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A number of safeners like naphthalene-1,8-dicarboxylic acid anhydride (naphthalic anhy-
dride) or dichloroacetyl-hexahydro-3,3,8-a-trimethylpyrrolo-[1,2 a]-pyrimidine-6-(2 H)-one
(BAS 145138) drastically decreased the accumulation of protoporphyrin IX induced by a
peroxidative cyclic imide (chlorophthalim, N-(4-chlorophenyl)-3.4,5,6-tetrahydrophthal-
imide), or p-nitrodiphenyl ether (acifluorfen methyl, 5-[2-chloro-4-(trifluoromethyl)phenoxy]-
2-nitrobenzoic methylester). This effect was observed with etiolated maize and cress seedlings
during a 16-h illumination period with these herbicides and 0.1 to 1 mm safener present. The
safeners did not affect the inhibition of protoporphyrinogen oxidase, the target enzyme of
peroxidative herbicides. Mixed function oxidase inhibitors did not influence this safening
effect. A microsome preparation from safener-treated maize seedlings did neither degrade

protoporphyrin IX nor protoporphyrinogen IX.

Introduction

Safeners are an established tool in chemical
crop protection. They induce defense mechanisms
in plants against herbicidal phytotoxicity. Often
safeners are applied to seeds to protect the treated
crop seedling only; there are, however, safeners
available also for post-emergence leaf application
(Stephenson and Yaacobi, 1991; for chemistry of
safeners see Komives and Hatzios, 1991). Safeners
have no effect on uptake of herbicide by the plants
nor do they compete for the target site. They act
as inducers or triggers to express certain metabolic
enzymes, which may catalyze reactions leading to
breakdown of the herbicides applied. A prominent
enzyme is the glutathione S-transferase which gen-
erally markedly increases by safener treatment in-
itiating detoxication by glutathione conjugation
(see e.g. Farago et al., 1994). However, as was first
discussed in more detail by Fedtke (see his scheme
in Devine et al, 1993) also microsomal mixed
function monooxigenases may be induced by
naphthalic anhydride (NA), dichlormid and others
(for formulas see Table II). Today, the hypothesis
has emerged that a row of enzymes can be induced
simultaneously by increasing their build-up in the
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“safened” plant cell. Apparently, such triggering is
not identical in all plants and may depend on the
safener applied. Not many studies have been per-
formed on additional metabolizing enzymes ex-
cept for the two mentioned above. A safener-
increased glutathione reductase was reported
(Komives et al., 1985), and enzymes related to
sulfur and glutathione metabolism (Farago et al,
1994). Evidence was presented that glucoside
hydroxylation is enhanced by the safener
BAS 145138 (Lamoureux and Rusness, 1991) as
well that esterases are increased in maize by NA
treatment (Hatzios, 1993) or in barnyard grass
(Echinochloa crus-galli; Romano et al., 1994).
Safening has been studied in detail for some
major crop herbicides (listed in Hatzios, 1991), and
reports mostly refers to monocots like maize, sor-
ghum, rice, wheat and other cereals. The major
herbicide groups used are chloroacetamides, imid-
azolinones, sulfonylureas and arylphenoxypro-
pionates. It was of interest that safening of maize
was achieved with NA and chlorophthalim
(Matsunaka and Wakabayashi, 1989) and recently
with dichlormid or BAS 145138 and others using
the peroxidizing herbicide V-53482, 7-fluoro-6-
[(3,4,5,6-tetrahydro)phthalimido]-4-(2-propynyl)-
1,4-benzoxazin-3-(2H)-one. The stunting of corn
shoots could be successfully relieved by soaking
the seeds in 1 mm safener and applying V-53482
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pre-emergent to seeds germinating in vermiculite
(Devlin and Zbiec, 1993).

We have studied various analogues of N-aryl-
substituted cyclic imides previously with respect to
formation light-induced peroxidative ethane for-
mation, of protoporphyrin IX (Sandmann er al,
1990; Watanabe et al., 1992) and inhibition of pro-
toporphyrinogen oxidase (Nicolaus et al., 1993 a).
In this report we present findings with safeners
and peroxidizing herbicides relating to accumu-
lation of protoporphyrin IX and inhibition of the
target enzyme protoporphyrinogen oxidase.

Materials and Methods
Plant material

Disinfected maize seeds, Zea mays, strain
Anjou, coated with TMTD (= Thiram, fungicide)
were soaked for 7-8 h in tape water and then ger-
minated in large closed petri dishes (5x18 cm &)
on wet filter-paper in the dark for about 6 days.
During soaking and germination the safener was
present unless indicated otherwise in the tables.
The upper part of the (etiolated) leaves were cut
off, and 3—4 cm long leaf pieces (approx. 10-12
leaf pieces equivalent to about 0.5 g fresh weight
per sample) immersed in a 1:5 diluted mineral
medium of Boger (1969), pH 6.3, using smaller
petri dishes (5x7 cm &@). The dishes were illumi-
nated for 16 h at 2000 lux, 22 °C, with peroxidizing
herbicides and safeners added as indicated.

Cress seedlings (Lepidium sativum from K.
Sperling, Liineburg, Zulassungs-Nr. 60) germi-
nated in large petri dishes as above for 3—-4 days
on wet filter-paper without pre-soaking under con-
ditions as noted above. Thereafter, 30 to 40 seed-
lings (1 g) together with the additions indicated
were immersed for incubation and illuminated as
was done with maize leaf pieces.

Isolation of protoporphyrinogen oxidase
(protox; protoporphyrin I1X:
oxygen oxidoreductase, EC 1.3.3.4)

We followed the procedure as published (Nico-
laus et al.,, 1993b) with minor modifications relat-
ing to the centrifugation steps. The first step was
for 2 min at 700-800x g, the second one for 5 min
at 4000xg. Protoporphyrinogen (protogen) was
prepared from protoporphyrin IX (free acid).

Determination of protoporphyrin IX (proto 1X)

After light incubation the plant material was
washed once with 1:5 diluted mineral medium,
and each sample extracted with 19 ml of 80% (v/
v) alkaline acetone including 10 mm Hepes/NaOH
buffer, [4-(2-hydroxyethyl)-1-piperazine ethane-
sulfonic acid] taken from a 100 mm stock, pH 8,
and 0.01 N ammonia. In case of maize 0.3% (w/v)
polyvinylpyrrolidone (Fluka) was included. Ex-
traction was done for 1.5 h at 60 °C. Subsequently,
the extract was partitioned twice with 20 and 5 ml
n-hexane (Merck, purified, for chromatography)
and the fluorescence at 630—632 nm determined
as described (Nicolaus et al., 1993b). To standard-
ize the determination 5x107% to 10-7 M authentic
proto IX (sodium salt) was added to each sample
after each measurement and the fluorescence
measured again to take into account a possible
quenching.

Microsomes: Preparation and assay

For microsome preparation hypocotyls of etio-
lated maize seedlings were used which have been
incubated with 10~* M NA for 16 h. Homogeniza-
tion was done after Lord (1988) with the gradient
procedure omitted, while the differential centri-
fugation steps were performed after Fonné-Pfister
et al. (1990). The detailed procedure will be pub-
lished elsewhere. The basic assay medium in-
cluded: 150 mm Tricine/NaOH, pH 7.5, N-[tris-
(hydroxymethyl)methyl]glycine, 10 mm KCI, 1 mm
EDTA, 1 mm MgCl, and 12% sucrose. Additions
were as follows: 0.75 mm NADP and NADPH, re-
spectively, 2.5 mm glucose-6-phosphate or 2.5 mm
isocitrate, 3 units/ml of the corresponding de-
hydrogenases, and 1 um proto IX or, alternatively,
protogen. The basic assay medium was also used
to homogenize the hypocotyls. Using protogen as
substrate an aliquot of the assay was stopped with
the same volume of methanolic perchlorate (1 M
Na-perchlorate in 50% methanol) to oxidize the
protogen. Then proto IX was extracted with alka-
line acetone as described and measured by fluo-
rescence.

Fine chemicals

The safeners were prepared as 0.1 M acetone
stock solutions, the NA stock was 2x107? m. The
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final acetone concentration in the assays was 1%
v/v or lower and was used as control. Piperonyl-
butoxide was bought from Riedel de Haén (Han-
nover). Naphthalic anhydride, 1-aminobenzo-
triazole and protoporphyrin IX (free acid and
sodium salt), were purchased from Sigma (Mu-
nich). For further chemicals see Acknowl-
edgements.

Acifluorfen methyl was prepared as a 1072 M
methanolic stock solution. A 1072 m stock of chlo-
rophthalim was made with acetone.

Reliability

The data on formation of proto IX induced by
herbicides and safeners exhibited a strong devia-
tion between treatments of separate seedlings
material (£30%). Within a given plant sample,
however, only + 10% deviation of four determi-
nations of proto IX levels and protox activities was
found. The tables represent data of a typical
experiment.

Results and Discussion

Table I demonstrates a substantial accumulation
of protoporphyrin IX in maize seedlings treated
with either the imide-type peroxidizing herbicide
chlorophthalim or the p-nitrodiphenyl ether aci-
fluorfen methyl. With naphthalic anhydride (NA)
present during germination and herbicide treat-
ment formation of proto IX is drastically de-
pressed, the best results obtained with 104 M
safener. The safening effect is about the same with
the two herbicides of different chemical structure.
Phytotoxicity of these herbicides is decreased by
the safeners as can be judged by the greenish ap-
pearance of the leaves after the light incubation.
Those treated with the herbicides alone looked
yellow and brownish. Proto IX formation in maize
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seedlings during a 16-h dark period was only 10%
of the light experiment. The safening effect, how-
ever, was present nevertheless.

A variety of safeners as documented in Table II
are instrumental with cress seedlings as well as
with maize (not documented). Apparently this
“safening” effect is not restricted to monocots. We
have not really checked for different activities of
safeners but routinely NA and BAS 145138
proved to be best at 10~ to 1073 M. The safeners
themselves do not produce any proto IX increase
above the control.

When cress seedlings were germinated in the
presence of BAS 145138, then thoroughly washed
with tape water and treated with AFM minus saf-
ener, a high although somewhat lowered proto IX
level vs. control was observed, which got no saf-
ener treatment during germination (data not
shown). Apparently, a safener has to be present
during the herbicide attack to give an optimum
effect. When adding the safener together with
AFM at the beginning of the 16 h light incubation
of the cress seedlings, a strongly decreased proto
IX level was observed of 50 to 70% below the un-
safened control. The optimum decrease of proto
IX accumulation, however, is seen with seedlings
being in contact with the safener from start of ger-
mination. The data are listed in lines 3 and 4 of
Table IV, column (c).

To find the reason for the drastic decrease of
herbicide-induced proto IX levels by safeners iso-
lated protox from untreated maize seedlings was
assayed for inhibition under the influence of
safeners. As shown in Table III acifluorfen methyl
strongly inhibits protox (comp. Nicolaus et al.,
1994). Adding the herbicide together with
BAS 145138 the same inhibition was observed
excluding the possibility that the safener will alle-

Table I. Protoporphyrin IX formation (nmol/g fresh weight) and its counteraction by naphthalic anhy-
dride (NA): concentration dependency assayed with maize seedlings.

NA present
Assay 0 10> M 2x107° M 7x107° M 1074 m 103 m
Control, 1% acetone, v/v 1.5 - - - 1.6 1.3
(+) Chlorojphthalim,
5x107" M 16 15 8 5 335 3.0
(+) Acifluorfen methyl,
5x107% m 24 - - 10 6.2 6.0
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Table II. Test with different safeners (10~2 m): protoporphyrin IX formation (nmol/g fresh weight) with cress

seedlings.
Assay (-) Safener BAS 145138 NA Benoxacor Oxabetrinil Fenchlorim Dichlormid
Control, 1% acetone (v/v) 14 0.8 06 13 1.8 1.7 1.6
(+) Acifluorfen methyl,
5x107% M 28 8 4 10 8 14 9

oS

0_0._0
0 cl
N-CO-CHCl, CN N Cl A
©-</ “CH-Co-N
N""CH, <:> e:N—o\_<o] - cl ~
cl

o"l‘CHClz 0
BAS 145138 Naphthalic Benoxacor Oxabetrinil Fenclorim Dichlormid
anhydride (R-25788)
(NA)

Table III. Check for influence of safener BAS 145138 on
inhibition of isolated protoporphyrinogen oxidase from
maize seedlings.

nmol proto IX formed

mg protein x h

Additions (-) Safener (+) Safener, 1073 m
Control 8.2 7.9
(+) Acifluorfen methyl,
2x107°m 37 3
5x107°m - 3.0
10-8 m 1.5 1.6

viate the inhibition of protox by AFM in the cell
which subsequently may lead to decreased tetra-
pyrrole accumulation (and to less herbicidal injury
of the intact plant).

In a next experimental series cress seedlings were
incubated with different additions, namely 1% ace-
tone (= control), safener, herbicide, and herbicide
plus safener, respectively, as shown in lines (1) to
(4) of Table IV. The seedlings so pretreated were
extracted for their protox and the isolated enzyme
was assayed for inhibition with acifluorfen meth-
yl * safener as indicated in columns (a), (b). Sec-
tion (1) repeats the findings of Table III with maize
protox, namely that presence of BAS 145138 in
the assay does not affect the inhibitory potency of
AFM. The same holds for 10-*M NA (data not
shown). In section (2) BAS 145138 was present
during the 16 h light incubation period. Activity
and inhibition of protox by AFM obtained from
these safener-treated seedlings was not altered

either, the degree of inhibition was found about
the same as from the control incubation of section
(1). Light incubation of cress seedlings with
4x10~°M AFM reduced the protox activity in the
plant (section (3) of Table IV). Conceivably, pro-
tein synthesis is impaired by AFM during treat-
ment, although a substantial amount of proto IX
was formed in the seedlings (column (c)). Again
strong inhibition of the isolated protox by added
AFM + BAS 145138 was observed. In section (4)
the same light incubation of seedlings with AFM +
safener resulted in higher protox activity, since the
safener relieved the phytotoxic effect of AFM.
The degree of AFM inhibition of isolated cress
protox of this sample was almost identical to that
of sections (1) or (2). This experiment gives proof
that also the incubation of the seedlings with a
safener over a 16-h period does not alter the
protox toward an impaired inhibitor affinity.
Safeners can induce de novo synthesis of cyto-
chrome P450-dependent mixed function oxidases
which are involved in many detoxification reac-
tions with imidazolinones, sulfonylureas and other
herbicides (Frear et al., 1991; see Hatzios, 1991 for
review). If the decrease of proto IX levels as ob-
served here is due to an oxidative degradation, in-
hibitors of (plant) mixed function oxidases like
piperonylbutoxide (PBO) or l-aminobenzotri-
azole (ABT) should alleviate the safener effect
leading to an increased level of proto IX. As
shown in Table V, these inhibitors had little influ-
ence on the safener effect, using either maize or
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Table IV. Inhibition of protoporphyrinogen oxidase (protox) activity from cress
seedlings, which were incubated with different additions. Germination was done
on wet filter-paper. Then 4-day-old seedlings were incubated as indicated during
a 16-h light period (2000 lux, 22 °C) with acetone (1), safener (2), AFM (3), and
AFM + safener (4), respectively, using 4x 10~# m acifluorfen methyl (AFM) and/
or 1073 M BAS 145138. The control included 1% acetone, v/v. Then inhibition
of enzyme activity was determined with the additions as indicated (+); for the
additions AFM was 4x107% M, and BAS 145138, 10~* m.

No. (a) (b) ©)
Incubation condition, Protox activity Proto IX formed
(+) additions to isolated nmol proto IX] [nmol/g fr. wt.]
cnzyme mg protein X h
(1)  Seedlings incubated in 1% acetone
(control incubation) 0.36
Control, (-) herbicide 9.6
(+) Acifluorfen methyl 2.7
(+) Acifluorfen methyl,
BAS 145138 2.7
(2)  Seedlings incubated with BAS 145138 0.40
Control, (-) herbicide 9.1
(+) Acifluorfen methyl 3.7
(+) Acifluorfen methyl,
BAS 145138 29
(3)  Seedlings incubated with acifluorfen methyl 5:1
Control, (-) herbicide 2.4
(+) Acifluorfen methyl 1.2
(+) Acifluorfen methyl,
BAS 145138 1.2
(4)  Seedlings incubated with acifluorfen methyl plus
BAS 145138 0.8

Control, () herbicide 4.0
(+) Acifluorfen methyl 1.7
(+) Acifluorfen methyl,

BAS 145138 1.7

Table V. Herbicide-induced accumulation of protoporphyrin IX (nmol/g fresh
weight) in seedlings under the influence of naphthalic anhydride and mixed
function oxidase inhibitors.

Species; No +NA +PBO +NA, +NA,
incubation conditions additions +PBO +ABT
Maize
Control 0.8 0.6 0.5 0.6 0.6
(+) Chloro7phlhalim,

5%x1077 M 27 1.7 19 1.7 2.7
Cress
Control 0.4 0.5 0.4 1.0 0.4
(+) Chloro_Phthalim,

4x10~" ™ 25 5 18 5.5 6

NA, naphthalic anhydride, 10-* M; PBO, piperonylbutoxide, 5x10~> m; ABT,
1-aminobenzotriazole, 10~% m.
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cress seedlings. Also the proto IX level of the con-
trols treated with herbicide only did not change.

Additionally we have assayed whether an active
microsome preparation from etiolated maize seed-
lings would react with proto IX or protoporphyri-
nogen as substrates. The reactions (see Materials
and Methods) were followed during 4 h but no
spectral change of proto IX and no decrease of
protoporphyrinogen was observed.

Summarizing then: A strong decrease of proto
IX accumulation by safeners was observed with
two herbicides of different chemical structure
making unlikely their possible safener-induced
degradation during the 16-h incubation period.
The findings indicate that the drastic alleviation of
proto IX accumulation as induced by safeners is

Boger P (1969), Photophosphorylierung mit Chloro-
plasten aus Bumilleriopsis filiformis Vischer. Z. Pflan-
zenphysiol. 61, 86—97.

Devine M. D., Duke S. O. and Fedtke C. (1993), Physi-
ology of Herbicide Action. Prentice Hall, Englewood
Cliffs, N.J.

Devlin R. M. and Zbiec I. 1. (1993), Effect of four
safeners against the herbicidal activity of V-53482 in
corn (Zea mays). Plant Growth Regul. Soc. America
Quarterly 21 (4), 190-197.

Farago S., Brunold C. and Kreuz K. (1994), Herbicide
safeners and glutathione metabolism. Physiol. Plant.
91, 537-542.

Fonné-Pfister, Gaudin J., Kreuz K., Ramsteiner K. and
Ebert E. (1990), Hydroxylation of primisulfuron by
an inducible cytochrome P450-dependent monooxy-
genase system from maize. Pestic. Biochem. Physiol.
37, 165-173.

Frear D. S., Swanson H. R. and Thalacker F. W. (1991),
Induced microsomal oxidation of diclofop, triasulf-
uron, chlorsulfuron and linuron in wheat. Pestic. Bio-
chem. Physiol. 41, 274-287.

Hatzios K. K. (1991), An overview of the mechanisms
of action of herbicide safeners. Z. Naturforsch. 46¢,
819-827.

Hatzios K. K. (1993), Mode of action of naphthalic an-
hydride as a maize safener for thifensulfuron-methyl.
Brighton Crop Protection Conference, Weeds, Vol. 3,
Brit. Crop Prot. Council, Farnham, Surrey, UK.,
pp- 1259-1266.

Komives T. and Hatzios K. (1991), Chemistry and struc-
ture-activity relationships of herbicide safeners. Z.
Naturforsch. 46 ¢, 798 -804.

Komives T., Komives V. A., Balazs M. and Dutka F.
(1985), Role of glutathione-related enzymes in the
mode of action of herbicide antidotes. Brit. Crop Pro-
tection Conference, Weeds, Vol. 3, Brit. Crop Prot.
Council, Croydon, UK., pp. 1155-1162.

Lamoureux G. L. and Rusness D. G. (1991), The effect
of BAS 145138 safener on chlorimuron ethyl me-

P. Boger and R. Miller - Safening of Peroxidative Herbicides

neither due to an impaired inhibition of protox
nor to an oxidative degradation of the accumu-
lated tetrapyrrole. Further studies are needed to
elucidate alternative degradative mechanisms of
either proto IX or its precursor.

Acknowledgements

This study has been supported by the Fonds der
Chemischen Industrie. We are grateful to BASF
AG, Limburgerhof, for a sample of BAS 145138,
dichlormid and acifluorfen methyl and to CIBA-
Agroforschung, Basel for benoxacor, oxabetrinil
and fenclorim. Due thanks are expressed to Prof.
K. Wakabayashi, Tamagawa University, Tokyo, for
a sample of chlorophthalim.

tabolism and toxicity in corn. Z. Naturforsch. 46¢,
882-886.

Lord J. M. (1988), Endoplasmic reticulum and ribo-
somes. In: Isolation of Membranes and Organelles
from Plant Cells (J. L. Hall and A. L. Moore, eds.).
Academic Press, London, pp. 119-134.

Matsunaka S. and Wakabayashi K. (1989), Crop safening
against herbicides in Japan. In: Crop Safeners for
Herbicides (K. K. Hatzios and R. E. Hoagland, eds.).
Academic Press, Inc., San Diego, pp. 47-62.

Nicolaus B., Johansen J. N. and Boger P. (1994), Binding
affinities of peroxidizing herbicides to protoporphyri-
nogen oxidase from corn. Pestic. Biochem. Physiol.
(in press).

Nicolaus B., Sandmann G. and Boger P. (1993a), Molec-
ular aspects of herbicide action on protoporphyrino-
gen oxidase. Z. Naturforsch. 48¢, 326—-333.

Nicolaus B., Sandmann G. and Boger P. (1993b), Inhi-
bition of protoporphyrinogen oxidase from maize. In:
Target Assays for Modern Herbicides and Related
Phytotoxic Compounds (P. Boger and G. Sandmann,
eds.). Lewis Publ., Boca Raton, Ann Arbor, London,
Tokyo, pp. 35-41.

Romano M. L., Hall J. C. and Stephenson G. R. (1994),
Metabolism of fenchlorazole-ethyl and the safener’s
effect on glutathione levels in wheat, barnyard grass
and wild oat. Weed Sci. Soc. of America, Abstract
Book, Vol. 34, No. 187.

Sandmann G., Nicolaus B. and Boger P. (1990), Typical
peroxidative parameters verified with mung-bean
seedlings, soybean cells and duckweed. Z. Natur-
forsch. 45¢, 512-517.

Stephenson G. R. and Yaacoby T. (1991), Milestones in
the development of herbicide safeners. Z. Natur-
forsch. 46¢, 794-797.

Watanabe H., Ohori Y., Sandmann G., Wakabayashi K.
and Boger P. (1992), Quantitative correlation between
short-term accumulation of protoporphyrin IX and
peroxidative activity of cyclic imides. Pestic. Biochem.
Physiol. 42, 99-109.



