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Abstract--~The subcellular distribution of neutral sugars. organic acids and their metabolic enzymes was investigated in 
protoplasts from ‘Valencia’ orange juice sacs. The vacuole was found to contain 70’>, of the malic acid. 75 ;6 of the 
fructose and glucose, 89 yj; of the citric acid and 100 yj0 of the sucrose. Of the enzymes assayed, a-mannosidase, 
phosphohexoisomerase and phosphoglucomutase showed activity in the vacuole fraction at 100, 5 and 29”/,, 
respectively. The activities of acid and neutral invertases, UDPG pyrophosphorylase and both ATP and PPi 
phosphofructokinase were present only in the cytoplasmic fraction. The remaining enzymes (sucrose synthase, 
hexokinase, fructokinase and aconitase) showed no activity in any of the samples assayed (protoplast, vacuole and 
cytoplasm). From the data presented, it appears that vacuolar sugars are the major form of carbohydrate supplying 
energy to the mature juice sac cells. Possible mechanisms of sugar transport across the tonoplast prior to their 
oxidation are discussed. 

IKTRODUCTION 

Cellular components must be carefully distributed into 
separate compartments if normal biochemical functions 
are to be maintained. Disruption of this compartmen- 
tation can cause deterioration of physiological activities 
and in many instances may result in the death of the cell. In 
plant cells, the major fluid compartments are the vacuolar 
sap and the cytosol. Other compartments include the 
soluble portions of plastids, mitochondria and endoplas- 
mic reticulum. 

Studies on the compartmentation of cellular 
components have been performed on a wide variety of 
tissues including beet roots [l], sugarcane [2], apple 
cotyledons [3], Tulipa and Hippeastrum petals [4], maize 
endosperm [S] and leaves of Bryophyhm [6], barley [7], 
and maize [8]. Most of the studies have investigated the 
intracellular distribution of sugars [3,4]. organic acids 
[3, YI]. amino acids [4], organic and inorganic metabolites 
[l&l 2) and some enzymes [l, 2,111. Secondary meta- 
bolites such as nicotine [13], diurrhin [14] and pigments 
[4.12] have also been studied. In fruits. however, com- 
partmentation studies have only been conducted on grape 
skin tissue 1121 and apple flesh [3]. 

Mature citrus fruits store large amounts of sugars 
(glucose, fructose and sucrose), organic acids (citric and 
malic) and vitamin C [ls 173, all of which are major 
parameters of fruit quality [18]. Prolonged periods of 
storage may cause significant changes in the levels of such 
metabolites despite the fruit’s low respiratory rates 
[19~-211. 

Knowledge of the location of metabolites and their 
enzymes within cellular compartments is crucial for 
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understanding the biochemical events of the cell. The 
present study was undertaken to determine the localis- 
ation of several sugars, organic acids and related meta- 
bolic enzymes in protoplasts from orange juice sacs. This 
information will help in determining the mechanisms 
involved in the utilisation of these metabolites during 
prolonged storage periods. 

RESULTS AND DISCUSSION 

A satisfactory number of vacuoles was obtained upon 
osmotic shock of the protoplasts. It was estimated that 
over 70 y!(, of the protoplasts lysed releasing their vacuoles 
to the medium. The unlysed protoplasts were largely 
separated from the vacuoles by centrifugation in a two- 
step Ficoll gradient. Reducing the osmotic strength of the 
solution caused a large number of the released vacuoles to 
attain sizes over 200 pm which made the vacuoles too 
fragile for further handling. 

The presence of BSA in the vacuole breaking media was 
essential for the maintenance of tonoplast integrity; 
however, it proved ineffective in reducing adherence of 
cytoplasmic material to the tonoplast as reported in ref. 
[14]. Some particulate cytoplasm and/or plasma mem- 
brane remained attached to some vacuoles. These could 
not be removed by further purification steps including 
centrifugation at 100000 g. This type of contaminated 
vacuole has been referred to as vacuoplast [22]. Due to the 
scope of this study and the nature of the compounds and 
enzymes being investigated, the level of cytoplasmic 
contamination in the vacuole preparations was assessed in 
every sample by measuring the presence and activity of 
alcohol dehydrogenase. The percent contamination 
varied between 15 and 35 y0 with an average of 23 %. 

By staining the vacuoles with neutral red prior to 



protoplast lysis and measuring the amount ol dye re- 
covered in the vacuole layer after centrifugalion. it was 
calculated that 24- 30 ‘:,, of the vacuolar space was re- 
co\ered. In experiments using r-mannosidase as a 
vacuolar marker. approximately ?6”,, of the enzyme 
activity was recovered within the i,acuolc fraction. From 
the aboce results WC estimate the \dcuolar recovery to be 
Zh”,,. T’his rccoberv is comparable to those ohtaind irom 
tnb:wo i 131, Tuiipii [Id] and b3rl24_ lci~w~ j 1 i 1. 

Slrgur- find c&xi riislrihutio!r 
The cacuole. extra vacuole content and the distribution 

of‘ neutral sugars and acids in protoplasts ot‘citrus juice 
sacs was in\c,tieated by comparing the contents of the 
protoplasts and isolated iacuoies ITdblc 1). glucose ancl 

t’ructosc were present in equal ratios in all thrw fractions 
mbestigated. A glucose. fructose r3tio of 3 : 1 uiih present 
in mature ‘t’alcncia’ juice [23_ 241. After accounting for 
cytoplrismic contammation. it WI> esrimatcd that ap- 
proximateI> 75 ‘() cifeach of the hexoses HLLS present m the 
wcuole. the remainmg 25 ‘,, being located in the cytosol. 
This distribution d~flcrs from those ofapple twit flesh and 
tulipa leat ivhcrc i(K”,, of both hexoses I; found within 
the vacuole [3_ 31 t-iowexzr. In I-lipprc~~ UN petals. thv 
percent ot glucosC ancf /‘rucIose in the Laii:olch w:i5 found 
to bc XI anti 8~ I’<,, respectl\el> [4] It is lntwzstrng to note 
that in rulipa petals lOO”,, 01 the fiilCoSe HLIS $l>Uild iI1 th<’ 

cacuok but Olll~ IT)“,, 01 Ihc t‘ructiw wi, it ithin the same 
compartment [4]. Sucrose, howe\cr. appesr s to be cxclus- 
i~elq located ill the vacuoles ol‘citrua protoplasts a> is the 
case for wgarcanc d~spension culture cril~ [l] 

‘1 he dbow results intlicatc that in protopiasts 01 
‘Valencia’ jujcr: snc~ apprnxm~atclq WY, (!I the total 
sugars is found in the Lacuolt:s, with the rcmaimng lo”,, 
being loc;lted m the cytosol. Since \dcu~lc~ generally 
constitute W”,, o? Ihe cell bolumr [25j. ihe total sugar 
concentration nould be approxnnatelq uqt:;ii in both the 
cytoplasm and vacuole &~rwc conceniretiol?. ho\i~t’~i~. 
BOUT be diltercnt in both compartments 

The contc:nt allif dlstrlbutitrn pi’ 01: orgamc acids 
in\ebtigatetl are presented in labic 1 Approximatciy 
70 “,, of tht: malatz and SW,, ot the citrate arc vacuolar 
Malato has been estlmaterl to be entircl! ioc;lted in the 
vacuoles of Brwpil)‘/!rtm [6] and Srduni [‘I_] ieal’ cells. 
However. m .\fd~lotu.~ [XI] and apple ffcsh protoplasts 
[.ij, 8”” ol‘ the maiate was located in rhc cytosol. -J.hc 
presence 01’ citrate in the cytoplasm has not been prc- 
\iously reported. In apple flesh protoplasts. citrate was 
wmi9lctcly Wred Ailhill the vacuol~2 i 1~1 Oni results 

rabl~ 1 Di~trihutron 01 neutral \ugar5 and ;~~ii~ hztween tht’ 
Vaziiole and the qt0wi in proloplasrs cd ‘V;~lewla’ 0range JLI~C~ 

<aca 

Protoplas: Loniwl 
img 243 ,i i(i’ :n ‘,, In 

Compound prOk’+Iit\i i~tw.01 idCUOtC 

.______~ .-.. ._ ._ .-. _~ _.. .~ _ ._. _~~.. _. . ._- -...... _. 
C;lucci\e 62 ? Jo ” x ‘i, ] “1 ‘) . 
Fructow hi t i 12.b I:? -1 74 8 

Sucl,ise I18 5 .: x.3 0 (1 99 1 

TOLIt \ugar\ 24.4 ‘, * ‘i ‘) ‘I ‘1 90 t 
<‘iwile ,j55~+ jz lt i 88 0 

M~l~li: 4!;i:4 II! 1 6’1 (0 
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Table 2. Activities of enzymes ol‘ carbohydrate metabolism in desalted orange juice sac 

protoplasts (values are the mean of a minimum of three experiments) 

Enzyme 

UDPG pyrophosphorylase 

Phosphoglucomutase 

Phosphohexoisomerase 

Acid invertase 

Neutral invertase 

ATP phosphofructokinase 

PPi phosphofructokinase 
+ 2 /IM F-2, 6-p 

Sucrose synthase* 

Hexokinase 

Fructokinase 

Aconitase 
z-Mannosidase 

Alcohol dehydrogenase 

Activity in 

protoplasts 

(nKat/mg protein) 7; in cytosol ‘::, in vacuole ‘2, recovery 

33.6 f 0.18 100.0 0 117.3 
1.93 + 0.09 71.0 29.0 93.2 
0.32 + 0.04 95.0 5.0 81.7 
0.16+_0.05 100.0 0 X2.8 
0.06 + 0.00 100.0 0 93.3 
6.60+0.12 100.0 0 90.7 

Na 
0.08 + 0.02 100.0 0 

NA 

NA 

NA 

NA _ 

0.36 f 0.01 _ 100 
0.96 & 0.0 1 100 0 91.4 

- 

NA; no activity. 

*Both activities. 

utilization after its hydrolysis. It is possible that the 

presence of equal amounts of fructose and glucose in the 

cytosol is the result of sucrose leakage into the cytoplasm 
and its subsequent hydrolysis by the neutral invertase. 
Eventually, these hexoses accumulate in the cytosol since 
they cannot be metabolized. Additional evidence for the 
inability of mature ‘Valencia’ orange juice sac cells to 
metabolize hexoses is presented in Table 3. When de- 
salted, saturated ammonium sulphate protein extracts 
were supplied with different substrates, production of 
triose-P was only measured in the presence of hexose-P or 
UDPG. 

If sugars are to reach the cytosol in a phosphorylated 
state, phosphorylation must occur during transport 
across the tonoplast. A mechanism for sugar transport 
from the vacuoles that releases phosphorylated hexoses to 
the cytoplasm has not been reported. However, Thorn and 
Maretzki [33] have described a multienzyme complex 
sucrose translocator in the tonoplast of sugarcane where 
UDPG is converted to sucrose-phosphate during trans- 
port to the vacuole. Phosphorylation of sugars during 
transport from the vacuole could be possible in the 
presence of a tonoplast bound hexokinase or fructo- 
kinase, or a system where sucrose is broken down into 
UDPG and F-6-P. This mechanism would require the 
involvement of at least two enzymes (sucrose synthase and 
fructokinase). Sucrose carbon would reach the cytoplasm 
in the form of UDPG and F-6-P. The F-6-P can enter the 
glycolytic or pentose phosphate pathway without further 
conversion. The UDPG can be converted into UDP and 
F-6-P in the cytoplasm by the combined action of UDPG 
pyrophosphorylase, phosphoglucomutase and phospho- 
hexoisomerase all of which are present in the cytoplasm. 

Citric acid has been suggested as the other possible 
energy source in harvested citrus fruits [21]. Our data 
indicates that, at this stage of maturity, this is not possible 

due to the absence of aconitase (Table 2) and citrate lyase 
[15]. Furthermore, it has been demonstrated that the 
decline in citric acid content in stored citrus fruits is 
mostly the result of translocation of the acid to the peel 

Table 3. Production of triose phosphates by desalted. saturated 

ammonium sulphate protein extracts lrom ‘Valencia’ oranges 

Substrate 

Glucose 

Fructose 

Sucrose 

Fructose-6-P 
Glucose-l-P 

-G-1,6-P 

+ G-1.6-P 

lJDPG 

- PPi 

+ PPi 
_ 

Concentration (nmol Trlose-P produced/ 

(mM) minimg protein) 

25 NA 
25 NA 
50 NA 

2 8.72 

2 

NA 
0.1 4.05 
1.7 

NA 
0.5 1.13 

The reaction mixture contained 100 mM HEPES (pH 7.5), 

1 mM DTT, 3 mM MgSO+ 15 mM KCl. 1 mM ATP, 1 mg/ml 

NADH, 1.1 unit of glycerol-P dehydrogenase and substrates as 

indicated in the table. 

NA; no activity. 

tissue where it is metabolized [34]. The translocation of 
citric acid to the peel may explain its presence in the 
cytoplasm. 

In conclusion, the present study suggests that sugars 
stored in the vacuole are the major carbon supply for 
mature ‘Valencia’ oranges. The data also implies the 
existance of a sugar translocator at the tonoplast where 
sugars are phosphorylated during transport to the cy- 
tosol. This is presently under investigation. 

EXPERIMENTAL 

Protoplast preparation and vacuole isolation. Protoplasts were 
prepared from juice sacs of late-season ‘Valencia’ oranges [Citrus 
sinensis (L.) Osbeck] as previously described [28]. Juice sac tissue 




