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Abstract. Protoplasts isolated from beetroot tissue 
took up glucose preferentially whereas sucrose was 
transported more slowly. The 14C-label from 
[14C]glucose and [14C]sucrose taken up by the cells 
could be detected rapidly in phosphate esters and, 
after feeding of [14C]glucose was found also in su- 
crose. The temperature-dependent uptake process 
(activation energy EA about 50 kJ .mol  1) seems 
to be carrier mediated as indicated by its substrate 
saturation and, for glucose, by competition experi- 
ments which revealed positions C1, C5 and C6 of 
the D-glucose molecule as important for effective 
uptake. The apparent Km(20 ~ C) for glucose (3-0- 
methylglucose) was about 1 mM whereas for su- 
crose a significantly lower apparent affinity was 
determined (Kmabout i0 mM). When higher con- 
centrations of glucose (5 mM) or sucrose (20 mM) 
were administered, the uptake process followed 
first-order kinetics. Carrier-mediated transport 
was inhibited by N,N'-dicyclohexylcarbodiimide, 
Na-orthovanadate, p-chloromercuribenzenesul- 
fonic acid, and by uncouplers and ionophores. The 
uptake system exhibited a distinct pH optimum 
at pH 5.0. The results indicate that generation of 
a proton gradient is a prerequisite for sugar uptake 
across the plasma membrane. Protoplasts from the 
bundle regions in the hypocotyt take up glucose 
at higher rates than those derived from bundle-free 
regions. The results favour the idea that apoplastic 
transport of  assimilates en route of unloading 
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might be restricted to distinct areas within the stor- 
age organ (i.e. the bundle region) whereas distribu- 
tion in the storage parenchyma is symplastic. 

Key words: Assimilate allocation - Beta (sugar up- 
take) - Protoplast (sugar uptake) - Sugar uptake. 

Introduction 

In many higher plants, sucrose is not only the main 
translocate but can also accumulate in storage or- 
gans like sugarcane or sugar beets. For the process 
of loading in "source"  leaves, a transfer of  sucrose 
from the photosynthesizing cells towards the sieve 
tubes across the apoplast is most likely (Giaquinta 
1983). However, the existence of a symplastic path- 
way cannot be excluded (Richter /985) especially 
since Schmalstig and Geiger (1985) and Kaiser and 
Martinoia (1985) have indicated that unloading of 
the phloem in developing leaves ("s ink"  leaves) 
could be restricted to the symplast. Conclusive evi- 
dence for both hypotheses is still lacking even tak- 
ing into consideration the fact that at present the 
regulation of solute transfer can be understood 
best by an interaction with membrane transport. 

Several approaches have been used to study 
the regulation of sugar uptake in the storage tap- 
root of  Beta vulgaris. Uptake experiments with tis- 
sue slices from the tap-root were the main basis 
for the "apoplast-pathway" hypothesis. Prior to 
final storage in the vacuole, sucrose has to cross 
at least two membranes (Kursanov 1974). Under 
this presupposition, lack of tracer randomization 
in experiments with position-labelled sucrose was 
taken as evidence that invertase does not exist in 
the apoplast (Giaquinta 1977; Wyse 1979). This 
conclusion is not unequivocal because the data 
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could also account for phloem unloading by a sym- 
plastic pathway, which interpretation in turn is 
supported by the (preliminary) results of Mierzwa 
and Evert (1984) about plasmodesmatal frequency 
in sugar beets. Wyse (1985), on the other hand, 
failed to detect any plasmodesmatal connections 
between the sieve element-companion cell complex 
of the phloem and that of the storage-parenchyma 
cells. According to this author, since only 70% 
of the asymmetrically labelled sucrose arrived 
chemically unaltered in the storage cells, up to 30% 
must have been hydrolysed prior to storage. 
Saftner et al. (1983) described a carrier system for 
sucrose uptake (Km3.6 raM) whereas Wyse had re- 
ported a nonsaturable sucrose concentration-up- 
take relationship only, probably as a consequence 
of secondary effects like plasmoptysis in tissue 
discs which had been "equilibrated" in distilled 
water (Zamski and Wyse 1984). 

Considering this confusing situation a re-exam- 
ination of the sugar-uptake mechanism into beet 
storage tissue was highly desirable. Using isolated 
vacuoles of beetroot and sugar beet it has already 
been shown in this laboratory that sucrose uptake 
at the tonoplast obeys partially a saturation iso- 
therm with optimal activity at pH 7.0 and in the 
presence of MgATP (Doll et al. 1979; Willenbrink 
et al. 1984). Therefore, we have tried to character- 
ize sugar transport at the plasmalemma of beetroot 
cells using isolated protoplasts derived from differ- 
ent regions of the beetroot tissue. 

The authors are well aware of the fact that iso- 
lated protoplasts are in many respects an artificial 
test system (Galun 1981), thus posing certain limi- 
tations upon the data obtained by this technique. 
On the other hand, cell-wall resistances and the 
complex nature of this tissue must also be consid- 
ered as an obstacle for the interpretation of uptake 
data. In order to avoid misinterpretations, data 
from protoplast studies were compared with those 
from similar experiments on tissue discs. 

Materials and methods 

Plant material and chemicals. Red beets (Beta vulgaris L., uni- 
form seed type "Rote Kugel, new globe or little ball"; van 
Waveren Pflanzenzucht, G6ttingen, FRG) were cultivated in 
the experimental fields of the Max Planck Institut ftir Z/ich- 
tungsforschung, K61n-Vogelsang, or in the greenhouse of the 
Botanical institute (under supplementary artificial light, HQL 
lamps, 400 W). Sorbitol, sodium dodecyl sulfate (SDS), sucrose 
and xylose were purchased from Merck (Darmstadt, FRG), 
spermidine and trypsin inhibitor from Serva (Heidelberg, 
FRG), and phenylmethyl silicone oil Wacker AP 100 from 
Kahmann and Ellerbrock (Bielefeld, FRG). Carbonylcyanide 
m-chlorophenylhydrazone (CCCP), N,N'-dicyclohexylcarbo- 

diimide (DCCD), nigericin, valinomycin, phlorizin and p-chlo- 
romercuribenzenesulfonie acid (PCMBS) were obtained from 
Sigma (Miinchen, FRG). Radiochemicals were provided by 
Amersham Buchler (Braunschweig, FRG; [U-i4Clglucose, 
9.99 GBq-mmol-I;  [U_14C]3_O_methylglucose, 10.9 GBq- 
mmol 1; [U_14C]sucrose, 20.42 GBq-mmol 1) and by NEN 
(Dreieichenhain, FRG; dextrancarboxyl [carboxyl-l~C], 
3.1 MBq.mmol-1). Specific activity was changed for experi- 
ments as indicated by appropriate dilution with nonlabelled 
substances. All other chemicals used were standard commercial 
products of analytical grade. 

Isolation ofprotoplasts. Protoplasts were isolated from the hy- 
pocotyl tissue as previously described (Willenbrink et al. 1984) 
using the following enzymes: Pectolyase (Seishin Pharmaceuti- 
cal, Tokyo, Japan), Rohament CT (R6hm and Haas, Darm- 
stadt, FRG), Macerozyme (Welding, Hamburg, FRG). In the 
two-step release procedure the originally used slight infiltration 
of the enzyme medium I was omitted. Rohament CT and Ma- 
cerozyme have been used in enzyme medium II (second step). 
Protoplasts were collected after 16 h of incubation at about 
22 ~ C by gently shaking the suspension, filtering through a ny- 
lon (80 gm mesh), and sedimenting in a centrifuge (Minifuge 
2, Heraeus Christ, Hanau, FRG) at 50-70-g (15 min). The sedi- 
ment was cautiously resuspended twice in 0.8 M sorbitol+ 
20 mM 2-(N-morpholino)ethanesulfonic acid (Mes)-2amino-2- 
(hydroxymethyl)-l,3-propanediol (Tris) (or Mes-NaOH, de- 
pending on the subsequent experiments) + 5 mM spermidine + 
1 mM dithioerythritol (DTE)+0A% trypsin inhibitor (corre- 
sponds to 55 trypsin inhibitor units per litre)+0.1% bovine 
serum albumin (BSA)+ 5% White's medium (v/v; Nickell and 
Maretzki 1969), and settled under gravity. Finally, the sedi- 
mented protoplasts were resuspended twice in 0.8 M sorbitol + 
buffer (type, concentration, and pH according to the experi- 

~ment). A 1-ml aliquot of the final suspension contained 106 
protoplasts throughout, and the average yield was 50% as cal- 
culated from the betanin ratio. 

Microscopy. The number of protoplasts was counted in a hae- 
mocytometer (Nenbauer, Walter.Graf, Wertheim, FRG). Via- 
bility was testea using Evans blue (Gaff and Okong'O-ogala 
1971), fluorescein diacetate (Widholm 1972), and by monitoring 
cyclosis (Nomarski interference Contrast optics, Kamiya 1959). 
Efficiency of enzyme digestion was .controlled with caleofluor 
white ST (Nagata and Takebe 1970). 

Uptake experiments. Uptake of various 14C-labelled sugars was 
measured as described by Getz (1985). Briefly, the uptake peri- 
od was initiated by the addition of the [14C]sugar to the proto- 
plasts suspended in 0.8 M sorbitol_+ buffer as indicated. Sam- 
ples (usually three 0.1-mi portions) were withdrawn at intervals. 
Protoplasts were separated from the medium by ~ 3  rain cen- 
trifugation through silicone oil (AP 100) in a table-top centri- 
fuge (Microfuge 11; Beckman Instruments, Mfinchen, FRG). 
Radioactivity was determined by liquid scintillation spectrome- 
try (Supersolve from Zinsser, Frankfurt, FRG; LS 7500 from 
Beckman) in an aliquot of the pellet which was redissolved 
in 1.3% (w/v) aqueous SDS solution. Uptake rates were linear 
for at least 40 min and therefore they were determined by linear 
regression analysis of their slopes. Membrane integrity was 
monitored in parallel experiments using [14C]dextran (usually 
37 kBq-ml-I suspension medium); when radioactivity in the 
pellet increased with time of [14Cldextran incubation, the plas- 
ma membrane was considered leaky, and the protoplast isolate 
was discarded. Competition experiments were carried out ac- 
cording to Heldt and Rapley (1970) as described by Kaiser 
and Heber (1984). For inhibitor studies, control sets were ad- 
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ministered with the same amount of solvent as the correspond- 
ing inhibitor set (normally 0.1% ethanol, v/v). Unless stated 
otherwise, protoplasts were incubated with either the inhibitor 
or the solvent for 10 min prior to the addition of the 14C-sugar. 

Further assays. Aliquots of the samples dissolved in 1.3% SDS 
were used to assay the betanin content by the method of Leigh 
and Branton (1976), and protein by the micromethod of Neu- 
hoff et al. (1979). Total glucose, fructose and sucrose content 
was estimated enzymatically (Combitest; Boehringer, Mann- 
heim, FRG);  osmotic pressure was measured with a semimicro- 
osmometer (type M; Knauer, Berlin, West Germany). Oxygen 
consumption of protoplast suspensions was assayed with an 
oxygen probe (type E 012; WTW, Weilheim, FRG). Products 
of sugar uptake in the protoplasts were separated by paper 
chromatography (Pharr etal .  1977). Chromatograms were 
scanned with a windowless methane-flow counter (type 
LB 2722; Berthold/Frieseke, Wildbad, FRG) and distribution 
of radioactivity was estimated planimetrically (MOP AM 02; 
Kontron, M~nchen, FRG). For control experiments with tissue 
discs, the method of Grant and Beevers (1964) was adapted 
to our experimental conditions. Preparation of tissue discs and 
experiments were carried out under sterile conditions. 

Results 

General observations. Isolated protoplasts (Fig. 1) 
responded to changes in osmotic pressure in the 
medium. They excluded widely Evan's blue (90%), 
exhibited esterase activity nearly independently of 
medium-pH (in the range of pH 4 to 9; data not 
shown) and showed cytoplasmic streaming. The 
respiratory activity of the isolated protoplasts was 
about 6 gmol. g-  1FW.h-  1 (Table 1). Generally, 
less than 5% of freshly isolated protoplasts were 
"contaminated" with cellulose remainders, as indi- 
cated by calcofluor-white-ST staining. Some gener- 
al properties of mature beetroot tissue are listed 
in Table 1. The osmotic pressure of the tissue sap 
compares well with data from the literature (To- 
mos et al. 1984). The average density of beetroot 
protoplasts was determined in order to facilitate 
the selection of the appropriate silicone oil. Be- 
tanin content of  isolated protoplasts and tissue 
discs was measured routinely for estimation of pro- 
toplast yield. Knowledge of protein content of  iso- 
lated protoplasts and of the cell number per unit 
betanin allows for a tentative comparison of our 
uptake data for beetroot with those for other plant 
tissues. The large standard deviations in Table 1 
indicate that such comparisons are restricted, since 
these parameters vary depending on tissue region, 
on age, and on cultivation conditions (field or 
greenhouse, respectively; data not shown). 

Uptake of  sugars into protoplasts and tissue discs. 
Uptake from a 1 mM [14C]glucose solution into 
isolated protoplasts was linear with time for about 

Fig. 1. Micrograph (bright light) of bundle protoplasts from 
red beet. Note transcellular strands and heterogenity of proto- 

�9 plast size. Bar = 10 jim. Insert: storage protoplast (bar = 20 gin) 

40 min (Fig. 2). The presence of chloramphenicol 
did not affect uptake rates and linearity (data not 
shown). Maximal uptake rates were 0.4 gmol glu- 
cose .g-  1FW. h -  1 and 0.06 gmol sucrose .g-  1FW- 
h -1 from 1 mM ieC-sugar solutions. For tissue 
discs, corresponding uptake rates were 0.66 gmol 
g lucose -g - lFW-h-1  and 0.26 pmol sucrose. 
g -1FW-h  1. In-situ uptake, as estimated from in- 
creasing sucrose contents of  beetroots with age, 
was 0.1 to 0 . 2 3 g m o l . g - l F W . h  -1 (i.e. 0.2 to 
0.46 ~tmol. g-  1FW.h 1 hexose units). Aeration of 
the discs for 24 h prior to incubation did not alter 
glucose uptake but increased 14C-uptake from su- 
crose, from 0.26 to 0.44 gmol. g-  1FW. h -  1. Sugar 
uptake into isolated protoplasts was not affected 
by aeration. Chromatographic analysis of  products 
resulting from the incubation of tissue discs with 
[14C]glucose showed about 50% of the radioactivi- 
ty to be in the sugar fraction, and 25% each in 
the amino-acid and organic-acid fractions. These 
proportions were not significantly altered, with the 
incubation time of 1-5 h. The sugar (neutral) frac- 
tion was composed of sucrose (79%), of  glucose 
(20%) and of fructose (1%). For protoplasts, Ta- 
ble 2 shows the distribution pattern of labelled sug- 
ars and phosphate esters. Labelled and unlabelled 
reference substances were cochromatographed for 
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Table 1. General properties of mature" red-beet storage tissue 

Examined feature Mean value (_+ SE) Unit 

Osmotic pressure of tissue sap ~ 
Density of beetroot protoplasts b, a, g 
Betanin content of tissue d 
Betanin/protein-ratio in protoplasts 

of conductive tissue d" ~ 
of conductive tissue a' ~ 
of bundle-free tissue d, o 
of bundle-free tissue d' r 

Protein content of protoplasts a 
Cell number d 
Sugar content of protoplasts ~ 

Oz consumption of protoplast suspensions r 

550 (_+ 30) 
1.096 ( _4_ 0.009) 

1441.0 (__+ 590.0) 

225.0 (_+ 129.0) 
410.0 (-+ 145.0) 
365.0 (+ 99.0) 
306.0 (-+ 74.0) 

4.41 (-+ 1.8) 
4925.0 (4- 1965.0) 

140 -- 180 
0.3 -- 5.3 
0.03 - 0.5 
6.0 (_+ 2.3) 

mosmol - kg- 1 
g.cm -3 
units, g- ~ FW 

units betanin" mg- 1 (protein) 
units betanin, mg- 1 (protein) 
units betanin.mg-~ (protein) 
units betanin, rag- 1 (protein) 
mg.g- lFW 
unit-  tbetanin 
mM sucrose 
mM glucose 
mM fructose 
gmol.g- ~FW 

Plant age 85-145 d; b determined by weighing empty and filled (with densely packed protoplast pellet) glass micropipettes; 
n >  10; d n_> 30; ~ preparations were anade from 85- to 115-d-old plants; 

f 115- to 145-d-old plants were used for protoplast isolation; g in 0.8 M sorbitoI 
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2 ' 
5 -  .13 

0 (:D 

_2 
0 
E 
c 2" 

t / 

l b 2'0 2's 3'0 3's 
t (rain) 

Fig. 2. Time course of glucose uptake into beetroot protoplasts. 
Uptake conditions: 0.8 M sorbitol + 10 mM Mes-Tris (pH 5)+ 
0.02% (w/v) chloramphenicol4-1 mM D-glucose (9.25 kBq. 
retool- 1); 20 + 2 ~ C, Mean values ( 4- SD; n = 5) for protoplasts, 
derived from an average sample of whole beetroot tissue 

t en t a t i ve  iden t i f i ca t ion .  O b v i o u s l y ,  b o t h  [14C]glu- 
cose a n d  [ t4C]sucrose  are  r ap id ly  m e t a b o l i z e d  in  
the  p r o t o p l a s t s .  I t  is n o t e w o r t h y  t h a t  a b o u t  2 5 %  
of  the  label  f r o m  [14C]glucose is r ecove red  in  su-  
crose  w i t h i n  5 m i n ,  whe reas  w i t h i n  this  p e r i o d  

Table 2. Products of glucose and sucrose uptake into beetroot 
protoplasts. Mean values from at least six experiments. About 
2.106 protoplasts per ml incubation medium (as in Fig. 2) were 
incubated for different times in sugar as indicated (74 kBq 
[14C]glucose and 1858kBq [14C]sucrose, respectively, per 
mole). Uptake was stopped by silicone-layer-filtering centrifu- 
gation into 5 gl of 2.5 M sorbitol, containing 1% (w/v) SDS, 
or by washing the protoplasts three times with 0.8 M sorbitol 
(icecold) prior to sonication (2 rain) and addition of an equiva- 
lent amount of methanol 

Reference- 
substance 

% radioactivity (•  SD) after 
incubation with : 

2.5 mM [14C]glucose 10 mM 
[~C]sucrose 

5 min 35 rain 60 min 
60 min 

Maltose 29(_+8) 21(+12) 31(_+14) 14(_+ 9) 
Sucrose 25(_+8) 16(_+ 8) 21(_+12) 47(_+17) 
Glucose 20(_+5) 20(+10) 10(_+ 5) 9(_+ 4) 
Phosphate- 5(_+1) 23(_+11) 24(+_6) 15(_+ 8) 
esters 
Others 2/(_+2) 20(_+ 6) 14(-+ 4) 15(_+ 4) 

a b o u t  50%  of  the [14C]sucrose is m e t a b o l i z e d  (da t a  
n o t  s h o w n )  w i t h i n  60 min .  

Concentration dependence of  sugar uptake. G l u c o s e  
u p t a k e  does  n o t  increase  l inear i ly  wi th  so lu te  con -  
c e n t r a t i o n  (Fig.  3). O n  the  o the r  h a n d ,  u p t a k e  i n t o  
b e e t r o o t  p r o t o p l a s t s  fo l lowed  s a t u r a t i o n  kinet ics  
o n l y  a t  lower  c o n c e n t r a t i o n s  whereas  b e y o n d  
5 m M  glucose  a l inear ,  d i f fus ion - l ike  c o m p o n e n t  
b e c a m e  a p p a r e n t .  T r a n s f o r m a t i o n  of  the  da t a  ac- 
c o r d i n g  to L i n e w e a v e r - B u r k  y ie lded  a p p a r e n t  Km 
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Fig. 4. Concentrat ion dependence of 3-OMG uptake into bun- 
dle protoplasts. Conditions as described in Fig. 3. Mean values 
(_+ SD) of four experiments with three parallel samples each. 
Insert: Lineweaver-Burk transformation of the uptake data. 
At 3 and 10raM O M G :  92.5 kBq.mmo1-1.  Apparent  Km= 
approx. 2 (_+0.8)mM; Vma~=approx. 31 nmol-(100 units be- 
tanin)-  1.h 1 

. . . .  lb 2b 
s(mM) 

Fig. 3. Concentrat ion dependence of glucose uptake into beet- 
root protoplasts from different tissue regions. Mean values 
( •  SD, bars) of at least four independent experiments each with 
three parallel samples. Uptake conditions were as described 
in Fig. 2, glucose concentrations as indicated (at 0.1-2 raM: 
37 kBq- m m o l -  1 ; at higher concentrations: 92.5 kBq. retool-  1). 
Insert. Lineweaver-Burk plot of uptake data. o - - o ,  Bundle 
protoplasts;  e - - e ,  storage protoplasts. Apparent  K~,= 
1.0 mM (+_ 0.4); V~,ax = 46 and 9.3 nmol.  (100 units be tan in) -  a- 
h x for bundle and storage protoplasts, respectively. Corre- 
sponding data for glucose uptake into tissue discs are: 
Km(app.) = 1.2 raM, Vm,~ = 54 nmol- (100 units betan!n ) -  x. h -  t 
(1 .2pmol-g  1 F W - h - t )  

values of about 1 mM (4-0.4 mM; Fig. 3, insert). 
Uptake experiments with the non-metabolizable 
glucose analogue 3-O-methylglucose (3-OMG; cf. 
Reinhold and Kaplan 1984) confirmed these re- 
sults: the kinetic profile of 3-OMG uptake from 
low concentrations (up to 5 mM) was not equal 
to that of glucose but was at least similar (Fig. 4). 
It should be noted that extracts from protoplasts 
incubated with [14C]3-OMG exhibited only one de- 
tectable 14C-spot on the chromatograms. 

Sucrose transport into the protoplasts princi- 
pally followed the same kinetics as those for glu- 
cose, but with a lower apparent affinity (Km 
10 mM), whereas in the case of storage protoplasts 
(see below) only the diffusion-like component 
seemed to be present (Fig. 5). 

Glucose and sucrose uptake were temperature 
dependent. A Qlo-value of approx. 2 was estimat- 
ed for the range of 12 to 22 ~ C. According to 
Kamamoto et al. (1971) these levels for the acti- 
vation energy (EA) indicate involvement of an 
enzyme-catalyzed reaction. Incubation experi- 
ments with tissue discs reconfirmed the kinetic 
features shown for beetroot protoplasts (glucose 
uptake by tissue discs: apparent Km=approx.  
1.2 raM, Vmax=approx. 54 nmol.(100 units be- 
t a n i n ) - t . h - l , = l .  2 p m o l . g - l F W . h  1; see be- 
low). 

Sugar uptake into protoplasts isolated from different 
hypocotyl regions. For sugar-beet roots Richter 
and Ehwald (1983) have reported that no detect- 
able barrier exists for solute exchange between the 
xylem vessels and the free space (cell-wall compart- 
ment) of  storage parenchyma. Consequently, the 
sugar concentration of xylem exudates should re- 
semble that of  the free space in the bundle region 
as well. Since in the case of sugar-beet roots the 
concentration of sugar in xylem exudates hardly 
exceeds 3 mM (Fife et al. 1962), we compared up- 
take rates for glucose and sucrose in both fractions, 
bundle protoplasts and storage protoplasts, in the 
range of Km for glucose uptake (1 mM). 

In both preparations, glucose uptake exceeded 
sucrose uptake. There was obviously a strong pref- 
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Fig. 5. Hanes-plot of the concentration 
dependence of sucrose uptake. Mean 
values of five (storage protoplasts, 
o - - e )  or 10 (bundle protoplasts, 
o - - o )  experiments with three parallel 
samples each. Uptake conditions as 
described for glucose uptake (Fig. 3). 
Apparent Km for bundle protoplasts = 
approx. 10 mM; Vma x approx. 40 nmol- 
(100 units betanin) - 1. h-  1 

Table 3. Comparison of sugar uptake into beetroot protoplasts 
of different tissue origin. Uptake conditions: 0.8 M sorbitol + 
10mM Mes-Tris (pH5.5)+0.02% (w/v) chloramphenicol; 
9.25 kBq. mmol- 1 sugar; T = 20 _+ 2 ~ C; n = 4 (bundle-free re- 
gion, glucose), n=10 (others). a=nmol sugar-mg 1 protein. 
h - l ;  b=nmol sugar.(100 units betanin) 1 .h-1 

Protoplast Uptake from: 
origin 

1 mM glucose 1 mM sucrose 

a b a b 

Average of hypocotyl 21.3 7.1 11.0 3.6 
Bundle-free region 15.3 5.1 9.8 3.2 
Conductive tissue 80.1 25.9 11.8 4.3 

e rence  fo r  g lucose  t r a n s p o r t  in to  p ro t op l a s t s  de- 
r ived f r o m  the b u n d l e  reg ion  (Table  3). This  c a n  
be d e d u c e d  also f r o m  the h igher  Vma~ eva lua t ed  
fo r  the bund le  p r o t o p l a s t s  as c o m p a r e d  wi th  s tor-  
age  p r o t o p l a s t s  (Fig.  3). T a k i n g  in to  a c c o u n t  tha t  
sucrose  is c o m p o s e d  o f  two  hexose  units,  g lucose  
u p t a k e  in to  bund le  p r o t o p l a s t s  is still 3 - 4  t imes 
g rea te r  t h a n  sucrose  up take .  

Specifity of the uptake system. Tab le  4 shows  the  
degree  o f  c o m p e t i t i o n  (in %)  o f  the a d d e d  sub-  
s t rates  wi th  D-glucose  fo r  the car r ie r  b ind ing  site. 
U p t a k e  o f  D-glucose  in to  i so la ted  p r o t o p l a s t s  and ,  
m o r e  dis t inct ly ,  in to  t issue discs is fully inh ib i ted  
by  3 - O M G  a n d  by  2 - d e o x y g l u c o s e  ( D O G ) .  T h e  
inf luence  o f  the o the r  subs t ra tes  on  g lucose  t rans -  
p o r t  is less p r o n o u n c e d .  A m o n g  these subs t ra tes  
the  fo l lowing  o r d e r  o f  effect iveness in c o m p e t i n g  
wi th  g lucose  can  be seen:  D-ga lac tose  > 6 - D O G  > 
l - O - m e t h y l g l u c o p y r a n o s i d e  ( 1 - O M G )  > g lucur -  
on ic  acid x y l o s e = D - f r u c t o s e = s u c r o s e .  Whi le  up -  

Table 4. Competitive inhibition of D-glucose uptake 

Competing Uptake" % inhibition 
substance (_+ SD) 

Protoplasts" Discs b 

None 4.3 + 1.6 0 0 
D-Glucose 2.1 +0.9 100 100 
g-Glucose 3.7 _+ 1.0 27 0 
2-DOG 2.8 _+ 1.1 68 100 
3-OMG 2.6+0.6 78 100 
n-Galactose 3.1 _+ 0.8 55 89 
1-OMG 3.7+ 1.2 27 n.d. 
6-DOG 3.4 + I. 1 41 n.d. 
Glucuronic acid 4.0-t-2.2 13 n.d. 
D-Xylose 4.2 • 1.0 5 n.d. 
Sucrose 4.4_+ 0.1 0 25 
D-Fructose 4.3 • 0.4 0 11 

" Means of at least four experiments (three replicates each using 
protoplasts isolated from whole beetroot tissue. Reaction mix- 
ture: 0.8 M sorbitol + 10 mM Mes-Tris (pH 5)+ 0.2 mM [14C]- 
D-glucose ! 1.8 mM competing substance, 22 _+ 2 ~ C. Uptake ex- 
pressed as nmol (glucose).(100 units betanin)-1.h 1. 
b Means of three experiments. Uptake conditions : 0.5 M sorbi- 
tol+10 mM CaCIz pH 5.5 (without buffer)+l mM [14C]-n- 
glucose (37 kBq-mmol-1)+9 mM competing sugar, 18_+2 ~ C. 
Uptake in controls was 0.65-0.83 gmol (glucose).g-1 FW.h i 
(equals 45-58 nmol.(100 units betanin)-1.h 1. n.d.=not de- 
termined 

take  o f  D-glucose  in to  i sola ted  p r o t o p l a s t s  some-  
t imes a p p e a r e d  to  be af fec ted  by  the presence  o f  
L-glucose,  u p t a k e  in to  tissue discs was  not .  

Suc rose  u p t a k e  (0 .5-3 .0  m M )  c o u l d  n o t  be in- 
h ib i ted  by  D-glucose.  O n  the c o n t r a r y ,  a sl ight 
s t imu la t i on  was  obse rved  in the presence  o f  4.5 
to  27 m M  n - g l u c o s e  (da ta  n o t  shown) .  

Influence of pH and of mono- and divalent cations 
on sugar transport. G l u c o s e  u p t a k e  f r o m  I m M  so- 
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Fig. 6. pH-dependence of sugar uptake into isolated protoplasts 
( e - - e ,  o . . . . .  o) and tissue discs ( A - - , )  from red-beet hypocot- 
yls. Means of at least four experiments (+  SD, bars). Uptake 
conditions : 1 mM D-glucose (e, o) or 3 mM sucrose (o . . . . .  o ; 
9.25kBq-mmo1-1) in 0.8 M sorbitol and 10mM Mes-Tris 
(pH 4-6) or 10 mM Tris-Mes/HC1 (pH 6-9) for protoplasts; 
2 mM D-glucose (37 kBq-mmol-2)  in 0.5 M sorbitol + 10 mM 
CaCI2 + buffers as follows: disodiumcitrate (pH 4, 5), Mes-Tris 
(pH 6) and Hepes-HC1 (pH 7, 8) for tissue discs. 
100% =8.2 nmol.(100 units betanin) X-h i for protoplasts 
(glucose and sucrose), and 45 nmol-(100 units betanin)-1, h-1 
for discs 

Table 5. Inhibition of glucose uptake into isolated protoplasts. 
Means of at least four experiments with protoplasts isolated 
from an average sample of  whole beetroot tissue (three repli- 
cates each). Uptake conditions: 0.5 mM D-glucose [n 0.8 M 
sorbitol+ 10 mM Mes-Tris (pH 5)+0.1% (v/v) ethanol as in- 
hibitor-solvent. Uptake in controls=7nmol-(100 units be- 
tanin)- 1.h 1 

Inhibitor Concentration (M) % (control) 

Phlorizin" (10 - 5) 90 
(10 -4 ) 83 
(5" 10 -4 ) 75 
( 10  - 3  ) 61 

CCCP (10- 8) 72 
(10 -7 ) 37 
(10 -6 ) 15 

Nigericin (10- 8) 92 
(10 -7 ) 84 
(10 -6 ) 50 
(10 -~) 47 
(10 -4 ) 39 

Valinomycin (10 - 8) 106 
(+  5 mM K +) (10 -6) 72 

(10 -5 ) 46 
(10 -4 ) 13 

Na3VO4 c (10- 5) 85 
(10 -4 ) 76 
(5.10 -4 ) 58 

DCCD b (10- v) 79 
(10 -5 ) 51 
(10 -4) 29 
(10 -3 ) 20 

PCMBS c (10- 2) 81 
(10 -4 ) 67 
(10 -3 ) 52 

lution has been measured in the presence of  10, 
20, 40 and 100 mM K + o r N a  + and of  2 and 5 mM 
Mg 2+ o r  C a  2+. Uptake appeared slightly stimu- 
lated by 2 or 5 mM Mg 2+ (about 20%) and by 
20 mM K + (about 50%), but not by Na + o r  C a  2+ 

(data not shown). At 100 mM K + or Na +, the 
uptake rate was lowered (data not shown). 

Uptake of  glucose and sucrose was optimal at 
pH 5.0. This is illustrated in Fig. 6 for protoplasts 
and for tissue discs. Sugar uptake proves to be 
clearly dependent on the pH of the surrounding 
medium. This is not caused by a decreased stability 
of the protoplasts in the different pH media (cf. 
"General  observations "). 

Influence of inhibitors on glucose uptake. Uptake 
experiments in the presence of  ionophores, un- 
couplers and inhibitors of  the plasma-membrane 
ATPase should help to clarify the mechanism and 
the energy dependence of  glucose transport. Glu- 
cose uptake into protoplasts was inhibited by 
phlorizin (Table 5) - a specific inhibitor of  hexose 
carriers in animal (Rosenberg and Wilbrandt 1957) 

�9 . b Controls for bundle protoplasts: a20 and b60 
units betanin)- ~- h - 

Without ethanol 

nmol, (100 

and plant cells (Felle et al. 1983). The inhibition 
pattern widely resembles the pattern published by 
Felle et al. (1983) for Ricciafluitans. 

Uncouplers like CCCP change the proton elec- 
trochemical potential on the membrane directly. 
Glucose uptake into storage tissue of  red beet was 
severely inhibited by the presence of this un- 
coupler, as demonstrated in Table 5. While tissue 
discs needed nearly 10 -5 M CCCP for half-maxi- 
mal inhibition (Table 6), glucose transport into iso- 
lated protoplasts was reduced by 50% in the pres- 
ence of  about  10 7 M  CCCP. 2,4-Dinitrophenol 
(DNP) proved to be much less effective (Table 6). 

Sodium-orthovanadate ( N a 3 V O 4 )  is reported 
to be a relatively specific inhibitor of  plasmalemma 
ATPases (O'Neill and Spanswick 1984a). Compar- 
atively high concentrations of this chemical were 
needed to show a distinct effect on glucose uptake 
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Table 6. Inhibition of glucose uptake into discs of red-beet tis- 
sue. Means of  three experiments. Uptake conditions: 0.5 M 
sorbitol + 10 mM CaCI2 pH 5.5 (without buffer) + 1 mM [x4C]- 
D-glucose (37 kBq.mmol 1), 18_+2 ~ C. Uptake value for con- 
trol sets: approx. 55 nmol-(100 units betanin)- 1 .h-1 

Inhibitor Concentration (M) % (control) 

CCCP (10 6) 67 
(10 5) 42 
(10 .4 ) 29 

DNP (10- 5) 81 

Na3VO4 (10 3) 87 

PCMBS (10 4) 56 
(10 3) 35 

Phlorizin (10 - 4) 92 
(5- lo -4 ) 90 
(10 -3 ) 76 

Table 7. Influence of inhibitors of glucose uptake on respiratory 
activity of isolated beetroot protoplasts. Means of three experi- 
ments. Incubation conditions: 0.8 M sorbitol, pH 5 + about 106 
protoplasts per ml, 22_+ 2 ~ C 

Inhibitor Concentration 02 consump- Inhibition 
(M) tion a (%) 

Control ( - )  3.5 0 

CCCP (10 . 6  ) 3.4 3 
CCCP b (10 - 5) 3.1 11 
CCCP c (10- 5) 0.9 75 

Valinomycin (10 5) 3.3 8 

nmol O2(100 units betanin)- 1 -h-  
b Measured after 25 rain of incubation 
c Preincubation of protoplasts in 10 .5 M CCCP for 40 min 

into beetroot protoplasts (Table 5). This finding 
has to be discussed with respect to the less-concen- 
trated inhibitor solutions which are able to inhibit 
the plasma-membrane ATPase completely in na- 
tive and reconstituted-vesicle preparations of red 
beet (O'Neill and Spanswick 1984b). 

N,N'-Dicyclohexylcarbodiimide (DCCD), also 
a putative inhibitor of plasma-membrane ATPases 
(Pedemonte and Kaplan 1986), decreased glucose 
uptake sharply (50% inhibition at about 8 . 1 0 - 6 ;  

Table 5). Another inhibitor of ATPases, diethyl- 
stilbestrol (DES), mainly lysed protoplasts when 
used in concentrations higher than 5-10 -4 M. 
Lower concentrations yielded no reproducible re- 
sults (data not shown). 

Glucose uptake into isolated protoplasts and 
into tissue discs was reduced to half-maximal by 
1.4.10 -3 M and 3-10-3 M PCMBS, respectively, 
concentrations reported elsewhere for the specific 
inhibition of sucrose carriers (Delrot 1981; M'Bat- 
chi and Delrot 1984). 

Influence of  inhibitors of  glucose uptake o n  0 2 con- 
sumption by isolated protoplasts. Uncouplers may 
increase 02 consumption of protoplasts by uncou- 
pling electron transport from phosphorylation in 
mitochondria. Inhibitors could therefore perturb 
the activity of mitochondrial ATP synthesis and 
thus block the plasma-membrane ATPases, too, 
by cutting off the energy supply. 

In fact, the respiratory activity of isolated pro- 
toplasts was affected by CCCP (Table 7), but it 
was reduced instead of being enhanced by concen- 
trations which eliminate glucose transport in up- 
take experiments. 

Concentrations of valinomycin half-maximal 

for inhibition of glucose transport decreased the 
respiratory activity of isolated protoplasts only 
slightly (8%), as shown in Table 7. 

Discussion 

Isolated protoplasts are artificiaUy altered plant 
cells, especially when they are derived from tissues 
rich in plasmodesmata like the storage tissue of 
red beet. More important than the viability tests 
used in this study is the fact that the protoplasts 
exhibited normal metabolic activities with respect 
to sugar uptake: the amount of sugar taken up 
by protoplasts corresponded well with uptake rates 
into tissue discs and also with in-situ uptake rates. 
Furthermore, the concentration dependence for 
glucose uptake into protoplasts and into tissue 
discs also corresponded well. Hence, isolated pro- 
toplasts, which offer the advantage of direct acces- 
sibility of solutes and other substances to the plas- 
ma membrane, are considered as a suitable instru- 
ment for membrane transport studies. 

According to Ehwald etal. (1980) and to 
Richter and Ehwald (1983), the central vacuole oc- 
cupies about 90% of the beet storage tissue, the 
free space 2-6%, and the cytoplasm 4-8%. Assunl- 
ing that the cytosol comprises approx. 50% of the 
total cytoplasm, it equals about 2-4% of the tissue. 
Based on these estimations an uptake rate into 
bundle protoplasts from 1 mM [14C]glucose solu- 
tion of only 20 nmol.(100 units betanin)- l 'h  -1 
would increase the cytosolic glucose concentration 
by 5-10 raM, provided that only about 10% of 
the [14C]glucose is retained in the cytosol as a con- 
sequence of the rapid metabolism and transport 
of resynthesized [14C]sucrose into the vacuole (cf. 
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Fig. 7. Molecular structure of molecules used for competition studies. Positions of C-atoms in the pyranose-chair form are numbered 
only in C•-D( + )-glucose. In the other molecules only substituent alterations compared with a-D-( + )-glucose are indicated 

Table 2). Since the glucose concentration in proto- 
plasts amounts to 0.3-5.3 mM (Table 1) whereas 
the vacuolar concentration was estimated to be 
I mM (isolated vacuoles, data not shown), the 
basic cytosolic level of  free glucose must be as- 
sumed to exceed the overall protoplast concentra- 
tion. Hence, from an external solution of 1 mM, 
glucose would be taken up against a concentration 
gradient. This indicates an active transport system 
at the plasma membrane, because even high turn- 
over rates for glucose (Table 2) do not suffice to 
decrease internal levels of  glucose below those ad- 
ministered externally (up to about  10 mM), a situa- 
tion which would allow downhill passive permea- 
tion. This view is supported by the only slightly 
altered Km value for the uptake of  non-metaboliz- 
able 3-OMG compared with the value for glucose 
(Figs. 3, 4). 

For  a closer characterization of glucose uptake, 
a possible competitive inhibition by the glucose 
analogue 3-OMG and by 2-DOG was studied (Ta- 
ble 4). Further alterations of  the D-glucose mole- 
cule, however, as shown in Fig. 7, were not recog- 
nized by the carrier, and could not compete with 
D-glucose for the binding site. This means that up- 
take of  D-glucose into red-beet protoplasts is very 

specific. The D-glucose-carrier is able to discrimi- 
nate between the enantiomers: e-glucose had al- 
most no effect on transport of  D-glucose. This com- 
pares quite well with data characterizing the glu- 
cose carrier of  suspension-cultured cells of  Sac- 
charurn (Maretzki and Thorn 1972). The positions 
C2, C3 and C4 of the D-glucose molecule seem to 
be of  minor importance for binding to the glucose 
carrier of  the beetroot plasmalemma (Table 4, 
Fig. 7). Substitutions in the positions C1, Cs and 
C6, however, are crucial in this regard, because 
I -OMG, glucuronic acid, D-fructose and 6-DOG 
did not affect glucose uptake. We did not test the 
importance of the pyranose-chair form for binding 
capacity to the glucose carrier, but we do not agree 
with Zamski and Wyse (1985) that D-fructose 
could serve as representative for furanose forms. 
Angyall et al. (1976) have shown that solutions of  
D-fructose are mainly composed of  the pyranose- 
chair form (about 75% at 27 ~ C). In this context, 
it should be mentioned that in contrast to the data 
reported here for beetroot protoplasts, the glucose- 
uptake system in other green plants accepts both 
glucose and fructose, as has been shown by Gogar- 
ten and Bentrup (1984) and by Komor  etal .  
(1985). 
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In the presence of 1 mM phlorizin, glucose 
transport into red-beet protoplasts was inhibited 
by 40% (Table 5). Considering that 70% inhibition 
of 3-OMG transport by phlorizin was determined 
as maximal for Ricciafluitans (Felle et al. 1983), 
one might assume 1 mM of this agent to be the 
concentration for half-maximal inhibition in the 
case of red-beet protoplasts. 

Comparing the present results with the criteria 
for carrier-mediated transport (Reinhold and Kap- 
lan 1984), we conclude that glucose transport into 
red-beet protoplasts is mediated by a specific plas- 
ma-membrane carrier. 

Sucrose uptake from a 10 mM [14C]suc rose  so-  
l u t i o n  yielded a rate of only 20-30 nmol. (100 units 
betanin)- 1. h-  1 (Fig. 5). Based (i) on the most un- 
favorable assumption of 20% exchange transport 
of sucrose at the tonoplast (Doll 1979) and (ii) 
on the fact that 50% of label is retained in sucrose, 
this would mean an increase in the cytosolic su- 
crose concentration of about 5 to 10 raM. Sucrose 
transport across the plasma membrane of red-beet 
storage tissue would therefore occur only until the 
concentration between the cytoplasm and the me- 
dium becomes equilibrated. The accumulation step 
might be attributed to the tonoplast in this case, 
as pointed out by Wyse (1979) for sugar-beet ta- 
proot discs, and as indicated by Schmalstig and 
Geiger (1985) for sugar-beet sink leaves. Apart 
from the lower apparent affinity of the presumed 
plasma-membrane carrier for s u c r o s e  (Kin 10 mM) 
compared with the glucose carrier (Kin 1 raM), up- 
take values for sucrose transport into isolated pro- 
toplasts are not sufficient to explain in-situ uptake 
rates. Uptake of [l~C]sucrose is not inhibited by 
glucose, and sucrose does not alter significantly 
the uptake of [14C]glucose into isolated bundle 
protoplasts. This may indicate the presence of two 
different carriers at the plasma membrane of red- 
beet storage tissue. Whether or not the slight stim- 
ulation of sucrose transport in the presence of glu- 
cose reflects a cooperative effect, remains to be 
determined. 

The results for protoplasts were confirmed by 
those obtained for tissue discs, where a preference 
for glucose uptake could also be found. However, 
after an aeration period of 24 h prior to the uptake 
experiment, 14C uptake from [~4C]sucrose into tis- 
sue discs was remarkably enhanced and was nearly 
equal to the rate measured for [t4C]glucose uptake. 
We suggest that aeration of tissue discs induced 
(cell-wall bound) acid-invertase activity and that, 
according to Eschrich (1980), sucrose hydrolysis 
in the apoplast might precede sugar uptake into 
the parenchyma cells adjacent to the phloem. The 

report that only 70% of [~4C]glucosyl-labelled su- 
crose administered to sugar-beet taproot discs re- 
mains chemically unaltered (Wyse 1979) streng- 
thens this suggestion. 

Sugar @take across the plasma membrane of 
red beet is clearly pH-dependent (Fig. 6); this may 
indicate the importance of protons as a driving 
force for glucose uptake into red beet. Our results 
of experiments with uncouplers like DNP and 
CCCP and the K+/H+-exchange-mediating iono- 
phore nigericin support this view. A proton-pump- 
ing plasmalemma ATPase, responsible for main- 
tainance of a pH gradient between apoplast and 
cytoplasm, has been established meanwhile for red- 
beet storage tissue (O'Neill and Spanswick 1984a, 
b). This ATPase may be involved in secondary ac- 
tive glucose uptake across the red-beet plasma 
membrane, since in our experiments uptake is re- 
duced by putative inhibitors of such ATPases. 
Rather high concentrations of Na-orthovanadate, 
however, are needed for inhibition of glucose 
transport in beetroot protoplasts, whereas only mi- 
cromolar amounts are sufficient to block proton- 
pumping of plasmalemma ATPases in beetroot ve- 
sicle preparations (O'Neill and Spanswick 1984a). 
We therefore think that the vesicles used by O'Neill 
and Spanswick were turned inside out and hence, 
Na3VO4 had direct access to the binding site at 
the ATPase (Cantley et al. 1978). This may explain 
in part the lower concentrations for total inhibition 
of ATPase activity. Additionally, we tested 
Na3VO4 under pH conditions optimal for glucose 
uptake (pH 5.0). Acidic pH, however, promotes 
formation of decavanadate, a yellow polymeriza- 
tion product of orthovanadate (Gallagher and 
Leonard 1982). Thus the actual concentration of 
the inhibitory + V -  oxidation state was presumably 
lower than indicated in Tables 5 and 6. 

The possible involvement of the plasmalemma 
ATPase in glucose transport in beet roots is sub- 
stantiated by the inhibitory action of DCCD and 
PCMBS; the latter has frequently been reported 
to inhibit sucrose transport specifically (Giaquinta 
1976; Maynard and Lucas 1982; M'Batchi and 
Delrot 1984). From data presented by Vara and 
Serrano (1982) and Serrano (1983) it can be con- 
cluded that plant plasma-membrane ATPases pos- 
sess essential sulfhydryl groups. Therefore, the glu- 
cose-transport-inhibiting effect of PCMBS in our 
experiments is not surprising. 

While the slight stimulation of glucose uptake 
in the presence of 20 mM K + may reflect an im- 
proved membrane stability caused by K § (Jolivet 
et al. 1983), its inhibition by higher cation concen- 
trations (100 mM K + or Na § may be simply ex- 
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plained by depolarization of the membrane poten- 
tial (interior negative) as a consequence of cation 
uptake. Whether or not the strongly inhibiting ef- 
fect of valinomycin (Tables 5, 6) on glucose uptake 
is caused by hyperpolarization of the membrane 
potential induced by this ionophore is unknown 
at present. 

A perfect separation of functionally different 
cells of the beet hypocotyl is not yet attainable. 
Nevertheless, the data presented here allow the 
conclusion that phloem unloading of sucrose into 
the apoplast of beet roots might be restricted to 
the bundle region. The parenehyma cells adjacent 
to the bundles may preferentially absorb sugars 
from the apoplast, mainly glucose, since its uptake 
significantly exceeds that of sucrose into proto- 
plasts isolated from the bundle region. We there- 
fore suggest that sucrose hydrolysis occurs in the 
apoplast, but is limited to the phloem-unloading 
site. 

We thank Professor K. Schmitz and Dr. M. Weidner for helpful 
discussions and Mrs. C. Zander for skilful technical assistance. 
This work was supported by a grant of the Deutsche For- 
schungsgemeinschaft (Wi 107/33). 

References 

Angyal, S.J., Bethel1, G.S., Cowley, D.E., Pickles, V.A. (1976) 
Equilibria between pyranoses and furanoses. IV. l-Deoxy- 
hexuloses and 3-hexuloses. Aust. J. Chem. 29, 1239 1247 

Cantley Jr., L.C., Cantley, L.G., Josephson, L. (1978) A charac- 
terization of vanadate interactions with the (Na,K)-ATPase. 
Mechanistic and regulatory implications. J. Biol. Chem. 
253, 7361-7368 

Delrot, S. (1981) Proton fluxes associated with sugar uptake 
in Viciafaba leaf tissues. Plant Physiol. 68, 706-711 

Doll, S. (1979) Untersuchungen zum Transport am Tonoplas- 
ten der Speicherzellen von Beta vulgaris. Doctoral thesis, 
University of Cologne, FRG 

Doll, S., Rodier, F., Willenbrink, J. (1979) Accumulation of 
sucrose in vacuoles isolated from red beet tissue. Planta 
144, 407~411 

Ehwald, R., Kowallik, D., Meshcheryakov, A.E., Kholodova, 
V.P. (1980) Sucrose leakage from isolated parenchyma of 
sugar beet roots. J. Exp. Bot. 31,607-620 

Eschrich, W. (1980) Free space invertase, its possible role in 
phloem unloading. Ber. Dtsch. Bot. Ges. 93, 363-378 

Felle, H., Gogarten, J.P., Bentrup, F.W. (1983) Phlorizin inhib- 
its hexose transport of Ricciaj7uitans. Planta 157, 267 270 

Fife, J.M., Price, C., Fife, D.C. (1962) Some properties of 
phloem exudate collected from root of sugar beet. Plant 
Physiol. 37, 791-792 

Gaff, D.F., Okong'O-ogala, O. (1971) The use of non-penetrat- 
ing pigments for testing the survival of cells. J. Exp. Bot. 
22, 756-758 

GaUagher, S.R., Leonard, R.T. (1982) Effect of vanadate, mo- 
lybdate, and azide on membrane-associated ATPase and 
soluble phosphatase activities of corn roots. Plant Physiol. 
70, 1335 1340 

Galun, E. (1981) Plant protoplasts as physiological tools. Annu. 
Rev. Plant Physiol. 32, 237 266 

Getz, H.-P, (1985) Die Aufnahme yon Zuckern in isolierte Pro- 
toplasten aus dem Hypokotylgewebe yon Beta vulgaris 
(Rote Riibe). Doctoral thesis, University of Cologne, FRG 

Giaquinta, R.T. (1976) Evidence for phloem loading from the 
apoplast. Chemical modification of membrane sulfhydryl 
groups. Plant Physiol. 57, 872-875 

Giaquinta, R. (1977) Sucrose hydrolysis in relation to phloem 
translocation in Beta vulgaris. Plant Physiol. 60, 339-343 

Giaquinta, R.T. (1983) Phloem loading of sucrose. Annu. Rev. 
Plant Physiol. 34, 347-387 

Gogarten, J.P., Bentrup, F.-W. (1984) Properties of a hexose 
carrier at the plasmalemma of green suspension cells from 
Chenopodium rubrum L. In: Membrane transport in plants, 
pp. 183-188, Cram, W.J., Jana6ek, K., Rybovgt, R., Sigler, 
K., eds. Czechoslovak Academy of Sciences, Praha, 1984 

Grant, B.R., Beevers, H. (1964) Absorption of sugars by plant 
tissues. Plant Physiol. 39, 78-85 

Heldt, H.W., Rapley, L. (1970) Specific transport of inorganic 
phosphate, 3-phosphoglycerate, and dihydroxyacetone 
phosphate and of dicarboxylates across the inner membrane 
of spinach chloroplasts. FEBS Lett. 10, 143-148 

Jolivet, Y., Hamelin, J., Larher, F. (1983) Osmoregulation in 
halophytic higher plants: The protective effects of glycine 
betaine and other related solutes against the oxalate destabi- 
lization of membranes in beet root ceils. Z. Pflanzenphysiol. 
109, 171-180 

Kaiser, G., Heber, U. (1984) Sucrose transport into vacuoles 
isolated from barley mesophyll protoplasts. Planta 161, 
562-568 

Kaiser, W.M., Martinoia, E. (1985) Absence of an apoplastic 
step in assimilate transport to the phloem? A comparison 
of assimilate efflux from leaf slices, mesophyll protoplasts 
and a unicellular green alga. J. Plant Physiol. 121, 463474 

Kamamoto, J., Raison, J.K., Lyons, J.M. (1971) Temperature 
"breaks" in Arrhenius plots: A thermodynamic conse- 
quence of phase change. J. Theor. Biol. 31, 47-51 

Kamiya, N. (1959) Protoplasmic streaming. Protoplasmatolo- 
gia 8, 1-89 

Komor, E., Schobert, C., Cho, B,H. (1985) Sugar specificity 
and sugar-proton interaction for the hexose-proton-symport 
system of Chlorella. Eur. J. Biochem. 146, 649-656 

Kursanov, A.L. (1974) Assimilattransport and Zuckereinspei- 
cherung in der Zuckerrfibe. Zuckerind. 24, 478-487 

Leigh, R.A., Branton, D, (1976) Isolation of vacuoles from 
storage tissue of Beta vulgaris L. Plant Physiol. 58, 656-662 

Maretzki, A., Thorn, M. (1972) Membrane transport of sugars 
in cell suspensions of sugarcane. I. Evidence for sites and 
specifity. Plant Physiol. 49, 177-182 

Maynard, J.W., Lucas, W.J. (1982) A reanalysis of the two- 
component phloem loading system in Beta vulgaris. Plant 
Physiol. 69, 734-739 

M'Batchi, B., Delrot, S. (1984) Parachloromercuribenzenesul- 
fonic acid. A potential tool for differential labelling of the 
sucrose transporter. Plant Physiol. 75, 154-160 

Mierzwa, R.J., Evert, F. (1984) Plasmodesmatal frequency in 
the root of sugar beet. Am. J. Bot. 71 Suppl., 39 

Nagata, T., Takebe, I. (1970) Cell wall regeneration and cell 
division in isolated tobacco mesophyll protoplasts. Planta 
92, 301 

Neuhoff, V., Phillipp, K., Zimmer, H.G., Meseke, S. (1979) 
A simple, versatile, sensitive and volume-independent meth- 
od for quantitative protein determination which is indepen- 
dent of other external influences. Hoppe-Seyler's Z. Physiol. 
Chem. 360, 1657-1670 

Nickell, L.G., Maretzki, A. (1969) Growth of suspension cul- 
tures of sugar cane cells in chemically defined media. Phys- 
iol. Plant. 22, 1 I7-125 



196 H.-P. Getz et al. : Sugar transport across the Beta plasma membrane 

O'Neill, S.D., Spanswick, R.M. (1984a) Effects of vanadate 
on the plasma membrane ATPase of red beet and corn. 
Plant Physiol. 75, 586-591 

O'Neill, S.D., Spanswick, R.M. (1984b) Solubilization and re- 
constitution of vanadate-sensitive H+-ATPase from the 
plasma membrane of Beta vulgaris. J. Membr. Biol. 79, 
231-245 

Pedemonte, C.H., Kaplan, J.H. (1986) Carbodiimide inactiva- 
tion of Na, K-ATPase. J. Biol. Chem. 261, 3632-3639 

Pharr, D.M., Sox, H.N., Smart, E.L., Lower, R.L., Fleming, 
H.P. (1977) Identification and distribution of soluble sac- 
charides in pickling cucumber plants and their fate in fer- 
mentation. J. Am. Soc. Hortic. Sci. 102, 406-409 

Reinhold, L., Kaplan, A. (1984) Membrane transport of sugars 
and amino acids. Annu. Rev. Plant Physiol. 35, 45-83 

Richter, E:, Ehwald, R. (1983) Parenchymal transport of 
[14C]sucrose and D-[14C]mannitol in sugar beet roots after 
introduction via xylem vessels. Plant Sci. Lett. 32, 177-181 

Richter, E. (1985) Probleme der strukturellen Organisation des 
Parenchymtransports der Assimilate. Colloqu. Pflanzenphy- 
siol. Humboldt-Universit/it Berlin Nr. 8, 137-151 

Rosenberg, T., Wilbrandt, W. (1957) Strukturabhfingigkeit der 
Hemmwirkung von Phlorizin und anderen Phloritinderiva- 
ten auf den Glucosetransport durch die Erythrocytenmem- 
bran. Helv. Physiol. Acta 15, 168-176 

Saftner, R.A., Daie, J., Wyse, R.E. (1983) Sucrose uptake and 
compartmentation in sugar beet taproot tissue. Plant Phys- 
iol. 72, 1-6 

Schmalstig, J.G., Geiger, D.R. (1985) Phloem unloading in de- 
veloping leaves of sugar beet. Plant Physiol. 79, 237-241 

Serrano, R. (1983) Purification and reconstitution of the pro- 

ton-pumping ATPase of fungal and plant plasma mem- 
branes. Arch. Biochem. Biophys. 227, 1-8 

Tomos, A.D., Leigh, R.A., Shaw, C.A., Wyn Jones, R.G. 
(1984) A comparison of methods for measuring turgor pres- 
sures and osmotic pressures of cells of red beet storage tis- 
sue. J. Exp. Bot. 35, 1675-1683 

Vara, F., Serrano, R. (1982) Partial purification and properties 
of the proton-translocating ATPase of plant plasma mem- 
branes. J. Biol. Chem. 257, 12826-12830 

Widholm, J. (1972) The use of fluorescein diacetate and pheno- 
safranine for determining viability of cultured plant cells. 
Stain Technol. 47, 187 

Willenbrink, J., Doll, S., Getz, H.-P., Meyer, S. (1984) Zucker- 
aufnahme in isolierte Vakuolen und Protoplasten aus dem 
Speichergewebe von Beta-Rfiben. Bet. Dtsch. Bot. Ges. 97, 
27-39 

Wyse, R. (1979) Sucrose uptake by sugar beet tap root tissue. 
Plant Physiol. 64, 837-841 

Wyse, R.E. (1985) Membrane transport of sucrose: Possible 
control site for assimilate allocation. In: Frontiers of mem- 
brane research in agriculture, pp. 257-271, St. John, J.B., 
Berlin, E., Jackson, P.B., eds. Rowman & Allanheld, To- 
towa 

Zamski, E., Wyse, R.E. (1984) Turgor regulation of sucrose 
transport in sugarbeet taproot tissue. Plant Physiol. 75, 156 

Zamski, E., Wyse, R.E. (1985) Stereospecificity of the glucose 
carrier in sugar beet suspension cells. Plant Physiol. 78, 
29l 295 

Received 20 August 1986; accepted 27 January 1987 


