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Abstract-The amounts of glucose and fructose in a range of bated tubers of Solfanum ruberosum were compared 
with the LabcIIing of these hexoscs by [U-“C]sucrosc suppIicd to the tubers Hexosecontcnt varied. Fructose was more 
heavily IabcIIa! than glucose. There was no correlation between the amounts of glucose and fnrtosc in the tuber and 
their labcUing. The maximum catalytic activities of a-glucan phosphorylasc, acid invcrtasc. alkaline invertasc, sucrose 
synthasc, a-amyhsc and /I-amylase in tubers stored for 17 weeks at 5” and at lo” were estimated. The values showed no 
clear correletion with hexose content, but provided sound evidence that starch breakdown was phosphorolytic. It is 
suggested that the amounts of glucose and fructose in mature harvested tubers may be determined more by the 
partitioning of the translocatcd sucrose during the dcvclopwnt of the tubers than by the metabolism of the harvested 
t&Cl. 

INTRODUCllON 

The am0unts of glucose and fructose in harvested mature 
potato tubers vary appreciabIy according to the variety 
[ 11, and the conditions of growth [2,3]. Despite their 
important rda in metabolism, and in determining tuber 
quality, little is known of the mechanisms that control the 
hexose content of the tubers. The aim of the work 
described in this paper was to investigate the extent to 
which the hcxose content of the tuber was determined by 
the metabolism of the mature harvested tuber as opposed 
to the metabolism that occurred during the partitioning of 
the translocatal sucrose delivered to the dcvdoping tuber. 
Two approaches were used. First. we compared the 
amounts of glucose and fructose in a range of mature 
tubers with the ability of the tubers to mctabolixc [U- 
“C]sucrose to these hcxosu. Sucrov is the principal 
form in which carbon is delivered to the tuber, and almost 
artainly an intermediate in the formation of hcxosc from 
starch [4]. Thus it is likely that sucrose is the immediate 
precursor of most, if not all, the hcxose in the tuber. 
Consequently, if the hexose content of the tuber is 
determined primarily by the tuber’s immediate metab 
olism, then a close correlation would bc cxpbcted between 
the amounts of gIucosc and fructose present in the tuber, 
and theextent to which the [i4C]sucrose wasconverted to 
[“C]gIucosc and [“C]fructose. Our second approach 
was to estimate the maximum catalytic activities of 
enzymes likely to contribute to hexosc formation and see 
if these corresponded to the amounts of hcxose in the 
tubers. 

RESULTS AND DtSCUSSlO!U 

Membolim of [U-‘*C]sucrose 

We supplied labclkd sucrose to the tubers by removing 
a minute core of tissue with a SC+l microcapillary pipette 

*Resent add-: Dcprtwnr of Biochcmirtty. University of 
Gmgia. Athens GA 3OfiOz U.S.A. 

and then filling the hok with [U-14C]sucrose. After a 
timed intervaI, a core of tissue, 1.2cm in diameter and 
coxmtrk with the original hole, was rtmovcd with a cork 
borer, kilkd and anaIysaI. The efficacy of this proccdurc 
has been demonstrated [S, 63. For each core of tissue, we 
determined both the detailed distribution of label, and the 
amounts of glucose and fructose present. Thus com- 
parison of the two types of information was always made 
on the same sampk of tissue. We compared three varieties 
of tubers+ and for two of the varieties we used two 
different batches of tubers that had been grown under 
different conditions (Table I). 

Interpretation of our data requires cvidcnoc that 
neither the exogenous [‘4C]sucrose nor the endogenous 
sucrose broke down appreciably during the killing and 
analysis of the tissue samples. To authenticate our 
measurtmcnts of hexosc, we prepared dupbcate samples 
of tissue, extracted one in the usual way and the other in 
boiling ethanol that contained measured amounts of 
sucrose. glucose and fructose that were comparabk to 
those normally extracted from the sample of tissue. 
Comparison of the amounts of sugars found in the two 
cxtrects showed that no more than 10% of the hexoscs 
was lost during analysis and that no more than 12% of 
the sucrose was converted to hcxoscs. In addition, we 
incubated I ml 0.5 mM [U-‘*C]sucrose in 0.02 M 
KHsPO., pH 5.2. for 5 hr and then took this solution 
through the complete procedure for killing and analysis. 
The estimates of the “C recovered as [‘*C]sucrose after 
this test were 97.97, 101 and 118% of that taken at the 
start. We suggest that the&a in Table 1 are not seriously 
affected by artcfactual breakdown of either endogenous 
sucrose or the [i4C]sucrosc, and that the estimates of 
hexose were made without sign&rant loss. 

Our measurements of hexosc (Table 1) demonstrate 
two points. First, there was appreciable vAtion in 
hcxose content, not only between varieties and between 
tubers of the saw variety grown under different con- 
ditions, but even between tubers of the same variety 
grown under the same conditions. Second. in many tubers 
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Tsbk I. Comparison of hcxosc content with labclhng of hcxoses by [U-“Clsucrosc supplied to pota 
rutxrs for 5 hr 

Varicry 

W1Ip 

Record 

Moris Piper 

PenXntage of 
Hexosc content mcuwizal ‘.C 

Tuber (pnol/g fr. wt) racovaal In ‘.C wtabolizal 
no. FfWZtoSC Glwobc Frwm6c Glucose (dpm x IO-‘) 

I 43 47 29 17 188 
2 28 32 37 23 252 
3 39 45 27 22 223 
I IS 26 7 5 250 
2 20 30 13 7 551 

I 14 IS 22 18 212 
2 22 28 38 18 397 
3 10 15 40 22 386 
1 47 4g 36 29 391 

2 43 43 45 14 485 
3 45 48 51 23 406 
I 28 26 26 II 202 
2 29 27 41 33 4al 

3 42 48 44 30 563 

there was more glucose than fructose. Variation in bcxose 
content has been found by others [ I, 2,fl and,considering 
the important role of hexoscs in metabolism, is not 
surprising Almost any substantial physidogkal change 
or stress is likely to alter the amounts of such important 
substrates. Thus, it seems unlikely that any single factor, 
or simple combination of factors, is rcsponsibk for 
determining the hexosc content of the tubers 

The tubers also differed in the extent to which they 
mctabohxcd [ i4C]sucrosc (Tabk 1). In order to permit 
comparison bctwan tubers, the “C per fraction obtained 
by analysis is expressed as a percentage of the total “C 
mctabolixcd by that tuber. “C mttabolixal is the sum of 
the “C recovered as “CO1 plus that in water-insoluble 
and water-soluble substances minus that remaining as 
[‘*C]sucrosc. After a 5-hr pulse (Table I), the general 
distribution of label was broadly similar in all tubers and 
is exemplifkd by the following data from the three Wilja 
tubers. The percentages of metabolized “C (means f s.c) 
recovered per fraction for these tubers were: COr. 5 f 5; 
water-insoluble material, 9 f 2; bask and acidic com- 
ponents of the water-soluble material, I7 f 2, I7 f 5. 
respectively; glucose. 21 f 3; fructose, 31 f 5. Loss Of “C 

during the analyses was always less than IO% of the total 
“C metabolixed. 

Table I shows the extent to which metabolixal 
[i4C]sucrose was converted to its constituent hcxosu. In 
most tubers the hexoscs were the most heavily lab&d 
compounds. In all tubers fructose was more heavily 
lab&d than glucose and in many tubers this difference 
was quite marked. The data in Table I show that there was 
no obvious relationship between the amounts of gltuzosc 
and fructose present, and the labclling of these com- 
pounds by [U-“C]sucrosc. If glucose content is plotted 
against percentage of tth5abolizcd “C recoveral as 
[“c]gluco~ for each sampk described in Table 1, r is 
found to be ON. When a similar plot is made for fnztosc 
and [“c]fructosc. r is 0.52. 

WC investigated whcthcr the labclling of the hexoses 
varied with time by determining the distribution of “C 
after a 2-hr puke. and a 2-hr pulse followed by an 18-hr 
chase (Table 2). The labelling of the hcxoses after this 
shorter pulse was comparable to that found after the 5hr 
pulse (Tabk 1). After the chase there were differences in 
the labelling pattern. The total “C recovered in hexoses 
had declined and the decline was greater for fructose than 

Table 2 Lpbclling of hcxoscs after supplying [U-‘4C]sucrosc to potato 
tubers for a 2-hr pulse, and a 2-hr puke followai by an l8-hr chase with 

sucrose 

Tuber 
no. [Treatment] 

Percentage of 
mctabohxed 

“C racovaal in 
‘.C IlutahohrSd 

FrUCt0X Glucose (dpm x IO-‘) 

I Pulse 46 37 327 
2 Pulse 48 36 421 
3 P&c and chaK 12 II 209 
4 Pulse and chase 13 13 251 
5 F%lkSIldCh%SC 25 23 246 
6 PUlSCdChnsc I8 I8 I69 
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ghcosc. However, even at the end of tk chase tk 
kbclling pattern differed from the relative amounts of 
hexosc present. 

We compared hcxosc content and enzyme activities in 
tubers kept at 5” and in t&cm kept at lo” (Tabk 3). We 
investigated tk reliability of our enzyme assays. For each 
enzyme we optimized the pH and tk concentration of 
each component of the reaction mixture, and showed that 
activity was linearly related to time and amount ofextract. 
We did recovery or recombination experiments to see if 
activity was lost during extraction and assay. In the former 
we prepared duplicate sampks, extrsacd one as usual and 
the other in buffer that contained a measured amount, 
comparable to that present in the sample, of pure enzyme. 
The difference in the activitcs found in the two extracts is 
given as a perantage of the added activity to give a 
measure of the recovery of the pure enzyme. The fotlow- 
ing values were obtained; acid invertasc, 108 %; a-&ran 
phosphorylasc. 817; /?-amylasc, 81%. For recombination 
experiments we prepared three samples, one of potato, 
one of another tissue. and one that was a mixture of equal 
weights of potato and the other tissue. The activity in the 
mixture is expressed as a percentage of tk vaIuc predicted 
from tk measurements made on the sqmtatccomponcnts 
of the mixture. The tissues used and the values obtained 
were: alkaline invcrtasc, spadix of Arum mocularwn, 95 y; 
a-amylaq leaves of RSSUB 3ufiwrm. 10s y& cotyledons of 
germinating seeds of Pinur uuicwn, 118 %. The assay for 
sucrose synthasc has already been autkntkatcd (41. WC 
suggest that the values in Table 3 reflect the maximum 
catalytic activities of the tukrs. These values do not reveal 
any marked capacity of the tubers to form kxosc, since 
the activities of both invcrtascs and sucrose synthasc were 
low and neither amylasc could k dctstcd. There is no 
obvious relationship ktwccn the enzyme activities and 
the contents of glucose and fructose. 

WC draw three principal conclusions from the results 

presented in this piper. First, our mcasurcmcnts of 
cnzymc activity, and tk I& of any positive correlation 
between hcxosc content and the conversion of 
[‘4C]sucrosc to kxoscs agree in suggesting that tk 
kxosc content of tk mature tuber is not normally 
determined primarily by tk mctab&sm of tk harvested 
tuber but by the metabolism that occurs during tk 
dcvciopmcnt of tk tuber. This is not to say that storage 
conditions do not afTa~ hcxosc content. they &arty do 
[4], but to cmpksizz tk importance of tk initial 
partitioning of sucrose on arrival in the tuber in dctcrmin- 
ing the final htxosc content of tk tuber. 

Our second conclusion is that starch breakdown in 
isolated tubers is almost certainly ph~phorolyt~ rather 
than hydrolytic. This is shown by tk high activities of a- 
glucpn phosphorylaac and the virtual abscncz of both 
amylascs (Table 3). and by tk evidence that starch is the 
s~ura of sugars in isolated tukrs [8]. The final con- 
clusion is that the fti that ( l*C]sucrosc laklkd fructose 
more than glucose strongly suggests that tk contrition 
of sucrose synthasc to sucrose breakdown is appreciable 
in relation to that of the invcrtascs. 

IXPulMmTAL 

Morcriofi[U-‘r]Suroscwprfl~thcRadiodKnsicaitrc, 
m lxxymcs and cubstrata WIT from Boduinger. 
Tubers of SoIomm I- L cv. Record, Maris Piper. Wilja 
and Pentland Dell were grown IoaUy. Di6cfcnt bat&es of the 
saaevarktycunefromdi&rcntgrowcrsin thcfcgion.Unksswc 
s8y otbawit+. the tubes were stored aI 8” in the dark im- 
media@ afta harvest and used within 8 waks. 

f.uhe11h cxperimmts. T&re were done as m ref. [6] exe+ 
thal SOgl 0.5 mM [U-“Cjurrose (3ooCi/moI) in 0.02 hi 
KHIP0.,pHJ.5wu\uadforpufKSandX)ri0.5mMs~~ 
in 0.02 M KH,PO, pH 52, forchases. The methods used in the 
killing and ana&cs of C& runpies l rz described in ref. [6]. Tbc 
labcIting of the following fractions was determined: CO,; watcr- 
insolubk sub6sunxa; acidic basic and neutral cornponcnts oftbe 
mta-sduble subsunaq ghbcosc. fNclosc and SucTosc. 1.c was 

Tabk 3. Enqmc tiivitics and sugar contents of potato tubers stored for I7 
waksat 5’andat 10” 

Tubers stored at 

5”(l) IO@(H) 

Fisha’s 
PvahJcs 
I vs. Ii 

Enqmc activiGa (nmol/min/g fr. M)+ 
a-Glu*n phosphorylue 688* 19 406*31 < 0.001 
Acid invuluc 76i7 93*9 N.S. 
lukSzuinvmrit *6f4 28*3 < 0.01 
Sucrose syntlusc 22 f 5 37 f 7 N.S. 
a-AmYLrc nd nd 

BhYh nd nd - 

sugar contcnt &fn01/8 fr. wqt 
Fnr;roSC Il.Pf 1.2 5.9 f 0.4 < O.aol 
Glucose 9.7 f 1.2 6.Oi 1.1 < 0.05 
SucraK b3f0.5 7.5 f 0.5 N.S 

*Values arc means f +c. from six tubers except tht for sucrose synthue n 
- 4. 

*Values arc mans fs.c. from at kast thre cxtw from ach of five 
diKerent tubm. 

n.d.: not dctcrminod. 
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maruradbllipuid8cinlilhtioarpaclroclwc~rquacwpmplcr 
were mixad with B&man R&y-SoJr=EP (e RIJC 

Ltd, Hi8h Wycombc, U.K.); insdubk uutcrial was tmtsd with 
NCS tiuuc rd~bitittr (Ah Cmpotaticm, Mington 

HrQhts, USA.) ud counted u in ref. [9]. For -I of 

rhc sugar contcln of Ihe tukrr. portions of tbc arlcr-lohI& 

frnctionofthc&ovcmmpkaorofcompanbk~pkrkilkd 

udextrrtediatbcume*ry.w~Mysdfor~ucorcmd 

fnrtoscuiarcf[10].S4krouwumcuuraiasthcincrascin 

8hXQ3c obaved afta tratmcnl of tbc watcr-wlubk fnnion 
with invcnasc. 

EN)mrmury*SamplesoClirsuc.Q~I.O8ff.wt.anrrhaaopen- 

~fintwithapcstkandmonarandthcnorilhan~gtacrhom 

o~nrzcr. in 35 vob avacrkm medium with msdubk polyvinyl- 

pyrrobdonc (250 m&j fr.art) Exlrnction was l t 4’ and extracts 

wcrc kept xt l-3” untii asnycd xl 2Y. Procxdura wac u follows: 

invcrtasc (EC 3.2126). cxtrrcral in 0.2 M Na,HPO.a.l M 
ciuic n&l. pH 8.0, homogcna tcccnuifu#cdrt32000@for3Omin. 

rupcnut~~ diaJyud for 24 hr l gnimt IO x dihual cxtrnction 
medium xnd uvycd as in rd. [I I] except tlut ghrosc was 

nxusurcd as in ref. [IO] lbd tbc rcw+~a mixture was I5Ojd 

CXI~YI plus 1% 40.2 M Nn,HPO,AIl M civic rid @H 5.0 or 

7.5) 1ha1 contnincd 3.75 mg su~oac. a-Gluan pho@oryluc (EC 

2.4.1.1). cxtrrncd in IOOmM &cyl&cinc. pH 7.4. 2OmM 

EDTA. 20mM cysteinc HCI. 20mM dkthyidirhiocarbnrnxtc, 

homo@nxrea?nuifu@xl aI lalog for 5 nlin and supcrnaIanl assycd 
us in rd. [ 121 in x rcution mixrurc (3 ml) thr containad 20 mM 

N+HPO.-KHxPO. buUcr. pH 7, 0.425mM NAD. 5mM 

M&Il,.CI CM glucose I.6b+Aos&tc.3.75 mp~ylopcain.4 
uniu phosphogluxwutnsc (RC 2.7.5.1). 1.4 units @cub 

phoqhotc dchydrv (EC l.l.1.49. NADdqndcnr from 

Lrcwanosruc) a-Amyhsc (EC3.2I.I). cxtrnctcd in 126mM 
akium rctatc, pH 6. cxtrut kept a 70” for 20 min, cookd IO 4”, 

ccnlnfuped l t 34 000 g for I5 mi* supmutant uycd ns in ref. 

[ 131. rt~vi~y akuktcd xs m rd. [ 141. &Amylmc (EC 3.21.2). 

cxtructcd m 50mM NaOAc. pH 6. 5 mM EDTA, 5mM 2- 

mcraptocthxnd,homogcnatcanrrifu8aidt WOOOgfor 15 min. 
supcnuwr dixlyscd agairur 10 x diluted extraction medium 

followed by urry u in ref. [ 151 in a -ion mixlurc. 1 alI. thl 

containal 50 mM NxOAc, pH 5.6, 5 mM RMA. 5 mM 2- 
mauptocthmnol and 7.5 nlg soldub& UArch !&rwc aynttmle 

(EC3.4.1.13), extra&d in IOOmM Ttis-HCl, pH 7.6 2OmM 

EDTA, 20 mM cystcintHCl. 20 mM dicthykhthioarbunatc. 

bomofenrtc ocnlrifugcd at 1OOooo# for 30 min. rupnutnnt 

dialw gninst IO x dilurcd cxrmction bulTcr Marc usxy u m 

rd. 141 in a rnu&m mixture. 100 d tht con&nod 33.3 mM 

Tris-HCl,pH 8.5.13.3 mM UDPgluoac. 50 mM sucro~, 30 mM 
[ U-‘+Z]fructoac (16.7 j~CX/nxoQ 

AducrwNWc rhnk Mr. E 1. m Dqutmcnt of 

ApptisdMo+oW.U nivaxiy of Cambridp. and Dr. M. storcy. 

Pota Muhcting Rard, for potatou SM. thanks rhc Pout0 

Mnrkcting Roud for 1 poaI~unte sllukntahip. 
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