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A study was made of compounds produced by Agrobacterium radio-

bacter strain 84 that are inhibitory to some pathogenic strains of A.

tumefaciens. Agrocins (inhibitory compounds) were partially purified

from large volumes of A. radiobacter strain 84 culture supernatants to

determine (i) if more than one agrocin is produced, (ii) if partially

purified agrocin prevents crown gall disease on tomatoes, and (iii) the

mechanism of action of agrocin.

The agrocin(s) were partially purified by DEAE cellulose chroma-

tography, acetone precipitation, P-4 gel filtration, and high per-

formance liquid chromatography (HPLC). These procedures resulted in

two fractions (I and II) that were inhibitory when tested against the

pathogen, A. tumefaciens K-24. When fraction II was subjected to high

salt gel filtration chromatography, it separated into two active frac-

tions (IIa and IIb). When fraction I was subjected to HPLC chromato-

graphy, it failed to elute from the column. These data suggest fraction

I is of a different chemical nature than fractions IIa and IIb.



The three fractions described above were used to screen selected

strains of Agrobacterium for sensitivity. The majority of the strains

tested were sensitive to fraction I, but not fractions IIa and IIb.

Only a small number of strains proved to be sensitive to all three

fractions, and those strains sensitive to fraction IIa were also

sensitive to fraction lib. Of interest is A. tumefaciens C58, which

is sensitive to all three fractions, but when cured of its tumor induc-

ing (Ti) plasmid is only sensitive to fraction I. This suggests sensi-

tivity to fractions IIa and IIb is coded for by the Ti plasmid and

fraction I by the host chromosome, or another plasmid within the sensi-

tive bacterium.

Partially purified agrocin applied to wounds decreased the inci-

dence of galling by A. tumefaciens K24 on tomato seedlings in the green-

house. Maximum inhibition occurred after five hours and resulted in 11%

galled plants for the agrocin treated plants versus 100% galled plants

for the untreated control. These experiments suggest that the agrocin(s)

produced by A. radiobacter strain 84 are at least in part responsible

for its antagonistic nature.

Further studies will be necessary to elucidate the chemical struc-

tures of the agrocins and to determine the mechanism by which strain 84

inhibits sensitive strains of Agrobacterium.
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STUDIES ON INHIBITORY COMPOUNDS

PRODUCED BY AGROBACTERIUM RADIOBACTER STRAIN 84

I. INTRODUCTION

Crown gall disease is widespread on many dicotyledenous plants.

Smith and Townsend (1907) first demonstrated that crown gall tumors

were induced by Agrobacterium tumefaciens. Studies have classified

this organism as belonging to the Rhizobiaceae, the same family that

contains the nitrogen-fixing Rhizobium Spp. (Buchanan and Gibbons, 1974).

Crown gall disease is manifested as a tumorous tissue which grows

in an uncontrolled fashion. Crown gall rarely kills the host, but can

reduce its overall growth and vigor, making it more susceptible to other

pathogenic agents. The disease is world-wide in distribution and has

been detected in isolated areas that have never been cultivated

(Kersters et al., 1973; Riker et al., 1946). The disease occurs in 124

genera representing 57 of the 131 families of dicotyledons, 16 genera

representing two families of gymnosperms, and two genera representing

two families of monocots (Elliot, 1951; DeCleene and DeLey, 1976).

Crown gall disease has important economic consequences to nursery-

men because diseased plants are culled and discarded. It was consi-

dered one of the most serious diseases of 14 major California crops in

1965, accounting for an annual loss of seven million dollars (Schroth et

al., 1971). Crown gall is of particular concern to nurseries growing

rosaceous plants, Prunus species, grape vines, and various nut-bearing

trees. Although usually sporadic and infrequent, epidemics of 80-100%

galled nursery stock have occurred in the Pacific Northwest (Moore, 1979).
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New and Kerr (1972) published the first reports of biological con-

trol of crown gall by using Agrobacterium radiobacter strain 84 on

potted peach seedlings. On the basis of these data, New and Kerr (1972)

predicted that dipping susceptible plants in a cell suspension of strain

84 before planting could prevent the occurrence of crown gall in the

field. Several studies have shown the effectiveness of the antibiotic

producer Agrobacterium radiobacter strain 84 against various biotypes

of A. tumefaciens, and this strain has been shown superior to other

tested bactericides (Kerr, 1974; Moore, 1975; Schroth and Moller, 1976).

Moore (1975, 1977) reported the application of strain 84 as a biological

control of crown gall on Prunus species both in the greenhouse and

field. Schroth and Moller (1976) also observed a reduction of crown

gall on almond, peach, plum, and apricot coinoculated with strain 84 and

pathogenic strains. Table I (Moore, 1979) summarizes the effectiveness

of strain 84 in preventing crown gall on a variety of crop plants.

Only living cells of A. radiobacter strain 84 provide biological

control. Kerr and Htay (1974) observed a ten-fold reduction of the

agrocin-sensitive pathogen population in plant wounds inoculated with a

1:1 ratio of strain 84, but agrocin resistent strains were unaffected.

It has been shown that chloroform-killed cells (Moore, 1977) and heat-

killed cells (Garret, 1978) of strain 84 do not prevent galling. These

data suggest that a metabolite produced by strain 84 was necessary for

biocontrol, in contrast to strain 84 physically blocking pathogenic

cells from attaching to host cells. Physical blockage of the host

attachment site is a mechanism exhibited by some A. radiobacter strains

that reduce galling (Lippincott and Lippincott, 1969a, 1969b, 1975).



TABLE I. EFFECTIVENESS OF AGROBACTERIUM RADIOBACTER STRAIN 84 AS A BIOLOGICAL CONTROL OF CROWN GALL
COUNTRIESaON A VARIETY OF CROP PLANTS PRODUCED IN DIFFERENT

Number of Galled Plants (%)d

Countryb Crop Plantsc Treated Glasshouse Field

Australia (Kerr, 1972) peach 205 0/100

Canada (Dhanvantari, 1976) peach 100, 2668 7/46 0/17.2

Greece (Panagopoulos et al., 1978) almond not reported 40/100 79/100

Hungary (SUle and Kollanyi, 1977) raspberry 102 4.9/65.9
146 27.8/58.3

Italy (Bazzi and Mazzucchi, 1978) cherry 200 4.7/88.3
plum 200 3.7/93.2

New Zealand (Dye et al., 1975) rose 4750 0 9/23.4

USA

California (Schroth and Moller, 1976) almond 37 30/82
peach 46 46/97
plum 87 22/98

Michiganb apple 50 12/32
cherry 42, 42 3/98 26/98
plum 48 17/98

Ohio Euonymus 50 4/79 14/62



Countryb
Number of Galled Plants (%)d

Crop Plantsc Treated Glasshouse Field

USA, cont.

Oregon (Moore, 1977, 1978a, 1978b)

Texas b

Washington (Moore, 1978b)

boysenberry 73

cherry 40, 7845

rose 276

apple 11, 200

8/90
14/62

2.5/32

1/41

0.5/8.5

a
From Moore, L.W. (1979).

b
The name in parentheses is the literature reference, with the exception
of Michigan (A. Jones, personal communication) and Texas (E.W. Lyle,
personal communication).

c
The number of plants that were inoculated with A. radiobacter strain 84.

d
The numerator is the percent galled that were inoculated with A. radio-
bacter strain 84 (often mixed with A. tumefaciens), the demonimator is
the percentage of galled plants inoculated only with A. tumefaciens or
infected by naturally occuring soil-borne inoculum. The denominators
usually signify use of laboratory cultures of A. tumefaciens
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Although Stonier (1960) first reported that some strains of A. tume-

faciens produce bacteriocins, the specificity of the bacteriocins

produced by this strain differs from that of strain 84 (Kerr, 1974).

The mechanism of control of pathogenic strains of A. tumefaciens

by A. radiobacter strain 84 has been attributed to the production of a

bacteriocin by strain 84 (Kerr and Htay, 1974). A high positive corre-

lation was reported between biological control of 44 pathogenic strains

by strain 84 on greenhouse grown tomato plants and their sensitivity to

this bacteriocin in vitro. The mode of action of agrocin 84 is unknown

at this time. Das et al. (1978) reported that agrocin added immediately

after inoculation did not affect the synthesis of any cellular macro-

molecules, but when cultures of sensitive bacteria were preincubated

with agrocin 84 for 30 minutes, DNA synthesis was inhibited. In con-

trast, RNA and protein synthesis were completely unaffected at low

agrocin 84 concentrations and only partially affected at high concentra-

tions. No effect on the incorporation of any radioactive DNA precursor

was observed in the case of the resistant strain preincubated with

agrocin.

Agrocin production by A. radiobacter strain 84 is coded for on a

small plasmid (30 x 106 daltons; Engler et al., 1975). Strain 84 also

contains a large plasmid (124 x 106 daltons) that codes for the utiliza-

tion of the unusual amino acid nopaline. This larger plasmid is conju-

gative in nature and can mobilize the smaller agrocin plasmid (Ellis and

Kerr, 1978; Merlo and Nester, 1977; Sciaky et al., 1978).

Plasmids are autonomous extrachromosomal elements which code for

functions generally not essential for the survival of the host cell.

Plasmid-specified functions also appear to be necessary for the patho-



6

genicity of A. tumefaciens (Chilton et al., 1974; Van Larebeke et al.,

1974; Watson et al., 1975; Van Larebeke et al., 1975; Chilton et al.,

1976). For example, plasmid-traits of clinical importance include

plasmid-specified multiple resistance to antibiotics, enterotoxins,

hemolysins, and other factors that contribute to the pathogenicity of

pathogenic bacteria and that appear increasingly in the clinical iso-

lates (Timis et al., 1978). Certain plasmids are capable of being

transferred between bacteria by conjugation. Zanen et al. (1975) showed

that for some oncogenic A. tumefaciens strains, agrocin 84 sensitivity

is determined by the presence of a large, covalently closed circular DNA

plasmid named the Ti (tumor inducing) plasmid. Whereas the wild-type

strain C58 is agrocin sensitive, all mutant C58 strains cured of the Ti

plasmid (removal of the plasmid) were found to be fully resistant. It

should be stressed that not all oncogenic, plasmid-harboring strains are

sensitive to agrocin 84 (Engler et al., 1975). This indicates that

agrocin 84 sensitivity is not an essential criteria for the tumor-

inducing ability of agrobacterium.

Strain 84 usually fails to prevent insensitive pathogens from caus-

ing crown gall. However, some strains insensitive in vitro have been

controlled in the field (Moore, 1975; Moore, 1977). Other bacteriocin

producers have been found that inhibit some pathogenic strains in vitro,

but have not proven as effective in field trails (Kerr and Panagopoulos,

1977; Moore, personal communication). Isolation and use of agrocin 84

to protect plants would provide conclusive evidence of its role in pre-

venting infection.
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Several investigators have isolated agrocin 84 from cultures of A.

radiobacter strain 84. Heip et al. (1975) isolated agrocin from solid

media. The producing strain was incubated for 48 hours at 27°C on

minimal media, the media were frozen, then thawed, treated with CHC12,

and centrifuged. This agrocin was soluble in 70% ethanol, resistant to

pronase, trypsin, RNAase, and DNAase, was relatively heat stable at 50°C,

was partially inactivated at 75°C, and completely inactivated at 100°C.

Agrocin activity was pH dependent. Outside of a pH range of 4.0 to 9.0,

activity was reduced, and at pH 10.00 it was completely destroyed.

Activity was lost after dialysis for 48 hours, but could be recovered

from the dialysate. It was not precipitated after centrifugation at

25,000 x g for four hours, indicating that agrocin is a low molecular

weight substance. Purified agrocin was obtained using paper electro-

phoresis at pH 6.5 and 3.5. The high mobility towards the anode

observed with these conditions suggests agrocin is an acid compound of

low molecular weight. Gel filtration indicated a molecular weight in

the 200 to 1000 dalton range. The possibility exists that agrocin is a

small molecular weight protein similar to the heat stable toxin from

Escherichia coli (or snake venom toxins). These toxins also are resis-

tant to proteases. The fact that the agrocin was acidic and passed

through dialysis tubing could be of future benefit in purification

studies. Further analysis of the molecule is necessary for an unequivo-

cal answer to the chemical nature of agrocin 84.

McCardell and Pootjes (1976) initially described the agrocin

molecule as a peptide, but this conclusion was later retracted.
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Roberts et al. (1977) used gradient elution techniques involving

charcoal adsorption and anion exchange chromatography on DEAE Sephadex

to obtain a 10,000-fold purification of agrocin 84. A correlation

between biological activity and the presence of a nucleotide with an

absorption spectrum maximum at 264 nm was found in fractions obtained by

the chromatographic and electrophoretic systems investigated. Samples

were further analysed by electrophoresis on glass-fiber filter paper.

The purified agrocin contained adenine, phosphorus, 3'-deoxy-D-arabinose

and D-glucose in a molar ratio of 1:2:1:1. It also appeared to contain

an unidentified reducing sugar. The estimated molecular weight was

1,000 ± 100. The molecule was described as a 6-N-phosphoramidate of

an adenine nucleotide.

Roberts et al. (1977) found that isolation was greatly facilitated

by culturing a rough colony variant of strain 84 in a defined liquid

media. It has not been established whether the rough strain produced

the same agrocin as the smooth strain, nor has it been established how

many agrocins are synthesized by strain 84.

Thompson et al. (1979) also reported the agrocin 84 molecule to be

a 6-N-phosphoramidate deoxyadenosine (Figure 1), but they found agrocin

84 to be somewhat larger (MW 1,350) than the structure proposed by

Roberts et al. (1977), and the glucose is probably substituted or linked

at another position.

There is disagreement between date from laboratories where agrocin

has been isolated, such as heat stability, exact molecular weight, sus-

ceptibility to digestive enzymes, or whether there is more than one

agrocin (Heip et al., 1975; McCardell and Pootjes, 1976; Roberts et al.,

1977). Each laboratory used a different method of initially concentrat-
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Figure 1. Agrocin 84 after Thompson et al. (1979).
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ing agrocin 84 from culture supernatants: Heip et al. (1975) used

ethanol precipation, McCardell and Pootjes (1976) used membrane filters,

and Roberts et al. (1977) used charcoal. These methods may select for

molecules of differing characteristics or alter the molecule.

There are a number of important questions about agrocin 84 that can

be answered only with purified agrocin 84. These questions include

(i) what is the agrocin's mode of action; (ii) is agrocin 84 bacterio-

static or bacteriocidal; (iii) is agrocin 84 present at a wound site

inoculated with strain 84; (iv) is there more than one agrocin; and

(v) what is the metabolic pathway for agrocin(s) production? The object

of this thesis research was to isolate agrocin 84 from culture super-

natants and determine (a) if more than one agrocin is synthesized,

(b) if purified agrocin(s) prevent crown gall on greenhouse tomatoes,

and (c) what the mechanism of action of agrocin is.
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II. MATERIALS AND METHODS

Bacteria and Media

All strains (Table II) of bacteria used during this study were

maintained on a defined medium referred to as mannitol-glutamate (MG)

(Keane et al., 1970), with the pH adjusted to 6.3 with 1 N NaOH. Liquid

cultures were used for the isolation of agrocin and agar (0.8%) was

added to the medium for bioassay of agrocin activity. To test agrocin

84 sensitivity, an agar overlay containing the test strain was prepared

with mannitol-glutamate, containing 8.0 g agar/liter.

Maintenance of Plants

Tomato seedlings (Lycopersicon esculentum Mill., cv "Bonny Best")

were germinated in plastic pots containing approximately 250 ml of

vermiculite. Tomato seedlings routinely were kept in the greenhouse

with the exception of one hot spell, when they were grown in a growth

chamber at 25°C with a 16 hour light period each day. Plants were

thinned to three per pot prior to inoculation. Seedling height ranged

from 8 to 23 cm upon inoculation.

Agrocin Bioassay and the Determination of Arbitrary Units

Individual petri dishes containing approximately 15 ml of MG agar

(1.6% agar) were covered with 4 ml of MG top agar (0.8% agar) which

contained 107 cells m1-1 of the bacterial strain to be tested for

agrocin sensitivity. Antibiotic disks (Number 740-E, Schleicher and

Schuell, Inc., Keene, NH) were positioned on the agar overlay and 0.05

ml of an agrocin solution was added to the disk. The zones of inhibi-



TABLE II. LIST OF BACTERIA USED AND THEIR SOURCE

Bacterial Strain Source

Agrobacterium tumefaciens
542TC1
A623
A203
AT4
AT1
80542
542TF1
K-24
A6(184)
3

5

6

7

8

11

12

13

40
S1005 (Ti K-14)
11/75
M2/73
3667
251

C2/74
IIBV-7
NT-1
B-6
A178
IIBNV6
A174
A596
C58

A277-11I
A208
6467

A518
K57

A175
A277
A281

ACH5A
A519
A593

Chilton

II

0

Kerr

Lippincott
Moore

II

It

It

It

II

II

II

Nester

12



Bacterial Strain Source

A6H5
A136
T37

GV3195
GV3245
GV3190
GV3162
GV4005
GV3176
GV3562
GV3560
GV3160
GV4203
GV3561
GV3526
GV4008
C58C1rifr

11

Schell

It

It

A. radiobacter

84 Kerr
S1005 Lippincott
F2/73 Moore
B4/75
D42/73
016/73
E13/73

A. rhizogenes

A4 Huisingh
A2

TR7 Lippincott
15834 Nester

A. rubi

RR5

Rhizobium trifolii

16278
J10
3C

C-6

D6

3169

Moore

Moore

13



Bacterial Strain Source

R. meliloti

102-F-51
T1

102-F-26
102-F-28
YA2

YA15

YA19
YA2 6

YA31

YA43
YA66

R. leguminosarum

128-C-56
128-C-63

Moore

11

Barber

Moore

14
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tion were measured after 24 hours incubation at room temperature (22-

26°C) and expressed as the diameter in mm of the cleared area minus the

diameter of the antibiotic disk.

One unit of agrocin activity was defined as the amount of agrocin

present in 0.05 ml, pH 6.3, that caused a 10 mm zone of inhibition

after 24 hours incubation at room temperature (23-25°C). To determine

arbitrary units (AU), two-fold serial dilutions of agrocin containing

solutions were made in distilled H2O and 0.05 ml dispensed onto anti-

biotic disks as described above with A. tumefaciens K-24 as the indica-

tor strain. The diameters of the subsequent zones of inhibition were

graphed vs. dilution of the sample.

Physicochemical Methods Used in Purification

Effect of pH on Agrocin 84

To determine the stability of agrocin 84 activity, filtrates were

concentrated by lyophilization and reconstituted with distilled H2O to

one-tenth the original volume. The concentrated samples were adjusted

to a pH range from 1.0 to 12.0 with concentrated hydrochloric acid or

10 N sodium hydroxide. The adjusted samples were incubated at room

temperature for 24 hours, adjusted to pH 7, and bioassayed for agrocin

activity as described previously.
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Lyophilization

Strain 84 culture filtrates were assayed routinely for biological

activity by growing strain 84 to a final concentration of about 108

cells/ml in MG broth (50 ml) and removing cells by centrifuging at 6000

rpm for 30 minutes. Aliquots of the supernatant were lyophilized and

redissolved in one-tenth the original volume with distilled H2O and

bioassayed as described above.

Charcoal Adsorption of Agrocin

One hundred gm of charcoal (activated, "Darco" G-60, MC/8) were

mixed with 5 liters of concentrated HC1 and steam-heated for 3 hours.

After collecting the charcoal on a Whatman #1 qualitative paper filter,

the charcoal was washed with distilled H2O to about pH 7.0. To reduce

the number of adsorptive sites, charcoal was soaked overnight in one

liter of 0.1 M sodium phosphate, pH 7, at room temperature, then washed

with about 20 liters of distilled H20.

Charcoal (0.55 gm) was added to 100 ml aliquots of strain 84

culture supernatant previously filtered through a 0.45 lam Millipore

filter. After 30 minutes, the charcoal was collected on a Whatman #1

filter and agrocin eluted sequentially with 20 ml aliquots of ethanol

(15, 20, 30, 40, and 50%) in distilled H2O for 1 hour at room tempera-

ture with shaking.
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Radioisotope Labelling of Agrocin

Agrocin was labelled with a radioactive marker to facilitate puri-

fication. Five miCi of 32P (ICN, Irvine, CA) and 1 miCi [8-3H]-adenine

(Amersham, Arlington Heights, IL) were mixed with a 50 ml overnight

culture of strain 84 (108 cells/rill) and added to 50 ml of fresh MG broth,

and the bacteria were grown to late log phase at 26°C. Cells were

removed by centrifugation, the supernatant diluted two fold with dis-

tilled H20, the pH adjusted to 6.3, 4°C, and loaded onto a DEAE column

(2.5 x 60 cm).

Purification of Agrocin 84

Strain 84 was grown either in Fernbach flasks (1.5 liters MG

broth/flask) or a 40 liter glass carboy containing 30 liters of MG broth.

The carboy was sparged with 02 and agitated with a magnetic stirrer.

Growth was monitored as the increase in optical density at 660 nm using

a Gilford spectrophotometer (Gilford, Inc., Oberlin, OH).

The cells were removed at late log phase by centrifugation at 10,000

rpm for 30 minutes. The culture supernatant was diluted 1:1 with dis-

tilled H2O and adjusted to pH 6.3 with acetic acid. The solution was

filtered through DEAE cellulose (coarse mesh, Sigma Chemical Co., St.

Louis, MO), equilibrated with 0.01 M lithium acetate, pH 6.3 at 4°C.

The DEAE was washed with distilled H2O until the A260 was less than 0.01

and agrocin was eluted with 4,000 ml of 0.4 M lithium chloride in 0.01 M

lithium acetate, pH 6.3, and agrocin precipitated with acetone.
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Acetone Precipitation of Agrocin

Twenty volumes of redistilled acetone were added to the agrocin

fractions eluted from DEAE cellulose and the fractions were stored over-

night in tightly stoppered Erlenmeyer flasks at -20°C. The precipitates

containing agrocin and essentially free of salt were removed by filtra-

tion through a fluorocarbon filter (0.5 um, Millipore Corp., Bedford,

MA). The precipitate was extracted once with 5 ml of distilled H2O

(30 minutes with shaking at 4°C) and assayed for agrocin activity. The

fractions containing agrocin were further concentrated on a 2.5 x 60

cm column containing DEAE cellulose (Whatman DE32, England). Agrocin

was eluted with a linear gradient of lithium chloride (0-0.4 M) in 0.01

M lithium acetate, pH 6.3, at 4°C.

Fractions (10 ml) were collected at a flow rate of 0.5 ml/min and

assayed for agrocin activity. The agrocin containing fractions were

pooled, acetone precipitated, and mixed with the radioactive marker.

The pooled fractions were lyophilized and reconstituted with 1.5 ml of

0.01 M lithium acetate, pH 6.3, prior to loading onto a gel filtration

column (1.5 x 30 cm, BioRad P-A, Richmond, CA).

Gel Filtration Chromatography

The column was developed with 0.01 M lithium acetate, pH 6.3, 4°C,

at a flow rate of 0.5 ml/min. Fractions (2 ml) were collected and

assayed for agrocin activity and radioactivity. Radioactivity was

measured using a Packard tri-carb liquid scintillation spectrophotometer.

The fractions were pooled and stored at -20°C until use.
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Further purification of agrocin was achieved by high salt P-4

chromatography. The column was developed as described above for gel

filtration, and the elution buffer contained 0.1 M lithium chloride.

The fractions containing agrocin were acetone precipitated, lyophilized,

and fractionated by high performance liquid chromatography (HPLC).

High Performance Liquid Chromatography

the lyophilized samples from high salt P-4 chromatography were

reconstituted in 100 ul of 0.02 M ammonium acetate, pH 6.3, and the

sample was injected into an analytical 1.LCI8 Porasil reverse-phase column

(2.1 mm x 25 cm) Varian Model 5000 with a flow rate of 2 ml/min, a 5

minute isocratic hold, followed by a linear increasing ethanol gradient

to 40% ethanol in 40 minutes. One ml fractions were collected in silane

treated tubes. Fractions were monitored by recording the absorbance at

254 nm and 50 111 aliquots of each fraction were assayed for agrocin

activity and radioactivity. Active samples were stored at -70°C until

further use.

The Sensitivity of Bacterial Strains to Partially-Purified Agrocin 84

Bacterial strains to be tested for agrocin sensitivity were grown

in rich media (casein hydrolysate, 8.0 gm; yeast extract, 4.0 gm; 2.0

gm/liter; Mg2SO4.7H20, 0.3 gm; sucrose, 10.0 gm; H2O to 1 liter, pH 7)

and streaked on MG agar plates. Single colonies were inoculated on 9.0

ml MG slants. A loop of bacteria (approximately 108 cells/ml) from the

slant was mixed with 1 ml sterile H2O and agitated thoroughly prior to

mixing with 4 ml of MG top agar. The mixture was dispensed onto a 15 ml

solid base of MG top medium. The bioassays were performed as described above.
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Prevention of Galling with Concentrated Strain 84 Culture

Filtrates and Partially Purified Agrocin 84

Strain 84 was grown in MG broth (50 ml) to late log phase, and the

cells were removed by centrifugation. The supernatant was passed

through a 0.45 Tim Millipore filter, lyophilized, and reconstituted in

one-tenth the original volume with 0.01 M sodium phosphate buffer, pH

7. Included as a control was lyophilized supernatant from Agrobacterium

tumefaciens Q51, a pathogen not known to produce agrocin. Concentrated

strain Q51 culture supernatant was prepared the same as strain 84 super-

natant. A. tumefaciens K24 (108 cells /ml) was mixed with 1 ml of the

strain 84 or Q51 culture supernatant preparations and allowed to stand

at room temperature for 1 hour. After 1 hour, tomato seedlings (18

plants/treatment) were wounded with a flamed sharp probe to a depth of

1.2 mm and inoculated with the preparations of strains 84 or Q51

described above. The two wounds were kept continually moist with the 84

or Q51 preparations for 17 hours at room temperature and them placed in

the greenhouse. One wound was inoculated once with live K24 and received

no further treatment.

The previously described experiment was repeated with agrocin par-

tially purified by ion exchange chromatography, acetone precipitation,

and gel permeation chromatography. The number of tomato seedlings and

the procedure for wounding are the same as those described above. A.

tumefaciens K24 was grown in MG broth to approximately 108 cells/ml and

0.100 ml of the broth suspension was applied per wound. Five groups of

18 plants each were kept moistened with agrocin at 5 hour intervals up

to 24 hours. Conversely, 6 sets of plants were inoculated with strain

K24 and challenged once with agrocin every 5 hours for 25 hours.
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The Susceptibility of a Wound to Infection; Effect of Time

Since callus development in plant wounds reduces susceptibility to

infection by A. tumefaciens, it was necessary to determine whether a

lower incidence of galling occurred because of wound-healing or applica-

tion of agrocin. Accordingly, five groups of 18 plants each were

wounded at the same time and one group at a time was inoculated with

0.1 ml of K24 (108 cells/m1) at 24 hour intervals.
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III. RESULTS

Production of Agrocin 84

Substantial quantities of agrocin were produced by Agrobacterium

radiobacter strain 84 when grown in MG broth. A growth curve for strain

84 is shown in Figure 2. Stationary phase was reached after 24 to 36

hours. Even though the optical density (660 nm) continued to increase,

the number of viable cells did not significantly increase. The AU of

agrocin continued to increase after the cells reached the stationary

phase; however, agrocin preparations from cultures greater than 40 hours

old were quite viscous.

Determination of AU

Typical zones of inhibition observed after 24 hours incubation of A.

tumefaciens K24 with agrocin are shown in Figure 3. The zones of inhibi-

tion remain clear for 24-36 hours, at which time agrocin resistant

colonies appear. The relationship between the size of the zone of inhi-

bition and the amount of agrocin present is indicated in Figure 4.

Stability of Agrocin with Respect to pH

The optimum stability of agrocin activity was determined by adjust-

ing agrocin to a pH range from 1.0 to 12.0. Agrocin was observed to be

active between pH 2 and 7, but activity was rapidly lost outside this

range (Figure 5).
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Figure 2. Growth Curve of Agrobacterium radiobacter strain 84 in
One Liter of Mannitol Broth, pH 6.3, at 25 C.

The open circles are log number of viable cells/ml, closed circle

absorbance at 660 nm, and open triangles arbitrary units per milliliter.

Samples were removed as indicated for viable cells (plate dilution),

absorbance at 660 nm and determination of arbitrary units of agrocin.
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Figure 3. Growth Inhibition of Agrobacterium tumefaciens K24 (A.10
cells/m1) around antibiotic disks containing agrocin 84.
Figure 2b represents a two-fold dilution of the agrocin
containing solution from 2a. Pictures were taken after
incubation of plates at 25°C for 24 hours.
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Figure 4. The Determination of Arbitrary Units Present in an Agrocin
Containing Solution When Tested Against the Agrocin Sensi-
tive Strain, Agrobacterium tumefaciens K24

Each point represents the mean of three repetitions. The open and
closed circles represent agrocin present in two separate one liter
cultures of A. radiobacter strain 84 culture supernatants which are
concentrated ten-fold by lyophilization prior to testing.
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Figure 5. The Effect of pH on the Biological Activity of Agrocin 84
Concentrated from Strain 84 Culture Filtrates.

Each point represents the mean of three repetitions. The
test strain was A. tumefaciens K24, and the zones of inhi-
bition were measured after 24 hours.
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Charcoal Adsorption

Charcoal was very effective in adsorbing agrocin activity from

strain 84 supernatants; however, the recovery upon elution was never

greater than 40%. Pretreatment of activated charcoal ( "Darco" G-60,

Mc/B) with 0.1 M phosphate to reduce the number of binding sites in-

creased the recovery of agrocin. The development of optimum conditions

(0.5 gm charcoal /100 ml 84 culture supernatant and elution with 40%

ethanol for 1 hour at room temperature) are presented in Table III.

Purification of Agrocin 84

In the later stages of the work, DEAE was substituted for charcoal

adsorption.

The purification scheme devised for agrocin is summarized in

Figure 6.

Agrocin activity eluted from DEAE cellulose (0.4 M lithium

chloride)was concentrated by acetone precipitation, and applied to a

DEAE cellulose column. The A260 profile is shown in Figure 7. Agrocin

activity eluted as a broad band between 0.1 and 0.2 M lithium chloride.

The A,,60 absorbance maximum at fractions 36 and 57, which corresponded

with peaks of biological activity, may suggest the presence of two

active agrocins. Fractions 16 through 66 were pooled, precipitated with

acetone, and mixed with the radioactive marker prior to loading on a P-4

gel filtration column. Figure 8 shows two well separated peaks of bio-

logical activity and the zones of inhibition on plates containing 40-63

remained clear for four days at room temperature. In contrast to the

results with fractions 40-63, the zones produced by fractions 64-75
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TABLE III. ADSORPTION AND ELUTION OF AGROCIN FROM CULTURE
SUPERNATANTS OF AGROBACTERIUM RADIOBACTER 84 USING
CHARCOALa

Zones of Inhibition(mm)b

Dilution

Sample Description 1/10 1/20 1/40 1/50 1/60

Charcoals filtrate 0 0 0 0 0

84 supernatant 16 0 0 0 0

15% Et0H 16 0 0 0 0

20% Et0H 23 16 0 0 0

30% 28 25 2 17 17

40% 32 28 21 18 18

50% 27 23 17 15 14

a
The optimum conditions for using charcoal as a trace enrichment
were to add 0.55 gms charcoal/100 ml 84 supernatant, and to elute
agrocin from the charcoal with 40% EtOH for one hour at room
temperature

b
The zones of inhibition were the mean diameter minus 12.5 mm for
the antibiotic disk of 3 determinations.

c
The charcoal was "Darco" G-60, prepared as described in Materials
and Methods, and used at 0.55 gm/ml.
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Culture Supernatant

I

Ion Exchange

I

Acetone Precipitation

Ion Exchange

1

Acetone Precipitation

I

P-4 Chromatography

1.

High Salt P-4 Chromatography

Acetone Precipitation

High Performance Liquid Chromatography

Figure 6: Purification Scheme for Agrocin 84.
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Figure 7. DEAE Cellulose Chromatography (DE 32) of Agrocin Precipi-
tate with Acetone Following DEAE Cellulose (Coarse Grade).

The top curve represents absorbance at 260 nm and the bottom a bargraph of the zone of inhibition for each fraction. The column (2.5 x60 cm) was eluted with a 2 liter LiC1 gradient and 10 ml fractionscollected.
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Figure 8. P-4 Gel Filtration Chromatography of Agrocin Obtained From
DEAE Cellulose Chromatography.

The top two panels represent the cpm profiles of 3H-adenine and
32P for each fraction. The middle panel represents absorbance at A260
and the bottom panel is a bar graph of the zones of inhibition in mm.
Tubes 40-63 were pooled and designated fraction I and 64 -75 fraction II.
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developed discrete colonies after 36 hours and completely filled in the

zones after 4 days. The small amount of activity observed between frac-

tions 80 and 102 was not treated further. Fractions 40-63 (I) and frac-

tions 64-75 (II) were pooled and applied separately to a high salt P-4

gel filtration column (Figures 9 and 10).

Chromatography of fraction I on high salt P-4 resulted in a single

peak of biological activity between fractions 63 and 70 (Figure 9) and

contained no detectable 3H or 32P counts. A 25-fold decrease in the

specific activity (AU/m1) of fraction I was observed after high salt

chromatography (Table IV).

Fractions I, IIa, and IIb eluted from high salt P-4 were precipi-

tated with acetone. Fraction I did not precipitate with acetone and

removal of the acetone by distillation was necessary to recover fraction

I. Fractions IIa and IIb both precipitated upon addition of twenty

volumes of acetone.

The pooled fractions with agrocin activity from high salt gel fil-

tration were further purified by high performance liquid chromatography

(HPLC).

Fraction I did not elute from the pC18 column. Fractions IIa

(Figure 11) and IIb (Figure 12) eluted with retention times of 15 and 30

minutes. The similar retention times of 15 and 30 minutes correspond to

5% and 15% ethanol, respectively, which indicated that agrocins IIa and

IIb are polar in nature.

The isolation of agrocins from 30 liters of strain 84 culture super-

natant is summarized in Table IV. It is evident that coarse DEAE cellu-

lose, fine DEAE cellulose, and P-4 chromatography are productive
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Figure 9. High Salt P-4 Chromatography of Fraction I Obtained From Low Salt P-4

Chromatography.

The column was eluted with 0.01 M lithium acetate, pH 6.3, containing 0.1 M ca

lithium chloride and 2 ml fractions collected. Solid line is absorbance at 260 nm.



40
M
a.
0 20

60

2 40
a_
(..)

20

.5

.4
0
(0

N .3<

.2

34

32 P
AMR

owl

3 H

Biological
Activity

I ! I 1 I i 1

20 40 60 80
FRACTION NUMBER

Figure 10. High Salt P-4 Chromatography of Fraction II Obtained From

Low Salt P-4 Chromatography.

The top two panels represent the cpm profiles of 32P and 3H-

adenine, and the bottom panel absorbance at 260 nm. Fraction numbers

45-55 are Fraction IIa and 55-64 Fraction IIb.
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Figure 11. High Performance Liquid Chromatography of Fraction IIa
Obtained from High Salt P-4 Chromatography.

The shaded areas represent biological activity in mm and the solid

line is the absorbance profile at 254 nm. Samples (100 p1) were in-

jected at time 0, and 1 ml fractions collected at 1 minute intervals.

A 0-40% ethanol gradient was started at 5 minutes.
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Figure 12. High Performance Liquid Chromatography of Fraction IIb
Obtained From High Salt P-4 Chromatography.

The shaded areas represent biological activity in mm after 24 hours
at room temperature and the solid line is the absorbance profile at 254

nm. Samples (100 Ill) were injected at time 0, and 1 ml fractions col-

lected at 1 min intervals. A 0-40% ethanol gradient was started at five

min.
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TABLE IV. ISOLATION OF AGROCIN

RADIOBACTER STRAIN

FROM 30 LITERS OF A.

84 CULTURE SUPERNATANT.

Sample Description A.U. /ml Total A.U.

Starting 84 supernatant 4 120,000

Coarse DEAE 40 160,000

Coarse DEAE acetone ppt. 1,282 192,300

DEAE 32a 40 22,000

DEAE 32 acetone ppt.a 500 50,000

DEAE 32
b

71 14,910

DEAE 32 acetone ppt.a 30 2,700

Low salt P-4 Ic 3,921 99,104

Low salt P-4 II 2,000 44,000

High salt P-4 Id 160 2,240

High salt P-4 He 40 1,680

a
= DEAE from first two liters eluted from coarse DEAE.

b
= DEAE from second two liters eluted from coarse DEAE.

c
I and II correspond to fraction I and fraction II,
respectively (Figure 11).

d
= Figure 12.

e= Figure 13.
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procedures for concentrating agrocin from culture supernatants. High

salt concentrations may be detrimental to agrocin activity, as indicated

by a substantial reduction in AU/ml after treatment with high salt

(Table IV).

The Sensitivity of Bacterial Strains to

Partially Purified Agrocins

Partially purified agrocin 84 inhibited growth of various strains

of Agrobacterium and Rhizobium (Table V). The variation in sensitivity

by Agrohacterium strains has been observed by others and may explain the

ineffectiveness of strain 84 in inhibiting crown gall in some field

trials (Panagopoulos et al., 1978; Alconero, 1980).

Of those strains with a known pattern of opine metabolism, only

nopaline strains were found to he sensitive to agrocin 84 while octopine

strains are insensitive (Table V). Thus the nopaline strain C58 is

sensitive to agrocin 84, but when the Ti plasmid is lost the resultant

strain A136 has lost both the ability to catabolize nopaline and its

sensitivity to agrocin 84 (Table V). In contrast, strain A281 (pTiB0542)

harbors an agropine type plasmid (Guyon et al., 1980), strain 86 con-

tains an octopine plasmid, and both strains are insensitive to agrocin

84.

In the experiments reported here, agrocin sensitivity was found in

nopaline strains and in the appropriate deletion mutants, but some

inconsistencies were observed. Strain T37 transconjugate A208 (Table V)

was sensitive, hence the T37 strain used for this study is either not

T37 or it is in a chromosomal background that renders it insensitive to

agrocin 84.



TABLE V. SENSITIVITY OF SELECTED AGROBACTERIUM AND RHIZOBIUM STRAINS TO PARTIALLY

PURIFIED AGROCIN 84.

Straina Recipient
Ti

b
Zone of

Plasmid Opine Oncogenicity Inhibition (mm)

A. tumefaciens

C58 (pTiC58) nop + 17

NT1-1 none nor - 0

A136 none nop- 0

A174 A136 (pTiC58) nop+ - 0

A593 A136 (pTiC58) nop+ + 27

GV3195 ( pTiC58)c N/Ad + 0

GV3190 C58C1 ( pTiC58)c nop- 0

GV3162 C58C1 ( pTiC58)c nop- + 0

GV3176 C58C1 (pTiB C)::TN7 oct+ + 0

GV3160 C58C1 (pTiC58trac) nop+ + 19

T37 (pTiT37) N/Aa - 0

A208 A136 (pTiT37) nop+ + 17

ACH5 (pTiACH5) oct+ + 0

A596 A136 (pTiACH5) oct+ + 0

S1005 (pTiK14) nop+ + 16

GV3561 S1005 (pTiK14) nop + 14



Strain Recipient
Ti

Plasmid Opineb Oncogenicity
Zone of

Inhibition (mm)

GV4203

GV3560

GV3562

A519

A28 1

S1005

S1005

S1005

A136

A136

(pTiK14::RP4)

(pTiK14)

(pRP4)(pTiK14)

(pTiAT181)

(pTiB0542)

flop+

flop+

N/A

nowt-

agro-
pine

+

-

+

+

19

14

23

27

0

K57 (pTiK57) nop + 0

II BV7 N/A N/A + 0

B6 (pTiB6) oct+ + 0

A277-III A136 (pTiB6 806) oct+ + 0

A178 A136 (pTiK27) flop+ + 28

IIBVN6 N/A N/A - 0

K24 (pTiK24) noe + 10

A6(187) N/A act+ + 0

3 N/A N/A + 0

5 N/A N/A + 0

6 N/A N/A + 7

7 N/A N/A + 0

8 N/A N/A + 0

11 N/A N/A + 10

12 N/A N/A + 0

13 N/A N/A + 0



Strain
Ti

Recipient Plasmid Opine
Zone of

Oncogenecity Inhibition (mm)

40 N/A N/A 25

I 1/75 N/A N/A 24

C2/74 N/A N/A 21

M2/78 N/A N/A 21

3667 N/A N/A 27

A. radiohacter

84 none N/A 0

F2173 none N/A 0

B4/75 none N/A 0

D42/73 none N/A 0

D16/73 none N/A 0

E13/73 none N/A 0

A. rhizogenes

A4 none N/A 15

A2 none N/A 15

TR7 none N/A 0

A. rubi

none N/A 23RR5



Strain
Ti

Recipient Plasmid
b

Opine Oncogenicity
Zone of

Inhibition (mm)

Rhizobium trifolii

16287 none N/A NAPe 0

J-10 none N/A NAP 0

3C none N/A NAP 0

C6 none N/A NAP 0

D6 none N/A NAP 15

3169 none N/A NAP 29

R. melilotii

102-F-51 none N/A NAP 0

T-1 none N/A NAP 0

102-F-26 none N/A NAP 0

102-F-28 none N/A NAP 27

YA2 none N/A NAP 27

YA15 none N/A NAP 0

YA19 none N/A NAP 0

YA26 none N/A NAP 0

YA31 none N/A NAP 0

YA43 none N/A NAP 0

YA66 none N/A NAP 0



Strain
Ti

Recipient Plasmid
Zone of

Opine
b

Oncogenicity Inhibition (mm)

R. leguminosarum

128-C-56 none N/A NAP

128-C-53 none N/A NAP

17

47

a
Source of strains is contained in Table II.

b
Amino acid derivatives, which include the octopine (pyruvate
opines), the nopaline ( ketoglutarate opines), and agropine (a
complex of glucose and glutamic acid) groups.

c
Large deletion mutants of C58.

d
Not available.

e
Not applicable
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Strain GV3162 contains a deletion that should not affect the

agrocin sensitivity gene (Holsters et al., 1980). However, this strain

was found insensitive, suggesting that we received a strain that is

misnamed or a mutation is present in the agrocin sensitivity gene.

Although the agrocin insensitive strain GV 3190 contains a large

deletion in the Ti plasmid, the agrocin sensitivity gene is intact, and

the bacteria should be sensitive. In comparison, GV3195 contains a

deletion in the agrocin sensitivity gene and is not sensitive, suggest-

ing GV3190 is either misnamed or the deletion includes a portion of the

agrocin sensitivity gene.

A174, a transconjugant of C58 is not agrocin sensitive and should

be, but once again there is some question about the identity of the

strain. Kaiss-Chapman (1977) observed that A174 produced unusual

cytokinin levels when compared to the parent strain C58.

Several strains of Rhizobium were sensitive to agrocin 84. R.

trifolii D6 and 3169, R. melilotii 102-F-28 and YAZ, and R. legumino-

sarum strains 128-C-56 and 128-C-53 were very sensitive to agrocin 84

(Table V).

Three purified fractions of agrocin were tested against genetically

'characterized strains of Agrobacterium. The majority of the strains

tested were sensitive to fraction I (Table VI) and exhibited small,

short-lived (less than 24 hours) zones of inhibition. Those strains

sensitive to fractions IIa were also sensitive to fraction II, suggest-

ing that they are derivatives of the same molecule or breakdown products

of the same parent molecule.



TABLE VI. SENSITIVITY TO PURIFIED AGROCIN FRACTIONS I,

IIa AND IIb

Sensitivity to Agrocins
b

'

c

Bacterial Straina

Agrobacterium tumefaciens

NT1

C584

IIBNV6

IIBNV7

IIB

K57

A178

A519

A281

ACH5

NT1

A175

A506

A593.

A136

T37

A277

542TC1

A623

A203

GV3241

GV3562

GV3561

GV3176

GV3195

45
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Bacterial Strain I IIa IIb

GV3190 +

GV4203 + _

GV3506 + + +

GV3194 +

A. radiobacter

S1005 +

S1005 (pTiB653Cc) + + +

C58-Clrifr +

GV4008 +

GV4005 + -

K24 + + +

AT4 + + +

AT1

80542

A. rhizogenes

15834 +

a
Source contained in Table II.

b
+ = sensitive

c - = not sensitive
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It is interesting to note that A. tumefaciens C58 was sensitive to

all three fractions, while cured derivatives NT1 and A136 are sensitive

to fraction I only. These data suggest that sensitivity to fractions

IIa and IIb may be coded for by the Ti plasmid and sensitivity to frac-

tion I was coded for by the host chromosome. Those strains harboring

the K14 plasmid (GV3560, GV3561, GV4203, GV3562) were extremely sensi-

tive to all three fractions and exhibited the largest zones of inhibi-

tion, and may be of considerable importance for future studies on

agrocin sensitivity.

Prevention of Galling with Concentrated Strain 84 Culture

Filtrates and Partially Purified Agrocin 84

Gall formation was retarded and sometimes prevented when tomato

plants were co-inoculated with A. tumefaciens strain K24 and a cell-

free culture supernatant of A. radiobacter strain 84 concentrated ten

fold (crude agrocin). After co-inoculation with K24, ten fold concen-

trated strain 84 culture filtrates were applied continuously to the

wound for 17 hours. Thirty-three percent of the tomato plants

coinoculated with K24 and crude agrocin remained free of galls; the

remaining plants (67%) were delayed in showing tumor symptoms until

five weeks after inoculation. However, these galls were very small in

contrast to the untreated control plants. None of the plants inoculated

with crude agrocin alone or co-inoculated with a 1:1 ratio of live

strains 84 and K24 were galled after 14 days. In contrast to the
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treated plants, 100% of the control plants inoculated with K24 alone

developed large galls, which suggests that agrocin 84 did indeed affect

the infection process.

When plants were treated as above with purified agrocin, the number

of galled plants was reduced from 18 (untreated controls) to 13 after

one treatment with agrocin (Figure 13A). When wounds inoculated with A.

tumefaciens K24 were kept moistened with agrocin for five hours follow-

ing inoculation, two galled plants were observed, compared with 18 for

the untreated control plants. Maximum reduction of galled plants

occurred when inoculated wounds were kept moist with agrocin for 10 or

more hours (Figure 13A).

The galled plants in Figure 14A are typical of those inoculated

with a 1:1 ratio of A. tumefaciens K24 to A. radiobacter strain 84 for 5

weeks is shown in Figure 14B, and Figures 14C and I4D show symptomless

seedlings inoculated with K24 and kept moist with agrocin for varying

times (photographed five weeks after inoculation).

There was a dramatic decrease in the number of galled plants after

continuous treatment of plants inoculated with A. tumefaciens with

agrocin compared to a five hour treatment or one agrocin applied five

hours after inoculation (Figure 13B). Keeping the wound moist contin-

uously probably mimics the situation when live cells of strain 84 are

present at the wound site, because agrocins appear to be continually

excreted by actively growing A. radiobacterstrain 84 (M.J. Stayer,

unpublished data). A summary of the inhibition experiments is
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Figure 13. The Inhibition of Galling on Wounded Tomato Seedlings
Inoculated with A. tumefaciens and Then Treated with
Purified Agrocin.

(A) , plants repeatedly treated with agrocin (after K24 inocula-
tion). (B) o, plants treated with one application of agrocin every
five hours after inoculation with K24 inoculation. A, control.
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Figure 14. Reduction in the Number and Size of Galls on Inoculated
Tomato Plants Treated with Semi-Purified Agrocin.

(a) Tomato seedling inoculated with A. tumefaciens K24
alone. (b) Tomato seedling inoculated with K24 and strain
84. (c) Tomato seedling inoculated wiht K24 and kept moist
with agrocin for 5 hours. (d) Tomato seedling inoculated
with K24 and kept moist with agrocin for 20 hours. Photo-
graphs made five weeks after inoculation.
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presented in Table VII. These experiments demonstrate that the agro-

cin(s) produced by strain 84 are at least partially responsible for the

antagonistic nature of strain 84.

Because the above-mentioned experiments involved plants that had

been wounded for up to 20 hours before being treated with agrocin, it

was essential to determine whether wounds 20 hours old or more were

still susceptible to infection by strain K24. Eighty-nine percent of

the plants wounded for 24 hours were susceptible to A. tumefaciens

K24 (Table VIII). Sixty-seven percent or more of the wounded plants

remained susceptible for four days, which decreased to 22% on the fifth

day.



53

TABLE VII. THE INHIBITION OF TUMOR FORMATION WITH PURIFIED

AGROCIN 84

Description of Treatment # Galled Plantsa

1. K24 alone
b

18

2. 84 lives 0

3. 84 + 24 live 0

4. Agrocin alone 0

5. 24 - Agrocin Od 13

6. 24 - Agrocin 5 2

7. 24 - Agrocin 10 1

8. 24 - Agrocin 15 5

9. 24 - Agrocin 20 1

10. 24 challenged with Agrocin at 5 hours 13

11. 24 challenged with Agrocin at 10 hours 14

12. 24 challenged with Agrocin at 15 hours 13

13. Agrocin - 12 hours K24 9

14. 24 challenged with Agrocin at 20 hours 12

15. 24 challenged with Agrocin at 25 hours 16

a
18 possible galled plants.

b
A. tumefaciens strain K24

c
A. radiobacter strain 84.

dTime in hours that Agrocin 84 was applied to wounded plant.
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TABLE VIII. THE SUSCEPTIBILITY OF WOUNDED

TOMATO STEMS TO A. TUMEFACIENS

K24 WITH TIME

Hoursa # Galled Plants/18 Plants

0

24

48

74

96

120

18

16

14

11

12

4

iaTime in hours after wounding that the
plants were inoculated with A. tumefaciens
K24.



55

IV. DISCUSSION

A method for isolating agrocin produced by Agrobacterium radio-

bacter strain 84 was developed that differs from other published methods.

Agrobacterium tumefaciens K24 was the indicator strain because of its

high sensitivity to agrocin 84 and the development of well-defined,

long-lived zones of inhibition. Since Kerr (1974) and his colleagues

used K24 during their isolation of agrocin 84, it allowed a comparison

of Kerr's data and my own work.

Mannitol-glutamate was a simple, defined medium that supported good

growth of A. radiobacter strain 84, as well as agrocin production.

Although a drawback of the medium is the heavy capsule production by

strain 84, this problem was reduced by harvesting cells in late log

phase. Although agrocin activity continues to increase as the cells

enter stationary phase (Figure 2), the lesser yields of agrocin were

preferable to the increasing amount of capsular material that accompanies

higher yields of agrocin.

A quick, reproducible method for bioassaying and quantifying agrocin

activity was developed that yielded results in 24 hours (Figures 3 and

4). The majority of researchers working with strain 84 utilize Stonier's

(1960) bioassay which requires four days to complete. Stonier's (1960)

method entails spotting strain 84 in the middle of an agar plate, allow-

ing growth for three days, treating with chloroform, and finally over-

laying with a sensitive strain of Agrobacterium. This method proved too

time consuming when dealing with a large number of samples (e.g., 200

fractions from a DEAE cellulose column). Also, it is difficult to

quantify Stonier's type of system. It is important to point out that the
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system I used involved culture supernatants, whereas Stonier used living

strain 84 cells. Therefore, a direct comparison of the two methods is

not possible.

Recovery from large volumes of strain 84 culture supernatants were

defined in AU m1-1 (specific activity), and it was observed that the AU

m1-1 for each recovery step was reproducible; in other words, the preci-

sion of the bioassay was good. However, the net effect of the individual

steps was accurate only if agrocin alone induced a response. The

observed variable increase and decrease in specific activity suggests

that the net result was affected by the interactions of agrocin with

inhibitors and/or synergistic compounds such as the carbohydrates present

in solution. Alteration of the net yield by possible interaction of

agrocin 84 with inhibitors or synergists can also be affected by sample

loss during purification. High salt concentrations from the solvent

systems also strongly retard activity. Therefore, accurate quantitative

measurements of agrocin recovery are excluded, and the data are only

semi-quantitative.

Concentrated strain 84 supernatants were treated with digestive

enzymes and subjected to various pH's to determine: the molecular classi-

fication (i.e., protein, nucleic acid, etc.) and the pH optima for

biological activity. Concentrated 84 supernatants were not inactivated

by any of the digestive enzymes. This could be explained if the agrocins

are breakdown products of one another, a heterogeneous family of mole-

cules, or it is possible the culture supernatant protects agrocin from

enzymatic action. The literature has references to multiple compounds.

McCardell and Pootjes (1976) first reported that agrocin 84 was protein-
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aceous in nature, while Roberts et al. (1977) reported that agrocin 94

was an adenine derivative, and the results of this study demonstrate the

presence of more than one fraction with agrocin-like activity.

The pH study suggests an optimum of pH 6-7 for biological activity

(Figure 5) which agrees with Roberts et al. (1977) finding that pH 6.3

was optimal. Agrocin was routinely isolated using buffers at pH 6.3

and at 4°C, and resulted in the most active and long-lived agrocin pre-

parations.

The concentration of agrocin from strain 84 supernatants proved to

be the limiting step in the purification, and resulted in the largest

losses of activity. Agrocins are small molecules, and it is difficult

to concentrate them from culture supernatants. Roberts et al. (1977)

used charcoal, McCardell and Pootjes (1976) used ultrafiltration, and I

used anion exchange chromatography to concentrate agrocins from strain

84 culture supernatants. This may account for reported differences as

each method may select for different agrocins. Roberts et al. (1977)

described the agrocin 84 molecule as a phosphoramidate derivative of

adenine (Figure 1). The phosphoramidate linkage, and phosphorylated

sugar moiety would have a strong affinity for cellulose acetate. Cellu-

lose acetate membranes can bind phosphate containing molecules and there-

fore may irreversibly bind agrocin 84. Thus, ultrafiltration could

select against phosphate containing compounds and may explain McCardell

and Pootjes (1976) report that agrocin 84 was a polypeptide.

Charcoal has a very strong affinity for anions such as PO4 and has

been frequently used for purification of biological materials. Charcoal

is chemically and physically undefined and not well understood. Many

charcoals of different origins are available, each with different
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chemical characteristics, and they may interact with similar compounds

in a different manner. The recovery of agrocin from charcoal in this

laboratory has never been greater than 40% and was observed with char-

coal (vegetable) pretreated with 0.01 M phosphate to reduce the number

of binding sites which ultimately resulted in a greater recovery of

agrocin. Because of the low recovery and difficulty of obtaining

reproducible results with charcoal, an alternate method was sought.

Anion exchange chromatography proved the most effective method

tested for concentrating agrocins from large volumes of strain 84

culture supernatants. Strain 84 culture supernatants were diluted 1:1

before passing through coarse mesh DEAE cellulose, which allowed reten-

tion of agrocin and passage of a substantial amount of the interfering

materials. Unlike charcoal, the concentration of agrocin with anion

exchange chromatography was reproducible.

Agrocins were eluted from the DEAE cellulose at a salt concentra-

tion of 0.125 M LiCl. This proved advantageous because the majority of

A260 absorbing material passed through the column at greater than 0.125

M LiC1. After the concentration of the agrocin with DEAE cellulose

chromatography and elution with 0.4 M LiC1, precipitation of the

agrocins with 20 volumes of acetone effectively removed LiC1 and further

concentrated agrocin.

Agrocin was isolated from a large volume (30 liters of strain 84

culture supernatant) to determine if multiple agrocins are produced and

to obtain material for biological studies. DEAE cellulose chromato-

graphy (coarse mesh), acetone precipitation, DEAE cellulose chromato-

graphy (0E32 Whatman) (Figure 7), P-4 gel filturation (Figure 8), high
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salt P-4 gel filtration (Figures 9 and 10), and high performance liquid

chromatography (Figures 11 and 12) resulted in multiple fractions with

agrocin activity.

Agrocin 84 has been reported to contain two phosphoramidate link-

ages and a phosphorylated carbohydrate as well as adenine (Roberts et

al., 1977). Therefore, carrier-free 32P and 3H-adenine were used to

label a growing culture of strain 84 in mannitol-glutamate broth. The

purification scheme (Figure 6) yielded three active fractions, only two

of which contained 3H or 32P counts (Figure 10). These data suggest

fractions IIa and IIb (Figure 10) contain the agrocin 84 reported by

Roberts et al. (1979). Fraction I (Figure 9) contained no detectable

3H or 32P cpms.

Fraction I contained little A260 absorbing material and is active

against some strains of Agrobacterium (Table VI). Fraction I was not

observed to precipitate with acetone following the high salt P-4 step,

although IIa and IIb did; and furthermore, fraction I was not observed

to elute from a high performance liquid chromatography column whereas

fractions IIa and IIb (Figures 11 and 12) did. This data suggests

fraction I is of a different chemical nature than fractions IIa and IIb.

Roberts et al. (1977) used a rough mutant of strain 84 for agrocin

isolation, and this may explain why they did not observe fraction I, or

possibly their charcoal adsorption step selected against fraction I by

binding irreversibly to it or not at all. I have never observed frac-

tion I when concentrating agrocin with charcoal.

Following high performance liquid chromatography, fraction IIa was

contaminated with IIb and IIb had small amounts of IIa (Figures 11 and

12). Fraction IIa could be a breakdown product of IIb, and if true, it
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is interesting that both IIa and IIb are still biologically active. The

host range of fractions IIa and IIb were identical while fraction I had

a very wide host range (Table VI).

The isolation of agrocin from large volumes of strain 84 culture

supernatant demonstrates the presence of at least two fractions with

agrocin activity. The sensitive strain used during the purification to

test fractions for antibiotic activity also is important, as not all

strains may be sensitive to all the agrocins. Obviously, the use of

one strain in preference to another may select for particular anti-

biotics. Therefore, the utilization of A. tumefaciens K24 during this

study may have selected for the agrocins present.

High salt concentrations appear to be detrimental to the agrocins.

A substantial reduction in specific activity (AU m1-1) of the agrocins

is observed after treatment with high salt (high salt P-4 column, Table

IV). Agrocins may be more susceptible to high salt after they are

partially purified because high salt (0.4 M LiC1) appeared not to affect

biological activity during the earlier steps of the purification. It is

very difficult to desalt purified agrocins due to their small size.

Consequently, these preparations were not desalted to determine if they

regained the biological activity levels observed prior to high salt

chromatography.

Isolating agrocins in the cold decreased the possibility of contam-

ination and activity of the fractions was prolonged.

The ability of strain 84 to inhibit crown gall disease has been

attributed to the production of an antibiotic, agrocin 84 (Kerr, 1974;

Moore, 1977); however, agrocin 84 has never been isolated from a wound

site coinhabited by strain 84 and a sensitive strain of A tumefaciens.
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In contrast to antibiotic production, Lippincott and Lippincott (1969)

have reported that certain avirulent strains of Agrobacterium physically

compete with and prevent virulent Agrobacterium strains from attaching

to the plant wound site. This competitive blockage of the attachment

site results in an inhibition of crown gall development.

Cell-free concentrated strain 84 culture supernatants and purified

agrocins were applied to inoculated plant wounds to ascertain whether

they were capable of preventing crown gall. Concentrated strain 84

culture supernatant-treated plants inoculated with A. tumefaciens K24 did

not produce galls until at least four weeks after inoculation, whereas

galls were observed on the untreated control plants after one week. The

galls that did appear on the agrocin-treated plants were very small in

comparison to galls observed on the untreated control plants. It is

possible that a small agrocin resistant population of A. tumefaciens K24

develops in the agrocin-treated wound which accounts for the galls that

eventually form on agrocin-treated plants. Agrocin resistant colonies

often appear in zones of inhibition in vitro (Kerr and Htay, 1974),

many of which are still pathogenic (Moore, personal communication, and

this study).

The above experiment was performed with concentrated strain 84

culture supernatants, and the possibility exists that the inhibition of

galling by A. tumefaciens K24 was due to other components present in the

media. However, purified agrocin did reduce the incidence of galling on

A. tumefaciens K24 on tomato seedlings to a greater degree than the con-

centrated supernatant. It was important that agrocin be present at

the wound site during the 20 hour induction period to most effectively

reduce the incidence of galled plants. Possibly agrocin is adsorbed to
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the plant, inactivated by the plant, or more pathogens develop and must

be inactivated, and therefore the requirement for continuous agrocin

application. Ellis and Murphy (1979, unpublished data) report that in

both normal and crown gall tissue, a neutral compound was detected which

counteracted the inhibitory effect of agrocin 84. It is interesting to

note the dramatic decrease in galled plants after continuous treatment

of K24 inoculated seedlings with agrocin for five hours vs. one agrocin

application applied five hours after inoculation, 11% vs. 79% (Figures

13A and 13B, and Table VII). Keeping the wounds moist may mimic the

situation when live cells of strain 84 are present at the wound site,

because it appears agrocins are constitutively synthesized (this study,

Figure 2) by strain 84.

These experiments demonstrated reduction in the number of galled

plants by the application of agrocin over a 20 hour period (Table VII),

and it was important to rule out wound healing as a possible source of

this observed reduction. Sixty-seven percent or more of the plants

remained susceptible to strain K24 for four days (Table VIII). However,

89% of the plants that had been wounded for 24 hours remained suscep-

tible to infection, indicating that the number of galled plants observed

in the previously described experiments was due to the inhibitory

activity of the applied agrocin.

Hypothetically, purified agrocins could be used as a prophylactic

measure in the field to prevent crown gall, but because of the laborious

isolation procedure, instability, and low yield of agrocins, this seems

an unrealistic approach at this time. Furthermore, live agrocin produc-

ing cells of strain 84 in the infection court provide potentially long

term protection.
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Partially purified agrocin was used to screen a variety of Agro-

bacterium and Rhizobium strains for sensitivity, and many strains of

Agrobacterium and several strains of Rhizobium proved to be sensitive

(Table V). Several strains of A. rhizogenes were also sensitive to

agrocin, and L.W. Moore (personal communication) has demonstrated an

inhibition of the hairy root disease in vivo with live strain 84. The

variation in sensitivity to agrocin by Agrobacterium strains suggest a

possible reason for strain 84 ineffectiveness in inhibiting crown gall

in some field trials. Furthermore, there appears to the a correlation

between sensitivity to agrocin in vitro and in vivo (New and Kerr, 1972;

Kerr and Htay, 1974; Schroth and Muller, 1976; and Moore, 1977).

In general nopaline strains of A. tumefaciens were found to be

sensitive to agrocin 84 while octopine strains are insensitive (Table V).

When the Ti plasmid is lost from C58 (nopaline+ strain) the resultant

strain A136 is nopaline minus and agrocin 84 insensitive (Table V).

The sensitivity of some strains of Rhizobium to agrocin could have

economic consequences if strain 84 is used in an area for production of

legumes that have agrocin-sensitive Rhizobium associated with them.

These data further support the close relationship between Agrobacterium

and Rhizobium. The genes coding for sensitivity to agrocin 84 in Agro7

bacterium are located on the Ti plasmid, which also codes for virulence

in Agrobacterium (van Larabeke et al., 1975; Watson et al., 1975).

Murphy and Roberts (1979) reported the isolation of a periplasmid

protein from Agrobacterium radiobacter K57A that binds agrocin 84, and

they propose that sensitivity to agrocin 84 is due to the presence of one or

more plasmid-coded binding proteins which are associated with transport
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of agrocin 84 into sensitive strains. These data suggest common genetic

information between Rhizobium and Agrobacterium, and part of this infor-

mation is responsible for virulence in Agrobacterium. A fine line must

separate Agrobacterium from Rhizobium because the former produce over-

growths that can be detrimental to the plant, and the latter strains

produce nodules beneficial to the plant. Further comparisons between

the genomes of these two bacterial species could be most informative

in regards to their evolutionary origins.

Agrocins isolated from large volumes (30 liters) of strain 84

culture supernatants resulted in three active fractions, and these

fractions were used to screen selected strains of Agrobacterium for

sensitivity to these fractions. It is interesting that A. tumefaciens

C58 is sensitive to all three fractions (Table VI), but the two cured

derivatives of C58, NT1, and A136 were sensitive to fraction I only, and

suggests sensitivity to fractions IIa and IIb is coded for by the Ti

plasmid and sensitivity to fraction I is coded for by the host chromo-

some. Nil has another very large uncured plasmid that could code for

sensitivity to fraction I. With the exception of those strains harbor-

ing the K14 plasmid, the zones of inhibition observed with fraction were

very short-lived, and this may be a function of the concentration

applied. The majority of the strains tested were observed to be sensi-

tive to fraction I but not fractions IIa and IIb (Table VI). These data

suggest that strain 84 produced more than one antibiotic, or there are

breakdown products that are biologically active.
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This study has demonstrated another method of isolating agrocins

from strain 84, and it appears strain 84 may produce more than one

agrocin active fraction. Furthermore, the production of these anti-

biotics by strain 84 is in part responsible for its effectiveness in

controlling crown gall. Further studies will be necessary to elucidate

the chemical structures of the agrocins and to understand the exact

mechanism by which strain 84 inhibits sensitive strains of Agrobacterium

in vitro and in vivo.
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