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A plasmid RK2-based broad-host-range cloning vector useful for
transfer of metagenomic libraries to a variety of bacterial species
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The majority of microorganisms in natural environments are difficult to cultivate,
but their genes can be studied via metagenome libraries. To enhance the chances
that these genes become expressed we here report the construction of a broad-
host-range plasmid vector (pRS44) for fosmid and bacterial artificial chromosome

Received 26 March 2009; accepted 27 March
2009.
Final version published online 20 May 2009.

(BAC) cloning. pRS44 can be efficiently transferred to numerous hosts by
conjugation. It replicates in such hosts via the plasmid RK2 origin of replication,
while in Escherichia coli it replicates via the plasmid F origin. The vector was found
. to be remarkably stable due to the insertion of an additional stability element
DOLT0.1111/.1574-6968.2009.01639.x (parDE). The copy number of pRS44 is adjustable, allowing for easy modifications
of gene expression levels. A fosmid metagenomic library consisting of 20000
clones and BAC clones with insert sizes up to 200 kb were constructed. The 16S

rRNA gene analysis of the fosmid library DNA confirmed that it represents a
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range. were transferred to Pseudomonas fluorescens and Xanthomonas campestris (fosmids
only), and heterologous proteins from the fosmid library were confirmed to be
expressed in P. fluorescens. To our knowledge no other reported vector system has a
comparable potential for functional screening across species barriers.

Introduction bacterial artificial chromosome (BAC) and fosmid (packing

Current estimates suggest that the vast majority of the
microorganisms in natural environments cannot be culti-
vated (Torsvik et al, 1990; Amann et al., 1995; Torsvik &
Ovreas, 2002). An enormous source of genetic information
therefore remains undiscovered even after extensive screening
based on standard cultivation methods. To explore these
sources, novel approaches have been developed that involve
direct isolation and cloning of DNA from environmental
samples into suitable vectors, thus creating complex metage-
nomic libraries (Handelsman et al., 1998). Such libraries have
been made from both soil and marine environments (re-
viewed in Daniel, 2005; DeLong, 2005). In addition, Venter
et al. (2004) reported in 2004 the first example of the use of
the ‘whole-genome shotgun sequencing’ approach to marine
microbial populations collected from the Sargasso Sea.

The vectors most often used for large insert metagenomic
studies are the Escherichia coli F-factor-based vectors for
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by A phage) cloning (Kim et al., 1992; Shizuya et al., 1992).
Metagenomic libraries can be analysed for novel genes and
pathways with sequence-based techniques or through activ-
ity screening involving analyses of expression of novel
phenotypic traits in surrogate hosts. The advantage of such
functional screening approaches is that they can detect
activities originating from genes whose functions cannot be
predicted by bioinformatic analyses of DNA or protein
sequences. On the other hand, identification of novel
activities by functional screening is dependent on successful
transcription and translation of the cloned genes. Even
though novel activities have been expressed using E. coli as
host, there is a potential advantage of expanding the range of
bacterial hosts to capture additional expression capabilities.
This was demonstrated by Gabor et al. (2004) in a study
showing that only 40% of the genes from the genomes of 32
prokaryotes could be detected when expressed in E. coli. The
study also revealed significant differences in the predicted
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expression modes between distinct taxonomic groups of
organisms. Another study by Martinez et al. (2004) showed
that E. coli, Pseudomonas putida and Streptomyces lividans
differed in their abilities to express heterologous gene clusters.

To exploit the potential involved in using many different
hosts for expression of genes obtained from environmental
samples new biological tools (vectors) are needed. Ideally, it
should be possible to efficiently transfer entire libraries with
large inserts from E. coli (where they are constructed) to
many different hosts, and the vectors should be stably
maintained in these hosts. BAC vectors that are capable of
being transferred to one or a few hosts in addition to E. coli
have been described (Sosio et al., 2000; Martinez et al., 2004;
Hain et al., 2008), but they all share limitations with respect
to either efficiency of transfer, lack of autonomous replica-
tion or host range. RK2 replicons potentially eliminate these
types of limitations, and large-sized poorly characterized
cosmid-RK2-derivatives have been used for metagenomic
library constructions (Wexler et al., 2005).

Here, we report the development of a relatively small and
functionally well-understood combined BAC and fosmid
vector based on the RK2 replicon. It is generally known that
vectors constructed from this replicon function in numerous
Gram-negative bacterial species (Thomas & Helinski, 1989),
and have even been transferred to Gram-positive bacteria,
yeast and mammalian cells (Poyart & Trieu-Cuot, 1997; Bates
et al., 1998; Waters, 2001). An important advantage is that
libraries constructed in this vector can be conjugatively
transferred from E. coli to a number of hosts with an
efficiency that ensures no significant loss of representativity
relative to the library present in the E. coli donor. Another
advantage of the RK2 replicons is that their copy numbers
can be manipulated across species barriers using well-defined
mutants in the essential replication initiation and plasmid
copy number control gene #rfA (Haugan et al., 1995). As
expression normally correlates with gene dosage, this feature
may represent a very important advantage with respect to
detection of activities from genes expressed at low levels.

Materials and methods

Bacterial strains, plasmids and growth media

The bacterial strains and plasmids used in this study are
described in Table 1. Escherichia coli strains were grown in
Luria—Bertani (LB) medium or on LB-agar at 37 °C. Pseu-
domonas fluorescens and Xanthomonas campestris strains
were grown at 30°C in LB or on Difco Pseudomonas
Isolation Agar (PIA) (P. fluorescens) and in Difco Yeast Mold
(YM) broth or on YM agar (X. campestris). Antibiotics
(when relevant) were used at the following concentrations:
chloramphenicol, 12.5 pg mL ™ (E. coli), 30 Hg mL ™ (X. cam-
pestris); kanamycin, 50 pug mL™! (E. coli and X. campestris);
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tetracycline 10 pgmL™" (E. coli), 15 ugmL™" (X. campestris)
or 25ugmL™" (P. fluorescens). 5-bromo-4-chloro-3-indoyl-
-p-galactopyranoside and isopropyl-B-p-thiogalactoside
were used for blue—white selection of clones with inserts in
E. coli. Clones in EPI300 were switched from single copy to
high-copy number by 1-arabinose induction, using the
solution from the Copy Control Fosmid Library Production
Kit, Epicentre. Expression of trfA from PmG5 was induced by
addition of m-toluate at 0.5 mM.

Standard DNA manipulations

Agarose gel electrophoresis, and routine DNA manipulations
were performed according to the methods of Sambrook &
Russel (2001), or using commercially available kits. DNA
sequencing was performed using the Big-Dye Terminator v1.1
Cycle kit (Applied Biosystems) or by MWG-Biotech AG.

Southern hybridization analysis was conducted with the
DIG-High Prime DNA Labeling and DIG Nucleic Acid
Detection Kit (Roche Diagnostics) according to the supplier’s
instructions.

Vector constructions, transformation and
conjugative matings

PpRS44 was constructed by introducing the parDEoriTregion
and a kanamycin resistance gene to pCCIFOS. The entire
nucleotide sequence of this vector is known. The suicide
transposon vector pRS48 was constructed by cloning trfA
and the tetracycline resistance gene into pKD20, using E. coli
S17.1(Apir) as host. For further details, see Table 1.

The transposon in pRS48 was inserted into the chromo-
somes of electrocompetent P. fluorescens NCIMB10525 and
X. campestris B100-152 by standard electroporation
(13Vem™, 100Q, 25 pF), as described for E. coli by Sam-
brook & Russel (2001), and the transformants designated
NCIMB10525::TnRS48 and B100-152::TnRS48 were selected
on PIA or YM agar containing tetracycline. pRS44-derived
clones were transformed into E. coli S17.1 by standard heat-
shock transformation (Chung et al., 1989).

Conjugative matings were performed on LB-agar without
antibiotic selection overnight at 30 °C. The mixtures were
then plated on PIA with m-toluate and kanamycin
(P. fluorescens) or on YM agar with m-toluate, tetracycline
and chloramphenicol (X. campestris), followed by incuba-
tion at 30 °C for 48 and 72 h, respectively.

Plasmids were isolated from cultures of P. fluorescens and
X. campestris by Qiagen Plasmid Midi Kit (Qiagen) and
electroporated into EPI300 (13 Vem ™, 1009, 25 pF).

Construction of the metagenomic fosmid library

Marine sediment samples were collected from the intertidal
zone at the Trondheims fjord. DNA was extracted from five
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Table 1. Bacterial strains and plasmids used in this study
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Sources or
Bacterial strains or plasmids ~ Properties references
E. coli
ElectroMAX DH10B F-mcrA A(mrr-hsdRMS-mcrBC) ¢80/acZ AM15 AlacX74 recA1 endA1 araD139 Alara, leu)7697 galU Invitrogen
galK é-rpsL nupG
EPI300 Phage T1-resistant and /acZ strain with L-arabinose-induced chromosomally expressed TrfA, Epicentre
(F~ mcrA A(mrr-hsdRMS-mcrBC) ¢80dlacZAM15 AlacX74 recA1 endA1 araD139 A(ara, leu)7697
galU galK A~ rpsL nupG trfA tonA dhrf)
S17.1 Strain with the RK2 tra genes for conjugative transfer integrated in the chromosome (RP4-2-Tc::Mu-  Simon et al.
Km::Tn7, pro, res” mod™, Tp" Sm") (1983)
S17.1(\pir) Apir lysogen of strain $17.1 De Lorenzo

Pseudomonas fluorescens
NCIMB 10525
NCIMB10525::TnRS48

Xanthomonas campestris
B100-152
B100-152::TnRS48
Plasmids
B9
B19
Litmus28
pCC1FOS

pDrive
pHH100G5

pIndigoBAC5
pJB321

pJB658

pKD20
pLitmusTcBam2
pRS43

PRS44

pRS47
pRS48

pRS49
pTA44

RK2

P, fluorescens wild type
Derivative of NCIMB 10525 with transposon TnRS48 from pRS48 integrated into the chromosome

Spontaneous xanA exopolysaccharide-negative mutant
Derivative of B100-152 with transposon TnRS48 from pRS48 integrated into the chromosome

pTA44 BAC clone with a 130-kb DNA fragment originating from the plant joomoea nil cloned into
the Hindlll site, Cm", Km"

pTA44 BAC clone with a 130-kb DNA fragment originating from the plant jpomoea nil cloned into
the Hindlll site, Cm", Km"

ColE1 replicon, Ap', 2.8 kb

Cloning vector for Copy Control Fosmid library containing ori2 and oriV, parABC, cos and loxP, Cm',
8.1kb

Cloning vector for direct ligation of pcr products, colEl replicon, Ap', Km", 3.9kb

RK2-based plasmid containing a mutant Pm promoter designated PmG5, Km', 8.8 kb

BAC cloning vector containing ori2, parABC, cos and loxP, Cm', 7.5 kb
RK2 minimal replicon containing parDE, Ap', 5.6 kb

RK2 expression vector containing the Pm promoter and the gene encoding the regulatory protein
XylS and TrfA, Ap", 6.8 kb

Suicide vector encoding a mini-Tn5 transposon with Ndel/Notl cloning sites for introduction of
genes under PmG5/xylS control, Ap', Km', 8.0 kb

Litmus28 derivative containing tetA and tetR, Ap', Tc', 5.1 kb

Derivative of pCC1FOS with an insertion of a 1.2-kb PCR fragment encoding parDEoriT from
pJB321, Cm", 9.3kb

Derivative of pRS43 with an insertion of a 1.0-kb Pstl/Sacl PCR fragment encoding Km' from
pHH100G5 cloned in the Hpal site, Cm", Km', 10.3kb

trfA from pJB658 cloned as a 1.2-kb Ndel/Notl PCR fragment into pKD20, Ap', Km', 9.1 kb
Derivative of pRS47 with a 2.2-kb BamHI fragment containing tetA and tetR from pLitmusTcBam?2
cloned in the Dralll/Sacl sites, Ap', Tc', 10.5kb

pRS44 with Fosmid Control DNA (Epicentre) cloned in the Eco27I-site, Cm', Km', 46.3 kb
Derivative of pRS44 where the Hindlll site in the Km" gene is removed by site specific mutagenesis,
Cm', Km", 10.3kb

Ap', Km', Tc", 60.1 kb

etal. (1993)

NCIMB
This work

Hotte et al.
(1990)
This work

This work
This work

New England
BioLabs
Epicentre

Qiagen
Gimmestad
etal. (2004)
Epicentre
Blatny et al.
(1997a)
Blatny et al.
(1997b)
Bakkevig et al.
(2005)
Bakkevig et al.
(2005)

This work

This work

This work
This work

This work
This work

Pansegrau
etal. (1994)

*Ap", ampicillin resistance; Cm', chloramphenicol resistance; Km', kanamycin resistance; Tc', tetracycline resistance.
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parallels, each containing 5g of sediment soil according to
the sodium dodecyl sulphate (SDS)-based method described
by Zhou et al. (1996), with the modification that the shaking
treatment of the samples was carried out at 125r.p.m.
instead of 225 r.p.m. At the end, a total of about 85 pg of
DNA was obtained, and the visualized (agarose gel electro-
phoresis) size of the DNA seemed to cover a range between
15 and 100 kb with the highest intensity around 50 kb. The
isolated DNA was size selected (35-40kb) and purified
through two steps of agarose gel electrophoresis, the latter
in a low-melting-point (LMP) gel followed by extraction of
the DNA with GELase enzyme according to the recommen-
dations of the manufacturer (Epicentre). The environmental
DNA was at no point subjected to ethidium bromide or UV
light, and this was handled as described in Rondon et al.
(2000).

Preparation of pRS44 vector DNA was carried out as
follows: four parallels of 4pg pRS44 vector DNA were
digested with 50 U Eco72I in reaction volumes of 1 mL for
5h at 37 °C. Consecutive dephosphorylation was performed
by adding 50U CIP to each reaction followed by further
incubation at 37°C for 2h. The DNA was isopropanol
precipitated and resuspended in a total volume of 60 pL
sterile water. To remove any potential still phosphorylated
DNA, the DNA was treated with 1 uL Fast-Link DNA Ligase
(from kit, Epicentre) for 2h and purified on an LMP gel.
Linear DNA was recovered from the gel with GELase
enzyme, as above (Epicentre).

The fosmid library with environmental insert-DNA was
constructed according to the protocol of the Copy Control
Fosmid Library Production kit (Epicentre). In the ligation
reaction, 4 ug of the insert DNA was mixed with 3 ng of
vector DNA in a reaction volume of 100 pL. Ten microlitres
of this ligation mixture was further used for each packaging
reaction, as described in the Epicentre protocol. Approxi-
mately, 20 000 colonies of the obtained fosmid library were
robotically picked and gridded into 384 well plates (Genetix
QPixII robotic colony picker), and the library was also
stored as a pooled freeze stock.

PCR amplification of rRNA fragments and
denaturing gradient gel electrophoresis (DGGE)

The 16S rRNA genes were amplified by PCR using the
universal bacterial primer Bac341f with GC clamp (Muyzer
et al., 1993) and Bac907r (Teske et al., 1996) with DNA
extracted from a mixed culture containing the entire fosmid
library as template. The PCR amplifications were performed
as described by Burr et al. (2006).

The PCR products were analysed by DGGE, using the
Ingeny phorU 2 x 2 apparatus (GRI Molecular Biology).
Samples (10 pL) were loaded onto 8% polyacrylamide/bis
(37.5:1) gels with denaturing gradients from 35% to 55% in
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1 X TAE electrophoresis buffer. Electrophoresis was per-
formed at 100V, 60 °C for 18 h. Gels were then stained with
SYBR Gold (Cambridge BioScience) in 1 x TAE for 1h at
room temperature and visualized under UV illumination.
Amplified 16S rRNA gene was cloned into the pDrive
cloning vector, and sequenced with M13 primer pairs.

Proteomic analysis of fosmid-encoded proteins

Pseudomonas fluorescens containing fosmid clones with
environmental inserts or the corresponding vector without
insert were selected for analysis by two-dimensional gel
electrophoresis (2-DE). LB medium was inoculated with
0.2%o stationary-phase cultures and incubated to an
ODgoonm of 0.8. Twenty-five ODU were harvested by
centrifugation (15 min at 9000 g and 5 °C). The pellets were
washed twice with 4 mL HEPES/PMSF buffer (20 mM
HEPES, 0.3 mgmL™" PMSF, pH 7.5), followed by centrifu-
gation at 3500 g for 6 min at 5 °C.

The pellets were resuspended in 8 M urea and 2M
thiourea and disrupted by sonication (5 x 30 s), after which
the lysates were cleared by centrifugation at 16000¢ and
4 °C for 30 min. The supernatants were centrifuged again at
16000 g and 4 °C for 10 min. The protein concentrations
were determined according to Bradford (1976) and the
crude protein extracts were stored at — 80 °C.

Isoelectric focusing was performed with commercially
available 24-cm Immobilized pH gradient (IPG) strips in
the pH range 4-7 (Amersham Biosciences, Freiburg, Ger-
many). IPG strips were loaded with 100 pg of crude protein
extract by rehydration for 24 h in a solution containing 8 M
urea (Merck, Darmstadt, Germany), 2M thiourea (Sigma,
St. Louis, MO), 1% w/v CHAPS (Roth, Karlsruhe, Ger-
many), 20mM DTT (ICN-Biomedicals) and 0.5% v/v
pharmalyte 3—10 (Amersham Biosciences, Piscataway, NJ).
IEF using the Multiphor II unit (Amersham Biosciences)
and SDS-polyacrylamide gel electrophoresis (PAGE) using
the Protean Dodeca Cell (BioRad, Munich, Germany) were
performed as described previously (Thiele et al., 2007). The
resulting 2-DE gels were fixed with 50% v/v ethanol and
12% v/v acetic acid for 1-2h, subsequently stained with
silver nitrate according to Blum et al. (1987) and scanned
with an HP Scanjet Scanner. 2-DE analyses were conducted
in duplicate.

Protein spots exclusively present in both duplicates of
individual cultures harbouring insert-containing vectors
were identified using the DELTA-2D image analysis software
(Decodon GmbH, Greifswald, Germany), manually excised
from silver-stained 2-DE gels and destained using 30 pL of
15mM Kj;[Fe(CN)g] 100 mM Na,S,03 for 30 min at 37 °C.
Then, gel slices were washed threefold with Lichrosolv water
and once with 100 pL 200 mM NH,HCO3/50% acetonitrile
(ACN) for 15min at 37 °C, dehydrated with ACN and
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digested in a trypsin solution (10ngmL™' of 20mM
NH,HCO3/50% ACN) overnight at 37 °C.

For peptide extraction, gel pieces were covered with 20 uL
0.1% acetic acid and subsequently 15 uL 0.05% acetic acid/
50% ACN and incubated in an ultrasonic water bath for
30 min. The eluate of both extractions was combined and
concentrated in a vacuum centrifuge. Finally, the samples
were dissolved in 12 pL buffer A for MS.

All experiments were performed on a Proxeon nano-LC
system (Odense, Denmark) connected to a linear quadru-
pole ion trap — Orbitrap (LTQ Orbitrap) mass spectrometer
(ThermokElectron, Bremen, Germany) equipped with a
nano-ESI source. For liquid chromatography separation we
used a PepMap 100 column (C18, 3 pum, 100A) (Dionex,
Sunnyvale CA) capillary of 15 cm bed length. The flow rate
used was 300 nL. min~! for the nanocolumn, and the solvent
gradient used was 2% solvent B to 50% solvent B in 30 min.
Solvent A was 0.1% formic acid, whereas aqueous 100%
acetonitrile in 0.1% formic acid was used as solvent B. The
mass spectrometer was operated in a data-dependent mode
to automatically switch between Orbitrap-MS and LTQ-MS/
MS acquisition. Raw data were processed using the Tpp
pipeline (v. 1.4) available online from ISB (Seattle) to
generate MASCOT generic files (mgf). Afterwards, a database
search was performed by tandem mass spectrometry ion
search algorithms from the Mascot house (v2.2.1) by
database comparisons with P. fluorescens SBW25 rasta and
the swissproT (release 55.5 all entries) sequences with 10
p.p.m. tolerance for the precursor and 0.3 Da for the MS/MS
fragments. Moreover, trypsin was selected and variable
modifications, such as methionine oxidation and carbami-
domethylation of cysteine were allowed. Peptides were
considered to be identified by Mascot when probability
< 0.05 (probability based ion scores threshold > 41) was
achieved. Proteins were considered to be identified if at least
two peptides were identified.

Construction of BAC clones

BAC clones with larger inserts than those present in the
fosmid library were constructed by the company Bio S&T
Inc. (Canada). In this cloning, a slightly modified derivative
of pRS44 (denoted pTA44) was used as vector. In pTA44 the
HindIII site in the kanamycin resistance gene has been
removed by site-specific mutagenesis, facilitating the use of
the remaining HindIII site for insertion of heterologous
DNA. As cloning material DNA from the plant Ipomoea nil
was used. Nuclei were prepared from 100g leaves and
embedded in 5 mL 2% (w/v) LMP agarose plugs as described
by Zhang et al. (1995). After partial digestion with HindIII,
the DNA was size selected using pulse field gel electrophor-
esis (PFGE), and the DNA in the range of 50-350kb was
electro-eluted from the gel (by PFGE). In reactions of 50 pL,
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100 ng of this insert DNA was ligated to 20 ng of HindIII-
digested pTA44- and pIndigoBAC vector DNA (the latter for
comparison of cloning efficiency). Two microlitres of the
ligation mixtures were subsequently electro-transformed
into 20 uL of ElectroMax DHI10B cells, and a selection of
the resulting white colonies were picked for further analysis.

Results and discussion

Construction of a broad-host-range
metagenome vector system

The broad-host-range fosmid and BAC vector (pRS44, Fig.
1) was constructed using the commercially available
pCCIFOS vector as a starting point. pCCIFOS has two
origins of replication, ori2 from the F plasmid and oriV from
RK2. ori2 functions in E. coli and is active during construc-
tion of libraries in this host, while it is not active in most
other hosts. In pCC1FOS oriV is included to be able to
produce large quantities of vector DNA in a particular E. coli
host. This host carries a chromosomally integrated mutant
version (copy-up) of the gene encoding the replication
initiation and copy number control protein TrfA that can
be activated by expression from the inducible pBAD pro-
moter. Instead here we use oriV as a tool for replication of
metagenome libraries in non-E. coli hosts. In addition we
have inserted the origin of conjugative transfer (oriT) to
allow efficient transfer of the libraries from E. coli to such
alternative hosts. This is a very important feature because it
is well known that the efficiency of conjugational transfer is
usually much better than transformation of naked DNA. We
predicted that vector stability could become an important
feature and we therefore also inserted the stabilization
element parDE from RK2, because it is known that parDE
stabilizes RK2 vectors across species barriers (Sia et al., 1995;
Blatny et al., 1997a). Finally, the kanamycin resistance gene
was inserted to provide an alternative selection marker,
potentially useful in some hosts. The BamHI and HindIII
(pTA44, see legend to Fig. 1) sites are useful for sticky-end
BAC cloning, while the Eco72I site is used for blunt-end
fosmid cloning. The lac system for blue—white screening was
kept from pCC1FOS.

To allow replication of pRS44 in new hosts, expression of
trfA (we used wild type) is needed. However, we decided not
to include #rfA as part of pRS44, as such a vector would
contain two active replication systems in E. coli, possibly
leading to plasmid instability. Instead we constructed a
suicide vector (pRS48, Fig. 1), which can be used to insert a
derivative of transposon Tn5 expressing the TrfA protein
from the inducible PmG5 promoter. This promoter is a
mutant derivative of wild-type Pm, which is known to be
active in many hosts (Mermod et al., 1986; Ramos et al.,
1988; Keil & Keil, 1992). The inducibility in addition allows
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Fig. 1. Plasmid vectors for use in genomic library constructions (pRS44/pTA44) and for support of vector replication in hosts other than Escherichia coli
(PRS48). In pTA44 the Hindlll site in the Km" gene is removed, making it possible for cloning of Hindlll-digested DNA into the remaining Hindlll site.
pRS44/pTA44 can replicate as a single copy replicon via ori2 and repE, while oriV/ contributes to a medium copy number if its replication initiation protein
TrfA is expressed in the same cell. pRS44/pTA44 DNA can easily be prepared in large quantities in the E. coli strain EPI300 by expressing a mutant trfA
gene from an arabinose-induced promoter, as described by Wild et al. (2002). cosN is the site used for packaging of the environmental DNA library in
bacteriophage A particles, BamHI and Eco72l sites are used for BAC and fosmid cloning respectively, and Notl is suitable for size determination of the
inserts. The trfA-gene is inserted into the chromosome of hosts of interest by the transposon present in the narrow-host-range plasmid pRS48. The
inside and the outside ends of the transposon (designated TnRS48) are marked | and O, respectively. tpn, gene encoding the transposase, which is not a
part of the transposon; XyIS, gene encoding activator of PmG5 transcription in the presence of benzoic acid-type inducers, like m-toluate; OriT, origin of

conjugative transfer. For further details see Table 1 and the text.

for modification of the amount of TrfA produced. pRS48
replicates in the E. coli strain S17.1(Apir), which expresses
the Pir protein needed for replication initiation of the
plasmid R6K origin, oriR6K (De Lorenzo et al., 1993).

Plasmid stability in the absence of selection

Plasmid stability may potentially become critical for the
functioning of the metagenome cloning vector described
here, and to quantify this we measured the rate by which it
became lost in the absence of antibiotic selection in E. coli
EPI300 (Fig. 2). As controls in this experiment we used the
native RK2 plasmid and pCCIFOS. By the repeated trans-
ferring, growth was monitored over about 230 generations, a
number which enormously exceeds the number of genera-
tions taking place in laboratory-scale batch cultures. The
experiments showed that plasmid loss could easily be
detected for pCC1FOS, while both pRS44 and a derivative
of it containing a 36-kb control DNA insert (pRS49) were
remarkably stable, like whole RK2. This experiment there-
fore clearly confirmed the relevance of introducing parDE
into the vector.

Construction of a metagenomic library in pRS44

Initial experiments showed that the standard 36 kb insert
used as a control for the commercially available vectors was
packaged and established in E. coli at similar frequencies for
pRS44 as for pCCIFOS. However, we wanted to test the
vectors with DNA from the environment, because it is well
known that it may be difficult or inefficient to clone DNA
from such samples (Robe et al., 2003), and because we
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wanted to test the behaviour of the environmental DNA
inserts in new hosts.

A fosmid library consisting of about 20000 clones was
constructed using DNA isolated from marine sediments as
cloning material. End sequencing and restriction digest
analysis of a selection of the clones confirmed that the
library consists of plasmids with different environmental
inserts of the expected size of around 35kb. To explore the
microbial diversity represented by this library, regions of 16S
rRNA genes were amplified and analysed by DGGE. More
than 10 different bands could be clearly distinguished,
indicating that the DNA in the library originates from many
different genotypes, as expected. In addition, sequencing of
24 amplified 16S rRNA gene fragments resulted in identifi-
cation of 10 different genotypes, none of which were
identical to existing sequences in the databases (data not
shown). It could therefore be concluded that the library
contains environmental DNA of diverse origins, and that
PRS44 has the features required for metagenomic studies.

Verification of heterologous expression of
environmental proteins in P. fluorescens by
2-DE and MS

In order to study if cloned genes in the metagenomic library
are expressed in a non-E. coli host, crude protein extracts
from five P. fluorescens library clones and cells harbouring
the vector only were subjected to 2-DE in duplicate. Protein
patterns of all six crude protein extracts were analysed with
the DELTA-2D software in order to identify protein spots
present in both duplicates of only one environmental
DNA-containing strain but not in any other clone or the
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strain containing the vector only. Even though gels were
generally remarkably similar, such individual spots could
easily be identified, in some cases also in parts of the gel that
were not heavily crowded by host proteins. As an example,
Fig. 3 shows the 2-DE images of the control containing the
vector only (P. fluorescens pRS44) and the P. fluorescens
metagenome library clone P-13. As can be seen there is a
particular very clear spot that is present in both technical
replicates from the strain with the metagenomic insert,
while missing in the vector control strain. The protein in
this spot was subjected to LC-MS/MS measurements and the
respective spectra were searched against a P. fluorescens
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Fig. 2. Plasmid stability of pRS44 and pRS49 in the absence of antibiotic
selection. Exponentially growing cells in shake flasks (in the presence of
selection) were diluted 10° times in medium lacking antibiotics. The
cultures were then grown overnight and the dilution procedures were
repeated until about 230 generations had elapsed. After each growth
step cells were plated on LB-agar lacking antibiotics. From each step, 184
colonies were picked and duplicated into 96-well plates containing
media with and without chloramphenicol. B, pRS44; [, pRS49;
A, RK2; and 0, pCC1FOS.
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specific database or the entire SwissProt database, respec-
tively. Whereas clear cut matches to the P. fluorescens
database were observed for all host proteins tested, no
significant match against the P. fluorescens or the SwissProt
database was obtained for the presumable insert DNA-
encoded protein depicted in Fig. 3, even if the search was
performed with information-rich spectra. This observation
proves the concept by clearly indicating expression of an
additional, non-P. fluorescens protein encoded by the envir-
onmental DNA insert.

Construction of BAC clones with inserts up to
around 200 kb

To test the capability of the vector (as a BAC) to hold even
larger inserts than those described above high-molecular-
weight DNA from plant nuclei was cloned into pTA44. This
resulted in BAC clones with inserts up to 200 kb. PFGE was
used to determine the size of the inserts, and Fig. 4 shows the
result for 22 of the obtained BAC clones. The ligation and
transformation efficiencies were similar to what was ob-
served in parallel experiments with the commercially avail-
able BAC cloning vector pIndigoBAC5. These experiments
confirmed that pRS44/pTA44 has retained the capacity of
the parent pCC1FOS to carry and maintain very large inserts
in E. coli, and the performance of the new vector in
alternative hosts could therefore be tested.

Transfer of fosmid library and BAC clones from
E. coli to P. fluorescens and X. campestris

The E. coli strain EPI300 does not contain the tra genes
required for mobilized oriT-mediated conjugation to new
hosts, and for this reason the entire fosmid library and

Pseudomonas P-13

pl 7 pl 4 pl 7

Fig. 3. Comparative analysis of protein patterns
of Pseudomonas fluorescence-containing the
vector pRS44 or the vector with environmental
DNA inserts. Crude protein extracts of the control
P fluorescence pRS44 and a strain (P-13) . o
containing pRS44 with an environmental DNA
insert were separated by 2-DE and protein

patterns were compared with the software pack-
age peTa-20 after staining with silver nitrate. In
the lower part detailed zoomed regions of the
two technical replicates of each strain containing
insert-encoded proteins are shown. An
insert-encoded protein is located in the centre of

Pseudomonas P-13

Replicate 1

the enlarged section.

FEMS Microbiol Lett 296 (2009) 149-158

Replicate 2 Replicate 1 Replicate 2

© 2009 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



156

Fig. 5. Agarose gel electrophoretic analysis of two Hindlll-digested BAC
clones before and after passage through Pseudomonas fluores-
cens::TnRS48. Lanes 1 and 2, plasmid B9 before and after transfer,
respectively; lanes 3 and 4, plasmid B19 before and after transfer,
respectively; S, molecular weight standard (kb) (Fermentas).

selected BACs were first transformed into strain S17.1,
which has the RK2 tra genes integrated into the chromo-
some. Direct library construction in S17.1 can also be
carried out but is more complicated due to lower frequen-
cies of transformation. However, it was easy to obtain the
required number of transformants from the pre-existing
library in EPI300; thus, this additional step will apparently
not significantly reduce the representativity of the clones in
the original libraries.

Before the fosmid and BAC plasmids were transferred to
two selected hosts, P. fluorescens (fosmid library and selected
BAC clones) and X. campestris (fosmid clones), the transpo-
son in pRS48 (carrying the trfA gene) was inserted into their
chromosomes by electroporation. The entire fosmid library
and the selected BAC-clones were then conjugatively trans-
ferred to the new hosts. In all cases kanamycin-(P. fluor-
escens) and chloramphenicol-(X. campestris) resistant clones
were obtained at high frequencies, demonstrating that
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Fig. 4. Pulsed field gel electrophoretic analysis of
22 Notl-digested BAC clones (lanes 1-22). S,
molecular weight standard (kb) (New England
BioLabs).

complete fosmid libraries and BAC clones with large inserts
could efficiently be transferred.

Plasmids were isolated from independent transconju-
gants, retransformed into E. coli EPI300, digested with
HindIIl and analysed by agarose gel electrophoresis. Fos-
mids (30-35-kb inserts) and BACs with inserts up to 130kb
could be recovered in an intact state from the respective
hosts (Fig. 5). Plasmids with the largest inserts (around
190 kb) were difficult to retransform into E. coli, presumably
due to low levels of plasmid recovery and also inefficient
transformation. However, Southern hybridization analyses
showed that also these plasmids were present in the plasmid
state in P. fluorescens (data not shown).

Based on all these experiments it could be concluded that
PpRS44/pTA44 has retained the capacity of the parent plas-
mid pCCI1FOS to hold and maintain very large inserts, that
it is more stably maintained than its parent and that it has
the capacity to be efficiently transferred to and stably
maintained both as a fosmid and a BAC in presumably a
large number of non-E. coli hosts. To our knowledge, this is
the only available vector system that combines all these
features, and pRS44 should therefore represent a very useful
tool for functional screening across species barriers.
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