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ABSTRACT 

Biochemical and physiological evidence has indi

cated varying degrees of involvement of calcium and ribo

nucleic acid in biological membranes, and that 2,4-

dinitrophenol (DNP) affects the physiology of these mem

branes . 

Barley roots were treated with NagEDTA to withdraw 

calcium and other divalent ions, the root tips were fixed 

with KMnO^ and the effect of the treatments upon the 

membranes of the meristematic cells was observed using 

the electron microscope. The removal of calcium lowered 

the average unit membrane thickness from £6 A to 32 A, a 

difference statistically significant at the five per cent 

level with the modified T test. The darkly staining, 

protein portion of the EDTA-treated membranes appeared 

slightly more beaded than untreated membranes. It was sug

gested that this beading was due to a coagulation of the 

protein network of the membrane into globules following 

removal of the stabilizing calcium. 

Electron photomicrographs of pellets from centrifu

gal fractionation, fixed with KMnO^, revealed that frac

tions of 77 x £ and 1935 x g contained all types of cell 

debris, the 16,200 x g pellet was a generally undifferen

tiated matrix containing a few plastid-like bodies, and 
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the 105,000 x £ fraction contained many membrane frag

ments . 

Roots which had absorbed -labeled DNP were frac

tionated centrifugally and the radioactivity of the frac

tions analysed. The highest concentration of DNP was found 

in the supernatant fraction. A significant amount of DNP 

was found in the 105,000 x £ fraction. It was suggested 

that the DNP in this fraction was in the membrane frag

ments, indicating that oxidative phosphorylation may be 

occurring in the membranes. 

Treatment with DNP and ribonuclease did not alter 

the ultrastructure of meristematic membranes as seen in 

the electron microscope. 



INTRODUCTION 

Biological membranes have been the subject of inten

sive investigation by physiologists and biochemists for the 

past half century. However, a model has not as yet been 

elucidated which satisfies all the requirements necessary 

to account for what is now known about these membranes. 

The first generally accepted hypothesis was that 

proposed by Danielli and Davson in 1935 (1935). This model, 

showing the membrane to be composed of a bimolecular layer 

of lipid molecules sandwiched between two layers of protein, 

met the demands of the physiological evidence then avail

able, has been quite satisfactory for many years, and is 

still the most generally acknowledged model for membranes. 

Electron microscopy has given further support to 

this hypothesis by demonstrating that membranes stained 

with both KMnO^ and OsO^ appear to be composed of two 

darkly-staining layers separated by a lightly stained area 

(Robertson 1959> Whaley I960, Sjorstrand 1963). The dimen

sions of these membranes vary from 75 A to 100 A in diame

ter, depending upon the fixation conditions and the tissue, 

and agree very satisfactorily with the theoretical values 

calculated from the Davson-Danielli protein-lipid sandwich 

requirements (Stoeckenius 1963). Sjorstrand (1963) believes 

1 
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that in some cases there is also a polysaccharide layer on 

the exterior surface of the plasma membrane. 

In the last few years, however, there has been much 

speculation among workers in membrane physiology and mor

phology concerning the adequacy of the Davson-Danielli 

model. New and attractive hypotheses have been derived 

either from new techniques and interpretation in electron 

microscopy or upon theoretical grounds. Among these, the 

most prevalent hypothesis is probably that the membrane is 

not composed of layers, but rather of a series of globules, 

or micelles. Benson (1964)> Weier (1965) and Choules 

(1965) are among those propounding the corpuscular (miscel-

lar) theory. Choules has mentioned that the membrane cor

puscles may have a structure in which the protein is on the 

inside and the lipid on the outside. Kavanau (1963) 

believes that the membranes consist of phospholipid pillars 

approximately ISO to 200 A high with a protein network on 

each end. Under varying physiological conditions these 

pillars can collapse and form the Davson-Danielli type mem

brane. Hechter (1965) believes that the protein portion of 

the membrane is composed of hexagonal protein platelets 

bound by hydrophobic bonds, ionic bonding and "structured 

water*'. Working with rat liver cells, Benedetti and Emmelot 

(1965) have actually observed a hexagonal pattern of plasma 

membrane subunits negatively stained with phosphotungstic 

acid (PTA). They have also reported 50 to 60 A globular 
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units attached to membranes by a 20 A stalk. These are 

quite similar to the "elementary particles" described by 

Fernahdez-Moran et al. (1964), located on the mitochondrial 

cristae and shown to be the locus of oxidative phosphoryla

tion. 

In addition to the work on the morphology of the 

membrane, membrane physiology is also under intensive inves

tigation. Among the most significant advances are those 

concerned with the localization of the oxidative phosphory

lation process in the knob-like elementary particles on 

mitochondrial cristae just mentioned. Using electron 

microscopy, Novikoff et al. (1963) have found a wide range 

of nucleoside phosphatases in the plasma membranes and 

smaller groups of nucleoside phosphatases in the endoplasmic 

reticulum and Golgi membranes. Emmelot et al. (1964) have 

isolated rat liver plasma membranes and found them to con

sist of a phospholipoglycoprotein core to which saline-

soluble protein is attached. They also reported finding a 

number of phosphate-ester splitting enzymes present, such 

as alkaline and acid phosphomonoesterases, ribonucleases 

and ATPases. 

Another major area under investigation is that con

cerned with the mechanism of ion transport across membranes. 

It is known that in most biological cells, K+ is trans

ferred to the interior of the cell against a large concen

tration gradient. It is also known that this process 
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requires metabolic energy and can be stopped by the addi

tion of oxidative phosphorylation uncouplers such as 2,4-

dinitrophenol (DNP). There is no generally accepted theory 

as to the mechanism of this metabolic transfer. Robertson 

(I960) believes that oxidative phosphorylation occurs 

within the membrane and during the process a charge separ

ation takes place with the negative charge going to the 

interior of the cell and a hydrogen ion migrating to the 

outside. A K+ ion then diffuses in to balance the charge. 

Jahn (1962) suggests a similar process in which an elec

tron-conducting system "drags" ions from one side of the 

membrane to the other. Ling (1965) believes that the cell 

cannot produce enough energy to account for the amount of 

ions that are transferred across the membranes, and he pro

poses an "association-induction hypothesis" whereby certain 
•j-

cations such as K are preferentially bound to anionic 

sites on membrane surfaces. He advances the hypothesis 

that water in the membrane is in a lattice-like structure 

which allows only certain ions, such as the K+, to pene

trate the membrane. There are also several theories con

cerned with a metabolically activated transporting compound 

(Burgen 1962). 

It has also been found that several other compounds 

may be either directly or indirectly involved in or affect

ing membrane structure and/or physiology. Among these are 

calcium, ribonucleic acid (RNA) and DNP. 
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The physiological dependence of membranes upon cal

cium has been accepted for a long time, although no one has 

been able to demonstrate its actual role in membrane struc

ture. Viets (1944) discovered that the presence of calcium 

and other divalent cations increased the uptake of K+ in 

barley roots. Other investigators (Jacobson et al. 1961, 

Epstein 1961) have since shown that it is necessary to 

have calcium in the bathing medium to retain the preferen-

+ + + + 
tial uptake of K and Rb over Na and Li . 

There have been many theories advanced as to how 

calcium increases this selective absorption of K+. It has 

been proposed, for instance, that Ca++ acts as a co-factor 

in the utilization of the K+ complex during absorption 

(Overstreet et al. 1952); that Ca++ blocks the site for Li+ 

•f" 
and Na absorption (Jacobson et al. I960); that Ca 

increases the binding of Rb+ or K+ to its carrier (Tanada 

1962); and that Ca++ changes the permeability of the mem-

+ + 
brane enough to allow the smaller cations Rb and K pas

sage through the membrane to active uptake sites (Waisel 

1962). It is also possible that calcium alters the lat

tice structure of the water in Ling's membrane model enough 

to allow the preferential absorption of the smaller cations. 

The most widely reported effect of calcium upon mem

branes has been that it is necessary to maintain the perme

ability characteristics of a given membrane. It has been 

shown in animal tissue that calcium deficiency in the 



bathing media leads to the formation of membranes with 

greatly increased permeability (Capraro et al. 195&, 

Heilbrun 1956, Gardos 1961). These calcium-deficient mem

branes are not only more permeable to ions, but also to 

water, leading to haemolysis in blood cells (Davson 1959), 

and to loss of such compounds as phosphocreatin and ATP 

from muscle and nerve cells (Abood et al. 1962). 

This same phenomenon has been observed in plant 

cells. Roots subjected to calcium deficiency lose various 

salts, sugars and amino acids (True 1922); and the absence 

of calcium leads to a loss of K* and an increase of non-

metabolic Na+ uptake in barley roots (Handley et al. 1965) 

Van Steveninck (1965) has recently studied this problem 

with sugar beet storage tissue and found that he could 
~f" 11 • •{" 

cause cells to "leak out" their K by removing Ca with 

EDTA. He found the process to be reversible following the 

addition of calcium. He also found that this increased 

permeability occurred dramatically and suddenly when 69 to 

76 per cent of the total calcium had been removed. 

The role of calcium in the maintenance of the semi 

permeable character of membranes has not been elucidated, 

although a number of hypotheses have been forwarded. 

Danielli and Davson (1935) suggested that the polyvalent 

cations have less soluble lipid salts, and therefore less 

water would be found in a membrane containing Ca++, result 

ing in a less permeable membrane. Other investigators who 



believe that Ca++ is involved with the lipid portion of the 

membrane are Kimuzuka and Kokatzu (1962) who have shown 

that Ca++ binds to lecithin films, and that it can be 

removed by EDTA or ATP. Wolman and Weiner (1963) have 

shown that in a water-myelin mixture Ca++ seems to cause the 

myelin droplets to form with their phospholipid tails out

ward. They hypothesize that the presence of calcium in 

membranes causes the same effect and that the hydrophobic 

lipid molecules "fill up" the holes in the membrane, caus

ing it to be much more "water tight". 

Davson (1962) believes that calcium is involved 

with lipid stability in membranes, and Abood et al. (1963) 

have shown that calcium imparts rigidity to a monolayer of 

stearic acid or dipalmityl phosphatidyl choline. In the 

same paper, Abood postulates a membrane model in which the 

calcium acts as a bridge between various anionic groups of 

the phospholipids, and in some cases between the lipid and 

the protein. In this model, the calcium not only creates 

a more stable membrane structurally, but also neutralizes 

ionic charges and creates a proper balance of hydrophobic 

and hydrophylic ends of molecules. 

Further evidence of the involvement of calcium in 

membranes has been contributed by Whittembury et al. (I960). 

Using osmotic pressure measurements, they calculated that 

the pore size in Necturus kidney cell membranes went from 

5.6 A to 6.5 A following the removal of calcium. Danielli 
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(1944) was able to demonstrate that in many animals, although 

there is a 50 to one ratio of sodium to calcium in the bulk 

solution, the ratio at the membrane surface was closer to 

one to one. Morr^ and Mollenhauer (1964) found that sodium 

and calcium were required in their isolating media in order 

to keep Golgi apparati intact while isolating them. 

Humphrey and Vincent (1962) found that Rhizobium trifolli 

lost their structural rigidity in the absence of calcium. 

Some of the more remarkable evidence of the actual 

dependence of membrane structure on the presence of calcium 

has been reported by Marinos (1962). With the aid of the 

electron microscope he demonstrated that the membranes in 

barley shoot tips disintegrated when the seedlings were 

grown in the absence of calcium, and that this disintegra

tion did not occur when the seedlings were grown without 

iron, potassium, nitrogen, magnesium or sulfur (Marinos 

1963). However, it has also been shown that the composi

tion of chromosomes is also changed in plants grown without 

calcium. Steffensen (1955) has found a much higher rate 

of chromosome breakage in calcium deficient Tradescantia 

buds, and other investigators have found that removal of 

divalent cations with EDTA caused a breakage of chromo

somes (Mazia 1954) or swollen, sticky chromosomes and 

altered mitosis (Davidson 1958). Therefore, it is possible 

that the membrane disintegration reported by Marinos is 

actually due to the altered chromosomes affecting either 
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membrane synthesis or stabilization rather than as a result 

of lack of calcium per se'. 

The evidence supporting RNA involvement in mem

brane structure and/or physiology is considerably less 

certain and less widely accepted than that concerning cal

cium. However, there are several reports which implicate 

RNA in membrane physiology. Lansing and Rosenthal (1952) 

demonstrated that the basophilic dye, toluidine blue, 

stained the periphery of Arabacia eggs, and that after 

treatment with ribonuclease a clearing of the stain 

occurred. Passow et al. (1959) found that the oxidized 

form of methylene blue reacted with yeast cell membranes 

and ruptured the membranes. Cations competed with the dye 

and prevented this membrane rupture. They hypothesized 

that the dye binds to ribonucleoprotein on the cell sur

face, causing the rupture, and that the cations, when 

present, bind to these sites and thus shield them from the 

dye. Hanson (I960) has treated root tips with ribonuclease, 

EDTA and high potassium concentrations, and in all cases 

(with the high potassium concentrations being the least 

severe), he found that respiration increased, and then 

dropped sharply after several hours. He also found that the 

roots began to lose ions and acid-soluble nucleotides to 

the environment. From this he suggested that "RNA in 

membranes is implicated in ion accumulation, solute reten

tion, and oxidative phosphorylation. It is thought that 
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divalent ions normally protect this RNA from endogenous 

enzymes." 

Data which would seem to support the preceding work 

concerning the binding of divalent cations to RNA is that, 

of Felsenfeld and Huang (1959), showing that one equivalent 

of divalent ions binds to the polymer for every mole of 

polymer phosphate in poly A, poly U and DNA. 

Tanada (1956) has shown that both ribonuclease and 

ultraviolet light result in an increase in rubidium uptake 

and a decrease in inorganic phosphorus uptake in mung bean 

roots, which he contends indicates RNA or ribonucleopro-

tein involvement. Foote and Hanson (1964) corroborated his 

results and also reported that EDTA treatment gave similar 

results. Ruesink and Thimann (1965) recently demonstrated 

that of the digestive enzymes, lipases, proteases, phos-

pholipase and ribonuclease, only ribonuclease ruptured a 

significant number of cells isolated from Avena coleop-

tiles. They also found that in the presence of EDTA, only 

l/lOth as much ribonuclease was required to lyse 50 per 

cent of the cells. This would seem to be fairly conclusive 

evidence that RNA or ribonucleoprotein is functioning in 

the maintenance of the structure of cell membranes, and that 

probably divalent cations such as calcium and magnesium are 

bound to: it, or in some way protect the RNA or ribonucleo

protein from the ribonuclease. 
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Leduc and Holt (1965), in working with a new water-

soluble embedding medium, hydroxy-propyl methacrylate (HMP), 

for electron microscopy, found that the membranes in rat 

pancreatic cells fixed with glutaraldehyde, embedded in HMP, 

and post stained with uranyl•acetate gave the usual darkly 

stained appearance. However, if the sections were treated 

with ribonuclease before the staining, only a negative 

image of the membranes appeared. 

Mitchell and Moyle (1951) have reported that the 

cell envelopes of Micrococcus pyogenes contain 0.6 mg of 

DNA and RNA per 100 mg of protein in the isolated envel

opes. 

Evidence of the affect of 2-4, dinitrophenol (DNP) 

on either membrane structure or physiology is still very 

limited. DNP is best known in biological systems for its 

ability to uncouple oxidative phosphorylation (Simon 1953). 

The mechanism of this uncoupling has not yet been com

pletely elucidated, but much work is being done in this 

area at the present (Slater 1963). Although oxidative 

phosphorylation appears to occur largely within the mito

chondria, many workers (Robertson I960, Mitchell 1963) in 

the field of ion absorption believe that it also occurs in 

the plasma membrane, providing the energy necessary for ion 

absorption. This supposition has received recent support in 

Benedetti's and Emmelot's (1965) demonstration of the knob

like structures on liver plasma membranes similar in 
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appearance to the elementary particles reported by Fernandez-

Moran et al. (1964) as the site of mitochondrial oxidative 

phosphorylation. 

The theory has been advanced that DNP also affects 

the permeability of the membrane. Mitchell (1963) demon

strated that DNP causes Micrococcus lysodeikticus membranes 

to become more permeable to hydrogen ions. Ordin and 

Jacobson (1955) found that a higher concentration of DNP 

(5.4x10"^ M) resulted in a "leaking out" of potassium in 

excised barley roots. Chasson (I960) has shown that DNP-

treated potato slices have a higher non-metabolic uptake of 

calcium. Barber (1963) reported that treatment of barley 

roots with DNP for long periods of time, or with heating 

or freezing of the roots, resulted in greatly increased 

absorption of calcium, and he proposed that all of these 

treatments damage the membranes directly. 

The present investigation was undertaken in an 

attempt to determine more completely the degree of involve

ment of calcium and RNA in and the affect of DNP on membrane 

structure. It was hoped that by using a short treatment of 

EDTA, calcium could be withdrawn from the cells of barley 

root ultrastructure, and, if calcium was actively involved 

in maintenance of membrane integrity, there would be mor

phological alterations in the appearance of the membrane 

system in the cells. The principal investigative tool was 

the electron microscope. 
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The effect of EDTA itself upon living cells has 

been the subject of several studies at the light microscope 

level. Mazia (1954) and Davidson (1959) observed the 

effects on the chromosomes mentioned earlier. Other gen

eral effects reported, all seen in animal tissue, include 

the formation of pseudopods, the bubbling of membranes and 

the breaking of intercellular bonds. (Dornfeld and 

Owczarzak 1957, Thomason and Schofield 1961, Leeson and 

Kalant 1961, Steinberg 1962). 

Using the electron microscope, Klein and Ginzberg 

(I960) investigated the effect of EDTA upon cell walls in 

pea root tips and found cellular separation and a separation 

of the fibers in the cell walls. 

In addition to the EDTA treatment studies discussed 

here, an electron microscopic autoradiographic study, 

utilizing radioactive ̂ Ca was undertaken in an attempt to 

locate calcium in the cellular membrane system. An analysis 

was also made of the amount of calcium removed by various 

EDTA treatment conditions. 

The present investigation of the effect of DNP on 

the ultrastructure of barley root tips involved three phases. 

The treatment of roots with DNP, followed by electron micro

scopic observation constituted the first phase. The second, 

involved absorption of radioactive carbon-labeled DNP by 

the roots, homogenization of the roots, centrifugal frac

tionation and analysis by liquid scintillation spectrometry 
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of the fractions for the presence of the labeled DNP. By-

determining in what fraction most of the DNP was located, 

one could infer this to be the fraction in which oxidative 

phosphorylation normally occurred. A concommitant part of 

this phase was an examination of the fractions under the 

electron microscope. 

The final phase of this section was an electron 

microscopic autoradiographic study of barley root tissue 

which had absorbed the radioactive carbon-labeled DNP. 

The RNA investigation was based on the treatment of 

roots with ribonuclease, followed by observation in the 

electron microscope. 

Barley roots were selected for these studies pri

marily because of the prior work done with this tissue rela

ting ion absorption and calcium concentration. 



MATERIALS AND METHODS 

Plant Culture 

Barley seeds, Hordeum vulgare, varieties Arivat 

and Mariout, were germinated for 24 hours in aerated water, 

with the water being changed once or twice during this per

iod. Twelve to 15 of the germinating seeds were then 

placed on a layer of cheesecloth stretched over a 400 ml 

beaker containing the dilute macronutrient solution of 0.1 

M of each of the following: CaCNO^Jg* KHgPO^ and MgSO^, 

with a pH of 6.4. The beaker was "roofed" with aluminum 

foil to provide a moist atmosphere and the solution was 

aerated. The aluminum foil was removed after 24 hours, by 

which time the roots had grown into the solution. Seedlings 

were grown in the dark for seven days, with deionized water 

periodically added to maintain the solution level. 

To prepare the larger quantities of roots needed 

for the fraction studies using DNP, 50 g of seeds were ger

minated in aerated water and grown on cheesecloth stretched 

on a rack covering a 12" by 16" by 4" stainless steel pan 

containing four and one-half liters of dilute macronutrient 

solution. In this case, a moist atmosphere was maintained 

by inverting a second pan over the first for one to two 

days. The nutrient solution was changed after four days, 

15 
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and the plants grovm for a total of seven days in the dark 

before the experiments were performed. 

It was found during the course of this work that 

storage of the nutrient solution used for plant culture in 

polyethylene containers resulted in the production of a 

toxic effect upon the roots. 

Electron Microscopy 

A variety of fixation and embedding techniques were 

employed, with the following procedure being the one selec

ted as giving the best fixation and ultrastructure preser

vation. The root tips were severed at approximately 8 to 

10 mm from the tips, placed in 2 per cent KMnO^ for 40 to 

60 minutes, dehydrated through a 25, 50, 75, 95, and two 

100 per cent ethyl alcohol series, ten minutes each, and 

then transferred to two, 15 minute washes of propylene 

oxide. The root tips were then impregnated for periods of 

one hour each in 1:3> 1:1 and 3:1 Epon-Araldite epoxy 

embedding mixture No. 2 (Mollenhauer 1964):propylene oxide. 

Root tips were then placed in size 00 gelatin capsules con

taining 100 per cent embedding plastic and cured at do to 

90° C for 24 to 43 hours. It was determined experimentally 

that a concentration of three per cent DMP-30 (tridimethyl-

aminomethylphenol) catalyst was necessary to obtain the 

proper hardness in the blocks. 

Other fixation procedures used were: from 0.5 per 

cent KMnO^ for 12 hours at 4° C to 4 P®r cent KMnO^ for 5 
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minutes at 22° C, with several variations between these 

extremes; buffered 2 per cent KMnO^; 2 per cent KMnO^ with 

0.2 M sucrose following a one-half hour exposure to 0.2 M 

sucrose; glutaraldehyde followed by 2 per cent KMnO^; quick 

dehydration of the tissue with 95 per cent acetone-5 per 

cent ethyl alcohol; and with Caulfield's (Pease 1964) 

OsO^ fixation. Dehydration of the tissue with the water-

soluble embedding medium, Durcupan A (Staubli 1963), was 

also tested. 

Very little difference in the appearance of the tis

sue was noted using the various concentrations, time, tem

perature and pH values of the KMnO^ solutions, ^he presence 

of sucrose resulted in poorer contrast in the tissue. Quick 

dehydration in the acetone-ethyl alcohol mixture resulted 

in tissue so poorly fixed that it could not be sectioned. 

The Durcupan dehydration caused a serious amount of poly

merization damage. Glutaraldehyde treatment resulted in 

less complete staining of the tissue, poorer contrast, and 

a grainy appearance. Fixation with OsO^ gave such low 

contrast that the membranes could not be identified. 

Attempts to post-stain the meristematic tissue sections 

with the routine combinations of uranyl acetate and lead 

nitrate were unsuccessful. It has since been ascertained 

that it is more difficult than usual to post-stain when the 

embedding plastic is the particular Epon-Araldite mixture 

used in this work. Post-staining was partially successful 



IS 

in the vacuolated portions of the region of elongation of 

the root, giving high contrast to the tissue, with the mem

branes staining heavily. However, the appearance of the 

tissue was very little different from that fixed with 

KMnO^, so this was not felt to be a particularly revealing 

procedure. 

Several embedding plastics were also utilized with 

varying degrees of success. Epon S12 (Luft 1961) seemed to 

preserve the tissue similarly to the Epon-Araldite mixture, 

but is much harder to section. Maraglas (Polysciences 1962) 

was found to give very good preservation of the root cap 

tissue, but frequently caused polymerization damage in the 

meristematic tissue. Vestopal (Martin Jaeger Co. 1964) 

was not only very hard to section, but also yielded poly

merization damage. 

Following embedding, the root tips were reoriented 

on the blocks, and a measured distance of the tip cut off. 

It was previously determined (Fox 1963, Heimsch 1951) that 

the center of the meristemic region is approximately 350 to 

400 |i from the tip. The tissue was then sectioned on 

either a Porter-Blume MT-1 or Porter-Blume MT-2 ultra-

microtome. 

The electron microscope studies were done using a 

Philips EM-100 and Philips EM-200. 



Root Treatments 

For the removal of calcium from the root tissue, 

the seedlings were taken from the nutrient solution, the 

roots were rinsed for ten seconds in deionized water, and 

then transferred to a beaker containing 0.5 mM Na2EDTA, 

with a pH of 5.6. Control roots were transferred to an 

equivalent concentration of CaClg, pH 6.4. The roots were 

aerated in these solutions for periods of from two to eight 

hours. 

The roots grown for the DNP experiments were trans-

_ 5  
ferred to another pan containing 10 M DNP adjusted to PH 

5.0, and aerated in this solution for three hours. It has 

been shown that at this lower pH, the uptake of DNP is 

greatly enhanced (Barber 1963, Stenlid 1949). The concen

tration of labeled DNP was 1.15 x 10~2 iiC/ml. 

Analysis for Calcium in Na2EDTA-Treated and Control Roots 

Five groups of 25 seedlings each were grown over 

one liter beakers of nutrient solution as previously 

described. These were treated as follows: 1) control, 

2) two, 3) four, and 4) eight hours in 5 x 10"^ M NagEDTA, 

and 5) four hours in 5 x 10"^ M CaClg. The roots were cut 

off, rinsed for ten seconds in deionized water and oxidized 

with HNO^ and HCIO^ acids. Calcium was analyzed by the 

method of Carlson and Johnson (1963). 
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Preparation and Analysis for 2,4-Dinitrophenol Studies 

Following the three-hour exposure to DNP, the roots 

were rinsed twice for ten seconds each in distilled water, 

severed from the shoots, centrifuged over a sponge at 35 x 

£ for ten minutes, and weighed. The homogenization and 

centrifugation were done according to the method used by 

Cattani (1963) and Murphy (1963). Roots were homogenized 

for ten minutes at a rheostat setting of 80 on the Vir-Tis-

45 with approximately 50 ml of buffer per 20 g fresh weight 

of roots. The buffer used was 0.1 M KHgPO^ - 0.1 M Na2HP0^ 

- 0.3 M sucrose, with a pH of 6.6 (except for one experiment 

for which the pH was adjusted to 4.0). The homogenization 

and all centrifugations except the final 105,000 x £ were 

done at 4° C in a cold room. 

Because of the large mass of cell debris, the homo-

genate was filtered through cheesecloth prior to centrifu

gation. The filtrate was then centrifuged into four frac

tions which, from the evidence of Cattani (1963) and Skok 

and Mcllrath (195&) were designated 1) cell debris, 10 

minutes at 77 x £; 2) nuclei and plastids, 10 minutes at 

1935 x g; 3) mitochondria, 15 minutes at 16,200 x g; and 

4) microsomes, 45 minutes at 105,000 x £. 

The first three pellets were washed once with the 

sucrose buffer and once with deionized water. The buffer 

wash and original supernatant were combined for the higher-

speed centrifugations and the wash water was saved for later 
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analysis. The microsome pellet was washed once with 

deionized water. The first three pellets were obtained with 

a Servall Super Speed Centrifuge, Model SS-1, and the final 

pellet with a Beckman Model L-2 Ultracentrifuge. 

A preliminary run was made using unlabeled DNP. 

One mm cubes of the pellets were fixed in two per cent KMnO^, 

embedded in Epon-Araldite and examined in the electron micro

scope . 

The final method utilized for counting the labeled 

fractions was derived after considerable experimentation, 

and was actually never reliable enough for quantitative 

analysis. Nisson and Benson (1964) have shown that it is 
•a 5 

possible to get accurate counting of "^S in whole roots 

using a liquid scintillation system. Preliminary investi

gations by other members of this laboratory had shown that 

1ZfC could also be counted in this way. 

Centrifugal pellets were quantitatively transferred 

to tared aluminum weighing pans which had previously been 

siliconized with "Desicote-18772" (Beckman Instrument Co., 

Fullerton, Calif.). The water washes of the pellets were 

evaporated to approximately 10 ml at 50° C and quantitatively 

transferred to other coated aluminum weighing pans. All 

samples were then dried for 18 to 20 hours at 50° C. The 

pans were weighed, aliquots of the pellet or wash were trans

ferred to glass liquid scintillation bottles and ground with 

a spatula. The pans were then reweighed. 
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Four grams of BBOT (2,5-bis-(2-(5-tert)-Butylben-

zoxazolyl) Thiophene) per liter of toluene were used as 

the fluor. Fifteen ml of the fluor was added to each scin

tillation bottle and the capped bottle, containing fluor 

and sample, were shaken for two hours on a horizontal 

shaker. The samples were then counted in a Packard Tri-

Carb Liquid Scintillation Counting System, Model 314-EX. 

It was found that it took approximately one week in the 

liquid scintillation counter freezer to obtain maximum 

counts for each sample. At this time, one drop of 0.1 N 

HCI was added to each sample and the .samples were again 

shaken for two hours. At the end of an additional week, 

following addition of the acid, stable results were 

obtained. The purpose served by the addition of the acid 

was the conversion of all ionic dehydrogenated phenolic 

groups of DNP present into the non-charged hydrogenated 

form more soluble in the toluene fluor matrix. It had 

been previously determined that the addition of one drop of 

6 
0.1 N HCI to a standard prepared by drying one ml of 10 M 

(1.15 x 10"^ kiC/ml) DNP in a scintillation bottle brought 

the DNP into solution much more readily, thereby obtaining 

a stable count in a shorter time. The count was equally as 

high as a similar non-acidified standard previously prepared, 

and therefore demonstrated that the acid was not itself 

causing any quenching. 
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Earlier experiments were done with a fluor consisting 

of 5 g PPO (2,5-diphenyloxazolyl) and 0.5 g dimethyl POPOP 

(l,4-bis-2-(4-methyl-5-phenyloxazolyl)-benzene) per liter of 

toluene, but this fluor gave less satisfactory results, 

tbeing more quenched by acid than was the BBOT (Yall 1965). 

Ratio counting was used, with the two channels of 

the liquid scintillation counter to determine degree of 

quenching. 

Ribonuclease 

The routinely grown roots were treated for two hours 

with one mg/ml Worthington Pancreatic Ribonuclease in the 

presence of 10"^ M Na^EDTA. The ribonuclease had been pre

viously assayed for activity. The final pH of the ribo-

nuclease-EDTA solution was 5-60. 

Electron Microscopic Autoradiography 

Barley roots were grown over 400 ml of dilute nutri

ent solution as previously described. The roots of one set 

of plants were placed in 400 ml of 10"^ M labeled DNP 

(1.15 x 10" (iC/ml), pH 5.0. A second set of roots was 

placed in 400 ml of 5 x 10"^ M labeled CaClg (0.125 (iC/ml) 

pH 6.0. Both sets were aerated for three hours and the root 

tips fixed and embedded for electron microscopy. Sections 

were cut from the blocks and applied to colloidon-coated 

copper grids. Gaevart NUC-307 nuclear emulsion was applied 

according to the methods of Young and Kopriwa (1964). The 
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sections were incubated for over four months at 4° C, with 

a test grid being examined periodically, beginning with the 

third week, to ascertain the progress of exposure. The 

emulsion was developed by Young's and Kopriwa's methods 

(1964) and the emulsion was partially removed by 0,05 N 

NaOH for 20 minutes, or by Karnovsky's lead hydroxide stain, 

method A (1961) for 30 minutes. 



RESULTS AND DISCUSSION 

The ultrastructure of barley root meristematic and 

root cap tissues have been previously described (Fox 1963). 

However, a brief review of some of the salient features will 

facilitate much of the following discussion. As can be seen 

in Figures 2 and 3> the meristematic tissue is character

ized by large nuclei, thin cell walls and the absence of 

vacuoles. Other cellular constituents present are mito

chondria, Golgi apparati, endoplasmic reticulum, proplastids 

and intercellular connections. The age of meristematic 

tissue can be estimated by the thickness and flexibility of 

the cell walls. Notice that the thin walls in the younger 

tissue of Figure 2 have wrinkled with the shrinking tissue, 

rather than.broken as is the'case in Figure 3. Also notice 

the very thin cell wall which has recently formed between 

the two daughter cells in Figure 2. One can also observe 

the absence of dark-staining bodies similar to those 

reported by Whaley et al. (1964) in corn root meristems, 

which they hypothesize mature into vacuoles. 

A higher magnification of mitochondria and pro

plastids is shown in Figure 4. It is interesting to note 

that the proplastid in this photograph appears to be divid

ing by pinching off in the middle. 

25 
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Other than by its very location, the root cap is 

characterized by thick cell walls, increased amounts of 

endoplasmic reticulum, starch grains (see Figure 5) and by 

the vacuolated nature of the older cells near the periphery 

of the cap (Figures 6 and 7). 

These two areas were the only ones extensively 

examined due to the difficulties encountered with the 

attempts to fix and embed the thin-walled, vacuolated tissue 

basipetal to the meristematic region. The damage apparently 

occurs during the alcohol dehydrations of the tissue. 

The cell walls are not strong enough to resist collapse, 

as water is withdrawn from the large vacuoles, causing rup

ture of the tonoplast and a general mixing of the micro-

organelles, as seen in Figure 8. Occasionally a section of 

well-preserved vacuolated tissue was observed, as in Figure 

9, but this occurred so irregularly that it was decided 

to concentrate efforts on the more reliable meristematic 

tissue. 

Calcium Removal 

Changes in the appearance of tissue treated for up 

to eight hours in 5 x 10"^ M NagEDTA were, at best, slight. 

The gross morphology of the cell was not noticeably altered, 

but there appeared to be a slight difference between control 

membranes and those treated with EDTA. The dimension of 

the membranes was measured by determining the narrowest dis

tance between the outer edges of the darkly-staining lines 



in a 2 mm segment of clearly defined membrane. Measure

ments were taken using a stereomicroscope with an eyepiece 

micrometer at 20X power on pictures which had a magnifica

tion of 38,000. These measurements were of either a single 

membrane such as the plasma membrane, or of one of the 

double membranes surrounding a mitochondrion or proplastid. 

Twenty to 30 measurements were taken for each treatment. 

Although there appeared to be no significant variation in 

the dimensions of membranes in a single treatment, there 

was a difference between the average membrane dimensions of 

tissue treated for eight hours with 5 x 10"^ M Na2EDTA and 

those treated for eight hours with 5 x 10"^ M CaClg which 

was statistically significant at the five per cent level 

using the modified T test. The average membrane in the 

CaClg-treated tissue was found to be 86 A from outside to 

outside edge, while membranes in the EDTA-treated tissue 

averaged 82 k. It is also possible that this difference 

is the result of the effect of the presence of calcium on 

KMnO^ fixation, as Afzelius (1963) has demonstrated that 

fixation with calcium and other divalent cation permanga

nates increases the dimensions of the membrane as observed 

in the electron microscope. 

Examination of the EDTA-treated tissue (see Figures 

10 through 12) reveals a generally more beaded appearance 

of the darkly staining, supposedly protein, portion of the 

membranes than in other tissue treatments. There are 
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portions of the EDTA-treated membranes, as in Figure 10, 

which do present the continuous dark line appearance, but 

in most cases the protein portion of the membrane appears 

to be composed rather of many darkly staining beads con

nected by lighter areas, as opposed to a continuous line 

as in Figure 6. Figure 12 shows this beading very markedly 

in the mitochondrial and proplastid membranes. The only 

membranes demonstrating this beading were those treated 

with EDTA. An independent investigator (Bartels, 1965) 

examined approximately 50 unlabeled photographs of various 

membranes taken during the course of this work, looking 

for collaboration of his hypothesis on the globular nature 

of membranes. The six photographs he selected as demon

strating a globular type of membrane were all of EDTA-

treated tissue, although approximately half of the original 

50 photographs were CaCl^-treated. 

One cannot deny the qualitative nature of these 

observations, but beading apparently does occur in the 

EDTA-treated tissue with a high enough frequency to warrant 

speculation. Assuming the beading occurs as a result of 

EDTA treatment, an obvious suggestion is that the membranes, 

or the protein portion of the membranes, contract into 

globules following removal of the stabilizing calcium. 

This leads to the inference also of increased porosity and 

loss of selective control over the influx of various ions. 

If membranes are actually globular under normal conditions, 
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it is possible also that if the calcium acts as a binding 

agent between the globules, its removal results in the sep

aration of these globules into discernible units. 

Several hypotheses can be advanced as to why a more 

pronounced alteration following the removal of calcium was 

not observed. There is, of course, the possibility that 

calcium actually does not play a significant role in mem

brane structure despite the physiological evidence to the 

contrary. A second hypothesis is that the changes brought 

about by the removal of calcium are only slight rearrange

ments of the structure which do not survive the harsh 

KMnO^ fixation. For instance, Whittembury (I960) has sug

gested that the removal of calcium results in an increase 

in the diameter of membrane pores, but KMnO^ fixation does 

not reveal the presence of these pores at the present stage 

of electron microscope techniques. 

Thirdly, a drastic change, such as the membrane 

disintegration reported by Marinos (1962) may not have 

occurred because only 52 per cent of the calcium was 

removed by the eight hour EDTA treatment (see Table 1). 

The remaining calcium is probably chelated more strongly to 

other compounds in the cell than to EDTA. This would be par

ticularly true if the calcium is bound in all directions 

within the membrane. 

The amount of calcium removed in this experiment sub

stantiates the reports of Foote and Hanson (1964) that 



Table 1 - Amount of calcium remaining in roots 
following Na2EDTA and CaClg treatment. 

Treatment M moles Ca/mg dry roots 

1. Control 2.02 x 10"2 

2. EDTA, 2 hr 1.06 x 10~2 

3. EDTA, 4 hr 1.00 x 10~2 

4. EDTA, 6 hr 0.96 x 10~2 

5. CaClg, 4 hr 3.33 
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10 ̂  M EDTA removed approximately two-thirds of the calcium 

from three-day-old soybean roots grown on paper saturated 

with 10"^ M CaClg. Working with beet storage tissue, Van 

Steveninck (1965) found that 10"^ M EDTA removed 69 to 76 

per cent of the calcium. Higher concentrations of EDTA 

removed no additional calcium. He also observed that the 

tissue did not become "leaky" until 69 to 76 per cent of 

the calcium had been removed. 

The week-old roots used in this present work were 

obviously not saturated with calcium, since treatment for 

four hours in the higher concentration of CaCl2 (5 x 10"^ M) 

increased the calcium concentration in the roots by 64 per 

cent. Calculating on the basis of the higher concentra

tion of calcium in the roots following CaCl^ treatment, and 

assuming that the EDTA would have also removed this excess 

calcium, 2.37/3.33, or 71 per cent of the total calcium was 

removed, collaborating those figures reported by Foote and 

Hanson (1964) and by Van Steveninck (1965). 

The use of a chelating agent more firmly binding to 

calcium than is NagEDTA would greatly facilitate any study 

of the role of calcium in membrane structure. At the pres

ent time, however, new methods in the preparation and stain

ing of tissue for electron microscopy offer the most promise 

in this type of research, since this would hopefully enable 

one to see the membranes and any minor changes more accur

ately than is presently possible. The isolation and negative 
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staining of membranes, as reported by Benedetti and Emmelot 

(196$), offer a challenging method for determining changes 

in the membrane following various treatments. 

Dinitrophenol:: Effects and Location 

The DNP treatment did not change the ultrastructure 

of the root cells to any observable degree. As seen in 

Figure 15, the membranes appear similar to both the control 

membranes and those exposed to CaClg. However, a major 

change in membrane structure was not anticipated, since the 

effects of DNP treatment are apparently reversible (Chasson, 

I960). It was thought that perhaps some change would be 

noted, due to the presence of the DNP itself, or to the 

reduced supply of energy available to the membranes follow

ing termination of oxidative phosphorylation. 

The electron photomicrographs of the centrifugal 

pellets (Figures 17 through 19) reveal that the designa

tions of "cell debris," "nuclei and plastids," "mitochon

dria" and "microsomes" need revision. The 77 x £ pellet 

proved to be the only accurately designated fraction, as 

it was, indeed, composed of cell debris. This fraction 

contained cell walls, occasional whole cells and, in many 

cases, various plastids associated with the cell walls. 

The 1935 x £ fraction, previously thought to contain 

the plastids and nuclei, appeared rather to be another cellu

lar debris fraction which contained smaller-sized debris 

(Figure 17). This debris was composed largely of bits of 
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cell wall, various unidentifiable microorganelles and a 

stained, amorphous material. No definite nuclei were seen 

in this fraction, although it had been shown (Smillie 1956, 

Cattani 1963) that most of the DNA and what in phase 

microscopy appeared to be nuclei were located in a 1200 to 

1500 x £ pellet. The nuclear envelopes may have been 

stripped from the nuclei during homogenization, or the 

nuclei may have dissociated during KMnO^ fixation. At any 

rate, it is obvious that this fraction is far from puri

fied or specific, and would more correctly be designated 

"finer cell debris pellet". 

In the so-called "mitochondrial" pellet (16,200 x 

g), nothing.resembling an intact mitochondrion could be 

identified (Figure 1&). The major portion of this frac

tion was composed of an almost structureless mass of 

material with an occasional dark-staining plastid-like 

body. Vague outlines of other membrane-bound organelles 

are also seen (note arrows, Figure 18), but these are too 

non-specific to identify. It is not particularly surpris

ing that mitochondria are not seen, since Chrispeels and 

Simon (1964), studying maize, found that it was necessary 

to add EDTA to their homogenizing media in order to obtain 

mitochondria which retained their structure during centrifu-

gation. They also reported many more intact mitochondria 

in the maize scutellum than in the roots. 
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One can see in Figure 19 that the 105,000 x g, or 

"microsomal" fraction, contains such a large proportion of 

membrane fragments that it could well be designated the 

"membrane fraction". There are undoubtedly many ribosomes 

and other very small cell organelles present, but these 

were not stained by KMnO^. 

One concludes from these photographs that there is 

a considerable degree of heterogeniety in all these frac

tions, and that it would be very difficult as well as sub

jective to assign an organelle to any specific fraction. 

This is especially true of the mitochondria and plastids, 

since they appear in all fractions up to and including the 

16,200 x £ fraction. 

In the experiments using labeled DNP, it was impos

sible to assign the observed presence of DNP in the first 

three fractions to any one set of organelles. The 105,000 

x £ fraction was homogenous enough so that one could say 

the counts observed in this fraction may have been arising 

from the DNP in the membranes or, though less likely, in 

the ribosomes (see Table 2). 

As mentioned earlier, the method of analysis for 

the radioactivity was not refined to a high enough degree 

to permit quantitative treatment of the data. The problem 

of counting the samples in a liquid scintillation system 

itself presented the main obstacle. Results from replicate 

samples varied as much as 100 per cent in some cases. The 
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addition of one drop of 0.1 N HCl resulted in a net decrease 

in the counts of a given sample in some cases, whereas, 

generally the acid treatment yielded an increase in counts. 

There appeared to be no difference in quenching between the 

various samples as observed by the channels ratio method. 

A major difficulty seemed to be that not all of 

the DNP was solubilized in the fluor. Most of the weak 

beta particles from the 1̂ 'C remaining in the pellet were 

then absorbed by the pellet material. This was most evi-r . 

dent before the pellets placed in the scintillation vials 

were ground. A large piece of pellet appeared to have a 

much lower specific activity than had an equal weight of 

smaller pieces from the same pellet. Although the grind

ing of the pellet aliquots and the addition of acid both 

increased the reproducibility of the results, there was 

still too much variation to give precise results. 

Figure 1 shows that the greatest concentrations of 

DNP in the centrifugal fractions were in the 77 x £ and 

the 105,000 x £ pellets. The 77 x £ fraction revealed the 

highest concentration probably because the material in this 

fraction most closely resembled the unhomogenized roots, 

which also had a high concentration of DNP. 

The higher concentration of DNP in the 105,000 x £ 

fraction is interesting in that it indicates that DNP may 

be absorbed by the membranes of the plant. If this is the 

case, it lends support to the theory that oxidative 
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phosphorylation does occur in the cell membranes as well as 

in the mitochondria. Although DNP could be incorporated in 

the membranes regardless of the presence of the oxidative 

phosphorylation complex, the absence of DNP in this frac

tion would have contradicted evidence of the occurrence of 

oxidative phosphorylation in cellular membranes. 

It should be noted here that the counts from the 

water wash were included in calculating the cpm/mg of the 

various pellets as reported in Figure 1. This was done 

because, as seen in Table 2, the washes always contained at 

least 25 per cent as much of the total count as the pellet 

itself, and in the case of the 105,000 x £ fraction, there 

were more counts in the wash than in the pellet. It was 

not possible to determine whether the count in the wash 

was from occluded DNP in the pellet or if it was from DNP 

released from tissue damaged by the low osmotic concentra

tion of the washing water. Probably both sources contrib

uted to this count. 

The DNP in the unhomogenized roots consistently 

recorded a higher activity than that in any of the pellets, 

as did the supernatant .fraction from the last (105,000 x £) 

centrifugation. 

The pH value of the buffer and of the second wash 

(buffered with 0.01 M KI^PO^-NagPO^) was lowered to pH 4.0 

in an attempt to keep the DNP in the non-ionic hydrogenated 

form, reducing its solubility in the buffer and subsequent 
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extraction by the wash. This would theoretically keep the 

DNP in its original location in the membranes, rather than 

allow extraction into the supernatant fraction. As can be 

noted in Table 2, this technique did result in a greatly 

reduced count in the supernatant. 

Ribonuclease Effects 

An unanticipated observation was that seen in the 

electron photomicrographs of the treated tissue, showing no 

apparent damage to the membranes following treatment with 

up to 10 times the concentration of ribonuclease used by 

Ruesink and Thimann (1965) to rupture isolated cells. As 

aeen in Figure 16, the plasma membrane appears to be very 

much intact following this treatment. Figures 2 and 3 

illustrate the fact that there is no intercellular space in 

the meristematic region, so that the large ribonuclease 

molecules may not have been able actually to penetrate the 

tissue and react with the membranes, whereas, Ruesink and 

Thimann were working with isolated cells. 

It would be interesting to observe the effect of 

ribonuclease on isolated cells in the electron microscope. 

Another technique which I feel merits further investiga

tion is that reported by Leduc and Holt (1965), using a 

water soluble embedding medium, followed by treatment of 

the sectioned tissue with ribonuclease. 



38 

Table 2 - Total counts per minute of centrifugal fractions 

from homogenized roots containing "^C-labeled 

2,4-dinitrophenol. 

Centrifugal 
Fraction 

Total counts per minute 

pH of homogenization buffer 

6.6 4.0 

pellet wash pellet wash 

77 x g 6.26xl04 1.96X104 0.79x10^ 3.82xlOZf 

1935 x g 0.29x10^ 0.23X104 0.67x104 0.14xl04 

16,200 x g 0.8lxl04 0.46X104 0.73xl04 O.llxlO4 

105,000 x g 0.43xl04 2.75xl04 0.33xl04 0.52xl04 

supernatant supernatant 

105,000 x g 93.0 x 104 24.0 x 104 
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Autoradiography 

The electron microscopic autoradiography of roots 

which had absorbed "^C-labeled DNP was unsuccessful. There 

was no increase in the number of exposed silver grains in 

the treated tissue over that observed in the background. 

As reported by Pease (1964, p. 252) 10 to 15 M.C/g of tis

sue are required in the tissue before good electron micro

scopic autoradiographic results can be obtained. Using DNP 

uptake figures obtained by Hannapel (1965) and the specific 

activity of the ^C-DNP, it was calculated that at the max

imum only 3.0 x 10"^ M-C/g of tissue could be absorbed by 

the barley roots. Electron microscopic autoradiography 

with DNP was attempted in spite of this knowledge on the 

chance that DNP might be concentrated enough in a few spots 

in the cell to be recorded, but this did not turn out to 

be the case. 

The work utilizing ^Ca was also done with the fore

knowledge that there was little chance of positive results. 

Nearly all of the successful work done so far with elec

tron microscopic autoradiography has been with the very 

weak beta-emitting tritium (0.0176 mev). This weak beta 

has a much higher probability of reacting with the silver 

halide crystals than do the more energetic beta particles. 

Caro (1965), however, reported results using the very high 

energy beta from ̂ P (1.701 mev). On the basis of his work, 

it was thought worth while to attempt the use of 
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^Ca (0.254 raev). The three hour uptake of ^CaClg was 

done in the hope that the labeled calcium would be more 

localized in the cells than if the roots had been grown in 

LS 
^^Ca. In the latter case, calcium would be distributed 

throughout the cell, creating a very confusing distribution 

of reacted silver halide grains, since a resolution of, at 

best, only 0.3 H was anticipated with the high energy beta. 

The negative results indicate that either the con-

centration of yCa present was too low or that the high 

energy betas did not react in the same manner with the 

Gaevart emulsion used in this work as it did with the 

Ilford-L-4 emulsion used by Caro. 
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Figure 1. Specific activity of centrifugal fractions 
from homogenized roots containing 

"^C-labeled 2,4-dinitrophenol. 



Figures 2 and 3 — er, endoplasmic reticulum; ga, Golgi 
apparatus; ic, intercellular connection; 
m, mitochondrion; n, nucleus; w, cell 
wall; pp, proplastid 
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Figure 2. Meristematlc cells treated two hours with 1 mg/ml 

ribonuclease in 10"̂  M NagEDTA. X 6,300. 

Figure 3. Meristematlc cells, treated 11 hours with 

5 x 10"4 M CaCl2. X d,000. 



Figure 4. Mitochondria and proplastids, no treatment 
X 35,300. 

Figure 5. Root cap cells, treated two hours with 5 x 
M Na2EDTA. X 3,750. 



Figure 6. Vacuolated root cap cells, no treatment. X 7,500. 

Figure 7. Vacuolated root cap cell, no treatment. X 12,800. 



Figure 8. Vacuolated tissue in zone of elongation, no 
treatment. X 7,500. 

Figure 9. Vacuolated tissue in zone of elongation, no 
treatment. X 11,900. 



Figure 10. Plasma membrane, treated eight hours with 

5 x 10-Zf M NagEDTA. X 160,000. 

Figure 11. Plasma membrane, treated eight hours with 

5 x 10"4 M Na2EDTA. X 160,000. 
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Figure 12. Mitochondrial membranes, treated eight hours 

with 5 x 10"4 M Na2EDTA. X 160,000. 

. \ 

Figure 13. Plasma membranes, treated eight hours with 

5 x 10~4 M CaCl2. X 160,000. 
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Figure 14* Plasma membranes, no treatment. X 160,000. 

Figure 15. Plasma membranes and endoplasmic reticulum, treated 

three hours with 10"^ M DNP. X 160,000. 
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Figure 16. Plasma membrane, treated two hours with 1 mg/ml 

ribonuclease in 10"k M NagEDTA. X 160,000. 

Figure 17. Centrifugal pellet of homogenized root, 1935 x k. 
X 11,000. 



Figure Id. Centrifugal pellet of homogenized root, 16,200 
x £. X 18,70o. 

Figure 19. Centrifugal̂ gellet of homogenized root, 105,000 



SUMMARY 

Removing calcium and other divalent cations from 

barley roots with NagEDTA lowered the average unit mem

brane diameter, as fixed with KMnO^, from 86 A to 82 A, a 

statistically significant difference at the five per cent 

level with the modified T test. The darkly staining, pro

tein portion of the EDTA-treated membranes appeared to be 

slightly more beaded than untreated membranes. It was spec

ulated that this beaded appearance results from a coagula

tion of the protein network of the membrane into globules 

following removal of the stabilizing calcium. 

Electron photomicrographs of centrifugal fractions 

of homogenized barley roots revealed that with KMnO^ fixa

tion both the 77 x £ and the 1935 x £ pellets contained a 

variety of cell debris, the 16,200 x £ pellet was a gen

erally undifferentiated matrix containing a few plastid-

like bodies, and the 105,000 x £ fraction contained many 

membrane fragments. Work with "^C-labeled DNP showed that 

most of the DNP located in the 105,000 x £ supernatant 

fraction. Of the pellet fractions, the highest concentra

tions of DNP were located in the 77 x £ and 105,000 x £ 

fractions. It was hypothesized that the DNP in the 105,000 

x £ fraction was in the membrane fragments, indicating that 

oxidative phosphorylation may be occurring in membranes. 
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Dinitrophenol and ribonuclease did not cause any 

observable changes in the ultrastructure of the barley root 

cells. 

Electron microscopic autoradiography using ^C-
r K 

labeled DNP and Ca was attempted. There were no more 

exposed grains above the tissue than in the background 

area, indicating that either there was inadequate radio-
l 5 

activity in the tissue or that the energetic ^Ca betas do 

not react with the silver halide grains. 
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