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ABSTRACT 

Agrobacterium tumefaciens. a gram-negative, rod-shaped 

bacterium, is the causal agent of the plant disease called crown 

gall. This disease is characterized by the formation of neoplasms 

on plants susceptible to infection by the bacterium. A tumor-

inducing principle (TIP) is thought to be associated with the 

bacterium that is responsible for the initiation of tumors. Since 

previous evidence had been presented indicating a relationship 

between the TIP and bacterial nucleic acids, an investigation was 

conducted to elucidate the role of bacterial nucleic acids in tumor 

formation. 

Total ribonucleic acid (RNA) was isolated from virulent and 

avirulent isolates of A. tumefaciens and was compared in sucrose 

density gradients by rate zonal centrifugation to determine if a 

unique type of RNA could be found associated with avirulent, but 

not in virulent,, bacteria. Both types of RNA proved to be similar 

in all respects, according to the limits of detection of the methods. 

In the course of RNA isolation from A. tumefaciens it was found that 

a magnesium concentration between 0.02 - 0.03 M was required during 

extraction to insure the isolation of 23S and 16S ribosomal RNA 

(rRNA) in a 2:1 ratio (this ratio is considered to be the normal 

state in which rRNA should be found since the molecular weight of 

23S is twice that of 16S rRNA). 
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In order to investigate the possibility that an RNA virus, 

associated with virulent A. tumefaciens bacteria, may be responsible 

for tumor formation, several antibiotics were utilized in a search for 

substances that might inhibit deoxyribonucleic acid (DNA), but not RNA-

dependent RNA synthesis. Actinomycin D, acriflavin HCl and aflatoxin 

Bl were all shown to be ineffective in inhibiting bacterial multiplication 

and were not investigated further. Nalidixic acid, an antibiotic known 

to inhibit DNA synthesis more strongly than RNA synthesis in several 

other bacterium, was found to suppress growth of A. tumefaciens and also 

inhibited nucleic acid synthesis as shown by the incorporation of ^Hi-

guanos ine. At a concentration of 3 jjg/ml, DNA, but not RNA, synthesis 

is inhibited by nalidixic acid. An investigation of the effect of nali

dixic acid on the specific infectivity (SI) of A. tumefaciens was conducted 

using a quantitative assay which measures the ability of this bacterium 

to produce tumors on pinto bean primary leaves. The SI is defined as the 

concentration of bacterial inoculum required to form a tumor on a leaf. 

The results of these experiments were not uniformly, statistically 

significant and therefore a clear interpretation of the results was not 

possible. 

DNA was isolated from tomato seedlings and tumors growing on 

h.' tumefaciens-infected tomato stems and subjected to isopycnic equilib

rium centrifugation in CsCl gradients to determine if there were differences 

in DM isolated from these 2 sources. No differences were found with the 

exception that A. tumefaciens DNA was shown to be present as a component 

in the tumor DNA. However, specific DNA components might still be present 
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in virulent A. tumefaciens in such small amounts that they could not be 

detected in the manner used here. 

The role of A. tumefaciens nucleic acids in tumor formation, 

if any, still remains unclear and further experimentation is needed. 



INTRODUCTION AND LITERATURE REVIEW 

Agrobacterium tumefaciens (Smith and Town.) Conn," a gram-

negative rod-shaped bacterium, has long been recognized as the causal 

agent of the crown gall disease of plants. If a suspension of bacteria 

is injected into the stem of a susceptible host, such as Lycopersicon 

esculentum, a tumor will develop at the site of inoculation. In 1941, 

Braun (2) observed that tumors sometimes formed on plants infected 

with A. tumefaciens away from the initial site of inoculation and that 

these secondary tumors frequently were free of A. tumefaciens bacterial 

cells. Fragments of bacteria-free tumors could be grafted into healthy 

plants where they continued to grow independently in the absence of 

intact A. tumefaciens cells (5, 44). The formation of A. tumefaciens-

free tumors indicated that there might be some entity associated with 

the bacterium which causes a heritable change in a normal plant cell 

inducing it to multiply rapidly even in the absence of intact bacterial 

cells. This entity has been termed the tumor inducing principle (TIP). 

There has been much speculation as to the identity of the TIP 

(3, 6). The following discussion describes evidence indicating that 

the TIP could be associated with bacterial nucleic acids: Nucleic 

acids were first implicated in tumor formation by Klein (16) who ob

served a large increase in total deoxyribonucleic acid (DNA) content 

in A. tumefaciens-infected tomato plants 2 days after inoculation. In 

1953, Klein and Klein (17) claimed the transformation of intact 
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avirulent A. tumefaciens cells to the virulent state by incubating the 

cells in the presence of DM (deoxyribonucleic acid) isolated from 

virulent bacterial cells. This important observation, if correct, 

provides direct evidence for the involvement of bacterial DNA in tumor 

induction. It may be significant however that there have been no 

published attempts confirming this phenomenon. 

In 1958, Manigault and Stoll (21) reported they were able to 

induce tumors on Datura stramonium plants with DNA isolated from vir-
I 

ulent A. tumefaciens in the presence of "wound juice" extracted from 

healthy Datura. There is no record of further confirmation of this 

significant observation which would provide strong evidence for bac

terial DNA being, at least, closely related to the TIP. The role of 

wound juice was not explained except to say that it may be involved 

in some conditioning process thought to be vital in tumor induction 

(21). In 1967, Kovoor (18) reported he was able to transform tissue 

culture cells of Scorzonera hispanica L. to a tumorogenic state by 

treating the normal tissue with DNA isolated from A. tumefaciens. 

Acridine dyes, which have the capacity to eliminate elements 

such as bacteriophages from bacteria, have recently been shown to 

temporarily inhibit tumor formation when they are incubated with A. 

tumefaciens cells (20). This evidence suggests the presence of an 

extrachromosomal DNA which may be responsible for tumor induction. 

In view of the evidence for the involvement of bacterial DNA 

in tumor induction, Larsen (19) compared DNA isolated from attenuated 

and virulent strains of A. tumefaciens by buoyant density and melting 
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point determinations but found no differences. Heberlein, De Ley 

and Tijtgat (14) and De Ley ejt al (9) have used melting point determ

inations as a taxonomic criterion for the genus Agrobacterium. Using 

the linear relationship (23) between guanine-cytosine content and 

melting point (Tm), they have arrived at a GC content of about 61-62% 

calculated from several strains of A. tumefaciens. Larsen (unpub

lished results) confirmed this result. 

Stroun, Anker and Ledoux (40) isolated DNA from A. tumefaciens-

induced tumors on tomato and found its buoyant density to be inter

mediate to the densities of healthy tomato plant DNA and A. 

tumefaciens DNA. Upon sonication, the tumor DNA fractionated into 

two components with densities similar to those of A. tumefaciens and 

healthy tomato DNAs. It was hypothesized that some type of complex 

was formed between bacterial and plant DNAs. Schilperoot £t al_ (32) 

have demonstrated another relationship by hybridizing A. tumefaciens 

RNA (synthesized in vitro in a cell free system) with tumor DNA and 

found that a significant degree of homology existed between the two 

types of nucleic acid indicating that some genetic material from the 

tumor inducing bacterium must exist in crown gall tumors. 

In addition to the. evidence for the involvement of DNA in 

tumor production, ribonucleic acid (RNA) was implicated by Braun and 

Woods (6) as having a role in tumor formation when they claimed that 

tumor development could be inhibited by the application of high 

concentrations of ribonuclease to A. tumefaciens-infected plants. 
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In this dissertation, the role of nucleic acids in tumor 

formation was reinvestigated. The ribonucleic acids from A. tume-

faciens, presented technical problems which necessitated a study of 

the techniques needed in isolation procedures. Abnormally low 

amounts of 23S ribosomal RNA were observed on initial attempts to 

isolate RNA from A. tumefaciens cells and, therefore, experiments 

were conducted to elucidate the optimum conditions for the extraction 

of RNA from strains of A. tumefaciens. 

In order to search for a specific type of RNA associated with 

the virulent strain of A. tumefaciens and not with the avirulent, the 

RNAs of both strains of the bacterium were compared by ultraviolet 

absorption profiles on sucrose density gradients employing rate zonal 

centrifugation. 

Nalidixic acid, an antibiotic known to be effective against 

gram-negative bacteria by inhibiting DNA synthesis more strongly 

than RNA synthesis (13), was examined to determine its effect on 

nucleic acid synthesis and tumor forming capacity of A. tumefaciens. 

It has been shown that tumor cells from A. tumefaciens-infected 

plants do not require certain growth supplements that are required by 

normal plant cells which are susceptible to A. tumefaciens infection 

(4). This observation indicates that, perhaps, a specific type of 

DNA may exist in tumor cells that carries information coding for the 

synthesis of materials that normal plant cells obtain from an exter

nal source. DNA was isolated from tumors growing on A. tumefaciens-

infected tomato plants (Lycopersicon esculentum) and examined by 



isopycnic gradient centrifugation to determine if a unique species 

of DM could be found associated with tumors that could not be found 

in normal plant cells. 



MATERIALS AND METHODS 

Bacterial Culture 

The virulent strain of Agrobacterium tumefaciens used here 

vas obtained from a lyophilized culture supplied by Dr. Stanley 

Alcorn, of the Department of Plant Pathology at the University of 

Arizona. It had been shown to be pathogenic by its capacity to 

produce plant tumors when injected into the stems of sunflower 

seedlings. Virulent isolate, A. tumefaciens 15955, was obtained 

from Dr. J. Lippincott, Department of Biological Science, North

western University, Evanston, Illinois. 

The avirulent isolate of A. tumefaciens was obtained from 

Dr. Ira Deep, Department of Plant Pathology, The Ohio State Univer

sity. This culture had been isolated from a single colony among a 

population of colonies obtained by plating a virulent isolate of 

A. tumefaciens on petri plates containing an agar medium. The iso

late was found to be incapable of producing tumors on Kalanchoe or 

sunflowers. In order to determine if the avirulent isolate was in 

fact, A. tumefaciens instead of some other bacterium which was present 

as a contaminant in the isolate from which the avirulent strain 

was selected, both strains of A. tumefaciens were examined for their 

ability to utilize various carbohydrates that are known to be meta

bolized by the crown gall bacterium as shown by Elliott (12). The 

carbohydrate solutions contained 17, carbohydrate, 1% peptone and 1 ml 
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per liter of 1.67. alcoholic solution of bromthymol blue (7). After 

adjusting the pH of the solutions to 7.0 they were filter sterilized 

(Millipore filters, type HA, pore size 0.45 ji), dispensed to sterile 

capped test tubes containing inverted Durham tubes for collecting 

any gas which may have evolved and, subsequently, seeded with bacteria. 

As controls, tubes containing all constituents except carbohydrate 

were seeded with bacteria and, in addition, some tubes containing 

the complete media were left unseeded to check for sterility. 

Stock cultures of both bacterial isolates were maintained in 

a refrigerator at 4C on sucrose agar medium (0.8% nutrient broth, 0.1% 

yeast extract, 0.5% sucrose, and 1.5% agar) and were transferred 

periodically to fresh sucrose agar. 

Isolation of RNA 

RNA was isolated from virulent and avirulent isolates of 

A. tumefaciens according to the method outlined by Oishi and Sueoka 

developed for Bacillus subtilus (26). 

A 15-18 hr culture of A. tumefaciens was grown in 250 ml of 

sucrose broth (0.8% nutrient broth, 0.1% yeast extract, and 0.57. 

sucrose). The cells were centrifuged at 8000 x g in a Sorvall RC-2 

centrifuge using an SS-34 rotor then washed twice with Tris-MgCl2 (Tris 

0.01 M, MgCl2 0.02 M, pH 7.4) buffer. Lysozyme (Worthington) and deoxy 

ribonuclease I (DNAse, Worthington) were added to the mixture to concen 

trations of 1 mg/ml and 10 jig/ml, respectively. The suspension was 

frozen immediately and thawed twice and subsequently lysed with sodium 
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dodecyl sulfate at a 2% concentration. The lysate was shaken with 

an equal volume of freshly distilled phenol (saturated with Tris-

MgCl. buffer) for 30 min at room temperature and centrifuged at 3000 

x g for 5 min to separate the phenol and aqueous phases. Nucleic 

acid was precipitated from the aqueous phase by the addition of 2 

volumes of cold 95% ethanol. The nucleic acid was usually allowed 

to precipitate at least 4 hr or overnight at -20 C. The precipi

tated nucleic acid was centrifuged at 3000 x g and the pellet was 

resuspended in 5 ml of Tris-MgC^ buffer. In order to eliminate 

any remaining DNA, the preparation was again treated with DNAse at 

the concentration previously mentioned and incubated at 35 C for 10 

min. The phenol and ethanol precipitation steps were then repeated 

and the RNA pellet was resuspended in 4 ml Tris-MgCl2 buffer and 

dialyzed overnight against Tris-MgC^-NaCl buffer (Tris 0.01 M, 

MgCl2 0.02 M, NaCl 0.02 M, pH 7.4). 

Sucrose Density Gradients 

Sucrose density gradients (0.2-1.0 M sucrose, Merck, in 

Tris-MgC^ buffer) were formed in cellulose nitrate tubes (£ in x 

2 in) with a Buchler density gradient forming apparatus which uni

formly mixes 2.2 ml of 1.0 M sucrose with 2.4 ml of 0.2 M sucrose to 

form a concentration gradient throughout the tube from 1.0 M (bottom) 

to 0.2 M (top). Usually 0.2 ml of RNA solution was carefully layered 

on the surface of the gradient. All solutions and gradients were 

kept on ice. 
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The gradients were usually centrifuged at 50,000 rpm 

(250,000 x g) for 3 hr at 4 C in a SW65Ti rotor in a Model L2 Spinco 

centrifuge and then monitored for absorbance at 254 mp wavelength 

with an 1SCO density gradient fractionator. For the purpose of 

measuring radioactivity when radioactive isotopes were incorporated 

into the RNA, fractions of 4 drops each were collected on 25 mm 

Whatman No. 54 filter paper discs as the density gradient tube con

tents were dispensed from the fractionator after UV analysis. The 

discs were then thoroughly dried and placed in liquid scintillation 

vials with 10 ml of 0.5% 2,5 diphenyloxazol (Packard) in toluene 

and the radioactivity measured with a Packard tri-carb liquid scintil

lation spectrometer (Model 3320, gain setting 70%, window settings 

50-1000, Packard Instrument Corporation, Chicago, Illinois). 

Isolation of DNA 

DNA was isolated from A. tumefaciens according to the method 

of Saito and Miura (30). The bacterial pellet was washed 1-2 times 

by resuspension in saline-EDTA (0.15 M NaCl plus 0.1 M EDTA, pH 8.0) 

and centrifuging at 7000-8000 rpm using a SS-34 rotor in a Sorvall 

RC-2 centrifuge. The extraction procedure is designed for 6 g of 

wet packed cells, but may "be expanded proportionately. The washed, 

bacterial pellet was resuspended in the centrifuge tube in a solution 

containing 12 mg lysozyme (Worthington), dissolved in 6 ml saline-

EDTA. The resuspended cells were decanted into an Erlenmeyer flask, 

held 10-20 min at 37 C and then quickly frozen in an acetone-dry ice 



mixture. As the cells began to thaw, 50 ml Tris-SDS buffer (0.1 

Tris buffer containing 1% sodium dodecyl sulfate and 0.1 H NaCl, 

pH 9.0) were added. Thawing was completed in a 60 C water bath. 

The cells were shaken frequently during thawing. The presence of 

SDS aided in lysing the cells and caused the suspension to become 

very viscous. When increased viscosity was first noticed, the sus

pension was again frozen and thawed. An equal volume of water 

saturated phenol (Mallinckrodt, AR 88%) was then added and the 

mixture was shaken vigorously for 20 min in a cold room. The re

sulting emulsion was separated into 2 layers by centrifugation at 

7000 rpm in a SS-34 rotor with a Sorvall RC-2 centrifuge for 10 

min. A large quantity of voluminous, white material collected at 

the interface of the 2 phase emulsion after centrifugation of the 

phenol treated material. The upper aqueous phase containing nucleic 

acid was removed using a wide mouthed pipette and clarified by 

centrifugation at 12,000 rpm for 15 min. Additional amounts of 

nucleic acid were collected by reextracting the interface mixture 

2-3 times with about 10 ml of saline-EDTA. The aqueous phases from 

all phenol treatments were then pooled and the nucleic acid precip

itated with 2 volumes of 957. ethanol. The fluffy precipitate was 

wound onto a glass rod and dissolved, by gentle stirring, in 20-40 

ml of 0.1 x SSC (1.0 x SSC consists of 0.15 M NaCl plus 0.015 M tri-

sodium citrate, pH 7.0). Gentle shaking was usually necessary for the 

nucleic acid to become completely dissolved. The solution was then 

brought to 1.0 x SSC by the addition of 10.0 x SSC. 
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To remove ribonucleic acid (RNA) from the preparations, 

ribonuclease A (Worthington) was added to a final concentration of 

50 jig/ml and the mixture was then incubated at 37 C for 30 min. 

The digest was cooled and deproteinized 3 times with phenol treatment. 

The aqueous phase was then collected and clarified by centrifugation 

and the DNA was reprecipitated with 2 volumes of ethanol. The DNA 

was spooled onto a glass rod and dissolved in 20 ml of 0.1 x SSC to 

which 2.2 ml of acetate-EDTA (3.0 M sodium acetate plus 0.001 M 

EDTA, pH 7.0) was added. While the solution was stirred, 0.54 

volume of isopropanol was slowly added to precipitate the DNA and 

remove additional amounts of RNA. The precipitated DNA was spooled 

and washed successively in 70, 80, 90 and 95% ethanol and then re-

dissolved in 0.1 x SSC. The isopropanol precipitation and ethanol 

washing were repeated and the final spooled precipitate was dissolved 

in 0.1 x SSC and brought to 1.0 x SSC. The DNA preparation was 

tested for the presence of RNA utilizing the orcinol reaction (33). 

The results indicated that in 107 jig of DNA no detectable amount of 

RNA was found; under these conditions the orcinol reaction allowed 

the detection of as little as 2 jig of RNA. 

DNA was isolated from the leaves of mature tomato plants 

(Lycopersicon esculentum) or from stem tumors of A. tumefaciens-

infected tomato plants modified from the methods of Matsuda and 

Siegel (24). In preparations from leaves, 35 gm were first ground 

in a meat grinder and then ground further in a cold mortar and pestle 

in the presence of sand and a half-weight of sucrose-tris buffer 
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(0.5 M sucrose, 0.01 M MgCl2, 0.05 M Tris, 0.025 M KCl, 0.005 M 

mercaptoethanol, pH 8.2). The tumors (35 g) were first chopped into 

small pieces with a razor blade in the presence of 10 ml of sucrose-

tris buffer and then ground in a cold mortar and pestle to which more 

sucrose-tris buffer had been added to 35 ml. The grindate was fil

tered through 2 layers of Miracloth and the filtrate was given a 

1000 x g centrifugation. The 1000 x g pellet from leaf tissue was 

given 2 washes with sucrose-tris buffer containing 3.5% Triton X-100 

(alkyl phenoxy polyethoxy ethanol, Rohm and Haas) to solubilize 

chloroplasts. The tumor tissue was washed once with sucrose-tris. 

The 1000 x g nuclear pellets were resuspended in 5 ml saline-EDTA 

(0.15 M NaCl, 0.1 M ethylenediaminetetracetic acid (EDTA), pH 8.0) 

and the nuclei were lysed by adjusting to 2% sodium dodecyl sulfate 

and incubating for 10 min at 50 C. The lysates were shaken gently 

with an equal volume of saline-EDTA saturated phenol for 20 min at 

room temperature. The phenol-lysate emulsion was divided into 2 

phases by a low speed centrifugation and the upper phase (containing 

nucleic acid) was removed and again treated with phenol. DNA was 

removed from the upper phase by precipitation with 2 volumes of 95% 

ethanol and wound onto a glass rod. The spooled DNA was dissolved 

in a few milliliters of 0.1 x SSC (0.015 M NaCl, 0.0015 M trisodium 

citrate, pH 7.0) then brought to 1.0 x SSC by the addition of 10.0 

x SSC. Ribonuclease A (Worthington) was added to 50 )ig/ml and in

cubated at 37 C for 30 min. The ribonuclease treated preparation was 

again deproteinized with phenol, precipitated with ethanol, and 
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finally dissolved in 1.0 x SSC as before. With tomato leaf tissue, 

the DNA was precipitated with 0.54 volume of isopropanol and the 

spooled DNA was stirred in 70, 80, 90 and 95% ethanol before finally 

dissolving in SSC. 

The DNA concentration was calculated on the assumption that 

100 jig/ml has an extinction of 2.0 at a wavelength of 260 mji (11). 

Effect of Nalidixic Acid on Growth of A. tumefaciens 

Nalidixic acid was donated by the Sterling-Winthrop Research 

Institute, Rensselaer, New York. The antibiotic was sterilized by 

filtration through a bacterial filter (Millipore, 0.22 ji, Type GS). 

Two hundred fifty milliliters of sucrose broth were seeded with 1 ml 

of a 20 ml overnight culture of bacteria and approximately 1 hr before 

the addition of nalidixic acid, 20 ml aliquots of the culture were 

pipetted into sterile 50 ml Erlenmeyer flasks. Growth rate of the 

bacteria was measured by monitoring the increase in optical density 

at 650 rcp wavelength on a Gilford, Model 240, spectrophotometer.^ 

Effect of Nalidixic Acid on A. tumefaciens Nucleic Acid Synthesis 

The effect of nalidixic acid on nucleic acid synthesis was 

measured according to the methods of Roodyn and Mandel (28). This 

method utilizes the differential solubility of RNA and DNA in strong 

3 
NaOH to discriminate between them. Guanosine-8-H (New England Nu

clear Corp., 8.99 mc/mg) was added to a concentration of 0.1 fic/ml at 

the same time as the addition of nalidixic acid. To determine total 

nucleic acid synthesis, 0.5 ml aliquots of a bacterial culture were 

removed at various times after the addition of nalidixic acid and 



pipetted into 0.5 ml of cold 10% trichloroacetic acid (TCA). The 

samples were collected on Millipore filters as described below. DNA 

synthesis was measured by removing 0.5 ml culture aliquots and pipet

ting into 0.05 ml of cold 5.5 N NaOH. The NaOH treated samples were 

incubated overnight at 35 C then 0.05 ml of 6 N HCl and 0.5 ml of 10% 

TCA were added to each hydrolyzed sample. All samples were collected 

on 0.5 ji Millipore filters (Type EH) and washed 5 times with approx

imately 5 ml 1% TCA. The filters were placed in liquid scintillation 

vials and dried at 70 C for 30 min. In order to minimize internal 

quenching of radioactivity collected on the filters, 0.5 ml of NCS 

reagent (Nuclear Chicago) was added to the dried filters. The NCS 

treated filters were heated to 50 C for about 20 min in capped vials 

after which 10 ml of toluene containing 0.5% 2,5 diphenyloxazole 

(Packard) was added to the vials. The radioactivity was measured 

with a liquid scintillation spectrometer as previously described. 

RNA synthesis was monitored by subtracting the radioactivity 

adhering to the filters from the NaOH treated samples (attributed 

to DNA alone) from the radioactivity in the filtrates that had only 

been treated with TCA (total nucleic acids). 

The influence of nalidixic acid on total RNA isolated from 

£.* tumefaciens when examined in sucrose density gradients was invest

igated by adding nalidixic acid at 3 and 10 ̂ ig/ml and tritiated 

guanosine to 0.1 ̂ g/ml, as previously described, to 20 ml cultures 

of A. tumefaciens after 7 hr of growth. When the optical density 

(650 mp) of all cultures exceeded 1.0, the RNA was isolated from the 
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bacteria and examined in sucrose density gradients. Fractions of 4 

drops each were collected on 25 mm Whatman No. 54 filter paper discs 

and their radioactivity measured utilizing the liquid scintillation 

spectrometer. Thirty four fractions were usually collected. 

Effect of Nalidixic Acid on the Specific Infectivity of A. tumefaciens 

Nalidixic acid at 10 and 20 jig/ml was introduced into 20 ml 

cultures of A. tumefaciens after approximately 7 hr of growth. The 

culture was allowed to grow until the optical density (650 mn) of 

all samples was at least 1.0, then samples were withdrawn and plated 

in quadruplicate on sucrose agar plates. Other samples were held on 

ice until the bacteria could be used for an infectivity assay on 

pinto beans. A control culture without nalidixic acid was also 

treated as described. The pinto bean assay for infectivity was con

ducted according to the methods of Lippincott and Heberlein (20). 

Pinto bean seedlings whose primary leaves had just unfolded-jwere 

dusted lightly with carborundum and inoculated by pipetting 0.1 ml 

of inoculum onto a leaf and firmly rubbing the bacterial solution 

over the surface of the leaf with a glass spatula or rod. The inoc

ulum was normally used at various dilutions made with sterile sucrose 

broth and at least 12 primary leaves were inoculated per treatment. 

The small tumors that developed in 7-10 days were counted under a 

stereomicroscope at 7X magnification with strong illumination from 

below. As an aid in counting, each leaf was placed between 2 glass 

plates to keep the entire leaf surface in focus. The upper plate 



had a grid drawn on it to provide a uniform means of counting the 

tumors. The specific infectivity of a culture was defined as the 

quotient obtained by dividing the number of tumors per leaf into 

the concentration of bacterial cells that was placed on the leaf as 

determined by plate counts. 

Buoyant Density of DNA 

Aliquots containing approximately 2-3 jig of DNA were added to 

a 60% (w/w) CsCl solution. An additional 1-2 jig of Micrococcus lyso-

deikticus DNA was added as a marker to aid in the calculation of 

buoyant densities. The refractive index of the DNA-CsCl solution was 

determined at 20 C with a refractometer (Zeiss). The density of the 

solutions at 20 C was inferred from the relationship between refrac

tive index and density (43). The desired density of the DNA-CsCl 

solution was obtained by the addition of distilled water. 

Centrifugation was carried out in a Beckman Model E analytical 

ultracentrifuge using a 12 mm, A deg, single sector, Kel - F center 

piece in conjunction with wedged windows and an An-F rotor. After 

17-18 hr of centrifugation at 44,000 rpm at 20 C, photographs were 

taken of the ultraviolet absorption patterns of the centrifuge cells. 

Measurements of the position of the DNA bands were made with 

the aid of microdensitometer (Spinco Analytrol) tracings of the ultra

violet absorption photographs. Micrococcus lysodeikticus DNA. which 

3 
has a density of 1.731 g/cm (31), was used as a reference. The 

buoyant density of the DNA in question at a distance r from the center 
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of rotation of the rotor was calculated using the following relation

ship as given by Schildkraut, Marmur and Doty (31): 

+ r
0^) * 10"*® g cm"3 

where 

A- density of the standard DNA 

tD - speed of rotation in radians sec"* 

rQ = distance of the standard DNA from 
~ " - the center of rotation 

The mole fraction of guanine plus cytosine could be 

calculated from the linear relationship between density and 

guanine-cytosine content (31) given as follows: 

0.098 (GC) + 1.660 g cm"3 

where 

(GC) = mole fraction guanine plus cytosine 



RESULTS 

Identification of Avirulent A. tumefaciens 

The virulent isolate of A. tumefaciens and the avirulent iso

late suspected to be A. tumefaciens were compared for their capacity 

to utilize various carbohydrate sources in order to provide evidence 

for the identity of the avirulent isolate. The carbohydrates used 

were those listed by Elliott (12) as being utilized by A. tumefaciens. 

After 7 days growth in media containing fructose, salicin, 

arabinose, galactose or glucose the seeded carbohydrate solutions 

were examined for color changes caused by production of acid and for 

the evolution of gas. The results shown in Table 1 are identical for 

both isolates and agree with Elliott's results for A. tumefaciens 

indicating that the avirulent isolate was most probably a strain of 

A. tumefaciens which has been altered to a non-tumor forming state. 

Table 1. A comparison of the ability of virulent and avirulent iso
lates of Agrobacterium tumefaciens to utilize various carbohydrate 
sources 

Carbohydrates Virulent Avirulent 

Fructose alkaline + * alkaline + 
Salicin . acid +++ acid +++• 
Arabinose acid +++ acid +++ 
Galactose acid +++ acid +++ 
Glucose neutral neutral 
Control ! alkaline ++ alkaline ++ 

* The number of + indicates the degree of acidity or alkalinity 
! Control samples contain peptone and bromthymol indicator but 

no carbohydrate. 

18 
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Moreover, both isolates appeared as glistening, white colonies on 

nutrient agar and proved to be gram-negative, rod-shaped bacteria 

when gram-stained and examined microscopically. 

Effect of Mg++ on RNA Isolation 

Isolation of RNA from A. tumefaciens was attempted according 

to the method of Oishi and Sueoka developed for Bacillus subtilus 

(26) which utilizes a buffer solution containing 0.005 M magnesium. 

Sucrose density gradients of these preparations (Fig. 1) show low 

amounts of 23S ribosomal RNA (rRNA) relative to 16S rRNA. Since the 

molecular weight of 23S rRNA is twice that of 16S (42) it is to be 

expected that the absorption peak caused by the 23S rRNA would be 

twice the value found for 16S RNA if both molecules exist in equal 

amounts in bacterial cells. A 2:4..^ ratio of 23S to 16S rRNA is, in 

fact, what is usually found when ribosomal RNA is isolated from 

bacteria. Midgley (25) has shown with Escherichia coli that the mag

nesium concentration of the RNA solvent during phenol deproteinization 

affects the relative amounts of 16 and 23S ribosomal RNA isolated. 

When RNA was extracted from E. coli ribonucleoprotein (25) with buffer 

solutions having magnesium concentrations from 0.02 to 0.001 M the 

ratio of 16 to 23S rRNA was about 1:2 whereas magnesium concentrations 

lower than 0.0005 M gave ratios for 16 to 23S rRNA approximating 2:1. 

In order to determine if the magnesium concentration had an 

effect on A. tumefaciens similar to that found with E. coli by Midgley, 

RNA was isolated from A. tumefaciens using Tris-MgC^ buffers con

taining magnesium chloride at 0.1, 0.02, 0.005, and 0.001 M. RNA was 
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Fig. 1 Sucrose density gradient profile of RNA isolated from 
virulent A. tumefaciens cells using 0.005 M Mg^O.2-1.0 
M sucrose, 50,000 rpm, 5 hr at 4 C) 



21 

1.0 

0.5 

1.0 

0.5 

1.0 

0.5 

1.0 

0.5 

1.0 2.0 
DEPTH (CM) 

3.0 4.0 

Fig. 2 Sucrose density gradient profiles of RHA isolated from 
virulent A. turaefaciens cells A) 0.001 M, B) 0.005 M, 
C) 0.02 M and D) 0.1 M Mg^O.2-1.0 M sucrose, 50,000 
rpm, 5 hr at 4 C) 



also extracted with a buffer solution containing 0.05 M EDTA (ethyl-

enediaminetetracetic acid). All buffer solutions contained 0.01 M 

Tris except for an RNA sample which was extracted using only distilled 

water. Sucrose density gradient profiles of RNA isolated as described 

(Fig. 2) indicate that magnesium at concentrations of 0.005 M and lower 

has a degrading effect on 23S rRNA whereas the relatively high 0.1 M 

magnesium was shown to affect adversely both 16 and 23S rRNAs. Little 

RNA was isolated from the EDTA or distilled water treatments; the 

small, amount of RNA obtained appeared granular when precipitated with 

alcohol as opposed to the fluffy precipitates formed with the magnesium 

treatments. The RNA obtained from these latter two samples had very 

little absorbance at 260 njja and were, therefore, not analyzed by 

density gradient centrifugation. 

To determine more precisely the optimum magnesium concentration 

for the isolation of both types of rRNA, concentrations of magnesium 

in the vicinity of 0.02 M were tested. Fig. 3 shows the effect of 

magnesium at 0.01, 0.02, 0.03, and 0.04 M concentrations of RNA 

isolations. It is apparent that a magnesium concentration between 

0.02 and 0.03 M is most favorable for the isolation of both 16 and 

23S rRNAs since there is an approximate 2:1 (23 to 16S) ratio at these 

magnesium concentrations. 
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Fig* 3 Sucrose density gradient profiles of RNA isolated from 
virulent A. tumefaciens using A) 0.01 M, B) 0.02 M, 
C) 0.03 M~and D) 0.04 M Mg^O.2-1.0 M sucrose, 50,000 
rpm at 4 C, A and D were, centrifuged for 5 hr but B and 
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Density Gradient Profiles of RNA Isolated from Virulent and Avirulent 
A. tumefaciens 

There has been evidence presented (6) indicating that the 

tumor-inducing ability of A. tumefaciens may be related to an RNA 

component associated with the bacterium. If tumor production depends 

on a specific RNA species, then it may be absent in an avirulent 

isolate of A. tumefaciens and it would be of interest to compare vir

ulent and avirulent isolates of the bacterium to determine if a unique 

RNA species could be detected. Rate zonal centrifugation in sucrose 

density gradients was used to compare total RNA from both types of 

A. tumefaciens isolates. RNA was isolated from virulent and avirulent 

A. tumefaciens and subjected to sucrose density centrifugation to 

compare ultraviolet absorption profiles as shown in Fig. 4. There 

appeared to be no difference in the RNA profiles as they are shown. 

In a further attempt to examine the RNA of A. tumefaciens. 

the bacteria were grown in the presence of tritiated uridine (10 jic/ 

ml, spec. act. 2.47 c/mM, International Chemical and Nuclear Corp.) 

The RNA was isolated, centrifuged in sucrose density gradients and the 

radioactivity measured from 4 drops fractions which were collected. 

The radioactivity profile of RNA isolated, (Fig. 5), did not demon

strate the presence of any' additional RNA species associated with 

virulent A. tumefaciens cells. 

Effect of Nalidixic Acid on Growth of A. tumefaciens 

Braun and Woods (6) have reported that RNA may be involved in 

tumor initiation and it is further known that certain plant viruses 



25 

"Bl 1.0 

£ 0.5 

d 

o" 
1.0 

0.5 

4.0 3.0 2.0 
DEPTH (CM) 

1.0 

Fig. 4 Sucrose density gradient profiles of RNA isolated from 
virulent (bottom) and avirulent (top) A. tumefaciens 
cells (0.2-1.0 M sucrose, 50,000 rpm, 3 hr at 4 C) 
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exist in plants in the form of naked RNA devoid of any protecting 

protein coat (34). It is conceivable that this type of RNA could 

exist in virulent strains of A· tumefaciens and may be responsible 

for tumor induction. Antibiotics such as actinomycin D have been 

useful in investigations of this type since they have the property 

of inhibiting DNA dependent RNA synthesis while allowing viral 

RNA synthesis to proceed unsuppressed. 

An attempt was made here to search for a viral-type of RNA 

associated with the virulent strain of &· tumefaciens that is absent 

in the avirulent strain by growing bacteria in the presence of anti

biotics whi-ch are known to inhibit DNA-, but not RNA- dependent RNA 

synthesis. Acriflavin HCl (5, 10 and 20 pg/ml, City Chemical Corp., 

New York), actinomycin D (10 pg/ml, Merck, Sharp and Dohme, Rahway, 

N. J.) and aflatoxin Bl (approximately 20-40 pg/ml, purified by thin 

layer chromatography and donated by Dr. Roger Cald\vell, Department 

of Plant Pathology, University of Arizona, Tucson) were all tested 

and \·7ere found to be ineffective in suppressing the growth of b_. 

tumefaciens. Nalidixic acid, an antibiotic known to be effecti:ve 

against Escherichia coli and Bacillus subtilus, was also examined 

for its ability to inhibit the growth of !· tumefaciens cells. It 

has been shovm to repress DNA synthesis more severely than R.J.'IA 

synthesis (13) and because of the possibility of the involvement of 

DNA in tumor production, it could prove meaningful to determine what 

effect nalidixic acid would have on the pathogenicity of b.· ~

faciens at concentrations of the antibiotic which might selectively 

inhibit nucleic acid synthesis as described. 



Figure 6 shows the effect of nalidixic acid on bacterial 

multiplication at various concentrations of the antibiotic, namely, 

166, 83, 41, and 8 pg/ml. The concentrations correspond to growth 

inhibitions of 60, 44, 36 and 17%, respectively, 4 hours after 

adding the antibiotic to bacteria in the log phase of growth. This 

evidence obviously establishes the sensitivity of ~· tumefaciens 

to nalidixic acid. 

Effect of Nalidixic Acid on !• tumefaciens Nucleic Acid Synthesis 

28 

An attempt 't-7as made to find a concentration of nalidixic acid 

which would selectively inhibit DNA synthesis but not RNA synthesis, 

for the purpose of examining the tumor forming capacity of A. tume---
faciens cells in this inhibited condition. Concentrations of nalidixic 

at 3 and 5 yg/ml were used since these concentrations are knovm to be 

capable of producing the selective inhibition effect in B. subtilus (8). 

It can be observed from Fig. 7 that the growth of !• tumefaciens as 

measured by optical density (650 mp)measurements indicated a very 

small gro't-7th inhibition at 3 and 5 pg/ml which 't-7aS found to be re-

peatable in 6 experiments. 

Total nucleic acid synthesis 't-7as inhibited noticeably as 

shown in Fig. 8. After 13 1/2 hrs of growth, total nucleic acid 

synthesis at 5 pg/ml was reduced by 30%, whereas, at 3)Ug/ml synthesis 

was hardly affected. 

When DNA and RNA synthesis were examined independently under 

the influence of nalidixic acid (Fig. 9, 10) there appeared to be 

little or no effect on RNA synthesis at 3 pg/ml, whereas, a noticeable 
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Fig. 6 The effect of nalidixic acid on the growth of A. tumefaciens 
as measured by the optical density at 650 cyi wavelength, 
at concentrations of 166, 83, 41, and 8 jag/ml. The nalidixic 
acid was added after 7 hr of incubation 
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Fig. 7 The effect of nalidixic acid on growth of A. tumefaciens 
as measured by the optical density at 650 n^u wavelength 
at concentrations of 3 and 5 )ig/ml. The nalidixic acid 
was added after 7 hr of incubation 
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8 The effect of nalidixic acid at 3 and 5 jug/ml on synthesis 
of total nucleic acids of A. tumefaciens as measured by the 
incorporation of tritiated guanosine. The nalidixic acid 
and isotope were added after 7 hr of incubation 
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Fig. 9 The effect of nalidixic acid at 3 and 5^ig/ml on synthesis 
of RNA of A. tumefaciens as measured by the incorporation 
of tritiated guanosine. The nalidixic acid and isotope 
were added after 7 hr of incubation 
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Fig. 10 The effect of nalidixic acid at 3 and 5 jig/ml on synthesis 
of DNA of A. tumefaciens as measured by the incorporation 
of tritiated guanosine. The nalidixic acid and isotope were 
added after 7 hr of incubation 



reduction of DNA synthesis was apparent. DNA and RNA synthesis at 

5 jug/ml were suppressed approximately equally after 13 1/2 hrs as 

evidenced by reductions of 27 and 317., respectively. 

These results indicate that a distinct concentration of nali

dixic acid may exist between 3 and 5 pg/ml below which only DNA syn

thesis is suppressed provided the nalidixic acid concentration does 

not drop below that level where the antibiotic is no longer effective. 

In an attempt to determine if nalidixic acid may selectively 

inhibit specific species of RNA, A. tumefaciens cells were grown in 

the presence of 3 and 10 jig/ral of nalidixic acid and labeled with 

tritiated guanosine during the logarithmic phase of growth of the 

cells. Total RNA was isolated from the cells and examined on sucrose 

density gradients. It was observed, (Fig. 11), that no qualitative 

differences were seen between the control and nalidixic acid treated 

samples. 

When concentrations of nalidixic acid used are high enough 

to suppress RNA synthesis, as well as DNA synthesis, no one type of 

RNA appears to be suppressed preferentially. 

Effect of Nalidixic Acid on the Specific Infectivity of A. tumefaciens 

It has been shown above that nalidixic acid can suppress the 

growth of A. tumefaciens by inhibiting nucleic acid synthesis. Since, 

evidence has been given for the involvement of nucleic acids in tumor 

induction, an experiment was designed to determine if nalidixic acid 

could suppress the specific infectivity (SI) of^A. tumefaciens. (SI 
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Fig. 11 Sucrose density gradient profiles of RNA isolated from 
A. tumefaciens cells grown for 7 hr in the presence of 
B) 3 pg/ml and C) 10 jig/ml of nalidixic acid. A) RNA 
isolated from nontreated cells. Nalidixic acid and 
tritiated guanosine were added after 7 hr of incubation 
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is defined as the concentration of bacteria necessary to produce a 

tumor on a pinto bean primary leaf.) Therefore, as the SI value 

becomes smaller the bacterial inoculum becomes more infectious. The 

SI values presented in Tables 2 and 4 are calculated by first finding 

the quotient obtained by dividing the number of tumors on each leaf 

for 2 separate experiments (Tables 2, 3) into the concentration of the 

inoculum used for that leaf (experiment I is presented in Table 2 and 

experiment II is divided between Tables 3 and 4). 

It can be seen that in both experiments the SI values are 

higher than control values. However, when an analysis of variance was 

performed on both experiments only the results of experiment lib (Table 

4) were found to be significant at the 5% level (with the exception 

of undiluted, 20 jig/ml nalidixic acid-treated inoculum) when the F 

test was applied, comparing the SI of the control with the SI of the 

nalidixic acid-treated bacteria. 

Lippincott and Heberlein (20) have shown that the number of 

tumors formed on pinto bean leaves is proportional to the concen

tration of the bacterial suspension rubbed on the leaves until a 

concentration is reached that saturates all the infectible sites on 

the leaf. Inoculation with higher concentrations of bacteria will 

not result in an increased number of tumors. In comparing the SI 

of nalidixic acid-treated and control preparations it was necessary 

to determine if the concentration of bacteria used fell in the range 

that would not result in saturation of all infectible sites on the 

leaf. In order to answer this question, a 24 hr culture of A. 
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Table 2. (1) The effect of nalidixic acid (NA) on the specific 
infectivity (SI) of A. tumefaciens 

Tumors/leaf (8)* si!! 
(xl07) 

NA NA 
'control! inoculum control inoculum 
inoculum (10 jig/ml)! inoculum (10 jig/ml) 

124 149 1.95 1.37 
193 115 1.25 1.77 
35 25 6.91 8.18 
53 19 4.57 10.74 
29 65 8.34 1.60 
— 81 ••«••• 2.52 

183 44 1.32 4.64 
180 57 1.34 3.58 

sum 797 555 25.68 34.40 

mean 114 69 3.67 4.30 

9 
! Concentration of control inoculum=2.42 x 10 . 

Concentration of NA (10 jig/ml) inoculum=2.04 x 10 . 
!! SI •» specific infectivity. The quotient obtained from 

dividing the concentration of the inoculum by the 
number of tumors on the leaf. The smaller the SI 
value the more infectious the preparation. 

* Eight leaves were inoculated per treatment. 



Table 3. (11a) The effect of nalidixic acid (NA) on the number of 
tumors produced on pinto bean primary leaves by A. tumefaciens 

Tumors/leaf (16)* 

NA (jig/ml) 

Control! 10! 20! 

undiluted 1:5 undiluted 1:5 undiluted 1:5 

101 93 19 2 102 1 
133 92 25 3 38 0 
282 28 7 2 102 12 
197 11 9 8 14 7 
117 35 68 4 15 1 
113 23 81 2 75 1 
81 25 57 10 32 14 
166 12 58 10 19 2 
47 40 25 19 58 1 
68 49 39 45 41 16 
91 14 20 2 24 9 
57 5 61 25 103 3 
97 4 12 37 40 1 
62 10 44 19 20 1 
78 14 34 2 25 14 
58 21 15 j6 25 _8 

sum 1748 476 574 196 733 91 

mean 109 30 36 12 46 6 

* Sixteen leaves were inoculated per treatment 

Q 
! Concentration of undiluted control inoculum=3.33 x 10 

cells/ml. Concentrations of undiluted NA-treated (10 and 
20 jig/ml)=2.30 x 10^ and 1.19 x 10^ cells/ml, respectively. 
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Table 4. (lib) The effect of nalidixic acid (NA) on the specific 
infectivity (SI) of A. tumefaciens as calculated from tumor counts 
shown in Table 3 

SI* 
(xlO7) 

NA (pg/ml) 

control 10 20 
inoculum! inoculum! inoculum! 

undiluted 1:5 undiluted 1:5 undiluted 1:5 

3.29 
2.50 
1.18 
1.69 
2.85 
2.95 
4.11 
2.01 
7.09 
4.90 
3.66 
5.84 
3.43 
5.37 
4.27 
5.74 

sum 60.88 

mean 3.81 

.72 

.73 
2.39 
6.09 
1.91 
2.91 
2.68 
5.58 

1.68 
1.37 
4.79 
13.40 
16.75 
6.70 
4.79 
3.19 

75.68 

4.73 

12.11 
9.20 

32.86 
25.56 
3.38 
2.84 
4.04 
3.97 
9.20 
5.89 
11.50 
3.77 
19.17 
5.23 
6.76 
15.33 

170.81 

10.68 

23.00 
15.33 
23.00 
5.75 
11.50 
23.00 
4.60 
4.60 
2.42 
1.02 
23.00 
1.84 
1.24 
2.42 

23.00 
7.66 

173.38 

10.84 

1.16 
3.13 
1.16 
8.50 
7.93 
1.59 
3.72 
6.26 
2.05 
2.90 
4.96 
1.16 
2.98 
5.95 
4.76 
4.76 

62.97 

3.94 

24.00 

2.00 
3.43 
24.00 
24.00 
1.71 

12.00 
24.00 
1.50 
2.66 
8.00 

24.00 
24.00 
1.71 
3.00 

180.01 

11.25 

* Si-specific infectivity. SI is defined as the quotient 
found by dividing the number of tumors formed per leaf 
into the inoculum concentration. The smaller the SI 
value the more infectious the preparation. 

! Concentration of undiluted control inoculum = 3.33 x 10^ 
cells/ml. Concentrations of undiluted NA-treated (10 and 
20 jjg/ml) « 2.30 x 109 and 1.19 x 10^cells/ml, respectively. 
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tumefaciens was inoculated onto pinto beans at various dilutions. The 

results of this assay (Fig. 12) show that the numbers of bacteria 

used in the specific infectivity experiment are low enough to insure 

that significant differences in infectivity could be observed. 

A reduction in specific infectivity (corresponding to an 

increase in the SI value) as determined by the use of the pinto bean 

assay could conceivably result from the action of nalidixic acid on 

the pinto bean primary leaves making them less susceptible to tumor 

initiation by A. tumefaciens. In order to investigate this poss

ibility, a 48 hr bacterial suspension was diluted 1:10 (ca. 1.8 x 

10® cells/ml) and nalidixic acid was added to equal aliquots of the 

diluted suspension to 5, 10 and 100 >ig/ml and assayed within 45 min 

from the time of addition of the antibiotic, onto pinto beans. The 

differences in infectivity that resulted (Table 5) reflect experimental 

variation in the assay rather than any alteration in the susceptibility 

of the leaves caused by nalidixic acid. 

Table 5. The effect of nalidixic acid (NA) on the susceptibility of 
pinto bean leaves to tumor induction 

Concentration of . Concentration of* 
bacteria (cells/ml) NA 0ig/ml) Tumors/leaf (8)* 

1.8 x 109 control 111 
ii 5 84 
ii 10 108 
ii 100 86 

* Nalidixic acid was added to the bacterial suspension immed
iately prior to assaying on pinto beans. 

Based on the mean number of tumors from 8 leaves. 
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Fig. 12 An infectivity dilution curve demonstrating the influence 
of concentration of bacterial inoculum on the number of 
tumors per leaf using the pinto bean infectivity assay for 
A. tumefaciens.- Each plotted value represents the mean 
number of tumors per 12 leaves. Each leaf was inoculated 
with 0.1 ml of inoculum 
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Buoyant Density Determinations of Tumor DNAs 

The seemingly uncontrolled proliferation of cells that char

acterizes crown gall tumors might be explained by the possible 

presence of a unique type of DNA common to plant tumors which would 

provide messages for the synthesis of metabolites required by tumor 

cells. If the postulated DNA species existed in bacterial cells as 

an independent molecule having its own characteristic base composi

tion, then one might be able to detect this component by a method 

such as isopycnic equilibrium centrifugation utilizing cesium 

chloride density gradients. 

In an attempt to establish if such a DNA species does, in 

feet, exist in the virulent strain of A. tumefaciens, DNA was isolated 

from virulent A. tumefaciens. healthy tomato plants (Lycopersicon 

esculentum) and tumors growing on the stems of A. tumefaciens-infected 

tomato plants. The DNAs were compared by determining their buoyant 

densities in cesium chloride density gradients. Microdensitometer 

tracings of ultraviolet absorption patterns, (Fig. 13), demonstrate 

the positions where A. tumefaciens and tomato DNAs had banded in 

relation to Micrococcus lysodeikticus DNA, a marker having a buoyant 

density of 1.731 g/ml. 

The tomato DNA tracing, (Fig. 13), shows the presence of an 

additional or satellite DNA component which has a higher density 

value than the main band DNA fraction. A microdensitometer tomato 

tracing of a UV absorption pattern of DNA isolated from tumors (Fig. 

13) growing on A. tumefaciens-infected tomato plants also demonstrated 
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1.731 1.705 

Tomato DNA 

Tomato DNA 4-
A. turiiefacicns D«^A 

Tumor DNA 

M.L. 

Fig. 13 Microdensitometer tracings of UV absorption photographs of 
DNA centrifuged in CsCl gradients. Top) DNA isolated from 
tomato. Middle) DNA isolated from tomato and A. tumefaciens. 
Bottom) DNA isolated from tumors growing on A. tumefaciens 
infected tomato plants. Micrococcus lysodeikticus DNA was 
added in each case to serve as a marker ^-1. 731) 



the presence of DNAs having the same densities as both tomato DNAs 

plus a third DNA which had a buoyant density equal to that of 

A. tumefaciens DNA. Table 6 indicates the densities and guanine-

cytosine content of the various types of DNA described here. 

Table 6. The buoyant densities and guanine-cytosine content of 
various DNA components found in tumors grown on A. tumefaciens-
infected tomato plants 

DNA Buoyant Density GC (%) 

Tomato main band 1.694 g/ml 35 

Tomato satellite 1.705 46 

A. tumefaciens 1.716 57 

These results indicate that the bulk of the DNA of a tomato 

plant tumor cell is not different, with regard to buoyant density, 

from the DNA found in a normal tomato plant with the exception that 

A. tumefaciens DNA is usually found in the tumor tissue which is not 

surprising since A. tumefaciens bacterial cells are present in the 

primary tumors. It should be mentioned, however, that there are 

limitations to the amount of DNA which can be detected using UV 

optics. For example, the bacterial DNA component observed in the 

tumor DNA tracing constituted approximately .1 - .2 jig of DNA and 

would correspond to about 5-107. of the total tumor DNA placed in the 

CsCl gradient tube. It can be seen from the tracing that smaller 



amounts of DNA than that found in the bacterial component would not 

be easy to detect and, thus, the possibility of additional species 

of DNA existing in tumors has not been eliminated with certainty. 



DISCUSSION 

The Relationship Between the TIP and Nucleic Acids 

The claim by Klein and Klein (17) for the transmission of 

virulence to avirulent strains of A. tumefaciens, as well as to A. 

rubi, A. radiobacter and Rhizobium aerobacter by growing the cells 

in the presence of DNA isolated from virulent A. tumefaciens, pro

vided strong implication that information for the induction of tumors 

may be contained on the virulent, A. tumefaciens chromosome. Hanil 

(22) attempted to repeat this phenomenon by altering Rhizobium 

leguminosarum with DNA from virulent A. tumefaciens without success. 

Preliminary transformation attempts attempted here (Larsen, unpublished 

results) were also unsuccessful. It would seem that prior to forming 

any conclusions on the basis of this significant observation by Klein 

and Klein, it would be desirable to make further attempts to repeat 

their finding. 

Manigault and Stoll (21) reported that tumors having diameters 

varying from 5 to 20 mm could be formed on the stems of Datura 

stramonium plants by slowly infiltrating a mixture of A. tumefaciens 

nucleic acids and plant sap extracted from healthy Datura plants which 

had been artificially wounded, into a wound made on Datura. From 

this evidence it was not suggested that the tumor inducing principle 

was some species of bacterial nucleic acid but, rather, it was 

proposed that a protein fraction in the wound juice was somehow 
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modified by A. tumefaciens nucleic acids, probably the DNA, and this 

becomes the tumor inducing principle. This observation by Manigault 

and Stoll (21) bears confirmation since, if correct, it would be the 

first report of the induction of tumors in the absence of whole 

bacterial cells. In addition, this work implies a relationship 

between A. tumefaciens nucleic acids and some metabolite common to 

wounded plant tissue which is necessary for tumor formation. 

Alternately, bacterial DNA may possess the ability to transform 

A. tumefacienssusceptible host DNA to a state where plant cell 

division cannot be controlled properly, allowing the formation of 

tumors. At this point, it is of interest to note that Kovoor (18) 

has reported that he was able to transform normal tissue culture 

cells of Scorzonera hispanica L. to a tumorous state by growing the 

normal cells in the presence of A. tumefaciens DNA. Again it is 

apparent that a message is carried by the bacterial DNA which calls 

for the synthesis of an entity which is the tumor inducing principle. 

The transformed cells were able to grow on a medium in which indole-

acetic acid (IAA) was absent, whereas normal tissue required IAA for 

continued growth. This observation suggests that A. tumefaciens DNA 

may provide the tissue culture cells with a piece of chromosome that 

dictates the synthesis of a growth factor such as IAA. The question 

of whether or not this DNA piece could actually be integrated into 

the plant cell genome remains unanswered. Apropos of this Schilperoot 

et al (32) have demonstrated a significant homology, in hybridization 

studies, between A. tumefaciens-induced tumor DNA isolated from tissue 



culture and A. tumefaclens RNA which had been synthesized enzymati-

cally in vitro. This report indicated that there is a DNA component 

in tumor DNA which is much like A. tumefaciens DNA. This observation 

is even more significant when it is considered that tumors growing in 

tissue culture supposedly contain no bacterial cells. Stroun, Anker 

and Ledoux (39) have discovered a DNA species in tomato plants, 

infected four days with A. tumefaciens, that possessed a density 

intermediate to those of A. tumefaciens and tomato DNAs in CsCl grad

ients. When this intermediate DNA was isolated, heated to separate 

the DNA strands and centrifuged in CsCl gradients it banded at a single 

position corresponding to a higher density value than the native 

species indicating that both DNA strands were of similar GC content, 

which would be evidence against the possibility of a double-stranded 

complex being formed between single-stranded plant and bacterial DNAs. 

To the contrary, when the intermediate species was sonicated and .cen

trifuged in a CsCl gradient two bands formed having densities equal 

to the densities of A. tumefaciens and tomato DNAs indicating the 

formation of a complex between plant and bacterial DNAs. It was 

postulated that a complex formed by the attachment of a double stranded 

bacterial DNA molecule to a native plant DNA molecule might explain 

the unusual characteristics this intermediate DNA species possesses. 

This relationship is not unique to A. tumefaciens alone, however, 

since other non-plant pathogenic bacteria were shown to behave with 

tomato DNA in a similar manner (41). Further evidence for a bacterial-

plant complex forming was found by Anker and Stroun (1), when apical 
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shoots of tomato plants were allowed to take up A. tumefaciens DNA 

labeled with tritiated thymidine for 6 hr after which the DNA was 

isolated and centrifuged in a CsCl gradient. When the radioactive 

fraction banding at the position of tomato DNA was removed, sonicated 

and, again, centrifuged in a CsCl gradient, 2 radioactive peaks were 

found, 1 at the position of A. tumefaciens i)NA and the other at the 

position corresponding to tomato DNA. It is apparent that A. tume

faciens DNA can be translocated in tomato plants and that it is 

capable of complexing with plant DNA in. some manner. 

In this dissertation, a species of DNA having a buoyant den

sity equivalent to that of A. tumefaciens DNA was shown to be present 

in DNA isolated from primary tumors growing on A. tumefaciens-infected 

tomato plants. Primary tumors normally contain A. tumefaciens cells 

and, therefore, the presence of bacterial DNA in total DNA isolated 

from primary tumors is not surprising. No intermediate species of 

DNA, as suggested by the work of Stroun, Anker and Ledoux (40), was 

shown to be present. It may be that this type of DNA is present in 

such small amounts that it is not detectable. DNA was isolated from 

established tumors in the experiment done here, while Stroun and 

co-workers isolated DNA from tomato plants which had been injected 

with A. tumefaciens DNA only 4 days prior to isolation. It is possible 

that this intermediate DNA may not be present in older tumor tissue. 

The discovery by Schilperoot et al (32) that a homology exists 

between A. tumefaciens RNA and DNA isolated from, supposedly, sterile 

tumors growing in tissue culture suggests that a bacterial DNA component 



may also be present in sterile tumors. If this same bacterial DNA 

component, described in the experiments done here, could be found in 

sterile tumors, as well as, primary tumors it would serve as strong 

evidence for the necessity of A. tumefaciens DNA in tumor initiation. 

The evidence for RNA taking part in tumor formation centers 

around a report by Braun and Woods (6) that tumor initiation may be 

inhibited by injecting ribonuclease into the internodes of Kalanchoe 

daigremontiana stems 1-2 hr prior to inoculation with A. tumefaciens. 

The action of ribonuclease was shown to not interfere with the growth 

of bacteria and, thereby, eliminating the conclusion that decreased 

tumor growth was caused by insufficient numbers of bacteria to induce 

tumor production at the normal rate. These results were interpreted 

as suggesting that either the tumor inducing principle itself or an 

essential component of the TIP was a ribonucleic acid. This RNA was 

not considered essential for bacterial multiplication since its 

apparent inactivation by RNAse did not suppress growth. The inter

pretation of this result may be subject to question, howaver, since 

high concentrations of RNAse were used (4 mg/ml) to inhibit tumor 

production and it has been observed with tobacco mosaic virus infection 

on tobacco plants, for example, that RNAse at high concentrations can 

render the host insusceptible to infection (45). 

Attempts were made here to search for a specific RNA component 

associated with the virulent strain of A. tumefaciens which might be 

absent in the avirulent strain. Rate zonal centrifugation of total 

RNA isolated from both strains of A. tumefaciens failed to demonstrate 



any RNA species in virulent cells which was absent in the avirulent 

strain. If this RNA species does, in fact, exist it is apparent 

that a more sensitive method of detection will have to be employed 

since there may be too little of this component to detect. If the 

report by Braun and Woods (6) is correctly interpreted it is puz

zling to conceive of a mechanism whereby this RNA component could be 

selectively degraded to the exclusion of other RNA species in the 

bacterium. 

The TIP as a Virus 

A. tumefaciens has been shown to be a host for a number of 

bacteriophages as has been demonstrated by a number of workers (27, 

29, 38, 46). Thus far, none of the bacteriophages isolated have been 

proven capable of inducing tumors on plants and all have contained 

DNA. In addition, it should be mentioned that with one exception 

(36) all viruses known to infect plants have been RNA viruses. These 

facts do not, however, exclude the possibility that a virus may be 

present in the bacterial cell which is capable of tumor induction. 

The evidence provided by Roussaux, Kurkdjian and Beardsley (29) in 

which they claimed virulence in A. tumefaciens was temporarily reduced 

through the application of acridine dyes supports the hypothesis that 

a lysogenic bacteriophage may be responsible for tumor formation. 

Acridine dyes have been shown to have the property of eliminating 

episomes (genetic elements, such as lysogenic bacteriophages, that 

can exist free or as part of the normal cellular chromosome (42) from 

bacterial cells (IS). 
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The graft transmissibility of A. tumefaciens-free, secondary 

tumor fragments to healthy plants, as described by De Ropp (10), 

serves to further suggest the possibility of a virus being the TIP. 

It should be pointed out, however, that Stroun eJL al (39) have 

shown that it is possible for bacterial DNA from non-plant pathogenic 

bacteria such as Escherichia coli and Bacillus subtilus to be trans

located in plants. Anker and Stroun (1) have demonstrated the same 

relationship with A. tumefaciens DNA which suggests that graft 

transmissibility, in itself, is not conclusive evidence for virus 

participation in tumorogenesis. 

It is still conceivable that a defective RNA virus capable 

of initiating tumors may be associated with virulent A. tumefaciens 

cells. Attempts to find a substance which would effectively inhibit 

DNA dependent RNA synthesis in A. tumefaciens while allowing RNA de

pendent RNA synthesis to continue have resulted in failure. If such 

a substance is eventually found, its application could possibly lead 

to the disclosure of the presence of an RNA virus associated with 

crown gall bacteria. It is known that some organisms are insensitive 

to antibiotics because they are impermeable to these substances. 

With E. coli (35) it was found that mutants could be selected which 

were sensitive to actinomycin D and, thus, methods exist whereby 

this impermeability problem may be circumvented. It has already been 

mentioned that Braun and Woods (6) have indicated that some type of 

ribonucleic acid may play an important role in tumor production. 

Although it is stressed here that any mention of the involvement of 



an RNA virus, as described, in tumorogenesis is a matter of conjecture, 

the TIP does possess characteristics that fit this kind of virus and, 

thus, this hypothesis cannot, as yet, be eliminated. 

Independence From External Growth Factors 

In any discussion regarding possibilities for the identity of 

the tumor inducing principle it is important to point out that Braun 

(4) reported that the conversion of normal plant cells to tumor cells 

is a gradual process and that the growth of the tumor tissue that 

develops is determined by the length of time that the TIP is present 

in the plant tissue. Braun found that he could heat-kill the tumor 

inducing principle at any time after its introduction. Tumor 

formation could be stopped if the TIP was thermally inactivated at 

any time prior to 34-36 hours after inoculation of plants with A. 

tumefaciens. When the TIP was allowed to act on plant ceils for periods 

longer than 34-36 hours tumor initiation could not be terminated by 

heat treatment. However, beyond this minimum time interval the rate 

at which the tumor tissue grew increased as the length of time that 

the TIP was allowed to act on the plant tissue was increased. When 

sterile tumor tissue was isolated from A. tumefaciens-infected plants 

that had been subjected t<5 the TIP for various periods of time before 

heat inactivation, and placed on tissue culture medium, it was found 

that there was a decrease in the need for growth factors, such as 

napthalene acetic acid and 6-furfurylaminopurine, in the tissue culture 

medium with increased access to the action of the TIP. Since normal 
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plant tissue growing in tissue culture requires napthalene acetic 

(MAA) acid for cell enlargement and 6-furfurylaminopurine (Kinetin) 

for cell division it was concluded that as a result of transition 

of a normal plant cell to a tumor cell certain growth substance syn

thesizing processes become progressively activated and tumor cells no 

longer require an external source of growth promoting factors. A 

possible mechanism for tumor formation is envisioned by Srivastava 

(37) whereby crown gall bacteria may themselves secrete an enzyme(s) 

or induce the host cells to produce an enzyme(s) which may alter the 

plant chromosome so that it unblocks DKA transcription processes 

which may lead to an unregulated synthesis of growth promoting sub

stances in tumor tissue. 

The Effect of Nalidixic Acid on A. tumefaciens 

From results given in this dissertation it has been shown that 

nalidixic acid is capable of suppressing the multiplication and nucleic 

acid synthesis of A. tumefaciens cells. At low concentrations of nal

idixic acid (3 >ig/ml) it can selectively inhibit DNA synthesis while 

allowing RNA synthesis to continue unaltered, as has already been 

demonstrated with E. coli and B. subtilus. 

This capacity of nalidixic acid to inhibit nucleic acid synthe

sis lead to an investigation to establish whether nalidixic acid could 

alter the specific infectivity of A. tumefaciens, since evidence has 

been given for the involvement of bacterial nucleic acids in tumor 

induction. The 2 experiments presented, and another preliminary 



experiment, gave higher SI values for nalidixic acid-treated bacteria 

than those recorded for control cultures. However, it was found by 

performing an analysis of variance that only one experiment proved 

significant to the 5'/» level when an F test was applied. In light of 

these results, it is difficult to arrive at a clear conclusion as to 

the effect of nalidixic acid on the specific infectivity of A. 

tumefaciens without more extended investigation. It must be pointed 

out that there are several sources of error in this type of experiment 

which cast some uncertainty onto the correct interpretation of the 

results. The assay for determining the number of bacteria in the 

inoculum is subject to error that is introduced in pipetting while 

making dilutions of the bacteria to facilitate an accurate count of 

the colonies on agar plates. Furthermore, at higher dilutions a 

pipetting"error which may result in a difference of 10-30 colonies 

per plate between replicates is magnified greatly when that number of 

colonies is multiplied by the dilution factor of 10®, for example. 

In these experiments each dilution was plated in quadruplicate in an 

attempt to reduce this variation. 

The pinto bean assay introduces another source of variance in 

that it relies on the uniform susceptibility of pinto bean primary 

leaves to tumor induction of A. tumefaciens. Eight and 16 (Table 2 

and 3, experiments I and Ila, respectively) primary leaves were 

rubbed with each treatment in order to minimize the differences in 

susceptibility of the plants used here. In addition, it has been 

observed that it is difficult to make comparisons from one assay to the 
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next regarding the specific infectivity of untreated bacterial 

suspensions even though growth conditions for the plants may be 

standardized quite closely. With this in mind, one must be cautious 

in determining if a bacterial suspension will produce the number of 

tumors which fits into the linear phase of an infectivity dilution 

curve when this is important in searching for differences in 

specific infectivity between treatments. 

If the specific infectivity of A. tumefaciens is lowered by 

treatment with nalidixic acid, then it can be concluded that the 

substance has a specific, adverse effect on the TIP. Since nali

dixic acid is known to suppress nucleic acid synthesis one may postu

late that the TIP is a nucleic acid which is more susceptible to the 

action of nalidixic acid than other forms of A. tumefaciens nucleic 

acid. Nalidixic acid concentrations of 10 and 20 jig/ml inhibit 

RNA synthesis, as well as, DNA synthesis and, thus, it is not possible 

to determine which type of nucleic acid the TIP may be. 

Concluding Remarks 

In light of the evidence given, the identity of the TIP still 

has yet to be determined, however, the work which has been done with 

the DNAs of A. tumefaciens and tumor tissue appears to have been the 

most fruitful line of investigation. Investigations looking for a 

bacterial-specific type of DNA in tumor tissue by means of isopycnic 

centrifugation techniques and hybridization studies appear, to the 

author, to be the most favorable means of elucidating the mechanism 



for tumor initiation. As mentioned earlier, the possibility that the 

TIP may be the product of a specific message found on the chromosome 

of an A. tumefaciens cell appears to be a reasonable hypothesis. 

This product might take the form of an enzyme which is somehow able 

to alter, a histone, for example, on the plant chromosome which 

would allow the synthesis of metabolites needed for cell division to 

proceed in an uninterrupted manner. 



SUMMARY 

When total RNA was isolated from virulent and avirulent 

isolates of Agrobacterium tumefaciens and compared by means of sucrose 

density gradients and rate zonal centrifugation no differences were 

found. In order to isolate ribosomal RNA that possesses a 23S to 16S 

ratio of 2:1 it was found that the buffer solutions used during the 

extraction procedure must contain magnesium in a concentration of 0.2 -

0.3 M. 

Nalidixic acid was found to inhibit growth of A. tumefaciens 

by suppressing nucleic acid synthesis. At 3 jig/ml, it was found that 

nalidixic acid inhibits DNA, but not RNA, synthesis. An attempt was 

made to determine the effect of nalidixic acid on the specific infect' 

ivity of A. tumefaciens, but it was not possible to clearly interpret 

the results since they were not statistically uniform. 

When DNA was isolated from tomato plants and tumors growing on 

A. tumefaciens-infected tomato plant stems and compared by means of 

buoyant density determinations the types of DNA detected by this tech

nique were identical for both DNA sources with the exception that 

A. tumefaciens DNA was detected as a component in the tumor DNA. 
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