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CARBOHYDRATE CATABOLISM IN PEA SEEDS (PISUM SATIVUM) 
AND THE EFFECTS 0F GIBERELLIC ACID 

INTRODUCTION 

Germination is an interesting phase of the life cycle of higher 

plants. During this period metabolism of the irnrnture plant relies on 

carbon sources localized near the embryo. The advent of photosynthesis 

presumably marks the end of the germination phase. When seeds imbibe 

water, there is an increase in respiratory activity followed by ceilu- 

lar mitosis and elongation. James (29, p. 62-68) has described the 

seed respiration under several phases, depending u?on the source nd 

type of food used by the embryo. In barley, for example, the first 

24 hours of respiration utilizes the sucrose of the embryo as the main 

carbon source. The endosperni supplies sucrose in the period between 

24 and 48 hours. Following this, there is a reduction in the output 

of CO2. The latter situation likely reflects a loss of energy reserve 

in the seed. From this point on, respiration seems to be regulated by 

the rate at which stored starch is broken down and transferred to the 

active embryo. 

The exact relationship between plant respiration and the cata- 

bouc sequences of carbohydrate metabolism has not been elucidated 

Current workers (2, p. 267-298; 20, p. 329-378; 17, p. 751-756) have 

proposed at least two major and several minor pathways of carbohydrate 

breakdown in higher plants. The two major routes are the Embden- 

Meyerhof-Parnas (EMP) pathway and the hexose monophosphate (HMP) path- 

way. One mole of fructose-1,6-diphosphate is converted, by way of a 
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sequence of rection, to two moles of pyruvate ¿ccording to the E 

scheme. In this case, C-1 and C-6 cf glucose becomes the C-3 (methyl) 

carbon of pyruvate. By the HM2 pathway, glucose-6-phosphate is oxi- 

dized to 6-phosphogluconate and subsequently decarboxylated at C-1 

to yield pentose phosphate and CO2. The triose and pentose units ra- 

suiting from the initial breakdown of hexoses may participate in sever- 

al pathways including the pentose cycle, the tricarboxylic acid cycle 

(TCA) and the glyoxylate bypass (5, p. 23; 11, p. 988-995; 33, p. 

531-537). The energies and intermediates required for biosynthetic 

reactions are derived from the combined action of the aforementioned 

pathways. 

Hatch and Turner (25, p. 495-501) found evidence for the 

operation of the E pathway in pea seeds. It was demonstrated that 

cell-free extracts could catalyze the dissimilation of hexose to 

ethanol and CO2. The observed ratios of CO2 to ethanol and the effect 

of certain inhibitors of E (iodoacetate and floride) suggested that 

no other pathway ias operative. Gibbs and Earl (22, p. 529-532) 

presented evidence that extracts from embryonic tissue of pea seeds 

and pea roots contained, almost exclusively, enzymes of the E path- 

way. Enzymes of the HM1 pathway became quantitatively significant 

only as the tissue matured (older than 7 days). This possibly means 

that pathway participation in peas is dependent on enzyme levels as 

well as tissue age. On the other hand, there exists no reported work 

on the estimation of pathway distribution with respect to carbohydrate 

metabolism in intact germinating seeds. 



The pentose phosphate derived from the HMP sequence cn be 

either channeled into biosynthetic processes or converted to fructose- 

6-phosphate. The latter process, requiring the enzymes transketolase 

and transaidolase, converts six moles of pentose phosphate to four 

moles of fructose-6-phosphate and two moies of triose phosphate. 

Beevers (4, p. 339-347) has summarized the findings of 1orecker (27, 

p. 214-219) and Racker (48, p. 141-182) into a scheme depicting the 

transposed positions of carbon atoms in fructose-6-phosphate formed 

via the pentose cycle. Gibbs and Horecker (23, p. 813-820), using 

ribose-1-C14 and a crude preparation from pea roots, have confirmed 

this pattern. The reformed hexose contained exclusive labeling in 

C-1 (73) and C-3 (307g). 

The exact fate of the fructose-6-phosphate derived from pen- 

tose phosphate has not been thoroughly investigated. Katz and Wood 

(32, j. 2165-2177) have examined the metabolism of the reconstructed 

fructose by way of extensive pentose cycle recycling . Meanwhile, 

there exists evidence in microbial studies (14, p. 551-552; 60, p. 

that fructose-6-phosphate can be readily metabolized by way of the 

glycolytic pathway through intermediate formation of fructose-1,6- 

diphosphate. 

In most biological systems, degradation products from carbo- 

hydrate, fat and amino acid catabolism are further oxidized by way of 

the TCA cycle to CC2 and H20. The net effect is the partial retention 

of energy in the form of inorganic phosphate bonds. Investigations 

(13, p. 173-183; 24, p. 113-146) have confirmed the occurrence of 
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this sequence in germinating peas and many other higher plants. 

Davies (13, p. 173-183) has found that crude extracts, prepared from 

pea seeds, on the third day of germination, contain enzymes which 

will oxidize each intermediate of the TCA cycle. Using wheat, 

Krupka and Towers (35, p. 165-177) discovered that the concentrations 

of ct-ketoglutarate and oxaloacetate rise at the incipience of ger- 

mination. Neal and Beavers (42, p. 409-416) have studied the utili- 

zation of pyruvate-l-, -2- and -3-C14 by castor beans. They observed 

a rapid, and almost complete conversion of C-i of pyruvate to CO2 and 

the appearance of C-2 and C-3 in TCA cycle acids. A relatively lower 

and much leso rapid emergence of C-2 and C-3 as CO2 occurred. These 

results readily support the postulation that the TCA cycle is oper- 

ative in germinating seeds. 

Carbon skeletons for most organic and amino acids are derived 

from intermediates of the TCA cycle. However, net synthesis of carbon 

skeletons must come from supplementary mechanisms since removal of any 

TCA cycle intermediates would interrupt the operation of the cyclic 

process. Among known me±anisms for the net synthesis of TCA cycle 

acids, the fixation of CO2 (C3 + C1 condensation) by the Wood-Werkxnan 

(66, p. 377-338) or the malic enzyme reactions (44, p. 973-1000) giving 

rise to C4 acids, has been reported in pea and castor bean seeds, 

wheat germ and corn (40, p. 591-600; 55, p. 533-546). Buhler et al. 

(13, p. 192-195), working with tomatoes, found that CO2 is incorpor- 

ated into the C-6 position of citric acid. Another enzyme which 

catalyses the synthesis of C4 acids is malate synthetase (C2 + C2 tyoe 
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condensation). This enzyme, discovered by Wong and AjI (64,p.988- 

991), has been reported by Kornberg (33,p.53ì-537) to be operative 

in castor bean, and in the seeds of the pea and other plants (39,p. 

365-367; 60,p.1O2-lO7). 

The Influence of Gibberellic Acid on Plant Metabolism 

Over the past few years biggerellias have received consider- 

able attention in the Western Hemisphere. Interest first developed in 

Japan, where Kurosawa (36,p.2l3-227) discovered that filtrates from 

the fungus Gibberella fulikuroi caused tBakanet or "foolish plant 

disease. It was so called because it produced abnormally tall rice 

plants which soon died. Currently, there are several known types of 

gibberellins (53,p.l8l-2l6; 47,p.4li-436) which are widely distributed 

in the plant world. Gibberellic acid (GA) generally designates an 

unspecified mixture of the four gibberellins isolated from the fungus 

GibbereliG. fujikuroi (53,p.lBl-2l6). 

Gibborellic acid affects plants in a variety of ways. The 

most obvious is its ability to accelerate the germination of seeds and 

the subsequent elongation of the stem (9,o.6O2-6l2; 26,p.386-338; 30, 

p.16-24; 53,p.l8l-216). The accelerated growth of the stein of Pisum 

sativum has been attributed solely to cell elongation (,p.6O2-612). 

In some other plants increased mitosis is believed to be a factor 

(37,p.237-258). 

Early investigations did not always show a parallel augmen- 

tation of dry weight with cell elongation. Ito and Kimura (23,p.242- 
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252) and Shimada (52,p.442-452) found increases in the fresh weight 

and inconsistent changes in the dry weight of gibberellic acid treated 

plants. A more thorough examination of dry weight differences, 

carried out by Brian et al. (9,p.632-6l2) with wheat and peas, showed 

a significant increase in the gibbereilic acid treated plants. The 

latter investigation lends support to the idea that the products of 

CO2 fixation are converted mainly to carbohydrate, since the components 

most markedly increased in wheat were sucrose and reducing sugars in 

the sap. In )ea sap only the amount of glucose was affected. Brian 

et al. (9,p.6O2-l2) believe that the increased rate of CO fixation 

is correlated with photosynthesis. This relationship seems improbable 

since the Bakanae disease's is known to occur in the dark as weil as 

in the light (38,.U4l-347; 67,p.365-400; 63,p.iO, 816). 

The effects of gibberellic acid upon plant respiration have 

also been under investigation by several workers. Kato (3l,p.1132), 

working with growing pea stems, has reported in 15% increase in the 

rate of oxygen uptake. Whittwer and Bukovac (63,p.xx) have reported 

the same trend in treated bean stems. Using peas and several other 

varieties of seeds, Nielson et al. (43,p.329-331) demonstrated an 

increase in the production of respiratory CO2 that appeared propor- 

tional to the amount of gibberellin administered. 

It has been noted that germinating seeds pass through several 

phases. After the initial imbibition of water, enzyme systems in the 

endosperm begin to dissociate fat, r;rotein and carbohydrate. The di:;- 

sociation products are then transferred to the embryo where they are 
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used in respiration and biosynthesis. laleg (45,p.293-299) has 

demonstrated an increase in the rate of carbohydrate breakdown in 

barley endosperms that have been administered gibberellin. Paleg 

suggests that gibberellic acid may act as a hormone which stimulates 

the production of amylase which catalyses the hydrolysis of starch. 

This higher level of enzyme causes a greater rate of sugar production 

which in turn accelerates germination. 

The radiorespirometric technique (3,p.396-400; l7,p.751-756; 

59,p.207-2l6) is one of the methods using radioactive isotopes (8,p. 

681-694; 2l,p.343-347) for the study of the participation of pathways 

in carbohydrate catabolism. The radiorespirometric method is based 

upon the recovery of C1402 during short intervals from specifically 

labeled substrates such as glucose. Jhen the yields of CO2 are 

compared on the time course basis the kinetics of the catabolic pro- 

cess can be readily recognized. The extent of pathway participations 

can then be estimated from the cumulative yield of at a desir- 

able duratíon of the incubation experiment. 

Although much work has been done in the study of respiratory 

and biosynthetic processes employing primarily enzymological techniques 

with cell-free extracts, little is known with regard to the detection 

and identification of catabolic pathways in intact seeds. The present 

work is undertaken to examine the participation of individual cata- 

bouc pathways in the over-all catabolism of germinating pea seeds, 

and consists primarily of the application of the radiorespirometric 

method developed in this laboratory (3,p.396-400; l7,p.75l-756; 



59,p.2O7-2l6). In addition, the nature of the CO2 fixation mechanism, 

operative in pea seeds, ha been investigated by the degradation of 

several key metabolic intermediates isolated from germinatod pea 

seeds, previously exposed to C1402. 

All studies were carried out with normal pea seeds and those 

treated with gibberellic cîd in an attempt to detect any effect of 

gibberellic acid upon the basic catabolic functions in the earlier 

germination phase 

EOEERIMENTAL 

Materials 

All experiments were carried out with one year old pee. seeds, 

Pisum sativum (var. Alaska) obtained from the Western Valley Seed Co., 

Lewiston, Idaho. Test samples were selected on the basis of best 

uniformity in size and weight. The seeds were incubated in a nutrient 

solution containing the following salts: KNO3, 400 mg; K2HPO4, 440 mg; 

MgSO47H20, 350 mg; CaCO3, 250 mg; CaHPOf2FI2O, 750 mg in one liter of 

water. The resulting solution was autoclaved at 15 pounds of steam 

for 20 minutes, filtered and re-autoclaved. The pH the solution 

was adjusted to4.7 with 1.0 N 11Cl. 

C14-labeled Substrates 

The C14-labeled substrates employed in the radiorespirometric 

and incorporation studies were obtained either from commercial sources 

or were synthesized in this laboratory. Glucose-1-, -2- and -6-C14 



were purchased from the National Bureau of Standards. Nuclear-Chicago 

Corp. supplied gluconate-l-C-4. Acetate-i- and -2-C14 were obtained 

from Tracerlab, mc, The BaC14O3 was purchased from Oak Ridge 

National Laboratory, 

Glucose-3(4)-C14 was prepared from the liver glycogen, iso- 

lated from rats injected with N6flC14O3, according to the method of 

Wood et al. (65,p.475-489). 

Gluconate-2-, -3(4)- and -6-C14 were prepared from the corres- 

pondingly labeled glucose according to the procedure of Moore and Link 

(4l,p.293-3ll). 

Radiorespirometric Experiments 

A vacuum infiltration technique was used successfully for 

substrate administration in similar fruit studies (3,p.396-400; 17,p. 

751-756). A modified method was used in the present work to introduce 

the substrate quantitiatively and evenly into the seeds. Inasmuch as 

catabolism proceeds praidly in germinating seeds, a 'e1ativa1y large 

amount of substrate was used to lengthen the period of C1402 production 

and hence improve the reliability of the radiorespirc'metric results. 

Each time course experiment was carried out using triplicate series of 

substrates specifically labeled with C14. The effect of gibberellin 

on the catabolism of carbohydrates was determined by administering 

potassium gibbereilate (3.5 to 1 mg) in one of the series in each time 

course study. 

Several lots of seeds, having an equal total weight (4,50 g) 
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and number (20), were selected for each series of the experiment. 

After nicking the seed coats with a razor blade, the seeds were pieced 

in 50-ml Erlenmeyer flasks, each with a side arm, nd cooled to 5°C. 

Substrate solution (0,6 ml), containing the appropriately labeled 

sugar, together with enough cold sugar to bring the chemical level to 

a prescribed amount, was put into the side arm. A glass adaptar, 

equipped with a stopcock and leading to a vacuum line, was inserted 

into each flask. The solution in the side arm began to bubble upon 

evacuation of the flask. The stopcock was then closed and the sub- 

strate was tipped onto the peas. The side arm was immediately rinsed 

into the main compartment of the flask with 1.4 ml of the nutrient 

solution introduced by means of a hypodermic syringe. The flasks were 

gently rotated to ensure maximum surface coverage of the seeds. At- 

mospheric pressure was restored in the flask after a period of 5 

minutes and the seeds were then maintained at 5°C for 2.5 hours to re- 

duce the respiratory activity of the seeds while the substrate was 

being absorbed. Following the storage period, 20 g of Ottawa send 

plus 5 ml of nutrient solution were placed in each flask. The flasks 

were tapped gently against the bench to bring the seeds close to the 

surface, and then connected to the radiorespirometer. A stream of 

CO2-free air (41 ml/mio) swept the respiratory CO2 from the growth 

chamber, through a sintered glass sparger, and into 15 ml of 0.5 N 

NaOH. The NeOfi was collected at definite intervals, and essayed in 

the manner described under radiochexnical essay methods. 

The radiorespirometric method employed was that reported by 
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ang et al (fl,p.2O7-2l6), for the study of catabolism of carbo- 

hydrate in microorganisms and fruits. A series of substrates, sped- 

fically labeled with C, were individually administeid to the test 

seeds as previously described. An analysis of the rates of production 

of respiratory CO2, from the biological systems on the time course 

basis, revealed the kinetic aspects and the quantitative relationships 

among the catabolic pathways, It was essential that the test seeds 

were in the same physiological phase so that the CO2 data could be 

compared within the series of the experiment with substrates labeled 

specifically on different carbon atoms. 

Incorporation Fxperiinents 

The incorporation experiments were carried out during the 

first two days of germination, using seeds treated in the following 

manner: A given number of seeds in each group, equivalent in number 

and total weight, were incubated in nutrient solution for to 

hours. The nutrient solution for half the lots contained 2O ppm 

of potassium gibberellate. When the seeds appeared fully swollcn, 

each test sample was placed in a iSO ml crystallizing dish, containing 

several disks o± filter paper saturated with nutrient solution. The 

crystallizing dishes were then sealed in an 8 litre desiccator. The 

(lLo2 released from Na2CO3 (1,36 mg/mc) stored in a generating 

bulb connected to the incorporation chamber, by injecting with a 

syringe an excess of 20 per cent 4C1%. iomogeneity of the gas mixture 

in the chamber was maintained by cycling the air in the desiccator 



12 

with a pump connected in series to the CO2-generating bulb and 

chamber. Ample time was allowed so that e steady state was reached 

with respect to the labeling to compounds from C1402 in the seeds. 

At the end of the incorporation period the residual CC2 was 

removed from the chamber and trapped in I N NaOR. Each lot of seeds 

was immersed in 150 ml of boiling 807. ethanol for 5 minutes and then 

transferred to a stainless steel homogenizer where it was ground to 

a fine suspension. The free emmo acids, organic acids and fats were 

removed from the ground seeds with 80% ethanol in a Sohlet extractor. 

The Separation of 0rganic And Mino Acids in the Tissue Extract 

The ethanol extract of the ground seeds was concentrated in 

a rotary evaporator and thoroughly dried over P205. After the lipids 

in the residue were removed by extraction with petroleum ether, the 

residue was dissolved in 50 nil of water and transferred to a column 

of Dowex 50 x 4 ion-exchange resin (200 - 400 mesh, Il form) (6l,p.326- 

327). The organic acids were flushed through the column with 150 ml 

of distilled water while the amino acids remained on the resin. The 

effluent was assayed for radioactivity by the liquid scintillation 

counting technique. The identity of the acids containing C14 was 

established by paper chromatography and radioautography employing 

ether, acetic acid and water (15,p.l628-1629) (13-3-1 by volume) as 

the solvent. 

The amino acids were eluted from the resin with 4 7. 
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Cl. The eluate was taken to dryness sevesl times with water to 

remove aU traces of C1. The amino acide were then identified in 

he same mariner as were the organic aci& except the solvent used 

for paper chromatography was phenol and water (t - i by volume' (7, p. 

1327-1322). 

The Isolation of Citric and ialic f'cids 

The orranic acids obtained from the resin column operation 

were separated a column of Dowex i x 8 ion-exchançe resin ( 200 - 

L;Oa iesh)(61,p.32'-327). Forty grams of dry resin were slurried in 

water and transferred to a glass column (65 x 1.3 cm). The resin was 

converted to the acetate form by passing 2)OO ml of i N Na-acetate 

through the column followed by 200 n .. i of water. At this point the 

effluent was s1ihtiy acidic. The organic acid fraction was decanted 

onto the resin and eluted with 200 ml of 2. N acetic acid, 120 -1 

of 6.0 acetic acid and 320 "1 of .O N formic acid. The resulting 
effluent was collected in aliauots of l ri with an automatic fraction 

collector. A small aliquot from each fraction was spotted on a filter 

paper, and then steamed artu sprayed with brom-cresol-green solution. 

Fractions containing the same acid were combined arid evaporated three 

times :Ln-vacuo with fresh water to remove the acctic and forile acids 

of the elutin solution. The aiount of each of the acidz was doter 

mined by titration with 0.1000 aUJ and L.he specific activity of each 

acid was assayed by means of liquid scintillation counting. 
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The Degradation of Malic and Citric Acids 

The isolated malic acid was diluted with a weighed quantity 

of non-radioactive malic acid and recrystallized from a dry benzerie- 

acetone solution. The percent isotopic distribution pattern was esta- 

bushed in the following manner: both earboxyl carbon atoms, corre- 

sponding to C-1 and C-4 of the 
acide were oxidized to CO2 with KMnO 

according to the method of Friedman (lB,p.23-43). In order to deter- 

mine the percent of activity in C-1, the Von Pechman reactiun (49,p. 

25-40) was performed. This procedure consists of treating malic acid 

with 1007. H2SO4 at 50°C for 2 hours. This converts C-1 to CO, which 

in turn in oxidized to O2 by means of CuO heated to 400°C. Following 

this the reaction temperature is raised to 100°C for 2 hours to can- 

vert C-4 directly to CO2. 

A weighed amount of non-radioactive citric acid was added to 

an aliquot of the citrate isolated in the resin column operation, and 

precipitated as the calcium salt. The percent isotopic distribution 

pattern was established according to the procedure of Weinhouse et al. 

(62,p.69l-7O3). Following this method, Ca-citrate is treated with 

100% H2SO4 for 3 hours at 20°C to yield the tertiary carbozyl carbon 

atoms, corresponding to C-6, as CO. The carbon monoxide is then 

oxidized to CO2 by means of CuO heated to 400°C. At this time the 

reaction temperature is raised to 100°C for an aditlonal 2 hours to 

obtain the primary carboxyl carbon atoms, corresponding to C-1 and 

C-5, as CO2. 
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Radiochemical Assay Methods 

Carbon dioxide resulting from Van Slyke combustions (57,p.5O7- 

541) respirornetric studies was trapped in 0.5 N W2-free NaUll. The 

ensuing carbonate was precipitated as BaCO3 and mounted on aluminum 

planchets by the centrifugation technique. Samples were counted with 

a gas-flow counter (Geiger-Muller type with a thin mylar window). All 

countings were carried out to a relative standard deviation of no 

greater than 3. Counting data were corrected for self-absorption 

and background. 

The fractions obtained from the incorporation experiments were 

assayed for radioactivity with a liquid scintillation spectrometer 

(Packard Tri-Carb). The bias settings were lO - 100 volts and 10 - 

360 volts. The photomultiplier voltage was set t 1380 volts (tap 

lo). An aliquot (0.1 ml) of a particular fraction was transferred ta 

a counting vial together with 5 ml of xnethanolic hyamine hydroxide and 

10 ml of scintillator. The scintillator consisted of 2,5-diphenyl- 

oxazole (6 gIl) and l,4-bis-2-(5-pherìyloxazolyl)-benzene (0.75 g/l) 

in toluene. Counting efficiency was determined for each sample with 

an internal standard of C14-labeled benzoic acid. 

The CO2 arising from the degradation of citric and malic acids 

was trapped in 0.5 N carbonate-free NaOH and precipitated as BaCO3. 

The precipitate was collected in a sintered glass filter, washed with 

a small quantity of 7O ethanol, dried and weighed. A portion of 

the BaCO2 was transferred to a 50-ml Erlenmayer with a side arm and 
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the flask was connected to a Warburg apparatus. Carbon dioxide was 

released from BaCO3 by tipping in the acid into the BaCO3 chanther 

and swept from the chamber with CO2-free air. The resulting CO2 

was trapped in 10 ml of 0.25 N methanolic hyamine hydroxide and 

counted in the liquid scintillation spectrometer, following the 

addition of 10 ml of scintillator solution. 

Activity counted in the gas flow counter from the Van Slyke 

combustions of the seed pulp and activity counted in the liquid 

scintillation counter from the intermediates extracted from the seeds 

exposed to C1402 were expressed in dpm in order that different 

portions could be .orrelated. 

RESULTS AND DISCUSSION 

The present work was designed to elucidate the basic pathways 

of cazbohydrate catabolism and the extent in which these pathways 

participate in intact germinating pea seeds. The study was carried 

out employing the respirometric technique as the primary tool. Carbon 

fragments for biosynthesis are supplied mainly from endogenous carbo- 

hydrate. However, in view of the importance of the dark C2_fixation 

irocess in plants (58p.3O7-332), studies were made of germinating 

seeds incorporating C'402. In both the respirometric and incorporation 

experiments, comparative studies were carried out with normal and 

gibberellic acid treated pea seeds in arz attempt to detect any effect 

that gibberellic acid may produce upon the basic physiological 

behaviors of these seeds. 
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The degradation products formed in the breakdown of glucose in 

the P pathway are catabolized via secondary pathways. These path- 

ways were exaiiined first so that the respirometric data obtained from 

the 'lucose experiments could be better interpreted. In this series 

a-acetate-l- and -2-Cg were used in a series of rndiorespirometric 

experiments. The findings in this study are Fiven in Table i and 

Figure 1. 

Extensive recycling of acetate by the TCA cycle pathway results 

in the aua1 production of CO2 from both car;on atoms. t-iowever, the 

ti1ization of intermediates from this cyclic process causes a 

preferential retention of the methyl carbon atoms. ith this in 

mind, it is indicated, by virtue of the higher recovcry of 

from acetate_1_C1 (TabIe 1), that t TCA cycle pathway is operative 

and that intermediates are being used for biosynthesis. The presence 

of enzyues in pea seeds of the TCA cycle pathway have been detected 

in the third day of ermination by Davies (13,p.l73-l3). 

The existence of enzymes engaged in the :ip J 'P and pentose 

cycle pathways in pea plants have been reported oy iatch and Turner 

(2,p.I9f-Ol), hibs and Iar1 (22,p.29-S32), ibbs and oreker (23, 

p.813-820), Gtumpf (L,p.21-272), and Axeirod and ìiandurski (l,p. 

938-9L8) and eevers and C±obs (6,p.322_32!). Glucoses-l-, -2-, 

-3V-t)- and __Cl were used as substrates in a series of radiorespiro- 

metric experiments to further examine the catabolic pathways of car- 

bohyth'ate and the extent to which they function in pea seeds. The 

cumu3ative radiocemical recoveries in 002 in addition to the 
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TABLE i 
RADIORSP1iOM1;ThIC STUDIES ON THE CATABOLISM OF 

SPECIFICALLY CLLA±ELED Na-ACETAES BY ALASKA PEA SEEDS 

Substrate Chemical Level Racliochemical Percent Cumulative Yield in 
g. level CO2 (Hrs) 

10 1 20 2. 30 (hi's) 

Na-Acetat.e-1-C- 2.2 .1OS 1 2 Ito lt8 1 3 

'ia-Aeetate.-.2-C 2.2 .083 Lt 18 31 38 Ith Lt7 

*Fach value is an average of triplicate experi;ierìts 

(20 seeds per sample weighing LO ) 

Ircubation tenerature = 31°C 
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chenical and radiochemical levels used are recorded in Table 2. 

The interval radiochemical recoveries in CO2 are shown in Figure 2. 

To analyze, in a cursory 'ariner, the glucose respirometric 

data, the followinr assumptions were made: Glucose routed via the T'P 

uathway is cleaved into two C3 inits, which are best represented by 

pyruvate. These C3 units are rapidly decarboxylated to acetate (c.r- 
respond1n' to C-1,2 arid C-6, of rlucose) and CO2 (corresporidin to 

C-3 ami C-b of glucose). Glucose routed via the -P pat!may is 

oxidatively decarboxylated to CO2 at the C-1 position and pentose 

phosphate. Thereore, it follows that the extent of participation 

of each catabolic pathway can be calculated from cumulative radio- 

chemical recovery data obtained from systems respiring C14O2 from 

different Cu-labeled 1ucoses. 

The observed order of cumulative recoveries in C2 (C-3,h> 
C-l> C-2 ) C-6) stronr].y indicates tnat glucose is catabolized pre- 

dominately via the F'IP pathway yieldinf pyruvic acid, which is in 

turn decarboxylated oxidatively to 002 and acetate. The difference 

in cumulative recoveries in 
'2 netween C-1 and C4 indicates a 

small portion of sustrate glucose is catanolized via the P path- 

way. The acetate, formed from the decarboiation of pyruvate, 

appears to be catabolizeo in the same manner as the administered 

acetate. This is seen by the a-reement between the ratios of cumu- 

lative radiocheriical recoveries in CO2 (shown in Table 3) from C-2 

and C-' of plucose (C-2/C-6 1.3e) and C-1 and C-2 of acetate (C-1/- 

C-2 - 1.39). 
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Figure 2. Recovery of Substrate Activity in dho2 from rierminatïnp 
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TABLE 2 

RADIORFSPIROiETRIC STUDIES ON THE CAJABOLIS OF 

SrCIFICALLY C1LLABELED GLUCOSES BY ALASKA PEA SEEDS 

Substrate Chemical Level Rdiochemica1 Percent Cunnilative Yield in 
'g. Level c].ho2 (Hrs)* 

5 10 15 20 25 30 

Glucose_i_GiLl. So .225 1 2 9 1/ 22 26 
Glucose_2_C1h 50 .220 0 1 h 12 19 2h 
Glucose_3(b)_C1)4 50 .052 15 b 69 63 91 96 
G1ucose-(C1lt 50 .26( O 1 3 9 1h 18 

Suustrte plus K CIA 

Glucose-1-C1h 50 .225 1 2 7 13 18 21 
G1ucose_2CUl. 50 .220 0 1 b 12 19 2 
Glucose_3(h)_C1h 50 .052 16 ho 63 8h 92 9S 
Glucose_6_Cul. So .266 0 0 2 7 13 16 

*Each value is an averaíe of triplicate experiments 
20 seeds per sa1e weighing h.SO g. 
KGA - o.5 ': per 20 seeds 

IVa 

r.') 



TABLE 3 

IaDIOESPIROMETRIC STUDIiS ON ThE CATABOLISi OF 
SPECIFICALLY C11LLABELED GLUCOSES AND ACETATES fli ALASÏ(& PEA SEEDS 

uhstrate Ratios of the values from cumulative yields in CO2 from 
ace tate_1_C1t/ace tate_2_Clli and glucose-2_C11i/glucose-6_C114 at hr. interv. 

lo i 20 2 30 

Ia-!cetate 1.00 1.39 1.29 1.26 1.18 1.13 
(C-i/O-2) 

Glucose 0 1.00 1.33 1.3i i.3( 1.33 
(c-2/C-6) 

r') 
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Janes believes (29,p.89-.97) that during the early phases of 

gerninat1on there is a brief anaerobic period due to the lack of sïf- 

ficient intercellular spaces which inhibits the passage of gases. It 

is knon that the outer covering of seeds sometimes affects ger'i.- 

nstion (6,p.299-32Ì4). ùften this covering is irerreable to moisture 

or dissolved gases, chiefly 02 arid CO2. Geiger (19,p.33l-3) re- 

ported that during the first two days of pea seed germination the 

volume of CO2 respired was much larger than the volume of 02 consumed. 

Also during this period Paliadiri and Costythev (!6,p.2lL-2!O) noted 

a significant accumulation of ethanol. In accordance with these 

findinrs, the present study showed that during the first 10 hours of 

germination, carbohydrate is degraded solely by the glycolytic pathway. 

In the present study a portion of the outer coat of each seed was 

removed. After the seeds had been irwnersed in the substrate solution 

they were stored for a short period of time at 0C to íelay respira- 

tion while the substrate solution diffused through the tissue. It is 
doubtful, under the described experimental conditions, that ari an- 

. r. bic condition exLted. ather it would seem that the supple- 

mentary enzymic sequences, relati to the glycolytjc enzymes, are 

less rapidly activated from their iormarit condition. 

Cibuerellic acid in concentrations rangin from O.! to i mg 

per 20 seeds was administered in conjunction with the substrates of 

a series of respirometric experiments eîploying Cl4_1abeled lucoses 

and acetates. xcept for a slight variation in the cumu]ative radio- 

chemical recoveries in 002 from C-1 and C-6 of glucose, the over-all 
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recovery spectrums remained the saie3 it therefore appears that there 

exists no sigxiificant effect o iubere1iic acid upon the catabolism 

of lucose in erminatin: pea seeds during the early phase. 

Radiorespirometric Studies of Gluconate 

The nature of pentose catabolism in seeds was studied by a 

series of' radioresojrometric experirnents utilizing 1uconates-l-, 

-.2-, -3':)4)- and -(-Ca as test substrates. it is visualized that 

jnarquch as pluconate cannot be converted to (?lucose directly, the 

administered labeled luconate will have to be catabolized bv way of 

the phosphogluconate decarboxylation pathway. Thus, it provides a 

means to trace the fate of pentose phosphate formed in situ. The 

percent cumu]a tive radiochemical recoveries in CO2 from these experi- 

ents, in addition to the chenrical and radiochemical 1e veis, are re- 

corded in Table !. The percent interval radiochemical recoveries in 

are 'ven in Figure 3. 

Czi,bS and Earl (22,p.29-32) have established the existence 

of the HMI and the pentose cycle pathway enzymes in germinating peas. 

The glucose respirometric data gave reason to Leiieve that this path- 

way plays a minor role in the over-all catabolic process. The fact 

that this pathway is operative, even to a limited extent raises the 

questïon of the fate of pentose phosphate formed from -phospho- 

gluconate decarboxylation. In recent communications jawes and iIolins 

(lh,p.SSl-2) working with arcina lutea, and Wang and Krackov (o) 

working with B. $uotillis found that : ictose-6-phosphate formed 
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TABLE l& 

RM)IORESPIROMETRIC STUDIES OF THE CATABOLISM 0F 
SPECIFICALLY C1LLABELED GLUCONAS IN ALASKA PEA SEEDS 

Substrate Ghemical Level Radiochemical Percent Cumulative adiochemical 
ng. Level Recovery in CO (irs)* 

10 l 20 2 30 

(.luconte_1_CTh .2'2 .27 .93 E0.i 68.0 8i.S 86.Ii 

Cluconate-2-C]J .302 .0 .2 .0 2.7 3tì.O 

;1uconate-34)-C .u87 .0 .3 11.0 L2.2 7.O 62.0 

L1uconate--C3J4 .281 .0 .0 .1 l3. 21.9 

*Fach value is an average of triplicate experirents 

20 seeds per sample weighing !O g 
Incubation teiiperature 310G 

r') 



after approximately one cycle of thE: pentose cycle pathway is de- 

graded in the same manner as adrd.nistered lucose. In contrast, 

atz and Wood (32,p.2l6-2l77) have examined the catabolism of glucose 

via the extensive recycling of the pentose cycle pathway. 

in order to facilitate the interpretation of the radiorespiro- 

metric data obtained in the gluconate experiment, the Dentose cycle 

pathway depicted by teevers (I,p.339_3l7) is given in iigure t, (page 

29) for ready reference. According to this scheme, two-thirds and 

one-third of the radioactivity in g1uconate_2_ClL are relocated in 

the C-1 and C-3 positions respectively, of fructose-6-phosphate. 

Similarly, two-thirds of the labeled caron from gluconate_3())_C1-I 

remains in the C-3,t position of fructose-6-phosphate arid one-third 

is transposed to tr±e C-2 position. Gjbs et al (23,p.813-820) sub- 

stantiated tis cyclic process in the pea plait by using ribose_1_CTh 

and a crude enzyme preparator from the roots; however, the exact 

fate of the fructose-6-phosphate, derived from pentose, in respira- 

f ory functions was not examined. 

The nature of the catabolic pathways followed by pentose 

phosphate can be readily recognized by an analysis of t he radio- 

respirometric data observed in the gluconate experiment, Il' pentose 

phosphate, derived from gluconate via luconate phosphate decarboxy- 

lation were engaged in extensive recycling v-ia the pentose cycle 

pathway, one would expect the C1)402 yields from the cardon atoms of 

&lucor'ate to follow the order C-l> G-2> C-3,lL> C-6. jn the other 

hand, the catabolism of pentose phosph te follo-ing the catabolic 
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THE PENTOSE PHOSPHATE CYCLE 
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sequence 

Pentose cycle 

gluconate-6-phosphete Y fructose-6-phosphate; 

ma j o r 

fructose-6-phosphate > fructose-1 ,6-diphosphate - glycolysis 

¶4. 

TCA cycle 

ini nor 

> glucose-6-phosphate -, pentose cycle 

would result in an order C-l> C-3,4 >- C-2 > C-6. The latter is in 

fact similar to that observed in the gluconate experiment, and hence 

reveals the fate of pentose phosphate in germinating pea seeds. 

The radiorespirometric data for the gluconate utilization can 

also be analyzed more quantitatively by predicting the yields of 

from individual carbon atoms of gluconate. This is done with the 

following understandings: I) gluconate follows the catabolic sequence 

depicted above; 2) the yields of C1402 from the carbon atoms of 

fructose-6-phosphate are the same as those observed in the glucose 

experiment (Table 2, Figure 2) and 3) the administered gluconate be- 

haves metabolically in an identical manner to that formed in the 

seeds. 

First, the fraction of administered gluconate catabolized, at 

any time, by the H pathway can be determined from the cumulative 

radiochemical recovery in CO2 from gluconate-l-C14. At 26 hours, the 

time when the rate of recovery of C'402 from gluconate-l-C14 had de- 

dined to an essentially constant value, this fraction was 0.32. On 

the assumption that 82 of the administered gluconate was routed 
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through the pentose cycle pathway and then catabolized in the same 

manner as administered glucose, it was possible to calculate the 

cumulative radiochemical recoveries at 26 hours for gluconate-2-, 

-3(4)- and -6-c14. From Beever's scheme one notes that the radio- 

activity of gluconate-2-C14 was transposed to C-1 (67%) and C-3 (33%) 

of glucose-6-phosphate. With the aid of cumulative recoveries from 

glucose at 26 hours (Figure 2, Table 2), the following calculation 

can be made 

82% x 67% x 22% = 12% and 

82% x 33% c 92% 25% 

total 37%, the predicted yield of CO 
from gluconate-2-C14 at 26 hours. 

. . . 
l4 

The comparison of the observed and calculated yields of L 02 from 

various carbon atoms of g1ucse are given in Table 5. The close 

agreement between the calculated and observed values thus confirms 

the understanding that the fructose-6-phosphate derived from pentose 

phosphate via the pentosa cycle pathway is catabolized in a manner 

identical to that of substrate glucose. 

The Quantitative Estimation of the Catabolic Pathways Of Glucose 

The understanding of the basic nature of glucose breakdown in 

plant tissue makes it possible to estimate the extent of participation 

of individual catabolic pathways. Wang et (3,p.396-400; l7,p.75l- 

756; 59,p.2O7-2l6) have devised equations for the estimation of path- 

ways making use of the cumulative recoveries in CO2 from 
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TABLE 

The Cciculated and bserved Yields of 0Th02 from Specifically Cr'- 

Labeled Glucoses and Gluconates etabolized by t1ska Pea :'eeds. 

Substrate Observed Curn. Yield Calculated Ow.. Yield 

of C]1O2 at 2 ours ()* of Ch11.2 t 26 s, () 

Glucose-1-&-4 22( 

G1ucose-2-& 

G1uco$e-3(t)-C 92 

Clucose-6-C 

G1uconate-l-C 82 -- 

Gluconate-2-C 3 37 

CIuconate-3(L)-C'1 58 56 

Gluconate--C 15 1_3 

Refer to Tables 2 and . 
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different carbon atoms of iuco&e. The ealcu1tions were made on 

data collected up to the time in the experiment when the major 

portion of çlucose had been cataboiized. This point was designated 

by a decline in the rates of production of CTh02 from C-1 arid C-3, i 

of c]ucose. 

The equatioru were derived on the bas1 of several asuntions 
which, with reservations, have been verified iii at least one plant 

system (l7,p.7l-7S6). The assui.ptions are: 

Let 

1. The EMP followed by the tr±corboxylic acid cycle and the 
-P pathway are the only two routes for carbohydrate break- 
down. 

2. The oxidative decarhoxylation of C-1 of -phospholuconate 
in the 7'P pathtay is a rapid and essentially irreversible 
reaction. 

3. the triose phosphate foriiod via the îP pathway ts extensively 
antI rompt].y decarboxylated. The enauing acetate is cata- 
bolized via the TCA cycle pathway. er applyin bis con- 

tion one should be cognizant of the fact that in so suc- 
culent Liants 002 incoioration via a C- plus C1 chanism 
is a iare factor in metabolism (SO,p.ßl-ilo). 

i. .irioses resulting from the lycolytic pathway are equivalent 
to each other in regard to lurther metabolic proccns. 

f.;. There is virtually no hexoe formed. via triose recombination. 

6. The pentose formed by the dccarolation oi -phospho- 
luconate does not contribute promptly to CO2 production. 

cit 
The percent of labeled 1ucose catabolizcd st a desi!nated 
tiire in the experiment. 

Cl, C2, 03,J4 and ( 

That part of the total radioactivity recovered in respiratory 
CC2 from a hiologici systei ctabolizinr the same chemical 
level of administered glucoses-1-, -2-, -3(a)- and -6-C114. 
Each is expressed as a fraction of unity. 



A2, A3,L, and ¼ 
That part of the total radioactivity recovered in respiratory 
CO from e. biolcr'ical yste ctabolizinr the sane chemìc1 
1el of administered 1uconates-1-, -2-, -3()4)- and _6_C114. 
Fach is expressed ar a fraction of unity. 

The per cent of glucose ctaUoiized via tue Eï pathway. 

The per cent of glucose catabolized via the HP pathway. 

All administered iucose my not he readily catabolized in 

plant tissues. Portions may diffuse into areas of low metabolic 

activity or portions may be incorporated directly into cellular con- 

stituents. The actual amount of glucose being broken down may be 

calculated on the assumption that each mole of glucose, cataolized 

via the glycolytic pathway, contributes one mole of CO2 from either 

of carbon atoms 3 or L. Likewise, for each mo]ß of lucoe traver- 

sing the pathway, there is one oie of UO2 produced from carbon 

atoms 1. The sumiation of cumulative radiochernical recoveries in 

CO2 from glucoss-i- and _3()_C114 minus the cumulative recovery from 

1ucose_C1ì.L will approximate the percent of lucose cat aholied by 

both pathways. 

The percent of ducose enaped in catabolic functions is 

therefore 

Ct L (:3, 
+ 

(C1 - (1) 

When this value is nown, it is then possibi to calculate the extent 

of participation of individual catabolic pathways on the basis of 

the understanding that, C-1 and (i-6 of r:lucose are metabolically 

eqnivalent to each othcr in the P pathway but not in the HNP 



pathway. Consequently, 

_) .-, 

G (2) P 

Ge lOOG (3) 

Rees and Boevers (1,p.339-3ì7) have criticized this metnod 

of calculation. They point out that pentose phosphate, formed by 

the HIIP pathway, unúergoes further caauo1ic reactions. .ither the 

triose phosphate intermediate arid thence pyruvato phosphate, or the 

reformed iiexose enters the 1iP-1A cycle seqience and contributes CO2 

from the original C-3,L and C-6 positions of glucose. The net ef- 

fect is a lowering of the estiirnte of the ìP pathway's participation. 

The cumu]tive recoveries of CO2 from the substrates glucoses- 

1-, -3(Li) - and _6_Cl4 ì the calculated values ror tI G and Gt 

terms (co. 1, 2, and 7) are 3hown in faole 6, These wilues cover 

the ranre froni bhe 10th to the 2nd hour of germination. A gradual 

decline of the values of C (eq. 2) was ouserved in the latter hours 

of the experiment and tiie value of t (eq. 1) at the 32nd hour exc7eded 

lOO;. These observations, in addition to the present understandinp 

of glucoriate catabolis?i in microbial as well as plant systems, propted 

the revision of equations i and 2. 

The revision, as reported oy ang and coworkers (12,p. unknown, 

in press), focussed on the U, term in equation 2. the G terni, by 

definition, is ne percentage yield of C]J402 produced exclusively by 



TABLE 6 

THE DISTRIBUTION OF PATHWAYS IN GERMINATING ALASKA PEA SEEDS 

The Percent of Substrate Activity The Percent of Administered Pathwty Distribution (eh) 

Recovered in CO2 Glucose-C14 Catabolized 

Time 
(hrs) G-1-C14 G-3,4-C14 G-6-C14 G(eq. 1) G(eq. 5) G(eq. 2) G(eq. 7) 

12 4.0 51.0 1.0 54.0 5.7 
14 7.5 63.0 2.1 68.4 7.9 
16 10.9 71.4 4.6 77.7 3.1 
18 14.0 78.5 6.9 84.6 8.4 
20 17.0 83.6 9.0 91.6 8.7 
22 19.5 87.1 11.1 95.5 8.8 
24 21.6 39.6 13.1 98.1 8.7 
26 23.1 91.5 15.0 99.6 8.1 

28 24.9 92.9 16.7 101.1 8.1 

30 26.0 94.1 18.0 102.1 7.8 
32 27.0 95.1 19.2 102.9 99.0 7.6 10.6 

C-' 



37 

the E pathway operation. The involvement of pentosa phosphate, 

derived from glucose in respiratory functions, provides another 

avenue for the conversion of C-6 of glucose to CO2. It is therefore 

necessary to introduce a. correction factor for the term G6. The cor- 

rectíon factor, which represents the extent of CO2 production from 

C-6 of glucose via the H? pathway, is obtained by multiplying the 

yield of C1402 from C-6 of gluconate (A6) by the term G. Bearing 

the foregoing consideration in mind, one finds that 

G 
G1 - (G6 - A6G0) (4) 

p Gt 

It is noted that similar corrections can also be applied to 

the G6 and G3,4 terms in equation 1, which result in the following 

revised relationships; 

G G - A G + G - (G - A G) (5) 
t 34p i 6 6 

Solving for G 
p 

G1)2(A6 - A314) + G(G1 - G6 + G3,4 - A6) + (G6 - S1) 3 (6) 

The quadratic solution is 

G2 = -(G1-G6+G3,4-A6) ;t 
(G1-G6+G34-A6)2-(A6-A3,4)(G6-G1) 

(7) 

2(A6 A3,4) 

In this study it was estimated by equations 2 and 3 that 92Z 

of the glucose undergoing catabolism was degraded by the 
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E-P. cycle pathway nd the remaining portion was routed via the 

HP pathway. The estiates, corrected for pentose phosphate con- 

tribution, were 89 nd 10 pr et rit respectively. using either method 

of cicu1at Ion, it is certain tc.t the i?P pathwç is by far the iost 

important pathway for lucose cataboiisi in the early phases of 

germination, 

Incorporation xperirnents. 

The use of the TCA cycle sequence as a biosynthetic mechanism 

calls for the presence of a supplementary mechanism in the net forma- 

tion of one of the TCA cycle intermediates, particularly the acids. 

Currently, there are several mechanisms known to lay this ro in 

plant tissue. briefly they are: The L3 + C1 condensation of the ood- 

erkman type (66,p.377-388) or that cata1,yed by the malle enzyme 

reactions (14,p.978-lO); The condensatio of olyoxylate with acetate 

(L 2 rise to malate (33,p.3i-37; 3L,p.3-36; 6L,p.988-. 

991) and the fixin of GO2 into aipha-ketoglutaric acid to form iso- 

citrat.e (,p.3O7-332). 

In the present work the possible involvement of a CO2 

fixation mechanism in pea seeds has been examined by an incorporation 

experiment employing CO2. fhe aìourit f 
113 actIvity detected in 

various fractions of tne seed constituents is snown in Table 7. The 

major portion of the incorporateci C1 was recovered in the organic 

acid. fraction, consisting principally of citric, malic and alpha- 

ketoglutaric acids. A smaller a'ount of activity was detected in 



TABLE 7 

THE INCORPORPT1ON OF CO2 L TO 3I!;Ei) CONSTITUENTS 

Iraction Specific Activity Total Activity 
(dprn/nno1e) (dpm) 

fctivity administered .O8 x 1O 2.22 x io9 ioo.00 

Fthanol extract 6.09 x io6 0.27 

Organic acids x 106 0.20 

Citric acid x 106 1.93 x iO6 o.oB 

a1ic 2cid 12.10 x 106 x iO6 0.0L 

Amino aids 1.67 X 106 0.07 

Fat j.ji x 106 

Fuip 1.2k x io6 0.o 

30 seecs - wt. !.90 g. 

Incubation temperature - 3100 
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the anuLno acid fraction, consisting chiefly of iutanìic and aspartic 

acids. The isotopic distri ution patterns and pool sizes of citric 

and malic acids are given in Table 8. Data on the specific acti- 

vities have been corrected for dilution with non-radioactive carrier 

and the difference in the pooi sizes of these two acids. 

In line with findings with other plants in experiments of 

this nature (l0,p.192-19S) incorporated CO2 was found exclusively 

in the carboxyl carbon atoms of the isolated acids. Labeling oc- 

cured preferentially on C-11 of malate which strongly suF'gests the 

operation of a CO2-fixation mechanism of the C3 + C1 type. The 

exact nature of thi8 condensation can not be defined in the present 

work; however, it is possible that either the 3od-erkman reaction 

or the malic enzyn reactions is playing a role in seed metabolism. 

The radioactivity detected on C-1 of malate presumably reflects a 

partial equilibration of ra1ate with a symnetrical acid such as 

furnarate. The reversibility of the fumarase reaction has been demon- 

strated previously by many workers. 

In the case of citrate the detection of activity in 

c-1 and C-5 is not surprising in view of the findings on malate. 

ì{owever, it is noted that as much as 85 per cent of the incorporated 

radioactivity has seen detected on C-6 of citric acid. This obser- 

vation points strongly to the occurrence of an enzymic reaction 

catalyzing the condensation of CO2 onto aipha-ketoglutarate. The 

operation of such a reaction ii; plant tisue5 nas been detected in 

tomato fruit by iuhler at al (l0,p.l92-l9). It should be noted 



TABLE 8 

ISOTOPIC DISTRIBUTION PATTERN OF ?'t&LATE AN CI'IRAITi ISOLATED FRCM 

PEA SEEDS EXP(ISEI) TO 

Sp,Actiirity Corrected 
Carbon Sp. Activity Sp. Activity Corrected for for Pool Size 

Atom (dpr/rrnio1e x iO) dilution (dpr/nnno1e x lo) (dpnv'rnntole x 10-7) Total 

:4aljc fcid 
Lhole Molecule 2.02 12.1 9.68 100 

C-]. o.68 L4.i 329 314 

C-2 O o o o 

C-3 O O o o 
c-14 1.3h 8.o 6.39 66 

citric Acid 
thole Molecule 18.8 100 

c_i,c._ 0.82 2.28 2.8 iS 
C-2 O o O O 

C-3 
c-14 

O 

o 
O O O 

o o o 

c-6 14.66 13.1 16.0 35 

'a1ic acid diluted with non-radioactive carrier; 0.0825 to LL9.5 rnmoles. 

Citric acid diluted with non-radioactive carrier; O.125 to 314.1 ì'moles. 

I-J 



that the extent of incorporation of CTh02 into c_6 of citrate is 

far reater than that observed in the previous work. 

The demon3tration of a CO2-fixation mechanism in pea seeds 

does not necessarily imply that it is the only mechanism in the pro- 

duction of C acids. Other mechanisms, such as the malate synthetase 

reaction, îiay also function in this system, as demonstrated by other 

workers (39,p.36-367), but were not examined in the present study. 

lt is known, though, from tomato fruit evaluation studies on the 

relative importance of CC2-fixation and malate synthetase reactions, 

that CO2-fixation may have played a significant role in the production 

of C) acids (lO,p.l92-l9; l6,p.7LS-7SO). 

In an attempt to detect any effect that ibberellic acid may 

inflict upon the extent of CO2 fixation in pea seeds, the moor- 

poration of C4O2 into normal germinating seeds and gibberellic acid 

treated seeds has been carried out. The results obtained in this 

series of experiments is presented in Table 9. 

The findings are by no ¶eans conclusive, mainly due to the 

difficulties involved in controllinp the uniformity of the test 

samples and experimental conditions. ione the less, it can be stated 

that there exists no sinLficant effect of gibberellic acid upon the 

rate of CC fixation during the early phase of germination, 3S hours 

bein the elapsed time. 



TAbLE 9 

TI-lE INC(PP0RATION 0F INTO NORA1, AND GIB1RELLIC ACID 
TRI ATED PEA SEEDS UNDERGOING CERflINAT ION 

Radioactivity Incorporated (dpm x 1o) 

Control Seeds GA-treated Seeds 
(dpi x 106) (dprn x 10-6) 

SainpiePo. 1 2 3 1 2 3 

Ethanol xt. 7.00 (.i b.21 2.90 3.79 .99 

at 0.26 0.06 0.31 0.39 0.06 .07 

Pulp 0.97 o.81 O.19 o.6 0.73 l.7 

Total 8.23 7.O 3.8 7.81 

Administered Activity 2.22 X 10 dpm (L.36 rig). 
K GA conc. 20 micrograms/mi. 
140 seeds/san1e (wt. 8.18 g). 
Incubation temperature 31°C. 

e; 
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SU!ÎMARY 

Freseitod in the present st'icly are radiorespirortietric and 

Incorporation experiments which iake use of CTh_specifically labeled 

glucoses, acetatos, liiconates and carb .oxide. This study was 

carried out for the purpose of examining the nature of T,etabolic 

sequciices in germinating pea seeds and arç,r effect on these secuences 

that gibberellic acid may inflict. n the basis of these experiments 

it may be concluded tiat: 1) a small amount of the substrate 

f:lucose undergoes a Cl-CS cleavage, presumably 1adirig to the formation 

of pentose phosphate, whici Is in turn further catabolized via the 
peritase cycle reactions giving rise to fructose-e-phosphate. The 

latter is believed to be utilized In a manner identical to that of 

the substrate lucose; 2) the 'reater part of the substrate glucose 

is catabolized by the £P sequence of reactions to pyruvate; 3) this 

pyruvate is in tun decarboVlated oxidatively to acetate, which Is 

then utilized by the seed, through tbe EtA cycle, for biosynthetic 

and respiratory functions; Li) pyruvate rny als- prticipato in the 

biosynthesis of Cj acids via a C + C1 mechanism; 5) cItric acid is 

synthesized by the condensation of a C acid presumably alpha- 

ketoglutarate, and carbon dioxide; 6) durinw the early phase of seed 

germination, gib berellic acid does not influence the metabolic pro- 

cesses to any significant extent. 
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