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Mutations in the recD Gene of Escherichia coli That Raise the Copy
Number of Certain Plasmids
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Chromosomal mutants were isolated in which, for several small plasmids, there was an increased amount of
either covalently closed circular plasmid DNA or total plasmid DNA or both. The mutations were mapped to
recD, which has been shown to affect exonuclease V activity and a variety of plasmid maintenance and
replication functions. Our results suggest that rolling-circle plasmid replication can occur in recD mutants and
that site-specific recombination can resolve the resulting linear multimers into covalently closed circular
plasmid forms.

Plasmid copy number, defined as the average number of
plasmids per chromosomal equivalent, is a constant in a

given strain under a particular set of growth conditions.
Plasmids regulate their copy numbers by a variety of mech-
anisms, some of which have been well characterized (22).
However, host DNA replication genes also play a role in
plasmid maintenance (3, 21, 26). In addition, mutations in
other types of Escherichia coli genes have been isolated
which have as their primary phenotypes an alteration in the
ability of the mutant to maintain properly a resident plasmid
(4, 7, 11, 13, 14, 25). We report here that the chromosomal
recD gene, which is capable of affecting exonuclease V
activity, maintenance of some plasmids, and the phenome-
non of linear-plasmid multimer production (2, 4, 5), is also
capable of affecting levels of either covalently closed circular
(CCC) plasmid DNA or total plasmid DNA (i.e., CCC, open
circular, and linear forms) or both. We have also identified
plasmid regions that seem to determine which of the above
mentioned effects occur.

(Portions of this work have been presented previously [R.
Aleff, B. C. Kline, and R. Seelke, Abstr. Annu. Meet. Am.
Soc. Microbiol. 1985, H138, p. 131; R. Seelke and S.
Lawson, Abstr. Annu. Meet. Am. Soc. Microbiol. 1987,
H131, p. 161].)
The bacterial strains and plasmids used in this study are

listed in Table 1. Chromosomally located mutations elevat-
ing plasmid copy number (cop mutations) were selected by
treating strain CSH50(pMF45) bacteria with ethyl methane-
sulfonate (19) and plating them on AB3 agar (Difco Labora-
tories, Detroit, Mich.) containing 1 mg of ampicillin per ml.
Plasmid pMF45, a mini-F plasmid, normally imparts resis-
tance to about 100 ,g of ampicillin per ml when its host is
plated at low density. However, cells with putative cop
mutations form normal-size colonies after overnight growth
at 37°C. To prevent selection of sibling mutants, only one
putative mutant from each mutagenized culture was retained
for analysis.
The mutants thus isolated were confirmed as having

chromosomal cop mutations by (i) demonstrating that the
Cop- phenotype did not cotransfer to new host cells with
plasmid DNA extracted from the Cop- cells and (ii) curing
mini-F from the Cop mutants with acridine orange, reinfect-
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ing the cured descendants with mini-F, and subsequently
demonstrating that the transformants gave the Cop- pheno-
type.
A qualitative assay for the Cop- phenotype was done by

comparing the intensities of plasmid DNA bands in agarose
gels. Typically, plasmid DNA was extracted by the alkaline
lysis technique (17) from equal cell masses of overnight or
late-log-phase cultures grown in antibiotic-supplemented L
broth (19). Equal amounts of plasmid-containing extract
were then subjected to electrophoresis through 0.8% agarose
gels containing 1 ,ug of ethidium bromide per ml, and the
plasmid bands were visualized and photographed by UV
transillumination. The intensities of the plasmid bands were
on some occasions quantitated by scanning photographic
negatives with a Hoeffer GS300 densitometer.

In most cases, quantitative measurements ofCCC plasmid
DNA were done by the dye-CsCl assay (18). Exponentially
growing bacteria were labeled with [3H]thymidine and lysed,
and the CCC DNA was separated from other forms by
isopycnic centrifugation in an ethidium bromide-CsCl solu-
tion. Plasmid copy numbers were determined from the
percentage of the total DNA that was found in the CCC
DNA form (Table 2, footnote b).

In some cases, the total amount of plasmnid DNA per cell
mass was determined by using a dot blot technique (23).
Known amounts of cells from overnight cultures were im-
mobilized onto nitrocellulose filtersj lysed in situ, hybridized
with a 32P-labeled mini-F repE gene RNA probe, and auto-
radiographed. The autoradiographs were then scanned in a
densitometer.
The results of the dye-CsCl assays with several plasmids

in two Cop- mutants, BK968 (cop-4 host) and BK969 (cop-S
host), are shown in Table 2. The plasmids fall mainly into
two groups. The copy numbers of plasmids ColEl and
pSC101 were not elevated in either mutant; however, the
copy numbers of their Tn3-containing derivatives, pSC190
and RSF2124, were elevated. Of the mini-F plasmids tested,
pML31 and pMF45 both showed significant increases in
CCC plasmid DNA, while pMF21 showed, at most, a
twofold increase in the cop-S mutant. Surprisingly, a smaller
derivative of pMF45, pMF46 (Table 1), showed even higher
levels of CCC plasmid DNA than did pMF45. Plasmids
pMF45 and pMF46 were also the only ones to show signif-
icant plasmid loss when residing in a cop mutant host (Table
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TABLE 1. Bacterial strains and plasmids

Strain or Genotype or description Source or
plasmid reference

Strains
CSH50 ara A(pro lac) thi rpsL 19
BK968 CSH50 cop-4 This study
BK969 CSH50 cop-S This study

Plasmids
F' lac lac+ pro+ 1
R386 Tcr 9
pML31 Mini-F Kmr 16
pMF21 pML31(F40.3-43.1) Kmr 18
pMF45 pML3lA(F40.3-43.1)fITn3 46.19 18

Apr Kmr
pMF46 pMF45A(EcoRI kan+ fragment) 18

Apr Kms
pSC101 Tcr 6
pSC190 pSC101::Tn3 Apr Tcr 15
ColEl Production of or resistance to 24

colicin El
RSF2124 ColEl::Tn3 Apr 24
pCDK2 Apr argA +; pBR322 replicon 10; S. N. Cohen
pCDK3 Apr thyA+ recC+ recB+ recD+; 10; S. N. Cohen

pBR325 replicon
pZC13 Cmr recD+; pBR325 replicon 4; S. N. Cohen

2, footnote b). In addition to the plasmids listed in Table 2,
two large IncFl plasmids, F'lac and R386, were also assayed
by the dye-CsCl technique; their copy numbers were not
elevated in either Cop- mutant (data not shown).
The concentrations of pML31, pMF21, and pMF45 in

strains CSH50 and CSH50 cop-5 were determined by the dot
blot assay. In all three cases, this assay indicated a much
larger increase in plasmid DNA in the cop-S host than did the
dye-CsCl assay. This result showed that the CCC form of the
plasmid was a minor fraction of the total plasmid DNA
present.
To map the location of the cop4 and cop-S mutations, we

first randomly inserted TnJO into the bacterial chromosome
(8). We then used P1 lysates of the TnJO pools to
cotransduce both the tetracycline resistance gene (TnlO) and
the cop allele into a recipient strain containing pMF45. The
cop TnJO recipients were selected on agar with tetracycline
and a high level of ampicillin. Next, the cop region linked to
TnJO was transduced into a number of Hfr strains by
selecting for tetracycline resistance. Finally, the TnJO
marker was mapped very near the origin of transfer at 61.5
min in KL16 by standard conjugational techniques (19).
One of the genes located near 61.5 min is recD, which has

recently been shown to destabilize maintenance of pSCIOl
and ColEl-type replicons (4). We thus investigated the
possibility that the cop-S mutation was in recD. Using a

strain (CR147) possessing an argA::TnJO mutation as donor,
we transduced this mutation into CSH50 cop-5(pMF45). Of
100 Tcr transductants screened, 99 had lost the Cop- phe-
notype. This indicated that, as with recD, the cop-S mutation
is tightly linked to argA, which maps at 60.5 min. Precise
mapping of the cop-5 mutation to recD was accomplished by
introducing into BK969 (cop-5) both pML31 (Kmr) and one

of several compatible plasmids carrying various regions of
the chromosome between thyA and argA (Fig. 1). Plasmids
pCDK3 and pZC13 both complemented the Cop- pheno-
type, resulting in a dramatic decrease in the copy number of
the coresident pML31 plasmid; pCDK2, carrying the argA
gene, did not (Fig. 1). Although pZC13 also includes a

portion of the recB gene, the only gene carried in total is
recD. Similar results were also obtained for BK968 (cop4;
data not shown). Additionally, we found that two of the recD
mutants isolated and characterized by Biek and Cohen (4)
show the Cop- phenotype: When transformed by pMF45,
these mutants will grow in the presence of 1 mg of ampicillin
per ml and show elevated levels of CCC-form plasmid DNA
(S. Lawson and R. Seelke, unpublished results). The cop4
and cop-S mutations have been designated recD2201 and
recD2202, respectively.

This study adds to the list of effects that mutations in the
recD gene can have (see above). Of particular interest are
the results with pML31, pMF45, and pMF21. The first two
plasmids showed elevated CCC and total plasmid DNA;
pMF21 showed only a slight increase in CCC-form plasmid
while showing a large increase in total plasmid DNA. Since
these plasmids are nearly isogenic, we have thus shown that
plasmid-encoded functions can affect the extent of CCC
DNA elevation.
Our results are most simply explained by a modification of

the model of Cohen and Clark (5). They showed that
mutations or conditions which inhibit the activity of exonu-
clease V resulted in the production of linear multimers by
ColEl-type plasmids. They attribute the presence of linear
multimers to the ability of ColEl in recB recC or recD
mutants to undergo rolling-circle replication, resulting in
linear forms that do not readily recircularize. For reasons
described below, we believe some plasmids are capable of
recircularizing in recD mutants. Cohen and Clark (5) did not
investigate the effects of the rec mutations with other plas-
mids and did not see an increase in the ColEl CCC plasmid
DNA. In addition, they did not address the effect of an active
site-specific recombination system on the fate of the linear
multimers.
The resolution of linear multimers into circular monomers

TABLE 2. Amounts of plasmid DNA in Cop' and
Cop- bacterial hosts

cop + host cop4 cop-S host

Pamd Mass Total hostToaPlasmid (Ma' CC lasmi CCC CCC Total(MDa)5 CCc b plasmid c c plasmid
copy no. DNA' copy no. copy no. DNA

pMF45 12.2 2.0 lx 12.7 12.2 (65 ± 8)x
pML31 10.8 1.4 1x 8.8 7.5 (81 ± 18)x
pMF21 9.4 1.6 lx NDd 2.413.2e (68 ± 10)x
pMF46 7.6 2.0 46.0 30.5
pSC1O1 6.0 4.0 4.8 6.0
pSC190 9.0 9.7 52.0 68.0
ColEl 4.2 10.4 10.0 8.3
RSF2124 7.4 12.8 25.5 23.7

"MDa, Megadaltons.
bCopy number is [(%CCC DNA) x 10-2) (2.5 x 109)]/[(mass of plasmid)

(fraction of cells retaining plasmid)]. The value 2.5 x 109 is the estimated
molecular weight of the chromosome. Each value represents the average of
two determinations. The individual determinations deviated from the average
by 10% or less. Except for the cases in which pMF45 or pMF46 were residing
in a cop4 or cop-S host, the percentage of cells retaining the plasmid was 98%
or greater. For the exceptions mentioned, the percentage of cells retaining the
plasmid was 56 to 64%.

' The relative amount of total plasmid DNA per cell was determined by the
dot blot technique on overnight cultures as described in the text. The value for
a given plasmid in a cop-S host was compared with the value measured in a
wild-type host, which was arbitrarily set at 1x.

d ND, Not determined.
e Copy number was measured in this case only by densitometry of photo-

graphic negatives of gels as described in the text. Density of the pMF21 bands
isolated from a cop-S strain, BK969(pMF21), was 50 to 100% greater than the
density of comparable bands isolated from CSH50(pMF21).
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FIG. 1. Comparison of plasmid copy numbers of pML31 in Cop'
and Cop- strains of E. coli and complementation of the Cop-
phenotype by the recD+ gene. (A) Lysates from ca. 1.1 x 108 cells
(0.51 A550 units) from late-log-phase cultures of each strain (lanes b
to h) or ca. 0.22 A550 units from overnight cultures (lanes i to k) were
electrophoresed as described in the text for 120 min at 100 V (4
V/cm). Lanes b and c contain uncut plasmid DNA; lanes d to k
contain DNA that has been digested with BamHI. Lanes: a and 1, X

DNA cut with HindIll for linear DNA size standards; b, pML31
from CSH50 cop-5(pML31); c, pML31 from CSH50(pML31); d,
pML31 from CSH50 cop-5(pML31); e, pML31 from
CSH50(pML31); f, pML31 and pCDK2 from CSH50 cop-5(pML31,
pCDK2); g, pML31 and pZC13 from CSH50 cop-5(pML31, pZC13);
h, pML31 and pCDK3 from CSH50 cop-5(pML31, pCDK3); i,
pCDK2; j, pCDK3; k, pZC13. Sizes of X DNA fragments, in
kilobase pairs, from top to bottom: 23.13, 9.41, 6.56, 4.36, 2.32,
2.03, and 0.56. (B) Genetic map of the chromosomal regions carried
by pCDK2, pCDK3, and pZC13. This figure is taken from Fig. 8 of
Biek and Cohen (4) and Fig. 1 of Dykstra et al. (10).

by site-specific recombination could explain those situations
in which the CCC plasmid DNA was elevated. Site-specific
recombination could be provided by either Tn3 (12) or oriVI
(20). For example, pMF21 shows at most a twofold increase
in CCC plasmid DNA in BK969; when pMF21 acquires
either oriVI (pML31) or Tn3 (pMF45), that increase be-
comes about sixfold. The same explanation could also hold
for the increase in CCC plasmid seen when pSC101 and
ColEl acquire Tn3 and are placed in a recD host. We are

currently examining the plasmids listed in Table 2 for evi-
dence of rolling-circle replication.

In summary, the simplest explanation for our data is that
rolling-circle plasmid replication in recD mutants occurs in a

number of plasmids and that the combination of this form of
replication with an active site-specific recombination system
results in elevated levels of CCC plasmid DNA as well.
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