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 Volatile sesquiterpenes  emitted  from
leaves of  Polygonum  longisetum treated

   with jasmonic acid  and  its amide

               conjugates
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l.ctbonttoil, of'Gf'ou,th  Rc/gtttation Chc'mistt:L,, Depar'tment qf'
Biologic'at Production, Akita ProfE c'tuJut  Unii,ersity/ 241-7

    Kttidohttta-Nishi,Shimoshinie-A"akano,Akita,

           Akita OiO  Oi46, Jitpan

   (RecciN,cd March  2, 2007; Aecoptcd  May  7. 2007)

Sesquiterpenes, such  as  zingiberene,  6-elemene, a-bergamotene,

fi-caryophy]]ene and  (fi,E)-or-farnescne wcre  identified as

volatile  organic  eompounds  (VOCs) fi'om the  EeaN･es of  R)(},-

gonum  longisetitm treated with  jasmonic acid  (JA) exogenously.
Sesquiterpenes werc  emitted  with  1 tiM  JA, and  their amounts

and  rclative  proportions altered  according  to the concentration.

Experiments with  silvcr  thiosulfate (STS) suggcsted  that ethylene

might  be involved in thc JA-inducib!e emission  of  sesquiterpenes,

but the responses  of' sesquiterpenes  against  STS w'ere  difft]rent

arnong  them.  The coajugate  of  JA and  1-atninecyc]opropane-1-

carboxylic  acid  (JA-ACC) was  a]so  active  in emitting  sesquiter-

penes, whilc  coru'ugates  of' JA and  amino  acids,  such  as  Leu, 11e

and  Vbl, Liv'ere inactiN･e. Mevastatin supprcssed  almost  all thc

sesquiterpenes,  but zingiberene  and  P-clemenc wcrc  not  t'ully

suppressed.  It was  suggestcd  that JA might  stimutate  both the

meyalonate  and  methylerythritol  pathways in R  tongisetum.
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lntroduction

Plants have chemieal  defense systerns  to proteet themsetN,es.

Against  pathogen attack,  p]ants accumu]atc  antifungal  mctabo-

lites called  phytoalexins.i) In chemical  det'ense systems,  M  has

been known to  work  as an endogenou$  petent signaling  com-

pounai)  and  cxogeneus  application  of  JA  elicits  the production ot'

secendary  metabotites  including phytoalexins.]A) tn addition  to
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the accumu]ation  of  defensive metabolites,  plants emit  VOCs  as

defensive chemicals  that are  thought  to guide the parasitoids of

feeding herbivorcs.'X') VOCs  can  bc emittcd  not  on[y  by herbivore

attack  but aLso  by exogenous  application  of  JA7' 
'h

 and  its deriva-

tii'cs. including mcthyl  jasmonate (MeJA),iO'']' and  peptide con-

jugates.[2" JA has been used  as  a usel'u] elieitor in studying  the

roles  ofVOCs,  and  there is interest in how JA  e]icits the cmissien

ofVOCs,

  VOCs  have be¢ n  studied  w{th  scveral  p]ants inc]uding crops,T' 
'i2)

but  we  think that  weeds  might  emit  characteristic  VOCs  as  scl"

defensive systerns,  because they have to survive  stiff competition

in the natural  habitat by developing eencient  defensive systems.

We  havc alrcady  tbund that R iongisetitm emits  scveral  VOCs

with  citrus  perfttme by JA application.i3'  R longisetum is a famil-

iar weed  in Japan and  grows in colonies  throughout  the country.

We  eonfirmed  that emission  by JA  wa$  reproduced  with  plants

gro",n in a  laboratory chamber,  We  identified the VOCs  from R

longisetuni as  sesquiterpenes,  including zingiberene,  l]-elemene,
6-caryophyllenc, cr-bcrgamotcnc  and  (E,E)-cr-farnesene as  the

main  eomponents.  These  sesquiterpenes  from  R  tongisetum were

att  derived from the  same  precursor, farnesyl diphosphate (FDP).
It is of  interest whether  the  emission  behavier ef  each  volatile

sesquitcrpenc  is thc  same  or  difi'crs during clicitation  by JA,
Thus, wc  p[anncd  to  invcstigate the  re]ative  proportions of  each

component  in VOCs  fi'om R  longisetutn whcn  changing  JA con-

centrations.  Wc  a]so  invcstigatcd th ¢  efTects  of  compounds  such

as  salicylic  acid  (SA) and  ethylene,  which  have been suggestcd  to

be involved in JA-inducible emission  of  VOCs  by lima bcans,i4]

  Amide  con.iugatcs  of  J,AL have  been known  to induee selftde-

fensive metabo]ites,  Fer example,  a  conj'ugatc  ofJA  and  Leu (JA-
Leu)  or  JA  and  Mtl (JA-Vi]) has been  shown  to e]icit phytoalcxin
production,LS) and  a  dipeptide conjugate  of  JA was  able  to elicit

thc  emission  of  ]inaloo] from rice  leaves.[2) jA-ACC  has been
found in arabidopsis,]6)  and  ACC  (the metabolic  precursor ef  cth-

y[enc) has been shown  to accelerate  the emission  ef  JA-inducible

VOCs.]7) Thus, JA-ACC  might  be activc  in the emission  of

sesquiterpenes  fVem  R  tongisetttm. The  activities  of  these amide

corLjugates  of  JA were  also  investigated. Here we  describe the re-
su]ts.

Materials and  Methods

i. Chemicats
Salicylic acid,  sils,er  nitrate,  sodium  thiosulfate,  fi-caryophy]Iene
and  ACC  wcre  purchased from  Wako  Pure Chemical Industries

{Tokyo. Japan). Mevastatin was  purchased  from Merck Ltd.
Darmstadt,  Germany), (± )-jA, (-)-JA-Leu, (-)-jA-1]e and  (-)-
JA-Vtil wcre  prepared  as  describeci prex,iously.iH'iV) Racemic (±)-
JA-ACC  was  prepared  from JA and  ACC  in the same  rnanner  as

dcscribed above.  
[H-NMR

 6 (400MHz in CDCI,,): O.92 (3 H, t,
J-7,7Hz),  1.10 (2H, m),  [.S2 (3 H, m),  1,86-2.37 (10H, m),

2.54 (1 H, m).  S.24 (1 H, m),  5.40 (1 II, m),  6.99 (tH. brs), 1023
(IH, brs); L]C-NMR

 6 (10eMHz in CDC],):  14.0, ]7.7, 18.0,
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20.S, 25,S, 26,7, 33.4, 37.6, 38.4, 40.Z  54,O, 125.0, ]33,9, 173,5,
176.9. 219.7: ES]-MS  (negative) m,':/ 292.0 [M-H]-, ESi-
MSi'MS  {mass of292.0,  negative)  mii:  142.0, 100.0, [H

 and  
i3C-

NMR  spectra  were  recorded  using  a JEOL  ECP-400 with  tetram-

ethylsilane  as  an  internal standard.  Mass  spectra  were  recorded

using  a PE-CIEX  API-2000 Mass Spectrometer with  an  electro-

spray  ionization (ESI) source.

2. PlantmateriaJ

Seeds of  Pblygonutn  longisetttm De  Bruyn were  eottccted  at

Tenno.  Katagami,  Akita in October 2005. The sccds  were  kept at
50C  for 2 weeks  in moist  commercial  potting mixture  <Hyponcx
Potting Soit, Hyponex  Japan, Osaka, Japan). Plants ",ere  germi-
natcd  and  grown in a ehamber  (Biotren LPtI-220S, Nippon Mcd-

ical &  Cheniical Instruments, Osaka, Japan) at 230Ci12-hr light /

dark. After 6 to 8 wccks,  fu1]y expanded  heatthy [eE-,es (ca, 3 to
S cm  long) were  used  for experitnents.

3. Incitbation Qf'Ieaves and  coUection  qf' PO(]s'
Leaves  (ca. 3cm  long) were  detached  and  cut  in ltaE and  2g  of

thc  tcaves were  fioated en  an  aqueous  JA solution  (1OOml) in a
fiask (300ml> for 24hr (othcrwise cjted)  under  light at  250C. The
lcaves were  separated  fi'om the solution  and  placed in a  vial

(100mb with  40"[ of  n-octane  (as an  internal standard,  20 mg/

ml  in acetone)  and  sealed,  Xblatile compounds  in the  head space

were  colleeted  by solid-phasc  micro-extractien  with  a  fiber (65
"]n Stable Flex PDMSi'DVB,  Supelco Co., RAL, USA)  accerding

to the  prci,ious method.'))  A  fiber was  introduced into the head

space  through  the scptum  and  exposed  for 30 min  (at 250C). The
fiber was  injected into a gas chromategraph  (GC) pert for 5 min.
Leaves were  floated on  water  as  controls.  The  amovnt  of  volatile

compounds  was  calcu[ated  froni thc peak  areas  in the chro-

matogram,  bascd on  that of  n-octane.  Each  bar represents  the

mean ±SE  forthree replicates  in Figs. 2-6.

4  su andSrs  treatment

Tb  investigate the effects  of  SA,  Ag'.  or  mevastatin  on  JA-in-

ducible VOCs.  each  substance  ",as  addcd  to the JA selution  used

for the assay,  The  STS  solution  was  prepared from  AgN03  and

Na!S20]  (sodium thiesutfate}  according  to  the  pretocels from

Sigma-Aldrich {St. Louis, MO,  USA).

i  Ampaiutus  andidentij7cation  qfthe  roC:s

VOCs  were  analyzed  by GC-MS  (Perkin Elmer 
'rurboMass

 Mass
Spectrometer  equipped  with  the Perkin E]mer  Autosystein XL

GC)  and  GC-FID  (Shimadzu GC-20]O  with  an  FID detector).
Identification and  quantification were  performed  using  Perkin
El]ncr GC-MS  and  Shimadzu  GC-FID.  respectivety.  Analytical

conditions  were  as  fottoth,s: Column/  J&W  DB-5,  O.25mrn
i.d.×30 m,  025 ".m fiIm thickness, fiow rate] 1 ml  min'i  (He), in-
jcction ternperature: 1500C,  temp. program / 500C (3 rnin),  with

an  increase of  100Cmin'i  to 2bOSC  (3 min),  then an  increase of

20-Cmin'i to 30eOC {4 min),  scan  rangei  miz  40-450, The same
GC  condition  was  used  in both GC-MS  and  GC-FID, Com-

pounds  were  identified by cemparison  of  mass  spcctra  wjth  those
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in the literature,20} and  the  NIST  Mass  Spectrum Search Program
v. ],5a (National lnstitutc ef  Standards and  

'I'echnolegy,
 Gaithers-

burg, Mary]und), Identification of  P-caryophyllene was  a[so  con-

firmed by cornparison  of  their retention  timcs  and  mass  spectra

with  those ofa  standard.

                 Results and  Discussion

1. Identgfic'ation qf' ,L4-inducible J"OCs .fhoni lem,es qf' R

    longisetum

GC-MS  analysis  of  VOCs  from leaves treated ",ith JA {1OO ,uM)
for 24 hr gave a chromatogram  consisting  of  zingiberene  (1, tR
15.18min),  rs-etemene (2, tR 15,25min),  6-caryophy]]ene (3, tR
15.76 tnin),  a-bergametene  (4, tR 15.90min), sesquiphe[tandrcne
(5, tR 16,OOmin),  {E)-6-farnescnc (6, tR 16.14min), cr-humulene

{7, tK l6.14 min),  {E,E)-a-farnesene (8, tR 16.98 min)  and  an  un-

known compound  (9, tR 15.90min). I'eaks of  methyl  2-(E)-

hexcneate  (tR 7.21min), 13-oeimene (tR 8,89min), indo]c (tR
13.44 min)  and  cr-terpinelene  (tR 14.30min) were  also  found in

the chromatogram  as  minor  components,  No  peak was  found in
thc chromategram  from leayes treated with  water.  The detection
limit was  10ng in the vial  based on  n-octanc.  Structures of' the

cempounds  (1)-(8) are  shown  in Fig. 1. rs-Caryophyllene (3), a-
bergamotenc {4) and  (E.E)-a-farnesene (8) arc  already  referred

to as  JA  or  MeJA-inducible  VOCs  in plants.V 
ii}

 6-Elemenc has
been found in VOCs  emittcd  by pathogens  in tobacco plants.2[} In
the prcsent study,  we  focused on  eight  major  sesquiterpenes

(1)-(8).

2. Etfe('ts qf' coitcentrations  oj'.L4 on  sesquiteipenes  i}om
    leaves (?f'R  longisetuni
VOCs  from  leaves trcatcd with  diti'erent concentrations  of  JA (1,
5. 10, 50, and  100uM)  for 24hr were  investigated. The relative

proportlons of  zingiberene  Cl), fi-elernene (2), fi-caryophyllene
(3) and  (E,E)-a-farnesene (8) in VOCs  from leayes treated ",ith

5uM  were  s{milar  to those in VOCs  with  1OttM (Fig. 2[A]). The
relatis,e proportions ofthese  sesquiterpenes  in VOCs  with  50"M
were  similar  to those with  100pM  (Fig. 2[B]). In addition,  at

these high concentrations,  significant  amounts  of  (E.E)-a-farne-
sene  (8) wcre  obserx,ed  (Fig. 2[B]), These  resutts  showed  that the

relative  preportion of  sesquiterpenes  in lv'OCs altered  according

to the coneentrations  tcstcd,

3. opcts af'STS and  SA on  .L4-inducible votatiJe  sesquitei'-

   penes
Although  no  phytotoxic damage was  observed  in the leaves at

higher concentrations  of  JA {50 and  1 OO ttM), it was  possible that

significant  emission  of  (E,E)-cx-farnesene {8) (Fig. 2 [B]) might
occur  through  sccondary  effects  by JA. It has been suggcsted  that

ethylene  and  salicytic  acid  (SA) are  invo]vcd in the JA-inducible

emission  of  iv'OCs  fi'om the leavcs of  lima beans.[7] Thus, the cfL

fects of  STS (an inhibitor ef  ethylene  action)  on  the JA-inducible

emission  of  sesquiterpenes  from thc lcaves ofR  longisetum wcrc

invcstigated (Fig, 31A]), The emission  of  scsquiterpenes  de-

crcased  by STS  (200"M), and  then thc significant  emission  of

(LLL')-c}-farnesene (8) disappeared. In add{tion,  it was  fbund that

Volatile sesquiterpenes  fromlcaves ofR)4,gt)nttm  iongisctt"n
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Fig. 1. Structurcs of  sesquiterpenes  identified in JA-inducible VOCs  from R  iongisetum. Compounds:  zingibcrenc  (1), fi-elemene (2), fi-
caryophy]lene  (3), cr-bergamotcne  (4), sesquiphellandrene  <5), (E)-ll-farnesene (6), cr-humulene  (7), (E.E)-a-farnesene (8).

inhibition degrees  were  different among  sesquiterpenes.  In par-
ticular, the eniission  of  6-caryophyllene C3) was  inhibited only

about  55%  by STS.  Even  the  high eoncentration  of  STS

CIOOOgM) was  not  able  to btock the emission  of  6-elemenc (2),
I3-caryophyl]ene (3) and  (E,E)-crfarnesene (8), which  were  the

main  components  ofthe  sesquiterpenes  emitted  by 1O"M  ofJA,

The emission  of  sesquiterpenes  by 100ttM  of  JA "･'ith 200uM

STS (Fig, 3LA]) was  sjmitar  to that by 10uM  of JA (Fjg. 2LA]) jn

quantity, These rcsults  suggested  that  ethylene  might  be partia[ly

responsible  for the differcnce between emission  by IOptM  of  JA

and  that by 100uM  of  JA, although  ACC  (100uM or  ] OOO ltM)
a]one  was  inactis,e in the elicitation  of  VOCs  (data not  shoNiv'n).

On  the other  hand SA  increased the JA-inducible emission  of

sesquiterpenes  (Fig, 3[B]). It was  interesting that the emission  of

(E,E)-cM-farnesene {8) and  6-caryophy]lene {3) was  more  efi'ec-

tively increased than other  sesquiterpenes  by SA, SA  {1OO"M or

1OOO ,"M) alone  was  inactive in the elicitation  of  VOCs  (data not
shown).  Considering the result  that both ACC  and  SA  were  inac-

tive, acceleration  by ethylene  and  SA  might  work  in parallel or

after  elieitation  by JA.

4. T7ie relaiionship  between the incubation periods and.M-

   inducible POCIs

Emissions of  sesquiterpenes  from [eaN,es treated with  JA selution

ng  1 vial

1 2 3 4 5 6 7 8

1 2 3 4 5

  Compound  number6

7 8

Fig. 2. JA-inducible VOCs  from  R  iongisetum at  different concentrations/  tA] L"M,  5pM  and  IOstM  ofJA,  [B] 50stM  and  1OO"M  ofJA.

Compounds/ zingiberene  {1), fi-elemcne (2), 6-caryophyllene (3), or-bergamotene  (4), scsquiphcllandrcnc  (5), <E)-fi-farnesene c6), or-humulene

(7), (E,E)-a- farnesene (8).

NII-Electronic  



Pesticide Science Society of Japan

NII-Electronic Library Service

PesticideScienceSociety  of  Japan

ivbL32,No.  3,264-269{2007) Vblatile sesquiterpenes  from leaves of  fo(vgonum  tongisettfm 267

ng  1 vial

1 2 3 4 5 6 7 8

                     1 2 3 4 5 6 7 8
                                    Compound  number

Fig. 3, EfTl]cts of  STS  and  SA  on  JA-inducible VOCs  from R longisetum: [A] EiTects of  STS. [B] Effect of  SA.  Compounds/  zingibercne  (1>,
6-elemene (2), 13-caryophyllene {3), a-bcrgamotene  (4), sesquiphellandrcnc  {5). (Li)-6-farnesene (6). a-huniulcne  (7}, {E,E)-a-farnesenc (8).

{1OO ttM) fbr 3, 6, 14hr were  {nvestigated (Fig. 4). The releas ¢ d

amount  of  CE.E)-aFfarnesene (8) was  significantly  different from

those of  other  VOCs  with  an  incubation period of  14hr (Fig. 4

[B]), but no  significant  emission  of(E.E)-cr-farnesene  (8) -,as  ob-

served  in VOC$  with  shortcr  incubation periods of3hr  and  6hr

(Fig, 4 [A]). The  amount  of  (E,E)-cr-farnesene (8) was  no  more

than that  of  6-caryophyllene (3) in VOCs  at  6hr and  3 hn The rel-

at{ve  proportions ofzingiberene  (1), 6-elemene (2), B-caryophyl-
lene C3) and  (E,E)-(M-farneselle (8) in VOCs  with  100ptM incu-

bated fbr 6hr were  similar  to those in VOCs  with  10"M  incu-

ng  1 vial

1 2 3 4 5 6 7 8

1 2 3 4 5 6

  Compound  number

7 8

Fig. 4. JA-inducible VOCs  from  R  tongisett{m with  ditTbrent incubation periods/ [Al 3 hr and  6hr  with  leO "M  ofJA,  LB] 14hr with  100 uM
of  JA. Compounds:  z{ngiberene  Cl), fi-elemene (2>, fi-caryophyllene (3), a-bergamotene  (4), sesquiphellandrene  (5), (E)-fi-farnesene (6), a-hu-
mulene  (7), (E,E)- a-  farncscnc (8).
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ng  f vial

1 2 3 4 5 6 7.L-... 8.m
[B]

100

50

[IliJA-ACC (50 pM)
Eew:JA-Acc (aoo pM)
gtw:JA-Acc (aoo pM)+  sTs  (2oo pM)ee･eeec

gen.8

IIiIl

                      1 2 3 4 5 6 7

                                       Compound  number

Fig. 5. (JA-ACC)-inducib]e VOCs  from  R  tongisentrn at  different coneentratiens/  [A] At 1uM.  5,uM  and  10ptM of  JA, [B] At 50"M  and

tOO"M  efJA.  Compounds/ zingibercnc  (1), 6-elemene (2), fi-caryophyl[ene (3), or-bcrgamotene  (4), sesquiphellandrene  {5), (E)-fi-farnesene
C6). or-humulene  (7), (lt',l,'}- cr- farnesene (8).

bated fbr 24hr  (Fig. 2LA]), although  tl-caryophyllcne (3) was  a

littte targer. It was  suggested  that short  incubation periods or

lower concentrations  might  yie[d simiiar  relative  proportions oC

sesquiterpenes  in VOCs.

5. Emission qf' frDCs b.i･, amide  coiv'ugate,s  qf.L4
Amide  corljugates  of  JA  have  been  found  in ptants and  are  sug-

gested to work  as  derivatives of  JA in the  ectadecanoid  signaling

pathway.!!} Amino  acid  conjugates  ofJA,  such  as  JA-Lcu  and  .]A-
Wil, have been  sho"n  lo eticit phytoalexin production in ricc

leaves4'LS) and  increase by wounding,2i)  Another  amide.  JA-ACC

has been found in Arabidopsis,]G) but there has been no  informa-

tion  whether  these derivatii,cs would  be active  or  not  in the emis-

sion  of  VOCs. The present resu]ts  showed  that JA-ACC  elicited

the emission  of  sesquiterpenes  as well  as  JA (Fig. 5), although

JA-Leu, JA-Ile, and  JA-VtLl were  all inactive at 1OOpM  (data not

shown).  In thc rclative  proportiens of  sesquiterpenes  induced by

JA-ACC.  there were  few differences bctwecn that by 5 ptM and

10uM  (Fig. 5LA]), er  SOuM  and  1OO ltM without  an  increase of

(E,E)-aFfarnesene (8) (Fig. 5[B]), but relative  proportions were

different bctween JA-ACC  and  JA. Proportions of  or-bert,-

amotene  (4) with  50 and  100uM  of  JA-ACC  (Fig, 5[B]) were  a

little higher than those oi' JA (Fig. 2[Bl). JA-ACC  resjsted  STS

more  than  JA (Fig. 5[B]). that is. S'l'S was  not  able  to inhibit the

ernission  of  6-elemene (2) and  fi-caryophyllene (3) at all. It is

possible that the ACC  yielded from JA-ACC  might  affbct  on  thc

r¢ sistance,  although  ACC  applied  cxogcnously  showed  no  effCcts

on  thc clicitation  by JA  (data not  shown).  These results  indicated

ng  1 vial

2.0

ri.o

[ ]iJA (ao pM>
tw : JA (1O yM)  +  mevastatin  (50 pM)

n,d.n.d,

i'i1

1 2 3 4 5

   Compound  number6

7 8

F;g. 6. Effect of  mes,astatin  on  the JA-inducible VOCg  from R  tongisetum, C;ompounds/ zingiberene  {1), 6-elemene (2), 6-caryophyllene (3),
ct-bergamotene  C4), sesquiphellandrene  (5), {E)-13-farncscne (6), a-humulenc  {7), (E,E)-a-farnesene (8).
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that JA-ACC  might  work  different]y from  JA, and  implied that
JA-ACC  might  be an effective  jasmonate signal  in R tongisetum,
though  it has been suggested  that JA-ACC  was  inactive in Ara-

bidopsis.'e)

6. Biogenesis oj' .[4-inducible seseuiterpenes  ,fhont R

    longisetum

ferpenes are  the majer  constituents  of  plants' defensive VOCs,
and  it is interesting how these VOCs  are  synthesized  in plants,
Recently, the dynamic pathway allocation  of  vo]atiles  between
monoterpenes  and  sesquiterpenes  have been reported  in VOCs
from [ima bean leaves,!4} and  it was  shown  that an  inhibitor of  3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase  reduced

the emission  of  nerodiol-derived  hornoterpene,24) The inhibitory

activity  of  mevastatin  (a HMG-CoA  reductase  inhibitor) on the

JA-inducible emissien  of  sesquiterpencs  from leaves of  R
longisetum was  investigated, Interestingly, the  emission  of  zin-

giberene (1) and  fi-elemene (2) was  not  fu11y reduced  but the
emission  of  other  sesquiterpenes  was  effectively  suppressed  (Fig.
6). This  result  implied that both the  methylerythritol  pathway
(MEP) and  rneva]onate  pathway  (MP) might  contribute  to JA-in-
ducible volatile  sesquiterpenes  in R  tongisetum.

  The  present rcsults  showed  that the emissien  of  sesquiterpenes

from R longisetttm was  depcndent on  JA concentrations  via  prob-
ably  ethylene  aetion,  and  that sesquitcrpenes  might  derive from

both MEP  and  MR

1)

2)3)

4)
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