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Vancomycin resistant enterococci (VRE) cause 20,000 infections annually in the United States, most of
which are nosocomial. Recent ﬁndings of VRE in sewage-contaminated surface waters demonstrate an
alternate route of human exposure, and a possible setting for horizontal gene exchange facilitated by
plasmids and other mobile genetic elements. Maintenance of antibiotic resistance genes and proteins
may, however, present a ﬁtness cost in the absence of selective pressure, particularly in habitats such as
environmental waters that are not optimal for gut-associated bacteria. Nutrient levels, which are transiently elevated following sewage spills, may also affect survival. We tested the hypotheses that nutrients
and/or plasmids conferring vancomycin resistance affect Enterococcus faecium survival in river water by
measuring decay of strains that differed only by their plasmid, under natural and augmented nutrient
conditions. In natural river water, decay rate (log10 reduction) correlated directly with plasmid size;
however, plasmid presence and size had no effect on decay rate when nutrients levels were augmented.
Under natural nutrient levels, the vancomycin-resistant strain with the largest plasmid (200 kb) decayed
signiﬁcantly more rapidly than the plasmid-less, susceptible parent strain, in contrast to similar decay
rates among strains under augmented nutrient conditions. This work is among the ﬁrst to show that
plasmids conferring antibiotic resistance affect ﬁtness of Enterococcus species in secondary habitats such
as surface water. The nutrient-dependent nature of the ﬁtness cost suggests that conveyance of VRE to
environmental waters in nutrient-rich sewage may prolong survival of these pathogens, providing
greater opportunity for host infection and/or horizontal gene transfer.
© 2019 Published by Elsevier Ltd.
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1. Introduction
Vancomycin resistant enterococci (VRE), which are categorized
as a serious public health threat (CDC, 2013) cause 20,000 hospitalacquired infections and 1300 deaths annually in the United States
and reported incidence is steady or increasing in both the U.S and
Europe (Adams et al., 2016; Chiang et al., 2017; Kullar et al., 2016;
Laxminarayan et al., 2007; Mendes et al., 2016; Sader et al., 2018).
VRE and the mobile, high-level resistance gene vanA have been
detected in aquatic environments, wildlife feces and human sewage
(Ateba et al., 2013; Haenni et al., 2009; Narciso-da-Rocha et al.,
2014; Oravcova et al., 2014, 2016; 2017; Roberts et al., 2009;
Young et al., 2016). VRE infections are commonly monitored
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through surveillance programs in healthcare systems and often
studied in these contexts, but conditions that contribute to VRE
survival in environmental habitats are poorly understood.
Enterococcus spp. can carry mobile genetic elements that confer
antibiotic resistance and transfer between bacteria (Paulsen et al.,
2003). Nine different gene clusters conferring vancomycin resistance have been identiﬁed (Miller et al., 2014) but not all are
relevant from a human health perspective. For example, the vanC
gene confers intrinsic, low-level resistance (2e32 mg mL1) and is
found in certain Enterococcus spp. such as E. gallinarum but rarely
associated with infections in human (Leclercq et al., 1992). Thus,
detection of vanC in the aquatic environment is not an effective
indicator of risk to human health. The most clinically relevant VRE
are the high-level resistant E. faecium carrying the vanA gene
(Cetinkaya et al., 2000), with a minimum inhibitory concentration
of 32 mg mL1 vancomycin (Cetinkaya et al., 2000; Courvalin,
2006). The vanA operon is generally located on a plasmid,
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including transposons or gene cassettes that facilitate mobility
(Arthur et al., 1993; Guardabassi and Agerso, 2006; Leclercq et al.,
1988). The potential for spread of high-level resistance to other
pathogens such as Staphylococcus aureus, and/or environmental
bacteria, make the environmental persistence of bacteria bearing
genetic elements carrying vanA a relevant public health concern
(McGuinness et al., 2017; Stryjewski and Corey, 2014).
Many studies have examined the role of bacterial plasmids in
virulence and biological ﬁtness using competitive culture or mouse
model experiments (Bingle and Thomas, 2001; Fisher and Phillips,
2009; Süßmuth et al., 2000). Maintenance of plasmids that confer
antibiotic resistance can present a ﬁtness cost and large plasmids
are usually found in low copy numbers (Andersson and Levin, 1999;
Johnsen et al., 2009, 2011; Melnyk et al., 2015; Ramadhan and
Hegedus, 2005; San Millan et al., 2015; Sengupta and Austin,
2011; Smith and Bidochka, 1998a; Starikova et al., 2013; Vogwill
and MacLean, 2015; Zhang et al., 2017). The cost of resistance can
be too great to sustain in the absence of selective pressure, and
some bacteria lose plasmids when under stress in order to reduce
metabolic expense (Smith and Bidochka, 1998a). However, ﬁtness
experiments in the laboratory have shown that the cost of plasmidassociated resistance is host- and plasmid-dependent (Starikova
et al., 2013). In some cases, plasmids can be maintained in the
absence of selective pressure (Johnsen et al., 2002; Werner et al.,
2011) and in starvation states (Ramadhan and Hegedus, 2005).
Bacterial persistence and interactions in aquatic habitats are
strongly driven by nutrient availability (Byappanahalli et al., 2012;
Cloutier et al., 2015; Staley et al., 2014). Few studies have investigated the inﬂuence of nutrients on maintenance of antibiotic
resistance plasmids outside of nutrient-rich culture experiments.
The aquatic environment provides relatively oligotrophic conditions compared to culture media or intestinal environments
(Pereira and Berry, 2017) and the role of nutrients in the survival of
bacteria carrying antibiotic resistance plasmids need further study
in oligotrophic settings. In this study, chromosomally identical
strains of E. faecium with vancomycin resistance plasmids of
differing sizes and genetic makeup were compared in microcosms
containing ﬁltered river water maintained in an outdoor environment. Nutrient levels were natural, or augmented with trace vitamins, minerals and organic carbon sources glucose, pyruvate and
acetate. Investigating bacterial persistence associated with plasmids and environmental nutrient levels contributes to understanding antibiotic resistance and its potential to impact human
health in a dynamic, ecologically relevant context.

2. Methods
2.1. Enterococcus faecium strains
E. faecium strains were obtained from Dr. Guido Werner (Robert
Koch Institute, Wernigerode, Germany). In a previous study,
clinically-derived strains carrying plasmids with the vanA gene
were ﬁlter-mated with the vancomycin-sensitive American Type
Culture Collection (ATCC) strain 64/3 (Werner et al., 2011). Each
VRE strain in Table 1 represents a transconjugant of 64/3 (recipient
strain) whose plasmids ranged from 50 to 200 kb. Previous testing
showed stable maintenance of plasmids on media without antibiotics for approximately 100 generations (Werner et al., 2011).
Additional testing conﬁrmed that strains maintained plasmids and
survived for up to two weeks in phosphate-buffered water and
ﬁltered river water in microcosms maintained in the laboratory
(data not shown). The four E. faecium strains used here all had
similar growth rates in brain heart infusion (BHI) broth.

2.2. Microcosm set-up
Water was collected from the Hillsborough River in Tampa, FL
(28.069992, 82.377558) on March 31, 2017 in sterile, 50 L carboys.
The Hillsborough River is a typical tannic Florida River, originating
in the Green Swamp and passing through natural and rural watersheds before it reaches the sampling site. The water was ﬁltered
on that date using dialysis ﬁlters (REXEED-25S, Asahi Kasei) to
remove particles and microorganisms. Filtered water was tested for
endogenous enterococci and VRE on mEI agar and mEI agar
amended with 32 mg mL1 vancomycin to conﬁrm absence of culturable enterococci prior to the start of the experiment (EPA, 2006).
Four strains were inoculated in separate microcosms. Each
microcosm contained 1 L ﬁltered river water in a 2 L beaker. The
nutrient treatment included unamended (control) conditions, and
added nutrients (see below). Five replicates were created for each
strain representing both control and nutrient conditions. Microcosms were covered with plastic wrap to allow light penetration
and prevent contamination. A 1000-gallon capacity tank functioned as a water bath to modulate temperature ﬂuctuations in the
greenhouse at the USF Botanical Gardens. The greenhouse is protected from rainfall and covered and fenced to prevent animal
intrusion, but is exposed to UV light and susceptible to environmental temperature changes. Microcosms were secured to shelves
and partially submerged in the tank three days prior to inoculation
in order to stabilize.
Carbon sources, vitamins and minerals were added as nutritional supplements in augmented nutrient conditions and
compared to a control treatment with no nutrients added. Nutrient
additions were as follows: hydrated sodium salts of pyruvate
(8.3 mg L C3H3NaO3), acetate (6.2 mg L C2H3NaO2) and glucose
(18 mg L C6H12O6) for ﬁnal concentrations of 75 mM, 75 mM and
100 mM respectively; 1 mL of pre-mixed additives for trace vitamins
and 1 mL of pre-mixed minerals were added to each microcosm
(ATCC, Manassas, VA) (Wanjugi et al., 2016). Two HOBO data loggers (H08-004-02, Onset Computer Corporation, Bourne, MA) were
placed in identical beakers with the same source water inside the
water bath, where measurements for temperature, humidity and
light intensity were logged hourly over eight days. Light wavelength and intensity were recorded on each sampling date using a
spectroradiometer (Model ILT950, International Light Technologies,
Peabody, MA) at the time of collection, conﬁrming that natural UV
light was reaching the microcosms though not as strong as direct
sunlight.
Inoculum preparation and inoculation: Overnight cultures of each
E. faecium strain were prepared in 10 mL BHI broth (Becton, Dickinson and Company, Sparks, MD, USA) using isolated colonies obtained from frozen stock cultures of VRE transconjugants E0292,
H182, H74, and the parent strain, vancomycin sensitive 64/3. Cultures were incubated for 12 h at 37  C, then transferred to a sterile
15 mL tube and centrifuged at 5000 rpm for 3 min. Supernatant
broth was removed and 6 mL of sterile phosphate-buffered solution
was added to each tube and vortexed to create stock inoculant for
each strain of approximately 9 log10 CFU mL1 based on mEI agar
quantiﬁcation. Individual strains were added separately to each of
ﬁve replicate beakers containing 1L each of river water, such that
each mesocosm contained only one E. faecium strain. One mL of the
stock inoculant was added to make an initial concentration in the
mesocosms of approximately 6 log10 CFU mL1 (equivalent to 8
log10 CFU 100 mL1).
2.3. Sample collection and processing
Water samples were collected at the initial inoculation time
(Day 0), and on Day 2, Day 4 and Day 7. Samples were collected
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Table 1
E. faecium strain origin and plasmid characteristics, adapted from Werner et al., (2011).
E. faecium strain

Origin

64/3
H74

ATCC
hepatic ﬂuid

H182
E0292

Country of origin

Year

Plasmid characteristics

Traits/mechanisms

Portugal

2001

None; recipient strain
50 kb vanA plasmid (rep-Inc18,rep-pRUM; PSK: u-ε-z)

hepatic ﬂuid

Portugal

2002

92 kb vanA plasmid (rep-pRUM)

urine

USA

1992

200 kb vanA plasmid (rep-Inc18)

N/A
 MDR gene cassette (Rosvoll et al., 2010)
 inhibit growth (Grady and Hayes, 2003)
 enhance ﬁtness
 support plasmid maintenance
 HGT* (Palmer et al., 2010)
 MDR gene cassette (Rosvoll et al., 2010)
 inhibit growth (Grady and Hayes, 2003)
 HGT* (Palmer et al., 2010)

*HGT ¼ horizontal gene transfer.

from each microcosm (n ¼ 40) in 10 mL volumes using sterile pipets, after stirring to mix using the collection pipets. Samples were
transported on ice to the laboratory in sterile 15 mL centrifuge
tubes, held on ice, and processed within 6 h. Water samples were
processed by membrane ﬁltration for enterococci in duplicate, on
both mEI and on mEI þ32 mg mL1 vancomycin, except for the nonresistant strain 64/3, which was only processed on unamended mEI
(EPA, 2006). Dilutions were established to ensure a countable
number of colonies (20e100 per plate). Estimates for dilution series
were based on preliminary studies and earlier sampling results
when processing samples at later time points. VRE strains were
cultured on both mEI and mEI amended with vancomycin on Day
0 and Day 4. Data from Day 7 are shown in Figs. 1 and 2 but were
excluded from analyses because some strains were reduced to
undetectable concentrations by that date (<1 CFU 100 mL1).

Fig. 2. Decay (log10 reduction after 4 days) for each E. faecium strain under natural (0X)
and augmented (1X) nutrient treatments. Error bars are SEM. Star indicates signiﬁcant
difference (P < 0.05) within the treatment.

2.4. Data analysis
Culturable enterococci concentrations were recorded as
CFU100mL1. Log10 reduction, which represents the log decrease
in cell concentration from Day 0 to Day X, was calculated for each
replicate based on the ﬁnal concentration at Day 4 and the initial
concentration at Day 0, using an equation as previously described
(Wanjugi and Harwood, 2013). Greater log10 reduction corresponds
to a more rapid decay rate and reduced survival. Day 4 was chosen
based the most appropriate time point for capturing the decay rate
before enterococci reached undetectable levels. GraphPad Prism
was used to perform 2-way ANOVA with Tukey's multiple comparison and linear correlation assuming Gaussian distribution with
Pearson's r (Version 6.07, GraphPad Software Inc., La Jolla, CA).

3. Results
3.1. Plasmid characteristics

Fig. 1. Decay of vancomycin-resistant E. faecium strains E0292 (200 kb plasmid), H74
(50 kb plasmid), and H182 (92 kb plasmid) and vancomycin-sensitive E. faecium strain
64/3 (no plasmid) over time in (A) natural and (B) augmented nutrient conditions,
shown as log10 CFU 100mL-1. Error bars are SEM.

Natural nutrient concentrations of ammonium, nitrate and
phosphorus in ﬁltered river water (0.165, 0.536 and 0.047 ppm,
respectively) were consistent with Florida water quality guidelines
for unpolluted waters and measurements from similar freshwater
systems in the region (EPA, 2015). Plasmids in each transconjugant
strain differed in their sizes and other characteristics as described
previously (Werner et al., 2011) and are summarized in Table 1.
Plasmid sizes ranged from 50 kb to 200 kb and were characterized
by different genetic content, including toxin-antitoxin systems and
replicon typing. Each transconjugant contained a plasmid from a
clinical isolate; one from a hospital in the United States (E0292) and
two from hospitals in Portugal (H74 and H182) (Table 1).
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3.2. Plasmid maintenance
E. faecium strains were cultured on media with and without
antibiotics added to conﬁrm maintenance of plasmids throughout
the experiment, as retention of plasmids through the experiment
was necessary to test the hypothesis that plasmid size affects survival. No signiﬁcant differences in concentrations of transconjugant
E. faecium strains cultured on mEI compared to vancomycinamended mEI were detected in natural or augmented nutrient
conditions (2-way ANOVA; P ¼ 0.66 for and P ¼ 0.73, respectively),
showing plasmid stability in the absence of selective pressure.
3.3. Decay of E. faecium strains
The relative decay of plasmid-bearing and wild type E. faecium
strains was compared in natural river water and with added nutrients. The mean initial concentration of all four strains inoculated
in natural and augmented microcosms on Day 0 was 7.9
log10100 mL1 (standard deviation ¼ 0.3 log10100 mL1). All
strains declined 1e4 log10 CFU100 mL1 after four days (Fig. 1).
The only signiﬁcant difference observed among strains (a < 0.05)
was that transconjugant E0292 experienced signiﬁcantly greater
log10 reduction than the parent strain under natural nutrient conditions (Tukey's multiple comparisons, P ¼ 0.0245, Fig. 2). This
difference was not observed under augmented nutrient conditions
(P ¼ 0.934). Nutrient levels did not signiﬁcantly affect log10 reduction of any strain (two-way ANOVA; P ¼ 0.523), although E0292
reduction was about a log greater under low nutrient compared to
augmented conditions. The signiﬁcant difference in decay between
E0292 and the parent strain under natural nutrient conditions does
suggest that the nutrients are a biologically relevant factor in
survival.
3.4. Reduction associated with plasmid size
The log10 reduction of the E. faecium strains directly correlated
with plasmid size in the natural nutrient treatment (Fig. 3A;
P ¼ 0.027, r ¼ 0.2436), but not in the augmented nutrient treatment
(Fig. 3B; P ¼ 0.5963, r ¼ 0.1261). Larger plasmids were associated
with greater reduction in the natural nutrient treatment but not in
the augmented nutrient treatment.
4. Discussion
The ﬁtness cost of plasmids in general (Smalla et al., 2015) and
antibiotic resistance plasmids in particular (San Millan et al., 2015;
Schrag et al., 1997; Smith and Bidochka, 1998b) has been the subject
of study for decades. The general conclusion drawn from such
studies is that plasmids incur a ﬁtness cost in the absence of selective pressure under laboratory conditions. Because growing
emphasis is placed on the importance of environmental reservoirs
of antibiotic resistance (McLain et al., 2016) we designed this study
to assess the ﬁtness cost of mobile plasmids carrying the vanA
operon for E. faecium in a simulated aquatic environment. We hypothesized that organic nutrient levels could inﬂuence the burden
of plasmid maintenance, a linkage that has not been well-explored.
The most obvious mechanism for such an inﬂuence would be that
increased nutrient levels offset the metabolic costs of plasmid DNA
and protein synthesis (Carroll and Wong, 2018).
In this study, effects of nutrients on survival were statistically
signiﬁcant only when analyzed based on a relationship to a
continuous scale of plasmid size; increasing plasmid size was
associated with decreased survival under natural nutrient conditions, but not when river water was augmented with nutrients.
Augmented nutrient conditions designed to reﬂect organic carbon

Fig. 3. Correlation of decay (log10 reduction after 4 days) and log10 plasmid size of
E. faecium strains under (A) natural and (B) augmented nutrient conditions.

levels in a eutrophic surface water (Wanjugi et al., 2016) were expected to enhance survival of all strains in this study, given that
nutrient availability is a key inﬂuence on bacterial survival in
aquatic ecosystems (Anderson et al., 2005; Barcina et al., 1997;
Craig et al., 2004). This is particularly true of organic carbon for
Enterococcus spp. (Zhang et al., 2017) and other heterotrophic
bacteria. However, added nutrients did not have a signiﬁcant
within-strain effect on survival, which may be explained by relatively low nutrient concentration amendments used in the treatments. The lack of within-strain effect could also be due low
cellular metabolic activity. A previous study (Wanjugi et al., 2016)
using the same river water and organic carbon sources (glucose,
pyruvate, and acetate) as this study determined that nutrient
concentrations at ﬁve times the augmented level used here
enhanced survival of E. coli compared to natural and 1X amended
conditions. Those results suggest that using more concentrated
nutrient treatments in future studies may reveal a relationship or
help to disentangle the differences between strains and nutrient
levels, and could better assess the impacts of raw sewage containing VRE released into aquatic ecosystems.
Greater reduction of one plasmid-bearing E. faecium strain
(E0292) compared to the parent strain, which lacked plasmids,
conﬁrms previous ﬁndings of a ﬁtness cost of plasmids in environments devoid of selective pressure (Ramadhan and Hegedus,
2005, San Millan et al., 2015; Starikova et al., 2013; Vogwill and
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MacLean, 2015; Zhang et al., 2017). Two of the transconjugant
strains used in this study, E0292 and H182, were previously studied
to assess ﬁtness cost in competitive mixed culture experiments
under laboratory conditions (Starikova et al., 2013). The largest
plasmid had a detrimental effect (E0292; relative ﬁtness ¼ 0.73)
and the smallest was beneﬁcial (H182; relative ﬁtness ¼ 1.1). While
the microcosms in this study conﬁrm that reduced ﬁtness is associated with the large plasmid, there was no observed beneﬁt to
smaller plasmids in our experiments, which included environmental stressors such as sunlight, and ambient nutrient levels.
Results from the previous study with the same transconjugants
(Starikova et al., 2013) support the hypothesis that large plasmids
exert ﬁtness costs to their hosts, although the conditions in the
competitive culture experiments contrasted sharply from those in
this study, which simulated a natural oligotrophic aquatic environment rather than nutrient-rich culture media.
The largest vancomycin resistance plasmid signiﬁcantly reduced
survival in E. faecium transconjugant E0292 compared to the
vancomycin-susceptible counterpart under natural nutrient conditions in this study. Log10 reduction of the other transconjugant
VRE strains was not signiﬁcantly different than that of the parent
strain, suggesting that there may be a cut-off or threshold size for
larger plasmids to negatively impact survival under conditions used
here. While plasmid copy numbers were not assessed here, their
size and previously characterized replicon types indicate that they
are large, low-copy number plasmids, with less than 5e10 copies
per cell (San Millan et al., 2014; Werner et al., 2011). While the
precise genes or gene cassettes responsible for decreased ﬁtness
have not been elucidated, the difference between the large plasmid
and the parent strain was only determined in the natural (unaugmented) nutrient conditions, which suggests that the oligotrophic
environment affects the relative success of bacteria bearing large
plasmids, and that eutrophic nutrient levels may reduce ﬁtness
cost. The fact that smaller plasmids that confer clinically-relevant
VRE characteristics did not exert a cost of ﬁtness in the environmental conditions studies here is cautionary, as it suggests that
smaller plasmids may not hamper survival of these pathogens.
Various genes within conjugative plasmids can mediate virulence and survival (Elwell and Shipley, 1980; Groisman and
Ochman, 1996; Guilloteau et al., 1996; Ramirez et al., 2014;
Trevors et al., 1989), but known genes on the plasmids studied here
were not associated with survival advantages or inhibition. All
three conjugative plasmids of the VRE strains used in this study are
classiﬁed as repINC18, repINC-pRUM, or both (Shintani et al., 2015;
Werner et al., 2011). E0292 and H74 contained a repINC18 plasmid,
which is associated with horizontal gene transfer and no known
survival advantages (Palmer et al., 2010), while H74 and H182 both
contained the repINC-pRUM-type plasmid (see Table 1). Toxinantitoxin systems of repINC-pRUM plasmids have been shown to
inhibit survival and also support plasmid maintenance in E. coli
(Grady and Hayes, 2003) but did not appear to affect survival in this
study with E. faecium when compared to parent strains lacking
plasmids. Both transconjugants with the repINC-pRUM plasmids
(H74 and H182) had lower decay rates compared to E0292. However, this study was not desiged to determine whether the plasmid
types contribute to or inhibit persistence of VRE broadly, or how
variability in molecular structure of plasmids inﬂuenced survival.
The ﬁndings presented here are initial steps towards understanding how antibiotic resistance plasmids inﬂuence survival in
aquatic environments and should lead to further experimental
investigation and genetic analyses. While some genetic aspects of
the plasmids have been characterized, sequencing of entire plasmids might further clarify the role of resistance determinants in the
differential survival demonstrated in this study. Fitness costs
shown in the strain carrying the largest plasmid (E0292) could be
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associated with strong promoters regulating gene expression,
including any additional antibiotic resistance genes located on the
plasmids. Expression of plasmid genes could also be impacted by
nutrient levels or other environmental factors, and could be
explored by transcriptomic analysis. Focusing on and isolating the
role of the plasmid, outside of the chromosomal genetic background shared by each strain, represents novel research that can
inform future studies of ﬁtness costs of antibiotic resistance.
5. Conclusions
This study showed that the transconjugant E. faecium strain
carrying the largest plasmid decayed faster than its plasmid-less
parent strain in an aquatic environment with low available nutrients and in the absence of selective pressure. Strains with smaller
plasmids persisted similarly to the parent strain. Clinical VRE
strains can enter the environment through sewage spills (Young
et al., 2016) and this study investigated the fate of these pathogens in environmental surface water, showing that large plasmids
inhibit survival, but that increased levels of organic nutrients can
alleviate the ﬁtness costs.
 Vancomycin resistance plasmids that are maintained in the
absence of selective pressure can exert ﬁtness costs under natural nutrient conditions
 The size of vancomycin resistance plasmids was correlated with
ﬁtness costs under natural nutrient conditions
 Characteristics of antibiotic resistance plasmids can inﬂuence
the survival of bacterial pathogens released into aquatic ecosystems through runoff, sewage spills, and other wastewater
inputs.
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