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(SSTI). Some S. aureus strains harbor plasmids that carry genes that affect
resistance to biocides. Among these genes, gacA encodes the QacA Multidrug
Efflux Pump that imparts decreased susceptibility to chlorhexidine, a biocide used
ubiquitously in healthcare facilities. Furthermore, chlorhexidine has been considered as
a S. aureus decolonization strategy in community settings. We previously conducted
a chlorhexidine-based SSTI prevention trial among Ft. Benning Army trainees. Analysis
of a clinical isolate (C02) from that trial identified a novel gacA-positive plasmid, pC02.
Prior characterization of gacA-containing plasmids is limited and conjugative transfer of
those plasmids has not been demonstrated. Given the implications of increased biocide
resistance, herein we characterized pC02. In silico analysis identified genes typically
associated with conjugative plasmids. Moreover, pC02 was efficiently transferred to
numerous S. aureus strains and to Staphylococcus epidermidis. We screened additional
qacA-positive S. aureus clinical isolates and pC02 was present in 27% of those strains;
other unique gacA-harboring plasmids were also identified. Ten strains were subjected
to whole genome sequencing. Sequence analysis combined with plasmid screening
studies suggest that gacA-containing strains are transmitted among military personnel
at Ft. Benning and that strains carrying gacA are associated with SSTIs within this
population. The identification of a novel mechanism of gacA conjugative transfer among
Staphylococcal strains suggests a possible future increase in the prevalence of antiseptic
tolerant bacterial strains, and an increase in the rate of infections in settings where these
agents are commonly used.
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Conjugative Transfer of gacA

IMPORTANCE

QacA is known to decrease bacteria susceptibility to
chlorhexidine. Given the profound implications of increased
resistance to chlorhexidine, it is vital to understand the
mechanisms that contribute to the spread of gacA among
bacteria. Analysis of a clinical S. aureus isolate revealed the
first direct evidence of horizontal transfer of qacA across
strains; transfer was mediated via a conjugative plasmid, pC02.
In addition to transfer of gacA to multiple S. aureus strains,
the plasmid was also conjugated to other members of the
Staphylococcus genus. The S. aureus strain that harbors the
qacA-positive conjugative plasmid was associated with a SSTI
cluster among military trainees. The identification of gacA on a
conjugative plasmid within a clinically successful strain stresses
the importance of continued surveillance for gacA in S. aureus
clinical isolates and underscores current efforts for increased
antiseptic stewardship.

INTRODUCTION

Community-Associated ~ Methicillin-resistant ~ Staphylococcus
aureus (CA-MRSA) infections are a significant issue in the
United States, and it is estimated that they are responsible for
65% of all MRSA infections (Dukic et al., 2013). In contrast
to Healthcare-Associated MRSA (HA-MRSA), which typically
only infects individuals with comorbidities, CA-MRSA is a
common cause of skin and soft tissue infections (SSTI) in healthy
populations. While overall CA-MRSA rates are climbing, certain
populations are disproportionately affected, including groups
that live in confined settings, such as inmates and military
trainees (Aiello et al., 2006; Beauparlant, 2016; Boivin et al.,
2016).

Asymptomatic colonization with S. aureus is common; ~30%
of healthy individuals harbor S. aureus in the nares and as many
as 20% of these individuals are persistently colonized (Kluytmans
etal., 1997; Wertheim et al., 2005). Colonization of multiple body
sites is known to occur (Albrecht et al., 2015; Singh et al., 2016),
and colonization is a clear risk factor for S. aureus infection
(Albrecht et al., 2015). Given these possibilities, decolonization
of S. aureus has been employed as a disease prevention
strategy (Buehlmann et al., 2008; Coates et al., 2009). Indeed,
antimicrobials such as mupirocin and/or chlorhexidine can be
administered to high-risk patients as a means to decolonize
these individual and to decrease the potential for subsequent
infections; several studies have shown decolonization with these
agents as a successful means of reducing HA-MRSA infections
(Buehlmann et al., 2008; Septimus and Schweizer, 2016). These
successful colonization interventions within the hospital setting
have prompted calls for a similar approach for the prevention
of CA-MRSA (Fritz et al., 2011; Ellis et al., 2014; Karanika et al.,
2016; Tidwell et al., 2016).

Two interventional trials among military trainees previously
evaluated the effectiveness of chlorhexidine against SSTI
(Morrison et al, 2013; Ellis et al, 2014). The trial among
Army trainees at Fort Benning, Georgia specifically examined
the effectiveness of a once-weekly use of chlorhexidine-based

body wash (HibiClens) (Ellis et al., 2014). Trainees in groups
randomized to use chlorhexidine received a bottle of 4%
chlorhexidine soap to use for their extra weekly shower.
Participants were monitored for SSTI, and those with purulent
SSTI had abscess and nasal swabs taken. The swabs were used for
bacterial culture and isolates of S. aureus were collected.

Given the concern that exposure to any antimicrobial can
select for resistant isolates, each of the isolates was subsequently
screened for increased chlorhexidine resistance as defined by
the positive detection of qacA/B by real-time PCR; these genes
encode for the QacA/B efflux pumps that are associated with
decreased susceptibility to chlorhexidine. Of 615 isolates, 1.6%
were shown to be gacA/B-positive (Schlett et al., 2014). This
prevalence of gacA/B positive isolates is comparable to previous
prevalence reports within North America (Longtin et al., 2011;
Fritz et al., 2012; Popovich et al., 2014). However, the prevalence
of gacA/B strains varies greatly and rates in North America are
considerably lower than in Europe and Asia (Mayer et al., 2001;
Noguchi et al., 2005; Ghasemzadeh-Moghaddam et al., 2014).
The high rates of qacA/B presence in those areas of the world
lead to concerns about the implication of bacteria with decreased
susceptibility to biocides like chlorhexidine. Furthermore, while
true “resistance” to chlorhexidine has yet to be observed, it
is possible that the presence of gacA may provide a fitness
advantage in-vivo to sub-optimal concentrations of chlorhexidine
(Madden and Sifri, 2018).

Various studies have sought to understand the ability of
individual Qac efflux pumps to mediate decreased susceptibility
to antiseptics. For example, the QacA efflux pump has been
shown to confer protection against quaternary ammonium
compounds and to divalent organic cations like chlorhexidine.
Conversely, while QacB is highly similar to QacA and is also
part of the same major facilitator superfamily (MFS), QacB
appears to offer little/no protection to divalent organic cations
(Paulsen et al., 1996). The other Qac efflux pumps (QacC-Qac]
and QacZ) are part of the Small Multidrug Transporter (SMR)
family and each have various effects on antiseptic resistance
(Furi et al., 2013; Wassenaar et al., 2015). The genes encoding
the Qac efflux pumps are located on plasmids, which impacts
possible mechanisms of spread of these genes across strains.
For example, qacC, which is also known as smr, was previously
found to be carried on conjugative plasmids as well as on
small rolling circle plasmids (Littlejohn et al, 1991; Morton
et al, 1993; Berg et al,, 1998). Furthermore, transduction has
been shown to facilitate transfer of plasmid-born gacB across
strains. Conversely, gacA has only been found on large non-
conjugative multidrug resistance plasmids; these plasmids lack
the transfer, or fra genes, that are required for conjugative
transfer (Tennent et al., 1989; McCarthy and Lindsay, 2012).
As a result, horizontal transfer of gacA has not previously been
documented (Nakaminami et al., 2007). Thus, it is not clear how
or whether gacA is able to be horizontally spread across S. aureus
strains, and if so, whether such spread could contribute to the
prevalence of this factor in the S. aureus population.

Among the qacA/B positive strains obtained from the SSTI
prevention trial (Ellis et al., 2014), we previously characterized
a single clinical isolate, 2014.C02 (C02), obtained from a case of
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SSTT in the chlorhexidine study group (Johnson et al., 2015). C02
showed a significant decrease in susceptibility to chlorhexidine
and whole genome sequencing (WGS) revealed a novel 61.5kb
plasmid (pC02) that harbored gacA. Intriguingly, this plasmid
showed limited homology to the prototypical gacA-positive
plasmid (pSK1) that is found among S. aureus strains (Jensen
et al, 2010). Sequence analysis of pC02 identified genes for
resistance to cadmium, antiseptics, f-lactams and erythromycin
(Johnson et al., 2015). Furthermore, the annotation of pC02
revealed potential conjugation genes. Given that horizontal
transfer of gacA has not previously been demonstrated, we
explored the ability of gacA to be mobilized across S. aureus
strains. Herein we report the first evidence of conjugative transfer
of gqacA and show that this transfer can also occur to other
members of the Staphylococcus genus; conjugal transfer was
sufficient to mediate decreased susceptibility to chlorhexidine
in the recipient strains. Detailed characterization of additional
qacA/B clinical isolates that were identified in the study
revealed several strains that harbored pCO02, presenting the
intriguing possibility that natural horizontal transfer of pC02
and concomitant reduced susceptibility to chlorhexidine may
facilitate strain survival in this population.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth

Conditions

All the bacterial strains and plasmids used in this study are
listed in Table 1. Strains were cultured in BBL™ Muller Hinton
II (Cation-Adjusted) Broth (MHB) or Trypic Soy Broth (TSB)
(Becton Dickinson, Franklin Lakes, NJ). For solid media, broth
was supplemented with 1.7% agar (Alfa Aesar, Waltham, MA).
Where needed, strains were cured of their plasmid as described
in Udo et al. (1997). Briefly, a culture was grown overnight
shaking at 37°C and then diluted 1:500 in TSB. This culture
was grown at 42°C for 48h and dilutions were then plated
on TSA and grown at 37°C to obtain single colonies. Plates
containing isolated colonies were replica plated to MHA and
MHA supplemented with 20 pg/mL of cadmium chloride and
then grown at 37°C. Cadmium sensitive colonies were double
purified and screened with the pC02 PCR screen described below
to test for the presence of the large plasmid(s). Large plasmid
cured strains were made resistant to rifampin and novobiocin
as previously described by selecting mutant strains that were
resistant to rifampin (Sigma-Aldrich, St Louis, MO) followed by
subsequent passage in increasing concentrations of novobiocin
(Sigma) (Udo et al., 1997).

PFGE, Real-Time PCR, Antibiotic
Susceptibility Testing

The strains isolated from Ft. Benning were globally characterized
to define pulse field type, gene presence and antibiotic resistance
patterns as previously described (Schlett et al., 2014).

Sequencing
DNA extraction for Pacbio sequencing was performed from
overnight liquid cultures using phenol-chloroform extraction

with the Easy-DNA kit (Invitrogen, Waltham, MA). The DNA
samples were sent to the University of Maryland Institute
for Genome Sciences and sequenced with Pacbio RSII (Pacific
Biosciences, Menlo Park, CA).

DNA extraction for Illumina sequencing was performed
from overnight liquid cultures using the Wizard Kit (Promega,
Madison, WI) and libraries were produced using the Nextera
XT DNA Library Preparation Kit (Illumina, Inc., San Diego,
CA) according to the manufacturer’s instructions. Libraries were
multiplexed and sequenced using an Illumina MiSeq 600-cycle
kit and 2 x 300 base pair read lengths. Sequence read quality
was analyzed with FastQC (Andrews, 2016) and low-quality bases
were trimmed with Sickle (Joshi and Fass, 2011). Illumina and
Pacbio sequence reads were assembled using SPAdes (Bankevich
et al, 2012) and plasmidSPAdes (Antipov et al., 2016). The
resulting contig sequences were compared to each other, to
published reference genomes, and to PCR, Sanger sequencing,
and agarose gel electrophoresis results of restriction enzyme
digested and non-digested DNA in order to correctly assign
contigs as chromosomal or plasmid as well as to look for assembly
artifacts.

In order to determine the closest published reference for
single nucleotide variation (SNV) analysis, the longest contig
from each assembly was aligned against the National Center for
Biotechnology Information (NCBI) nucleotide database using
BLAST (Altschul et al., 1990). Based on these results, S. aureus
USA300 strain TCH1516 (NCBI accession number CP000730)
was selected as the reference. SNV data were analyzed using
methods previously described (Millar et al., 2017). Briefly, the
Bacterial and Archaeal Genome Analyzer (Williams, 2016) a
wrapper for proven third-party bioinformatics tools, was used.
Sequence reads were mapped to the reference using BWA (Li
and Durbin, 2009), and variant calls and filtering were performed
with GATK (McKenna et al., 2010). Genomic regions that
contained insertions/deletions (indels), potential chromosomal
rearrangements, and sequence repeats known to increase the
likelihood of false-positive variant calls were excluded from the
SNV set. A multiple sequence alignment (MSA) was created
from nucleotide substitutions, small deletions called by GATK,
and putative large deletions detected in the BWA sequence
alignments where no reads mapped. A maximum likelihood
tree was constructed from the nucleic acid MSA using PhyML
(version 3.2) (Guindon et al., 2010) tree search with the GTR
substitution model. Areas in the MSA containing structural
variants (indels) were masked in the PHYLIP representation
of the MSA as undetermined nucleotides and excluded from
consideration in phylogenetic tree construction. A full list of
indels and SNVs are available as Supplemental Tables 1, 2,
respectively.

Gene content comparisons among strains were conducted
using RAST for gene annotation and visualization (Aziz et al.,
2008; Overbeek et al., 2014; Brettin et al., 2015).

Chlorhexidine Susceptibility Testing

The minimum inhibitory concentration (MIC) of chlorhexidine
for each strain was tested as previously described (Johnson
et al., 2015). Briefly, ~1.5 x 10° colony forming units (CFU)
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TABLE 1 | Bacterial strains used in the study.

Strain Lab strain Description®  Battalion Platoon® Collection Study Accession MLST®  Antibiotic Real-time References
name? designation and Date Group? number of Susceptibility’ PCR Results?

Company whole genome
S.aureus DSM1417 Cl A2-58 4 12-Jul-11 CHG CP012119.2 ST8 Ery®,LvxR,OxaR,SxtS, CliS femA, mecA, pvl  (Johnson
2014.C01 etal., 2015)
(CO1)
S. aureus DSM1418 Cl A2-58 4 21-Sep-11 CHG CP012120.2 ST8 EryR,LvxR,0xa",SxtS, Cli® gacA, femA, (Johnson
2014.C02 mecA, pvl et al., 2015)
(C02)
S. aureus DSM1487 N A2-54 2 11-Mar-11 S Not Sequenced ST8 EryR,LvxS,0xaR,SxtS, CIiS qacA, femA, This study
1626.N mecA, mupA, pvl
S. aureus DSM1488 N B1-19 4 13-Oct-11 ES CP016856.2 ST72 EryS,LvxS,0xa®,SxtS, Cli$ femA, pvi This study
2148.N
S. aureus DSM1489 N F 3-330 4 26-Jul-10 S Not Sequenced ? EryR,LvxS,0xaR SxtS, CliS femA, mecA, pvi This study
5107.N
S. aureus DSM1490 N A1-50 1 26-Jul-10 ES Not Sequenced ST8 EryR,LvxS,0xaR,SxtS, CIiS femA, mecA This study
5116.N
S. aureus DSM1491 N E 3-330 2 26-Jul-10 S CP016855.2 ST8 Ery®,LvxS,0xaR,SxtS, CliS gacA, femA, This study
5118.N mecA
S. aureus DSM1493 Cl B 1-50 - 17-Mar-11 ES Not Sequenced ST8 EryR,LvxR,OxaR SxtS, CliS femA, mecA, pvl  this study
3011.C0O1
S. aureus DSM1494 Cl A2-58 - 19-Jul-11 CHG CP025495.1 ST8 EryR,Lvx®,0xaf,SxtS, CliS qgacA, femA, This study
3020.C01 mecA, pvi
S. aureus DSM1495 Cl C2-54 3 8-Sep-11 S CP016858.2 ST8 Ery®,LvxR,0xaR,SxtS, CliS gacA, femA, This study
1971.C01 mecA, mupA, pvi
S. aureus DSM1496 Cl A 2-54 2 11-Mar-11 S Not Sequenced ST8 EryR,LvxS,0xaR ,SxtS, Cli® qgacA, femA, This study
1624.CO1 mecA, mupA, pvl
S. aureus DSM1497 cl A2-54 2 11-Mar-11 S MCID00000000.2  ST8 EryR,LvxS,0xaR,SxtS, CliS qacA, femA, This study
1626.C01 mecA, mupA, pvi
S. aureus DSM1498 Cl E2-19 3 11-Mar-11 CHG CP016863.2 ST8 Ery®,LvxS,0xaR,SxtS, CliS femA, mecA, pvl  this study
1625.C01
S. aureus DSM1499 cl B1-19 4 11-Oct-11 ES CP017094.2 sT8 EryR LwxS,0xaS,SxtS, Gl qacA, femA, pvl This study
2148.C01
S. aureus DSM1500 Cl B 2-58 1 29-Oct-10 CHG Not Sequenced ST8 EryR,Lvx®,0xaf,SxtS, CliS femA, mecA, pvl  This study
1534.C01
S. aureus DSM1501 N B 2-58 4 19-Sep-11 CHG Not Sequenced ST8 Ery®,LvxS,0xa®,SxtS, CliS qgacA, femA, pvl This study
2075.N02
S. aureus DSM1502 N B 2-58 4 28-Sep-11 CHG Not Sequenced ST8 EryR,LvxS,0xaS,SxtS, CliS qgacA, femA, pvl This study
2116.N02
S. aureus DSM1503 N C2-19 1 1-Sep-11 CHG Not Sequenced ST72 EryS,LvxS,0xaS,SxtS, Clif femA This study
1960.N02

(Continued)
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TABLE 1 | Continued

Strain Lab strain Description®  Battalion Platoon® Collection Study Accession MLST® Antibiotic Real-time References
name? designation and Date Group? number of Susceptibility’ PCR Results?

Company whole genome
S. aureus DSM1504 N A 2-58 4 7-Sep-11 CHG CP016861.2 ST8 EryR,Lvx?,0xaR,SxtS, Cli®  qgacA, femA, This study
1969.N mecA, pvl
S. aureus DSM1553 Large plasmid-cured strain S.aureus C02, Cadmium sensitive, Rifampin and Novobiocin resistant EryS, CadS, Rif?, Nov? NT This study
C02-RN
S. aureus DSM1573 S. aureus RN4220, Cadmium sensitive, Rifampin and Novobiocin resistant EryS, CadS, Riff, Nov? NT This study
42-RN
S. aureus DSM1575 Large plasmid-cured 1625.C01, Cadmium sensitive, Rifampin and Novobiocin resistant EryS, Cad®, Rif?, Nov? NT This study
25-RN
S. capitis RN DSM1581 Erythromycin sensitive, Rifampin and Novobiocin resistant EryS, Cad?, Rif?, Nov? NT This study
S. epidermidis  DSM1582 Cadmium sensitive, Rifampin and Novobiocin resistant EryS, Cad®, Rif?, Nov? NT (Gill et al.,
RP62A-RN 2005)
E. faecalis DSM1580 Erythromycin sensitive, Rifampin and Fusidic acid resistant EryS, Cad®, Rif?, Fus? NT (Dunny et al.,
OG1-RF 1978)
S. aureus DSM1671 Transconjugant obtained from 2014.C02 to CO2-RN mating Cad?, Rif?, Nov? NT This study
C02-BRNTC
S. aureus DSM1672 Transconjugant obtained from 1969.N to C02-RN mating Cad?, Rif?, Nov? NT This study
CO02-RN TC2
S. aureus DSM1673 Transconjugant obtained from 2014.C02 to 42-RN mating Cad?, Rif, Nov? NT This study
42-RN TC
S. capitis DSM1674 Transconjugant obtained from 2014.C02 to S. capitis RN mating EryR, Rif, Nov? NT This study
RN TC

4RN indicates rifampin novobiocin resistant lab generated strain. RF indicates rifampin and fusidic acid resistant lab generated strain.
bCy, Clinical Isolate; N, Nasal colonizing Isolate.

©=, no data available.
9CHG, Chiorhexidine. S, Standard. ES, Enhanced Standard. Standard indicates a preventative medical briefing and access to an SSTI clinic. Enhanced standard indicates the standard intervention, an additional shower each week and
enhanced SSTI education and surveillance. Chlorhexidine indicates receipt of a bottle of 4% chlorhexidine soap to use for the extra weekly shower in addition to the interventions received in the enhanced standard group.

eMLST, Multilocus Sequence Type; ?, Novel sequence type.
R resistant; S, susceptible; Ery, erythromycin; Lvx, levofloxacin; Oxa, Oxacillin; Sxt, Sulfamethoxazole/Trimethoprim; Cli, Clindamycin; Cad, Cadmium; Rif, Rifampicin; Novo, Novobiocin; Fus, Fusidic acid. All clinical isolates were
susceptible to linezolid, doxycycline, rifampin, vancomycin, gentamicin, and ceftaroline.
9genes shown to be present in strains by real-time PCR. NT, not tested.
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were inoculated into MHB containing increasing concentrations
of purified (>99.5%) chlorhexidine (Sigma). The cultures were
grown at 37°C degrees overnight, shaking at 220 rpm. The
MIC was determined by visual analysis of the culture’s turbidity.
Graphs were generated with Prism Software (GraphPad Software
Inc., La Jolla, CA) with three independent replicates.

DNA Extraction, pC02 Plasmid Screening,
MLST Sequencing

S. aureus strains were grown overnight in MHB and 1.5mL of
each sample was centrifuged to pellet the cells. Cell pellets were
treated with 0.1 mg of lysostaphin for 30-45min at 37°C and
plasmid DNA was purified using the QIAprep Spin Miniprep Kit
(Qiagen, Germantown, MD). Chromosomal DNA was purified
using the Wizard Genomic DNA Purification Kit (Promega) after
lysostaphin treatment of cells for 30-45 min.

The primer sequences used to PCR amplify the backbone
of pCo02 are listed in Supplemental Table 3. Initially, primers
were designed to be evenly spaced around the pC02 plasmid
but the original primer set that annealed in the 40,000 kb region
yielded multiple products. Thus, these primers were redesigned,
shifted upstream and became primer-pair 7. The PCRs were
performed in 25 pL reactions containing nuclease-free water,
plasmid DNA, GoTaq Green Master Mix (Promega), and 0.3 wM
each of the forward and reverse primers (Integrated DNA
Technologies, Coralville, IA). PCR cycling conditions were as
follows: incubation at 95°C for 180's, 28 cycles of 95°C for 30,
53°C for 30s and 72°C for 160 s followed by a final extension
of 72°C for 5min. The reaction amplicons were separated and
visualized on 1% agarose gels.

For strains that were not subjected to WGS, the gacA/B
gene was amplified and a portion was sequenced as previously
described (Johnson et al., 2015). Utilized primers are listed in
Supplemental Table 3. The plasmid map image (Figure 1) was
generated with AngularPlasmid http://angularplasmid.vixis.com
(AngularPlasmid, 2015).

MLST was performed as previously described (Enright et al.,
2000). The trimmed sequences of arc, aroE, glpF, gmk, pta, tpi,
yqi, were submitted to the MLST website: http://saureus.mlst.net/
(Imperial College in London, United Kingdom) for typing.

Conjugative Transfer

Filter-mating experiments were completed similar to a previous
description (Forbes and Schaberg, 1983). Briefly, for S. aureus,
recipient and donor cells were grown overnight in MHB and then
subcultured 1:50 in MHB the next day. The cells were grown
to an ODggp of 0.3-0.4 and 0.25 mL of both the recipient and
donor cultures were then added to 2.5 mL of prewarmed MHB.
The cells were then collected on a 0.45 pum filter and placed cell-
side down on prewarmed Muller Hinton II (Cation-Adjusted)
Agar (MHA). The mating mixtures were incubated overnight
at 37°C and the following morning, filters were removed from
the agar and vortexed vigorously for 1 min in 1.5mL of PBS
to release the cells from the filter. 10 WL of the cell suspension
was taken to determine the recipient CFU and the remaining
cells were plated onto selective media. Recipient CFU were
enumerated on MHA supplemented with 5 jug/mL of novobiocin

PCR

»
C,
\4’9

pCR 10

ch~° ||
tra

€Y0d

9¥Dd

FIGURE 1 | Simplified pC02 plasmid map. Regions amplified during the pC02
PCR screen are indicated by gray boxes along the plasmid backbone. Genes
of interest are labeled in the gray arrows: cad (cadmium resistance loci), tra
(putative conjugation gene) erm (erythromycin resistance loci), gacA (gacA/R
loci) rep (replication A). Image drawn to scale.

sodium salt (Sigma) and 10 wg/mL of rifampicin (Sigma). The
transconjugants were identified after 48-72h of growth on
MHA supplemented with 5pug/mL novobiocin, 10 pg/mL of
rifampicin and 20 pg/mL of cadmium chloride. For experiments
where Staphylococcus epidermidis was the recipient, numbers of
recipient cells were determined by plating on TSA supplemented
with 5 pug/mL novobiocin sodium salt and 10 pg/mL rifampicin
and transconjugants were enumerated after 48 h of growth on
TSA supplemented with 5pg/mL of novobiocin sodium salt,
10 pg/mL of rifampicin and 10 pug/mL of erythromycin. For
conjugation experiments where Enterococcus faecalis was the
recipient, MHB/MHA were substituted with TSB/Trypic Soy
Agar (TSA), respectively, in order to obtain similar growth
between S. aureus and E. faecalis. Numbers of recipient cells were
determined by plating on TSA supplemented with 10 pug/mL
fusidic acid sodium salt (Sigma) and 10 pg/mL rifampicin. The
transconjugants were identified after 48h of growth on TSA
supplemented with 10 pg/mL of fusidic acid sodium salt, 10
pg/mL of rifampicin and 10 pg/mL of erythromycin (Sigma).
In all cases, the conjugation frequency was determined by
dividing the number of transconjugants by the number of
recipient cells. The reported frequencies are the average of at least
three independent experiments. To confirm that transconjugants
actually contained the pC02 plasmid, a subset of the isolates
were restreaked onto their appropriate selective media, and
then screened by colony PCR using primer-pair 7 of the pC02
screen.
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Transduction Control Assays

The possibility of movement of pC02 by phage was tested
in several possible ways. First, the filter-mating protocol was
conducted with the following modifications: 0.22pum filter-
sterilized supernatants (0.250 mL) from the C02 donor were
mixed with 0.250 mL of the C02-RN recipient cells in 2.5mL of
MHB. This mixture was incubated at 30°C for 90 min, and then
cells were collected on a 0.45 um filter. Following collection on
the 0.45 pm filter, the assay proceeded as described for the other
filter-mating experiments.

Secondly, the necessity of cell-to-cell contact for conjugation
was tested using a modified filter-mating assay. Briefly, C02 and
CO02-RN were grown to an ODggg of 0.3 to 0.4. 0.25 mL of both
the C02-RN recipient and C02 donor cultures were individually
added to separate culture flasks containing 2.5 mL of prewarmed
MHB. The donor and recipient cells were individually collected
on separate 0.45 um filters. The recipient cell filter was placed
cell-side-down on MHA and the donor cell filter was placed
on top of the recipient filter with the cells adjacent to the back
of the recipient filter. At the end of the mating assay, both of
the filters were removed and vortexed together in 1.5mL of
PBS and processed as described above. Finally, to examine the
possibility of any endogenous phage release, donor cells were
also pretreated with mitomycin C (Sigma) to induce any possible
phage. Overnight cultures of C02 were diluted 1:100 in 10 mL of
TSB and grown at 37°C to an ODggg of 0.6-0.8. 1.0-2.5 pg/mL of
mitomycin C was then added to the cultures and induction was
allowed to proceed at 30°C for 6-8 h before cultures were placed
at 4°C for 16h. Afterwards, the cultures were filter sterilized
through a 0.45 pm filter and then serial diluted in phage buffer
(Novick, 1963). Resident phage were titrated by serial dilution
with RN4220 on TSA plates with TSB soft agar (0.5%). No
plaques were ever obtained.

RESULTS

Initial Characterization of gacA/B-Positive

Isolates

A previous molecular epidemiologic study used WGS to identify
a clonal HA-MRSA outbreak strain that contained a gacA-
positive plasmid that may have given the strain a fitness
advantage within the hospital environment (Senn et al., 2016).
However, there is a lack of genomic information available
for CA-MRSA strains that carry gacA. To characterize both
colonizing and clinically relevant gacA-positive S. aureus strains,
we initially examined 11 gacA/B positive strains and 8 gacA/B-
negative control strains (Tables 1, 2) that were all obtained from
a chlorhexidine-based SSTI prevention trial (Ellis et al., 2014;
Schlett et al., 2014); the previously characterized C01 (gacA-)
and C02 (gacA+) strains (Johnson et al., 2015) were included for
comparison (Table 1). These S. aureus strains were collected from
all three study groups (chlorhexidine, standard and enhanced
standard-see Table 1 footnote d) from July 2010 through October
2011. All of the strains were USA300 with the exception of
one Methicillin-Sensitive Staphylococcus aureus (MSSA) strain
(2148.N), which had a pulse field-type that was indistinguishable.

A majority of the strains were from two MLST lineages (ST8,
ST72) and one strain (5107.N) had a previously uncharacterized
sequence type due to a novel aroE allele. Antibiotic susceptibility
testing revealed erythromycin resistance was common in the
strains, occurring in 16/18 (88%) strains. Additionally, one strain
(1960.N02) was also resistant to clindamycin. All tested strains
were susceptible to sulfamethoxazole. Moreover, mupA, which is
required for high-level resistance to mupirocin, was identified in
four strains that contained gacA/B.

To specifically examine the gacA/B-positive strains for the
presence of pC02, we developed a PCR based screen. A total of
10 primer-pairs were designed to span the entire pC02 sequence
(Figure 1). Of these, the primers in primer-pair 7 annealed to
qacA/B and to the pC02 backbone. Additionally, an internal
qacA/B primer pair was also included in the screen. A total of
3/11 gacA/B-positive strains, including the C02 control, yielded
positive PCR amplicons for all 10 primer-pairs within the pC02
screen, suggesting that these strains carry pC02 or a pC02-like
plasmid (Table 2). In addition to the pC02-like amplicon pattern,
among gacA/B-positive strains we also identified two additional
amplicon patterns; 4/11 strains amplified with primer pairs 6, 8
and the internal qacA/B primers while 4/11 amplified with primer
pairs 6, 7, 8 and the internal qacA/B primers. Among the gacA-
negative strains, two major patterns were observed; five strains
showed a pattern that was indistinguishable from the C01 isolate
(amplicons with primer pairs 6 and 8, termed pC01-like) and two
strains yielded no amplification products.

Given the functional data that indicate differences in the
ability of QacA and QacB to mediate reduced susceptibility to
chlorhexidine (Paulsen et al., 1996), we sequenced the gacA/B
amplicon to distinguish gacA and gacB. Of the seven identified
single nucleotide variants (SNVs) that discriminate gacA from
qacB, a single SNV at residue 323 is responsible for an amino
acid substitution that confers the substrate specificity for the
efflux pumps (Paulsen et al., 1996). Sequencing analysis from
the amplicon produced from the internal gacA/B primers
(Supplemental Table 3) revealed that all of the strains encoded
the gacA sequence at this key residue (data not shown). En masse,
the data from this screen suggested that several different gacA-
containing plasmid types were present in this study population
and that pC02 or a pC02-like plasmid was present in clinical
isolates that were obtained from multiple individuals.

Chlorhexidine Susceptibility Testing

Given that the presence of qacA has been shown in some,
but not all, cases to be associated with decreased susceptibility
to chlorhexidine (Johnson et al., 2013; McDanel et al., 2013)
and given that our sequencing results indicated that all of
the gac-positive strains carried qacA, we next sought to
determine whether these strains showed decreased susceptibility
to chlorhexidine. Broth dilution assays using pure chlorhexidine
revealed a 3-4 fold decrease in susceptibility to chlorhexidine
in all strains that harbored gacA (Table2). When the MIC
values were plotted based on plasmid type (Table?2), all
strains carrying qacA displayed a statistically significant decrease
in susceptibility to chlorhexidine as compared to strains
lacking gacA (Figure 2). Furthermore, the plasmid-pattern group
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TABLE 2 | pC02-based PCR screen.

Strains? Study Arm® 1¢ 6 7 8 10 qacA Average CHG MIC Median CHG MIC pg/ml of
wg/mLd plasmid-pattern group®

REFERENCE STRAINS

2014.C01* CHG - + - + - - 0.33

2014.C02* CHG + + + + + + 0.90

STRAINS FROM SSTI PREVENTION TRIAL

1960.N02% CHG - - - - - - 0.20 0.22 (0.20-0.23)

2148.N%* ES - - - - - - 0.23

1534.C01 CHG - + - + - - 0.30

1625.C01 CHG - + - + - - 0.30

3011.CO1 ES - + - + - - 0.20 0.30 (0.20-0.33)

5107.N S - + - + - - 0.27

5116.N ES - + - + - - 0.33

1624.C01 S - + - + - + 1.03

1626.C01* S - + - + - + 1.07 1.05 (0.63-1.07)

1626.N* S - + - + - + 1.07

1971.CO1 S - + - + - + 0.63

1969.N CHG + + + + + 1.00 1.0 (0.90-1.03)

3020.C01 CHG + + + + + + 1.03

2075.N02% CHG - + + + - + 1.30

2116.N02% CHG - + + + - + 1.30 1.3 (1.10-1.37)

2148.C01%* ES - + + + - + 1.37

5118.N S - + + + - + 1.10

ag, MSSA isolate. ‘multiple isolates were obtained from the same patient/numbers in the strain name indicate individual patient designations.
PCHG, chlorhexidine; ES, enhanced standard; S, standard.

¢Number 1-10 indicate the primer sets used for the pCO2 screen, gacA is an independent PCR for qacA/B. +, PCR ampilification. - no PCR amplification.

dCHG, chlorhexidine; MIC, minimum inhibitory concentration.

©Group range and median.

‘e 18 Moeige]

vOeDb JO Jajsuel| aAlebniuod


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

LaBreck et al.

Conjugative Transfer of gacA

p<0.0001 ,
! p<0.05 |
1.5-
| |

Chlorhexidine (ug/mL)

A
0.5+
-
0.0 T T T T T
& N¢ N R’
O & A N\ N AUVL?
& o Qg & %
S
&Q 3 <
>

FIGURE 2 | Chlorhexidine MIC for each plasmid-pattern group. The MIC of
chlorhexidine for each strain was determined by broth dilution. All strains were
grouped according to the results of the pCO2 PCR screen as follows: No
amplification, strains that didn’t amplify at all with the pC02 primer set;
pCO1-like, strains that had an amplification pattern that matched the control
2014.C01 isolate (amplification with 6 and 8); pCO1+qgacA/B, strains that had
an amplification pattern that matched 2014.C01 but also amplified with the
qgacA/B primer set; pC02-like, strains that had an amplification pattern that
matched the control 2014.C02 strain; and PP-6,7,8, strains that showed
amplification with primer sets 6, 7, 8, and gacA/B. Graphed values represent
means from three independent replicates for each strain. Error bars represent
the standard deviation of the group mean. Statistically significant differences
are indicated as determined by a one-way Anova with correction for multiple
comparisons using Tukey’s multiple comparison method.

(positive for primer-pair 6,7,8) displayed significantly higher
resistance to chlorhexidine than all other strains that contained
qacA (Figure 2). Taken together, these results indicate that
S. aureus strains that carry gacA show a decreased susceptibility
to chlorhexidine.

Whole Genome Sequencing of Selected

Clinical Isolates

While MLST and PFGE profiles can provide fast preliminary
information concerning strain relatedness, these techniques do
not accurately determine strain clonality or provide detailed
genomic information regarding the chromosome or mobile
genetic elements, such as plasmids, which often carry resistance
determinants and virulence genes (McCarthy and Lindsay, 2012).
To further characterize the obtained S. aureus strains, eight
strains were selected for WGS: two gacA negative strains, and
two strains from every gacA positive plasmid-pattern group
(Table 2). In addition, CO1 and C02, which were both previously
sequenced using PacBio technology (Johnson et al., 2015), were
included for resequencing using MiSeq. To improve the accuracy
of the assembled genomes, each strain was ultimately sequenced
using both MiSeq and PacBio technologies. The average (min-
max) read depth obtained with the MiSeq was 110 (range
67-167), whereas for the PacBio data the average (min-max)

read depth was 17 (range 11-24). Analysis of the co-assembled
MMlumina short read and PacBio long read sequencing data
revealed that each of the strains sequenced in this study had a
similarly-sized chromosome, ranging in size from ~2.7 to 2.9
million base pairs. Additionally, each strain carried at least one,
and in many cases, several plasmids of varying sizes. The various
replicons and their sizes are presented in Table 3.

Overall, the 10 chromosomes sequenced in this study
were found to be very similar to one another and to the
reference strain USA300_TCH1516 (Highlander et al., 2007).
However, a few interesting differences were observed. For
example, gross inspection of chromosomal sequence alignments
indicated three main areas of significant sequence variation
with respect to the reference: a region in and around the
gene encoding the replication initiation protein; a nearby
region encoding a cassette chromosome recombinase A,
a Zn-dependent hydroxyacylglutathione hydrolase/polysulfide
binding protein, and some hypothetical proteins; and perhaps
most significantly, a roughly 13 kilobase (kb) super-antigen
encoding pathogenicity island (PAIL; Supplemental Figure 1).
This PAI, which is found in S. aureus USA300_TCH1516, was
found to be absent in three of the 10 strains sequenced in this
study. In strain USA300_TCHI1516 and in seven of the strains
described herein, this PAI encodes 17 genes, including genes
for superantigen enterotoxin SEK, superantigen enterotoxin SEL,
and secreted protein Ear. To verify that the apparent lack of
this PAI in strains C02, 3020.C01, and 1969.N was not due to a
missassembly, we performed BLAST against chromosomal and
plasmid contigs as well as mapping of raw reads to the PAI
sequence; in all cases the absence of the PAI was verified.

To examine relatedness of the strains, single nucleotide
variation (SNV)-based phylogenies were constructed. Applying
the GATK standard “hard” filter, and after filtering variants
that occur in regions of genome repeats and putative
chromosomal rearrangements, a total of 785 SNVs were
identified (Supplemental Table 2). One of the nasal carriage
isolates, 2148.N, was an outlier from the remainder of the strains
and was subsequently removed from the phylogenetic tree
that is presented in Figure 3; the original tree is presented in
Supplemental Figure 2. Of note, the other two sequenced nasal
carriage isolates clustered in a single clade with several SSTI
isolates. Additionally of note, C02 and 3020.C01 were essentially
clonal with the nasal carriage isolate 1969.N, perhaps reflecting
the origin of these three isolates from the same battalion and
company within the span of 2 months (Table 1). These three
strains were also the only three sequenced strains in this study
that were found to lack a PAIL Between C02 and 3020.CO01,
only six SNVs were identified, five of which were located in
coding regions. Of those five, three were synonymous SNVs.
Between 3020.C01 and 1969.N, eleven SNVs were identified,
nine of which were in coding regions; of those nine, seven
were synonymous. Between 1969.N and C02, seven SNVs were
identified, six of which were located in coding regions; of those
six, two were synonymous. Table4 represents the SNVs by
position (with respect to the coordinates of the reference genome
S. aureus USA300_TCHI1516; NC_010079.1) for each of the
three isolates that were found to be clonal. The bulk of the SN'V's
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TABLE 3 | Summary of S. aureus replicons.

Strain Chromosome Size (bp) Plasmid Size (bp) Plasmid Accession Number qacA (Y/N)
(NCBI bioproject)
S. aureus strain CO1 2,017,985 pCO1a 3,269 CP025490.1 N
(PRINAZ87576) pCO1b 27,043 CP012118.2 N
S. aureus strain C02 2,864,345 pC02a 3,269 CP025489.1 N
(PRINA287791) pC02 61,539 CPO12121.2 Y
S. aureus strain 1625.C01 2,877,915 p1625.C01 27,067 CP016862.2 N
(PRINA321054)
S. aureus strain 1626.C01 2,871,639* p1626.C01a 3,269 CM009343.1 N
(PRINA321114) p1626.C01b 27,209 CM009344.1 N
p1626.C01c 43,994 CM009345.1 Y
S. aureus strain 1969.N 2,864,344 p1969.Na 3,269 CP025487.1 N
(PRINA321120) p1969.Nb 61,505 CP016860.2 Y
S. aureus strain 1971.C01 2,873,208 p1971.C01a 3,269 CP025486.1 N
(PRINA321116) p1971.C01b 21,841 CP016859.2 Y
p1971.C01c 37,941 CPO16857.2 N
S. aureus strain 2148.C01 2,856,605 p2148.C01a 3,266 CP025488.1 N
(PRINA321118) p2148.C01b 32,660 CP017095.2 Y
S. aureus strain 2148.N 2,748,803 p2148.N 3,459 CP025481.1 N
(PRINA321119)
S. aureus strain 3020.C01 2,865,166 p3020.C01a 3,269 CP025496.1 N
(PRINAS21117) p3020.CO1b 61,505 CP025497.1 Y
S. aureus strain 5118.N 2,873,063 p5118.Na 3,269 CP025482.1 N
(PRINAS21122) p5118.Nb 53,799 CP0O16854.2 Y

*Scaffolded assembly in multiple contigs.

were identified in a gene encoding an enoyl-ACP reductase. Of
note, all of the SNVs in this gene were found to be synonymous
substitutions. We hypothesize that that this may be due to the
essential nature of the product of this gene, which is used to
complete the fatty acid chain elongation cycle and is necessary
for a properly functioning cell membrane (Chaudhuri et al,
2009). Specifically, it catalyzes the stereospecific reduction of a
double bond between the C2 and C3 positions of the growing
fatty acid chain (Priyadarshi et al., 2010).

Consistent with the very similar chromosomal sequences for
C02, 3020.C01, and 1969.N, these three strains also had similar
plasmid profiles, each having one roughly 3kb plasmid and
one roughly 61kb plasmid; all three strains were gacA-positive
by PCR (Table2). Comparison of the WGS data for all of
the strains in this study, showed roughly three categories of
plasmid (Table 3) (1) an ~3kb plasmid, which was identified
in nine of ten strains and found to have 65-100% nucleotide
identity among the ten strains; (2) an ~27-32kb plasmid,
which was identified in four of ten strains and found to
have 69-99% nucleotide identity; and (3) an ~61kb plasmid,
which was identified in three of ten strains and found to have
99.78-99.94% nucleotide identity. Among the various plasmid
size categories, the 3kb plasmids were all cryptic plasmids
with the exception of p2148.N, which harbored a predicted
cadmium transporter. The 3kb plasmids all contained Rep_1
rolling circle replication initiation proteins (Kwong et al., 2017).
Conversely, the large plasmids all carried theta replicating

RepA_N domain replication initiation proteins. In addition to
a RepA_N protein, p1626.C0lc and p1971.COlc also harbored
a Rep_2 and Rep_1 rolling circle replication initiation protein,
respectively. The multiple replication proteins suggest a recent
plasmid integration event with a small rolling circle replicating
plasmid. The 27 kb plasmids were nearly identical and contained
genes for macrolide, B-lactams and cadmium resistance. In
addition to the resistance genes carried on the 27 kb plasmids, the
32 kb plasmid (p2148.C01b) harbored a 6.5 kb region containing
qacA and an IS5/IS1182 family transposase. The 61kb pCO02-
like plasmids carried qacA and resistance genes for cadmium,
macrolides and p-lactams. When the plasmids were grouped
and analyzed based on gacA status and not size, we found that
the plasmids that carried gacA ranged in size from 21 to 61kb.
As a whole, the large plasmids contained numerous insertion
elements, including IS6, IS257, and IS5 transposases. Moreover,
enzymes required for DNA mobilization, including invertases
and resolvases, were found throughout the large plasmids.
Indeed, examination of the plasmid population as a whole,
suggested modularity in the staphylococcal plasmids where some
segments were highly conserved between the various plasmid
groups. Additionally, putative metabolic genes were identified in
several plasmids, for example, p5118.Nb harbored two enzymes
predicted to play a role in the ribulose monophosphate pathway
for formaldehyde detoxification (Orita et al., 2006). En masse,
these findings highlight the constant genetic flux that occurs
between these extrachromosomal genetic molecules. Overall the
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FIGURE 3 | Dendrogram of MRSA isolates that were subjected to whole genome sequencing and analysis in this study. A multiple sequence alignment (MSA) was
created from nucleotide substitutions. A maximum likelihood tree was constructed with S. aureus USA300_TCH1516 as the root from the nucleic acid MSA using
PhyML (version 3.2) tree search with the GTR substitution model and 1000 bootstrap replicates. Bootstrap values are shown at the base of the individual nodes.

genetic diversity seen across these plasmids likely contributes
to the ability of Staphylococcus to adapt to a wide variety of
environments and stresses.

Conjugative Transfer of the gacA-Positive
Plasmid pC02

Previous sequence analysis of the gacA-containing pC02
plasmid identified a putative type IV secretion system (Johnson
et al, 2015). To further investigate the pC02 components,
the resequenced plasmid was re-annotated with the Rapid
Annotation using Subsystem Technology (RAST) service (Aziz
et al., 2008; Overbeek et al., 2014; Brettin et al, 2015).
RAST revealed a putative TraG protein, which is commonly
associated with conjugative plasmids (Firth et al., 1993; Morton
et al, 1993). Although the exact function of TraG has yet
to be identified in Gram-positive bacteria, it is believed to
function as a coupling protein for the relaxase enzyme and
the membrane bound secretion system (Cabezon et al., 1997).
Additionally, RAST identified a putative conjugal ATPase,
TraE, which is also known as VirB4. TraE helps supply
the energy necessary for conjugative transfer (Walldén et al,
2012). The presence of two genes commonly associated with
conjugation systems and the significance of possible conjugal
transfer of qacA-containing plasmids in S. aureus led us to
explore the conjugation potential of pC02. We questioned
whether pC02 could be mobilized by conjugation from the
parental CO02 strain to a pC02 plasmid-cured derivative that

was resistant to rifampin and novobiocin (CO02-RN). Filter-
mating assays with C02 (donor) and C02-RN (recipient) followed
by selection of transconjugants on rifampin, novobiocin and
cadmium (pC02 contains a cadmium resistance gene), revealed
an average frequency of conjugation of 7.51 x 10~° (Table 5).
Moreover, the other S. aureus strains that harbored pC02
(3020.C01 and 1969.N) were able to transfer their plasmid to
CO02-RN at a similar frequency (Table5). Transfer required
cell-to-cell contact as transconjugants were never identified
when the donor and recipient cells were separated by a
filter.

To examine the host range of pC02 conjugation, five
additional recipient strains were tested: two S. aureus strains,
two S. epidermidis strains and one Enterococcus faecalis strain.
For the additional S. aureus strains, we chose the common
lab strain RN4220 as well as a gacA minus strain from our
collection (1625.C01). These two S. aureus strains both yielded
transconjugates at a similar frequency to that seen with C02-
RN. The S. epidermidis strains included a lab passaged strain
(DSM1581) as well as strain RP62a, which is a recent clinical
isolate (Gill et al., 2005). Again, transfer of pC02 to the lab
strain occurred at a similar frequency to that seen with C02-
RN. However, transfer to the clinical isolate was a very rare
event; only a single transconjugant was ever detected for the S.
epidermidis RP62a assays. Cross genera conjugation via mating
with E. faecalis OG1-RF (Dunny et al., 1978) was not detected
(Table 5). This conjugal transfer of pC02 was unique as the other
qacA-positive plasmids found in strains 1626.N, 5118.N, and

Frontiers in Microbiology | www.frontiersin.org

11

November 2018 | Volume 9 | Article 2664


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

LaBreck et al.

Conjugative Transfer of gacA

TABLE 4 | Identified SNVs in strains that harbored pCO2.

Position? Gene product C02 3020.C01 1969.N

494641 Hypothetical protein Non-synonymous SNV

704843 - SNV (noncoding)

1014474 Enoyl-ACP reductase Synonymous SNV Synonymous SNV

1014480 Synonymous SNV Synonymous SNV

1014681 Ambiguous basecall Synonymous SNV

1014693 Ambiguous basecall Synonymous SNV

1014699 Synonymous SNV

1014708 Synonymous SNV

1466112 Thymidylate synthase Non-synonymous SNV Non-synonymous SNV

1466151 Non-synonymous SNV Non-synonymous SNV

1567680 Minor structural protein Non-synonymous SNV

2650114 Lantibiotic ABC transporter Synonymous SNV Synonymous SNV
ATP-binding protein

2850131 - SNV (noncoding)

aSingle nucleotide variations (SNVs) by position (coordinates with respect to the reference genome for methicillin-resistant MRSA USA300_TCH1516; NC_010079.1) for each of the

three isolates that were found to be clonal.

TABLE 5 | Conjugative transfer of pC02.

Conjugation Frequency

Donor Recipient Conjugation Average? Standard Dev®
Co2 C02-RN Yes 7.51E-09 6.58E-09
3020.C01 C02-RN Yes 9.59E-09 5.39E-09
1969.N C02-RN Yes 1.42E-08 8.79E-09
Co2 42-RN Yes 8.20E-09 9.15E-09
3020.CO1 42-RN Yes 3.25E-09 3.98E-09
1969.N 42-RN Yes 1.87E-09 5.83E-10
Co2 1625-RN Yes 1.29E-08 7.19E-09
3020.C01 1625-RN Yes 3.95E-08 2.95E-08
1969.N 1625-RN Yes 2.46E-09 1.91E-09
Co2 S. capitis RN Yes 6.82E-09 3.65E-09
Co2 S. epidermidis RP62A-RN Yes 7.25E-11 1.77E-10
Co2 E. faecalis OG1-RF Not observed ND in 2.29E10 NA
1626.N C02-RN Not observed ND in 1.26E10 NA
5118.N C02-RN Not observed ND in 1.14E10 NA
1971.CO1 C02-RN Not observed NDin 1.10E10 NA

aND, not detected in indicated number of examined recipient CFU.
PNA, not applicable.

1971.C01 were unable to be mobilized by conjugation; the lack of
mobilization is likely no surprise given the absence of identifiable
putative transfer genes on any of these other plasmids.

To ensure that pC02 was being mobilized by conjugation
and not by phage-mediated transduction, supernatants collected
from donor strains were mixed with recipient cells and
the appearance of transductants was assessed; supernatants
from overnight and log phase donor cultures were examined.
No transductants were ever identified, suggesting that pC02
mobilization does occur via conjugation. Furthermore, to check
for endogenous phage within C02, mitomycin C induction at

various concentrations produced no visible plaques at a limit of
detection of 100 plaque forming units.

Given that qacA containing strains showed decreased
susceptibility to chlorhexidine (Figure2) and that pC02 was
able to mobilize gacA to multiple recipient strains, we next
asked whether conjugal transfer of pC02 was sufficient to
affect chlorhexidine susceptibility of the recipient strains; we
tested individual transconjugants from various matings for
their susceptibility to chlorhexidine. Indeed, we found that all
tested S. aureus pC02-containing transconjugants displayed an
observable decrease in their susceptibility to chlorhexidine as
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compared to their respective parental strains (Figure 4A). This
decrease in susceptibility was not only seen with the S. aureus
transconjugants, but was also seen with S. epidermidis; the pC02-
containing strain showed a 3-fold increase in chlorhexidine
resistance as compared to the parental S. epidermidis strain
(Figure 4B). Thus, transfer of pC02 and qacA was sufficient to
impart decreased susceptibility to chlorhexidine in a susceptible
strain background. En masse, our conjugation results show
the first demonstration of conjugative transfer of gacA across
S. aureus strains and to other Staphylococcal species; the
downstream result of mobilization of gacA for the recipient cells
was a decrease in susceptibility to chlorhexidine.

DISCUSSION

The dissemination of gacA among bacteria presents a potential
risk to the efficacy of the highly employed chlorhexidine
antiseptic. Mobile genetic elements are known for their ability
to disseminate resistance elements quickly between bacteria.
While gacA has been found in some S. aureus strains, it has
previously only been found to exist on non-conjugative plasmids
that are not easily horizontally disseminated to other strains.
Our prior characterization of a clinical isolate that showed
decreased susceptibility to chlorhexidine revealed a novel gacA-
containing plasmid (pC02) that encoded possible conjugation
genes (Johnson et al, 2015). Herein, we identified additional
strains from Ft. Benning that carry pC02, showed that those
strains represent an infectious clonal qacA-positive lineage and
demonstrated the successful conjugal transfer of gacA-positive
pC02 to multiple strains of S. aureus and to S. epidermidis.

The clonal nature of the pC02-containing strains C02, 1969.N
and 3020.C01 was confirmed by WGS, which revealed very few
SNVs among the three strains (Table 4). Of note, all three of
these strains were isolated from different soldiers who were
part of the same company (~200 soldiers). While two of the
soldiers were part of the same platoon (a subgroup of a company
comprised of ~50 soldiers), platoon data was not available for
one individual (Table 1). Of these strains, 3020.C01 was isolated
~2 months before the other two strains. Moreover, while C02
and 3020.C01 were isolated from purulent abscesses, 1969.N was
a nasal isolate. Thus, at a minimum pCO02-containing strains
can colonize or infect and can be spread among individuals
in close contact. There are likely numerous opportunities for
transmission of these strains, given that trainees train and live
in the same physical environment for the 14-week training
duration. It is worth noting that all three strains were isolated
from individuals in groups randomized to receive chlorhexidine.
Given that pC02 contains gacA, these strains may have been
given a fitness advantage in the presence of routine (i.e., weekly)
exposure to chlorhexidine. Similarly, an outbreak strain of ST228
MRSA was previously shown to harbor gacA in nearly all of
the clinical isolates obtained from a tertiary care hospital in
Switzerland (Senn et al., 2016); in the hospital environment,
microbial exposure to chlorhexidine would likely be a constant,
selective pressure. In a recent study, S. epidermidis isolates were
collected from industrial cleanrooms and startlingly revealed

to carry qacA/B at a high rate; 98.3% (56/57) of the isolates
carried qacA/B (Ribic¢ et al., 2017). This extreme example suggests
that in environments where there is a constant exposure to
chlorhexidine or other quaternary compounds, there is a strong
selective pressure for Staphylococcal species to acquire and
maintain gacA/B. While the specific advantage of CA-MRSA
strains that contain qacA may be debatable, the increased usage
of chlorhexidine in households and the increased incidence of
CA-MRSA in hospital settings could provide the selection needed
for rapid dispersal of gacA to various Staphylococcal species.
Indeed, the demonstrated conjugal transfer of pC02 (Table 5)
may represent one mechanism by which the prevalence of gacA
may continue to increase.

It is worth noting that in addition to pC02 containing strains,
we also identified and sequenced a variety of large (>21kb) non-
conjugative gacA positive plasmids. Furthermore, we showed
that the presence of gacA on any of those plasmids was associated
with a decreased susceptibility to chlorhexidine (Table2 and
Figure 2). Unexpectedly, one of the gacA-positive plasmid
groups (PCR positive for region 6,7,8) showed a significantly
higher MIC than the other gacA-positive plasmid groups. WGS
sequence analysis of the two strains chosen for sequencing from
that plasmid group did not reveal mutations in gacA or gacR,
the latter of which encodes for the gacA transcriptional regulator,
QacR. Thus, the increase in resistance to chlorhexidine displayed
by these strains may be attributed to a higher copy number
of these particular gacA-harboring plasmids or to additional
differences that are particular to these strain backgrounds. In
support of the importance of the strain background, we note
that even though transconjugants that obtained pC02 showed
decreased susceptibility to chlorhexidine (Figures4A,B), the
level of resistance was never as high as that seen in the original
pC02 containing strains (Table 2 and Figure 2). Thus, additional
strain specific components likely contribute to the overall level of
chlorhexidine resistance imparted by the presence of gacA.

Compared to previously sequenced plasmids, the gacA-
positive plasmids in our study showed overall sequence
homology levels that ranged from 32 to 80%. Areas that showed
homology to other plasmids typically had nearly 100% nucleotide
identity while other areas showed virtually no conservation.
This finding further supports the previously demonstrated
modularity of Staphylococcal plasmids (McCarthy and Lindsay,
2012). Indeed, the high level of recombination and genetic
exchange that is seen between Staphylococcal plasmids may
assist in the selection of dominant clonal Staphylococcal strains
that can then be responsible for outbreaks within hospitals
and communities (DeLeo et al., 2010). The high levels of
recombination seen between Staphylococcal plasmids in tandem
with the constant exchange of genetic material via transduction,
conjugation, and mobilization of non-conjugative plasmids
highlights the overall genetic promiscuity of Staphylococcal
plasmids (Deghorain and Van Melderen, 2012; McCarthy and
Lindsay, 2012; O’Brien et al., 2015). While the role of the
components carried on these modular plasmids is rather poorly
characterized, presumably genes must impart some form of
selection in various environmental niches. To this end, we note
that within our population, gacA was often carried on plasmids
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FIGURE 4 | Chlorhexidine MIC for transconjugant strains. The MIC to chlorhexidine for each indicated strain was determined by broth dilution. (A) CO2-RN TC is a
transconjugant obtained from mating C02 with C02-RN. CO2-RN TC2 is a transconjugant obtained from mating 1969.N with CO2-RN. 42-RN TC is a transconjugant
obtained from mating CO2 with 42-RN. 42-RN and C02-RN are pC02-free recipient cells. (B) Epi-RN TC is a transconjugant obtained from mating C02 with S. capitis
RN. Epi-RN is pC02-free recipient S. capitis RN. Graphed values represent three independent replicates for each strain and the bar indicates the mean. Statistically
significant differences are indicated as determined by a Student’s t test; a correction for multiple comparisons using the Holm-Sidak’s method was applied for
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that contained additional resistance determinants; this has also
been observed in previous studies (Jensen et al., 2010; McCarthy
and Lindsay, 2012). The importance of this finding lies in the fact
that any selective pressure that selects for the presence of a single
gene will also co-select for the stability of the other resistance
genes found on large plasmids or other shared mobile elements
(Carter et al., 2017). Thus, in hospitals and other environments
where antiseptics are used liberally, residual chlorhexidine could
drive an increase in multidrug resistant strains of Staphylococcus
(Bjorland et al., 2005; Madden and Sifri, 2018). Importantly,
the implication of chlorhexidine-driven co-selection is not only
applicable to Staphylococcus; gacA has recently been identified in
Enterococcus faecalis, E. faecium, Acinetobacter baumannii, and
Klebsiella pneumoniae strains (Bischoff et al., 2012; Guo et al,
2015; Rizzotti et al., 2016; Liu et al., 2017).

While conjugative transfer of biocide resistance genes, such
as gacC, has been previously shown (Lyon et al., 1987), prior
to the work described herein, gacA had yet to be definitively
identified on a conjugative element. Despite this, we do note one
previous report that may indicate that gacA may have resided
on a conjugative plasmid (pSAJ1) that was isolated in the 1980’
from Japan (Yamamoto et al., 1988). The characterization of
PSAJ1 that was conducted at that time showed restriction sites
on the suspected antiseptic resistance gene that are very similar
to the qacA sequence. Moreover, the authors showed that pSAJ1
is responsible for an antiseptic resistance profile that is similar to
strains that carry gacA. While pSAJ1 was not sequenced and it
is not clear if the plasmid did in fact carry qacA, the presence of
qacA on a conjugative plasmid that was circulating in Asia in the
1980’s could partially explain the very high prevalence of qacA/B
found in current Staphylococcal strains from Asia (Wang et al.,
2008a,b; Shamsudin et al., 2012; Cho et al., 2018). Currently, the
rates of gacA positivity among community acquired S. aureus
strains in the United States is fairly low: 0-1.6% (Fritz et al.,

2012; Popovich et al., 2014; Schlett et al., 2014). However, given
our herein described discovery of a gacA-containing plasmid
that can be conjugated across S. aureus strains and even to
some strains of S. epidermidis, one has to wonder if we are on
the verge of observing a dramatic increase in the prevalence of
qacA containing strains? Indeed, when one combines the ability
of bacterial strains to move resistance components with the
selective pressure imposed by indiscriminate use of antiseptics, it
becomes almost too easy to envision a not so distant future where
antiseptic resistance becomes a critical conversation. Clearly,
continued surveillance and increased antiseptic stewardship are
warranted for the continued clinical success of even antiseptics.
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