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"Looking at any biological system, 
I may wonder about it in several ways; 
but one of my wonders will always be, how 
did it come to be as it is—how did it get 
this way" 

Walls, 1962. 
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ABSTRACT 

Low levels of ionizing radiation induce two 

translocation responses in soybean: a reduction in 

photoassimilate export from leaves and a change in the 

distribution pattern of exported photoassimilate within 

the plant. In this investigation these responses have 

been further studied specifically to ascertain the site 

of radiation damage and to better understand the 

physiological responses observed. 

Experimentally the primary data was obtained from 

studies in which a mature trifoliate leaf of a young soy

bean plant (Glycine max L. cultivar Harosoy f6 3) is 

isolated in a closed transparent chamber and allowed to 

14 
photoassimilate C0~ for 15 minutes. This is followed 

by an additional 45 minute period before the plant is 

14 
sectioned and C-radioactivity determined in all parts. 

14 

Such C data provides one with the magnitude and distri

bution pattern of translocation. Further analyses were 

conducted to determine the relative levels of the major 

photosynthetic products using the techniques of paper 

chromatography and autoradiography. 
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Since differences between control and irradiated 

14 
plants were not observed in the partitioning of C 

between the 80% ethanol-soluble and -insoluble fractions 

14 

or in the relative amounts of C-products of photo

synthesis, the reduction in export in irradiated plants 

is not likely due to reduced availability of translocatable 

materials. 

Data presented in this thesis shows that photo

assimilate export was not affected by gamma radiation 

until a threshold dose between 2.0 and 3.0 krads was 

reached. It was also observed that radiation-induced 

damage to the export process was capable of recovery in 

a period of 1 to 2 hours provided high light intensity 

was supplied. 

In contrast, the distribution pattern was shown 

to be extremely radiosensitive with a low threshold dose 

between .25 and .49 krads. Although this process was also 

capable of recovery9it occurred much earlier and was 

followed by a secondary effect which lasted at least for 

the duration of the experiments. 

The data presented in this thesis is interpreted 

to suggest that the sites of radiation action for the two 

translocation responses are different. In regards to 

photoassimilate export, the site of action of ionizing 

radiation is the leaf, quite possibly the process of 
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photophosphorylation which may provide energy directly 

for phloem loading and for membrane integrity of the 

phloem tissue* In regards to the pattern of distribution 

of exported photoassimilate, the site is likely the apical 

sink, possibly the result of changes of levels of endogenous 

hormones. By the selection of radiation exposure dose and 

time post-irradiation, it is possible to affect inde

pendently these two processes suggesting that each may be 

regulated independent of the other and involves a distinct 

site. 
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INTRODUCTION 

Numerous investigations, describing interference 

with mitotic and genetic functions, have identified the 

nucleus as the site most sensitive to ionizing 

radiation (27, 61, 101, 103, 104, 105, 106, 107, 108, 112, 

113, 135). In higher plants particularly, studies have 

correlated relative radiosensitivities of different 

genera with the interphase chromosome volume and DNA con

tent per chromosome (103, 104, 105, 106, 107, 108). While 

radiobiological experiments have generally emphasized 

nuclear events, considerably less attention has been 

directed to radiation-induced responses to organelles and 

extra-nuclear physiological processes. 

To understand the physiological responses of plants 

to relatively low levels of ionizing radiation, some recent 

investigations have been conducted using soybean as the 

research material (72, 79, 91, 122). This plant was 

selected because of its moderate radiosensitivity (106) and 

facility with which it can be grown. Furthermore soybeans 

have served as one of the most commonly used plant sources 

for fundamental studies into the physiological processes in 

plants. 
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In a study by McCabe (72) , the effects of gamma 

radiation on the rates of apparent photosynthesis were 

investigated. Apparent photosynthetic rates of soybean 

(Glycine max L. var Harosoy f63) at 21% and 1% oxygen were 

determined in a closed system using an infrared gas 

analyzer to continuously monitor changes in carbon dioxide 

concentration. Rates were determined prior to an acute 

exposure of 3.75 krads of gamma radiation and at specific 

times afterwards, ranging from five minutes to four hours. 

At all time intervals following irradiation, reductions in 

the rates of apparent photosynthesis were observed, sug

gesting an early response of the photosynthetic apparatus 

to ionizing radiation. As well, similar per cent reductions 

in the photosynthetic rates at 21% and 1% oxygen suggested 

that the results at normal oxygen concentration (21%) were 

not attributable to an increase in photorespiration. 

The effects of radiation on photosynthesis were 

further investigated -by Schefski (91) who showed that the 

rates of photosynthesis at 21% oxygen two hours following 

exposure to either 3.75 or 11.25 krads were approximately 

85% of the pre-irradiation rates. In plants exposed to 

22.5 krads and analyzed three hours post-irradiation, the 

rate was 63% of the pre-irradiation rate. Those plants 

irradiated at 22.5 krads were the only ones to show a 

significant change in the rate of dark respiration. 
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As well, Schefski's data showed that the reductions in 

apparent photosynthesis rates were not due to increased 

stomatal resistance to carbon dioxide diffusion since no 

change in the per cent of stomata open or in stomatal 

diameter was observed. 

In addition to his studies in photosynthesis, 

Schefski also showed that such growth processes as shoot 

elongation, leaf expansion, and leaf emergence were 

effectively reduced within a ten day period following 

exposure of the whole plant to the relatively low acute 

dose of 3.75 krads of gamma radiation. 

Perhaps the most interesting aspect of his studies 

was the observation that exposure of the plants to the 

same level of radiation which affected rates of photosyn

thesis also resulted in a reduction in the magnitude of 

C-photoassimilate exported from a source leaf and an 

alteration in the pattern of its distribution. Unlike the 

reduction in the rates of photosynthesis which was 15% two 

hours following exposure to 3.75 krads of gamma radiation, 

14 the reduction in the extent of C-export was almost 70%. 

This reduction in export was not the result of reduced 

substrate availability due to increased respiration. In 

the case of distribution pattern, the most apparent 

radiation-induced change was a decrease in the per cent of 

14 exported C translocated to the region above the node of 



the fed leaf and a concomittant increase below. 

The most recent study completed was that of Nemeth 

(79) who showed that exposure of the whole plant to an 

acute dose of 2.9 krads of gamma radiation reduced the rate 
32 

of P incorporation into ATP in chloroplast suspensions 

isolated from irradiated soybean trifoliate leaves. The 

data suggested a radiation-induced reduction in leaf photo-

phosphorylation which could account for both the reduced 

rate of photosynthesis (72, 91) and reduced export of 

photoassimilate (91). 

These studies have therefore shown that at 

relatively low levels of ionizing radiation: 

1) there is a rapid (within 5 minutes) reduction 

in the rates of apparent photosynthesis measured at 21% 

oxygen and that this reduction is not likely due to an 

increase in photorespiration, dark respiration or stomatal 

resistance. 

2) there-is a retardation in stem growth, leaf 

expansion and the emergence of new leaves. 

3) there is a reduction in the extent of 

assimilate export and an alteration to the pattern of its 

distribution. 

4) there is a reduction in the rate of chloroplast 

phosphorylation. 
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One of the goals of studies in radiation biology 

is to identify those sites which are particularly radio

sensitive and which when damaged lead to a detectable 

response, perhaps even to multiple responses. An example 

of such a site is the shoot apex. In fact Schefski (91) 

has attributed inhibitions in stem growth, leaf expansion 

and emergence of new leaves as well as changes in the 

distribution pattern of translocate to damage to this 

area, possibly through the destruction of IAA, a molecule 

identified as particularly radiosensitive (42, 43, 44, 99). 

The modulation of the radiation-induced change in distri

bution pattern by the exogenous addition of IAA was in fact 

interpreted to support this conclusion (91). 

A second site suggested as being particularly 

radiosensitive is the chloroplast (2, 123) where damage 

to processes associated with the chloroplast could lead to 

a reduction in ATP levels, a change in the relative magni

tude of biosynthetic-'pathways, a reduced rate of photo

synthesis, a reduction in the availability of translocatable 

materials and a reduction in energy available for vein 

loading (movement of the photosynthate from the mesophyll 

cells of the leaf to the conducting tissues of the phloem) 

and hence the observed reduction in the magnitude of export. 

To extend our understanding of the physiological 

responses of plants to ionizing radiation as identified 
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through the previous studies of McCabe (72) , Schefski (91) , 

and Nemeth (79), the present investigation was initiated. 

In particular, the focus of the thesis was in the area of 

translocation with the primary objectives of the study being: 

1) To determine if the radiation-induced 

14 . . 

reduction in the magnitude of export of C-photoassimilate 

was the result of a reduction in the availability of 

translocatable materials due to a shift in the leaf 

metabolism, and 

2) To determine if the changes in export and 

distribution pattern are the result of radiation damage at 

more than one site. 

These objectives were investigated through 

procedures involving: 

1) analysis of leaf metabolites 

2) determination of dose-response curves for 

the responses of photoassimilate export and distribution 

pattern 

3) assessment of radiation-induced damage at 

various times following irradiation. 

The unexpected observation that the intensity of 

illumination on irradiated plants can have an important role 

in repairing some aspects of radiation damage early in the 

studies led to additional investigations also described in 

this thesis. 
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LITERATURE REVIEW 

The continued growth of higher green plants supplied 

with water and inorganic nutrients depends primarily on 

photosynthesis in the leaves and the transport of organic 

solutes from the leaves to heterotrophic cells. Sites in 

the plants, particularly photosynthesizing cells where 

organic materials are being produced in excess of immediate 

requirements are known as "sources" of assimilate. Non-

photosynthetic organs such as roots and shoot meristerns 

and young developing leaves which receive organic solutes 

for their immediate utilization or storage are referred to 

as metabolic "sinks". 

Translocation, the transport of organic 

solutes, mostly sucrose, from the sources to the sinks, is 

a complex process dependent upon or consisting of several 

components: the assimilation of CO^ and the subsequent 

biosynthesis of organic compounds, the localization of 

metabolic and storage pools, the movement of the photo-

synthate from the mesophyll cells of the leaf to the 

conducting tissues of the phloem, the ensuing long distance 

longitudinal and radial movement and the eventual utilization 

and storage of the translocated materials in sink regions. 
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Two aspects of the translocation process receiving 

particular emphasis in this investigation are 1) the 

magnitude of export of photoassimilates from a source 

region and 2) the pattern of distribution of exported 

photoassimilate within the plant. 

Numerous investigations have demonstrated that the 

destination of photosynthate within the plant does not 

occur in a random fashion, but that definite distribution 

patterns can be recognized (128). For example, during the 

development of a leaf the pattern of movement continuously 

changes. When the leaf is very young it imports photo

synthetic products from other parts of the plant to build 

up its own structure, but ultimately it becomes self-

supporting and an exporter of assimilates to other parts 

(60, 95, 116). As long as the plant is young and growth is 

primarily vegetative, this export will be mainly directed 

towards the centres of active growth such as developing 

leaves, root tips and shoot apices; but as the plant ages 

and major developmental changes occur, much of the assimilate 

transport may become diverted to storage and reproductive 

organs such as tubers, fruits and seeds. 

The distribution pattern is also influenced by leaf 

position with leaves preferentially supplying different 

growing organs with assimilates (71, 87, 114, 127). The 

metabolites for the roots are thus mainly produced in the 
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lower leaves and those for the apical regions in the upper 

leaves, whereas leaves in an intermediate position may 

supply assimilates in both directions. This general 

pattern however, may be modified both by external con

ditions such as temperature, water supply, light and 

nutrition and by differences in the internal organization 

of the vascular system (128). For example, Winter and 

Mortimer have shown that mineral depletion was able to 

alter the pattern of distribution (134). In this study, 

the roots of the plants were placed into pots containing 

demineralized water for up to 10 days. After this period, 

14 . . 
it was found that the magnitude of the C-photoassimilates 

exported was not altered compared to controls* However, 

14 the distribution of the translocated " C recovered was 

14 altered in that the amount of C recovered from the shoot 

14 
apex had decreased, whereas the amount of C recovered 

from the stem and roots had increased. 

The direction-and the magnitude of the flow of 

assimilates from sources to sinks is also determined by the 

"size" or demand of the active centres of growth within the 

plant (8, 23). Thus the different sinks may exhibit 

various strengths or demands for assimilates, largely 

determined by their rate of metabolism. Consequently 

reproductive organs often, but not always dominate vege

tative ones and shoot apices dominate root tips. 
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Sink demand may also be changed by growth hormones 

such as auxin, for a number of studies have shown that 

application of indole-3-acetic acid (IAA) stimulated the 

14 
translocation of C-assimilate towards the site of auxin 

application (14, 25, 69, 76, 83, 94). Latour, for example, 

reported that substitution of the apices of Glycine max L. 

variety Harosoy f63 with IAA (5 ppm and 20 ppm) altered 

14 the pattern of distribution of C-photosynthate so that 

with an increase in the concentration of exogenously applied 

14 
IAA, a subsequent increase in the magnitude of C trans
located to the apex was observed (69). 

If plants are manipulated so that their normal 

assimilate distribution is disturbed, it is possible to 

change the rate of photosynthesis. If, for instance, the 

tubers of a potato (Solanum tuberosum L.) plant (18), and the 

grains of a wheat plant (6 4) are removed soon after their 

appearance, the rate of photosynthesis in the leaves of 

these plants is decreased very significantly. On the other 

hand, experiments in which the size of the source instead 

of that of the sink has been decreasedrhave yielded 

opposite results. It has been reported that removing part 

of the leaves on pine (Pinus sp) trees (111) and maize (Zea mais) 

bean (Phaseolus sp) or willow (Salix sp) plants (130) 

markedly increases the rate of photosynthesis in the 

remaining leaves. This increase may compensate for the 
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loss of part of the green foliage, and has therefore been 

regarded by most authors as a response of the source to the 

demands of the sink. 

Two main theories have been advanced to explain the 

regulating ability of the sink. In one theory, 

Boussingault (1868) proposed that the accumulation of 

assimilates in illuminated leaves might inhibit the rates 

of photosynthesis in those same leaves (77). The concept 

has grown that if assimilate is not transported to sinks, 

the rate of photosynthesis is depressed, and if new sinks 

are added, the rate is increased. Even though effects 

observed in response to changing status of sinks suggest 

control of photosynthesis by the level of assimilate in the 

leaf, Neales and Incoll (77) concluded that it has not been 

possible to prove or disprove this theory. Despite the lack 

of available biochemical evidence which would explain how 

the accumulation of photosynthate would slow down the 

process (10, 77), several workers have adopted and pre

sented evidence in support of this hypothesis (18, 46, 57, 

111, 115, 120, 131). 

According to a more recent hypothesis, the sink under 

normal conditions produces a certain amount of hormones that 

are translocated to the leaves, where they effect an 

increase in the rate of photosynthesis. If the sink is 

disturbed or destroyed in any way, the amount of released 



hormone decreases and consequently, the rate of photo

synthesis goes down (13, 111). 

The two theories have also been combined into a 

single one by assuming that growth regulators, produced in 

the sink, stimulate the flow of assimilates into the latter 

and thus prevent the accumulation of photosynthetic products 

that might depress the rate of photosynthesis at the 

source (55, 9 4). 

Although the importance of metabolic sinks in 

establishing the distribution pattern of assimilates seems 

to be generally accepted, there does not exist any agree

ment as to the mechanism by which the "attracting force" of 

the sink is mediated. Certainly, this is due to the lack 

of understanding about the mechanism that initiates, 

directs and regulates the basic translocation process. The 

older theory of a passive mass flow along a concentration 

gradient in the phloem is still accepted by many 

physiologists, however, an additional involvement of active 

loading and unloading of the phloem system is generally 

believed necessary (36, 67, 129). 

Advocates of the activated mass flow theory proposed 

that phloem loading [process by which the major translocated 

species are selectively and actively delivered to the sieve 

tubes in the same source region prior to translocation (36)J 

is maintained by metabolic energy of the source region 
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phloem, while in the sink region metabolism is in some way 

responsible for removal of translocate. Sink region meta

bolic activity may be used for unloading or actively 

accumulating the assimilate and, secondly, the metabolic 

processes themselves may serve to transform or deplete the 

translocate species in the sink region, steepening the 

solute gradient (38). 

Numerous workers have postulated that an active 

process in the source leaf serves to drive, at least in 

part, the mass flow of organic solutes throughout the 

plant. In support, various investigators using auto

radiographic and plasmolytic studies, have demonstrated 

loading of the minor vein phloem (30, 37, 39, 56). For 

example, Geiger et al. (37) used electron microscopy to 

examine rapidly-frozen sugar beet leaf tissue which had 

been equilibrated with various concentrations of mannitol, 

to map solute concentrations in various cells of the source 

leaf. The mesophyll"was estimated to have an osmotic 

pressure of 13 bars compared to 30 bars for the sieve 

element-companion cell (se-cc) complex. The adjacent 

phloem parenchyma cells had an osmotic pressure of 8 bars 

with an abrupt concentration increase at the membrane of 

the se-cc complex. Sieve elements and companion cells 

generally showed the same osmotic pressure. These data 

suggested to the authors that solute is concentrated in 
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the minor vein phloem, and is an integral part of the 

phloem-loading process. 

Although active solute accumulation has been 

observed in the sieve element-companion cell complex of 

the phloem, the processes by which sucrose is mobilized in 

the lamina of the leaf and accumulated in the phloem of the 

minor veins prior to long distance transport are not well 

understood. The mechanism of movement of carbohydrate from photo-

synthetically active mesophyll cells to sieve elements can 

be one of two possibilities. The first, consists of a 

pathway via the apoplast (interconnecting cell wall and 

intercellular spaces) and involves expenditure of energy in 

crossing the plasmalemma of both mesophyll cells and the 

phloem cells involved in the accumulation of carbohydrate 

prior to transport. The second involves a wholly symplastic 

pathway via plasmadesmata (system of interconnected proto

plasm) . Tyree (119) has studied the movement of solute 

particles in various---tissues and concluded that plasma

desmata were of sufficient frequency and diameter to enable 

the symplastic movement of solutes from cell to cell to be 

the pathway of least resistance. Cataldo (20) further pro

posed that sugars following production by photosynthesis, 

are taken into a transport compartment, consisting of the 

endoplasmic reticulum, rapidly moved via plasmadesmata to 

the border parenchyma where they are subsequently 
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transported to companion cells and then deposited in sieve 

elements for long-distance transport. 

The possibility however, exists that both the 

apoplast and symplast may be involved. Sovonick et al. 

(100) suggested that, prior to vein-loading, sugars move 

via the symplast within the mesophyll, enter the apoplast 

at the mesophyll-phloem parenchyma interface and are sub

sequently transferred to the symplasm of the phloem cell 

types where they are actively accumulated. As further 

evidence, Geiger et al. (39) attempted to intercept the 

translocate molecules if they entered the free space prior 

to loading. They used unlabelled sucrose or glucose as 

trapping agents in a solution circulating over the abraded 

14 surface of a leaf photoassimilating CO^. The rate of 

trapping of a component was considered to be a measure of 

turnover of the compound in the free space. When the light 

intensity was increased the rate of trapping by sucrose 

increased to the same extent as the translocation rate. If 

glucose was used, no increase in the trapping rate was noted. 

Application of ATP to the leaf increased translocation rate 

by approximately 75% and the trapping of sucrose by approxi

mately 66%. Glucose trapping was stopped or reversed by ATP 

addition. The authors concluded that the turnover rate of 

the translocate in the free space increased with the 

increase in the translocation rate. The data from isotope 
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trapping, from supplying exogenous sugar with or without 

plasmolysis and from leakage studies appeared to be con

sistent and support the view that sucrose moves by way of 

the symplasm from the chloroplast to a point near the minor 

vein phloem. Here the sugar exits into the free space from 

which it is taken up into the phloem by an active uptake 

process. 

While it is essential to understand the "normal11 

physiology of an organism, it is also of value to understand 

changes in such physiology brought about initially by 

external stresses. Not only does one learn how the plant 

responds to such stresses, but frequently a deeper under

standing of the processes themselves are gained. The kinds 

of environmental stresses to which plants are frequently 

subjected are 1. biotic (infection or competition by other 

organisms) and 2. physiochemical factors which include temper

ature, water availability, wind, chemicals and radiation (70). 

Of particular interest to this study is ionizing radiation. 

Ionizing radiations are essentially of two kinds: 

-11 -7 
the electromagnetic waves (wavelength 10 to 10 cm) 

identified according to their origins as either X or gamma 

(y) rays and subatomic particles, chiefly electrons, neutrons 

and alpha (a) particles. Although physically these two 

types of radiation are different, their effects on matter 

are similar, often times identical since they cause electrons 
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to be ejected from the atoms which make up the materials 

through which they are passing. The loss of an electron 

confers high chemical reactivity on the atoms involved, 

and it is the subsequent reactions of these ionized atoms 

which initiate the biological effects that are actually 

observed. The various effects produced in matter by 

ionizing radiations are closely linked with their energy 

deposition characteristics, which, in turn are dependent on 

the mass, charge and energy of the radiation concerned 

(1, 4, 19, 26). 

Electromagnetic radiations, streams of energetic 

photons (packets of energy), have a much greater capacity 

than particulate radiations to produce ionizations and of 

the electromagnetic radiations, gamma radiation is the most 

— 8 —11 
energetic, having short wavelengths (10 to 10 cm) and 

high frequencies. Gamma radiation is the energy released 

when a nucleus undergoes a change of energy levels, from an 

excited state to the^ground state. Since energy levels are 

characteristic for a specific element, the discrete energies 

of the Y"~raYs produced are characteristic of that element. 

The interaction of gamma rays with matter is 

frequently divided into three main categories: the photo

electric effect, Compton scattering and pair production 

(1, 4, 19, 26). Irrespective of the form of interaction, 

in all three mechanisms ionizations of matter occur, 
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thereby increasing the radiation damage above the initial 

interaction with matter. 

Biological damage due to ionizing radiations may be 

caused by direct or indirect actions of the radiation (1, 4, 

19, 26). Direct action of radiation involves the simple 

interaction between the radiation and the critical biological 

molecules. In contrast, the indirect action involves 

ionized molecules, usually aqueous free radicals as inter

mediaries in the transfer of radiation energy to biological 

molecules. From the point of view of biological damage, it 

does not matter whether the critical molecule is damaged 

directly or indirectly. However it does seem likely that 

much radiobiological damage is a consequence of indirect 

action, since cells and tissue are composed of approximately 

70-90% water (1). 

The amount of energy received by the substance being 

irradiated is referred to as the dose, the rate at which it 

is received, the dose- rate. The unit most often used for 

measuring the dose of ionizing radiation is the rad 

(radiation-absorbed dose) defined as 100 ergs of absorbed 

energy per gram of irradiated material (19). 

Much information regarding the site of radiation 

damage (target) can be learned by studying the relationship 

between the magnitude of the radiation effect and the dose 

of the radiation exposure. In most cases, the surviving 
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fraction, e.g. the remaining enzyme activity, is plotted 

against the dose. This type of curve is referred to as a 

dose-response or a dose-effect curve. Frequently the 

dose-response curve has a sigmoid shape which can be inter

preted as a multi-hit phenomenon. If the radiation change 

studied requires two or more events (ionizations or 

reactions with free radicals) the dose-response curve will 

show a shoulder, since initially the chance that two 

reactions occur within the same unit is extremely small and 

hence the rate of inactivation (or other change studied) is 

low. After a certain dose, however, there will be a number 

of molecules that have sustained one "hit11 and are still 

active; at this stage the rate of inactivation rises 

sharply, since there is then a good chance that a further 

hit will lead to an inactivation. Usually sigmoid dose-

response curves cannot be interpreted readily in biological 

systems since the end effects observed are a complex inter

play of many factors"!' Despite this difficulty the concept 

that a threshold dose is required for a particular response 

to be observed is nevertheless useful (1). 

Many radiation studies have investigated radiation 

effects on several levels of biological organization. In 

one review, radiation effects on such features as community 

physiognomy, community composition, species diversity and 

productivity were investigated (133). The effects of 
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ionizing radiation on one of these aspects, species 

diversity, was summarized as follows: 1) a progressive 

decline in diversity was observed with sufficient radiation, 

through mortality of individuals, as well as mortality of 

certain species populations, 2) specialized species 

characteristic of diverse, stable systems are disfavoured, 

while hardy non-specialized types are favoured under 

radiation stress. 

Studies with whole plants have described the effects 

of ionizing radiation on growth (16, 22, 24, 50, 51, 62, 

63, 73, 82, 135), lethality (19, 82, 108), induction of 

mutation (68, 85, 86, 92), seed germination (7), photo

synthesis (15, 47, 72, 90, 91, 137), and translocation 

(90, 91, 132). At the cellular and molecular level, in

hibition of cell division and cell death (4, 19, 29, 52) 

have been investigated, as well as effects on macromolecules 

such as enzymes (7, 40, 71, 89, 125), nucleic acids (4, 27, 

43), hormones (6, 42^-43, 44, 73, 89, 99, 125), pigments 

(45, 98, 102), levels of various metabolic products (59, 109, 

137) and rates of photophosphorylation and electron trans

port (33, 34, 79, 80, 89, 97). 

Irrespective of the biological response studied, the 

extent of the radiation-induced damage is frequently 

dependent on such factors as radiation dose exposure and 

dose rate, species diversity and genetic constitution, 
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stage of growth, season, environmental factors (moisture, 

temperature, light, oxygen concentration, presence of 

protective substances), end-point measured and time post-

irradiation before scoring (1, 4, 19, 26, 65). 

The radiosensitivities of many species of plants 

have been determined by Sparrow and co-workers (101, 10 3, 

104, 106, 107, 108). They have found that the radiation 

dose necessary to produce a given degree of growth 

inhibition, lethality, somatic mutation or chromosome 

breakage is correlated with the chromosome number and with the 

average volumes of interphase nuclei of cells in the meri-

stematic regions (regions of active division, such as plant 

shoots or roots). For example, if one compares a series of 

plants which have the same chromosome number, those having 

the largest nuclei are the most sensitive. In another 

series of plants, each of which has about the same nuclear 

volume, those with the fewest chromosomes are the most 

sensitive. Sparrow combined these two parameters to obtain 

a single index of radiosensitivity. Dividing the average 

nuclear volume of meristematic cells by the number of 

chromosomes which is characteristic of the species gives a 

value termed the Average Interphase Chromosome Volume (ICV). 

This represents the average volume occupied by each chromo

some in the nucleus of a cell in interphase. No allowance 

is made for nucleoli or for interchromosomal space, but it 
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is anticipated that this omission will not greatly affect 

the correlation. 

When the logarithm of radiation exposure which 

produces acute lethality in a group of plants is plotted 

against the interphase chromosome volumes of these plants, 

a clear linear correlation is apparent. The species with 

the largest chromosome volumes are the most radiosensitive 

(101). Similar correlations between radiosensitivity and 

ICV have been demonstrated using other end points such as 

growth inhibition (105) and pollen abortion (136). 

These data suggested to Sparrow and his associates 

(107) that a particular amount of energy must be absorbed 

to produce a given effect. This amount is relatively 

constant within certain groups of organisms, but is 

different between these groups. Since the amount of DNA 

per chromosome also varies among species, it is further 

concluded that the biological damage leading to a given end 

point is not due to the production of a constant proportion 

of damaged DNA molecules. Rather the damage is related to 

the absorption of a relatively constant amount of energy 

in each chromosome which likely produces the same number of 

lesions of unspecified nature in the genetic structure of 

an average chromosome of each species. 

If the ICV unit is important in predicting and 

determining the radiosensitivity of various plants (107), 



36 

then one might expect meristematic or actively growing 

tissues to be more radiosensitive since it has been shown 

that rapidly dividing cells exhibit larger nuclear volumes 

than dormant or inactive ones (101). Indeed, this has been 

shown to be the case (16, 82, 105). For example, a compari

son of needle lengths of Pinus strobus plants irradiated 

during dormant and actively growing stages, indicated a 

much greater reduction in those plants irradiated during 

active growth (105). A needle length of about 10% that of 

control was obtained after an exposure of the growing 

tissues on a single occasion to only 300 rads and to 450 

rads for the dormant tissue: the tolerance of dormant 

plants was approximately 1.5 times that of actively 

growing plants. 

In contrast to the number of studies describing the 

effects of ionizing radiation on nuclear parameters, less 

attention has been directed to radiation-induced responses 

to organelles and extranuclear physiological processes. 

A number of studies describing reductions in the rates of 

photosynthesis following exposure to ionizing radiation 

have been reported for several genera of pine (15, 47, 123) 

as well as for Vicia faba (90), wheat (137), barley (109), 

algae (137) and soybean (72, 91). 

Despite the important role of translocation in the 

plant and its apparent relationship with photosynthesis, 
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the study of translocation responses to radiation has been 

limited to very few investigations. 

32 
In one study (132) the extent of export of P from 

an unirradiated leaf to the beta-irradiated apex was 

assayed. Young Phaseolus vulgaris plants exposed to 0.1 

and 1 krad showed a pattern of distribution statistically 

similar to that of the control plants. In contrast, 

32 
exposure to 10 and 100 krad reduced the amount of P 

recovered from the terminal region of the shoot by 9 7% and 

14 
98% respectively. Furthermore, the quantity of C-

14 photoassimilate (initially assimilated as CO~ 21 hours 

following irradiation) that was exported in 3 hours to the 

irradiated apex was reduced by 75%. 

14 . . 

In another study (90), the export of C-photoassimi-

late to the roots in X-irradiated bean (Vicia faba) plants 

was measured. Four days following radiation exposure to 

250 rads, a reduction of approximately 90% was observed. 

Of particulars-significance is the recent work of 

Schefski (91). Nineteen day old soybean plants (Glycine 

max L. Harosoy '63) were exposed on a single occasion to 

3.75 krads of gamma radiation. One hour following 

irradiation they were then permitted to photoassimilate 
14 

CO~ for an extended pulse feeding of 15 minutes by 

placing a mature trifoliate leaf into a closed system. 

This was followed by a 45 minute period before the plant 
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was sectioned and the C-radioactivity extracted with hot 

80% ethanol to determine the magnitude of translocation 

14 and distribution pattern of exported C. 

In comparison to the non-irradiated controls, plants 

exposed to ionizing radiation showed a large reduction, 

14 almost 70%, in the magnitude of C exported from the fed 

or source leaf in the one hour period. The pattern of 

14 distribution of exported C was altered such that less was 

exported to the shoot apex region and more to the region 

below the node of the source leaf. Furthermore, the ex

cision of the shoot apex and its replacement with 20 ppm. 

indoleacetic acid (IAA) immediately following irradiation 

was effective in modulating the changes caused by the 

radiation: the distribution pattern was completely restored 

and the magnitude of export was partially restored. 

Excision of the apex in non-irradiated plants did not effect 

a reduction in the level of photoassimilate export. 

In contrast to the radiation-induced change in 

assimilate distribution which was attributed to damage to 

the apical region (91), the radiation-induced reduction in 

assimilate export was not primarily the result of damage 

to the apex. It was possible that the reduction in the 

export reflected the decrease in the rate of apparent 

photosynthesis which was also evident, although the extent 

of reduction of assimilate export was considerably greater 
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than the reduction in photosynthesis. Other sites which 

could also have contributed to the reduction in export 

include damage to the phloem transport system, reduction 

in energy availability for vein loading, and reduction in 

the relative amounts of translocatable substances. 

To extend our understanding of the physiological 

responses of plants to ionizing radiation, and in 

particular the export and distribution components of 

translocation, the intentions of this study were; 

1) to determine if the radiation-induced reduction in the 

magnitude of assimilate export was the result of a re

duction in the availability of translocatable materials 

due to a shift in leaf metabolism and 2) to determine if 

the changes in export and distribution pattern are the 

result of radiation damage to the same site or the conse

quence of damage to more than one site. 



MATERIALS 

Soybean plants (Glycine max L. cultivar Harosoy f6 

used in this study were germinated from seeds supplied by 

Agriculture Canada Research Station, Harrow, Ontario. 

Seeds were planted, 3 per 12 cm diameter pot, to a 

depth of approximately 0.5 cm in "Terra-Lite" horticultural 

grade vermiculite. The pots were then watered and retained 

in the greenhouse on a 14 hr:10 hr Light:Dark photoperiod. 

Natural light was supplemented by 700 foot-candles of light 

(measured with a Gossen light meter) at the top of the pot 

supplied by a row of Sylvania 60 watt fluorescent bulbs. 

The approximate day and night temperatures were 30°C and 

23 C respectively. 

Seven days after planting the seedlings (3-5 cm in 

height) were thinned to one per pot and transferred to a 

controlled environment growth chamber (Colmat Environmental 

System Model 255-6). Light of 700 foot-candles intensity 

(measured at the height of the first mature trifoliate) 

was supplied by a combination of incandescent and 

fluorescent lamps; the photoperiod consisted of 16 hours 

light (6 a.m. - 10 p.m.) at a temperature of 25 C and 8 

hours darkness at 2 0 C. Each morning the plant material 
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was either watered or fertilized (twice weekly) with a 

mineral nutrient solution of 20-20-20 All-Purpose Feed 

(Plant Products Co. Ltd.; 3.5 grams per litre of water). 

Plants were selected for experimental purposes when 

the length of the first trifoliate leaf was approximately 

twice the length of the second trifoliate leaf. The 

lengths of the trifoliate leaves were measured from the 

node to the tip of the central leaflet. At this stage of 

development the plants were 19-21 days old. 
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METHODS 

To determine the magnitude and pattern of trans

location and to investigate the relative levels of major 

photosynthetic metabolites, the studies presented in this 

thesis primarily utilized the techniques of whole plant 

14 14 
gamma-irradiation, CO^ photoassimilation and C-assay, 

14 
paper chromatography and autoradiography of C-labelled 

products of leaf photosynthesis. 

A. Whole Plant Gamma-Irradiation 

The radiation source for this investigation was a 

£\ n 
Co Gammacell 2 20 unit, manufactured by Atomic Energy of 

Canada Ltd. in December, 1960. At that time, the unit 

possessed 2,430 curies of Co radioactivity and provided 

a dose rate of 3617 rads/min. During the period of this 

study the average dose rate was 5 30 rads/min. 

The basic unit consists of an annular shaped source, 

a lead shield surrounding the source and a cylindrical 

drawer that moves vertically from the 'loading1 position 

through the centre of the source to the 'irradiating1 

position. The time required for the drawer to move from 

the loading position to the irradiating position is 7 

seconds. A uniform source of irradiation is maintained by 
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the fsquirrel cage1 source, 20 cm in height and diameter. 

Laboratory air was pumped through the irradiation chamber 

in the drawer at a flow rate of 7.5 litres per minute. 

In this thesis, irradiated (experimental) plants 

were placed in the drawer and lowered into the irradiating 

position for the required period of exposure to ionizing 

radiation, after which time the drawer was raised and the 

plant removed. Control plants (non-irradiated) were also 

retained in the loading position, but for these experiments, 

the plants were not lowered into the radiation field. 

14 
B. CO2 Photoassimilation 

The closed system used for the photoassimilation of 

carbon dioxide by the plant consisted of the following 

components: a transparent rectangular plexiglass leaf 

chamber, an infrared gas analyzer, an electric pump, a gas 

flow meter, and a glass reaction vessel with rubber cap 

14 14 

for the production of CO^ fron Na^ CO~. All of these 

components were connected in series with 'Tygon1 tubing 

fitted with ground glass joints. The glass joints were 

sealed with Dow-Corning stopcock grease and secured by use 

of elastic bands. The infrared gas analyzer was connected 

to a Perkin-Elmer recorder. The components of this system 

are shown diagrammatically in Fig. 1. The total volume 

of the system was 426 ml and the gases in the system were 



Figure 1. Diagrammatic design of the closed system 
used for the generation of 1^C02 and 
subsequent photoassimilation by a mature 
trifoliate leaf. 

A - Beckman 215 Carbon dioxide Infrared Gas Analyzer 
B - Pump - Universal Electric Co. (Model No. AAIE122) 
C - Flowmeter - Gilmont (Model No. L95) 
D - Vessel for the production of radioactive carbon 

dioxide (14C02) 
E - Illumination Chamber 
F - Light Source 
G - Leaf Chamber 
So - Sample out 
Si - Sample in 
Ro - Reference out 
Ri - Reference in 
-> - Tygon Tubing - showing direction of Gas Flow 
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circulated at a rate of 2.8 litres/min. 

One hour prior to an experiment, plants were 

removed from the growth chamber, watered and placed in the 

illumination chamber under a light intensity of either 

1600 or 2800 foot-candles measured at the height of the 

mature trifoliate leaf. The illumination, provided by a 

combination of fluorescent and photoflood incandescent 

bulbs, was filtered through a flowing water shield of 5 cm 

in depth thus keeping the temperature in the illumination 

chamber at approximately 25 C. 

At the end of the one hour conditioning period, the 

plant was transferred to the gammacell. After the required 

exposure time, the plant was removed from the gammacell and 

returned to the illumination chamber where the blade and a 

portion of the petiole of the mature trifoliate leaf were 

isolated in the plexiglass chamber which was then connected 

to the closed system. Laboratory air was then circulated 

throughout the systeiru 

Following the post-irradiation period (15 to 2 40 

minutes), the system was closed and immediately 1 ml of 8M 

lactic acid was introduced with a hypodermic syringe into 

14 
a 25 yl (-10 or 50 yCi) sodium C-carbonate solution 

(purchased from Amersham-Searle Ltd.; specific activity 

60 mCi/mmole) contained in the glass reaction vessel. The 

mature trifoliate leaf including the portion of the petiole 



inside the chamber (later referred to as the 'fed1 leaf) 

14 
was allowed to photoassimilate the liberated C0~ for 15 

minutes after which time the system was opened and 

laboratory air flushed through the system for an additional 

45 minute period. 

14 . . 
C. Extraction and Assay of C-Photoassimilate 

14 One hour after the initial evolution of CO^ into 

the system, the chamber was removed from the leaf and the 

plant was immediately sectioned (Fig. 2) with a razor blade 

into the following parts: 

1. the stem (shoot) apex, the developing trifoliate 

leaf and the stem above the node of the fed leaf 

2. the fed trifoliate leaf 

3. the remainder of the petiole of the fed leaf 

4. the stem below the node of the fed leaf including 

the primary leaves and the cotyledons 

5. the roots. 

Each of the above sections was weighed using a Mettler 

Type H6 balance and immediately immersed in 50 ml of boiling 

80% aqueous ethanol (V/V). After boiling for 15 minutes, 

the ethanol solution was decanted and the procedure repeated 

with an additional 50 ml of 80% ethanol. The combined 

volume of the two extractions was determined for each 

14 plant part and the total C-radioactivity calculated after 



Figure 2, Diagram showing the relationship of the 
source trifoliate leaf to the remainder 
of the plant. 
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100 yl aliquots were assayed in a Packard Tri-Carb Liquid 

Scintillation Spectrometer (model 3310). The scintillation 

fluid consisted of dioxane (833 ml), ethylene glycol 

monoethyl ether (167 ml), napthalene (50 g), 2,5-

diphenyloxazole (4 gm), 1-4-bis [2-(5 phenyloxazoyl)] benzene 

(100 mg). 

14 
The C-radioactivity in the ethanol-insoluble 

fractions was determined by wet combustion of the air-dried 

residue according to the method of Van Slyke and Folch (126) 

as modified by Ursino (121). 

14 
Knowing the amount of C-radioactivity in each 

section of the plant, it was possible to calculate the 

14 
total C outside the fed leaf and to express this as a per 

14 
cent of the total C recovered from the plant. This value 

14 
represents the per cent of recovered C exported from the 

source region. Likewise the amount of radioactivity 

contained in each plant part outside the fed leaf was 

14 
expressed as a per cent of the total C exported thus 

giving an indication of the distribution pattern of the 

14 
photoassimilated C exported. 

D. Products of Photosynthesis - Extraction, 

Chromatographic Separation, Identification and Determination 

of Radioactivity 

i) Extraction and Chromatographic Separation 

The 80% ethanol- soluble leaf extract obtained by the 

method in the previous section was retained for the analysis 
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of the major products of photosynthesis (9, 17, Bidwell-

personal communication). The ethanol-soluble extract 

(-40 ml) was added to 75 ml of chloroform and the mixture 

agitated in a separatory funnel. The lower chloroform 

phase was separated and after washing with 10 ml of dis

tilled water, was discarded. The water wash was retained 

and combined with the upper ethanolic layer of the original 

separation. The extract was evaporated to dryness using a 

jet of compressed air and the residue was then dissolved in 

1.5 ml of 80% ethanol. One hundred microliter portions of 

this were taken for spotting on the paper chromatography 

sheets (Whatman 3 MM, 25 cm x 25 cm). 

The chromatograms were developed in a two-

directional ascending system; the first solvent was 80% 

phenol by volume adjusted to pH 5.4 with concentrated 

ammonium hydroxide and the second was butanol: acetic acid: 

water (12:3:5: V/V). All the chromatograms from an experi

ment (usually 5 sheets) were developed simultaneously in a 

glass tank (Smith 10" Universal Chromatank Shandon Model 

SAA-2140). Complete development (both directions) took 

approximately 30 hours including a 12 hour drying period at 

room temperature after the first solvent ascension. 

ii) Identification and Determination of the Relative 

Amounts of Radioactive Products of Photosynthesis 

14 The distribution of C in ethanol-soluble compounds 

was determined by exposing the air-dried chromatograms to 
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Kodak no-screen X-ray film for 3 days after which time the 

film was developed (5 minutes in developer, followed by a 

water wash and 15 minutes in fixer). The radioactive spots 

on the chromatogram were then located by reference to the 

autoradiogram. Major photosynthetic metabolites were 

identified by comparison to autoradiograms prepared using 

14 
known standards and by co-chromatography using both C-

labelled and unlabelled standards. Areas representing 

glucose, glycine and serine were incompletely resolved in 

this solvent system and were therefore eluted with water 

(49), rechromatographed and run one-dimensionally in 

propanol: ethyl acetate: water (7:1:2 V/V). 

The following list shows the reagents used to 

locate and identify phosphorylated compounds, carbohydrates, 

amino acids and organic acids on the paper chromatogram. 

1. Phosphorylated Compounds: A molybdate spray 

(9, 49) was prepared by adding 80 ml of 10% ammonium 

molybdate to 12 ml of concentrated hydrochloric acid, 

after which 20 g of ammonium chloride was added. Inorganic 

phosphates become bright yellow at room temperature. On 

heating for 7 minutes at 85°C in a drying chamber, organic 

phosphate becomes yellow to green. 

2. Sugars: Method I - Using the molybdate 

reagent and heating as above, reducing compounds give a 



distinct blue spot (9,49). This test was given by the 

usual reducing sugars and non-reducing compounds such as 

sucrose which on hydrolysis in the acid medium of the 

reagent yielded reducing substances. 

Method II - A naphthoresorcinol spray, 

prepared by adding 10 mg naphthorescorcinol to 10 ml of 95% 

ethanol with 0.2 ml concentrated sulphuric acid, was also 

used to reveal the location of sugars. On heating at 80 C 

for 3 to 6 minutes, keto sugars gave a red colour and aldo 

sugars a blue colour. Ketoses (fructose or fructose con

taining oligosaccharides) were more sensitive than aldoses 

which became more prominent on standing at room temperature 

for a short time after heating. 

3. Amino Acids and Organic Acids: Ninhydrin 

(purchased from BDH) and bromocresol green (purchased from 

Sigma Chemicals) sprays were used to detect amino acids 

(chromatogram heated at 90 C for 5 minutes) and organic 

acids (chromatogram allowed to stand at room temperature) 

respectively. 

14 
The radioactivity in each of the C-labelled 

14 
products was determined by cutting with scissors the C~ 

labelled areas from the chromatogram and placing the 

excised area in a scintillation vial with 15 ml of 

scintillation fluid (48, 88). The sample was assayed for 

radioactivity 2 days later as previously described under 
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section C. In this way, the radioactivity of each compound, 

including unknowns, was determined. Further, calculations 

were able to give the percentage of the total radioactivity 

on the chromatogram which each compound represented. Self-

absorption by the paper was tested using known samples of 

14 
C-sucrose and shown to be insignificant. 

Statistical Analysis 

The statistical test used to identify significant 

differences between the data expressed as per cents was the 

T-test. This parametric test determines whether or not two 

samples have the same population means. The test was per

formed for the following hypothesis: 

y = y : o^o where y. = population mean for sample i 

a. = standard deviation for sample i 

on the Wang 2200 system. Data identified as significant in 

this thesis represents significance at the 5% level. 
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RESULTS 

The results presented in this section were 

obtained from experiments in which soybean plants were 

14 
first permitted to photoassimilate C0 9, after which the 

14 
plant was sectioned and the localization of C-compounds 

determined. The data is presented under the following 

major headings: 

14 

A) Magnitude of export of photoassimilated C 

in non-irradiated and irradiated plants under conditions 

in which time post-irradiation, radiation dose and light 

intensity were varied. 
14 

B) Identification of "" C-compounds in non-

irradiated plants and plants exposed to 4.0 krads of gamma 
14 

radiation which were allowed to photoassimilate CO^ at 
different times post-irradiation. 

14 

C) Distribution of exported C within non-

irradiated and irradiated plants under various conditions 

of radiation dose, light intensity and time post-irradiation 
14 . . 

before CO^ photoassimilation. 

Unless otherwise stated, the plants were illuminated 

at 2 800 foot candles for one hour prior to irradiation and 

for the 15 minute post-irradiation period, the 15 minute 
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14 
CO^ photoassimilation period and the additional 45 minute 

translocation period. In all experiments, the time from 

14 
initiation of CO^ photoassimilation to the termination 

of the translocation period was therefore one hour. 

14 
Furthermore the data is for C-radioactivity in the 80% 

ethanol-soluble fraction only. 

14 A. Export of Photoassimilated C 

In the first series of experiments the photo-

14 
assimilation of CO? commenced fifteen, thirty and sixty 

minutes after irradiation. The primary data for these 

experiments is presented in Appendices 1-3, the summary 

data in Table 1. The data for the experiments in which 

14 . . . 

CO~ photoassimilation was initiated 15 minutes post-

irradiation show that in the non-irradiated plants, 
14 

approximately 21% of the C recovered from the plant was 

located outside the source or 'fed'leaf (Table 1). For 

those plants receiving 4.0 krads of gamma radiation only 

about 11% was outside the source leaf representing a 

reduction of 48% in the export of photoassimilated 
14 

C. Thirty minutes following irradiation, the magnitude 

of export was also reduced. However, one hour following 

the period in the gammacell, the magnitude of photo

assimilate export was essentially the same in control and 

irradiated plants. 



TABLE 1. Magnitude of export of photoassimilated 
to 4.0 krads of gamma radiation. 

14 C in Soybean plants following acute exposure 

Treatment Sample Month 
number and 

year 

14 Time post-irradiation Exported C as a 
prior to initiation of per cent of -^C 
1400^ photoassimilation recovered from the plant 

(minutes) 

Per cent change 

Non-irradiated 

Irradiated 

4 June/August 
1975 \ 

4 
15 

20.7 (7.5) 

10.8 (2.1) -48 

Non-irradiated 

Irradiated 

April/July 
19 75 30 

16.6 (7.3) 

8.1 (4.7) -51 

Non-irradiated 

Irradiated 

July 
1975 60 

20.9 (8.7) 

21.5 (5,4) N.S. 

Unless otherwise specified, the data pre 
the plants were illuminated at 2 800 ft-c 
post-irradiation period, the 15 minute 1 
translocation period. In all experiment 
to the termination of the translocation 
radioactivity in the 80% ethanol-soluble 
indicate standard deviations, asterisks 
samples which are significant at the 5% 

sented in Tables 1-16 was obtained from experiments in which 
. for one hour prior to irradiation and for the 15 minute 
^CO -photoassimilation period, and the additional 45 minute 
s, the time from the initiation of 14C0 -photoassimilation 
period was one hour. Furthermore, the data is for I n 
fraction only. In all tables, values in parentheses 
(*) indicate differences between irradiated and non-irradiated 
level and N.S. refers to "not significant". 

Ul 
Ul 
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A similar, but more extensive study was conducted 

whereby plants were exposed to an acute dose of 3.9 krads 

14 of gamma radiation and C0~ photoassimilation initiated 

at 15, 30, 60, 120 and 240 minutes later. The primary 

data from these experiments conducted in early spring is 

presented in Appendix 4, the summary data in Table 2. 

The data (Table 2) show that there was a significant 

14 reduction in the magnitude of C exported (translocated) 

when photoassimilation was initiated 15, 30, and 60 minutes 

after irradiation. However, at 120 and 2 40 minutes post-

irradiation the magnitude of translocation was essentially 

similar in the non-irradiated and irradiated plants. 

The level of photoassimilate export was determined 

at two light intensities (2800 and 1600 ft-c.) in plants 

60 and 120 minutes following irradiation. Appendices 1-6 

show the primary data, Table 3 the summary data. 

As previously noted, in the plants illuminated by 

2800 foot candles, tfte magnitude of photoassimilate export 

in control and irradiated plants was essentially the same. 

In contrast, the plants illuminated by 1600 ft-c. and 

exposed to radiation showed significant reductions of 25% 

and 37% at 60 and 120 minutes respectively in the magnitude 

14 
of C-export (Table 3) . 

In the third series of experiments, the magnitude 

14 of C-photoassimilate translocation was determined in 



14 14 
TABLE 2. Magnitude of export of photoassimilated ' C in Soybean plants when CO-

photoassimilation is initiated at different times following acute exposure 
to 3.9 krads of gamma radiation. 

Treatment Sample Time post-irradiation 
number prior to initiation of 

14c02 photoassimilation 
(minutes) 

14 Exported C as a 
per cent of 14C 

recovered from the plant 

Per cent change 

Non-irradiated 

Irradiated 

5 

4 

5 

5 

4 

4 

h.5 to 240 

15 

30 

60 

120 

240 

21.2 (6.5) 

6.9 (1.8)* 

12.5 (3.6)* 

11.4 (1.5)* 

20.2 (2.3) 

20.4 (2.5) 

-67 

-41 

-46 

N.S. 

N.S. 

Experiments conducted March/April 1976, 



TABLE 3. Magnitude of export of photoassimilated C at two light intensities in Soybean plants 
60 and 120 minutes following acute exposure to gamma radiation. 

Treatment Sample Month Time post-irradiation 
and number and prior to initiation of 

radiation year 1 4 c o ? Photoa^similation 
dose (minutes) 

Light intensity pre-
and post-irradiation 
and during 1 4 C 0 2 

photoassimilation 
and translocation 

(foot-candles) 

14 
Exported C as 
a per cent of ^4( 
recovered from 

the plant 

Per cent 
change 

Non-irradiated 4 

Irradiated 4 
4.0 krads 

July 
1975 

60 

60 

2800 

2800 

20.9 (8.7) 

21.5 (5.4) N.S, 

Non-irradiated 5 

Irradiated 5 
4.0 krads 

Nov. 
1975 

60 

60 

1600 

1600 

21.3 (3.3) 

16.0 (2.9)* •25 

Non-irradiated 5 

Irradiated 4 
3.9 krads 

Mar/April 
1976 

120 

120 

2800 

2800 

21.2 (6.5) 

20.2 (2.3) N.S, 

Non-irradiated 4 

Irradiated 4 
3.9 krads 

Apr. 
1976 

12 0 

120 

1600 

1600 

25.7 (5.6) 

16.1 (1.8)* -37 

00 



control plants and in plants exposed to doses of radiation 

from 250 rads to 4.9 krads. For this study, the primary 

data is included in Appendix 7> the summary data in Table 

The data in Table 4 show a significant reduction o 

14 
approximately 2 7% in the extent of C exported, did not 

occur until a dose of 2960 rads of gamma radiation was 

reached. The levels of radiation above 2960, though also 

reducing the level of export, did not have any greater 

effect than observed at 2960. 

Recognizing that season may be a factor in trans-

14 
location, the magnitude of C-export was determined in 

control and irradiated plants at different periods of the 

year. The primary data is shown in Appendices 1-4 and 

7-8, the summary data in Tables 5-6. 

14 
The magnitude of C-export was highest in the 

summer months and lowest in the winter months (Table 5). 

14 
For example, in June/July/August 1975, the level of C 

exported was about 2~1% whereas it was only 12% in February 

1976. Although the magnitude of assimilate translocation 

peaked in the summer months, this level was not obtained 

at the same period in each of the two years in which these 

experiments were conducted. In April 1976, export was 21% 

and in 1975 it was only 9% at this time. 

In the experiments conducted during June/August 

and March/April when the magnitude of export of 
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14 TABLE 4. Magnitude of export of photoassimilated C in 
Soybean plants following acute exposure to 
different doses of gamma radiation. 

Total 
dose 
(rads) 

0 

250 

490 

990 

1970 

2960 

3940 

4930 

Sample 
number 

6 

5 

5 

5 

5 

5 

4 

4 

14 Exported C as a per cent 
of -^C recovered from 

the plant 

Per cent change 

11.6 (2.4) 

10.3 (4.8) 

11.1 (2.2) 

10.5 (4.5) 

11.4 (3.3) 

8.5 (1.9)* 

9.3 (1.7)* 

8.6 (1.6)* 

N.S. 

N.S. 

N.S. 

N.S. 

-27 

-20 

-26 

Experiments conducted February 19 76. 
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14 TABLE 5, Magnitude of export of photoassimilated C in 
Soybean plants at different periods of the year. 

14 Exported C as a per cent of Month 
and 

year 

April 
1975 

June/July/ 
August 19 75 

October 
1975 

February 
1976 

March/April 
1976 

Sample 
number 

2 

11 

5 

6 

5 

14c recovered from the plant 

9.4 (4.7) a 

21.0 (6.5) b 

7.2 (1.6) a 

11.6 (2.4) a 

21.2 (6.5) b 

Letters after the values show statistical differences 
(vertically); values not sharing the same letter are 
significantly different at the 5 per cent level. 
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14 TABLE 6. Magnitude of export of photoassimilated " C in 
Soybean plants following acute exposure to gamma 
radiation at different periods of the year. 

Month 
and 

year 

June/August 
1975 

October 
1975 

February 
19 76 

March/Aprj 
1976 

.1 

Dose 
(krads) 

0 

4.0 

0 

4.0 

0 

3.9 

0 

3.9 

Sample 
number 

4 

4 

5 

4 

6 

4 

5 

4 

Exported C as 
a per cent of 
14C recovered 

20.7 

10.8 

7.2 

4.9 

11.6 

9.3 

21.2 

6.9 

(7.5) 

(2.1)* 

(1.6) 

(1.8)* 

(2.4) 

(1.7)* 

(6.5) 

(1.8)* 

Per cent 
change 

-48 

-32 

-20 

-67 
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. . 14 
photoassimilated ' C was highest, the radiation-induced 

reduction was 4 8% and 67% respectively, whereas when trans

location was low during October and February, the per cent 

reduction was not greater than 32% (Table 6). 

From the data presented in the first five tables 

the most important observations are: 

14 

1) Export of * C-photoassimilate can be 

reduced by exposing soybean plants to radiation levels 

above a minimum value. 

2) Although the reduction in export is 

evident at least within 15 minutes following irradiation, 

this difference can be eliminated in time and would appear 

to be influenced by light intensity. 

3) The magnitude of export varies seasonally. 

Nevertheless the response to radiation was always present 

at doses above the threshold. The radiosensitivity however, 

did vary and was highest during the summer months. 

J 14 
B* Identification of C-compounds 
To determine if the radiation-induced reduction in 

14 
the magnitude of C-photoassimilate export was the result 

of a reduction in the availability of translocatable 

materials, two studies were conducted. One was an analysis 

14 
of the relative proportion of " C in the 80% ethanol-soluble 

14 
and insoluble fractions, the other, an analysis of the C-

compounds comprising the 80% ethanol-soluble fraction. 
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14 
(i) Partition of C between Ethanol-soluble 

and Insoluble Fractions 

In some of the translocation studies, the ethanol-

14 insoluble fraction was analyzed for C content. In these 

14 studies therefore, the total C-activity could be cal-

14 culated and the per cent of total C recovered, determined 

14 
(Appendix 9). C in the 80% ethanol-soluble fraction 

14 
expressed as a per cent of the total C (soluble + insoluble 

fractions) is shown in Table 7. Irrespective of whether 

14 
the plants were offered " CO^ 15, 30 or 60 minutes after 

14 
irradiation, approximately 50% of the total C recovered 

14 
from the fed leaf and 70% of the C recovered from outside 

the fed leaf was recovered in the ethanol-soluble fraction 

in both the irradiated and non-irradiated plants. 

14 
If total C (soluble + insoluble fractions) is 

14 
used to calculate the magnitude of C-photoassimilate 

exported (Table 8), the same trends were seen as observed 

when the ethanol-soluble fraction only was used (Table 1). 

For example, the magnitude of translocation at 15 minutes 

post-irradiation was significantly reduced by 49% and 48% 

14 14 
in regards to total C and ethanol-soluble C respectively. 

14 
(ii) Radioactivity in the C-Products of 

Photosynthesis 

At fifteen, thirty and sixty minutes after exposure 

14 to 4.0 krads of ionizing radiation, C-radioactivity among 



TABLE 7. C in the 80% ethanol-soluble fraction as a per cent of the total C (soluble + insoluble 
fractions) recovered from Soybean plants following acute exposure to 4.0 krads of gamma 
radiation. 

Treatment Sample Month Time post-irradiation 
number and prior to initiation 

year of 14C02 photo
assimilation 

(minutes) 

Non-irradiated 4 June/August 15 
1975 

Irradiated 4 

Non-irradiated 5 April/July 30 
1975 

Irradiated 7 

Non-irradiated 4 July 60 
1975 

Irradiated 4 

14 
C in the 80% ethanol-soluble fractions as a 

per cent of the total 14c [soluble + insoluble 
fractions! 

14 Non-exported Per cent Exported '" c Per cent 
14c present change recovered out- change 
in the fed side of the 

leaf fed leaf 

52 (11) 68 (5) 

54 (6) N.S. 72 (3) N.S. 

53 (4) 76 (5) 

55 (11) N.S. 73 (5) N.S. 

54 (9) 70 (3) 

47 (6) N.S. 68 (2) N.S. 



TABLE 8. Magnitude of export of photoassimilated C in Soybean plants following acute exposure 
to 4.0 krads of gamma radiation. 

Treatment 

Non-irradiated 

Irradiated 

Non-irradiated 

Irradiated 

Non-irradiated 

Irradiated 

Sample 
number 

4 

4 

5 

7 

4 

4 

Month 
and 
year 

June/August 
1975 

April/July 
1975 

July 
1975 

Time post-
irradiation 
prior to 
initiation 
off 1 4 c o 2 

photoassimilation 

15 

30 

60 

80? Ethanol-sc 
fraction 

14 Exported C 
as a 
of 

per cent 
14c 

recovered from 
the 

20.7 

10.8 

16.6 

8.1 

20.9 

21.5 

plant 

(7.5) 

(2.1)* 

(7.3) 

(4.7)* 

(8.7) 

(5.4) 

>luble 

Per cent 
change 

-48 

-51 

N.S. 

Total 14C 
{Ethanol soluble + 

insoluble) 

Total exported 
-L4C as a per 
cent of total 
recovered from 
the 

16.0 

8.2 

11.6 

6.1 

16.9 

15.8 

plant 

(3.6) 

(1.4)* 

(5.7) 

(3.8)* 

(7.6) 

(2.1) 

Per cent 
change 

-49 

-47 

N.S. 
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the ethanol-soluble products was determined following the 

14 
15 minute CO -photoassimilation period and the 45 minute 

translocation period. Non-irradiated controls were used 

for each of the three time intervals. 

Two-dimensional ascending chromatography and auto

radiography were employed to separate and locate the radio-

14 
active compounds on the paper chromatogram and C-assay of 

the excised radioactive spots was used to determine the 

relative levels of these compounds. Procedures used to 

identify the compounds have been outlined in the Methods. 

An autoradiogram typical of those obtained by the procedures 

used in this study shows the location of the ethanol-

14 
soluble C-labelled products (Fig. 3). 

The total radioactivity recovered from the chromato

gram and the relative amounts of each of the radioactive 

products are shown in Appendices 10-13. In excess of 80% 

of the radioactivity on the chromatograms could be 

identified to compound. This data is summarized in Table 9. 

It is quite apparent from Table 9 that in the 

14 
control plants substantial amounts of the C were in 

sucrose with high amounts in glucose, fructose and malate. 

Analysis of the relative amounts of each of these compounds 

in non-irradiated and irradiated plants showed no signifi

cant differences. In fact, the only compounds showing 



Figure 3. Autoradiograph of chromatogram of 80% ethanol-
soluble extract from a soybean trifoliate leaf 
one hour following the photoassimilation of 
14cc>2 for a 15 minute period. 

1: Sucrose; 2: Glucose; 3: Fructose; 
4: Alanine; 5: Tyrosine; 
6: Y~Aminobutyrate; 7: Proline; 
8: Valine; 9: Succinate; 10: Malate; 
11: Citrate; 12: Glutamate; 
13: Aspartate; 14: Phosphoglycerate; 
15: Triosephosphate; 16: Hexose mono
phosphates; 17: sugar diphosphates; 
18: Oligosaccharides; A-I: Unknowns; 

Or: Origin; BAW: Butanol-acetic acid-water. 
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TABLE 9. C-compounds present in the 80% ethanol-soluble fraction following CO? photoassimilation 
by non-irradiated Soybean plants and plants exposed to 4.0 krads of gamma radiation. 

Compound 

Sucrose 

Glucose 

Fructose 

Sugar Phosphates 

Malate 

Succinate 

Glutamate 

Aspartate 

Y-Amino butyrate 

Valine 

Alanine 

Total Identified 

Compounds 

Unknown Compounds 

C-radioact 

Control 

40.8 (12.7) 

7.5 (2.6) 

6.8 (2.9) 

1.5 (1.0) 

13.6 (3.8) 

0.5 (0.1) 

4.4 (1.8) 

1.4 (0.4) 

1.6 (0.7) 

1.8 (1.1) 

1.8 (0.8) 

81.7 

18.3 

:ivity in each compound as a per 

15 
Time 

Irradiated 

' 42.3 

11.0 

10.9 

1.1 

10.1 

0.7 

4. 7 

1.2 

1.2 

1.5 

1.5 

86.2 

13.8 

(10.2) 

(4.6) 

(5.0) 

(0.4) 

(4.7) 

(0.1)* 

(1.9) 

(0.4) 

(0.9) 

(0.5) 

(0.6) 

14 
cent of the total ' C-activity extracted 

post-irradiation (minutes) 
30 

Control 

48.5 (10.2) 

12.4 (1.4) 

8.8 (1.9) 

1.0 (0.8) 

8.8 (6.9) 

0.8 (0.5) 

3.4 (1.7) 

1.3 (0.7) 

1.4 (0.5) 

1.3 (0.4) 

1.2 (0.6) 

88.9 

11.1 

Irradiated 

46.9 (8.4) 

12.7 (4.1) 

10.7 (4.5) 

0.6 (0.5) 

7.9 (6.1) 

1.1 (0.5)* 

4.0 (1.6)* 

0.9 (0.3) 

1.4 (0.4) 

1.3 (0.5) 

1.2 (0.4) 

88.7 

11.3 

60 

Control 

32.9 (5.9) 

7.4 (1.5) 

4.8 (2.7) 

1.9 (1.2) 

19.2 (3.1) 

0.6 (0.2) 

4.4 (1.3) 

2.0 (0.9) 

2.0 (0.6) 

1.8 (0.6) 

2.1 (0.4) 

79.1 

20.9 

Irradiated 

37.1 (5.0) 

7.5 (2.9) 

7.3 (3.5) 

1.2 (0.5) 

13.6 (5.6) 

1.1 (0.3)* 

6.9 (0.8)* 

1.3 (0.8) 

1.8 (0.7) 

1.2 (0.4) 

2.0 (0.2) 

81.0 

19.0 

Plants were offered CO~ for 15 minutes either at 15, 30 or 60 minutes post-irradiation. The 
experiment was then terminated after an additional 45 minute period. 
Minimum sample number for each treatment was four. ^ 



70 

statistically significant differences between irradiated 

and non-irradiated plants were succinate and glutamate, 

both of which represented relatively minor amounts. 

Although radiation did not appear to affect the relative 

14 
levels of C-compounds, differences between the experi
ments of the three time intervals were observed. 

In summaryt the data presented in Tables 8-9 show 

that the exposure of soybean plants to gamma radiation did 

14 not alter the relative amounts of C-photosynthetic 

products between the ethanol-soluble and insoluble 

fractions or within the ethanol-soluble fraction. 

14 
C* Pattern of Distribution of C-Photoassimilate 

Export 

At the same time that the magnitude of export was 

being analyzed as described in Section A# the distribution 

pattern of photoassimilate export was also being determined. 

For these experiments, the primary data is shown in 

Appendices 1-9 and summarized in Tables 10-16. 

Apparent from the data (Table 10) is the observation 

that the pattern of assimilate distribution in the plant was 

altered by exposure of the plants to 4.0 krads of ionizing 

radiation. At 15 minutes post-irradiation, plants exposed 

to radiation showed a reduction of 36% and an increase of 
14 

2 8% in the amount of C-translocate directed towards the 

apical and basal regions respectively. At 60 minutes 



TABLE 10, 
14 Distribution of exported C-photoassimilate in Soybean plants following acute exposure to 4.0 krads 

of gamma radiation. 

Treatment 

Non-irradiated 

Irradiated 

Non-irradiated 

Irradiated 

Non-irradiated 

Irradiated 

Sample 
number 

4 

4 

5 

7 

4 

4 

Month 
and 
year 

June/August 
1975 

April/July 
1975 

July 
1975 

Time post-irradiation 
prior to initiation 
of 14C02 photo
assimilation 
(minutes) 

i 

15 

30 

60 

Pet 

2.9 

4.5 

6.6 

5.1 

4.9 

3.0 

Distribution 
(as a 

:iole 

(0.9) 

(1.3)* 

(4.5) 

(2.5) 

(2.2) 

(0.6)* 

Per cent 
change 

+55 

N.S. 

-39 

of exported 
per cent of 

Above 
node 

44.5 

28.7 

35.2 

44.2 

42.7 

32.9 

(8.3) 

(8.9)* 

(5.7) 

(6.4)* 

(1.5) 

(7.9)* 

14c 
14c 

-Photoassimilate 
exported) 

Per cent 
change 

-36 

+26 

-23 

Below 
node 

52.6 

67.5 

58.2 

50.7 

52.4 

64.2 

(8.5) 

(7.1)* 

(4.3) 

(8.3)* 

(1.8) 

(7.5)* 

Per cent 
change 

+28 

-13 

+23 

\ 



14 post-irradiation, a similar reduction in the amount of C 

recovered above the node of the fed leaf was also observed 

well as a concomitant increase below the node. 

14 
In contrast, in the experiments where C0« photo

assimilation began 30 minutes following irradiation, the 

14 per cent of exported " C recovered above the node changed 

from approximately 35% to 44%, representing an increase of 

14 
26%. Furthermore a 13% decrease in exported C below the 

node was also observed. 

The observations in this study seemed to be 

14 
anomalous; a decrease in C-translocate directed towards 

the apex at 15 and 6 0 minutes with an increase occurring 

between these two times. Therefore the distribution 

pattern was determined in a similar but more extensive 

14 
experiment (Table 11). The changes in C-translocate 

distribution observed at 15 and 60 minutes (Table 10) was 

observed at 15, 120 and 240 minutes (Table 11). Less 

14 
exported C was recovered in the plant above the node of 

the fed leaf. In contrast however, translocate distri

bution was unaffected at 30 and 6 0 minutes post-irradiation 

(Table 11). 

The distribution pattern of assimilate export was 

determined at two light intensities (2800 and 1600 ft-c.) 

in plants 60 and 120 minutes following acute exposure to 

gamma radiation (Table 12). Irrespective of the light 
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TABLE 11. Distribution of exported C-photoassimilate in Soybean plants when CO2 photoassimilation 

is initiated at different times following acute exposure to 3.9 krads of gamma radiation. 

14 Distribution of exported C-photoassimilate 
(as a per cent of ^ C exported) 

Treatment Sample Time post-irradiation 
number prior to initiation 

of 14co9 photo
assimilation 
(minutbs) 

Petiole Per cent 
change 

Above 
node 

Per cent 
change 

Below 
node 

Per cent 
change 

Non-irradiated 

Irradiated 

5 

4 

5 

5 

4 

4 

15 to 240 

15 

30 

60 

120 

240 

3.0 (1.0) 

2.8 (2.6) 

3.0 (1.1) 

3.7 (0.4) 

2.2 (1.8) 

3.1 (1.4) 

— 

N . S . 

N . S . 

N . S . 

N . S . 

N . S . 

3 3 . 1 

1 8 . 1 

2 8 . 8 

2 8 . 3 

2 0 . 7 

1 2 . 5 

( 1 0 . 4 ) 

( 3 . 6 ) * 

( 5 . 6 ) 

( 4 . 5 ) 

( 7 . 1 ) * 

( 4 . 5 ) * 

— 

- 4 6 

N . S . 

N . S . 

- 3 7 

- 6 2 

6 3 . 9 

7 9 . 7 

6 8 . 9 

6 8 . 0 

7 7 . 2 

8 4 . 4 

( 1 0 . 7 ) 

( 5 . 8 ) * 

( 5 . 9 ) 

( 4 . 3 ) 

( 6 . 2 ) * 

( 6 . 0 ) * 

— 

+25 

N . S 

N . S 

+ 2 1 

+ 32 

Experiments conducted in March/April 1976 
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TABLE 12. Distribution of exported "^C-photoassimilate at two light intensities in Soybean plants 
60 and 120 minutes following acute exposure to gamma radiation. 

Treatment 
and 

Radiation 
dose 

Non-irradiated 

Irradiated 
4.0 krads 

Non-irradiated 

Irradiated 
4.0 krads 

Non-irradiated 

Irradiated 
3.9 krads 

Non-irradiated 

Irradiated 
3.9 krads 

Sample 
number 

4 

4 

5 

5 

5 

4 

4 

4 

Month 
and 
year 

July 
1975 

Nov. 
1975 

Mar/ 
April 
1976 

April 
1976 

Time post-irradiation 
prior to initiation 
o f 1 4co 2 

assimi 
photo-
lation 

(minutes) 

60 

60 

60 

60 

120 

120 

120 

120 

Light intensity 
pre- and post-
irradiation and 
during 14CCU 

photoassimilation 
and translocation 
(foot-candles) 

2800 

2800 

1600 

1600 

2800 

2800 

1600 

1600 

Distribution 

Petiole 

4.9 
(2.2) 
3.0* 
(0.6) 

3.5 
(0.6) 
3.7 
(0.9) 

3.0 
(1.0) 
2.2 
(1.8) 

3.2 
(0.6) 
3.4 
(0.7) 

of exported C-
(as a per cent 

Per 
cent 
change 

-39 

N.S. 

N.S. 

N.S. 

Above 
node 

42.7 
(1.5) 
32.9* 
(7.9) 

37.0 
(3.9) 
29.1* 
(6.6) 

33.1 
(10.4) 
20.7* 
(4.2) 

39.0 
(4.2) 
23.4* 
(4.4) 

of 14C 

Per 
cent 
change 

-23 

-21 

-37 

-40 

photoassimilate 
exported) 

Below 
node 

52.4 
(1.8) 
64.2* 
(7.5) 

59.6 
(4.1) 
67.2* 
(10.7) 

63.9 
(10.7) 
77.2* 
(6.2) 

57.7 
(4.2) 
73.3* 
(3.8) 

Per 
cent 
change 

+23 

+13 

+21 

+27 

A 

0^ 



intensity utilized in these experiments, the distribution 

14 
pattern of translocated C09 was altered, and in 

essentially the same manner. For example, at 120 minutes 

after exposure to radiation, plants illuminated by 2 800 

14 foot candles directed 37% less C towards the apex 

whereas in plants illuminated with 1600 ft-c., the per 

14 
cent of C directed upwards was reduced by 40%. 

The data in Table 13 show that exposure to as 

little as 490 rads effected a change in the distribution 

pattern. At all radiation doses of 990 and above, the 

14 effect was to reduce the per cent of C recovered above 

the node of the fed leaf and to increase the per cent 

recovered below the node. 

Seasonal variation in the distribution pattern 

during the course of this study occurred in the non-

irradiated control plants (Table 14). For example, 30% of 

14 

C-translocate was directed upwards during April 1975, 

whereas in October 1575, about 44% was recovered above the 

node. 

Seasonal variation in the radiosensitivity of 

plants was also evident (Table 15). The radiation-induced 

changes during the February 1976 period were lesser in 

magnitude than in those experiments conducted throughout 

the rest of the year. 



TABLE 13. Distribution of exported C-photoassimilate in Soybean plants following 
acute exposure to different doses of gamma radiation. 

Total 
dose 
(rads) 

0 

250 

490 

990 

1970 

2960 

3940 

4930 

Sample 
number 

6 

5 

5 

5 

5 

5 

4 

4 

Petiole 

3.9 

3.7 

4.4 

5.6 

4.2 

4.8 

3.8 

4.3 

I 

(1.2) 

(1.6) 

(1.2) 

(2.6) 

(1.0) 

(0.9) 

(0.8 

(1.0) 

Distribution c 
(as 

Per cent 
change 

-

N.S. 

N.S. 

N.S. 

N.S. 

N.S. 

N.S. 

N.S. 

a per 

14 
>f exported C-
cent of 

Above 
r 

26.4 

28.1 

21.9 

17.8 

17.6 

19.0 

18.7 

14.6 

tode 

(6.2) 

(3.2) 

(2.4) 

(3.1)* 

(4.5)* 

(4.1)* 

(5.2)* 

(5.1)* 

total 
-phol 

Per cent 

-

N.S. 

N.S. 

-33 

-33 

-28 

-30 

-45 

zoassimilate 
exported) 

Below 
node 

69.7 

68.1 

73.7 

74.7 

78.2 

76.2 

77.6 

78.7 

(6.1) 

(4.4) 

(3.0)* 

(4.1)* 

(4.3)* 

(4.3)* 

(5.6)* 

(6.8)* 

Per cent 

-

N.S. 

+6 

+ 7 

+ 12 

+9 

+ 11 

+ 13 

Experiments conducted February 19 76. 
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TABLE 14. Distribution of exported C-photoassimilate in 
Soybean plants at different periods of the year. 

Month 
and 

year 

April 
1975 

June/July/ 
August 
1975 

October 
1975 

February 
1976 

March/April 
1976 

Sample 
number 

2 

11 

5 

6 

5 

Dist .ribut: 
(as 

Petiole 

10.6 

3.9 

6.6 

3.9 

3.0 

(5.3) 

(1.6) 

(1.5) 

(1.2) 

(1.0) 

14 Lon of exported C 
a per cent of *-^C 

ab 

c 

b 

c 

ac 

Above node 

30.1 

42.3 

43.8 

26.4 

33.1 

(.14) a 

(5.6) b 

(3.6) b 

(6.2) a 

(10.4)a 

-photoassimilate 
exported) 

Below node 

59.4 

53.8 

50.7 

69.7 

63.9 

(5.4) ab 

(5.7) ab 

(5.4) a 

(6.1) c 

(I0.7)bc 

Letters after the values show statistical differences (vertically); 
values not sharing the same letter are significantly different 
at the 5 per cent lev^l. 



TABLE 15. Distribution of exported C-photoassimilate in Soybean plants following acute exposure 
to gamma radiation at different periods of the year. 

Month Dose Sample 
and (krads) number 

year 

June/August 0 4 
1975 4.0 4 

October 0 5 
1975 4.0 4 

February 0 6 
1976 3.9 4 

March/April 0 5 
1976 3.9 4 

Distribution of exported 14c_ph0toassimilate 
(as a per cent of 14c exported) 

Petiole Per cent Above Per cent Below Per cent 
change node change node change 

2.9 (0.9) 44.5 (8.3) 52.6 (8.5) 
4.5 (1.3)* +55 28.7 (8.9)* -36 67.5 (7.1)* +28 

6.6 (1.5) 43.8 (3.6) 50.7 (5.4) 
8.9 (3.1) N.S. 23.0 (12.6)* -47 68.1 (12.3)* +34 

3.9 (1.2) 26.4 (6.2) 69.7 (6.1) 
3.8 (0.8) N.S. 18.7 (5.2)* -30 77.6 (5.6)* +11 

3.0 (1.0) 33.1 (10.4) 63.9 (10.7) 
2.8 (2.6) N.S. 18.1 (3.6)* -46 79.7 (5.8)* +25 

00 
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Results from translocation studies in which both 

the ethanol-soluble and insoluble fractions were analyzed, 

are summarized in Table 16. Irrespective of whether total 

14 

C is analyzed or analysis is made of the 80% ethanol-

soluble fractions only, the trends observed are essentially 

the same. For example, at 15 minutes post-irradiation, the 
14 

level of C-photoassimilate recovered above the node of 
the fed leaf was reduced by 36% and 35% in the ethanol-

14 14 

soluble C and total C fractions, respectively. 

The most important observations presented in 

Tables 10-16 are: 

1) The distribution pattern of exported 
14 

C-photoassimilate can be affected by exposing 

soybean plants to radiation doses above a 

threshold level. 

2) The initial response of the distribution 

pattern which is evident at least within 15 minutes 

following irradiation is interrupted by a temporary 

recovery period, followed by secondary effects 

qualitatively similar to the initial response. 

3) The distribution pattern varies seasonally. 

Nevertheless the response to radiation was always 

present at doses above a minimum level. The radio

sensitivity however, did vary and was lowest during 

the winter months. 



TABLE 16. Distribution of exported C-photoassimilate in Soybean plants following acute exposure 
to 4.0 krads of gamma radiation 

Treatment Sample Month Time post-
number and irradiation 

year prior to 
initiation 
of 14C02 

photo-
assimilation^ 

(minutes) ' 

Non-irradiated 4 June/ 
August 15 
1975 

Irradiated 4 

Non-irradiated 5 April/ 
July 30 
1975 

Irradiated 7 

Non-irradiated 4 July 
1 9 7 5 60 

Irradiated 4 

Distribution of exported 14C-photo assimilate 
(as a per cent of l^C exported 

14 
C in 80% ethanol-soluble fraction 

Petiole Per Above Per Below Per 
cent node cent node cent 

. change change change 

2.9 44.5 52.6 
(0.9) (8.3) (8.5) 

4.5* 28.7* 67.5* 
(1.3) +55 (8.9) -36 (7.1) +28 

6.6 35.2 58.2 
(4.5) (5.7) (4.3) 

5.1 44.2* 50.7* 
(2.5) N.S. (6.4) +26 (8.3) -13 

4.9 42.7 52.4 
(2.2) (1.5) (1.8) 

3.0* 32.9* 64.2* 
(0.6) -39 (7.9) -23 (7.5) +23 

Total 1 4C (Ethanol soluble + 
insoluble fractions) 

Petiole Per Above Per Below Per 
cent node cent node cent 

change change change 

3.3 47.5 49.2 
(1.1) (8.3) (8.5) 

4.5 30.8* 64.7* 
(l.*0) N.S. , (8.8) -35 (7.8> +32 

6.4 37.7 55.9 
(3.8) (5.8) (3.9) 

4.6 46.1* 49.3* 
(1.9) N.S. (6.3) +22 (7.4) -12 

4.6 45.1 50.2 
(1.7) (2.7) (2.2) 

3.2 33.5* 63.3* 
(0.5) N.S. (7.6) .26 (7#.5) +26 

00 

> o 

% 
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Summary of the Results 

14 A. Export of Photoassimilated c 

14 

1) Export of C-photoassimilate can be reduced 

by exposing soybean plants to radiation levels above 

a minimum level. 

2) Although the reduction in export is evident at 

least within 15 minutes following irradiation, this 

difference can be eliminated in time and would appear 

to be influenced by light intensity* 

3) The magnitude of export varies seasonally. 

Nevertheless the response to radiation was always 

present at doses above the threshold. The radio

sensitivity however, did vary and was highest during 

the summer months. 

14 B* Identification of C-compounds 

1) Exposure of soybean plants to gamma radiation 

14 
did not alter the relative amounts of Ophotosynthetic 

products between the ethanol-soluble and insoluble 

fractions or within the ethanol-soluble fraction. 

14 . . 
C. Pattern of Distribution of C-Photoassimilate Export 

14 
1) The distribution pattern of exported C-

photoassimilate can be affected by exposing soybean 

plants to radiation doses above a threshold value. 
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2) The initial response of the distribution 

pattern which is evident at least within 15 minutes 

following irradiation is interrupted by a temporary 

recovery period, followed by secondary effects 

qualitatively similar to the initial response. 

3) The distribution pattern varies seasonally. 

Nevertheless the response to radiation was always 

present at doses above a minimum level. The radio

sensitivity however, did vary and was lowest during 

the winter months. 



DISCUSSION 

Two translocation responses which soybean plants 

show following exposures to low levels of ionizing radiation 

are a reduction in the magnitude of photoassimlate exported 

from a photosynthesizing leaf and an alteration in the 

pattern of photoassimilate distribution within the plant. 

Although both processes are sensitive to low levels of 

radiation, it is very likely that the primary site of 

radiation action inducing each response is different. In 

fact, the radiation-induced change in the translocate 

distribution has initially been attributed to damage to the 

apical region, whereas the site of damage in regards to 

photoassimilate export has been attributed to the leaf (91). 

However the factors regulating these detectable radiation 

responses are largely unknown and constitute a major concern 

of this investigation. 

The results presented in this study have supported 

the previous observation that exposure of soybean plants 

to gamma radiation reduces the magnitude of photoassimilate 

exported out of the leaf (91). In Schefski's study (91), 

the reduction in export was 70% in soybean plants receiving 

. . 14 
a dose of 3.75 krads and allowed to photoassimilate '" C09 
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60 minutes following irradiation. In the present study 

soybean plants which received a radiation dose of about 

14 . . 

4.0 krads exported 20% to 70% less C-photoassimilate 

depending on the season of the year (Table 6). 

The radiation-induced reduction in photoassimilate 

export was not likely due to any reduction in the avail

ability of translocatable materials. Exposure of the 

soybean plants to 4.0 krads, approximately the same dose 

used in the previous study (91), did not induce any changes 
14 

in the relative levels of C in the ethanol-soluble/ 

insoluble fractions. In both the control and irradiated 

14 
plants, about 5 0% and 70% of the C in the fed leaf and 

in the remainder of the plant respectively was in the 

ethanol-soluble fraction (Table 7). Furthermore in the 

ethanol-soluble fraction, the relative amounts of major 

photosynthetic metabolites, particularly sucrose, were 

unaffected by gamma radiation irrespective of whether the 

14 . 
C-metabolite levels were analyzed 15, 30 or 60 minutes 

following irradiation (Table 9). 

14 Although C-metabolite levels were not analyzed 

at times later than 60 minutes following irradiation, there 

is some evidence to suggest that changes might eventually 

occur, presumably due to secondary responses to radiation 

damage. Analysis of Osmunda regalis prothallus following 

exposure to 3.0 krads of x-radiation showed that one day 



later both the number and size of starch granules in the 

chloroplast had increased appreciably (2). 

14 Changes in the relative levels of "" C-products of 

photosynthesis have been demonstrated in wheat (136), 

barley (109), and a green alga (59) but these changes have 

only been observed when high radiation doses and high dose 

rates were used. For example, a 25% reduction in sucrose 

was observed in 7-day old wheat seedlings when photo-

14 
assimilation of ' CO^ began immediately following exposure 

to 25 krads of gamma radiation delivered at a rate of 

1515 rads/min (136). 

In contrast, barley seedlings exposed to 500 krads 

of X-radiation administered at a dose rate of 5000 rads/min 

14 
did not show any changes in the relative amounts of " C-

14 . . 
photosynthetic products when CO^ was photoassimilated 

15 hours following irradiation (109). However the total 

incorporated into each of the compounds was reduced, 

14 
presumably the result-of a reduction in the rate of CO^ 

photoassimilation. Lack of any significant changes in 

14 

C-metabolism in the present study tends to reduce the 

likelihood that the reduced level of export was due to a 

reduction in sucrose availability or to increased synthesis 

of compounds not extracted in the 80% ethanol. This does 

not preclude the possibility however, that sucrose may 

exist in more than one pool, e.g. translocation, storage 
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or active metabolic (31, 35, 58, 78, 81) and that the 

relative levels of these pools have been altered by the 

radiation. More recently, Geiger (36) has suggested that 

the proportion of assimilate available for export is 

closely regulated by an unknown mechanism. 

Although evidence for the cause of the reduced 

level of photoassimilate export is not provided in this 

thesis, recent studies (79, 122) have demonstrated radiation-

induced reductions in the rates of photophosphorylation. 

Rates of photophosphorylation in chloroplasts isolated from 

leaves of soybean plants exposed to about 3.5 krads of 

gamma radiation were 30-55% less than the rates in chloro

plasts of control plants (122). The reductions in ATP 

formation were not accompanied by any changes in the rate 

of oxygen evolution (unpublished observations) thus sup

porting the previous suggestion (97) that the effect of 

radiation was probably on uncoupling rather than photo

synthetic electron transport. The utilization of ATP for 

photoassimilate export, specifically for the initial vein 

loading has been suggested from studies employing metabolic 

inhibitors (53, 66), anaerobic conditions (100), exogenous 

additions of ATP (36, 39, 67, 100) and observations of 

sucrose gradients in various cell types and tissues in the 

source leaf (36, 37). Other suggested roles of ATP 

related to translocation include maintenance of phloem 



activity (36, 37, 100) and regulation of membrane 

permeability (36, 39, 41, 110, 117). 

If ATP is required for the export of photoassimilate 

from a leaf, the extent to which this energy requirement is 

derived from photophosphorylation or oxidative phosphory

lation is not clearly understood. Certainly both sources 

of ATP could be important if the vein-loading process is 

comprised of apoplast-loading (39, 41) and phloem-loading 

components (36, 39, 100). The first step would be localized 

in the mesophyll utilizing ATP from photophosphorylation; 

the second localized in the mitochondria-rich phloem 

parenchyma and companion cells (28, 32, 118). Evidence for 

a light-induced increase in translocation presumably 

through increased ATP production and vein-loading is 

available (54, 84). 

More recently a photosynthesis-mediated control of 

translocation has been presented by Servaites and Geiger 

(93) who have suggested that the rate of sucrose synthesis 

limits the mass transfer rate of translocation. However, 

this is probably not the case in this investigation since 

the apparent photosynthetic rates are only slightly 

affected (72, 91) whereas export is considerably reduced. 

Furthermore there is no evidence of reduced sucrose syn

thesis. 
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In this study, a decrease in the level of C-

photoassimilate export was not observed at 2.0 krads and 

did not become apparent until a total exposure of approxi

mately 3.0 krads was reached indicating the existence of 

a threshold between 2*0 and 3.0 krads, at least when the 

export process was monitored beginning 15 minutes following 

irradiation. Furthermore, the magnitude of the trans

location response did not increase with increasing radiation 

exposures (Table 4). It is noteworthy that radiation ex

posures above threshold always induced reductions in the 

magnitude of export, even though the extent of the 

reduction did vary throughout the year (Table 6). More

over, these changes in radiosensitivity paralleled changes 

in the level of export (Table 5). That is, the largest 

per cent reduction in assimilate export occurred during the 

time period when the plants were exporting most actively. 

Although reductions in assimilate export were 

14 observed when CO^-photoassimilation was initiated 15 and 

30 minutes following a radiation dose of about 4.0 krads, 

no changes were observed at 1 hour in the experiments 

conducted in July 1975 (Table 1) or at 2 hours in the 

experiments conducted in March/April 19 76 (Table 2). In 

both experiments, the light intensity was 2800 ft-c, an 

intensity which saturates the rate of CO^ uptake in soybean 

plants at normal concentrations of 0 9 and C09. Such a 
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recovery was not observed by Schefski (91) who used only 

1600 ft-c. (non-saturating light intensity), suggesting 

that the processes involved in the recovery of radiation 

damage are light-mediated (Table 3). 

The effect of light intensity on recovery processes 

has not been extensively examined for ionizing radiation. 

In one publication a light-induced repair of X-irradiated 

blue-green algae in aqueous suspensions has been reported 

(96). Under anoxic-dark irradiation, a 100% survival curve 

was obtained up to 25 krads while under illumination the 

shoulder extended to 75 krads. 

If the light-mediated recovery reported in the 

present study involves increased ATP formation as might be 

expected, then the observation by Schefski (91) that 

application of IAA to a decapitated apex following ir

radiation (3.75 krads) of soybean plants was able to 

partially restore the level of export of photoassimilate 

from the source leaf-is very significant. It is quite 

possible that IAA exerts its effect on translocation by 

increasing the efficiency of photophosphorylation in the 

source leaf as has been suggested by Bidwell (11). 

In addition to the radiation effect on the level 

of export, exposure to gamma radiation also affected the 

distribution pattern of exported photoassimilate; the most 

apparent radiation-induced change being a reduction in the 
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per cent of exported c translocated to the region above 

the node of the fed leaf and a concomitant increase 

below. The primary shift in the distribution pattern is 

a relatively rapid (within 15 minutes) response and has 

been attributed to a decrease in sink activity, more 

specifically to damage to the shoot meristematic region 

(91). Furthermore an effect equivalent to that from 

radiation could also be obtained by excising the stem apex 

of non-irradiated plants identifying as others have (12 8), the 

strong influence of the apical region on the pattern of 

assimilate distribution (91). A radiation-induced decrease 

14 32 

in C as well as P export to the beta-irradiated stem 

apex has also been reported for Phaseolus vulgaris (132). 

It is recognized that although these changes in distribution 

pattern suggest major damage to the apical sink, some damage 

to the root apex might also be expected (21, 50, 51, 52). 

In this study, exposure to only 490 rads effected a 

significant change in- the distribution pattern, in parti-
14 

cular an increase in C-translocate recovered below the 
14 

node of the fed leaf. At 9 90 rads the exported C 

directed towards the apical region was reduced by 33%» 

These data indicate the existence of a threshold between 

250 and 490 rads, a threshold considerably lower than that 

observed for export. Moreover once the threshold 

exposure level is reached, the response observed is not 
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proportional to dose (Table 13). 

Despite the seasonal variation in the distribution 

14 
pattern of exported C in soybean plants (Table 14), the 

process was at all times sensitive to ionizing 

radiation (Table 15). Furthermore the extent of the 

response was least apparent during the winter season when 

export to the shoot apex was the least dominant. 

These data are in accordance with ideas generated 

by Sparrow and coworkers with respect to the radio

sensitivity of various plant species. Differential radio

sensitivity has been attributed to a difference in the 

nuclear interphase chromosome volume (ICV), obtained by 

dividing the interphase nuclear volume of meristematic cells 

by the chromosome number and indeed, the ICV unit appears 

to be a major factor in predicting relative radiosen-

sitivities (107). Furthermore, Sparrow has shown that 

rapidly dividing cells exhibit larger nuclear volumes (101). 

Thus the smaller volume of dormant cells increases the 

plants1 radioresistance, despite the fact that there is a 

much greater absorbed dose per nucleus per cycle when the 

rate of cell division is lower. Therefore the generali

zation has been made that more quiescent plants or tissues 

exhibit a greater radioresistance and the mitotic rate, 

which may vary from species to species and season to season, 

is a critical factor underlying plant radiosensitivity 
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(101, 105, 106, 124). 

Presumably then, in the present study the plant 

meristematic apices were metabolically less active in the 

experiments conducted in the winter than during the other 

months and consequently were less radiosensitive. Seasonal 

variation in abscissic acid content and cytokinin activity 

in the xylem sap of willow has been reported (5), making 

the idea at least tentatively feasible that seasonal levels 

in auxin content may also occur in the shoot apex accounting 

for seasonal variation in distribution pattern as well. 

An annual (seasonal) rhythm in radiosensitivity has 

been reported for both higher and lower plants {jBiebl, 

See Levitt (70)]. The bryophytes attain their maximum 

radiation sensitivity in December and their minimum in June. 

In higher plants the relationship is reversed with a seasonal 

increase in sensitivity of winter wheat plants from February 

to May and of the outer epidermis in the summer. The size 

of nuclei of onion epidermis also show an annual rhythm, 

attaining their maximum size in summer when radiosensitivity 

is highest. 

It would appear that the altered distribution 

pattern of exported photoassimilate has a capacity to 

recover from the initial radiation-induced change. However, 

this apparent recovery is followed by a secondary effect 

which was present at least for the duration of these 
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experiments (Tables 10, 11). Clear evidence for recovery 

in apically dependent processes such as growth rate (50, 

51, 52) and stem length (22, 62) has been demonstrated. In 

these studies however, the responses were observed days or 

even weeks following irradiation. 

Presumably there are a number of recovery processes 

that could be operative in soybean to explain the relatively 

rapid recovery to distribution pattern observed in the 

present study. Evans (29) has reviewed his own research and 

that of Sax et al. relative to recovery via chromosomal 

restitution, and it appears that this type of repair occurs 

within minutes post-irradiation. Another process is the 

accumulation of cells in a relatively tolerant phase of the 

mitotic cycle through mitotic delay induced by the initial 

exposure (1, 4, 19, 65). Other processes, such as enzymatic 

action and auxin balance might be involved, however these 

are even more speculative than the ones mentioned above 

(1, 4, 65). 

In this study, recovery of damage to the distribution 

pattern does not appear to be influenced by light intensity 

(Table 12). However assimilate distribution, whether 

altered by radiation or excision of the apex, can be 

completely restored within one hour by application of IAA 

to the apical region (91). The data however,does not dis

tinguish between an IAA effect which is simply one of 



94 

replacing the endogenous supply damaged by radiation (42, 

43, 44, 99) or an effect which is on more fundamental 

biochemical repair mechanisms (65). IAA effects on phloem 

transport (3, 25, 76), sink metabolism (3, 14) and on the 

loading of phloem tissue more directly connected to the 

apical region (11, 12) have all been suggested as 

mechanisms whereby exogenously applied IAA could effect 

changes in the distribution pattern of exported photo-

assimilates. 

Inhibition of the apically-directed translocation 

in the present study by exposure of the plant to gamma 

radiation supports the proposed relationship between the 

level of metabolic activity and the amount of translocation 

directed to this region (127). Based on a pressure-flow 

model, translocation depends on the development of a 

pressure gradient to promote movement through the phloem. 

Therefore if sink region metabolic activity is inhibited by 

radiation, accumulation of translocate into the sink pre

sumably would also be inhibited, lessening the osmotic 

pressure gradient and, as a consequence, the turgor pressure 

gradient along the phloem. However, as a result of the 

increase in the solute concentration in the phloem closer 

to the source region, both the osmotic pressure and turgor 

pressure will increase. This increase in the turgor 

pressure in the source region will presumably increase 
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the "push", partially reversing the effect of inhibited 

sink activity on the pressure gradient (75). Thus the 

adjustment back to control rates during the recovery 

period may be the result of a pressure-buildup along the 

conducting tissue. Indeed, the overshoot in apically-

directed transport which is observed (Table 10) supports 

this concept (38). In this case, the pressure-buildup does 

not appear to reach the fed leaf or the petiole as the 

14 amount of C-assimilate recovered in the petiole did not 

show any consistent buildup trend at least at the time 

periods monitored. This suggests that the rate of movement 

of translocate through the conducting tissue is unaffected 

by radiation as previously reported (132) and that the 

apical sink region is important in determining the pattern 

of distribution of photoassimilate independently of the 

active phloem-loading process. As well, this is supported 

by the observation that the distribution pattern remains 

affected even when the export process is fully recovered. 

As stated previously exposure of soybean plants to 

low levels of ionizing radiation can induce two trans

location responses: a reduction in the level of photo

assimilate exported from a source leaf and a change to the 

distribution pattern of assimilate within the plant. It is 

quite apparent from this study that radiation can affect 

one process when the other is unaffected. In fact, two 
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hours following irradiation when the level of export is 

essentially the same as in the controls, the distribution 

pattern is significantly altered. 

The distribution pattern was shown to be extremely 

radiosensitive, with a low threshold dose between .25 and 

.49 krads, whereas export was not affected until a threshold 

exposure between 2.0 and 3.0 krads was reached. Although 

both processes were capable of recovery, the distribution 

pattern recovered at a much earlier time and was followed 

by a secondary effect. In contrast, the level of assimilate 

export took an extended period to recover, but in the 

duration of the experiment was not followed by a secondary 

effect. Furthermore^recovery of this process appears to be 

light-mediated. 

From the above discussion, it would appear that the 

sites of radiation action for the two translocation 

responses are different. In regards to photoassimilate 

export, the site of action of ionizing radiation is the leaf, 

quite possibly the process of photophosphorylation which may 

provide energy directly for phloem-loading and the necessary 

ATP for membrane integrity during phloem loading. In 

regards to the pattern of distribution of exported photo

assimilate, the site is the apical sink, possibly the result 

of changes in the levels of endogenous hormones. By the 

selection of radiation exposure dose or time post-irradiation, 
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it has become possible to affect independently these two 

processes suggesting that the regulation of these two 

processes occurs at distinct sites and that each process 

is regulated independently of the other. 

While the primary sites of radiation damage are not 

accounted for in this study, sulphydryl (-SH) groups are 

known to be sensitive to ionizing radiation (70) and recently 

Giaquinta (41) has reported the existence of an -SH con

taining protein active in phloem loading. Moreover, the 

radiation-induced loss of membrane -SH due to oxidation to 

disulphide (-SS) groups induces an aggregation of membrane 

proteins resulting in an increase in membrane permeability 

(70). Indeed it is possible that translocation may be 

affected by changes in energy metabolism through permeability 

changes rather than through direct inhibition of a process 

which drives translocation (110, 117). The various models 

of membrane transport stress the key role of electro

chemical gradients, -of absorption on protein-binding sites 

or of mobile proteins capable of changes in orientation in 

the membrane (38). While in all cases, energy in the form 

of ATP is important and its availability may somehow be 

reduced, the particular sites of radiation-induced damage 

are unknown. 

In conclusion, the studies presented in the thesis 

have examined the effects of ionizing radiation on the 
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processes of photoassimilate export from a fed leaf and the 

pattern of its distribution within the plant. As well, 

these responses have been monitored under conditions of 

different post-irradiation time, light intensity and 

radiation dose. A summary of the most significant results 

are presented in Table 17. Finally the results have des

cribed some characteristics of the processes of vein-

loading and distribution of translocate showing that the 

utilization of ionizing radiation as a stress can assist 

to elucidate information about fundamental physiological 

processes in plants. 



TABLE 17. A summary of major responses shown by the processes of photoassimilate export 
and pattern of distribution following acute exposure of soybean plants to 
gamma radiation. 

Magnitude of export Pattern of distribution of 
translocated photoassimilate 

Initial response 
following irradiation 

Time following 
irradiation at which 
initial response was 
observed 

Absorbed dose at 
which response is 
evident 

Response threshold 

Evidence of recovery 

Effect of light 
intensity on 
recovery 

Proposed site of 
radiation action 

Reduction in export 

Ik hr. 
(15 min. post-
irradiation period + 
15 min. 14C02 photo
assimilation period + 
45 min. translocation 
period) 

3.0 krads 

2.0-3.0 krads 

Total recovery to values 
of controls 60-120 min. 
following irradiation 
(seasonal variation) 

Recovery evident at 
2800 ft.-c, not at 
1600 ft.-c. 

Leaf; process of 
photophosphorylation 

Reduction in photoassimilate trans
located to region above node of fed leaf. 
Increase in photoassimilate translocated 
to region below node of fed leaf 

Ik hr. 
(15 min. post-irradiation period + 15 min. 
14co2 photoassimilation period + 45 min. 
translocation period. 

49 krads 

.25-.49 krads 

Temporary recovery at 30-60 min. followed 
by secondary effect qualitatively similar 
to initial response 

No evidence of light effect on recovery 
at 2800 and 1600 ft.-c. 

Shoot apex; levels of endogenous hormones, 
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Appendix lb. 
14 Magnitude and pattern of C in non-irradiated and irradiated Soybean plants 

when 1^002 photoassimilation is initiated 15 minutes following acute exposure 
to 4.0 krads of gamma radiation* 

Treatment, 
Plant No. 

Non-irradiated 

1 
2 
3 
4 

Mean 

Irradiated 

5 
6 
7 
8 

Mean 

Whole 

Per cent of 

Ethanol 
soluble 

15.6 
29.2 
24.7 
13.4 

20.7 
(7.5) 

8.9 
10.6 
10.0 
13.7 

10.8 
(2.1) 

plant 

C exported 

Total 
0-4c 

13.9 
17.7 
20.1 
12.2 

16.0 
(3.6) 

7.2 
7.2 
8.2 

10.2 

9.0 
(2.1) 

] Distribution Pattern 

14 Per cent of exported C 

In petiole 

Ethanol 
soluble 

2.1 
2.6 
2.6 
4.1 

2.9 
(0.9) 

5.8 
3.1 
5.3 
3.8 

4.5 
(1.3) 

T£SJ1 

2.8 
2.7 
2.8 
5.0 

3.3 
(1.1) 

5.6 
3.6 
5.2 
3.7 

4.5 
(1.0) 

Above node of 
fed leaf 

Ethanol Total 
soluble 14C 

42.6 45.8 
34.4 37.7 
54.3 57.9 
46.8 48.6 

44.5 47.5 
(8.3) (8.3) 

23.8 24.8 
38.5 40.7 
19.0 22.2 
33.3 35.6 

28.7 30.8 
(8.9) (8.8) 

Below node of fed 
leaf, including 

root 
Ethanol 
soluble 

55.3 
63.0 
43.1 
49.1 

52.6 
(8.5) 

70.8 
60.4 
75.8 
62.9 

67.5 
(7.1) 

To£al 
C 

51.4 
59.6 
39.3 
46.4 

49.2 
(8.5) 

69.7 
55.7 
72.6 
60.7 

64.7 
(7.8) 

Values in parentheses are standard deviations. .. 
Total 14C includes 80% ethanol-soluble and insoluble C radioactivity. 
Plants were offered 1^002 for 15 minutes (15 minutes post-irradiation); the experiment was 
terminated after an additional 45 minute period. 
Illumination intensity was 2800 foot-candles. 
Experiments conducted June/August 1975. 



Appendix 2a. Distribution of C in non-irradiated and irradiated Soybean plants when 
14c02 photoassimilation is initiated 30 minutes following acute exposure 
to 4.0 krads of gamma radiation. 

T r e a t m e n t , 
P l a n t No. 

N o n - i r r a d i a t e d 

9 
10 
11 
12 
13 

I r r a d i a t e d 

14 
15 
16 
17 
13 
19 
20 

14 N o n - e x p o r t e d C 
(uCi) 

Fed l e a f 

o u -
M •* 

rH O rH X5 rH 
O M 0 3 
C XI C M M 
fd 3 <d 0 fd 

JZ rH J2 CO 4J 
- M O -P C 0 
W CO W -H EH 

9 . 7 6 7 . 1 9 1 6 . 9 5 
1 2 . 6 8 1 0 . 8 5 2 3 . 5 3 
2 3 . 9 1 2 4 . 7 5 4 8 . 6 6 
1 1 . 2 9 1 0 . 0 1 2 1 . 3 0 
1 2 . 6 2 1 2 . 6 7 2 5 . 2 9 

1 9 . 8 7 1 1 . 7 3 3 1 . 6 0 
1 2 . 4 2 5 . 1 9 1 7 . 6 1 
1 6 . 9 9 2 6 . 5 9 4 3 . 5 8 
1 1 . 3 5 1 3 . 1 6 2 4 . 5 1 

7 . 6 4 4 . 7 2 1 2 . 3 6 
1 2 . 5 5 1 2 . 0 1 2 4 . 5 6 
1 3 . 3 6 1 4 . 0 4 2 7 . 4 0 

Exported c (uCi) 

P e t i o l e o u t s i d e 
chamber 

CD u 
M •«* 

M CD M X ! H 
O M O P 
C X? C rH M 
fd 3 rd O fd 

X! M X! CO -P 
-P 0 - P C O 
W CO W H EH 

I 

0 . 0 9 0 . 0 2 0 . 1 1 
0 . 0 9 0 . 0 2 0 . 1 1 
0 . 3 1 0 . 1 2 0 . 4 3 
0 . 0 9 0 . 0 5 0 . 1 4 
0 . 1 4 0 . 0 5 0 . 1 9 

0 . 1 2 0 . 0 6 0 . 1 8 
0 . 0 5 0 . 0 1 0 . 0 6 
0 . 0 2 0 . 0 2 0 . 0 4 
0 . 0 5 0 . 0 0 0 . 0 5 
0 . 0 1 0 . 0 0 0 . 0 1 
0 . 0 4 0 . 0 1 0 . 0 5 
0 . 1 1 0 . 0 2 0 . 1 3 

Apex, developing t r i 
fol ia te and stem 

above node of fed leaf 
CD U 

M "tf 
H (D H X) rH 
0 M 0 3 
C £\ C H H 
rd 3 fd O fd 

XJ M £ tfl P 
4J O - P C o 

,W, w W ri E-1 

0 . 1 9 0 . 0 8 0 . 2 7 
0 . 4 0 0 . 1 1 0 . 5 1 
2 . 6 6 1 .17 3 . 8 3 
1 .26 0 . 5 0 1 .76 
1 .15 0 . 5 1 1 .66 

1 .09 0 . 3 3 1 .42 
0 . 2 8 0 . 1 0 0 . 3 8 
0 . 3 7 0 . 1 2 0 . 4 9 
0 . 3 8 0 . 1 7 0 . 5 5 
0 . 0 7 0 . 0 3 0 . 1 0 
0 . 6 2 0 . 4 2 1 .04 
1 . 0 1 0 . 5 2 1 . 5 3 

P r i m a r y l e a v e s 
and s t e m b e l o w 

n o d e o f f e d l e a f 

M O M ^ 
0 rH M Xj H 

GXJ 0 3 , 
fd 3 C M ^ 

x j r H rd o 5 
P 0 X! CO £ 
W CO -P C £ 

63 -H EH 

0 . 3 0 0 . 1 0 0 . 4 0 
0 . 6 1 0 . 1 0 0 . 7 1 
2 . 5 3 1.12 3 . 6 5 
1 .12 0 . 3 3 1 .45 
1 .14 0 . 4 1 1 .55 

1 .18 0 . 3 7 1 .55 
0 . 2 1 0 . 0 7 0 . 2 8 
0 . 3 5 0 . 0 5 0 . 4 0 
0 . 4 1 0 . 1 9 0 . 6 0 
0 . 0 5 0 . 0 2 0 . 0 7 
0 . 6 3 0 . 2 4 0 . 8 7 
0 . 8 5 0 . 5 2 1 .37 

R o o t s 

CD U 
M "^ 

H CD M X ! tH 
0 rH 0 3 
C XJ C rH M 
rd 3 rd 0 fd 

X! «H X! CO P 
-P 0 - P C 0 
W CO W -H EH 

0 . 0 5 0 . 0 3 0 . 0 8 
0 . 2 3 0 . 0 3 0 . 2 6 
2 . 4 3 0 . 3 5 2 . 7 8 
0 . 4 8 0 . 0 8 0 . 5 6 
0 . 4 7 0 . 0 5 0 . 5 2 

0 . 2 9 0 . 0 4 0 . 3 3 
0 . 0 1 0 . 0 0 0 . 0 1 
0 . 1 2 0 . 0 3 0 . 1 5 
0 . 2 5 0 . 0 2 0 . 2 7 
0 . 0 0 0 . 0 0 0 . 0 0 
0 . 1 9 0 . 0 4 0 . 2 3 
0 . 3 1 0 . 1 3 0 . 4 4 

T o t a l 1 4 c 
t r a n s l o c a t e d 

CD U 
M ** 

M CD M X3 M 
O M 0 3 
C X! C M M 
rd 3 rd O fd 

XI rH X! CO -P 
P O 4J C O 
W W w -H f t 

0 . 6 3 0 . 2 3 0 . 8 6 
1 .33 0 . 2 6 1.59 
7 . 9 3 2 . 7 6 1 0 . 6 9 
2 . 9 5 0 . 9 6 3 . 9 1 
2 . 9 0 1.02 3 . 9 2 

2 . 6 8 0 . 8 0 3 . 4 8 
0 . 5 5 0 . 1 8 0 . 7 3 
0 . 8 6 0 . 2 2 1 .08 
1 .09 1 .38 1 .47 
0 . 1 3 0 . 0 5 0 . 1 8 
1 .48 0 . 7 1 2 . 1 9 
2 . 2 8 1 .19 3 . 4 7 

14 
T o t a l C 

O U 
M "3" 

H CD M Xl M 
O M O 3 
C X! C M M 
rd 3 rd o d 

x : M x ; to AJ 
-P O 4J C O 
H CO M M f l 

1 0 . 3 9 7 . 4 2 1 7 . 8 1 
1 4 . 0 1 1 1 . 1 1 2 5 . 1 2 
3 1 . 8 4 2 7 . 5 1 5 9 . 3 5 
1 4 . 2 4 1 0 . 9 7 2 5 . 2 1 
1 5 . 5 2 1 3 . 6 9 2 9 . 2 1 

2 2 . 5 5 1 2 . 5 3 3 5 . 0 8 
1 2 . 9 7 5 . 3 7 1 8 . 3 4 
1 7 . 8 5 2 6 . 8 1 4 4 . 6 6 
1 2 . 4 4 1 3 . 5 4 2 5 . 9 8 

7 . 7 7 4 . 7 7 1 2 . 7 4 
1 4 . 0 3 1 2 . 7 2 2 6 . 7 5 
1 5 . 6 4 1 5 . 2 3 3 0 . 8 7 

Plants were offered CO^ for 15 minutes {30 minutes post-irradiation); the experiment 
was terminated after an additional 45 minute period. 

The plants were illuminated by an intensity of 2800 foot-candles. 
Experiments conducted April/July 1975. 



Appendix 2b. Magnitude and pattern of C in non-irradiated and irradiated Soybean plants 
when -^C02 photoassimilation is initiated 30 minutes following acute exposure 
to 4.0 krads of gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

9 
10 
11 
12 
13 

Mean 

Irradiated 

14 
15 
16 
17 
18 
19 
20 

Mean 

Whole plant 

Per cent of ^ C exported 

Ethanol Total 
soluble 14C 

6.1 4.8 
12.7 6.3 
24.9 18.0 
20.7 15.5 
18.7 13.4 

16.6 11.6 
(7.3) (5.8) 

11.9 9.9 
4.2 4.0 
4.8 2.4 
8.8 5.7 
1.7 1.4 
10.6 8.2 
14.6 11.2 

8.1 6.1 
(4.7) (3.8) 

Distribution pattern 

Per cent of exported -"-̂C 

In petiole 

Ethanol Total 
soluble 14C 

14.3 12.8 
6.8 6.8 
3.9 4.0 
3.1 3.6 
4.8 4.9 

6.6 6.4 
(4.5) (3.8) 

4.5 5.2 
9.1 8.2 
2.3 3.7 
4.6 3.4 
7.7 5.6 
2.7 2.3 
4.8 3.8 

5.1 4.6 
(2.5) (1.9) 

Above node of 
fed leaf 

Ethanol Total 
soluble 14C 

30.2 31.4 
30.0 33.7 
33.5 35.8 
42.7 45.0 
39.7 42.4 

35.2 37.7 
(5.7) (5.8) 

40.7 40.8 
50.9 52.1 
43.0 45.4 
34.9 37.4 
53.9 55.6 
41.9 47.5 
44.3 44.1 

44.2 46.1 
(6.4) (6.3) 

Below node of fed 
leaf, including 

root 
Ethanol Total 
soluble 1 4C 

55.6 55.8 
63.2 59.5 
62.6 60.2 
54.2 51.4 
55.5 52.8 

58.2 55.9 
(4.3) (3.9) 

54.9 54.0 
40.0 39.7 
54.7 50.9 
60.6 59.2 
38.5 38.9 
55.4 50.2 
50.9 52.2 

50.7 49.3 
(8.3) (7.4) 

Values in parentheses indicate standard deviations. 
Plants were offered 14cc>2 for 15 minutes (30 minutes post-irradiation); the experiment was 
terminated after an additional 45 minute period. 
Total 14C includes both 80% ethanol soluble and insoluble fractions. 
Plants were illuminated by an intensity of 2800 foot-candles. 
Experiments conducted April/July 1975* 
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Appendix 3b. 14 Magnitude and pattern of "* C in non-irradiated and irradiated Soybean plants 
when 14c02 photoassimilation is initiated 60 minutes following acute exposure 
to 4.0 krads of gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

21 
22 
23 
24 

Mean 

Irradiated 

25 
26 
27 
28 

Mean 

Whole 

Per cent of 

Ethanol 
soluble 

28.0 
14.0 
28.9 
12.8 

20.9 
(8.7 

18.4 
20.1 
17.9 
29.5 

21.5 
(5.4) 

plant 

J-4^ 

C exported 

TJotal 
; c 

20.5 
10.6 
25.8 
10.6 

16.9 
(7.6) 

14.4 
15.5 
14.4 
18.8 

15.8 
(2.1) 

Distribution Pattern 

In pet 

Ethanol 
soluble 

2.1 
5.7 
4.6 
7.3 

4.9 
(2.2) 

3.8 
3.1 
2.7 
2.3 

3.0 
(0.6) 

Pe 

iole 

Total 
14C 

2.7 
5.7 
3.6 
6.4 

4.6 
(1.7) 

3.9 
3.1 
3.0 
2.9 

3.2 
(0.5) 

14 r cent of exported C 

Above node of 
fed leaf 

Ethanol Total 
soluble 14C 

44.5 47.4 
40.9 41.2 
42.5 45.6 
43.0 46.2 

42.7 45.1 
(1.5) (2.7) 

31.3 31.7 
26.5 27.9 
29.3 29.6 
44.3 44.7 

32.9 33.4 
(7.9) (7.6) 

Below node of fed 
leaf, including 

root 
Ethanol Total 
soluble 14C 

53.4 49.9 
53.7 52.7 
52.9 50.8 
49.7 47.5 

52.4 50.2 
(1.8) (2.2) 

64.9 64.5 
70.4 69.0 
68.0 67.4 
53.4 52.4 

64.2 63.3 
(7.5) (7.5) 

Values in parentheses indicate standard deviations. 
Plants were offered 14co2 for 15 minutes (1 hour post-irradiation); the experiment was 
terminated after an additional 45 minute period. 
Total 14c includes both 80% ethanol soluble and insoluble fractions. 
Illumination intensity was 2800 foot-candles. 
Experiments conducted July, 19 75. 
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Appendix 4a. Distribution of ethanol-soluble C in non-irradiated and irradiated Soybean plants 
when 4̂(:02 photoassimilation is initiated at different times following acute 
exposure to 3.9 krads of gamma radiation* 

Treatment, 
Plant No. 

Non-irradiated 

29 
30 
31 
32 
33 

Irradiated 

15 min. 

34 
35 
36 
37 

30 min. 

38 
39 
40 
41 
42 

Non-exported 1 4C 
(UCi) 

Fed leaf 

1.10 
3.77 
1.63 
1.66 
1.70 

1.58 
4.38 
2.64 
1.61 

2.80 
3.31 
3.33 
2.76 
2.69 

14 
Exported C (pCi) 

Petiole 
outside 
chamber 

.01 

.02 

.01 

.01 

.02 

.00 

.01 

.01 

.00 

.01 

.01 

.01 

.01 

.02 

Apex, developing 
trifoliate and 
stem above node 
of fed leaf 

.07 

.23 

.10 

.13 

.36 

.02 

.04 

.05 

.02 

.14 

.13 

.13 

.08 

.11 

Primary leaves 
and stem below 
node of fed 

leaf, including 
roots 

.15 

.51 

.19 

.46 

.34 

.13 

.16 

.17 

.09 

.45 

.31 

.20 

.19 

.31 

Total 
1 4C 

.23 

.76 

.30 

.60 

.72 

.15 

.21 

.23 

.11 

.60 

.45 

.34 

.28 

.44 

14 
Total C 

1.33 
4.53 
1.93 
2.26 
2.42 

1.73 
4.59 
2.87 
1.72 

3.40 
3.76 
3.67 
3.04 
3.13 

O 



Appendix 4a. continued. 

Irradiated 

1.0 hr. 

43 
44 
45 
46 
47 

2.0 hr. 

48 
49 
50 
51 

4.0 hr. 

52 
53 
54 
55 

2.30 
2.46 
2.25 
1.81 
1.90 

1.24 
2.45 
2.23 
2.30 

2.54 
2.10 
1.96 
2.02 

.01 

.01 

.01 

.01 

.01 

I 

.00 

.01 

.02 

.02 

.02 

.01 

.03 

.01 

.07 

.11 

.06 

.08 

.07 

.09 

.09 

.15 

.08 

.08 

.05 

.11 

.04 

.22 

.19 

.16 

.19 

.17 

.21 

.54 

.50 

.39 

.47 

.42 

.47 

.48 

.30 

.31 

.23 

.28 

.25 

.30 

.64 

.67 

.49 

.57 

.48 

.61 

.53 

2.60 
2.77 
2.48 
2.09 
2.15 

1.54 
3.09 
2.90 
2.79 

3.11 
2.58 
2.57 
2.55 

14. Plants were offered ^CO^ for 15 minutes at various times following irradiation; 
the experiment was terminated after an additional 45 minute period. 

Illumination intensity was 2 800 foot-candles. 
Experiments conducted March/April 1976. 
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Appendix 4b. Magnitude and pattern of ethanol-soluble C in non-irradiated and 
irradiated Soybean plants when ^C02 photoassimilation is initiated 
at different times following acute exposure to 3.9 krads of 
gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

29 
30 
31 
32 
33 

Mean 

Irradiated 
15 min. 

34 
35 
36 
37 

Mean 

30 min. 
38 
39 
40 
41 
42 

Whole plant 

14 Per cent of C 
exported 

17.3 
16.7 
15.5 
26.5 
29.8 

21.2 
(6.5) 

8.7 
4.6 
8.0 
6.4 

6.9 
(1.8) 

17.7 
12.0 
9.3 
9.2 
14.1 

Distribution pattern 

14 
Per cent of exported C 

In petiole 

4.4 
2.6 
3.3 
1.7 
2.8 

3.0 
(1.0) 

0.0 
4.8 
4.3 
0.0 

2.8 
(2.6) 

1.7 
2.2 
2.9 
3.6 
4.5 

Above node of 
fed leaf 

30.4 
30.3 
33.3 
21.7 
50.0 

33.1 
(10.4) 

13.3 
19.1 
21.9 
18.2 

18.1 
(3.6) 

23.3 
28.9 
38.2 
28.6 
25.0 

Below node of 
fed leaf 

65.2 
67.1 
63.3 
76.7 
47.2 

63.9 
(10.7) 

86.7 
76.2 
73.9 
81.8 

79.7 
(5.8) 

75.0 
68.9 
58.8 
67.9 
70.4 



Appendix 4b. continued. 

Mean 

1 hr. 
43 
44 
45 
46 
47 

Mean 

2 hr. 
48 
49 
50 
51 

Mean 

4 hr. 
52 
53 
54 
55 

Mean 

12.5 
(3.6) 

11.5 
11.2 
9.3 

13.4 
11.6 

11.4 
(1.5) 

19.5 
20.7 
23.1 
17.6 

20.2 
(2.3) 

18.3 
18.6 
23.7 
20.8 

20.4 
(2.5 

28.8 
(5.6) 

23.3 
35.5 
26.1 
28.6 
28.0 

28.3 
(4.5) 

30.0 
14.1 
22 
16 

4 
3 

20.7 
(7.1) 

14.0 
10.4 
18.0 
7.5 

12.5 
(4.5) 

68.9 
(5.9) 

73, 
61, 
69, 
67, 
68.0 

68.0 
(4.3) 

70.0 
84.4 
74.6 
79.6 

77.2 
(6.2) 

82.5 
87.5 
77.0 
90.6 

84.4 
(6.0) 

Values in parentheses indicate standard deviations. 
Plants were offered 14C02for 15 minutes at various times following irradiation; 

the experiment was terminated after an additional 45 minute period. 
Illumination intensity was 2800 foot-candles. 
Experiments conducted March/April 1976. o 



Appendix 5a. Distribution of ethanol-soluble C in non-irradiated and irradiated Soybean plants 
when ^^C02 photoassimilation is initiated 60 minutes following acute exposure to 
4.0 krads of gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

56 
57 
58 
59 
60 

Irradiated 

61 
62 
63 
64 
65 

Non-exported c 
(UCi) 

Fed leaf 

4.83 
3.57 
3.83 
9.76 
5.55 

4.01 
2.45 
7.36 
6.13 

22.29 

14 Exported C (uCi) 

Petiole 
outside 
chamber 

0.06 
0.03 
0.03 
0.09 
0.05 

0.04 
0.02 
0.05 
0.03 
0.12 

Apex, developing 
trifoliate and 
stem above node 

of fed leaf 

0.55 
0.40 
0.27 
0.94 
0.60 

0.25 
0.09 
0.58 
0.40 
0.84 

Primary leaves 
and stem below 
node of the 
fed leaf 

0.62 
0.38 
0.30 
0.69 
0.55 

0. 38 
0.21 
0.62 
0.42 
1.85 

Roots 

0.27 
0.27 
0.12 
0.61 
0.24 

0.27 
0.09 
0.50 
0.19 
0.50 

Total 
14C 

exported 

1.50 
1.05 
0.72 
3.05 
1.44 

0.94 
0.41 
1.75 
1.04 
3.31 

14C 

Recovered 

6.33 
4.62 
4.55 
12.81 
6.99 

4.95 
2.86 
9.11 
7.17 

25.60 

Plants were offered CO^ for 15 minutes (1 hour post-irradiation); the experiment was terminated 
after an additional 45 minute period. 
Illumination intensity was 1600 foot-candles. 
Experiments conducted November 1975. 
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Appendix 5b. Magnitude and pattern of ethanol-soluble C in non-irradiated and irradiated 
Soybean plants when 14C02 photoassimilation is initiated 60 minutes following 
acute exposure to 4.0 krads of gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

56 
57 
58 
59 
60 

Mean 

Irradiated 

61 
62 
63 
64 
65 

Mean 

Whole plant 

14 Per cent of C exported 

V, " 

23.7 
22.7 
15.8 
23.8 
20.6 

21.3 
(3.3) 

19.0 
14.3 
19.2 
14.5 
12.9 

16.0 
(2.9) 

Distribution pattern 

14 Per cent of exported C 

In petiole 

4.0 
2.9 
4.2 
3.0 
3.5 

3.5 
(0.6) 

4.3 
4.9 
2.9 
2.9 
3.6 

3.7 
(0.9) 

Above node of 
fed leaf 

36.7 
38.1 
37.5 
30.8 
41.7 

37.0 
(3.9) 

26.6 
22.0 
33.1 
38.5 
25.4 

29.1 
(6.6) 

Below node of fed 
leaf, including 

Root 

59.3 
59.1 
58.3 
66.2 
54.9 

59.6 
(4.1) 

69.2 
73.2 
64.0 
58.7 
71.0 

67.2 
(5.9) 

Values in parentheses are standard deviations. 
Plants were offered l^c02 for 15 minutes (1 hour post-irradiation; the experiment 
was terminated after an additional 45 minute period. 

Illumination intensity was 1600 foot-candles H 
Experiments conducted November 1975. H 



Appendix 6a. Distribution of ethanol-soluble C in non-irradiated and irradiated Soybean plants 
when 1^002 photoassimilation is initiated 120 minutes following acute exposure to 
3.9 krads of gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

66 
67 
68 
69 

Irradiated 

70 
71 
72 
73 

Non-exported C 
(UCi) 

Fed leaf 

2.22 
2.11 
2.68 
2.13 

1.74 
2.51 
2.47 
2.31 

14 Exported C (uCi) 

Petiole 
outside 
chamber 

V, 

.03 

.02 

.02 

.03 

.01 

.02 

.02 

.01 

Apex, developing 
trifoliate and 
stem above node 
of fed leaf 

.37 

.31 

.26 

.27 

.07 

.10 

.11 

.12 

Primary leaves 
and stem below 
node of fed 
leaf, including 

roots 

.60 

.46 

.30 

.47 

.21 

.37 

.43 

.28 

14 
Total C 

1.00 
.79 
.58 
.77 

.29 

.49 

.56 

.41 

14 
Recovered 

3.22 
2.90 
3.26 
2.90 

2.03 
3.00 
3.03 
2.72 

Plants were offered CO^ for 15 minutes (2 hours post-irradiation); the experiment was terminated 
after an additional 45 minute period. 
Illumination intensity was 1600 foot-candles. 
Experiments conducted April 19 76. 

to 



Appendix 6b* Magnitude and pattern of ethanol-soluble C in non-irradiated and 
irradiated Soybean plants when CO2 photoassimilation is initiated 
120 minutes following acute exposure to 3.9 krads of gamma radiation. 

Treatment,. 
Plant No. 

Non-irradiated 

66 
67 
68 
69 

Mean 

Irradiated 

70 
71 
72 
73 

Mean 

Whole plant 

Per cent of total 
14c translocated 

exported 

31.1 
27.2 
17.8 
26.6 

25.7 
(5.6) 

14.3 
16.3 
18.5 
15.1 

16.1 
(1.8) 

In petiole 

3.0 
2.5 
3.5 
3.9 

3.2 
(0.6) 

3.4 
4.1 
3.6 
2.4 

3.4 
(0.7) 

Distribution pattern 

Per cent of 

Above node 
fed leaf 

37.0 
39.2 
44.8 
35.1 

39.0 
(4.2) 

24.1 
20.4 
19.6 
29.3 

23.4 
(4.4) 

l^c exported 

of Below node of 
fed leaf 

60.0 
58.2 
51.7 
61.0 

57.7 
(4.2) 

72.4 
75.5 
76.8 
68.3 

73.3 
(3.8) 

Values in parentheses indicate standard deviations. 
Plants were offered 1 4C0 2 for 15 minutes (2 hours post-irradiation); the experiment 
was terminated after an additional 45 minute period. 
Illumination intensity was 1600 foot-candles. 
Experiments conducted April 1976. 



Appendix 7a. Distribution of ethanol-soluble C in non-irradiated and irradiated Soybean plants 
when 14co2 photoassimilation is initiated 15 minutes following acute exposure to 
different doses of gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

74 
75 
76 
77 
78 
79 

Irradiated 

250 (rads) 

80 
81 
82 
83 
84 

490 

85 
86 
87 
88 
89 

Non-exported l^C 
(UCi) 

Fed leaf 

14.55 
12.95 
4.09 
2.92 
3.06 
2.11 

2.14 
1.99 
3.81 
3.34 
2.88 

3.24 
2.56 
2.78 
2.02 
2.21 

14 
Exported C (yCi) 

Petiole 
outside 
chamber 

.13 

.07 

.01 

.02 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.02 

.01 

.01 

.01 

.02 

Apex, developing 
trifoliate and 
stem above node 
of fed leaf 

.49 

.35 

.11 

.17 

.09 

.07 

.12 

.05 

.10 

.06 

.10 

.08 

.05 

.06 

.07 
,08 

Primary leaves 
and stem below 
node of fed 

leaf, including 
roots 

1.71 
1.05 
.25 
.27 
.24 
.26 

.33 

.13 

.23 

.11 

.28 

.27 

.22 

.20 

.21 

.24 

^ S * 1 

2.33 
1.47 
.37 
.46 
.34 
.34 

.46 

.19 

.34 

.18 

.39 

.37 

.28 
-27 
.29 
.34 

Total 
14C 

16.88 
14.42 
4.46 
3.38 
3.40 
2.45 

2.60 
2.18-
4.15 
3.52 
3.27 

3.61 
2.84 
3.05 
2.31 
2.55 

H 
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Appendix 7a. continued. 

Irradiated 
990 (rads) 

90 
91 
92 
93 
94 

1970 

95 
96 
97 
98 
99 

2960 

100 
101 
102 
103 
104 

3940 

105 
106 
107 
108 

4930 
109 
110 
111 
112 

4.32 
2.07 
1.15 
3.56 
2.73 

3.08 i. 
3.86 
6.07 
4.68 
2.09 

2.40 
2.70 
2.10 
1.89 
2.47 

3.20 
2.94 
2.48 
2.20 

2.65 
2.74 
2.39 
2.58 

.01 

.02 

.01 

.02 

.02 

.02 

.02 

.03 

.02 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.01 

.07 

.08 

.02 

.08 

.03 

.10 

.14 

.15 

.05 

.03 

.05 

.03 

.05 

.04 

.03 

.05 

.04 

.07 

.04 

.07 

.03 

.03 

.02 

.24 

.33 

.11 

.32 

.15 

.31 

.60 

.56 

.33 

.18 

.20 

.12 

.14 

.17 

.18 

.29 

.16 

.19 

.21 

.24 

.22 

.17 

.16 

.32 

.43 

.14 

.42 

.20 

.43 

.76 

.74 

.40 

.22 

.26 

.16 

.20 

.22 

.22 

.35 

.21 

.27 

.26 

.32 

.26 

.21 

.19 

4.64 
2.50 
1.29 
3.98 
2.93 

3.51 
4.62 
6.81 
5.08 
2.31 

2.66 
2.86 
2.30 
2.11 
2.69 

3.55 
3.15 
2.75 
2.46 

2.97 
3.00 
2.60 
2.77 

14 
Plants were offered C0 2 for 15 minutes (15 minutes post-irradiation); the experiment was 

terminated after an additional 45 minute period. 
Plants were illuminated by an intensity of 2800 foot-candles. 
Experiment conducted February 19 76. 
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Appendix 7b. Magnitude and pattern of ethanol-soluble C in non-irradiated and 
irradiated Soybean plants when 1^002 photoassimilation is initiated 
15 minutes following acute exposure to different doses of gamma 
radiation. 

Treatment, 
Plant No. 

Non-irradiated 

74 
75 
76 
77 
78 
79 

Mean 

Irradiated 

250 (rads) 
80 
81 
82 
83 
84 

Mean 

Per cent of 14C 
exported 

\, 

13.8 
10.2 
8.3 

13.6 
10.0 
13.9 

11.6 
(2.4) 

17.7 
8.7 
8.2 
5.1 
11.9 

10.3 
(4.8) 

Distribution pattern 

14 Per cent of exported C 

In petiole 

5.6 
4.8 
2.7 
4.3 
2.9 
2.9 

3.9 
(1.2) 

2.2 
5.3 
2.9 
5.6 
2.6 

3.7 
(1.6) 

Stem above node 
of fed leaf 

21.0 
23.8 
29.7 
37.0 
26.5 
26.5 

26.4 
(6.2) 

26.1 
26.3 
29.4 
33.3 
25.6 

28.1 
(3.2) 

Stem below node 
of fed leaf, 
including root 

73.4 
71.4 
67.6 
58.7 
70.6 
70.6 

69.7 
(6.1) 

71.7 
68.4 
67.7 
61.1 
71.8 

68.1 
(4.4) 



Appendix 7b. con t inued . 

490 (rads) 

85 
86 
87 
88 
89 

Mean 

990 

90 
91 
92 
93 
94 

Mean 

1970 

95 
96 
97 
98 
99 

Mean 

10.3 
9.9 
8.6 

12.6 
13.3 

11.1 
(2.2) 
I 

6.9 
17.2 
10.9 
10.6 
6.8 

10.5 
(4.2) 

12.3 
16.5 
10.9 
7.9 
9.5 

11.4 
(3.3) 

5.4 
3.6 
3.7 
3.4 
5.9 

4.4 
(1.2) 

3.1 
4.7 
7.1 
4.8 

10.0 

5.6 
(2.6) 

4.7 
2.6 
4.1 
5.0 
4.6 

4.2 
(1.0) 

21.6 
11.9 
22.2 
24.1 
23.5 

21.9 
(2.4) 

21.9 
18.6 
14.3 
19.1 
15.0 

17.8 
(3.1) 

23.3 
18.4 
20.3 
12.5 
13.6 

17.6 
(4.5) 

73.0 
78.6 
74.1 
72.4 
70.6 

73.7 
(3.0) 

75.0 
76.7 
78.6 
76.2 
75.0 

74.7 
(4.1) 

72.1 
78.9 
75.7 
82.5 
81.8 

78.2 
(4.3) 

r 



Appendix 7b. continued. 

2960 (rads) 

100 
101 
102 
103 
104 

Mean 

3940 

105 
106 
107 
108 

Mean 

4930 

109 
110 
111 
112 

Mean 

9.8 
5.6 
8.7 

10.4 
8.2 

8.5 
(1.9) 

I 

9^9 
6.7 
9.8 
10.6 

9.3 
(1.7) 

10.8 
8.7 
8.1 
6.9 

8.6 
(1.6) 

3.8 
6.3 
5.0 
4.5 
4.6 

4.8 
(0.9) 

2.9 
4.8 
3.7 
3.9 

3.8 
(0.8) 

3.1 
3.9 
4.8 
5.3 

4.3 
(1.0) 

19.2 
18.8 
25.0 
18.2 
13.6 

19.0 
(4.1) 

14.3 
19.1 
25.9 
15.4 

18.7 
(5.2) 

21.9 
11.5 
14.3 
10.5 

14.6 
(5.1) 

76.9 
75.0 
70.0 
77.3 
81.8 

76.2 
(4.3) 

82.9 
76.1 
70.4 
80.8 

77.6 
(5.6) 

75.0 
84.6 
81.0 
84.2 

78.7 
(6.8) 

Values in parentheses indicate standard deviations. 
Plants were offered -^C02 for 15 minutes (15 minutes post-irradiation) 
the experiment was terminated after an additional 45 minute period. 

Illumination intensity was 2800 foot-candles. 
Experiments conducted February 1976. 



Appendix 8a. Distribution of ethanol-soluble C in non-irradiated and irradiated Soybean plants 
when 14c02 photoassimilation is initiated 15 minutes following acute exposure to 
4.0 krads of gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

113 
114 
115 
116 
117 

Irradiated 

118 
119 
120 
121 

14 Non-exported c 
(yci) 

Fed leaf 

11.57 
10.76 
5.26 
6.61 
5.66 

10.97 
6.51 
6.21 
5.66 

14 
Exported C (yCi) 

Petiole 
outside 
chamber 

0.04 
8.05 
0.03 
0.03 
0.04 

0.04 
0.02 
0.03 
0.03 

Apex, developing 
trifoliate and 
stem above node 
of fed leaf 

0.34 
0.28 
0.20 
0.18 
0.25 

0.06 
0.12 
0.06 
0.06 

Primary leaves 
and stem below 
node of the 
fed leaf 

0.38 
0.24 
0.23 
0.18 
0.22 

0.17 
0.13 
0.25 
0.22 

Roots 

0.15 
0.05 
0.05 
0.01 
0.03 

0.03 
0.02 
0.12 
0.03 

Total 
14C 

exported 

0.91 
0.62 
0.51 
0.40 
0.54 

0.30 
0.29 
0.46 
0.34 

14c „ 
Recovered 

12.48 
11.38 
5.77 
7.01 
6.20 

11.27 
6.80 
6.67 
6.00 

Plants were offered C02 for 15 minutes (15 minutes post-irradiation); the experiment was terminated 
after an additional 45 minute period. 
The plants were illuminated by an intensity of 2 800 foot-candles. 
Experiments conducted October 1975. 

M 



Appendix 8b. Magnitude and pattern of ethanol-soluble C in non-irradiated and 
irradiated Soybean plants when *^C02 photoassimilation is initiated 
15 minutes following acute exposure to 4.0 krads of gamma radiation. 

Treatment, 
Plant No. 

Non-irradiated 

113 
114 
115 
116 
117 

Mean 

Irradiated 

118 
119 
120 
121 

Mean 

Whole plant 

Per cent of C 
exported 

i 

7.3 
5.5 
8.8 
5.7 
8.7 

7.2 
(1.6) 

2.7 
4.3 
6.9 
5.7 

4.9 
(1.8) 

P 

In petiole 

4.4 
8.0 
5.9 
7.5 
7.4 

6.6 
(1.5) 

13.3 
i 6.9 

6.5 
8.8 

8.9 
(3.1) 

Distribution pattern 

er cent of exported C 

Above node of 
fed leaf 

37.4 
45.2 
45.1 
45.0 
46.3 

43.8 
(3.6) 

20.0 
41.4 
13.0 
17.7 

i 23.0 
(12.6) 

Below node of fed 
leaf, including 

roots 

58.2 
46.8 
54.9 
47.5 
46.3 

50.7 
(5.4) 

66.7 
51.7 
80.4 
73.5 

1 68.1 
(12.3) 

Values in parentheses indicate standard deviations. 
Plants were offered 1^C02 for 15 minutes (15 minutes post-irradiation); the experiment 
was terminated after an additional 45 minute period. 
Illumination intensity was 2800 foot-candles. 
Experiments conducted October 1975. 



Appendix 9, 14 Per cent of total C in ethanol-soluble fractions one hour following 
the photoassimilation of 1^002 for 15 minutes. 

Post-irradiation 
time of 1 4C0 2 

photoassimilation 
(minutes) 

15' 

Mean 

30' 

Mean 

60' 

Mean 

Per cent 

14 
C recovered 

Non-irradiated 

, 58 
38 
49 
64 

52 

58 
54 
49 
53 
50 

53 

43 
51 
63 
57 

54 

(11) 

(4) 

(9) 

of total 

from 

I 

the 

Irradi 

58 
48 
60 
50 

54 

63 
71 
40 
46 
62 
51 
49 

55 

51 
49 
50 
39 

47 

14^ • C in 

leaf 

.ated 

(6) 

(11) 

(6) 

ethanol

ic C re< 

Non-

-soluble 

covered : 
fed 

fraction 

from 
leaf 

-irradiated 

66 
73 
63 
71 

68 

73 
84 
74 
75 
74 

76 

66 
70 
72 
70 

70 

(5) 

(5) 

(3) 

outside 

Irradi 

74 
70 
75 
69 

72 

77 
75 
80 
74 
72 
68 
66 

73 

69 
68 
65 
70 

68 

the 

ated 

(3) 

(5) 

(2) 

Values in parentheses are standard deviations. 
Plants were illuminated by an intensity of 2 800 foot-candles, 
Calculated from appendices 1-3. 



Appendix 10. Distribution of C among compounds present in the 80% ethanol-soluble 
fraction recovered from Soybean plants when ^CC^ photoassimilation is 
initiated 15 minutes following acute exposure to 4,0 krads of gamma 
radiation. 

\ Compound 

Treatments, 
Plant No. 

Kon- irradiated 

1 

2 

3 

4 

I r r a d i a t e d 

5 

.. » 
6 

J 

122 

0 

1T 

2 
Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

« 
0 
M 
tj 
3 
W 

58.02 
60 .46 
59 .28 

36.88 

-36.88 

30 .11 

-30 .11 

36 .88 

— 36.98 

42.35 
42.74 
42.55 

47.17 
49.50 
48.37 

43.63 
51 .18 
50 .41 

38.12 

38.12 

31.96 

31.96 

« 
n 

8 
13 

6 .31 
5.09 
5.70 

6.99 

-6.99 

6.12 

— 6.12 

11 .33 

— 11.33 

17.69 
17.26 
17.48 

9.49 
8.56 
9 .02 

14.20 
13.66 
13 .93 

7 .44 

7.44 

7 .09 

7 .09 

C r a d i o a c t i v i t y i n 

n 
O 
*J o 

I 

4.58 
4.42 
4 .50 

6 .41 

-6 .41 

5 .37 

— 5.37 

11.05 

— 11.05 

17.14 
17.82 
17.48 * 

7 .12 
6.74 
6 .92 

15.10 
15.07 
15.09 

8 .43 

8.43 

6 i74 

6.74 

» 
•a 
•«-t 
u 

o5 
cr o 

Ti 0 

o « 

.18 

.14 

.16 

.83 

— .83 

.42 

— .42 

. 7 1 

-.71 

.29 

.28 

.29 

.19 

.34 

.27 

.27 

.19 

.23 

.48 

.48 

.43 

.43 

• 

X 

1:11 
9.40 

16.96 

-16.96 

16 .68 

— 16.68 

11.43 

-11.43 

5 ,73 
5 .61 
5.68 

12.16 
12.42 
12.27 

4.66 
4.59 
4.63 

12.75 

12.75 

15 .21 

15 .21 

each 

o 

C 
o 
o 
3 
(0 

.39 

.20 

.30 

.60 

— .60 

. 5 1 

— . 5 1 

.42 

— . 42 

. 62 

.67 
.65 

.62 

. 63 

.64 

.89 

.72 

. 81 

, 68 

.68 

.82 

.82 

compound as 

U 

.99 

.89 

.94 

.62 

— .62 

.35 

-,35 

.53 

-. 53 

.49 

. 4 1 

.45 

.17 

.10 

.14 

.32 

.30 

. 31 

.58 

.58 

.57 

.57 

o 

s 
o 
o 

2 .74 
2.06 
2.40 

5 .41 

-5 .41 

6 .32 

-6.32 

3 .51 

-3 .51 

4.16 
4.67 
4.42 

4.09 
3.99 
4.04 

2.05 
2.04 
2 .05 

6 .66 

6.66 

6.20 

6.20 

a per 

© 

« 
u 
m 
cu 
01 

< 
. 97 

1 .11 
1.04 

1.97 

— 1.97 

1.54 

— 1.54 

1.16 

-1.16 

1.23 
.95 

1.09 

1.50 
1.53 
1.52 

.64 

.57 

. 61 

1.38 

1.38 

1.13 

1.13 

cen t 

0 
C 
•H 
0 u 
0. 

.37 

.32 

.35 

.93 
m 

.93 

.39 

— .39 

. 23 

— . 23 

.27 

.23 

.25 

.38 

.29 

.34 

.39 

.39 

.39 

.56 

.56 

1.07 

1.07 

of the 

» ±> 
O «J 
C M 

it 
i £) 

.70 

.74 

.72 

2 .29 
m 

2.29 

1,86 

— 1.86 

1.66 

— 1.66 

.34 

.22 
.28 

. 43 

.40 

.42 

1.05 
.93 

1.05 

1.60 

1.60 

2.56 

2.56 

t o t a l 

K 

2 

. 8 1 

. 9 1 

.86 

3.26 

— 3.26 

.97 

— .97 

1.99 

— 1.99 

.92 
1.01 

.97 

1.61 
1.51 
1.56 

1.25 
1.09 
1.17 

2 .14 

2 .14 

1.65 

1.65 

1 4 C - r a d i o a c t i v i t y 

9 

S 
< 

1 .21 
1.33 
1.27 

1.47 

— 1.47 

2 .36 

— 2.86 

1.46 

— 1.46 

1 .01 
1.20 
1 . 11 

1 .26 
1.10 
1.18 

.89 

.89 

.89 

1.68 

1.68 

2 .32 

2 .32 

c 
« 
0 

.17 

.13 

. 15 

*> 

,-
.20 
.17 
.19 

. 2 1 

.17 

.19 

.35 

. 35 

« JJ 
o «a 
,c u 
cu <y 
w o 
o >• 
0* tT> 

.41 

.43 
.42 

.42 

— .42 

.70 

— .70 

. 55 

— .55 

.29 

.32 

. 31 

,09 
.16 
.12 

.20 

.25 

.23 

.56 

.56 

.35 

.35 

e x t r a c t e d 

n 
V 

« w 
tj> o 
3 x: 

2 .93 
2 .49 
2 . 7 1 

. 33 

— .38 

1.50 

— 1.50 

1.46 

— 1.46 

.90 

.83 

.87 

1.25 
1.32 
1.29 

.64 

.72 

.68 

1.23 

1.23 

1.57 

1.57 

e 

I-c 
D 

5.62 
5.77 
5.70 

3.14 

-3.14 

10.37 

-10.37 

6.16 

-6.16 

1.74 
1.68 
1.71 

2.67 
2.40 
2 .53 

4 .61 
4.74 
4.68 

6.16 

6.16 

9 .21 

9 .21 

cm 

.72 

.76 

.74 

4.77 

«. 4.77 

2.80 

— 2.80 

1.45 

-1.45 

1.27 
.95 

1.11 

2.82 
2 .21 
2 .51 

.63 

.53 

.58 

2 .00 

2 .00 

2.24 

2.24 

c o 

D 

.45 

. 7 1 

.58 

.80 
a . 

.80 

.39 
w 

.39 

. 5 1 

• . 5 1 

1 . 1 4 
.66 
.90 

.45 

.26 

.36 

.26 

.36 

. 3 1 

. 46 

.46 

1 .31 

1 . 3 1 

§ c o 
X c 

1.08 

«. 1.08 

2 .28 

— 2.28 

2 .98 
a . 

2 .93 

.27 

. 2 1 

.24 

1.52 

1.52 

2 .10 

2 .10 

c « 
c 

.55 

.42 

.49 

• 
1.14 

-1.14 

.83 

• . 83 

.31 

.19 

.25 

.60 

.36 

.48 

.39 

.39 

.39 

.69 

.69 

.84 

.84 

X 
c » 

. 58 

.53 

.56 

1.00 

. 1.00 

2 .15 

-2 .15 

.99 

• .99 

.35 

.44 

.40 

1.20* 
.88 

1.04 

.39 

.33 

.36 

1.06 

1.06 

1.27 

1.27 

C O 

x 

. 24 

.21 

.23 

. 63 

m . 63 

. 6 3 

«. . 63 

.17 

.30 

.24 

.30 

.29 

.30 

.22 

.18 

.20 

.24 

.24 

.25 

.25 

c » 
X 
C 
D 

. 92 

.86 

.89 

1.96 
„ 

1.96 

1.80 

«, 1.80 

. 9 2 

. .32 

.36 

. 3 1 

. 34 . 

2.44 
2.90 
2 .67 

.53 

.39 

.46 

2 .02 

2.02 

1.14 

1.14 

i 
C M 
X 
c » 

.17 

.20 

.19 

.14 
a. 

.14 

.09 

.09 

.13 

m . 1 3 

.09 

.07 

. 0 3 

.26 

.52 

.39 

.09 

.07 

.08 

.15 

. 15 

.10 

.10 

Ch> 

D 

.23 

.17 

.20 

1.36 

1.36 

1.37 

1.37 

.37 

.37 

.34 

.28 

. 3 1 

1,16 
1.01 
1.09 

.30 

.28 

.29 

.72 

.72 

.60 

.60 

u 
2 ** 
© 

.17 

.22 

. 2 1 

. 3 3 

. 33 

1 .21 

1 .21 

1.66 

1.66 

. 91 
1.06 

.99 

.26 

.52 

.39 

.21 

.15 

. 18 

.34 

.34 

1.18 

1.18 

Plants were offered CO? for 15 minutes (15 minutes post-irradiation)i 
the experiment was terminated after an additional 45 minute period. 

Illumination intcr.&ity was 2800 foot-candlea. 
Bxporimanti conducted Juno/Auguit 1975. 
tl,2 indicate duplicate chromatograms. 



Appendix 11. Distribution of C among compounds present in the 80% ethanol-soluble 
fraction recovered from Soybean plants when **C02 photoassimilation is 
initiated 30 minutes following acute exposure to 4.0 krads of gamma 
radiation. 

14 14 
C radioactivity in each compound as a per cent of the total C-activity extracted 

Compound 

o% 
O tH 
X". u 
0. a 
Vt U 
o >> 

x: f-« 
& o 
P JZ w a, 

o o o 
c ft e +» 

S o n - i r r a d i a t e d 
9 It 

2 
Av. 

10 1 
2 

Av. 

11 1 
2 

AV. 

12 1 
2 

Av. 

13 1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

1 
2 

Av. 

I 
2 

Av. 

58.17 10 .41 
58 .51 10.85 
58.34 10.63 

56 .71 13 .41 
56.65 14 .43 
56.68 13.92 

53.09 12.85 
50 .49 13.24 
51.79 13.05 

40.36 12 .96 

40.36 12.96 

35 .30 11.32 

35.30 11 .32 

8 . 7 2 
8 .83 
8 . 7 8 

10.12 
9.52 
9.82 

11.03 
10.94 
10.99 

8.66 

8.66 

5 .92 

5.92 

.65 

.49 

.57 

.24 

.24 

.26 

.26 

51.87 16 .80 13 .52 
53.09 14.06 13.27 
52.48 15.43 13.39 

51 .71 19 .25 18.42 
51.38 19.84 18 .61 
51.55 19.55 18.52 

51.60 11.09 9.70 
53.56 11.49 9.38 
52.58 11.29 9.54 

56.41 10.24 8.15 
54.74 12.24 9.25 
55.58 11.24 8.70 

44.27 14.22 12.26 
45.42 12.85 12.16 
44.85 13.54 12.21 

.23 

.12 

5.45 
5.41 
5.43 

4.64 
4.49 
4.57 

1.09 
2.14 
1.62 

14.64 

14.64 

17.48 

17.48 

2.58 
3*. 15 
2.86 

1.68 
1.60 
1.64 

6.91 
5.64 
6.27 

4.76 
3.97 
4.37 

7.18 
7.43 
7.31 

.60 

.52 

.56 

.68 

.89 

.79 

1.58 

l.b 

1.64 

.43 

.43 

.47 

.47 

1.98 
2.01 
2.00 

.89 

.83 

.86 

.90 

.73 

.86 

1.25 
1.15 
1.20 

.72 

.66 

.69 

.19 

.30 

.24 

.17 

.34 

.26 

.05 

.11 

.08 

.40 
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1.04 

1.04 

.06 

.03 
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.02 
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4.49 
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4.10 

5.32 
4.35 
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14 Appendix 12. Distribution of c among compounds present in the 80% ethanol-soluble 
fraction recovered from Soybean plants when 14CC>2 photoassimilation is 
initiated 60 minutes following acute exposure to 4.0 krads of gamma 
radiation. 
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