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By insertional mutagenesis, 36 transformation-deficient, mitomycin C-sensitive Bacillus subtilis mutants
were isolated, 16 of which were ATP-dependent DNase (ADD) deficient. PBS1 transduction showed that the
mutations were closely linked to the metD marker and weakly linked to the glyB marker. With the aid of one
of the mutants, a transcription unit involved in ADD synthesis was cloned. The chromosomal location of the
transcription unit was established at the restriction site level by determining the presence or absence of ADD
in transformants of wild-type cells obtained with various DNA fragments inserted in pUC derivatives. The
transcription unit complemented a mutant in which the add transcription unit had been deleted.

The presence of an ATP-dependent DNase (ADD) has
been observed in many organisms (for a review, see refer-
ence 43). In Escherichia coli, three genes (recB, recC, and
recD) are involved in the synthesis of this enzyme. recB,
recC, and recD encode three proteins with molecular
weights of 135,000, 125,000, and 58,000, respectively (1, 21).
E. coli recB recC mutants, lacking ADD activity, exhibit
reduced homologous recombination in conjugation and gen-
eralized transduction (7) and are impaired in their ability to
repair DNA damage (7).
The RecBCD enzyme has various biochemical activities:

ATP-dependent double-stranded DNA exonuclease activity
(18, 36), single-stranded DNA exo- and endonuclease activ-
ity (17), ATP-dependent DNA unwinding activity (39, 42),
and ATP-dependent ATPase activity (18).
With respect to the composition of the Bacillus subtilis

ADD enzyme, the available data do not agree. According to
Doly and Anagnostopoulos (10), the enzyme consists of five
subunits with molecular weights of 81,000, 70,000, 62,000,
52,000, and 42,000. However, Chestukhin et al. (6) have
reported that the enzyme is composed of only two subunits
with molecular weights of 140,000 and 155,000. The B.
subtilis ADD enzyme is endowed with DNA-dependent
ATPase activity (10) and double-stranded DNA exonuclease
activity but not with single-stranded DNA nuclease activity
(11). The ADD-deficient recES mutant of B. subtilis (12)
shows reduced transformation with chromosomal DNA and
is poorly transducible (12). Although Chaudhury and Smith
(5) have suggested that the DNA helicase activity of the
RecB RecC subunits of the enzyme may play a role in
recombination in E. coli, the reasons why ADD deficiency
results in recombination deficiency and inability to repair
DNA damage are largely unknown.

In order to study the role of the ADD enzyme in recom-
bination in B. subtilis, we attempted to clone the genes
involved in ADD synthesis with insertion of the vector
pHV60 (32, 35), which allows both the production of mutants
and the cloning of B. subtilis genes.
The present paper describes the isolation of ADD-defi-

cient mutants of B. subtilis, the cloning of one of the
transcription units involved in ADD synthesis, and the
localization of the transcription unit on the chromosome.

* Corresponding author.

MATERIALS AND METHODS

Strains and plasmids. The strains and plasmids used are

shown in Table 1.
Media. B. subtilis minimal growth medium consisted of

Spizizen minimal salts (41), supplemented with glucose
(0.5%) and casein hydrolysate (0.02%; Difco Laboratories,
Detroit, Mich.). Amino acids, nucleotides (20 ,ug/ml each),
or vitamins (0.4 ,ug/ml each) were added if required. Minimal
agar consisted of minimal salts supplemented with 0.5%
glucose, the required growth factors, and 1.5% agar. TY
medium and TY agar were prepared as described by Biswal
et al. (2). Antibiotic medium 3 was prepared as recom-

mended by the manufacturer (Difco). Antibiotic medium 2
was prepared as described by Smith et al. (40). Trypticase
agar was prepared by the method of Frischauf et al. (16).

Chemicals and enzymes. The chemicals used were of
analytical grade and were obtained from E. Merck AG,
(Darmstadt, Federal Republic of Germany) or BDH (Poole,
England). Restriction enzymes, T4 DNA ligase, and T4
DNA polymerase were used as recommended by the manu-
facturer (Boehringer GmbH, Mannheim, Federal Republic
of Germany).

Isolation of DNA. The B. subtilis chromosomal DNA and
plasmid DNA were isolated as described by Venema et al.
(44) and by the method of Ish-Horowicz and Burke (26),
respectively. Radioactive DNA was isolated from strain
2G8, grown in minimal medium supplemented with 20 ,ug of
tyrosine per ml, 2 ,ug of thymidine per ml, and [methyl-
3H]thymidine (10 ,uCi; specific activity, 20.7 mCi/mg; Amer-
sham International plc, Amersham, United Kingdom). The
specific activity of the isolated radioactive DNA was 1.6 x

105 cpm/,g of DNA. DNA from bacteriophage XEMBL4
was isolated according to the method described by Frischauf
et al. (16).
Competence and transformation. B. subtilis cells were

grown until they were competent, as described by Bron and
Venema (3). After exposure of the cells to chromosomal OG1
DNA (2 ,ug/ml) for 45 min, trp+ transformants were selected
on supplemented minimal agar plates. In transformations
with plasmid DNA, the cells were exposed to DNA for 30
min, and the cultures were then diluted twice with TY
medium, incubated for 1 h at 37°C, and plated on TY agar

plates containing chloramphenicol (Cm) (5 ,ug/ml), kanamy-
cin (20 ,ug/ml), or erythromycin (1 p,g/ml). When erythromy-
cin-resistant (Emr) transformants were selected, the cultures
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TABLE 1. Strains and plasmids

Strain or plasmid Genotype, phenotype, or plasmid marker Source or reference

B. subtilis
OG1 Prototrophic 3
8G5 trpC2 tyr-I his ade met rib lirai nic 3
2G8 tyr-I thy Laboratory collection
1A84 glyB metD Bacillus Genetic Stock Center,

Ohio State University, Columbus
QB934 tre-12 metC3 glyB133 trpC2 8
El, E2, E6, E10, E16 ADD-deficient mutants from 8G5 This paper
E34, M5, M6, Mll, M13
7G224 trpC2 try-I ade met rib lira nic recE4 9
recH342 37
GSY2261 (add') hisH2 metB5 C. Anagnostopoulos

(personal communication)
GSY2258 (add-5), GSY2270 (add-71), hisH2 metB5; ADD deficient 12; C. Anagnostopoulos
GSY2266 (add-72) (personal communication)

E. coli
JM83 ara A(lac-proAB) rpsL +80 lacZ M15 45
BHB2600 803 .supE supF rK__ mK mnet 23
NM539 suipF lhsdR (P2 cox-3) 16

Plasmids
pUB110 Km" 19
pUC9, pUC19 Apr 3, 45
pGV1 Km'" 47
pHV60 Cmr 32
pGV42, pGV49, pGV54, pGV55, Kmr This paper
pGV77, pGV133

pKV42, pKV49 Cm" This paper
pC194 Cmr 24
pE194 Emr 25

were diluted twice with TY medium containing 0.05 p.g of
erythromycin per ml, incubated for 1 h at 37°C, and then
plated.

E. coli was made competent and transformed by the
method of Mandel and Higa (29).

Binding and entry of transforming DNA. Binding and entry
of transforming DNA were determined as described by
Mulder and Venema (33).

Cell survival following UV-irradiation. Cultures were

grown in supplemented minimal medium to an A450 of 1.0
(approximately 108 cells per ml). The cells were washed
twice with minimal medium containing 0.5% glucose and
resuspended in the original volume of this medium. Samples
(1 ml) were irradiated with a low-pressure mercury lamp
(Hanovia, 256 nm, approximately 2 JIm2Is) for various
periods of time, and then cells were plated on TY agar

plates.
Insertional mutagenesis. Insertional mutagenesis of B. sub-

tilis with the vector pHV60 (32), was carried out essentially
as described by Niaudet et al. (35).

Selection of transformation-deficient, MC-sensitive mu-

tants. The Cm-resistant (Cmr) transformants of B. subtilis
obtained by insertion of pHV60 into the chromosome were

first tested for transformation deficiency, as described by
Smith et al. (40), and then for sensitivity to mitomycin C
(MC) by transferring the Cmr transformants to TY agar
plates containing Cm (5 ,ug/ml) and MC (50 ng/ml). Trans-
formants which failed to grow at an MC concentration of 50
ng/ml were considered to be MC sensitive, because wild-
type cells were still able to grow on plates with 70 ng/ml.

Transduction and mapping. PBS1 transductions of strains
1A84 and QB934 were performed as described by Hoch et al.
(22). GlyB+, metC+, and metD+ transductants, obtained
with PBS1 lysates of the mutants, were selected on minimal
agar plates, supplemented with glycine (20 ,ug/ml) and me-

thionine (20 p.g/ml), respectively. To determine the linkage
between the metC, metD, or glyB marker and the Cmr
marker of the integrated plasmid pHV60, the metC+,
metD', and glyB+ transductants were transferred from the
minimal agar plates to TY agar plates containing 5 ,ug of Cm
per ml. After incubation overnight at 37°C, the numbers of
metC+, metD+, and glyB+ transductants that were Cmr
were determined. The map distances between the metD and
the Cmr marker and between the glyB and the Cmr marker
were expressed as follows: (1 - cotransfer index) x 100,
which was calculated as described by Nester Pnd Lederberg
(34).

Assay of ADD activity. Cultures (5 ml) of B. subtilis grown
in TY broth to an A6. of 1.0 were washed twice with 5 ml of
an 0.05 M Tris hydrochloride buffer (pH 8.0), containing 0.1
mM EDTA and 0.1 mM dithiothreitol and the cells were
resuspended in 0.5 ml of the same buffer and lysed by the
addition of lysozyme (0.5 mg/ml) until lysis was complete
(usually 15 min at 37°C). Samples (0.1 ml) of the lysate were
added to 0.4 ml of a reaction mixture consisting of 0.1 M
glycine-NaOH buffer (pH 9.2), 2.5 mM 2-mercaptoethanol,
0.05 M MgCI2, 0.4 mg of bovine serum albumin per ml, and
75 puM ATP. Subsequently, 10 ,ul of a 3H-labeled DNA
solution (40 pLg/ml; specific activity, 1.6 x 105 cpm/,lg) was
added, and after incubation for 30 min at 40°C, the reaction
was stopped by chilling on ice and the addition of 0.2 ml of
calf thymus DNA solution (2 mg/ml) and 0.15 ml of trichloro-
acetic acid (50% [wt/vol]). After 30 min at 0°C, the mixtures
were centrifuged in an Eppendorf centrifuge for 10 min and
0.6 ml of the supernatant was added to 5 ml of Hydroluma
scintillation fluid. Radioactivity was counted for 5 min.

Determination of amplification of the Cm' marker. To
determine whether the Cmr marker in the mutants was
amplifiable, the same method was used as described by
Vosman et al. (46).
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Isolation of fragments with the Emr and the Cmr marker
from pE194 and pC194, respectively. A TaqI fragment of
plasmid pE194 was inserted into the AccI site of plasmid
pUC7. From the resulting plasmid, an EcoRI fragment
containing the Emr marker was isolated.
From plasmid pC194, a fragment containing the Cmr

marker was isolated by partial digestion with DraI. This
fragment was inserted into a blunt-ended PstI site of pUC7.
From the resulting plasmid, a HindII fragment containing the
Cmr marker was isolated.

Construction of a B. subtilis genome bank in phage
XEMBL4. The construction of this bank, consisting of 12- to
17-kilobase (kb) EcoRI fragments of B. subtilis DNA in
phage XEMBL4, has been described previously (47).

Screening of the B. subtilis genome bank. To screen the B.
subtilis genome bank, pKV42 was used as a probe. This
plasmid was nick translated with [u-32P]dCTP by the method
of Rigby et al. (38). To isolate phages hybridizing with this
probe, recombinant XEMBL4 was plated on Trypticase agar
plates with E. coli NM539 as the indicator. The plaques,
approximately 2,000 per plate, were transferred to a Gene
ScreenPlus membrane (Dupont, NEN Research Products,
Dreieich, Federal Republic of Germany), as described by
Maniatis et al. (30), and then hybridized against the probe by
the method recommended by the manufacturer. Five
plaques hybridized with plasmid pK42. The purity of these
phages was tested by repeated hybridization with pKV42.

RESULTS

Isolation of transformation-deficient, MC-sensitive mutants.
Insertional mutagenesis was effected by transformation of an
8G5 strain of B. subtilis with plasmid pHV60, either contain-
ing EcoRI or MboI DNA fragments of wild-type (OG1) DNA,
which had been inserted into the EcoRI and BamHI site of
the plasmid, respectively (32, 35). Plasmid pHV60 replicates
in E. coli, but not in B. subtilis, and carries a Cmr marker,
which is expressed in both bacterial species (32). In trans-
formation of the wild-type strain of B. subtilis, Cmr trans-
formants will be formed only if the vector has been inte-
grated into the chromosome.
To select for recombination-deficient mutants, the Cmr

transformants (resistant to 5 ,ug of Cm per ml) were first
tested for their transformability. Transformants impaired in
transformation were further tested for their sensitivity to
MC.
Of 9,000 Cmr transformants obtained with the vector

containing MboI fragments, 21 were impaired in transforma-
tion and were sensitive to MC. Of the 2,700 Cmr transfor-
mants obtained with the vector containing EcoRI fragments,
15 were both transformation deficient and sensitive to MC.
Assay for ADD activity. The transformation-deficient, MC-

sensitive mutants were assayed for ADD activity. Relatively
high numbers of the mutants appeared to be deficient in
ADD activity. Of the 21 mutants obtained with pHV60 and
containing MboI fragments, 4 mutants (M5, M6, Mll, and
M13) appeared to be deficient in ADD activity; of the 15
mutants obtained with pHV60 and containing EcoRI frag-
ments, 6 mutants (El, E2, E6, E10, E16, and E34) appeared
to be deficient in ADD activity (Table 2). Table 2 also shows
that recH342 (37), carrying a supposed add mutation, is not
deficient in ADD activity. This finding is in agreement with
that of C. Anagnostopoulos (personal communication), but
in contrast with a previous report, in which it was claimed
that this mutant was deficient in ADD activity (6,37). The
ADD-deficient mutants obtained by insertional mutagenesis

TABLE 2. ADD activity and mapping of the Cmr marker in
add-deficient mutants

Map distance
between the

Acid-soluble products (cpm) Cmr marker of
Strain of [3H]DNA formed pHV60 and the

following
marker:

With ATP Without ATP metD glyB

8G5 6,499 924
El 742 1,049 17 NDa
E2 668 663 24 ND
E6 1,168 1,187 25 73
E10 534 525 25 ND
E16 510 535 _b 80
E34 685 691 19 95
MS 1,216 1,521 - 62
M6 1,542 1,558 20 90
M11 1,050 858 23 ND
M13 1,046 811 23 ND
GSY2261 (add') 2,491 1,029
GSY2258 (add-5) 1,179 1,125
GSY2266 (add-72) 629 708
GSY2270 (add-71) 686 940
recH342 10,089 658

a ND, Not determined.
b -, No metD+ transductants found.

were as deficient in ADD activity as the add-S mutant (recES
in reference 12) and the add-71 and add-72 mutants.
Mapping of add mutants. The add mutations were mapped

with the use of the Cmr marker of pHV60, which, through
integration, had either interrupted or deleted the genes
encoding ADD subunits (interruption occurs when pHV60
carries one chromosomal DNA fragment; a deletion is
formed if the vector carries two nonadjacent chromosomal
DNA fragments [35]).
The results of mapping of the Cmr marker by PBS1

transduction are also shown in Table 2. The data show that,
as far as could be tested, in all add mutants the Cmr marker
was linked closely to the metD marker and linked only
weakly to the glyB marker. None of the metC+ transduc-
tants were Cmr, indicating that the marker was not linked to
metC. Sifice according to Henner and Hoch (20), the map
positions of the glyB, metD, and metC markers are 75, 95,
and 115, respectively, the add mutations should be located
between the metD and glyB marker.
To test whether in the add mutants the vector had been

integrated by replacement recombination or by a Campbell-
like mechanism, use was made of the finding of Janniere et
al. (27) that in B. subtilis, only DNA structures integrated by
a Campbell-like mechanism are amplifiable. Since none of
the mutants was able to grow in the presence of increased
amounts of Cm, apparently no amplification had occurred,
suggesting that in all mutants the vector had been integrated
by replacement recombination, resulting in the formation of
deletions. This was supported by the observation that in
transduction of a metD mutant strain with PBS1 lysates of
the mutants M5 and E16, no metD+ transductants were
obtained. Apparently, the chromosomal region deleted in
these mutants overlapped the metD marker.

Transformability and viability of the add mutants. To
determine the extent of transformation deficiency in the add
mutants, the cells were subjected to the standard compe-
tence regimen (3) and transformed with both chromosomal
DNA from strain OG1 and plasmid pUB110 DNA. No
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TABLE 3. Transformability of add mutants

No. of transformants/ml Transformation frequency'h
Strain" ~~Total no ofStrain" tviable cells/m With chromosomal With plasmid With chromosomal With plasmid

DNA (trp-) pUB110 (Km') DNA DNA

8G5 3.1 x 108 3.4 x 106 2.5 x 104 1.1 X 10-2 8.0 x 10-5
El 1.4 x 107 3.6 x 103 7.2 x 102 2.6 x 10- 5.1 x 105
E2 1.5 x 107 4.9 x 103 6.4 x 102 3.3 X 10-4 4.3 x 10-5
E6 2.7 x 107 0 0 0 0
E10 3.1 X 107 5.4 x 103 1.9 X 103 1.7 X 10 4 6.0 x 10-5
E16 1.3 x 107 0 0 0 0
E34 2.6 x 107 0 0 0 0
M5 2.7 x 107 0 0 0 0
M6 3.2 x 107 6.4 x 103 1.6 x i0- 2.0 X i0- 5.0 x 105
M11 1.6 x 107 0 0 0 0
M13 1.2 x 107 2.1 X i03 4.5 x 102 1.8 x 10- 3.8 x

All strains are add mutants, except for 8G5 (odd`).
h The transformation frequency is defined as the number of transformants per total number of viable cells.

transformants of mutants E6, E16, E34, M5, and Mll were
obtained with either chromosomal DNA or plasmid DNA
(Table 3). The complete lack of transformation is probably
due to a deletion of a region spanning an add gene and a gene
involved in competence, which is also closely linked to the
metD marker (46). This is supported by the observation that
the mutants E6, E16, E34, M5, and Mll were completely
deficient in binding and uptake of transforming DNA (data
not shown). The residual transformation of the other mu-
tants with chromosomal DNA was between 1.5 and 3% of
that of the wild-type strain (Table 3). However, with plasmid
DNA, these mutants transformed to approximately 60% of
that obtained in transformation of the wild type (Table 3),
indicating that, in contrast to the transformation with chro-
mosomal DNA, transformation with plasmid DNA was
hardly affected by add mutations.

In all add mutants, the viability, defined as the number of
CFU per A450 unit, was approximately 20% of that of the
wild type (data not shown).

Sensitivity to MC and UV irradiation. The add mutants had
lost their ability to form colonies on agar plates containing 30
ng of MC per ml, whereas the wild-type cells were still
resistant to 75 ng of MC per ml. Mutant E6 was also more
sensitive to UV irradiation than the wild-type strain but was
much less sensitive than the recE4 mutant (Fig. 1). The
sensitivity of the other add mutants was similar to that of
mutant E6 (data not shown).

Construction of a probe for add genes. To obtain a plasmid
carrying add nucleotide sequences, the chromosomal DNA
of mutant E6 was digested with PstI. On pHV60, integrated
in the chromosome of mutant E6, a unique PstI site is
located distal to an EcoRI site. After ligation at a low
concentration of DNA (0.1 p.g/ml) and transformation of an
E. coli strain with the ligation mixture, tetracycline-resistant
(Tc') transformants were selected (pHV60 carries a Tcr
marker) and plasmid DNA was isolated from the transfor-
mants. In this way, we were able to isolate a plasmid
(pKV42) containing a 4.2-kb EcoRI-PstI chromosomal DNA
fragment. To examine whether this chromosomal DNA
fragment contained part of the gene of interest, we trans-
formed the mutants add-5, add-71, and add-72 with plasmid
pKV42 and tested the resulting Cmr transformants for their
sensitivity to MC. Approximately 90% of the Cmr transfor-
mants obtained from transformation of add-71 and add-72
showed wild-type resistance to MC, whereas all of the Cmr
transformants of the add-S mutant remained sensitive to
MC. As expected, the Cmr marker in the Cmr transformants

was amplifiable, indicating that the vector had been inte-
grated by a Campbell-like integration (data not shown). As
far as tested, the MC-resistant transformants obtained in
transformation of add-71 and add-72 also showed wild-type
ADD activity (data not shown). The results indicate that the
4.2-kb EcoRI-PstI chromosomal DNA fragment in pKV42
contained at least the promoter or the transcription termina-
tor of an add transcription unit and that this DNA region
overlapped both the add-71 and add-72 mutations but not the
add-5 mutation.

Screening of a B. subtilis chromosomal DNA bank in phage
XEMBL4. Apparently, the 4.2-kb EcoRI-PstI fragment ob-
tained from mutant E6 carried at least the proximal or distal
part of an add transcription unit. To isolate a larger DNA
fragment, a gene bank of B. subtilis in phage XEMBL4, into
which 12- to 17-kb EcoRI fragments of the B. subtilis
chromosome had been inserted, was screened by using
plasmid pKV42 as a probe. Recombinant phages whose
DNA hybridized with the probe were isolated. Their DNAs
all contained an EcoRI chromosomal DNA fragment of
approximately 13.3 kb. This DNA fragment was isolated and
inserted into the EcoRI site of the kanamycin resistance
(Kmr) plasmid pGV1, which can replicate in both E. coli and

-100
1-

U)

10

0)

UV dose (41m2/sec)
FIG. 1. UV survival of strains 8G5 (0), E6 (0), and 7G224 (A).
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FIG. 2. Restriction map of the 13.3-kb EcoRl fragment and the localization of the add gene on this fragment. (A) Restriction map of the
13.3-kb EcoRI fragment. (B) The restriction fragments indicated were inserted into pUC plasmids. These plasmids were used to transform
an 8G5 (add') strain of B. subtilis. The fragments which transformed the recipient to the mutant ADD phenotype (mut) and those which did
not (wt) are indicated.

B. subtilis (47). This resulted in plasmid pGV133. The add-5,
add-71, and add-72 mutants were transformed with plasmid
pGV133, and the resulting Kmr transformants were tested
for their sensitivity to MC. Approximately 90% of the Kmr
transformants of all three add mutants had the wild-type
resistance to MC, indicating that the 13.3-kb EcoRI fragment
contained a region, not only overlapping the add-71 and
add-72 mutations but also the add-5 mutation. Digestion of
the 13.3-kb EcoRI fragment with EcoRI and PstI resulted in
the formation of five fragments with sizes of 4.9, 4.2, 1.8,
1.4, and 1.0 kb, respectively (data not shown). The 4.2-kb
EcoRI-PstI fragment was identical to that present in plasmid
pKV42. The 4.9-kb fragment, a PstI fragment, was inserted
into pHV60, resulting in plasmid pKV49. Transformation of
the add-5 mutant with pKV49 resulted in transformants,
approximately 85% of which showed wild-type resistance to
MC. In contrast, in transformation of the mutants add-71
and add-72, none of the transformants showed wild-type
resistance to MC, indicating that the 4.9-kb PstI fragment
contained the region on which the add-5 mutation was
located.

Since the plasmids pKV42 and pKV49 contained only one

chromosomal DNA fragment, transformation of the add
mutants with these plasmids must have resulted from a

Campbell-type integration into the chromosome. In addition,
the wild-type ADD phenotype of the transformants indicates
that both the 4.2-kb EcoRI-PstI fragment and the 4.9-kb PstI
fragment should contain at least one end of a transcription
unit involved in ADD synthesis.

Localization of the add transcription unit(s) on the 13.3-kb
EcoRI fragment. To examine whether the 13.3-kb EcoRI
fragment contained one complete, or perhaps more, add
transcription units and to localize the transcription unit(s) on
the 13.3-kb EcoRI fragment, we have chosen the following
procedure.

Various restriction fragments of the 13.3-kb EcoRI frag-
ment were inserted into the multiple cloning site of pUC
plasmids. After insertion of the chromosomal DNA frag-
ments, an additional EcoRI fragment, carrying the Emr
marker of plasmid pE194 (see Materials and Methods),
which is expressed in B. subtilis, was inserted into the EcoRI
site of the pUC plasmids. In transformation of a wild-type
strain of B. subtilis with these plasmids, Emr transformants
will be formed as a result of Campbell-type integrations, and

the Emr transformants will have the ADD mutant phenotype
if the plasmid contains an internal part of an add transcrip-
tion unit. Wild-type ADD phenotypes will be obtained if the
inserted DNA does not contain a part of an add transcription
unit or if it contains at least one of the ends of the transcrip-
tion unit. From Fig. 2, which shows the restriction map of
the 13.3-kb EcoRI fragment and the capacity of the various
restriction fragments in the pUC plasmids to produce trans-
formants with the mutant or the wild-type ADD phenotype,
it follows that only one complete transcription unit including
the promoter and terminator is present on the 13.3-kb EcoRI
fragment. This transcription unit is flanked by the SphI(l)
site on the left and the SmaI site on the right and is also
present on the EcoRI(1)-SmaI fragment. This 7.7-kb
EcoRI(1)-SmaI fragment was inserted into pGV1, resulting
in plasmid pGV77.

Construction of an add deletion mutant and complementa-
tion. To obtain additional evidence that the entire transcrip-
tion unit was present in an intact form on the EcoRI(1)-SmaI
fragment and to examine whether it could complement a

strain lacking this transcription unit, a B. subtilis strain was
constructed in which the entire transcription unit was de-
leted. To that end, the SphI(1)-SphI(3) fragment was re-

moved from the 13.3-kb EcoRI fragment in plasmid pGV133,
resulting in a plasmid which contains an EcoRI(1)-SphI-
EcoRI(2) fragment of approximately 7.8 kb. The SphI site
was made blunt by T4 DNA polymerase and a Hindll
fragment, containing the Cmr marker derived from pC194
(see Materials and Methods) which is expressed in B.
subtilis, was inserted into the blunt-ended site, resulting in
plasmid pGV93. This plasmid was linearized with BamHI
(present in the multiple cloning site of pGV1) to prevent
Campbell-like integration. A wild-type strain of B. subtilis
was transformed with this plasmid, and Cmr transformants
were selected. Since the plasmid contains two nonadjacent
chromosomal DNA fragments in the same orientation as
present on the chromosome, the plasmid will be integrated
into the chromosome by a replacement recombination, re-
sulting in the deletion of the SphI(1)-SphI(3) fragment, on
which the entire add transcription unit is located. As ex-

pected, the resulting Cmr transfornlants were sensitive to
kanamycin and to MC and lacked ADD activity (data not
shown). A number of these Cmr transformants, denoted as

8G5 (addA) strains, were transformed with plasmid pGV77.

12 13_1tb

4795VOL. 170, 1988



4796 KOOISTRA ET AL.

The resulting Kmr transformants were as resistant to MC as
the wild-type strain and had wild-type ADD activity (data
not shown). This indicates that the 7.7-kb EcoRI(1)-SmaI
fragment is capable of complementing the deleted add tran-
scription unit. This, together with the capacity of the various
restriction fragments to produce ADD-positive and ADD-
deficient phenotypes, as presented above, indicates that the
entire add transcription unit is present in an intact form on
pGV77.
Mapping of the add-5, add-71, and add-72 mutations on the

13.3-kb EcoRI fragment. To determine where the various
add mutations were located, a 5.4-kb XbaI(1)-XbaI(2) frag-
ment (Fig. 2) was first inserted into pGV1, resulting in
plasmid pGV54. The add mutants were transformed with
this plasmid. The Kmr transformants from all strains had the
wild-type ADD phenotype, indicating that the 5.4-kb XbaI
fragment overlapped with all three add mutations. Since
transformation with the PstI(l)-Pstl(2) fragment inserted in
pHV60 of add-5 also produced wild-type transformants, but
not in transformation of add-71 and add-72 (see previous
section), it can be concluded that the add-5 mutation is
located on the Pstl(l)-XbaI(2) fragment and that the add-71
and add-72 mutations are located on the XbaI(l)-PstI(l)
fragment of the chromosome.
To map the add-71 and add-72 mutations more precisely,

the 1.9-kb EcoRI(1)-HindIII(1) fragment and the 2.6-kb
SphI(l)-PstI(l) fragment were inserted into pUC9 and
pUC19, respectively. After the additional insertion of an
EcoRI fragment, carrying the Emr marker derived from
pE194 (see Materials and Methods), into the EcoRI site of
the pUC plasmids, the add-71 and add-72 mutants were
transformed with these plasmids. Transformation of add-71
and of add-72 with pUC9 containing the EcoRI-HindIII
fragment yielded Emr transformants with the wild-type ADD
phenotype, whereas transformation of these mutants with
pUC19, containing the SphI(l)-PstI(l) fragment, yielded
only ADD-deficient Emr transformants. This indicates that
the add-71 and add-72 mutations are located between the
XbaI(1) site and the HindIII(1) site. Furthermore, these
mutations are in an add transcription unit different from that
in which the add-5 mutation is located, since the transcrip-
tion unit carrying the add-5 mutation is located on the
SphI(1)-SmaI fragment (see above).
The following supports our conclusion that a second add

transcription unit is present on the chromosome of B.
subtilis; the probe obtained from mutant E6 contained the
4.2-kb EcoRI(1)-PstI(1) fragment. This indicates that this
mutation was produced by pHV60 integration to the left of
the EcoRI(1) site in sequences specifying a second add
transcription unit.

DISCUSSION

Insertional mutagenesis with pHV60 produced a consider-
able number of transformation-deficient, MC-sensitive mu-
tants. These phenotypes suggest that the mutants were
impaired in recombination. A surprisingly large fraction of
these mutants (approximately 25%) were impaired in ADD
activity, which may reflect that several genes are involved in
ADD synthesis and that these genes may be of relatively
large size (6).

In all add mutants, the viability was less than in the wild
type, a characteristic which has also been observed in
ADD-deficient mutants of other bacteria (4, 28).
Although the transformability of add mutants with chro-

mosomal DNA was decreased to 1.5 to 3% of that of the

wild-type, transformation with plasmid DNA was only
slightly reduced. This strongly suggests that the efficiency of
transformation with plasmid DNA is largely independent of
ADD activity. In addition, the reduced frequency of trans-
formation with chromosomal DNA cannot be attributed to
reduced viability of the competent fraction of cells, because
in that case transformation with plasmid DNA should be
reduced to the same extent as that with chromosomal DNA.
The role of the ADD enzyme in recombination is not yet
clearly understood. Chaudhury and Smith (5) postulated that
during conjugation in E. coli, the helicase activity of the
enzyme is required for efficient recombination.
The cloned transcription unit involved in ADD synthesis

in B. subtilis is located between the SphI(l) site and the
SmaI site (Fig. 2). This fragment should contain the com-
plete transcription unit, because in transformation of a wild
type with pUC plasmids carrying the SphI(1)-HindIII(2) and
the PstI(1)-SmaI chromosomal DNA fragments, Emr trans-
formants with ADD wild-type phenotype were obtained.
The add-5 mutation is located in the cloned transcription

unit, whereas the add-71 and add-72 mutations are located in
a different add transcription unit. Part of this second tran-
scription unit is present on the EcoRI(1)-HindIII(1) frag-
ment and should contain one of the ends of the transcription
unit because in transformation of a wild-type strain with the
plasmid pUC9, carrying the chromosomal EcoRI(1)-
HindIII(1) fragment, the resulting Emr transformants had the
wild-type phenotype. The remaining part of the second
transcription unit should be located to the left of the EcoRI
site. The mutant E6, in which the entire 13.3-kb EcoRI
region is present, lacks DNA to the left of the EcoRI(1) site
as a result of replacement recombination of pHV60. This
deleted region should contain the remaining part of a second
add transcription unit and may contain additional genes
involved in ADD synthesis. The ADD of other organisms
was also been found to be encoded by more than one gene
(43). Recently, it has been shown that it E. coli the ADD
consists of three proteins (with molecular masses of 135,
125, and 58 kilodaltons), which are encoded by three genes
(recB, recC, and recD) (1, 21). recB and recD are contigu-
ous, but the recC gene is separated from the recBD genes by
ptr, encoding a protease (1, 13-15).

Our results show that one of the ends of the cloned B.
subtilis transcription unit is located between the SphI(1) site
and the HindIII(2) site, whereas one of the ends of the
second transcription unit is located between the HindIII(1)
site and the XbaI(1) site. Thus, it would seem that in B.
subtilis the cloned transcription unit and the second add
transcription unit are also separated from each other by an
ADD-independent DNA sequence.
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