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The infectivity of Agrobacterium tumefaciens strain B6 irradiated with short-
wavelength ultraviolet light was followed as a function of dose. Previously reported
enhancements of B6 infectivity by ultraviolet irradiation, in samples inoculated after
1.75 hr of dark incubation at 27 C, or immediately following irradiation, were
found to occur most frequently after losses in cell viability of 60% and of 90% or
more, respectively. Changes in colony-forming ability and tumor-initiating ability
with increasing dose showed no obvious correlation until the maximal infectivity
promotion of samples inoculated immediately after irradiation was reached. There-
after, both bacterial responses typically decreased in parallel. With low dose rates,
infectivity promotions were obtained with less than 10% loss in cell viability. Data
for tumor appearance and tumor growth resulting from inoculations with irradiated
cultures showed no significant differences from controls, nor did the age of the
bacterial culture or age of the host plant influence the response. The infectivity
promotion appears to result from an increase in the proportion of viable cells that
will subsequently initiate tumors. The characteristics of this ultraviolet infectivity
promotion are shown to be most similar to those found in prophage and bacteriocin
induction.

The highly virulent strain B6 of Agrobacterium
tumefaciens frequently exhibits an increased
ability to induce tumors on primary pinto bean
leaves after exposure to short-wavelength ultra-
violet (UV) light (5). At certain UV doses, a

greater promotion of infectivity occurs if a dark
period at 27 C separates the UV treatment from
the time infectivity is tested. This dark effect at-
tains a maximum after 1.75 hr of incubation, and
is prevented by exposure to 402-m,u light, indi-
cating a photoreversible effect at the deoxyribo-
nucleic acid (DNA) level. Only a few treatments
have been reported to enhance the infectivity of
A. tumefaciens (9). A full characterization of this
UV enhancement thus promised insight into the
mechanism of crown-gall tumor initiation, and
was especially attractive in view of the important
advances occurring in our understanding of the
molecular events involved in UV effects on

nucleic acids and bacteria (19).
In this paper, the enhancement of A. tume-

faciens infectivity that occurs immediately after
UV irradiation or after incubation in the dark
prior to inoculation is shown to vary systemati-
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cally with UV dose. An examination of several
variable parameters of the pinto leaf assay system
with UV-promoted cultures indicates that neither
the tumor induction process nor the growth char-
aracteristics of the tumors are qualitatively altered
by this treatment. The result of the UV treatment
appears identical to that achieved by inoculating
a much higher concentration of bacteria than
indicated by viable-cell counts. Since an infec-
tivity promotion may be obtained after irradia-
tions resulting in only small decreases in the num-
ber of viable cells, this suggests that prior to
irradiation the probability with which individual
bacteria situated at a potential tumor site will
successfully initiate a tumor is less than one. The
increased infectivity resulting when bacteria are
irradiated thus appears to be due to an actual in-
crease in the number of bacteria that will subse-
quently initiate tumors.

MATERIALS AND METHODS
Bacterial cultures. A. tumefaciens (Smith and Town)

Conn strain B6 was used throughout these experiments.
The growth media and culture conditions have been
described (5). Except as noted, the experiments were
carried out with 48-hr stationary-phase cultures.
Bacteria were irradiated either in the medium in which
they had grown (spent broth = SB medium) or in 0.01
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M Na2HPOj (pH 7) containing 0.6% NaCl. Bacteria to
be irradiated in the latter medium were sedimented by
centrifugation at 8,000 X g for 30 min at 2 C, and
were suspended in the buffered salt solution. The
sedimentation-resuspension steps were repeated twice.
UV irradiations. A low-pressure Hanovia mercury

vapor lamp (model 88A-45) with 94% (10.4 w) of its
output at 253.7 m,, mounted under a hemicylindrical
aluminum reflector, served as a UV source. Portions
(30 ml) of cultures containing ca. 1010 bacteria per
milliliter were irradiated in a dish having a diameter of
112 mm. The bacterial suspensions were agitated with
a magnetic stirrer during the irradiation in a dark
room with only the mercury vapor lamp as a source of
light. Three distances between the lamp and surface of
the irradiated culture were used, depending on the
nature of the experiments. They provided dose rates of
67, 35, and 14 ergs mm-2 sec-' at the culture surface,
as measured by a YSI model 65 radiometer. The
highest dose rate was employed in irradiations of
bacteria in SB medium and the intermediate dose rate
for irradiations of bacteria in buffered salt solution,
since it provided a similar rate of decrease in viable-cell
count to that obtained under the former conditions.
The lowest dose rate was selected for critical examina-
tion of portions of the UV dose-response curves of A.
tumefaciens irradiated in SB medium.

Bacterial viability and infectivity determinations.
During irradiation, samples of 1 or 2 ml were removed
at various times from the cultures and placed in tubes
held in crushed ice. The samples were then diluted
with cold sterile distilled water to an appropriate con-
centration for the pinto leaf bioassay of crown-gall
tumor initiation. After inoculation on pinto leaves,
samples kept in the dark in an ice bath were serially
diluted in sterile distilled water, and 0.1-ml amounts of
several dilutions were plated in triplicate. The
viability and infectivity of strain B6 are unaffected by
these dilution conditions. To simulate more closely the
conditions of the bacteria inoculated on leaves, the
plates were maintained under fluorescent room light
until counted. During the dark interval of 1.5 to 2 hr
which separated the time of UV irradiation and inoc-
ulation on pinto bean leaves in some experiments, the
irradiated samples and controls were shaken in the
dark at 27 C (5).

Infectivities were determined by use of 12 to 16
primary pinto bean leaves per sample in the quantita-
tive bioassay described for this host (13). The term
"specific infectivity" (SI) is employed for comparing
the tumor initiating ability (TIA) of irradiated and
control samples of bacterial cultures on a viable-cell
basis. The greater the SI of a sample was, the fewer
viable bacteria were required per tumor initiated (5,
13).

RESULTS

Bacterial viability and tumor-initiating ability
(TIA) after UV irradiation. Figure 1 shows the
response of a stationary-phase A. tumefaciens
culture in terms of cell viability and TIA to in-
creasing doses of UV irradiation. After a lag, cell
viability decreased in an exponential fashion,
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FIG. 1. Survival ofAgrobacterium tumefaciens meas-
ured by cell viability and tumor-initiating ability as a
function of UV dose (dose rate: 35 ergs mm2 sec-').
Symbols: 0, bacterial viability; 0, tumor-initiating
ability. A 48-hr stationary-phase culture of strain B6
was washed three times with buffered salt solution and
irradiated in this solution at an initial concentration of
9.2 X 109 viable cells per milliliter. The tumor curve is
the product of the number of tumors initiated by each
sample on 12 pinto bean leaves times the dilution. The
actual number of tumors obtained per 12 leaves for
the samples from 0 to 3.5 miii of irradiation varied be-
tween 578 and 29, all in the linear portion of the assay.

typically extrapolating back to the ordinate at a
value suggesting loss of viability to be a three
"hit" event. The mean lethal dose (dose resulting
in 37% survival) determined from 18 cultures
irradiated in buffered salt solution at a dose rate
of 35 ergs mm-2 secl was 3.2 X 103 ergs mm-2.
Individual cultures varied in their sensitivity from
1.5 x 103 to 4.2 X 103 ergs mm-2. A. tumefaciens,
therefore, is relatively resistant to UV irradiation
in comparison to other bacteria (8), and this,
plus the distinct shoulder in the UV survival
curve, suggests that it possesses an efficient system
for the repair of UV damage (3).
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FIG. 2. Representative patterns of cell viability and
tumor-initiating ability survival as a function of UV
dose obtained from 13 cultures of varying age. Dose rate
anid washing procedures were as described in Fig. 1,
except that the final bacterial suspensions of each cul-
ture to be irradiated were brought to a Klett value of
500. The age of the cultures in hours was as follows:
14, 16.5, 20, 20.5, 24, 24, 31, 33.5,36.5, 40,48, and 48,
representing log through late stationary phases of
growth. Symbols: *, bacterial viability; 0, tumor-
initiating ability.

If the TIA of the culture were strictly a func-
tion of the number of viable cells present, then no
significant differences should be observed in the
response of these two parameters to UV. The
TIA of the culture (Fig. 1), after an initial de-
crease, however, rose to about half the control
tumor level and only then fell off in parallel with
cell viability. The specific infectivity (SI) of the
culture was nearly 10-fold greater once this latter
point was reached. Increases in SI of this magni-
tude after UV irradiation were about the maxi-
mum observed and were obtained in only about
10% of the experiments. The increases in SI were
more typically about two- to fourfold, as shown
in Fig. 3 and 4 after about 70% loss in viability.
The point in the dose-survival curve at which the
tumor curve rose above the viability curve was
also variable. There is a suggestion in the data
that, the greater the UV resistance of the culture
is, the more cell viability must be reduced before
this rise in TIA is observed. Similar curves and
variations have been obtained by irradiating cul-
tures of A. tumefaciens strain B6 in SB medium
and with other virulent strains of this bacterium.

In an effort to provide some order in these re-
sults, 13 cultures of strain B6, varying in age from
14 to 48 hr (log to late stationary phase), were ir-
radiated, and their TIA and cell viability was de-
termined after various UV doses. The two basic

patterns of response obtained are shown in
Fig. 2. Three of the irradiated cultures show the
type I pattern, with TIA showing a greater re-
sistance to UV than cell viability at all UV doses.
The type II pattern was also obtained with three
cultures and, with some variation, in the remain-
ing seven cultures. The variations consisted of the
occurrence of the peak in TIA at 1 or 2 min of
irradiation instead of 1.5 min (two cultures), of
a TIA peak and curve that failed to rise above the
cell viability curve (three cultures), and of a TIA
curve that went above and stayed above the cell
viability curve after 1.5 or 2 min of irradiation
(two cultures). When the TIA patterns for these
13 cultures, however, were considered in sequence
according to culture age, there was no obvious
trend as to the type of patterns obtained with
time.

Figure 3 presents a summary of results from 43
separate experiments relating the effect of UV
irradiation as measured by loss of cell viability to
the specific infectivity of irradiated cultures
measured immediately or after incubation for 1.5
to 2 hr in the dark. The SI curve of samples inocu-
lated immediately after irradiation shows little
significant change from the control until UV
doses sufficient to reduce cell survival 60% or
more have been received. With further increase
in dose, larger infectivity promotions were ob-
tained, and the frequency with which individual
cultures exhibited a promotion was greater, i.e.,
after 90%7/ loss of viability. Portions of the cultures
receiving the dark treatment after irradiation,
however, began to show the infectivity promotion
after only a 30% loss of viability, with the maxi-
mal promotions occurring at 60 to 70% loss in
viability. With greater UV doses, less promotion
was observed after dark treatment, and, in the
range of 0.1 to 1 %0 survival, no significant promo-
tion was obtained. The rise in this curve in the
0.01 to 0.1 % survival range rests on too few data
to be regarded as typical, but the high infectivity
of cultures immediately after irradiation to this
survival level suggests that the dark period may
be too short to permit the infectivity to return to
the control level. We have shown that the maxi-
mal SI obtained in the dark after UV treatment
is not stable, and returns to the control level after
1 to 1.5 hr of further incubation in the dark (5).
In experiments in which three- to fourfold in-
creases in SI were obtained immediately after ir-
radiation, a 1.5-hr incubation in the dark at 27 C
also resulted in a return to the control level of
infectivity (G. T. Heberlein, Ph.D. Thesis, North-
western Univ., Evanston, Ill., 1966). The UV
promotion of SI is thus transient in both in-
stances, lending support to the above interpreta-
tion.

1248 J. BACrERIOL.



UV EFFECT ON A. TUMEFACIENS INFECTIVITY

irradiation. However, later experiments in which
7 extended irradiation times at this lower dose rate

t5 were studied (Fig. 4) showed that there are two
regions of UV promotion, since the promotion

6 - Inoculated Immediately beyond 60% loss of viability was still present.
The first promotion obtained under low dose

> _ I rate conditions was maximal at 4 to 8 min of
>- lirradiation in individual experiments and may be

as great as three- to fourfold, despite an insignifi-
0LI_AIO cant change in the number of viable cells. It was

Z Inoculated after 2 also obtained when washed cells were irradiated
o 4 1.5 - 2 Hours in in buffered salt solution. After this initial infec-

the Dark tivity rise, continued irradiation reduced the TIA
U of the culture to the control level, until the second

u) 3 rise occurred after a 60% loss in cell viability.
LU 6 3 With further irradiation, TIA and cell viability

appear to decrease logarithmically with increas-
LLJ2 _ I / l / ing dose, as observed in Fig. 1, with the SI of the

12y9 \ / irradiated sample remaining about two- to three-
fold greater than the unirradiated control. The

Xk~34first UV promotion was thus initiated and lost
l . by the time a 30% decrease in cell viability had

3 occurred.

90- 10070-79 150-59 130-391 10 19 !lo!-i
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FIG. 3. Relation between loss of cell viability after 80
UV irradiation and the specific infectivity of the culture
as compared with nonirradiated, control portions of the 60
culture. Data from 43 experiments, in which the bacteria \
were irradiated in buffered salt solution as described in <
Fig. I or in SB medium at a dose rate of67 ergs mm-2 > Tumors
sec-1. Symbols: 0, mean relative specific infectivity of
irradiated samples inoculated immediately after irradia- L 20
tion; *, mean relative specific infectivity of samples\-z
held in the dark for 1.5 to 2 hr postirradiation at 27 C. LU
Infectivity data were pooled for each 10% loss of via- m Bacteria\
bility. The specific infectivity of the control culture in

LU 10 Bc

each experiment was set equal to 1. The numerals beside 8\
each point indicate the number of determinations con- 6-
tributing to the mean value. Standard errors ofthe mean \
for the points at 30 to 39%, 1 to 9%, and 0.1 to 1% loss 4\
of viability were respectively 1.4 + 0.25, 2.5 i 0.72,
and 4.7 i 1.0 for the samples inoculated immediately
and3.5 + 0.7,2.9 i 1.2, and 1.17 + 0.47 for the sam- I I
ples inoculated after a dark period. 10 20 30 40 50

MINUTES IRRADIATION
To define this abrupt change in the infectivity FIG. 4. Survival of viability and tumor-initiating

of irradiated cultures with greater precision, ex- ability of Agrobacterium tumefaciens irradiated in SB
periments were carried out in which the UV dose medium as a function oftime ofirradiation at a dose rate
rate was reduced by about 80% to allow con- of 14 ergs mm-2 sec-1. The two curves are a mean of
venient removal of more samples per unit dose. three experiments except for the tumor data at 0 through
In early experiments, a promotion of infectivity 15 min of irradiation, which is a mean offive experi-
was observed following doses of UV light that ments. In two of the experiments extending over the full
produced little or no loss in viability; this in- 50-min period of irradiation, the culture was set in an

croduecwas ithougr to orrespond
m wialth the pro- ice bath during the irradiation. No significant differences

crease was thought to correspond with the pro- between these experiments and those at room tempera-
motion described above but to occur at a lower ture were noted. Symbols: *, mean cell viability; 0,
UV dose because of the changed conditions of mean tumor-initiating ability
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The slight dip in the cell viability curve in Fig.
4 between 8 and 20 min suggests that at least two
physiological classes of cells distinguishable by
their UV sensitivity may occur in these cultures.
The physiological state of Escherichia coli at the
time of UV irradiation has been shown to affect
markedly its UV sensitivity (3). This kind of
variation could account for the two infectivity
promotions, as well as the variability in degree
and dose at which the infectivity promotion was

obtained in the experiments at higher dose rates.
Those cultures exhibiting a 10-fold promotion
after a U-induced decrease in viability of about
70% may have the least heterogeneity in their
UV sensitivity, the greater portion of the culture
responding only at this dose level. The cell sur-

vival curves for type I and type II responses
(Fig. 2) show that a considerable difference in UV
sensitivity exists in B6 cultures of varying age,

and the fact that they are associated with differ-
ent TIA responses lends support to the above
argument.

Nature of the UV enhancement of TIA. Factors
such as the physiological age of the A. tumefaciens
culture or the age of the primary pinto bean leaf
have been shown to result in systematic changes
in specific infectivity of several-fold (12, 13).
Though the mechanism of these changes is un-

known, they offered possible routes through
which UV irradiation might be exerting its effect
on TIA. Also, qualitative changes, such as an

enhanced ability to initiate tumors at particular
kinds of wounds (11, 14), or to initiate tumors
having enhanced growth rates, could account for
the UV promotion. These possibilities have been
systematically examined.
A comparison of the infectivity of irradiated

and nonirradiated portions of a single B6 culture
on plants of varying age is shown in Table 1. The
specific infectivity of the irradiated sample shows
a 4.4-fold promotion. The ratio between the TIA
of the control and irradiated samples remained
fairly constant on plants varying from 6 to 11
days in age despite a 10-fold drop in sensitivity
of old versus young leaves. Thus, the phenomena
responsible for the changes in leaf sensitivity are

not involved in the increased capacity of UV-
irradiated bacteria to initiate tumors.

In a similar fashion, the specific infectivity of
bacterial cultures decreased some fivefold be-
tween early log and stationary phases of growth
(13). Early log-phase cultures, however, may also
be promoted in their infectivity by UV irradia-
tion (G. T. Heberlein, Ph.D. Thesis). The factors
responsible for the alterations in the infectivity
of A. tumefaciens cultures of different ages,
therefore, appear unrelated to the UV-induced
enhancement of infectivity.

TABLE 1. Infectivity oJ conttrol and UV-irradiated
suspensions of Agrobacterium tumefaciens on

pinto bean leaves

Tumors per leafa
Plant age (days Irradiated
from planting) b UV control

Controlb irrdiaeV

6 43 79 1.8
7 42 75 1.8
8 15 21 1.4
9 8 10 1.25
10 3 7 2.3
1 1 5 10 2.0

a Sixteen leaves used for each determination.
Per cent specific infectivity on day 7 plants: con-

trol = 100; UV-irradiated = 441.
b Stationary-phase culture containing 1.29 X

101' viable cells per milliliter irradiated to a 20%
survival level and inoculated immediately. Con-
trol inoculated at a 3 X 10-2 dilution (3.9 X 108
viable cells per milliliter) and UV-irradiated sam-

ple inoculated at a 6 X 10-2 dilution (1.56 X 108
viable cells per milliliter).

The rate of tumor appearance and the growth
rate of tumors on leaves inoculated with UV-
irradiated and control samples from a single cul-
ture are shown in Tables 2 and 3, respectively.

TABLE 2. Rate of tumor appearanice oni pinto bean
leaves inoculated with control and UV-irradiated

suspensions of Agrobacterium tumejaciens

Days from
inoculation

2
3
4
S

6
7
8
9
10
11

Controla

Tumors/ Per cent

leaf' maximum

I1
17
23
27
32
34
35
35.6
36
36

31
47
64
75
89
94
97
99
100
100

UV irradiated'

Tumors/
leaf'

26
32
43
53
59
61
63
63.5
63.5
63.5

Per cent
of

maximum

41
50
68
83
93
96
99
100
100

100

a Stationary phase culture containing 5 X 109
viable cells per milliliter irradiated to a 26% sur-
vival level and incubated for 1.75 hr in the dark
along with a nonirradiated control. Per cent spe-
cific infectivity at day 11: control = 100; UV-
irradiated = 410.

b Control inoculated at a 3 X 10-2 dilution (1.5
X 10' viable cells per milliliter) and UV-irradiated
sample at a 5 X 10-2 dilution (6.5 X 107 viable
cells per milliliter). Sixteen leaves used per sample.
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TABLE 3. Tumor growth on pinto bi
lated with control and UV-irra

sions of Agrobacterium tui

Days after
inoculation

3
4
5
6
7
8
9
10
11
14

Controla

Tumor
diamb

9.5
14.3
18.6
22
25
27
29
30
30.5
31

Per cent
of day
14 value

30.6
49
60
71
81
87
93.5
97
99
100

Ti

dI

1,

2

2

31

3,

3,

3,

aData from the experiment desc
b Mean of 20 tumors: control t

leaves on three plants; UV-irrac
leaves on four plants.

Despite the fourfold specific infi
tion obtained after UV irradiatiol
differences in either parameter hE
The irradiated bacteria, therefore,
over the same spectrum of woun
same relative frequency as the
control, and the tumors initiate
growth rates. Furthermore, the
appearance data for control and
ples when graphed extrapolate to
the same point. Qualitatively, th
tumor initiation and the growth c
the tumors are not obviously
UV-promoted bacteria are us

tumors.

DISCUSSION

These experiments in which
capacity (viability) and TIA of A.
compared as a function of UV
viewed as equivalent to plating
teria on two different growth medi
survival curves have been shown t
ing upon the medium employed t4
(1). If this were the only dif
operating in our experiments,
curves for cell viability and TIA
fairly constant relation in individu
A review of Fig. 1-4, shows that t
case. In most experiments, inf
obviously correlated with viabilit'
has been reduced about 70%
change in infectivity is dependen
an event or events initiated by

ean leaves inocu- amount of UV damage. Once this point has
rdiated suspen- been attained, however, TIA decreases in parallel
nefaciens with cell viability, indicating that, in this portion

UV irradiated' of the dose-survival curve, infectivity changes
solely as a function of the number of viable cells.

Per cent These results re-emphasize the necessity noted
Ham' 4of day earlier of a viable bacterial cell for tumor initia-

14 value tion (12, 13), and further indicate that viability
2.3 35.2 per se of a virulent strain is only one of the re-
66.3 47 quirements for TIA.
to 57 A preferential killing of noninfectious cells in
'4.6 70 the initial portion of the UV dose-survival curve
'8 80 fails to provide a satisfactory explanation of the
10.6 87.5 UV enhancement of A. tumefaciens infectivity,
12.4 92.5 for the following reasons: (i) the shape of the TIA
14.2 97.5 curves shows an abrupt change rather than the
14.5 98.5 gradual promotion with UV dose to be expected
5 100 if preferential killing were the decisive factor; (ii)
ribed in Table 2 the number of tumors initiated by samples given
umors from five UV doses sufficient to reduce viability 50 to 70%
iiated from five are often greater than the number of tumors

initiated by the unirradiated control at the same
dilution; and (iii) at low UV doses, two- to four-

ectivity promo- fold promotions of TIA may be obtained in the
n, no significant absence of a significant loss of cell viability.
ave been noted. An investigation of possible avenues for the
initiate tumors UV-induced infectivity change suggested from

Lds in about the earlier studies of natural parameters of the bio-
a nonirradiated assay which affect TIA independently of bac-
-d have similar terial viability (see Tables 1-3) has given only
rate of tumor negative results. The SI promotion following UV
irradiated sam- irradiation seems fully comparable with the
zero tumors at inoculation of two to four times more viable un-
en, the sites of irradiated cells. Thus, the available evidence indi-
haracteristics of cates that a greater portion of the viable cells in
changed when an irradiated culture can initiate tumors than in
,ed to initiate a control culture. The basis for this increase could

take one of the following forms: (i) noninfectious
cells may be converted to infectious cells in an
all-or-none type of response; (ii) all viable cells

colony-forming may have a similar probability of tumor initiation
tumefaciens are that is increased on receipt of a nonlethal amount
dose may be of UV-induced damage; (iii) all viable cells may

irradiated bac- be potentially infectious but exhibit a varying
ia. Bacterial W probability of infection depending on their exact
to vary, depend- physiological state, those cells with low proba-
o assay viability bility of infection being increased on receipt of
ferential factor nonlethal UV damage. A priori, the latter ex-
however, the planation of these results appears more probable,
should bear a but as yet there are no data to distinguish among

ial experiments. these alternatives.
this is rarely the The enhancement of A. tumefaciens infectivity
Sectivity is not by a dark incubation period following irradiation
y until viability (5) occurs over a limited UV dose range, and is
or more. The first observed at lower doses than the enhance-
t, therefore, on ment obtained when bacteria are inoculated im-
some minimal mediately after irradiation. This UV plus dark
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postirradiation promotion results in increases in
infectivity comparable to those obtained im-
mediately after irradiation with greater UV doses,
and disappears at higher levels. Since this dark
promotion is counteracted by blue light (5),
which may be presumed to induce light-activated
DNA repair enzymes (18), repair of UV damage
does not appear to be responsible for these
changes. One kind of UV-induced genetic change,
mutation fixation, has been reported to increase
in the dark after irradiation in the absence of
viability changes (22). The changes in TIA in the
dark following low doses of UV, therefore, may
involve a mechanism similar to that responsible
for the fixation of bacterial mutations.
The increased SI values observed when cul-

tures receiving greater UV doses are inoculated
immediately after irradiation also find a parallel
in UV-induced mutation frequency in bacteria.
For many bacterial mutations, the absolute
number of mutants rises with UV dose, attains a
maximum at about 50 to 90% loss of cell via-
bility, and then declines proportionally with cell
viability (6), much as infectivity has been found
to vary with UV dose in the experiments reported
here. Two other systems, prophage and bac-
teriocin induction, also show this kind of re-
sponse with increasing UV dose (15).
Each of these UV-induced changes appears to

stem largely from pyrimidine dimers (4, 7, 10, 19),
as does the UV-induced inhibition of bacterial
DNA synthesis (20). This latter response, how-
ever, is generally proportional to UV dose up to
a maximal delay of DNA synthesis (2) beyond
which further increases in dose only serve to
reduce the subsequent rate of synthesis. The rela-
tive effectiveness of a fixed number of UV-induced
dimers in inducing mutations, prophage or bac-
teriocins, may be related to the length of DNA
synthesis inhibition relative to the efficiency of
repair systems (2, 4, 7, 10, 16, 17, 21, 22). The
absolute number of lesions necessary for these
changes, therefore, varies from organism to
organism depending upon factors affecting DNA
synthesis or repair systems, or both. The varia-
bility in our experiments may be explainable on
this basis.
The number of dimers per A. tumefaciens cell

in a culture receiving one mean lethal dose (dose
yielding 37% survival) may be estimated from
the data of Setlow and co-workers (19) to be of
the order of 7,000 or to involve about 0.01% of
the total DNA bases. Most of these lesions,
therefore, must be repairable, the infectivity pro-
motion depending upon some number of dimers
in a limited range between the number necessary
for promotion and the number producing a

lethal event. This value would vary, depending
upon the amount of repair possible between the
time of irradiation and the time at which the
potential tumor site, where the bacterium resides
after inoculation, is either converted to a tumor
site or loses its susceptibility. A comparable
model has been proposed by Hill (7) for UV-
induced mutations.

Mutation frequencies for individual bacterial
genes under optimal conditions may attain levels
of about 1 per 10,000 survivors (22). Such a
frequency is much too low to account for our
infectivity results on the basis of changes in one
or a few specific genetic loci. This clearly impli-
cates some common event stemming from ran-
domly occurring UV lesions on the bacterial
chromosome in the UV promotion of A. tume-
faciens infectivity. Bacteria show at least three
general responses that result from randomly oc-
curring DNA lesions induced by UV light: in-
hibition of DNA synthesis (2), prophage induc-
tion (15), and the induction of bacteriocins (15).
The two latter responses are probably dependent
upon the former, i.e., the inhibition of DNA
synthesis (7), and in some systems essentially the
entire population of viable cells following ir-
radiation may be induced (15). Prophage and
bacteriocin induction, therefore, have the char-
acteristics of response to UV dose and frequency
of occurrence necessary to account for our results.
Inhibition of DNA synthesis may thus provide a
common mechanism leading to one or more
secondary events, any one of which could be
associated with the rise in infectivity we have
observed. A critical testing of the possibility of
prophage or bacteriocin induction in relation to
this phenomenon is clearly in order as a further
step in the elucidation of this problem.
A working hypothesis consistent with our find-

ings and the literature on UV-induced modifica-
tions of bacteria is as follows. The probability
with which a viable A. tumefaciens cell properly
situated in a leaf wound site will initiate a tumor
is less than 1. A large portion of bacteria receiving
some threshold amount of UV damage at the
chromosomal level insufficient to destroy colony-
forming ability show an increased probability of
infection as compared with their prior condition.
The UV lesions responsible for this infectivity
change occur in the bacterial DNA and are
similar to those resulting in bacterial mutation.
The promotion is not observed until some mini-
mal UV dose has been received, owing to the
necessity of accumulating sufficient lesions for
promotion in enough bacteria to be detected in
the pinto leaf bioassay. The location of these
lesions is nonspecific, their effect being exerted
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through some common mechanism, stemming
from a temporary inhibition of bacterial DNA
synthesis, e.g., prophage or bacteriocin induction.
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