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Abstract-Absasvz acid (ABA) IS synthesized from labelled mevalonate by a preparation of lysed chloro- 
plasts Isolated from ripemng avocado fruit, a number of cofactors are reqtured A slmllar preparation from 
bean and avocado leaves was also active and chloroplasts from the green outer, and white, mner parts of the 
fruit were equally effective 

INTRODUCTION 

AVOCALIO fruits are the richest source of absclslc acid (up to 10 mg/kg) and they also 
convert labelled mevalonate mto absclslc acid (ABA) more efficiently than any other 
tissue known at present 1 Leaves increase then ABA content about 40-fold when they 
wllt2 but the percentage of added mevalonate mcorporated mto ABA, even by wilting 
leaves, 1s considerably less3 m comparison with fruit and at least 10 hr must elapse 
between feeding and wlltmg for any mcorporatlon to be detectable 4 Thus leaves are 
unfavourable organs to use for biosynthetic studies but the apparent existence of a strong 
barrier to penetration of mevalonate mto the site of ABA blosynthesls m leaves parallels 
the results of Goodwin and colleagues5-8 who found that the chloroplast membrane 1s 
highly impermeable to mevalonate and that good mcorporatlon mto carotenolds occurred 
only when the chloroplasts had been lysed The bdrrler to mcorporatlon of mevalonate, and 
the slnularlty of the structures of ABA and carotenolds, suggested that ABA 1s formed 
wlthm chloroplasts 

Synthesis of ABA m ripening avocado (Persea gratzsszma) fruits occurs at the same rate 
whether the mesocarp shces are turgid or wllted,4 and synthesis IS rapid m spite of the high 
exlstmg ABA content It appears from this that m avocado fruit, at this stage of maturity, 
blosynthesls is not subject to the regulatory controls that operate in leaves 9 Consequently 
it was possible that the blosynthesls of ABA from added mevalonate m avocado fruit 
might be accentuated by damaging the chloroplasts, and th‘lt lqsed chloropldsts of the fruit 
were a possible cell-free system for synthesis of ABA from mevalonate 

1 NODDLE, R C and ROBINSON, D R (1969) Bmchem J 112,547 
* WRIGHT, S T C and HIRON, R W P (1972) m Plant Growth Substances 1970 (CARR, D J , ed ), p 291, Springer, 

Berlm 
3 MILBORROW, B V and NODDLE, R C (1970) Bmchem J 119,727 
4 MILBORROW, B V and ROBIN~N D R (1973) J Eup Berm\ 24, 537 
’ GOODWIN, T W (1958) Blochem J 68,26p 
’ GCIODWIN, T W (1958) Bmhem J 70,612 
’ ROGERS, L J, SHAH, S P J and GOODWIN, T W (1966) Bmchem J 99,381 
* CHARLTON, J M, TREHARNE, K J and GOODWIN, T W (1967) Bmhem J 107,205 
9 MILBORROW, B V (1972) m Plant Growth Substances J 970 (CARR, D J , ed ), p 281, Spmger, Berlln 
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RESCLTS 

The results of the first experiment (Table 1) show thdt labelled mevalonate was 
mcorpordted mto ABA by the chloroplast prepardtlon and. as expected, Intact chloro- 
plasts synthesized less labelled ABA than did broken ones on-usslon of the cofactors 
drastically reduced mcorporatlon (Tdbles 2 and 3) The chloroplasts dppeared undamdged 
in electron microgrdphs and the outer membrdnescould be been clenriy A feu mitochondrld 
were present in the E M prepdrdtlons but they occurred dbundnntly (together with some 
broken and intact chloropld5ts) m the orlgmnl supernatnnt fractions \\hlch synthesized 
0 137 of the amount of labelled ABA formed by the chloloplnst pleplrntlon (Tdble 3) 
Ten randomly chosen electron mIcrograph\ of a subsample of the preparntlon used m the 
experiment m Table 3 gave mean rclatlve nreas of 100, 30 ‘tnd 6 X”,, fol chloroplasts, 
protoplast fragments wlthm membranes and mltochondrr,l respectively 

Treatment 

ABA 
I\oldted 

‘15 methyl 
tster (g) 

dpm m 
methyl ABA 

2 hr Incubation 
mtact chloroplasts 

2 hr Incubation 
mtdct chloropldsts 
acetone and 
Tween-20 added 

2 hr Incubation 
Lhloroplasts lysed 
InOlM 
K phosphate 

17 hr Incubation 
Intact chloropldsts 

17 hr Incubation 
Intact chloroplasts 
acetone dnd 
Tween-20 ,ldded 

17 hr Incubation, 
chloropk\t\ lysed 
1nO1 M 
K phosph,itc 

20 x 440 187 Ii5 

22 2 156 60 52 

‘2 1 IO00 180 450 

216 546 278 20 1 

217 910 100 3x0 

24 2 2860 1376 1197 

Complete medium, mtdct and lyscd chloropld?ts, with dnd without acetone (0 05 ml 3 5 M H,O) dnd Tween-20 
(005 ml, 20”/, H,O) ( t)-[2-3H,]Mcvdlonoiactone (2 0 x IO’ dpm) ~‘15 added to Lath tube dnd the tncuhatlon 
wds cdrrlcd out under labordtory hght (480 IX) (+)-ABA (2X hlg) dnd 26-dl-r-hut41-4-mcth~l phtnol (10 pg) 
were ddded at the end of the lncubdtlon period m the methanol used to kill the preparation The recover\ 01 the 
ABA wds cdlculdted from the absorptlvitk of solutions of methyl Cth\ct\Clte (tinlr 265 nm = 20900) the contra- 
butlon of thL tndogenous I + )-ABA did not chcted 5”,, of this wiue ~111 the \,lmples of methyl dhsasdte from 
this expLrlmtnt wLrL I L~LILLC~ to t/IL IW~LI IL I 4 -d~ol\ Lhl omatogl qhcd ‘end Lountc d T~L equal dl\trlbutlon 01 
thL rddlodctlvltj hLtwcLn the two dlol\ and the dbstnce of an> othtr ldbtlled mnterlals qhon that the [2-jH2] 
mevdlonate hnd been mcorpordtcd Into dbscisiL dcid EdrIle work ha\ shoan ” thdl appro\imdtelq half of the 
trltium from C-2 of mcvdlonoldctonc 15 rct,uned In methyl ahsclsatc 

Although halved avocado fi ult can incorporate mevalonate into ABA m darkness, and 
no stlmuldtory effect of hght ha\ been observed the disrupted chloroplasts mcorporate 
less mevalonate mto ABA m dnrkness than when Illummated (Tables 2 and 3) It 1s possible 
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that photosynthesis can maintain the supply of ATP or reduced co-enzymes m the lysed 
chloroplasts An attempt to overcome the effect of phosphatases by adding twice the usual 
amount of ATP led to reduced incorporation (Table 4) but supra-optimal concentrations 
of ATP have been reported to mhlblt biosynthetic reactions m chloroplasts * Addltlon of 
polyvmylpyrrohdone and the antioxidant 2,6-dl-t-butyl-4-methyl phenol (BHT) was wlth- 
out effect (Table 4) 

Treatment dpm m methyl ABA 

Complete medium 1260 
Complete medium Incubated m darkness 55 
-ATP 152 
-FAD-FMN 152 
-NAD-NADH 152 
-NADP-NADPH 486 

The complete medium and the medium with various co-factors ormtted were used 
(?t[2-‘4C]Mevalonolactone (1 7 x 10’ dpm) was used each time but m this, and all 
subsequent experiments, the amount of (+ tABA added at the end of the 17 hr mcubatlon 
was lowered to 14 pg, 480 lx 

The progressive reduction of the amount of labelled mevalonolactone added, from 67 pg 
m Table 1 to 17 pg m Table 3, reduced the amount of label mcorporated mto ABA 
and ds radiodutograms of the neutral and acid extracts showed that a large number of 
other labelled products are formed it IS possible that the (+ )-[2-14C]mevalonate IS used 
up early on m the incubation Furthermore, the extension of the duration of mcubatlon 
to 27 hr reduced the amount of label m ABA suggesting that synthesis had slowed or 
ceased and degradation was occurring Consequently the labelled mevalonolactone was 
ballasted with 70 pg of unlabelled material (Table 4) This treatment gave the highest 
mcorporatlon (even higher stlmulatlons have been obtained m other preparations) so the 
addition of the label m 87 pg (+)-mevalonate was used routinely thereafter 

TABLET EFFECTOF TIMEANDOTHERFACTORSON ABSCNCAC~DFORMATION 

Incubation 
tl me Treatment 

dpm m methyl 
ABA 

A 

9 hr Complete medium 241 
17hr Complete medium 906 
21 hr Complete medium 638 
17hr I x IO6 dpm Mevalonolactone, complete medium 107 
17hr Complete medium, incubated m ddrkness 310 
17hr Supernatant added to complete medium 124 

B 

17 hr Complete medmm 260 
17 hr 2 x Concentration of ATP added m complete medmm 83 
17hr I x lo6 dpm Mevalonolactone, complete medium 97 
17 hr 2,6-Dl-t-butyl-4-methyl phenol (10 pmol) and 

polyvmylpyrrohdone (10 mg) added 250 
17hr Complete medmm-NADP 83 
17 hr Complete medium-NADPH 53 

(+)-[2-‘4C]Mevdlonoldctone (4 4 x IO” dpm) wds added to dll except where stated 13 000 lx 



In 1972 Croteau et UI lo Increased the yield of labelled peppermmt terpenes by supplying 
sucrose with the mevalonate fed to the tissues and attributed the several fold increases to 
the rehef of an energy deficiency m the sites of synthesis Addltlon of 10 mM sucrose did 
not stimulate mcorporatlon. but the sorbltol used contdms reducmg sugars (0 3%) and so 
any sugar required could hdve been qupplled from this source An oxygen-free atmosphere 
(Table 4) gave results slmllar to the control Centnfugatlon of ‘i lyced chloropldst prep- 
aratlon at 2750 (I for 20 mm dfter ,rddltlon of cof,ictols and [‘“Clmevdlonate gdvc d pellet 
of chloropldst frdgments (0 2 ml) and dn almost colourless supernatdnt (0 8 ml) h-action 
Both subsamplesmcorporated [‘“C]mevalonate mto ABA to a slmllar extent showing that 
the blosynthetlc system for ABA cdn be solublhzed 

Trc,ltmu~ t clpm m methyl ABA 
_____ ____ --__ 

Complete medium 144 
02-free dtmo5phere, Lomplete medmm I51 
Superndtant of Iqscd chloropld& 137 
P&t of lqsed chloropldsts IO5 
Sucrose (IO Itmol) dddsd 117 
Unl,~belltd (f )-mcvdlonoldctont (0 5 ltmol) ddded I63 

( f)-[2-‘4C]Mev,llonolactone (4-l x IO” dpm) plus unlabelled MVA (70 pg) (17 hr) w&s added m tdch Ldse 
One sdmple of lysed chloropldsts wd5 Ltntrlfuged dt 2750 y for 20 mm, thlh gdve d superndtdnt frdctlon 
(02 ml) and d pellet (08 ml) The oxygen frte ,ttmo<phere hd5 prodwed by Lonnecting ‘III mverttd I’-tube 
contalmng pqrogdllol dnd KOH to the wmplc tube 1500 lu 

The predommdnce of chloropldsts with starch granules and lamellae suggest? thdt the 
mdjorlty c&me from green parts of the fruit Nevertheless, electron microgrdphs of colorless 
mesocarp showed that etlopldsts were present, and ds such colourless chloroplasts Rere 
found to blosyntheslze ABA <15 rdpidl} as those from the outer green parts, cuid ds shces 
of the central, white me\ocarp hdve also been found to make ABA I’ It uould appeal that 
the etloplasts dre equdlly effectlvc (Tdblc 5) 

TAIXI 5 t, FI ( T Of IX1 tf KI \ 1 ( fft OKOI’I A\f’, 4VI) (JTlll K tA( TOI<\ Oh III1 131O‘G\,h’MI \I$ Of USC IVC \( II) 
--___ __- 

I~~dtmtnt dpm m methyl ABA 

Chloropldsts from green mesocq? complttt medium 
Etlopldst5 from white meaol‘rrp complete medium 
NOI mal chloropldst prcpardtlon complttt mcdlum 
( f )-Absnsic. dcld (0 19 /Imol) ‘tdded 
3-Ammo-l 2 J-trld7ole (0 12 jtmol) .Idded 
Chloropkt\ from young l~d\e\ of .m rl\oC‘ido 

430 
486 
500 

1020 
460 

wdlmg complett medium 734 

(i J-[2-“C ]Mcvdlonol~Ltonc I-l 4 x IO’ dpm 0 5 firnol) (Ii’ hr) tids added to dll samples ThL be‘tn chlolo- 
pl,lsts Here ptLp,ued ~5 5hown Llthcr from rhc oukr green p‘uts of the mesowrp or the ahltL mnLI P~II t ot J 
mlxturt ri5 befort Tube 6 contcunLd chloroplasts extracted from green leave5 of ‘m dvoL<kdo wzdhng (IL_ )- 
Abwslc ‘Icld (0 I9 /cmol) wd\ ,Iddcd to tubL 4 dnd &mlno-I 24.trla~ole (012 Llmol) to tubL 5 All 
chlolopta\ts acre Iqsed J\ uw,d 1500 1~ 

‘“CR~IIAI R BuKaorr A I and LOOWIS W D (1972)Ph1tochenn,rrr II,1912 
‘I Unpuhhshed d,tt,i 
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Lysed chloroplasts Isolated from young avocado leaves were also able to make absclslc 
acid, as was a complete preparation to which 3-ammo-1,2,4-tnazole had been added 
(Table 5) This compound IS widely used as a herblclde and causes the development of 
colourless plants it did not have a notlceable effect on ABA synthesis An mhlbltor of 
carotenold blosynthesls, &phenylamme,’ 2 did not mhlblt ABA blosynthesls m lysed bean 
leaf chloroplasts, nor &d Sandoz 6706 (4-chloro-5-d~methylam~no-2-a,a,cc-trlfluoro-3-tolyl- 
3-dlhydropyrazmone), also reportedI to mhlblt ca;otenold biosynthesis m higher plants 
(Table 6) Thus ABA appears to be made by reactlons other than those of carotenold 
blosynthesls 

TABLE 6 EFFECT OF INHIBITORS ON THE BIOSYNTHESIS OF ABSISIC ACID 

Treatment dpm m methyl ABA 

Complete medium 83 
Sandoz 6706 (0 03 pmol) added 135 
Dlphenylanune (0 06 pmol) added 138 

(+_ )-[2-’ ‘C]Mevalonolactone (4 4 x lo6 dpm, 0 5 pmol) (17 hr) wds added to all samples 
The chloroplasts were prepared from the leaves of bean seedhngs and lysed as before, 3500 lx 

As less labelled ABA was present m the 27 hr mcubatlon m Table 2 than m the 17 hr 
one it appears that the newly formed ABA IS degraded Consequently unlabelled 
(_I )-ABA (0 19 pmol) was added to reduce the loss by Qlutmg the labelled ABA and 
thereby to delay its destruction The precedure yielded the highest dpm of the experiment 
(Table 5) and so ABA cannot mhlblt its own synthesis m this tissue as it appears to do m 
wheat leaves 9 

It IS possible that lysls allows the cofactors (rather than mevalonate) to penetrate mto 
the chloroplast and stimulate the blosynthews of ABA but this 1s considered unlikely 
because of the difficulty with which mevalonate penetrates mto intact chloroplasts The 
intact organelles would be expected to have an adequate supply of cofactors to support 
the normal rapid rate of synthesis because intact leaf chloroplasts can synthesize caro- 
tenolds from CO2 (and acetate to a lesser extent) but not from added mevalonate ’ The 
amount of mevalonate mcorporated mto ABA by avocado frmt pieces IS extremely variable, 
even between fruits of one batch at apparently identical stages of ripening Each experiment 
was carried out on tissue from one fruit and the variations between the control (complete 
medium) values are attributed to differences between the fruits 

DISCUSSION 

A cell-free preparation IS now available that can blosyntheslze absclslc acid from meva- 
lonate and so the constraints of cell and tissue permeablhtq on its biosynthesis can be 
ehmmated In the rlpemng avocado fruit it appears that the maJorlty of the ABA 1s 
blosyntheslzed within the chloroplasts but Goodwin et al 7 have shown that there 1s a 
chloroplastlc and an extrachloroplastlc system able to convert mevalonate mto terpenolds, 
so the occurrence of ABA synthesis outside chloroplasts, and m other tissues, cannot be 
discounted 

” GOODWIN, T W and OSMAN, H G (1954) Blochem I 56,222 
I3 BARTELS, P G and MCCULLOUGH, C (1972) Blochrm Btophys Rrs Commun 48, 16 



Goodwm et al smH have found that the mtdct chloroplast membrane is highly imper- 
meable to mevalonate dnd this barrier may account for the separation of newly synthe- 
sized ABA from that absorbed by the cell from the outslde I4 The occurrence of ABA m 
xylem’ 5 dnd phlocm” sap? and nectar’- yhows that It must be Ciblc to pass out of the 
chloroplasts (unless It can also be mdde outside them) The occurrence of this flux and 
the mechamsm by which wlltmg causes the drnmatic Increase m the ABA content of leaves 
remdin for investigation 

FXPFRJMEhTAL 
intact Lhloropldsts were prtpared acLordmg to the method> 01 Wdlkcr ” from ‘i mlytule of the mner wtute 

dnd perlpherdl, green zones of d ptLlLd ,r\ocddo fruit or from green le,tve\ of bean (Phuwdut ~ulynr/r) and 
dvocado seedlings A tissue sample (Xg) homogemzcd in 150 ml of dn Ice-cold bolutlon of sorhitol (035 M), 
MgClz (001 M), dscorhlc acid (001 Mt K phosphate hufrtr pH 7 2 (0 I M) nd\ bltercd through Light lays of 
cheese cloth The filtrate (6 x 10 ml) w.d\ centrifuged for I mn (3750 11 mn\) and the 6 pellet? of IlltdCt 

chloroplasts uere comblncd resuspended 111 freTh mcdlum (ICI ml) and recentrlfugcd The picked kolumc of the 
mixture of chloroplasts and etiopldsts varlcd betaicn 0 I i dnd 0 25 ml, 20 g frmt ti\>ue m drfferent eiperlments 
The ploteln content of d 0 2 ml pI,istld p&t (Bmret method bo\me plasma albumm Cl5 d standard) prepared 
florn 20 g peeled frut taste L\~%\ 0 4X mp The Lhloroph~ll content of the pellet NAS Ii 7 ~9 (h\ 21non \ method”) 
whereds 196 pg \\cre prL\ent m dn ~qmvdlcnt r,tmplo 01 l1-u11 (20 ~1 Thus ((i X ‘(, of the thloropl,lst\ Irom 20 ,g 
fruit were prcqent ln .m .lcs,i> tube The p&t fin5 lq\cd in 0 i ml KHPO, buflo! pH 7 2 (0 I M) for I hr dnd 
then corntuned alth other prepdrdtlonr and \uhdlrldcd to gl\e cbloropldut\ e\tlncted lrom X I! ft ult m ench tube 
Aqueous solutions of ATP (0 I ml 0 02 M) MgCI, (0 02 ml, 0 05 M) mLrLdptoethrmol (0 05 ml 0 2 M) \oiutlons 
and d nuxture of FAD FMh NAD \rADH hADP VADPH (rtdch 0 113 ‘II In the iame 0 I ml kHP0, buffer 
pH 7 2 005 M) aert added to edch ahquot together ulth (i)-mevdlonoldcton~ (r3-‘H2] 17 &I btM or [Z-‘“C] 
17 ~CI,‘~M) In 0 05 ml and H,O (to 1 0 ml totdl vol) The rLdct]on mlYture Rds mLubated Jar 17 hr m d stoppered 
glass tube m d udterbdth at 28 dnd IlIummated bq fluorescent lamps or photoflood tungsten ldmps The 
reactIon was stopped by addmg MeOH (I ml) ,md lsolntmg the ABA d’r before’ IncorporatIon of the 
[‘“Clmemlonnte mto ABA ~‘1s determmed dccordmg to the crlterld described prr\lousl> ’ ’ Brleflq the ABA 
purihed bq TLC on slhca gel m toluem EtOAL-HO4c (50 30 4) should he methylated chromdtographed m 
hexant- EtOAc 13 I) eluted and reduced bv NaBH, 111 1Lt-cold ,~quttrut methanol to an equ,ll mlkture ot the 
I 4 -(it- and 1 4 -II tur+dlol~ of methbl C:b\clutc 1 hL p~~a~n~e of Iabclled mdtel1,~l 10-~hroIIldtOg1dphlng \\lth the 
respective marhtrs, the equal dlstributlon of the I ddlOdCtl~ltj between the dials together wltb the ,ibbLnce of an) 
other labelled mater& at this stagt dre consldered to be ndequdte proof of the mcorpordtlon of Idbelled 
mevalonnte Into ABA The L!V absorptmn of the methyl ,tbscis._itt l\olated (Table I ) shohed thili bet\\een 74 ,md 
863, (mean go”,,) of the 28 jig added wns reLolcred The ndturdl (+)-ABA Lontent of d mcth\l dbscltitc fraction 
prepared wIthout the dddltlon of I4 pep (*)-ABA until the prepdrdtlon !\ds kilted shamed tbdt 0 5 {cg ( +)-ABA 
and 12 0 jig of the racemate were recovered respeLtivel! A s,tmple ot thL fruit IIssue contdlncd 8 i~g ABA g fr wt 
so about 46”; of the I +)-ABA m the frtut LXI he calculnted to h,lve hecn present tn thi chloroplastc 
However, thl\ figure rnd\ hacc been dlstol ted hv mgreqs or egrLs+ of ( t )- 2BA durmg the i\oIdtlon proLedulc 

Subsdmplcc of the Lhloroptn5t plcpdrdtlon used m Table iA dnd pieces of mterndl white and perlphLra1 green 
avocddo mesocarp wele prcp‘!rLd fol Llectron microscopy by fi’idtlon ulth ghitdrdldch!de (0 5 M) sucrose 
(0 263 M) lid nhosph&*te buffer (PH 5 2 0 7 M), staIned with osmium tellovidr (007Y M) 111 sucrose (0 OS8 W) 
kmbedded In a;,itdl;c .md sectron& at 50 nm ‘” Of thL Isoldted chloropldsta 5X”,, contamed th\lakold membrdnes 
and stdrch gram, the remaining 42”,, welt s~m~l‘u to etloplasts 111 s&Ions 01 the \\hlte patr of the fruit which 
ldcked the\e feeaturcs 
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