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C.R. MYERS AND J.M. MYERS. 1997. The plasmid pACYC184 was introduced into
Shewanella putrefaciens MR-1 by electroporation. In 100% of the transformants examined,
the plasmid was maintained as a free replicon outside the chromosome. This was the
case whether or not the plasmid contained a 224-bp DNA insert derived from an
open-reading frame of MR-1 genomic DNA. Therefore, in contrast to a report in the
literature, plasmids containing the p15A origin of replication can replicate freely in S.
putrefaciens MR-1, and do not make convenient vectors for gene replacement in this
bacterium. However, we found that plasmids with the pMB1 origin of replication (e.g.
pBR322) cannot replicate in MR-1 and could therefore have potential as vectors for
gene replacement.

INTRODUCTION Mn reduction by this bacterium (Myers and Myers 1993b ;
Saffarini and Nealson 1993). For example, gene replacement

Shewanella putrefaciens MR-1 (Myers and Nealson 1988a,b ;
has been used to generate a putative mutant deficient in etrA,

Myers and Myers 1992a,b, 1993a) is a Gram-negative facul-
an fnr analogue (Saffarini and Nealson 1993) ; to accomplish

tative anaerobe that was originally isolated from the sediments
this, plasmid pACYC184 was used in gene replacement

of Lake Oneida, New York, as a direct reducer of manganese
experiments because ‘this plasmid is not replicated in MR-1’

(Mn) oxides (Myers and Nealson 1988a,b). It exhibits
(Saffarini and Nealson 1993). In contradiction to this, we

remarkable respiratory plasticity, and can generate energy
report here that pACYC184 readily replicates in MR-1, indi-

from the reduction of a variety of compounds, including
cating that it and other vectors with the p15A replication

fumarate, nitrate, TMAO, Mn(IV) oxides, iron (III) oxides,
origin do not make convenient vectors for gene replacement

etc. (Myers and Nealson 1988a, 1990a,b ; Lovley et al. 1989).
in this bacterium.

Since many aquatic environments, sediments and soils are
rich in Mn and iron (Fe) oxides, bacteria such as S. putre-
faciens could play important roles in the environmental MATERIALS AND METHODS
cycling of these metals (Myers and Nealson 1990a ; Nealson
and Myers 1990 ; Nealson et al. 1991). Understanding the Materials
mechanism(s) used to mediate the reduction of these insoluble

Tris, SDS, dithiothreitol, boric acid, citric acid trisodium,metal oxides is therefore a necessary component of a thorough
fumaric acid disodium and EDTA disodium were purchasedunderstanding of their role in the environment and their
from Research Organics (Cleveland, OH). Acrylamide andpotential interaction with other micro-organisms.
formamide were from EM Science (Gibbstown, NJ), tryp-Previous studies have implicated respiratory electron
tone, yeast extract, and bacteriological agar were from Oxoidtransport components in the reduction of Mn and Fe oxides
(Unipath Ltd, Hampshire, UK), agarose was from FMCby MR-1 (Myers and Nealson 1988a, 1990b ; Myers and
BioProducts (Rockland, ME), NaCl and urea were fromMyers 1993a,b, 1994). The generation of mutants deficient
Fisher Scientific (Itasca, IL) and b-agarase I, VentR

TM DNAin various aspects of anaerobic electron transport has been
polymerase, PhototopeTM Detection Kit and biotinylated lused as one means to elucidate the mechanism(s) of Fe and
HindIII DNA markers were from New England BioLabs
(Beverly, MA). Proteinase K, calf intestinal alkaline phos-Correspondence to : Dr C. R. Myers, Department of Pharmacology and
phatase and some restriction enzymes were from PromegaToxicology, Medical College of Wisconsin, 8701 Watertown Plant Road,

Milwaukee, WI 53226, USA. (Madison, WI), DNA polymerase (Klenow fragment) and
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some restriction enzymes were from Pharmacia Biotech (Pis- niques (Sambrook et al. 1989). Plasmid DNA was purified
from E. coli using a commercial kit (QIAprep Spin Plasmidcataway, NJ), T4 DNA ligase was from Promega or Life

Technologies (Gaithersburg, MD), deoxynucleotide mix was kit, Qiagen, Chatsworth, CA) and from S. putrefaciens using
an alkaline lysis protocol (Zhou et al. 1990) with the additionfrom Stratagene (La Jolla, CA) and Immobilon S nylon mem-

branes were from Millipore (Bedford, MA). Ethidium bro- of a standard phenol : chloroform extraction step (Sambrook
et al. 1989). The size of DNA fragments was estimated basedmide and phenol/chloroform were from Amresco (Solon,

OH) and X-Omat AR and BioMax MR X-ray film were from on their relative electrophoretic mobilities to known stan-
dards using a computer program kindly provided by G.Eastman Kodak (Rochester, NY). All other reagents and

chemicals were from Sigma (St Louis, MO) or Aldrich Raghava (Raghava 1994). DNA probes were labelled with
biotin using the Random Primed ImagesTM Biotin LabellingChemical (Milwaukee, WI). Custom oligonucleotides were

synthesized by Genemed Biotechnologies (South San Fran- kit (USB, Cleveland, OH), and Southern blots were
developed using the PhototopeTM Detection system (Newcisco, CA).
England BioLabs).

Bacterial strains, plasmids, media and growth
conditions Electroporation

Aerobically grown mid-logarithmic phase S. putrefaciens cellsShewanella putrefaciens MR-1 (Myers and Nealson 1988a)
and Escherichia coli JM109 (Yanisch-Perron et al. 1985) were were prepared for electroporation as follows : cells were cen-

trifuged for 1 min at 12 000 g in 1·5-ml microfuge tubes,grown aerobically on LB medium (Sambrook et al. 1989)
supplemented, as needed, with antibiotics at the following washed once in 0·33 volume of sterile 1 mol l−1 D-sorbitol

(pH 7·59), and resuspended in 0·05 volume 1 mol l−1 sorbitolconcentrations : tetracycline (Tc), 8 mg ml−1 and chlor-
amphenicol (Cm), 35 mg ml−1. MR-1 was grown at room (approximately 109–1010 cells ml−1) and placed on ice ; they

were used within 15 min. Plasmid DNA (approximately 0·1–temperature (23–25°C) and E. coli at 37°C.
Plasmid pACYC184, a 4·24-kb tetracycline- and chlor- 0·5 mg) was introduced into MR-1 cells (40 ml) by elec-

troporation using 0·1-cm cuvettes (BTX, Inc., San Diego,amphenicol-resistant (Tcr Cmr) cloning vector with the p15A
origin of replication (Chang and Cohen 1978), was obtained CA) and a BioRad Gene PulserTM with Pulse Controller

(resistance, 200 V ; capacitance, 25 mFD ; voltage, 0·55 kV).from New England BioLabs. A 249-bp NcoI-DraI fragment
corresponding to a portion of an MR-1 genomic open-reading After electroporation, the cells were immediately suspended

in 0·5 ml LB broth and were either plated immediately onframe (ORF) that complements a previously isolated electron
transport mutant (Myers and Myers 1993b) was synthesized LB agar with Tc, or were held at room temperature for 90

min prior to plating. Resulting colonies were tested for theirfromMR-1 genomicDNA template using high-fidelityVentR
TM

DNA polymerase and the following custom oligonucleotide ability to use reduced Fe(III) under anaerobic conditions as
previously described (Myers and Myers 1992b) in definedprimers : 5?CAACAGGGCCATGGGGTAAGTG and

5?GGCGTGCACTATTTAAACCCAGC (the NcoI and medium (Myers and Nealson 1990b) supplemented with Tc,
15 mmol l−1 lactate, vitamin-free Casamino acids (0·1 g l−1)DraI sites, respectively, are underlined) ; the buffer and ther-

mal cycling conditions were those recommended by New and 10 mmol l−1 ferric citrate. Fe(II) was determined by a
ferrozine extraction procedure (Lovley and Phillips 1986 ;England BioLabs. The resulting 249-bp product was purified

from an agarose gel using b-agarase I, and then digested Myers and Nealson 1988b). Colonies were screened for plas-
mid content, and the identity of the plasmids was verified bywith DraI and NcoI ; the resulting 224-bp fragment was gel-

purified and ligated into the Cmr gene of pACYC184, gen- Southern blotting using biotinylated pACYC184 as a probe.
erating pCMDN-1. To accomplish this, pACYC184 was first
digested with DraI and NcoI, and the 3861-bp fragment

RESULTS AND DISCUSSION
was purified by gel electrophoresis and b-agarase I prior to
ligation. The DNA sequence of the amplified DraI-NcoI A gene replacement strategy (Zimmerman et al. 1991) has

been reported for the generation of a putative MR-1 mutantinsert from MR-1 was obtained using the Circum VentTM

PhototopeTM Thermal Cycle DNA Sequencing kit (New deficient in etrA, an fnr analogue (Saffarini and Nealson 1993).
This strategy relies on the introduction of a plasmid con-England BioLabs) to verify that the correct sequence had

been amplified. taining a small (approximately 200-bp) fragment of a desired
gene. If the plasmid cannot be maintained as a free replicon
in the recipient cell, then the only cells that should survive

DNA manipulations
antibiotic selection should be those in which the entire plas-
mid has been integrated into the chromosome through aRestriction digests, ligation, cloning, DNA electrophoresis

and Southern transfers were done according to standard tech- single site-specific recombination between the vector insert
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and the homologous region of the chromosome (Zimmerman this possibility, we similarly replaced the 383-bp DraI-NcoI
fragment of the Cmr gene of pACYC184 with a 224-bp DraI-et al. 1991). Thus, antibiotic selection should provide a means

to select for the desired cells. NcoI fragment of an MR-1 genomic ORF that complements
a previously isolated mutant deficient in the reduction ofPlasmid pACYC184, which carries the p15A origin of

replication, has been used for gene replacement in MR-1 Fe(III), nitrate and fumarate (Myers and Myers 1993b). After
purification of this resulting recombinant plasmid (pCMDN-because ‘this plasmid is not replicated in MR-1’ (Saffarini

and Nealson 1993). We intended to use this vector for gene 1) from E. coli, it was electroporated into MR-1. We observed
numerous Tcr transformants. Ninety-four of these trans-replacement in MR-1. Plasmid pACYC184, which was puri-

fied from E. coli, was electroporated into MR-1. While we formants were chosen at random ; 100% of them tested posi-
tive for Fe(III) reduction. If gene replacement had occurredexpected no transformants, numerous Tcr transformants were

obtained. Plasmid minipreps of 44 of these Tcr transformants in any of them, we would have expected a complete loss of
Fe(III) reduction (Myers and Myers 1993b). Plasmid mini-chosen at random demonstrated that all of them maintained

a plasmid of ½4·2 kbp, the expected size of pACYC184. A preps of these Tcr transformants demonstrated that they all
maintained a plasmid of ½4·1-kbp, the expected size ofgel showing 10 of these transformants chosen at random is

shown in Fig. 1a. A Southern blot of this gel probed with pCMDN-1 ; a gel with HindIII-digested plasmid prep-
arations from 10 of these transformants chosen at random ispACYC184 verifies the identity of this 4·2-kbp band (Fig.

1b). shown in Fig. 2a. Note that pCMDN-1 is slightly smaller
than pACYC184 because a 383-bp DraI-NcoI pACYC frag-In a previous report on the use of pACYC184 for gene

replacement in MR-1, a 383-bp DraI-NcoI fragment of the ment has been replaced with a 224-bp DraI-NcoI MR-1
insert. A Southern blot of this gel probed with pACYC184Cmr gene of pACYC184 was replaced with a 165-bp DraI-

NcoI fragment of the etrA gene of MR-1 (Saffarini and Neal- verifies the identity of this 4·1-kbp band (Fig. 2b). Thus,
in our hands, all Tcr transformants maintained pCMDN-1son 1993) ; this resulted in the generation of a putative etrA

mutant through site-specific integration of this recombinant outside the chromosome. These results indicate that site-
specific recombination does not occur with sufficientplasmid into the genome of MR-1. Even though we have

shown here that pACYC184 can freely replicate outside the efficiency to allow for the convenient use of pACYC184 in
gene replacement in S. putrefaciens. Very large numbers ofchromosome in MR-1, perhaps site-specific recombination

still occurs with sufficient efficiency to allow for the use of transformants would probably have to be screened to identify
a gene replacement event.pACYC184 in gene replacement in S. putrefaciens. To test

Fig. 2 (a) Ethidium bromide-stained agarose gel and (b)Fig. 1 (a) Ethidium bromide-stained agarose gel and (b)
Southern blot of plasmid preparations from MR-1 transformed with Southern blot of plasmid preparations from MR-1 transformed with

pCMDN1. Lanes 1–10, HindIII-digested plasmid preparationspACYC184. Lanes 1–10, HindIII-digested plasmid preparations
from MR-1 transformed to Tcr with pACYC184. Other lanes are from MR-1 transformed to Tcr with pCMDN-1. Other lanes are

HindIII-digested pCMDN-1 (lane 11) and HindIII-digestedHindIII-digested pCMDN-1 (lane 11) and HindIII-digested
pACYC184 (lane 12) as purified from Escherichia coli. The blot was pACYC184 (lane 12) as purified from Escherichia coli. The blots

were hybridized with a biotin-labelled pACYC184 probe. Lanehybridized with a biotin-labelled pACYC184 probe. Lane 13
contains biotinylated l DNA/HindIII markers (23·1, 9·4, 6·6, 13 contains biotinylated l DNA/HindIII markers (23·1, 9·4,

6·6, 4·4, 2·3 and 2·0 kbp)4·4, 2·3 and 2·0 kbp)
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Johnson, R. and Adams, J. (1992) The ecology and evolution ofBoth pACYC184 and pCMDN1 were stably maintained
tetracycline resistance. Trends in Ecology & Evolution 7, 295–in MR-1 through repeated passage into fresh medium con-
299.taining Tc. We observed transformation efficiencies of 70–

Lenski, R.E., Simpson, S.C. and Nguyen, T.T. (1994) Genetic3600 Tcr transformants per mg of pACYC184 or pCMDN1
analysis of a plasmid-encoded, host genotype-specific enhance-DNA. While these efficiencies are low, our previous experi-
ment of bacterial fitness. Journal of Bacteriology 176, 3140–3147.

ence with electroporation of other vectors into MR-1 has Lovley, D.R. and Phillips, E.J.P. (1986) Organic matter min-
resulted in similar low efficiencies (unpublished obser- eralization with reduction of ferric iron in anaerobic sediments.
vations). Part of this may result from the restriction of plas- Applied and Environmental Microbiology 51, 683–689.
mids in S. putrefaciens which have E. coli modification (i.e. Lovley, D.R., Phillips, E.J.P. and Lonergan, D.J. (1989) Hydrogen
which were recovered from E. coli). Transformation and formate oxidation coupled to dissimilatory reduction of iron

or manganese by Alteromonas putrefaciens. Applied and Environ-efficiency was increased approximately two- to fourfold by
mental Microbiology 55, 700–706.increasing the electroporation voltage from 5·5 to 7·5 kV

McMurry, L., Petrucci, R.E. Jr. and Levy, S.B. (1980) Active effluxcm−1. Transformation efficiency also increased with increas-
of tetracycline encoded by four genetically different tetracyclineing cell numbers over the range used (approximately 109–1010

resistance determinants in Escherichia coli. Proceedings of thecells ml−1).
National Academy of Sciences, USA 77, 3974–3977.In recent studies involving repeated attempts, we were

Myers, C.R. and Myers, J.M. (1992a) Fumarate reductase is a
unable to isolate any Tcr transformants after pBR322 (Bolivar soluble enzyme in anaerobically grown Shewanella putrefaciens
et al. 1977) was electroporated into MR-1. Plasmids pBR322 MR-1. FEMS Microbiology Letters 98, 13–20.
and pACYC184 have a similar size and copy number and Myers, C.R. and Myers, J.M. (1992b) Localization of cytochromes
they have the identical class C tetracycline resistance gene to the outer membrane of anaerobically grown Shewanella putre-
which codes for an inner membrane tetracycline efflux protein faciens MR-1. Journal of Bacteriology 174, 3429–3438.

Myers, C.R. and Myers, J.M. (1993a) Ferric reductase is associated(McMurry et al. 1980 ; Johnson and Adams 1992 ; Lenski et
with the membranes of anaerobically grown Shewanella putre-al. 1994). Hence, differences in the isolation of Tcr trans-
faciens MR-1. FEMS Microbiology Letters 108, 15–22.formants of MR-1 should not be related to these properties.

Myers, C.R. and Myers, J.M. (1993b) Role of menaquinone in theA notable difference between these two plasmids is their
reduction of fumarate, nitrate, iron(III) and manganese(IV) byreplication origin, pMB1 for pBR322 versus p15A for
Shewanella putrefaciens MR-1. FEMS Microbiology Letters 114,pACYC184. Since most plasmids rely heavily on host cell
215–222.

replication machinery, it seems likely that the difference in Myers, C.R. and Myers, J.M. (1994) Ferric iron reduction-linked
ability of MR-1 to maintain pACYC184 vs pBR322 is related growth yields of Shewanella putrefaciens MR-1. Journal of Applied
to their different replication origins. Hence, plasmids with the Bacteriology 76, 253–258.
pMB1 origin of replication (e.g. pBR322) should be suitable Myers, C.R. and Nealson K.H. (1988a) Bacterial manganese
vectors for gene replacement in MR-1, whereas those with reduction and growth with manganese oxide as the sole electron

acceptor. Science 240, 1319–1321.the p15A replication origin (e.g. pACYC184) are not suitable.
Myers, C.R. and Nealson K.H. (1988b) Microbial reduction of

manganese oxides : interactions with iron and sulfur. Geochimica
et Cosmochimica Acta 52, 2727–2732.
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