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ABSTRACT 

Mishrilal Jain, EFFECT OF 2,2-DICHLOROPROPIONIC 

ACID (DALAPON) ON GLUCOSE UTILIZATION IN THE SHOOT AMD ROOT 

OF BARLEY (HORDEUM VULGARE L.). Ph.D. Dissertation, Depart

ment of Agronomy, University of Arizona, 1964. 

Dalapon is a selective translocated herbicide which 

adversely affects the growth and development of grasses. 

Although some aspects of dalapon's action in plants have been 

known, its effect on..glucose utilization has not been studied. 

A study was made with glucose-1 -C^, glucose-6-C^^ 

and glucose-U-C-^ to determine both qualitatively and 

quantitatively the effect of dalapon on glucose utilization 

in roots and shoots of one-week-old barley seedlings. An 

attempt was also made to determine the major pathway of 

glucose metabolism involved due to the effect.of dalapon. 

Oxygen uptake study, radiorespirometry and analysis 

of the ethanol-soluble and ethanol-insoluble fractions were 

user1 and the distribution of the radioactivity in different 

compounds was determined. 

It was concluded that dalapon did not alter appreci

ably the normal pathway of glucose metabolism in the barley 

seedlings in as much as no distinctly exclusive pathway was 

ix 



involved. However, dalapon definitely interfered with glu

cose utilization as shown by difference in radioactivity of 

the metabolites analysed. 

It is suggested that a partial block may be operative 

at the beginning of the glycolytic cycle in the shoots • 

treated with dalapon. The shoots treated with dalapon also 

showed a greater accumulation of sucrose as compared to the 

control. Partial blocks after alpha-ketoglutarate step in 

the Krebs cycle are suggested in the roots treated with 

dalapon. 

x 



INTRODUCTION 

Since man first cultivated land, one of his prin

cipal, aims has been the promotion and control of plant 

growth. In this pursuit he came to realize that one of 

the difficult problems he faced was to protect desirable 

plants from the undesirable ones known as weeds. Prom 

hand weeding to the use of modern herbicides, he has made 

great strides in the struggle for improved techniques of 

weed control. It is only within the last twenty years, 

however, that herbicides have had the concentrated interest 

from agriculturists and chemists alike. Starting, as do so 

many great scientific advances, with a few unobtrusive and 

purely academic observations, the volume of research upon 

these substances has swelled to tremendous proportions 

within this relatively short period of time. 

2,2-dichloropropionic acid (dalapon) is one of the 

numerous herbicides now available. Used as recommended, 

it works as a selective, translocated herbicide which ad

versely affects the growth of plants, particularly grasses. 

At high rates dalapon causes acute plant toxicity. Repeated 

application at low to moderate rates.(5 to 15 pounds per 

acre) gives best control of deep-rooted perennial grasses, 

e.g., Johnsongrass (Sorghum halapense L.). Dalapon is 

1 
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usually formulated as its sodium salt which is a whitish 

powder and is very soluble in water. The sodium salt of 

dalapon is hygroscopic and' in solution, when allowed to 

stand for more than twelve hours, the chemical may undergo 

hydrolysis and lose its herbicidal effects (26). 

H CI 0 H 0 0 
I • H I II II 

H-C-C-C-ONa * HoO > H-C-C-C-OH f HC1 * NaCl 
II I 
H CI H 

Sodium-dalapon Pyruvic acid 

The sodium salt of dalapon is insoluble in benzene, 

acetone, ethers, kerosene and carbon tetrachloride. 

Efficient use of herbicides involves an under

standing of their mode of action. The actions of these 

compounds have deep-seated effects on fundamental growth 

processes. A knowledge, therefore, of the basic physiologi

cal and biochemical principles underlying the action of 

herbicides, used either as new agricultural tools or as 

chemicals for scientific research, is desirable. 

A great deal remains to be known about the mode of 

action of dalapon. It is important, therefore, that inquiry 

into its possible mechanism of effects within the plant 

be made. Studies by others have suggested that dalapon 

interfered with glycolysis. Since glucose utilization is 

considered to be a basic plant process, the primary 'empha

sis in this study has been an attempt to determine the 

influence of dalapon on this process. 



REVIEW OF LITERATURE 

A. Physiological effects of dalapon on plants: 

The sodium salt of dalapon was released for experi

mental use in 1953- It was reported to be a selective, 

translocated growth regulator producing adverse effects 

specifically on grasses. It was found to inhibit the 

growth of foliage as well as of roots. Although dalapon is 

most effective on monocots, it retards the growth of dicots 

also, e.g., beans, flax, cucumber and sunflower. A summary 

of the mode of action of dalapon in plants is given by 

Crafts (10). Recently a general summary on the mechanisms 

of herbicide action has also been compiled by Hilton et al. 

(20). 

Crafts (10) postulated that dalapon "... is a hor

mone-like compound having selectivity for grasses in much 

the same way that 2,4-dichlorophenoxyacetic acid has for 

broadleaved plants." However, Wilkinson (39) has argued 

that dalapon fails to produce the characteristic stimulation 

of growth at lower concentrations as is noticed with 2,4-D, 

IAA, NAA and other growth regulators. Wilkinson reasoned 

this might be due to the missing 'ring' system from the 

chemical structure of dalapon. 

3 
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Wilkinson (39) reported that dalapon is toxic to 

oats and barley at a rate of ten pounds per acre. When 

dalapon was applied to the roots of ten-day-old barley 

plants growing in nutrient' solution, the toxic effects 

were correlated to the length of exposure of the roots to 

the solution and to the concentration of the herbicide. 

The destruction of the foliage and concomitant morphologi

cal effects (e.g., yellowing or browning of leaves starting 

at the tips, stunting, excessive tillering and with suffi

cient dosage slow death) were not found to be correlated 

with aberrations in the roots other than those creditable 

to a loss of photosynthetic surface of the shoot. It was 

further reported that treatment of the leaves or roots of 

barley grown in the nutrient solution with dalapon did not 

cause significant changes in the pH or conductivity of the 

culture solution. Light was not found to be a direct 

factor in the toxic action of dalapon. 

It was also shown by Wilkinson (39) that the un-

dissociated acid molecule of dalapon is the active form 

and that dalapon causes a reversible inhibition of straight 

growth in the corn and Avena coleoptile as well as pea stem 

sections at concentrations of 10"^ and 10~^M. It is not 

competitive to the action of auxins. 

Funderburk and Davis (16) have reported that ade

quate water supply and age of the plant are two important 



5 

factors for the effectiveness of dalapon. The younger the 

plant the greater is the effect. 

Rochecouste (34) working with Cynodon dactylon L. 

reported that dalapon causes morphogenic effects which 

begin to appear 3 to 4 days after the treatment and become 

intensified with time. After this period the terminal bud 

appears malformed and the axillary buds begin to show abnor

mal growth, the whole structure resembling a small sessile 

capitulum. Rochecouste also found that dalapon induced bud 

dormancy in the four biotypes of Cynodon dactylon L. 

studied. In tetraploids the dormant period induced was 

shorter than in the triploids. This study also showed that 

uptake of the herbicide via the roots is directly associ

ated with the transpiration stream since in the absence 

of a green shoot on a length of rhizome, bud germination 

was not affected by different treatments. 

Foy (l4b) studied the translocation, distribution 

and metabolism of dalapon and confirmed the earlier finding 

of Wilkinson (39) that dalapon is translocated as the. in

tact molecule. He also reported (l4a) that dalapon enters 

and moves readily through leaves and roots of cotton and 

sorghum. Acute toxicity at the point of application due to 

excess concentration of the herbicide prevented systemic 

distribution. In the absence of toxicity, absorption and 

movement out of region of application were protracted. 



Transport occurred readily via the transpiration stream 

(following uptake by roots, severed vein, or severed peti

ole), in the phloem (associated with and apparently depend

ent upon the movement of photosynthates), and also as 

phloem-xylem interchange. In both tolerant and susceptible 

species, retranslocation occurred in response to shifts in 

loci of high metabolic activity. 

Crafts (10) pointed out that dalapon moves in the 

plant without affecting the vascular tissues through which 

it moves and yet causes ultimate death. This indicated 

that dalapon not only exhibits species selectivity but also 

tissue selectivity. 

Juniper (25) reported that dalapon reduces the pro

duction of surface wax on leaves. 

Poy (l^b) has reported that the effect resulting 

from dalapon in the treated plants was carried over by the 

seeds through the second and the third generation. 

Fawcett et_ al_. (12) found that , dalapon produced a 

slight increase (significant at 1% level) in wheat cole-

optile elongation at slightly less than 10~^m, but no inhi-

-P -6 
bition over the range of 10 to 10 M. However, it was 

inactive in the pea curvature test. Wilkinson (39) re

ported earlier that dalapon is not competitive to auxin 

action. 
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McWhorter (27) found that when dalapon was applied 

to Johnsongrass in early bloom when glucose concentration 

is maximal, the treatments that provided the best control 

caused a general reduction of glucose with a corresponding 

increase in sucrose content." He noted that some degree of 

herbicide translocation., as indicated by subsequent growth 

inhibition, is required to affect a change in carbohydrate 

composition of the plants. As the effect of dalapon 

diminished with time, the glucose and sucrose contents re

verted to nearly normal levels. Total carbohydrate content 

did not necessarily decrease. If the effect did not de

crease with time, the abnormal glucose-sucrose relationship 

persisted. He concluded that treatment with dalapon caused 

metabolic reactions to favor sucrose production at the ex

pense of glucose. . 

Ingle and Rogers (24) reported that concentrations 

of dalapon (10~3M) which inhibited root elongation had no 

effect on oxygen uptake by either corn or cucumber roots 

in a six-hour period. Phosphate esterification was, however, 

found to be reduced by less than 25% as compared to the 

control. On the basis of these findings they suggested 

that dalapon does not interfere with respiration or the pro

duction of metabolic energy but with its utilization. 

Switzer (37) reported that dalapon at 5 X 10 caused 50% 

inhibition of oxygen uptake by soybean mitochondria. 
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Foy (14b) inferred that no clear cut relationship 

exists between formative effects and lethality of a herbi

cide. The herbicide may bring about drastic morphological 

changes that persist throughout the lives of the affected 

organs without killing the plants. For this reason one 

must seek the site of action of a herbicide, not necessarily 

in the region of morphological changes, but in the regions 

where essential biochemical processes take place. It has 

been concluded by Foy (l4b) that neither penetrability, 

translocatability, nor metabolic inactivation accounts for 

specificity in the action of dalapon. 

The most plausible explanation of the mode of action 

of dalapon as a growth regulator seems to revolve around 

pyruvate metabolism, which occupies a key position in rela

tion to other metabolic crossroads (l4b, 18, 19)• 

Redemann and Meikle (32) have reported that both 

competitive and non-competitive inhibition of enzymatic 

reactions may be caused by dalapon and both of these may 

occur simultaneously. These workers thought that the former 

may result from competition between pyruvate and .inhibitor 

(dalapon) for the available enzyme molecules; whereas the 

second is.probably due to its action as a protein precipi

tant (31) perhaps precipitating the pyruvate-enzyme complex. 

Based on calculations using expected pyruvate concentra

tions in plant tissue, these workers (32) concluded that if 



such an inhibition is not responsible for the herbicidal 

action of dalapon, it certainly could contribute to the 

stunting effect following translocation. 

An equally important site of action, still involving 

pyruvate indirectly, is the competitive inhibition of panto

thenic acid synthesis by dalapon as reported by Hilton et_ al. 

(19). They found that dalapon competes with beta-alanine, 

but later results suggested that competition is with pantoic 

acid rather than beta-alanine. Studies using barley, oats, 

and rye grass seedlings gave further information on antag

onism by dalapon of beta-alanine, potassium pantoate and 

calcium pantothenate. In barley none of the metabolites 

completely overcame dalapon inhibition of growth. Panto

thenate altered the profuse tillering caused by dalapon but 

did not overcome dalapon inhibition of total growth. The 

antagonism between the two chemicals suggested that both 

affect a single metabolic pathway. Poy (l4b) reasoned that 

whether dalapon competes with beta-alanine or with pantoic 

acid, the synthesis of pantothenic acid and coenzyme A would 

be impaired. 

The improper functioning of coenzyme A (CoA) in 

plants may lead to abnormal changes in the growth processes. 

For example, some of the important processes mediated by 

CoA through its involvement in transfer of acetyl groups in 

carbohydrate, fat, and nitrogen metabolism and pyruvate 
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oxidation, citrate synthesis, alpha-ketoglutarate oxidation 

on the citric acid cycle, and fatty acid synthesis and break

down. CoA is an important factor in plant metabolism through 

its involvement in energy transfer in the ester bond. 

Should dalapon be able to upset CoA synthesis by competition 

with pyruvate or beta-alanine in pantothenate, it could 

inhibit all of the above reactions of CoA. 

B. Glucose breakdown in plants 

Two important pathways of glucose breakdown in plants 

are known to exist. One is the classical Embden-Meyerhof-

Parnas (EMP) glycolytic sequence and the other is 'the direct 

oxidation pathway known as the pentose phosphate shunt or 

the hexose monophosphate shunt (HMP). The relative impor

tance of the two pathways and the formulation of the cyclic 

sequence of events are now widely known and a detailed re

view of the pertinent work has been given by Axelrod and 

Beevers (2) and will not be repeated here. However, the 

principles are reviewed. 

Beevers and Gibbs (K) made use of the fact that the 

pathway of glucose breakdown determines the relative rates 

of distribution of its constituent carbon atoms. If the 

glucose molecule is broken down by glycolysis which includes 

equilibration at the triose level, two pyruvate molecules 

will be produced in which carbon atom 1 (C-l) and C-6 of 
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the glucose molecule would appear as the methyl carbons 

of the acid, C-2 and C-5 as the carbonyl carbons and C-3 

and C-4 as the carboxyl carbons. Carbons 1, 2, and 3 of 

the o'riginal glucose would therefore be indistinguishable, 

respectively, from 6, 5, and 4. In the subsequent oxida

tive breakdown of the pyruvate, each member of' a pair would 

appear in the respiratory C02 at the same rate as its 

partner. Of the pairs, C-3 and C-4 would be expected to 

appear first.in the CO2 followed by C-2 and C-5 and then 

C-1 and C-6. Thus, if comparable samples of tissue were 

respiring glucose-l-C^ and glucose-6-C^^", respectively, 

1 h 
the contribution of C ^ to. the COg given off would be the 

same in each case. If on the contrary, a glucose molecule 

were metabolised by way of the oxidative pathway (HMP), the 

C02 from the glucose-l-C^ would be expected to be initially 

higher in C-^ than that from the glucose-6-C-^ since C-1 of 

the glucose molecule is the first to be converted to C02 by 

oxidation and decarboxylation. Provided that no assimila

tion of carbon residues containing different amounts of C-1 

and C-6 occurred, the total yield of C^Og from the two 

glucose samples would be the same when oxidation was complete 

regardless of the path of breakdown. However, if the 

initial yields of C^Og from two glucose samples were com

pared, and the ratio, % radiochemical yield from glucose-6-

ClK/% radiochemical yield from glucose-1-C^ evaluated, 



clearly, a ratio of near unity would Indicate that schemes 

other than EMP were playing a very minor part in glucose 

breakdown. A ratio of less than unity would implicate the 

participation of the direct oxidation pathway (HMP). 

The distribution of the carbon atoms of glucose in 

the pyruvic acid formed by the EMP -and HMP pathways of 

glucose metabolism has been diagramatically shown by Dawes 

and Holms (11) as follows: 

1 2 3 4 5 6 
C - C - C - C - C - C  

Glucose 

via HMP via EMP 

6 
CH. 

2 3 
CO - COOH 

*• t-

6 5 4 12 3 
CH. - CO - COOH C02 (C - C) 

i 
2 3 
C OG T* C OG 

The details of the HMP oxidative cycles have been diagramat-

ically illustrated by Wood (40) on the following page. 

C. Effect of herbicides on glucose metabolism 

Humphreys and Duggar (22) reported that etiolated 

pea seedlings (cotyledons removed) treated with 2,4-dichloro-

phenoxyacetic acid (2,4-D) were able to maintain a higher 
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3 Glucose 

I 
3 C-C-C-C-C-C-P 
1 2 3 4 5 6  

CO, C-C-C-C-C-P 
2 3 .4 5 6 

C-C-C-C-C-P 
2 3 4 5 6  

C-C-C-C-C-P 
2 3 4 5 6  

\ 
P-5-P 

C-C-C-C- c -

2 3 2 3 4  

S-7-P 

C-C-C-C-C-C-P 
2 3 2 4 5 6  

C-C-C-C-C-C-P 
2 3 3 4 5 6  

Pyruvate 

A 
G-6-P 

A 
G-6-P 

I 
Overall reaction: 

3 Glucose ^ 3 COg t- 2 Cg' c^ 
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rate of respiration than untreated seedlings. Treatment 

with 2,4-D did not change the respiratory quotient (RQ) 

which remained near 1.0. Their results suggested that carbo

hydrate was the major substrate being oxidized. However, 

seedlings treated with 2,4-D did not contain more carbohy

drate than the untreated seedlings. They reasoned, there

fore, that if 2,4-D affects the -respiratory rate of pea 

seedlings without changing the RQ, or increasing the carbo

hydrate level, it might cause glucose to be catabolized via 

a different pathway. . 

They studied subsequently (23) the effect of 2,4-D 

14 on pathways of glucose utilization. The yields of C O2 

from glucose-l-C^ and glucose-6-C1^" in short time experi

ments were used to evaluate the participation of the EMP 

and the HMP pathways of glucose catabolism in root tips of 

2,4-D treated pea, corn, and oat seedlings. It was con

cluded that in all seedlings tested, 2,4-D caused an increase 

in the amount of glucose catabolized via the pentose 

phosphate pathway. 

Rees and Beevers (33) made a detailed study of glu-

l4 
cose utilization and accounted for all of the added C to 

carrot slices. They reported the participation and inter

relations between the two major pathways of glucose break

down, the EMP and the HMP sequence. They found that dini-

tropenol increased the amount of glucose metabolized by 
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the EMP sequence^ arsenate decreased this value, and methy

lene blue increased the participation of HMP pathway. They 

14 , found that of the total C recovered, 22^5 was present in 

CC^, 58^ in an alcohol-soluble substrate and 20% in an 

alcohol-insoluble fraction. 

Bourke et_ al. (6) studied the effect of treatment 

of 2,^-D and its analogs on the absorption and conversion 

of glucose into COg, cell residue and alcohol-soluble inter

mediates. They found that low concentrations of 2,4-D owe 

their stimulatory effect to glycolysis while high concen

trations inhibit both glycolysis and pentose cycle activity. 

Glycolysis appeared to be inhibited more than the pentose 

cycle. They also concluded that the herbicidal activity of 

2,^-D and 2,4,5-T is not singularly due to glucose metabolism 

since both herbicidal and non-herbicidal compounds cause 

similar effects. 

Bourke and Fang (7) have briefly reported that dala-

pon inhibits glycolysis. 

D. Other effects of dalapon 

Rogers (35) has reported that concentration of 10""^ 

dalapon is sufficient to cause a long term inhibition of 

anthocyanin formation in several plant species without 

appreciable inhibition of growth. 
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Flanagan and Langille (13) detected an unknown 

compound which resembled phenol from extracts of quack-

grass rhizomes. The controls also showed detectable amounts 

of phenol, but the concentration was significantly loiter 

than it was in the rhizomes from plants that had been 

treated with dalapon. 



METHODS AND MATERIALS 

No formalized procedure was available for a study of 

glucose utilization in barley seedlings treated with dalapon. 

Procedures in every step from growing the seedlings under 

sterile conditions to determining the pathway of glucose 

metabolism had to be worked out, tested, and standardized. 

The following is a description of the various techniques 

used in this study. 

1. Plant culture 

Petri dishes (9X2 cm), each containing three discs 

of filter paper and 10 ml of distilled water, were steril

ized in an autoclave at 2il-8°C and 15 lb per square inch 

pressure for 15 minutes. Barley seeds* (59-M-811, Hanchen, 

inbred for 5 generations) were sterilized for 10 minutes by 

immersion in 'Purex' diluted 1:10 with water and then rinsed 

thoroughly with several changes of sterile distilled water. 

Seven seeds were evenly distributed in the sterile petri 

dishes in an ultraviolet transfer chamber and allowed to 

germinate in a controlled environment room at 24°C with a 

twelve-hour dark and light cycle. 

*Barley seeds were supplied by Dr. R. T. Ramage, 
Agricultural Research Service, U.S.D.A. and Department of 
Agronomy, University of Arizona, Tucson, Arizona. 

17 



18 

Viable seeds germinated within three days. Then the 

filter papers in the petri dishes were rinsed three times 

with sufficient quantity (about 15 ml for each petri dish 

to wash once) of Bonner's sterile complete nutrient solu

tion in the controlled environment room. The nutrient 

solution in the petri dish was replaced every 24 hours for 

four days with 10 ml of the fresh nutrient solution. The one-

week-old seedlings were then treated with dalapon and were 

used for further studies. These manipulations were made in 

a transfer chamber irradiated with ultraviolet light. 

2. Determination of reducing sugars 

In order to ascertain that the external supply of 

the radioactive glucose to the plant parts did not signifi

cantly change the concentration of the total reducing 

sugars already present in the tissues and thus alter the 

substrate concentration, quantitative determinations of the 

total reducing sugars in the roots and shoots (separated 

above and below the kernel) of the barley seedlings were 

made by the titrimetric method as described by Paech and 

Tracey (30). The experiment was repeated twice with 1.44 

and 6.73 g of fresh barley root and shoot respectively. 
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3• Determination of the purity of dalapon 

A pure sample of the sodium salt of dalapon was ob

tained from the Dow Chemical Company* and the purity of the 

sample was checked by ascending paper chromatography. The 

solvent system used (l4b) was 1-pentanol and 5M formic acid 

(1:1 V/V) and the spray solution used as a color reagent 

was bromphenol blue (0.04$ in 95^ ethanol, pH 6.75) • 

Dalapon sprayed with bromphenol blue appeared yellow 

on a pale blue background and the Rf was 0.90. The dis

creteness and singularity of the spot on the chromatograms 

indicated that the sample was pure with respect to other 

organic acids. 

4. Determination of optimal dose of dalapon 

In order to study the effect of dalapon it was 

necessary to determine the dosage or concentration of the 

herbicide which would appreciably retard the growth of the 

barley seedlings without causing any contact injury and 

sudden death of the plant. The following procedure was 

used. 

Ten ml of different concentrations of the dalapon 

solution were poured" into each petri dish in which the one-

week-old seedlings were growing and the plants were allowed 

to absorb the dalapon for 12 hours. At the end of this 

*The Dow Chemical,Companyj Midland, Michigan. 
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period the seedlings were washed thoroughly with sterile 

distilled water and allowed to grow in 10 ml of fresh 

Bonner's complete nutrient solution which was changed every 

day for the next week during which observations of the 

morphological changes were recorded. At the end of 48, 96, 

and 144 hours in the complete nutrient solution the fresh 

weights were also recorded. The concentrations of dalapon 

used were 125, 250, 500/ 1000, 1500, 2000, and 3000 ppm (W/Y). 

Concentrations of 4500 and 6000 ppm were also used to find 

if these concentrations caused any contact injury. These 

concentrations were also used for oxygen uptake study in 

Warburg apparatus. None of the dalapon solutions affected 

any morphological change within 12 hours af,ter treatment. 

However, in view of the fact that 10 (1640 ppm) of dala-

, pon greatly reduced growth of treated plants (39) and that 

a concentration of up to 4500 ppm did not cause any visible 

contact injury within 12 hours after treatment of the plants, 

it was arbitrarily decided that a concentration of 3000 ppm 

(about 2 X 10"^M) would be used for the study of glucose 

utilization. 

5. Determination of the optimal pH of the buffer 

The roots and tops of the barley seedlings were 

allowed to respire separately in 1 ml of 0.01$ aqueous glu

cose solution and 5 ml of a buffer at different pH values 
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in a reaction flask (Figure l). The buffer solutions were 

prepared by mixing 0.1M citric acid and 0.2M NagHPO^ solu

tions in required quantities. The respired COg was swept 

out of the reaction flask with COg-free air. The respired 

COg was collected in 10 ml of 0.1M NaOH solution and pre

cipitated as BaCO^ by the method described under subsection 8 

of this chapter. In all further respiratory studies the pH 

at which the gaseous exchange was maximum was used. 

6. Measurement of plant constituents extracted during acid 

killing . 

As soon as the respiratory study was over the plant 

part had to be quickly killed to stop any further metabolic 

changes. Concentrated acids have been used by others to kill • 

the plants. This method was tried and rejected because 

tests showed that plant constituents diffused from the 

samples killed in this manner. Therefore, killing of the 
• 

plant tissues was accomplished by dropping the plant parts 

in boiling 80?o ethyl alcohol which also extracted the de

sirable plant constituents simultaneously. 

7. Oxygen uptake study 

Plant parts treated with dalapon and untreated con

trols were used to make a comparative study of oxygen uptake 

as affected by the herbicide. The procedure followed was 

that of Umbreit et_ al_. (38) using the Warburg respirometer. 



Figure 1 

Air Supply 

One of the three sets of reaction flasks and accessories used for the radiorespiro- ^ 

metric study. AsBeaker containing barley shoot untreated v?ith dalapon + 1 ml of 0«01> ro 
glucose + 5 ml of buffer. BtBeaker cmtaining barley shoot treated with dalapon + 
1 ml of 0.01^ glucose + 5 ml of buffer.S:Screw clamp. The test tubes contain 0.1H 

NaOH to absorb C02* 
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8. Radlorespirometrie study 

One-week-old seedlings growing in the nutrient 

solution were treated with 10 ml of 3000 ppm dalapon for 12 

hours. After treatment the plant parts were washed thor

oughly with distilled water and the root and the shoot 

separated above and below the kernel.. The shoots were 

grouped into three sets of equal fresh weight and incubated 

immediately in the reaction flasks (Figure 1). Each flask 

contained 5*0 ml of phosphate buffer (pH 7-0)..and 1.0 ml 

of 0.01^ glucose-l-C-^, glucose-6-C^, or glucose-II-C^ . 

The radioactive samples of glucose were purchased as the 

solid.* The specific activity of the glucose-l-C^ was 

2.91 mc/mM, glucose-6-C"^ was 1.71 mc/mM, and glucose-U-C-^ 

was 2A5 mc/mM. 

The procedure followed with roots (buffer pH 5*8) and 

with the untreated control plant parts was the same as that 

for the shoots. 

The plant parts were allowed to respire in the solu

tion of radioactive glucose for six hours at the controlled 

room temperature (25 to 26°C). The respired CO2 was continu

ously swept out of the reaction flask by a stream of C02~free 

air (Figure 1) and collected hourly in separate test tubes con

taining 10.0 ml of 0.1M carbonate-free NaOH (9)- The rate 

of flow of COg-free air was about 9 ml/minute. The NaOH 

*Radioactive glucose was purchased from New England 
Nuclear Corp., Boston, Mass. 
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solution was transferred to a 15 ml centrifuge tube. Two 

ml of 4M NH^Cl and 1 ml of 1M BaC'lg were added to the NaOH 

solution and the precipitated BaCO^ was centrifuged. The 

supernatant was tested for complete precipitation of BaCO^ 

by the addition of a drop of the BaCl2 solution. If the pre

cipitation was complete, the supernatant was poured off 

and the precipitate thoroughly washed with water. The sus

pension was again centrifuged, washed a second time with 

ethyl alcohol and centrifuged again. Finally the precipi

tate was suspended in ethyl alcohol for plating and determina

tion of radioactivity. 

9. Analytical methods 

At the end of the six-hour radiorespirometric study, 

the plant parts were quickly removed from the reaction 

flask, rinsed thoroughly with distilled water to remove ab

sorbed radioactive glucose, and dropped immediately into 

60 ml of boiling 80% ethanol in an extraction flask connected 

to a reflux condenser. The fact that after 16 hours a fresh 

volume .of 60 ml of 80% ethanol failed to extract any more • 

ethanol-soluble constituents from the plant part indicated 

that the extraction was complete at the end of this period. 

The extracts were evaporated under reduced pressure to a 

volume of 2-3 ml and made Up to 10 ml with deionized water. 

Lipids and colored materials were removed from the extract 
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by shaking in a separatory funnel with a small quantity of 

petroleum ether and were discarded after determining the 

radioactivity. 

The aqueous extract was then separated in anionic, 

cationic and neutral fractions by ion exchange resins. 

California Biochem. Ag 50-X8, 100-200 mesh, H+ form was 

used as cation exchanger and California Biochem. AG 1-X4, 

100-200 mesh, CI" form was used as anion exchanger. The pro

cedure followed was that of Neal & Beevers (28). The cation 

fraction contained mainly amino acids, the anionic fraction 

contained mainly organic acids, and the neutral fraction 

contained mainly sugars. The fractions thus obtained were 

evaporated under reduced pressure almost to dryness and 

then made to a known volume (0.2 ml) with deionized water. 

A portion of this concentrated solution was used for separa

tion of the different components by paper chromatography and 

another portion was used to determine the radioactivity. 

The solvents and the spray reagents used were as follows: 

Organic acids: 

Descending paper chromatography on Whatman #1 

paper was used. The organic acids in the plant 

extract and the known standards were treated with 

concentrated NHij.0H (usually one drop) so that they 

traveled as their ammonium salts in the chromato

graphic!: .solvent . 
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Solvent system: n-Propanol:2N ammonium hydroxide 

(70:30 V/V) as described by Howe (21). 

Color reagent: Aniline-xylose reagent as described 

by Nordman and Nordman (29)• Brown spots appeared 

on a pale yellow background. 

Amino acids: 

Ascending one-dimensional paper chromatography on 

Whatman #1 paper was used. 

Solvent system: Pyridine:n-butanol:water (1:1:1 V/V) 

as described by Smith (36). 

Color reagent: Ninhydrin spray as described by 

Smith (36). Mostly purple spots appeared on a white 

background. . 

Sugars: 

Ascending paper chromatography•on Whatman #1 paper 

was used. 

Solvent system: Ethyl acetate: pyridine: water 

(12:5:4 V/V) 

Color reagent: Aniline reagent as described by 

Smith (36). Brown spots appeared on a light yellow 

background. 

During the chromatographic study it was noticed that 

the alcohol extract could be separated into its component 

compounds without actually resorting to the ion exchange 

fraction. It was found that a single solvent system of 
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propanol: ammonia (70:30 V/V) separated the different com-, 

ponents on descending paper chromatography on Whatman #1 

paper without undue overlapping or streaking. Hence, for 

final studies only this procedure was used. The reagents 

for the detection of sugars, amino acids, and organic acids, 

however, were the same as described above. The Rf of each 

compound obtained in this system is listed in Table 1. 

Following chromatographic identification of the un

known compounds in the plant extract by the method described 

above, the same extract was chromatographed in another sol

vent system (butanolrpyridine:water 1:1:1:V/V) which had 

different Rf values for these unknown compounds. Movement 

of an unknown in both solvent systems similar to that of a 

known compound has been used as confirmation of the identity 

of the unknown. The Rf values in the latter system are also 

listed in Table 1. 

The ethanol-insoluble residue was transferred to a 

50 ml beaker, dried in an oven at 40°C and weighed. The 

dried material in the beaker was chopped with a pair of 

scissors into a fine powder. The powder was then trans

ferred to a cup-shaped, stainless-steel planchet of 1" 

diameter. The planchet was weighed before and after trans

fer of the material. The radioactivity of the powder was 

counted on a Tracerlab windowless flow counter, Model SC-16. 

Necessary correction for the mass absorption was made by 



Table 1. Rf's In different solvent systems. 
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Solvent systems 

Compounds Propanol-Ammonla Butanol-Pyridine 
(70:30 V/V) water (1:1:1 V / V )  

Citric acid 0.01 0.42 ' 
Ci&aconitic acid 0.02 0 . J 6  
Aspartic acid 0.05 0.23 
Cysteine 0.05 
Alpha-ketoglutarlc acid 0.10 0.52 
Malic acid 0.11 0.49 
Succinic acid 0.11 0.50 
Arginine 0.12 
Aspargine 0.13 
Glutamic acid 0.13 0.28 
Lysine 0.15 
Glycine .0.18 
Beta-alanine 0.21 
Histidine 0.21 
Sucrose 0.24 0.13 
Alanine 0.27 
Glucose 0.29 0.25 
Fructose O.32 0.27 
Pyruvic acid 0.33 0.6l 
Acetic acid 0.40 
Leucine 0.55 
Phenylalanine 0.55 
Fumaric acid - 0.50 
Oxalacetic acid - 0.52 
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previously determining the mass absorption curve (Figure 2) 

as described by Aronoff (l). 

After determining the radioactivity, the ethanol-

insoluble residue was hydrolysed with 50 ml of IN HCl in a 

boiling flask connected to a reflux condenser. After 20 

hours a fresh volume of 50 ml of the dilute acid failed to 

extract any more acid-hydrolyzable constituents from this 

residue. This indicated that hydrolysis was complete at 

the end pf 20 hours. The hydrolysate and the plant residue 

were transferred on to planchets (described above), evapor

ated to dryness and the radioactivity of both fractions 

determined with the Tracerlab windowless flow counter. 

10. Determination of the specific activity of BaCOg 

Cup-shaped, stainless-steel planchets of 1" diameter 

were cleaned with dilute HCl, washed thoroughly with water, 

dried and weighed. The alcoholic suspension of BaCOg was 

transferred quantitatively on to the planchet with a pipette. 

The mounted BaCOg was dried on a hot plate at low tempera

ture and the weight of the planchet with BaCOg determined. 

The radioactivity of the BaCOg was counted with the same 

Tracerlab windowless flow counter as described earlier. 

After subtracting the background counts, correction for self-

absorption was made by referring to a standard curve (l) and 

the specific activity calculated by the formula: 

Specific activity (CPM/mg) = Total CPM of BaCOo/ 
mg of BaCOg 
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Figure 2. Self-absorption curve for dried and powdered ethanol- ̂  
insoluble residue of one-week-old barley seedlings(gluoose-<J ). 
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11. Scanning chromatograms for radioactivity 

The chromatograms were cut into l" strips. The 

strips were spliced together and the radioactivity of the 

spots determined by scanning the chromatogram with a 

Nuclear Chicago D-47 thin window Geiger tube connected to 

a Nuclear Chicago Actigraph II, Model C-100A. The speed of 

the scanner was an inch per hour and the slit width used 

was one-half inch. 

The relative activity of the spots was determined 

by finding the area under each curve of the graph with a 

planimeter, and the activity expressed as percent of the 

total. 

12. Autoradiography 

To confirm that the scanner picked up all the radio

active spots on the chromatogram strips without leaving any 

spot undetected and that the spots were discrete and well 

defined, autoradiography of the chromatograms was done on 

Eastman No-Screen X-ray film. The X-ray film was exposed 

to the chromatograms for 7 weeks in exposure holders. The 

film was then separated from the chromatogram in complete 

darkness, developed and fixed. 

13. Glucose utilization 

Total glucose utilization was obtained by the 

summation of the radioactivity found in (a) BaCO^, 
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(b) ethanol-soluble extract, and (c) ethanol-insoluble resi

due. The utilization was calculated as percentage of the 

total radioactivity. 

The comparative hourly rates of CO2 evolution in 

glucose-l-C-^, glucose-6-C^, and glucose-U-C-^ and the 

Cg/Ci ratio were used to study the pathway involved. 



RESULTS AND DISCUSSION 

In the experiments conducted in this study dalapon 

retarded the growth of barley seedlings (Table 2 and Figure 

3). Within 24 hours of the treatment with dalapon the 

seedlings did not show any significant change for any of 

the herbicide concentrations used. However, after 48 hours 

of the treatment, the seedlings treated with 1500 ppm or 

more of dalapon began to show slight yellowing at the tips 

.of the leaves (Table 3)» After 144 hours the yellowing of 

the leaves was very remarkable in the seedlings treated with 

3000 -ppm and the rate of growth was reduced to one half as 

compared to the control. With the lower dose of 125 ppm 

the morphological effects on the seedlings began to appear 

after 144 hours and the treated plants could be identified 

easily from the untreated ones. As the length of the treat

ment increased the leaves progressively turned yellow or 

brownish and the plant died. The response of the barley 

seedlings to the treatment of dalapon in this experiment 

confirmed the earlier observations of Wilkinson (39) who 

noticed similar changes in the barley plants that he studied. 

Table 4 shows the amount of total reducing sugars 

in the shoots and roots of barley seedlings. The data indi

cate that the plant parts had at least 10 times more 

33 
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Table 2. Effect of dalapon on the growth of one-week-old 
barley seedlings. 

Concentration 
of dalapon 

Hours after treatment 
Concentration 
of dalapon 

48 hours 96 hours 144 hours 

ppm s g ' g 

0 1-37 1.72 2.03 

60 1.27 1.48 I.69 

125 ' 1.25 1.46 1.63 

250 1.22 1.44 1.59 

500 1.21 l.4o 1.55 

750 1.21 1.36 . 1.51 

1000 

o
 

OJ i—i 

1.36 1.59 

1250 •1-19 1.36 1.49 

1500 1.19 1-33 1.43 

2000 ' 1.18 1.28 1.34 

3000 1.18 1.25 1.29' 

Initial fresh weight of seven seedlings 1.01 g. 
The values are growth expressed as the total fresh weight 
in grams and are the average of three experiments. 
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Figure J. Effect of different concentrations of dalapon on the growth 
(total fresh weight) of one-week-old barley seedlings grown in 
complete nutrient solution. 
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Table 3» Effect of dalapon on the morphology of one-week-
old barley seedlings. Refers to the same experi-
.ment In Table 2. 

Concentration 
of dalapon 

Length of treatment in hours 

48 hours 96 hours 144 hours 

ppm 

0 

125 

250 

500 

1000 

1500 

2000 

Appearance of seedlings 

Normal, 
healthy 
No Symptoms 

No visible 
symptoms 

3000 

Very slight 
yellow at tips 

Slightly 
yellow at tips 

Tips of the 
leaves yellow 

Normal, 
healthy 
No symptoms 

No visible 
symptoms 

Slightly 
yellow at 
tips 

Yellowing 
spreads 

Normal 
healthy 
No. symptoms 

Slightly 
yellow at 
tips 

Yellowing 
Progressive 

About l/8 
leaf area 
yellow 

About l/4 
leaf area 
yellow 

About 1/2 
leaf area 
yellow 

More than All leaves 
half of the Yellow. Stems 
leaves yellow slightly 

green 
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Table 4. Total reducing sugars in one-week-old barley 
seedlings. An average of three experiments is 
recorded. 

Root Shoot 

Fresh weight of 
plant part 1 .44 g 1.73 g 

Volume of extract 60 .0 ml 60.0 ml 

Volume of thiosulphate 
required to titrate 
5 ml of extract 5 .86 ml 6.6 ml 

Volume of thiosulphate 
required to titrate 5 ml of 
lxl0-^M glucose solution 2 .60 ml 2.60 ml 

Weight of reducing sugar per 
gram of fresh weight of the 
plant part 0 .0017 g 0.0016 g 

Calculation: 

1000 ml of lxlO~^M glucose = l80xl0"!|g of glucose 
5' ml " " I80xl0"^x5/l000 g of glucose 

= 9xlO~5 g of glucose 
2.6 ml of thiosulphate requires 9£lO"5 of glucose 
5.86 " " 9x10"5x5.86/2.6 g of glucose 
5 ml of extract contains 9x10"5x5.86/2.6 g of glucose 

• 60 " " 9x10"5x5.86x60/2.6x5 g of glucose 
1.44 g of root has 9x10"5x5-86x60/2.6x5 g of glucose 
•1.00 " 9X10~5X5.86x60/2.6x5x1.44 g of glucose 

= 0.0017 g of glucose 
Exactly on the same basis 1.00 g of shoot has: 

9x10"5x6.6x60/2.6x5x1.73 g of glucose 
si 0.0016 g of glucose 

1 ml of 0.01$ glucose = 0.0001 g of glucose 



reducing sugar than was supplied externally (calculations 

shown in Table 4). This assured that the external supply 

of 1 ml of 0.01$ radioactive glucose did not appreciably 

disturb the endogenous concentration of glucose in the 

metabolic pool in the plant parts and that the kinetics of 

the reactions involving glucose would probably not be dis

turbed by this external supply. 

Tables 5 and 6 show the effect of pH of the buffers 

on the respiration of one-week-old barley seedlings. The 

data indicate that the shoots respired maximally at pH J.O 

and the roots did so at pH 5.8; therefore these pH levels 

were used in all later work. 

The effect of acid on the extraction of solute 

during killing of plants is recorded in Table J. Bourke 

et al. (6) used HgSO^ for killing the plants. The results 

in this experiment indicate that within the interval of 

10 minutes after killing the plant a significant amount of 

acid-soluble plant constituents diffused out. This was un

desirable in the present experiment and therefore killing 

the plants with acid was abandoned. Instead, the plant 

parts were killed and extracted simultaneously by dropping 

them in boiling 80% ethanol. 



Table 5. Effect of 
one-week-

pH on respiration of the 
old barley seedlings. 

39 

shoots of 

pH Weight of 
BaC03 

BaCOo per 
granPof fresh 
shoot 

A. g g 

3-2 0.0205 0.0137 

4.2 0.0208 0.0137 

5.5 0.0213 o.oi4o 

6.2 0.0220 0.0147 

7-2 0.0275 0.0183 

8.0 0.0212 0.0140 

B.' 

6,6 0.0480 0.017c 

6.8 0.0494 0.017c 

7.0 0.0506 0.0184 

7.2 0.0497 0.0178 

7.4 0.0485 0.0177 

Fresh weight of seedlings in A was 1.50 g and 
in B 2.76 g. The experiments were run for one hour and the 
values represent the average of two experiments. 
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Table 6. Effect of pH on 
week-old barley 

respiration 
seedlings. 

of the roots of one-

pH Weight of 
BaCO^ 

BaCO^ per gram 
of fresh root 

A. g 6 

3.2 .0.0215 0.0086 

4.2 • 0.0249 0.0099 

5.5 0.0260 o.oi4o 

6.2 0.0261 o.oio4 

7-2 0.0235 0.0094 

8.0 0.0215 0.0086 

B. 

5-0 0.0495 0.0121 

5.2 0.0496 0.0121 

5.4 0.0499 0.0122 

5-6 0.0506 0.0128 

5.8 , 0.0525 0.0130 

6.0 0.0508 0.0128 

6.2 0.0502 0.0127 

6.4 0.0498 0.0121 

Fresh weight of seedlings in A was 2.5 g and in 
B 4.1 g. The experiments were run for one hour and the 
values represent the average of two experiments. 
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Table J. Effect of killing the tissue of one-week-old 
barley seedlings by HC1. 

HC1, Normality Weight of the plant 
constituents diffused 
out. 

Roots 

0 . 1  

1 

2 

3 

4 

1 Blank. 

0.1 Blank 

0.0022 

0.0024 

0.0028 

0.0035 

0.0039 

0.0005 

0.0002 

Shoots 

0 . 1  

1 

2 

3 

3 Blank 

0.0028 

0.0031 

0.0038 

0.0048 

0.0008 

Fresh weight of roots 2.5 g; fresh weights of 
shoots 3-0 g. The values are the average of three experi
ments. 



Table 8 shows the results of a study of oxygen up

take by barley seedling shoots and roots at different dala-

pon concentrations. The ineffectiveness of dalapon (3000 

-2  ppm or 2 X 10" M) to change oxygen uptake of the shoots and 

roots as compared to the untreated plant parts is in accord 

with the finding of Ingle and Rogers (24) that concentra

tions of dalapon (10~^M) which inhibited root elongation 

had no effect on 02 uptake by either corn or cucumber in a 

six-hour period. When studied with isolated mitochondria,, 

however, Switzer (37) had noticed 50$ inhibition of oxygen 

_2 uptake by 5 X 10 M dalapon in soybean. 

The results of the radiorespirometric study of the 

control and dalapon treated plant parts are recorded in 

Tables 9 and 10* Figures 5 and 6 represent the hourly pro

gress of COg evolution corresponding to the data in Tables 

9 and 10. The Cg/C-^ ratio is consistently 1 or nearly so 

and the hourly rate of COg evolution is linear up to the 

fourth hour in the shoots and up to the fifth hour in the 

roots after which it begins to drop. 

The results of studies on oxygen uptake (Table 8), 

radiorespirometry (Table 9) and chromatography (Table 13) 

brought forth the following facts with respect to the barley 

shoots: 

1. The oxygen uptake by shoots treated with dalapon 

was not different from that of the untreated 

control. 



Table 8. Determination of oxygen uptake by shoots and roots of one-week-old 
barley seedlings at different levels of dalapon. 

Dalapon 
Experiment 

Shoots 
1 Experiment 2 Experiment 

Roots 
1 Experiment 2 

ppm p.1 02/hour/g RQ p.l Og/hour/g RQ jal Og/hour/g RQ jul Og/hour/g RQ 

0 206 1.08 210 1.01 153 1.03 148 1.00 

500 209 - 207 - . 153 - 150 -

1000 211 - 207 - 148 - 155 -

1500 209 - 209 - 135 - 150 -

3000 210 1.12 211 1.06 150 1.03 153 l.Oo 

4500 195 - 207 - 133 - 150 -

6000 1-90 - 206 - 130 - • : 145 — 

Fresh weight of shoots 0.7 g and of roots 0.4 g. 

4^ 
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Figure 4. Effect of dalapon on oxygen uptake of one-week-old barley 
seedling roots and shoots. An average of two experiments is plotted. 



Table 9» Results of radiorespirometric study with G-l-C-1-^, G-6-C"^ and 
uniformly labeled glucose on one-week-old barley shoots'. 

G-l -C1^ G-6 -C14 G-U-.cw 

Treatment Corrected 
CPM 

Sp. Act. 
CPM/mg 

Corrected 
CPM 

Sp. Act. 
CPM/mg 

Corrected 
CPM 

Sp. Act. 
CPM/mg 

Cg/C-^ 
ratio 

Control 
Dalapon 

396 
379 

30 
27 

372 
178 

1st hour 
31 
27 

265 
239 

26 
31 

1.03 
1.00 

Control 
Dalapon 

507 
571 

52 
52 

562 
755 

2nd hour 
52 
51 

377 
375 

49 
50 

1.00 
O.98 

Control 
Dalapon 

^93 
490 

85 
79 • 

912 
107^ 

3rd hour 
86 
82 

801 
660 

89 
100. 

1.01 
1.04 

Control 
Dalapon 

741 
1168 

114 
185 

1083 
1273 

4th hour 
114 
190 

957 
1220 

110 
200 

1.00 
1.03 

Control 
Dalapon 

442 
1118 

82 
137 

672 
99^ 

5th hour 
85 
140 

680 
888 

85 
120 

1.01 
1.02 

Control 
Dalapon 

976 
1128 

82 
128 

672 
1058 

6th hour 
82 
126 

966 
1010 

68 
101 

1.00 
O.98 

Total 
Control 
Dalapon 

3555 
4854 

445 . 
608 

4273 
5332 

450 
616 

4046 
4392 

427 
602 

1.01 
1.01 

The values represent the average of two replications. 

-p=-
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Figure 5. Progress of CO2 evolution as affeoted by dalapon in one-week-old 
barley shoots. 
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Table 10. Results of radiorespirometric study with G-l-C , G-6-C and 

uniformly labeled glucose on one-week-old barley roots-.' 

G-l 1 0
 

H
 

G-6 -c14 G-U--C14 

Treatment Corrected 
CPM 

Sp. Act. 
CPM/mg 

Corrected 
CPM 

Sp. Act. 
CPM/mg 

Corrected 
CPM 

Sp. Act. 
CPM/mg Mi 

Control 
Dalapon 

126 
' 173 

20 
24 

193 
190 

1st hour 
21 
24 

195 
198 

26 
26 

1.05 
1.00 

Control 
Dalapon 

199 
291 

39 
51 

207 
385 

2nd hour 
39 
52 

311 
418 

37 
48 

1.00 
1.02 

Control 
Dalapon 

449 
428 

68 
68 

576 
476 

3rd hour 
70 
69 

336 
454 

70 
71 

1.03 
1.01 

Control 
Dalapon 

475 
506 

97 
92 

612 
780 

4th hour 
99 
93 

358 
543 

112 
89 

1.02 
1.01 

Control 
Dalapon 

1123 
1146 

137 
145 

795 
949 

5th hour 
137 
153 

503 
468 

129 
117 

1.00 
1.06 

Control 
Dalapon 

475 
561 

88 
89 

413 
294 

6th hour 
86 
89 

640 
558 

79 
93 

0.98 ' 
1.00 ' 

Total 
Control 2847 449 2796 454 2343 453 1.01 
Dalapon 3105 469 3074 487 2639 444 1.04 

The values represent the average of two replications. 
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Figure 6. Progress of COg evolution as affected by dalapon in one-week-old 
barley roots. 
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2. The Cg/C-^ ratio of dalapon treated barley shoots 

was consistently 1 or very nearly so. 

3. The rate of COg evolution during the first 4 

hour period of radiorespirometric study was 

approximately linear. 

4. The specific activity of BaCO^ from glucose-

14 U-C was approximately the same as that from 

14 14 ,glucose-6-C-L and glucose-l-C . 

5. The chromatographic analysis of radioactive 

compounds in the alcohol-soluble extract of the 

shoots did not show any triose., tetrose, pentose, 

or heptose. 

With respect to barley roots, the results of oxygen 

uptake (Table 8), radiorespirometric study (Table 10) and 

chromatographic analysis (Table 14) indicated the same gen

eral trend as. the shoots. Thus: 

1. The oxygen uptake by roots treated with dalapon 

was not different from that of the untreated 

control. 

2. The Cg/C^ ratio of dalapon treated barley roots 

was consistently 1 or very nearly so. 

3. The rate of COg evolution during the first 

5-hour period of radiorespirometric study was 

approximately linear. 

v 
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4. The specific activity of BaCO^ from glucose-U-C111" 

was approximately the same as that from glucose-

and glucose-1 . 

5. The chromatographic analysis of radioactive com

pounds in. the alcohol-soluble extract of the 

roots did not show any triose, tetrose, pentose, 

or heptose. 

These findings indicate that the pentose phosphate 

shunt is not involved in glucose utilization either in dala-

pon treated or untreated shoots and roots under the set up 

of the experiment. It may, however, be pointed out that the 

pentose phosphate shunt and Krebs cycle have been reported 

to occur in corn leaves and roots and in barley roots 

respectively (4, 17)-

Table 11 shows the relative percentages of radio

activity in the BaCO^, ethanol-soluble extract and ethanol- -

insoluble residue of the roots and shoots of the barley 

seedlings. Table 12 shows the percent recovery of the total 

radioactivity initially present in the solution of radio

active glucose. Tables 13 and 14 show the radioactivity in 

the compounds analysed chromatographically from the ethanol-

soluble extract of shoots and roots, and in Table 15 is re

corded the distribution of radioactivity in acid-hydrolyzable 

and acid-nonhydrolyzable fractions of ethanol-insoluble 



Table 11. Distribution of the absorbed radioactivity in BaCOg, ethanol-soluble 
extracts and ethanol-insoluble residue of one-week-old barley seedlings. 

Corrected Ethanol Ethanol- Total CPM 
CPM in Extract insoluble; 
BaCOo % CPM % residue fo 

CPM 

i—I O
 1 

Hoots 

c -1 

i—I O
 1 Control 2847 9.3 24669 80.4 3145 10.3 30661 

Dalapon 3105 10.1 22882 74.8 4620 15.1 30607 

G -6 -cw Control 2796 9.3 24682 82.0 2610 8.7 30088 
Dalapon 3074 10.2 22395 74.2 4721 15.6 30190 

G -U< -c14 Control 23^3 7.6 23483 75-7 5164 16.7 30990 
Dalapon 2639 8.6 21609 70.7 6326 20.7 30574 

Shoots 

G--1--c1^ Control 3555 36.0 ' 5605 56.8 718 7.2 9878 
Dalapon 4854 38.8 5066 48.5 1322 12.7 10442 

G--6--cl2f Control 4273 37.2 6591 57-4 627 5.4 11491 
Dalapon 5532 41.9 5448 

% 

49-3 964 8.7 11044 

G--u--c14 Control 4o46 39-4 5^21 52.7 806 7.9 10273 
Dalapon 4392 40.5 5496 50.4 997 9.1 10885 

Results correspond to the Experiments' in Tables 9 and 10. 



Table 12: Recovery of radioactivity in control and dalapon treated barley 
seedlings. 

Control Dalapon 

Treatment Absorbed 
radioacti
vity. CPM 

Radioacti
vity re
covered 
CPM 

% recov 
ery 

Absorbed 
radioacti
vity. CPM 

Radioacti
vity recov
ered CPM 

% re
covery 

Roots 

G-l-C1^" 32969 30661 93 3^008 30607 90 

G-6-C1]| 3^191 30088 88 32815 30190 92 

G-U-C14 34055 30990 ' 91 34353 30574. 89 

Shoots * 

G-l-C1^ 11621 9878 85 11475 10442 91 

G-6-clif 12768 11491 90 12550 11044 88 

G-U-C111 11808 10273 87 12230 10885 89 

The radioactivity of glucose supplied was 6 x 10^ CPM. 

ro 



Table 13. Percentage distribution of radioactivity in the ethanol-soluble 
extract of shoots of one-week-old barley seedlings treated and 
untreated with dalapon. • • 

Compounds Control Dalapon 

14 G-1-CXH G-6-C1^ 14 G-U-C G-l-C1^ G-6-C111" G-U-C1^ 

% % % . fo cf /° % 

Citric 27.0 . 28.9 26.9 26.7 24.8 25.8 

Ci&aconitic 25.5 • 28.0 25.6 26.7 27.I 22.0 

Pyruvic 2.0 2.2 1.8 1.8 2.4 1.6 

Glucose 19.6 17.8 24.0 16.0 16.6 20.0 

Fructose 3-1 2.4 2.7 2.0 2.0 2.0 

Sucrose 12.7 10.8 10.4 17.9 17.1 20.5 

alpha-Keto and 
other organic 
acids of TCA 
cycle 10.1 9.9 8.6 8.9 10.0 8.1 

Data from strip-scanned chromatograms. The percentages are derived from 
the total area under the curve. 

VJi 
UJ 
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Figure 7» Relative radioactivity in different compounds of the ethanol-soluble 
extract of one-week-old barley shoots. Simulated chart recordings of strip-
scanned chromatograms. The different compounds appear as peaks. Rf*s were: 
citric, 0.01; cis-aconitic, 0.02;eC-keto and other organio acids of citric 
acid cycle(except citric and cis-aconitic), 0.1; sucrose, 0.24; glucose, 
0.29; fructose, 0.32; pyruvic acid, 0.33. 



Table 14. Percentage distribution of radioactivity in the ethanol-soluble 
extract of roots of one-week-old barley seedlings treated and 
untreated with dalapon. 

Compounds Control Dalapon 

G-l-C1^ 0-6-c14 G-U-C1^" G-l-C1^ G-6-cllf 14 G-U-C 

$>. ' $ % % % % 

Citric 26.7 25.8 19.5 27.2 26.0 26.1 

Cis^conitic 24.0 25.0 17.9 26.0 25.6 25.7 

Pyruvic 3.8 ^•3 4-9 3-7 2.2 3-2 

Glucose 23.0 24.0 31.1 
1—

! O
J CU 

22.5 22.2 

Fructose 10.0 9.2 12.6 9.8 10.2 11.2 

Sucrose 4.7 3.6 5.2 4.4 5.1 4.6 

Aspargine & 
Glutamic acid 1.5 1.1 1.1 2.7 4.2 2.8 

alpha-Keto and 
other organic 
acids of TCA 
cycle 6.3 6.9 6.6 4.0 4.2 4.2 

Data from strip-scanned chromatograms. The percentages are derived from 
the total area under the curve. 
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Figure 8. Relative radioactivity in different compounds of the ethanol-soluble 
extract of one-week-old barley roots. Simulated chart recordings of strip-

scanned chromatogreuns. The different compounds appear as peaks. Rf*s were: 
citric, 0.01; ois-aconitic, 0.02;oC-keto and other organic acids of Krebs 
cycle(except citric and cis-aconitio), 0.1; glutamic acid and aspargine, 0.13; 

sucrose, 0.24; gluooee, 0.29; fructose, 0.32; pyruvic acid, 0.33. 



Table 15- Distribution of radioactivity in acid-hydrolyzable and acid-nonhy-
drolyzable fractions of the ethanol-insoluble residue of one-week-
old barley seedling. 

Root Shoot 

Treatment Activity Activity in Activity Activity , 
in acid acid-nonhydro- in acid in acid 
hydroly-

01 p 
lyzable hydroly-

£ 
non-hydro -

sate 01 p residue % sate £ lyzable 
% residue % 

CPM CPM CPM CPM 

G-l-C"^ Control 79842 93-9 5187 6 .1 20102 95.3 991 4.7 
Dalapon 80113 97-1 2393 2 • 9 23346 98.1 452 1.9 

G-6-C"^ Control 77894 94.0 4972 6 .0 19734 95-0 1039 5.0 
Dalapon 76621 96.4 2861 3 .6 21487 98.0 439 2.0 

G-U-C^ Control 85224 94.3 5179 5 .7 18991 95-2 958 4.8 
Dalapon 90659 96.8 2997 3 .2 20012 98.1 388 1.9 

Ul 
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residue. It should be pointed out here that the autoradio-

graphs of the chromatograms revealed no spots other than 

those detected by the scanner. The following facts emerge 

from these data: 

1. In terms of radioactivity the total glucose 

accumulation in roots of barley seedling was 

about 3 times more than that by shoots. 

2. As measured by total corrected counts per 

minute of the BaCO^, the rate of respiration 

of barley seedling shoots was higher than that 

of the roots. 

3. In terms of total radioactivity in the ethanol-

soluble extract, the radioactivity in the root 

extract was higher than that in the shoot. 

4. In terms of total radioactivity in the ethanol-

insoluble residue,, the activity in the residue 

from the roots was higher than that of shoots. 

5. Compared with the control, dalapon treated 

plant parts showed a trend towards increased 

C02 evolution as indicated by the higher radio

activity in the BaCO^ of the treated plant 

parts, although 02 uptake did not show the 

cor r e s p o n d i n g  t r e n d  ( T a b l e  8 ,  F i g u r e  4 ) .  

6. The total radioactivity on the chromatograms 

as measured by the area under each curve was 



lower In the plant parts treated with dalapon 

as compared to the untreated controls. 

7. The radioactivity In the acid-nonhydrolyzable 

fraction of the ethanol-insoluble residue of 

the control plant parts was higher than that 

of the plant parts treated with dalapon; con

versely, the radioactivity in the acid-hydro-

lyzable fraction of the ethanol-insoluble 

residue was lower in the control plant parts 

as compared to that of the treated plant parts. 

8. In shoots treated with dalapon, sucrose had more 

radioactivity than glucose while citric acid, 

cis-aconitic acid, pyruvic acid, alpha-keto-

glutaric and other organic acids of the Krebs 

cycle were at the same level of activity as in 

the control shoots. 

Glucose and fructose maintained a lower 

radioactivity in the treated shoots. 

Aspartic and glutamic acids were not de-

. tectable in the treated or untreated shoots. 

9. In roots- treated with dalapon, pyruvic, alpha-

ketoglutaric and other organic acids of the 

Krebs cycle had lower radioactivity than that 

found in the control. Aspartic and glutamic 

acids were detectable and were more radioactive 



under dalapon treatment. ' Glucose was less 

radioactive in the treated roots while citric 

and cis-aconitic acid and fructose and sucrose 

were at the same level of activity both in the 

treated'and untreated roots. 

10. The pattern of radioactivity distribution both 

in roots and shoots was the same for glucose-1-

14 1 li. T h 
C , glucose-6-C and glucose-U-C . 

It may be reasoned on the basis of these findings 

that the utilization of glucose proceeded uninterrupted into 

the first part of the Krebs cycle. If this were not so it 

would be hard to explain the high level of radioactivity in 

the citric acid; the activity in citric acid is maintained 

at the same level both in the treated and control plant 

parts. In other words, glycolysis did not seem to be in

hibited by dalapon. Bourke and Pang (7) have reported, how

ever, that dalapon inhibited glycolysis. The results of 

the present experiments apparently do not confirm this view. 

Furthermore, the level of radioactivity in cis-aconitic acid 

was also of the same level as that of the citric acid. This 

would mean' that the Krebs cycle was not inhibited up to cis-

aconitic acid. 

The level of radioactivity in alpha-ketoglutaric acid 

was lower in plant parts treated with dalapon viz. roots. 
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However, aspartic and glutamic acids had a higher activity 

than found in control. This would suggest a block in the 

citric acid cycle after the cis-aconitic acid step at one or 

more points of the following sequence. 

Pyruvate 

•CO, 

Acetyl CoA 

Oxalacetate 

Malate 
f 

Pumarate 
t 

Succinate 

Succinyl CoA 

Citrate 

Cis-aconitate 

V h2° 

"~VH2° 

Isocitrate 

Oxalosuccinate 
^C0o 

alpha-ketoglutarate 

A partial block at position 1 may retard the synthe

sis of alpha-ketoglutaric acid. This would account for low 

radioactivity of alpha-ketoglutaric acid as compared to 

that found in cis-aconitic acid. A second block at "position 

2 would inhibit the conversion of alpha-ketoglutaric to the 

other organic acids of the cycle. Assuming that the citric 

acid cycle continued up to the point of formation of glu-

tarate, though at a reduced rate from cis-aconitate to 

glutarate, two molecules of CO2 would be given off and one 
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atom of oxygen would be conserved as shown below. 

1. Pyruvate > Acetyl CoA 

2. Isocitrate > Oxalosuccinate 
2 H 

3-' Oxalosuccinate—s-
^co2 

->' Alpha-ketoglutarate 

Pyruvate > Alpha-ketoglutarate 
2 C02 t 2 H 

If this were the case the.dalapon treated plant 

parts should have a respiratory quotient (RQ) more than 

unity. The results of the present experiment showed only 

a .slight trend of more respiration in dalapon treated plant 

parts as compared to control, and the RQ, was only slightly 

higher than unity (Table 8). 

in the citric acid cycle existed, one may expect to find 

glutamic acid being synthesized via a transamination reaction. 

Alpha-ketoglutaric acid + Amino acid ^.zzzt Glutamic acid *• 

Actually, radioactive glutamic acid was detected and had a 

higher activity than found in the control. This may lend 

support to the view that a block at position 2 exists. 

The level of radioactivity in the pyruvic acid, how

ever, suggests another aspect of the problem. Hoit the 

Again, if a block after the alpha-ketoglutaric acid 

Keto acid 
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radioactivity of the pyruvic acid becomes lower than that 

found in the control and how the level of citric acid is 

maintained at a higher level must be considered. Is-it due 

to faster utilization of pyruvic acid in some reaction other 

than the conversion of pyruvate to citrate? Hilton et_ al. 

(19) have reported that dalapon competes with pantoic acid. 

Considering this, it is reasonable to assume that the 

competition of dalapon with pantoic acid would impair the 

synthesis of Coenzyme-A. If Coenzyme-A were not being 

synthesized in sufficient'quantity, the channeling of pyru

vic to citric acid would be drastically reduced as shown 

below: 

1. CH3COCOOH HS-CoA * NAD ----> CH3CO-SC0A 4- NADH • H* r 1 

COOH . CHoCOOH 
1 \ 

2. CKLCO-SCoA * CHg < > HO-C-COOH f HS-CoA 
I / 
CO C EL COOH 
I * 
COOH 

ftxalacetic acid Citric acid 

Because the level of radioactivity in citric acid of 

plant parts treated with dalapon in this experiment was the 

same as the control, it appears that the unavailability of-

Coenzyme-A is not a factor at least in this sequence of re

actions. In other words, the decarboxylation of the pyruvic 

acid to form acetyl-CoA may go at a rapid rate with the 
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formation of enough CoA for the initiation of the citric 

acid cycle. However, acetyl-CoA formed from the pyruvic 

acid is equally important to other reactions in the plant. 

Acetylation and fatty acid synthesis are two vital reactions 

in which acetyl-CoA is involved. It is possible that dala-

pon may interfere in these and other reactions. 

Prom still another standpoint, it can "be reasoned 

that if s-uccinic, fumaric and malic acid of the citric acid 

cycle were not being formed due to a block at position 2, 

there will be no regeneration of the acetate acceptor, 

oxalacetate. Hence there will be no regeneration of citric 

acid. However, it is known that there are at least two ways 

in which such replenishment may occur by C02 fixation: 

1. Production of oxalacetate by the phosphoenol pyruvate 

carboxylase reaction: 

Phosphoenol pyruvate + C02 > Oxalacetate + iP 

2. Production of oxalacetate by phosphoenol pyruvate 

carboxykinase: 

Phosphoenol pyruvate 4- ADP *• CO2 4-Zzz^ Oxalacetate + ATP 

Another mechanism of replenishment is afforded by the gly-

oxylate cycle as shown on the following page, but the 

limited distribution of the requisite enzymes makes it un

likely. that it is of general utility except in the special

ized tissue of fatty seedlings (5). 
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COOH CHGCOOH COOH 

HO-CH 

H-CHoC00H 
I 2 
COOH 

CHO-COOH 

CHgCOOH » Krebs cycle CHg 

Succinate 

COOH 

CO 

Isocitric acid 
Glyoxylate 

3 
Acetyl-CoA 

Oxalacetate 
s* 

CH COOH 
I 2 

HO-C-COOH 

H 

Malate 

However, if these reactions were actually taking place, it 

would explain: 1. The lower radioactivity of pyruvate; 

2. Accumulation of citric acid, therefore, a higher radio

activity in citric and cis-aconitic acids; and 3* Fixation 

of one molecule of COg out of the two released in conversion 

of pyruvate to©c-ketoglutarate would prevent the respiratory 

quotient from rising. ' 

2 C02 f- 2H 

It should be mentioned, however, that on chromato-

grams no radioactive oxalacetate could be detected. 

The high radioactivity in sucrose as compared to 

glucose in the ethanol-soluble extract of shoots treated 

with dalapon indicates that dalapon was somehow diverting 

the normal utilization of glucose toward sucrose synthesis. 

Pyruvate > Alpha-ketoglutarate 
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This is in accord with the observation of McWhorter (27) that 

the dalapon treatment which provided the best control of 
0 

Johnsongrass in early bloom caused a general reduction of 

glucose with a corresponding increase.in sucrose content. 

Sucrose may be synthesized via the following re

action sequence (15): 

UTP t- glucose-l-phosphate UDPG r pyrophosphate 

UDPG +• fructose -» Sucrose + UDP 

or UDPG i- fructose-6-phosphate---> Sucrose phosphate +• UDP 

Sucrose phosphate + » Sucrose t H^PO^ 

It is possible that the ATP necessary for these re

actions is furnished by the utilization of H^PO^ and pyro

phosphate: 

AMP 1- pyrophosphate ATP 

ADP H3P04 (^zyme _system}__ ^ ATP 

The low level of radioactivity of fructose may lend 

support to the actual functioning of this reaction „• But 

this still does not explain the factor responsible for the 

abnormal level of sucrose synthesis which occurs in shoots 

treated with dalapon. It could be postulated that a partial 

block is operative at position 1 as shown in the following 

scheme: 
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Glucose 

1-
Glucose-6-phosphate •<- •» glucose-l~phosphate ---» Starch 

Cellulose 

PrUCtuae Sucrose 

Fructose-6-phosphate 

Glycolysis . . 

If this were so, the following effects should result: 

1. In as much as the synthesis of fructose-6-phosphate was 

limited due to the partial block at position 1, the 

utilization of glucose via glycolysis and subsequent 

Krebs cycle would slow down. Nevertheless, whatever 

fraction of glucose went into the glycolytic cycle, would 

continue to be degraded normally. In other words, 

initially the quantitative utilization of glucose through 

the glycolytic cycle may be lower but no subsequent 

quantitative or qualitative change should occur because 

of this block unless some other kind of' inhibition was 

functional within the glycolytic or Krebs cycles. 

2. Enough glucose relative to the control would be avail

able to drive forward the chain of reactions responsible 

for the synthesis of sucrose, starch, cellulose or other 

carbohydrates. 

verted to cellulose without skeletal rearrangement within 

Brown & Neish (8) have reported that at least 50% 

of the total glucose-l-C^ administered as precursor was con-
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24 to 48 hours in wheat plants. Bailey & Neish (3) working 

with Chlorella vulgaris found that glucose-l-C1^ was deposited 

as starch in amounts up to 20% of the dry weight of the cells 

and that the mechanism of starch synthesis was essentially 

the same as in higher plants. The lower radioactivity in 

fructose and the results of acid-hydrolysis could be explained 

on these workers' (8 and 3) results. The data from the acid-

hydrolysis of the ethanol-insoluble residue clearly indicate 

that whereas in the control the radioactivity in acid-nonhy-

drolyzable fraction (cellulose etc.) was higher than in dala-

pon treated parts, the reverse was true in the acid-hydrolyz-

able (sucrose, starch, etc.) fraction. This suggests .that 

dalapon interfered with the incorporation of glucose into 

the cell wall fraction and brought about increased synthesis 

of sucrose and possibly of starch. Earlier it was pointed 

out that scanning the chromatograms for radioactivity indi

cated higher activity in sucrose in shoots treated with 

dalapon. Thus, the results from chromatography and acid 

hydrolysis of the ethanol-insoluble residue both are in 

accord and support the possibility of a block as shown in 

the scheme on page 67• 

The recovery of the radioactivity varied from 85 to 

93$ of the total absorbed by the plants (Table 12). This 

discrepancy from 100$ could be due to the varying matrix in 

which the different fractions were counted and due to experi

mental error. 
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On the basis of the available data it is not possible 

to demonstrate any specific site of block either at the 

initiation of glycolytic or in the Krebs cycle, nor is it 

possible to propose any definite mode of action of dalapon. 

However, it may be concluded that: 

1. The pentose phosphate shunt is not involved as 

a distinctly exclusive pathway of glucose 

utilization in barley seedlings under the condi

tions of the present experiment. 

2. Dalapon definitely interfers with glucose 

utilization as evident from the difference in 

radioactivity of the compounds separated by 

paper chromatography of the extracts from the 

treated and control plants. 

3- The data suggest that a partial block at the 

initiation of the glycolytic cycle is operative 

in shoots treated with dalapon. 

4. There are partial blocks in the Krebs cycle in 

roots treated with dalapon. 

In the light of these findings two facts appear: 

1. A detailed in. vitro study should be made with purified 

enzyme systems using labeled glucose and specific inter

mediates of glycolysis and the Krebs cycle and 2. A quantita

tive and qualitative study of the phosphorylated compounds 



should yield valuable information on which to propose 

definite mode of action of dalapon. 



SUMMARY AND CONCLUSIONS 

1. A study was made with glucose-1-C^\ glucose-6-
nl. 

C and uniformly labeled glucose to determine quantita

tively the effects of dalapon on glucose utilization in 

roots and shoots of one-week-old barley seedlings. An 

attempt was also made to determine the major pathway of glu

cose metabolism involved. 

2. Barley seedlings were cultured under sterile 

conditions in Bonner's complete nutrient solution in covered 

petri dishes. Through preliminary trials, 3000 ppm was found 

to be the optimal sublethal dose of •' \lapon for treatment of 

the barley seedlings. The bufi. v system used for roots and 

shoots of barley seedlings incubated with labeled glucose had 

a pH of 5and 7-0 respectively. 

3. Determination of reducing sugars in shoots and 

roots of barley seedlings indicated that the plant parts had 

at least 10 times more reducing sugars than was supplied 

externally. This assured that the external supply of 1 ml 

of 0.01$ radioactive glucose did not appreciably disturb 

the endogenous concentration of glucose in the metabolic 

pool in the plant parts and that the kinetics of the re

actions involving glucose would probably not be disturbed 

by this external supply. 
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4. The oxygen uptake study using a Warburg 

respirometer showed that 3000 ppm of dalapon did not change 

the oxygen absorption as compared to the normal plant parts; 

5. The average distribution of radioactivity from 

normal shoots was: BaCO^, 38$; ethanol-soluble extract, 

55$; ethanol-insoluble residue, 7$- In dalapon treated shoots 

the distribution was: BaCO^, 40$; ethanol-soluble extract, 

50$; ethanol-insoluble residue, 10$. 

6. The average distribution of radioactivity in 

normal roots was: BaCO^, 9$; ethanol-soluble extract, 79$; 

ethanol-insoluble residue, 12$. In dalapon-treated roots 

the distribution of radioactivity was: BaCO^, 10$; ethanol-

soluble extract, 73$; ethanol-insoluble residue, 17$-

7. The recovery of radioactivity varied from 85 to 

93 per cent. 

8. The results of radiorespirometry and chromatog

raphy indicated that in the present experiment the pentose 

phosphate shunt was not involved as a distinctly exclusive 

pathway for glucose metabolism in barley seedlings treated 

with dalapon. However, dalapon definitely interfered with 

glucose utilization as was evident from the difference in 

radioactivity of the metabolites analyzed by paper 

chromatography. 
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9- It was suggested that a partial block is 

operative at the beginning of the glycolytic cycle in the 

shoots treated with dalapon. The shoots treated with dala-

pon also showed a greater accumulation of sucrose as compared 

to the control. Partial blocks after ©c-ketoglutarate step 

in the Krebs cycle were suggested in the roots treated with 

dalapon. 
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