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Many Fusarium species produce trichothecenes, sesquiterpene epoxides that differ in patterns of
oxygenation and esterification at carbon positions C-3, C-4, C-7, C-8, and C-15. For the first
comprehensive and quantitative comparison of the effects of oxygenation and esterification on
trichothecene phytotoxicity, we tested 24 precursors, intermediates, and end products of the
trichothecene biosynthetic pathway in an Arabidopsis thaliana detached leaf assay. At 100 M, the
highest concentration tested, only the trichothecene precursor trichodiene was nontoxic. Among
trichothecenes, toxicity varied more than 200-fold. Oxygenation at C-4, C-8, C-7/8, or C-15 was, on
average, as likely to decrease as to increase toxicity. Esterification at C-4, C-8, or C-15 generally
increased toxicity. Esterification at C-3 increased toxicity in one case and decreased toxicity in three
of eight cases tested. Thus, the increase in structural complexity along the trichothecene biosynthetic
pathway in Fusarium is not necessarily associated with an increase in phytotoxicity.
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INTRODUCTION

Many plant pathogenic species of the geRusariumproduce
trichothecenesl(—24; Table 1 andFigure 1), a large group of
sesquiterpene epoxides that are inhibitors of eukaryotic protein
synthesisFusarium graminearupFusarium sporotrichioides
and other trichothecene-producifRgsariumspecies are com-
mon pathogens of cereal grains, especially in temperate climates o o
in Europe, Asia, and the Americas, where trichothecene Figure 1. Structures of trichodiene 1 and isotrichotriol 2.
contamination of wheat, barley, rye, and maize can be a serious | . L .
problem. The trichothecene biosynthetic pathwagy graminearum trichothecenes, animal toxicity is higher among compounds with

ultimately produces the 8-keto, 7-hydroxy trichothecenes deox- €-3: C-4, C-8, and C-15 oxygenations, such as T-2 td6n
ynivalenol 18 and nivalenol22, and inF. sporotrichioides it and nivalenol22, than among compounds with only C-3 and

produces the ®-isovalerate ester T-2 toxif6. These com-  C 15 oxygenations, such as calonec#2). Relative biological
pounds and other trichothecenes cause feed refusal, ill thrift, 2Ctivities of the more-oxygenated trichothecenes in a wide range
and emetic syndromes in swine and other animals and areOf animal systems have been extensively studied and recently

associated epidemiologically with chronic and fatal toxicoses "eviewed &, 3). _
in humans ). As compared to animal systems, assessment of the effects of

The trichothecene skeleton contains a carbon position-1 (C- ffichothecenes in plant systems has been rather neglected,
1) pyran group and a C-12,13 epoxide, but trichothecenes differ although toxicity of 4,15-diacetoxyscirperitl to peas, lettuce,
otherwise in patterns of extraskeletal oxygenation and esterifi- 21d other plants was first reported more than 40 years 4)go (
cation at C-3, C-4, C-7, C-8, and C-15 and in the presence of C_:o.mpar.atlve studies of trlchpthecene phytotoxicity have. peen
a keto group at C-8Fusarium trichothecenes contain only I|m|ted, in large part., by the QIfflcuIty anq expense of obtgmmg
acetate and other short-chain esters and lack the complextfichothecenes in highly purified form in quantities sufficient
macrocylic esters found in some other trichothecene-producing O Phytotoxicity assays. Typically, one or two compounds have
fungi. Determination and quantification of biological effects of P€€n isolated in different laboratories and then tested with
trichothecenes in animal systems began shortly after the different assay methods and plant species, thus making quantita-
discovery of T-2 toxirl6, deoxynivalenolL8, nivalenol22, and tive comparisons very difficult. The fragmentary studies avail-

other trichothecenes in the 1960s and 1970s. Anfargarium able have found differences in toxicity of trichothecenes between
plant and animal systems, which might have been expected,

*To whom correspondence should be addressed. Tel: 309-681-6378, Put have glso_ found differences in relative toxicity of tricho-
Fax: 309-681-6665. E-mail: anne.desjardins@ars.usda.gov. thecenes in different plant systents—g).
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Table 1. Structures and Lethality (LDsg) of Trichothecenes

Ry
\Rs
LDso = SE
no. compound Ri Rz R3 Ry Rs (um)p
3 isotrichodermol OH H H H H 90+15
4 isotrichodermin OAc H H H H 161+£51
5 3,15-dideacetylcalonectrin  OH OH H H H >100 :
6 15-deacetylcalonectrin OA OH H H H  >100 B,
7 3-deacetylcalonectrin OH OAc H H H 266229 Figure 2. Representative healthy (top row) and dead (bottom row)
8 calonectrin OAc OAc H H H 2619 . ) . .
9 scirpentriol OH OH OH H H >100 dt_etached leaves of A. thaliana after 7 days of incubation with a
10  15-acetoxyscirpenol OH OAc OH H H 3711 trichothecene.
11 4,15-diacetoxyscirpenol OH OAc OAc H H 15+02
12 3415triacetoxyscirpenol ~ OAc OAc OAc H H 27.6%35 Table 2. Toxicity (EDsg) of Selected Trichothecenes and Precursors
13 neosolaniol OH OAc OAc OH H 13.0+14
14 3-acetylneosolaniol OAc OAc OAc OH H 146+56 compounds EDs (+SE) (uM)?
15 HT-2 toxin OH OAc OH Iso H 1.0+08 1 trichodiene >100
16 T-2 toxin OH OAc OAc Iso H 05+0.05 2 isotrichotriol >100
17 3-acetyl-T-2 toxin OAc OAc OAc Iso H 41%02 3 isotrichodermol 35(x1.9)
18  deoxynivalenol OH OH H =0 OH 23.0+6.8 4 isotrichodermin 8.6 (x2.2)
19  3-acetyldeoxynivalenol OAc OH H =0 OH 187+124 5 3,15-dideacetylcalonectrin 90.1 (+7.7)
20  15-acetyldeoxynivalenol OH OAc H =0 OH 4028 6 15-deacetylcalonectrin >100
21 3,15-diacetyldeoxynivalenol OAc OAc H =0 OH 282+04 7 3-deacetylcalonectrin 7.6 (£1.4)
22 nivalenol OH OH OH =0 OH >100 9 scirpentriol 53.6 (+4.4)
23 4-acetylnivalenol OH OH OAc =0 OH 79.7+136 12 3,4,15-triacetoxyscirpenol 6.7 (£1.7)
24 3,15-diacetylnivalenol OAc OAc OH =0 OH 43z*14 18 deoxynivalenol 3.8(x3.0)
19 3-acetyldeoxynivalenol 3.4 (£2.6)
a|so = isovaleryl ester. ? LDsy was the concentration at which 50% of the A. 20 15-acetyldeoxynivalenol 1.3 (x1.1)
thaliana leaves were dead following treatment. 21 3315-d|acety|de0xyn|valenoI 10.0(+1.5)
22 nivalenol >100
23 4-acetylnivalenol 16.1 (x1.9)
During the course of long-term research on the biosynthesis 24 3,15-diacetylnivalenol 2.2 (£0.6)

of deoxynivalenoll8 and nivalenoR2 by F. graminearumand
of T-2 toxin 16 by F. sporotrichioides we have used gene- @EDs is the concentration at which 50% of the A. thaliana leaves showed
dlsrupt|on mutants, precursor feed|ng experimentS, and othersymptoms of chlorosis, shriveling, or death following treatment.
approaches to create a library of trichothecene biosynthetic o ) ) .
pathway precursors, intermediates, and end products. Theacetyltransferas‘érl101 mutant) (L5)_. Is_ot_rlchoder_mlmWas isolated
if Arabid is thaliandias b df from YEPD cultures ofF. sporotrichioidesstrain Allb (a C-15
cruciierous weeerabldopsis thallandias been Used 10r assay  ,yygenaseTrill- mutant) (6). 3,15-Didecalonectrins and 15-
of fungal phytotoxins and is sensitive to trichothecer®s ( gecalonectrit were isolated from YEPD cultures Bf sporotrichioides
12)-. In this study, we ComblpEd our Compqunq library dk}d strain MB2972 (4). 3-Decalonectrity and calonectrii8 were isolated
thaliana for a comprehensive and quantitative analysis of

from cornmeal cultures d¥. graminearunstrain LH1-41 (a calonectrin
structure-activity relationships of trichothecenes biosynthesized oxygenasdril~ mutant) (7). 4,15-Diacetoxyscirpendll was isolated
by Fusarium

from YEPD cultures ofF. sporotrichioidesstrain 1716cos 9-1#1 (a
trichothecene overexpressidmil- mutant) (8). 3,4,15-Triacetoxy-
scirpenol12, 3-acetylneosolanidl4, and 3-acetyl T-2 toxirl7 were

MATERIALS AND METHODS isolated from YEPD cultures df. sporotrichioidesstrain NA-476 (a

Trichothecenes. Nivalenol 22 and 4-acetylnivalenol23 were

purchased from Sigma Chemical Co. (St. Louis, MO). The remaining

compounds were isolated from wild-type or mutant strainsFof
sporotrichioides NRRL3299 or F. graminearumZ-3639 or were
produced by synthetic modification or by biotransformation. All

C-3 esteras@ri8~ mutant) (L9). Neosolanioll3and T-2 toxin16 were
isolated from YEPD cultures df. sporotrichioidesstrain 5493c0s9-
1#11 (a trichothecene overexpressingl~ mutant) L8). HT-toxin 15
was isolated from YEPD cultures &f. sporotrichioidesstrain 7-4-7
(a C-4 acetyltransferaskri7— mutant) @0). 15-Acetyldeoxynivalenol

compounds were checked for greater than 95% purity with Gas 20 was isolated from YEPD cultures &. graminearumstrain B4-1

chromatographymass spectrometry (GC-MS). Just prior to phytotox-

(a mutant with an extra copy of trichodiene synthagR|5 and a

icity assays, each test compound was completely solubilized in acetoneregulatory protein,TRI6) (21). 3,15-Diacetyldeoxynivalend®l was
to produce a 0.1 M master stock solution, which was serially diluted isolated from rice grain cultures &% graminearunstrain NA-8b01 (a
in acetone to produce additional stock solutions. For phytotoxicity C-8 esteraselri8~ mutant) (9). 3-Acetyldeoxynivalenol19 was
assays, each stock solution was added to sterile distilled water to aprepared by feeding deoxynivalerid to liquid cultures of eéSaccha-
final concentration of 0.1% acetone by volume. Control assays containedromyces cergisiae transformant expressirfg, sporotrichioideggenes

water with 0.1% acetone.

Trichodienel was isolated from yeast extragbeptone-dextrose
liquid (YEPD) cultures ofF. sporotrichioidesmutant strain F15 (a
trichodiene oxygenaskri4~ mutant) (3). Isotrichotriol2 was isolated
from rice grain cultures of. sporotrichioidesstrain MB2972 (a C-15
acetyltransferas@ri3~ mutant) (4). Isotrichodermol3 was isolated
from YEPD cultures ofF. sporotrichioidesstrain Tri101-3D (a C-3

TRI101(C-3 acetyltransferase) antR112 (a transporter) 15). Scir-
pentriol 9 and 15-monoacetoxyscirpentd were made by hydrolysis
of 11 with 0.1 N sodium hydroxide. Deoxynivalen®8 was made by
hydrolysis of 15-acetyldeoxynivalen®d with 0.1 N sodium hydroxide.
3,15-DiacetylnivalenoR4 was prepared by mixing 10 mg @2 in 2
mL of pyridine and acetic anhydride (1:1) and identified with GC-MS

and NMR. Mass spectra were recorded with a Hewlett-Packard 5890
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Figure 3. Percentage of dead leaves at concentrations of selected trichothecenes. Each data point is the mean of two replicate experiments. (A) T-2

series: M = T-2 toxin, O = 3-acetyl T-2 toxin, and Ao = HT-2 toxin. (B)
4,15-diacetoxyscirpenol, and v = triacetoxyscirpenol. (C) Deoxynivalenol

Scirpentriol series: M = scirpentriol, O = 15-acetoxyscirpenol, A =
series: B = deoxynivalenol, O = 3-acetyldeoxynivalenol, A

15-acetyldeoxynivalenol, and v = 3,15-diacetyldeoxynivalenol. (D) Nivalenol series: B = nivalenol, O = 4-acetylnivalenol, and a = 3,15-diacetylnivalenol.

MSD spectrometer equipped with a GC 5890 with a DB-5MS column
(30 m x 0.25 mm film thickness). The oven temperature was
programmed from 126C at injection to 210C at 15°C/min, held for

1 min, then heated to 26%C at 5°C/min, and held for 8 min with
helium as the carrier gas. NMR spectra were recorded with a Bruker
500 MHz instrument.

3,15-Diacetylnivalenol.m/z 396 (M*, 0.5), 336 (M-60, 2.5), 305
(55), 277 (81), 189 (10033C NMR (Bruker 500 MHz) in CDGt 67.14
(C14); 15.28 (C16); 20.58 (C3 AcMe); 20.90 (C15 AcMe); 45.82 (C13);
49.47 (C5); 52.24 (C6); 61.70 (C15); 63.88 (C12); 69.56 (C11); 72.89
(C7); 78.14 (C4), 78.34 (C2); 83.15 (C3); 136.02 (C9); 137.88 (C10);
170.20 (C15Ac); 171.73 (C3Ac); 198.89 (C8H NMR (Bruker 500
MHz) in CDCls: 61.17 (s, C14Me); 1.92 (s, C15Me); 1.93 (s, C16Me);
2.24 (s, C3AcMe); 3.10 (d] = 4.2 Hz, H13a); 3.12 (d) = 4.2 Hz,
H13b); 3.98 (d,) = 4.7 Hz, H2); 4.27 (dJ = 12.2 Hz, H15a); 4.40 (d,

J = 12.2 Hz, H15b); 4.40 (d) = 5.9 Hz, H11); 4.43 (dJ = 3.1 Hz,
H4); 4.87 (s, H7); 4.96 (dd]l = 4.7 Hz, H3); 6.59 (ddJ=5.9and 1.5
Hz, H10).

Phytotoxicity Assay.Seeds ofA. thalianaColumbia (Col-4) ecotype
were obtained from Lehle Seeds (Round Rock, TX). For surface
disinfestation, seeds were placed on filter paper in a Buchner funnel,
rinsed for approximately 15 s each with 0.5% sodium hypochlorite and
sterile distilled water, and dried with suction. For stratification, seeds
were sown on the surface of Petri plates of Murashi§koog mineral
medium (Sigma, St. Louis, MO) adjusted to pH 5.9 in 1.5% agar, sealed
with Parafilm, and incubated for 3 days in the dark alCl Plates
were unsealed, placed in glass trays lined with moist toweling,
transferred to a biological incubator (Percival Scientific Inc., Perry,
IA), and incubated for 11 days under 24 h fluorescent lights £#t@5
Agar blocks with uniform, healthy plants were transferred to 24 well
tissue culture-treated multiwell plates (Becton Dickson Labware,
Franklin Lakes, NJ), and the 24 well plates were returned to the
incubator without covers for one more week with additional sterile
distilled water added to the wells as needed.

Uniform, healthy leaves with petioles (approximately 1 cm long and
0.5 cm wide) were cut from the rosettes of 3 week old plants and floated

on sterile distilled water. Leaves were transferred from the leaf pool
into individual wells of 96 well, nonskirted polymerase chain reaction
(PCR) microplates (Fisher Scientific, Pittsburgh, PA). Each well
contained 25Q@.L of freshly prepared test solution in water with 0.1%
acetone by volume. The uncovered 96 well plates were returned to the
incubator in glass trays loosely covered with plastic wrap to maintain
humidity. Leaves were observed daily and scored for symptoms after
1 week. All compounds were tested twice in a dilution series of 0, 1.0,
5.0, 10, 50, and 10@M. As necessary, highly toxic compounds were
tested twice again in a dilution series of 0, 0.1, 0.3, 1.0, and«B10

For each of these tests, 96 leaves were treated and scored for each
dilution of each compound. For objectivity and uniformity, assays were
blind and all assays were scored by the same individual. Control leaves
remained healthy, green, and unshriveled throughout the duration of
the assay; apparently healthy control leaves (and leaves on intact plants)
occasionally developed areas of dark reddish coloration. Leaves were
individually rated for shriveling, chlorosis, and death on a scale-¢f,1
where 1= healthy leaves (green or reddish) with no visible shriveling
or chlorosis; 2= no shriveling, <50% chlorosis or necrosis; &
shriveling, up to 90% chlorosis or necrosis; and=4dead. For
calculating LD values, categories 3 and 4 were combined as “dead”
leaves. For calculating Epvalues, categories-24 were combined as
“symptomatic” leaves.

Statistical Analysis. Statistical analysis of the phytotoxicity assay
results was performed using OriginPro 7.5 software (OriginLab,
Northampton, MA). Doseresponse data were analyzed by the logistic
fitting function with the upper and lower asymptotes fixed at 100 and
0, respectively. LIy and EDy values are reported as meahstandard
errors.

RESULTS

Phytotoxicity. Twenty-two trichothecenes and two trichoth-
ecene precursors were screened for toxicity to detached leaves
of A. thaliana Toxicity was expressed as an k) the
concentration at which one-half of the leaves were déadble
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Figure 4. Stepwise changes in toxicity of T-2 toxin 16 (right side) and
related trichothecenes and of nivalenol 22 and related trichothecenes (left
side). Nodes represent compounds, nodes with numbers represent
compounds described in Table 1, and nodes without numbers represent
compounds not tested in this study. Arrows from left to right represent
single oxygenations. Arrows from top to bottom represent single esteri-
fications: Thin black arrows indicate C-3, broad white arrows indicate
C-15, and broad black arrows indicate C-4 and C-8. Plus (+) and minus
(=) signs on an arrow indicate the direction of the change in toxicity, as
the ratio of the substrate toxicity to product toxicity (LDsp). A plus sign
indicates a two-fold or greater increase in toxicity, and a minus sign
indicates a two-fold or greater decrease in toxicity from substrate to
product. Arrows represent stepwise changes between compounds but not
necessarily the major endogenous biosynthetic pathways.

C315

1) and Figure 2). For less toxic compounds, toxicity was also
expressed as an ) the concentration at which one-half of
the leaves showed symptoms of chlorosialifle 2). At 100

Desjardins et al.

compounds differ in hydroxylation at a single site, C-4, C-8, or
C-15. Five pairs of compounds differ in both hydroxylation at
C-7 and the presence of a keto-group at C-8. The early
intermediates isotrichoderm8land its derivativel were quite
toxic, with LDsg values of 9-16 uM, but toxicity was reduced
>10-fold by C-15 hydroxylation 3 — 5, 4 — 6). C-4
hydroxylation had diverse effects: a slight increase in toxicity
(3,15-dideacetylcalonectrin— 9); >5-fold increases in toxicity
(3-deacetylcalonectrii— 10 and 3,15-diacetyldeoxynivalenol
21— 24); or a>5-fold decrease in toxicity (deoxynivalenb

— 22). C-8 hydroxylation also had diverse effects: a slight
increase in toxicity (3,4,15-triacetoxyscirpent® —14) or a
>10-fold decrease in toxicity (4,15-diacetoxyscirpehbt- 13).
Last, concurrent oxygenation at both C-7 (hydroxyl) and C-8
(keto) had diverse effects:>5-fold increases in toxicity
(calonectrin derivative® — 18, 6 — 19, 7 — 20) or at least
10-fold decreases in toxicity (calonectBr— 21 and scirpentriol

9 — 22).

The effect of multiple oxygenations on toxicity was examined
by comparing three series of compounds that differ only in
sequential oxygenations at C-4, C-15, and C-7/C-8. In one series
from isotrichodermol to nivalenoB — 5 — 18 — 22, toxicity
first decreased 10-fold, then increased 5-fold and decreased 10-
fold, resulting in @ 10-fold decrease in toxicity overall. In the
second serieg — 5 — 9 — 22, toxicity first decreased- 10-
fold, then remained very low. In the series from calonectrin to
3,15-diacetylnivaleno8 — 21 — 24, toxicity was unchanged
overall.

Effect of Esterification on Phytotoxicity. The effect of
trichothecene esterification on toxicity was examined by com-
paring 18 pairs of compounds that differ in esterification at a
single site, C-3, C-4, C-8, or C-15Tébles 1 and 2). C-3
acetylation had diverse effects: a 10-fold increase in toxicity

uM, the highest concentration tested, the trichothecene precursor3-deactylcalonectriry — 8); at least 10-fold decreases in

trichodienel was essentially nontoxic, producing mild symp-
toms of chlorosis in 10% and death in 3% of the leaves.
Isotrichotriol 2, an epoxide ofl, was slightly more toxic,
producing mild symptoms of chlorosis in 10% and death in 10%
of the leaves treated at 10, 50, or 1M, with no dose-

toxicity (4,15-diacetoxyscirpendll — 12, T-2 toxin 16 — 17,
and 15-acetyldeoxynivalenaD— 21); or little effect on toxicity
(isotrichodermol 3 — 4, 3,15-diacetylcalonectrirb — 6,
neosolaniol13 — 14, and deoxynivalenotl8 — 19). C-4
acetylation increased toxicity (15-acetoxyscirpet6l— 11,

response effect. In more than 50 independent tests, a mean ofi-hydroxy-T-2 toxin15 — 16, and nivalenol22 — 23). C-8

4% (range= 0—9%) of control leaves treated with water showed
mild symptoms of chlorosis and fewer than 1% of control leaves
were dead.

All 22 trichothecenes tested were toxic Ao thaliang but
they varied more than 200-fold in toxicity as measured byd-D
and EDy (Tables 1and2). The nine most toxic compounds
(LDsg < 10 uM) (3, 8, 10, 11, 1517, 20, and 24) were

esterification with isovalerate increased toxicity (neosolat®l
— 16 and its derivativel4 — 17). Last, C-15 esterification had
no effect on toxicity (3-acetyldeoxynivalendl9 — 21) or
increased toxicity (two calonectrin derivativés— 7, 6 — 8,
scirpentriol9 —10, and deoxynivalenol8 — 20).

The effect of multiple esterifications on toxicity was examined
by comparing two series of compounds that differed only in

structurally diverse and included highly oxygenated compounds sequential esterifications at C-3, C-4, and C-15. Among Scir-

such as 3,15-diacetylnivalend4 and T-2 toxin and its
derivativesl5—-17, along with the less-oxygenated intermediates
isotrichodermoB and calonectri8. The eight moderately toxic
compounds 4, 7, 12—14, 18, 19, and 21) were similar in
toxicity, with LDsg values of 13-28 uM. The five least toxic
compounds (LI > 80 uM) (5, 6, 9, 22, and 23) included
highly oxygenated nivalen®2 and its derivative23, as well
as less-oxygenated calonectfirand its derivatives. Even at
100uM, 6 produced symptoms in fewer than half of the leaves
and 22 produced symptoms in fewer than 10% of the leaves.
Dose-response curves for toxicity (percent dead) of four
agriculturally important trichothecenes, 4,15-diacetoxyscirpenol
11, T-2 toxin 16, deoxynivalenoll8, nivalenol 22, and their
acetylated derivatives are shownFkigure 3.

Effect of Oxygenation on Phytotoxicity. The effect of
trichothecene oxygenation on toxicity was examined by com-
paring 13 pairs of compound3dbles 1and?2). Eight pairs of

pentriol and its derivative® — 10 — 11— 12, toxicity first
increased>50-fold and then decreased, resulting in an 8-fold
increase overall. Among deoxynivalenol and its derivati/@s
— 19— 21, toxicity was unchanged.

The overall effect of oxygenation and esterification on toxicity
of the 22 trichothecenes in this study is summarized in network
diagrams of T-2 toxirl6 and related trichothecenesigure 4,
right side) and of nivalend®2 and related trichothecendsigure
4, left side). Nodes represent compounds, and arrows connecting
nodes represent stepwise oxygenations and esterifications. Two-
fold or greater changes in toxicity, as assessed by kBlues,
are indicated by a plus sign for an increase in toxicity and a
minus sign for a decrease in toxicity from substrate to product.

DISCUSSION

For a comprehensive and quantitative analysis of strueture
activity relationships of trichothecenes biosynthesizedrbyar-
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ium, we used arA. thalianadetached leaf assay to compare ynivalenol19, was highly toxic toA. thaliana Conversely 18
phytotoxicity of 24 biosynthetic pathway precursors, intermedi- and19 were more toxic tharil to wheat.

ates, and end prOdUCtS. All trichothecenes and intermediates with Trichothecene toxicity to the unicellular green a(gb]amy_

an epoxide group were toxic #. thaliang only the nonoxy-  domonas reinhardtiivas previously assessed by measuring the
genated precursor trichodiedevas nontoxic. Three previous  change in cell density at a single dose of @@ (5). In that
studies have demonstrated toxicity of trichothecenes to the Col-Ostudy, the effect of C-3 acetylation on toxicity was examined
ecotype ofA. thaliana but none of these studies included a by comparing seven pairs of compounds that differ only at
large number of compounds or a desesponse analysis. In C-3: 3—8, 11—14, and16—19. In C. reinhardtii C-3 acetylation
the first study {2), deoxynivalenolL8 at 50uM inhibited seed  decreased toxicity of five of seven compounds tested as
germination on an agar medium. In the second stut), ( follows: 3— 4,7 — 8, 11— 12, 16— 17, and18 — 19. In
lesions developed in leaves injected witlul¥l diacetoxyscir-  contrast, inA. thaliang C-3 acetylation decreased toxicity of
penol1l, HT-2 toxin 15, and T-2 toxin16 or with 10uM 18, only two of these compounds, 4,15-diacetoxyscirpetibt

In the third study 9), lesions developed in leaves injected with 12 and T-2 toxin16 — 17. Both 11 and 16 were highly toxic

75uM 18. Our dose-response assay also found thdf 15, to C. reinhardtii A. thaliang and wheat, but deoxynivalenol
and16 were similar in toxicity (LD = 0.5-1.54M) and that  18was less toxic t&. reinhardtiiandA. thalianathan to wheat.
all were more toxic thari8 (LDso = 23 uM). The relationship between phytotoxicity and chemical structure

Trichothecene biosynthesis is characterized by a generallyis complicated by the fact that toxicity in plant systems can be
ordered sequence of oxygenations catalyzed by cytochromeaffected by complex interactions, including uptake and metabo-

P450s followed by esterifications. First, trichodiere is lism, as well as intrinsic activity. The extent of oxygenation
oxygenated, and then, isotrichotribtyclizes to isotrichodermol  and esterification may not only influence the recognition and
3, which has a C-3 hydroxyl group. After acetylation ®to stability of particular trichothecenes but also have an effect on

isotrichodermind, C-15 oxygenation and esterification form  their absorption, distribution, and possible metabolismAin
calonectrin and its derivative§—8. After calonectrin, the  thaliana Documented metabolism of trichothecenes by plants
biosynthetic pathway diverges. One pathway leads to nivalenol includes the 3-glycosylation df8 by maize callus cultures, the
and its derivative22—24 via C-4, C-7, and C-8 oxygenations  deacetylation ofL1 by potato tuber tissue, and the deacylation
and esterifications. Another pathway leads to T-2 toxin and its and hydroxylation of16 by Baccharis species 1). Initial
derivatives15—17 via C-4 and C-8 oxygenations and esterifi- observations of the reduced phytotoxicity of C-3 acetylated
cations (). Our compound library has made possible a survey trichothecenes i€. reinhardtiiand yeast systems initiated plant
of the trichothecene biosynthetic pathways from trichodigne biotechnology programs to transféfRI101 the gene for

to T-2 toxin 16 and nivalenoR2. During trichothecene biosyn-  trichothecene 33-acetyltransferase, frofusariuminto cereal
thesis, there is a considerable increase in structural complexity.crop plants 15, 25). The rationale for this approach was that
In our A. thaliana assay, however, this increased structural reduction of trichothecene phytotoxicity might lead to reduction
complexity was not necessarily associated with an increase inof disease symptoms in planEusariuminteractions in which
phytotoxicity. Investigation into the conformational preferences trichothecenes function as virulence factats Expression of

of selected trichothecenes from this study is in progress. TRI101 in tobacco and rice conferred some resistance to
Although T-2 toxin16, a structurally complex, pathway end  phytotoxicity of11and18, and expression ofRI101conferred
product, was the most toxic compound, isotrichoder@)dhe some protection against infection By graminearumn wheat

first and simplest trichothecene in the pathway, also was quite but not in barley 26—29). Furthermore, 3-glycosylation of
toxic. In fact,3 was more toxic than 67% of the 21 more-highly 18 has been strongly associated with a quantitative trait locus
oxygenated or esterified compounds that occur later in the that confers resistance to the sprea@ ajraminearunin wheat
biosynthetic pathway. To our knowledge, this is the first study (30). In addition, constitutive overexpression of a trichothecene
of the toxicity of 3 or isotrichodermird in any higher plant or C-3 glucosyltransferase frow. thalianadecreased sensitivity
animal system. Isotrichoderm®lappears to contain the minimal ~ of the plant to18 (12).
structural features necessary for phytotoxicity Fdisarium Expression of trichothecene detoxification genes in cereal
trichothecenes, at least fa thaliana In this regard, it should  crops has the potential to reduce level§asariumhead blight
be noted that only two trichothecene biosynthetic pathway and to decrease trichothecene contamination of cereal grains.
structural genes should be needed for the synthesds BRI5 However, our finding of the high phytotoxicity of isotricho-
encodes trichodiene synthase, which cyclizes farnesyl pyro- dermol3 and isotrichodermid indicates that early intermediates
phosphate to produce trichodierfie and TRI4 encodes a  of the trichothecene biosynthetic pathway are as biologically
cytochrome P450 that oxygenate® produce?, which cyclizes active as many late pathway intermediates, at least in the
to 3 (1, 22). TRI4and TRI5flank the regulatory gen&RI6 at dicotyledenous plantA. thaliana The trichothecene early
the center of the trichothecene biosynthetic gene clustér in  intermediated—8 remain to be tested for phytotoxicity to wheat
graminearumand F. sporotrichioides possibly comprising an ~ and other monocotyledenous cereal plants. A range of studies
evolutionarily ancient module of trichothecene biosynthetic indicates that modifications of extraskeletal hydroxyl and ester
genes. groups are likely to be reversible in vivo, in plants and in
To our knowledge, trichothecene toxicities have been com- animals, and to result in only partial detoxification and
pared in doseresponse assays in only two plant species, wheat incomplete resistance3{). For complete detoxification of
and the present study #f thaliana(6—8, 23, 24). For three of trichothecenes, discovery of genes that confer the ability to
the six compoundsi(l, 16, 18—20, and 22) tested in both remove the 12,13-epoxide should be a high priority. Such de-
systems, relative toxicity té. thalianawas similar to relative ~ epoxidation activity has been demonstrated in bacteria but
toxicity to wheat. For example, toxicity of T-2 toxih6 and apparently has not yet been successfully transferred to p&ts (
15-acetyldeoxynivalen®0 was high and toxicity of nivalenol In summary, we have shown thaét thaliana provides a
22 was low in both systems. On the other hand, 4,15- reproducible and quantitative assay for the characterization of
diacetoxyscirpendll, but not deoxynivalendl8 or 3-acetyldeox- trichothecene structureactivity relationships. The phytotoxicity
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assay could be completed within 1 week, and the detached leaves(15) McCormick, S. P.; Alexander, N. J.; Trapp, S. E.; Hohn, T. M.

remained healthy for the duration of the experiménthaliana

also provides a genetically tractable plant system for gene
discovery and a large collection of ecotypes, some of which

have already been shown to differ in susceptibility Fo
graminearumand to fungal toxins in detached leaf assays
(9, 10). Thus,A. thaliana provides a good model system for

Disruption of TRI103, the gene encoding trichothecene 3-O-
acetyltransferase, frofusarium sporotrichioideAppl. Erviron.
Microbiol. 1999 65, 5252-5256.

(16) McCormick, S. P.; Hohn, T. M. Accumulation of trichothecenes
in liquid cultures of aFusarium sporotrichioidesutant lacking
a functional trichothecene C-15 hydroxylageppl. Erviron.
Microbiol. 1997, 63, 1685-1688.

the identification of novel plant traits and genes for trichothecene (17) McCormick, S. P.; Harris, L. J.; Alexander, N. J.; Ouellet, T.;

detoxification and resistance.
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