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IncA/C plasmids are a class of plasmids from the Enterobacteriaceae that are relatively large (49 to >180 kbp), that are readily
transferred by conjugation, and that carry multiple antimicrobial resistance genes. Reconstruction of the phylogeny of these
plasmids has been difficult because of the high rate of remodeling by recombination-mediated horizontal gene transfer (HGT).
We hypothesized that evaluation of nucleotide polymorphisms relative to the rate of HGT would help to develop a clock to show
whether anthropic practices have had significant influences on the lineages of the plasmid. A system was developed to rapidly
sequence up to 191 known open reading frames from each of 39 recently isolated IncA/C plasmids from a diverse panel of Salmo-
nella enterica and Escherichia coli strains. With these data plus sequences from GenBank, we were able to distinguish six distinct
lineages that had extremely low numbers of polymorphisms within each lineage, especially among the largest group designated
as group 1. Two regions, each about half the plasmid in size, could be distinguished with a separate lineal pattern. The distribu-
tion of group 1 showed that it has migrated extremely rapidly with fewer polymorphisms than can be expected in 2,000 years.
Remodeling by frequent HGT was evident, with a pattern that appeared to have the highest rate just upstream of the putative
conjugation origin of transfer (oriT). It seems likely that when an IncA/C plasmid is transferred by conjugation there is an op-
portunity for plasmid remodeling adjacent to the oriT, which was also adjacent to a multiple antimicrobial resistance gene
cassette.

Plasmids are often mobile units that can carry accessory genes
to other strains (lineages) of bacteria within the species, and

some will pass between many species of bacteria. Plasmids of the
IncA/C incompatibility group have been found in many species of
the Gammaproteobacteria. In a survey of veterinary isolates of Sal-
monella enterica from throughout the United States, Lindsey et al.
(1) found that approximately half of the isolates were resistant to
ampicillin and/or tetracycline and that, of these, 26% were posi-
tive for IncA/C plasmids. The defining characteristic of an IncA/C
plasmid is the presence of the repA gene (2), a gene that should
never be found on a bacterial genome (3). It is believed that all
IncA/C plasmids were derived from a single common ancestor,
with lateral gene transfer bringing in several important genes such
as several antimicrobial resistance genes (4, 5). However, multiple
plasmid sequence analyses have not produced clear lineages of
IncA/C plasmids (6). It is clear that IncA/C plasmids have under-
gone considerable remodeling by horizontal gene transfer events,
many of which appear to be transposon mediated. Total plasmid
sequences have ranged in size from 49 to 182 kbp (4, 5).

Up to this point it has been difficult to tell whether the resis-
tance genes have been gradually added to the backbone or whether
there has been an ancestor that acquired a large piece of DNA with
the resistance genes that has been eroded. Phylogenetic studies on
the plasmid have not been done in a way that can appropriately
clock the events that went into constructing the plasmid. We hy-
pothesized that comparisons of reconstructed phylogenies of each
individual open reading frame (ORF) would show how the
IncA/C family of plasmids was constructed. Thus, we sequenced
39 IncA/C plasmids and compared their ORFs, along with 26
IncA/C plasmid sequences obtained from GenBank (National
Center for Biotechnology Information).

For producing sequence assemblies, we relied on an “ORF-
supervised analysis,” an ORF-centric approach that is analogous
to “taxonomy-supervised analysis” of massively parallel sequenc-

ing of populations of small subunit ribosomal genes (7). ORF
sequences from a known reference plasmid were used to search
databases made with the raw sequence output files from a Roche
454 GS FLX sequencer (Roche, Nutley, NJ), which proved to be a
rapid method for creating ORF assemblies. The same reference
ORFs were used to search published (GenBank) whole plasmid
sequences to extract ORF sequences without risk of introducing
anomalies to the analyses due to sequencing errors that result in
frameshifts or due to differences in ORF predicting software.
Alignments were made of each ORF for all of the plasmids that had
part or all of the given ORF. Downstream analyses were made of
each ORF, as well as for concatenations of all the alignments, to
give fine draft sequences for a total of 65 plasmids. We were able to
determine that the plasmids had two major sequence regions with
separate lineages and that together there are at least six lineages of
IncA/C plasmids. The plasmid has disseminated very rapidly with
many insertion/deletion events, but we could estimate that the
most prevalent lineages were between 1,500 and 57,000 years old.

MATERIALS AND METHODS
Plasmid population. Newly isolated plasmids were selected for sequenc-
ing based on the presence of a marker within the repA gene that defines an
IncA/C plasmid (1, 8). The plasmids from Salmonella enterica were a
subset of the plasmids previously used for microarray analysis for IncA/C
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plasmids (1). Plasmids from Escherichia coli were obtained from isolates
described by Glenn et al. (9) and Lindsey et al. (10). Some of the bacterial
isolates had several other plasmids, as well as the IncA/C plasmid that
overwhelmed the sequencing strategy, which was overcome by transform-
ing the plasmids into E. coli DH10B (11) and selecting resistant isolates
that were subsequently shown by PCR to be positive for IncA/C (10). The
population was augmented with complete sequences of plasmids that
were found in GenBank using the repA gene from pAR060302 (12) in a
BLASTn (13) search. A list of all of the plasmids is presented in Table S1 in
the supplemental material.

Plasmid extraction and sequencing. Plasmid DNA was extracted us-
ing the PowerPrep HP plasmid midiprep system (OriGene Technologies,
Inc., Rockville, MD). Purified plasmid preps were visualized by agarose
electrophoresis for plasmid size and to determine whether the prep was
contaminated with genomic DNA and/or RNA. Plasmid preps free from
contamination were used to make shotgun genomic libraries using the GS
Titanium general library preparation kit according to the manufacturer’s
protocol (Roche) and run on a Roche 454 genome sequencer FLX system.

Sequence analysis. Sequence assemblies, preliminary manipulations,
alignments, and preliminary analyses were all done from within the Ge-
neious software package (Geneious version 6.0.4 created by Biomatters
[http://www.geneious.com/]) unless otherwise noted. The sequencer out-
put (.sff) files were imported into Geneious. If multiple sequencing runs
were performed for a plasmid, the output files were grouped into a single
list. The raw sequences were made into a BLAST database that was then
searched by BLASTn (13) with the ORF sequences from the reference
plasmid pAR060302 (4) using the following settings: an E value set to
1e�5; only return query-centric alignments, turn off the low-complexity
filter, and maximum hits set to 10,000; the rest of the settings were left at
the default. The resulting blast hits were then aligned with the Geneious
alignment algorithm using the default settings. The alignments were vi-
sually inspected and edited as appropriate (mostly to trim off bases that
extended beyond the start or end of the reference sequence). The consen-
sus sequence of this build was extracted and considered the ORF sequence
for the plasmid.

In order to identify ORFs from each of the completed plasmid se-
quences obtained from GenBank, each sequence was converted into a
BLAST database and searched with the reference ORFs as described above.
This ensured that the ORFs were interpreted in a uniform way for all of the
plasmids. The annotation of the presence or absence of each gene for each
plasmid was imported into Cluster 3.0 (M. Eisen, http://bonsai.hgc.jp
/�mdehoon/software/cluster/software.htm) for preliminary evaluation
of relationships of the plasmids.

Copy number approximations. For the new sequences, the number
of copies of sequences in a given plasmid was estimated based on the
number of raw sequence fragments that aligned to the reference sequence.
The number of fragments was divided by the length of the reference ORF
and then multiplied by 1,000 to give the number of fragments per thou-
sand base-pairs of sequence. To normalize the data for all of the plasmids,
this number was divided by the value derived for ORF 0003 (the repA
gene, which is found in all IncA/C plasmids). The variation was visualized,
and a 2.5-fold increase (the 95th percentile) over the value for the repA
gene was set as the criterion for concluding the ORF was multicopy in that
plasmid. One plasmid, Ec270, had an excessive variance with no outlier
values; thus, no multicopy ORFs were inferred for that plasmid. The copy
number of ORFs in GenBank acquired plasmid sequences was derived by
counting the number of BLASTn hits that exceeded the default of 100
bases for each ORF.

All of the sequences for each ORF from all of the plasmids that were
positive for that ORF were grouped together and aligned using the Ge-
neious alignment algorithm. These alignments were also visually in-
spected but no editing was deemed necessary. The ORF alignments were
concatenated in the same order that they are found in the pAR060302
reference to yield the complete alignment visualized in Fig. 1. The anno-

tations for pAR060302 in GenBank file NC_012692 were used for all of the
nomenclature used here.

Distance matrixes were determined for each ORF alignment using
pairwise proportionate distances (P distance) after evaluation of a subset
of the alignments with jModelTest (14). Dendrograms were constructed
with the neighbor-joining algorithm from the distance matrixes. For es-
timations of the age of clones, the patristic distances from these trees were
used.

Alignments for each ORF were exported in FastA files that were used in
DnaSP (15) to calculate phylogenetic statistics. Codon analyses were done
on the ORFs of selected representative plasmids using CodonW (16). This
program classified ORFs by their relative synonymous codon usage
(RSCU). The entire alignment in FastA format and in Geneious format is
available at http://www.ars.usda.gov/Main/docs.htm?docid�23292 as a
supplemental data file containing a table of ORF absence or presence and
a table of the products of DnasSP analyses.

RESULTS

ORF-centric reference-based assemblies of high-throughput
shotgun sequencing of IncA/C plasmids were rapidly created us-
ing the procedure described above. New sequences were devel-
oped from 13 independently isolated strains of Escherichia coli and
26 strains of Salmonella enterica. The data were augmented with
completed sequences of 26 plasmids found in GenBank. Each
ORF was aligned individually, and then the alignments were con-
catenated in the same order as the reference plasmid sequence
(pAR060302). The concatenated sequence alignment is illustrated
in Fig. 1. Polymorphic sites that differ from the reference sequence
are represented by a vertical bar at the site. In the illustration, a
difference of more than ca. 10% results in a saturation of the
vertical bars and appears as a black block for the length of the
section with that much difference. A map of the genes as anno-
tated in pAR060302 (4) is shown at the top and indicates the
direction of the gene transcription, as well as a color code for the
function of the gene.

A total of 149,179 base positions were evaluated. Only the ref-
erence plasmid, pAR060302, had all 191 ORFs that were assessed,
and the closest relative had 189 of the ORFs (see Table S2 in the
supplemental material [http://www.ars.usda.gov/Main/docs.htm
?docid�23292] for a list of the ORFs present in each plasmid). The
plasmid with the smallest number of reference ORFs was pRAX, a
plasmid collected in 1969 from a fish or turtle in Japan (5, 17),
with 36 of the reference ORFs, and the next smallest is a contem-
porary plasmid isolated for the present study, Sal710, with 49 of
the reference ORFs. By definition, all IncA/C plasmids have a ho-
mologous repA gene (pAR060302_0003), but only four other
genes (0001, 0002, 0004, and 0008), all with unknown functions,
were found in all of the analyzed plasmids, thus 186 ORFs partic-
ipate in indels.

According to Call et al. (4) the synteny of IncA/C plasmids is
well preserved. Our method of analysis does not allow evaluation
of synteny, but many of the missing ORFs are most parsimoni-
ously explained as creating gaps in syntenic arrangements. Of the
65 plasmids that were analyzed, Sal890 and Sal631 (Fig. 1, taxa
numbers 26 and 27) were identical by both gene content and se-
quence and pSH 696_135 and pSH163_135 (Fig. 1, taxa numbers
46 and 47) had identical gene content but differed at 20 polymor-
phic sites. All of the remaining plasmids had differing patterns of
insertions and deletions. The least common ORF was ORF 0136, a
gene for a hypothetical protein only found in the reference plas-
mid, pAR060302. ORFs 140 through 144 represent a block of
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ORFs that are most commonly missing that can be considered the
major indel in IncA/C plasmids. These ORFs have been annotated
as members of a Tn21-like transposon (18). Of the 65 plasmids, we
observed 45 variants of the major indel with 14 different right-
hand (downstream) ends and 32 left-hand (upstream) ends. Fig-
ure 2 includes a display of the number of plasmids each ORF is
found in. It can be seen that a second major indel occurs approx-
imately between ORF 0035 and ORF 0049 that includes genes
annotated as part of ISCR1 (19), but this block of ORFs was only
absent in as many as 21 (32%) of the plasmids. ORF 0010, an
IS1294-like element, was conspicuous in only being present in 8
(12%) of the plasmids. The order that the plasmids are presented
in Fig. 1 is based on the results of a Cluster 3.0 (M. Eisen; available
from http://rana.lbl.gov/EisenSoftware.htm) analysis of presence
or absence of the ORFs.

Patterns of polymorphisms can also be seen in Fig. 1, which
shows gray areas as sections where the aligned sequence is the
same as the reference (pAR060302) and vertical lines where there
is a difference from the reference sequence. In the graphic, the
visualization of polymorphisms becomes saturated with roughly
10% difference in the sequences such that the aligned sequence
appears as a horizontal bar. Based on visualizing the patterns of
polymorphisms, two major regions of the plasmids can be dis-
cerned; we designated region A to include genes 0001 through

0054 at the left end and 0168 to 190 at the right end, and region B
includes ORFs 0055 through 0167 (pAR060302 numbering, out of
a total of 0190, see the red and yellow bars at the bottom of Fig. 1).
By inspection of the polymorphism patterns in Fig. 1, we were able
to distinguish six groups of plasmids. Plasmids 1 through 47, des-
ignated as group 1, (as numbered in Fig. 1) have a region A desig-
nated as type A1 and a region B designated as type B1. Plasmids 48
through 54, designated as group 2, have region A of type A1 and a
second region B type designated type B2. Plasmids 56 through 61,
designated group 3, have a second type of region A, designated
type A2, with region B being mostly type B1. Plasmids 62 through
64, designated group 4, constitute a more loosely associated group
that have regions A and B that both differ from the above types.
Plasmid 55, pYR1, was distinctive with a unique region A and
region B conforming to type B2. Plasmid 65, XNC_p, also had
unique regions A and B that excluded it from the other groups.
The vast majority— 46 of 54 — of the plasmids from Salmonella
and E. coli were in group 1, with only one plasmid from another
species found in that group (pMR0211) from Providencia stuartii
(see Table S1 in the supplemental material). There appears to be
little segregation within group 1 by either species or serovar (in the
case of Salmonella enterica). The average patristic distances within
groups 1, 2, and 3 were 0.00015354, 0.00424819, and 0.00011113
base changes per site, respectively.

FIG 1 Alignment map of ORF reconstructions of IncA/C plasmids concatenated in order found in the reference plasmid pAR060302. The reference sequence
is at the top with an ORF map just below. The color codes for the ORFs are as follows: yellow � unknown function (hypothetical proteins), light blue � metabolic
functions, dark blue � conjugation genes (tra), magenta � transposon functions, and green � antimicrobial resistance genes (including mercury resistance). The
red bars represent putative cassette regions. Gray regions in alignments represent sequence identical to the reference. Vertical black hash marks represent single
nucleotide polymorphisms (at the magnification shown, the alignment becomes a black bar due to saturation at ca. 10% difference from the reference). For
comparison, plasmid XNC1_p averages ca. 11% difference from pAR060302. Gaps with horizontal lines that may or may not be dark, are missing sequence
relative to any of the other sequences. Thus, there are some gaps in the reference sequence as well. Red boxes enclosing parts of the sequences represent regions
that were deduced to be multicopy because of excesses of raw sequence fragments in that region. The genes were oriented (forward or reverse) in the same
direction that they occur in pAR060302 so that the gaps would be closer to reality if they started in midgene. Green boxes enclosing parts of the sequences
represent regions that were found to be multicopy when GenBank sequences were searched. Red and yellow bars at the bottom indicate region A and region B,
respectively.
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Several different phylogenetic reconstructions were evaluated.
A tree is presented in Fig. 3 that represents a reconstruction of the
deduced phylogeny for ORF 0003, the repA gene that is present in
all of the plasmids. In that tree, four of five of the groups distin-
guished above can be seen and XNC_p categorized independently.
Group 1 and group 2 plasmids shared sequences for ORF 0003.
Analysis of the alignment for ORF 0003 for recombination re-
vealed that the sequence for pYR1 is apparently the product of a
recombination of a fragment at the 3= end from an ancestor of
group 4 plasmids and 5= end two-thirds was typical of ORF 0003
seen in groups 1 and 2. This could be visualized in Fig. 1 if it is
substantially magnified. A phylogenic reconstruction based on the
complete concatenated sequences is also presented in Fig. 3. The
grouping seen in this tree is also congruent with the group assign-
ments given above with the exception of the placement of
pKPHS3; this is a reflection of the small size of that plasmid in
which most of region B is missing. Group 1 is a large homoge-
nous group of plasmids, all but two of our new sequences fell
into this group, and when considered alone, the new sequences
in this group had 293 parsimoniously informative sties and
only 165 singleton sites.

In order to see whether any signature could be detected in the
sequences that would suggest the origins of the sequences, codon
usage analysis was performed with representative sequences from

group 1 (pAR060302; Fig. 1, taxon number 1), group 2 (Ec270;
Fig. 1, taxon number 50), group 3 (Sal649; Fig. 1, taxon number
57) and group 4 (Sal 710; Fig. 1, taxon number 63) using the
program CodonW. The eigenvalue for the first dimension of the
variance space was plotted against the position of each ORF (Fig.
2). An eigenvalue of 0 (labeled on the right side of the graphic) is a
normative value. Points that cluster together are indicative of
ORFs with similar codon usage. It can be seen (Fig. 2) that there is
not a substantial or consistent difference in eigenvalues for each
group. However, the eigenvalues drop in three regions that coin-
cide with transposon sequences (shaded in gray in the figure).

As an alternative to internal signature for origin of sequences,
we searched the NCBI nr (nonredundant) database by BLASTn
(13) with each of the ORFs and scored each with how often neigh-
boring ORFs were found on the same fragments in the database
that were definitively not other IncA/C plasmids. This creates a
score based on the frequency of co-occurrence of neighboring
ORFs on fragments of the GenBank nr database. There were three
segments of plasmid that are labeled in Fig. 1 with red bars puta-
tively identified as cassettes (raw data are presented in Table S2 in
the supplemental material [http://www.ars.usda.gov/Main/docs
.htm?docid�23292]). The cassettes largely correlated with trans-
poson sequences. The first and third of these cassettes had an
elevated G�C content and the second contained a transposase
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with a decreased G�C content, the rest of the ORFs in both region
A and region B had G�C content of ca. 50% (see Table S2 in the
supplemental material [http://www.ars.usda.gov/Main/docs.htm
?docid�23292]).

Without complete assembly of the plasmids we cannot know
the real copy number of each ORF or the location of the copies.
However, it is the multiple copies that lead to poor assembly re-
sults. The copy number can be inferred from the number of frag-
ments in the raw sequence files that align to the ORF. The number
of fragments per thousand bases of sequence for each ORF was
divided by the number of fragments per thousand bases for ORF
0003 (repA) and plotted for comparison of each ORF (Fig. 4). The
variance noted for each plasmid suggested a cutoff 2.5 times the
ORF 0003 value for concluding probable multicopy ORFs. One
plasmid (Ec270) had excessive variance that did not allow confi-
dent calling of multicopies. ORFs that were concluded to be mul-
ticopy are indicated in Fig. 1 by enclosure in red boxes. Sequences
obtained from GenBank were analyzed for multicopies by
BLASTn searches, and ORFs found to be multicopy in them are
indicated by enclosure in green boxes. The most commonly mul-
ticopied ORFs were— using the designation in pAR060302 refer-

ence plasmid—ORFs 0034, 0035, 0154, and 0155, annotated as
members of the insB family. As many as 10 copies of that ORF
could be found in one GenBank sequence (pIP1202), and two
newly sequenced plasmids (Ec461 and Ec470) had signal as much
as 26-times signal for that ORF over the ORF 0003 reference.

DISCUSSION

Since this investigation focused on the coevolution of different
segments of IncA/C plasmids, an ORF-centric approach was used
to maximize the information from draft-level sequences.
pAR060302 was selected to be the reference sequence because it
was the longest known IncA/C plasmid at the time of the initiation
of this project. This strategy is unable to detect novel sequences
(the IS26 to mph-mel insertion noted by Fernandez-Alarcon [12]
was not included in the analysis) and does not allow for analysis of
synteny. For genes that were annotated as multicopy in the refer-
ence sequence, it could be deduced that they were similarly mul-
ticopy in the newly sequenced plasmids by the presence of multi-
ples of raw read fragments. For instance, a gene that was
demonstrated to have four copies in pAR060302 might have about
300 fragments of raw sequences per thousand base-pair length of
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the gene, while the single-copy genes may have about 60 to 125
fragments per thousand base pairs. However, polymorphisms be-
tween the copies are ambiguous in the final assemblies.

It is difficult to construct whole assemblies of IncA/C plasmids
with pyrosequencing data because the short fragments of data are
not suited for identifying the multiple sequence redundancies,
both short (�100 bp) and long (whole genes). Our method of
ORF based assemblies provides all of the information that is de-
livered by hybridization array analyses; it also delivers sequence
data that help to provide the relative age of the genes. Our at-
tempts to assemble total plasmid sequences yielded very poor
quality assemblies including apparent errors in synteny because of
the high level of repeats sequenced in short fragments. Thus, it is
reasonable to rely on the gene arrangements of total plasmid as-
semblies from high quality Sanger sequencing fragments as refer-
ences as we have done. Assuming that neighboring genes are more
likely to share phylogenies except when disrupted by lateral gene
transfers, the gene order in the plasmid we used as the reference,
pAR060302, is substantially supported by our analyses as dis-
cussed further below.

Based on hybridization array analyses, we had previously (10)
concluded that IncA/C plasmids occurred in two major lineages
that differed mainly on the presence or absence of genes corre-
sponding to ORF numbers 0088 through 0165 (see Fig. 2). How-
ever, the sequence analyses reported here do not support that
criterion for defining lineages. Likewise, clustering based on PCR
tests for the presence or absence of ORFs as described by Welch et
al. (20) is not congruent with the ancestry revealed by sequence
analyses for IncA/C plasmids. At least six lineage groups of IncA/C
plasmids can be identified based on the patterns of polymor-
phisms.

Current technologies for massively parallel sequencing (“next
generation sequencing”) are known to be plagued with a relatively
high error rate, one as high as 1% (21). However, the IncA/C ORFs
that were in group 1 are more remarkable for their sequence ho-
mogeneity than for the diversity that was expected. The ratio of
parsimoniously informative sites to singleton polymorphic sites in
our new sequence, 293:165, would argue that our analyses are not
substantially impacted by sequencing errors, although we were
not without some ambiguous base calls. At the same time, the
diversity imparted by insertions and/or deletions was remarkable;
only two pairs of plasmids had the same ORF content.

With some small exceptions, the constituent parts of each lin-
eage probably arose from a single common ancestor in an evolu-
tionarily recent period. However, in the longer term, the polymor-
phism map clearly shows that there are two major homology
regions in the plasmid: for the sake of discussion, we will define
region A to include genes 0001 through 0054 at the left end and
0168 to 190 at the right end (pAR060302 numbering, out of a total
of 0190, with 0001 directly following 0190), and region B includes
genes in between (0055 to 0167). Although the major differences
between the lineages can be accounted for by recombination, the
accumulation of polymorphisms by point mutations in nonre-
combinant ORFs is congruent with the groupings for most genes.
For instance, five of the six lineages can be seen in the clustering
seen for the repA gene (pAR060302, Fig. 3).

Region A has at least four lineages, and region B has at least
three lineages, but phylogenetic reconstruction of region B is con-
founded by a high rate of insertion/deletion events (no part of
region B was shared by all 65 plasmids). The lineages combine

with each other in six ways making the six lineage groups. The
regions were bounded by insertion sequence elements: region B
begins a few genes after the sul2 containing element and ends a few
genes after the Tn21-like element.

Within a lineage, the major influence on plasmid remodeling is
by insertion or deletions. The bulk of the indels were in region B.
One plasmid, Sal728, had only a single complete ORF in region B,
insB3, a transposon-associated gene, and portions of the flanking
ORFs at both ends of that gene. Almost all of the indels within
region A occur in and around the sul2-containing insertion ele-
ment. Other than ORF 0135.2 that was only present in the refer-
ence sequence, ORFs 0140 (aacC) and 0144 (insF) (pAR060302
annotation) were the most commonly absent and were part of a
larger indel that had 52 variations in its start, fragments present
within the indel, and end. Figure 2 shows the number of plasmids
containing each ORF, and it can be seen that the indel containing
ORF 0140 has more start positions than end positions. It is diffi-
cult to time indel events or to determine how many events a given
indel represents. Our data can be most parsimoniously inter-
preted to show that plasmids in lineage 1 and 4 gained region B
(ORFs 55 through 167) in its entirety. The decay in the number of
plasmids per ORF as seen in left-hand side and moving to the right
(as displayed in Fig. 2) of the major indel in region B bears the
signature of random interruptions of plasmid transfer during
conjugation. Transfer of plasmids by conjugation begins at the
oriT (origin of transfer) and involves the transfer of a single strand
of the plasmid in a 5=-to-3= direction (22). In order for conjuga-
tion to be successful, the oriT crosses to the new host, followed by
enough of the plasmid to that ensure genes needed for replication
are also transferred. Becker and Meyer (22) have presented a
model for this kind of plasmid remodeling and also include the
possibility that the 3= end of the transferred plasmid DNA is de-
graded and thus shortened by exonuclease I before the plasmid
can recircularize in the new host strain. Thus, it is likely that the
oriT is close to the beginning of the downstream section of region
A (near ORF 0168); however, the oriT has not been identified for
IncA/C, and we were unable to find any candidate sequences in
our analyses. The location of the transposon at the downstream
end of region B may be a coincidence or the transfer of the trans-
poson sequences may be favored by the relaxation of the DNA
near the oriT during conjugation (23). The low level of polymor-
phisms in the remaining ORFs indicates that the losses have been
an extremely rapid process.

Transposon-associated ORFs tended to be absent more often,
and they tended to have RSCU scores that deviated from the
norm. It is noteworthy that the bulk of the plasmid region B, ORFs
from number 87 up to 134, are not known transposon-associated
genes, are frequently absent from IncA/C plasmids, and yet have
RSCU scores that are more reflective of the ORFs that are neither
transposon-associated or frequently absent. This supports the hy-
pothesis that region B was acquired as a whole and degraded as
described above.

Identification of the gene cassettes was a summary of GenBank
blast searches that attempts to find out how often the genes occur
in places other than IncA/C. The GenBank database is a poor
surrogate for what is probably out in nature, but it is the only thing
we have. Not only are there sampling biases, but it is difficult to
determine whether the fragments are actually parts of other
IncA/C plasmids, not to mention redundancies with other frag-
ments or completed sequences. However, there were 10,345 hits
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altogether, and care was taken to exclude IncA/C plasmids. Al-
though the genes in the three identified cassettes appear to be
common outside of IncA/C plasmids and the cassettes in part or
completely participated in insertion/deletions, these genes were
not likely to be involved in the horizontal gene transfers that sep-
arated the different lineages of IncA/C plasmids.

There was no apparent segregation of the lineages in relation to
the species or serotype of the carrying bacteria or the host from
which the original isolation was made (see Table S1 in the supple-
mental material). This means that the migration of the most prev-
alent group we found has been extremely rapid, resulting in wide
distribution of a lineage with a very small number of polymor-
phisms and yet displaying a substantial number of insertion or
deletion events. This is also consistent with the conjugation pro-
cess playing a role in the indel remodeling of the plasmids.

In the study by Lindsey et al. (1), we reported the prevalence of
IncA/C and noted that pSal710, the new plasmid that was the most
different from any other and is most similar to the older IncA/C
sequences from GenBank (especially pRAX), came from a mem-
ber of a PFGE defined “epidemic clone” that had 5 members with
only 2 being positive for IncA/C. The lineage based on PFGE
would not support the conclusion that other members of the clone
lost the plasmid. Unfortunately, we do not have the sequence for
the other IncA/C plasmid from a member of that clone. The only
antimicrobial resistance gene on pSal710 was sul. The parent
strain was resistant to tetracycline (TET) and sulfamethoxazole
(SUL) only; therefore, TET resistance has to be on some other
genetic element. Thus, we have found an older IncA/C plasmid
with no known selective advantage in some members of a newer
clone of Salmonella. A reasonable hypothesis is that when the plas-
mid was introduced into the lineage of bacteria it also had the TET
gene that was transferred to another element within the bacteria,
perhaps chromosomal.

Our earlier studies (1, 10, 24) suggested that the transfer of
antimicrobial resistance determinants via complete IncA/C plas-
mids is relatively slow compared to the more frequent exchange
orchestrated by transposable elements. We now believe that
IncA/C plasmids are frequently transferred between bacterial lin-
eages and remodeled in the process of transferring. We continue
to believe that transposons contribute to the rapid remodeling
of the plasmids, but we cannot distinguish whether the conju-
gation process accelerates the mobilization of the transposons.
The donors of the transposons remain unknown but may be
other plasmids or conjugative units that are more transient in
the bacterial population. Using the mutation rate estimate of
2.45 � 10�10 per generation (25) and the estimate that E. coli
averages 300 generations per year (26), based on the average
patristic distances, we placed the group 1 plasmid lineage at
about 2,000 years old, the group 2 lineage at about 1,500 years
old, and the group 3 lineage at about 57,000 years old. There
were not enough members of the other groups to make esti-
mates of lineage ages. The plasmids we label as group 1 appear
to be a young lineage, and the current prevalence of the lineage
indicates that it has rapidly expanded. We also found members
of older lineages, meaning that they are still extant as well.
Thus, the newest lineages have arisen in approximately the last
two thousand years, the same period that has seen great in-
crease in human impacts on environmental microbiota.
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