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pE194, a 3.5-kilobase multicopy plasmid, confers resistance to the macrolide-
lincosamide-streptogramin B antibiotics in Bacillus subtilis. By molecular cloning
and deletion analysis we have identified a replication segment on the physical map
of this plasmid, which consists of about 900 to 1,000 base pairs. This segment
contains the replication origin. It also specifies a trans-acting function (rep)
required for the stable replication of pE194 and a negatively acting copy control
function which is the product of the cop gene. The target sites for the rep and cop
gene products are also within this region. Two incompatibility determinants have
been mapped on the pE194 genome and their properties are described. One (incA)
resides within the replication region and may be identical to cop. incB, not located
in the replication region, expresses incompatibility toward a copy control mutant
(cop-6) but not toward the wild-type replicon.

The replication properties of plasmids, often
regarded as models for the analysis of larger,
presumably more complex replicons, have re-
ceived much attention. Although differences in
complexity and in the detailed architecture of
replication control circuits are apparent, cer-
tain features common to most plasmid systems
seem to be emerging. Plasmids replicate uni- or
bidirectionally from a fixed origin (22, 23). In
many systems negatively acting control ele-
ments have been identified, which are also re-
sponsible for at least one manifestation of in-
compatibility (30, 32, 36). An RNA replication
primer has been implicated, notably in the case
of ColEl and the closely related CloDF13 plas-
mids, and a second, overlapping transcript has
been identified which appears to be a negative
control element in these systems (19, 26, 38).
Although in several cases plasmid-determined
proteins have been implicated in replication or
its control or both (16, 20, 24a), in other systems
no evidence for such protein components has
been presented. In fact, support has been ad-
duced for the notion that no plasmid protein is
necessary for ColEl replication (6).
pE194 is a small, multicopy plasmid which

confers resistance to the macrolide-lincosamide-
streptogramin B group of antibiotics. Isolated
from Staphylococcus aureus (17), pE194 was
transferred in our laboratory to Bacillus subtilis.
In the latter organism, pE194 has been used for
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the study of macrolide-lincosamide-streptogra-
min B resistance and its expression (8, 11, 13,
14, 33-35) and replication (31, 39) and for the
construction of molecular cloning vectors (12).
In view of the considerable knowledge accumu-
lated concerning pE194 (including DNA se-
quence data), the ease of isolation of cop mu-
tants, and the relative paucity of information
concerning the replication of plasmids indige-
nous to gram-positive bacteria, we have ana-
lyzed its replication and incompatibility proper-
ties.

MATERIALS AND METHODS
Strains and plasmids. All bacterial strains used were

derivatives of B. subtilis 168. The strains are listed in
Table 1 and the plasmids used are given in Table 2.

Media, transformation, and transduction. The liquid
medium used in all experiments (unless otherwise
indicated) was VY (24). Solid medium was tryptose
blood agar base (Difco Laboratories). Competent cells
were prepared, stored at -70°C, and transformed as
described previously (7). Transduction was carried out
with phage AR9 (1). In all cases selection for antibiotic
resistance was by overlay after a 90-min delay for
expression. Antibiotic concentrations used for eryth-
romycin (Em), chloramphenicol (Cm), and kanamycin
(Km) were 5 ,ug/ml. Tetracycline (Tc) resistance was
selected at 15 ,ug/ml.

Isolaffon and in vitro manipulation of plasmid DNA.
Plasmid DNA was isolated by the CsCl-ethidium bro-
mide centrifugation method (29), as described before
(9). Restriction enzymes, DNA polymerase, T4 DNA
ligase, and Bal31 exonuclease were obtained from
Bethesda Research Laboratories or New England Bio-
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TABLE 1. Bacterial strains

Strains Genotype

BD170 trpC2 thr-5
BD224 trpC2 thr-5 recE4
BD630 his leu met
BD842a his leu met [pE1941b

a Source, E. Dubnau.
b [pE194] indicates that pE194 has been integrated

into the chromosome. A pE194 derivative carrying a
fragment of B. subtilis chromosomal DNA was isolat-
ed. A strain carrying this plasmid was grown at high
temperature (51°C) and plated with selection for Emr.
The resulting strain carried pE194 in integrated form.
The site of integration was mapped between lys and
aroD (E. Dubnau et al., personal communication).

labs and were used according to the producers' recom-
mendations. Bal31 incubations were varied as to time
and temperature to achieve the desired extents of
digestion (see text).
Copy number determinations. Copy numbers were

determined as described previously (39). Small (1.5
ml) cultures were grown from densities of about 105 to
about 2 x 108/ml in the presence of 25 ,uCi of [3H]thy-
midine and 250 Fg of deoxyadenosine per ml. The
cultures were then harvested and lysed, and total
DNA was extracted and resolved on vertical 0.8%
agarose (Seakem, type LE) slab gels. The gels were
stained with ethidium bromide, and the chromosomal
and plasmid bands, visualized with UV light, were
excised separately. These samples were covered with
2 ml of water in scintillation vials and placed in a
boiling water bath until the agarose had melted. Each
sample received 15 ml of Liquiscint (National Diag-
nostics). Radioactivity was determined and copy num-
bers were calculated by using known values for plas-
mid molecular weights and for that of the chromosome
(2.5 x 109). Alternatively, samples were prepared as
above but without the addition of [3H]thymidine and
deoxyadenosine, the gels were directly traced, and
peaks were integrated by using a Shimadzu fluores-
cence scanner. In the latter case, a correction factor of
1.36 was used for the differential fluorescence of

TABLE 2. Plasmids

Plasmid (x106) Relevant Source

pE194 2.4 Emr 17
pBD15 2.4 Emr cop-6 39
pBD12 4.4 Km' Cm' 10
pBD64 3.1 Kmr Cmr 12
pBD9 5.4 Km' Em' 10
pBD35 5.4 Kmr Emr cop-6 31
pBD9A1 3.1 Kmr Eml 34
pBD9A2 5.4 Kmr Em8 34
pBD9A3 4.3 Kmr Em5 34
pBD9A7 4.0 KMr Em' 34
pBD9A8 3.8 KMr Em5 34
pBD9A9 4.5 KMr Em5 34
pE194(Ts) 2.4 Emr S. Gruss

covalently closed circular and non-covalently closed
circular DNA (S. Projan, personal communication),
since covalently closed circular DNA binds less ethid-
ium bromide than does relaxed DNA. In general, copy
numbers obtained with the scanner were not distin-
guishable from those obtained from radioactive count-
ing.

RESULTS

A trans-acting replication product is produced
by pE194. The replication origin (ori) of pE194
has been mapped by electron microscopy, and
replication has been shown to proceed unidirec-
tionally by a 0 mechanism (31). The location of
ori and the direction of replication are indicated
on the maps shown in Fig. 1, 2, 3, and 4. MboI
generates five fragments from pE194 DNA. To
determine which of these fragments is required
for autonomous replication of pE194, we used a
nonreplicating Cm resistance fragment derived
by cutting pBD64 DNA with BamHI and BglII
(Fig. 1). pBD64 had been constructed by insert-
ing a portion of the Kmr plasmid pUB110,
carrying the pUB110 ori, into the single HpaII
site of pC194 (10, 12). Insertion into this HpaII
site has been shown to inactivate pC194-specific
replication (3). Since the Cmr BglII-BamHI frag-
ment ofpBD64 does not contain the pUB110 ori,
we were confident that this fragment, which
confers Cm resistance, lacks the information
required for autonomous replication. In fact,
transformation with self-ligated pBD64 DNA,
cut with BglII and BamHI, repeatedly failed to
yield CmT plasmids consisting only of the BglII-
BamHI fgment (not shown).
pBD64 DNA, cut with BglII and BamHI, was

ligated to a partial digest of pBD15, a cop-6
mutant of pE194, cut partially with MboI. The
ligated DNA was used to transform BD630 with
selection for Cmr. Before transformation, the
ligated DNA was cleaved with EcoRI to mini-
mize inclusion of the pBD64 replication frag-
ment (Fig. 1). (Restriction enzyme-cleaved plas-
mid DNA will not transform B. subtilis [5].) A
total of 197 Cmr transformants were analyzed by
digestion with MboI, and all were found to carry
the MboI-A and -B fragments occurring in the
same relative juxtaposition as in pE194. The A
+ B segment was found in both orientations with
respect to the Cmr fragment (Fig. 1). This seg-
ment corresponds to the minor arc between
coordinates 7 and 74 on the restriction maps of
pE194 (Fig. 1 and 3). We conclude from the
structure of the 2.8-megadalton plasmids carry-
ing the MboI-A and -B fragments ofpBD15 (cop-
6) (designated pBD89 and -94, corresponding to
orientations 1 and 2, respectively) that these
fragments are necessary and sufficient for stable
autonomous replication and inheritance.
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FIG. 1. Identification of pE194 MboI fragments required for replication. pE194 was cut with MboI to
generate five fragments. pBD64 was cut with BamHI, BglIl, and EcoRI, producing three fragments, one ofwhich
is a nonreplicating Cm resistance fragment. The cleaved samples were mixed, ligated, and used to transform a
competent recipient for Cmr. The transformants contained a new plasmid consisting of the Cmr fragment from
pBD64, plus the MboI-A and -B fragments of pE194. The latter were always connected in their native
configuration. The derivative shown (pBD94) carries orientation 2. The related plasmid with the reverse
orientation of MboI-A and -B with respect to the Cmr fragment (orientation 1) is called pBD89. The locations of
ermC, Kmr and CMr determinants, and OriEI94 OriUB11O (on pBD64) are shown. The open triangles indicate the
MboI sites on p9194 which delimit the A and B fragments and the BamHI and BglIl sites on pBD64. pE194 and
pBD64 segments are shown by solid and dashed lines, respectively. The MboI sites on pBD94 which consist of
half-BamHI and half-BglII recognition sequences are denoted MboI (BamHI) and MboI (BglIl). The coordinates
in all cases are those of the pE194 physical map, as defined in Fig. 3.

The dependence, of replication on the MboI-A
and -B fragments was verified by an additional
experiment which also suggested the existence
of a trans-acting replication product. pBD89 was
cut with MboI (yielding three fragments, MboI-A
and -B from pE194 and the nonreplicating Cmr
fragment from pBD64). The digest was self-
ligated and used to transform BD170 as well as
BD433. The latter is a recE4 strain isogenic with
BD170 and also carrying pBD15, the cop-6 mu-
tant derivative of pE194. Selection was for Cmr.
Eleven colonies resulting from transformation of

BD170 were analyzed for plasmid content and
by restriction site mapping of their plasmids.
Nine carried plasmids identical to pBD89, and
two were identical to pBD94 (orientations 1 and
2). Eleven transformant derivatives of BD433
were likewise analyzed. Al carried pBD15 in
addition to a new plasmid, and all were found to
be resistant to both Cm and Em. Restriction
endonuclease cleavage demonstrated that the
new plasmid contained only two MboI frag-
ments, the Cm' fragment and MboI-A. These
fragments were present in the same relative
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FIG. 2. Deletion map of the pE194 replication region. pBD89 (A) and its orientation 2 equivalent pBD94 (B)
were cut at their single PvuII sites and treated with BaBl1 as described in the text. The PvuII sites are indicated
by the heavy arrows. Deletion derivatives were obtained and their restriction site contents were determined. The
coordinate numbers refer to the map of pE194 (Fig. 3). pE194 and pBD64 sequences are shown by solid and
dashed lines, respectively. Half-BamHI and half-BglII sites are denoted by MboI (BamHI) and MboI (BglII). The
locations of OriEl94 and of the Cmr determinant are shown. Since the extents of the deletions were determined by
the presence or absence of restriction sites, their termini can only be specified as occurring within the
corresponding intervals.

orientation as in pBD89 in nine cases (orienta-
tion 1) and in the reverse orientation in two of
the clones (orientation 2). The new plasmids
were designated pBD93 and -96, respectively. It
appears that, in the absence of MboI-B, stable
replication requires the presence, in trans, of a
pE194 replicon. The MboI-A fragment, which
alone can support such "dependent" replica-
tion, is defined by coordinates 7 and 48 on the
pE194 map (Fig. 1 and 3). This fragment carries
the pE194 replication origin (31).
To confirm this conclusion, pBD93 and

pBD89 were used to transform BD224 and
BD432 with selection for Cmr (Table 3). The
latter is a recE4 strain isogenic with BD170 and
carrying pE194. BD224 is a recE4 plasmid-free
strain. pBD89 DNA, which contains the MboI-A
and -B fragments, was capable of transforming
the recE4 plasmid-free recipient to Cmr. The
DNA from pBD93, which carries MboI-A but
lacks MboI-B, yielded Cmr transformants only if
the recipient strains carried either pE194 (Table
3) or pBD15 (not shown). Similar results were
observed with pBD94 and pBD96 (orientation
2). We ascribe the low yield of Cmr transform-
ants (using pBD93 and pBD96) to an incompati-
bility effect (see below). This incompatibility is
not observed with pBD89 as a donor, since
selection for Cmr causes the resident plasmid to

be lost (not shown). This cannot happen with
pBD93, since its replication is dependent on the
presence of the resident plasmid.
We conclude from this series of experiments

that a trans-acting replication substance is re-
quired for the stable replication or inheritance or
both of pE194. This substance appears to be
encoded by a gene that spans the MboI site
joining the MboI-A and -B fragments (coordi-
nate 48, Fig. 1 and 3), since all of the self-
replicating MboI-A- and -B-containing plasmids
analyzed carry these fragments in their "native"
configuration.
pE194 specifies a positive-acting replication ef-

fector. We have shown above that a trans-acting
substance is specified by pE194 and pBD15 and

TABLE 3. Transformation by pBD89 and pBD93
DNA

Cmr transformants per mla
Donor DNA

BD224 BD432

pBD89 3.2 x 104 8.5 x 104
pBD93b 0 3.5 x 102
a BD224 and BD432 (recipients) are isogenic recE4

strains. The latter carries pE194.
b This donor plasmid DNA was actually a mixture of

pBD93 and pE194 "helper" DNA.
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FIG. 3. Replication determinants and the physical map of pE194. The restriction map of pE194 (3.5 kilobases)
is shown, with the unique XbaI site assigned to coordinate 100/0. The location of ori and the direction of
replication and that of the ermC gene and its direction of transcription are shown. The heavy portion of the circle
shows the limits of the required replication region, defined by deletion mapping. The rep determinant is within
this segment and extends to the terminus of the replication region near coordinate 50. The cop(incA)
determinant(s) is also within this region, but its position(s) within it have not been determined. incB is within the
MboI-C fragment. The heavy dots indicate restriction sites within the replication region which are protected by
RNA polymerase binding (34). The target sites for the cop and rep gene products are located within the MboI-A
fragment.

is required to drive stable replication of deriva-
tives carrying only MboI-A. It is not apparent
from the experiments just described whether the
trans-acting material is a positive-acting effector
for replication or acts as a repressor, preventing
runaway replication which may prove lethal to
the cell.
To test the idea that the replication substance

functions as a repressor, we have constructed a
recE4 strain carrying both pBD93 and
pE194(Ts). The latter is a mutant of pE194
(isolated by S. Gruss) which cannot replicate
above 37°C. pBD93 carries the MboI-A fragment
of pE194 in orientation 1 and cannot replicate
unless a helper pE194 replicon is present. As the
growth temperature is increased, the replication
rate of the pE194(Ts) helper will decrease. If the
helper provides a replication effector, the repli-
cation rate of pBD93 will also decrease. If the

helper provides a negatively acting control ele-
ment, the pBD93 replication rate will increase.
These changes in replication will be reflected by
shifts in copy numbers. Figure 5 shows results of
a typical experiment in which four recE4 strains
carrying pE194, pE194(Ts), pE194 + pBD93,
and pE194(Ts) + pBD93 were grown for two
doublings at 30, 34, 35, and 36°C after previous
growth to the same cell density (-5 x 107
colony-forming units/ml) at 30°C. Equal portions
were harvested and lysed, and equal volumes
were analyzed by agarose gel electrophoresis.
Fluorimetric scanning of the gels shown in Fig. 5
confirmed that equivalent amounts of chromo-
somal DNA were loaded in each well (within
10%o). As the growth temperature was increased,
the intensity of the pE194(Ts) band decreased,
whereas that of the pE194 band was essentially
invariant over the temperature range used. In

J. BACTERIOL.
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the pE194(Ts) + pBD93 strain, both plasmid
bands decreased in intensity as a function of
increasing temperature, whereas in the pE194 +
pBD93 control, the intensities of both plasmids
remained essentially constant. These results
suggest that the helper plasmid drives pBD93 by
providing a trans-acting replication effector,
rather than by providing a repressor of runaway
replication. The mutational lesion in pE194(Ts)
may, in fact, affect this effector. We denote the
gene encoding the replication effector as rep.
Mapping of the pE194 replication region. To

further define the region required for pE194-
specific replication, a series of experiments was
performed with the exonuclease Bal31. These
experiments utilized pBD89 (cop-6) and pBD94
(cop-6) DNA, which contain the replication re-
gion (within coordinates 7 and 74; Fig. 1 and 3)
in orientations 1 and 2. The DNA samples were
cleaved with PvuII, which cuts asymmetrically
within the Cmr fragment (Fig. 2). The resulting
linear DNA samples were incubated with Bal31
for various times. The trimmed DNA was self-
ligated, recut with PvuII, and used to transform
BD170 with selection for Cmr. Since plasmid-
free B. subtilis competent cells cannot be trans-
formed with cleaved plasmid DNA, we expected
(and observed) that all of the Cmr transformants
obtained in this experiment would be deletants,
lacking the PvuII site. Since plasmid DNA
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with both fragment orientations was used, the
deletions extended into the replication region
(MboI-A and -B) from both ends.
When orientation 1 (pBD89) was used, 3.5 x

105 transformants per ml were obtained without
Bal31 digestion. After Bal31 digestion for 10 min
at 37°C, religation, and secondary cutting with
PvuII, 2.7 x 102 transformants per ml were
observed. The low survival (-0.1%) suggested
that any deletions obtained would define a
boundary of the essential replication region.
Sixteen of these transformants were analyzed by
restriction mapping (Fig. 2A). Of these, eight
carried deletions ending between the DdeI and
TaqI sites within MboI-A. Two additional dele-
tions ended within the adjacent TaqI-Hinfl seg-
ment, and five were shorter deletions ending
within the MboI-PstI segment. One additional
deletion was found to extend beyond the AluI
site into the nearby AluI-CfoI segment. These
data suggest strongly that one end of the replica-
tion region is located near the segment defined
by the DdeI and CfoI sites.

Similar experiments were conducted with
pBD94 (orientation 2). In this case, transforma-
tion with DNA not digested with Bal31 yielded
2.1 x 105 Cmr transformants per ml. BaI31
treatment (10 min, 37°C) followed by ligation
and secondary PvuII cleavage gave four Cmr
transformants in 0.8 ml plated. These survivors
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FIG. 4. Deletion map of pBD9. pBD9 is a cointegrate of pE194 (solid arc) and pUBi10 (dashed arc) joined at
their unique XbaI sites. The locations and replication directions of ori (E194) and ori (UB110) are shown. Both
origins are active in this cointegrate (31). The positions of ermC and the pUB110 Kmr determinants are also
shown. The extents of the various deletions discussed in the text are shown on the physical map of pBD9. All of
the deletants but pBD9A2 necessarily replicate with ori (UB110). The isolation of these deletants was described
previously (34). The coordinates refer to the map of pE194 (Fig. 3).
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FIG. 5. Temperature effect on replication driven

by pE194 and pE194ts. recE4 strains carrying pE194
(1), pE194ts (2), pE194 + pBD96 (3), and pE194ts +
pBD96 (4) were grown at 30°C and then at 30, 34, 35,
and 36°C for two generations. DNA was isolated and
analyzed on 0.8% agarose slab gels. Equal amounts of
chromosomal DNA were loaded in each well. The
lower (faster migrating) fluorescent bands in lanes 3
and 4 represent the covalently closed circular (CCC)
monomer of pBD96. The top bands and the bands in
lanes 1 and 2 are the CCC monomer of pE194 or
pE194ts.

were analyzed for plasmid DNA content (Fig.
2B). Ar3 extended into the Hinfl-MboI interval
near the MboI-A and -B junction, but did not
cross this junction. The remaining three dele-
tions were shorter. Since the MboI-A fragment
alone is incapable of supporting stable autono-
mous replication in the absence of a second
pE194 replicon, we conclude from Ar3 that only
a small portion of the MboI-B fragment, adja-
cent to the junction with MboI-A, is required for
synthesis of the rep product. It is likely that
either the rep promoter or the rep terminator lies
within the 130-base pair Hinfl-MboI interval
thus defined.
The heavy line in Fig. 3 depicts our current

estimate of the extent of the pE194 genome
required for stable replication. This region in-
cludes about 900 base pairs.
Copy numbers of pE194 and its derivatives.

For comparison purposes, it was desirable to
construct a low-copy (wild-type) derivative of
pBD89 (cop-6). This derivative was obtained by
recombination. pBD89 DNA was linearized by
cleavage at its unique HpaI site and used to
transform a recipient culture carrying pE194.
Selection for Cmr yielded low-copy-number Ems
recombinants. The electrophoretic behavior and

restriction digests of plasmid DNA from these
recombinants were identical to those of pBD89.
We conclude that the linearized donor DNA was
repaired by recombination with the recipient and
thus became Cop' (4). This new plasmid was
named pBD95.
The copy numbers of pE194, pBD15 (the cop-

6 mutant of pE194), and several of the recombi-
nant plasmids and Bal31 deletants described
above are presented in Table 4. These data show
clearly that pBD89 (cop-6) is indistinguishable in
copy number from the pBD15 (cop-6) parent,
whereas the cop' derivative (pBD95) has a copy
number similar to that of pE194. pBD94 (cop-6),
the orientation 2 version of pBD89 (cop-6), also
has a copy number similar to that of pBD15 (not
shown). We conclude that the cop-6 mutation
(and hence the cop gene) is located within the
MboI-A or -B fragment and that these fragments
contain sufficient genetic information to specify
copy control. Also shown in Table 4 (experiment
2) are copy numbers of several deletion deriva-
tives of pBD89 (cop-6) (orientation 1) and
pBD94 (cop-6) (orientation 2). All are essentially
indistinguishable in copy number from the cop-6
parent, except for the plasmid carrying Ar3. This
derivative has a lower copy number, suggesting
that the deletion has impinged on the replication
region of pE194. Indeed, Ar3 does extend fur-
ther than the other deletions derived from
pBD94 and may have affected rep (Fig. 2B).
Dominance relationships in copy control. To

investigate dominance relationships between
cop-6 and cop' plasmid derivatives, we deter-
mined copy numbers by using a recE4 host
(BD224) which carried pE194 or pBD15 together
with one or another of the Cmr derivatives
(Table 4). The plasmid content was maintained
during growth by the presence of both Cm and
Em. In the absence of this selective pressure,
rapid segregation occurred in many cases, due to
incompatibility (see below). When pE194 and
pBD95 (both Cop' plasmids) were maintained in
the same cell, the copy numbers of both re-
mained low. The data are not sufficiently precise
to show whether the total number of copies is
equivalent to that of either parent when present
alone, although this seems likely. When pBD89
and pBD15 (both cop-6 plasmids) were together,
the total copy number did approximate that of
either alone. This suggests the operation of a
second (or residual) regulatory mechanism. The
total plasmid mass, as well as total copy num-
ber, appears to be held constant when the cop
gene is inactivated by mutation, and we cannot,
strictly speaking, determine which parameter is
determined by the regulatory system since the
two plasmids in each case have similar molecu-
lar weights. We will nevertheless continue to use
the term "copy control." The larger of the cop-6

-W-W
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TABLE 4. Copy numbers of pE194 derivatives and dominance relationships

Expt Pla~~~~~id~Mol wt % of totalExpt Plasmid Molwt) cop genotype DNA as Copy no.'
plasmid

1 pE194 2.3 cop + 0.79 8.6
pBD15 2.3 cop-6 8.13 88.4
pBD9S 2.8 cop+ 0.97 8.7
pBD89 2.8 cop-6 9.58 85.5
pBD9S + pE194 2.8, 2.3 cop + cop + 0.49 + 0.69 4.4 + 7.5
pBD89 + pBD15 2.8, 2.3 cop-6 cop-6 3.80 + 4.85 33.9 + 52.7
pBD95 + pBD15 2.8, 2.3 cop+ cop-6 0.74 + 2.07 6.5 + 22.0
pBD89 + pE194 2.8, 2.3 cop-6 cop+ 1.92 + 0.95 17.1 + 8.5
pBD96 + pBD15 2.2, 2.3 -, cop-6 2.65 + 0.69 30.1 + 7.5
pBD96 + pE194 2.2, 2.3 , cop+ 0.44 + 0.47 5.1 + 5.1

2 pBD89 2.8 6.59 58.9
pBD89A1 2.2 5.11 58.1
pBD89A23 2.1 4.84 57.6
pBD89Ar3 1.7 1.53 16.0

3 pBD89 2.3 cop-6 12.2 133
pBD9S 2.3 cop+ 1.00 11.9
[pE194]b(pBD89) 2.3 cop-6 1.15 12.5
[pE194]b(pBD9S) 2.3 cop+ 1.45 15.7

a The copy numbers were determined by radioactive counting as described in the text. The strains were grown
in the presence of antibiotic throughout (Cm or Cm + Em). We performed other experiments in the absence of
antibiotic and the relative values were almost identical. The absolute copy numbers in these experiments were
about 75% of those given above. We also calculated copy numbers by reading the gels on a direct tracing, and
integrating Shimadzu fluorimeter. Similar results were obtained.

b [pE194] indicates the presence of pE194, inserted into the chromosome of B. subtilis.

plasmids (pBD89) has a somewhat lower copy
number when present together with pBD15.
Perhaps this bias reflects the longer elongation
time for pBD89 replication. The reciprocal
cop lcop-6 situations were also analyzed. In
these cases the copy number of the cop' plas-
mid (pE194 or pBD95) is similar to the values
observed when these entities are alone, whereas
the copy numbers of the cop-6 plasmids (pBD15
or pBD89) are dramatically reduced. Both total
copy number and total plasmid mass are inter-
mediate between the usual cop' and cop-6 val-
ues. The bias noted for the cop-61cop-6 situation
is not observed in this case. The cop-6 partner,
not the smaller one, has a higher copy number.
The total copy number and plasmid DNA mass
values per bacterial genome in the reciprocal
cop+lcop-6 situations are very similar (26 to 29
and 2.8 to 2.9% of the genome, respectively).
The dominance of cop+ over cop-6 can be

demonstrated in a simpler system, using BD842.
In this strain pE194 has been integrated into the
chromosome, presumably as a single copy (E.
Dubnau, K. Cabane, and I. Smith, personal
communication). pBD89 (cop-6) and pBD95
(cop') were introduced and their copy numbers
were compared with those in isogenic strains
lacking integrated pE194 (Table 4, experiment
3). Clearly, the integrated copy of pE194 exerts
a trans-dominant effect on the cop-6 derivative

(pBD89). It was necessary to exclude the possi-
bility that recombination with the cop' chromo-
somal gene had converted the autonomous cop-6
plasmid (pBD89) to cop'. Plasmid DNA was
isolated from the strain carrying both the cop-6
plasmid and the chromosomally integrated
pE194 and used to transform a plasmid-free
recipient. Copy number determinations on sev-
eral of the resulting Cmr transformants clearly
revealed that the plasmid present was cop-6. We
interpret these experiments as indicating that
pE194 elaborates a trans-acting inhibitor which
regulates copy number. This inhibitor is altered
in the cop-6 mutant and therefore is most simply
interpreted as being the product of the cop gene.
We have also examined the copy numbers of

pBD96 and of pE194 or pBD15, when these are
present in the same strain (Table 4, experiment
1). pBD96 was derived from pBD15, carries only
the MboI-A fragment from the latter plasmid,
and is incapable of stable replication unless
driven by a pE194 replicon carrying a functional
rep gene. When pBD15 is present with pBD96,
the copy number ofpBD15 is markedly reduced.
In this case, the replication of total plasmid
DNA mass may be limited by the concentration
of available trans-acting rep product. Since
pBD96 cannot produce this substance, its repli-
cation must be driven by pBD15. When pBD%
is in the presence of pE194 (cop'), its copy
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number is reduced nearly sixfold, presumably an
effect of the cop inhibition product. Thus, recep-
tivity toward the cop gene product resides with-
in the MboI-A fragment (coordinates 7 and 48,
Fig. 1 and 3). Unlike pBD15, the copy number of
pE194 is not markedly lowered by the presence
of pBD96, probably because in this case the
concentration of replication substance is not
limiting.

Incompatibility. To examine the incompatibil-
ity behavior of pE194 and its relationship to
replication control, we have used a variety of
derivatives, all previously described. pBD9 is a
cointegrate ofpUB110 and pE194, joined at their
single XbaI sites (10). pBD9 can use either the
pE194- or the pUB110-specific replication ori-
gins (31). We have constructed a series of deriv-
atives of pBD9 in which various portions of the
pE194 moiety, including the ermC gene, are
deleted (34). The extents of these deletions are
shown in Fig. 4.
To test the incompatibility of the pBD9 (cop')

deletants, we performed reciprocal transduction
experiments in which the Ems derivatives were
crossed with pE194 (cop') and pBD15 (cop-6)
(Table 5). Bacteriophage AR9 was grown on
strains carrying the pE194 derivatives listed in

Table 5 and used to transduce strains carrying
other derivatives, with selection for either a
donor marker alone or donor and recipient
markers simultaneously. Similar experiments
were performed by transformation, with virtual-
ly identical results. pBD9A2, which carries a
small deletion (<10 base pairs) within ermC,
exhibits strong incompatibility with both pE194
(cop') and pBD15 (cop-6) when used as either a
donor or a recipient, although the manifestations
of incompatibility differ in the reciprocal cross-
es. When pBD9A2 is used as a donor, transduc-
tion for the donor marker alone (Kmr) is effi-
cient, presumably since this cointegrate plasmid
can utilize pUB110-specific replication. Coin-
heritance of pBD9A2 and pE194 (cop') or
pBD15 (cop-6), however, does not occur. In the
reciprocal situation (pBD9A2 as a resident plas-
mid) neither pE194 (cop') nor pBD15 (cop-6)
transduction is observed. We interpret this be-
havior as indicating the presence of a trans-
acting, pE194-specific incompatibility substance
produced by pBD9A2. Note that the design of
this particular experiment does not permit us to
determine whether pE194 (cop') and pBD15
(cop-6) also produce this substance, since
pBD9A2 is a cointegrate with dual replication

TABLE 5. Compatibility of pBD9 derivatives with pE194 and the pE194 cop-6 mutanta

Donor Selected Recipient plasmid (transductants per ml)
plasmid marker(s) pBD9A1 pBD9A2 pBD9A3 pBD9A7 pBD9A8 pBD9A9 Nonefb

pBD9 derivatives as recipients
pE194 Emr 840 20 605 755 860 485 930

Emr + Kmr 825 <10 580 905 810 470
pBD15 Emr 2,005 25 390 675 725 210 1,355

Emr + Kmr 2,590 <10 <10 150 100 <10
pSH1C Tcr 505 690 480

pBD9 derivatives as donors pE194 pBD15

pBD9A1 Kmr 270 186 227
Kmr + Emr 240 190

pBD9A2 Kmr 1,543 520 863
Kmr + Emr <10 <10

pBD9A3 Kmr 425 120 380
Kmr + Emr 500 <10

pBD9A7 KmT 265 130 495
Kmr + Emr 280 <10

pBD9A8 Kmr 1,020 550 1,620
Km' + Emr 1,055 <10

pPB9A9 Kmr 340 110 470
Kmr + Emr 455 <10

pUB110 Kmr 415 670 440
Kmr + Emr 350 455

a The pBD9 derivatives (Al to A9) were all Kmr Ems; pE194 and the cop-6 mutant were Km' Emr. The
transducing phage was AR-9. All of the recipient strains were recE4.

b The plasmid-free control strain was BD224 (trpC2 thr-S recE4), which is isogenic with the other recipient
strains.

c AR-9 lysates of a strain carrying the tetracycline (Tc) resistance plasmid pSH1 were used as a control for the
transducibility of the pBD91&2 recipient.
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capability. However, some type of incompatibil-
ity is expressed by both pE194 and pBD15, since
coinheritance of these plasmids with pBD9A2
does not occur. Table 5 reveals that pBD9A1,
which carries the most extensive deletion and
lacks the pE194 replication region (Fig. 3 and 4),
expresses no detectable incompatibility toward
pE194 or pBDl5 when present as a recipient or
donor plasmid. The remaining deletants, which
are also missing the replication region but retain
other portions of pE194, exhibit altered incom-
patibility behavior. They appear to be compati-
ble with pE194 (cop') when used as either
donors or recipients. However, they retain an
expression of incompatibility toward pBD15
(cop-6). When these deletants are resident plas-
mids, they do not prevent the introduction of
pBD15 (cop-6), but coinheritance of donor and
resident plasmid is 4pcreased. When the dele-
tants are used as donors, analogous behavior is
observed; only coinheritance is affected. This
pattern suggests several conclusions: there seem
to be two pE194-specific incompatibility deter-
minants on pBD9 (cop') and, by reasonable
assumption, on pE194. One (incA) is located
within the replication region and appears to
specify a trans-acting incompatibility material.
A second (incB) expresses incompatibility only
toward pBD15, the cop-6 mutant of pE194,
interfering with coinheritance of pBD15 and an
incB+ plasmid. This determinant is located in
the region common to pBD9A3, -7, -8, and -9,
which corresponds to the region of the pE194
maps shown in Fig. 3. The mode of action of
incB is different from that of incA. It behaves
symmetrically (in reciprocal crosses). It does
not prevent introduction of an incompatible
plasmid, but prevents stable coinheritance.
The five MboI fragments of pE194 have been

cloned into pBD12, a KMr Cmr vector construct-
ed from pC194 and pUB110 (34). All but the
MboI-C fragment were cloned in both orienta-
tions. This series will be referred to as pBD12
(A1, A2, B1, B2, C, etc.). The incompatibility
behavior of these recombinant plasmids is
shown in Table 6. In these experiments, DNA
from the recombinant plasmids was used as
donor, with recipient strains carrying pE194
(cop+) or pBD15 (cop-6). Donor (Cm') and do-
nor plus recipient (Cmr Em') markers were
scored in each case. The pBD12 (C) derivative
exhibits incompatibility (failure to coinherit the
donor and resident plasmid) toward pBD15 (cop-
6), but not toward pE194 (cop+). Thus, it be-
haves as expected for a plasmid carrying incB.
We conclude that incB is contained within
MboI-C. The pBD12 A1 and A2 derivatives
exhibit failure of coinheritance when either
pE194 (cop+) or pBD15 (cop-6) is present as the
resident plasmid, but selection for the donor

TABLE 6. Incompatibility of hybrid plasmids with
pE194 and the cop-6 mutant of pE194a

MboI Recipient plasmid (transformants per ml,
fragment corrected)b

on pE194 pBD15
hybrid
donor' Cmr Cmr Emr Cmr Cmr Emr

A1 55,890 810 116,000 1,890
A2 44,150 170 65,580 190
B1 40,100 4,100 75,600 40,990
B2 79,550 59,660 91,480 32,150
C 88,800 61,400 66,760 2,520
Di 139,030 99,310 106,560 46,650
D2 119,980 85,890 176,330 185,420
El 88,030 69,430 130,600 104,150
E2 88,660 79,710 78,810 63,890

a Covalently closed circular DNA of each of the
donor plasmids (at 1 jig/ml) was used to transform
recE4 strains carrying either pE194 or the cop-6 mu-
tant of pE194. Selection was for the donor marker
(Cm') and for the donor and the recipient markers
(Cm' + Em").

b An isogenic plasmid-free recE4 strain was also
transformed to Cmr with the same DNA preparations.
In addition to the DNA preparations of hybrid plas-
mids carrying the MboI fragments of pE194 in orienta-
tions 1 and 2, vector (pBD12) DNA was used to
transform the same three recipient cultures. Correc-
tion factors were thus derived for competence (relative
to that ofthe plasmid-free strains) and for transforming
activity of the DNA preparations (relative to that of
the vector DNA).

' The hybrid plasmids carried the indicated MboI
fragment of pE194 inserted in the BgIII site of pBD12,
a Cmr Kmr vector. This insertion inactivates Kmr. In
all cases but that of fragment C, both insert orienta-
tions were tested (i.e., Al, A2, etc.).

marker (Cm') alone is efficient. The latter is to
be expected, since the vector, pBD12, replicates
by a pUB110-specific mechanism and pUB110 is
compatible with pE194 (unpublished data). The
failure of coinheritance of pE194 or pBD15 with
the pBD12 (A1, A2) recombinant plasmids will
be discussed below. We do not understand why
pBD12 (B1) exhibits some apparent incompati-
bility toward pE194 (but not toward pBD15).
This was reproducibly observed.

Finally, we performed an experiment to deter-
mine the relationship between the incA and cop
products, both of which act in trans. For this
purpose we used pBD35, a cointegrate ofpBD15
and pUB110 which is isogenic with pBD9, ex-
cept that it carries the cop-6 mutation (31).
Competent strains carrying pBD9 (cop') and
pBD35 (cop-6) were transformed with DNA
from pBD89 (cop-6) (Table 7). The strain carry-
ing pBD35 (cop-6) was readily transformed for
the donor marker (Cm') and exhibited coinheri-
tance of donor and recipient plasmids. pBD9
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TABLE 7. Incompatibility of cop-6 mutants

Donor Donor Recipient Recipient Transformants per ml'
plasmid genotype plasmid genotype Cmr Cmr Emr Tcr

pBD89 Cmr cop-6 pBD35 Kmr Emr cop-6 6.81 x 103 5.38 x 103
pBD89 Cmr cop-6 pBD9 Kmr Emr cop' 25 <10
pSH1 Tcr pBD35 Kmr Emr cop-6 1.33 x 103
pSH1 Tcr pBD9 Kmr Emr cop' 5.2 x 103

a Transformation was carried out with 0.5 ,ug ofDNA per ml. The recipient strain carried the recE4 mutation in
addition to pBD9 or pBD35. Transformation with pSH1, an unrelated tetracycline (Tc) resistance plasmid, was to
control for the transformability of the two recipients.

(cop'), however, appeared to greatly reduce
transformation by the Cmr plasmid, a behavior
typical of strains carrying cop' plasmids, when
the latter are used as recipients (Table 5). It
should be noted that pBD89 (cop-6) lacks the
MboI-C fragment and that no incB-type behav-
ior is exhibited in this experiment. It appears,
from this observation, that expression of incB
incompatibility requires that MboI-C be on both
plasmids. Most important is our conclusion from
the experiment in Table 7 that the expression of
incA incompatibility is altered by the cop-6
mutation. Thus, interpreted most economically,
it appears that the incA and cop trans-acting
products are the same.

This point was explored further by testing the
segregation behavior of cop' and cop-6 plas-
mids (Table 8). After about 36 generations of
growth without selection, some loss of plasmids
from the strains carrying pE194 (cop') or
pBD15 (cop-6) alone was noted. The loss of
pBD95 (cop') and pBD89 (cop-6) was compara-
ble. The greatest segregation (lowest proportion
ofCmr Emr clones) was observed from the strain
carrying two cop' plasmids (pE194 and pBD95).
The lowest rate of segregation was observed
when two cop-6 plasmids were together (pBD89
and pBD15). The reciprocal cop+lcop-6 situa-

tions exhibited intermediate rates of segrega-
tion. It is clear that cop' plasmids express a
greater degree of incompatibility than cop-6

plasmids when this is measured by segregation,
a result in accord with the conclusion drawn
above from the transformation experiment (Ta-
ble 7).

DISCUSSION
The region of the -3.5-kilobase plasmid

pE194, which is both necessary and sufficient to
drive autonomous replication, is contained with-
in the 0.9-kilobase segment shown in Fig. 3
between coordinates 24 and 50. This segment
contains ori (31), an incompatibility determinant
(incA), and a copy control gene (cop) and speci-
fies a trans-acting substance, the product of rep,
which is required for the stable replication of
pE194 derivatives. It also contains the target
sites for the rep and cop (incA) products. The
cop gene product appears to act as an inhibitor
in regulating copy number, and it is reasonable
to suppose that it is a repressor of the initiation
of replication acting either directly or indirectly.
Since the cop-6 mutation not only inactivates
this inhibition (Table 4) but also eliminates
expression of incA (Tables 7 and 8), it is most
economical to conclude that incA and cop are

TABLE 8. Segregation of cop' and cop-6 plasmids
Segregation (%), with given phenotype'

Plasmid
Cmr Ems Cm' Emr Cmr Emr Cm' Em'

pE194 (Emr cop') 68 32
pBD15 (Emr cop-6) 91 9
pBD95 (Cmr cop,) 66 34
pBD89 (Cmr cop-6) 64 36
pBD95 (Cmr cop,) + pE194 (Emr cop,) 17 44 4 35
pBD95 (Cmr cop+) + pBD15 (Emr cop-6) 47 2 35 16
pBD89 (Cmr cop-6) + pE194 (Emr cop') 9 53 12 26
pBD89 (Cmr cop-6) + pBD15 (Emr cop-6) 13 9 72 6

a Single colonies of each strain (in isogenic recE4 backgrounds) growing on selective plates were inoculated
into VY + relevant selective antibiotics and grown overnight at 32°C. The cultures were diluted 104-fold in VY
containing no antibiotics and again grown for 20 h at 32'C. The cultures were diluted, spread on tryptose blood
agar base plates without antibiotics, and incubated overnight at 32°C. Single colonies (100) from each were
patched with toothpicks onto appropriate selective media. These plates were incubated at 32°C for 24 h before
scoring. Some of the patches appeared "spotty." These were scored as resistant.
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the same. The incompatibility behavior of
recombinant and deletant plasmids in which the
pE194 moiety is replicated either passively or
actively is consistent with the conclusion that
the incA product is a replication inhibitor (Ta-
bles 5 and 6). cop maps within MboI-A and -B,
since derivatives in which only these fragments
were derived from cop' or cop-6 parents exhibit
the expected copy numbers (Table 4). incA is
mapped more precisely by analysis of deletions
(Table 5) and is within the replication region of
pE194. The control of copy number by the cop
repressor is consistent with a variety of regula-
tion models suggested originally by Pritchard et
al. (27) for other plasmid systems. Some means
of reversing the inhibitor action, perhaps by
dilution due to cellular growth or by invoking
inhibitor instability, must be posited (28). It
appears that even in the cop-6 mutants an alter-
native or residual copy control mechanism may
be operative. pBD15 (cop-6) is maintained at a
copy number of about 80. When two cop-6
mutants are present in the same cell, a total
average copy number of about 80 is also main-
tained (Table 4). It is possible that the cop-6
mutation is somewhat leaky or that an entirely
independent mechanism also operates.
A trans-acting substance is specified by the

rep gene of pE194 and ofpBD15 and is apparent-
ly required for replication of derivatives carrying
only the MboI-A fragment (i.e., lacking the
roughly 100-base pair segment required for pro-
duction of this substance which is contained
within the MboI-B fragment and adjoins one end
of MboI-A). Transcription of the trans-acting
rep substance presumably either terminates or
initiates within this small segment. The low copy
number ofpBD89Ar3 (Table 4) is consistent with
this conclusion. The experiment with pE194(ts)
(Fig. 5) suggests that the rep product is a posi-
tive-acting effector of replication. It may never-
theless be identical to the cop (incA) product,
which acts negatively to control replication. In
this case, the cop-incA-rep gene product would
have at least two functions. One observation
might be interpreted as contradicting this simple
unitary concept. The pBD12 recombinant plas-
mids carrying MboI-A derived from pE194 can-
not stably coexist with either pE194 or pBD15
(Table 6). It is reasonable to suggest that this is a
manifestation of incA. Since these recombinant
plasmids lack the small portion ofMboI-B which
appears to be required for production of the rep
product, this would be an argument that the cop
(incA) product is specified in its entirety by
MboI-A and is therefore not identical to the rep
product. The pBD12(A2) recombinant expresses
this incompatibility effect nearly an order of
magnitude more strongly than pBD12(Al) (Table
6). Possibly the vector pBD12 provides a suit-

ably positioned transcriptional terminator (or
promoter) in both orientations, but more favor-
ably in orientation 1. The rep and incA (cop)
functions might therefore be encoded in overlap-
ping fashion or might represent different func-
tional domains of a single product. The likely
identity of the incA product with a copy control
repressor is consistent with findings in other
systems (2, 21, 30, 36, 37), as well as with
various theoretical formulations (18, 25).
The data in Table 4 demonstrate that the Cmr

derivative carrying only MboI-A (pBD96) is
subject to cop control. We have repeatedly
observed that, when pBD96 DNA is used to
transform cultures carrying pE194, low yields of
Cmr transformants are obtained (Table 3), a
further indication that this plasmid is a target for
A-type incompatibility. It thus appears likely
that the site of action of the cop (incA) product is
within the MboI-A fragment, which also con-
tains ori.
Novick and Hoppensteadt (25) and Ishii et al.

(18) have pointed out that incompatibility be-
tween two related plasmids can be due to com-
petition for a common partition mechanism as
well as the use of a common copy control
mechanism. We have shown that a second in-
compatibility determinant is located on MboI-C,
and it is tempting to suggest that incB may be a
component of such a partition mechanism. How-
ever, pE194 and pBD15 derivatives lacking
MboI-C segregate plasmid-free daughters no
more often than do their parents (unpublished
data). The MboI-C fragment thus appears to be
unnecessary for replication, maintenance, or
partition of pE194. This fragment is contained
within the gene for a 54,000-dalton pE194 poly-
peptide of unknown function. The coding se-
quence for this polypeptide neither initiates nor
terminates within the MboI-C fragment (34).
The replication region of pE194 is actively

transcribed and contains an RNA polymerase
binding site at coordinates 35 and 37 (34) (Fig.
3). We have identified two major transcripts
specified by this region, which are strikingly
more abundant in extracts of cells carrying
pBD15 than in those carrying pE194 (G. Grandi
and D. Dubnau, unpublished data). None of the
five major pE194 polypeptides so far identified
in minicells are specified by the replication re-
gion (34). As is postulated in the case of ColEl
(26), it is possible that the two transcripts act as
primer and regulatory element. Their super-
abundance in the cop-6 derivative may reflect a
direct effect of this mutation on transcription
(i.e., a promoter or terminator mutation) or an
indirect one (i.e., by inactivation of a repressor
or autorepressor).

Horinouchi and Weisblum (15) have recently
reported the complete DNA sequence of pE194.

VOL. 152, 1982



734 GRYCZAN ET AL.

They have also determined that the cop-6 muta-
tion is a guanine * cytosine-+adenine * thymine
transition occurring near coordinate 33 on our
map (Fig. 1 and 3), within the essential replica-
tion region. Also reported by Horinouchi and
Weisblum (15) is a striking series of six inverted
complementary repeat sequences, which on our
map occur between coordinates 23 and 25.
These authors infer that these repeat sequences
serve some function in plasmid replication. One
of our deletants (pBD89A23) has lost most of the
inverted repeats. Repeat segments 1 to 6, 6', 5',
and 4' are missing in this derivative, which has a
copy number similar to that of its parent [pBD89
(cop-6)] (Table 4). Thus, although the inverted
repeats may be involved in copy control or some
other aspect of replication, they are not all
required for replication.
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