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New mini-Mu transposons with plasmid replicons were constructed with additional features for in vivo DNA
cloning and lac gene fusing in Escherichia coli. These mini-Mu replicons can be used to clone DNA by growing
them with a complementing Mu bacteriophage and by using the resulting lysate to transduce Mu-lysogenic
cells. These mini-Mu phage have selectable genes for resistance to kanamycin, chloramphenicol, and
spectinomycin-streptomycin, and replicons from the high-copy-number plasmids pMB1 and P15A and the
low-copy, broad-host-range plasmid pSa. The most efficient of these elements can be used to clone genes 100
times more frequently than with the previously described mini-Mu replicon Mu dII4042, such that complete
gene banks can be made with as little as 1 pl of a lysate containing 10° helper phage. The 39-kilobase-pair Mu
headful DNA packaging mechanism limits the size of the clones formed. The smallest of the mini-Mu elements
is only 7.9 kilobase pairs long, allowing the cloning of DNA fragments of up to 31.1 kilobase pairs, and the
largest of them is 21.7 kilobase pairs, requiring that clones carry insertions of less than 17.3 kilobase pairs.
Elements have been constructed to form both transcriptional and translational types of lac gene fusions to
promoters present in the cloned fragment. Two of these elements also contain the origin-of-transfer sequence
oriT from the plasmid RK2, so that clones obtained with these mini-Mu bacteriophage can be efficiently

mobilized by conjugation.

The cloning of DNA sequences is an important step in
many biological studies. Usually, cloning is done by isolating
DNA, digesting it with restriction endonucleases, ligating it
to an appropriately cut vector, and introducing it into a cell
by transformation or transduction. As an alternative, trans-
posable elements can carry out recombination reactions to
translocate DNA onto plasmid or bacteriophage vectors to
form gene clones (15, 17, 34-36). The transposon bacterio-
phage Mu is a temperate phage that can infect Escherichia
coli K-12 as well as other members of the family Enterobac-
teriaceae (for a recent review, see reference 34). Mu is
especially suitable for in vivo cloning because it transposes
hundreds of times as it replicates when derepressed for its
lytic functions. Derepression can be achieved synchronously
with temperature-sensitive alleles of the Mu repressor.

We recently developed a more efficient in vivo cloning
system by incorporating a plasmid replicon inside a mini-Mu
element (17). Transposition of this mini-Mu replicon can
occur on both sides of a particular gene to form a structure
that can be encapsidated by the efficient Mu headful pack-
aging mechanism (34). This structure can be introduced by
phage infection into a Mu-lysogenic cell where recombina-
tion can occur between the Mu sequences to generate
plasmid clones. This mini-Mu replicon element, Mu dI14042,
can also form hybrid protein lac gene fusions which are
useful in studies of gene structure and expression (9-11, 30).

Here we describe the construction of a set of mini-Mu
elements with different selectable drug resistance markers,
plasmid replicons, lac fusing elements, and the oriT origin-
of-transfer region from plasmid RK2 (18). Two compatible
high-copy replicons and a low-copy, broad-host-range
replicon were incorporated into the new constructs. In
addition, segments of the lac operon were incorporated to
form both the hybrid protein type of fusions, as present in
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the original mini-Mu replicon phage (17), and the transcrip-
tional type of fusions.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. Descriptions and
genotypes are shown in Table 1.

Media. LB, YT, MacConkey indicator, and minimal M63
media have been described previously (27). Antibiotics used
were as follows (in micrograms per milliliter): ampicillin, 25;
chloramphenicol, 25; kanamycin, 40; spectinomycin, 20 for
chromosome-encoded resistance and 50 for plasmid-
encoded resistance; streptomycin, 10 for plasmid-encoded
resistance; and tetracycline, 10.

DNA biochemistry. Restriction endonucleases and T4
ligase were purchased from New England BioLabs, Inc.,
Boehringer Mannheim Biochemicals, P-L Biochemicals,
Inc., or Amersham Corp., and used according to their
specifications. Rapid small-scale isolation of plasmid DNA
was carried out by the method of Holmes and Quigley (21).
Large-scale isolation of plasmid DNA was done by the
procedure described by Kupersztoch and Helinski (24).
Other protocols were taken from Maniatis et al. (25).

Preparation and use of Mu lysates. Lysates of mini-Mu
replicon phage were prepared by thermoinduction of strains
containing the mini-Mu element as a plasmid as well as a Mu
cts62 insertion in the chromosome to complement the defec-
tive mini-Mu element for the morphogenic functions. Typi-
cally, an overnight culture grown at 30°C in LB broth with a
drug whose resistance is encoded by the mini-Mu replicon
plasmid was diluted 1:100 in 15 ml of LB broth without drugs
in a 125-ml Erlenmeyer flask to allow good aeration and was
grown at 30°C with shaking for approximately 3 h to mid-
exponential phase. The cultures were then shifted to 42°C
and incubated with shaking until lysis occurred or for 2.5 h.
Chloroform (1% of the volume), MgSQ, to a final concen-
tration of 2 mM, and CaCl, to a final concentration of 0.2 mM
were added to the lysates. Cell particles were removed by
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TABLE 1. Strains, phage, and plasmids®

J. BACTERIOL.

Stran:l,agmge, or Description of genotype f:fl; rr:mOer
Strains
C600 Mu cts thr leuB6 thi supFE44 lacY] fhuA21 Mu cts 2
M8820 F~ araD139 A(araCOIBA leu)7697 A(proAB argF lacIPOZYA)XIII rpsL 8
M8820 Mu cts M8820 with Mu cts 12
M8820S Mu cts M8820 Mu cts with rpsE rpsL* 12
MC1040-2 F ~ araD169 araB::Mu cts AlacX74 galU galK rpsL 12
QSR17 C600 with AtrpES J. Shapiro
XPh43 Mu cts F~ AargF lacIPOZYA)U169 trp A(brnQ phoA proC phoB phoR)24 Mu 6
cts
Phage
Mu cts Mu cts62 M. Howe
Mu dI14042 Mu cts62 A" B*Cm" reppisa lac('ZYA)931 17
Mu d5005 Mu cts62 A* B*Km' reppms: Fig. 2
Mu dIIS085 Mu cts62 AAB Cm" reppsa lac('ZYA)931 Fig. 2
Mu dI5086 Mu cts62 A*B* Km" reppyp; trp-lac(' BAZYA)W205 Fig. 2
Mu dII5117 Mu cts62 A* B* Km" Sp/Sm" reppsa lac('ZYA)931 Fig. 2
Mu dII5118 Mu cts62 A* B* Km" Sp/Sm" repys, lac('ZYA)931 This study
Mu dIS155 Mu cts62 A* B* Km* reppmp1 RK2 oriT trp-lac(BAZYA)W205 Fig. 2
Mu dIS166 Mu cts62 A* B* Cm" reppmp; RK2 oriT trp-lac('BAZYA)W205 Fig. 2
Plasmids
pBCO pUC9 with Haell lac fragment removed (2.3 kb)® 17
pBC4042 pBCO0::Mu dII4042 (19.0 kb) 17
pEGS5005 pBCO0::Mu d5005 (10.2 kb) Fig. 1
pEGS5086 pBCO0::Mu dI5086 (17.2 kb) Fig. 1
pEGS155 pBCO0::Mu dI5155 (17.8 kb) Fig. 1
pEGS5166 pBCO0::Mu dI5166 (18.0 kb) Fig. 1
pEGS117 pSC101::Mu dII5117 (31.0 kb) Fig. 1
pEGS118 pSC101::Mu dII5118 (31.0 kb) This study
pMC871 Km" repp;sa W20S trp-lac (10.1 kb) 10
pMC3612 Km" reppms; (3.6 kb) M.Ditto, J.Kans, and
M. Casadaban®
pMC6364 pUC9::Cm" cloned as HindlII-BamHI fragment (3.7 kb) M. Ditto, J. Kans, and
M. Casadaban?
pPO1678 pSC101::Mu dI11678 (31.7 kb) 12
pRK24 Tc" Ap' trpE* derivative of RK2 (61.6 kb) 26
pSC101 Tc" (9.3 kb) 5,13
pUBSS578 Km" Sp™-Sm" rep,s. (9.0 kb) 38
PUCS8 Ap" lac'IPOZ repyms: (2.6 kb) 37
pUC9 Ap’ lac'IPOZ’ repyms: (2.6 kb) 37
pTIS53 pUCS8::RK2 oriT (3.4 kb) D. Helinski

“ Ap, Ampicillin; Cm, chloramphenicol; Km, kanamycin; Sp, spectinomycin; Sm, streptomycin; Tc, tetracycline; r, resistance; A*B*, Mu transposition-
replication genes; reppisa, replicon from plasmid P15A; repymsi, replicon from plasmid pMB1; reppsa, replicon from plasmid pSa. E. coli gene designations are
summarized by Bachmann (3). In the text, Mu cts following a strain name indicates a lysogen. ara alleles are from E. coli B. Mutants of argF are not arginine

requiring because E. coli K-12 has an isozyme gene argl.

b Sizes refer to the complete plasmid. Mini-Mu replicon sizes are given in Fig. 2 and Table 3.

¢ Plasmid pMC3612 is a derivative of pBR322 containing the Aph (3’) aminoglycoside phosphotransferase gene from Tn5 as follows: EcoRI-HindIII (base pairs
0 to 29) on the standard pBR322 sequence (31); the HindIII-PstI fragment from TnS (1197 to 2653) containing the kanamycin gene (4); the 21-base-pair PstI-EcoRI
linker segment of the pUC7 plasmid (37); the 10-base-pair EcoRI-BamHI linker segment of pUC8 (37); the 76-base-pair Sau3A fragment from pBR322 between
coordinates 3137 and 3213 (31); the 20-base-pair BamHI-HindIII fragment from pUCS8 (37); and base pairs 29 to 3131 from pBR322 but with a deletion from 1431

to 2521 from pBR327.

4 Plasmid pMC6364 consists of a 1,043-base-pair segment of transposon Tn9 (1, 29), from the Pvull site in the IS/ sequence to the Tagl site at the end of the
coding region of the chloramphenicol resistance gene, adapted and inserted between the HindIIl and the BamHI sites of pUC9 (37).

centrifugation, and the resulting lysates were titrated (27)
and used within 1 week of preparation since Mu lysates can
be unstable.

Infections were carried out by mixing 100 nl of an over-
night culture of recipient cells grown in LB broth with 100 pl
of lysate. Absorption was carried out at 30°C for 30 min
without shaking. Two milliliters of LB broth was added, and
the mixture was incubated at 30°C with shaking for approx-
imately 75 min to allow for gene expression. Cells were
washed with 10 mM NacCl before plating.

Bacterial genetic techniques. Transformation with plasmid
DNA was carried out as described by Cohen et al. (14).
Matings were done by crosspatching freshly streaked colo-

nies onto a rich-medium plate such as YT, incubating them
at 30°C for approximately 2 h, and then restreaking them
onto selective media.

RESULTS

The mini-Mu replicon elements described here were con-
structed from the mini-Mu-containing plasmids pBC4042
(17) and pPO1678 (12). Different genetic elements were
inserted by digesting these plasmids at restriction enzyme
sites present inside the mini-Mu elements but absent in the
vector sequences. Plasmid pBC4042 has the mini-Mu ele-
ment Mu dII4042 present in the pBCO plasmid, which was
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derived from the pUC9 plasmid by removing the Haell
fragment that contains the lac and polylinker sequences.
This plasmid is very convenient for the constructions de-
scribed below because the pBCO segment is missing the
recognition sequences for most of the commonly used re-
striction enzymes. Mu dI14042 has a chloramphenicol resist-
ance marker, the P15A high-copy-number replicon, and a
segment of the lac operon for making hybrid protein gene
fusions (17).

Mu d500S, a smaller mini-Mu replicon with a kanamycin
resistance marker and a ColE1-type replicon. The Tn5 kana-
mycin resistance gene and the pMB1 ColEl-type replicon
from the pBR322 derivative pMC3612 (Table 1) were incor-
porated into the mini-Mu phage in plasmid pBC4042 (17).
pMC3612 plasmid DNA was digested with BamHI and Sall
and ligated to BamHI- and Xhol-digested pBC4042 plasmid
DNA. Xhol and Sall generate the same sticky ends, which
can be ligated together. The ligation mixture was used to
transform strain C600 Mu cts. A Mu-lysogenic strain was
used to repress expression of the Mu genes present on the
plasmid DNA. Kanamycin- and ampicillin-resistant trans-
formants were selected and scored for chloramphenicol
sensitivity. Plasmid DNA from 10 such transformants was
prepared and examined by restriction enzyme digestion and
gel analysis. Since the parent plasmid pMC3612 has three
BamHI sites and three Sall sites, several different structures
could be generated. One transformant containing the contig-
uous piece of DNA from pMC3612 between the BamHI and
the Sall sites (Fig. 1) was named pEGS5005. The mini-Mu
element formed was named Mu d5005 and is shown in detail
(Fig. 2). This 7.9-kilobase-pair (kb) mini-Mu element has a
different drug resistance marker and a replicon that is
compatible with the one in the previously described Mu
dII4042 (see below). It does not have the lac DNA segment
present in the parental Mu dI14042. Its small size allows the
cloning of larger pieces of DNA.

Mu dI5086, a mini-Mu replicon to make transcriptional lac
operon gene fusions. The promoterless lac operon segment
from plasmid pMC871 was incorporated into Mu d5005 to
make a mini-Mu element capable of forming transcriptional
lac fusions to cloned promoters. pEG5005 and pMC871
DNAs were digested with BamHI and Sall, and the resulting
fragments were ligated and used to transform the Alac,
Mu-lysogenic strain MC1040-2. Kanamycin- and ampicillin-
resistant transformants that expressed the lac genes at a
level different from that of either parent, as judged by their
color on lactose MacConkey indicator medium, were chosen
as candidates. Plasmid DNA was prepared and analyzed by
using restriction endonucleases and gel electrophoresis. One
plasmid was designated pEG5086 (Fig. 1) with the mini-Mu
replicon Mu dI5086 (Fig. 2).

Mu dI5155, a mini-Mu replicon with an oriT site for
conjugal mobilization. The origin of transfer, oriT, of the
broad-host-range plasmid RK2 is the only cis-acting DNA
element needed for conjugal transfer (18). A 769-base-pair
Smal-Sall fragment from plasmid pTISS3 containing oriT
was purified and incorporated into Smal- plus Sall-digested
PEG5086 DNA. Clones were selected as kanamycin- and
ampicillin-resistant transformants of MC1040-2. Plasmid
DNA was prepared and examined by restriction enzyme
analysis. One of them was called pEG5155 and is shown in
Fig. 1. It contained the mini-Mu phage Mu dI5155 (Fig. 2).
The presence of the oriT segment was tested by demonstrat-
ing that pEG5155 could be mobilized in a triparental mating.
For this, QSR17 cells containing the pRK24 plasmid, a
self-transmissible, kanamycin-sensitive derivative of plas-
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mid RK2, were mated with MC1040-2 cells containing
pEGS5155 and at the same time with M8820S Mu cts cells as
the third parent. The exconjugants were selected as kana-
mycin- and spectinomycin-resistant colonies.

Mu d5166, a mini-Mu replicon with resistance to chloram-
phenicol and oriT. The Tn9-derived chloramphenicol resist-
ance gene on plasmid pMC6364 (Table 1) was incorporated
into the oriT mini-Mu phage Mu dI5155 on the pEGS5155
plasmid. pEG5155 DNA was digested with Smal and Bg/II
and ligated to Pvull- plus BamHI-cut pMC6364 (Fig. 1). The
ligation mixture was used to transform strain MC1040-2 to
chloramphenicol and ampicillin resistance. Plasmid DNA
from kanamycin-sensitive colonies was examined. One was
called pEG5166 with the mini-Mu replicon Mu dI5166 (Fig.
2).

Mu dII5117, a mini-Mu with a low-copy-number, broad-
host-range replicon. The 9-kb IncW, pSa-derived plasmid
pUBSS578 was incorporated into the mini-Mu element Mu
dII1678. This plasmid has genes for kanamycin and
spectinomycin-streptomycin resistance (32, 38). Plasmid
pUBS578 was linearized at the unique Bg/II site and ligated
to Bglll-cut pPO1678 DNA. Clones were selected as kana-
mycin- and tetracycline-resistant transformants of strain
MC1040-2 and scored for ampicillin sensitivity and
spectinomycin resistance. pUB5578 DNA was found in-
serted in opposite orientations in plasmids pEG5117 (Fig. 1)
and pEG5118 with Mu dII5117 (Fig. 2) and Mu dII5118,
respectively.

Mu dIIS085, a mini-Mu replicon with deletions of the
transposition genes. A mini-Mu replicon derivative missing
the A and B transposition genes was made by removing the
fragment between the Ps¢I site in the A gene (located 1,674
base pairs from the Mu left end) and the PstI site in the
ISSOL (located 5.05 kb from the mini-Mu Mu dII4042 left
end). Plasmid pEG5085 (Fig. 1) has the mini-Mu element Mu
dII5085 (Fig. 2).

Use of different mini-Mu replicons. The different mini-Mu
replicons were tested for their ability to clone genes and
generate lac fusions. They were also compared with one
another for their efficiency in generating gene banks and
cloning a particular gene. Mini-Mu replicon-containing plas-
mids were introduced into the same genetic background by
transforming strain MC1040-2 and selecting for their drug
resistance markers. Transformants were purified and used to
prepare Mu lysates as described above. Transductants of
strain XPh43 Mu cts were selected for both drug resistance
and proC* (Table 2). Drug-resistant transductants were
obtained at frequencies from 2.5 x 10~7/PFU to 6.7 X
10~%/PFU of the helper phage. proC* transductants were
obtained at frequencies from 3.2 x 107° to 3.3 X 1076 per
PFU of the helper phage with the exception of the mini-Mu
replicon Mu dIIS085 (see below).

The mini-Mu phages described in this paper have three
different compatible replicons. This means that DNA seg-
ments cloned with compatible mini-Mu replicons can be
maintained in the same cell. We took advantage of this
property to sequentially clone two different operons in the
same strain genetic background. First, the original mini-Mu
replicon Mu dII4042 with a P15A-derived replicon was used
to clone the proAB™* genes into strain M8820 Mu cts. Then
Mu d5005 with the compatible pMB1-derived replicon was
used to clone the leu* genes by infecting strain M8820 Mu
cts/Mu dI14042 proAB* M8820 Mu cts without a plasmid.
Clones were obtained with the same frequency regardless of
the presence of Mu dII14042 plasmid clones in the recipient
strain. This experiment was done in reverse order of genes
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FIG. 1. Construction of plasmids harboring mini-Mu replicons Mu d5005, Mu dI5086, Mu dI5155, Mu dI5166, Mu dII5117, and Mu
dII5085. Cleavage recognition sites for restriction enzymes are designated as follows: B, BamHI; G, Bglll; M, Smal; P, Pst1; S, Sall; V,
Pvull; X, Xhol. The particular BamHI and Sall sites on plasmid pMC3612 used to make pEGS5005 and the particular Pvull site in pMC6364
used to make pEG5166 are shown in boldface type. Cleavage recognition sites destroyed during cloning are indicated by a slash separating
the sites (e.g., X/S). All occurrences of these restriction sites are not shown, but for each plasmid every occurrence of each individual
restriction site is given except for V, Pvull. Ends of the mini-Mu phage are shown in brackets. Thick lines correspond to DNA segments used
to make the plasmid immediately below in the figure except for the construction of pEGS5085. Detailed genetic and physical maps of the
mini-Mu elements are shown in Fig. 2. The sequence from the pUC9 (31, 37)-derived plasmid pBCO (17), and from pSC101 (5) have been

published.

proAB™ and leu™t with the same results. The stability of the
Mu dII4042 and Mu d5005 in M8820 Mu cts was the same
regardless of the presence of the other mini-Mu replicon
clones in the same cell.

The mini-Mu replicon-generated clones have different
stabilities. Clones obtained with the mini-Mu elements con-
taining the P15A- and the pMBI1-type replicons (Table 3)
proved to be unstable. Spontaneous curing of the plasmid in
the absence of selection occurred at a frequency of 50% of

the cells in a colony, with the simultaneous loss of the ability
to grow in the presence of the appropriate drug and loss of
prototrophy. The plasmid clones obtained with the more
stable pSa-derived mini-Mu replicon Mu dIIS117 were lost at
a frequency of approximately 12%.

The frequency of Lac® transductants was 9.3% for the
operon type of fusions and 0.6% for the hybrid protein type
of fusions. Lysates prepared from strains containing the
mini-Mu replicons that can generate operon fusions (Mu
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FIG. 2. Genetic and physical maps of the different mini-Mu replicon bacteriophage available for in vivo DNA cloning and lac gene fusing.
Cleavage recognition sites for restriction enzymes are as in Fig. 1: E, EcoRI; H, HindIIl. An asterisk indicates the joint between Mu and Tn5
DNA (12). Positions are given in kilobases from the left side of the mini-Mu replicon but omitted if they are the same as in the mini-Mu element
immediately above it. All occurrences of each restriction site shown are given except for V, Pvull. Note that the substrate profiles of the gene
products of the kanamycin resistance genes from TnS (4) and pSa (32) are different. The DNA sequences of some of the segments present in
the different mini-Mu elements have been published: Mu (16, 19, 22, 28, 33), Tn5 (4), Sp/Sm (32), Tn9 (1, 29), pBR322 (31), oriT (18), lac (7,

20, 23), and trp (39).

dI5086, Mu dI5155, and Mu dI5166) were used to infect the
Alac strain XPh43 Mu cts. We found that 9.3% of the
antibiotic-resistant colonies were dark red, 7.3% were white,
and the rest were light red as indicated by their phenotype on
lactose MacConkey indicator plates. The light red color in
the majority of the transductants may be due to the presence

of promoterlike sequences in the zrp DNA in these mini-Mu
replicons. The frequency of Lac* transductants, 9.3%, was
higher than the 1% found for mini-Mu-generated fusions in
the chromosome (7, 12), possibly because fusions in high
copy numbers may result in the expression of a Lac*
phenotype as indicated by lactose MacConkey indicator

TABLE 2. Cloning with the different mini-Mu replicons®

Mini-Mu PFU/ml Drug/PFU ProC*/Drug® Lac*/Drug"
Mu dI14042 1.8 x 10° 4.5 x 107* 2.5 x 1074 6.0 x 1073
Mu d5005 5.4 x 10° 2.0 x 107* 7.3 x 1073 NA®
Mu dI5086 3.5 x 10° 2.6 x 107 7.1 x 1073 9.3 x 1072
Mu dI5155 2.4 x 10° 6.7 x 1074 5.0 x 1073 9.3 x 1072
Mu dI5166 7.0 x 10° 1.7 x 1073 1.5 x 1072 9.3 x 1072
Mu dII5117 1.7 x 10 8.2 x 1077 3.9 x 1073 6.0 x 1073
Mu dII5085 1.1 x 10° 2.5 x 1077 <3.6 X 107 1.1 x 1073

2 Phage lysates were prepared, plaque titrated, and used to infect strain XPh43 Mu cts as described in the text. Drug’, Drug resistance. Kanamycin-
chloramphenicol- or spectinomycin-resistant transductants were selected in lactose MacConkey medium containing the appropriate antibiotic. ProC* clones were
selected in minimal M63 medium supplemented with tryptophan and the appropriate antibiotic.

5 NA, Not applicable.

¢ No ProC* transductants were detected among the 27 chloramphenicol-resistant colonies obtained.
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TABLE 3. Properties of mini-Mu replicons®

Mini-Mu resgtr:gce” Replicon Stzi(l;g)ity‘ Lac fusing segment Other (SI:S
Mu dI14042 Cm P1SA S0 Translational 16.7
Mu d5005 Km pMB1 50 None 7.9
Mu dI5086 Km pMB1 50 Transcriptional 14.9
Mu dI5155 Km pMB1 50 Transcriptional RK2 oriT 15.6
Mu dI5166 Cm pMB1 50 Transcriptional RK2 oriT 15.8
Mu dII5117 Km, Sp-Sm pSa 12 Translational 21.7
Mu dII5085 Cm P15SA 50 Translational AMu A,B 13.3

2 All mini-Mu replicons have the left-most Mu 4.37-kb sequence including the Mu c repressor gene with the cts62 temperature-sensitive allele and the Mu A
and B transposition-replication genes, except for Mu dII5085, as indicated. Thus, they can confer immunity to the cell and can act as transposons even in the

absence of a complementing Mu prophage.

& Cm, Chloramphenicol; Km, kanamycin; Sp, spectinomycin; Sm, streptomycin.
¢ Plasmid stability was measured by streaking mini-Mu replicon-generated clone-containing colonies in nonselective media and then picking individual colonies
to test whether they could still confer antibiotic resistance and relieve the particular auxotrophic requirement of the cell.

plates, even in the presence of very weak transcriptional
signals. The white antibiotic-resistant colonies contained
defective mini-Mu elements that were unable to retranspose
and yield new plasmid clones. Plasmid DNA prepared from
them was analyzed physically, and it was found that the
mini-Mu replicons contained deletions that remove the Mu
right end and various amounts of trp-lac DNA. These
structures could be explained as mini-Mu transposition
events inside other mini-Mus, with recombination in the
recipient to resolve the structure.

We also found that higher transduction frequencies could
be obtained with the original mini-Mu element Mu dI14042
when it was present as part of a plasmid clone linked to the
E. coli proC gene, as in plasmid pEG109 (17), when com-
pared with the original construct pBC4042, which has Mu
dI14042 linked to the pBCO plasmid.

The mini-Mu replicon Mu dII5S085 is deleted for the Mu
transposition genes but can be complemented by a helper
Mu prophage for both the transposition and morphogenic
functions. Clones formed with this element can be selected
in non-Mu-lysogenic cells. They are genetically stable in
cells that do not have the Mu A and B transposition-
replication genes. Mu dII5S085 was tested for its ability to
transpose and generate plasmid clones. Clones were iso-
lated, as indicated by the loss of the ampicillin resistance
marker in some of the transductants and the presence of
Lac™ colonies, but no clones of the specific genes selected
were obtained. The frequency of transduction was too low to
generate a complete gene bank in the experiment performed
with only 0.1 ml of lysate. This could be due to several
factors, including inefficient trans complementation of the
mini-Mu Mu dII508S present as a high-copy-number plasmid
by the chromosomal helper phage.

DISCUSSION

We expanded and improved our recently described in vivo
cloning system by constructing and testing a new set of
mini-Mu replicon bacteriophage with additional features
(Table 3). Some of these contain the pMB1-type origin of
replication and show a marked increase in the frequency
with which clones are obtained when compared with the
original vector Mu dII4042. This finding may be due to the
presence of a different replicon or some other change in
composition. Several offer the alternative of different drug
resistance markers, including kanamycin resistance, from
the transposable element Tn5 that has been successfully
used in a wide variety of gram-negative bacterial species.

The new vectors are so efficient that, in the best case, as with
Mu d5005, gene banks can be constructed with as little as 1
ul of lysate containing 10° helper phage. In addition, we
demonstrated that compatible mini-Mu replicons can be
used in sequence to clone two different operons in the same
recipient genetic background. Moreover, the high frequency
at which clones are obtained suggests that it may be possible
to directly select clones for traits that require two unlinked
genetic segments.

The Mu headful packaging mechanism encapsidates ap-
proximately 39 kb. The size of the DNA cloned is limited by
the amount of DNA that can be packaged inside the Mu head
minus the size of the mini-Mu replicon. In the case of Mu
d5005, plasmid clones of up to 31.1 kb can be isolated. On
the other hand, the mini-Mu Mu dII5117 allows the cloning
of up to 17.3 kb, although the amount of DNA may actually
be less; in this way, one would have the gene of interest in a
small piece of DNA. Restriction enzyme mapping of a few
independent clones obtained with the mini-Mu replicon in a
single experiment allows the localization of a gene by
looking at the minimum size of overlapping fragments that
confer the phenotype of interest. We have used this ap-
proach to map the location of the proC genes of Shigella
fexneri, Salmonella typhimurium, E. coli, and Citrobacter
freundii (Groisman and Casadaban, unpublished data). The
clones obtained do not have repeated Mu sequences and so
have a stable structure in both recA and recA™ backgrounds,
which is not the case of fragments isolated by in vivo cloning
methods that use transposons without replicons to flank a
cloned gene (15, 35, 36).

Some of the mini-Mu replicons described contain a seg-
ment of the lac operon, so that transcription initiated in the
cloned DNA segments may proceed across the 117 base
pairs of the Mu right end into the lac operon and result in the
expression of B-galactosidase activity. These fusions may
allow the easy localization of promoters, regulatory ele-
ments, and transcription termination signals, help to estab-
lish the direction of transcription of a cloned gene, and
indicate features of the structure of the fused gene (30).

The clones generated with these mini-Mu replicons are
present in plasmids, which makes it possible to form fusions
to essential genes since there is a wild-type copy of all the
essential genes in the chromosome. Their plasmid location
also makes it easier to isolate their DNA and to transfer them
to different genetic backgrounds. Furthermore, the mini-Mu
elements Mu dI5155 and Mu dI5166 have an oriT sequence
which allows them to be conjugally mobilized to other strain
backgrounds by a helper plasmid.
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The presence of different selectable drug resistance mark-
ers, plasmid origins of replication, and the oriT origin of
transfer of the broad-host-range plasmid RK2 should allow
the easy introduction of these elements into different bacte-
rial species that are not sensitive to Mu or phage P1. We
have recently introduced different mini-Mu replicons along
with a helper Mu cts62 phage into Mu-resistant strains of C.
freundii and Proteus mirabilis by conjugation and prepared
lysates which were used to isolate clones of genes from these
species into E. coli K-12 (Groisman and Casadaban, unpub-
lished data).

The low-copy-number replicon in Mu dII5S117 may be
useful for cloning genes that are lethal when present in many
copies per cell. In addition, the low-copy replicon may be
helpful for gene expression studies, using fusions to the lac
operon, in which distorted results may be found when the
fusion is present in multiple copies per cell.
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