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Plant diseases are  damaging  to crop  preduction in a temperate  and  humid c]imate  like that ofJapan.  which  has
resu]ted  in the  development ef  many  excellent  fungicides. but wide-spread  use  of  site-specific  fungicides can
cause  pathogens to devetop resistance  in the  field. While  all modern  fungieides have been devcloped through ex-

tensive  safety evaluation, thcre is deep pub[ic concern  about  their side  effects  on  non-target  organisms.  Thus
there  is a growing  interest in non-fungicidul  diseasc-controlling agents  since  they are  supposedly  specific  to tar-

get organisms  and  less like]y to cause  resistance.  Tin'e groups ofnon-fungicidal  rice  b]ast chemicals  are  current[y

on  the  rnarket;  me]anin  biosynthesis inhibitors (MBIs) and  plant defense activators  or  priming effecters  w'hich  in-

duce host resistance  against  the pathogen's attack.  Reeently, field isolates resistant  to MBI-D  have emerged  and

molecular  mechanisms  ofactioniresistance  are  attracting  interest. Complex Itl in the electron  transport systern

of  fungal mitochondria  which  contajns  a cytochromc  h with  two  ubiquinone  binding sites, Qo and  Qi, is another
novel  target ef  fungicides. Methoxyacrylate fungicides are  known  to block e]ectron  flow by binding te the Qo
site.  Resistance to  Qo inhibitors has been  observed  in field isotates w'ith  a  point mutation  in the cytochrome  b

gene  {G143A}. While  diearboximide  fungicides have been applied  to protect various  crops  and  vegetables

against  gray mold  and  other  diseases. their mechanisms  of  action  have remained  unclear  for many  years; recent
study  revealed  that  dicarboximides  interfere with  the  osmotic  signal  transduction pathway consisting  ofhistidine

kinase and  MAP  kinase cascades.  The  mutations  conferring  dicarboximide  resistance  in the fie]d have been
identified within  the  histidine kinase genes in BottlFtis cinerea  and  Aiternaria atternata,  Thus managemcnt

strategies  for fungicide resistance  may  become  a part of  registration  requircments  werldwide.  ('/ Pesticide Sci-
ence  Society ofJapan

ke.v}vonts/ metanin  bjosynthesis inhibitors, ptant activators.  methoxyacrylate  fungicides. fungicide resistancc,

          osmotic  signal  transduction  pathway.

INTRODUCTION

Thc mode  of action of  a fungicide can  be defined as the sum

of  factors contributing  to its contro]  ofa  disease. While e]uci-

dating the molecular  mechanism  of  action  is irnportant to

clarify  the biochemical events  occurring  in the pathogen's
cells  and  also  for safety  assessment  ef  a fungicide, physico-
chemical  properties such  as  solubility  in watet  log Pow, and

stability  to biotic and  abiotic  degradation processes are  of

great value  in determining the actual  mode  of  action  of  the

fungicide in vivo,

  The  intrinsic activity ofa  fungicide is based on  the specific

aMnity  for and  strength  of  binding to the target sitc. and  then

the activily  ofthc  target cnzyme,  the  assembly  ofbiochemical

subunits  or the transduction  ofsignais  may  bc inhibited by the
fungicide. Ifa  fungicide binds and  affe ¢ ts on]y  one  enzymc,

the chemical  is said  to be a  single  site inhibitor. The risk  of

cmergence  of  resjstance  js natura]ly  hjgher for single  site

fungicides than  multi-site  ones.  Mutations in the target gcne
conferring  resistance  can  confirrn the proposcd biochemical
action  mechanism  of  the fungicide. The possjbi]ity of  resist-

ance  is bclieved to be higher for inhibitors targcting the pri-
mary  metabollsm  of  pathogens than  inhibitors acting  on  sec-

ondary  metabolism.  In this article,  recent  topjcs on  the

modcs  ofaction  and  mechanisms  ofrcsistance  to novel  fungi-

cides  are described which  wil] hopefu]ly suggest the qualities
that  ideal fungicides should  possess,

*
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NON-FUNGICIDAL  CHEMICALS  TO  CONTROL
            RICE  BLAST  DISEASE

J, Melanin  Biosv,nthesis lnhihitony

When  the rice  blast pathogen Magnaporthe  or.vrae  recognizes
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the surfacc  characteristics  of  the  host plants such  as

Iipophi]icity and  hardness, its germinating hypha starts differ-
cntiating  a  special  cell  termed  an  appressorium  to infect the

plant. The  formation ofappressoria  involves signa]  transduc-

tion and  thc expression  of  many  genes. Then, appressoriat

cells  mature  by forming a  layer of  mclanin  on  the innermost

part ofthe  cell  wal],  which  affbrds  high osrnotic  pressure gen-
erated inside the cell to penetrate the cuticle layer of the host

p]ant. Thus  ifmelanin biosynthesis is inhibited the pathogen
cannot  exert  its pathogenicity, In fact, melanin  biosynthesis

inhibitors (MBIs) are  primarily not  toxie to thc  vegetative

growth of ,･W/ otl?zae,  but achieve  outstanding  control  of  the

blast disease in vivo,  Actually there are  two types ofmelanin

biosynthesis inhibitors; hydroxynaphthalene  reductase  in-

hjbitors (MBf-R: fthalide, tricyclazole and  pyroquilon) and

scytalone  dehydratase inhibitors (MBI-D: carpropamid  diclo-

cyrnet  and  fenoxanil). The  buff mutants  ef  M. orvzae  were

shown  to phenotypically resemble  the MBI-R-treated wild-

type strains and  were  essentia]ly nonpathogenic  to rice  plant,
which  suggested  that a  mclanin  biosynthetic pathway  is indis-

pensable for the appressoria to obtain infectiosity.i)

  Carpropamid was  developed as  a  novel  potent controlling

agent  against  the rice  btast,2) and  enzyme  kinetic data showed

that carpropamid  is a  tight-binding  competitive  inhibitor of

scytalone  dehydratase (STD), a key enzyrne  in the biosynthe-

sis ofmelanin.  Its calculated  Ki value  was  140pM,  which  is

rnorc  than  1OE times  smaller  than the I(rti fbr scytalone.j'4) An
X-ray analysis  of  the crystal  structure  of  the STD  complex

with  carpropamid  identified 
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Fig. 2,Probenazole  and  BIT  induce systcmic  acquired  resistance  (SAR),

ea]s  in Japan. They  are  considered  to have action  mecha-

nisms  similar to carpropamid.  Detaitcd analyses  ofthe  func-
tion of  the catalytic  region  of  STD  may  help in both under-

standing  the mechanism  of  resistance  to STD-inhibitors and

des{gning more  eMcient  chcmica]s.

2. Anti-blast Chetnicats 7Viat fnduce Suytemic Acquited

   Resistance in Plants

Another attractive  type  ofnon-fungicidal  chemicals.  known  as

plant activators or priming cffkictors.  induces systemic  ac-

quired resistance  (SAR) in p]ants, Probenazole (PBZ) is a

systemic  agent  which  is quite effective  against  rice  blast dis-

ease  when  applied  to the root  system.i4'  The application  of

PBZ  to rice  plants was  shown  to induce or  augment  enzyme

activities  related  to resistance  in the invaded cells. The long

lasting activity  of  PBZ  was  attributed to  thjs host mediated

defensive action.  Acibenzolar-S-rnethyl  (BTH) is also  known
to  induce SAR  in plants.i5) Hewcvcr. it was  found that they

have different sites  ef  action;  PBZ  and  its active  metabolite

(12-benzisothiazolc-1,t-dioxide; BIT) act  in the  step  prior to

the  biosynthesis of  salicylic  acid,  whercas  BTH  induces SAR

by acting  downstream of  salicylic  acidi6'i7)  as  shown  in Fig. 2.

Tiadinil, another  plant activator,  was  recently  registered  as  an

anti-blast chemical,]S)  and  its action  mechanism  was  reported

to be similar  to that of  PBZ.  BTH  and  other  SAR  inclucers.
e,g.,  N-cyanomethyl-2-chloroisonicotinamide (NCI) and  3-

chloro-1-methyl-IH-pyrazole-5-carboxylic  acid.ig'  The bind-

ing of  these plant aetivators  by still unknown  receptors  may

induce defense-related reactions  in plants through  a  specific

signal  cascade  involving G proteins.]-}
  Figure 3 shows  

"'sales
 of' blast fungicidcs in Japan". which

jndieate that the non-fungicidal  plant activator  probenazole.
and  melanin  biosynthesis inhibitors such  as ftha]ide, tricyela-

zole, pyroquilon, and  carpropamld  are  the main  fungicides
used  to control  blast disease jn Japan.
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4, Electron transpert systcrn  in fungal mitochondria,

FUNGICIDES  ACTING  ON  RESPIRATORY  CHAIN

         OF  FUNGAL  MITOCHONDRIA

Mitochondrial respiration  provides the energy  needed  for fun-
gal disease development by linking NADH  oxidation  and  cou-

pled proton  translocation with  MP  synthesis.  In fungi, the
`core'

 respiratory  pathway involves three proton translocating
complexes  (I, III and  IV), which  are  linked by ubiquinone  and

cytochrome  c  as  mobile  electron  carriers (Fig. 4), The  func-

tion of  complex  III jnvolves a cytochrorne  h wjth  two

ubiquinonc-binding  sites, denoted Qo and  Qi.
  Strobilurins were  isolated as  secondary  metabolites  frorn

species  of  Basidiomycotina and  their methoxyacrylate  deriva-
tives proved to be quite effective  and  potential broad-spec-
trum  fungicides (Fig, S). They  were  shown  to specifically

block electron  flow at  the cytochreme  hci segment  in complex

III ofthe  fungal rnitochondriar  respiratory  chain,  at either  Qo
(Qols: Qujnone outside  inhibitors) or  Qi Ce.g,, cyazofamid).

These two  sites  ofaction  can be bypassed by a  cyanide  insen-

sitive altcrnative oxidase  (AOX), creating  a  possible mccha-

nism  of  resistancc.  However, ifthe electron  fiow is blocked at

the cytochrome  bcJ segment  and  AOX  accepts  elcctrons  di-

rectly  from reduced  ubiquinone,  with  protons being translo-

cated  solely  by complex  I, there will  be only  4tlO ofthe  nor-

rnal  eMciency  for iffP  production in fungi. Metominostrobin
beLongs to the methoxyacrylate  fungicides and  inhibits respi-

ration  by blocking electron flux at Qo site in complex  III.2T)

The  target pathogen, M, oryzae,  induces cyanide-resistant

AOX  respiration  when  the cytochrome-mediated  pathway was

blocked by the chemical.  Superoxide anion  is considered  to

be involved in the  metorninostrobin-dependent  induction of
cyanide-resistant  respiration.  Flavonoids  contajned  in plants,
however, have an  ability  to scavenge  the superoxide  anion

gcncrated in pathogen cells  and  thus  interfere with  the

rnetominostrobin-dependent  induction of cyanide-resistant

respiration.  ConsequcntlM metominostrobin  can  control  the

rice  blast cffectively  in conjunction  with  rice  plant compo-

nents.

  High levcts ofresistance  to Qol fungicides have been found
since  2000  in Europe and  thc resistance  significantly  in-
creased  in 2003.2i) The  resistance  factors betsveen sensitive

ancl resistant  individuals were  fbund to be more  than  100 in

tocosphaerella graminicola (anamorph Septoria tritici), the

pathogen ofspeckled  leafblotch ofwheat,  Intercstingiy, how-

ever,  even  when  infected by resistant mutants,  Qols are  be-
]ieved to have a  greening effbct  which  brings about  high

yields with  good  quality possibly by keeping the leaves green
up  to the matured  stage  ofthe  crop.2])  The control  ofPtah'-

mopara  viticola,  the  downy  mildew  pathogen of  grapevine,
and  of  lenturia inaequali,s', the apple  scab pathogen, requires
intensive chemical  spraying  and  recently  resistant  mutants

have emerged,  The exchange  of  glycine with  alanine,

G143A, at the Qo site of  cytochrome  b is the major  mecha-

nism  of  resistance  with  a  very  high correlation  to the  resist-

ance  phenotype. FRAC  recommends  that Qol fungicjdes
shou]d  be used  preventatively and  in mixtures  or  in alterna-
tion with  effective partners of  a  difTerent cross  resistance

group, and  to  limit the numbcr  of  applications  per season.

  Cyazofamid  a novel  class of  fungicide (phenylirnidazole),
was  discovered to have specific  activity  against  Oomycete  dis-
eases  such  as  late blight on  potatoes and  downy  mildew  on

grapevines.24) It was  found to block electron  transfer in the

mitochondrial  cytochrome  bci complex  in the pathogens but

the binding site  of  cyazofarnid  is at  Qi of  complex  III and

therefore it has a different site  ofaction  from other chemicals

in Fig, 5. The highly specific activity  of  cyazofamid  may  be
due to the difference in amino  acid  sequencc  and  3-D struc-

ture at the target Qi site in Oomycetes  and  Plasmodio-

phoromycete frorn those in other  fungi, plants and  animals,

NII-Electronic  
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Fig. 5. Antifungal chemicals  aeting  on  cornp]ex  [II in the  fungal resp:vatory  chain.
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 Registered in Japan. 

'

 Famoxadone and  fenamidone arc  not  strobilurin  derivatives but inhibit Qo site.Cyazofamid  ig. a Qi site inh]bitor.
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Signa] transduction pathway and  dicarboxirnide resistance  in N. cJ'assa  and  Ul ma.t'dis, The resistance  genes are  indieated by shadowcd

has greatly reduced  thc usefulness  of  these chemicals  in many
countries.  Like  N.  ctussa  os  mutants,  most  lab-resistant

mutants  of  B. cinenra  acquire  high resistance  not  only  to

dicarboximides but also  to arornatic  hydrocarbons and

pheny[pyrro]es, and  they are  hypersensitive to osmotic  stress.

Howcver, highly resistant  strains  of  B. cinerea  have seldom

becn obtained  in the field. Only moderatety  resistant strains

without  osmotic-sensitive  phenotypes have been recovered

ftom thc field and  they cause  dirnculties in disease control.

Field isolatcs rcsistant  to dicarboxirnides show  cross-resist-

ance  to aromatjc  hydrocarbons but not  to phenylpyrroles,
Thus, fludioxonil controls  gray mo]d  efTt)ctively  even  in dicar-

boxiniide-resistant fields. The os-i  homolog, BcOSi,  was

cloned  and  a single  amino-acid  substitution  was  found in

field-resistant iso]ates of  B, cinerea,4i}  Thc amino  acid

changc  <from isoleucine to serine  at  pesition 365; I365S) was

located on  thc sccond  of  the tandem  amino  acid  repeats  of

BcOslp  {Fig, 7). Rccently, the same  amino  acid  substitution

has been identified in resistant  strains  by two  groups.4]'44) Cui

et  aL  found other  amino  acid  substitutions.  I365N and  1365R,

in field resistant  strains.  The rnutations  cenferring  fie]d resist-

ancc  are  limited to arnino  acid  position 36S of  BcOS1p  in the

B. cinerea  fie]d isolatcs. A  possiblc explanation  for thc re-

duccd variation  in fie]d-resjstant mutatjons  is that mest  muta-

tions rnight  atfect  the fitncss of  mutants  and  impose a  selec-

tivc disadvantage under  field conditiens.  Resistancc monitor-

ing using  molecular  diagnosis suggests  that resistant  strains

with  I365S in the BcOSi  gcne arc  major  and  spread  widely  in

Japan, whereas  some  other mutations  werc  found in strains

collected  from a ccrtajn  area,

  Dry et al. rcported  that two  resistant  isolates from Aus-

tralian vine  fields have mutations  within  the  os-i  family histi-
dine kinase AaHKI  gcnc  ofAtternaria  alternata.45)  Distinct
from B. cinerea,  A. alternata  field isolates are  resistant  to both

dicarboximides and  phenylpyrro]es, and  their mutations  cause

immaturc tcrmination  in the sensor  region  of  AaHKIp.  al-

though  thc  distribution and  fitness ofthese  ..l. alternata  ficld-

resistant  strains  remain  unclear,

                 CONCLUSION

The  exploitation and  dcvclopmcnt of  ne",  chemicals  have

been becoming more  and  morc  diMcult in rccent  years; cost

effective  studies  on  the toxicity of  chcmicals  and  residue

analyses  in crops,  animals  and  the envjronment  are  required

to cnsure  public health and  preserve ecosystems.  Furthcn

pathegens rcsistant  to new  fungicides can  emerge  even  with

the  use  ot' non-fungicidaE  chemicals  as  was  thc case  for MBI-

D. Studies on  thc mode  of  actjon  and  mechanism  of  resist-

  Resistantmutations
3ti5Hw

 Ser (er Arg , Asn)

Fig.

             90  am;no  aeid  rcpcats  Histidino Response
                                    kinascdemain  regulatur

                                                 domain

7. BcOSI  gene structure  and  amino  acid  substitutions  conferring  dicarboximide resistance.
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ance  to fungicides are  in rnany  ways  looking at the opposite

sides  of  the samc  coin,  and  may  suggest  etlective  manage-

mcnt  strategies  for the reliable  control  of  diseases by mini-

mizing  or delaying the potential evolution ofresistant  mutants

in the field.
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