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Herbicidal Properties of the Thaxtomin Group of Phytotoxins
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The thaxtomins are a group of phytotoxins generated by the bacterium Streptomyces scabies (the
main causal organism of potato common scab). Available members of the group were assessed for
herbicidal activity by a variety of standard tests. Test results indicated that thaxtomin A, the
predominant member, was also the most physiologically active. Injury symptoms in most instances
were similar to those caused by known cellulose biosynthetic inhibitors such as dichlobenil and
isoxaben. Although test results indicated that the thaxtomins had many of the biological properties
desirable in a commercial herbicide, they nevertheless lacked the systemic phytotoxicity critical to

deliver reliable weed control at low rates.
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INTRODUCTION

Investigations of phytotoxins generated by the soil
bacterium Streptomyces scabies (the main causal organ-
ism of potato common scab) (1) have resulted in the
isolation and characterization of a series of unique
4-nitroindol-3-yl-containing 2,5-dioxopiperazines (2—4).
These phytotoxins, named thaxtomins, cause plant cell
necrosis at nanomolar concentrations, but their mode
of action is still unknown (5). Thaxtomin A (1) is the
predominant phytotoxin, but minor amounts of 10 other
related compounds have also been isolated and charac-
terized (Figure 1).To evaluate the utility of thaxtomins
as leads for new commercial herbicide development,
thaxtomin A and available analogues were tested for
activity against a variety of indicator plant species in
various assay formats. In the process it was projected
that more insight into the precise mode of action of the
thaxtomins might be forthcoming. Such findings could
prove to be of prime importance in future endeavors at
changing potato genotypes to increase their resistance
to potato common scab disease.

MATERIALS AND METHODS

Chemicals. Thaxtomin A and analogues were acquired
from microbial sources as described previously (3, 4).

Lemna/Agrostis Assays. Approximately 25 mL of bent-
grass (Agrostis palustris, AGRPA) seed was surface-sterilized
by adding 75 mL of 50% (v/v) bleach solution and shaking for
15 min. The seeds were rinsed three times with sterilized
water and added to 2 L of sterile medium [3.1 g L~ Gamborg
B-5 (Sigma G-5768) and 4.4 g L~* Murashige and Skoog (Sigma
M-8280) salts at pH 5.5]. Seeds were uniformly suspended in
solution using a stir bar and magnetic stirrer, and 2 mL of
the seed/medium suspension was added to each well of a 24-
well tissue culture plate (i.e., four replicates) (Falcon, model
3043) using a peristalic pump. A 5000 ppm stock solution of
thaxtomin A (1) was prepared in dimethyl sulfoxide, and
subsequent solutions were prepared by making 5-fold serial
dilutions of the initial 5000 ppm stock. Aliquots (10 uL) of the
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Compound R, R, R, R, R, R,
1 Me OH Me H OH H
2 Me OH Me OH H H
3 Me H H H H H
4 Me OH Me H H H
5 Me H Me H H H
6 Me OH H H H H

7 Me OH Me H H 0H

8 Me 0H Me H 0H 0H
9 Me OH H H OH H
10 H OH Me H 0H H
11 H H H H H H

Figure 1. Structural formulas of compounds 1—11.

appropriate stock solutions were added to the 2 mL of seed/
medium for a dose—response analysis (6). Final treatment
concentrations ranged from 25 to 0.008 ppm. Untreated
controls and solvent checks were also added.

Lemna (Lemna minor, LEMMI) was cultured in 35 mL of
sterile medium (as described above plus 10 g L~* sucrose). One
colony of Lemna (3—4 frond stage) was added to each well of
the tissue culture plate using a sterile inoculating loop.

Plates were placed in the growth chamber (24 h photoperiod,
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Table 1. Activity of Thaxtomin A in the Lemna/Agrostis
Assay

visual injury (%)

concn (ppm) LEMMI AGRPA
25 100 100
5.0 100 100
1.0 100 100
0.2 95 100
0.04 70 80
0.008 30 50

26 °C, average photosynthetic photon flux duration 250 gmol
m~2 s71) and evaluated 9 days after treatment. Visual injury
ratings were taken for both Lemna and bentgrass on a 0—100
scale, with 0 being no visual injury and 100 being complete
Necrosis.

In Vitro Symptomology. Detailed symptomological ob-
servations were made on seeds from Arabidopsis thaliana (var.
Columbia, ARATH) and bentgrass (Ag. palustris), cultured as
described previously (7). Symptom development was observed
through a 9 day period over a wide dose range for each test
compound.

Postemergence and Preemergence Tests. Whole plant
activity was assessed on sunflower (Helianthus annuus,
HELAN), morningglory (Ipomoea hederacea, IPOHE), barn-
yardgrass (Echinochloa crusgalli, ECHCG), and wild oats
(Avena fatua, AVEFA) using foliar-applied (postemergence)
and soil-applied (preemergence) treatments exactly as de-
scribed previously (7).

Visual injury ratings were taken 9 and 16 days after
treatment for postemergence and preemergence applications,
respectively, on a 0—100 scale, with 0 being no injury and 100
being complete necrosis.

Systemic Phytotoxicity Assays. Compounds were pre-
pared as 5000 ppm stocks in methanol, which were subse-
quently diluted in methanol to form 500 and 50 ppm solutions.
A 20 uL aliquot of the appropriate stock solution was removed,
added to 20 uL of 0.2% (v/v) Triton X-77 in water, and applied
to the bioassay. Test compounds were applied to either the
apical meristem or cotyledons of 4-day-old sunflower and
morningglory or the apical meristem or first true leaf of 5-day-
old velvetleaf at rates of 100, 10, and 1 ug per seedling. Plants
were returned to the greenhouse after treatment (conditions
described above), and visual injury ratings were taken 1 week
after treatment on a 0—100 scale, with 0 being no visual injury
and 100 being complete necrosis.

RESULTS AND DISCUSSION

Lemna/Agrostis Assay. Thaxtomin A (1) was highly
active in the initial phytotoxicity evaluations (Table 1).
Using regression analysis of log-transformed dose re-
sponse data, GRsp values on Lemna and Agrostis were
estimated to be 12 and 5 ppb, respectively. This level of
activity is greater than that of many commercial her-
bicides, including many inhibitors of acetolactate syn-
thase (ALS) (8).

In Vitro Symptomology. The high level of phyto-
toxicity exhibited by thaxtomin A in the Lemna/Agrostis
assay was also observed in agarose-based tests of
arabidopsis and bentgrass (Table 2). Thaxtomin A had
plate test Iso values on Arabidopsis and Agrostis of
approximately 10 and 25 ppb, respectively. Again, this
level of activity is relatively high compared to that
observed with most commercial herbicides. Levels of
biological activity differed among the thaxtomin A
analogues tested, and no analogue had greater activity
than thaxtomin A. Thaxtomin B (4), thaxtomin C (3),
hydroxythaxtomin C (6), and hydroxy thaxtomin A (8)
were relatively active in the assay with Isg values of <50
ppb. In contrast, thaxtomin A p-isomer (7), thaxtomin
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Table 2. Agarose-Based Test Results

compound plate test Iso (ppb)
thaxtomin A (1) ARATH: 10
AGRPA: 25
thaxtomin B (4) ARATH: 28
AGRPA: N/A
thaxtomin C (3) ARATH: 50
AGRPA: 40
thaxtomin A p-isomer (7) ARATH: 190
AGRPA: 100
thaxtomin A o-isomer (2) ARATH: 100
AGRPA: 90
hydroxythaxtomin A (8) ARATH: 10
AGRPA: 40
hydroxythaxtomin C (6) ARATH: <40
AGRPA: <40
des-N-methylthaxtomin C (11) ARATH: 400
AGRPA: 600

Table 3. Postemergence Activity of Thaxtomin A and
Selected Analogues

visual injury (%)

rate
compound (kg ha ') HELAN IPOHE ECHCG AVEFA
thaxtomin A (1) 4 85 85 85 80
2 85 80 40 20
1 85 80 20 30
0.5 75 70 10 0
thaxtominC (3) 1 70 80 40 0
0.5 30 80 20 0
0.25 30 80 0 0
0.125 30 70 0 0
thaxtomin A(2) 2 75 40 20 0
o-isomer 1 75 40 0 0
0.5 10 10 0 0
0.25 0 0 0 0

Table 4. Preemergence Activity of Thaxtomin A

rate visual injury (%)
compound (kg ha™t) HELAN IPOHE ECHCG AVEFA
thaxtomin A (1) 4 100 100 100 100
2 100 100 100 100
1 100 100 98 100
0.5 70 100 98 100

A o-isomer (2), and des-N-methylthaxtomin C (11) were
relatively inactive in the assay, with Isp values of =100
ppb.

Thaxtomin A and all analogues tested caused similar
symptoms. These included stunting and root tip puffing.
These symptoms were remarkably similar to those
caused by known cellulose biosynthesis inhibitors (CBIs)
such as dichlobenil and isoxaben (9, 10). On the basis
of this information, it was hypothesized that the phy-
totoxicity caused by thaxtomin A and its analogues is
due to inhibition of cellulose biosynthesis. The Strepto-
myces species generated phthoxazolins (11) and epopro-
mycins (12) have also been reported to inhibit cellulose
biosynthesis in plants.

Postemergence and Preemergence Testing. Thax-
tomin A had moderate to good postemergence activity
on dicotyledon species, with GRsy values on sunflower
and morningglory of <500 g ha™! (Table 3). Thaxtomin
A was less active on the monocotyledon species, with
GRsp values on barnyardgrass and wild oats between 2
and 4 kg ha 1. Postemergence symptoms included
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Table 5. Activity of Thaxtomin A and Selected Analogues Applied to the Apical Meristem or Leaf/Cotyledon of Three

Bioassay Species

visual injury (%)

ABUTH IPOHE HELAN
rate (ug) meristem leaf meristem cotyledon meristem cotyledon

thaxtomin A (1) 100 80 0 80 0 90 0
10 75 0 80 0 90 0

1 20 0 75 0 50 0

thaxtomin C (3) 100 50 0 nda nd 75 0
10 0 0 nd nd 30 0

1 0 0 nd nd 0 0

14-hydroxythaxtomin C (6) 100 70 0 nd nd 100 20
10 20 0 nd nd 95 0

1 0 0 nd nd 80 0

N-desmethylthaxtomin C (11) 100 10 0 nd nd 50 0
10 0 0 nd nd 0 0

1 0 0 nd nd 0 0

and, not determined.

stunting, meristematic effects, and additional symptoms
consistent with a CBI mode of action. However, thax-
tomin A also caused substantial wilting on all species
following postemergence applications, a symptom dis-
similar to that caused by known CBIls. This may
indicate an additional herbicidal mode of action or a
perturbation of cellulose biosynthesis that is different
from that caused by known CBIs that manifests itself
with an additional set of symptoms.

Thaxtomin C (3) and thaxtomin A o-isomer (2) were
also more active on dicotyledonous than on monocoty-
ledonous species postemergence. Of the analogues tested,
thaxtomin C (3) was the most active, with a postemer-
gence GRsg value on morningglory of <125 g ha™*.

Thaxtomin A was more active when applied preemer-
gently (Table 4) than postemergently, with GRso values
on all bioassay species of <500 g ha™!. Preemergence
symptoms included a lack of emergence at high rates,
whereas symptoms at lower rates included stunting and
meristematic effects. Symptoms in the preemergence
assay were also consistent with a CBI mode of action.

Systemic Phytotoxicity Assays. Phloem mobility
and systemic activity are desirable properties for a
herbicide because they can impart suppression of re-
growth and more reliable weed control. The majority of
known CBIs have extremely limited phloem mobility.
To determine whether thaxtomin A and its analogues
also have limited systemic phytotoxicity, the activity of
selected compounds was assessed following applications
to either the apical meristem or cotyledon/leaf of three
bioassay species. Although thaxtomin A caused sub-
stantial injury to velvetleaf, morningglory, and sun-
flower when applied to the apical meristem region, it
caused no detectable injury when applied to either the
cotyledons or first true leaf (Table 5). Because no injury
was detected in the meristem from the cotyledon/leaf
treatment at 100 mg plant™!, compared to the direct
meristem application at 1 mg plant™1, this suggests that
<1% of thaxtomin A applied to the cotyledons or first
true leaf reached the apical meristem and indicates that
thaxtomin A has extremely low levels of systemic
phytotoxicity. The systemic phytotoxicity of thaxtomin
A analogues evaluated in the systemic phytotoxicity
assay was also limited. All analogues caused substan-
tially greater injury when applied to the meristems than
when applied to the cotyledons or first true leaf of the
bioassay species.

In summation, results of the testing protocols indi-
cated that the thaxtomins are potent phytotoxins that
induce symptomology consistent with inhibition of cel-
lulose biosynthesis in plants. Although thaxtomin A and
analogues demonstrated many of the biological proper-
ties desirable in potential herbicides, they lacked the
systemic phytotoxicity critical to deliver reliable weed
control in the field at low herbicide rates. However, the
findings that the phytotoxicity caused by thaxtomin A
and its analogues appeared to be due to the inhibition
of cellulose biosynthesis in plant cells may prove to be
a major discovery for disease researchers and could
inevitably help yield strategies for engineering scab
resistance in potatoes and other affected crops.

LITERATURE CITED

(1) Lambert, D. H.; Loria, R. Streptomyces scabies sp. nov.
nom. rev. Int. J. Syst. Bacteriol. 1989, 39, 387—392.
(2) King, R. R.; Lawrence, C. H.; Clark, M. C.; Calhoun, L.
A. Isolation and characterization of phytotoxins associ-
ated with Streptomyces scabies. J. Chem. Soc., Chem.
Commun. 1989, 13, 849—850.
King, R. R.; Lawrence, C. H.; Calhoun, L. A. Chemistry
of phytotoxins associated with Streptomyces scabies, the
causal organism of potato common scab. J. Agric. Food
Chem. 1992, 40, 834—837.
King, R. R.; Lawrence, C. H. Characterization of new
thaxtomin A analogues generated in vitro by Strepto-
myces scabies. J. Agric. Food Chem. 1996, 44, 1108—
1110.
Loria, R.; Bukhalid, R. A.; Fry, B. A.; King, R. R. Plant
pathogenicity in the genus Streptomyces. Plant Dis.
1997, 81, 836—846.
Streibig, J. C.; Rudemo, M.; Jensen, J. E. Dose—response
curves and statistical models. In Herbicide Bioassays:
Steibig, J. C., Kudsk, P., Eds.; CRC Press: Boca Raton,
FL, 1993.
Schmitzer, P. R.; Graupner, P. R.; Chapin, E. L.; Fields,
S. C.; Gilbert, J. R.; Gray, J. A.; Peacock, C. L.; Gerwick,
B. C. Ribofuranosyl triazolone: A natural product
herbicide with activity on adenylosuccinate synthetase
following phosphorylation. J. Nat. Prod. 2000, 63, 777—
781.
Devine, M. D.; Duke, S. O.; Fedtke, C. Physiology of
Herbicide Action; Prentice Hall: Englewood, NJ, 1993;
p 441.
Delmer, D. P.; Amor, Y. Cellulose biosynthesis. Plant
Cell 1995, 7, 987—1000.

(©)

4)

®)

(6)

@)

®)

9



Herbicidal Properties of the Thaxtomin Group of Phytotoxins

(10) Schneegurt, M. A.; Roberts, J. L.; Bjelk, L. A.; Gerwick,
B. C. Postemergence activity of Isoxaben. Weed Technol.
1994, 8, 183—189.

(11) Omura, S.; Tanaka, Y.; Shinose, M.; Takahashi, Y.
Phthoxazolin, a specific inhibitor of cellulose biosynthe-
sis produced by a strain of Streptomyces sp. J. Antibiot.
1990, 43, 1034—1035.

(12) Tsuchiya, K.; Kobayashi, S.; Nishikiori, T.; Nakagawa,
T.; Tatsuta, K. Epopromycins, novel cell wall synthesis

J. Agric. Food Chem., Vol. 49, No. 5, 2001 2301

inhibitors of plant protoplast produced by Streptomyces
sp. NK04000. J. Antibiot. 1997, 50, 261—263.

Received for review October 31, 2000. Revised manuscript
received March 1, 2001. Accepted March 2, 2001. This project
was funded in part by Dow Agrosciences and the Agriculture
and Agri-Food Canada Matching Investment Initiative Program.

JF0012998



