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Abstract-Tobacco callus was cultured m hght or dark, with or without gtberelhc acid, and with various carbon 
sources m the medium, and the growth rate and activities of some enzymes of the Embden-Meyerhof-Parnas 
and pentose phosphate pathway were determined. No changes m the specific activities of enzymes of either path- 
way could be correlated with growth but there was a light-dependent stlmulatlon of the pentose phosphate path- 
way enzymes examined 

. 

INTRODUCTION 

CULTURES of plant tissues in vitro normally require an exogenous source of carbon and 
\ energy.’ For most plants sucrose is the most effective carbon source.2 In carrot tissue cul- 

tures, sucrose was followed by glucose, maltose, raffinose, fructose, galactose, mannose and 
lactose in decreasing order of utilization3 Tobacco, sunflower, periwinkle, Paris-daisy and 
marlgold tissues m culture grew relatively well on media containing sucrose, glucose, fruc- 
tosc. and with the exception of sunflower, on maltose as we11.4 In that study, the growth 
response to other carbohydrates was species specific; with tobacco growing moderately 

’ well on media containing mannose, celloblose, dextrin and pectin, but poorly or not at 
all on galactose, lactose, raffinose, starch or inulin. Sucrose (final concentration 3%) was 
found to give the highest yield in fresh and dry wts for tobacco callus grown on a high 
salt medium.’ In addition, gibberelhc acid markedly increased the fresh wt of that tissue. 

In previous studies, it was shown that tobacco callus grown on sucrose produced the 
largest number of shoots m light or darkness.” In light-grown tissue, maltose-grown tissue 
was the next best carbon source, followed by glucose plus fructose mixture, fructose, glu- 
cose and raffinose. Tissue grown on raffinose-medium produced distinctly smaller shoots. 
In dark-grown cultures, fructose was second m effectiveness to sucrose, followed by glu- 
cose, glucose plus fructose, maltose and raffinose as carbon sources. Sorbitol-grown tissue 
remained alive but produced no shoots in light or darkness, while galactose- and lactose- 
containing media were toxic. Furthermore, these various carbon sources maintained the 
correlation between starch accumulation and shoot formatlon.7.8 
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Thus, it seemed possible that the differences m growth of cultured tissue. grown under 
different culture condltlons and on various carbon sources, might he related to differences 
m the ability of the tissue to oxidize the carbohydrates. In plants two major pathways of 

carbohydrate oxldatlon are present; the Embden-Meyerhof--Parnas (EMP)glycolyt~ path- 
way and the pentose phosphate pa&way (PPP).” Indeed. we have found higher levels of 
activity ofenzymes of these pathways m shoot-forming tobacco callus than m correspond- 
mg non-shoot-forming cultures “’ In this paper. the activities of key enzymes of each of 
these pathways were examined during culture of tobacco callus under various culture con- 
ditions, and m the presence of various carbon sources The enzymes exammed were glu- 
cokmase (ATP: D-glucose 6-phosphotransferase. E C 2 7 I.?), aldolase (fructose-1,6- 
diphosphate-I>-glyceraldehyde-.?-phosphate-lyase, E C 4.1.2 1~). glucose&phosphate 

dehydrogenase (D-glucose-6-phosphate: NADP oxldoreductase. E C. 1 1 1 49) and phos- 
phogluconate dehydrogenase [6-phospho-D-gluconate NADP oxldoreductase (decarbox- 
ylatmg). E C. 1.1 1.441 

RESIJLTS 

The growth of tobacco callus for 35 days m light and darkness on the sucrose-medium 
m the presence or absence of gibberelhc acid (GA,) IS shown m Fig 1 Tissue grown m 
the dark remained colourless. while that exposed to continuous lllummation turned green 

,lfter 7 days A typical srgmoidal growth curve was observed for fresh weight increase of 
dark-grown tissue m the absence of GA, The lag phase of growth which lasted for about 2 

weeks was followed by the log phase for the next 2 weeks after which growth slowed down 
The free sugar content of the tissue remained high at S-6 weeks in culture, being m excess 
of 20mg/g fresh wt. For light-grown tissue m the absence of GA, there was a steady m- 
crease m fresh weight throughout the culture period. The effect of GA3 was very pro- 
nounced on growth m both light and dark. particularly beyond 2 weeks m culture The 
Increase m fresh weight m the dark-grown cultures was accompanied b> Increased frlablllty 
ofthe tissue, while the hght-grown tissue remained firm. The tissue cultured m the presence 
of GA, remained m the log phase of growth up to the end of the 5 week culture period. 
Examination of the dry weights of the tissue (Fig 1) showed that there was a steady ac- 
cumulation of non-aqueous material, light-grown tissue 111 the prcsencc of GA3 ha\lng the 

highest drq weight, followed by dark-grown GA,-treated tissue. dark-grown ~ISWL‘ and 
finally light-grown tissue In the early stages of growth (up to 2 weeks) the rate of dry 

weight increase was higher for light-grown than for dark-grown cultures 
Examination of the actlvltles of glucokmase and aldolase. showed that there were no 

difference? m the actlvmes of these EMP enzymes m tobacco callus cultured in the light 
or m the dark m the presence or absence of GA3 (Fig. 2), when sucrose was used as the 
energy source. For light-grown tissue there was a very slight mcrease m glucokmase act]- 
vlty over the dark-grown tissue during the last 2 weeks of culture. In general, the actlvlty 

of aldolase increased slightly during the first 3 weeks of culture m both Ilght and dark- 
grown cultures This increase was greater m the dark-grown than m the hght-grown tissues 
during the early period With respect to glucose 6-phosphate dehydrogenase the actlvlty 
of this enzyme was higher m dark-grown tissue during the mitral period However, by 7 
weeks the activity of this enzyme In Ilght-grown cultures was slgmficantly higher and the 
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dtfferences increased with age over the dark-grown tissues. The level of activity of this 
enzyme was higher in the GA3-grown tissue m the light than in the absence of this growth 
regulator. For dark-grown tissue after the mttral rise in activity there was a steady decline 
m the level of activity of this enzyme. With respect to phosphogluconate dehydrogenase, 
there were no differences in activity in the different treatments early m culture, but by 14 
days the activity of this enzyme m light-grown cultures began to increase and continued 
to do so for the remainder of the culture period. Here again the activity of the GA,-grown 
trssue in the light was higher than the correspondmg ttssue m the absence of GA3. The 
reverse was seen in the dark-grown cultures, which maintained a steady level of enzyme 
activity. The acttvity m the presence of GA3 was less than m its absence 
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Sptmfic actlvlty defined m Experimental sectlon 

The growth of tobacco callus m the dark on media containing different carbon sources 
is shown m Fig. 3. Sigmotdal growth curves were obtained for fresh weight growth of tissue 
grown on sucrose, maltose and raffinose. Tissue grown on glucose was still m the log phase 
of growth at the end of the culture period. The kinettcs of growth of the tissue on sucrose, 
glucose and maltose were almost the same during the first 3 weeks of growth. Beyond 3 
weeks the growth of the tissue on sucrose was superior, leading to the largest increase m 
weight, followed by glucose, and then maltose. Tissue grown on raffinose grew at a slower 

_ rate from the beginning and was significantly slower in growth by 2 weeks, so that the 
final fresh weight was half that of the tissue grown on maltose and much less than half 
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that grown on sucrose and glucose. Changes m the dry weight of tissues confirmed the 
fresh weight findings. Durmg the first 3 weeks there were no differences in dry weight in 
tissue grown on sucrose, glucose or maltose. Beyond that period the accumulation of mat- 
ter proceeded at a faster rate in sucrose-grown tissue; while glucose- and maltose-grown 
tissue increased m dry weight at the same rate. Here again the increase m dry weight was 
significantly slower in raffinose-grown tissue 
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Speafic actlvlty defined m Experimental sectlon 

Figure 4 shows that there were no differences in activity of either glucokmase or aldolase 
m tobacco callus grown on the four carbon sources examined. By the end of the culture 
period the activity of glucokmase on raffinose-grown tissue was very low There was a 
slightly greater increase in aldolase activity in sucrose-grown tissue m the log phase of 
growth, but no such differences were observed durmg the remamder of the culture period. 
With respect to the actlvlty of the PPP enzymes, no differences m the actlvltles of either 
glucose-6-phosphate dehydrogenase or phosphogluconate dehydrogenase was observed m 
the tissue grown on the different carbon sources. Tissue grown on maltose showed a slg- 
nificant early stimulation m activity of both enzymes during the lag phase of growth. but 
during the log phase of growth its PPP activities were similar to those obtained when the 
tissue was grown on the other carbon sources. Similarly, at 5 weeks m culture the maltose- 
grown tissue had a significantly higher level of activity for phosphogluconate dehydro- 
genase. The activities of these PPP enzymes m the raffinose-grown tissue fluctuated quite 
markedly during culture, with the activity of phosphogluconate dehydrogenase bemg very 
low at 5 weeks m culture compared to the other treatments 
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DISCUSSION 

In these studies, we have been able to show that differences m both growth rate and 
final increase m fresh or dry weight of cultured callus varied with culture conditions 
Tobacco callus growth in the absence of glbberelhc acid, which is not required for growth,’ 
was greater for dark-grown cultures than the corresponding light-grown tissues This hght- 
inhibition of callus growth 1s m keeping with observations made on the intact plant,“‘12 
and was also observed in grapefruit callus * 3 The presence of GA, m the medium increased 
the growth rate and the final weight of the tissue grown on sucrose in both light and dark- 
ness. It has been shown that the effect of GA3 on callus growth m dimly lit cultures (ca 
2701x) was mamly on fresh weight.5 While this has been confirmed for dark-grown cul- 
tures, the effects of GA, on increasing dry weight in cultures exposed to higher hght mten- 
sity (ca 2700 lx) was much more pronounced. Also of interest was the finding that cultures 
in the presence of GA, were still m the log phase of fresh weight growth after 5 weeks, 
when the dark-grown cultures, particularly, had almost entirely covered the agar surface 
of the flasks. We were also able to confirm the earlier findmgs with respect to the growth 
of tobacco callus on different carbon sources m the dark.4 In terms of fresh weight increase, 
sucrose was best, followed by glucose, maltose and raffinose, this last carbohydrate being 
only about half as effective as maltose. In terms of dry weight increase, sucrose was again 
superior followed by glucose and maltose and lastly, raffinose Of Interest was the finding that 
the differences m growth of the tissue on sucrose, glucose and maltose were mainly related 
to differences in growth rate during the last two weeks of culture Clearly, m terms of the 
rate of fresh and dry weight increase and consequently the final weight of the tissue, raf- 
finose was a rather poor carbon source. 

Despite the differences m growth obtained above, no corresponding differences m the 
specific activities of the enzymes examined were obtained. In terms of the EMP glycolytlc 
pathway, glucokmase and aldolase were equally active under all condltlons The slightly 
higher specific activity of glucokinase in light-grown over dark-grown tissue (Fig 2), while 
possibly real and significant, did not correlate with the growth rates observed With the 
enzymes of the pentose phosphate pathway there was a pronounced stlmulatlon of the spe- 
cific activities of these enzymes in light-grown tissue after 14 days. This light dependent 
stimulation m activity was independent of GA,, and did not correlate with the fresh or 
dry weight growth. The significance of this finding 1s not clear Light-stimulation of 
enzyme activity m plants is not unknown, e.g. light stimulates the level of activity of ribu- 
lose-1,5-dlphosphate carboxylase in barley, mtrate reductase m corn, and phenylalanine 
ammonia lyase m gherkin.14 We have also found a pronounced stimulation of these 
enzymes in tobacco callus at the time of merlstemold and shoot-pnmordium formation 
m dark-grown cultures.” Similarly, while differences m the specific activities of the PPP 
enzymes in tissue grown m the dark with different carbon sources were found, none of 
the differences observed could be correlated with the differences m growth of the tissue. 

Also of interest m this study, was the observation that no changes m specific actlvlties 
of key enzymes of either the EMP glycolytlc pathway or the PPP could be correlated with 
a particular phase of growth of the tissue. This finding is different from that observed dur- 
mg growth of sycamore cells in batch suspension culture.’ 5 
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I4 FILNF.R, P, WRAY. J L and VARNER, J E (1969) Scr@ucr 165, 358 

l5 FOWI I-R. M W (1971) J Exp Botany 22, 715 
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Here, durmg the early stages both pathways made appreciable contrlbutlons to carbo- 
hydrate oxidtitlon, but fbllowmg the mitiatlon ofcell’division, carbohyd-rate oxidation was 
predominantly by the EMP pathway m the sycamore cells This difference m behavior may 

be related to the condltlons, I e. static culture as opposed to the suspension culture used 
for sycamore The more or less steady levels of activity of these pathways during callus 
proliferation also differed from what was observed m this tissue grown under choot-form- 
mg conditions. I” 

The role of the EMP glycolyttc pathway m the production of p\‘ruvate. which 1s utilized 
m the trlcarboxyhc acid cycle with concomitant oxldatlve phosphorylatlon to produce 
ATP, 1s the main pathway for the oxidation of carbohydrate for production of energy The 
PPP 1s also a route of carbohydrate oxidation, but 1s an important source for producing 
reducing power (NADPH) for biosynthesis, pentose for nucleic acid synthesis and cryth- 
rose-4-phosphate for synthesis of aromatic compounds, via the shlklmlc acid pathway ” 
The failure m this study to correlate differences m grouth of the tissue under different 
treatments with the specific acti\ltics oi”enrymes Involved. m carboli)di-ate oxid’ation. ind’l- 

cates that the differences m growth observed may be related to factor\ other than the OXI- 
datlon of carbohydrate 


