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A bstract. Individual intact excised immature Sultana berries were supplied through the
cut pedicel with "-4C-sugars and organic acids. When 14C-hexoses were supplied malic and
tartaric acids accounted for 25 %v and 10 % of the total activity extracted after 24 hours, and
sucrose was synthesized. It is proposed that the changes in the levels of organic acids during
ripening are related to changes in the ability of the berry to synthesize them. Although
administration of uniformly labeled sucrose resulted in the unequal labeling of glucose and
fructose, the results indicate breakdown of sucrose by invertase. It is suggested that the
route of entry of the pedicel-fed sugars into the berry may be different from the route taken
by sugar transloceated from the leaf.

Sucrose is the major tranglocalted sugar in
grapevines (12) but glucose and fructose make up

the bulk of the sugar in the grape berry at all

stages of development (9). During the early
stages of berry development the total sugar con-

centraition is low and glucose exceeds fructose by
uip to 5 times. At the onset of ripening the
concentrations o,f glucose and fructose increase
rapidly and soon become equal (9). Malic and
tartaric acids increase in concentration in the
imnmature berry but decline during ripen,ing (8).
Bcoth acids can be synthesizetd in the imimature
berry (4). Ra.dioac,tive malic and tartaric acids
have been isoolated from graipe berries following
administration of ",CO, to thie leaves, ma:lic adid
being form,,ed more rapidly than tartaric (4, 6, 7).
The labeling of organic aci,ds in the berry is greater
where '4CO., is supplied to leaves lof vines hearing
imnmature fru,it than nearly ripe fruxit (6) and the
labeling of organic acoids is also influenced by tem-
perature (6) and Ilight intensity (7). In these
experiments iit is unclear whether the coml)outnds
becoming labeled in -the berry are trauslocated fromn
the leaves or are formed from sucrose in the berry.
Thuis the changes in the reltative amouints of su,,gars
and organic acids at different stages of herry de-

elopment may be (Itie either to chaniges ill the
composlition of the translocated material or to
changes in the metabolism of translocated suicroise

in the berry. The uise o-f indivi-\idutal excise(d intact
grape berries permits the sttudy of the utilization
oif various 14C-metabollites over short time intervals.
W\lhen "4C-suicrose, glucose or fructose were sup-

plied to excised ripening b-err,ies, sma:ll amounts of
radioactivity appeared in mallic acid but none in
tartaric acid (5).

The presence of invertase (1, 2) and eutial
amouints of glucose and fructose in mature berries
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(9) suggests that the tran,slocated sucrose may be
inverted. When 14C-sucrose was presented to
ri,pening berries however, fructose became more
heav-ily labeled than glucose (5), whiioh seemed
inconsiistent with inversion, and evidenc,e for suicro,se
synthesizling enzymes was obtained (5). Thus it is
clonceivable that sucrose is broken downl by a re-
versal of the stucrose syntheta,se reactioon, resuflting
in the prodtuction of UDP-gltu,c,o,se and fructose.

The presenit paper describes experiments on the
tiilization of 14"C-stugars and organic acids by
immaiture grape berries.

Materials and Methods

Grape berries were taken from fully grown
vines of Vitis vinifera L., cv. Sulltaniina (syn.
Stulltana, Thompson Seedless) growing in a vineyard
near Adelaide, South Australia. The berries used
in ani experiment on 14"C-sucro,se utilization wvere
harvested 3 weeks after flowering when the fresh
weig'htt wa,s 0.22 g/berry. For the experiment oni
"C-glucose, fructose, ma,lic and ta,rtaric acid utitiza-
tion the berries were taken 4 weeks after flowNering
wvhen the fresh weight was 0.37 g/lberry.

Unliformly "4C-labeled sucrose (22.8 jic//mole).
g"1lulcose (87 /ic/pmole), fructose (86.2 juc/,umole),
t,-malici acid (15.1 uc/jumole), and D,L-tattaric
acid-l,4-"4C (5.1 jtc/pmnoIle) wvere ob-itained from
the Radiochemical Cenitre, Aniershamii, U.K. and
were used wvithout altering the specific activities.
Sucro,se labeled only in the fructose moiety was
prepared by means of UDP-glucose-fructose glu-
cosyl transferase from wheat germ. The enzymre
wa,s prepared according to the procedure of Cardini
et al. (3) and the purification was taken as far as
the first ammonium sulfate fractionaition. The re-
acbi,on medium contained 2.0 M tris buiffer (pH 7.2),
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20 ,ul 0.05 UDP-glucose, 40 ,,l; enzyme, 40
,ul and 200 ,uc of the 14C-fructose in a total volume
of 3.0 mil. The mixtture was incubaited 1 hour at
370. Sucrose was isolated by paper chromatog-
raphy. No radioactivity was detected in glucose
after invertase treatment of a sample of the siicrose
and separation by paper chromatography.

Radioactive compounds were administered to
individuail excised immature berries via the cut
pedicel by a method described previously (5) in
the dark at 250 in a dry atmosphere. In all ex-
periments, for each sampling, 2 berries were used
and extracted and analyzed separately. Each re-
sult is the mean of the 2 replicates. Most of the
berries absorbed the 10 pi of water containing
2 ,uc radioactive compound in 70 minuites. At this
time the plastic tubes and pedicels were removed
and the berries were placed in test tubes in the
dark at 250. The tubes were closed wilth stoppers
bearing filter paper strips soaked in 0.15 ml 10 %
KOH. The alkali papers were changed at inter-
vals and dropped into test tubes contain!ing 5 ml
distilled water. Aliquots of the solutions were
dried on glass plancheits uising an infra red lamp.
FEach sample was counted as soon as it w-as drx
using a gas-flow detector with 37 % efficiency.
Self absorption was less than 5 % and no correction
wa s made.

In an experiment on the utilization of uini-
formly-lableled suicrose and sucrose labeled only inl
the fructose moiety, berries were killed at 0, 1, 3,
6 or 12 houirs after they were placed in the tubes
with alkalli papers. The utilization of i4C-glucose,
frulctose, mallic and tartaric acids was stuidied over
periods of 2 or 24 hours. The berries were killed,
extracted and the solluble oompounds analyzed for
l4{C distribution as previously described (5) witlh
the following modifications. The effluent from
the Dowex 50 coltumn was run directly through a
5 X 1 cm column of A,mberlite IR4B resin in the
hydroxyl form. Anions were eluted with 50 m4 4N
NH,OH, and after washing with water the resin
was ready to be used again. Neiither decomposition
nor absorption of glucose or fructose occurred on
the resin and malic and tartaric acids were re-
covered quantitatively. The IR4B eltuates were
evaporated to dryness in a rotary evaporator.
V'olatile ammonium salts were removed by dis-
solving the residue in a few ml water and evap-
orating to dryness again. The free organic acids
were obtained by passing a solution of the ammo-
nium salits down a 3 cm X 1 cm column of Dowex
50 resin in the hydrogen form. Organic acids were
chromatiographed on paper using the organic layer
of a mixture of n-butyl alcohol, formic acid and
water (1:1 :1, v/v) which haid been allowed to stand
overnight, or of a mixture of n-butyl alcohol, acetic
acid and waiter (4 :1:5, v/v). Sugars were sepa-
rated on paper using a mixture of ethyl acetate,
pyridine and water (8:2:1, v/v). Chromatograms
were scanned using a Nuclear Chicago ABigraph

11 instrumenit and the peak areas measured with a
planimeter to give the percentages of total ex-
tracted 1"C in different components of the extracts.

Results

Determinations of fresh weight and concentra-
tions of glucose, fructose, malic and tartaric acids
were maide throughout the 1966-67 season. The
changes during the course of berry development
were in general accord with those reported by
Kliewer for the same cultivar (8, 9). Sugar con-
centrations began to rise during the seventh week
after flowering and the greatest rate of increase in
fresh weight and sugar concentrations was during
the ninith and tenth weeks. The decline in organic
acids began in the eighth week.

Utilization of Uniformly-labeled Sucrose and
Sucrose Labeled Only in the Fructose Moiety. The
mean recovery of 14C (extract plus CO2) from all
berries supplied with radioactive sucrose was
43.9 ± 7.8 % of the total 14C supplied. Figures 1
and 2 show that most of the '4C-sucrose absorbed
throuigh the pedicel was immediately broken down;
only 20 to 25 % of total 14C remained inl sucrose
while glucose and fructose together accounited for
50 to 60 % of the extractted 14C at this time.
Duriing the followiing 12 hours there was lit(tle
futrther decrease in the percentage of total 'IC ill
suierose. Changes occurred in the ratio of label inl
the glucose and fructose moieties of sucrose which
were paralleled by the changes in the ratio of
labeling of the free glucose and fructose (itable I).
WVhen sucrose labeled onily in the fructose moieity
w-as supplied the 14C-glucose/lIC-fructose ratios
increased towards unity during the 12 hour incuba-
tioIn showing that the radioactive sucrose remaining
in the berries was being broken doxvn andt resyn-
thesized.

When uiniformly labeled sucrose was supplied
the labeling of fructose was initially slightly greater
than that of glucose (fig 1) buit on administration
of sucrose labeled only in the fructose moiety
nearly all of the hexose labeling was in fructose
in the earlx stages. These resuilts show that the
radioactive glucose formed from uniformly labeled
sucrose came from the gluco,se moiety of sucrose
and not from conversion of fructose to glucose
following breakdown of sucrose to UDP-glucose
and fructose.

Figure 3 shows the time course of the percent-
ages of total 14C in malic and tartaric acids. A
rapid transformation of sucrose to malic acid
occuirred such that malic acid accounted for 15 %
of total 14C in 3 hours. Tartaric acid accoiunted
for 7 % o-f total 14C in 24 hours. There was no
significant difference between the contributions of
the glucose and fructose moieties of sucrose to
organic acid synthesis.

Smal,l amounts of radioactivity were detected in
ajmino acids and in other. organic acids which
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FIGS. 1, 2, 3. Changes in the percentage of total
extracted 14C ill glucose and fructose (fig 1), the glu-
cose and fructose moieties of sucrose (fig 2), and malic
an(l tartaric acids (fig 3) at various times after uptake
of unif,ojrmly labeled sucrose (solid lines) or sucrose
abele.d only in the fructose moiety (broken lines) by
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FIGS. 4. 5, 6. Percentage distribution of totatl ex-
tracted 14C in sugars and organic acids from imn-mature
grape berries 2 or 24 hours after uptake of 14C-glucose,
fructose or L-malic acid.

immnature grape berries. Pedicels were removed aLt

time which was 70 minutes after ad-ministration of the
radioactive solutions.
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Table I. Ratio of 14C-Glucose to 14C-Fructose in Free He.roses aind in SUiirOSt' Extracted fromii IJumnature Bcrries
at Differenlt limes after Adniiniiistrationi of Unifornlyv Labeled Sucrose or- Sucrose Labeled onl/ ii tfhe

Fruictose MIoicty,

Uniformily labeled sucrose
Sucrose labeled in

fructose moiety onlv

Glucose

Fructose
0.80
0.72
0.78
0.94
1.19

G moviety of stucrtose Glucose

F ))!oiety of sucrose Fructose
0.75 0.14
0.75 0.26
0.82 0.36
0.82 0.42
0.95 0.71

corresponded to phosphate esters, citric, glyco?lic,
SUccinic and fumaric acids on the paper chroma-
tograms. The percentage of the total 14C in these
acids was highest at the beginn'ing of the experi-
men't an!d declined with time.

The contributions of the glucose alnd frutctose
moieties of sucrose to respiratory CO2 were similar.
The total 14C recovered in CO. during the 12 houir
incubations represented 20 to 25 % of the radio-
activity extracted from the berries at 12 hours.

Utilizationt of 14C-Glucose, Fructose, L-Malic
Acid (atnd D,L-Tartaric Acid-I,4-14C. Figures 4, 5
and 6 show the percentage distribution of 14C in
the suigars and organic acids isolated at 2 or 24
hours from berries treated with 14C-glucose, fruc-
tose or mialic acid. '4C-Glucose Mwas more rapidly
metabolized than 14C-fructose in the first 2 houirs.
This is shown by the relatively heavier labeling of
malic, glycolic and su-cciniic acids and by the more

rapid conversion of 14C-glucose to fructose than of
14C-fructose to glucose. Both 14C-hexoses were

cionverted to sucrose and the ratios of label in the
glucose to fructose moieties again were similar to
those in the free hexoses. Both 14C-hexoses were

conver-ted to organic acids. At 24 hours malic and
tartaric acids accounted for approximately 25 %
and 10 % of the total "'C respectively in both cases.
Two ho-urs after supplying 14C-L-malic acid, most
of the radioactivity in compounds other than maliic
acid was in the organic aoids corresponding to
glycolic and succinic. Radioactivity was also found
in areas of the chromaitograms corresponding to
citric and fumaric acids. The percen,tage of the
total 14C in these aoids decreased during the fol-
lowing 22 houirs and some appeared in tartaric acid
and sugars. D,L-Tartaric acid-1,4-14C was metab-
ollized very slowly. Traces of 14C were detected in
compounds corresponding to glycollic and malic
acids but over 99 % of the 14C extracted at 24
hours remained in tartaric acid.

The relative contributions of '4C-glucose, fruc-
tose, mali,c and tartaric aoidcs to respiratory CO.,
are shown in figure 7. Mallic acid was the most
rajpidly respired substrate. 14C-Gltucose was re-

spired more rapkdily than 14C-fructose in the first
5 hours, but afterwards the rates of "4CO, release
per unit of total extracted- 14C were the same. In

G noiety of sucrose

F mioiety of sucrose
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0.67
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FIG. 7. Comparison of rates of 14C02 productionl
by immature berries after uptake of uniformly-'4C-

labeled glucose, fructose, L malic acid, or D,L-tartaric

acid-1,4-"iC.

eaclh case the rate of 14C0., release fell sharply

froim the time CO2 collection was started and

leve&led off at a ralte which was a small fraction of

thie ini,tial rate. Tlhe totbal 14C02 collected over the

whole 24 houtr perioed from berrsies treated with

4C-glulcose, fruc,tose, mal ic anld tar,taric acidls
represenited respectlively 25, 20, 59, and 0.5 % of

the to,tal "4C exitracted fro,m the berries aSt 24 houlrs.

Discussion

The high percentages o,f to,tal extractetd "+C in

organ1ic acids a few hours after administration of

"4C sugar sulggests ithat most of the malate and

tartratte in imma,ture berries is fFormed from glucose

and fructolse in the berry. However the possilbiflity
thFat some of the organic acrid is also translocatedl
as suclh from the leaves stilll ciannot be dismissed.

The present resullts, taken together witth previous

work Onl riplenling berries (5) shqow tXh,at towards

the oniset of ripening, changes occulr inl the berry

causging a markedl reducttion in the conversion of

glulcose and frulctose to mallic acid and a cessaztion
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of tartaric aciid biosynithesis. TI'artaric acid content
per berry remaiins approximately constant because
i,t is liot broken dlown but malic acisl declines both
omi a concentration and oIn an absolutite basis as it
is ltiliZet l in respiration and possibly to some ex-
tent in conversion to sutgar. The results show-N
that malic anid tartaric acids are not closely relate(l
b.iochemically. The small amouint of radiloacftivity
in tartaric acid in the berries treated with 14C- ,

mnalic acid wx as probabl) formeid after coniversion
o f malic acidl to sugar.

The presence of separate regions for metabolismn
aind storage o f sugars a,s evidenced in ripening
berries (4) is al,s,o shown by the present results,
applying also to organic acids. When radioactive
inlalic acid wa,s sutpplied the rate of 14CO0 produc-
tion in relation to the amount of radioactive malic
acid in the berry decreased to one fiftieth of the
initial rate during 24 hours. A similar trend
occtirred when 14C hexoses were supplied showing
that these also became sequestered at sites where
they were unavailable for respiration.

When uniformly labeled sucrose was supplied
to immature berries, fructose was initially mo;re
heavily labeled than glucose. This restult was also
obtained with ripening berries (5) and 1 possible
explanaition suggested was that sucrose mav be
broken down by a reversal of the reaction catalyzed
by UDP-glucose-fructo,se glucosyl transferase (5).

sucrose + UDP ± UDP-gliicose + fructose
'I'his possibility is tinlikely in view of the present
resullts obtained with sucrose labeled only in the
fructose mo,iety, in which it w-as shown that the
radioactive glucose formed from uiniformly labeled
suicrose came from the glucose moliety of sucrose
and not from the conversion of frtuctose to glucose.
The possibility thait UDP-glucose is an intermediate
in the formation of gltucose from sticrose:

pyrophosphate
UDP-glticose < - > glticose-l-P -- glucose

UTP
is uinlikell becatuse of the instability of in,organic
pyrophotsphate (11) an(l the wxidle distribution of
pyro)ho,sphatase in plants (10) w-hich is considered
to make the UDP-glucose py rophosphoryliase reac-
tionl essentiall- a 1 wav reaction in the dlirection
of UDP-glucose synthesis (11).

Allternative explanations for the preldomilnant
labeling o,f frtuctose following admninilstrationi of
uiniformly labeiled sucrose to grape berries were
suggested (5). After inversion of sucrose, glucose
may penetrate m-ore rapidly than frucltose to meita-
bolic sites in the berry or may be more readily
phosphorylated and uttji]lized (5)). The present re-
suilts wotuld seem to favor the former explanation.
XVhen I4C hexo,ses were supplied 14C-glucose was
metabollized faster than '4C-fructose. II contra!st,
a'tdministriatJioni O,f 14CO., to leaves of grapevines
resulits in the predominant labeling of glucose
6, 7 and the disparitv increases w^ith time frotm

"'CO, adminiistration an11d increasing temperatilre

(6). These (lifferences in laheling patterns wx heni
'C-sstigars are administered v-ia the cut pediceil as

oppose(l to "+CO., leaf feeding experiments may
reflect different routtes of en'trv o,f labeled sutgar
into the berry: trans)piraition streanm as opposed to
phloem transport. That the pedicel-fed stigars
enter via the transpiration streanm is evidenced by-
the in-hib-iftilon of uiptake wxxhich occuirs when the
berries are place,d in a htimid atmosphere, and( it

xvas no,teworthy that while ripening berries took
approx:mately 3 hours to absorb 10 [d of solution
(5 ) immatlltire berries took uip the same amouint in
li,ttle more than 1 hour. The exogenous stugars are
probably takeil passively into the berry intercellullar
spaces whence they are absorbed by the surrounding
cells. The more raipid abso,rption of 14C-g'lucose
th,an "IC-fruictose cotild therefore accouint for the
apparently more rapid utilization of 14C gluicose.
On administration of _4C-sucrose, hydrolysis ot
some of the suicrose in the intercelltllar spaces bh
insoluble invertase (2) may be followed by the
preferenitial uptake of glucose.
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