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ABSTRACT

In Bacillus subtilis, DNA repair and recombination are intimately associated with competence, the
physiological state in which the bacterium can bind, take up and recombine exogenous DNA.
Previously, we have shown that the homologous DNA transformation rate (ratio of transformants to
total cells) increases with increasing UV dosage if cells are transformed after exposure to UV radiation
(UV-DNA), whereas the transformation rate decreases if cells are transformed before exposure to
UV (DNA-UV). In this report, by using different DNA repair-deficient mutants, we show that the
greater increase in transformation rate in UV-DNA experiments than in DNA-UV experiments does
not depend upon excision repair or inducible SOS-like repair, although certain quantitative aspects
of the response do depend upon these repair systems. We also show that there is no increase in the
transformation rate in a UV-DNA experiment when repair and recombination proficient cells are
transformed with nonhomologous plasmid DNA, although the results in a DNA-UV experiment are
essentially unchanged by using plasmid DNA. We have used din operon fusions as a sensitive means
of assaying for the expression of genes under the control of the SOS-like regulon in both competent
and noncompetent cell subpopulations as a consequence of competence development and our
subsequent experimental treatments. Results indicate that the SOS-like system is induced in both
competent and noncompetent subpopulations in our treatments and so should not be a major factor
in the differential response in transformation rate observed in UV-DNA and DNA-UV treatments.
These results provide further support to the hypothesis that the evolutionary function of competence

is to bring DNA into the cell for use as template in the repair of DNA damage.

HE processes of DNA repair and recombination
play a fundamental role in maintaining the ge-
netic integrity of all living systems. In the eubacterium
Bacillus subtilis these processes are intimately associ-
ated with competence, a distinct physiological state
that is characterized by the ability of cells to bind and
take up exogenous DNA from the environment, and
thereby undergo genetic transformation (DUBNAU
1982). The development of competence in B. subtilis
is accompanied by the induction of the SOS-like sys-
tem for DNA repair and mutagenesis (YASBIN 1977b;
Lovg, LYLE and YASBIN 1985). The SOS-like response
in B. subtilis is similar in many respects to the more
extensively characterized SOS response of Escherichia
coli (LITTLE and MounT 1982; WALKER 1984), and
consists of a set of coordinately induced cellular phe-
nomena such as enhanced DNA repair capacity (LOVE
and YASBIN 1984; MIEHL-LESTER 1985; YASBIN
1977a) which ultimately augment the cell’s ability to
survive. The SOS response is elicited by DNA damage
or an inhibition of DNA replication and results from
the specific derepression of diverse genes involved
primarily in DNA repair and mutagenesis. In B. sub-
tilis the SOS-like response is also elicited as the cells
become competent, without subjecting the cells to any
exogenous source of DNA damage.

Genetics 121: 411-422 (March, 1989)

As in E. coli, the expression of SOS functions in B.
subtilis following DNA damage depends primarily
upon the activities of a single multifunctional enzyme,
the major recombination protein (designated Recbs
by LovE and YasBIN 1986), which is presumably the
product of the recE gene in B. subtilis (DEVOs and
VENEMA 1983; LoveTrT and ROBERTS 1985; MARRERO
and YASBIN 1988). Recbs, itself a DNA damage-in-
ducible protein, functions in general homologous re-
combination, postreplication or recombinational re-
pair, the regulation of the SOS response to DNA
damage (LOVE and YASBIN 1984; LovETT and RoB-
ERTS 1985; LOVETT et al. 1988) and also in the induc-
tion of SOS functions during competence (LOVE, LYLE
and YasBIN 1985; LovE and YasBIN 1986). The
expression of SOS-like phenomena during compe-
tence results from the recE-dependent transcriptional
activation of specific chromosomal loci (DN A damage-
inducible or dirn genes) which ensues following the
substantial amplification of cellular levels of Recbs
during competence development. Recent evidence
indicates this induction of Recbs protein operates by
a competence-specific mechanism that is independent
of the SOS regulatory pathway and exogenous sources
of DNA damage (LovE 1986; LOVETT, LOoVE and
YASBIN 1989).
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The relationship between inducible repair and com-
petence in B. subtilis takes on special significance when
viewed in the context of the role of DNA repair in
the evolution of sex, a topic in which there is consid-
erable interest [see MICHOD and LEVIN (1988) for
review]. At the molecular level, sex can be defined as
the breakage and rejoining of homologous DNA mol-
ecules (recombination) which come from different
individuals (outcrossing). Both recombination and
outcrossing are essential components of natural ge-
netic transformation in bacteria. The evolution of
transformation has come to be viewed as a case prob-
lem in the evolution of sex (see, for example, LEVIN
1988; MicHOD, WojciECHOWSKI and HOELZER 1988;
REDFIELD 1988). The DNA repair hypothesis [see
BERNSTEIN, HoPF and MiIcHOD (1988) for review]
argues that the primary function of sex is to repair
DNA damage. To test this hypothesis in the case of
bacterial transformation, we previously studied the
relative densities of transformed and total cells in
competent cultures of B. subtilis as a function of dose
of UV radiation. We did so under conditions in which
cells are either transformed before (DNA-UV) or after
(UV-DNA) ultraviolet (UV) irradiation (MICHOD,
WojciecHowskl and HOELZER 1988). Our results
demonstrated that the transformation rate (ratio of
the numbers of transformants to total cells) increased
significantly in UV-DNA treatments but decreased in
DNA-UV treatments (see Figure 1). We interpreted
these results as support for the hypothesis that DNA
repair is the evolutionary function of natural genetic
transformation.

According to the repair hypothesis, the primary
function of competence in B. subtilis is to bring DNA
into the cell for the recombinational repair of genetic
damage. The high levels of Recbs protein present in
competent cells, but not in noncompetent cells, are
consistent with this hypothesis, since the increased
capacity for recombinational repair using transform-
ing homologous DNA as template should contribute
to cell survival. However, as mentioned above, other
nonrecombinational repair capacities are also en-
hanced in competent cells as a direct consequence of
induction of the SOS system by elevated amounts of
Recbs protein. Whether these processes play a signif-
icant role in cell survival during competence, and
thereby contribute to the results we have obtained
previously, is unknown.

To resolve this issue, we report here the results of
experiments aimed at determining the effects of two
repair mutations on the relative densities of trans-
formed and total cells in competent culture. While
strains carrying these mutations are able to undergo
homologous recombination (see Table 2 below), they
are deficient either in excision repair capacity (Uvr~,
uvrA42), or, in the ability to induce the SOS-like

system (including excision repair) during competence
and the Recbs protein and the SOS-like system in
response to DNA damage (Rec”, recAl) (HADDEN
1979; Love 1986; YasBIN 1977a). Further, we have
used din operon fusions as a sensitive means of assay-
ing for the expression of genes under the control of
the SOS-like regulon in both competent and noncom-
petent cell subpopulations as a consequence of com-
petence development and our subsequent experimen-
tal treatments. We report results of nonhomologous
plasmid DNA-mediated transformation in a recombi-
nation and repair-proficient strain as a way to deter-
mine whether the observed effect of homologous
DNA is derived from the integration of this donor
DNA via genetic recombination (“transformational
repair”) or due to some generalized effect or factor(s)
present in competent cells. Preliminary results with
plasmid DNA were reported in MICHOD, WOJCIE-
cHOWSKI and HoELZER (1988). Finally, we report
results of “delay experiments” in which our standard
UV-DNA and DNA-UV protocols have been modi-
fied to control for differences in the timing of UV
treatment and differences in the time before plating
after UV treatment which exists in our standard pro-
tocols.

MATERIALS AND METHODS

Bacterial strains and plasmid: The B. subtilis strains used
in this study and their relevant genotypes are listed in Table
1. Strain YB886 (and the derivatives of YB886 used here)
is a derivative of the naturally competent, recombination-
and repair-proficient B. subtilis strain 168, and has been
cured of bacteriophage SP8 and rendered noninducible for
the endogenous prophage PBSX (YAsSBIN, FIELDS and AN-
DERSEN 1980). The isolation and characterization of the
din::Tn917-lacZ operon fusions in B. subtilis YB886 has
been described (LoVvE, LYLE and YASBIN 1985). The Tn917-
lacZ insertion element in these transcriptional fusion strains
codes for resistance to macrolide, lincosamide, and strepto-
gramin B antibiotics (YOUNGMAN, PERKINS and LoSICK
1983). Plasmid pMK4, which confers resistance to chlor-
amphenicol in B. subtilis, replicates in both B. subtilis and E.
coli (SULLIVAN, YASBIN and YOUNG 1984). Plasmid DNA
was isolated from YB886 (pMK4) (GRYCZAN, CONTENTE
and DuBNAU 1978) and propagated in a recA” strain of E.
coli to increase the frequency of multimeric forms in the
CCC DNA (covalently closed circular) preparation as de-
scribed previously (MICHOD, WOJCIECHOWSKI and HOELZER
1988).

Media: Sp1zizeN (1958) minimal medium plus 0.5% glu-
cose (MG) and competence media (GM1 and GM2) were
prepared as described by YAsBIN, WILSON and YOUNG
(1975), and supplemented with the appropriate amino acids
at a final concentration of 50 pg/ml. Dilutions and suspen-
sions of cells were done in SPIzIZEN (1958) minimal salts
unless otherwise indicated. din operon fusion strains were
maintained on LB medium (MILLER 1972) containing eryth-
romycin at 0.1 pg/ml and lincomycin at 25 ug/ml.

Genetic procedures: The method of BOYLAN et al. (1972)
was used to maximize competence in liquid cultures of B.
subtilis strains. Essentially, at 90 min following the end of
exponential growth (designated as “Tgo”) at 37° with aera-
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TABLE 1

Bacillus subtilis strains

Strain Relevant genotype Source or reference
YB886 metB5, trpC2, xin-1, SPB~ YAsBIN, FIELDS and ANDERSEN (1980)
YB1005 metB5, trpC2, uvrA42, xin-1, SPB~ FRIEDMAN and YASBIN (1983)
YB1260 metB5, trpC2, recAl, xin-1, SPB~ LovE and YasBIN (1984)
YB886/din22 din22::Tn917-lacZ, recE* LoOVE, LYLE and YASBIN (1985)
YB886/din76 din76::Tn917-lacZ, recE* LovEe, LYLE and YASBIN (1985)
YB1260/din22 din22::Tn917-lacZ, recAl This study*
YB1260/din76 din76::Tn917-lacZ, recAl This study*

* Strains constructed by transformation of strain YB1260 with DNA isolated from YB886/din strains, with selection for Tn917 encoded
erythromycin and lincomycin resistance (YOUNGMAN, PERKINS and Losick 1983) as described in MATERIALS AND METHODS.

tion in GM1 medium, cells were diluted 107" into warm
GM2 medium and incubated for 60 min with aeration
before the addition of transforming DNA or UV irradiation.
Competent cultures were incubated with transforming DNA
for 30 min, after which DNase I (Sigma, St. Louis, MO) was
added to 100 pg/ml and the incubation was continued an
additional 10 min. The UV irradiation of competent cul-
tures was performed as described previously (MICHOD,
WojciecHOwsKI and HoeLzer 1988). In our “standard”
experiments, competent cultures were either UV irradiated
at Teo+ 60 min before the addition of transforming DNA
(UV-DNA), or incubated with transforming DNA at Teo+
60 min and UV irradiated after transformation at approxi-
mately Too+ 100 min. Thus in these standard experiments
cells were given transforming DNA at approximately the
same time in both UV-DNA and DNA-UV treatments. In
these standard experiments, cells were plated immediately
after either transformation (UV-DNA) or UV irradiation
(DNA-UV), so that UV-DNA and DNA-UV experiments
were of equal duration. As a consequence, cells had approx-
imately 40 min in growth medium (GMZ2) after UV irradia-
tion before plating in a UV-DNA experiment but were
plated immediately after UV irradiation in a DNA-UV
experiment. In the “delay” experiments described in this
report, we have incorporated the following changes in the
standard protocol; (1) in delayed UV-DNA experiments,
cells were incubated an additional 40 min (i.e., to Teo+ 100
min) before UV treatment and subsequent transformation
so that the culture was UV irradiated at the same time of
growth (and thus same density) as in DNA-UV cultures; (2)
in delayed DNA-UV experiments, cultures were incubated
with transforming DNA and then UV irradiated as in stand-
ard experiments, but following UV irradiation cells were
collected by centrifugation, resuspended in warm GM2 me-
dium and incubated with aeration for 40 min before plating.
These delays control for any differences in both timing of
UV and growth period after UV before plating. These
differences are present in our standard experiments in
which cells are transformed at the same time but UV irra-
diated at different times.

Cells were transformed to methionine prototrophy
(Met*), or tryptophan prototrophy (Trp*), with high molec-
ular weight homologous chromosomal DNA isolated from
the prototrophic strain YB1011 (xin-1, SP8™) or to resistance
to chloramphenicol with plasmid pMK4 DNA as described
previously (MICHOD, WOJCIECHOWSKI and HOELZER 1988).
Numbers of total viable cells were determined on MG
medium supplemented with methionine and tryptophan or
on LB medium. Transformation frequencies for chromo-
somal markers were determined by selection of transformed
cells on MG medium supplemented with either tryptophan
or methionine. Cells transformed with pMK4 DNA were

selected for chloramphenicol resistance on LB medium us-
ing an antibiotic overlay method described previously
(M1cHOD, WOJCIECHOWSKI and HOELZER 1988).

Competent cultures of B. subtilis din::Tn917-lacZ fusion
strains were fractionated in Renografin (RENO-M-60, dia-
trizoate meglumine, Squibb Diagnostics, New Brunswick,
NJ) block gradients by a modification of the procedure of
HADDEN and NESTER (1968) as described by LovE (1986).
B-Galactosidase assays were performed on aliquots of un-
fractionated cultures of fusion strains and on separate com-
petent and noncompetent cell fractions isolated from Ren-
ografin gradients using a modification of the MILLER (1972)
procedure. Samples of cells (0.5-1 ml) were harvested by
centrifugation (2 min at 16,000 X g in a microcentrifuge)
and stored at —20°. Cell pellets were resuspended in 1 ml
Z buffer containing lysozyme at 200 ug/ml, incubated on
ice for 30 min, and assayed for S-galactosidase activity as
described by MILLER (1972).

Statistical analysis of data: At a given UV dosage, X,
survivorship of total cells, survivorship of transformed cells
and transformation rate are defined as,

NTOT,X NTRA.X NTRA,X

’ > »
NTOT,O NTRA.O NTOT,X

respectively. Nror,xand Ntrax are the numbers of total and
transformed cells which survive a UV treatment of X J/m?.
Log transformations were taken of the survivorships, trans-
formation rates, and factor changes in transformation rate
for the purpose of statistical analysis, since this made the
variances more homoscedastic. The factor change in trans-
formation rate at X J/m?® is defined as the transformation
rate at X J/m? divided by the transformation rate at 0 J/m?,
In addition to the means and standard errors, regression
curves are also plotted in the figures. Coefficients for the
regressions are given in Tables 3 and 4. When regression
and survival curves are compared to each other in the
following discussion, they were compared using the indica-
tor variable technique discussed in NETER, WASSERMAN and
KUTNER (1985, Chapter 10). This technique involves defin-
ing binary variables for each of the following qualitative
variables: cell type (total cell or transformed cell), DNA
concentration (1.0 or 0.01 ug/ml for strain YB1005
(uvrA42); 1.0 and 0.1 ug/ml for strain YB1260 (recAl); high
DNA (1.0 and 2.0 pg/ml pooled) and low DNA (0.10 and
0.01 pg/ml pooled) for strain YB886 (rect uvr*)), order of
the UV and DNA treatments (UV-DNA and DNA-UV),
and, in the case of strain YB1260 (recAl), UV dosage (< or
> 10 J/m®). To test whether the qualitative variables just
mentioned had significant effects on survivorship and trans-
formation rate, an F statistic was constructed using the error
sum of squares for the full model (§SF¥) and for a reduced
model (SSEg). The full model contains the indicator variable
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and its interactions with UV, whereas the reduced model is
obtained by deleting the indicator variable and its interac-
tions with UV from the full model. Thus the reduced model
pools the data in a way which ignores the qualitative variable
of interest. The F statistic used in the test is

SSEg — SSEr _ SSEg

dfe —dfe  dfy’
in which dfy and dfg are the degrees of freedom for the full
and reduced models, respectively. Regression analyses were

performed using the REG procedure of the SAS (Statistical
Analysis System) computer package.

RESULTS

Overview: Our primary results involve the change
in transformation rate as a function of UV fluence in
two treatments, in which cells were given exogenous
DNA either before (DNA-UV) or after (UV-DNA)
treatment with UV. Survivorship curves were also
obtained and analyzed as discussed in MATERIALS AND
METHODS. However, for the purposes of the present
paper, the transformation rate curves are sufficient
and so we have not presented the survivorship curves
here (these curves are available from the authors). For
comparison to our previous work with the repair and
recombination proficient strain YB886 (MIcHOD,
WojclECHOWSKI and HOELZER 1988; Figure 1), the
UV fluences administered for each of the two repair
deficient strains were chosen to give approximately
two logs of killing at the highest UV dose which was
the range of killing used in our previous work.

We view the survivorships and ratios of transformed
cells and total cells presented below as indicative of
that of sexual and asexual cells, respectively. Cells
which have been transformed with homologous DNA
at chromosomal loci (either trpC2 or metB5) are, by
definition, competent cells which have taken up ho-
mologous exogenous DNA and recombined it into
their genome. Cells transformed with nonhomologous
plasmid DNA are competent cells which have taken
up plasmid DNA containing the plasmid marker for
chloramphenicol resistance. This plasmid DNA is not
recombined into the cell’s genome, rather it resides
in the cell as an extrachromosomal element. Total
cells are primarily made up of noncompetent (asexual)
cells, since in B. subtilis only about 10% of the cells in
a population grown to maximize competence actually
become competent (DUBNAU 1982). Cells transformed
at a marker locus are only a small percentage, approx-
imately 1.0%, of the competent subpopulation. We
assume that these transformed cells provide us with
an unbiased “window” into the behavior of the larger
subpopulation of competent (sexual) cells.

The homologous DNA transformation rates at 0 J/
m? for the different strains are given in Table 2. Since
the transformation rate varies with strain and kind
and amount of DNA, the factor change in the trans-
formation rate for each UV dose, is studied in what

TABLE 2

Chromosomal DNA transformation rates®

Transformation frequency’

Relevant
Strain genotype Trp* Met*
YB886 rect wur* 1.35 x 107* 1.21 X 1072
YB1005 uvrA42 3.35x 1072 470 x 1073
YB1260 recAl 3.67 x 107* 1.23 x 1073

¢ Strains were grown to competence, transformed with met*, trp™*
DNA (isolated from YB1011) at 1 pg/ml, and plated for both Met*
and Trp* transformants, as described in MATERIALS AND METHODS.

® Transformation frequency defined in text. Results are averages
of several experiments.

follows. The factor change at X J/m? is defined as the
transformation rate at X J/m? divided by the transfor-
mation rate at 0 J/m®. A factor change greater than
one indicates an increase, and a factor change less
than one indicates a decrease, in the transformation
rate with UV dose. In the figures below the average
of many experiments of the log of the factor change
is graphed.

Plasmid DNA transformation of strain YB886
(rec*, uvr®): To begin investigating whether the ob-
served increase in homologous DNA transformation
frequency results from a more generalized effect
present in competent but not in noncompetent cells,
the effects of UV irradiation on nonhomologous plas-
mid DNA-mediated transformation were studied in
strain YB886 (rec™, uvr™). Although the efficiency of
plasmid DNA-mediated transformation as a function
of DNA added is quite low compared to that for
homologous chromosomal DNA, competence for plas-
mid and chromosomal DNA transformation in B.
subtilis develops with similar kinetics. That plasmid
DNA (CCC form) and chromosomal DNA compete
for uptake further indicates that plasmid transforma-
tion generally proceeds by the same mechanism of
uptake and processing as linear duplex chromosomal
DNA, although the process is rec-independent since
plasmid DNA is not integrated into the bacterial chro-
mosome [see DUBNAU (1982) for review]. Since trans-
forming plasmid DNA should provide no repair ben-
efit to a competent cell which depends upon homol-
ogy, plasmid transformation serves as a control for
the effect of DNA damage on the process of transfor-
mation in competent cells.

For strain YB886 the mean plasmid transformation
frequency was 8.70 X 107™* at 0 J/m® UV for a satu-
rating amount (2 pg/ml) of pMK4 DNA. In contrast
to the experiments with homologous chromosomal
DNA transformation in this strain (Figure 1), we find
no statistically significant effect of UV dose on the
rate of plasmid DNA-mediated transformation when
cells are UV irradiated prior to the addition of trans-
forming DNA (see Figure 2 and Table 3). However,
this rate decreases significantly (P < 0.001) with UV
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FIGURE 1.—Factor change in chromosomal DNA transforma-
tion rates for YB886 (rec* uvr™*) as a function of UV dosage for
UV-DNA and DNA-UV treatments. Taken from MICHOD, WOJCIE-
cHOWSKI and HOELZER (1988). Points plotted are averages of the
log factor change for each experiment. Error bars give average *
the standard error. Sample size is given near each mean. Key: UV-
DNA 0.01 and 0.10 ug/ml pooled (O, -—-—-—- -); UV-DNA 1.0
and 2.0 pg/ml pooled (@, —--.—...—...); DNA-UV (O, ------- ).
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dose when cells are transformed with plasmid DNA
prior to UV irradiation (DNA-UV), and, decreases in
a manner that is quantitatively similar to our results
with chromosomal DNA-mediated transformation in
YB886 (rec*, uvr®) in DNA-UV experiments (Figure
1).

Homologous DNA transformation in the excision
repair-deficient strain YB1005: The effects of the
Uvr~ mutation uvrA42 (MUNAKATA 1977) on chro-
mosomal DNA transformation in B. subtilis cells were
studied in both UV-DNA and DNA-UV experiments.
The uvrA42 mutation blocks the initial steps essential
for the excision repair of UV-induced DNA damage
(HADDEN 1979). This mutation makes strain YB1005
very sensitive to UV radiation (FRIEDMAN and YASBIN
1983) but does not affect the ability of cells to carry
out recombination or postreplication repair (DODSON
and HADDEN 1980) or affect genetic exchange (see
Table 2) (LoVE and YASBIN 1984).

As is the case with strain YB886 (Figure 1), trans-
formation rates for strain YB1005 (uvrA42) increase
significantly with UV dose in the UV-DNA experi-
ments (Figure 3, Table 3). In DNA-UV experiments
the transformation rates decrease, but not signifi-
cantly so (Figure 3, Table 3). DNA-UV experiments
with strain YB886 (rec™, uur™) showed a significant
decrease in transformation rate with UV dose (Figure
I). For both sets of experiments in Figure 3, data for
the two DNA amounts used, 0.01 and 1.0 ug/ml, are
pooled. When the data for the two DNA concentra-
tions are kept separate, the 0.01 pg/ml curve appears
to show a steeper increase than the 1.0 pug/ml curve,
as is the case for YB886 (Figure 1). However, the
curves for the two DNA concentrations are not statis-
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FIGURE 2.—Factor change in plasmid DNA transformation rates
for YB886 (rec* uvr*) as a function of UV dosage for UV-DNA
and DNA-UV treatments. See text for discussion. Points plotted
are averages of the log factor change for each experiment. Error
bars give average * the standard error. Sample size is given near
each mean. Regressions (see Table 3) are graphed for each data
set. Key for means and regressions: UV-DNA (O, .—.—.—. -); DNA-
UV (@, v ).

tically different for our YB1005 data set. Since DNA
concentration has never affected the qualitative na-
ture of the outcome, we do not view this as a major
issue in the present work and have not pursued it
further here.

Homologous DNA transformation in the DNA
repair-deficient strain YB1260 (recAl): Considera-
ble genetic evidence suggests that the recA mutation,
like the recE4 mutation (DUBNAU and CIRIGLIANO
1974), resides in the gene that encodes the major
recombination protein (Recbs) of B. subtilis (DEVOS
and VENEMA 1983; Love 1986; LOVE and YASBIN
1986; LOVvETT, LOVE and YASBIN 1989; LOVETT et al.
1988; MARRERO and YASBIN 1988). Like recE4, the
recAl mutation inhibits markedly the expression of
the SOS-like response (YasBIN 1977a) and decreases
DNA repair capacity, making strains carrying these
mutations extremely sensitive to DNA damaging
agents (LOVE 1986). However, while both mutations
impair the formation of donor-recipient heteroduplex
DNA molecules during chromosomal DNA-mediated
transformation (DUBNAU et al. 1973), recAl mutants
are only moderately reduced in their capacity for
genetic exchange (LLOVE and YAsBIN 1984) (Table 2).
Since the recAl mutation profoundly affects the in-
duction of Recbs and/or impairs the SOS-inducing
and DNA repair activities of the protein without com-
pletely abolishing its’ recombination functions (in con-
trast to the recE4 mutation), we decided to character-
ize the effects of this mutation on chromosomal DNA
transformation in the two experimental treatments.

Transformation rates for the two DNA concentra-
tions used, 0.1 and 1.0 ug/ml, both increase with
increasing UV in a qualitatively similar manner. How-
ever, the two DNA concentrations show significant



416 M. F. Wojciechowski, M. A. Hoelzer and R. E. Michod

TABLE 3

Regression analyses of factor change in transformation rate for strains YB886 (rec* uvr*), YB1005 (uvrA42), and delay experiments
for YB1260 (recAl)

Intercept® Coefficients’ r?

Strain YB886 (rec* uvr*), plasmid DNA

UV-DNA —-0.0129 0.0009 0.03

DNA-UV —0.0644 ~-0.0045**** 0.30
Strain YB1005 (uvrA42), homologous DNA®

UV-DNA —0.0087 0.0305**** —0.0007%** 0.54

DNA-UV —-0.0171 —-0.0029 0.02
Strain YB1260 (recAl), homologous DNA, delay experiment

UV-DNA 0.1568* 0.0680***** —0.0009%* *** 0.85

DNA-UV -0.0175 0.044 ] ***x* —0.0005%* 0.87
Strain YB886, (rec* uvr*), homologous DNA

UV-DNA high DNAY 0.04810 0.00709%%** —0.00009%*** 0.22

UV-DNA low DNA® 0.4418 0.0172%*%* —0.00008** 0.16

DNA-UV delay —-0.00181 0.00463 —0.00010%* 0.38

Tests for differences between regressions are discussed in the text.

¢ Intercept given as log.

® The coefficients correspond to the X and X* terms, respectively, where X is UV dosage. Levels of significance that coefficients are
different from zero: * P < 0.1; ** P < (0.05; *¥** P < 0.01; **** P < (0.001; ***** P < 0.0001.

* DNA concentrations 1.0 and 0.01 pg/ml pooled.

¢ High DNA = 1.0 and 2.0 ug/ml pooled. Low DNA = 0.0l and 0.10 pg/ml pooled. UV-DNA experiments reported in MICHOD,

WojciecHowskI and HOELZER (1988).
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FIGURE 3.—Factor change in homologous chromosomal DNA
transformation rates for YB1005 (uvrA42) as a function of UV
dosage for UV-DNA and DNA-UV treatments. Points plotted are
averages of the log factor change for each experiment. See text for
discussion. DNA concentrations 0.01 and 1.0 pg/ml are pooled.
Error bars give average + the standard error. Sample size is given
near each mean. Regressions (see Table 3) are graphed for each
data set. Key for means and regressions: UV-DNA (O, -—.~.—. -)
DNA-UV (@, ------- )-

differences in the quantitative nature of the response.
Only the data for the saturating level of DNA, 1.0
pg/ml, is presented in graphed form since the same
qualitative relationships were observed for the lower
DNA concentration (0.1 ug/ml) data (regression
curves for both data sets are presented in Table 4).
The data were analyzed by a variety of regression
techniques including linear, polynomial, and piecewise
linear. Two-piecewise linear regressions for the UV
doses < or > 10 J/m?, which worked best in those
cases in which linear regression was inappropriate,

were generated and compared using the indicator
variable technique described above (NETER, WASSER-
MAN and KUTNER 1985, Chapter 10).

Rates of chromosomal DNA transformation in the
recAl mutant (Figure 4) increase significantly as a
function of the UV dose in both the UV-DNA and
DNA-UV treatments, but do so to a much greater
extent in the UV-DNA experiments. Furthermore,
the increase in the rate of chromosomal DNA trans-
formation with UV dose in UV-DNA experiments in
the recAl mutant strain is approximately five times
greater (increasing over tenfold total) than that ob-
served with either strain YB1005 (uvrA42, Figure 3)
or strain YB886 (rec*, uvr™, Figure 1). Regressions in
Figure 4 for each of the two UV dose ranges, < or >
10 J/m?®, are significantly different from each other
(P < 0.0001; second order polynomial regressions fit
to the data were also different at this level but they
did not describe the data as well).

Delay DNA-UV experiments using homologous
DNA: For the strains YB1260, YB1005 and YB886,
we performed a series of delay experiments described
in the MATERIALS AND METHODS section in which the
UV treatment and plating are conducted at the same
time in both UV-DNA and DNA-UV treatments (the
DNA is administered 40 min later in the UV-DNA
treatment than in the DNA-UV treatment in these
delay experiments). The results of these experiments
are presented in Figures 5 and 6 and Table 3 for
YB1260 and YB886. Preliminary results for strain
YB1005 were similar to those for YB1260 and YB886
described below.

As can be seen in Figure 5 for YB1260 (recAl), the
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TABLE 4

Piecewise linear regression analysis of factor change in transformation rate for YB1260 (recAl)

UV = 10 J/m® UV > 10 J/m?
Intercept” Coefficient r? Intercept Coefficient r?

UV-DNA

1.0 pg*xrxxb 0.04218 0.1031 4% **%* 0.77 1.07677*%* 0.00210 0.01

0.1 pghs** 0.01275 0.06553 ***** 0.66 0.71694*%** 0.00147 0.00
DNA-UV

1.0 ug 0.04905° 0.00352%** 0.24

0.1 pg* 0.00413 0.03300%%*%* 0.82 0.19560 0.00304 0.03

* P<(.1; ¥* P <0.05; *¥** P < 0.01; *%** P < (,00]; ***** P < (.0001.

¢ Intercept given as log.

b Asterisks in this column give the level of significance for the F test comparing the two regressions (UV < or > 10 J/m?. See text for

explanation of test.

¢ In cases in which the two regressions (UV = or > 10 J/m?) are not significantly different, a single regression is fit for all UV doses. This

single regression is given in the UV < 10 J/m® column.

TRANSFORMATION RATE
(Average Factor Change)

UV Fluence (J/m?)

FIGURE 4.—Factor change in homologous chromosomal DNA
(1.0 pg/ml) transformation rate for YB1260 (recAl) as a function
of UV dosage for UV-DNA and DNA-UV treatments. Points plot-
ted are averages of the log factor change for each experiment. See
text for discussion. Error bars give average + the standard error.
Sample size is given near each mean. Regressions are graphed for
each data set. The two regressions for each of the two UV dose
ranges are significantly different from each other at the P = 0.0001
level. See text and Table 4 for discussion of regressions. Key for
means and regressions: UV-DNA (O, --.-.-. -); DNA-UV
@, - )-

delay of UV by 40 min in a UV-DNA experiment had
little effect, apart from making the response curve
more continuous in the delay experiment. However,
in the DNA-UV treatment, delaying plating for 40
min following UV had the effect of raising the re-
sponse curve to more closely resemble the UV-DNA
treatment. Nevertheless, the two curves remain statis-
tically different (P = 0.0005).

Delay DNA-UV experiments were conducted for
YB886 (rec*, uvr™) and compared in Figure 6 with
the standard UV-DNA experiments reported in Fig-
ure 1. Both regressions for the UV-DNA experiments
(Table 3) are significantly higher than the delay DNA-
UV regressions (Table 3) [P = 0.0099 for UV-DNA
experiments done at high DNA concentrations (1.0
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FIGURE 5.—Factor change in homologous chromosomal DNA
(1.0 pg/ml) transformation rate for YB1260 (recAl) as a function
of UV dosage for UV-DNA and DNA-UV treatments for delay
experiments. Points plotted are averages of the log factor change
for each experiment. See text for discussion. Error bars give average
+ the standard error. Sample size is given near each mean. Regres-
sions are graphed for each data set. The quadratic regressions are
significantly different from each other at the P = 0.0005 level. See
text and Table 3 for discussion of regressions. Key for means and
regressions: UV-DNA (O, .—-—.—. -); DNA-UV (@, ------- ).

and 2.0 ug/ml pooled) and P = 0.0001 for UV-DNA
experiments done at low DNA concentrations (0.01
and 0.10 ug/ml pooled)]. By comparing the DNA-UV
curves in Figures 1 and 6, we see that the transfor-
mation rate in delay DNA-UV experiments does not
drop off as rapidly when cells are allowed to grow
after the UV treatment. In fact, the first order effect
of UV dosage on the change in transformation rate
in delay DNA-UV experiments is not significantly
different from zero (Table 3).

Survival curves for transformants and total cells (not
presented here) show that the primary effect of the
delay for both strains YB886 (rec*, uvr*) and YB1260
(recAl) was on total cells in the DNA-UV treatment.
Survival regression curves were compared to one an-
other by the indicator variable technique described in
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I

Transformation Rate
(Average Factor Change)
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UV Fluence (J/m?)

FIGURE 6.—Factor change in homologous chromosomal DNA
transformation rate for YB886 (rec* wvr*) as a function of UV
dosage for the standard UV-DNA experiments presented in Figure
1 and delay DNA-UV experiments. Points plotted are averages of
the log factor change for each experiment. See text for discussion.
Error bars give average =+ the standard error. Samples size is given
near each mean. Regressions are graphed for each data set. The
UV-DNA quadratic regressions are significantly different from the
delay DNA-UV regressions as described in the text. See text and
Table 3 for discussion of regressions. Key for means and regres-
sions: UV-DNA 0.10 and 0.01 ug/ml pooled (O, -~-—.—. -); UV-
DNA 1.0 and 2.0 ug/ml pooled (@, - ..—...—...-); delay DNA-UV
1.0 pg/ml (O, - ).

MATERIALS AND METHODS. The survival curves for
transformants were not statistically different in delay
and standard experiments for both strain YB886
(DNA-UV, P = 0.5341) and strain YB1260 (UV-
DNA, P = 0.1509; DNA-UV, P = 0.1789). Survival
curves for transformants were significantly higher in
UV-DNA than in delay DNA-UV experiments for
both strain YB886 (all DNA pooled in UV-DNA, P =
0.0049) and strain YB1260 (P = 0.0008). Survival
curves for total cells in standard and delay UV-DNA
experiments were not statistically different in strain
YB1260 (P = 0.8925). However, survival curves for
total cells in delay DNA-UV experiments were signif-
icantly lower than in standard DNA-UV experiments
in both strain YB886 (P = 0.0890) and stain YB1260
(P = 0.0001). As discussed in more detail in the
DISCUSSION, this probably results from growth in rich
medium (GM2) before plating in the delay DNA-UV
experiments, during which time damages can inter-
fere with replication and kill the cell. Once cells are
plated, cell division is slower and there is more oppor-
tunity for repair before damages interfere with repli-
cation. This appears not to be an important factor
with transformed cells, probably since they are divid-
ing more slowly than noncompetent cells. Neverthe-
less when this factor is controlled for, the transfor-
mation rates in UV-DNA experiments still increase to
a greater extent than in the delay DNA-UV experi-
ments (Figures 5 and 6).

Induction of din operon expression by DNA dam-
age in competent and noncompetent cells: The rate

of homologous DNA transformation may increase
with UV dose because competent cells are surviving
DNA damage better than noncompetent cells. It is
possible that a survival difference results from the
inability of the noncompetent subpopulation of cells
to induce the expression of SOS-associated repair
genes following UV irradiation and not from, as the
repair hypothesis predicts, a benefit of enhanced re-
combinational repair in the competent subpopulation.
Furthermore, as already mentioned, the transforma-
tion rate may increase in a UV-DNA experiment as a
result of induction of recombination by the SOS-like
system in B. subtilis.

To examine these possibilities, we have quantitated
the induction of din gene expression (8-galactosidase
activity) in both competent and noncompetent cell
subpopulations of two din::Tn917-lacZ fusion strains
(as representatives of the set of DNA damage-induci-
ble loci or SOS genes in this bacterium) following
exposure to UV radiation. These din fusion strains
produce increased levels of 8-galactosidase ({acZ gene
product) when exposed to a variety of DNA damaging
agents such as mitomycin C or UV radiation (LOVE,
LyLE and YAsSBIN 1985). In addition, 8-galactosidase
induction occurs in the competent subpopulation of
each din fusion strain during the development of
competence in a culture, independent of any DNA
damage (LOVE, LYLE and YAsSBIN 1985). The B. sub-
tilis strains we have employed contained a din:: Tn917-
lacZ operon fusion that either does not affect DNA
repair capacity (din22) or that causes a marked defi-
ciency in excision repair (din76) (LOVE, LYLE and
YASBIN 1985; LOVE and YASBIN 1986). Genetic map-
ping analyses indicate the Tn917-lacZ insertion ele-
ment in the din76 fusion strain is located in or near
the uvrA locus (GILLESPIE and YASBIN 1987).

As shown in Table 5, when competent cultures of
the din, recE* fusion strains were UV-irradiated (UV-
DNA treatment) and fractionated on Renografin gra-
dients to separate the competent and noncompetent
subpopulations of cells, 8-galactosidase production in-
creased substantially in the noncompetent cells (bot-
tom band isolated from Renografin gradients) to a
level comparable to that measured in the competent
cell fraction (top band isolated from gradients). The
results indicate that din operons are induced in non-
competent cells in response to DNA damage, and
suggest that the relative expression of SOS-associated
repair functions in the two subpopulations of cells are
not markedly different in a UV-DNA experiment.
Compared with the din, recE * strains, induction of (-
galactosidase activity in the respective fractions of
unirradiated competent cultures of din, recAl fusion
strains was reduced about 50%. However, we find no
significant induction or difference in din gene expres-
sion as measured by f-galactosidase activity in either
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TABLE 5

Induction of S-galactosidase in competent and noncompetent
subpopulations of Bacillus subtilis recE* and recAl din::Tn917-
lacZ fusion strains following UV irradiation

Transformation B-Galactosid-
frequency ase, units/
A600
Frac-
Fusion strain tion -Uv +uve —-UV +UV*

YB886/din22 Un 65%107° 3.0x107%2 236 58.2
T 1.4%x 1072 3.7%x 1072 80.2 66.9
B 6.9x10™° 56x10™* 108 464

YB886/din76 Un 1.0x10™° 9.1x10° 22 364
T 2.4%107% 3.0x10% B89 435
B 56%107° 1.6x10™ 1.7 23.6

YB1260/din22 Un 1.1Xx10™° 43x10™° 205 22.0
T 1.5x 10 3.7x107° 31.8 32.0
B 1.2x107° 27x10° 32 7.4

YB1260/din76 Un 4.0x10™ 27x10™° 14 27
T 1.4x107 1.9x107% 3.1 4.1
B 2.6x107° 83x10° 09 2.1

Cultures of recE™ and recAl strains containing the din22::Tn917-
lacZ and din76::Tn917-lacZ operon fusions were grown to maximize
competence, UV irradiated (UV-DNA treatment) at doses indicated
below, resuspended in fresh GM2 medium, transformed with met*
DNA (YB1011) at 1 ug/ml, and fractionated in Renografin density
gradients (LOVE 1986). B-galactosidase assays were performed on
aliquots of unfractionated cultures and on samples of cells collected
from each gradient band, washed once in 1X Sp1zizen (1958) salts,
and resuspended in GM1 medium. Met" transformation frequencies
were determined by dividing the number of Met* transformants by
the number of total viable cells from each fraction. Un, unfraction-
ated cells; T, top band of Renografin gradients, contains predomi-
nantly competent cells; B, bottom band of Renografin gradients,
containing predominantly noncompetent cells. Results shown are
representative of two to three separate experiments.

® YB886/din22, UV fluence of 50 J/m*. YB886/din76, UV flu-
ence of 25 J/m® YB1260/din22 and din76, UV fluence of 10 J/m?.

the competent or noncompetent cell subpopulations
of the din, recAl fusion strains following UV irradia-
tion, consistent with the known effects of the recAl
mutation on the B. subtilis SOS-like system and induc-
tion of din operons (SOS genes) in competent cells
and following DNA damage (LOVETT, LOVE and Yas-
BIN 1989; LOVETT et al. 1988).

It is worth noting that the transformation frequen-
cies increase with UV irradiation in all strains in Table
5. This result confirms the results of Figures 1, 4 and
5 and MicHOD, WojclEcHOWSKI and HOELZER (1988)
and supports our interpretation that the observed
increase in transformation rate with UV cannot be
explained by the induction of SOS-associated repair
by UV.

DISCUSSION

Overview: The repair hypothesis predicts that the
survival of competent cells should increase relative to
noncompetent cells in a UV-DNA experiment, either
because they are more resistant to UV as a result of
their heightened recombinational repair, or because

prior DNA damage directly increases levels of trans-
formation. The latter may occur as a result of the
increased efficiency of binding, uptake and/or recom-
bination of DNA in damaged cells or because DNA
damages themselves stimulate recombination. Conse-
quently, the repair hypothesis predicts that the trans-
formation rate should increase with UV fluence in
UV-DNA experiments, at least over the range of UV
fluences to which the cell’s repair systems can respond.
In DNA-UV experiments, there can be no repair
benefit from the uptake and integration of homolo-
gous DNA, since this occurs prior to DNA damage.
Similarly, in DNA-UV experiments there could be no
induction of transformation, if such a phenomenon
occurs.

However, other factors, not directly related to the
transformation process, such as excision repair and
other inducible SOS functions, may influence the
relative densities of transformed and total cells. To
explain our previous results (MICHOD, WOJCIECHOW-
skI and HOELZER 1988), especially the differences
mentioned above between UV-DNA and DNA-UV
treatments, on the basis of SOS repair or some other
difference between competent and noncompetent
cells, one must postulate that the hypothesized factor
operates differently in the two treatments. Although
we do not expect excision repair or other SOS repair
functions to operate differently in the UV-DNA and
DNA-UV treatments, there is more time (approxi-
mately 40 min) after the UV treatment before plating
in our standard experiments for these processes to
operate in a UV-DNA experiment as compared to a
DNA-UV experiment (see MATERIALS AND METHODS).
In addition, as discussed in the introduction, din loci,
and thus SOS repair functions, are known to be in-
duced in competent cells (but not in noncompetent
cells) as a secondary consequence of Recbs protein
amplification, without subjecting the culture to a dam-
aging agent. The experiments conducted here were
designed to determine the effect of these other, non-
transformational, repair processes on the relative den-
sities of competent and noncompetent cells in our
treatments.

General result: In both of the repair-deficient
strains studied here (Figures 3, 4 and 5), the transfor-
mation rate increases more in UV-DNA experiments
than in DNA-UV experiments, as was the case with
YB886 (rec*, uvr™; Figures 1 and 6). Thus, excision
repair, inducible SOS repair, or protocol differences
between UV-DNA and DNA-UV experiments cannot
explain the general qualitative result that the trans-
formation rate increases with UV dosage more in UV-
DNA experiments than in DNA-UV experiments.
There appears to be some effect of homologous chro-
mosomal DNA if it is added after the cells are exposed
to UV.
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Plasmid transformation. Plasmid transformation
“tags” competent cells without providing any addi-
tional benefits of homologous DNA, such as template
for recombinational repair. If some general property
of competent cells was primarily responsible for the
above-mentioned increase in homologous transfor-
mation rates in UV-DNA experiments, or, if prior
UV, induced increased binding or uptake of DNA,
similar increases should be observed with plasmid
transformation rates. However, as shown in Figure 2,
this is not so for the UV-DNA experiments, even
though, in DNA-UV experiments, plasmid transfor-
mation rates behaved similarly to homologous DNA
transformation rates (compare Figure 2 and Table 3
with Figure 1 above and Table 1 of MicHOD, WOJCIE-
cHOwsKI and HOELZER 1988).

Delay Experiments: There are several differences
between the UV-DNA and DNA-UV experiments
presented in Figures 1, 2, 3 and 4 other than the
order of administration of UV and DNA. In these
“standard” experiments, we have transformed the
cells at equivalent densities and time during growth
of the culture (Tgo + 60 min). As a result, the UV
radiation was administered at different times in the
experimental procedure, approximately 40 min later
in 2 DNA-UV experiment. This additional time for
growth creates higher cell densities in the DNA-UV
treatments. This is not as significant a problem as it
may seem, since our comparisons between the two
treatments do not involve absolute densities of cells,
but, rather, we compare for each treatment the rela-
tive response of the transformation rate to UV.

The time after administration of the UV but before
plating also varies between the standard UV-DNA
and DNA-UV treatments. In the standard experi-
ments, the overall duration of UV-DNA and DNA-
UV treatments was kept constant so that plating oc-
curred immediately after treatment with DNase in the
UV-DNA experiments and immediately after treat-
ment with UV in the DNA-UV experiments. Cells
have approximately 40 min in growth medium after
UV but before plating in a UV-DNA experiment but
no time in growth medium after UV treatment in
standard DNA-UV experiments. Consequently, UV-
DNA and standard DNA-UV experiments differ in
the opportunity for DNA replication and cell division
after UV treatment.

The different opportunities for cell division after
UV treatment in UV-DNA and standard DNA-UV
experiments are potentially important. Unrepaired
DNA lesions interfere with DNA replication causing
cell death. Cells may have longer to repair DNA
lesions caused by the UV treatment in standard DNA-
UV experiments than in UV-DNA experiments, since
cell division is slower on agar plates than in broth.
This factor may be especially pronounced in the non-

competent cells, since competent cells are in a state of
biosynthetic latency and are not dividing as rapidly as
noncompetent cells. As a result of these factors, trans-
formation rates may be higher in UV-DNA experi-
ments and in standard DNA-UV experiments.

As discussed in MATERIALS AND METHODS, the UV-
DNA and DNA-UV protocols were adjusted in “delay
experiments” in which cells were administered UV at
the same time, and given the same amount of time
after UV before plating. It should be realized that in
these delay experiments, cells are UV irradiated at
equivalent densities and times but receive DNA at
different times in the UV-DNA and DNA-UV treat-
ments. Results from such delay experiments indicate
that the time in growth media after UV treatment
does explain some of the difference between the
change in the transformation rate in standard UV-
DNA and DNA-UV experiments. However, UV-
DNA experiments still exhibit higher transformation
rates than do delay DNA-UV experiments by a factor
of about two (see Figures 5 and 6).

DNA-UYV results in YB886 (rec*, uvr*): There are
several possible reasons why both homologous DNA
and plasmid DNA transformation rates decrease dra-
matically in standard DNA-UV experiments with
strain YB886. First, as just discussed, cells are plated
immediately in a standard DNA-UV experiment
whereas they have 40 min of growth in rich medium
in a UV-DNA experiment. The delay experiments
indicate that this factor contributes to the decrease,
however, transformation rates eventually decrease
even in delay DNA-UV experiments (Figure 6). Sec-
ond, competent cells may be recombining damaged
DNA. However, results discussed in MICHOD, WOJCIE-
cHOWSKI and HOELZER (1988) indicate that this is an
unlikely explanation, although they do not completely
preclude this possibility. Third, transformed cells may
be more sensitive to stress encountered immediately
after transformation due to the physiological costs of
competence development, DNA uptake and transfor-
mation in DNA-UV experiments. In the mutant
strains these costs may be overcome (Figures 3, 4 and
5) by the intrinsic disadvantages of noncompetent cells
discussed in the next section.

Quantitative aspects of results: Although we have
shown that the qualitative result, that transformation
rates increase more in UV-DNA experiments than in
DNA-UV experiments, cannot be attributed to in-
creased survival brought on by SOS or excision repair,
certain quantitative aspects of the response of trans-
formation rate probably reflect these repair processes.
The mutant strains differ in the magnitude of the
increase in homologous transformation rate in the
UV-DNA experiments and, in their response in the
DNA-UV experiments. Strain YB1260 (recAl)
showed the highest increase in transformation rate in
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the standard UV-DNA experiments, greater than ten-
fold increase over the range 10-50 J/m?® (Figures 4
and 5), whereas both strains YB1005 (uvrA42, Figure
3)and YB886 (rec*, uvr; Figure 1) exhibited approx-
imately a twofold increase. In the DNA-UV experi-
ments, UV has no significant effect on the transfor-
mation rate in YB1005 (uvrA42) and causes a slight
increase in YB1260 (recAl), whereas in YB886 (rec™,
uvr™®) both plasmid and homologous DNA transfor-
mation rates decreased dramatically in the DNA-UV
experiments (Figure 2 above and Figure 4b of
MicHOD, WOJCIECHOWSKI and HOELZER 1988).

These results can be understood on the basis of
what is known about induction of the major recom-
bination protein and repair loci in B. subtilis after UV
irradiation and during competence. In the Uvr™ mu-
tant, both competent and noncompetent cells lack
excision repair, while they both retain the ability to
induce other aspects of the SOS-like system (including
Recbs induction) and competent cells presumably re-
tain the ability to undergo transformational repair.
This lack of a functional excision repair system ap-
pears to put the noncompetent cells at an intrinsic
disadvantage when compared to the competent cells,
and may explain our result that the DNA-UV exper-
iments with this strain do not show a decrease in
transformation rate with increasing UV dose as was
the case with YB886 (rec™, uvr™).

The dramatic increase in transformation rate ob-
served in the rec mutant, YB1260 (recAl), in the UV-
DNA experiments, and the less dramatic but still
significant increase in the DNA-UV experiments,
probably reflect an even larger intrinsic survival dif-
ference between competent and noncompetent cells
in this strain as compared to strains YB1005 (uvrA42)
and YB886 (rec*, uvr®). While the Recbs protein
produced in the recAl mutant strain is reasonably
proficient in recombination (Table 2) and, thus,
should be able to perform transformational repair, it
is deficient in its ability to induce the SOS-like re-
sponse following DNA damage or during competence
(Love 1986; LoveTrT, LOVE and YAsBIN 1989; Lov-
ETT et al. 1988). Further, while strain YB1005 lacks
a functional excision repair system, it is still capable
of making increased amounts of fully functional Recbs
protein in response to DNA damage and during com-
petence, while the recA1 mutant cannot. However, in
contrast to the marked deficiency in induction of the
SOS-like response after DNA damage or during com-
petence, the recA 1 mutation does not appear to effect
significantly Recbs protein amplification in competent
cells (LOVETT, LOVE and YasBIN 1989; Table 5).
Thus, at the time of DNA damage, competent recAl
cells have levels of Recbs that are comparable to wild-
type (YB886; rec™, uvr™) competent cells in either UV-
DNA and DNA-UV experiments. On the other hand,

noncompetent recAl cells have neither the amplified
levels of Recbs present in the competent cells, or the
ability to induce Recbs protein and other SOS-like
repair functions in response to UV irradiation,
thereby putting them at a significant disadvantage in
both treatments. This intrinsic disadvantage of non-
competent cells operates in both UV-DNA and DNA-
UV treatments and may explain the larger increases
observed in this strain. Nevertheless, there remains
the significant difference between UV-DNA and
DNA-UV experiments as shown in Figures 4 and 5.

A priori considerations: In our previous paper
(MicHOD, WoJCIECHOWSKI and HOELZER 1988), based
on a priori considerations, we estimated the fitness
benefit of transformational repair to be approximately
1+ux, where p is the number of lethal hits (a number
around 2 or 3) and x the transformation rate at
damaged sites. If we assume that the transformation
rate at damaged sites is of the same order as the
transformation rate at our marker loci, this estimated
benefit is small. For this reason we felt that induction
of transformation by UV played a significant role in
our results. However, results of the present study
indicate that UV induction of the SOS-like system,
increased binding and uptake of DNA after UV treat-
ment, excision repair, or differences in timing be-
tween experiments cannot explain the general result
that transformed cells increase in relative density with
increasing dosage of UV more in a UV-DNA experi-
ment than in a DNA-UV experiment. Comparisons
between these treatments in the most controlled case
of the recA1 mutant in delay experiments (Figure 5)
indicates a fitness advantage of transformational re-
pair to be around two, similar to the difference ob-
served in YB886 (rec*, uvr™®; Figure 6). Although
there still remains a possibility of induction contrib-
uting to this effect, this possibility should be small in
the recA 1 strain. One way to reconcile this effect with
the a priori estimate of 1+ux is to assume that trans-
formation at damaged sites is much greater than that
measured at marker loci. This could be the case,
because more DNA is taken into a damaged cell
(although this conflicts with our plasmid DNA result),
uptake and/or recombination (transformational re-
pair) is targeted to damaged sites or because of an
error-prone recombination process by which DNA
which is not exactly homologous to the damaged site
is used as template for recombinational repair. Any of
these alternatives would tend to increase x in the above
equation. Which, if any, of these alternatives is correct
is presently unknown, although we are in the process
of testing whether transformation is targeted to dam-
aged sites in B. subtilis.
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