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Transcriptome Mapping of pAR060302, a bla.,,, ,-Positive Broad-
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The multidrug resistance-encoding plasmids belonging to the IncA/C incompatibility group have recently emerged among Esch-
erichia coli and Salmonella enterica strains in the United States. These plasmids have a unique genetic structure compared to
other enterobacterial plasmid types, a broad host range, and a propensity to acquire large numbers of antimicrobial resistance
genes via their accessory regions. Using E. coli strain DH5« harboring the prototype IncA/C plasmid pAR060302, we sought to
define the baseline transcriptome of IncA/C plasmids under laboratory growth and in the face of selective pressure. The effects of
ampicillin, florfenicol, or streptomycin exposure were compared to those on cells left untreated at logarithmic phase using Illu-
mina platform-based RNA sequencing (RNA-Seq). Under growth in Luria-Bertani broth lacking antibiotics, much of the back-
bone of pAR060302 was transcriptionally inactive, including its putative transfer regions. A few plasmid backbone genes of in-
terest were highly transcribed, including genes of a putative toxin-antitoxin system and an H-NS-like transcriptional regulator.
In contrast, numerous genes within the accessory regions of pAR060302 were highly transcribed, including the resistance genes
floR, blacyy», aadA, and aacA. Treatment with ampicillin or streptomycin resulted in no genes being differentially expressed
compared to controls lacking antibiotics, suggesting that many of the resistance-associated genes are not differentially expressed
due to exposure to these antibiotics. In contrast, florfenicol treatment resulted in the upregulation of floR and numerous chro-
mosomal genes. Overall, the transcriptome mapping of pAR060302 suggests that it mitigates the fitness costs of carrying resis-
tance-associated genes through global regulation with its transcriptional regulators.

Antimicrobial resistance is a growing public health concern, as
the emergence and rapid dissemination of multidrug resis-
tance (MDR) phenotypes among human and animal pathogens
present limited options for disease treatment. The spread of
MDR-encoding genetic determinants has been attributed to in-
discriminate use of antimicrobial compounds in animal agricul-
ture and human health, although it is still unclear if there are
factors aside from antimicrobial selection pressure that drive the
persistence of these resistance genes (1, 32, 34). Often, these genes
reside on mobile genetic elements that have been circulating
among bacteria for far longer than antibiotics have been used by
humans (19, 23). Horizontal gene transfer of these elements pro-
vides a mechanism for rapid spread of MDR among bacteria; thus,
the factors driving the persistence and dissemination of these mo-
bile elements play a large role in the circulation of resistance genes
in the absence of selection pressure.

Horizontal gene transfer plays a significant role in the intro-
duction of new genes into microbial populations (28). Conjuga-
tive plasmids, integrons, and transposons all contribute as vehicles
for this process. Plasmids are extrachromosomal genetic elements
that orchestrate their own replication. In some cases, they are able
to move via conjugative transfer. The sizes of plasmids can vary
widely (1.5 kb to >600 kb), and plasmids are generally considered
modular in nature. Core components of plasmids are required for
their replication, stability, and, in some cases, transfer. The acqui-
sition of accessory elements by plasmids can result in a wide vari-
ety of phenotypes of their host recipient, such as antimicrobial and
heavy metal resistance, metabolism of organic compounds, and
virulence (11, 13, 21, 25). Plasmids belonging to the A/C incom-
patibility plasmid group (IncA/C) are a mosaic of a highly con-
served core backbone with variable accessory elements. These are
large (ca. 140- to 160-kb) broad-host-range plasmids and have
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been isolated from diverse groups of Proteobacteria found in
the environment, food animals, food products, and human
pathogens (14, 25, 29, 40). IncA/C plasmids are of particular
concern because they carry genes that encode resistance to
many different antimicrobial compounds, including blacyy >,
which encodes an AmpC-like B-lactamase that confers resis-
tance to extended-spectrum cephalosporins (20). The physical
linkage of this gene to other resistance genes carried on IncA/C
plasmids presumably allows it to persist in the absence of
cephalosporin use. The ability of IncA/C plasmids to spread
blacyy.» and cotransfer resistance genes to a diverse range of
bacteria poses a threat to both human and animal health.
Numerous IncA/C plasmids have been fully sequenced (6, 10,
12), though little is known about their basic biology. One such
plasmid, pAR060302, is an ~166-kb plasmid carrying genes for
MDR that was isolated from an Escherichia coli strain (strain
AR060302) from a dairy cow in 2003 (6). The backbone of this
plasmid appears to contain genes required for replication, main-
tenance, and conjugative transfer. Additionally, three distinct ac-
cessory elements are encoded on this plasmid: an ISCR2-contain-
ing element that carries the floR, tetA, strBA, and sul2 genes; an
ISEcpI-containing element that carries the blac,y., gene; and a
Tn21-like, class I integron-containing element that carries several
different gene cassettes, including aadA, which confers aminogly-
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FIG 1 Heat map displaying transcriptome map of pAR060302. Blue indicates no or low expression (0 to 75 reads aligned per nucleotide position), green indicates
moderate expression (250 to 500 reads aligned per nucleotide position), and red indicates high expression (>2,500 reads aligned per nucleotide position). In the
PAR060302 (pAR) map, the shaded regions indicate the plasmid backbone, as follows: red, IncA/C replicon and hypothetical genes; blue, Tral region; and green,
hypothetical genes and Tra2 region. Open boxes depict the accessory regions, as follows: pink, flo-tet-sul-containing region (enlarged in Fig. 4); green, blacyy.»-
containing region (enlarged in Fig. 5); and blue, Tn21-like region, which contains a class 1 integron (enlarged in Fig. 6). *, antibiotics are abbreviated as follows: ampicillin,

Amp; florfenicol, Ffl; and streptomycin, Str.

coside resistance. Although many of the phenotypes have been
described for this plasmid, the extent to which these genes are
transcribed and regulated remains unknown. Similar to many other
plasmids, the transcriptional pattern of the plasmid backbone genes
and accessory elements is likely regulated by a combination of plas-
mid-encoded transcriptional regulators and host factors (42). Envi-
ronmental conditions could also play a role in this regulation. The
magnitude of the transcription of these genes can impact phenotypes
encoded on these plasmids (30). Due to the presence of multiple
antimicrobial resistance genes on IncA/C plasmids, their propensity
to acquire new genes, their broad host range, and their rapid dissem-
ination, there is an immediate need to understand the underlying
mechanisms of this plasmid’s regulation.

The present study aimed to characterize the transcriptome of
PAR060302, a prototypical blacyy_,-positive IncA/C plasmid, un-
der laboratory conditions using Illumina platform-based RNA se-
quencing (RNA-Seq) methods. We hypothesized that the level of
transcription would vary between plasmid backbone genes and
those carried on accessory elements and that the transcriptional
landscape of pAR060302 would differ under antimicrobial selec-
tion pressure. Therefore, we mapped the transcriptome of
PAR060302 to provide initial insights into the regulation of gene
expression of this plasmid.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strain DH5«a harboring
PAR060302 was grown in 10-ml Difco Luria-Bertani (LB) broth aliquots
at 37°C with shaking until an optical density at 600 nm of 0.5 was reached.
A total of eight cultures representing two biological replicates per condi-
tion tested were independently grown. Six of the cultures, two cultures per
antibiotic, were amended with ampicillin (final concentration, 50 ug/ml),
florfenicol (final concentration, 30 ug/ml), or streptomycin (final con-
centration, 50 ug/ml) and allowed to incubate at 37°C with shaking for an
additional 30 min. Two cultures were not amended with any antibiotic.
Cells were pelleted, and RNA was purified using a commercially available
RNA extraction kit (Qiagen). RNA preparations were then subjected to a
DNase treatment to eliminate DNA contamination from the sample (Qia-
gen). A treatment to deplete rRNA using a commercially available kit
(MicrobExpress; Ambion) was also included. The two biological repli-
cates for each growth condition were pooled for sequencing.

Ilumina platform-based sequencing for transcriptome mapping.
cDNA libraries with an insert size of 100 bp were generated and sequenced
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with 76-base cycles of single-end reads, using a Genome Analyzer IT plat-
form (Illumina) according to the manufacturer’s protocols, at the Bio-
medical Genomics Center (University of Minnesota, Minneapolis, MN).
Approximately 160,000 plasmid-mapped reads each were obtained for the
ampicillin- and streptomycin-treated samples, and 260,000 plasmid-
mapped reads each were obtained for the control and florfenicol-treated
samples. Genome-mapped read counts were as follows: control, ~6.4
million reads; florfenicol treatment, ~5.7 million reads; ampicillin treat-
ment, ~1.7 million reads; and streptomycin treatment, ~5.2 million
reads. We used only those reads uniquely mapped on plasmid or chromo-
somal DNA for global normalization and further analysis.

RNA-Seq data analysis. cDNA reads were trimmed so that the quality
at each base position was above 30 (~15 to 20 bp) and then mapped either
to the E. coli K-12 MG1655 published genome sequence (GenBank acces-
sion no. NC_000913) or to the pAR060302 published sequence (GenBank
accession no. NC_092692) using the BOWTIE program (24). E. coli strain
DH5a has an incomplete annotation, and for this reason, the E. coli K-12
annotation, representing an estimation of differentially expressed genes
due to exposure to antimicrobials, was used. For each condition, graphs
representing the number of mapped reads per nucleotide were generated
and visualized using the Integrated Genome Viewer (IGV) (31). Images
were created using the XplasMap program (Ian York) and IGV. The num-
ber of reads mapped per kilobase of gene per million reads (RPKMs) was
calculated using either the E. coli chromosome or the pAR060302 anno-
tation and was used for global normalization (27). The per kilobase cDNA
length normalized the effect of different lengths of cDNAs, such that the
sequence reads have an equal chance to map on the long cDNA regions
and the short cDNA regions. After RPKM normalization, each sample is
comparable to the others. An R package, DEGseq (39), was used to iden-
tify differentially expressed genes between the control and each antibiotic
treatment condition. A cutoff of g value of <0.05 and a fold change of >3
were used to measure statistical significance (39).

RESULTS

Transcription of plasmid core regions. Much of the putative
backbone of pAR060302 was transcriptionally inactive under the
conditions examined (Fig. 1). Only about 18% of the coding se-
quences located in core regions were transcribed. The repA repli-
cation initiation gene was expressed at a low level (RPKMs,
~3,700 to 4,700). This gene was used for subsequent comparisons
because it is involved with plasmid replication and was assumed to
be expressed consistently during exponential growth due to con-
tinuous cell division. Just one other locus, the one containing
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TABLE 1 RPKM values calculated for transcribed genes of interest

Transcriptome Mapping of pAR060302

RPKM*
Gene function Gene or ORF Function or predicted function Control  Ffl Amp Str
Putative maintenance and stability genes repA Replication initiation 4,376 3,780 4,772 4,753
PAR060302_0051 Putative ParA partition protein 6,942 11,306 7,534 7,066
PAR060302_0052 Putative ParB partition protein 14,265 20,154 13,480 14,939
Putative DNA binding genes pAR060302_0023 Putative IHF? transcriptional regulator 5,130 2,097 5,583 5,243
PAR060302_0025 Putative antitoxin component protein 206,070 361,900 201,615 203,271
PAR060302_0026 Putative toxin component protein 86,543 148,982 85,362 81,898
pAR060302_0027 Putative DNA binding protein 3,176 3,074 3,431 3,769
pAR060302_0188 Putative H-NS-like protein 23,351 14,876 26,414 27,179
Resistance genes floR Phenicol resistance 8,543 71,346° 8,463 8,845
tetA Tetracycline resistance 991 1,544 958 993
blacyy - Extended-spectrum f-lactamase 34,314 35,415 32,488 32,308
aadA Aminoglycoside resistance 323,889 217,434 334,860 330,472
aacA Aminoglycoside resistance 64,841 61,992 56,338 61,287
Genes within the putative transfer loci PAR060302_0075 Hypothetical protein 8,277 3,343 8,070 8,170
pAR060302_0097 Hypothetical protein 13,364 6,383 14,597 13,921
pAR060302_0183 Hypothetical protein 3,452 5,266 3,985 4,104

% RPKM is calculated as the number of reads aligned per kilobase of gene per millions total reads. Antibiotics are abbreviated as follows: ampicillin, Amp; florfenicol, Ffl; and

streptomycin, Str.
b THF, integration host factor.
¢ A >3-fold change in expression that is statistically significant (g < 0.05).

ORF_051-053, was expressed on the backbone of the plasmid in a
pattern to similar that for repA (Table 1). BLASTp analysis of
ORF_051-053 identified two of these putative proteins as having
functions pertaining to stability and maintenance. Two additional
regions were transcribed at high levels but had not previously been
annotated (Fig. 2). These two regions have short predicted open
reading frames (ORFs; <65 amino acids); however, it is unclear

(@  Control

which small peptides, if any, are expressed by these transcripts.
Nucleotide BLAST (megablast) analysis of the regions showed
that they had similarity only to other IncA/C plasmids, which
indicates that it is unlikely that these reads were mapped incor-
rectly. These regions did not have similarity to the host E. coli
genomic sequences and therefore did not originate from chromo-
somal transcripts.
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FIG 2 Transcription of regions not previously annotated. (a) Region between two 1526 elements upstream of the ISCR2 elements; (b) intergenic transcript
downstream of the class I integron. Antibiotic treatment conditions are labeled along the x axis. The x axis has a scale of 0 to 2,500 reads aligned per base. Arrows
indicate direction of transcription. %, antibiotics are abbreviated as follows: ampicillin, Amp; florfenicol, Ffl; and streptomycin, Str.
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FIG 3 Transcriptome maps of plasmid backbone genes of interest. (a) pAR060302_0025 and pAR060302_0026 are transcribed at extremely high levels. The x
axis has a scale of 0 to 30,000 reads aligned per nucleotide position. Arrows indicate direction of transcription. (b) pAR060302_0188 is transcribed as a single gene
transcript. The x axis has a scale of 0 to 2,500 reads aligned per nucleotide position. Arrows indicate direction of transcription. *, antibiotics are abbreviated as

follows: ampicillin, Amp; florfenicol, Ffl; and streptomycin, Str.

The majority of the genes located in the Tral and Tra2 regions
of pAR060302 were not transcribed under the conditions that we
used for assays. Only three genes within these loci, ORFs 75, 97,
and 183, were transcribed under the conditions examined here
(Table 1). The expression levels of these genes were comparable to
the expression level of repA, and the products of all of them are all
annotated as hypothetical proteins. The product of the gene locus
PAR060302_183 is annotated as a hypothetical protein. This ORF
is conserved among IncA/C plasmids but shares no similarity to
sequences of ORFs for proteins with known functions. Its location
is similar to the locations of the regulators of the transfer regions
of SXT-like integrative conjugative elements (ICEs) that share sig-
nificant homology with IncA/C plasmids (41). However, no work
to characterize this gene has previously been done.

A few genes on the backbone of pAR060302 were expressed at
high levels. Genes in one set, pAR060302_25 and pAR060302_26,
were transcribed at levels 47- and 20-fold higher than repA, re-
spectively (Table 1; Fig. 3a), and display BLAST similarity to genes
of a toxin-antitoxin system, although this system has not been
experimentally characterized as having toxin-antitoxin function.
PAR060302_25 is a putative XRE-like transcriptional regulator
and the putative antitoxin component, while pAR060302_26 is a
putative toxin component of the system. These predicted proteins
share amino acid similarity (70%) to a chromosomal locus found
in Salmonella enterica serovar Paratyphi B strain SPB7. A third
gene, pAR060302_188, was transcribed at a level 5-fold higher
than repA (Table 1; Fig. 3b) and is annotated as a putative H-NS-
like DNA-binding protein. Analysis of the predicted amino acid
sequence of pAR060302_0188 showed 52% sequence similarity to
its closest match and did not show any significant similarity to
other H-NS proteins encoded on plasmids from other Gram-neg-
ative bacteria; however, it is conserved among all sequenced
IncA/C plasmids (10).
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Transcription pattern of pAR060302 accessory regions.
There are at least three hot spots for insertion of mobile genetic
elements on IncA/C plasmids (6, 10, 12). In pAR060302, the first
hot spot carries an ISCR2-containing mobile genetic element that
contains the floR, tefRA, strBA, and sul2 resistance gene cluster, as
well as several putative genes with predicted regulator capabilities.
This inserted module is highly conserved among blacyy_,-posi-
tive IncA/C plasmids (6). The floR gene was transcribed on a tran-
scriptional unit that includes three ORFs, and this transcript was
apparently promoted by a dual-promoter system (Fig. 4). A tran-
scriptional start site (TSS) was located upstream of ORF_0040,
which encodes a conserved hypothetical protein, and an inducible
promoter was located just upstream of the floR ORF. The tran-
scription of floR from this promoter site was increased ~8-fold
(g < 0.05) after exposure to florfenicol for 30 min. Immediately
downstream of floR, pAR060302_0042 was also upregulated.
This gene likely resides on the same transcript, given the pattern
of aligned reads that was observed (Fig. 4). The product of
PAR060302_0042 is annotated as a hypothetical protein. BLASTp
analysis of the predicted amino acid sequence of this ORF showed
a predicted helix-turn-helix domain and showed that it shares
homology with the LysR family of transcriptional regulators. No
changes in transcription of this region were observed in the pres-
ence of ampicillin or streptomycin. Located downstream of the
floR locus on the opposite strand is the tefRA gene cluster, one of
the most abundant genetic factors for antimicrobial resistance in
Gram-negative bacteria. The transcriptional regulation of fefRA
has been previously characterized (17), and similar phenomena
were observed here. That is, only the repressor gene tefR was tran-
scribed while the tetA gene was under repression. This gene cluster
has previously been shown to be upregulated in response to tetra-
cycline exposure (17) but was unaffected by the antimicrobial
compounds that we tested here. The strBA and sul2 genes, encod-

Applied and Environmental Microbiology


http://aem.asm.org

Transcriptome Mapping of pAR060302

Control l I Ihl ‘

FfI?

Amp?

Str?

pkmap o e DG mp =

ISCR2 floR*

tetA tetR strB  strA

FIG 4 Transcriptome map of the sul2 containing region of pAR060302. Antibiotic treatment conditions are labeled along the y axis. The x axis has a scale of 0
to 2,500 reads aligned per base. Arrows indicate direction of transcription. *, antibiotics are abbreviated as follows: ampicillin, Amp; florfenicol, Ffl; and
streptomycin, Str. *, a statistically significant greater or less than log, (fold change) in expression (g < 0.05).

ing streptomycin and sulfonamide resistance, respectively, are lo-
cated on the ISCR2 element upstream of tetRA and were tran-
scribed together on the same transcript, originating with a TSS
located just upstream of sul2. Florfenicol, ampicillin, or strepto-
mycin treatment had no effect on the abundance of this transcript.

The second hot spot in pAR060302 contains the blacy,y._, gene,
which is part of an ISEcpI-containing mobile genetic element also
containing blcI and sugEl. It is inserted among plasmid backbone
genes predicted to be involved with conjugative transfer (Fig. 5).
There are 22 ORFs in the previously defined Tral gene cluster
(10). In all blacyy.,-positive IncA/C plasmids that have been se-
quenced thus far, the ISEcpI mobile element containing blacyy.»
is inserted in this region (6). In pAR060302, this insertion is lo-
cated downstream of traA, but this site of insertion is not con-
served among all IncA/C plasmids. The ISEcpI-containing ele-
ment of pAR060302 appeared to carry its own strong promoter
just downstream of ISEcpI conferring a high level of transcription
of blacyy.,, which was not changed in the presence of ampicillin,
florfenicol, or streptomycin. Downstream of blacyy.,, both blcl
and sugEl were minimally transcribed compared to the level of
blacyy., transcription, indicating that there may be a transcrip-
tion stop site between blacyy., and these two genes.

Nearly all sequenced blaqyy_,-positive IncA/C plasmids carry a
Tn21-like class I integron region in their third accessory hot spot
(6). The class I integron of pAR060302 contains aminoglycoside

resistance genes, aadA and aacC; heat shock chaperones groSEL;
the gqacEAI and sull genes; and the merEDBAPTR mercury resis-
tance operon. Our data suggest that a transcript started from an
apparently strong promoter upstream of aadA and continued un-
til just downstream of groEL, where transcription seemingly
halted. aadA was transcribed at a level 74-fold higher than repA,
while aacC and groSEL were transcribed at decreasing levels (Fig.
6). This position-dependent transcription of integrons has been
previously observed (7). The transcription of this region was not
affected by treatment with ampicillin, florfenicol, or streptomy-
cin. The merDBAPTR gene cassette, previously shown to be acti-
vated in the presence of mercuric compounds (36), was unaffected
by treatment with the three antibiotics used here.

E. coli chromosomal transcriptional response to exposure to
antimicrobials. Reads obtained from each treatment were also
mapped to the chromosome of the E. coli DH5« host. Neither the
ampicillin nor the streptomycin treatment yielded differential
gene transcription on the chromosome that was statistically sig-
nificant. However, the florfenicol treatment resulted in 286 chro-
mosomal genes which were transcribed at statistically significantly
different levels compared to the control cells. Most of these genes
(~250) were downregulated, while the remaining genes were up-
regulated. Among the genes that had increased expression were
rbfA, deaD, cspA, and cspG, which are annotated as being induced
upon cold shock. Two transmembrane transporters, proP and
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FIG 5 Transcriptome map of the blac,y_,-containing Tral region of pAR060302. Antibiotic treatment conditions are labeled along the x axis. The x axis has a
scale of 0 to 2,500 reads aligned per base. Arrows indicate direction of transcription. *, antibiotics are abbreviated as follows: ampicillin, Amp; florfenicol, Ffl; and

streptomycin, Str.
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FIG 6 Transcriptome map of the class I integron-containing region of pAR060302. Antibiotic treatment conditions are labeled along the y axis. The x axis has
a scale of 0 to 2,500 reads aligned per base. Arrows indicate direction of transcription. *, antibiotics are abbreviated as follows: ampicillin, Amp; florfenicol, Ffl;

and streptomycin, Str.

mdtK, were also upregulated. Several genes annotated as part of
the o°-directed stress response were downregulated. These in-
clude the dps gene, which encodes a histone-like protein that
forms clusters with DNA; the acid response genes gadC and
hdeAB; and the cfu gene, which is involved with alterations of the
cell membrane (35).

DISCUSSION

IncA/C plasmids have been increasingly associated with the dis-
semination of antimicrobial resistance genes in populations of
enteric bacteria from humans and animals. To gain insights on the
biology of these plasmids, we conducted RNA sequencing exper-
iments, resulting in the first report of the transcriptional land-
scape of these large plasmids. IncA/C plasmids are distributed
globally yet remain highly similar, aside from their accessory ele-
ments (6, 10, 12). Data generated in this study, therefore, may be
applied broadly across the many sequenced IncA/C derivatives.
Ilumina-based RNA-Seq provided a robust approach to mapping
the transcriptional levels down to the single base pair. This pro-
vided an opportunity to amend the current annotation of
PAR060302 and gain insights into the genetic determinants of
plasmid maintenance and stability.

When studying plasmid biology, the host carrying any given
plasmid is inherently important. Plasmids rely on their host cell
for aspects of DNA replication and gene expression. In the present
study, E. coli strain DH5a was used as the host cell. This common
lab strain is well adapted to growth in lab media. It is probable that
the extent to which DH5a is able to respond to external stimuli is
severely muted compared to that of wild-type bacteria. In the
present study, we observed that only florfenicol treatment altered
chromosomal transcription, which was unexpected. No clear pat-
tern emerged from the analysis of the differentially expressed
chromosomal genes. This may be evidence that E. coli DH5a is ill
equipped to respond to environmental stresses. Another likely
possibility could be that our strain and plasmid have a naive host-
plasmid relationship and this interaction may be confounding the
effects of antimicrobial exposure. Indeed, other hosts would likely
have a larger impact on plasmid transcriptional profiles due to the
overlap of their spectra of regulatory networks. The ability of
chromosomal regulatory networks to interact with plasmid-en-
coded regulatory networks ultimately governs plasmid gene ex-
pression. Therefore, while the present study sought to define
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IncA/C transcription in the absence of complex interactions be-
tween the host chromosome and plasmid, it will be necessary in
future work to study the effects of IncA/C transcription in addi-
tional bacterial hosts and under additional growth conditions to
fully appreciate the plasmid-host relationship.

Two of the three accessory regions of pAR060302 were tran-
scribed at high levels compared to the backbone of the plasmid,
while the floR-tetRA-strAB-sul2 region was not. Evidence of tran-
scription of these genes supports phenotypic observations of their
ability to confer resistance against high concentrations of antimi-
crobial compounds. However, there could also be consequences
associated with their expression at high levels in the absence of
antibiotic selection pressure. A recent study by Call et al. (6)
showed that the blacy,y., region of pAR060302 is prone to sto-
chastic excision and, in the absence of selection pressure, pop-
ulations of E. coli harboring blacyy_, were outcompeted by
blacyy_»-lacking plasmids over many generations. Other stud-
ies have shown a significant cost of carrying other variants of
AmpC-like B-lactamase genes (18, 26). It was hypothesized
that this cost is a result of unregulated expression and that this
cost of carriage results in reduced dissemination. It is also pos-
sible that IncA/C plasmids mitigate the fitness cost conferred
by blacyy_»> to some extent, to allow its persistence and spread.

Call et al. (6) also showed that the flo-fet region was prone to
apparent excision over time but required significantly more gen-
erations to be lost from pAR060302-containing bacterial popula-
tions. We show here that the floR gene is transcribed at relatively
low levels compared to the other resistance genes of pAR060302
but that its transcription is seemingly induced by the presence of
florfenicol. Florfenicol has previously been shown to increase ex-
pression of other genes, and this was found to be a result of the
increased half-life of mRNA due to the presence of florfenicol (5).
Still, the transcript containing floR was the only plasmid-encoded
mRNA that was significantly upregulated in response to antibiotic
treatment. Other mechanisms resulting in the induction of ex-
pression of resistance genes by exposure to florfenicol have been
described before (22). The putative transcriptional regulator im-
mediately downstream of floR may represent a control mecha-
nism for the regulated transcription of floR. No previous studies
have addressed this. However, since florfenicol was the only treat-
ment that resulted in altered chromosomal expression, this may
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instead be a result of chromosome-plasmid cross talk. Given that
many genes on the chromosome were differentially transcribed,
why only a specific mRNA on the plasmid was affected remains in
question. It is unclear at this time what the molecular basis for the
increased floR transcripts that we observed might be. Others have
shown that the tetRA region is induced by tetracycline (17), which
is likely the case in pAR060302, given our results. While strAB was
transcribed and its transcription was not induced by the addition
of streptomycin to the growth medium in our experiments, it was
transcribed at a much lower level than blac,y ,, aadA, or aacC.
Thus, the increased stability of the flo-tet region observed by oth-
ers could be correlated to a lower fitness cost for the carriage due to
its apparent regulation. This is in contrast to the apparently un-
controlled transcription of blacyy_, and genes within the Tn21-
like region, which were highly transcribed under all of our study
conditions. The stability of the Tn21-like region over long periods
of time in the absence of antimicrobial selection pressure has yet to
be measured, although we expect that portions of this region
would also be deleted over time due to the relative cost of high
transcription. This could, in part, explain why some sequenced
IncA/C plasmids, such as pAM04528 (6, 10), possess only the mer
operon and lack other Tn21-associated genes. Further analysis is
required to verify the impact of gene expression on the evolution
of IncA/C plasmids.

Several genes that might be key to this plasmid’s success have
been identified here, including several putative plasmid-encoded
transcriptional regulators that were transcribed at high levels
compared to other backbone components. In other plasmid sys-
tems, similar genes have been shown to have a wide array of ef-
fects. For example, the IncP-7 plasmid group encodes an H-NS-
like protein, Pmr, and recent studies have shown that Pmr alters
the transcriptional landscape of the host chromosome (42). R27,
an IncH plasmid isolated from Salmonella enterica serovar Typhi-
murium, encodes Sth, another H-NS-like protein. Deletion of this
gene resulted in a nearly 4-fold increase in the number of chro-
mosomal genes that were differentially expressed due to plasmid
acquisition (8). These H-NS-like proteins have been termed
“stealth-like” and have been hypothesized to silence the effects of
plasmid acquisition on the host chromosome. A recent survey of
sequenced plasmids found that similar genes reside on many
known broad-host-range plasmids (37). All sequenced IncA/C
variants encode a putative H-NS-like protein that could represent
a genetic factor enabling transfer and/or stability among diverse
host backgrounds. H-NS orthologs might provide alleviation of
the cost of plasmid carriage incurred by the host cell. However, the
putative H-NS-like regulator of pAR060302 shares low amino
acid similarity to its closest known match (10), so it is still neces-
sary to elucidate the role, if any, that this gene plays in the success
of IncA/C plasmids in their diverse hosts.

The putative toxin-antitoxin system of pAR060302 was also
highly transcribed under the conditions studied. Such systems are
well-known for their involvement in postsegregational killing in
plasmid-free daughter cells (38). The transcription of this system
in pAR060302 suggests that IncA/C plasmids ensure their stability
in bacterial populations by potentially killing plasmid-free prog-
eny that may arise. However, no previous work has been done to
describe the function of these genes found in IncA/C plasmids.

Within the putative conjugal transfer regions of pAR060302,
only a few genes of unknown function were transcribed in our
study. pAR060302 has been shown by our group and by others to
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be transferrable (6). The apparent conjugal transfer machinery of
IncA/C plasmids is unlike that of any other known plasmids but is
highly syntenic to the transfer loci of SXT/R391 ICEs (41). These
ICEs have a highly regulated transfer mechanism, suggesting that
the same is true for IncA/C plasmids, yet the key regulators of
R391-like ICEs are missing from IncA/C plasmids, pointing to
potentially novel mechanisms of regulation (2—4). Several scenar-
ios could explain the regulation of the transfer region in IncA/C
plasmids. One possibility is that the region may simply be unreg-
ulated; however, this is unlikely due to the inability to observe
transcription of the tra genes. Another possibility is that the trans-
fer loci may be under host cell control, as is the case for plasmids
that undergo zygotic induction; this, too, seems unlikely for a
plasmid with such a broad host range, since relying on host-spe-
cific factors would result in an evolutionary dead-end if the plas-
mid were to transfer to a host unfit for such regulation. A third
possibility is that IncA/C plasmids may encode their own genes for
regulation of the transfer loci. This seems to be the most likely
scenario, since these plasmids harbor an array of putative regula-
tors, some of which might regulate the expression of the transfer
loci. Other plasmid systems rely on a signal from suitable recipi-
ents to initiate plasmid transfer, and although this has not been
described for plasmids in Gram-negative bacteria, it remains to be
tested for IncA/C plasmids (9). Given the role that IncA/C plas-
mids play in the dissemination of resistance genes among strains
of the Enterobacteriaceae, the mechanisms by which they are trans-
ferred deserve further study.

The data generated in this study afforded us the opportunity
to examine the annotation of pAR060302 on the basis of exper-
imental evidence. The two short transcripts in areas not previ-
ously annotated could represent small peptides encoded on
pAR060302. They could, alternatively, represent small non-
coding RNAs (ncRNAs). In E. coli, ncRNAs have previously
been shown to be up to 300 bp in length (15). Although the experi-
mental design of our study was not specifically created to isolate
ncRNAs, these transcripts are of appropriate length to be observed
under our conditions. Further work is needed to identify the nature of
these transcripts.

A limitation to this work is that the data represent only a frac-
tion of pAR060302 transcription potential, since we analyzed only
a single growth point of E. coli harboring pAR060302 in a single
growth medium. This provides insight into the minimum genetic
components required for IncA/C plasmid maintenance under lab-
oratory growth conditions. Our first hypothesis about transcrip-
tional differences between plasmid accessory and backbone ele-
ments held true; it is remarkable that much of the backbone of
PAR060302, including regions predicted to be involved in plasmid
maintenance and stability, was transcriptionally inactive. This
could imply the possibility of extensive regulation and cross talk
between plasmid and host or self-regulation of the plasmid itself.
We also hypothesized that the transcriptional profile of the plas-
mid would respond to antibiotic treatment, which was true only in
the case of florfenicol treatment. It is probable that changes could
occur if different classes of antibiotics were used, but it is interest-
ing that many of the resistance genes were transcribed at high
levels in the absence of antibiotics.

Overall, RNA-Seq offers a robust approach to assess global-
scale transcription. In our data we can observe a polarity to the
transcripts, which can offer clues to the location of the transcrip-
tional start site. However, an RNA-Seq experimental design dif-
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ferent from that used here would be needed to accurately map the
start of nascent transcripts (16, 33). Findings from further studies
such as these will move us toward a global understanding of the
expression of the genes on IncA/C plasmids and the implication of
such expression on their overall biology. Host strain-dependent
transcriptional profiles of other plasmids, such as IncP, have been
previously reported (8, 42). Although we expect differences in
transcription of pAR060302 in its wild-type host, E. coli strain
DH5a was used in this study to obtain a baseline transcriptional
profile of pAR060302. Our observations of pAR060302 transcrip-
tion indicate that it is likely highly regulated, allowing its dissem-
ination to a broad range of bacterial hosts and its stability within
these hosts, despite the likely costs of encoding highly transcribed
accessory regions encoding antibiotic resistance. Future efforts
will use these data to better understand the impacts of host back-
ground and plasmid-borne genes on plasmid transcription and
regulation.
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