1064 J. Agric. Food Chem. 2006, 54, 1064—1074 JOURMNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

Fate of Benzoxazinone Allelochemicals in Soil after
Incorporation of Wheat and Rye Sprouts

STINE S. KrROGH, ™8 SusanNE J. M. Mensz, 8 SusaN T. NIELSEN,T
ANNE G. MORTENSENT CARSTEN CHRISTOPHERSEN AND INGE S. FOMSGAARD* T
Department of Integrated Pest Management, Danish Institute of Agricultural Sciences, Research Centre

Flakkebjerg, DK-4200 Slagelse, Denmark, and Laboratory of Organic Chemistry, Department of
Chemistry, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen, Denmark

Growing cereals (especially rye), which are incorporated into the soil to increase soil fertility or organic
matter content, is a common practice in crop rotation. The additional sanitizing effect of this
incorporation has often been appreciated and is said to be due to leaching of benzoxazinones and
subsequent formation of benzoxazolinones. In this study wheat (Stakado) and rye (Hacada) sprouts
were incorporated into soil in amounts that simulated agricultural practice. By extraction and
subsequent LC-MS analysis the disappearance and appearance of benzoxazinones, benzoxazoli-
nones, and phenoxazinones in soil were followed. In the wheat experiments 6-methoxybenzoxazolin-
2-one (MBOA) was detected as the main compound. 2-Hydroxy-7-methoxy-1,4-benzoxazin-3-one
(HMBOA) and 2-hydroxy-1,4-benzoxazin-3-one (HBOA) were detected as well. No phenoxazinones
were detected. For the rye experiment the picture was more complex. In the first 2 days of incubation
MBOA and 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA) were detected as the main allelochemicals
along with HBOA, HMBOA, and benzoxazolin-2-one (BOA), in decreasing order. Later in the incubation
period some 2-amino-3H-phenoxazin-3-one (APO) was detected and the amount of HBOA increased
considerably and decreased again. The profiling of the benzoxazinone metabolites and their derivates
in soil was dynamic and time-dependent. The highest concentrations of most of the compounds were
seen at day 1 after incorporation. A maximum concentration was reached at day 4 for a few of the
compounds. This study is the first of its kind that shows the dynamic pattern of biologically active
benzoxazinone derivates in soil after incorporation of wheat and rye sprouts. Methods for organic
synthesis of HBOA and HMBOA were developed as part of the study.

KEYWORDS: Rye; wheat; allelopathy; allelochemicals; hydroxamic acids; DIBOA; DIMBOA; HBOA;
HMBOA

INTRODUCTION reviewed (—4). The biosynthetic pathway for the formation
Aaricultural exploitation of the natural defense svstems of benzoxazinones has been investigated in maize and to some
gricuftu xplortali u y extent in wheat and rye (5, 6). The synthetic pathway is

(allelochemicals) of wheat ar.'d. rye or other cultivars COUI.d believed to be identical for all of the genera of Gramined)e (
decrease the amounts of pesticides needed in modern farmlng.l.he benzoxazinones are present in the cereals as their inert

Extensive research on this topic has been carried out, but more - . : :
is needed. Through extraction, bioassays, purification, and glucoconjugates §2Upon injury—or after incorporation of plant

analysis, the benzoxazinones [mainly the hydroxamic acids 2 4_material in soil—f-glucosidase acts on the glucosidic bond in
dihydroxy-1,4-benzoxazin-3-one (DIBOA) and 2,4-dihydroxy- 2-f-b-glucopyranosyloxy-4-hydroxy-1,4-benzoxazin-3-one (DI-

7-methoxy-1,4-benzoxazin-3-one (DIMBOA) and the lactams BOA-GIc) and 26--glucopyranosyloxy-4-hydroxy-7-methoxy-

. 1,4-benzoxazin-3-one (DIMBOA-GIc), and the agluconic com-
2-hydroxy-1,4-benzoxazin-3-one (HBOA) and 2-hydroxy-7-
met);wxy-yl 4-benzoxazin-3-one (H(MBOAg] and thei? metgbo- pounds are released)( The aglucc_mes are e_xudated fron_1 the
lites have’ been identified as substances important to theroots of living plants as wellg, 9). Differences in concentration

allelophatic activity seen in wheaTfticum aestiumL.) and levels between plants of both different age (10) and different

) - variety (8 and between plants of the same variety grown under
rye (Secale cerealk.). The research field has been extensively different conditions have been studiet2]. The hydroxamic
acids (DIBOA and DIMBOA) undergo spontaneous decomposi-
89;?3%28( gogg%f%ggggggghdencel Ishoulg be addredssed (tel_ecl?lfﬁe tion to the corresponding benzoxazolinone and formic acid in

12  e-mail Inge. Fomsgaard@agrsci.dk). solution. The half-life of this decomposition has been reported
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8 University of Copenhagen. to be dependent on pH, temperature, and solvent, ranging from
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little more than a minute to just above 4 days depending on the WHC, 34.8% (field capacity, 17.4%). The soil was sieved through a
conditions (3—15). In a soi-water suspension the half-lives ~2.0-mm mesh-size sieve, stored at@, and preincubated for 2 days
of DIBOA and DIMBOA have been reported to be 1 day and before use. _ _ _

30 min, respectivelyl(6). Zikmundova et al.17, 18) performed Solutions and Chemicals.Chemicals for AnalysisHPLC-grade
degradation studies of benzoxazolin-2-one (BOA) and HBOA methanol was purchasc_ed fro_m Ratburn Chemicals Ltd. (Walkerburn,
(0.1-1.0 mM) with endophytic fungi. She suggested some Scotland), glacial acetic acid from Merck (Darmstadt, Germany),

2-benzoxazolinone (BOA), purity 98%, from Acros Organics (Geel,

possible routes of degradation and suggested the main Interge1qium). and 6-methoxy-2-benzoxazolinone (MBOA), purityt98,

mediate to be-aminophenol. The main degradation products from | ancaster Synthesis (Lancashire, U.K.). 2-Amitb{Ehenoxazin-
were N-acylatedb-aminophenols [N-(2-hydroxyphenyl)aceta-  3-one (APO), purity 100%, and 2-acetylamino-3H-phenoxazin-3-one

mide, 2-hydroxyN-(2-hydroxyphenyl)acetamide, ahd(2-hy- (AAPO), purity 100%, were synthesized in our own laboratdrg)(
droxyphenyl)malonamic acid] and phenoxazinones [2-amino- 2-Amino-7-methoxy-Bi-phenoxazin-3-one (AMPO), 2-acetylamino-
3H-phenoxazin-3-one (APO) and 2-acetylamirtd43henox- 7-methoxy-3H-phenoxazin-3-one (AAMPO), 2,4-dihydroxy-1,4(2H)-

azin-3-one (AAPO)] 17, 18). These results are supported by benzoxazin-3-one (DIBOA), and 2,4-dihydroxy-7-methoxy-1t2
earlier findings 19, 20). Degradation studies in which BOA benzoxazin-3-one (DIMBOA) were obtained from F. Macias, University
was added to soil in concentrations from @g¥g of soil to 4.0~ ©f Cadiz (21). 2-pb-Glucopyranosyloxy-4-hydroxy-1,4-benzoxazin-
mg/g of soil were recently performed in our laboratorigg,( 3-one (DIBOA-Glc) and 33-p-glucopyranosyloxy-4-hydroxy-7-meth-

oxy-1,4-benzoxazin-3-one (DIMBOA-GIc) were obtained from Prof.
22). They showed APO and AAPO to be formed from BOA Dr. Hajime Iwamura (Kyoto University), and DIMBOA-GIc was

when applied in the higher concentrations. Acyla®dmi-  gptained from Prof. Dr. Lisbeth Jonsson (Sédertérn University College).
nophenoles were not identified. Similar experiments with 2-Hydroxy-1,4-benzoxazin-3-one (HBOA) and 2-hydroxy-7-methoxy-
6-methoxybenzoxazolin-2-one (MBOA) showed a similar pat- 1,4-benzoxazin-3-one (HMBOA) were synthesized in our laboratory
tern 23—25). 2-Amino-7-methoxy-3-phenoxazin-3-one (AMPO)  as described below.

and 2-acetylamino-7-methoxy-8phenoxazin-3-one (AAMPO) Chemicals for Synthesi®-Aminophenol, purity 99%, was from
were formed in the high-concentration experiments. Other Acros Organics (Fair Lawn, NJ); dichloroacetyl chloride, purity 98%,
metabolites were detected, but their structures have not yet beerirom Sigma-Aldrich Chemie GmbH (Steinheim, Germany); potassium
confirmed @3). Degradation studies of DIMBOA, DIBOA, and ~ hydroxide pellets, puris, from Riedel-de Haén (Sigma-Aldrich La-
DIBOA-GIc in a soil-water suspension at a concentration level Porchemikalien GmbH, Seelze, Germany); formic acid, purity-98

. 100%, from Merck KGaA (Darmstadt, Germany); and palladium, 10
of 1 mg/g of soil were reported recently as wdlb(26). MBOA w/w %, on activated carbon from Sigma-Aldrich Chemie GmbH.

and BOA, respectively, were found to be the intermediates and 2-Methoxy-5-nitrophenol, pure by NMR, was produced in our labora-

AMPO and APO, respectively, the degradation products. tory for another project (16). Silica gel 60 (0.015—0.040 mm) for
Use of a cover crop as green manure is very common. The column chromatography was from Merck KGaA; diethyl ether,
cover crop is typically sown in the autumn and incorporated anhydrous, purity 99.5%, from J. T. Baker (Mallinckrodt Baker B.V.,
shortly before spring sowing. The cover crop supplies the soil Deventer, The Netherlands); ethyl acetate, purity 99.8%, from Labscan
with nutrients accumulated during winter. Rye is a common Ltd._(DubIln, Ireland); he_ptan'e,'purlty 95%, from Labscan Ltd.; ethanol,
cover crop in Denmark because it has a dense rooting structure®!"ty 99-9%, frOT Danish Distillers (Aalborg, Denmark); and DMSO-
and is compatible with Danish soil and environmental condi- ds, purity D-99.9%, from Cambridge Isotope Laboratories Inc. (An-

tions; wheat i throughout E It has often 9°Ve" MA).
lons; wheat Is a common crop throughout EUrope. asonen — cpemical Analysis of Synthesized Compounds€5C-MS spectra

been obsgrved that the incorporation of rye reduces the amouNtyere obtained on a HP GC5890-MS5972A Hewlett-Packard series Il
of weeds in the field and reduces the harm caused by fungalmass spectrometer. Direct inlet mass spectra were obtained on a JEOL
and insect attacks on the primary crdy ¢-29). JMS-HX110A tandem mass spectrometéii NMR spectra were
The aim of the work presented here was to examine the recorded on a Varian 300 MHz instrumefC NMR and correlated
dynamics of leaching and transformation of benzoxazinone Spectra (COSY, HETCOR) were recorded on a Unity 400 MHz
allelochemicals from wheat and rye sprouts when incorporated spectrqmeter. Infrared spectra were recorded as a KBr sandwich using
into soil in concentrations and under circumstances simulating 2 Perkin-Elmer FT-IR spectrometer 1760X. Elementary analyses were
the use of green manure in modern agriculture. performed .W'th a Flash EA 1112 S.er'es’ CE Ins.t.rument'
Synthesis of HBOA.2-Hydroxydichloroacetanilide (Compurg).
In a nitrogen atmosphere and with stirring, dichloroacetyl chloride (3.67
METHODS AND MATERIALS g, 2.4 mL, 25 mmol) was added dropwise to a suspension of 2-amino-
phenol (compound) (5.45 g, 50 mmol) in diethyl ether (80 mL) at
Soil Data. Soil 1 (for the Wheat ExperimenBandy loam soil was  room temperature for 3 h. The mixture was filtered, the product was
sampled in September 2003 from the upperl0 cm of a convention-  washed with dry diethyl ether, and the combined organic phases taken
ally cultivated field near the Research Centre Flakkebjerg, Denmark. to dryness: vyield 5.2 g (95%). Recrystallization from ethanol left the
Previously, potatoes (2001), spring barley (2002), and vegetables (2003)analytically pure compound as almost colorless crystals: mp-133
had been cultivated in the field. The characteristics of the soil were as 135 °C (lit. 134—135°C) (30). Found: C, 43.7; H, 3.0; N, 6.3.
follows: clay (<2 um), 13.1%; silt (2-20um), 15.4%; coarse silt (20 Calculated values for &1;0,NCl,: C, 43.6; H, 3.2; N, 6.4. FotH
63 um), 10.4%; fine sand (63—200m), 27.6%; coarse sand (200— NMR data, sedable 1. For'3C NMR, EI-MS, and IR data, seEable
2000 um), 31.1%; humus, 2.4%; pH 6.6 (measured in water); water 2,
concentration level, 15.4%; and water-holding capacity (WHC), 34.6%  2_Hydroxy-4H-benz[1,4]oxazin-3-one (HBOA). 2-Hydroxydichlo-
(field capacity, 17.3%). The soil was sieved through a 2.0-mm mesh- roacetanilide (3.57 g, 16 mmol) was dissolved in aqueous sodium
size sieve and used immediately after harvesting. hydrogen carbonate (0.2 M, 150 mL), boiled for 45 min, cooled, and
Soil 2 (for the Rye Experimentiandy loam soil was sampled in  neutralized with aqueous hydrochloric acid. The mixture was extracted
March 2004 from the upper-010 cm of a conventionally cultivated  with ethyl acetate (3x 150 mL), and the combined organic phases
field near the Research Centre Flakkebjerg, Denmark. Previously, only were washed with water and taken to dryness to give the crude product
spring barley (2001, 2002, and 2003) had been cultivated in the field. (yield, 2.5 g, 15.2 mol, 95%). Recrystallization yielded the analytically
The characteristics of the soil were as follows: cla?2(m), 18.0%; pure product as brownish crystals: mp 281 °C. Found: C, 57.9;
silt (2—20um), 15.0%; coarse silt (2063 um), 8.8%; fine sand (63 H, 4.3; N, 8.3. Calculated values forld@NOz: C, 58.2; H, 4.2; N,
200um), 31.2%; coarse sand (26@000um), 24.2%; humus, 2.8%; 8.5. For'H NMR data, se€Table 1. For'*C NMR, EI-MS, and IR
pH 6.8 (measured in water); water concentration level, 12.9%; and data, seelable 2.
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Table 1. 'H NMR Data for the Synthesized Compounds and the Chemical Synthetic Route of HBOA and HMBOA
R OH R._AL_OH R~
T e
NO, TN, oY CHC[ N o

R=H: Com 1 R=H:Com2 R=H : HBOA
R=CH;O: Com 3 R=CH,O: Com 4 R=CH;O : Com 5 R=CH,;0 : HMBOA

5 (*H NMR, 300 MHz)

compound 2 HBOA compound 4 compound 5 HMBOA
NH  10.12 (s, 1H) or 9.77 (s, 1H) 10.7 (s, 1H, NH) 4.2 (br, 2H, OHINH) 10.12 0r 9.66 (s, 1H) 10.58 (s, 1H, NH)
OH  10.12 (s, 1H) or 9.77 (s, 1H) 7.89 (d, 1H, J=6 Hz, OH) 4.2 (br, 2H, OH/NH) 10.12 or 9.66 (s, 1H) 1058 (s, 1H, NH)
H-c 6.91(dd, 1H, J=2and 8Hz)  7.0-6.9 (m, 4H) 6.30 (d, 1H, J=3 Hz) 6.47 (d, 1H, J= 2 Hz, H-6) 6.57 (d, 1H, J=2 Hz)
H-d 6.80 (dt, 1H, J=2and8Hz)  7.0-6.9 (m, 4H)
CH30 3.59 (s, 3H, CHs) 3.69 (s, 3H) 3.70 (s, 3H)
H-e 7.01(dt, 1H,J=8and2Hz)  7.0-6.9 (m, 4H) 6.16 (dd, 1H, J=3and 8Hz)  6.40(dd, 1H, J=2and9Hz)  6.58 (dd, 1H, J=2 and 8 Hz)
H-f 7.89 (dd, 1H, J=2and 8Hz)  7.0-6.9 (m, 4H) 6.49 (d, 1H, J=8 Hz) 7.69 (d, 1H, J= 9 Hz, H-3) 6.82 (d, 1H, J=8 Hz)
H-h 6.94 (s, 1H) 5.46 (d, 1H, J= 6 Hz) 6.86 (s, 1H) 5.42 (d, 1H, J= 6 Hz)

Table 2. Spectral Data from Chemically Synthesized Compounds

compound 2 HBOA compound 4 compound 5 HMBOA
13C NMR, 6 (75 MHz, DMSO-ds)
161.8 (C0O), 148.1, 125.6, 124.8, 162.5 (C0), 140.7 (C), 126.7 (C), 151.4 (C), 145.0 (C), 130.0 (C), 161.6 (CO), 157.2, 149.6,

121.8,119.1, 115.3, 67.1 (CH) 123.0 (CH), 122.4 (CH), 114.9 (CH), 103.9 (CH), 123.3,118.0, 103.9,
117.4 (CH), 115.6 (CH), 102.1 (CH), 5.1 (CHs) 1015, 67.1 (CH),
90.4 (CH) 55.1 (CHs)

EI-MS, mlz (%)

219/221 (M*, 21), 136 (100), 165 (29, M*), 136 (100, 139 (73, M), 124 (100, 249/251 (M*, 62), 166 (100), 195 (62, M*), 166 (100,
108 (28), 80 (39) M - CHO) M - CHs) 138(37), 110 (37) M - CHO)
IR (KBr, cm=1)
3421 vs, br (OH), 3338 s (NH), 3212 vs, br (OH), 3186 s (NH), 3355 s and 3288 s (NH;), 3369 s (NH), 3137 vs, br (OH),
3261 vs, br (OH), 3128's, 3066 m, 2574 vs, br (OH), 1667 vs (CO) 1604 s,
1673 vs (CO), 1614 m, 1695 vs (CO), 1610 m, 1610 m, 1586 m, 1553 s, 1525 s, 1470 m,
1598 m, 1545 s, 1504 m, 1500 s, 1452 m, 1404 m, 1525s, 1449 m, 1450 m, 1428 s, 1303 s,
1458 m, 1341 m, 1277 m, 1202 m, 1077 s, 1267 s, 1202 m, 1168 s, 1209 s, 1165 m,
1288 m, 1194 m, 752 m 1037 s, 1018s, 830 m 986 m, 958 m, 849 m 1105m, 954 m
Synthesis of HMBOA. 2-Hydroxy-4-methoxyaniline (Compou#gd 2-Hydroxy-7-methoxy-4H-benzf#loxazin-3-one (HMBOA)A mix-

Using mechanical stirring a solution of potassium hydroxide (300 mg, ture of 2-hydroxy-4-methoxy-dichloroacetanilide (174 mg, 0.7 mmol)
4.5 mmol) in absolute ethanol (2.25 mL) was added to a solution of and aqueous sodium hydrogencarbonate (16 mL, 0.1 M) was refluxed
formic acid (207 mg, 4.5 mmol) in degassed water (0.6 mL). Palladium for 0.5 h, cooled to room temperature, and neutralized with hydrochloric
on carbon (5%, 6 mg) was added followed by 2-methoxy-5-nitrophenol acid to pH 6. The aqueous phase was filtered before extraction with
(compound3) (254 mg, 1.5 mmol). The mixture was allowed to react ethyl acetate (5x 30 mL), and the combined organic phases were
for 4 h at 70°C and then taken to dryness, and the product was extracted washed with water and taken to dryness. The crude product (80 mg)
with dry diethyl ether (5x 15 mL). The combined ethereal phases was purified by column chromatography to give reddish HMBOA (26
were taken to dryness and left analytically pure 2-hydroxy-4-meth- mg), mp 194°C, pure according to thtH NMR and mass spectra. For
oxyaniline (yield, 122 mg, 0.88 mol, 59%), mp 132 °C, in IH NMR data, sedable 1. For EI-MS data, se€able 2. Solutions of
accordance with literature values (31). Solutions immediately turned the compound rapidly turned red on exposure to air, probably because
red on exposure to air due to the formation of very small amounts of of oxidation to the aminophenoxazinone.

AMPO. Found: C, 60.6; H, 6.4; N, 10.0. Calculated values fdi& Incorporation Experiment. Experiment ASix ordinary 1-L flower

NO.: C, 60.4; H, 6.5; N, 10.1. FolH NMR data, se€elable 1. For pots were filled with 900 g of soil 1. Grains of wheat (Stakado) were

13C NMR, EI-MS, and IR data, se€able 2. planted, ensuring the development of three sprouts in each pot for
2-Hydroxy-4-methoxydichloroacetanilide (Compoudin a nitro- incorporation corresponding to field conditions (300 plants péom

gen atmosphere and with stirring, dichloroacetyl chloride (118 mg, 0.08 33.3 cn? per plant). Six control samples (no grains sowed) were
mL, 0.8 mmol) was added to a solution of 2-hydroxy-4-methoxyaniline prepared in smaller flower pots containing 300 g of soil 1 [Siegire

(112 mg, 0.8 mmol) in dry diethyl ether (4 mL) at room temperature. 1). The pots were placed in a greenhouse (day,@1night, 13°C).

The reaction mixture immediately turned pale lilac. After 24 h, TLC Automatic watering in saucers kept the soil humidity at half the WHC
indicated almost complete reaction. The hydrogen chloride was allowed by monitoring the weight of the pots. The pots were weeded regularly.
to evaporate. The solid was filtered off and washed with dry diethyl After 11 days, the pots were taken from the greenhouse. The sprouts
ether, and the combined ethereal phases were taken to dryness, leavingere freed from soil and cut into pieces of 2 cm and mixed back in

230 mg (0.92 mmol) of crude product. Recrystallization from ethanol with the soil (3 sprouts/900 g of soil 1 corresponding to 1 sprout/300
left the analytically pure compound. Found: C, 43.5; H, 3.5; N, 5.4. g of soil 1). The samples were returned to the greenhouse for incubation.
Calculated values for ElgNOsCl,: C, 43.2; H, 3.6; N, 5.6. FotH On sampling days 0, 1, 4, 10, 15, and 21 starting from the day of
NMR data, sefable 1. For*C NMR, EI-MS, and IR data, s€Eable incorporation of cut sprouts, a sample set (sampleontrol sample)

2. was stored at-18 °C until freeze-drying. The samples were freeze-
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Experiment A and C: Incorporation of 1 sprout per 300 g soil (the same soil where the sprouts
have grown)

feleleletele B 1:1.1.1.1

Production of sprouts 11days Sprouts incorporated incubation 0-21 days

slslslslsl=Mlslslsls]s]s

10 15 21

Control soil 11days Control soil incubation 0-21 days
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whereas APO, AAPO, AMPO, and AAMPO were detected inESI
mode. Selected ion monitoring (SIM) collection was used. The retention
times for the quantified compounds are showitable 3together with
the molecular structure, the molecular mass of the compounds, and
the detection mode. A direct injection of the solution was possible
despite the heavy load of organic material, because the column eluate
from the first 8 min was led to waste. Tie/zvalues shown iTable
4 were collected in ESI and ESt mode, respectively, to identify
possible metabolites in addition to the metabolites that were quantified.
Standard curves were made from standard solutions of 10 mg/L by
continuous dilution in the area from 800 to 6.25 ng/mL. The standard
curve was prepared both in pure methanol and in a soil extract. A

Experiment B: Incorporation of 3 sprouts per 300 g soll (new soil)
substantial matrix effect was seen when the two standard curves were
compared. Therefore, the amounts of BOA, MBOA, APO, AMPO,

EE @ @ E @ AAPO, AAMPO, DIBOA, DIMBOA, HBOA, and HMBOA in the

0 1 4 10 15 2 samples were quantified by the use of the standard curves made in soil

o e L oy extract. The control samples were used to dismiss signals naturally

E B B B B B present in the soil. The spectra from the control samples were subtracted
o 1 4 10 15 21

from the spectra from the corresponding samples for more accurate
Control soil incubation 0-21 days

quantification.
Figure 1. Setup of the incorporation experiments: (A, B) wheat; (C) rye.

Validation of the Quantitative Analytical Method for Soil
Extracts. The limit of detection (LOD) was obtained on the basis of
Production of sprouts and incubation were carried out under greenhouse
conditions (day, 21 °C; night, 13 °C).

Production of sprouts 11days

a low-concentration standard in a blank soil extract. The LOD was
determined as 3 times the standard deviation (SD) of the signal of the
standard on the basis of 10 injections. For the LOD resultsTabte
5.
dried to complete dryness (24 h), sieved through a 2.0-mm mesh-size  Recovery experiments were performed in soil 2. The samples were
sieve, and crushed in a mortar. All larger plant parts were removed by spiked with standard and adjusted to half of the WHC. A blank
this treatment. Samples were storee-aB °C in PVC-free polyethylene  experiment with no standard added was prepared for control. All of
bags until extraction and analysis. the recovery experiments were carried out in six replicates.
Experiment B. The wheat sprouts were cultivated and cut as  After preparation, the samples were placed in the freezed&C
explained above. The cut sprouts were mixed with fresh soil 1 (3 for 6 days, freeze-dried overnight, and extracted. $able 5 for
sprouts/300 g of soil 1). Fresh control samples were prepared. Therecovery results. There are various possible reasons for the low
samples were incubated and treated as explained above. recoveries for DIBOA and DIMBOA: the compounds have short half-
Experiment CThis experiment was conducted using the rye variety lives in soil, the compounds could be destroyed during sample
Hacada (1 rye sprout/300 g of soil 2) as a rye analogue to incorporation preparation, or the compounds could be adsorbed to the soil particles.
experiment A. The found recovery has not been used to correct the data from the
The wheat variety Stakado was chosen on the basis of reports fromincorporation experiment.
a field study showing Stakado to be the one variety of three that had  Plant Extraction and Analysis. The sprouts for analysis were stored
the highest concentration of benzoxazinorie3. (Later, though, reports at —18 °C on the same day as the rest of the sprouts were cut and
showed that when the same three varieties were grown under laboratoryincorporated into the soil. Later the sprouts were freeze-dried. The
conditions, Stakado was the variety with the lowest concentration of sprouts were cut into pieces and crushed by the use of a mortar before
benzoxazinones (25). The rye variety was chosen because it isextraction. The plant material (0.1004 g) was poured into an extraction
commonly used as a cover crop in Denmark. cell prefilled with 5 g of ignited Ottawa sand. The cell was filled with
Soil Extraction and Chemical Analysis. All extractions were ignited glass beads before closure. The extraction was performed
performed using an accelerated solvent extraction 200 system (ASE)identically to the soil extraction, only the eluent was changed to 80:
from Dionex. The eluent used was methanol containing 0.5 v/iv % of 19:1 of methanol, water, and acetic acid. The weight of the extract
glacial acetic acid. ASE 200 setup: preheat for 5 min, heat for 5 min, was regulated to 50 mL with the addition of methanol. The plant extracts
static for 3 min; flush, 80%; purge, 60 s; cycles, 4; pressure, 1500 psi; were treated like the soil extracts described above prior to analysis.
and temperature, 8TC. Thirty grams of dry crushed soil was poured The plant extracts were analyzed and quantified by HPLC-MSMS using
into a 33-mL extraction cell. The cell was then filled to the top with the same instrument, column, and separation method as for the soil
chemically and microbially inert Ottawa sand. Fifty microliters of 1,2-  extracts. A direct injection of the solution was possible despite the heavy
propanediol was added to the extracts as a keeper, and the extract wakad of organic material, because the column eluate from the first 8
taken to dryness by the use of a Turbo Vap LV evaporator from Zymark min was led to waste. BOA, MBOA, HBOA, HMBOA, DIBOA,
at 20°C and 5 psi by a direct flow of nitrogen into each vial (estimated DIMBOA, DIBOA-GIc, and DIMBOA-GIc were all detected at ESI
time, 8—12 h). The precipitate was suspended by adding;256f Multiple-reaction monitoring (MRM) was used. Retention times and
methanol to a total volume of 10Q0. combined with the keeper. The  structures can be seen Trable 3. The retention times differ slightly
methanolic suspension was diluted with 1 equiv of Milli-Q water and between the soil extract analysis and the plant extract analysis due to
passed through a filter (Minisart SRP 15, 0:4%, from Vivascience aging of the column.
AG) for a better LC-MS signal. The instrument was from AB Applied Validation of the Quantitative Plant Analytical Method. Recovery
Biosystems. The HPLC was an Agilent 1100. The equipment was an experiments were performed for BOA, MBOA, HBOA, HMBOA,
API 2000 triple-quadrupole equipped with electrospray ionization (ESI). DIBOA, DIMBOA, DIBOA-GIc, and DIMBOA-GIc. Plant material
For HPLC a BDS Hypercil C18, am, 250 x 2.1 mm column was of the wheat variety Astron from the Zadocks stage 32)( which
used. The mobile phase was composed of a gradient of A, 10% beforehand had been confirmed not to contain any of the above except
methanol in a water mixture containing 20 mM of glacial acetic acid, small amounts of MBOA, was used for the recovery experiment.
and B, pure methanol containing 20 mM glacial acetic acid. The Recovery experiments were prepared in three repetitions. Four control
injection volume was 2@L. The program was as follows: -0 min, recovery experiments in which no standards were added were prepared
90:10 A/B mixture; 8 min, a gradual decrease to 30:76;1% min, as well. An amount of 0.1 g of freeze-dried, crushed plant material
30:70 A/B mixture; 15-16 min, a gradual increase to 90:10;-1%3 was placed in an extraction cell prefilled Wi g ofignited sand for
min, 90:10 A/B mixture. The flow rate was 2@@/min. BOA, MBOA, each recovery experiment. Subsequently, the plant material was spiked
DIMBOA, DIBOA, HBOA, and HMBOA were detected in ESimode, with 50 uL of one of the standards. The cell was filled with ignited
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Table 3. Benzoxazinones and Their Metabolites, Quantified in Soil (LC-MS Analysis, SIM Mode) and Plants (LC-MSMS Analysis, MRM Mode) with
miz Values and Retention Times (Rt)2

acronym systematic name formula molecu | detection in | detection in
lar MS (soil MSMS (plant
mass | analysis) analysis)
BOA benoxazolin-2-one oﬁo 135.12 | m/z 134 m/z 136/80
N Rt: 14. 4 min |Rt: 15.0 min
H
MBOA 6-methoxy- 0 0 165.15 |m/z 164 m/z 166/110
benzoxazolin-2-one N>:O Rt: 14.8 min  |Rt: 15.4 min
H
HBOA 2-hydroxy-1,4- O -OH 165.15 | m/z 164 m/z 166/148
benzoxazin-3-one @NIO Rt: 12.8 min |Rt: 13.4 min
H
HMBOA 2-hydroxy-7- A0 O, -oH 195.17 | m/z 194 m/z 196/178
methoxy-1,4- \@NI o Rt: 134 min |Rt: 13.9 min
benzoxazin-3-one H
DIBOA 2,4-dihydroxy-1,4- O -OH 181.15 | m/z 180 m/z182/136
benzoxazin-3-one @NIO Rt: 13.0min |Rt: 13.6 min
OH
DIMBOA  |2,4-Dihydroxy-7- A0 O -OH 211.17 |m/z 210 m/z 212/166
methoxy-1,4- \C[NI o Rt: 13.6 Rt: 14.2 min
benzoxazin-3-one OH
DIBOA-Glc |2-B-D- HO R on 343.29 |NA m/z 344/182
glucopyranosyloxy- @Olmo” Rt: 12.7 min
4-hydroxy-1,4- N
benzoxazin-3-one OH
DIMBOA- |2-B-D- HO Hon 37331 |NA m/z 374/212
Gle glucopyranosyloxy- /O\C[o:\[o © H Rt: 13.5 min
4-hydroxy-7- )
methoxy-1,4- OH
benzoxazin-3-one
AAPO 2-acetylamino-3H- @Oﬁo o 254.23 |m/z 255 NA
phenoxazin-3-one e H S Rt: 17.8
AAMPO 2-acetylamino-7- O o ) 284.26 | m/z 285 NA
methoxy-3H- \E:[N/]CENJ\ Rt: 18.3
phenoxazin-3-one H
APO 2-amino-phenoxazin- 0 ° 212.20 | m/z 213 NA
3-one @: Rt: 17.4
N NH;
AMPO 2-amino-7-methoxy- |- o 0 242.23 |m/z 243 NA
3H-phenoxazin-3- \CE Rt: 17.6
N NH;
one

aNA, not analyzed.

glass beads, closed, and incubatedlfb at—18 °C prior to extraction. signal of the standard 1Q@/L (~50 mg/kg of plant material) in foliage
The extracts were treated and analyzed like the other plant extracts.extract. Se€lable 6 for detection limits.

For completeness, recovery trials in which spiking was done prior to  Additional Collection of Masses.On the basis of the literature on
freeze-drying could have been considered. However, Villagrasa et al. the degradation of benzoxazinond$, (@ number of other compounds
(33) showed that the lowering of recovery percentages did not occur could be expected to be present in the soil after incorporation of wheat
during freeze-drying. Se@able 6 for recovery rates. The detection  and rye sprouts. A number of additiona¥z values were therefore
limits were determined on the basis of the standard deviation of the collected in the LC-MS analyses to perform a preliminary characteriza-
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Table 4. Systematic Names and Formulas for Additional Compounds Searched for in Soil Extracts According to Their Molecular Masses?

acronym systematic name formula molecular mass | m/z values for
detection in MS
AP 2-aminophenol O:OH 109.13 110 (pos)
NH, 108 (neg)
MAP 2-amino-5-methoxyphenol 0 OH 139.15 140 (pos)
@NHZ 138 (neg)
HPAA hN};((ﬁ(_)xyphenyl)acetamide @Oioj\ 15116 } gé Eﬁgg
N
HMPAA N-(2-hydroxy-4- ) 0 OH, 181.19 182 (pos)
methoxyphenyl)acetamide \@Nk 180 (neg)
HHPAA 2-hydroxy-N-(2- ) OHy ; 167.16 168 (pos)
hydroxyphenyl)acetamide @:NJ\/OH 166 (neg)
L el e o W L
H

I 1 S D ] o
N oH (neg)
HMPMA N-(2-hydroxy-4- ) e OHy o 225.20 226 (pos)
géei:(tjhoxyphenyl)-malonamlc \©:EJ\/U\OH 224 (neg)

2The presence of the above-mentioned compounds was analyzed qualitatively. Only mass 167 was detected with Rt 11.3 min. Confirmation of the compound is pending.

Table 5. Recovery Rates and Detection Limits (LOD) for Compounds Table 6. Recovery Rates and Detection Limits (LOD) for Compounds
Quantified in Soil Quantified in the Sprouts
20.0 ng/g of 50.0 ng/g of 100.0 ng/g of LOD? compound recovery? LOD? (uglg)
compound dried soil? dried soil? dried soil? (ng/g) DIBOA-Gc 1188[5.8] 87
DIBOA BDL 55[2.2] 3.9[15] 4.24 DIMBOA-Glc 85.6[2.3] 35
DIMBOA BDL 13[11] 0.2[0.2] 5.00 DIBOA 99.6 [11.3] 17.0
HBOA 23.9[1.6] NA NA 0.40 DIMBOA 62.4 [6.6] 9.9
HMBOA 33.0[1.2] NA NA 0.32 HBOA 97.9[4.9] 74
BOA 47.3[8.3] 749[4.1] NA 0.44 HMBOA 97.7[3.9] 5.9
MBOA 97.5[9.5] 95.3[2.7] NA 1.18 BOA 98.1[4.0] 6.0
APO 50.5[7.4] 51.9[7.8] NA 0.76 MBOA 112.12.2] 33
AMPO 49.96.7] 40.0 [4.4] NA 4.02
AAPO 93.3[10.8] 94.7[6.0] NA 15.9 aRecovery rates (%, mean [SD]) were obtained by adding the compounds
AAMPO 102.9[26.1] 90.7[5.3] NA 2.59 to freeze-dried blank plant material (~50 ug/g of plant material) an hour prior
to extraction. LOD (3 times SD) was determined on the basis of the
2Recovery rates (%, mean [SD]) were obtained by adding the compounds to standard deviation of the signal of a standard in foliage extract (~50 ug/g of plant
soil followed by our general sample preparation procedure. BDL, below detection material).

limit; NA, not analyzed. ®LOD (3 times SD) was determined on the basis of the

standard deviation of the signal of a standard in blank soil extract. ) )
melting point of HMBOA repeatedly34—36) has been reported

tion of such additional compounds. The structures of the compounds t0 be in the interval between 196 and 20D, in one instance

searched for can be seenTable 4. Baumeler et al.37) stated the value of 17481 °C for a sample
secured from the roots &phelandra tetragona. Maas et al.
RESULTS AND DISCUSSION (38) published a semisynthesis in which samarium diiodide was

Chemical Synthesis.The investigation of the fate of phy- USeéd for reduction of DIMBOA, isolated from plants, to
tochemicals in soil requires pure chemicals for the confirmation HMBOA. Only one simple and reliable full synthetic method
of the structure of the metabolites and for their accurate S€€mS to have been published for this type of compound, starting
quantification. Thus, chemical synthesis is often needed along-With (Table 1) reduction of the 2-nitrophenol to the 2-ami-
side the fate studies. In this project HBOA and HMBOA were nophenol, followed by dichloroacetylation and cyclization with
synthesized. The preparation and properties of HBDab(e base. This procedure has proved to be very convenient for
1, R = H) have been amply described, but some confusion HBOA (30, 39). Although it has been described for the
seems to exist with regard to the corresponding 7-methoxy preparation of HMBOA 40), the product was not further
derivative (HMBOA,Table 1, R =0OCH;). Thus, although the characterized and, in fact, the structure has never been proved
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Table 7. Concentration of Benzoxazinones and Their Derivatives in
the Wheat and Rye Sprouts Used for the Incorporation Experiments llatenl HMBOA
o - B HBOA
conen in dried plant max theor concn in soil? £ 1201 -~ MBOA
material (mg/kg) (ng/g of dried soil) -
wheat wheat rye _E i
wheat rye (Stakado),  (Stakado), (Hacada), 5 804
(Stakado)  (Hacada) expt A expt B exptA *E E
BOA 36 111 0.6 19 18 €
MBOA 391.1 19.3 70.0 209.9 3.1 g 40
HBOA 4.8 195 0.9 2.6 3.1 2
HMBOA 200.1 11.1 35.8 107.4 18 20
DIBOA 57.5 2109.5 10.3 30.9 335.2 0 : g Ll
DIMBOA 1217.7 100.3 217.8 653.5 15.9
DIBOA-Glc 6.4 104.1 11 34 165 g o e = 2t ]
DIMBOA-Glc 163.0 178.4 29.2 875 283 Time (days)
Figure 2. Concentration of allelochemicals in soil in which wheat sprouts
2 Supposing that the total amount from the plants leached out instantaneously. were incorporated as a function of incubation time (1 sprout/300 g of soil

1), experiment A.
to be correct. Our results demonstrate the reliability of the
method for both HBOA and HMBOA.

Content of Benzoxazinones and Derivatives in Plant
Material. The content of benzoxazinones and their derivatives
as measured in the plants used in this experiment is shown in
Table 7. The wheat sprouts contained a relatively large amount
of MBOA (one-third) compared with the amount of DIMBOA.
HMBOA was found in a concentration half that of MBOA. The
demethoxy derivatives were all found in low concentrations,
although the concentration of DIBOA was a little higher than
the rest.

DIBOA was found in a high concentration in the rye sprouts,

600

Concentration in soil (nglg)

whereas DIMBOA-GIc, DIBOA-GIc, and DIMBOA were found 0 ——— ; ;
in medium concentrations (listed in decreasing order). BOA, 0 5 10 15 20 25
MBOA, HBOA, and HMBOA were found in only very small Time (days)

amounts. It has been indicated that DIMBOA is not present in Figure 3. Concentration of allelochemicals in soil in which wheat sprouts
rye (S. cereale)l). However, several author$,@1,42) stated were incorporated as a function of incubation time (3 sprouts/300 g of
that the hydroxamic acids DIBOA and DIMBOA are found in  soil 1), experiment B.
both rye and wheat, DIMBOA being the dominating compound
in wheat and DIBOA the dominating compound in rye. This is decomposition of DIMBOA-GIc and DIMBOA during analysis.
in agreement with our results. Belz and Hud® fneasured the ~ Grambow et al. (45) proved the existence in wheat leaves of a
exudation of DIMBOA and DIBOA from living wheat and rye  rarely—until then—considered compoundfa2>-glucopyrano-
plants into hydroponics. syloxy-4,7-dimethoxy-1,4-benzoxazin-3-one (HDMBOA-GIc).

It has been discussed whether the aglucones could be presenthe compound was found iBoix lacryma-jobi varma-yuen
in the plants or whether they are formed during sampling, as well 84) and in corn 46). HDMBOA-GIc was shown to
preparation, and analysis. Cambier et di3)(stated that the  transform very quickly to MBOA (4547). Thus, it cannot be
benzoxazinones in maize were present only as gluconoconju-excluded that the detection of MBOA in our plant results and
gates and concluded that immediate freezing ipn after in the results of Mogensen et allg), Villagrasa et al.44),
sampling is needed to avoid the hydrolysis of the gluconocon- and Stochmal et al.48) can be due to a transformation of
jugates and the liberation of the aglucones. However, a numberHDMBOA-GIc, a compound that was not quantified in these
of authors claim that both glucoconjugates and aglucones canstudies and of which the aglucone HDMBOA has not been
be present in the plant simultaneously. Villagrasa et44) ( isolated from plants.
and Mogensen et all®) found both aglucones and glucocon- Content of Benzoxazinones and Derivatives in Soil in
jugates in wheat, even when the sprouts were frozen im- Which Wheat or Rye Was Incorporated. The control samples
mediately in liquid N after harvesting. Zufiiga and Massardo were used to dismiss signals naturally present in the soil under
(11) showed that the aglucones were found in the meristem andthe conditions used. In the control samples there were detected
callus of wheat plants, whereas the glucoconjugates were founcho signals that correspond to a growing or decreasing concentra-
in the differentiated tissue. Both Zufiiga and Massafdg and tion.

Nakagawa et al.10) showed that the relative amounts of In the incorporation experiments of wheat (experiment A,
DIBOA-GIc, DIMBOA-GIc, DIBOA, and DIMBOA varied by Figure 2; and experiment Bfrigure 3) only MBOA, HBOA,
plant age. and HMBOA were quantified above the detection limit (see

The presence of benzoxazolinones (MBOA and BOA) in plant Table 3 for structures and retention time3)able 7 shows an
material has been questioned as w&8)( However, Mogensen  estimate of the theoretical concentration in soil of each
et al. (12) showed variations in the MBOA, DIMBOA, and compound, supposing that the total amount present in the plant
DIMBOA-GIc concentrations in roots from organically grown is immediately leached into the soil. DIMBOA was not detected
wheat during the growth stages Zadocks 10, 12, 21, 31, and 51in the soil due to either its fast conversion to MBOA (both
and suggested that detection of MBOA was not due to spontaneously and microbial)§), a strong sorption to the saill,
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or degradation during sample preparation. The high amount of
MBOA that was seen at day 0 (87 ng/g) and day 1 (154 ng/g)
may be due to the leaching of MBOA from the plant material,
a rapid transformation of HDMBOA-GIc46, 47), a rapid
conversion of DIMBOA exudated during growt8, (9, 49), or

a rapid conversion of DIMBOA leached into the soil after
incorporation of plant material. Both HMBOA and HBOA were

present at day 0 as well and showed a small increment between

days 0 and 1. Experiment B was done in a new soil, for which
reason the presence of HMBOA, HBOA, and MBOA at day 0
(Figure 3) can only be due to leaching from the dead,
incorporated plant material.

The fact that the concentrations of MBOA, HBOA, and
HMBOA were approximately the same in experiments A and
B at day 0, even though experiment A contained only one-third
the amount of sprouts of experiment B, may indicate that
exudation and transformation in the last day of growth may have
occurred in experiment A. On the second day of incubation,
the concentration of MBOA and HBOA increased twice for
experiment A and five times for experiment B. The increase in
concentration was more modest for HMBOA. After day 1, the
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Figure 4. Concentration of BOA, HBOA, and DIBOA in soil in which rye
sprouts were incorporated as a function of incubation time (1 sprout/300
g of soil 2), experiment C.

25

plant cells. The appearance of HMBOA in soil in our studies
could thus partly come from DIMBOA. However, the theoretical

_values for HMBOA released from plant tissu€aple 7) and

concentration of all three compounds decreased as seen iNpa amounts detected Figures 2and3 are roughly the same

Figures 2 and 3. At day 15, no MBOA was left (above the
detection limit) in experiment A, and at day 21, no MBOA was
left in experiment B. The application of first-order degradation
kinetics on the disappearance of MBOA from the maximum
concentration revealed a values (reduction of the concen-
tration to half of the maximum concentration) for MBOA of
1.6 days in experiment A and 1.3 days in experiment B.
Degradation studies with pure MBOA added to a similar soil
at a concentration of 400 ng/g have been performed earlier in
our laboratory 24, 25). They resulted in a Djp value of 1.4
days. Thus, the pattern for MBOA disappearance when plant
or pure compound is incorporated is similar as soon as MBOA
is formed in or leached into the soil. This is also an indication
that MBOA is rapidly leached from the plant material because
a prolonged continuous supply by leaching would probably
enhance the Dsp value compared with the pure compound.

Degradation experiments with pure MBOA in sa24(, 25)

at a concentration level of 4Qy/g of soil showed that MBOA
was metabolized into the phenoxazinone AMPO and that the
molar relationship between added MBOA and maximum amount
of AMPO was 300:1. In degradation experiments with MBOA
at 400 or 4000 ng/g of soild, 25) no AMPO was detected.
The concentration of MBOA originating from the sprouts
reached maximum values of 154 ng/g of soil for experiment A
and 520 ng/g of soil for experiment B, and as would be expected,
AMPO was not detected. MBOA, HBOA, and HMBOA were
either metabolized, chemically transformed, or bound to soil

which should indicate that the above-mentioned detoxification
did not occur in our study.

In the incorporation experiment with rye (experiment C),
DIBOA was detected at days 0, 1, and 4 with the maximum
level at day 1 of 53 ng/g of dried soil (s€gyure 4). The small
increase in concentration of DIBOA from day 0 to day 1 must
be due to release of DIBOA from the plant material upon
microbial attack in the soil matrix. It was a surprise to find that
the molar concentration of BOA was much smaller than that of
DIBOA. BOA can be generated by a spontaneous loss of formic
acid from DIBOA (15), and the transformation of DIBOA to
BOA in a buffered aquatic solution in a pH range of 4—8 was
shown to be equimolarl@). However, it is probable that a
microbial degradation of DIBOA leading to degradation prod-
ucts other than BOA can take place in soil.

The concentration of BOA was at its maximum at day 0 at
the level of 15 ng/g of dried soil and did not grow as DIBOA
disappeared. The level of BOA in the plant material was not
high enough to make it the reason for the day 0 level of BOA
in soil. Thus, BOA detected in the soil might originate from
DIBOA that was leached to the soil during the growth of the
plants or from other compounds in the plants not analyzed in
this study.

The concentration of HBOA was20 ng/g of dried soil on
both days 0 and 1. On day 4 the concentration was 5 times as
high. A metabolite with the mass of 167 was found that had a
degradation pattern similar to that of HBOA. It is reasonable

particles. No metabolites were detected. Studies on metabo-to consider it to be 2-(2-hydroxyacetamido)phenol (HHPAA)

lization of chemicals in soil need to be performed as a
combination of studies with individual compounds to elucidate
the transformation pathway of each compound and studies with
natural plants in which naturally occurring enzymes are present

(seeTable 4) as it is reported to be in a redoxidative microbial
equilibrium with HBOA in soil (L7). A sample of HHPAA is
needed for verification. None of the masses corresponding to
the other listed compounds ifable 4 were seen in the

as well, as is the case in the studies we are presenting herechromatogram.

However, the conversion between each of the detected com-

pounds cannot be elucidated profoundly without genetically
modified plant material in which the biosynthetic pathway is
partly blocked. It was suggested by Masiet al. {6) that some
DIMBOA could be detoxified by biological conversion into
HMBOA in soil—water studies, but this was only seen in a small
degree when DIMBOA was added to the soiNater mixture

in a concentration of 5 mg/g of soil. Tipton et al. (50) showed
that DIMBOA could be reduced to HMBOA in the presence of

When the degradation curves of DIBOA and HBOA are
combined as irFigure 4, it looks as if HBOA is generated
from DIBOA due to the time lag between the maximum
concentrations of these compounds. For the first time we may
have seen a parallel to earlier reports on the conversion of
DIMBOA to HMBOA (16, 50). However, a confirmation of
this with labeled DIBOA in the presence of plant material is
required. Another explanation for the rise in HBOA concentra-
tion in soil could be that the glucoside of HBOA is present in
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Figure 5. Concentration of MBOA and HMBOA in soil in which rye sprouts

were incorporated as a function of incubation time (1 sprout/300 g of soil
2), experiment C.
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Figure 6. Concentration of APO in soil in which rye sprouts were

incorporated as a function of incubation time (1 sprout/300 g of soil 2),
experiment C.

the plant, although it is not a part of the biosynthesis of DIBOA-
Glc (51), and that the aglucone is released slowly compared
with DIBOA.

Both HMBOA and MBOA were detected in the rye incor-
poration experiment, experiment C (Se&igure 5). Reports on
rye benzoxazinones have generally focused on two com-
pounds: DIBOA as the main benzoxazinone compound and
DIMBOA as a minor compound4( 41,42). The concentration
of HMBOA was at the level of BOA (15 ng/g of dried soil).
The concentration of MBOA peaked at day 1 at the level of 70
ng/g of dried soil and thereby far exceeded the concentration
of BOA. The concentration of MBOA in soil in which rye was
incorporated exceeds the theoretical concentration inTrgblé
7), even if a complete conversion of DIMBOA and HMBOA
took place. Thus, similarly to the wheat incorporation experi-
ment, MBOA in soil may originate from a compound in the
plant that was not quantified.

A small amount of APO was detected just above the limit of
detection (se&igure 6) with a maximum at day 4 but without
disappearing for the incubation period. To verify this, a MSMS
analysis of the day 4 sample was done, and APO was identified
by the mass pair 213/185. Degradation studies for BOA made
at our laboratory (2122) showed that BOA at a concentration
level of 400ug/g of soil was metabolized into the phenoxazi-
none APO and that the molar relationship between added BOA
and maximum amount of APO was 10:1. In degradation
experiments with BOA at 400 ng/g of soil, no APO was
detected. Similar to the MBOAAMPO discussion in the wheat

Krogh et al.

experiment above, we did not expect to find APO in the rye
experiment, due to the low concentrations of BOA. Detecting
APO anyway could be explained by the different molar relation
between added BOA and formed APZL) and, thus, a possible
formation of high local concentrations around the incorporated
cut sprouts as DIBOA and BOA are leached into the soil.

This project proved that several of the biologically active
benzoxazinone derivatives can be found in soil after incorpora-
tion including the 2-aminophenoxin-3-one. We have shown that
degradation experiments with individual compounds for a start
can give a picture of the degradation of allelochemicals from
plants. The largest differences in the variation of metabolites
detected are probably due to the differences in concentration
between the two types of studies: degradation studies of isolated
compounds and incorporation of plant material into soil simulat-
ing natural conditions properly. For a more detailed picture,
incorporation of plant material into soil will give answers on
factors such as concentration differences in a single sample and
the role of the plant material itself. More of these types of
experiments are needed. Experiments with more sampling points
would give a more accurate picture of the leaching and
degradation. Experiments with a wide number of wheat and rye
varieties would elucidate both varietal differences and differ-
ences in concentration of the allelochemicals leached to the soil.
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