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ABSTRACT 

Little is known about the effect that an iron 

deficiency chlorosis has on the function of iron within the 

plant. Metabolism is generally studied on a cellular 

basis and specific functions are usually associated with 

individual intracellular particulates. Any differences 

in the intracellular distribution of iron and enzyme 

activities between chlorotic and non-chlorotic tissue 

could conceivably be associated with a particular function. 

This might help to interpret better the significance of any 

observed differences with respect to metabolism. 

Tissue from iron chlorotic and non-chlorotic tomato 

plants, Lvcopersicon esculentum. variety Early Pak, were 

harvested at three different stages of growth and separated 

into leaf, stem and root tissue at each harvest time. 

. A separation of the intracellular particulates of . 

each tissue was achieved by a homogenization procedure 

carried out in a buffered sucrose solution, followed by 

differential centrifugation. Total iron, total oxidase 

activity, and diethyldithiocarbamate inhibited oxidase 

activity were all determined for the individual particulate 

fractions. The data are presented on a comparative basis 

between tissues from chlorotic and non-chlorotic plants. 

They are also discussed in relation to the different stages 

of growth. 

xi 



The results indicated that the greatest proportion 

of iron in the tissue was associated with the cell debris 

fraction sedimented at 100 x G. The supernatant which 

remained after removal of a pellet sedimented at 24,000 x G., 

contained no chemically measurable iron. The one consistent 

difference between chlorotic and non-chlorotic leaf tissue 

was noted in the plastid and nuclei fraction, sedimented 

at 1500 x G. The iron concentration and diethyldithiocarba-

mate inhibited oxidase activity associated with this latter 

fraction were consistently higher in the healthy non-chlorotic 

leaf tissue than in the chlorotic tissue. The results are 

discussed with respect to possible metabolic effects. 

xii 



INTRODUCTION 

Many,observations associated with plant iron and 

chlorosis have been recorded. Unfortunately, the signifi

cance of much of the data is not always obvious and the 

situation becomes further complicated because of what 

appear to be contradictory observations. 

The purpose of this investigation was to study the 

relationship of iron metabolism to iron deficiency chloro

sis, with emphasis being placed on the effect that an iron 

deficiency would have on the general metabolic functions 

of iron within a plant, and the subsequent effect this, 

in turn, may have in "causing" the resultant chlorotic 

condition. 

Cells have been conveniently compartmentalized, e.g. 

nucleus, mitochondria, microsomes, etc.,and particular 

reactions are thought to take place in the compartmental

ized structures, respiration in the mitochondria, protein 

synthesis in the microsomes, photosynthesis in the chloro-

plasts, etc. It, therefore, seems reasonable that by 

studying possible quantitative differences in the intra

cellular distribution of iron and iron enzymes in cells 

from plant tissues grown under treatments consisting of 

an adequate and a deficient level of iron in the nutrient 

1 
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medium, that the results would somewhat reflebt a measure 

of the effect of the treatments on some of the functions 

of iron in metabolism. Any differences in results as 

noted between intracellular particulates would better 

reflect any possible association with function than could 

be expected by differences in results as recorded between 

gross tissues. 

It is also logical to expect a difference in the 

general metabolic pattern of events depending on the type 

and age of the tissue being employed. As pointed out by 

Brown and Possingham (42), it is necessary to analyze each 

situation in different parts of the plant and at different 

stages of growth. The metabolic functions within the 

leaf, stem and root vary depending on the overall function 

of the specific tissue. While a metabolic disturbance is 

probably going to have an effect on growth, it is also 

probable that the change in growth, in time, will have an 

effect on the metabolism (42). 

The specific objectives of this investigation were: 

1. To investigate the interrelationship between the 

iron level of nutrient solutions and the total iron concen

tration in the various intracellular fractions of leaf, 

stem and root tissue of plants grown in nutrient solutions 

and harvested at various stages of growth. 

2. To investigate the interrelationship between the 

iron level of nutrient solutions and the activity of cytochrome 



oxidase, as well as respiration, in the various intracellu-. 

lar fractions of the leaf tissue of plants grown in nutrient 

solutions and harvested at various stages of growth. 

3. To relate the above information to the possible 

effects that the treatments may have had on the function of 

iron in metabolism. 



LITERATURE REVIEW 

Chlorosis 

A lack of chlorophyll in plants can be visibly 

recognized by a decrease in the intensity of the normal 

green color of the plant. This observation is most 

commonly associated with leaf tissue as well as with 

some succulent stem tissue. This fading of the green 

color, \dnich is attributed to a decrease in the chlorophyll 

content, is referred to as chlorosis (32, 34, 98, 166). 

Causes of Chlorosis 

The cause of chlorosis has been the subject of many 

investigators (8, 17, 36, 37). One of the major contributing 

causes of chlorosis in plants is associated with a lack of 

available iron in the plant. At least it has been shown that 

when iron in an available form is added externally to the 

nutrient medium of some chlorotic plants it has been effec

tive as a successful remedial treatment in restoring the 

intensity of the green color characteristic of the healthy, 

non-ehlorotic plant (34). This type of chlorosis, caused 

by an iron deficiency in the external nutrient medium, has 

been specifically referred to as "iron chlorosis." This 

4 
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;Lmplies that there may be causes other than iron deficiency 

responsible for chlorosis and indeed some investigators 

have demonstrated.that such may bp the case. 

Excessive amounts of one, several, or all of the 

macro and micro-nutrients as well as genetic, pathogenic, 

and environmental influences are quite commonly recognized 

as possible "other" causative factors associated with 

chlorosis (32, 34, 47, 107, 166, 172). Whether some of 

these "other" factors are directly or indirectly associated 

with a simple iron deficiency and ultimately operative by a 

similar mechanism is still the subject of extensive investi

gation. 

Mechanism of Chlorosis 

There are various points*of view concerning possible 

mechanisms that could be responsible for iron chlorosis. 

Sufficient iron in the plant may not be available to become 

active in normal metabolic functions, and most specifically 

in the function dealing with the synthesis of chlorophyll. 

Unfortunately, many anomalies have been observed that must 

be considered and accounted .for, and these anomalies make 

the above simple conclusion unrealistic on first considera

tion. One such anomoly is that often iron-chlorotic plant 

tissue contains a higher concentration of total iron than 

corresponding healthy, non-chlorotic plant tissue. A second 
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is that there does not seem to be a relationship between 

total iron and chlorophyll content (41), which would 

certainly be expected if the above stated simple explana

tion was valid. Because of such inconsistencies, many 

investigators (32, 119, 121, 139, 141, 150) have ascribed 

iron chlorosis to iron inactivation, immobilization, and 

precipitation within the plant. On the other hand, some 

investigators (29, 30) still feel that these anomalies can 

be accounted for by some other logical reasoning and that 

chlorosis is a simple manifestation of insufficient iron 

for normal metabolic processes to occur, with competition 

occurring between different plant tissues for iron that is 

available. 

Iron Inactivation 

Brown et al. (40) working with two varieties of 

soybeans, one of which was more susceptible to chlorosis 

than the other, stated the idea that the difference in 

susceptibility of the two varieties could be accounted for 

by the difference in the quantity or quality of natural 

iron chelators (145, 151, 163) in the plant. The implica

tion vas that iron in the chlorosis susceptible variety 

would more likely be inactivated because of the reduced 

amount of natural chelators present. This assumes that 

iron is more active and available in certain chelated 

forms within the plant for use by various tissues (116, 



129, 151). Brown and Tiffin (39) further suggested that 

susceptibility to chlorosis in plants might be related to 

the metabolic processes involved in the separation of iron 

from the chelating agent in the nutrient solution, and that 

root, phosphorus, and chelating agent could all be competi

tors for iron in the root. The result of the competition 

would determine the fate of the iron and whether or not it 

would become available for use by the plant. Certainly, 

chelates play an important role in activating iron tinder 

chlorotic conditions but the exact nature of this role is 

far from understood. Several investigators (107, 162, 163, 

167) have recently reported interesting studies related to 

this problem. 

Iron Immobilization 

Some workers believe that any imbalance that alters 

otherwise normal metabolic processes within plant cells, 

including excess accumulation of one or another species 

of ion above that of its normal amount in relation to iron 

and other species of ions, can affect conditions sufficiently 

within a pell so that iron can be immobilized (64, 122, 172). 

Brown est al. (36) stated that an improper micro-nutrient 

balance within the plant and an abundance of available 

phosphorus and calcium appeared to be two separate causa

tive factors in controlling chlorosis, probably through 
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the mobilization or immobilization of iron, whichever the 

case might be. 

Iron Precipitation 

As early as 1932 Rogers and Shive (141) ascribed 

chlorosis to high pH of plant tissue and the subsequent 

precipitation of iron as a phosphate. Since then other 

workers have supported this conclusion (25, 26, 52, 139). 

Biddulph (26) explained that iron was probably precipitated 

when passing through tissue that was rich in phosphorus. 

In an earlier experiment (25) Biddulph demonstrated that 

chlorosis could be cured by placing chlorotic plants in a 

nutrient medium free from phosphorus. He assumed under 

these conditions that the bound iron was freed from the 

precipitating influence of the phosphorus. In general, 

such a precipitation is thought to occur in translocating 

tissue (140), although some suggest that it occurs in nodes 

(4, 79). 

Competition for Iron 

Branton and Jacobson (29) felt that too much 

emphasis was being placed on the concept of iron inactiva-

tion, immobilization, and precipitation in plant tissue, 

and have asserted that this phenomenon might not be an 

important factor in iron chlorosis. They felt that the 

accumulation of iron in any tissue might be a consequence 
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of t;he natural sequence of absorption and translocation. 

They suggested that a rapid uptake of labeled iron by 

starved root cells could be a natural attempt by the root 

cells to satisfy their own requirement for iron and further 

have implied that this might explain a decreased iron move

ment to the shoots, as has been reported elsewhere (110). 

This is to say that under iron deficient conclitions little 

or no iron would reach the leaf mesophyll in spite of the 

rather large deposits of iron in other tissue which remain 

to meet the iron requirement of that tissue. They felt 

that competition for the iron"by different groups of cells 

rather than inactivation, immobilization or precipitation 

of iron more adequately explained the accumulation of 3-ron 

in some chlorotic tissue. 

Iron Metabolism and Chlorosis 

Little is known abput the relationship between iron 

metabolism and chlorosis. There is a large accumulation 

of data but the interpretation of this data is difficult 

and its significance is somewhat confounded as to Aether 

it represents a cause or effect relationship. 

Chlorophyll and Chlorosis Relationship 

As previously stated, many have postulated that 

iron is associated with the synthesis of chlorophyll or 

with the synthesis of some precursor of chlorophyll 
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(3, 65, 114). The total synthesis of chlorophyll has been 

accomplished In vitro in the laboratory (178). The in 

vivo synthesis of chlorophyll has been postulated but many 

steps in the proposed pathway are still missing (27, 65). 

Until the complete stepwise in vivo biosynthesis of chloro

phyll is unfolded, the exact role of iron in the synthesis 

will retftain.abscure. In the meantime a vast array of data 

accumulates, rfiich at best gives some insight to possible 

future approaches and a subsequent formulation of various 

hypotheses which may eventually prove valuable. 

Oserkowsky (134) has indicated that the chlorophyll 

content of leaf tissue was not related to the total iron 

concentration of the tissue, but that the chlorophyll con

tent was related to iron extracted with N HC1, to which 

Oserkowsky ascribed the term "active iron.11 This observa

tion gave the original impetus to the inactivation, immobili

zation, and precipitation concept. Jacobson and other workers 

(92, 156) have implied that the only reason Oserkowsky did 

not find a significant relationship between the chlorophyll 

content and the total iron content in le£f tissue was improper 

handling of the tissue prior to chepiical analysis. They 

indicated that removal of surface iron contamination by 

dilute HC1 before analysis might have revealed such a 

relationship, although Jacobson (92) agreed to the "active 

iron" term proposed by Oserkowsky. Oserkowsky's observations 
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implied that iron could be in different chemical forms and 

suggested that only that form of iron v£iich was extractable 

with N HC1 was effective in chlorophyll formation* As far 

back as 1928 Bennett (18) expressed the idea that although 

chlorotic trees were taking v*p iron, the iron was probably 

ineffectively used by the leaf in the production of 

chlorophyll. 

Hagen et al. (72) said that Oserkowsky's data could 

be interpreted to show that a certain total iron level was 

necessary in leaf tissue before chlorophyll could form, 

implying competition among intracellular particulates for 

iron. Jacobson (92) stipulated that the total minimal ...• 

iron content required for chlorophyll formation in the 

leaf would vary as a function of the species of the plant 

and the growing conditions. The implication that iron was 

first reqvjired in metabolic processes, other than chloro

phyll synthesis, might explain the observations of workers 

(43, 58, 93, 131) v^io have found a correlation between 

chlorophyll content and iron content, especially under 

extreme chlorotic conditions. 

Effect of Chlorosis on General Metabolic Functions 

Iljin (90) suggested that the entire metabolism 

of plants affected with chlorosis may be disturbed, and 

not just those processes concerned with chlorophyll synthesis. 

It may well be that a lack of chlorophyll under iron deficiency 
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qonditions is only a secondary manifestation of some other 

metabolic disturbance caused by the deficiency. Certainly, 

iron is known to play an important role in many metabolic 

processes. In addition to its suspected rple in chlorophyll 

synthesis, iron is important as a prosthetic group of the 

cytochromes which have ipiportant roles in oxidative phos

phorylation and photophosphorylation (9, 74, 132). Iron 

is believed to be an important constituent of such enzymes 

as catalase, peroxidase, and succinic dehydrogenase (23, 

75, 99). It has also been found to be in the preparations 

of the soluble fraction of ribonucleic acid, although there 

is some question that it is an integral part of the acid 

(82, 165). Winder (176, 177) proposed that an iron deficiency 

primarily affected the synthesis of ribonucleic acid (RNA). 

Kessler (102) showed that inhibition of desoxyribonucleic 

acid (DNA) synthesis was reflected by a decrease in the 

soluble iron fraction. Obviously, an iron deficiency has 

a ramifying effect and this effect only serves to complicate 

any attempt to find the primary mechanism responsible for a 

chlorotic condition, assuming such a primary mechanism exists. 

Observations Associated with Chlorosis 

Many observations associated with iron an<J chlorosis 

have been recorded. Although the significance of these data 

in many cases is not well understood, it certainly deserves 

some consideration and may eventually contribute an insight 
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into the complete iron metabolic pattern. Certainly, any 

hypothetical mechanism must be able to account for these 

observations. 

It has been noted by Bacon est al. (10, 11) that 

there was a decline in aconitase activity in leaves of 

chlorotic plants as compared to the activity in healthy 

non-chlorotic plants. A similar observation had been noted 

by DeKock (46). It had previously been assumed by Dickman 

and Cloutier (50), that aconitase purified from animal 

tissues contained iron, since loss of enzyme activity during 

the purification procedure could be restored by the addition 

of ferrous ion. Simultaneous measurements of malic dehydro

genase activity by Bacon and co-workers showed that it was 

only slightly depressed by iron deficiency xriiile fumarase 

activity was slightly raised. Beutler (19, 21) noted that 

the aconitase activity in kidney of an iron deficient rat 

was lower than the activity in the kidney of a rat under 

normal iron nutrition. Furthermore, the aconitase activity 

in the kidney of an iron deficient rat could be restored to 

normal when iron was administered intragastrically. 

Brown and Hendricks (33) and Brown (31) showed that 

the relative activity of catalase was reduced in corn, 

tobacco, lupines and one variety of soybean when the iron 

supply was limited, but the activity of peroxidase was not 

much affected under the same conditions. Several workers 

(1, 12, 49, 89, 127, 170) have reported similar results with 
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leaves from other plants. On the other hand Nason et al. 

(123) reported that peroxidase activity was lowered in tomato 

leaves under iron deficient conditions as was the activity 

of lactic dehydrogenase, while polyphenol oxidase activity 
A 

was greatly enhanced. Brown and Steinberg (38) also demon

strated a reduced peroxidase activity in the leaf lamina of 

tobacco under iron deficient conditions. Beutler (19, 22) 

was unable to show a decrease in catalse activity with 

increased iron deficiency symptoms in the red blood cells 

of human subjects. He pointed out that blood w^s the only 

tissue that could be biopsied conveniently in human subjects, 

indicating that there might have been a significant difference 

in catalse activity with iron nutrition in other body tissue. 

Glenister (61) showed that respiration was depressed 

in the young chlorotic leaves of sunflower plants. Other 

workers have reported an increased respiration in chlorotic 

tissue (13). 

A reduction in cytochrome oxidase activity with low 

levels of iron in both green and albino sunflower leaf 

tissue was reported by Weinstein and Robbins (170). Beutler 

(19) was able to demonstrate a slight decrease in cytochrome 

oxidase activity in human vrtiite blood cells under iron 

. deficient conditions but since the determinations were so 

difficult, he did not regard the results satisfactory from 

a technical point of view. In measuring the cytochrome 
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oxidase activity in the heart and kidney of iron deficient 

and control rats, Beutler (20) found a small, but statisti

cally significant reduction in the activity of cytochrome 

oxidase in the kidneys of the iron deficient animals. The 

heart cytochrome oxidase activity was not altered signifi

cantly. Although cytochrome oxidase is believed to contain 

an iron porphyrin, several investigators (45, 59, 70, 85, 87, 

100, 111, 113, 147, 148), using nutritional studies, have 

shown that there was very often a good correlation between 

cytochrome .oxidase activity and copper content, tdiile a few 

added that there was no apparent correlation evident between 

oxidase and iron (147, 148). Using paramagnetic resonance 

spectroscopy, Sands and Beinert (143, 144) identified £ 

signal characteristic of the valency change for copper during 

cytochrome oxidase action. Other workers have supporrted this 

this conclusion (15, 16), Elvehjem (57) felt that copper 

affects the amount of iron converted to hemoglobin, and-

others (7, 128, 147, 148, 149) t>ave suggested that copper 

is essential in incorporating iron into a heme molecule. 

Other experiments (66) have shown that copper affects not 

only the absorption but the \ise of iron as well. 

McGeorge (120) reported that chlorotic leaves of 

dicotyledons contained more citfcic acid and less oxalic 

acid than healthy leaves. Iljin (88) found several times 

more citric acid in chlorotic apple and grape leaves than 
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healthy ones. DeKock and Morrison (48) observed that most 

types of chlorotic leaves contained more citric acid rela

tive to malic or oxalic acid while green leaves apparently 

contained large quantities of either malic or oxalic acid 

compared to citric acid. Su and Miller (160) showed sig

nificant increases of citric acid in chlorotic leaves with 

decreased malonic acid concentrations. Young and Shannon 

(179) found that malonic acid increased in the leaves of 

the bean plant with the onset of iron deficiency, although 

Rhodes, Wallace, and Rornney (140) noted that malonic acid 

could be increased or decreased under lime-induced chlorotic 

conditions. 

lljih (90) concluded that severe chlorosis stimulated 

the accumulation of nitrogeneous substances, especially amino 

acids in leaves of peanut, although it didn't appear to have 

much effect on the carbohydrate content. Holley and Cain 

(81) showed that an accumulation of free arginine was char

acteristic in blueberry, apple, and magnolia leaves afflicted 

with iron deficiency chlorosis, and further added that the 

disappearance of free arginine could be demonstrated in the 

case of blueberry leaves recovering from chlorosis. Brown 

et al. (35) reported that changes in amino acids and sugars 

were found in chlorotic and non-chlorotic plants. They felt 

that the changes were probably a result rather than a cause 

of the chlorosis. 
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Mouriquand (116) observed that in vitamin C deficiency 

in animals iron utilization was arrested. When vitamin C was 

administered to deficient animals, iron reserves were rapidly 

mobilized and iron was incorporated into the cytoplasm of 

erythroblasts. Altares (5) stated that the relationship 

between ascorbic acid and chlorophyll was higher in chlorotic 

plants than normal plants. 

Difficulties in Evaluating the Relationship Between Iron 

Metabolism and Chlorosis 

The foregoing discussion illustrates that an abundance 

of data is available concerning iron and chlorosis. Admittedly, 

much of the significance of these data is lessened because of 

the differences in experimental procedures and conditions, 

differences in plant species and plant tissues used, as well 

as in some cases, differences in the interpretation of similar 

data. Even assuming the abovementioned difficulties inconse

quential, the value of the mass of reported data is further 

limited because of the inability of investigators to differ

entiate *£1 ether it represents a cause or a result of chlorosis. 

By studying the effect of an iron deficiency on the general 

iron metabolism, such as the intracellular distribution of 

iron and iron enzymes, it is possible that some insight 

might be provided in differentiating whether certain data 

reflect a cause or a result of chlorosis. For example, it 

has been noted that cytochrome oxidase activity is sometimes 
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decreased under iron deficiency conditions. This decrease 

in cytochrome oxidase activity is an effect of the iron 

deficiency condition but the question remains whether the 

decrease in cytochrome oxidase activity is a cause pr effect 

of the chlorotic condition. Since the decrease in activity 

will be associated with a specific intracellular fraction, 

it follows that it could also be associated with a particu

lar function, the latter association better helping to 

differentiate whether the observation represents a cause 

or a result of-chlorosis. Certainly, the data are of 

greater value if an intracellular differentiation can be 

accomplished. 

Skok and Mcllrath (152, 153) studied the distribution 

of boron in the plant cell in relation to boron deficiency 

and availability. Stocking and Ongum (159) studied the 

intracellular distribution of calcium, magnesium, nitrogen, 

potassium and sodium in bean and tobacco leaves. Perur (135) 

investigated the intracellular distribution of iron in com 

and soybean leaf tissue. Several investigators (63, 101, 

117, 138, 146, 154, 155, 161) studied the intracellular 

distribution of enzymes in various tissues. 

Unquestionably, there are difficulties even in this 

intracellular approach. Any metabolic system, or any system 

for that matter, that is removed from its natural environment: 

is, at best, altered. While results obtained with tissue 

homogenates and subsequent homogenate fractions should be 
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accepted with some reservation, the technique is still use

ful when supplemented with controls (62). As Goddard and 

Stafford (62) aptly stated, "Science advances by a series 

of successive approximations, and imperfect experiments are 

better than none.** They further pointed out that the recent 

tremendous advances in the field of enzyme chemistry have 

been accomplished in large measure by this type of experi

mentation. 

Methods for the Mass Isolation 
of Intracellular Components 

Many techniques have been developed for the mass 

isolation of intracellular components and numerous reviews 

(6, 54, 62) are available on the subject. 

Method for Tissue Preparation 

Bonting (28) pointed out that various results could 

be obtained depending on the method of tissue preparation 

employed. In testing five different methods he found that 

freeze drying gave the highest results for :his enzyme 

studies. 

Homoeenization Medium 

A suitable medium for the homogenization procedure 

must be used. Neish (124) noted that chloroplasts swelled 

and disintegrated after a few miniates in distilled water. 

When 0.5 M glucose or sucrose solutions were used instead 

of distilled water, the preparation obtained consisted of 
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many intact phloroplasts. Schneider (146) has shown that 

isotonic saline solutions used fqr the differential centri-

fugation of rat tissue homogenates resulted in extensive 

agglutination of the mitochondria, so that the fraction 

that he obtained at a low relative centrifugal forcfc con

tained a mixture of nuclei and 40 to 80 percent of the 

mitochondria. Hogeboom et al. (80) previously had noted 

that agglutination was greatly decreased when homogenates 

were made in isotonic or hypertonic sucrose solutions. Some 

workers (69, 95) have recommended the use of large organic 

molecules like polyvinylpyrrolidone (PVf) or parbowax in 

the homogenizing medium which would serve to protect thp 

intracellular particulates from excessive damage from the 

shearing forces of the blades on the homogenizer. Green

field and Price (69) showed that catalase activity was 

better preserved under such conditions. Other investiga

tors (94, 95, 132, 133, 157) have suggested the use of 

ethylenediaminetetraacetic acid (EDTA) in the homogenizing 

medium on the presumption that calcium and any metal ions 

freed in the homogenizing procedure could be chelated with 

the EDTA and thus be prevented from being adsorbed on loca

tions where they migfrt not have been otherwise located. 

Still other workers have resorted to non-aqueous homogen

izing media (14, 103, 137, 158, 159). Stocking (158) has 

pointed out that though the non-aqueous method of preparation 



suffered from difficulties associated with the use of lipid 

solvents, it was still very useful as a supplement to the 

aqueous method in the study of the intracellular distri

bution of enzymes in leaves. Obviously, aqueous media 

have the disadvantage of removing water soluble enzymes. 

The homogenizing medium is usually buffered as close to 

metabolic conditions as possible with either a phosphate 

pair (95) or trishydroxymethylaminomethane (Tris) buffer 

(94) of sufficient buffer strength. Hagen and Jones (71) 

showed that catalase activity associated with plastids was 

pH sensitive. 

Homottenization Procedure 

The actual disruption of Whole tissue into intra

cellular components can be accomplished in several ways. 

A high speed homogenizer such as an Omrii or VirTus n45N 

mixer ftaNS been employed by various workers (103, 180). 

Food blenders have been commonly employed (95, 104). Hughes 

and Nyborg (86) recommended disruption by ultraound. Some 

investigators ground tissue using sand or emery powder 

in a mortar and pestle (133, 152, 153, 173) and still 

others used a tube whose inside diameter approximately 

equalled the outside diameter of a pestle. The rotating 

pestle was plunged down through the tube containing the 

tissue to be homogenated. The method chosen is usually 

dictated by the objective of the procedure.and, of necessity 
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requires careful preliminary work with supporting microscopic 

observation. Plant tissue usually requires the more drastic 

of the abovementioned procedures (Omni mixer) than does 

animal tissue, because of the cell walls in the former. 

Separating Particulate Fractions 

Once the tissue is broken up and the intracellular 

particulates are suspended in the homogenizing medium, the 

problem of separating the different particulates can be 

accomplished by various techniques. Very often a cheese 

cloth is first employed to remove what was generally referred 

to as gross debris (108, 157, 180). The most common procedure 

employed to separate intracellular particulates is differential 

centrifugation, a method which attempts to separate the intra

cellular components from each other on the basis of their size 

and density. This procedure, though widely used, has its 

limitations since many times different intracellular partic

ulates are of the same size and density. For example, 

proplastids could conceivably be the same size and density 

as mitochondria. It is also quite possible that in the 

homogenization procedure the larger individual particulates 

could be broken which would result in these small broken 

fragments separating with the smaller particulate fractions, 

e.g. broken plastid fragments could separate with the mito

chondria fraction. Thomson and MLkuta (161) reviewed the 

work of several workers who concluded that most intracellular 



fractions were much more heterogeneous than such labels as 

^mitochondria" and "microsomes" implied. Weier and Stocking 

(171) in reviewing the literature related, to the biochemical 

studies of isolate^ chloropilasts pointed out that in all 

cases various cellular contaminants were always present 

and though the investigator usually recognized their 

presence, they were frequently not given proper Considera

tion in the general conclusions that could be drawn from 

the investigation. Leech and Ellis (105) attempted to 

determine to what extent the presence of mitochondria in 

chloroplast preparations could account for features gen

erally associated with chloroplasts. They concluded that 

chloroplasts did not exhibit cytochrome oxidase activity 

unless they were contaminated with mitochondria. Ducet 

and Rosenberg (53) further emphasized that the mitochondrial 

fraction from green leaves was always green, indicating 

contamination from chloroplast fragments. Newcomer (126) 

tried to discern whether all the particles in the general 

size range of mitochondria were identical particles, some 

of which might remain as mitochondria and others,, possibly1 

proplastids, might differentiate into pLastids. He decided 

to call all such particles mitochondria even if they 

exhibited different biochemical functions. Thip suggests 

that; there may be some subtle relationship between chloro

plasts and mitochondria. As a matter of. fact, this idea 



24 

is someWhat supported by the results of Wildman jgt al. (175) 

who showed that chloroplasts seemed to contain protuberances 

that broke off to form particles that resembled mitochondria. 

Likewise, mitochondrial particles seemed to coalesce with 

chloroplasts. If such proves to be the case, cross con

tamination between chloroplasts and mitochondria could be 

interpreted as an expected result, although it would further 

limit interpretation of the data. Density gradient centri-

fugation (54, 161) has been used with varying degrees of 

success in accomplishing separation of intracellular partic

ulates. This method employs layered sucrose solutions (or 

other suitable homogenizing medium) of varying concentrations. 

The intracellular particulates then accumulate in the layer 

containing the concentration of sucrose that is most closely 

equivalent to the density of the particulate fraction. 

Even though the methods employed in assessing the 

intracellular distribution of iron and iron enzymes in 

plant tissue have their limitations, as previously stated 

(62) the techniques are still useful when properly supple

mented with controls. 

The mass of material presented in this brief review 

illustrates that confusion exists surrounding iron metabolism 

and chlorosis. Although an effort is made in this report 

to clarify some of the confusion surrounding the cause or 

effect significance of data as it is related to chlorosis, 

no attempt is made specifically to evaluate all the different 



methods employed by various workers, which methods are 

responsible for the data that are obtained and the subse

quent conclusions that are reported. No doubt, much of 

the confusion is more a reflection of differences in 

experimental methods and procedures than other causes. 

Nevertheless, considerations of methods employed by other 

workers as well as those employed in this investigation 

will be described in the text when* comparisons are made 

with results reported herein. 



METHODS AND MATERIALS 

Greenhouse Work 

Two separate groups of tomato plants were grown at 

different times, one group to accomplish the first objective 

of this investigation, and a second group grown one year 

later, to accomplish the second objective. The methods 

employed in growing the two groups of plants were the same 

except for a few modifications developed as a result of 

experience. No changes that would affect the final results 

were made in the method. To avoid repetition only the last 

growing is described here. 

Tomato plants, Lvcoftersicon esculenturn, variety 

Early Pak, were chosen as the plant for this investigation 

because they had previously been used in a similar experi

mental investigation conducted in this laboratory, invol

ving the micronutrient copper (109). In the event that 

future comparisons between the two investigations might 

prove beneficial, it seemed advisable to use the same 

plant for this study to preserve every source of validity 

that might be available in making such a comparison. 

1 2 Tomato seeds were germinated in polyethylene beads set 

^Supplied by Ferry Morse Seed Co., Mountain View, 
California. 

2 
No. DYNH-3 beads purchased from Bakelite Co., 

Los Angeles, California. 

26 
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in plastic cups especially prepared for this purpose (68)• 

About 10 tomato seeds were placed ;just below the surface 

layer of the beads in the plastic cup, and then the plastic 

cups were inserted into a one-eighth inch plexiglass sheet 

containing holes that had been cut the proper diameter so 

as to retain the plastic cups by the lips around their tops 

(68). The plexiglass sheet (containing several plastic 

cups suspended by the lips of the cups) was then placed 

into a 12-liter polyethylene container which held suffi

cient deionized water (distilled water passed through a 

mpnobed exchange resin) so that the bottom surface of the 

cup, covered only with Saran screening which served to con

tain the polyethylene beads, was submerged about one-fourth 

inch into the deionized water. The tops of the cups were 

covered with moist paper towels. Several times during the 

day the paper towel covers were removed and small amounts 

of deionized water added directly to the surface of the 

beads that were immediately above the germinating tomato 

seeds. 

About five days after germination the deionized 

water was removed from the 12-liter polyethylene container 

and was replaced by a Hoagland No. 1 solution (78) that had 

been modified to replace their iron source with ferric 

ethylenediamine di(o-hydroxyphenylacetic acid) (Fe EDtyHA) 

3 
Supplied by the Geigy Chemical Corporation, Yonkers, 

New York. 



commercially sold as Chel 138. Preliminary studies had 

been conducted to determine the minimal amount of iron 

necessary for normal growth in this variety of tomato to 

avoid any mis representative results that might occur 

because of possible "luxury consumption." This was deter

mined to be 1.00 ppm iron supplied as Fe-EDDHA. Although 

a marked decrease in yield was noted for plants grown in 

0.1 ppm iron, a striking chlorosis did not occur until the 

concentration was reduced to 0.05 ppm iron, and so this 

latter concentration was used as the deficiency level 

treatment. An attempt was made to include a completely 

minus iron treatment but the plants receiving this treatment 

died a short time after emergence. In summary, the 12-rliter 

polyethylene containers were divided into three groups: 

one group containing the modified Hoagland No. 1 nutrient 

solution with 1.0 ppm iron as Fe-EDDHA; a second group 

containing the modified Hoagland No. 1 solution with 0.05 

ppm iron as Fe-EDDHA; and the third group containing the 

modified Haogland No. 1 nutrient solution with no added 

iron. The plants from the third group were discarded after 

about two weeks because all of the plants died. Consequently, 

no results are recorded concerning this group. 

Each 12-liter polyethylene container, holding the 

nutrient solutions, was continually aerated with washed 

compressed air. The nutrient solutions were adjusted with 
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1 M KOH to maintain a pH value of 6.5. The pH value of the 

solutions was checked daily and the level of solution in 

each container was adjusted twice daily with deionized 

water. Nutrient solutions were changed weekly during the 

earlier stages of growth, and with greater frequency during 

the latter stages of growth. 

Harvesting of Plants 

Plants were harvested at three different stages of 

growth. Plants at a very young stage of development were 

desired but consideration had to be given to the amount of 

plant tissue produced. It was 40 days following seeding 

before sufficient plant material was produced i,n the plants 

grown in 0.05 ppm iron nutrient solutions so that the pro

posed analyses could be conducted to meet the first objec

tive. The second sampling was harvested at 52 days and 

the third at 80 days to complete the sampling to meet the 

first objective. To meet the second objective, samples 

were harvested at 30 days, 50 days and 70 days. The length 

of time between samplings was dictated entirely by whether 

sufficient visual change in the size or in the condition 

of the plant had occurred. 

The procedure used for harvesting the tissue was the 

same for all plants regardless of the treatment or time of 

sampling. Plants were separated into leaf, stem and root 
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portions with the aid of stainless steel surgical scissors. 

The petioles were included with the stem tissue. No attempt 

was made to separate the midrib of the leaf from the other 

portion of the leaf blade. As the separate tissue was 

harvested, it was immediately weighed, quickly rinsed in 

a 0.0001 N HCl solution and then rinsed two additional times 

in deionized water. The sample was then placed in a poly

ethylene freezer bag, sealed and frozen in Dry Ice. The 

harvested plant tissue was then stored in a freezer at -18^* 

Before use, the tissue was lyophilized in ar mechanically 
refrigerated lyophilizer. The lyophilized dry weight was 

then determined. The data to be reported in future sections 

are on a lyophilized dry weight basis. A Wiley mill with a 

stainless steel screen of 60 mesh was used to grind the 

tissue. Plastic wide mouth bottles (250 and 500 ml.) were 

used to store the ground tissue in the freezer prior to 

tissue homogenizations. 

Analytical Procedures 

One gram of plant material was placed in approxi

mately 25 ml. of cold 0.3 M sucrose which was buffered to 

pH 7.00, with 0.2 M monobasic potassium phosphate and dibasic 

sodium phosphate. The sucrose was used to minimize possible 

aggregation of the intracellular particulates after the 

plant tissue was homogenized. The sucrose was buffered 
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at pH 7.00 to approximate .in vivo pH conditions and some

what minimized any variables that would have been intro

duced as a result of pH changes. 

The homogenization process was carried out in two 

distinct steps. First, the plant material which was placed 

in the sucrose buffer solution was homogenized for ten 

minutes in a Vir-Tis "23" homogenizer at a RPM correspond

ing to a dial reading of 70. Although a faster rate was 

obtainable on this instrument it was noted that excessive 

foaming occurred, particularly with leaf tissue, if faster 

speeds were used. It was also noted, with the use of phase 

microscopy, that any increase beyond 10 minutes in the 

length of time that the plant sample w&s homogenized did 

not improve the degree of homogenization. As a matter of 

fact, when centrifugation was used on the plant material 

that had been homogenized in the above manner, even if 

allowed to homogenize for one hour, without carrying out 

the second homogenization step, it was found that it was 

virtually impossible to duplicate the weights of pellets 

obtained at equivalent relative centrifugal forces even 

though the same weight of replicate plant material was 

used initially. Phase microscopy revealed many intact 

cells indicating that an improvement in the homogenization 

procedure was necessary. For this reason a second step in 

the homogenization procedure was introduced which included 
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a glass-teflon type of homogenizer. A preliminary study 

of the homogenization procedure utilizing the Vir-Tis M23w 

homogenizer alone, the glass-teflon type homogenizer alone, 

as compared to the results of plant tissue homogenized in 

a combined two step procedure utilizing both homogenizers, 

showed the two step procedure to be superior. The second 

step of the homogenizing procedure consisted of making three 

conplete strokes through the prehpmogenized suspended plant 

material, i.e. three passes of the rotating teflon pestle 

through the complete length of the glass homogenizing tube. 

It should be noted here that Skok and Mcllrath (152, 153), 

in their study of the intracellular distribution of boron, 

prepared their intracellular fractions by the procedure 

used by Gordon (63). Gordon's procedure included grinding 

tissue in a chilled motar with the aid of acid washed sand 

in 50 ml. of a phosphate buffer, 0.2 M, of pH 7, made 0.3 M 

with sucrose. No doubt this procedure was adequate from a 

satisfactory homogenization viewpoint, but preliminary 

investigations in this laboratory showed acid washed sand 

to be very unsatisfactory from a micronutrient viewpoint 

and more especially when iron was one of the micronutrients 

being investigated. Results showed that sand washed with 

concentrated HC1 continued to release significant amounts 

of iron over an extended period of time (68). Although 

Gordon*s homogenization procedure could have been adequate 
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for the work of Skok and Mcllrath since they were studying 

the distribution of boron in intracellular particulates*, it did 

not seem advisable to utilize this procedure in the iron 

studies conducted in this laboratory. The two step homo-

genization procedure described above was therefore \*sed to 

accomplish the first objective of this investigation. 

A modification of the centrifugation procedure 

used by Skok and Mcllrath had to be utilized. Skok and 

Mcllrath strained the homogenate through a 200-mesh nylon 

cloth and designated the material that passed through the 

cloth as the homogenate filtrate and that material remain

ing on the cloth as the homogenate residue. They then 

separated the various cellular components from the homo

genate filtrate by differential centrifugation. An attempt 

to duplicate this procedure proved unsuccessful in this 

laboratory in that it was impossible to quantitatively 

remove the homogenate residue from the nylon cloth. One 

apparent reason for this difficulty was in the fact that 

only one-gram samples of lyophilized plant tissue were 

being used in this study, whereas Skok and Mcllrath were 

using 25 gm. samples (fresh weight) making the loss of 

plant material on the cloth less significant in their case.. 

Therefore, in this study the complete homogenate was centri*-

fuged into various cellular components. This was accomplished 

by calibrating the relative centrifugal forces obtained on 

the International Refrigerated Centrifuge with the corresponding 
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particulate fractions such as cell debris, nuclei, plastids 

and mitochondria. The various particulate fractions were 

identified employing phase microscopy. It was not possible 

to obtain an absolute separation of the various intracellular 

components. Nevertheless, after a thorough calibration 

procedure in which particulate fractions were obtained at 

RCF's varying by increments of 500 x G's between 100 x G 

and 24,000 x G it was concluded that most of the cell wall 

along with general debris was removed at 100 x G, while 

most of the nuclei and plastids were collected at 1500 x G. 

The heaviest concentration of mitochondria were removed at 

24,000 x G. A further attempt was made to "clean up'1 the 

cell wall fraction by density gradient centrifugation using 

layered sucrose solutions of concentrations varying from 

0.5 M to 2.0 M. Although a minimal amount of success was 

achieved, the results were not considered beneficial enough 

to warrant including this process in the procedure thus far 

described. 

Extreme difficulty was encountered in trying to 

decant the supernatant from the pellet brought down at 

100 x G. the pellet would tend to mix with the supernatant 

material to such an extent that it was even difficult to 

duplicate the pellet weights of replicate samples. A simple 

apparatus was devised which successfully "sucked" the super

natant from over the pellet without disturbing the pellet. 
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This method proved to be successful enough that the weights 

of replicate pellets collected at 100 x G could be duplicated. 

Further difficulty arose when an attempt was made to 

determine the weight of a pellet once it had been centrifuged 

and dried in an oven. This weight, of course, was necessary 

if iron concentration was to be expressed on a per unit 

particulate fraction basis which seemed to be the most 

logical basis to make comparisons. The difficulty encountered 

in determining this weight was due to the fact that the pellet 

was originally suspended in a 0.3 M sucrose solution. As a 

matter of fact, the concentration of sucrose present was cal

culated to be of such significance to indicate that a major 

proportion of the weight of the pellet at this point had been 

due to the weigjht of the sucrose. Further investigation 

utilizing a polarimeter and the optical properties of sucrose, 

showed that three successive water washes, with a centrifuga-

tion to bring down the pellet with each wash, were necessary 

to remove the sucrose from the pellet. Skok and Mcllrath 

mentioned that corrections were made for added sand and 

sucrose but in personal correspondence they indicated that 

they assumed the weight of the sucrose to be insignificant 

and therefore disregarded it. Again, they might well have 

been justified in doing so in that they were using 25 gm. 

plant samples compared to the 1 gm. samples used in this 

study. In general, the centrifugation procedure used in 
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this study was to bring the pellet down at the prescribed 

RCF. The pellet was then washed once with the sucrose 

bu££er solution. This washing was added to the balance 

of supernatant which was to be subjected to further 

cent r If ligations at higher RCF's. The pellet was then 

washed three successive times with deionized water with 

each water wash retained in separate beakers for iron 

analysts, and then the pellet was removed to a tared 

beaker and dried in an oven for 24 hours at 1009C« After 

drying, the weight of the pellet was determined and then 

the pellet was oxidized using a 1:1 mixture of nitric and 

perchloric acids. Iron was determined by the orthophenan-

throline procedure (91). 

The basic analytical experimental procedure to 

accomplish the second objective of this investigation was 

the same as for the first objective except for the follow

ing modifications: 

1. Homogenization was accomplished by a recently 

acquired high speed Vir Tis "45" homogenizer. Preliminary 

investigations showed that plant tissue homogenized for 

10 minutes by this new homogenizer was as effective, if 

not more so, than the two step procedure previously 

described to accomplish the first objective. Excessive 

foaming was eliminated by using a small amount of Dow 

Corning silicone anti-foaming reagent, type A spray, which 



proved to have no effect on the subsequent iron analyses 

that were performed. 

2. Instead of using the complete amount of each 

pellet from the original one-gram sample homogenized for 

a single analysis, each pellet was diluted to a volume of 

25 ml. with deionized water. Preliminary investigation 

showed that by taking equivalent 5.0 ml. aliquots from 

an adequately mixed 25 ml. suspended pellet, that there 

was never a greater difference between the oven dried 

masses of the two aliquots than 0.2 milligrams. Therefore, 

from a 25 ml. suspended pellet, a 1.5 ml. aliquot was used 

for a total oxidase activity determination. Another 1.5 

ml. aliquot was used for a diethyldithiocarbamate inhibited 

oxidase activity determination, vihich was taken to represent 

an approximation of the cytochrome oxidase activity. A 

third 1.5 ml. aliquot was used for estimation of the total 

oxygen consumed in respiration, and the remaining 20.5 ml. 

was used to obtain the oven dry weight of the aliquot. 

After this it was oxidized and used for a total iron 

determination as described for the first objective. 

3. Each pellet was washed three times with deionized 

water, and instead of saving the water wash in separate 

containers, it was added to the balance of supernatant 

which was to be subjected to further centrifugation. The 

sucrose buffer washing of the pellet was eliminated to 
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reduce the large volume of supernatant that was collected 

with each centrifugation because o£ the added water washes. 

Even though adding the water washes to the supernatant had 

the effect of diluting the concentration of sucrose and 

phosphate buffer, subsequent investigation showed this 

to have no effect on the intracellular separations. Diffi

culties in analyses conducted on the final supernatant 

volume were eliminated by diluting all of the final super-

natants collected to 250 ml. and taking aliquots from this. 

An attempt was made to determine the cytochrome 

oxidase activity of the homogenates to comply with the 

second objective of this investigation. Hartree (73) has 

written an excellent review describing the difficulties 

that have been encountered in trying to measure the cyto

chrome oxidase activity of homogenates. It is impossible 

to use a spectrophotometry procedure because of the nature 

of the homogenate and the subsequent turbidity it imparts 

when added to the solution to be measured. An alternative 

procedure is a manometric technique that measures the 

increased uptake of oxygen as a response to an added 

substrate. Unfortunately, the logical choice of a sub

strate, cytochrome C, can not be employed as such because 

of its large molecular weight (13,000) and the limitation 

that is imposed because of the small volume of the Warburg 

flask. It would be virtually impossible to get a measurable 
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response to the comparatively small amount of cytochrome C 

that could be added to a Warburg flask. This problem can 

be circumvented by using a reducing agent such as ascorbic 

acid, p-phenylenediamine, or hydroquinone as the substrate 

(164). Any of these compounds would serve Co maintain a 

small amount of added cytochrome C in the reaction chamber 

in the reduced state, allowing oxygen to be consumed at a 

rate that would be dependent on the amount of cytochrome 

oxidase present in the homogenate. Again, about as many 

new problems are created as are alleviated by the new choice 

of substrates. In addition to acting as a substrate for 

cytochrome C and subsequently cytochrome oxidase, this new 

choice of compounds will also act as a substrate for ascorbic 

oxidase and polyphenol oxidase, both of tdiich are present in 

plant material (96). Several investigators have suggested 

the use of metabolic inhibitors tb differentiate the differ

ent types of oxidases present, but heedless to say the use 

of inhibitors is also fraught with difficulties. Hartree 

(73) presented evidence of James and Garton (97) to show 

that diethyldithiocarbamate completely inhibited ascorbic 

oxidase activity in barley leaves and polyphenol oxidase 

activity in mushroom but only slightly inhibited cytochrome 

oxidase activity in barley embryo. Many other compounds have 

also been suggested as inhibitors to differentiate between 

the different types of oxidases that might be present. 
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Preliminary investigations showed that ascorbic acid 

gave the best response when used as a substrate with the 

tomato leaf homogenates. This may have been due to the 

presence of ascorbic oxidase since subsequent investiga

tions using 0.01 M diethyldithiocarbamate as an inhibitor 

greatly reduced the response caused by ascorbic acid, 

particularly in the cell debris fraction. 

The two methods employed for enzyme assays in this 

investigation were used as described by Umbreit (164) for 
v 

cytochrome oxidase activity, and modified by using the follow

ing amounts of materials: 

Method 1. 0.2 ml. KOH (15%) center well 

0.5 ml. cytochrome C (6.0 x 10" M) 
1.0 ml. water "" 
0.5,ml. phosphate buffer pH 7.0 (0.1 M) 
1.5 ml. nomogenate "" 

reaction 
vessel 

0.3 ml. ascorbic acid (0.25 M) side arm 

Method 2. The same materials as method 1 except that 1.0 
ml. of 0.01 M diethyldithiocarbamate (DDC) was 
substituted Tor the 1.0 ml. of water in the 
reaction vessel. 

The first method was considered to give a measure of 

the total oxidase activity including ascorbic, polyphenol 

and cytochrome oxidases, while the second method gave a 

measure of the diethyldithiocarbamate (DDC) inhibited 

oxidase activity which was taken to represent an approxi

mation of the cytochrome oxidase activity. It is of interest 

to note that a preliminary investigation showed that DDC 
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inhibited oxidase activity was equivalent to the difference 

in activity obtained using 0.30 M hydroquinone as the sub

strate with and without cytochrome C in the reaction chamber. 

At least this gives some support to the justification of 

using DDC inhibited oxidase activity as an approximate 

estimate of cytochrome oxidase activity. 

All manometric techniques were conducted using a 

Refrigerated Warburg Respirometer with calibrated Warburg 

vessels. Endogeneous rates, although checked in all cases, 

were considered insignificant and not taken into account. 

All reaction times were for 30 minutes. 

Respiration was determined by the procedure described 

by Umbreit (164) using the following volumes of materials: 

0.2 ml. KOH (15%) center well 

1.5 ml. water 
0.5 ml. phosphate buffer (0.1 M) 
1.5 ml. homogenate 

0.3 ml. glucose (10%) side arm 

4.0 ml. total 

An additional experiment was conducted to determine 

whether iron, vdiich might have been released from one 

particulate fraction during the homogenization procedure, 

could be preferentially sorbed by another type of particu

late fraction. To evaluate the problem three microcuries 

59 4 
of carrier free Fe as ferric chloride were added to a 

4 
Supplied by Oakridge National Laboratories, Oak 

Ridge, Tennessee. 
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freshly homogenized buffer medium as previously described. 

The radioiron and homogenate were allowed to equilibrate, 

with occasional stirring, for two days. After the two days, 

successive pellets were removed at relative centrifugal 

forces of 100 x G, 1500 x G, and 24,000 x G. Each pellet 

was washed three times with deionized water, and the water 

washes saved in separate containers. Counts were made on 

aliquots from each of the threfe different pellets, and on 

an aliquot of the supernatant. Counts were taken on the 1.29 

59 Mev. gamma energy peak emitted by Fe . All counts were made 

with a Nuclear Chicago scintillation spectrophotometer (includ

ing a Nuclear Chicago model 1810 radiation analyzer coupled to 

a model 192A ultrascaler) utilizing a sodium iodide crystal 

impregnated with thalium. 

In all cases the tissue analyzed was a composite of 

at least 20 separate plants. Most recorded values in the 

overall investigation were the mean of duplicate determina

tions. There were a few recorded values that were the result 

of just a single determination, but these occurred only when 

sufficient plant material was not available to make duplicate 

determinations. 

No special statistical design or analysis was employed. 

However, every effort was made to control variables within the 

limitations of the facilities that were available for use. 

The recorded results were taken to be indicative of a general 
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trend when such was indicated, but no attempt was made to 

attach absolute values to these data. 

The use of composite samples probably helped to 

minimize the variation within the different plants but 

since no statistical design was employed, it was impossible 

to measure this variation. Considerations can be made for 

the expected variation inherent in the analytical procedures 

employed. In the orthophenanthroline procedure a determina

tion of +1.0 ng. of iron was observed over the concentration 

range used. This amount of iron could reflect considerable 

error when expressed on a concentration basis with respect 

to an individual particulate fraction, particularly when an 

extremely small amount of sample was used in the determina

tion. This can be illustrated by the observations recorded 

for the mitochondrial fraction of chlorotic leaf tissue in 

Table 8. If a 1.0 jag. error was recorded for a 0.0270 gm. 

sample, this would amount to 37 ppm which is 32 percent of 

the recorded value. When a larger sample size is employed, 

as in the case of the cell debris, such a consideration is 

negligible. This error due to the analytical procedure was 

someuhat minimized since the recorded results were the mean 

of duplicate samples in most cases. There -was never an 

average deviation between duplicate determinations of greater 

than 15 percent when calculated on the basis of a particulate 

fraction and in most cases it was much less. 
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The manometric technique employed for the oxidase 

activities was quite precise. A manometer reading of 0.1 

ill. was considered well within the precision of the instru

ment. The method was especially adaptable for small amounts 

of material and it should be noted that the results were 

recorded on the basis of a mg. of particulate fraction. 

If 0.1 til. were recorded for 0.0270 gm. of sample the net 

result would be an error of 0.004 |il. of oxygen per unit 

time per mg. of particulate fraction or 0.5 percent of the 

recorded result. The average deviation between duplicate 

samples used for the manometric technique for the oxidase 

determination was never greater than 0.3 percent. 



RESULTS AND DISCUSSION 

Terminology 

It is difficult to obtain clearly separated intra

cellular particulates (54, 62). Some of the significance 

of this investigation may be masked because of cross con

tamination between intracellular particulates. Recognizing 

this difficulty, the following terms will be specifically 

defined as follows: 

Cell Debris.--Pellet that is recovered at an RCF 

of 100 x G. 

Plastid and Nuclei Fraction.--Pellet that is 

recovered at an RCF of 1,500 x G. 

Mitochondrial Fraction.--Pellet that is recovered 

at an RCF of 24,000 x G. 

Supernatant.--Supernatant after pellet is removed 

at 24,000 x G. 

When an investigator is not sure tfiat his method is 

doing, he can always define what he is doing by his method. 

This has been a practice established by many investigators, 

e.g. "active iron" is defined as that iron which is extract-

able with 1 N HC1. Whether the method itself is employed 

as the specific term or whether what the method is supposed 

45 
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to accomplish is employed as the specific term doesn't 
• 

really make much difference, in that the same implications 

are always present. Attention will be given to any differ

ences that may arise as a result of the inconsistencies 

between the above given definitions and the more commonly 

accepted definitions when such a consideration seems 

important to the conclusion. 

Effect of Homogenization on Intracellular 
Distribution of Radioiron 

Table 1 contains the recorded results of the radio-

iron experiment that was designed to determine if the homo

genization procedure itself might have an effect on the 

intracellular distribution of iron. 

If any soluble iron released during homogenization 

were to be preferentially sorbed by a particulate fraction> 

results obtained in the intracellular study of iron would be 

of limited value. A second treatment, 0.01 M ethylenediamine-

tetraacetic acid (EDTA) added to the homogenizing medium, was 

also included to evaluate the effect that EDTA would have on 

the intracellular distribution of the added radioiron, since 

some workers (94, 95, 132, 133, 157) recommended its use in 

the homogenizing medium. 
j ! 

The results show that 70 percent of the added radio-

iron was recovered in the supernatant fraction which contained 

no measurable total iron as determined chemically by the 
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TABLE 1.--Intracellular Distribution of Radioiron Added to the 
Homogenate. 

Intracellular 
Fraction 

Total 
Fe 
Hg-

Proportion 
of Total Fe 
in Tissue 

% 

Radio
activity 
cpm 5 

Proportion 
of Added 
Radioiron 

% 

Cell Debris 115.0 88 12,050 12 

Cell Debris 
Water Wash 

3.4 2 9,433 9 

Plastid and Nuclei 9.0 8 3,526 3 

Plafetid^and Nuclei 
Water Wash 

0.0 0 1,733 2 

Mitochondria 3.6 2 2,900 3 

Mitochondria 
Water Wash 

0.0 0 917 1 

Supernatant 0.0 0 72,433 70 

EDTA Treatment 

Cell Debris 9,266 10 

Cell Debris 
Water Wash 

1.0 7.433 8 

Plastid and Nuclei 5.2 2,017 2 

Plastid and Nuclei 
Water Wash 

0.0 1,017 1 

Mitochondria 2.7 2,008 2 

Mitochondria 
Water Wash 

0.0 767 1 

Supernatant 0.0 67,213 75 

^A background of 2 
values. 

CPM has been subtracted from these 
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orthophenanthroline procedure. It should be mentioned that 

the source of radioiron was essentially carrier free and 

the amount that was initially added to the homogenate was 

not sufficient to be measured chemically by the orthophen

anthroline procedure. This seems to indicate that initially 

soluble iron or any iron liberated from one type of particu

late fraction by the homogenizing procedure probably would 

not be sorbed by a different particulate fraction, at least 

in measurable quantities and under the conditions of this 

experiment. This is convincing evidence that the large 

amount of iron associated with the cell debris is not an 

artifact due to the methods of homogenization and isolation. 

It is of further interest to note that an additional 12 per

cent of the radioiron appeared in the combined water washes 

of the three different particulate fractions. In the adopted 

procedure of the second objective of this investigation each 

water wash was added to the successive supernatant so that 

the resultant supernatant in this case might be expected to 

contain the additional 12 percent of radioiron from the water 

washes for a total of about 82 percent of the added radioiron. 

About 12 percent of the added radioiron did appear with the 

ceil debris fraction. However, considering isotopic exchange 

and the fact that 88 percent of the total chemically measurable 

iron also appeared in this fraction, the relative amount of 

radioiron present was far less than would be expected if 

preferential sorption were taking place. 
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The EDTA treatment seemed to show only a slight (but 

significant) effect on the distribution of ra^io- and total 

iron when compared to the results from the treatment that 

contained no EDTA. There was a 5 percent increase in the 

amount of radioiron that remained in the supernatant fraction 

of the EDTA treated sample compared to the supernatant that 

contained no EDTA. Correspondingly, there was a slight 

decrease in the percent of radioiron that was retained by 

all the other fractions in the EDTA treated sample as com

pared to the sample not treated with EDTA. Because the 

effect of EDTA was slight, and because of the possibility 

that EDTA might cause side effects that would "be difficult 

to evaluate, it was not included in the homogenizing medium 

used in the overall study. 

General Effect of Iron Treatment 
on Plant Growth 

The effect of the iron treatments on the growth of 

tomato plants is recorded in tables 2 and 3. These data 

appear graphically in figures 1 and 2. The data in figure 

1 show only a slight increase in the overall dry weight of 

the non-chlorotic tissue between the 40th and the 52nd day. 

As a matter of fact, the data in figure 2 show that there 

was actually a decrease in the total dry weight of the leaf 

tissue between the 40th and 52nd day. This is partly due 

to the fact that the leaves of the non-chlorotic plants 
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TABLE 2 , —Total Dry Weight and Iron Content in Plant Parts of 
Tomato Grown Under Chlorosis Producing Conditions at Different 

Stages of Growth. 

Plant Part Fe 
ppm 

L 
Dry Wt. 
gm. 

Total Fe 
tig. 

Age 40 Days 

Leaf 90.8 13.0 1180.4 

Stem 41.5 9.5 394.3 

Root 96.1 6.1 586.2 

Total 75.6 28.6 2160.9 

Age 52 Days 

Leaf 115.5 19.5 2252.3 

Stem 36.5 28.3 1033.0 

Root 112.3 9.9 1111.8 

Total 76.2 57.7 4397.1 

Age 80 Days 

Leaf 218.6 35.8 7825.9 

Stem 44.8 60.0 2688.0 

Root 111.6 17.5 1953.0 

Total 110.0 113.3 12466.9 

^Dry weights referred to in this table and all others 
represent lyophilized samples unless otherwise stated. 
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TABLE 3.--Total Dry Weight and Iron Content in Plant Parts of 
Tomato Grown Under Non-Chlorosis Producing Conditions at Dif

ferent Stages of Growth. 

Plant Part Fe 
ppm 

Dry Wt. 
gm. 

Total Fe 
ng. 

Age 40 Days 

Leaf 70.9 26.9 1907.2 

Stem 54.0 20.8 1123.2 

Root 111.0 8.6 954.6 

Total 70.8 56.3 3985.0 

Age 52 Days 

Leaf 106.4 22.0 2340.8 

Stem 41.8 33.3 1391.9 

Root 214.6 14.3 3068.8 

Total 97.7 69.6 6801.5 

Age 80 Days 

Leaf 227.6 95.2 21667.5 

Stem 53.5 164.9 8833.2 

Root 92.8 42.7 3962.6 

Total 110.6 302.8 34452.3 
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harvested on the 52nd day contained many necrotic spots 

resulting from some unknown cause, and any such affected 

leaf was not included for subsequent analysis, including 

weighing. As a general rule, the dry weight of the leaf, 

stem and root tissues was decreased by more than 50 percent 

as a consequence of the iron deficiency treatment. 

The leaf and stem tissues of the plants grown in a 

nutrient solution containing 0.05 ppm iron were extremely 

chlorotic. No indication of chlorosis was evident in the 

leaf or stem tissue of plants grown in a nutrient solution 

containing 1.00 ppm iron. 

Distribution of Iron in Intracellular 
Particulates 

Liebich (106) has reported that up to 82 percent of 

the total quantity of iron in spinach leaves was in the 

intact chloroplast, viiile the cell wall contained no iron. 

Several investigators (115, 125, 174) have suggested that 

the highest concentration of total iron in a cell is located 

in the chloroplast fraction. Possingham and Brown (136) have 

used radioautographs to show that radioiron accumulates 

faster in the nucleus than in other areas of the cell. 

However, they indicated that the above observation could 

prove to be due to an artifact caused by the chemical fixa

tives they used. Branton and Jacobson (29) demonstrated 

that Possingham and Brown's radioautograph procedures (136) 

did give erroneous results. With the use of freeze-dried 

material Branton and Jacobson found radioiron to be uniformly 
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distributed throughout the cytoplasm; although limited 

resolution, because of the energetic beta particles emitted 
50 

by Fe , made their interpretation difficult. On the other 

hand, Perur (135) has recently reported that iron is concen

trated in the cell wall fraction. 

The data in tables 4 to 6 show the relative distri

bution of iron within the intracellular particulates iso

lated from a one gram tissue sample. 

Cell Debris 

A graphic illustration of the data in tables 4-6 

is presented in figures 3-5. The greatest percentage 

of total iron was associated with the cell debris in tomato 

tissue. This was partly due to the fact that over half of 

the original one gram tissue sample was composed of the 

cell debris material, while the other fractions represent 

but a small part of the original sample. If the results 

were expressed on a particulate fraction basis, there would 

be no question that the plastid and nuclei fraction as well 

as the mitochondrial'fraction would show higher concentrations 

of iron than would the cell debris. Nevertheless, a consider

able amount of the total iron was associated with the cell 

debris. No doubt some of this iron was a result of cross 

contamination of intracellular particulates. But even if 

iron from the plastid and nuclei fraction was contaminating 

the cell debris by an amount equivalent to the iron in the 



TABLE 4. — Intracellular Distribution of Iron per Gram of Tomato Tissue Grown Under 
Chlorosis and Non-Chlorosis Producing Conditions—Age 40 Days. 

Leaf Tissue Stem Tissue Root Tissue-

Fraction Fe 
Hg. 

Distribution 
of Fe 
% 

t _ Distribution 
of Fe 

Ug. % 

Fe 
Hg. 

Distribution 
of Fe 
% 

0.05 ppm Fe as FeEDDHA 

Cell Debris 59.0 65.0 21.0 50.6 92.5 96.3 

Flastid and Nuclei 15.7 17.3 3.8 9.2 3.6 3.7 

Mitochondria 16.1 17.7 16.7 40.2 0.0 0.0 

Supernatant 0.0 0.0 0.0 0.0 0.0 0.0 

Total 90.8 41.5 96.1 

1.00 ppm Fe as FeEDDHA 

Cell Debris 31.4 44.3 37.0 68.5 105.0 94.6 

Plastid and Nuclei 14.5 20.5 10.0 18.5 4.0 3.6 

Mitochondria 25.0 35.3 7.0 13.0 2.0 1.8 

Supernatant 0.0 0.0 0.0 0.0 0.0 0.0 

Total 70.9 54.0 111.0 



TABLE 5,—Intracellular Distribution of Iron per Gram of Tomato Tissue Grown Under 
Chlorosis and Non-Chlorosis Producing Conditions—Age 52 Days. 

Leaf Tissue Stem Tissue Root Tissue 

Fraction 
Fe 
ng. 

Distribution 
of Fe 
% 

Fe 
Mg* 

Distribution 
of Fe 
% 

Fe 
Hg. 

Distribution 
of Fe 
% 

\ 0.05 ppm Fe as FeJSDDHA 

Cell Debris 90.0 77.9 23.5 64.4 102.5 76.9 

Plastid and Nuclei 11.7 10.1 6.0 16.4 9.8 7.4 

Mitochondria 13.8 11.9 7.0 19.2 21.0 15.7 

Supernatant 0.0 0.0 0.0 0.0 0.0 0.0 

Total 115.5 36.5 133.3 

i—
1 

• o
 

o
 

ppm Fe as FeEDDHA 

Cell Debris 83.3 78.3 28.5 68.2 195.0 90.9 

Plastid and Nuclei 11.8 11.1 7.0 16.7 12.8 6.0 

Mitochondria 11.3 10*6 6.3 15.1 6.8 3.1 

Supernatant 0.0 0.0 0.0 0.0 0.0 0.0 

Total 106.4 41.8 214.6 



TABLE 6.--Intracellular Distribution of Iron per Gram of Tomato Tissue Grown Under 
Chlorosis and Non-Chlorosis Producing Conditions--Age 80 Days. 

Leaf Tissue Stem Tissue Root Tissue 

Fraction Fe 
ng. 

Dist ribution 
of Fe 
% 

Fe 
^g-

Distribution 
of Fe 
% 

Fe 
Hg. 

Distribution 
of Fe 
% 

0.05 ppm Fe as FeEDDHA 

Cell Debris 187.5 85.8 31.0 69.2 90.5 81.1 

Plastid and Nuclei 17.1 7.8 5.5 12.3 5.7 5.1 

Mitochondria 14.0 6.4 8.3 18.5 15.4 14.0 

Supernatant 0.0 0.0 0.0 0.0 0.0 0.0 

Total 218.6 44.8 111.6 

1.00 ppm Fe as FeEDDHA 

Cell Debris 190.5 83.7 34.3 64.1 80.0 86.2 

Plastid and Nuclei 19.3 8.5 10.7 20.0 6.0 6.5 

Mitochondria 17.8 7.8 8.5 15.9 6.8 7.3 

Supernatant 0.0 0.0 0.0 0.0 0.0 0.0 

Total 227.6 53.5 92.8 

en 
oo 
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| | 0.05 ppm Fe as FeEDDHA 
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Age of Plants--days 

Figure 3,—Percent of Total Iron Distributed in the 
Intracellular Particulates of One Gram of Leaf Tissue at 
Different Stages of Growth. 
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plastid and nuclei fraction sedimented as a single unit, it 

would only account for a very small part of the iron in the 

cell debris. Such a degree of contamination from other intra

cellular particulates was very unlikely considering that in 

addition to a sucrose wash, three water washes were employed. 

This leads to several obvious questions: Is the iron in the 

cell debris mostly associated with the cell wall fraction? 

If it is, what is the function of the iron in the cell wall 

fraction? If it is not associated with the cell wall fraction, 

rtiat is the iron associated with in the cell debris? A more 

extensive investigation than has been employed to meet the 

objectives of this study would be necessary to find the 

answers to these questions. 

Whatever the reason for the large accumulation of 

iron in what has been termed the cell debris, it is fairly 

obvious that the iron present is bound with some degree of 

59 
strength. The data in table 1 for the Fe equilibration 

experiment indicate that the iron was probably not of an 

exchangeable nature. This conclusion is further supported 

by the fact that less than three percent of the chemically 

measurable iron in the cell debris fraction was removed by 

three successive water washes. If the large accumulation 

of iron is associated with the cell wall fraction, it is 

difficult to understand its purpose there. 
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The cell wall in some plants is known to contain 

substantial amounts of protein. Northcoate et al. (130) 

reported a protein content of 27 percent in the cell wall 

of Chlorella pvrenoidosa and suggested that it could be 

either structural in function or metabolically active. 

(They further reported that over five percent of the cell 

wall components consisted of an ash containing iron and 

calcium.) Murphy (117) recently reported that the cell 

wall fraction of tomato tissue contained considerable 

protein. Some workers have demonstrated a strong affinity 

of proteins for iron. Horst and Schafer (84) in estimating 

the iron binding capacity of biological fluids noted that 

iron was not displaced from a protein complex by the addi

tion of ionic radioiron. Green (67) has suggested that 

non-heme iron is concerned with bonds that link various 

proteins together in a chain. Mikhlim and Pshenova (112) 

have presented evidence that most iron in plants was present 

in the non-heme form. If their observations were generally 

true, it seems reasonable that at least a good proportion 

of the iron in the cell debris must be of a non-heme nature, 

since the largest percentage of total iron in this investiga

tion was associated with the cell debris fraction. If most 

of the iron in the cell debris is associated with the cell 

wall fraction and most of this iron is of a non-heme nature, 

and if it is true that the cell wall fraction contains sub

stantial amounts of protein, one might postulate on the basis 
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of Green's (67) suggestion, that the iron in the cell wall 

fraction has a purpose that is specifically associated with 

the function of non-heme iron and protein. A study of the 

chemical nature of the cell wall iron would be required 

before coming to any final conclusions. Doeg and Ziegler 

(51) recently recommended a simplified method to separate 

heme and non-heme iron which migjht prove useful. 

In some future investigation it would probably prove 

profitable to consider just what type of material is present 

in the fraction that sediments at 100 x G. Besides cell 

wall material part of the cellular debris probably includes 

the interconnective tissues such as secondary xylem and 

phloem. Since the xylem and phloem function in the trans

location of water and solutes, their presence in the cell 

debris could partially explain the presence of the large 

amounts of iron' in this fraction. Why iron would accumu

late in the 100 x G,fraction, even though it contains this 

vascular tissue, and seemingly not be available to the 

other intracellular particulates is not clear. Branton 

and Jacobson (29) have reported that iron seemed to accumu

late in the vascular bundles because this conductive tissue 

had access to the iron before some of the other tissues and 

could accumulate iron to satisfy its own requirements to 

the detriment of cells in other types of tissue. It is 

conceivable that the much higher iron concentration in the 
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cell debris fraction was the result of the presence of 

vascular bundles. Branton and Jacobson reported that most 

of any entering labeled iron was associated with the vascu

lar bundles at least in leaf tissue. 

In addition to vascular tissue and the cell wall 

itself, consideration should be given to those components 

closely associated with the cell wail, such as membrane 

systems and the middle lamella. 

Recently the cell has been pictured to include a 

continuous network of membrane systems (142). The electron 

microscope reveals an ̂extensive system of internal membranes 

referred to as the endoplasmic reticulum. The endoplasmic 

reticulum is believed to connect the plasma membrane at its 

outer limit with the nuclear membrane at the cell center. 

This system of membranes may function in the movement of 

substances, particularly protein, from the nuclear membrane 

to the plasma membrane and back. The plasma membrane rfiich 

adjoins the cell wall and has been found adpressed to the 

cell wall (168), may very well be sedimented with the cell 

wall. Since the endoplasmic reticulum and nuclear membrane 

are thought by some to be continuous with the plasma membrane, 

they too may be recovered with the cell wall as part of the 

cell debris. The iron requirement and content of such a vast i 

membrane system, if it is sedimented with the cell wall frac

tion, could account for some of the high amount of iron 
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reported for the cell debris. Some investigators (142) 

have pictured the ribisome fraction as being firmly 

attached to the endoplasmic reticulum under certain 

conditions. If conditions were such during the homo-

genization and centrifugation procedures that the 

ribosome fraction remained with the endoplasmic reticulum, 

this too could account for some of the iron in the cell 

debris. This could explain the absence of any iron which 

might have been expected from the ribosome fraction, in 

the supernatant. 

Another possibility of contamination of the cell 

wall fraction would result from the middle lamella which 

lies between two adjacent cell walls. Ginzburg (60) has 

indicated that this intercellular cement consisted of a 

protein gel structure cross linked by metal cations such 

as iron and calcium. 

Plastid and Nuclei Fraction and Mitochondrial Fraction 

The balance of iron in the cell seems to be equally 

distributed between the plastid and nuclei fraction and the 

mitochondrial fraction. This is true for leaf, stem and 

root tissue, figures 3-5. 

Supernatant Fraction 

An interesting observation from tables 4-6 was noted 

for the supernatant fraction. Iron was not present in the 
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supernatant of leaf , stem or root tissue. The supernatant 

fraction includes everything that is not sedimented at a 

relative centrifugal force of 24,000 x G. This should 

include such components as the ribosome fraction which 

is usually associated with protein synthesis. The ribosome 

fraction has been reported to contain iron, and some of that 

iron may have a functional relation to protein synthesis 

(82, 165, 176). Before drawing any conclusion in relation 

to the forementioned observations, at least two important 

aspects should be considered. In the first place, it is 

quite possible that the chemical procedure used to determine 

the iron was not adequate to detect the small amount of iron 

that might have been present. However, \£ien the initial 

amount of tissue sample was doubled and the resultant super

natant analyzed for iron, there was still not a detectable 
i. 

amount of iron present. This doesn't preclude the possibility 

that iron may be present in minute amounts and a more extensive 

investigation would be necessary to establish this point. 

Secondly, the supernatant fraction contains sucrose in a 

phosphate buffer, both of rfiich are present during the iron 

analysis. Hibbits ;et al. (76) has shown that phosphate 

interferes with the orthophenanthroline procedure, which was 

used to determine iron in this case. Standard iron samples 

contained in a sucrose phosphate buffer gave accurate results 

if the ferrous orthophenanthroline color was allowed to 
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develop at least 24 hours before reading. It is of interest, 

though, that many of the supernatant fractions, even after 

being allowed to develop for more than 48 hours, gave trans-

mittancy readings that were significantly higher than the 

corresponding blank sample. A standard amount of iron 

added directly to the supernatant fraction and subsequently 

checked for recovery would serve to clarify this difficulty. 

Iron Concentration of Intracellular 
Particulates and Age of Plant 

The data in figures 6-8 show the total amount of iron 

in the different particulate fractions based on an initial 

one gram tissue sample. It is interesting to note that the 

amount of iron per gram of leaf tissue increased in the cell 

debris with the age of the plant. This is true for both 

chlorotic and non-chlorotic leaf tissue. 

If one assumes the iron in the cell debris to be 

mainly associated with the cell wall, one possible conclu

sion is that there is an increased requirement for iron 

in the leaf-cell wall fraction with age, either from a 

structural or metabolic standpoint, or both. Formation 

of secondary wall material is usually associated with the 

aging process. With an increase in wall thickness it 

might follow that .there would be an increase in iron 

content. However, it is difficult to reconcile this 

possibility with the fact that the stem cell debris does 
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Figure 6.—Intracellular Distribution of Iron per 
Gram of Leaf Tissue at Different Stages of Growth. 
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not show an increase in iron concentration with an increase 

in the age of the plant. The formation of secondary wall 

material is usually considered particularly inherent for 

stem tissue. Little is known about any metabolic functions 

associated with the cell wall and consequently it is diffi

cult to evaluate the possibility that the increased iron 

concentration in the cell Wall fraction with increasing age 

is due to an increased requirement for iron by some metabolic 

processes within the cell wall. Some (62) have reported that 

cytochrome oxidase is present in the cell wall surface of 

plant material, while others have associated ascorbic oxidase 

(83) with the cell wall surface of barley roots. It has been 

pointed out by Hill and Hartree (77) that some workers felt 

that ascorbic oxidase became less important as a terminal 

oxidase with time and became gradually replaced by cytochrome 

oxidase. Although these observations were noted over a 

relatively short period of time and are otherwise subject-

to some criticism, it is conceivable that there is actually 

an increased requirement for iron with time because of changes 

in certain metabolic processes. Again, it should be mentioned 

that increased contamination by other particulates that might 

contain iron cannot be overlooked as a possibility for the 

increased iron concentration of the cell wall fraction with 

age. As a plant matures, it develops a more extensive 

vascular system. The possibility of a greater proportion 



of these contaminating vascular elements sedimenting with 

the cell wall proper might be increased. 

Iron Concentrations of Particulate 
Fractions from Chlorotic and 

Non-Chlorotic Tissues 

The data in figures 6-8 do not show any apparent 

differences in the iron concentration between the partic

ulate fractions from chlorotic and non-chlorotic leaf 

tissue when expressed on a unit tissue basis. The one 

exception is the cell debris from the youngest leaf tissue. 

The chlorotic tissue in this case contained almost twice 

the concentration of iron as that of the non-chlorotic 

tissue. One of the complications of this study results 

from the fact that although an iron deficiency has an 

effect on many metabolic processes vahich in turn have an 

effect on growth, it is equally true that with time, any 

effect on growth will have a subsequent effect on many 

metabolic processes. It is quite possible that the results 

for the older tissue reflect the effect of growth to such a 

degree that some of the effect of the iron deficiency is 

masked in the older tissue. Younger tissue than that used 

from the first harvest may prove to show a similar effect 

as that of the first harvest. It is of interest to note 

in figure 4 that the only apparent differences between the 

iron concentrations in chlorotic and non-chlorotic stem 

tissue appeared in the cell wall and mitochondria fractions 
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of the youngest tissue. The data in figures 6-8 do not show 

any significant differences between the iron concentration 

in particulate fractions of chlorotic and non-chlorotic 

root tissue. The one possible exception is the cell debris 

of the second harvest date vdiere the iron concentration in 

the non-chlorotic tissue seems much higher than that of 

chlorotic tissue. It is logical to expect that there would 

be a higher concentration of iron in the non-chlorotic 

tissue than the chlorotic tissue since a deficiency of iron 

in the external nutrient medium is thought to be responsible 

for the chlorotic conditions. The problem is trfiy the departure 

from the above observation is more often the rule than the 

exception. 

Iron Concentration of Chlorotic and 
Non-Chlorotic Plant Tissue 

The data in tables 2 and 3 show the concentration of 

iron in the total plant tissue to be about the same for 

chlorotic and non-chlorotic tissue at least for the 40 and 

80 day harvests. Several investigators have found similar 

results with other plant tissue (2, 56, 118). There was a 

slightly higher concentration of iron in the total plant 

tissue of the non-chlorotic plant than in that of the 

chlorotic for the 52 day harvest. 

As mentioned previously, several investigators 

have suggested that a reasonable explanation for the 
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observation that chlorotic and non-chlorotic tissue have 

the same concentration of iron might be found by postulating 

that the chemical form of the iron present is probably more 

important than the total amount of iron present. In addi

tion to different chemical forms, another possible explana

tion for this anomaly could be competitive action between 

intracellular particulates for the iron. It could be assumed 

that there was not enough iron per cell available to maintain 

a proper balance between the overall metabolic processes 

occurring within a cell. The net result could be that the 

catabolic processes were occurring at a faster-than-normal 

rate than some of the anabolic processes, depending on the 

outcome of the competition for iron by the intracellular 

particulates* This would tend to decrease sufficiently the 

overall weight per cell with the result that there would be 

more cells per gram of chlorotic tissue than there would be 

per gram of non-chlorotic tissue. The concentration 

expressed as the amount of iron per unit weight of tissue 

could then conceivably be higher in the chlorotic tissue 

than the corresponding concentration of iron in non-chlorotic 

tissue. For example, suppose that 3 ng. of iron were required 

in each cell for normal metabolism to occur and that this was 

the case in the non-chlorotic tissue. If, however, there 

were only sufficient iron present to supply 2 ng. of iron 

per cell, the net result would be chlorosis and an upset 
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in the normal metabolic processes, one such upset being 

reflected in a reduced cell weight. If in one unit weight 

of non-chlorotic tissu§, there were 50 ceils, the non-

chlorotic tissue would have a concentration of 150 ng. per 

unit weight of tissue. However, there might well be 80 

cells per unit chlorotic tissue because of the reduced 

weight per cell of the chlorotic cells, and even though 

there would be less iron per cell in the chlorotic tissue, 

when the concentration is expressed on a per unit weight 

tissue basis, there would be 160 ng. of iron which is a 

higher concentration of iron than the 150 ng. that the 

non-chlorotic tissue contains expressed on the same basis. 

This conclusion is somewhat supported by the tracings 

taken from photomicrographs of cells from chlorotic and 

non-chlorotic tomato leaf tissue shown in figure 9. The 

cells outlined are representative of several comparisons 

that were made from the same area of two different leaves 

of the same size and shape, one chlorotic and the other 

non-chlorotic. The comparison shows the cells of chlorotic 

tissue generally to be smaller than those of non-chlorotic 

tissue. 

This general theory is further reinforced by the 

data in tables 2 and 3 which show that during all stages 

of growth the non-chlorotic plants utilized much more total 

iron from the nutrient medium than did the chlorotic plants, 



Cells from Chlorotic Tissue 

Cells from Non-Chlorotic Tissue. 

Figure 9.--Tracings from Photomicrographs of Cells 
from Chlorotic arid Non-Chlorotic Leaf Tissue—Age 80 Days, 
Same Magnification 430X. 
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tfiich is what would be expected. This is true in every 

case tfiether comparing the amounts used in £oot tissues, 

stem tissues, leaf tissues or the amounts used by the whole 

plant. It is only when the weight of the plant tissue is 

considered and the iron results are expressed on a concen

tration basis, that anomalies occur with regard to higher 

quantities of iron being found in chlorotic tissue than in 

non-chlorotic tissue. 

This suggests that the total amount of iron taken 

up by a plant could possibly be correlated with a chlorotic 

or non-chlorotic condition, if the iron is based on some 

criteria other than the weight of plant tissue. A some-

vrtiat obvious choice of another criteria seems to be the 

cell since it is considered to be the fundamental unit of 

life. Unfortunately, accurate cell counts are difficult 

to make and until better procedures are available to do 

so, such an approach would be difficult to evaluate. 

It should be noted that Brown and Possingham (42) 

have reported that cells from root tissue of chlorotic pea 

plants were larger in size than those from non-chlorotic 

plants. These results are contrary to those just reported 

in this study. However, no data were given to indicate 

whether the concentration of iron expressed on a tissue 

weight basis is greater or less in the chlorotic tissue 

than in the non-chlorotic tissue they used. It might 
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prove as common for chlorotic cells to be larger than non-

chlorotic cells, as for chlorotic tissue to contain a lower 

concentration of iron than corresponding non-chlorotic 

tissue. This latter possibility is actually demonstrated 

in the root tissue of the tomato plants harvested at 52 

days. The concentration of iron in the chlorotic root 

tissue was 112 ppm compared to 214 ppm for the non-chlorotic 

root tissue. 

Additional support for the suggestion that intra

cellular particulates might compete with each other for 

available iron (72) is some\rfiat illustrated by the data in 

figure 10, and tables 7-9. The bar graphs represent results 

of the leaf tissue of the tomato plants grown to accomplish 

the second objective of this study. The iron concentration 

in this case is based on the weight of the individual partic

ulate fraction. There does not seem to be an apparent 

difference between the plastid and nuclei fraction and the 

mitochondrial fraction of the chlorotic tissue for any of 

the three harvest dates. On the other hand, the plastid 

and nuclei fraction contains what appears to be an apparently 

higher concentration of iron than the mitochondrial fraction 

in the normaljnon-chlorotic tissue. This is true for all 

three harvest dates. One logical interpretation is that 

the plastid and nuclei fraction is the first fraction to be 

affected by an iron deficiency from a competitive viewpoint. 
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TABLE 7.--Intracellular Distribution of Iron per Gram of 
Particulate Fraction in Chlorotic and Non-Chlorotic Tomato 

Leaf Tissue—Age 30 Days 

Fraction Fe 
ng. 

Oven Dry 
Wt. of 

Particulate 
Fraction 

gm. 

Fe per 
gm. of 

Particulate 
Fraction 

ppm 

0.05 ppm Fe as FeEDDHA 

Cell Debris 52.3 0.4389 119.0 

Plastid and Nuclei 17.0 0.0771 220.4 

Mitochondria 15.8 0.0598 264.6 

Supernatant 0.0 

Total 85.1 

Lyophilized weight of leaf tissue = 17.7 gm. 

•
 

o
 
o
 

ppm Fe as FeEDDHA 

Cell Debris 111.1 0.4329 256.6 

Plastid and Nuclei 49.6 0.0980 506.4 

Mitochondria 32.5 0.0761 427.4 

Supernatant 0.0 

Total 193.2 

Lyophilized weight of leaf tissue = 22.7 gm. 
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TABLE 8.—Intracellular Distribution of Iron per Gram of 
Particulate Fraction in Chlorotic and Non-Chlorotic Tomato 

Leaf Tissue—Age 50 Days 

Oven Dry Fe per 
p Wt. of gin. of 

Fraction Particulate Particulate 
Fraction Fraction 

gm. ppm 

0.05 ppm Fe as FeEDDHA 

Cell Debris 68.9 0.6304 109.3 

Plastid and Nuclei 6.9 0.0486 141.4 

Mitochondria 3.1 0.0270 115.6 

Supernatant 0.0 

Total 79.0 

Lyophilized weight of leaf tissue = 26.2 gm. 

1. 00 ppm Fe as FeEDDHA • 

Cell Debris 11 81.3 0.5255 . 154. 6 

Plastid and Nuclei 23.9 0.0626 381. 4 

Mitochondria 16.0 0.0719 222. 0 

Supernatant 0.0 

Total 121.1 

Lypholizied weight of leaf tissue = 46.3 gm. 
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TABLE 9. — Intracellular Distribution of Iron per Gram of 
Particulate Fraction in Chlorotic and Non-Chlorotic Tomato 

Leaf Tissue--Age 70 Days 

Oven Dry Fe per 
Wt. of gin. of 

Particulate Particulate 
Fraction Fraction 

gm. ppm 

0 .05 ppm Fe as FeEDDHA 

Cell Debris 42.5 0.5141 82. 6 

Plastid and Nuclei 6.5 0.0724 90. 3 

Mitochondri a 5.0 0.0322 155. 8 

Supernatant 0.0 

Total 54.0 

Lyophilized weight of leaf tissue = = 44.3 gm. 

1 .00 ppm Fe as FeEDDHA 

Cell Debris 60.6 0.5874 103. 2 

Plastid and Nuclei 10.2 0.0326 
j 

313. 4 

Mitochondria 3.5 0.0394 87. 9 

Supernatant 0.0 

Total 74.8 

Lyophilized weight of leaf tissue = = 61.4 gm. 

Fraction Fe 

Hg' 
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This interpretation is reinforced by the fact that the 

most consistent difference in the iron concentration 

between like intracellular particulates of chlorotic and 

non-chlorotic tissue occurs in the plastid and nuclei 

fraction. This too is evident for all three harvest dates. 

There is some -indication that the mitochondrial fraction 

might be affected by an iron deficiency at least during 

the early stages of growth. Whether the outcome of a 

competition for iron by different intracellular particulates 

is a consequence of the chemical form of the iron present 

or the result of a position effect, i.e., vrtiere the plastid 

and nuclei happen to be located in relation to mitochondria 

with respect to the pathway of iron into the cell, cannot 

be ascertained by the data presented here. 

Relationship of Enzvme Activities 
and Chlorosis 

Cytochrome oxidase has been considered the principle 

terminal oxidase operative in plant tissue (77). The enzyme 

is known to contain heme-iron as part of its co-factor (44). 

Many investigators have attempted to ascribe a particular 

location for cytochrome oxidase within the intracellular 

components of plant tissue. Some workers (53, 108, 174) 

have described cytochrome oxidase as being localized in the 

plastid fraction. Others (117, 169) claimed that any cyto

chrome oxidase activity in the plastid fraction was not due 
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to the plastid fraction but to the contamination of the 

plastid fraction by non-plastid particles such as mito

chondria. Much of the confusion could be resolved if 

better procedures were available for making cleaner 

separations of the particulate fractions. Some of the 

confusion is inherent in the choice of method employed 

for determining the cytochrome oxidase activity in tissue 

homogenates. Despite these difficulties, the different 

methods available are valuable within certain limitations. 

No attempt should be made to attach absolute values to the 

results obtained by any of the methods, but many of them 

are of sufficient value to be indicative of general trends. 

Ascorbic acid was chosen as the substrate for the 

manometric determination of cytochrome oxidase in this 

investigation. Some of the difficulties in using this 

substrate have been discussed in the section on Methods. 

The total oxidase activity represents a composite of all 

the terminal oxidases that may be present in the tissue. 

The diethyldithiocarbamate (DDC) inhibited oxidase is taken 

to represent an approximation of the cytochrome oxidase 

activity in the plant tissue. Some justification is given 

for the use of this inhibitor in the methods section. The 

objection expressed by Hill and Hartree (77) to the use of 

this inhibitor for the above described purpose is worthy 

of consideration, and the results are discussed with such 

limitations in mind. 
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It can be noted from tables 10-12 and figures 11-13, 

showing the general distribution of oxidase activity, that 

the greatest proportion of activity seemed to be associated 

with the cell debris and the supernatant fractions. No 

doubt, the high activity associated with the cell debris 

fraction was at least a partial reflection of the large 

mass of material associated with this fraction, compared 

to the other fractions. It can be determined from tables 

7-9 that the cell debris contained over half the mass of 

the original one gram tissue sample, vdiereas the plastid 

and nuclei and mitochondrial fractions represented but a 

very small proportion of the original sample. The high 

oxidase activity in the supernatant was not surprising. 

One of the standard procedures that has been widely used 

to separate cytochrome oxidase activity from other oxidase 

activities has been to sediment a particulate fraction at 

a relative centrifugal force of about 15,000 x G.(24, 169). 

In theory the cytochrome oxidase would remain with the 

pellet while the other oxidases would be retained by the 

supernatant. Eichenberger and Thimann (55) noted that by 

centrifuging homogenates of etiolated pea stems at 500 x G. 

80 percent of the ascorbic oxidase activity was retained 

in the supernatant. By increasing the relative centri

fugal force to 10,000 x G. only one percent of the ascorbic 

oxidase activity remained with the pellet, the remaining 

99 percent being in the supernatant. 



87 

TABLE 10.—Intracellular Distribution of Enzyme Activities 
and Respiration per Gram of Chlorotic and Non-Chlorotic 

Tomato Leaf Tissue--Age 30 Days 

Fraction 

Total Oxidase 
Activity per 
gm. of Tissue 

Hi. 02 
per hour 

DDC Inhibited 
Oxidase 

Activity per 
gm. of Tissue 

i l l .  0 2  
per hour 

Respiration 
per gm. of 
Tissue 
'til. 02 
per hour 

0.05 ppm Fe as FeEDDHA 

Cell Debris 303.3 74.0 0.0 

Plastid and 
Nuclei 

80.0 39.3 5.0 

Mitochondria 99.4 46.2 20.3 

Supernatant 470.0 440.0 25.0 

1.00 ppm Fe as FeEDDHA 

Cell Debris 350.3 52.0 0.0 

Plastid and 
Nuclei 

100.3 61.0 5.0 

Mitochondria 197.1 168.5 35.4 

Supernatant 495.0 490.0 75.0 
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TABLE 11.—Intracellular Distribution of Enzyme Activities 
and Respiration per Gram of Chlorotic and Non-Chlorotic 

Tomato Leaf Tissue—Age 50 Days 

Fraction 

Tota! Oxidase 

gm of Tissue 
8 V°. 02 8-n. Of Tissue 

per hour 111. Oo 
per hour 

Respiration 
per gm. of 
Tissue 
Hi. °2 
per hour 

0.05 ppm Fe as FeEDDHA 

Cell Debris 344.0 83.3 0.0 

Plastids and 
Nuclei 

53.8 17.0 3.5 

Mitochondria 65.1 35.5 14.8 

Supernatant 375.0 440.0 50.0 

1.00 ppm Fe as FeEDDHA 

Cell Debris 255.8 74.0 0.0 

Plastids and 
Nuclei 

49.3 27.0 2.5 

Mitochondria 97.3 76.0 7.6 

Supernatant 495.0 660.0 35.0 
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TABLE 12.--Intracellular Distribution of Enzyme Activities 
and Respiration per Gram of Chlorotic and Non-Chlorotic 

Tomato Leaf Tissue--Age 70 Days 

Fraction 

Total Oxidase 
Activity per 

DDC Inhibited 
Oxidase 

gm of Tilsue Activity per gtn. or i issue gnu of xi ssue 

Ml. 02 
per hour ill. 02 

per hour 

Respiration 
per gnu of 
Tissue ill. Oz 
per hour 

0.05 ppm Fe as FeEDDHA 

Cell Debris 267.5 64.5 7.5 

Plastid and 
Nuclei 

58.5 32.0 7.5 

Mitochondria 71.8 65.4 22.0 

Supernatant 635.0 635.0 12.0 

1.00 ppm Fe as FeEDDHA 

Cell Debris 468.0 176.0 3.5 

Plastid and 
Nuclei 

66.5 35.5 0.0 

Mitochondria 68.6 66.7 22.4 

Supernatant 545.0 460.0 35.0 
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The fact that centrifugation has an effect on the 

removal of oxidative enzymes, somewhat complicates the 

situation with regard to enzyme activities associated with 

intracellular particulates. The separation of intracellu

lar particulates is usually accomplished by differential 

centrifugation, the same procedure that affects the distri

bution of enzymes. The centrifugation procedure for the 

intracellular separation of particulates may cause an 

enzyme distribution that is no longer characteristic of 

the normal situation but rather of the experimentally 

created situation. This point can be illustrated by noting 

the results for the mitochondrial fraction of the non-

chlorotic leaf tissue in figures 11-13. It seems evident 

that the total oxidase activity was equal to the DDC 

inhibited oxidase activity. Since the DDC inhibited 

oxidase activity approximately represented the total 

oxidase activity, and since the former is taken to 

represent the cytochrome oxidase activity, it appears 

that the total oxidase activity was due to cytochrome 

oxidase. However, when considering the fact that the 

mitochondrial fraction was separated from the other frac

tions by sedimenting at 24,000 xG.,a treatment that should 

also remove any oxidase other than the cytochrome, it would 

be difficult to understand if any activity other than that 

due to a cytochrome oxidase were present. In view of this 

experimental limitation it may prove presumptious to assume 
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that cytochrome oxidase activity is only associated with 

the mitochondria. 

It is interesting to note that in the supernatant 

fraction of both the chlorotic and non-chlorotic leaf 

tissue of the 50 day old plants, the DDC inhibited oxidase 

activity was higher than the non-inhibited oxidase activity. 

This is not too surprising when considering the fact that 

the supernatant is a virtual reservoir, collecting all 

the soluble materials from the other fractions. Under 

such conditions the DDC could serve to remove ions which 

might have had an inhibitory effect on various systems. 

The plastid and nuclei fraction showed a DDC 

inhibited oxidase activity in all the leaf tissues repre

sented in figures 11-13, regardless of the age of the 

tissue. If this was representative of cytochrome oxidase 

activity, it might be a measure of the degree of contamina

tion of the plastid and nuclei fraction by the mitochondrial 

fraction, assuming that the cytochrome oxidase activity did 

not associate with the plastid fraction, which might not be 

true. 

The only consistent difference that can be noted in 

the activities of the oxidases between chlorotic and non-

chlorotic tissue is seen in tables 13-15 and figures 14-16. 

The DDC inhibited oxidase activity in the plastid and 

nuclei fraction of non-chlorotic leaf tissue was higher 
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TABLE 13.--Intracellular Distribution of Enzyme Activities 
and Respiration per Unit of Particulate Fraction in Chlorotic 

and Non-Chlorotic Tomato Leaf Tissue—Age 30 Days 

Total Oxidase DDCrw?!}flflited Respiration 
Activity per Activitv oer per gm- of 

Fraction mg# -Particulate particulate Particulate fraction Fraction particulate Fracti0n 

|jl" °2 FZu O? 
per hour per hour Per hour 

0.05 ppm Fe as FeEDDHA 

Cell Debris 0.69 0.17 o
 

9
 O
 
o
 

Plastid and 
Nuclei 

1.04 0.51 64.82 

Mitochondria 1.19 0.55 242.57 

Supernatant 1.12 1.04 58.82 

1.00 ppm Fe as FeEDDHA 

Cell Debris 0.81 

CM RL o
 0.00 

Plastid and 
Nuclei 

1.02 0.62 51.02 

Mitochond ria 1.24 1.07 223.53 

Supernatant 1.26 1.25 191.10 
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TABLE 14.—Intracellular Distribution of Enzyme Activities 
and Respiration per Unit of Chlorotic and Non-Chlorotic 

Tomato Leaf Tissue--Age 50 Days 

Fraction 

Total Oxidase 
Activity per 
mg. Particulate 

Fraction 
Hi. 02 
per hour 

DDC Inhibited 
Oxidase 

Activity per 
mg. Particulate 

Fraction 
lil. O2 
per hour 

Respiration 
per gm. of 
Particulate 
Fraction 
Hi. 02 
per hour 

0.05 ppm Fe as FeEDDHA 

Cell Debris 0.52 0.13 0.00 

Plastid and 
Nuclei 

1.10 
A* 

0.35 71.97 

Mitochondria 1.54 0.84 351.85 

Supernatant 1.27 1.49 169.50 

1.00 ppm Fe as FeEDDHA 

Cell Debris 0.49 0.14 0.00 

Plastid and 
Nuclei 

0.79 0.43 39.92 

Mitochondria 0.89 0.70 69.54 

Supernatant 1.46 1.94 102.90 



97 

TABLE 15.--Intracellular Distribution of Enzyme Activities 
and Respiration per Unit of Chlorotic and Non-Chlorotic 

Tomato Leaf Tissue—Age 70 Days 

Fraction 

Total Oxidase 
Activity per 
mg. Particulate 

Fraction 
til. °2 
per hour 

DDC Inhibited 
Oxidase 

Activity per 
mg. Particulate 

Fraction 
|il. O2 
per hour 

Respiration 
per got. of 
Particulate 
Fraction 
Hi. O2 
per hour 

0.05 ppm Fe as FeEDDHA 

Cell Debris 0.52 0.13 14.59 

Plastid and 
Nuclei 

0.81 0.44 103.59 

Mitochondria 1.47 1.34 450.31 

Supernatant 1.66 1.66 326.80 

1.00 ppm Fe as FeEDDHA 

Cell Debris 0.80 0.30 5.96 

Plastid and 
Nuclei 

2.04 1.09 0.00 

Mitochondria 1.32 1.28 431.19 

Supernatant 1.60 1.35 102.90 
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than that in the chlorotic tissue, regardless of age, and 

although the differences were slight they were consistent. 

This, coupled with the previous observation that t±ie only 

apparent difference in iron concentration in non-chlorotic 

and chlorotic tissue was associated with the plastid and 

nuclei fraction, is suggestive of at least a possible 

relationship between iron, cytochrome oxidase and chlorosis 

in the plastid and nuclei fraction. Such a conclusion is 

based on some assumptions that are subject to question. In 

the first place, it implies that cytochrome oxidase activity 

qiay be inherently associated with the plastid and nuclei 

fraction. In addition, the conclusion with respect to the 

oxidase activity comparisons between chlorotic and non-

chlorotic tissue is based on slight differences that are 

emphasized only because of their consistency. Nevertheless, 

the results are considered to be of enough significance to 

at least direct future attention to the forementioned pos

sible relationship. 

Respiration in Chlorotic and 
Non-Chlorotic Tissue 

The data for the respiration studies appear in 

tables 13-15. Differences are immediately apparent for 

the values recorded. Unfortunately, the significance of 

most of these differences is questionable because of the 
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extremely small size of the samples and the accuracy of the 

manometric procedure employed for the analysis. Because of 

the nature of the overall investigational procedure it was 

impossible to use an aliquot of the sample that would con

tain more than 0.001 gm. of the particulate fraction. 

Under such conditions a mistake in reading the manometer 

by 0.1 til., viiich is barely within the degree of precision 

of the instrument employed, would introduce an error of 

not less than 100 |il. per unit time when expressed on a 

per gram basis. 

It is reassuring to note that the few possible 

significant values that do appear are in the mitochondrial 

fraction where respiration is thought to occur. This offers 

some support to the quality of the intracellular separation 

that was achieved. Future studies dealing with the intra

cellular distribution of respiratory activity would require 

much larger initial tissue samples to be of value. 



SUMMARY 

Since specific functions are usually associated with 

each intracellular particulate, respiration in the mitochondria, 

protein synthesis in the ribosomes, etc., any possible differ

ences observed in the intracellular distribution of iron and 

enzyme activities between chlorotic and non-chlorotic tissue 

could conceivably be associated with a particular function. 

This might help to better interpret the significance of any 

observed difference in iron concentration and enzyme activity 

with respect to metabolism. 

A greenhouse and laboratory investigation was under

taken to evaluate the hypothesis that the distribution of 

iron and enzyme activities within the intracellular partic

ulates of chlorotic tissue might be different than the 

distribution within non-chlorotic tissue. Tomato, Lvco-

persicon esculentum. variety Early Pak, was used as the 

test plant. 

The tomato plants were grown in nutrient solutions 

in the greenhouse. Two treatments of iron were used in the 

gutrient medium. The first treatment consisted of a complete 

nutrient solution containing adequate iron to support vigor

ous plant growth, while the second was a complete medium 

except for sufficient iron to sustain a minimum plant growth 

103 
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and cause a severe chlorosis. The leaves, stems and roots 

were harvested separately at three different stages of growth. 

Separation of the intracellular components was achieved by a 

homogenization procedure carried out in a buffered sucrose 

solution followed by differential centrifugation. The effect 

of the homogenization procedure on the intracellular distri

bution of iron was evaluated in a separate experiment with 

59 
the use of Fe . The total iron concentration of the various 

intracellular particulates was determined by the orthophenan-

throline procedure. The total oxidase activity and diethyl-

dithiocarbamate (DDC) inhibited oxidase activity, the latter 

taken to reflect a measure of cytochrome oxidase activity of 

the various intracellular particulates, were determined by a 

manometric procedure. 

The results of this investigation may be summarized 

as follows: 

59 
1. Over 70 percent of the Fe added to the homo

genizing medium was recovered in the supernatant which 

contained no measurable total iron as determined chemically. 

This was interpreted to indicate that initially soluble 

iron or any iron liberated from one type of particulate 

fraction by the homogenizing procedure would probably not 

be sorbed by a different particulate fraction. 

2. The only consistent difference in the intracellu

lar distribution of iron between chlorotic and non-chlorotic 
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plants was found in the plastld and nuclei fraction. In 

healthy, non-chlorotic leaf tissue this fraction contained 

a higher concentration of iron than the mitochondrial frac

tion; whereas in chlorotic leaf tissue this fraction con

tained a concentration of iron equivalent to the mitochondrial 

fraction. This was interpreted to indicate that the plastid 

and nuclei fraction was the first fraction to be affected by 

an iron deficiency. This was reinforced by the observation 

that the total concentration of iron in the plastid and 

nuclei fraction of chlorotic leaf tissue was consistently 

lower than in non-chlorotic leaf tissue. 

3. Iron was localized in the cell debris, which 

consisted of cell wall, interconnective tissue such as 

vascular elements, some intact cells, and any other materials 

that would sediment at 100 x G. 

4. No chemically measurable iron was detected in 

the supernatant. This fraction consisted of any soluble 

components from all the other fractions, the ribosome 

fraction, and any other materials that did not sediment 

at 24,000 x G. 

5. Iron concentrations of chlorotic and non-chlorotic 

leaves, as well as leaf particulate fractions, were approxi

mately the same for all stages of growth. Evidence indicated 

that a reduced cell weight in the chlorotic tissue might have 

been responsible for this observation. 
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6. The total iron uptake of chlorotic tissue was 

lower than that of non-chlorotic tissue. When the mass 

of tissue was taken into account and the iron expressed 

on a concentration basis, the iron content of chlorotic 

tissue was the same as that for non-chlorotic tissue. 

7. The only consistent difference in the intra

cellular distribution of enzyme activities between chlorotic 

and non-chlorotic plants was found in the plastid and nuclei 

fraction. The DDC inhibited activity was consistently higher 

in the plastid and nuclei fraction of healthy non-chlorotic 

tissue than in chlorotic tissue, although the differences 

were slight. 

8. The greatest proportion of total oxidase activity 

as compared to DDC inhibited oxidase activity was located 

in the cell debris. 

9. The highest proportion of DDC inhibited oxidase 

activity was associated with the mitochondrial fraction of 

healthy non-chlorotic leaf tissue. This result might have 

been a reflection of the experimental procedure. 
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