 

chemicals in young tissue that decrease as the plant ages appears to be common in maize, 

wheat, and rye, suggesting a common adaption for survival. Though perhaps beneficial for 

the plant, this decrease over time in whole plant BX concentration is a disadvantage for weed 

management with cover crop residues.  For weed suppression, one would like sustained (or 

later occurring) levels of BXs to provide phytochemical control later in the season at the time 

of weed germination and emergence.  A useful strategy to increase the allelopathic potential 

of rye when it is most needed by farmers might be to first identify developmental signals that 

control Bx gene expression, and manipulate these to maintain BX content in mature plants. 

This strategy assumes that BX synthesized at any time by the plant could be stored and 
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subsequently made available as allelopathic leachates when the cover crop is mowed or 

rolled.  Other strategies might focus on specifically inducing BX synthesis at the critical time 

for weed control. As with the developmental approach, this would require the identification 

of factors that control the direct induction of genes like Bx1 and Bx2. 
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Table 1. Nomenclature used to refer to the isoforms of the  subunit, or component I, of 

anthranilate synthase (EC 4.1.3.27). 

 

 

 

 

 

 

 

 

 

 

 

Table 2.  Primers used for isolation of the ASA1, TSA, Bx1 and Bx2 coding sequences by 

PCR.  Fragments of each gene are ordered in chronological order of cloning. *3‟RACE 

universal primer. 

 

  

 Inducible form Non-inducible 

form 

Arabidopsis thaliana (Niyogi and Fink, 1992) ASA1 ASA2 

Ruta graveolens (Bohlmann et al., 1995) AS 1 AS 2 

Oryza sativa (Tozawa et al., 2001) OASA2 OASA1 

Camptotheca acuminata (Lu et al., 2005) ASA1 ASA2 

Avena sativa (Matsukawa et al.,2002) Elicitor-

inducible AS 

Constitutive AS 

Nicotiana tabacum (Song et al., 1998) - ASA2 

Prokaryotes (Romero et al., 1995) TrpE TrpE 

Fragment Location within 
cDNA (bp) 

Forward primer sequence Reverse primer sequence 

ASA1-1 1191-1406 AAYMGICCIYTIGCIGGIAC   GTISWISWIATRTGCATIACRTG 

ASA1-2 1211-2013 (3’UTR) CTACCCGAAGGGGCAAGACAGAGC GGCCACGCGTCGACTAGTAC * 

ASA1-3 1-687 TGTTGAGCAGGGAGTGGAAG CATAGCGGACTGTATCATAGG 

ASA1-4 586-1228 TTCCCAGGAGCATAATGGAG TCTTGCCCCTTCGGGTAGTC 

TSA-1 40-495 ATCAGGGCGTCCGCGTC GTTAGTAACACCAGCTCTAGG 

TSA-2 420-1237 (3’UTR) CTGATGTTCCTCTGGAAGAGAC   GGCCACGCGTCGACTAGTAC * 

TSA-3 1-165 CTCGCACCCATGGCGTTC CACGCATCGAGAACCTTGAG 

Bx1-1 1-378 ATGGCTTTCGCGCTCAATGC ACTCGAAGCCTGGATGATCG 

Bx1-2 938-1279 (3’UTR) GCATGAAGAATGCACTACCATGA GGCCACGCGTCGACTAGTAC * 

Bx1-3 254-1277 ATCCTGACCTCGCCACAAC CTTGAAACGTAGAACGATGTC 

Bx2-1 704-1384 GAGCTCTCCGACATCAACGCG GCCGAGTGGACCCCAGGGCAC 

Bx2-2 1-707 GCCATGGCTCACGTACATG GCGTTGATGTCGGAGAGCTC 

Bx2-3 620-1018 ATGACCTCGTCTGCCGTG TCATATACGAGGTGTCTGTGC 

Bx2-4 1205-1522 TTCCACACTTCTCCCTAGATG CTATGTCCTCTTCCTTCAATCC 

Bx2-5 1383-1678 (3’UTR) CCATTACTTGCCATTTGGGTTTG GGCCACGCGTCGACTAGTAC * 
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Table 3 Nutrient solution analysis. 

  
Element Concentration 

(ppm) 

N 106.23 

P 10.41 

K 111.03 

Ca 54.40 

Mg 12.40 

Fe 5.00 

S 13.19 

Mn 0.11 

B 0.24 
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(B) 

 

Figure 1. A) Conversion of chorismate to anthranilate catalyzed by anthranilate synthase α 

and β.  B) Conversion of chorismate to anthranilate catalyzed by anthranilate synthase α 

only, in high concentrations of ammonia. 
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Figure 2. Conversion of anthranilate to indole-3-glycerol phosphate. CdRP is 1-(O-

carboxyphenylamino)-1-deoxyribulose-5-phosphate. Enzymes are 1) phosphoribosyl-

anthranilate transferase; 2) phosphoribosyl-anthranilate isomerase; and 3) indole-3-glycerol 

phosphate synthase. 

 

 

 

 

 

Figure 3. Conversion in the chloroplast of indole-3-glycerol phosphate to tryptophan 

catalyzed by α and β subunits of tryptophan synthase and conversion to free indole by TSα 

isoforms Bx1 and Igl. 
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Figure 4. Enzymes and intermediate compounds involved in benzoxazinone synthesis in rye. 

DIBOA-Glc (DIBOA-glucoside) is the dominant product in rye. Bx1, indole-3-glycerol 

phosphate lyase; Bx2-Bx5, monooxygenases; Bx6, dioxygenase; Bx7, O-methyltransferase; 

Bx8-Bx9, glucosyltransferases. 
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Figure 5. Alignment of ASA1 amino acid sequences, generated with CLUSTALW 

(http://clustalw.genome.jp). 
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Figure 6. Alignment of Bx1 amino acid sequences, generated with CLUSTALW 

(http://clustalw.genome.jp). 
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Figure 7. Alignment of TSA amino acid sequences, generated with CLUSTALW 

(http://clustalw.genome.jp). 
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Figure 8. Alignment of rye Bx1 and TSA amino acid sequences, generated with 

CLUSTALW (http://clustalw.genome.jp). 
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Figure 9. Alignment of Bx2 amino acid sequences generated with CLUSTALW 

(http://clustalw.genome.jp). 
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rye_Bx2 RTAEAILRTHDHIFASRPRSMVFDIIMYGQTDSCFAPYGEHFRKARKLVTVHMLNARKIR 

BAD93365 RTAEAVLRTHDHIFASRPRSMVFDIIMYGQTDSCFAPYGEHFRKARKLVTVHMLNARKIR 

AAS45242 RTAEAVLRTHDHVFASRPRSMVFDIIMYGQTDSCFAPYGDHFRKARKLVTVHMLNARKIR 

CAA57425 RVAEAVLRTYDHVFSSRPRSLVSDIIMYGATDSCFAPYGDHFRKARKLVTVHLLNASKVR 

BAD08941 RAAEAVLRTHDLAFASRPRAMVPDIITYGATDSCYGPYGDHFRKVRKAVTVHLLNSHKVQ 

*.***:***:*  *:****::* *** ** ****:.***:****.** ****:**: *:: 

rye_Bx2 SQRPAREEEVRLVIGKVAKAAAAR-ESVDMSELLHSYVNDLVCRAVSGKFSQEEGRNKLF 

BAD93365 SQRPAREEEVRLVIGKIAKAAAAR-EAVDMSELLHSYVNDLVCRAVSGKFSQEEGRNKLF 

AAS45242 SQRPAREEEVRLVIGKIAKAAAAR-EAVDMSELLHSYVNDLVCRAVSGKFSQEEGRNKLF 

CAA57425 SQRPAREEEVRGALDRVRRAAAAR-EPVDMSELLHSFVNNLVCRAVSGKFSMEEGRNRLF 

BAD08941 AYRPAREEEVRLVIAKLRGAAAMAGAPVDMTELLHSFANDLICRAVSGKFFREEGRNKLF 

: ********* .: ::  ***    .***:*****:.*:*:********  *****:** 

rye_Bx2 RELTDINAALLGGFNILDYFPSLGRFELVCKVACAKARRVRKRWDLLLDKLIDDHAARMV 

BAD93365 RELTDINAALLGGFNILDYFPSLGRFELVCKVACAKARRVRKRWDLLLDKLIDDHAARMV 

AAS45242 RELTDINAALLGGFNILDYFPSLGRFELVCKVACAKARRVRKRWDLLLDKLIDDHAARMV 

CAA57425 RELTDINAGLLGGFHIQDYFPRLGRIELVRKVACAKTRRVRKRWDDLLDKLIDDHAARMA 

BAD08941 RELIDTNASLLGGFNLEDYFPSLARTKLLSKVICVRAMRVRRRWDQLLDKLIDDHATRLV 

*** * **.*****:: **** *.* :*: ** *.:: ***:*** **********:*:. 

rye_Bx2 DAKLLSLLPSPPTKLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVHLGAVPTAVVSSP 

BAD93365 DAKLLSLLPSPPTRLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVHLGAVPTAVVSSP 

AAS45242 DAKLLSLLPSPPSKLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVRLGAVPTAVVSSP 

CAA57425 PDKLLSLLPSPPMKLPIIGHLHLMGDIPYVSLAALATRYG-PDLMLLRLGAVPTVVVSSP 

BAD08941 SELLLSKLPSPPLRLPVIGHMHLVGSLPHVSLRDLAAKHGRDGLMLVHLGSVPTLVVSSP 

*** ***** :**:***:**:*.:*:***  **:::*   ***::**:*** ***** 

< >P-rich region

rye_Bx2 MAHVHVDEMLHEAAAAAPRSLLVATAVLFSLVVLPLLLRIITKQG------------AAS 

BAD93365 MAHVHVDEMLHEAAAAAPRSLLIATAVLFSLVVVPLLLRIITKQG------------AAS 

AAS45242 MAHVHVDEMLHGAAAAP-RSLLIATAVLFSLVVLPLLLRIITKQG------------AAS 

CAA57425 MAAQLHHALYELLHEAAAAQRALLLAIPFSLLLLPLLLRYLAASASASATKNDGAAPASD 

BAD08941 -MKQLAMELNNTEPLTASRAQAAAVFLLLPVALLLLLLRFARATTMAG---------DRN 

: .    :.         : :.: :: ****                    . 

< >
Anchor region

rye_Bx2 SREDEAQAEQEEDKDFIDVSLSLQQEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMAEL 

BAD93365 SREDEAQPEQEEDKDFIDVSLSLQQEYGLTRHHIKAILIDMFEAGTDTSYMTLEFAMAEL 

AAS45242 SREDEAQGEQEEDKDFIDVSLSLQQEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMAEL 

CAA57425 THQD-----EDDDKDFIYVLLSLQKEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMTEL 

BAD08941 RRHDHD---QQQDSDFIDILLYHQEEYGFTRDNIKAILVDMFEAGTDTSYLVLESAMVEL 

:. *     :::*.*** : *  *:***:**.:*****:***********:.** **.** 

*

Dioxygen-binding

rye_Bx2 IRKPHLMKKLQEEVRRNVPNGQEMVAEDDLPNMTYLKAVIKETLRLHPPVPLMIPHFSLD 

BAD93365 IRKPHLMKKLQEEVRRNVTNGQEMVAEDDLPNMTYLKAVIKETLRLHPPVPLMIPHFSLD 

AAS45242 IRKPHLLNKLQEEVRRNVPNGQEMVAEDDLPNMTYLKAVIKETLRLHPPVPLMIPHFSLD 

CAA57425 IRKPHLMKKLQEEVRRNVPAGQEMVTEDNLPGMTDLKAVIKETLRLHPPVPLLLPHYSLD 

BAD08941 MRKPHLLAKLKDEVRRVIPKGQEVVNEDNIVDMVYLKAVIKETLRLHPPAPLYIPHLSRE 

:*****: **::**** :. ***:* **:: .*. **************.** :** * : 

rye_Bx2 RTAEAILRTHDHIFASRPRSMVFDIIMYGQTDSCFAPYGEHFRKARKLVTVHMLNARKIR 

BAD93365 RTAEAVLRTHDHIFASRPRSMVFDIIMYGQTDSCFAPYGEHFRKARKLVTVHMLNARKIR 

AAS45242 RTAEAVLRTHDHVFASRPRSMVFDIIMYGQTDSCFAPYGDHFRKARKLVTVHMLNARKIR 

CAA57425 RVAEAVLRTYDHVFSSRPRSLVSDIIMYGATDSCFAPYGDHFRKARKLVTVHLLNASKVR 

BAD08941 RAAEAVLRTHDLAFASRPRAMVPDIITYGATDSCYGPYGDHFRKVRKAVTVHLLNSHKVQ 

*.***:***:*  *:****::* *** ** ****:.***:****.** ****:**: *:: 

rye_Bx2 SQRPAREEEVRLVIGKVAKAAAAR-ESVDMSELLHSYVNDLVCRAVSGKFSQEEGRNKLF 

BAD93365 SQRPAREEEVRLVIGKIAKAAAAR-EAVDMSELLHSYVNDLVCRAVSGKFSQEEGRNKLF 

AAS45242 SQRPAREEEVRLVIGKIAKAAAAR-EAVDMSELLHSYVNDLVCRAVSGKFSQEEGRNKLF 

CAA57425 SQRPAREEEVRGALDRVRRAAAAR-EPVDMSELLHSFVNNLVCRAVSGKFSMEEGRNRLF 

BAD08941 AYRPAREEEVRLVIAKLRGAAAMAGAPVDMTELLHSFANDLICRAVSGKFFREEGRNKLF 

: ********* .: ::  ***    .***:*****:.*:*:********  *****:** 

rye_Bx2 RELTDINAALLGGFNILDYFPSLGRFELVCKVACAKARRVRKRWDLLLDKLIDDHAARMV 

BAD93365 RELTDINAALLGGFNILDYFPSLGRFELVCKVACAKARRVRKRWDLLLDKLIDDHAARMV 

AAS45242 RELTDINAALLGGFNILDYFPSLGRFELVCKVACAKARRVRKRWDLLLDKLIDDHAARMV 

CAA57425 RELTDINAGLLGGFHIQDYFPRLGRIELVRKVACAKTRRVRKRWDDLLDKLIDDHAARMA 

BAD08941 RELIDTNASLLGGFNLEDYFPSLARTKLLSKVICVRAMRVRRRWDQLLDKLIDDHATRLV 

*** * **.*****:: **** *.* :*: ** *.:: ***:*** **********:*:. 

rye_Bx2 DAKLLSLLPSPPTKLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVHLGAVPTAVVSSP 

BAD93365 DAKLLSLLPSPPTRLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVHLGAVPTAVVSSP 

AAS45242 DAKLLSLLPSPPSKLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVRLGAVPTAVVSSP 

CAA57425 PDKLLSLLPSPPMKLPIIGHLHLMGDIPYVSLAALATRYG-PDLMLLRLGAVPTVVVSSP 

BAD08941 SELLLSKLPSPPLRLPVIGHMHLVGSLPHVSLRDLAAKHGRDGLMLVHLGSVPTLVVSSP 

*** ***** :**:***:**:*.:*:***  **:::*   ***::**:*** ***** 

< >P-rich region

rye_Bx2 DAKLLSLLPSPPTKLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVHLGAVPTAVVSSP 

BAD93365 DAKLLSLLPSPPTRLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVHLGAVPTAVVSSP 

AAS45242 DAKLLSLLPSPPSKLPIIGHLHLMGDLPYVSLAGLAAKYG-PELMLVRLGAVPTAVVSSP 

CAA57425 PDKLLSLLPSPPMKLPIIGHLHLMGDIPYVSLAALATRYG-PDLMLLRLGAVPTVVVSSP 

BAD08941 SELLLSKLPSPPLRLPVIGHMHLVGSLPHVSLRDLAAKHGRDGLMLVHLGSVPTLVVSSP 

*** ***** :**:***:**:*.:*:***  **:::*   ***::**:*** ***** 

< >P-rich region

rye_Bx2 MAHVHVDEMLHEAAAAAPRSLLVATAVLFSLVVLPLLLRIITKQG------------AAS 

BAD93365 MAHVHVDEMLHEAAAAAPRSLLIATAVLFSLVVVPLLLRIITKQG------------AAS 

AAS45242 MAHVHVDEMLHGAAAAP-RSLLIATAVLFSLVVLPLLLRIITKQG------------AAS 

CAA57425 MAAQLHHALYELLHEAAAAQRALLLAIPFSLLLLPLLLRYLAASASASATKNDGAAPASD 

BAD08941 -MKQLAMELNNTEPLTASRAQAAAVFLLLPVALLLLLLRFARATTMAG---------DRN 

: .    :.         : :.: :: ****                    . 

< >
Anchor region

rye_Bx2 SREDEAQAEQEEDKDFIDVSLSLQQEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMAEL 

BAD93365 SREDEAQPEQEEDKDFIDVSLSLQQEYGLTRHHIKAILIDMFEAGTDTSYMTLEFAMAEL 

AAS45242 SREDEAQGEQEEDKDFIDVSLSLQQEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMAEL 

CAA57425 THQD-----EDDDKDFIYVLLSLQKEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMTEL 

BAD08941 RRHDHD---QQQDSDFIDILLYHQEEYGFTRDNIKAILVDMFEAGTDTSYLVLESAMVEL 

:. *     :::*.*** : *  *:***:**.:*****:***********:.** **.** 

*

Dioxygen-binding

rye_Bx2 MAHVHVDEMLHEAAAAAPRSLLVATAVLFSLVVLPLLLRIITKQG------------AAS 

BAD93365 MAHVHVDEMLHEAAAAAPRSLLIATAVLFSLVVVPLLLRIITKQG------------AAS 

AAS45242 MAHVHVDEMLHGAAAAP-RSLLIATAVLFSLVVLPLLLRIITKQG------------AAS 

CAA57425 MAAQLHHALYELLHEAAAAQRALLLAIPFSLLLLPLLLRYLAASASASATKNDGAAPASD 

BAD08941 -MKQLAMELNNTEPLTASRAQAAAVFLLLPVALLLLLLRFARATTMAG---------DRN 

: .    :.         : :.: :: ****                    . 

< >
Anchor region

rye_Bx2 MAHVHVDEMLHEAAAAAPRSLLVATAVLFSLVVLPLLLRIITKQG------------AAS 

BAD93365 MAHVHVDEMLHEAAAAAPRSLLIATAVLFSLVVVPLLLRIITKQG------------AAS 

AAS45242 MAHVHVDEMLHGAAAAP-RSLLIATAVLFSLVVLPLLLRIITKQG------------AAS 

CAA57425 MAAQLHHALYELLHEAAAAQRALLLAIPFSLLLLPLLLRYLAASASASATKNDGAAPASD 

BAD08941 -MKQLAMELNNTEPLTASRAQAAAVFLLLPVALLLLLLRFARATTMAG---------DRN 

: .    :.         : :.: :: ****                    . 

< >
Anchor region

rye_Bx2 SREDEAQAEQEEDKDFIDVSLSLQQEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMAEL 

BAD93365 SREDEAQPEQEEDKDFIDVSLSLQQEYGLTRHHIKAILIDMFEAGTDTSYMTLEFAMAEL 

AAS45242 SREDEAQGEQEEDKDFIDVSLSLQQEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMAEL 

CAA57425 THQD-----EDDDKDFIYVLLSLQKEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMTEL 

BAD08941 RRHDHD---QQQDSDFIDILLYHQEEYGFTRDNIKAILVDMFEAGTDTSYLVLESAMVEL 

:. *     :::*.*** : *  *:***:**.:*****:***********:.** **.** 

*

Dioxygen-binding

rye_Bx2 SREDEAQAEQEEDKDFIDVSLSLQQEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMAEL 

BAD93365 SREDEAQPEQEEDKDFIDVSLSLQQEYGLTRHHIKAILIDMFEAGTDTSYMTLEFAMAEL 

AAS45242 SREDEAQGEQEEDKDFIDVSLSLQQEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMAEL 

CAA57425 THQD-----EDDDKDFIYVLLSLQKEYGLTRDHIKAILIDMFEAGTDTSYMTLEFAMTEL 

BAD08941 RRHDHD---QQQDSDFIDILLYHQEEYGFTRDNIKAILVDMFEAGTDTSYLVLESAMVEL 

:. *     :::*.*** : *  *:***:**.:*****:***********:.** **.** 

*

Dioxygen-binding

rye_Bx2 IRKPHLMKKLQEEVRRNVPNGQEMVAEDDLPNMTYLKAVIKETLRLHPPVPLMIPHFSLD 

BAD93365 IRKPHLMKKLQEEVRRNVTNGQEMVAEDDLPNMTYLKAVIKETLRLHPPVPLMIPHFSLD 

AAS45242 IRKPHLLNKLQEEVRRNVPNGQEMVAEDDLPNMTYLKAVIKETLRLHPPVPLMIPHFSLD 

CAA57425 IRKPHLMKKLQEEVRRNVPAGQEMVTEDNLPGMTDLKAVIKETLRLHPPVPLLLPHYSLD 

BAD08941 MRKPHLLAKLKDEVRRVIPKGQEVVNEDNIVDMVYLKAVIKETLRLHPPAPLYIPHLSRE 

:*****: **::**** :. ***:* **:: .*. **************.** :** * : 
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Figure 10. Phylogenetic tree of ASA1 and ASA2 amino acid sequences, generated with 

CLUSTALW (http://clustalw.genome.jp). 
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Figure 11. Phylogenetic tree of indole-3-glycerol phosphate lyase amino acid sequences, 

generated with CLUSTALW (http://clustalw.genome.jp). 
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Figure 12. Phylogenetic tree of select cytochrome P450s involved in benzoxazinone 

synthesis, generated from amino acid sequences, with CLUSTALW 

(http://clustalw.genome.jp). 
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Figure 13. Total benzoxazinone (DIBOA, DIBOA-glucoside, BOA) concentration in rye 

(Secale cereale cv. Aroostook) shoots grown in a controlled environment.  Vertical bars 

represent standard errors. 

 

Figure 14. Total benzoxazinone (DIBOA, DIBOA-glucoside, BOA) concentration in rye 

(Secale cereale cv. Aroostook) shoots at 21 DAP grown in a controlled environment. T, 

tiller; L, leaf. Numbers represent order of appearance of tillers and leaves. Vertical bars 

represent standard errors.  Values labeled with the same letter are not significantly different 

according to a LSD test (p=0.05). 
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Figure 15. Total benzoxazinone (DIBOA, DIBOA-glucoside, BOA) concentration in rye 

(Secale cereale cv. Aroostook) shoots at 28 DAP grown in a controlled environment. L, leaf. 

Numbers represent order of appearance of tillers and leaves. Vertical bars represent standard 

errors.  Values labeled with the same letter are not significantly different according to a LSD 

test (p=0.05). 
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Figure 16. Relative expression values of ASA1 transcripts in rye (Secale cereale cv. 

Aroostook) shoots at 28 DAP grown in a controlled environment.  L, leaf. Vertical bars 

represent standard deviations.  Data were normalized to an internal 18S ribosomal RNA 

control, and the ΔΔCT method was used to obtain the relative expression levels for each gene. 
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Figure 17. Relative expression of TSA transcripts in rye (Secale cereale cv. Aroostook) 

shoots at 28 DAP grown in controlled environment.  L, leaf. Vertical bars represent standard 

deviations. Data were normalized to an internal 18S ribosomal RNA control, and the ΔΔCT 

method was used to obtain the relative expression levels for each gene. 
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Figure 18. Relative expression of BX1 transcripts in rye (Secale cereale cv. Aroostook) 

shoots at 28 DAP grown in controlled environment.  L, leaf. Vertical bars represent standard 

deviations. Data were normalized to an internal 18S ribosomal RNA control, and the ΔΔCT 

method was used to obtain the relative expression levels for each gene. 
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Figure 19. Relative expression of BX2 transcripts in rye (Secale cereale cv. Aroostook) 

shoots at 28 DAP grown in controlled environment.  L, leaf. Vertical bars represent standard 

deviations. Data were normalized to an internal 18S ribosomal RNA control, and the ΔΔCT 

method was used to obtain the relative expression levels for each gene. 
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RESPONSE OF DIBOA BIOSYNTHESIS GENES TO WOUNDING AND JASMONATE 
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ABSTRACT 

 

Rye (Secale cereale L.) synthesizes benxoxazinone (BX) allelochemicals that contribute to 

its ability to suppress weeds.  The ability to induce BX synthesis on demand in the field 

would constitute a significant advance in weed management.  To assess the inducibility of 

the BX biosynthetic pathway in rye, the expression of genes ASA1, TSA, Bx1 and Bx2 and the 

concentration of total BX (DIBOA, DIBOA-glucoside and BOA) were determined in 21 day-

old plants subjected to either wounding or the application of methyl jasmonate.  BX levels 

increased significantly in both mechanically and chemically induced tissue, with the largest 

increase occurring in young tissue.  Expression levels of ASA1, TSA, Bx1 and Bx2 varied. 

These changes, however, although statistically significant, were not judged sufficient to be 
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relevant at the physiological level and were not correlated to the changes in BX 

concentration. 

 

INTRODUCTION 

 

 Benzoxazinones (BXs) are well characterized allelochemicals with roles in host plant 

resistance to pests and diseases.  They play a major role in the defense of cereals against 

herbivores such as cereal aphids (Argandoña et al., 1980), stemborers and rootworms, against 

fungal and bacterial pathogens (Niemeyer & Pérez, 1995) and in the detoxification of 

herbicides (Raveton et al., 1997).  BXs in root exudates provide chemical weed control as the 

crop stands (Perez and Ormeño-Nuñez, 1993, Belz and Hurle, 2005) as well as being 

released from decaying tissue of a cover crop (Barnes and Putnam, 1987).  The main BX 

synthesized in rye foliage is DIBOA (2,4-dihydroxy-2H-1,4-benzoxazin-3(4H)-one), while 

its methoxy derivative DIMBOA (2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one) 

can be detected in root tissue (Copaja et al., 2006).  To prevent autotoxicity BXs are 

sequestered as vacuolar glucosides (Leighton et al., 1994). Upon wounding or leaf 

senescence the glucoside is cleaved by a hydrolytic enzyme (β-glucosidase) and the active 

aglycone is released into the environment where it is now available for the plant's defense 

(Virtanen and Hietala, 1960, Sue et al. 2000a).  Rye β-glucosidases are present mostly in the 

coleoptile and the epidermal cells of shoot and root tissue (Nikus and Jonsson, 1999).  

Although β-glucosidases in rye, wheat and corn are generally found in plastids, the cytosol 

and in cell walls (Nikus et al., 2001), monocotyledonous β-glucosidases all typically contain 
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an N-terminal transit peptide that would be predicted to localize them in plastids (Nikus et 

al., 2003; Morant et al, 2008).  Sue et al. (2000a) showed that maximum glucosidase activity 

in germinating rye seed coencides with maximum  DIBOA-glucoside concentration (36 

hours after seeding).  They also reported that rye glucosidases have a broader substrate 

specifity than wheat or maize glucosidases. 

 Several studies have reported the inducibility of the benzoxazinone (BX) synthesis 

pathway in grasses, either by demonstrating an increase in benzoxazinone concentration 

(Gutierrez et al., 1988; Morse et al., 1991; Bücker et al, 1995; Weibull and Niemeyer, 1995) 

or associated gene expression (Niyogi and Fink, 1992; Bohlmann et al., 1995; Persans et al., 

2001; Frey et al., 2004; Wang et al., 2007) following tissue elicitation by wounding, 

treatment with a pathogen or attack by an insect.  Wounding is often used in induction 

experiments, because it mimics a number of effects of insect herbivory.  Initial events 

detected in wounded leaves include ion fluxes across the plasma membrane, changes in 

cytoplasmic calcium concentration, generation of active oxygen species and changes in 

protein phosphorylation patterns (de Bruxelles and Roberts, 2001).  Oligogalacturonides 

released from cell walls activate proteinase inhibitor gene expression (León et al., 2001).  

Lipids from damaged cell membranes are converted by phospholipases and lipoxygenases to 

linolenic acid which enters the octadecanoid pathway, leading to the synthesis of jasmonic 

acid and volatile conjugates such as methyl jasmonate (Schaller et al., 2004). Jasmonic acid 

is a phytohormone that mediates, in conjunction with systemin, local and systemic activation 

of early and late response genes (Howe, 2004), such as those encoding proteinase inhibitors, 
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antimicrobial proteins (e.g. defensin and thionin in Arabidopsis), and genes leading to the 

synthesis of antimicrobial secondary metabolites, including alkaloids, terpenoids, flavonoids, 

anthraquinones and glucosinolates (Pauw and Memelink, 2004). 

 

 BXs are derived from indole, a precursor of tryptophan, an amino acid which itself is 

a precursor of secondary
 
metabolites such as the phytohormone indole-3-acetic acid and 

several plant
 
defense compounds (Radwanski and Last, 1995). The main branch point 

precursor of BX, chorismate, derives from the shikimate pathway, which in plants is 

localized in the chloroplast.  Chorismate is the precursor of the aromatic amino acids 

phenylalanine, tyrosine and tryptophan (Hermann, 1995).  Phenylalanine and tyrosine are the 

end products of the catalysis of chorismate into prephanate by isochorismate mutase, whereas 

tryptophan is the end product of a series of reactions initiated by the catalysis of chorismate 

into anthranilate by anthranilate synthase.  The inducibility of AS (anthranilate synthase) 

isoforms has been clearly demonstrated:  Arabidopsis ASA1 mRNA levels increase following 

wounding or pathogen infection (Niyogi and Fink, 1992) and Ruta graveolens AS 1 mRNA 

levels increase following treatment with a fungal elicitor (Bohlmann et al., 1995).  Bücker et 

al. (1995) noted an increase in both chorismate mutase and anthranilate synhase activity in 

wheat following treatment with either a fungal pathogen or an elicitor (germ tubes of stem 

rust fungus Puccinia graminis).  The activity of anthranilate synthase in oats (Avena sativa) 

can be induced by oligo-N-acetylchitooligosaccharides elicitors.  This, in turn, stimulates the 

synthesis of anthranilate derived avenanthramide phytoalexins (Matsukawa et al., 2002). 
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Inducibility of an anthranilate synthase isoform (OASA2) was also observed in rice (Oryza 

sativa) treated with an elicitor (Tozawa et al., 2001). 

  

 Anthranilate is converted by three catalytic steps into indole-3-glycerol phosphate.  

At this point, in cereals, at least three choloroplastic indole synthase (or indole-3-glycerol 

phosphate lyase) isozymes, TSA, Bx1 and Igl, have been identified that convert indole-3-

glycerol phosphate into indole.  For tryptophan biosynthesis, TSA, the alpha?? subunit of a 

tryptophan synthase α2β2 complex, cleaves indole-3-glycerol phosphate into indole and 

glyceraldehyde-3-phosphate.  Indole is then channeled to the  subunit where it is condensed 

with serine to form tryptophan.  For phytoalexin biosynthesis, Bx1 catalyzes indole 

formation for subsequent synthesis of secondary metabolites (Frey et al., 1995, 1997; 

Melanson et al., 1997).  Current evidence suggests the Bx1 gene is under developmental 

control (Frey et al., 1997).  The third indole synthase, Igl, has been isolated from maize (Frey 

et al., 2000, 2004) where it catalyzes the formation of free indole, probably also used in the 

synthesis of secondary metabolites.  Unlike Bx1, Igl is induced in maize by volicitin, a 

compound present in an insect pest's oral secretion. The resulting volatile indole is 

hypothesized to be part of a blend of signals that attract beneficial insects (Frey et al., 2000; 

Gierl and Frey, 2001), and is also thought to be available for benzoxazinone synthesis.  

Although Bx1 is expressed constitutively in young seedlings, Igl is induced later in plant 

development in response to herbivore damage.  The induction of jasmonate biosynthesis is 

hypothesized to be an integral part of the signaling cascade leading to volatile indole 
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emission, because applications of either volicitin or methyl jasmonate increase levels of Igl 

transcripts to the same level (Frey et al., 2004). 

 After export from the chloroplast to the cytosol, indole becomes a substrate for a 

series of four hydroxylations (Frey et al., 1995, 1997), including one ring expansion 

(Spiteller et al., 2001), catalyzed by four outward-facing, ER embedded, cytochrome P450 

monooxygenases (Bx2-Bx5) belonging to the CYP71C subfamily.  The product of these 

hydroxylations, DIBOA, is then glucosylated and transferred to the vacuole for storage and 

prevention of auto-toxicity.  In maize and wheat, following glycosylation, DIBOA-glucoside 

is further hydroxylated by a 2-oxoglutarate-dependant dioxygenase, Bx6 (Frey et al., 2003), 

and finally methylated by the O-methyltransferase Bx7 to form DIMBOA-glucoside 

(Jonczyk et al., 2008).  Two glucosyltransferases, Bx8 and Bx9, were identified in maize and 

wheat (Bailey and Larson, 1989; von Rad et al., 2001; Ebisui et al., 2001; Sue et al., 2000b).  

Wang et al. (2005) observed that in maize BX1 and BX9 were also induced after treatment 

with methyl jasmonate.  Accumulation of benzoxazinones has been observed following 

treatment with methyl jasmonate in maize (Wang et al., 2007) and wheat (Slesak et al., 2001) 

as well as treatment with cis-jasmone in wheat (Moraes et al., 2008), indicating a role for this 

family of compounds in the elicitation of the BX-mediated plant defenses.  The methylation 

of DIMBOA-glc to HDMBOA-glc, a minor benzoxazinone, found after treatment with 

jasmonic acid in several grasses (Oikawa et al., 2002), indicates a subsequent role of this 

plant activator in the synthesis and modification of benzoxazinones.  In this case, the induced 

conversion of DIMBOA-glc to HDMBOA-glc could be a mechanism to accelerate the 
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formation of MBOA, a compound shown to inhibit germination of conidia of pathogenic 

fungi more effectively than DIMBOA (Oikawa et al., 2004). 

 

 In the present study we assessed the effects of wounding and topical application of 

MeJA on the accumulation total BXs as well as the transcripts for individual biosynthetic 

pathway enzymes.  Following wounding or methyl jasmonate application, the expression 

levels of the primary metabolism gene TSA and secondary metabolism genes AS1, Bx1 and 

Bx2 were determined in mature and newly forming tissues and compared with BX 

concentration measured in the same tissues.  If BX synthesis in rye can be easily induced by 

JA application, the resulting ability to increase BX concentration at any developmental stage 

and thus provide pest or weed control on demand would be a significant advance in the use 

field. 

 

MATERIALS AND METHODS 

 

Plant material.  Rye (Secale cereale, cv. Aroostook) seed were germinated and grown in 25 

cm pots filled with Fafard Mix No. 4 (Conrad Fafard Inc., Agawam, MA)  in trays in the 

greenhouse.  Plants were fertilized every other day by irrigating with a nutrient solution 

(Table 1).  Day/night temperatures were 23/16 C with a 12 hour photoperiod.  Plants had 4 

leaves at the time of treatment.  For wounding experiments, all leaves of plants at 21 days 

after planting (DAP) were crushed (without piercing the tissue) 10 times at about 5 mm 

intervals along the leaf blade using fine forceps.  The methyl jasmonate treatment consisted 
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of evenly spraying plants with 2mM methyl jasmonate in a nonionic surfactant, 0.1% Triton 

X-100  (Dow Chemical Company, Midland, MI) and 0.1% ethanol.  Controls consisted of an 

unsprayed treatment and an application of the surfactant in ethanol alone.  Plants had 4 leaves 

at the time of treatment.  Leaves were harvested at 6, 24 and 48 hours after treatment, 

separated into immature tissue (third and fourth leaves) and mature tissue (first and second 

leaves) and immediately flash-frozen in liquid nitrogen.  Leaves of separate plants were 

pooled from each harvest and grouped into three replications for analyses.  The experiment 

was repeated and results are shown as the mean ± range. 

 

Gas chromatographic analysis of total benzoxazinones.  Benzoxazinone (DIBOA, 2,4-

dihydroxy-2H-1,4-benzoxazin-3(4H)-one, its precursor HBOA, 2-hydroxy-2H-1,4-

benzoxazin-3(4H)-one and the degradation product BOA, benzoxazolin-2-one) content of 

tissues was analyzed utilizing a GC method modified from that of Finney et al. (2005).  Dried 

shoot tissue (0.5 g) from plants treated as described above was transferred into a 75 ml SPE 

reservoir (Alltech Associates, Deerfield IL) fitted with a bottom frit (20 μm porosity).  After 

adding 10 ml of 50% ethanol the reservoir was mixed with a vortexer for 1 min, and the 

extract filtered through the reservoir using a vacuum manifold (VWR Scientific, West 

Chester, PA).  The extracted tissue was then washed with 5 ml deionized (DI) water and 

dried under vacuum. The ethanol filtrate was transferred to a 25 ml volumetric flask, and 

brought to volume with DI water.  A 10 ml aliquot of the filtrate was partitioned three times 

against equal volumes (5 ml) of EtOAc. The EtOAc layers were combined and dried 

overnight with sodium sulfate.  The dried 10 ml EtOAc aliquot was combined with 750 µL of 
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a 200 µg/mL octadecanol internal standard dissolved in toluene were reduced to dryness 

under a N2 stream at 40 C.  For derivatization, 400 µL of 1:1 MSTFA–DMF were added to 

the dried sample/internal standard, the samples were capped under N2, and then heated at 

75 C for 30 min. Samples were then transferred to auto-sampler vials for GC analysis. 

 An Agilent 6890N (Agilent Technologies, Santa Clara. CA) gas chromatograph 

equipped with a 30 m DB-5 megabore column (0.32 mm diameter, 1.5 µm film thickness, 

J&W Scientific, Agilent Technologies, Santa Clara. CA) was used for analyses.  0.5 µL of 

the derivatized sample was analyzed using splitless injection and an injector temperature of 

250 C.  Flame ionization detection was used with a detector temperature of 325 C.  Column 

flow of the helium (UHP) carrier gas was 43.0 cm/s linear gas velocity.  The initial oven 

temperature was 100 C, followed by a 5 /min increase to a final temperature of 300 C.  The 

oven temperature increase began upon injection, and the final temperature was maintained 

for 30 min.  Data collection and analysis used ChemStation Software (Agilent Technol. Rev. 

B.03.02).  Peaks were quantitated by comparison to internal standards.  Appropriate multi-

level calibration curves were run for HBOA, DIBOA, and BOA.  Standards of those 

compounds were prepared according to methods described in Finney et al. (2005). 

 

Statistical analysis. GC data were analyzed using a PROC GLM ANOVA model (SAS 

Institute, 2002) with the LSD method to test for significant differences between sampling 

dates. 
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Expression analysis.  Total RNA was extracted from flash-frozen leaf tissue using the Qiagen 

RNeasy mini-kit (Qiagen, Valencia, CA). The RNA samples were treated with DNase I “on 

column” as per manufacturer‟s instructions using the Qiagen RNase-free DNase set (Qiagen, 

Valencia, CA) to remove residual DNA contamination.  First strand cDNAs were synthesized 

from 2 μg of total RNA in a 100 μL reaction volume using the TaqMan Reverse 

Transcription Reagents Kit (Applied Biosystems, Foster City, CA) as per the manufacturer‟s 

instructions.  Quantitative real-time PCR reactions were performed in triplicate using the 

GenAmp® 7300 Sequence Detection System (Applied Biosystems).  Separate PCR reactions 

using the SYBR® Green PCR Master Mix were performed on aliquots of the same cDNA 

using a primer for the gene of interest in one reaction and an 18S rRNA primer in the second.  

Gene-specific primers were designed for the gene of interest and the 18s rRNA using Primer 

Express
®
 software (Applied Biosystems) and the Amplify program 

(http://engels.genetics.wisc.edu/amplify).  The PCR conditions consisted of denaturation at 

95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 sec and 

annealing/extension at 60°C for 1 min.  A dissociation curve was generated at the end of each 

PCR cycle to verify that a single product was amplified using software provided with the 

GeneAmp® 7300 sequence detection system.  A negative control reaction (without template) 

was also routinely performed in triplicate for each primer pair.  The change in fluorescence 

of SYBR® Green I dye in every cycle was monitored by the GenAmp® 7300 system 

software, and the threshold cycle (CT) above background for each reaction was calculated. 

The CT value of 18S rRNA was subtracted from that of the gene of interest to obtain a ΔCT 

value.  The CT value of an arbitrary calibrator (e.g., the tissue sample from which the largest 
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CT values were obtained) was subtracted from the ΔCT value to obtain a ΔΔCT value.  The 

gene expression level relative to the calibrator was expressed as 2
-
 
ΔΔCT

. 

 

RESULTS AND DISCUSSION 

 

 Comparing results here with those of previous studies (Chapter 3), BX content in 

young, untreated (control) tissues from greenhouse grown seedlings (Figure 1) appeared to 

be about half that found in tissues of seedlings grown in growth chambers (NCSU Phytotron) 

(approximately 0.8 mg/g dry wt and 1.9 mg/g dry wt, respectively).  BX levels in the older 

tissues, however, were similar in both environments.  This apparent difference in BX in 

younger tissue is likely due to the fact that samples from the greenhouse-grown plants were 

from combining the two youngest leaves, while a separate determination of BX was made for 

each leaf in the growth chamber study.  In analyses of BX from separate leaves, the youngest 

leaf had statistically higher levels of BX than older tissue.  Combining the two youngest 

leaves in this study thus resulted in a lower maximum BX content. 

 

 Our results suggest that BX biosynthesis is induced by both wounding and jasmonate 

in rye.  In immature (third and fourth leaves) tissue, wounding correlated with an increase in 

total BX concentration of 36%, 87% and 74% increase at 6, 24 and 48 hours after treatment 

(HAT), respectively (Figure 1).  In contrast, no significant differences were observed 

between wounded and unwounded mature (first and second leaves) tissues.  In other studies, 

Nakagawa et al. (1995) did not observe any changes in BX concentration in wheat following 
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mechanical damage.  This was perhaps a result of the chosen growth stage for treatment 

(recently germinated seeds) being perhaps too early to notice any differences.  In maize 

leaves, on the other hand, a 40% to 96% increase in DIMBOA concentration was observerd 

60 hours after corn borer larvae (Sesamia nonagrioides) infestation (Gutierrez et al., 1988).  

Similarly, an 18% increase in BX was reported 2 days after mechanical damage (Morse et al., 

1990).  Efforts to increase BX content of rye plants by mechanical damage have involved 

defoliation rather than localized damage (Collantes et al., 1997, 1999), and have led to 

variable results with regards to BX concentration.  However, as with results reported here, 

Collantes et al., (1999) reported that young tissues generally responded better to physical 

damage. 

 

 Although BX levels increased up to 2-fold in response to wounding, the results of the 

gene expression studies are less clear.  The relative expression of ASA1, and TSA was not 

influenced by wounding (Figures 2 and 3).  Transcripts levels were, as observed previously 

(La Hovary, C. PhD thesis), similar to those of primary metabolism genes (Figure 3), and did 

not change significantly in response to wounding.  Transcript levels of Bx1 and Bx2, 

however, increased approximately 3- to 4-fold by 6 HAT in the young tissue, but were not 

different at 24 or 48 h.  Bx1 transcript levels in older tissues were not statistically different 

than unwounded controls (Figures 4 and 5, respectively). The 3.5 fold increase in Bx1 and 

Bx2 expression, however, is much less than expected for a wound or pathogen induced gene.  

In Arabidopsis thaliana, for instance the ASA1 gene was strongly induced up to 18 hours 

after wounding (Niyogi and Fink, 1992).  In a similar manner, the
 
abundance of R. 
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graveolens AS 1 transcripts increased by a factor
 
of approximately 100 in response to 

treatment with a fungal elicitor,
 
whereas the number of constitutively expressed AS 2 

transcripts is not affected (Bohlmann et
 
al., 1995).  In Oryza sativa, an elicitor induced an 

increase in OASA2 mRNA but not OASA1 (Tozawa et al, 2001).  In wheat, PR (pathogenesis 

related) genes showed rapid induction, with elevated expression 24 hours after wounding, 

both in young shoots and mature leaves (Bertini et al., 2003).  Persans et al. (2001) 

demonstrated that transcripts of genes coding for maize cytochrome P450s were induced by 

wounding, in 6.5-day-old shoots but not 2.5-day-old shoots.  Thus, even though Bx1 and Bx2 

transcripts show a 3 to 4-fold increase in immature leaves harvested 6 hours after wounding 

(Figures 4 and 5), at which time BX concentration was significantly higher than in untreated 

plants, it is unclear whether this difference in expression reflects a physiologically significant 

response. 

 

 An increase in BX accumulation was observed in tissue treated with a methyl 

jasmonate-surfactant solution (Figure 6).  The largest increases were measured in immature 

tissue, where 78%, 49% and 71% more BX was present in treated plants at 6, 24 and 48 

hours after treatment (HAT), respectively.  A significant increase was also measured in 

mature leaves at 6 and 48 HAT, when 57% and 41% more BX accumulated in treated plants.  

To account for any surfactant effect, surfactant-only treatments were included in the 

experiment.  Although the surfactant caused a small but significant BX concentration 

increase in immature leaves at 6 and 24 HAT, the methyl jasmonate-surfactant treatments 

still had significantly higher BX concentrations than the surfactant-only treatments.  This was 
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true for all sampling times in the immature leaves and at 6 HAT in the mature leaves.  In 

similar experiments, DIMBOA concentration in wheat seedlings exposed for 24 and 48 hours 

to methyl jasmonate increased 49% and 129%, respectively (Slesak et al., 2001).  Similarly, 

wheat leaves showed a 151% increase in DIMBOA concentration 3 days after treatment with 

cis-jasmone, a more volatile end product of the jasmonic acid biosynthetic pathway (Moraes, 

2008).  Finally, maize leaves treated with methyl jasmonate contained about 50% more 

DIMBOA that untreated leaves 48 hours after treatment (Wang et al., 2007). 

 

 As in the wounding experiment, no differences in the expression levels for AS1 and 

TSA were observed in tissue treated with methyl jasmonate (Figures 7 and 8).  Although there 

is a 4-fold increase in expression for Bx1 and Bx2 in mature leaves at 24 HAT (Figures 9 and 

10), this observation is, as was a similar increase at 6 HAT in the wounded tissue, enough 

less than anticipated to make us question the result.  In addition, this increased expression of 

Bx1 and Bx2 is in older tissue, while BX levels increased in young tissue (Figure 6).  Thus, 

the levels and location of gene expression do not correlate with observed Bx increases.  In 

contrast to the results presented here, Wang et al. (2007) observed an increase in Bx1 and Bx9 

transcripts in maize leaves, 3 and 48 hours, respectively, after a treatment with methyl 

jasmonate.  One possible explanation for the absence of changes in relative expression of the 

BX biosynthesis genes analyzed in these experiments is the method of the sampling.  In 

adition to pooling leaf samples (discussed above) sampling might be too long after treatment 

to detect the active transcription of the genes of interest.  Early responses to leaf wounding 



122 

 

are known to occur in the first few minutes following damage, and peaks of jasmonic acid 

synthesis have been measured within 1-2 hours (de Bruxelles and Roberts, 2001).  Another 

possibility here is that, in young leaves where expression of secondary metabolism genes is 

potentially near maximal, a further large increase in expression would be impossible.  This is 

exacerbated by the fact that the samples used as negative or baseline controls in methyl 

jasmonate treatments were treated with a surfactant, which by itself increased expression of 

the genes of interest.  In maize seedlings Bx1 transcripts levels were not affected by exposure 

to the herbivore elicitor volicitin, but transcripts accumulation for its isoform Igl, were 8-fold 

higher (Frey et al., 2000).  In later experiments Igl transcript levels were shown to be equally 

high following elicitation by volicitin or methyl jasmonate (Frey et al., 2004).  The induced 

synthesis of indole catalyzed by Igl (indole-3-glycerol phosphate lyase) has been 

hypothesized to primarily be associated with a plant-mediated parasitoid-host 

communication, but it could also supply the BX biosynthesis pathway.  An Igl gene was not, 

however, identified in rye.  Finally, as suggested by Moraes et al. (2008), it is possible that 

methyl jasmonate or methyl jasmonate-mediated pathways affect not the biosynthetic 

pathway of BX but rather cause the release of the aglycone by hydrolysis.  The fact that the 

concentration of HBOA wasn‟t significantly affected by either wounding or a methyl 

jasmonate treatment (data no shown) could support that hypothesis.  It would, however, 

imply that the DIBOA-glucoside stored in the vacuole may come in contact with a plastidic 

glucosidase, which seems unlikely without cell disruption, or the existence of an unknown 

mechanism for relocalization of the glucosidase. 
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 As observed previously (La Hovary, C. PhD thesis), the expression profiles of Bx1 

and Bx2 in these experiments are extremely similar.  This would support the hypothesis that 

both genes are closely co-regulated, perhaps in part due to the proximity of their loci on 

chromosome 7R (Nomura et al, 2003). 

 

 These experiments indicated that the biosynthesis of the benzoxazinones is induced in 

rye by wounding, even though the relative accumulation of the putative biosynthetic genes 

was not as large as expected.  Thus, further research is necessary to clarify the signaling and 

regulation of these defense chemicals in rye.  To even begin to manipulate BX levels in 

plants it is necessary to first understand which genes are involved in their biosynthesis, the 

regulation of their promoter(s), the signaling cascades lead to that induction, and the 

regulation and compartmentation of the pathway enzymes themselves. Such information will 

ultimately allow growers to more effectively utilize these naturally occurring pesticides.  

This could give the grower another tool, besides cultivar choice and agronomical practices, to 

improve weed management through the use of rye as a cover crop.  Although the use of 

methyl jasmonate would be impractical in agriculture because it affects too many genes, 

other plant inducers, such as chitosan-derived compounds, benzothiadiazole or nicotinic acid 

might be used more efficiently.  It is important to keep in mind that altering pathways to 

increase BX could also create shortages in intermediates necessary for the biosynthesis of 

other important metabolites or might create an imbalance in metabolism that could cause 

accumulation of toxic intermediates. 
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Table 1. Nutrient solution analysis. 

Element Conc (ppm) 

N 106.23 

P 10.41 

K 111.03 

Ca 54.40 

Mg 12.40 

Fe 5.00 

S 13.19 

Mn 0.113 

B 0.24 

Zn 0.013 

Cu 0.005 

Co 0.0003 

Mo 0.005 

Na 11.04 
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Figure 1. Total benzoxazinone concentration (DIBOA, HBOA and BOA) in rye (Secale 

cereale cv. Aroostook) shoots at 6, 24 and 48 hours after wounding. Bars represent standard 

deviations (n=3).  Values labeled with the same letter are not significantly different according 

to a LSD test (p≤0.05). 
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Figure 2. Relative accumulation of ASA1 transcripts in rye (Secale cereale cv. Aroostook) 

shoots at indicated times after wounding.  Vertical bars represent standard deviations (n=3).  

Data were normalized to an internal 18S ribosomal RNA control, and the ΔΔCT method was 

used to obtain the relative expression levels for each gene. 
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Figure 3. Relative accumulation of TSA transcripts in rye (Secale cereale cv. Aroostook) 

shoots at indicated times after wounding.  Vertical bars represent standard deviations (n=3).  

Data were normalized to an internal 18S ribosomal RNA control, and the ΔΔCT method was 

used to obtain the relative expression levels for each gene. 
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Figure 4. Relative accumulation of Bx1 transcripts in rye (Secale cereale cv. Aroostook) 

shoots at indicated times after wounding.  Vertical bars represent standard deviations (n=3).  

Data were normalized to an internal 18S ribosomal RNA control, and the ΔΔCT method was 

used to obtain the relative expression levels for each gene. 
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Figure 5. Relative accumulation of Bx2 transcripts in rye (Secale cereale cv. Aroostook) 

shoots at indicated times after wounding.  Vertical bars represent standard deviations (n=3).  

Data were normalized to an internal 18S ribosomal RNA control, and the ΔΔCT method was 

used to obtain the relative expression levels for each gene. 
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Figure 6. Total benzoxazinone concentration (DIBOA, HBOA and BOA) in rye (Secale 

cereale cv. Aroostook) shoots at 6, 24 and 48 hours after treatment with Methyl Jasmonate 

(MeJa). Bars represent standard deviations (n=3).  Values labeled with the same letter are not 

significantly different according to a LSD test (p≤0.05). 
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Figure 7. Relative accumulation of ASA1 transcripts in rye (Secale cereale cv. Aroostook) 

shoots at indicated times following treatment with methyl jasmonate.  Vertical bars represent 

standard deviations (n=3). Data were normalized to an internal 18S ribosomal RNA control, 

and the ΔΔCT method was used to obtain the relative expression levels for each gene. 
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Figure 8. Relative accumulation of TSA transcripts in rye (Secale cereale cv. Aroostook) 

shoots at indicated times following treatment with methyl jasmonate.  Vertical bars represent 

standard deviations (n=3). Data were normalized to an internal 18S ribosomal RNA control, 

and the ΔΔCT method was used to obtain the relative expression levels for each gene. 
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Figure 9. Relative accumulation of Bx1 transcripts in rye (Secale cereale cv. Aroostook) 

shoots at indicated times following treatment with methyl jasmonate.  Vertical bars represent 

standard deviations (n=3). Data were normalized to an internal 18S ribosomal RNA control, 

and the ΔΔCT method was used to obtain the relative expression levels for each gene. 
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Figure 10. Relative accumulation of Bx2 transcripts in rye (Secale cereale cv. Aroostook) 

shoots at indicated times following treatment with methyl jasmonate.  Vertical bars represent 

standard deviations (n=3). Data were normalized to an internal 18S ribosomal RNA control, 

and the ΔΔCT method was used to obtain the relative expression levels for each gene. 

 


