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Intact cells of Agrobacteriwn tumefaciens were examined for ability to take up
biologically active LR-4 phage deoxyribonucleic acid (DNA) from the surrounding
medium. DNA incorporation as measured by subsequent plaque formation -(trans-
fection) failed to occur when the bacteria were grown in defined minimal salts
media, and was restricted to a 4-hr period in the early log phase ofgrowth in enriched
media. In the latter case, maximal transfection frequencies were obtained after a
25- to 30-min incubation with 22.5 ,ug of phage DNA/ml. Higher DNA concentra-
tions or longer incubation times were inhibitory. Transfection was completely
inhibited by deoxyribonuclease but not by ribonuclease, trypsin, or phage-specific
antisera.

Agrobacterium tumefaciens (Smith and Town-
send) Conn induces autonomous crown gall
tumors in a variety of dicotyledonous plants.
There is considerable evidence to suggest that
deoxyribonucleic acid (DNA) from the bacterium
or one of its temperate phages plays a passive,
if not active, role in the induction process (2, 11,
12, 19). Nevertheless, the number and nature of
the cistron products responsible for conversion
of normal cells to tumor cells has yet to be re-
solved.

In light of the above, it is surprising that so
little attention has been given to the development
of a well-defined system for genetic analysis in
A. tumefaciens. Conjugation and transduction,
unfortunately, have yet to be demonstrated in
this genus. Early studies by Klein and Klein
(8, 9) and more recently by Kern (6, 7) would
suggest, however, that A. tumefaciens is capable
of undergoing genetic transformation, although
no reproducible system was defined.
The present study was undertaken in an effort

to confirm "competence" in A. tumefaciens and
to characterize some of the parameters providing
for maximal DNA uptake. A temperate phage
of A. tumefaciens was used as the source of bio-
logically active DNA.

MATERIALS AND METHODS

Bacteria and phage. A. tumefaciens (Smith and
Townsend) Conn strain B66 and the virulent phage
LR-4 were obtained through the courtesy of Robert
Manasse of Boyce Thompson Institute for Plant
Research, Yonkers, N.Y. B66 was selected for use in
this study because of its sensitivity to LR-4 phage,

1 Present address: Biology Department, University of Mis-
souri-St. Louis, St. Louis, Mo. 63121.

and its failure to yield plaque-forming units after
treatment with mitomycin C and ultraviolet light.

Media and buffers. The following eight media were
utilized for culturing the bacteria. Basic nutrient
broth (BNB) contained 8 g of Difco nutrient broth,
5 g of sucrose, and 1 g of Difco yeast extract/liter of
distilled water; basic nutrient agar (BNA) was BNB
plus 1.5% Difco agar. Peptone broth (PTB) con-
sisted of 1% Difco peptone/liter of distilled water;
peptone agar (PTA) was PTB plus 1.5% Difco agar.
Minimal medium broth (MMB) contained 5 g of
glucose, 1 g ofKNO3, 1.5 g of NaCl, 2 g of NaH2PO4,
250 mg of MgS04 * 7H20, and 25 mg of CaCl2/liter of
distilled water (pH 7.0); minimal medium agar
(MMA) was MMB plus 1.5%-7 Difco agar. Sucrose
salts broth (SSB) contained 5 g of sucrose, 1 g of
KNO3, 1.5 g of NaCl, 2 g of NaH2PO4, 250 mg of
MgSO4-7H20, and 25 mg of CaCl2,'liter of distilled
water (pH 7.0); sucrose salts agar (SSA) was SSB
plus 1.5%yo Difco agar.
Two media were used to assay for plaque-forming

units: Fisher phage overlay agar (3 g of beef extract,
5 g of peptone, 5 g of NaCl, 0.2 g of MgSO4-7H20,
0.05 g of MnSO4, 0.15 g of CaCl2, and 7.0 g of agar/
liter of distilled water) and Fisher phage base agar
(phage overlay plus 8.0 g of agar/liter).
The following two buffers were employed during

the course of this investigation: 0.067 M phosphate
buffer, pH 7.0, and 0.1 M tris(hydroxymethyl)amino-
methane (Tris) buffer (Mann Chemical Co.), pH 7.5.

Preparation of phage. A 5-ml amount of LR-4
phage stock was added to a 24-hr BNB culture of B66.
This preparation was incubated for 12 hr at 27 C on a
gyratory shaker (ca. 120 rev/min) to allow for phage
replication and bacterial lysis. This lysed culture was
centrifuged at 12,100 X g for 20 min at 4 C in a
Sorvall RC 2-B Superspeed centrifuge (rotor SS-34).
The supernatant fluid was filtered through several
membrane filters (0.22 blm; Millipore Corp.) to avoid
clogging. The sterile filtrate was centrifuged in a
Beckman L2-65B ultracentrifuge (rotor 50.1) at
29,473 X g for 90 min at 4 C to sediment the phage
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particles. The phage pellets were resuspended in 0.1
M Tris buffer, pH 7.5, and were maintained at 4 C
until needed.

Extraction of phage DNA. An equal volume of
freshly distilled phenol, neutralized to pH 7.0 with
NaOH, was added to the phage stock. This mixture
was mildly agitated for 30 min. The above preparation
was then centrifuged at 480 X g for 20 min at 4 C,
in a Sorvall RC 2-B superspeed centrifuge (rotor
SS-34). The aqueous supernatant fluid containing
the phage DNA was removed and mixed with fresh
phenol. This preparation was again slowly agitated
for 30 min and centrifuged. The aqueous layer con-
taining the phage DNA was removed, and dialyzed
at 4 C overnight against a solution of 0.067 M phos-
phate buffer, pH 7.0. A few drops of chloroform were
added to the dialyzed DNA solution to prevent
bacterial contamination.

All DNA preparations were tested for sterility by
plating on BNA prior to use. The DNA concentration
was determined by the diphenylamine method of
Burton (3).

Transfection procedure. Flasks containing 50 ml of
desired media were inoculated with a loopful of A.
tumefaciens B66 that had been cultured on a BNA
slant. These cultures were incubated for 24 hr at 27 C
on a gyratory shaker (ca. 120 rev/min). Side-arm
flasks were then inoculated with an adequate sample
of each respective culture to give an optical density of
0.14 with a Klett Summerson photoelectric colorimeter
(green filter no. 54). Samples were removed from these
flasks at various times and placed in sterile test tubes.
An appropriate concentration of LR-4 phage DNA
was then added to each tube. Sterile preparations of
deoxyribonuclease (10 ,g/ml, Worthington Biochemi-
cal Corp.), ribonuclease (10 /Ag/ml, Worthington
Biochemical Corp.), trypsin (10,gg/ml, Sigma Chemi-
cal Co.), and LR-4 phage antisera (0.1 ml) were also
added to control tubes at the time of DNA addition.
All tubes were incubated in a tilted position, on a
gyratory shaker (ca. 120 rev/min) at 27 C. Samples
were removed at various times, and were tested for
plaque-forming ability by overlay plating on a defined
medium with 0.5 ml of log-phase B66 cells. Plates were
incubated overnight at 27 C. A second plating was
accomplished by first adding 2 ml of 0.1 M Tris buffer
(pH 7.5) to each plate, and scraping the overlay agar

into a sterile test tube. An additional 10 ml of Tris
buffer was added, and the mixture was vortexed prior
to centrifugation at 12,100 X g at 4 C for 20 min in
a sterile tube. The supernatant fluid was passed
through a membrane filter (0.22 ,um) and plated on
desired media. Plates were examined for plaques
after overnight incubation at 27 C.

RESULTS

Attempts to characterize DNA uptake (com-
petence) in A. tumefaciens B66 by means of
transfection were at first unsuccessful. Plaques
failed to develop when cultures of the bacterium
were plated on different media and incubated at
various temperatures after exposure to LR-4
phage DNA (1 to 45 4ug/ml), for periods up to
3 hr. This was true regardless of culture age at
the time of DNA addition, or the nature of
the media used to culture the bacteria (Table 1).
Further investigation revealed, however, that
some of the assay plates contained "intact" in-
fectious phage particles after incubation, though
plaques were not apparent. As a consequence, a

second plating was introduced into the transfec-
tion assay in all subsequent experiments (see
Materials and Methods), so as to allow adequate
time for virus expression in the form of plaques.
As shown in Table 1, only the bacteria originally
cultured in SSB and MMB failed to undergo
transfection, as indicated by the absence of
plaques after a second plating.

Transfection as observed above was completely
inhibited by deoxyribonuclease, whereas ribo-
nuclease, trypsin, and LR-4 phage antiserum
caused only minor inhibition (Table 2).

Electron microscopy of the parent LR-4 phage
(from which transfecting DNA was isolated),
and of the transfecting progeny phage, revealed
that these phage particles were morphologically
indistinguishable. Furthermore, the progeny

phage and parent phage were found to be equally
susceptible to neutralization by antisera prepared
against LR-4 parent phage.

TABLE 1. Conditions leading to plaque-forming activity after incubation of A. tumefaciens B66 with 22.5 ,ug
of LR-4 DNA/ml

Growth and First platinga Second platinga
incubation
medium Conditions Results Conditions Results

BNA BNA, 4 C No plaques BNA, 27 C Plaques
BNB BNA, 15 C No plaques BNA, 27 C Plaques
BNB BNA, 27 C No plaques BNA, 27 C Plaques
PTB PTA, 27 C No plaques BNA, 27 C Plaques
PTB PTA, 27 C No plaques PTA, 27 C Plaques
SSB SSA, 27 C No plaques BNA, 27 C No plaques
MMB MMA, 27 C No plaques BNA, 27 C No plaques
MMB MMA, 27 C No plaques MMA, 27 C No plaques

a See Materials and Methods.
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Cultures of A. tumefaciens B66 were examined
for competence throughout the complete growth
cycle. As shown in Fig. 1 and 2, the ability of
this bacterium to incorporate biologically active
phage DNA (22.5 Ag/ml) and replicate intact
infectious phage particles was restricted to a
period of 2 to 7 hr in the early log phase of
growth in BNB medium. The data indicate that
the bacteria were most competent after 4 hr
of incubation in the above media. At incubation
times shorter than 4 hr, competence was found to
the maximum. A noticeable degree of clumping
of cells was observed throughout the competent
fluctuate; however, it always remained less than
period. At maximal competence, optical density

TABLE 2. Effect ofdeoxyribonuclease, ribonuclease,
trypsin, and LR4 phage antiserum on
transfection in A. tumefaciens B66 by
22.5 lAg of LR-4 phage DNA per ml

Substance added Plaque-formingunits/mi

Control ........................ 270
Deoxyribonuclease, 10,ug/ml 0
Ribonuclease, 10 jug/ml 174
Trypsin, 10 jsg/ml............... 164
LR-4 phage antiserum, 1:52 di-

lution ....................... 178

a A 1:52 dilution neutralized 3.3 X 108 plaque-
forming units of LR-4 phage per ml.
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Table 3 shows the results of an experiment in

which different concentrations of phage DNA
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FIG. 2. Transfection competence in A. tumefaciens
B66 with LR-4 phage DNA during the lag and early
log phase ofgrowth. (0) Optical density of the culture
at time ofphage addition. (0) Log of plaque-formning
units per milliliter on second plating.
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FIG. 1. Transfection competence in A. tumefaciens B66 with LR-4 phage DNA as a function of culture age in
BNB medium. (0) Optical density of culture at time of DNA addition. (0) Log of plaque-forming units per
milliliter on second plating.
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were added to bacterial cultures at various
periods of competence. A concentration of 22.5
,ug of phage DNA/ml gave optimal transfection
frequencies. This was true regardless of the par-
ticular level of competence of the bacterial cells.
The effect of incubation time on transfection

in A. tumefaciens B66 with LR-4 viral DNA is
shown in Fig. 3. Samples were removed from the
experimental culture at 30, 240, and 360 min,
and were allowed to incubate with phage DNA
for various lengths of time. Transfection fre-
quencies were found to be optimal with incuba-
bation times between 25 and 30 min, thereafter
showing a decrease in plaque-forming units.
In a few cases, however, transfection frequencies
were observed to increase again after 90 min of
incubation.

DISCUSSION

The data presented in this paper clearly demon-
strate that extracellular biologically active phage
DNA can penetrate viable cells of A. tumefaciens
B66. The extent of DNA penetration varies with
the growth medium, and is restricted to a limited
period in the early log phase of growth. The ex-
tent of DNA uptake is also a function of DNA
concentration and incubation time.
Competence, as stated by Ravin (14), is a

normal transitory state in the growth of a culture.
Zelazna (21) reported that in Rhizobium trifolii,
a close relative of A. tumefaciens (5), the acquisi-
tion of a specific cell density is essential for
attaining competence for transformation. In
the present study, A. tumefaciens competence

TABLE 3. Relation between LR-4 DNA concentration
and transfection in A. tumefaciens B66

at various stages of competence

Time sample was DNA concn Plaque-formiingremoved from (ug/ml) units/mi
culture (min)

30 10 0
180 10 0
240 10 0
300 10 0
360 10 0
30 22.5 8.80 X 105
180 22.5 1.34 X 106
240 22.5 1.28 X 107
300 22.5 1.72 X 109
360 22.5 1.65 X 109
30 45 0
180 45 0
240 45 5.64 X 103
300 45 322
360 45 242
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FIG. 3. Relationship between incubation time with
LR-4 DNA and transfection during three stages of A.
twnefaciens B66 competence. (X) A 0.5-hr culture;
(*) a 4-hr culture; (O) and a 6-hr culture.

was maximal after cultures reached an optical
density of 0.164, from a starting optical density
of 0.14. Attempts to correlate accurately optical
density at the time of maximal competence with
mean number of cells per milliliter were compli-
cated by extensive clumping in the cultures.
Clumping, in fact, was found to be a charac-
teristic property of competence in this system.

Possibly some diffusible substance ("transfec-
tion principle") may be released by cells at a
specific cell density, which allows the population
to become competent. Cell competence factors
have been demonstrated in Bacillus subtilis (1),
B. sterothermophilus (18), and pneumococci (20),
and appear at least in some cases to be proteins.
Wide variations in the concentration of bac-

teriophage DNA required for optimal transfec-
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tion frequencies have been reported. Romig (16)
observed maximal transfection frequencies when
cells of B. subtilis were infected with DNA
preparations of SP3 in a concentration of 100
,ug/ml. Meyer et al. (13) found transfection to be
optimal when DNA in a concentration of 35
,ug/ml was used to infect protoplasts of Esch-
erichia coli. Transfection frequencies in our study
were optimal with a concentration of 22.5 Ag
of phenol-extracted LR-4 phage DNA/ml.
Low DNA concentrations (1 and 10 ,ug/ml)

were not sufficient to promote transfection, and
a higher concentration (45 ,ug/ml) was inhibitory.
The reason for this latter inhibition is not known;
however, it is conceivable that high DNA con-
centrations stimulate deoxyribonuclease pro-
duction or excretion, or both.

Transfection was completely inhibited by
deoxyribonuclease, whereas ribonuclease, trypsin,
and LR-4 phage antiserum resulted in only minor
inhibition (Table 2). The inhibition observed
with ribonuclease and trypsin may well have been
due to residual deoxyribonuclease in these pur-
chased preparations. Some of the DNA strands
in our stock may have had adhering antigenic
proteins, in which case the antisera might have
prevented DNA from penetrating the competent
cells. 'The possibility, however, that foreign pro-
teins (antibodies, enzymes, etc.) in themselves
act as inhibitory agents cannot be excluded.
The results from this study indicate that a 30-

min incubation period yielded maximal transfec-
tion frequencies. The data also suggest (Fig. 3)
that phage DNA may require at least 10 to 15
min of incubation time to penetrate or adhere to
the bacterial cell. In a few experiments, lesser
peaks in transfection frequency occurred after
prolonged incubation with DNA. This phenom-
enon might be due to physiological changes within
the bacterial cell population, to modifications of
the transfecting DNA due to the accumulation of
extracellular enzymes, or to both.
The necessity for the second, or "indirect,"

plating suggests that during the first plating the
original transfected viral genome either replicates
at a slower than normal rate or results in the
production of only a few phage.

Attempts to encourage plaque formation in the
first plating, by reducing the rate of bacterial
growth relative to the rate of viral replication by
plating on suboptimal media and incubating at
suboptimal temperatures, proved unsuccessful
(Table 1). Strauss (17) showed that energy is
required for the entry of transforming DNA into
B. subtilis. Transforming DNA may remain in
the extramembrane space beneath the cell wall,
until energy is made available for it to be trans-

ported across the cell membrane. Epstein (4)
suggested that, to incorporate DNA, bacterial
cells must make room for the incoming DNA.
They accomplish this by halting DNA synthesis
for one cell division. The virus DNA that enters
the bacterial cell at this time may then have to
wait for bacterial DNA synthesis to begin, or for
some other specific stage of growth to occur.
It is also conceivable that the viral DNA may
have to attach to some specific site in the cell in
order to replicate; such seems to be the case with
d.x 174 (10). If the number of replication sites is
assumed to be limited, it would not be surprising
that several bacterial replication cycles are neces-
sary to insure attachment to the appropriate
site. Riggs and Rosenblum (15) reported that only
a single viral progeny is obtained from each cell
as a result of transfection in Staphylococcus
aureus. If the burst size in this transfection system
is also one, this would account for the delay in
viral expression.
The LR-4 phage stocks have a titer of approxi-

mately 4.2 X 1011 infectious particles,/ml. Op-
timal transfection frequencies are achieved with a
concentration of 22.5 MAg of LR-4 DNA 'ml. This
is equivalent to 3.4 X 1010 viral genomes per ml.
The concentration of bacteria at the period of
optimal competence was 4.3 X 0l cells/ml.
Thus, 7.9 X 104 viral genomes were required to
infect a single bacterium.
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