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ABSTRACT A system for molecular cloning in Streptococcus
pneumoniae was developed. The multicopy plasmids pMV158 (5.4
kilobases) and pLS1 (4.3 kilobases), which confer tetracycline re-
sistance, were used as vectors to clone chromosomal genes of S.
pneumoniae in host cells of this species. A 3.3-kilobase restriction
fragment containing the maiM gene, which codes for amylomal-
tase, was cloned in a deletion mutant lacking chromosomal ho-
mology with the fragment. The recombinant plasmid, pLS70,
could transform over 50% of a recipient population to maltose
utilization. Amylomaltase constituted up to 10% of the protein of
cells containing pLS70. A derivative with a deletion, pLS69, ap-
peared to gain a selective advantage by producing less enzyme.
A 10-kilobase restriction fragment containing the sd-d gene for
sulfonamide resistance was cloned in the presence of the homol-
ogous chromosomal gene. De novo establishment ofa recombinant
plasmid was just as frequent as transformation in an endogenous
plasmid. Despite the processing of DNA during uptake in the
transformation of S. pneumoniae, recombinant plasmids can be
introduced. Models for the reconstruction of recombinant DNA
in cells of S. pneumoniae and Bacillus subtiis are considered and
compared.

Despite the fact that bacterial transformation was discovered
in Streptococcus pneunwniae, this species has not until now
been used to clone recombinant DNA. In the bacterium com-
monly used for cloning, Escherichia coli, the artificial method
of transformation allows uptake of DNA without alteration,
whereas the naturally evolved DNA uptake systems of S. pneu-
moniae and Bacillus subtilis process the incoming DNA (1). The
cutting of DNA during its binding and entry and the necessity
to reconstruct a plasmid from single-stranded fragments are im-
pediments to cloning in these Gram-positive bacteria. Plasmid
introduction in B. subtilis requires a multimeric donor molecule
(2), although monomers have been shown to be active in S.
pneumoniae (3, 4). Nevertheless, cloning ofchromosomal genes
by introduction of a recombinant plasmid has been achieved in
B. subtilis (5, 6). However, a more promising approach may be
the transformation of an endogenous plasmid by recombinant
DNA (7). The latter process can be called plasmid transfor-
mation, as opposed to the former process of plasmid transfer,
in which a new plasmid replicon is established in the cell. The
recent introduction of multicopy plasmids into S. pneumoniae
(4, 8) has made cloning in this species practicable.
Our approach to cloning in S. pneumoniae depended on pre-

vious analysis of the maltose-utilization system (9, 10). The mal
region-a cluster of genes concerned with maltosaccharide uti-
lization-includes the maiM gene, which specifies amylomal-
tase, and a regulatory gene. Restriction fragments, either un-
fractionated or enriched for the maiM gene, were ligated to the
plasmid pMV158 (11) and used to transform recipient cells with
and without endogenous plasmid.

Successful cloning of the wild-type allele of the malM gene
was achieved. A recombinant plasmid with a deletion in the mal
region that apparently reduced malM transcription was also
obtained. The behavior of recombinant plasmids in transfor-
mation provided insight into the mechanism of reconstruction
of plasmid replicons after the degradative process of entry.
There appears to be a significant difference between S. pneu-
moniae and B. subtilis in the reconstruction process.

MATERIALS AND METHODS
Bacterial Culture and Transformation. Strains of S. pneu-

moniae were derived from R6 (9, 10, 12); mal mutations are
mapped in Fig. 3C. Media and procedures for culture growth,
chromosomal DNA preparation, and transformation have been
described (9). Cultures at 5 x 106 colony-forming units per ml
were treated with DNA at 0.1-1.0 ug/ml for 40 min at 300C,
then at 370C for 2 hr, before transfer to selective media. Se-
lection for tetracycline resistance conferred by pMV158 was
according to Smith et al. (8).

Plasmid DNA Preparation. C. Saunders kindly provided
pMV158. Cleared lysates were prepared- and fractionated in
CsCl/ethidium bromide gradients by published procedures
(13). Alkaline lysates were prepared by modifying the method
of Birnboim and Doly (14). Lysozyme was omitted and cells
were lysed with 0.1% sodium deoxycholate for 5 min at 370C,
after which 0.175 M NaOH and 1% NaDodSO4 were added.
DNA Cleavage and Ligation.Restriction enzymes and phage

T4 DNA ligase were from New England BioLabs except for
EcoRI (Miles) and Dpn II (15). Ligation mixtures containing
=10 ,Ag of DNA in 15 td of 30 mM Tris-HCl (pH 7.6)/10 mM
MgCl2 were heated to 650C and cooled stepwise to 0C. After
addition of 1 mM ATP and 300 units ofligase, the mixtures were
held at 20'C for 15 min, then at 5YC for 15 hr. Samples were
diluted 1:15 in Tris/MgCl2/ATP at the same concentration, 300
units of ligase was added, and incubation was continued at 5YC
for 24 hr.

Gel Electrophoresis. Restriction fragments were separated
and plasmids were analyzed by electrophoresis in 1% agarose,
with phage T7 DNA fragments serving as standards (16). Bands
were revealed by staining with ethidium bromide. Small
amounts of DNA were recovered from macerated segments of
agarose incubated in buffer. To obtain larger amounts suitable
for ligation, the agarose was dissolved in Nal and DNA was ab-
sorbed to glass powder (17).
DNA and Enzyme Assays. DNA concentrations were esti-

mated from fluorescence ofgel bands or determined in purified
preparations from A2w and in crude extracts by fluorescence
enhancement of 4',6'-diamidino-2-phenylindole (18). Amylo-
maltase and phosphorylase were assayed as before (10).

Abbreviations: kb, kilobases; Mal', maltose-utilizing; Strr, strepto-
mycin-resistant; Tcr, tetracycline-resistant.
* Permanent address: Instituto de Inmunologia y Biologia Microbiana,
C.S.I.C., Velazquez, 144, Madrid-6, Spain.
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RESULTS
Cloning of Chromosomal mal DNA. Restriction analysis of

pMV158 showed no cuts with BamHI or Bgl II, single cuts with
Bgl I and HindIII, and double cuts with Pst I and EcoRI. The
Bgl I cut is unsuitable for cross-ligation, and HindIII destroyed
the chromosomal mal transforming activity, but plasmids par-

tially digested with Pst I or fully cut with EcoRI proved suitable
for cloning.

Transforming activity for several chromosomal markers was

measured before and after restriction cutting. The size ofa DNA
fragment containing a marker was determined by gel electro-
phoretic migration of the transforming activity. Approximate
size and residual transforming activity for EcoRI fragments
were: nov-1, 18.7 kilobases (kb), 76%; sul-d, 11.7 kb, 56%; str-
41, 8.5 kb, 28%; malM594+, 4.8 kb, 17%; pyr-c, 4.0 kb, 6%;
ery-2, 2.4 kb, 0.5%. For Pst I fragments residual activities were
sul-d, 34%; malM594+, 11%; ery-2, 0.3%; str-41, 0.2%; nov-1,
0.1%. The Pst I mal fragment was 3.3 kb long. Neither EcoRI-
nor Pst I-cut DNA could transform the mal deletion strains
used. Size fractions corresponding to the EcoRI sul and the Pst
I mal fragments were purified by gel electrophoresis.

Results ofan experiment in which recipient strains, with mal
deletions of different extent, and with or without endogenous
plasmid, were transformed by various ligated DNA mixtures are

shown in Table 1. Total cut chromosomal DNA or purified frag-
ments were ligated with fully or partially digested plasmid DNA
at a ratio of 10:1. The Strr transformation indicated the relative
competence of the recipient cultures.

Complete cutting ofpMV158 with Pst I prior to ligation pre-

vented transfer of Tcr. Either Tcr or plasmid replication was

destroyed by removal of one of the two Pst I fragments. Com-
plete cutting with EcoRI, however, permitted Tcr transforma-
tion, and analysis ofthe plasmids contained in the transformants
showed them to be generally reduced in size, having lost the
smaller EcoRI fragment (Fig. 1A). The resulting miniplasmid,
pLS1, became the vector for recombinants found among the Tcr
transformants: 5 among 15 Tcr examined with strain 193 as re-

cipient, and 10 among 50 with strain 217. With unfractionated
DNA, inserts of various sizes were found (Fig. 1B). A different
experiment using the sul-containing fraction ofEcoRI fragments
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FIG. 1. Chromosomal EcoRI-fiagment inserts in the pLS1 mini-
plasmid. (A) Vector plasmids: pMV158 (CsCl/ethidium bromide pu-

rified), lane 3, uncut, and lane 4, cut withEcoRl; pLS1 (cleared lysate),
lane 2, uncut, and lane 5, cut. (B) Lanes 7-10, recombinant plasmids
(alkaline lysates) from ligation of unfractionated cut chromosomal
DNA and pMV158; lane 11, pLS1. (C) Lanes 13-15, recombinants from
ligation of 10- to 12-kb fraction with linear pLS1 fragment. Lanes 1,
6, and 12, Dpn 1-cut T7 DNA reference fragments. In lanes 2, 3, 7-11,
and 13-15 lower bands correspond to covalently closed circular forms,
upper bands (predominant in cleared lysates) to open circular forms
of plasmid; smudge below wells, to chromosomal DNA. In lanes 13 and
14 linearized plasmids are also visible.

gave more uniform inserts ofthe expected 10- to 12-kb size (Fig.
1C).
From Table 1 it is evident that Mal' transformants were ob-

tained with all of the ligated DNA mixtures. Their frequency
did not depend on the presence of an endogenous plasmid in
the recipient. No recombinant plasmids were observed among
96 Mal' clones tested, which represented all four recipients
transformed with either the EcoRI-cut or the enriched Pst I-mnl
donor. We believe that these Mal' transformants result from
mcl DNA ligated to other chromosomal fragments and inserted
into the chromosome at sites homologous to those fragments,
a process we propose to call ectopic insertion.
The frequency of ectopic insertions prevented the use of

transformation to Mal+ to directly select mal plasmid recom-

Table 1. Transformation by ligated chromosomal and plasmid DNA
Transformed cells per 0.5 ml with donor DNAt

Purified
Recipient Chromo- EcoRI-cut Pst I-cut Pst I-mal
strain somal, ligated to ligated to ligated to

(genotype, Transformed uncut, or fully cut fully cut partly cut
plasmid) phenotype* (pMV158) pMV158 pMV158 pMV158

217 Tcr (6,500) 1100 0 2000
(Amal591) Mal+ 290 11 100 13

Tcr Mal+ - 0 0 0
Strr 190,000 - - -

(Amal591, Mal+ 100 0 16 35
pMV158) Strr 31,000 - - -

193 Tcr (1,700) 150 0 200
(Amal581) Mal+ 160 0 5 5

Tcr Mal+ - 0 0 2
Strr 4,200 - - -

(Amat581, Mal+ 6,500 19 35 18
pMV158) Strr 150,000 - - -

* Tcr, tetracycline-resistant; Mal+, maltose-utilizing; Strr, streptomycin-resistant.
t Plasmid DNA at 0.1 yg/ml, chromosomal DNA at 1.0 jig/ml.
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FIG. 2. (A) Size and composition of mal recombinant plasmids in
cleared lysates. Lanes 1 and 2, original clone 69; lanes 3 and 4, purified
pLS69; lanes 5 and 6, pLS70, lanes 7 and 8, pMV158. Lanes 1,3,5, and
7, uncut; lanes 2,4,6, and 8, cut withPst I. Lane 9, Dpn II-cut T7 DNA.
Multiple light bands in lanes 2 (except at 3.3 kb) and 6 are chromo-
somal DNA restriction fragments. (B) Minority recombinant plasmid
in transformation of a recipient that contains pMV158. Lane 10, as
lane 9; lane 11, alkaline lysate of strain 803 (Amal581/pMV158) trans-
formed to Mal' with EcoRP/Bgl I-cut pLS70; lane 12, pLS70.

binants. However, selection of Tcr Mal' transformants proved
suitable. Although unfractionated EcoRI-cut DNA gave no Tcr
Mal+ transformants, use of the purified Pst I-mal fragment in
the ligation mixture gave two such transformants, clones 69 and
70, which contained plasmids with chromosomal mal DNA
inserts.

Composition of mal Recombinant Plasmids. Cleared lysates
of clones 69 and 70 were analyzed by gel electrophoresis with
and without cutting by Pst I (Fig. 2A). Both contained plasmids,
the covalently closed circular forms of which (lowest bands in
lanes 1 and 5) migrated more slowly than pMV158 (lane 7).
Clone 70 contained a single plasmid, pLS70, which on cutting
with Pst I gave in addition to the two vector fragments of 4.5
and 0.9 kb (lane 8) an insert of 3.3 kb that corresponded to the
chromosomal Pst I-mal fragment (lane 6). Clone 69 contained
a mixed plasmid population: a minor component identical to
pLS70 and a major component (=90%) with a 2.9-kb insert (lane
2). The latter plasmid was purified by transfer to the mal591
strain (lanes 3 and 4) and called pLS69.
The vector and mal recombinant plasmids were analyzed by

restriction cutting with Pst I, EcoRI, Bgl I and HindIl (data not
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FIG. 3. Maps. (A) Vector plasmids. (B) mal recombinant plasmids.
(C) Chromosomal mal region (letters refer to gene segments on chro-
mosome, numbers refer to mutations); location of Pst I sites is
approximate.

Table 2. Transforming activity of recombinant plasmid pLS70

Transformants per ml
with recipient strain*

803
193 (pMV158, 708

Donor DNA Marker (Amal581) Amal581) (maiM594)
Crude lysate Tcr 4,100 - 24,000

(strain 810) Mal+ 1,900 5,500 1,100,000

Cleared lysate Tcr 41,000 170,000
(strain 808) Ma+ 13,000 50,000 12,000,000
Pst I-cut Mal+ <10 <10 610,000
EcoRI-cut Mal+ <10 640 2,500,000
EcoRP/Bgl I-cut Mal+ <10 95 4,600,000

Chromosomal Mal+ 6,200 26,000 270,000
(strain 533) Strr 37,000 320,000 210,000

* DonorDNA at 1.0 pZg/ml. Actual values for Strr; values for Mal+ and
Tcr adjusted to level of competence of strain 708 on the basis of Strr
yields.

shown). This analysis showed that pLS69 differs from pLS70 by
a 0.4-kb deletion in the interior of the chromosomal insert.
Maps of the vector plasmids pMV158 and pLS1 are shown in
Fig. 3A. Preliminary maps of pLS69 and pLS70 are presented
in Fig. 3B. Seven HindIII sites in the chromosomal fragment
are arbitrarily drawn. A genetic map of the chromosomal mal
region (10, 19) is shown in Fig. 3C.

Transformation by the mal Plasmids. The transforming ac-
tivities ofplasmid pLS70 with three kinds ofrecipient strains-a
mal deletion mutant without a plasmid, the deletion mutant
containing a partly homologous plasmid, and a single-site mal
mutant-are summarized in Table 2. Essentially similar results
were obtained with mal591 strains as recipients and with pLS69
as donor (data not shown). With the deletion mutants, Mal+ and
Tcr transforming activities were generally equal and similar to
Tcr transformation by pMV158. These transformants result from
plasmid transfer. They contained plasmids identical in size to
the donor.

Specific transforming activities in all cases increased with
purification of the plasmid, reaching a maximum of 3.3 x 107
per Ag (30 times the crude lysate) for mal594 transformation
with the pure covalently closed circular plasmid. Both this ob-
servation and the equivalence of Mal+ and Tcr transfer noted
above attest to the plasmid localization ofthe mal gene. Because
the mal plasmid DNA is homogenous, very high levels of trans-
formation of a chromosomal single-site mutation, such as
nwIM594, can be achieved. The maximum observed frequency,
with covalently closed circular pLS70 at 1.4 ,ug/ml, was 49.7%
of the recipient genomes. This was based on the proportion of
transformants in the population after growth for 2 hr, which
allowed segregation of transformed strands and cells in the 4-
cell pneumococcal chains (20).

Plasmids cut with restriction enzymes cannot effect plasmid
transfer in Gram-positive bacteria (4, 21, 22), as demonstrated
with strain 193 in Table 2. The linear fragments can all transform
the chromosomal malM594 mutant. The Pst I-mal fragment,
unlike the others, retains no part ofpMV158 and for this reason
cannot transform the mal581 strain that carries the plasmid. The
EcoRI-mal-containing fragment of pLS70 can transform this
strain to Mal', presumably by transforming the endogenous
plasmid, to which it is homologous at both ends, by a mechanism
akin to chromosomal transformation, as proposed for B. subtilis
(21). The lower activity obtained with the EcoRI/Bgl I-cut frag-
ment indicates that the frequency ofintegration depends on the

7030 Genetics: Stassi et al.
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Table 3. Amylomaltase in strains with recombinant plasmids
Amylomaltase,
units/mg protein

Strain Sucrose- Maltose-
Number Genotype Plasmid grown grown
R6 Wild type None 44 1020
807 AmaIDMP581 pLS69 112 1400
808 AmaIDMP581 pLS70 965 9790
809 AmaIRDMP591 pLS69 509 1210
810 AmaIRDMP591 pLS70 5230 9820

length of homologous region adjacent to the insert. The low
content ofrecombinant plasmids in the transformants (Fig. 2B)
indicated either that few resident plasmids were transformed
per cell or that the recombinant was incompatible with the res-

ident plasmid.
Transformation ofpMV158-containing mal deletion mutants

with intact pLS69 and pLS70 also gave a small proportion of
recombinant transformants. Here, the mechanism can be either
plasmid transfer or plasmid transformation. The frequency was
considerably higher than was obtained with the EcoRI fragment
but not much greater than was obtained by plasmid transfer into
a plasmid-free strain.
Enzyme Synthesis in Strains with mal Plasmids. The mal

region (Fig. 3C) contains five genes involved with maltosac-
charide utilization (10). Genes maiM and malP code for amy-
lomaltase and phosphorylase, maiX for a membrane protein
(19), and malD for maltotetraose permease. Growth in maltose
induces all of these functions; mutations in the repressor gene
maiR render them constitutive. The Pst I-mal fragment was
presumed to contain nmiM, the only gene in the cluster known
to be absolutely essential for maltose utilization, and an adjacent
promoter/operator region susceptible to repression.

Amylomaltase measurements of various strains grown with
and without maltose are listed in Table 3. The wild type showed
a 20-fold induction by maltose. Maltose-grown strains contain-
ing pLS70 showed 10 times this amount of amylomaltase,
which, on the basis of the specific activity of the purified en-

zyme, corresponds to 10% ofthe total cellular protein. Without
maltose, in the constitutive ma1591 background, pLS70 pro-
duced over half this level. In the repressor-containing mal581
strain without maltose present, pLS70 still gave a level ofamy-
lomaltase 20-fold higher than the repressed wild-type level.
Although pLS69 appeared to be present in as many copies per
cell as pLS70, the level ofnamylomaltase it gave with and without
induction was similar to the wild type. In the constitutive back-
ground it gave only 1/10th the amylomaltase activity ofpLS70.
The deletion in pLS69 thus behaved as a down promoter mu-

tation that reduced transcription to 1/10th of its normal rate.
Phosphorylase was absent from the plasmid-containing

strains. The Pst I-mal segment must not contain the entire maiP
gene. Analysis of cell extracts by polyacrylamide gel electro-
phoresis (not shown) confirmed that large amounts of the amy-
lomaltase protein were produced in induced cells containing
pLS70. Another polypeptide, possibly a fragment of the maIX
or the maiP protein, was produced to a similar extent.

Cloning of the Sulfonamide-Resistance Gene. With the re-
combinant mal plasmids it was possible to investigate proce-
dures for cloning genes in the presence of homologous chro-
mosomal genes. When pLS70 transformed the malM594 strain,
all Tcr Mal' transformants contained a plasmid the size of
pLS70. Therefore, an attempt was made to clone the sul-d gene
(23) by ligating the partially purified EcoRI sul fragment with
EcoRI-cut pLSl, transforming the sulfonamide-sensitive strain
708, and selecting for Tcr sulfonamide-resistant transformants.

Proc. Natd Acad. Sci. USA 78 (1981) 7031

This approach was successful-a recombinant plasmid, pLS80,
containing a 10-kb chromosomal insert with the sul-d gene was
obtained. Thus, it should be possible to clone any pneumococcal
gene for which selective pressure can be applied.

DISCUSSION

The properties of the recombinant plasmids examined indicate
that they can serve as a good source of homogenous chromo-
somal DNA. Their multicopy nature was attested by plasmid
DNA content (estimated on gels), transforming activity, and
level ofphenotypic expression; 10-30 copies appear to be pres-
ent. The recombinants can be propagated equally well in strains
with or without homology to the chromosomal segment. The
cloned mal DNA, being homogenous, can transform as much
as 50% of a recipient population. Such high levels of transfor-
mation have only been observed in S. pneumoniae-for the
amiA gene cloned in E. coli by Claverys et al. (24) and for plas-
mid transformation by another plasmid marker (4).
The pLS69 plasmid appears to have been derived from a

plasmid equivalent to pLS70, inasmuch as the originally trans-
formed clone carried both plasmids. Presumably, a spontaneous
deletion in the wild-type mal segment of the original recom-
binant occurred during its propagation. A selective advantage
of the mutant, pLS69, could have caused it to become the pre-
dominant plasmid. The amylomaltase content of strains con-
taining pLS69 and pLS70 suggests that the deletion acts as a
down promoter mutation, which causes a reduction to 1/10th
of the induced level of enzyme. The deletion in pLS69 thus
behaves similarly to the previously reported VII mutation (10).
With pLS70, amylomaltase accounts for 10% ofthe total cellular
protein. It is possible that the requisite high levels of transcrip-
tion interfere with plasmid replication. Such interference has
been suggested in another host-vector system (25).
From the cloning experiences with S. pneumoniae and B.

subtilis certain differences emerge with respect to their re-
spective interaction with recombinant DNA. In S. pneumoniae
recombinant plasmids were established de novo more readily
than by plasmid transformation. The similarity of the uptake
process-in both species DNA is cut on binding and converted
to single strands on entry (1)-suggests that the difference in
cloning behavior results from differences between the species
in the subsequent reconstruction of plasmid DNA. A striking
difference in the abilities of the two species to effect plasmid
transfer is the activity of monomers in S. pneumoniae (3, 4),
compared to the requirement in B. subtilis for multimers (2) or,
at least, repeated sequences (26). Also, mixtures oflinear mono-
mers, cleaved by different restriction endonucleases, can give
rise to plasmid transfer in S. pneumoniae (4), but not in B. sub-
tilis (22). The model shown in Fig. 4 suggests how S. pneu-
moniae is able to reconstruct an intact plasmid from single-
stranded fragments of two different donor molecules, whereas
B. subtilis can reconstruct a plasmid only from a single molecule
containing a redundant sequence.

Plasmid transfer in S. pneumoniae could result from inter-
action of fragments of two monomers (Fig. 4A) or of a single
dimer (Fig. 4D), as proposed by Saunders and Guild (3). The
reconstruction from a dimer is similar to that proposed by Dub-
nau et al. (27) for a trimer, except that some DNA replication
is needed. In B. subtilis only route D appears to be available.
Recombinants could be obtained by plasmid transformation
(Fig. 4C) in either species. Here the donor strand recombines
with the endogenous plasmid in the same manner that chro-
mosomal transformation is effected. Successful introduction of
a monomer recombinant plasmid (Fig. 4B) could occur only in
S. pneumoniae; interaction with a fragment from an ordinary
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FIG. 4. Pathways of plasmid reconstruction. Modes A-D apply to
S. pneumoniae and C-F, to B. subtilis. (A) Plasmid transfer by frag-
ments of two monomers. (B) Recombinant plasmid transfer by mono-
mers. (C) Plasmid transformation by recombinant. (D) Plasmid trans-
ferbyfragments of dimer. (E) Recombinant transfer with insert ligated
to plasmid dimer. (F) Plasmid transfer with partial sequence repeats.
Symbols: heavy line, donor strand segments introduced into cell, with
half arrowheads showing initial entry; beaded line, recombinant insert
in B, C, E, and nonrepeated plasmid in F; light line, donor segments
not introduced into cell, also, in C, endogenous plasmid; dotted line,
complementary strands degraded on DNA entry; broken line, new
DNA synthesis; hatching, hydrogen bonding between complementary
segments; a-d, a'-d', plasmid markers and their complements; x and
y, insert markers; Km, Cm, nonrepeated plasmid markers in F.

plasmid would be sufficient. Because ligation with a single plas-
mid molecule is adequate to obtain recombinants by routes B
and C, ligation mixtures containing high ratios ofchromosomal
to plasmid DNA (10:1) are effective. Transfer of an in vitro re-

combinant plasmid into B. subtilis (Fig. 4E) requires either in-
sertion into a dimer or, more generally, as proposed by Michel
et al. (6), ligation ofan insert with two plasmid monomers. Thus,
low ratios ofchromosomal to plasmid DNA (1:1) in the ligation
mixtures are most effective (6). In such transfer, as in ordinary
plasmid transfer from a dimer (Fig. 4D), a single-stranded frag-
ment containing more than a full plasmid genome interacts with
a complementary strand fragment from elsewhere in the same

molecule. After partial replication, strand transfer gives a cir-
cular structure, which is completed by further replication and
removal of the residual tail. Ehrlich and coworkers have shown
that the presence of repeated DNA segments in a plasmid will
allow its monomeric form to transform B. subtilis (26). The ef-
ficiency of the transfer was proportional to the second power
of the repeated length. Although in many cases only one of the
nonrepeated segments was retained (this could occur by route
E), in some cases the entire plasmid was recovered. A plausible

mechanism for the latter is shown in Fig. 4F. Two breakage/
entry events must occur within the repeated sequence, hence
the second-power dependence on its length. Complementary
strands enter in opposite direction and overlap slightly at their
ends due to their thermal separation prior to complete degra-
dation. Annealing of complementary regions and replicative
synthesis restores the double-strand configuration, which then
circularizes by dint of the short repeated sequence at its ends.
Modes E and F explain the findings of Ehrlich and coworkers
(6, 26) as a consequence of the DNA uptake mechanism.
The foregoing considerations apply to plasmid transfer and

transformation in the absence ofhomology between plasmid and
chromosome. Findings in S. pneumoniae (unpublished) and
in B. subtilis (28) indicate that when the plasmid is partially
homologous with chromosomal DNA other mechanisms can
intervene.
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