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In the presence of 0.5 ug/m! diethofencarb, conidia of a benzimidazole-resistant mutant
of Neurospora cvassa germinated, with distorted, swollen germ tubes. Diethofencarb induced
scattered nucleus and inhibited mitotic nuclear division in the resistant strain. The mor-
phological abnormality was quite similar to the one observed in the wild-type strain treated
with carbendazim (MBC). Diethofencarb, however, did not morphologically affect the
germ tubes and nuclei of a wild-type strain. Diethofencarb formed a complex in vitro with a
protein present in the mycelial extracts of the resistant mutant. The binding protein of the
resistant strain was retained on a DEAE-Sephadex A-50 and eluted with 0.5 KClL. The
molecular weight of the binding protein was estimated 105,000 by gel filtration on Sephacryl
S-200 chromatography. The data well coincide with those on the MBC-binding protein in
the wild-type strain, suggesting that diethofencarb was selectively toxic to the benzimidazole-

resistant strain by binding to the tubulin.

INTRODUCTION

Benzimidazole fungicides such as benomyl,
carbendazim (MBC), thiophanate-methyl have
contributed to the protection of agricultural
crops from pathogen attack, but in recent years
many kinds of plant pathogens have built up
resistance to benzimidazole, causing a serious
problem.” Leroux & Gredt** have found that
benzimidazole-resistant isolates of Botryftis ci-
nerea and Penicillium expansum showed an
increased sensitivity to N-phenylcarbamate
herbicides. Diethofencarb, a derivative of N-
phenylcarbamates, exhibited remarkable anti-
fungal activity to some benzimidazole-resistant
strains but not to wild-type (benzimidazole-
sensitive) strains.””> The compound was sys-
temic in plants, curative as well as preventive,
but not herbicidal.®> Thus it has provided a
new tool to cope with fungicide resistance in
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the field.®

Benzimidazoles are reported to inhibit fun-
gal mitosis by binding to tubulin.”»® In many
cases, resistance to benzimidazoles is caused by
mutation of #-tubulin gene.’'® We have pre-
viously proved a genetic mechanism of nega-

' tively correlated cross-resistance between ben-

zimidazoles and N-phenylcarbamates using
Neurospora crassa as a model fungus: Some
benzimidazole-resistant strains of N. crassa
showed an increased sensitivity to N-phenyl-
carbamates, and amino acid change at position
198 of B-tubulin conferred benzimidazole resist-
ance and N-phenylcarbamate sensitivity.'®
The action mechanism of diethofencarb in
benzimidazole-resistant mutants of N. crassa
still remains obscure, however, the present
investigation was aimed to elucidate the mode
of action of diethofencarb, with its focus on
cytological and biochemical studies in order to
understand why diethofencarb is much more
toxic to benzimidazole-resistant N. crassa than
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to sensitive one.

MATERIALS AND METHODS

1. Strains

Strain 74-OR31-14a (al-2, pan-2 and cot-1 a;
FGSC4934) of N. crassa was used as wild type
and F914a as benzimidazole resistant.! They
were cultured in Vogel's minimal medium
containing panthotenic acid at a concentration
of 100 pug/ml.*®

2. Chemacals

Methyl benzimidazole-2-yl carbamate
(MBC) was prepared by reacting of O-phenyl-
enediamine with dimethyl 2-methylisothio-
urea-1,3-dicarboxylate. Diethofencarb was syn-
thesized by the method reported previously.'®
“C-diethofencarb (spec. act. 1.82 GBg/mmol)
was uniformly labeled at the phenyl ring. The
radiochemical purity was higher than 999,
based on TLC analysis [#-hexane-acetone (4/1,
v[v) and toluene—ethyl acetate (5/2, v/v)].
Stock solution of [phenyl-'*C] diethofencarb
was prepared in benzene/n-hexane solution
(1:1) at a concentration of 1.31 mg/ml.

3. Microscopic Observation

Conidia of N. crassa were inoculated in
Vogel's medium containing a chemical and
cultured statically at 28°C for 18 hr. Germi-
nated conidia were collected by centrifugation
(1000 x g), kept in ethanol for 10 min and sus-
pended in distilled water. They were then
treated with 4/, 6’-diamidino-2-phenylindole
(DAPI) at a concentration of 1 ug/ml for 5
min and the germ tubes and nuclei were mor-
phologically observed with a Nikon fluores-
cence microscope.

4. Diethofencarb-Binding Activity of Mycelial
Extracts from Wild-Type and Benzimida-
zole-Resistant Strains

Conidia of the wild-type and benzimidazole-
resistant strains of N. crassa were suspended in
sterilized water and filtered through cheese

cloth. They were then inoculated into 100 ml

of liquid nutrient medium in a 300-ml Saka-

guchi flask at a final cell density of 5 x 10°/ml.

Both strains were cultured at 28°C on a recipro-

cal shaker at 115 rpm for 20 hr. Mycelia (10 g

on a fresh weight basis) were collected and

ground in liquid nitrogen, and the powder was
transferred into PIPES buffer I [0.1 m PIPES-
Na, pH 6.9, I mMm MgCl:, | mm EGTA, 1 mMm
dithiothreitol, 1 mMm GTP, and 1: 100 solution
P (87 mg of p-methylphenylsulfonyl fluoride
and 1.5 mg of pepstatin A in 5 ml of ethanol)]
as described by Kilmartin.® [Phenyl-**C] di-
ethofencarb was added to the mycelial extract
and incubated at 4°C for 1 hr. The incubated
mixture was then centrifuged at 50,000 x g for
45 min, and the supernatant was applied to a
Sephadex G-25 equilibrated with PIPES buf-
fer I1 (0.1 m PIPES-Na, pH 6.9, 0.2 m KCl, 0.2
mM MgCle, 0.1 mm GTP, and 1: 1000 solution
P) to remove unbound diethofencarb. Radio-
activity and protein contents in each fraction
were measured, the latter with a BCA protein
assay reagent (PIERCE).

5. Purification of Diethofencarb-Binding Protein

The mycelial extract solution was centri-
fuged at 50,000 x ¢ for 45 min, incubated with
[phenyl-"*C] diethofencarb at 4°C for 1 hr and
applied onto a DEAE-Sephadex A-50 column
equilibrated with buffer II. The column was
washed with 3-bed volumes of PIPES buffer I1
and subsequently eluted with PIPES buffer
IT containing 0.5 KCl and 1 m KCl. Radio-
active fractions from the column were con-
centrated and desalted with a Centriprep-10
(Amicon). The resulting solution was again
incubated with [phenyl-'*C] diethofencarb at
4°C for 1 hr and the molecular weight of the
diethofencarb-protein complex was determined
by gel filtration with a Sephacryl S-200 (1.5
% 100 cm) equilibrated with PIPES buffer II.
The molecular weight was calibrated with a
gel filtration calibration kit (Pharmacia)

6. Radioanalysis

Aliquots of the fractions were added to low
potassium glass vials (Wheaton, USA) contain-
ing 10 ml of Emulsifier Scintillator 299 (Pack-
ard, USA). Radioactivity in the fractions was
measured with a Tri-Carb 460 CD liquid scin-
tillation spectrometer (Packard, USA).

RESULTS

1. Cwytological Effects of Diethofencarb on the
Benzimidazole-Resistant Strain
We have previously reported that diethofen-
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Fig. 1 (a) Effects of diethofencarb and MBC on fungal morphology of N. crassa.

(b) Effects of diethofencarb and MBC on nuclear morphology of N. crassa.
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carb was selectively fungitoxic to benzimida-
zole-resistant strain F914, and defined the
mutation as a single amino acid replacement
from ***glutamic acid to glycine in g-tubulin.'®
Diethofencarb did not inhibit the conidial
germination of F914 even at a concentration
of 100 ug/ml, but the conidia exposed to 0.5
ug/ml diethofencarb formed multiple germina-
tion tubes. The germ tubes were distorted and
swollen, but further extension of the hyphae
was not observed (Fig. 1(a)). Such morpho-
logical abnormality did not occur in the wild-
type strain treated with diethofencarb. On the
other hand, MBC caused distortion and swell-
ing of germ tubes in the wild-type strain, but
not in the resistant strain at the concentration
of 0.5 ug/ml. Morphological changes in the
resistant strain caused by diethofencarb were
quite similar to those caused by MBC in the
wild-type strain.

The nuclei of the same samples were also
examined morphologically after staining with
DAPI. Diethofencarb inhibited nuclear divi-
sion in the benzimidazole-resistant strain at
the concentration of 0.5 ug/ml. Chromatins in
the conidia were scattered, and there were no
round-shaped nuclei as found in the control
cells (Fig. 1(b)). Diethofencarb did not affect
the nuclear morphology of the wild-type strain,
and normal phases of mitosis were found in the
treated hyphae. On the other hand, MBC dis-
turbed the mitosis of the wild-type strain at
the concentration of 0.5 pgg/ml, but did not
exert any effect on the structures of nuclei in
the resistant strain. Morphological abnor-
mality in nuclei was not distinguishable be-
tween the diethofencarb-treated resistant and
the MBC-treated wild-type strain.

2. Selective Binding of Diethofencarb to Ex-
tracts from the Benzimidazole-Resistant
Strain

It is suggested that selective fungitoxicity
of diethofencarb to benzimidazole-resistant
strains may be due to the specific binding to
the cell components. We compared the cell
extracts from the wild-type and resistant
strains in diethofencarb-binding activity, using

[phenyl-**C] diethofencarb as a maker. Ex-

tracts from the mycelia of the wild-type and

resistant strains were incubated with [phenyl-

Table 1 Diethofencarb-binding activity in my-
celial extracts of a benzimidazole-resistant strain.
. Bound
Protein :
Strains MIC conc. dietho-
(pug/ml) (mg/ml) fencarb®>
(dpm)
wild-type > 100 29.5 171
resistant F914 0.1 26.1 30,229

®> The supernatant of a mycelial extract was
applied to a Sephadex G-25, and radioactivity
in the resultant solution was measured (detail
shown in Materials and Methods).

(] diethofencarb. The 50,000 % ¢ supernatant
of each strain was applied to the Sephadex G-
25 to remove unbound diethofencarb. Di-
ethofencarb was bound in the 50,000 x g super-
natant from the resistant strain, whereas bind-
ing was hardly observed in the supernatant
from the wild type (Table 1). Binding activity
appeared to be correlated with the <n wivo
diethofencarb sensitivity of the strains. The
pellet obtained by centrifugation (50,000xg,
45 min) showed little binding to diethofen-
carb, and no difference was observed between
the wild type and the resistant strain.

3. Purification of Diethofencarb-Binding Pro-
tein

The diethofencarb-binding component was
further characterized by chromatography on a
DEAE-Sephadex A-50 anion exchanger. As
described earlier, cytological effects of di-
ethofencarb on the benzimidazole-resistant
strain were quite similar to those of MBC on
the wild-type strain. For this reason, the di-
ethofencarb-binding protein is assumed to be
identical with fungal tubulin. A 50,000xg
supernatant of the resistant strain incubated
with [phenyl-**C] diethofencarb was run on a
DEAE-Sephadex A-50 column, which has
proven to be useful in purification of tubulin
from other organisms.®>'® When the column
was washed by 3-bed volumes of equilibrated
PIPES buffer IT (0.2 m KCl), significant radio-
activity was observed (Fig. 2). The radioactive
fractions (fraction Nos. 12-16) were then ap-
plied to the Sephadex G-25 to remove unbound
diethofencarb. There was no significant radio-
activity in the solution desalted with the Se-
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Fig. 2 DEAE-Sephadex A-50 column chromatography of mycelial extracts of a benzimi-

dazole-resistant strain of N. crassa.

Myecelial extracts (50,000 g supernatant) incubated with [phenyl-1!C] diethofencarb were
applied onto a DEAE-Sephadex A-50 column and eluted with 0.5M KCl and 1.0 M KClL
The graphs show elution patterns of radioactivity and absorbances at 280 nm.
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Fig. 3 Molecular-weight determination of the
diethofencarb-protein complex.
Radioactive fractions of DEAE-Sephadex A-50
were gel-filtrated through a calibrated Sephacryl
S-200 column.

phadex G-25, which indicated free diethofen-
carb was eluted from the column at this step.
Fractions eluted by the PIPES buffer II with
0.5 M KCl exhibited considerable radioactivity,
but fractions eluted at 1.0 M KCI contained
little radioactivity (Fig. 2).

To estimate the molecular weight of dietho-
fencarb-binding protein, radioactive fractions
(fraction Nos. 31-33) obtained by DEAE-
Sephadex A-50 chromatography were collected
and concentrated with a Centricon C-10. The
resulting desalted fractions were incubated
with [phenyl-**C] diethofencarb again and run

on a Sephacryl S-200 column. The bulk of th
bound radioactivity was eluted in a single peak
which corresponded well to 105,000 daltons
protein (Fig. 3). This is very close to the value
found for a MBC-tubulin complex.” The data
strongly suggested that diethofencarb acted
as a selective fungicide to the benzimidazole-
resistant strain by binding to the tubulin.

DISCUSSION

To elucidate the action mechanism of di-
ethofencarb in the benzimidazole-resistant
strain, we studied the effects of diethofencarb
on a benzimidazole-resistant strain, F914, of
N. crassa. The strain increased the sensitivity
to diethofencarb. The mutation has been
genetically defined as single amino acid re-
placement from glutamic acid to glycine at
position 198 in pS-tubulin.'®

The present investigation indicated a nega-
tive correlation between MBC and diethofen-
carb in the effects on fungal morphology and
mitosis. It is well known that MBC inhibits
mitosis in fungi by binding to the fungal
tubulin.”»®  Abnormal morphology of germ
tubes and disintegrated configuration of the
chromatins occurred in both the benzimida-
zole-resistant strain treated with diethofen-
carb and the wild-type strain treated with
MBC. Similar observations are reported on
B. cinerea treated with diethofencarb and
MDPC, ' which suggests that diethofencarb
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interferes with the formation or functions of
microtubules in resistant strains in a selective
manner. This assumption is supported by
biochemical studies on cell components that
bind diethofencarb.

Diethofencarb-binding activity was found
in the cell extracts from the resistant strain
but not in those from the wild type. This
diethofencarb-protein complex was retained
on DEAE-Sephadex A-50 column, and its
molecular weight was estimated to be around
105,000. The MBC-tubulin complex in the
wild type of Aspergilius nidulans was retained
on a DEAE-Sephadex A-50 anion exchanger
and its molecular weight was estimated at
110,000.” On the basis of these results it can
be concluded that the diethofencarb binding
protein is identical with fungal tubulin. In
binding studies using **C MBC on the wild-type
and benzimidazole-resistant strains, only ex-
tracts of the sensitive types showed binding
activity, which suggests that affinity at the
target site of benzimidazoles determines the
antifungal activity of benzimidazoles.?»8:18:19

This is the first report on the selective fungi-
toxicity of diethofencarb to a benzimidazole-
resistant strain by binding the tubulin. Re-
cently we isolated and characterized several
mutants different in the sensitivity to benzimi-
dazoles and N-phenylcarbamates, and deter-
mined the substitutions of amino acids in g-
tubulin in these mutants. Biochemical analy-
sis of these mutants will help study the binding
mode of these compounds to tubulin.
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I RT2HNTIE, THRUHECDREETFOREL
BHE Lindso 702y, 0.5 pg/ml OEBEICHEWT, <X
A3 8V — VRO RFE OB ME L OCRES AT
SR L. £, Y2 b7z a7, iR ®
RIVICHEDOTERORE LT ER L, BaELHEELT
Wb ZED DAPLIC X A L B I his. &
NODYT b7 = v TS T2 REE S &
UKD, FAHINT5 MBCOERE X+
HTHLUL Tz, BT, “C-vx b7z rvhvTh
BAWT, YT h7z v T HAEREORR YT -
&l h, MK MREREEK ©ZED (50,000 x9) @
EBDOBSFOECERNESEABEDHEEY REBT
LEVHSEEENED bR, DT b T2 v H
T#EEAHEIE, DEAE Sephadex A-50 io & X,
0.5M KClciEiHiEni. 04 F&iz, Sephacryl
S5-200 1 £ 2 VT & v £ 105,000 T H B L HEE
Shic. ThBLOERIE, N X4 3 8V — VSR
D MBCHEEAE (Fa—7Vy) E—HLTWSZD
Enb, T ET 2 ANTE, RUX 43 & T —
BROF 2 — 79 NTEERICEA LT, MIBEOER
THEFTDHILICLY, BROBEFEELRTEEZLS
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