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Abstract: Bacterial adaptation and defense mechanisms against silver are poorly understood at the genetic level. A library of Escherichia
coli gene-deletion mutants was used to show that clones lacking sodB (coding for oxidative stress protection), lon (protein damage repair),
or cusR (metal efflux pump) are quite sensitive to silver (with 7.3� 9.1%, 5.3� 1.8%, and 0.4� 0.1% of cells surviving, respectively,
compared with 90.1� 5.4% survival for wild-type E. coli, after 6-h exposure to 8mg/L AgNO3), suggesting the importance of the coded
functions as defense mechanisms. Mutants lacking pgaB orwcaD, which code for production of extracellular polymeric substances (EPS),
also showed significant (p< 0.05) sensitivity to silver exposure (23.4� 16.2% and 23.1� 32.6% survival, respectively). Transmission
electron microscopy (TEM) with scanning TEM/energy-dispersive X-ray spectroscopy analysis showed accumulation of silver
nanoparticles within EPS, suggesting that EPS serve as a protective barrier that also immobilizes dissolved silver as silver nanoparticles.
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INTRODUCTION

Various forms of silver have been used as antimicrobial
agents since antiquity, including silver nitrate (AgNO3) to
prevent gonorrheal eye infections in newborns and Ag foils to
prevent infection of surgical wounds [1,2]. In recent decades,
with the burgeoning threat of multidrug-resistant bacteria and
the worldwide production and application of silver nanoparticles
(AgNPs), silver has generated renewed interest as an antimicro-
bial agent.

Among the various forms of silver (e.g., salts, colloidal,
nanoparticles), released silver ions (Agþ) are proposed to be the
principal bactericidal agent. Silver nanoparticles were recently
demonstrated to exert no antimicrobial activity in the absence of
Agþ release, implying that Agþ is the critical effector of the
antibacterial activity of AgNPs (although nanoparticles may
serve as a more effective delivery vehicle of Agþ to cells [3]).
Much research has been conducted on the antibacterial activity
of silver, and several mechanisms have been proposed, including
the following: protein damage, in which Agþ binds with thiol
groups [4] (e.g., in cysteine) and disrupts protein function [5,6];
generation of reactive oxygen species (ROS), during which
harmful ROS are generated (perhaps as an immune response) in
the presence of silver [7–9]; and deoxyribonucleic acid (DNA)
damage [10], in which Agþ has a strong affinity to nucleic
acids [11] and forms complexes with DNA by binding with
guanine or adenine [12], although the extent to which Agþ

reaches the nucleoid is not clear.
In contrast to advances in our understanding of the

antibacterial mechanisms of silver, bacterial adaptation to silver
and the associated defense mechanisms are poorly understood at

the genetic level. However, identifying the genes responsible for
bacterial adaptation and resistance to silver is important for the
development of effective silver-based antimicrobials and for
mitigating potential unintended impacts of silver releases on
microbial ecosystem services. In the present study, we address
the relative importance of different genes potentially conferring
resistance by using a library ofEscherichia colimutants that lack
open reading frame (ORF) clones (the Keio collection) and a
library of E. coli ORF clones (the ASKA collection) that
overexpress a specific functional gene and thus a corresponding
physiological or metabolic trait.

MATERIALS AND METHODS

Knockout (Keio) library and ORF clone (ASKA) library

The Keio library [13] (systematic single-gene knockout
mutants of E. coli K-12 BW25113) and the ASKA library [14]
(ORF clones library of E. coli K-12 AG1 ME5305) were
purchased from the Japan National BioResource Project—E.
coli at the Japanese National Institute of Genetics. Each Keio
mutant carries a deletion of a single gene, with a kanamycin
resistance gene serving as the replacement. Each ASKA clone
carries a plasmid of a single gene with a chloramphenicol
resistance gene on it.

Survival tests

Wild-type E. coli (BW25113) and selected mutants were
inoculated in 10mL Luria–Bertani (LB) broth and incubated at
37 8C on a 200-rpm shaking incubator for 15 h. The optical
density (OD) values of each mutant culture were measured with
an ultraviolet-visible spectrometer and diluted to 0.8 (OD600)
using deionized water to normalize the starting bacteria
concentration, which is a critical factor for the test. For the
Keio mutants, the E. coli wild type was selected as a control; it
was exposed to a series of AgNO3 concentrations to determine
an appropriate sublethal concentration for testing (8mg/L,
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which caused �10% inhibition of wild-type E. coli growth and
10%–90% inhibition of mutant growth) to facilitate discernment
of how specific genes may affect tolerance to silver.

To assess bacterial survival, each mutant (1-mL culture) was
exposed to 8mg/L AgNO3 and incubated in the dark for 6 h. The
surviving cells were quantified by serial dilution and plate
counting [15]. This concentration was normalized to its
respective control (without AgNO3) to account for variability
of initial cell concentrations. Wild-type E. coli BW25113 served
as control for the Keio mutants, and E. coli wild-type AG1
(ME5305) with an inserted empty plasmid (vector pCA24N)
served as a control for ASKA clones. All tests were conducted in
triplicate and repeated 3 times to ensure reproducibility.

Data analysis

Colony-forming units of each gene deletion mutant (Keio
collection) were counted after exposure to Agþ and normalized
to the wild-type control to determine the percentage of surviving
cells. If the deletion of a certain gene is crucial for E. coli
survival, the mutant should be more sensitive than the control.
Whether survival differences were statistically significant was
determined using Student’s t test at the 95% confidence level. All
measurements are reported as mean� 1 standard deviation with
3 independent replicates.

TEM sample preparation

To assess the role of extracellular polymeric substances
(EPS), wild-type E. coli (BW25113) and a DpgaB mutant were
also grown overnight at 37 8C. Samples (1mL) were taken from
each culture and centrifuged at 1� 104 rpm for 1min. The
supernatants were discarded, and the cells were resuspended
using 1mL deionized water. This process was repeated 4 times
to remove nutrients and salts in the LB medium. Both cell
suspensions were diluted 10-fold with deionized water, and
10mL were dropped on copper grids (400mesh, Ted Pella). The
samples were dried under ambient condition (25 8C) for 2 d, and
imaged using a JEOL1230 transmission electronic microscope
(TEM).

Resuspended cells were mixed with AgNO3 (8mg/L) and
incubated for 6 h in the dark. Cells were then diluted 10-fold with
deionized water, and TEM samples were prepared and imaged
similarly. The elemental composition of nano-sized particles in
E. coli EPS was analyzed using energy-dispersive X-ray
spectroscopy (EDS) on a JEOL 2100 field emission gun TEM

(EF-TEM) under scanning transmission electron microscopy
(STEM) mode.

RESULTS AND DISCUSSION

Silver-induced oxidative stress is attenuated by sodB

Various specific superoxide dismutase (SOD) genes (e.g.,
sodA, sodB, and sodC) encode the enzymes responsible for the
dismutation of superoxide that protect E. coli against oxidative
stress [16] (Table 1). Deletion mutants lacking different sod
genes responded differently to silver exposure (Figure 1a).
Mutants lacking sodA or sodC did not display greater sensitivity
to silver than the wild-type control, whereas the DsodB mutant
was significantly more sensitive (with 7.3%� 9.1% survival
after 6-h AgNO3 treatment) than the wild type (90.1%� 5.4%
survival). In E. coli, sodA and sodB code for manganese- and
iron-bound SOD, respectively, and the transcription of both is
regulated by the intracellular iron concentration [17,18].
Specifically, sodA is repressed [18] while sodB is induced [19]
in the presence of Fe(II). In the present study, all mutants were
tested in LB medium containing approximately 30mM of
iron [20], which favors sodA repression and sodB induction. We
also assessed deletion of sodC, which encodes a periplasmic
SOD, but this gene does not appear to be important for defense
against silver.

Protein repair genes are critical for resistance to silver

The adenosine triphosphate (ATP)-dependent protease Lon is
involved in both general quality control (by degrading abnormal
proteins) and specific control of several regulatory proteins [21]
(Table 1). Lon also controls toxin/antitoxin systems involved in
plasmid maintenance [22]. The Dlon mutant was very sensitive
to silver, with only 5.3%� 1.8% of cells surviving after 6-h
AgNO3 treatment (Figure 1a). Because Agþ is known to bind
and damage cellular proteins, Dlon mutants lack the ability to
degrade or repair the damaged proteins, resulting in the
intracellular accumulation of oxidized and damaged proteins.
Apparently, Lon protease plays an essential role in silver defense
by preventing the accumulation of damaged proteins.

DNA damage repair genes may also endow resistance to silver

Several studies on the interaction and complexation of Agþ

with nucleic acids have been conducted [23], and DNA has been
used as a carrier to complex Agþ as an antibacterial

Table 1. Genes considered in this studya

Name Description

sodA Superoxide dismutase, Mn
sodB Superoxide dismutase, Fe; response to oxidative stress; chromate resistance; negatively regulated by ryhB RNA as part of indirect

positive regulation by Fur; acid-inducible
sodC Superoxide dismutase, Cu, Zn, periplasmic; mutants are sensitive to exogenous hydrogen peroxide in early stationary phase
lon Component of DNA-binding, ATP-dependent protease
recA General recombination and DNA repair; pairing and strand exchange; role in cleavage of LexA repressor, SOS mutagenesis
fabR Transcriptional repressor of fabA and fabB
cusA Silver and copper efflux, membrane transporter; confers copper and silver resistance
cusB Silver and copper efflux, membrane fusion protein; confers copper and silver resistance
cusC Silver and copper efflux, outer membrane factor (OMF) lipoprotein component; OMF of a tripartate efflux pump; confers copper and

silver resistance
cusR Response regulator of the cusCFBA-cusRS divergon; cusS sensor and cusR mediate copper induction
pgaA Biofilm adhesin polysaccharide, PGA secretin; outer membrane porin
pgaB PGA N-deacetylase; deacetylase required for biofilm adhesin polysaccharide PGA export; outer membrane lipoprotein
wcaA Putative colanic acid biosynthesis glycosyl transferase
wcaD Putative colanic acid polymerase

aFrom Zhou and Rudd [43].
RNA¼ ribonucleic acid; DNA¼ deoxyribonucleic acid; ATP¼ adenosine triphosphate; PGA¼ poly-b-1,6-N-acetyl-D-glucosamine.
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material [24,25]. Therefore, it is likely that Agþ would bind and
damage bacterial DNA if it reaches the cell nucleoid. The present
study shows thatDrecAmutants, which lack the ability to repair
DNA, are more sensitive to silver exposure (40.6� 8.0%
survival) than the wild-type control (90.1� 5.4% survival;
Figure 1a). Apparently, recA plays an essential role in genetic
recombination [26] and in repair of various kinds of DNA
damage by catalyzing DNA strand exchange reactions [27,28].
The higher sensitivity of DrecA mutants to Agþ implies that
DNA damage is an important consequence (if not mechanism) of
silver toxicity.

Membrane damage repair gene helps mitigate silver damage

The gene fabR encodes a fatty acid biosynthesis regulator,
and is essential for the synthesis of monounsaturated fatty acids
(Table 1). This transcription factor exclusively regulates
expression of type II fatty acid synthase enzymes [29], and
directly influences membrane lipid homeostasis, which could be
important for silver resistance. Deletion of fabR decreases

resistance to Agþ (71.5� 0.6% survival) compared with wild-
type controls (90.1� 5.4% survival; Figure 1a), suggesting that
membrane repair is an important response to silver exposure.
However, resistance to Agþ forDfabRmutants was significantly
higher than for the DrecA and Dlon mutants (Figure 1a),
suggesting a lesser importance of fabR in adaptation to silver.

Metal efflux pump coding genes are critical for silver defense

The expression of metal efflux pump genes is controlled by
ultrasensitive regulators that bind metals with femto-molar
affinities [30,31] (Table 1), and the activity of these transporters
may be driven by ATP hydrolysis or chemiosmotic poten-
tial [30,32,33]. Deletion of any gene in the cus operon (copper
and silver efflux pump) significantly decreases the resistance of
the resultant mutants to Agþ compared with the wild type
(Figure 1a), confirming that the loss of metal efflux capacity
makes bacteria more vulnerable to Agþ. Interestingly, DcusR
mutants (0.4� 0.1% survival) were much more sensitive than
DcusA (55.9� 7.8%), DcusB (38.7%� 28.9%), or DcusC
(56.7� 24.1%) mutants, possibly because cusR is responsible
for transcriptional regulation, while the others code for cation
efflux system proteins [34,35].

EPS protects bacteria against silver

Some bacteria upregulate EPS genes in response to heavy
metal exposure [36], because EPS contain functional groups
capable of binding metal ions. The EPS can trap or precipitate
metal ions in the extracellular environment to curtail intracellular
accumulation. Metals might bind to, or precipitate on, bacterial
cell surfaces [37] through interactions involving cell-associated
polysaccharides, such as lipopolysaccharide [38]. In E. coli,
pgaA, pgaB, wcaA, and wcaD are responsible for biofilm and
EPS production (Table 1). Deletion of pgaB (23.4� 16.2%
survival), wcaA (66.0� 9.4%), or wcaD (23.1� 32.6%) made
E. coli more sensitive than wild-type bacteria (90.1� 5.4%;
Figure 1a), indicating that EPS production genes are important
for silver resistance. However, DpgaA mutants did not show
significant differences in survival (97.0� 4.3%) compared with
the wild-type control (90.1� 5.4%). While both pgaA and pgaB
are required for poly-b-1,6-N-acetyl-D-glucosamine (PGA)
export from the periplasm to the outer membrane, pgaB also
catalyzes deacetylation of PGA, whereas pgaA acts solely as a
porin for PGA translocation to the cell surface [39,40]. These
results suggest that periplasm to outer membrane translocation
of PGA is not critical for protection against silver toxicity, but
PGA deacetylation, which results in the formation of glucos-
amine residues, appears to play a significant role.

TEM characterization of EPS production and AgNP formation

Compared with the DpgaB mutant, higher amounts of EPS
were produced by wild-type E. coli (Figure 2a and b). The EPS
may protect bacteria from Agþ by reducing it to form AgNPs,
which exert negligible direct toxicity to E. coli (i.e., Agþ is the
critical effector of the antibacterial activity of AgNPs) [3]. The
potential formation of AgNPs in the presence of EPS was further
investigated by incubating wild-type cells with AgNO3 (8mg/
L). The TEM images show that nanoparticles were formed inside
the EPS (Supplemental Data, Figure S1a), with sizes ranging
from 10 nm to 40 nm (Figure 2c). Analysis by STEM-EDS
confirmed that the main constituent of the nanoparticles was
silver (Figure 2d; copper signal came from the copper grid),
which agrees with recent results reported by Kang et al. [41].
Formation of AgNPs was also corroborated by high-resolution
TEM analysis, which showed that the measured interplanar

Figure 1. Survival rate of (a) Keio gene deletionmutants and (b) ASKAgene
overexpression clones after exposure to 8mg/L of AgNO3 for 6 h. Different
gene deletion mutants in the Keio collection responded differently in the
presence of Ag(I), indicating the essential or nonessential function of certain
genes in defending silver toxicity. All tested gene overexpression mutants
appeared to be more resistant than the wild-type control, presumably because
of higher production of proteins (binding with silver).
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spacing (0.24 nm) of the lattice-fringe fingerprinting of the
nanoparticles is consistent with the crystal face of elemental
metallic silver (Supplemental Data, Figure S1b).

Note that under silver exposure, bacteria tend to contract their
cytoplasm, leaving both ends of the cell transparent (Supplemen-
tal Data, Figure S2a). No intact cells were found in the DpgaB
culture, and only some cell debris-like subjects were noted
(Supplemental Data, Figure S2b). The absence of cells in the
sample could be the result of the higher sensitivity of mutants to
Agþ, as shown in the Agþ toxicity assay (Figure 1b). Thus, EPS
can be a critical factor in defending against silver ion exposure.

ORF clones exhibit higher resistance to silver because of protein
overproduction

Open reading frame clones overexpress specific genes of
interest [14], which could be useful in assessing their role in
protecting bacteria against silver. However, all tested mutants
produced significantly higher amounts of protein than the wild
type, as determined by the Bradford method (Supplemental
Data, Figure S3), which confounds data interpretation because
proteins tend to bind Agþ, reducing its bioavailability [42].
Consequently, all clones were similarly much more resistant to
silver than the wild type (Figure 1b), which precluded
discernment of the relative importance of overexpressing
different genes for conferring resistance.

CONCLUSIONS

Adaptation and associated defense strategies of E. coli against
Agþ were investigated at the genetic level using the Keio and
ASKA libraries. Our research shows that silver toxicity is
multifaceted and involves multiple modes of action and
associated defense mechanisms. Quenching of ROS, protein
damage repair, and metal efflux are important defense mecha-
nisms forE. coli. The TEM images also showed that EPS plays an
important role as a protective barrier that immobilizes dissolved
silver as AgNPs, making it less bioavailable. This information
advances our fundamental understanding of silver–microbial
interactions relevant to disinfection and to the assessment of
potential unintended impacts of silver releases to microbial
ecosystem services.

SUPPLEMENTAL DATA

Figures S1–S3. (1.6 MB DOC).
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Figure 2. Morphology of the (a) wild-type Escherichia coli, showing bacterial agglomeration in the extracellular polymeric substances (EPS) matrix; (b)DpgaB
mutants, showing cells with less EPS that are easier to visualize under high-resolution transmission electron microscopy; and (c) wild-type E. coli cells after 16-h
growth and 6-h subsequent incubation with AgNO3 (8mg/L), revealing that black nanoparticles (shown by arrows) were formed in the presence of EPS. (d)
Scanning transmission electron microscopy/energy-dispersive X-ray spectroscopy spectra collected from nanoparticles in (c) confirming that nanoparticles are
mainly silver. (Cu signal comes from the copper grid.)
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