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Antibiotic resistance plasmids were exogenously isolated in biparental matings with piggery manure bacteria
as plasmid donors in Escherichia coli CV601 and Pseudomonas putida UWC1 recipients. Surprisingly, IncQ-like
plasmids were detected by dot blot hybridization with an IncQ orilV probe in several P. putida UWCI1 transcon-
jugants. The capture of IncQ-like plasmids in biparental matings indicates not only their high prevalence in
manure slurries but also the presence of efficiently mobilizing plasmids. In order to elucidate unusual
hybridization data (weak or no hybridization with IncQ repB or IncQ oriT probes) four IncQ-like plasmids
(pIE1107, pIE1115, pIE1120, and pIE1130), each representing a different EcoRV restriction pattern, were
selected for a more thorough plasmid characterization after transfer into E. coli K-12 strain DH5«a by
transformation. The characterization of the IncQ-like plasmids revealed an astonishingly high diversity with
regard to phenotypic and genotypic properties. Four different multiple antibiotic resistance patterns were
found to be conferred by the IncQ-like plasmids. The plasmids could be mobilized by the RP4 derivative pTH10
into Acinetobacter sp., Ralstonia eutropha, Agrobacterium tumefaciens, and P. putida, but they showed diverse
patterns of stability under nonselective growth conditions in different host backgrounds. Incompatibility
testing and PCR analysis clearly revealed at least two different types of IncQ-like plasmids. PCR amplification
of total DNA extracted directly from different manure samples and other environments indicated the preva-
lence of both types of IncQ plasmids in manure, sewage, and farm soil. These findings suggest that IncQ
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plasmids play an important role in disseminating antibiotic resistance genes.

Plasmid-mediated gene exchange between bacteria plays an
important role in bacterial adaptation and flexibility. Plasmids
have greatly contributed to the rapid spread of antibiotic re-
sistance genes in bacterial populations due to antibiotic selec-
tive pressures resulting from the intensive use of antibiotics in
human therapy and agriculture (24, 48, 53, 54). However, our
knowledge of the prevalence and diversity of plasmids in bac-
teria from different environments is very limited. Moreover,
the screening of bacteria isolated by standard cultivation tech-
niques for the presence of plasmids only allows for analysis of
a small proportion of bacteria accessible to standard cultiva-
tion techniques (39). Systematic studies on the prevalence and
diversity of plasmids in different environmental niches have not
yet been performed. The application of new approaches, such
as the exogenous plasmid isolation techniques (2, 19) or the
PCR-based detection of mobile genetic elements in total com-
munity DNA (6, 13, 37), now broadens our view of the plasmid
pool present in bacteria from different environmental habitats.
Furthermore, PCR and DNA hybridization were shown to be
extremely valuable tools for plasmid characterization and clas-
sification (5, 13, 27, 37, 38, 42, 49).

IncQ plasmids are small mobilizable plasmids which have an
extremely broad host range, including gram-negative and even
gram-positive bacteria (1, 9, 11). Plasmid mobilization fre-
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quency varies with the mobilizing plasmid employed, and mo-
bilization is particularly efficient when IncP, Incla, IncM, and
IncX are used as mobilizers (14). The molecular biology of the
IncQ plasmid RSF1010 and the similar, if not identical, plas-
mids R300B and R1162 has been studied intensively (9, 16, 33).
RSF1010-like plasmids have been detected in numerous gram-
negative genera of commensal and pathogenic bacteria (9).
However, limited information is available on the prevalence
and the genetic diversity of IncQ plasmids, particularly in bac-
teria of different environments. Recently, primers for PCR
amplification of IncQ-specific sequences were shown to be well
suited for the detection of IncQ-plasmids in environmental
bacteria and DNA extracted directly from different environ-
ments (12, 13). Oligonucleotide primers to amplify different
regions of the plasmid backbone were designed on the basis of
the complete sequence of RSF1010 (33). Seven IncQ plasmids
analyzed in the study of Gotz et al. (13) yielded PCR products
of the expected sizes with primer pairs specific for oriV, repB,
and oriT of RSF1010, respectively. PCR amplification of IncQ
oriV and repB sequences from total community DNA extracted
from manure and different soils showed that IncQ-like plas-
mids might be relatively abundant in manure slurries (13).
However, a further characterization of those plasmids depends
upon their isolation.

Here we describe the capture of antibiotic resistance plas-
mids exogenously isolated in biparental matings with piggery
manure bacteria as plasmid donors in Escherichia coli CV601
and Pseudomonas putida UWCI. IncQ-like plasmids in P.
putida UWCI transconjugants were identified by dot blot hy-
bridization with an IncQ oril” probe prepared by PCR from
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RSF1010. However, some of these plasmids showed no or only
weak hybridizations with IncQ repB or IncQ oriT probes. In
order to elucidate these unusual hybridization data, four out of
these IncQ-like plasmids, each representing a unique EcoRV
restriction pattern different from that of the IncQ “type plas-
mid” RSF1010, were selected for a more thorough plasmid
characterization. One of these plasmids, pIE1107, has been
completely sequenced, and its unusual unidirectional incom-
patibility towards RSF1010 has been elucidated recently (43).
Briefly summarized, pIE1107 contains two copies of the origin
of vegetative replication (oril’) of IncQ plasmids. These two
copies of IncQ-oril” DNA are slightly different from each
other. One of them (oriVa) is identical with the oril” of
RSF1010 but is dispensable for replication of pIE1107. This
follows from the regular replication of a deletion derivative of
pIE1107, pIE1108, which contains only oril’3. Moreover,
pIE1108 and RSF1010 stably coexist in a bacterial host cell,
indicating that the two plasmids have distinct, compatible rep-
licons. Therefore, pIE1107 was considered an IncQ@ plasmid
in order to distinguish it from the RSF1010-type IncQa repli-
cons (43). From the nucleotide sequence of pIE1107 additional
primer sets were derived and tested for the amplification of
IncQp-specific plasmid DNA. The complete nucleotide se-
quence of another plasmid reported here, pIE1130, was re-
cently deposited in the database under EMBL, GenBank, and
DBJ accession number AJ271879 (E. Tietze and K. Smalla,
unpublished data). PCR analysis, DNA-hybridization, incom-
patibility testing and host range studies were used to compare
the new IncQ-like plasmids pIE1130, pIE1120 and pIE1115
with the IncQa plasmid RSF1010 and the IncQB plasmid
pIE1107. Moreover, PCR amplification of total DNA ex-
tracted directly from different manure samples and other en-
vironments was performed to provide data on the prevalence
of IncQ-like plasmids in these samples.

MATERIALS AND METHODS

Strains and plasmids. P. putida UWCI (Rif") and E. coli K-12 CV601 (Rif"
Thr~ Leu™ Thi~) were used as recipients in exogenous plasmid isolations. P.
putida UWC1 was obtained from J. Fry, Cardiff, Wales. E. coli CV601 was
provided by H. Tschiape, Wernigerode, Germany. Both recipients are restriction-
negative strains. Plasmids isolated in P. putida UWCI1 were transferred into E.
coli K-12 strain DH5a by transformation (32). E. coli DH5a served as the general
host for incompatibility testing, preparation of plasmid DNA, and determining
antibiotic resistance patterns conferred by the plasmids. Rifampin (RIF)-resis-
tant P. putida UWC1, Agrobacterium tumefaciens DSM30150, Ralstonia eutropha
JMP 228, and Acinetobacter sp. strain BD413 (23) (obtained from J. D. van Elsas,
Wageningen, The Netherlands) were used as recipients for plasmid host range
determinations. E. coli J53(pTH10) (15) (obtained from H. Tschépe) was used as
a helper strain in triparental filter matings. Plasmids pMMB600 and RSF1010
were obtained from M. Bagdasarian. While the IncQ prototype RSF1010 is a
natural plasmid, pMMB600 is an RSF1010 derivative lacking the su/ and str genes
but containing a bla gene conferring an ampicillin resistance (10). Plasmid
pIE1108 is an in vitro-generated deletion derivative of the natural IncQ-like
plasmid pIE1107, which lacks the IncQa-specific incompatibility determinant
(oriVa) of the parental plasmid (43).

Media and growth conditions. Putative P. putida UWCI and E. coli CV601
transconjugants were isolated from M9 medium (32) supplemented with calcium
pantothenate (1 wg/ml), nicotinamide (1 pg/ml), and thiamine (1 wg/ml) or
leucine (20 pg/ml), threonine (20 wg/ml), and thiamine (2 pg/ml), respectively,
and the following antibiotics: rifampicin (RIF) (100 wg/ml) and either strepto-
mycin (SM) (50 wg/ml), kanamycin (KM) (100 wg/ml), gentamicin (GM) (20
wg/ml), tetracycline (TC) (50 wg/ml) or streptothricin (ST) (100 pg/ml). In
addition, cycloheximide (200 wg/ml) was added to the selective media to suppress
fungal growth. Mueller-Hinton agar (Merck, Darmstadt, Germany) was used to
determine plasmid-conferred antibiotic resistances. Yeast extract medium (pep-
tone, 15 g; yeast extract, 10 g; NaCl, 6 g; agar, 13 g; H,O, 1 liter [pH 7.5]) was
used for biparental matings. E. coli strains containing the respective plasmids and
recipient strains were grown in Luria-Bertani (LB) (32) broth overnight at 28°C
with agitation (200 rpm). Plate count agar (PCA) (Merck) supplemented with
SM (20 pg/ml) or ST (100 wg/ml) was used in host range studies.

Exogenous plasmid isolation in biparental matings. Exogenous plasmid iso-
lations were essentially done as described previously (2, 21). The bacterial frac-
tion of manure was obtained by stomacher treatment (Seward Medical) of
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manure resuspended in sterile saline. Debris were removed by a low-speed
centrifugation (2 min at 500 X g and 20°C). The bacteria were harvested from the
supernatant (20 min at 5,000 X g and 20°C). The pellet was resuspended in LB
broth and used as plasmid donor, while RIF-resistant P. putida UWCI or E. coli
CV601 (grown overnight in 5 ml of nutrient broth) served as the recipient in
biparental matings. One milliliter each of donor cells and recipient cells was
mixed and plated onto a yeast extract agar plate. Controls were made by incu-
bating the bacterial fraction from manure slurry and the recipient separately.
After overnight growth, the cell lawn was resuspended in 5 ml of sterile saline,
and transconjugants were obtained after plating serial 10-fold dilutions on se-
lective media. After 48 h incubation at 28°C CFU were counted and putative
transconjugants picked for further characterization.

Verification of recipients. Transconjugants obtained after biparental mating
were confirmed by repetitive extragenic palindromic (REP) fingerprints obtained
using the primers and PCR conditions described by Rademaker et al. (30).
Genomic DNA extracted from freshly grown colonies according to Wilson (52)
was used as a template.

Antibiotic resistance patterns. Plasmid-encoded antibiotic resistances were
determined by disk diffusion assay according to the manufacturer’s specification
(BioMérieux, Mary I’Etoile, France). Appropriate dilutions of E. coli CV601 or
P. putida UWCI transconjugants or E. coli DH5a cells containing the plasmids
pIE1107, pIE1115, pIE1120, and pIE1130 were plated onto Mueller-Hinton
agar, and disks containing the antibiotics ampicillin (10 pg), chloramphenicol
(CM) (30 pg), GM (10 pg), KM (30 pg), SM (10 pg), sulfonamide (SU) (25 pg),
TC (30 pg), and ST (100 pg) were applied with the BioMérieux distributor 8C.
Inhibition zones were measured after 24 h of incubation at 28°C and compared
with respective zones observed for E. coli CV601, P. putida UWCI, or E. coli
DH5a.

Dot blot and Southern blot analysis. Plasmid DNA extracted from transcon-
jugants was analyzed by dot blot hybridizations for the presence of broad-host-
range plasmids using PCR generated probes (13). Dot and Southern blotting was
performed by standard protocols (32). Hybridizations of Southern- or dot-blot-
ted plasmid DNA or PCR products with digoxigenin-labeled probes were per-
formed according to the manufacturer’s instructions (Boehringer, Mannheim,
Germany).

Transformation into E. coli DH5«. Prior to further characterization, the ex-
ogenously isolated plasmids in P. putida were introduced into E. coli DH5a using
the standard CaCl, transformation protocol (32).

Plasmid isolations. Plasmid DNA was extracted according to the method of
Holmes and Quigley (22) or according to the method of Birnboim and Doly (3)
modified as follows. A loop of material from a freshly grown colony was resus-
pended in 2 ml of MgSO, and centrifuged at 3,000 X g for 5 min. Pellets were
resuspended in 200 pl of lysozyme solution (5 mg in 25 mM Tris, 50 mM glucose,
10 mM EDTA) and incubated for 30 min at 37°C. After addition of 400 .l of 0.2
M NaOH-1% sodium dodecyl sulfate, the lysates were incubated on ice for 5
min. Subsequently, 300 pl of potassium acetate (pH 5.2; 5 M) was added and
carefully mixed, and the mixture was kept on ice for another 15 min before
centrifugation at 15,000 X g for 20 min. The lysate was then extracted with 900
wl of phenol (pH 8)-chloroform followed by a chloroform extraction. DNA was
precipitated with 0.7 volume of isopropanol and kept at room temperature for
1 h. The pellet obtained by centrifugation at 25,000 X g for 30 min was washed
with 70% ethanol.

Characterization of IncQ-like plasmids by PCR. (i) Replicon-related se-
quences. Using the strategy described by Goétz et al. (13), two additional primer
sets designed on the basis of the published sequences of RSF1010 (33) and
pIE1107 (43) were used in addition to the recently published IncQ primer sets
(Table 1). Primer sequences, the annealing temperatures, and sizes of the PCR
products are summarized in Table 1. PCR was performed with either heat-
denatured cells (1 pl of a 1:10 diluted overnight broth) or plasmid DNA as
template. PCR mixtures contained 7aq polymerase (Stoffel fragment; Perkin-
Elmer), Stoffel buffer, a 0.2 mM concentration of each deoxynucleoside triphos-
phate, 3.75 mM MgCl,, and 0.2 pmol of each primer. After a 5-min denaturation
step at 94°C, 35 cycles consisting of 1 min at 94°C, 1 min of primer annealing, and
1 min at 72°C were performed, followed by a final 10-min extension step at 72°C.
PCR products (10 pl) were analyzed on 1% agarose gels with Tris-borate-EDTA
buffer, Southern blotted (32), and hybridized using digoxigenin-labeled probes.
Probes were generated by PCR using a deoxynucleoside triphosphate mixture
containing 0.13 mM dTTP and 0.07 mM digoxigenin-labeled dUTP (Boehr-
inger).

(ii) Detection of SM resistance genes strA and strB. Based on the sequence of
RSF1010 (33), two sets of primers were selected to amplify parts of either the SM
resistance genes strA or strB and a third set with the forward primer annealing in
the str4 and the reverse primer in the stB gene (Table 1).

Incompatibility testing. Two methods of incompatibility testing were used as
described by Tietze (43). The ability of an incoming plasmid to establish in a host
which already contains another, resident plasmid was measured in reciprocal
transformation experiments by comparing the efficiency of transformation with
that of a plasmid-free recipient (set at 100%). In case of transformants which
contained two plasmids several colonies were tested for segregation of plasmid
markers under nonselective conditions.

Host range determination. The host range of the plasmids under investigation
(Table 2) was determined in triparental matings with E. coli DH5«a(pTH10) as
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TABLE 1. Primer systems used to amplify different parts of the IncQ replicon and of the SM resistance genes strA4 and strB

Primer Primer sequence (5'-3')° Annealing Product size Primer Accession no.
seq temp (°C) (bp) position (reference)

PI CTC CCG TAC TAA CTG TCA CG 57 436 2328 M2882935

RSF1010 oriV ATC GAC CGA GAC AGG CCC TGC 2743

PII TTC GCG CTC GTT GTT CTT CGA GC 57 191 2988 M28829

RSF1010 oriT GCC GTT AGG CCA GTT TCT CG 3159

PIII TCG TGG TCG CGT TCA AGG TAC G 62 1,160 2816 M28829

RSF1010 repB CTG TAA GTC GAT GAT CTG GGC GTT 3952

PIV GAC ATG AGG GCA GCC GCA GGG GAA C 60 1,476 774787 45

pIE1107 mobA CGC CAT GCG CCG CCT AGT CAG TG

PV CGG TGA TGA CCT CAG CAA GTG CGA C 65 1,156/1,003

RSF1010/pIE1107 GGC CGT CGA ACC ACT CCG GG 774787

mobA/repA

strA GCC CCG AGG TCA TCA ACT 54 469 M28829
TTC TCT TCG GCG TTA GCA

strB CTG TTT TTC CTG CTC ATT 54 613 M28829
CAA AGG TCG TCT CTG TCA

strA-strB AAC GCC GAA GAG AAC TGG 54 186 M28829

AGG TGT CCG CAA TGA GAA

“In each pair of sequences, the first and second sequences listed are forward and reverse, respectively.

helper, and the RIF-resistant recipients A. tumefaciens DSM30150 (a-proteobac-
terium), R. eutropha JMP 228 (B-proteobacterium), Acinetobacter sp. strain
BD413 (y-proteobacterium), and P. putida UWCI (y-proteobacterium). All
strains used in matings were grown in nutrient broth supplemented with the
appropriate antibiotics to the late log phase (~20 h) and harvested by centrifu-
gation at 14,000 X g for 5 min. The cell pellets were resuspended in fresh nutrient
broth. One hundred microliters of each donor and helper was mixed with 500 .l
of recipient, and the mixture was centrifuged at 14,000 X g for 5 min. The pellet
resuspended in 100 wl of LB broth was applied to a Millipore filter (pore size,
0.22 um, type GV) placed on yeast extract agar. After overnight incubation the
filter was resuspended in 10 ml of sterile saline by vigorous vortexing, and 10-fold
serial dilutions were plated on PCA supplemented with RIF (50 pg/ml) to
determine the number of recipients. Transconjugants were selected on PCA
supplemented with RIF (50 pg/ml) and SM (50 pg/ml) for the matings with
RSF1010-, pIE1120-, pIE1115-, and pIE1130-containing donors and on PCA
with RIF (50 pg/ml) and ST (50 pg/ml) for matings with donors containing
pIE1107. CFU numbers were determined after 2 days’ incubation at 28°C.
Transconjugants were verified by their REP-PCR fingerprints.

To determine the stability of the plasmids in A. tumefaciens DSM30150, R.
eutropha JMP228, Acinetobacter sp. strain BD413, P. putida UWCI, and E. coli
DHS5a under nonselective growth conditions, two colonies of each host grown on
selective plates were randomly picked and used to inoculate 10 ml of nutrient
broth. After ~20 h of incubation at 28°C, serial 10-fold dilutions were plated
onto PCA and 10 pl of the culture was added to 10 ml of fresh nutrient broth.
Plating onto PCA and inoculation of a fresh nutrient broth was performed for
another round. Twenty-four colonies were picked from dilutions with approxi-
mately 50 to 100 colonies and streaked on PCA (SM>° RIF*° or ST*° RIF*,
respectively). After 2 days’ incubation the percentage of colonies grown on the

TABLE 2. EcoRV restriction fragments, size, and antibiotic
resistances conferred by IncQ-like plasmids

T . EcoRV
Plasmid Aqtlblotlc Size fragment Reference
resistances (kb) sizes (kb)
RSF1010 SM, SU 87 59,28 33
pIE 1107 ST, KM 85 55,30 This study
43
pIE 1115 SM, SU 10.7  5.4,4.1,12  This study
pIE 1120 TC, SM 91 49,42 This study
pIE 1130 CM, KM, SM, SU 103 7.0,2.1,1.2  This study

selective medium was determined. To check for the presence of pTH10 and the
IncQ-like plasmids, Southern-blotted plasmid DNA was hybridized with PCR-
generated probes for IncPa #7f42 and IncQ oril” according to the method of Gétz
et al. (13).

Community DNA extraction. Total DNA directly extracted from different
environments was used. DNA from manure and rhizosphere samples was ex-
tracted and purified essentially as described by Smalla et al. (35). Briefly, the
DNA was extracted from manure slurries and soil and rhizosphere samples by
lysozyme, bead beating, and alkaline sodium dodecyl sulfate treatments followed
by phenol, phenol-chloroform, and chloroform extraction. The crude DNA was
purified by two salt precipitation steps (cesium chloride and potassium acetate
precipitation) and Wizard DNA cleanup (Promega, Madison, Wis.) (50). Further
DNA samples extracted directly from different environments were provided by
the participants of an EU-funded MECBAD (Mobile Genetic Elements” Con-
tribution to Bacterial Adaptability and Diversity) workshop (for further infor-
mation see http:/mecbad.bba.de). PCR amplifiability was checked using 16S
ribosomal DNA primers (F984GC, R1378) and denaturing gradient gel electro-
phoresis analysis as described by Heuer et al. (17, 18).

RESULTS

Exogenous isolation of antibiotic resistance plasmids from
piggery manure. Mobile genetic elements conferring antibiotic
resistances were exogenously isolated from manure bacteria
with P. putida UWC1 and E. coli CV601 as recipients. Putative
transconjugants were obtained on selective media supple-
mented with SM, TC, KM, GM, or ST. CM-resistant transcon-
jugants were obtained only with E. coli CV601 because P.
putida UWC1 is intrinsically resistant to CM. Frequencies of
antibiotic resistance gene transfers were 1.7 X 1077 to 9.3 X
10~® for nonenriched manure. Transfer frequencies were
much higher (1.1 X 107 to 3.4 X 10~7) with manure samples
that had been enriched with LB broth prior to the mating
overnight at 28°C. Background growth required that putative
transconjugants be confirmed by REP-PCR fingerprinting by
comparing the fingerprints with those of the respective recip-
ients. Antibiotic resistance patterns of the transconjugants and
the respective recipient determined by the disk diffusion
method showed that most of the transconjugants acquired mul-
tiple antibiotic resistances. Transferable elements captured in
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TABLE 3. PCR characterization of IncQ-like plasmids
amplified with primer systems I to V

Size (bp) of plasmid amplified with

Plasmid
PI PII PIII PIV PV
RSF1010 430 190 1,100 1,150
pIE1120 430 190 1,100 1,150
pIE1107 1,500 1,000
pIE1115 1,500 1,000
pIE1130 430

E. coli CV601 conferred resistance to CM (98.5%), TC (84%),
SM (73%), SU (70%), KM (41%), and ampicillin (70%) in a
total of 70 transconjugants analyzed. Resistance to SM, TC,
and KM was detected for 88, 48, and 36%, respectively in a
collection of 130 P. putida UWCI transconjugants. Plasmid
DNAs extracted from transconjugants were screened by dot
blot hybridizations using PCR-generated probes (13) to assess
whether these belonged to plasmids of the IncQ, IncN, IncP,
and IncW groups. Only two plasmids isolated in E. coli CV601
hybridized with the IncN probe; one plasmid isolated in P.
putida UWCI1 gave a strong hybridization with the IncPa
probe. However, a number of plasmids captured in P. putida
UWTCI after a biparental mating with bacteria from fresh ma-
nure and isolated on selective media supplemented with either
KM, SM, TC, or ST showed DNA homology with the IncQ
oriV probes. None of the plasmids isolated in E. coli CV601
exhibited homology to the IncQ oril” probe. Hybridization with
the IncQ oriT probe indicated the absence of oriT-specific
sequences in several plasmids that gave strong hybridization
signals with the IncQ oril” probe and less-intensive hybridiza-
tion with the IncQ repB probe. Hybridization results indicated
that the plasmids exogenously isolated in P. putida UWC1 were
related to IncQ plasmids but showed an unusual variability in
IncQ backbone DNA. Therefore, after transfer of these plas-
mids to E. coli DH5a, they were further characterized with
respect to their molecular size, plasmid-encoded antibiotic re-
sistances, restriction digestion profiles, incompatibility, and
host range.

Characterization of IncQ-like plasmids. Plasmid DNA di-
gested with EcoRV revealed four different restriction patterns
(Table 2). Four plasmids, each representing a different EcoRV
restriction fragment length polymorphism type, were selected
for further studies and named pIE1107, pIE1120, pIE1115,
and pIE1130. The detailed molecular and genetic analysis of
pIE1107 was published elsewhere (43). The complete nucleo-
tide sequence of pIE1130 and part of the nucleotide sequence
of plasmid pIE1120 are available from the databases under the
accession numbers AJ271879 and AF070999, respectively.

(i) Characterization by different PCR primer sets. Five dif-
ferent primer systems were used to characterize the collection
of exogenously isolated IncQ-like plasmids. In addition to the
three recently published primer sets (PI to PIII), which did not
or only partly amplify pIE1107, pIE1115, and pIE1130, two
new primer sets based on the sequences of pIE1107 and
RSF1010 were developed (Table 1). Primer set PIV is specific
for pIE1107 because primer annealing sites are absent in
RSF1010. In contrast, amplification products with both
RSF1010 and pIE1107 plasmids were obtained using primer
set V. However, the sizes of the PCR products differed by 153
bp. Thus, primer set V with primer annealing sites in the repA
and mobA region is suitable for a differentiation between the
RSF1010-like (IncQa) and pIE1107-like (IncQp) plasmids.
Plasmid analysis with primer sets I to V (Table 3) revealed that
PCR products of identical sizes were obtained with primer
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systems I, II, III, and V when pIE1120 or RSF1010 served as
templates. Thus pIE1120 can be assigned to the IncQa group.
In contrast, plasmid pIE1115 gave PCR products identical in
size to those of pIE1107, suggesting that pIE1115 might be an
IncQB plasmid. For pIE1130, a PCR product was obtained
with primer set I only. This is in agreement with the DNA
sequence of this plasmid (AJ271879), which reveals differences
from the typical IncQa and IncQp plasmids at those sites in
the plasmid backbone targeted by the primers of sets II, III, IV,
and V.

(ii) Antibiotic resistance patterns and determinants. Plas-
mid-encoded resistance patterns in E. coli DHS5« as deter-
mined by disk diffusion assay are listed in Table 2. Three of the
exogenously isolated plasmids conferred resistance to SM.
PCR amplification with three different primer sets homologous
to strA and strB of RSF1010 and subsequent Southern blot
hybridization showed that pIE1120, pIE1115, and pIE1130
contain the sz4 and s&rB genes arranged as in RSF1010 (Fig.
1). Plasmids pIE1115 and pIE1130 encoded SU resistance in
addition to SM resistance, as does the IncQ-prototype plasmid
RSF1010. The DNA sequence of pIE1130 (AJ271879) reveals
the presence of a su/ll gene, but in a location different from
that seen with RSF1010. Moreover, the CM and KM resistance
determinants of pIE1130 are typical catIIl and aph(3')-1d
genes (34), respectively. Plasmid pIE1120, in addition to the
SM resistance genes, carries a novel efflux-type TC resistance
gene, ftetY, as determined by DNA sequencing (AF070999).
The sat3 gene for ST resistance and the aph(3')-1d gene for
KM resistance on plasmid pIE1107 have been described else-
where (43, 44).

Antibiotic resistance analysis revealed four different types of
antibiotic resistance patterns conferred by IncQ-like plasmids
which were retrieved from a single piggery manure slurry sam-
ple. This is the first report that TC or CM resistance genes or
an aph(3')-I-type KM resistance gene are carried on IncQ-like
plasmids.

(iii) Incompatibility testing. Plasmids pIE1115, pIE1120,
and pIE1130 were tested for incompatibility with pMMB600
and pIE1108, which served as type plasmids for the IncQa and
IncQp subgroup, respectively. Plasmid pIE1108 is an in vitro-
generated deletion derivative of the natural IncQ-like plasmid
pIE1107, which lacks the IncQa-specific incompatibility deter-
minant (orilVe) of the parental plasmid (43). The results are
summarized in Table 4.

When plasmid pIE1115 was tested as the incoming plasmid,
a strong displacement of the resident plasmid pMMB600 was
observed, while recipients containing pIE1115 could not be
transformed by pMMB600. This is a remnant of the unidirec-
tional incompatibility exerted by the IncQp plasmid pIE1107
towards the IncQa plasmid RSF1010 (43). E. coli cells con-
taining pIE1108 could be transformed by pIE1115 and vice
versa, but the transformation frequency was only low. The
majority of fresh transformants contained both plasmids. A
symmetrical segregation during nonselective growth indicated
incompatibility of pIE1115 with plasmid pIE1108.

E. coli DH5a containing the IncQa type plasmid pMMB600
could be transformed at low frequency by pIE1120 and vice
versa. During nonselective growth of transformants which con-
tained both plasmids, a symmetrical segregation indicated the
incompatibility of pIE1120 and pMMB600. E. coli cells con-
taining pIE1120 and a coresident pIE1108 stably maintained
both plasmids under nonselective growth conditions. Thus,
pIE1108 and pIE1120 are compatible.

E. coli DH5a cells containing pMMB600 could be trans-
formed at high frequency by pIE1130, and a rapid displace-
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FIG. 1. Hybridization of Southern-blotted plasmid DNA extracted from Acinetobacter sp. strain BD413, A. tumefaciens, and R. eutropha transconjugants with
RSF1010 before (lanes 2 to 7) and after (lanes 8 to 13) stability testing with IncPa #f42 probe (A) and with IncQ oril probe (B) (12). Lanes 1 and 14,
digoxigenin-labeled ladder; lanes 2, 3, 8, and 9, Acinetobacter sp.; lanes 4, 5, 10, and 11, A. tumefaciens; lanes 6, 7, 12, and 13, R. eutropha.

ment of the resident plasmid was observed. In contrast, recip-
ients containing pIE1130 were transformed poorly by
pMMB600 and the incoming plasmid was unable to stably
establish in the transformants. Testing pIE1130 with pIE1108
revealed that the two plasmids were unable to coexist in a host.
pIE1108, as an incoming plasmid, rapidly displaced pIE1130,

whereas pIE1130 never could transform a host with a resident
pIE1108. Obviously, the IncQa as well as the IncQp type
plasmid is incompatible with pIE1130. However, the unidirec-
tional incompatibility reactions are different from the mutual
incompatibility patterns observed when testing typical IncQa
or IncQp plasmids, respectively.

TABLE 4. Summary of incompatibility testing”

% of transformants with

Incoming Resident tralﬁgerlrtril‘;etion plasmid marker of: % of colonies with plasmid marker of?:
plasmid plasmid P
requency Incoming only Both Incoming only Resident only Both
pIE1115 pPMMB600 83 100 0 NT¢ NT NT
pMMB600 pIE1115 <0.001 NT NT NT NT NT
pIE1115 pIE1108 14 8 92 61 34 5
pIE1108 pIE1115 3 11 89 48 40 12
pIE1120 pMMB600 24 1 99 38 34 28
pMMB600 pIE1120 17 0 100 47 30 23
pIE1120 pIE1108 111 0 100 0 0 100
pIE1108 pIE1120 120 0 100 0 0 100
pIE1130 pMMB600 129 98 2 100 0 0
pMMB600 pIE1130 2 0 100 0 100 0
pIE1130 pIE1108 <0.001 NT NT NT NT NT
pIE1108 pIE1130 19 100 0 NT NT NT

“ The ability of the incoming plasmid to establish in a bacterial strain containing another resident plasmid was measured in reciprocal transformation experiments
by comparing the efficiency of transformation with that of a plasmid-free recipient (set at 100). About 200 fresh transformant colonies were tested for the markers of
both plasmids by subculture onto agar plates containing the respective antibiotics separately or combined in one plate. In case of growth on agar selective for both
plasmids, such extransformant clones were tested for segregation of plasmid markers during nonselective growth. Per transformation experiment two macrocolonies
grown from independent extransformants were inoculated separately into nonselective broth and grown for about 30 generations with three successive subcultures.
Appropriate dilutions were then plated onto nonselective agar. About 200 colonies from each culture were tested again for the respective plasmid markers.

b Segregation during nonselective growth.
¢ NT, not tested.
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TABLE 5. Stability of IncQ-like plasmids under nonselective
growth conditions in different host backgrounds

% Colonies growing on selective medium after replicating
from a nonselective medium

Flasmid E. coli  P. putida Acmetobapter R. eutropha  A. tumefaciens
DHS« UWCI S%gffé“ JMP228 DSM30150
RSF1010 100 87 63 100 100
pIE1120 100 100 4 2 98
pIE1107 100 0 100 2 23
pIE1115 100 0 81 2 79
pIE1130 100 100 92 94 90

(iv) Determination of the host range. The IncQ-like plas-
mids pIE1107, pIE1115, pIE1120, and pIE1130 were consid-
ered to be capable of replication among a range of y-pro-
teobacteria due to their exogenous isolation in P. putida and
stable maintenance in E. coli DH5« under selective growth
conditions. To obtain additional information on their host
range and, in particular, on plasmid stability under nonselec-
tive conditions, four RIF-resistant soil bacteria, Acinetobacter
sp. strain BD413, R. eutropha JMP228, A. tumefaciens
DSM30150, and P. putida UWCI1, were used as recipients in
triparental filter matings. Mobilization of the IncQ-like plas-
mids by the IncP plasmid pTH10 was observed for all plasmids
supporting their broad host range. Highest numbers of
transconjugants were observed for all plasmids when A. tume-
faciens DSM30150, R. eutropha JMP228, or P. putida UWC1
was used as the recipient. Transfer frequencies of 10~* and
10~ were observed for most of the plasmids with R. eutropha
IMP228, A. tumefaciens DSM30150, and P. putida UWC1 as
recipients. The mobilization of the plasmids into Acinetobacter
sp. strain BD413 with transconjugant CFU numbers of 5 X 10°
to 3 X 10* and transfer frequencies ranging from 5 X 10~ to
4 X 10~° was less efficient. To test the stable maintenance of
the plasmids in different host backgrounds, two colonies each
of A. tumefaciens DSM30150, R. eutropha JMP228, E. coli
DH5«, and P. putida UWCI were used to study the stability of
the plasmid under nonselective growth conditions. After ~30
generations of nonselective growth in LB broth, serial dilutions
were plated onto PCA without antibiotics added. From each of
the replicates 24 colonies were picked and restreaked on se-
lective media. Based on the assumption that the resistance
genes are stably expressed and maintained on the plasmid
replicon, we correlated no growth of colonies on the selective
medium with a loss of the plasmid. The two parallel experi-
ments per plasmid-host combination consistently showed iden-
tical or similar percentages for colonies growing on selective
media (Table 5). While all plasmids stably replicated in E. coli
DH5a under nonselective growth conditions for ~30 genera-
tions, all P. putida colonies originally carrying pIE1107 or
pIE1115 failed to grow under selective conditions owing to loss
of the plasmid. In contrast, plasmids RSF1010, pIE1120, and
pIE1130 showed a high stability in P. putida UWCI1. More than
90% of A. tumefaciens colonies carrying pIE1120, pIE1130, or
RSF1010 were growing on the selective media, indicating a
rather high stability, while for A. tumefaciens pIE1107 and
pIE1115 growth was only observed for 23 and 79%, respec-
tively, of the picked colonies. While plasmids pIE1107,
pIE1115, and pIE1120 were not maintained in R. eutropha,
pIE1130 and RSF1010 were. Most striking was the high sta-
bility of plasmid pIE1130 shown in all hosts studied. Overall,
different patterns of plasmid stability in the different host back-
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FIG. 2. Southern blot hybridizations of PCR products obtained after ampli-
fication of directly extracted community DNA from three piggery manure sam-
ples (samples 3 to 5) with IncQ oril (A) and IncQ repB (B) primers (12). (A)
Lanes 1 and 2, manure 3; lanes 3 and 4, manure 4; lanes 5 to 8, manure 5; lane
9, negative control; lane 10, RSF1010; lane 11, digoxigenin-labeled ladder. (B)
Lane 1, digoxigenin-labeled ladder; lanes 2 and 3, manure 3; lanes 4 and 5,
manure 4; lanes 6 to 9, manure 5; lane 10, negative control; lane 11, RSF1010.

grounds tested were found. Plasmid DNA extracted from two
colonies selected per plasmid-host combination before and
after stability testing were analyzed by Southern blot hybrid-
ization with IncPa #7f42 and IncQ oril/ probes for the presence
of pTH10 and the mobilized plasmids (Fig. 1). Before stability
testing the mobilizing plasmid pTH10 was detected by hybrid-
ization with the IncP #fA42 probe only in R. eutropha and A.
tumefaciens but not in Acinetobacter sp. strain BD413. After
nonselective growth, the IncPa plasmid pTH10 was detectable
only in R. eutropha recipients. The IncQ oril” sequence was
detectable in all transconjugants before and after stability test-
ing.

Detection of IncQa and IncQ replicon-related sequences
in total community DNA. PCR amplification of total commu-
nity DNA extracted from piggery manure samples of which the
bacterial fractions had served as donors for exogenous plasmid
isolations showed very intense signals for IncQ oril” and less
intense PCR products for IncQ repB (Fig. 2). A different set of
total community DNA extracted directly from various environ-
ments, such as soil, wastewater, and chicken, pig, and cattle
manure, was analyzed using primer V for the presence of
IncQ-specific sequences. Primer set V was used to allow the
simultaneous detection of IncQa- and IncQp-like plasmids in
total DNA. Bands of the expected sizes could be detected after
Southern blot hybridization in DNA from cattle and pig ma-
nure, wastewater, and farm soil (Fig. 3). Interestingly, hybrid-
izing bands corresponding in size with pIE1107 (IncQp) were
stronger, indicating that the IncQB sequence might be more
abundant than the IncQa-like one.

DISCUSSION

The exogenous plasmid isolation approach facilitates the
capture of indigenous plasmids without the need to cultivate
the original host. Plasmid capture relies upon self-transmission



4860 SMALLA ET AL.

1 2 3 4 5 6 7 8 9 10 11

2

-

FIG. 3. Southern blot hybridization of PCR products amplified from com-
munity DNA directly extracted from different environmental samples with
primer set V, which allows simultaneous detection of IncQa and IncQg plasmids.
Lanes: 1, digoxigenin-labeled ladder; 2, soil A; 3, soil CD2; 4, chicken feces; 5,
cattle manure; 6, piggery manure; 7, wastewater; 8, farm soil; 9, pIE1107; 10,
RSF1010; 11, negative control.

or mobilization of indigenous plasmids and expression of a
selectable marker (e.g., antibiotic or heavy metal resistance)
from the bacterial fraction retrieved from environmental sam-
ples in a well-defined recipient strain. Exogenous plasmid iso-
lation has been primarily used to isolate plasmids conferring
mercury resistance (7, 8, 19, 25) or carrying biodegradative
genes (47). Lilley and Bailey (26) showed the acquisition of
indigenous self-transferable mercury resistance plasmids by a
genetically marked recipient colonizing the sugar beet phyto-
sphere and thus demonstrated biparental exogenous isolation
under in situ conditions. Here we report the isolation of trans-
ferable antibiotic resistance plasmids in biparental matings us-
ing the bacteria from piggery manure slurries as donors and E.
coli CV601 or P. putida UWCI as recipients. The majority of
mobile genetic elements captured conferred multiple antibiotic
resistances to their host. The rather frequent isolation of an-
tibiotic resistance plasmids exhibiting homology to IncQ plas-
mids in biparental matings indicates not only a high prevalence
of IncQ-like plasmids but also a high abundance of mobilizing
plasmids in manure since IncQ plasmids can be only trans-
ferred when fra functions are provided by mobilizing plasmids
in trans. This confirms observations of Gotz and Smalla (12) on
IncQ plasmid mobilization by indigenous bacteria in manure-
treated soils under field conditions and corresponds with re-
cent reports of gene mobilizing capacity in various environ-
ments (12, 20, 36, 46, 51). All plasmids exhibiting homology
with IncQ plasmids were isolated in P. putida UWCI1 but not in
E. coli, and this might indicate that the mobilizing plasmids
originate from Pseudomonas or related populations. Gene mo-
bilizing capacity could be shown also for all manure samples
analyzed here (unpublished results). In triparental matings
performed as described by Hill et al. (19) the IncQ plasmid
pIE639 (45) was mobilized by mobilizing plasmids of manure-
derived bacteria into P. putida UWCL but not into E. coli
CV601. However, none of the transconjugants carried the mo-
bilizing plasmid. Even more surprising was the high diversity of
IncQ-like plasmids in terms of their phenotypic and genotypic
characteristics. Four different plasmids, pIE1107, pIE1115,
pIE1120, and pIE1130, were isolated from a single pig manure
sample. Each of the plasmids was slightly different in size and
had a unique set of antibiotic resistance genes. The genetic and
molecular characterization of pIE1107 (43) revealed a new
type of IncQ-like plasmid (IncQ) which differs from the pro-
totype IncQ plasmid RSF1010 not only in the antibiotic resis-
tance genes but also in the replication and incompatibility
functions. Incompatibility testing and comparative PCR anal-
ysis of pIE1115 and pIE1107 disclosed that these two plasmids
have the same kind of replication system. Therefore, it seems
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appropriate to subdivide the family of IncQ-like replicons into
RSF1010-type (IncQa) and a pIE1107-type (IncQp) plasmids.
As concluded on the basis of PCR analyses and incompatibility
testing, pIE1120 turned out to be a typical IncQa plasmid
which, however, differs from RSF1010 in the antibiotic resis-
tance genes (Table 2). Generally, the results of PCR analyses
with primer sets PI to PV (Table 3) were in accordance with
incompatibility data (Table 4). PCR typing, therefore, might
serve as a rapid method for classification of IncQ-like plasmids.
Most interesting, plasmid pIE1130, which was neither a typical
IncQa nor a typical IncQp plasmid according to incompatibil-
ity testing, also could not be assigned to either group by PCR.
The analysis of the recently finished nucleotide sequence of
pIE1130 (AJ271879 [Tietze and Smalla, unpublished data])
suggests that this plasmid might represent a third type of IncQ-
like plasmids. It will be interesting to derive PCR primers from
the DNA sequence of pIE1130 in order to extend the typing set
for IncQ-like plasmids beyond primer pairs PI to PV. This
plasmid showed the highest plasmid stability in all host back-
grounds under nonselective growth conditions.

Plasmids pIE1107, pIE1115, pIE1120, and pIE1130 carried
by E. coli DH5a could be mobilized by the RP4 derivative
pTH10 into Acinetobacter sp. and P. putida UWCI (both y-pro-
teobacteria), R. eutropha (B-proteobacterium), and A. tumefa-
ciens (a-proteobacterium). All plasmids under investigation
were of broad host range. Recent studies conducted mainly
with RSF1010 showed that it is the special mode of replication
rather than an individual broad host range function which
allows RSF1010 as well as probably other IncQ plasmids to
replicate in nearly all gram-negative bacteria (9). Most studies
describing the host range of novel plasmids analyzed whether
or not a plasmid under investigation is transferable to different
recipients. The question of whether or not the plasmid is stably
maintained under nonselective growth conditions is only rarely
addressed. Despite the fact that plasmids pIE1107, pIE1115,
pIE1120, and pIE1130 were mobilized to Acinetobacter sp., P.
putida, R. eutropha and A. tumefaciens, they clearly showed
different patterns of stability under nonselective growth con-
ditions in different host backgrounds. Despite the fact that all
IncQ-like plasmids were originally isolated in P. putida UWCI1,
the two IncQp plasmids pIE1107 and pIE1115 were not stably
maintained in this host under nonselective growth conditions.
While none of the IncQ-like plasmids was captured in E. coli
CV601, all IncQ-like plasmids were perfectly stable in E. coli
DH5« under nonselective conditions. The most stable plasmid
in all five host backgrounds under nonselective growth condi-
tions was pIE1130. This plasmid is neither an IncQa nor a
typical IncQB plasmid but might represent a third type of
IncQ-like plasmids. Interestingly, the mobilizing plasmid
pTH10 was detectable only in A. tumefaciens and R. eutropha
transconjugants but not in Acinetobacter sp. After plasmid sta-
bility testing (growth under nonselective conditions) for all
host-plasmid combinations the IncPa #fA42 sequence was only
detected in plasmid DNA extracted from R. eutropha. This
observation indicates that R. eutropha is a potential reservoir of
IncP plasmids.

Although all IncQ-like plasmids pIE1107, pIE1115, pIE1120,
and pIE1130 were isolated from one fresh manure sample and
two additional pIE639-like IncQ plasmids (45) were recovered
from another manure sample (data not presented), IncQ PCR-
based detection of IncQ oril and IncQ repB indicated a com-
parable abundance of the IncQ-specific sequences in manure
samples 3 to 5. However, the isolation of IncQ plasmids in
biparental exogenous plasmid isolations clearly depends not
only on the presence of IncQ plasmids but also on the presence
of efficiently mobilizing plasmids and the metabolic state of
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their hosts. While recently published IncQ primer sets (13)
would have failed to detect plasmid pIE1107, pIE1115, or
pIE1130 (except for primer set I), primer V, which was de-
signed based on the sequences of RSF1010 and pIE1107, al-
lowed us to simultaneously amplify both IncQa and IncQf
plasmids from total community DNA. Southern blot hybrid-
izations indicated the prevalence of both plasmid types in pig
and cattle manure DNA and in farm soil.

In view of the broad host range of IncQ plasmids, their load
of antibiotic resistance genes is of particular interest. All IncQ-
like plasmids analyzed in this study conferred different combi-
nations of antibiotic resistances. Although pIE1107 and
pIE1115 both have an IncQ@-group backbone, they carried
different antibiotic resistance genes. Plasmid pIE1115 had a
similar organization of antibiotic resistance genes (strA-strB
and sulll) as found in the IncQa prototype RSF1010 while
plasmid pIE1107 does not carry strA and strB and lacks part of
the sulll gene (43). The organization of the ST and KM resis-
tance gene block carried on pIE1107 is identical with that
found on the IncQa plasmid pIE639 (EMBL database acces-
sion no. Z48231 [43-45]). Three of the plasmids analyzed con-
tained linked SM resistance genes str4 and stB, which appear
to be widely distributed (40). The str4-strB genes are often
located on small nonconjugative plasmids belonging to the
IncQ group and are usually linked with the SU resistance gene
sulll (40). In plant-associated bacteria the identical strA-strB
genes were mainly detected on large conjugative plasmids lo-
cated on the transposon 7n5393 (4, 41). The 81-bp right-in-
verted repeat of Tn5393, which is located downstream of strB,
is the only relic of Tn5393 on RSF1010 (40). A group of SM-
and SU-resistant Erwinia amylovora strains isolated from an
apple orchard in California was described which harbor a small
plasmid which hybridized to a stz4 probe (28). Sequencing data
indicated that indeed pEa8.7 is closely related, if not identical,
to RSF1010 (29). Recchia and Hall (31) reported that the GM
resistance of plasmid pIE723 (45) was acquired by insertion of
an aadB gene cassette at a secondary site in the IncQ plasmid
RSF1010.

The characterization of IncQ-like plasmids which were ex-
ogenously isolated from a single piggery manure slurry sample
revealed an astonishingly high diversity with regard to pheno-
typic and genotypic properties. The replicons have certainly
evolved from a common ancestral plasmid. Tietze (43) pro-
posed that cointegrate formation of two different IncQ-like
plasmids might have been important for diversification and
evolution of IncQ-like plasmids. It is supposed that IncQ plas-
mids play an important role in disseminating antibiotic resis-
tance genes, given their high abundance in manure slurries and
other environments, their broad host range, and the different
combinations of resistance genes carried by these plasmids.
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