RESEARCH ARTICLE

L)

Check for
updates

AMERICAN Micropiol
‘L] SOCIETY FOR @ Splecrco rli),l?rg]y

MICROBIOLOGY

Development of Nanoparticle Adaptation Phenomena in
Acinetobacter baumannii: Physiological Change and Defense
Response

ab

Oliver McNeilly,? Riti Mann,? {’Max Laurence Cummins, Steven P. Djordjevic,a'b Mehrad Hamidian,? {© Cindy Gunawan®*

2Australian Institute of Microbiology and Infection, University of Technology Sydney, Broadway, New South Wales, Australia
bAustralian Centre for Genomic Epidemiological Microbiology, University of Technology Sydney, Broadway, New South Wales, Australia
<School of Chemical Engineering, University of New South Wales, Sydney, New South Wales, Australia

ABSTRACT The present work describes the evolution of a resistance phenotype to a
multitargeting antimicrobial agent, namely, silver nanoparticles (nanosilver; NAg), in the
globally prevalent bacterial pathogen Acinetobacter baumannii. The Gram-negative bacte-
rium has recently been listed as a critical priority pathogen requiring novel treatment
options by the World Health Organization. Through prolonged exposure to the important
antimicrobial nanoparticle, the bacterium developed mutations in genes that encode the
protein subunits of organelle structures that are involved in cell-to-surface attachment as
well as in a cell envelope capsular polysaccharide synthesis-related gene. These muta-
tions are potentially correlated with stable physiological changes in the biofilm growth
behavior and with an evident protective effect against oxidative stress, most likely as a
feature of toxicity defense. We further report a different adaptation response of A. bau-
mannii to the cationic form of silver (Ag™). The bacterium developed a tolerance pheno-
type to Ag™, which was correlated with an indicative surge in respiratory activity and
changes in cell morphology, of which these are reported characteristics of tolerant bac-
terial populations. The findings regarding adaptation phenomena to NAg highlight
the risks of the long-term use of the nanoparticle on a priority pathogen. The findings
urge the implementation of strategies to overcome bacterial NAg adaptation, to better
elucidate the toxicity mechanisms of the nanoparticle, and preserve the efficacy of the
potent alternative antimicrobial agent in this era of antimicrobial resistance.

IMPORTANCE Several recent studies have reported on the development of bacterial
resistance to broad-spectrum antimicrobial silver nanoparticles (nanosilver; NAg).
NAg is currently one of the most important alternative antimicrobial agents. However, no
studies have yet established whether Acinetobacter baumannii, a globally prevalent nosoco-
mial pathogen, can develop resistance to the nanoparticle. The study herein describes how
a model strain of A. baumannii with no inherent silver resistance determinants developed
resistance to NAg, following prolonged exposure. The stable physiological changes are cor-
related with mutations detected in the bacterium genome. These mutations render the
bacterium capable of proliferating at a toxic NAg concentration. It was also found that A.

baumannii developed a “slower-to-kill” tolerance trait to Ag*, which highlights the unique Editor Victor Gonzalez, CCG-UNAM
antimicrobial activities between the nanoparticulate and the ionic forms of silver. Despite Copyright © 2023 McNeilly et al. This is an

. . . . . - ticle distributed under the t
the proven efficacy of NAg, the observation of NAg resistance in A. baumannii emphasises openraceess aicie ABHbutec Undertne [erms

of the Creative Commons Attribution 4.0
the potential risks of the repeated overuse of this agent on a priority pathogen. International license.

Address correspondence to Mehrad Hamidian,
mehrad.hamidian@uts.edu.au, or Cindy
Gunawan, cindy.gunawan@uts.edu.au.

KEYWORDS Acinetobacter baumannii, mutation, resistance, silver nanoparticles

L . L . . . The authors declare no conflict of interest.
he world is in the midst of an antimicrobial resistance (AMR) emergency, wherein .
Received 25 July 2022

many antibiotic drugs no longer have an effect against bacterial pathogens (1, 2). Accepted 17 December 2022
The widespread overuse of antibiotics across industrial and medical settings, along
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with a significant withdrawal in financial investment into antibiotic research and devel-
opment, have ultimately led to this global health crisis (3-5). Acinetobacter baumannii
is a Gram-negative coccobacillus bacterium, and it is a member of the ESKAPE group,
which includes the leading nosocomial (hospital-related) antibiotic-resistant pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bauman-
nii, Pseudomonas aeruginosa, and Enterobacter spp.) (6-8). The World Health Organization
(WHO) has recently listed carbapenem-resistant A. baumannii (CRAb) as a critical level prior-
ity pathogen (priority level one) that requires the immediate development of new and
effective treatment options (2, 9). It is difficult to control CRAb infections, given that, in addi-
tion to them having resistance to carbapenems (considered last line antibiotics), these
strains are also resistant to nearly all other antibiotics. The global distribution of CRAb
strains is mainly due to the spread of two clonal sequence types, namely, ST1 and ST2, also
known as global clone 1 and 2, respectively (10, 11). In 2019, there were 132,000 global
deaths attributed to multidrug resistant (MDR) A. baumannii, 37,700 of which were carbape-
nem resistance-related deaths (12). The bacterium has an incredible innate ability to acquire
resistance to many antibiotics through the uptake of mobile genetic elements (e.g., trans-
posons and plasmids) that carry AMR genes (7, 13). Carbapenem resistance in A. baumannii
is primarily due to the horizontal acquisition of genes encoding carbapenem-hydrolysing
oxacillinases (e.g., oxa23, oxa24, and oxa58) (14, 15).

With the global spread of AMR, an increasing number of research efforts have been
dedicated toward the development of alternative antimicrobials, particularly those
with multitargeting mechanisms. Silver nanoparticles (herein referred to as nanosilver
or NAg) are ultrafine, less than 100 nm particulates of metallic silver (Ag®) or silver ox-
ide (Ag,0). NAg is among the most commercialized alternative antimicrobial agents,
due to its potent and broad-spectrum antimicrobial properties (16, 17). The nanopar-
ticles have been used in medical devices, such as wound dressings, catheters, and
prosthetics, to treat and prevent infections (18, 19). NAg has also been incorporated in
a vast array of everyday products and appliances, including personal care products,
clothing, textiles, washing machines, fridges, and even baby products, in an attempt to
impede microbial growth (18, 20, 21). This increasingly indiscriminate use of the nano-
particle has brought concern to the scientific community as to whether, just like in the
case of antibiotics, bacteria could develop resistance to NAg.

While bacterial resistance to cationic silver (Ag*) has been recognized for several
decades, (22) it was a common perception that resistance to NAg was unlikely, due to
the multitargeting antimicrobial mechanisms of the nanoparticles (18, 23). However,
contradicting this notion, there has been growing evidence over the past decade
regarding the development of adaptation phenomena to NAg, and this evidence has
been observed in a number of bacterial species, including those of clinical significance,
such as Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus (23-28). In
the case of A. baumannii, studies have previously reported mechanisms of Ag™ resistance
in the bacterium, including the acquisition of mobile genetic elements (plasmids) that
harbor the well-known Sil Ag™ efflux system (encoded by the sil operon silESRCFBAGP)
(29-31). Nevertheless, to date, there has been no reported evidence of NAg resistance in
A. baumannii or in any other Acinetobacter species, in fact, and little is known regarding
the bacterial species’ interaction with the nanoparticle (32).

To address this knowledge gap, the present work aims to study the toxicological
and subsequent adaptation responses of A. baumannii to long-term NAg exposure.
More specifically, this work seeks to gain insights on how the bacterium evolves physi-
ological changes as defense mechanisms against the toxicity of the nanoparticles in
the absence of the Sil efflux system. The latter is to determine whether A. baumannii
has the intrinsic ability to develop resistance to NAg without the acquired silver efflux
system. Herein, we observe the development of stable adaptation characteristics in
A. baumannii (reference strain ATCC 19606; GenBank accession number CP045110;
with no presence of sil genes) (33) in response to prolonged NAg exposure. The bacte-
rium evolved single nucleotide gene mutations, with evidence suggesting links
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between these mutations and the observed changes in the ability of the bacterium
to form biofilms, as well as, indicatively, to its protective mechanisms against NAg-
induced cellular oxidative stress. The work also found that A. baumannii developed
a different adaptation response to Ag* with distinct physiological changes, thereby
highlighting the unique microbiological activities of the nanoparticulate versus
ionic forms of silver. A parallel evolutionary study with nalidixic acid (Nx) was also
included to compare the extent of resistance development with a single-target
model antibiotic.

RESULTS AND DISCUSSION

Toxicology and the evolution of adaptation responses of A. baumannii to NAg,
Ag*, and Nx. To investigate the adaptation responses of A. baumannii to NAg, Ag*
(supplied as AgNO;) and the model antibiotic Nx, the minimum inhibitory concentra-
tion (MIC) of each antibacterial agent was first determined against strain ATCC 19606.
From our dose-dependent growth inhibition studies, the MIC was observed to be
1 ng/mL for NAg and 2 wg/mL for Ag™ (Fig. 1A). NAg and Ag™ are known to target cell
envelopes, which, in the case of Gram-negative bacteria, such as A. baumannii, involves
damage to phospholipid moieties in their outer and inner membranes (34). The target-
ing of the inner membrane is thought to disrupt bacterial respiratory components (em-
bedded within the membrane). For instance, Ag* can form complexes with electron
donor groups in proteins (e.g., thiol and amine groups), including those that are pres-
ent in the respiratory enzyme NADH dehydrogenase (17, 35-38). This membrane-
targeting activity likely causes electron leakage from respiratory components, which
can result in the generation of reactive oxygen species (ROS) that further damage bio-
molecules, including DNA, lipids, and other proteins (17, 34). Although there are some
similarities, studies have shown that NAg exerts unique antimicrobial mechanisms,
compared to Ag™. In an aqueous environment, NAg can undergo oxidative dissolution
and release Ag™ ions that can interact with various moieties (including halides, sulfides,
and organics) and transform into other distinct silver species, each with its own toxicity
(33, 35). Previous studies have shown that Ag*, in general, exerts a higher extent of
antibacterial activity, compared to NAg, as the activity of the nanoparticle is deter-
mined by its physicochemical characteristics, such as size, shape, and surface charge
(35, 39-41). Our results, however, are indeed consistent with the reported NAg MICs of
0.39 to 2.5 wg/mL on A. baumannii (42, 43), as well as with one Ag™ study that reported
a MIC of 4 ng/mL (44). Nx is a single-target fluoroquinolone antibiotic that inactivates
the DNA gyrase subunit GyrA, which is an enzyme that plays a role in the unwinding of
DNA during cell replication (45). Herein, we observed a 5 wg/mL MIC for Nx (Fig. 1A).

Next, the ability of A. baumannii to evolve adaptation characteristics to NAg, Ag™,
and Nx was investigated. The bacterium was exposed to progressively increasing con-
centrations of each agent through sequential passaging (subculturing) every 24 h over
30 days. The prolonged exposures saw progressive shifts in the highest antimicrobial
doses at which the bacterium could proliferate. On day 1, A. baumannii was only able
to grow at maximum concentrations of 0.25 and 0.5 ug/mL of NAg and Ag™, respec-
tively. At the conclusion of the exposure courses, the bacteria could proliferate at
7 ng/mL of NAg (day 30) and 8 wg/mL of Ag™ (day 28) (Fig. 1B). For Nx, the bacterium
was proliferating at an extremely high concentration of 520 ng/mL by day 30, up from
2.5 ug/mL on day 1 (Fig. 1B). To assess the development of stable resistance traits, the
MICs of each agent were assessed against the sequentially passaged cultures. It was
found that the MIC of NAg had increased to 4 to 5 ug/mL (4 to 5x MIC of that
observed for the wild-type [WT] strain) and to 1,800 to 1,900 ug/mL for Nx (360 to
380x MIC of the WT), whereas the MIC of Ag* was unaffected, remaining as that of the
WT strain at 2 ug/mL (Fig. 1C; Fig. S1B). Herein, we can conclude that A. baumannii
developed stable resistance to NAg, and, as expected, to Nx, due to prolonged expo-
sure. A resistance effect develops when a bacterial population is able to proliferate at
an otherwise toxic concentration of an agent (3). This effect is confirmed when there is
a twofold or higher increase in the MIC of an agent on an exposed bacterial strain (46).
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FIG 1 Evolution of adaptation phenotypes to NAg, Ag™, and Nx in A. baumannii. (A) Determination of the initial MICs of NAg,
Ag*, and Nx on wild-type (WT) A. baumannii. The experiments were performed in three biological replicates (independent
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It should be noted that the sequentially passaged bacterial isolates were cultured in
antimicrobial-free media (for three days) prior to the MIC reassessment. This was to
exclude any cell population with transient adaptation traits (47). A. baumannii has
been known to develop resistance to Nx through single point mutations in the gyrA
gene (48), which was also detected in the present work, following the Nx passaging
experiment, as is later described (see “Genetic mutations and physiological changes in
silver-adapted A. baumannii"). Exceptionally high Nx MICs (>1,000 ng/mL), as observed
in this study, have been previously reported in other Nx-resistant A. baumannii strains
(49, 50). The inclusion of the Nx resistance study was not only to investigate the dis-
tinct adaptation responses of A. baumannii to the antibiotic but also to validate the se-
quential passaging experiment. To the best of our knowledge, this is the first reported
evidence of (stable) NAg resistance in A. baumannii.

Earlier studies have reported (ionic) silver resistance in the bacterium (29-31, 51).
Hosny et al. detected the presence of the Ag™ efflux Sil system in two A. baumannii
strains that were isolated from patient wounds and treated with 1% silver sulfadiazine
(31). This well-established efflux mechanism is encoded by a nine-gene sil operon
(22, 52), which is often found in mobile genetic elements, such as plasmids (32). The
silE, silS, silR, silC, silF, silB, silA, ORF105 (silG), and silP genes encode functional proteins
in three transcriptional units (SilE, SilRS, and SilCFBAGP) (53, 54). The efflux mechanism
responds to the presence of intracellular Ag*, binding the ions to chaperone(s) and
then exporting the ions out of the cell via a membrane-bound P-type ATPase efflux
(22, 41, 53, 54). Recalling the absence of Ag™ resistance development in our A. bau-
mannii strain, we confirmed that there were no sil genes present in the genome of the
bacterium. The strains isolated by Hosny et al. had likely acquired their sil genes
through the uptake of mobile genetic elements (hence the acquisition of exogenous
genes) (31). To the best of our knowledge, no endogenous presence of sil genes has
previously been reported in the A. baumannii genome (32).

Although no increase was seen in the Ag* MIC for the Ag*-passaged strain, the
bacterial growth that was observed at increasing Ag™ dosages during the passaging
experiment (Fig. 1B) indicated that some form of adaptation phenotype had developed
and that it was potentially associated with tolerance or persistence. In contrast to
resistance, tolerance is the ability of a bacterial population to survive a lethal antimicrobial
exposure for a longer time (with no MIC increase) due to a slower killing rate (conferred
environmentally or through mutation), whereas persistence only affects a minute fraction
of a clonal bacterial population (46, 55). The slower killing effect is characterized by an
increase in an agent’s minimal duration for killing (MDK) the bacterial population: 99% of
the population for a tolerance effect (MDK,,), and 99.99% of the population for a persist-
ence effect (MDKyo40) (28, 46, 55). A time-kill assay was performed to determine whether
the Ag*-passaged A. baumannii strain had developed tolerance or persistence to Ag*. The
killing kinetics of Ag* (1.5x MIC dose) on the passaged strain saw an increase in the
MDKy, (approximately 135 to 165 min), compared to that observed for the WT strain
(approximately 90 min), which signifies a tolerance trait (Fig. 1D; Fig. S1C). Presumably, this
is the first reported case of Ag™ tolerance in A. baumannii in response to prolonged Ag™

FIG 1 Legend (Continued)

bacterial inoculum from three individual colony isolates per antibacterial agent, each with three technical replicates). One
biological replicate per treatment system is shown (green outline, cell-only control; red outline, MIC point; media-only control
not shown). (B) Sequential passaging experiments (subculturing every 24 h) showing the progressive shifts in the highest
concentrations of NAg, Ag”, and Nx at which the bacterium could proliferate (over 30 days). The experiments were performed
in two biological replicates (for each agent) and included a cell-only control passaged culture (no antimicrobial agent) for each
condition, including three technical replicates. Note that the 3-day passaging gap in the NAg/Ag™ exposure experiments were
due to a laboratory closure. See Fig. S1 for the passaging results of the second biological replicate. (C) The NAg, Ag™*, and Nx
MIC reassessment on the passaged A. baumannii cultures (isolates obtained at the endpoint of passage). Shown here are the
results of the first biological replicate passaging culture. See Fig. ST for the MIC results of the second biological passaged
replicate. (D) The killing kinetics of WT and Ag*-passaged (Ag*-P) A. baumannii when exposed to a 1.5 x MIC Ag" dose to
determine the minimum duration of killing for 99% (MDK,,) of the cell populations. The graph plot shows one technical time-
kill assay replicate of the first biological passaged replicate (for the Ag*-P strain). See Fig. S1 for all of the other biological and
technical replicates.
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TABLE 1 Gene mutations detected in the Nx-resistant (Nx®; only mutations detected in the target gene gyrA are shown), NAg-resistant (NAgF),
and Ag*-tolerant (Ag*T) A. baumannii strains

Strain Mutation? Genome pos.® AA change Gene Locus tag f (%)° Protein product

NxR SUB (G > A) 3108662 Ser81Leu gyrA FQU82_02986 100 DNA gyrase subunit A
SUB (T > Q) 3108695 Arg70Gly gyrA FQU82_02986 50¢ DNA gyrase subunit A

NAgR SUB (G > A) 659811 Ser196Phe resCe FQUS82_00629 16.79 Sensor histidine kinase RcsC
DEL(TG>T) 2146107 Ala129fs’ smf1-2 FQUS82_02066 33.3¢9 Major fimbrial subunit SMF1
SUB (G > A) 2669300 Ala20Val csuB FQU82_02552 33.39 Csu pili biogenesis protein CsuB
INS (C > CATA) 2669301 Tyr19dup” csuB FQU82_02552 16.74 Csu pili biogenesis protein CsuB

AgtT DEL (GA > G) 133861 Lysafs’ atr2 FQUS82_00141 100 Acyltransferase
DEL (GA > G) 135040 Met150fs” gtré FQU82_00142 333 Glycosyltransferase
SUB (G > A) 2753686 Gly352Arg mdtE FQU82_02642 16.79 Multidrug resistance protein MdtE
SUB (G > A) 3407963 Arg58Cys trpB FQU82_03235 100 Tryptophan synthase beta chain
SUB(C>T) 3878684 Gly39Arg gshA FQU82_03694 100 Glutamate-cysteine ligase
DEL(TG>T) 3927318 Val10fs’ iclR FQU82_03739 16.7¢ IcIR family transcriptional regulator

aRefer to Table S2 for the complete list of mutations detected in the Nx® strain. Random “background” gene mutations that were detected in the cell-only passaged control
(Table S1) have been excluded.

bThe position of the gene mutation in the A. baumannii genome.

<f, frequency of mutation (%) in the isolated strain.

dDetected in only the first biological passage replicate of the respective strain.

eThe mutation to the gene was also detected in the Nx® strain (Table S2).

ffs, frameshift.

9Detected in only the second biological passage replicate of the respective strain.

hdup, duplication.

Detected in each biological passage replicate of the respective strain.

exposure. Tolerances to other heavy metals have been reported in A. baumannii, with one
study highlighting a link between the copper tolerance and the upregulation of copper
efflux genes, both endogenous (e.g., cueR) and exogenous (e.g., copRS) (56).

We did not observe any reduction in the growth rate of the Ag*-tolerant (Ag*7)
strain, which exhibited a similar growth profile to that of the WT strain (Fig. S2). This
indicates that prolonged Ag™* exposure did not induce a “tolerance by slow-growth”
effect, which is a characteristic feature that is often seen in antibiotic-tolerant strains as
a means to passivate antibiotics that target actively proliferating bacteria (46, 57).
Studies have also described other antimicrobial tolerance mechanisms in bacteria,
including changes in biofilm growth behavior and cellular ROS-associated physiological
changes (58, 59). As is shown later, our study investigated these behaviors to gain clues
regarding the mechanisms that could play a role in the Ag™* tolerance trait.

Note that there was no cross-adaptation observed between NAg and Ag*. The MIC
of NAg for the Ag™-tolerant (Ag™") strain, and vice versa, the MIC of Ag™ for the NAg-
resistant (NAgFR) strain, were comparable to their respective MICs in the WT strain (Fig.
S3). The adaptation to NAg and Ag™ also did not provide cross-protection to Nx. The
MIC of Nx for the NAg® and Ag*T strains were akin to that seen with the WT strain (Fig.
S3). These findings are not surprising, considering the diverse antimicrobial mecha-
nisms of NAg, Ag*, and the model antibiotic.

Genetic mutations and physiological changes in silver-adapted A. baumannii. A
comparative genomic analysis was carried out to detect potential gene mutations in
the silver-adapted strains. Various unique, silver-induced single nucleotide polymor-
phisms (SNPs) were identified in the NAg® and Ag™T strains (Table 1), excluding ran-
dom “background” mutations. The latter are SNPs that were seen in the cell-only
passaged cultures (passaged with no antimicrobial agent), and these most likely
developed due to the effect of repeated subculturing (Table S1) (23). The detected
silver-induced SNPs were stable, given that the adapted strains were cultured in
antimicrobial-free media for several days prior to the genome sequencing. This sug-
gests that A. baumannii had evolved physiological changes that could contribute to
the defense against silver toxicity. Mutations were indeed detected in gyrA in the
NxR strain, further validating the sequential passaging experiment. Two point muta-
tions (associated with a change in the protein amino acid sequence) were seen in
the gene (Table 1): one nucleotide substitutional mutation (f = 100%, n = 6) that
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resulted in a Ser81Leu change (serine at position 81 to leucine) and another substi-
tutional mutation (f = 50%, n = 6) that was associated with an Arg70Gly change.
Studies have shown that point mutations in gyrA lead to conformational changes in
the GyrA protein, with the most frequently reported amino acid change being
Ser83Leu, which blocks Nx from accessing its active site (48, 60-62). Several more
SNPs were detected in other genes in the Nx® strain (Table S2), but these are most
likely unrelated to the Nx resistance trait.

As shown in Table 1, several SNPs were detected in the NAgF strain in genes related
to biofilm formation. A mutation was detected in the gene rcsC (substitution:
f=16.7%, n = 6), which encodes the sensor histidine kinase RcsC. This protein forms
part of the Rcs pathway, which regulates the synthesis of the colanic acid capsular
polysaccharide (CPS), a unique cell envelope component that is highly conserved in
A. baumannii spp. Studies have supported a role for the involvement of CPS in biofilm
formation, that is, in maintaining cell membrane integrity during bacterial attachment
to surfaces (63, 64). Next, a mutation was detected in the gene smfi-2 (deletion:
f=33.3%, n = 6), which encodes the major fimbrial subunit SMF1 (Table 1). This peritri-
chous, hair-like, polymeric protein structure is used by bacteria to attach to surfaces
and to help initiate biofilm formation (65). Finally, mutations (substitution: f = 33.3%,
n = 6; insertion: f = 16.7%, n = 6) were detected in the gene csuB (Table 1). This gene
encodes the Csu pili protein subunit CsuB and is part of a six-gene operon csuA/
BABCDE, which collectively codes for the Csu type 1 chaperone-usher pili (66). Pili, like
fimbriae, are also hair-like protein structures that project from the bacterial envelope.
Pili are known to aid in the cell-to-cell transfer of DNA during bacterial conjugation,
but reports have indicated that bacteria also use these structures to attach to surfaces
for biofilm growth (66). The Csu pili is, in fact, one of the most conserved biofilm-associated
protein structures in globally disseminated A. baumannii clones (67, 68).

Mutations were also detected in the genome of the Ag*T strain (Table 1), and at
least one of these SNPs is in a gene that has been previously linked to biofilm forma-
tion. A mutation was detected in the gene gshA (substitution: f = 100%, n = 6), which
encodes the enzyme glutamate-cysteine ligase (GCL), which is involved in the biosyn-
thesis of the antioxidant glutathione (GSH) (69). GSH is essential for maintaining the
redox balance in Gram-negative bacteria, as it scavenges for excess ROS to prevent oxi-
dative stress (69, 70). Interestingly, studies have recognized a link between gshA func-
tion and biofilm formation. For instance, Wongsaroj et al. reported a higher extent of
biofilm formation in a gshA-knockout mutant, relative to the WT strain, in P. aeruginosa
(71). The study also observed reduced motility with the mutant. The gshA mutation
detected herein could also relate to the known oxidative stress-related toxicity of Ag*
(72, 73). Therefore, the mutation is hypothesized to contribute to the Ag™ tolerance
trait, of which the phenotypic features (biofilm growth and cellular ROS response)
were later investigated in the present work. Notably, we also detected mutations in
other genes in the Ag™T strain (Table 1) (f = 16.7 - 100%, n = 6), but these had limited
correlations to the Ag™ toxicity defense. For example, a mutation was detected in the
gene mdtE (substitution: f = 16.7%, n = 6), which encodes the protein MdtE, a subunit
of the multidrug resistant efflux system MdtEF (74). This efflux system is reported to
contribute to B-lactam (antibiotic) resistance, as well as to other biocides, such as ben-
zalkonium, in E. coli (74). Nevertheless, there is no evidence at this stage to suggest the
role of MdtE in heavy metal efflux.

Considering the potential link between the detected SNPs and the biofilm forma-
tion phenotypes, it was hypothesized that there could be changes in the biofilm
growth behavior of the silver-adapted strains, possibly as a stable physiological feature
that developed in response to the prolonged exposure events. Biofilms are surface-
attached microbial communities. Bacterial populations in biofilms are protected by an
adhesive matrix structure, known as extracellular polymeric substance (EPS), that ren-
ders the colony resilient to many external stressors, including antimicrobial exposure
(75-77). We assessed the biofilm growth behavior of the NAg® and Ag*T strains in the
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absence of silver. The latter was to see whether the (hypothesized) physiological
changes were stable and therefore still manifested, even without silver. An increased
extent of biofilm formation has been observed in bacteria in response to external
stress, including silver toxicity (28, 78, 79). Such silver-induced changes in growth activity,
as far as we know, have yet to be reported in A. baumannii (32). For the biofilm-formation
study, we studied the silver-adapted isolates that carry the (earlier described) specific
mutations in their biofilm-associated genes. For the NAgF strain, an isolate with mutations
in the highly conserved biofilm-associated genes rcsC and csuB (insertional mutation for
the latter gene) was selected (Table 1) (GenBank accession number JAPYLV000000000),
whereas for the Ag*T strain, an isolate with a mutation in gshA was selected (Table 1)
(GenBank accession number JAPYLT000000000), considering the more established role of
the gene in biofilm formation.

As shown in Fig. 2C, it was found that the long-term silver exposure had altered the
biofilm-forming ability of the bacterium. Under the experimental conditions tested, the
NAgR strain formed approximately 15% more biofilm biomass (487 wm?/um3 mean
total [live/dead] biomass), compared to the WT strain (422 um?/um3 mean total bio-
mass, P < 0.05). The fluorescence microscopy images (Fig. 2A, red arrows) highlight
the greater extent of biofilm growth. Observations suggest that the evolved NAg-
induced mutations (seen in the CPS synthesis regulatory pathway gene rcsC and in the
Csu pili subunit gene csuB) could be associated with the increased biofilm growth in
the strain. These mutations in the capsule envelope (CPS) synthesis and external motil-
ity organelle (pili) are hypothesized to enhance the ability of the bacterium to attach
to surfaces (as described earlier) and promote further colonization. The greater biofilm-
forming ability of the NAgR strain would require a higher NAg dosage to control, com-
pared to the WT strain, and it would thus serve as a resistance trait. Earlier studies have
also correlated NAg resistance to cell envelope (motility) organelles. Panacek et al.
reported an increased production of flagellin (a major protein component of flagella)
in E. coli along with the epigenetic/nonmutational changes associated with the aggre-
gation of NAg, which was thought to hinder nanoparticle activity (26). In another E. coli
study, Stabryla et al. suggested a link between improved flagella-based motility and
the development of NAg resistance. A stable resistance phenotype was only seen in
the hyper-motile strain following prolonged exposure; resistance was absent in the
nonmotile strain (27). It should be noted that at this stage, we are not excluding the
potential role of lesser studied A.baumannii fimbrial subunit gene smf7-2 in the altered
biofilm-forming physiology of the NAgR strain. Further molecular-focused investiga-
tions, as later described, are being conducted to better understand the role(s) of this
gene (and others) in the resistance trait.

Biofilm growth studies performed on the Ag*T strain yielded interesting results.
Under the experimental conditions, the strain formed fivefold higher biofilm biomass
(2,107 um?/um3 mean total biomass), relative to the WT strain (P < 0.0001) (Fig. 2C).
The observations suggest a potential link between the gshA mutation in the tolerant
strain to its increased biofilm growth. The Ag*-induced mutation in the GSH synthesis
gene gshA is thought to decrease bacterial motility. The latter phenotype, as earlier
mentioned, has been reported in a (P. aeruginosa) gshA-knockout mutant (AgshA), with
the mutant also forming more biofilm than did the WT strain. However, the exact link
between motility and the changes in biofilm growth behavior is still unclear (71).
Herein observed, the greater biofilm-forming ability of the Ag*T strain may require a
longer time to control, compared to that of the WT strain. Hence, it could correspond
to the tolerance effect.

Further examination revealed notable morphological changes in the Ag™T strain
that were not seen with the NAgR strain (Fig. 2B). In comparison to the approximately
1 uwm coccobacillus (length) of the WT strain, many Ag™T cells were engorged with
irregular shapes, whereas others appeared to elongate to more than twofold the
length of the WT cells. Research inquiries have reported morphological changes in bac-
teria in response to antibacterial treatment (35, 80, 81). One study described the
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FIG 2 Evolved physiological changes in the NAgR and Ag*" A. baumannii strains. (A) Fluorescent
microscopy images of live (green) and dead (red) biofilm biomass from the WT, NAg®, and Ag*"
strains. Red arrows highlight biofilm biomasses. The images are sectional Z-stacks that are
compressed together into single plane 3D slices (scale bar = 10 wM). (B) Phase contrast images of
planktonic WT, NAg®, and Ag*" A. baumannii cells (scale bar = 10 uM). Magnified insets provide
closer details of the cell morphology. (C) Analysis of the total biomass (live and dead, left panel) and
the dead biomass (right panel) (uM?/uM?) from the fluorescence microscopy images for each strain.
10 images were captured for each biological replicate (30 images in total, with three biological
replicates per strain). Each symbol (circle, square, triangle) represents the average of three analyzed
images for the respective strain, with the horizontal bars representing the average of all 30 of the
analyzed images per strain. Asterisks indicate statistically significant increases in the NAg® and Ag™"
biofilm biomass, relative to those of the WT. *, P < 0.05; ****, P < 0.0001.

shortening and lengthening of E. coli cells following prolonged Ag™ exposure (82). This
oscillation in cell shape appeared to associate with a suppression in metabolic activity
(similar to tolerant/persistent behavior), which seemed to protect the bacterium from
Ag* toxicity (82). In A. baumannii, a number of antibiotic-adapted strains have also
been reported to undergo morphological changes (81). Therefore, it is reasonable to
suggest that the morphological changes seen with the Ag*T strain are contributing
factors to the bacterium tolerance response to the ions.

Taken together, the SNP evidence indicates that A. baumannii evolved the gene
mutations in response to prolonged NAg (and Ag*) exposure. A number of these
mutations appear to correlate with the increased biofilm-forming ability seen with
both silver-adapted strains. The stable physiological changes most likely contribute to
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the bacterium adaptation behavior, that is, the “harder-to-kill” resistance trait in the
case of NAg and the “slower-to-kill” tolerance trait for Ag*. The latter adaptation effect
also seems to involve morphological changes in the bacterium. Finally, it is noteworthy
to mention that these SNPs have been validated through the resequencing of the poly-
merase chain reaction (PCR)-amplified genes of interest. Next, the defense responses
of the silver-adapted strains, which are exhibited when in the presence of silver, were
studied.

Cellular ROS-related defense in silver-adapted A. baumannii. The mutations that
developed in silver-adapted A. baumannii could play a role in the defense mechanisms
of the bacterium against NAg and Ag™. Herein, the defense traits were studied in the
presence of silver. This was intended to reveal how the NAgR and Ag™T strains pro-
tected themselves from oxidative stress, one of the major toxicity paradigms of silver.
For this study, the same silver-adapted isolates (used for the biofilm work) were exam-
ined in order to gain insights regarding the potential roles of the same mutations of
interest in oxidative stress defense. To first confirm the ROS-associated antibacterial ac-
tivity of NAg on A. baumannii, the WT strain was exposed to a sub-MIC dose of the
nanoparticle (0.5x MIC at 0.5 wg/mL, 1 h exposure), and a higher cellular ROS presence
was detected (presented as the corrected total cell fluorescence [CTCF], P < 0.001), rel-
ative to that of the untreated (cell-only) WT control (Fig. 3B and C). Apart from the ear-
lier mentioned cell envelope targeting route, there are alternative pathways that can
also promote silver-induced ROS generation in bacteria. Studies have shown that both
NAg particulates and leached soluble silver can stimulate cellular ROS generation (34,
38, 73). Ag™, for instance, can attack iron-sulfur clusters that are present in many critical
proteins, which releases Fenton-active ferrous (Fe?*) ions, which can then react with
cellular H,0, to generate highly reactive hydroxyl radicals (OHe) (23, 34). However, the
ROS-generating mechanism of NAg particulates remains unclear at this stage.

When exposed to a similar NAg dose (0.5 wg/mL), there were fewer cellular ROS
detected in the NAgR strain, relative to the WT. The statistically significantly lower ROS level
in the resistant strain was evident within just 30 min of NAg exposure (P < 0.05) (Fig. 3A
and C), with the difference becoming even more significant after 1 h of exposure (P <
0.0001) (Fig. 3B, C). The findings are indicative of a NAg-induced, ROS-associated defense
mechanism in the resistant strain, which may relate to the detected mutation in the CPS
synthesis-related rcsC gene (Table 1). The increased CPS expression in A. baumannii has
been linked to protection from antimicrobial targeting, and this includes antibiotics and
oxygen radicals (83, 84). In fact, studies have reported an increased expression of the cps
gene (which encodes CPS synthesis) as a result of rcsC mutation in E. coli (85, 86).
Therefore, it is reasonable to suggest that the NAg-induced rcsC mutation detected in this
study could correlate with the observed lower cellular ROS presence in the NAgR strain. It
is hypothesized that this links to the more compact occurrence of CPS structures on the
NAgF cell envelope, which hence limits the penetration of the toxic NAg particulates and
leached soluble silver into the cell. The exposure of the NAgR strain to ROS-generating
H,O, (30 min) also appeared to result in fewer cellular ROS in the resistant strain, com-
pared to the WT, although this result was not statistically significant (Fig. 3A and C).

The cellular ROS studies with the Ag™T strain revealed entirely different results. First,
the ROS-associated antibacterial activity of Ag*™ was indeed evident with the detection
of a greater cellular ROS presence in the Ag™-exposed WT strain (0.5x MIC dose, 1 ug/mL,
30 min exposure, P < 0.0001), relative to that of the untreated WT control (Fig. 3C). With
the Ag™T strain, earlier studies have reported defense mechanisms in tolerant bacteria in
response to (antibiotic-induced) cellular oxidative stress (58). Therefore, it was hypothe-
sized that the Ag™T strain would also exhibit cellular ROS-related defense mechanism(s),
and these could possibly be associated with the evolved mutation in the antioxidant GSH
synthesis gene gshA. However, as shown in Fig. 3A and C, the exposure of Ag*T A. bau-
mannii to Ag* (1 wg/mL) resulted in a higher level of detected cellular ROS, relative to that
of the WT strain, after just 30 min of exposure (P < 0.0001), which contrasts that seen with
the NAgR strain. This unexpected observation could perhaps relate to an enhancement in
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FIG 3 Cellular ROS-related defense in the NAg® and Ag™" A. baumannii strains. (A) Fluorescent microscopy images of intracellular ROS (green) and
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the respiratory activity of the tolerant strain, a known phenomenon in a number of microbial
tolerance cases (87, 88). For instance, a study by McBee et al. reported a significantly higher
cellular presence of the superoxide radical (O,e~) in antibiotic-tolerant Mycobacterium spp.,
and this appeared to result from enhanced respiration (as ROS is a natural byproduct of aer-
obic respiration) that is independent of antibiotic-induced oxidative stress (88, 89). Indeed, a
higher level of cellular ROS was detected in the untreated Ag*T strain, compared to the WT
(P < 0.0001) (Fig. 3A and C), which might suggest that an increase in respiratory activity
occurred independently of the silver-induced oxidative stress. However, it is still not clear at
this stage whether the predicted increase in respiratory activity in the Ag*T population corre-
lates to any of the Ag™-induced SNPs (Table 1), as no studies have yet reported any link
between this phenotype and any specific gene mutations. Increased respiratory activity has
been indicated to occur stochastically in tolerant cells, with this phenotype being thought to
assist the population in the resumption of normal growth upon the removal of antimicrobial
pressure (87). A greater cellular ROS presence was also seen in the Ag™T strain, following
H,0, treatment (30 min), relative to the WT strain (P < 0.0001) (Fig. 3A and Q).

In summary, it is evident that the NAg® strain developed a defense mechanism
against nanoparticle-induced cellular oxidative stress. On the other hand, the Ag*T
strain exhibited a different cellular ROS-related response, which offers insights into the
tolerant adaptation features of the bacterium. The tolerant strain appears to have
physiologically transformed, displaying an apparent “overactive” respiration pheno-
type, which is a recognized characteristic of tolerant populations (87).

Conclusions. We report, for the first time, the ability of the Gram-negative opportunis-
tic bacterial pathogen A. baumannii to establish a stable resistance phenotype to silver
nanoparticles (NAg) while, notably, also developing tolerance to cationic silver (Ag™). The
adaptation mechanisms are indicated to associate with stable physiological changes in
order to protect the bacterium from silver toxicity. The NAg-resistant (NAgF) strain evolved
mutations in genes that encode the protein subunits of the cell envelope organelles that
mediate cell attachment to surfaces as well as a mutation in a cell envelope colonic acid
capsular polysaccharide (CPS) synthesis-related gene. These mutations are suggested to
correlate with the observed increase in biofilm growth in the resistant strain and to play a
role in the suppression of oxidative stress (seen with the resistant strain). On the other
hand, the “slower-to-kill” Ag*-tolerant (Ag™") strain appeared to develop known tolerance
features, including increased respiratory activity and changes in cell morphology. At this
stage, however, it remains unclear as to how these features are linked to the detected
mutations in the Ag™T strain. Note that the present evolutionary adaptation studies were
validated by the confirmation of the development of resistance to the model antibiotic
nalidixic acid (Nx), with SNPs being detected in the target gene gyrA (reported involve-
ment in Nx resistance). In closing, the findings highlight the risks of prolonged nanosilver
use, presenting the need to overcome bacterial adaptations in order to ensure the success-
ful long-term use of the important alternative antimicrobial agent. Further work is under-
way to elucidate the basis of the adaptation phenomena at the RNA and metabolite levels.
The molecular work is anticipated to reveal other physiological changes and defense
responses to silver toxicity, including any epigenetic (nonmutational) mechanisms. The
upcoming work will also help to clarify the differences in the adaptation responses of A.
baumannii to the nanoparticulate and ionic forms of silver in order to provide further
insights into the roles of the gene mutations detected in the present study and to identify
any compensatory mutations for fitness effects.

FIG 3 Legend (Continued)

Microbiology Spectrum

(untreated) and H,O,-treated samples (NA = not applicable). Scale bar = 10 uM. (B) Detection of cellular ROS (and dead cells) in the WT and NAgF®
strains after 1 h of NAg exposure. (C) Quantitative analysis of the cellular ROS presence (as corrected total cell fluorescence, CTCF) and dead cells
in the WT, NAgF, and Ag™" strains, following 30 min of NAg, Ag*, and H,0, exposures (left panel). The quantitative analysis of the ROS/dead cells,
following 1 h of NAg exposure (for the WT and NAgF strains) are also shown (right panel). For each strain, each of the exposure experiments was
performed in three biological replicates, with five to six images being captured per replicate and 20 individual cells being analyzed per image.
Asterisks indicate statistically significant differences in the cellular ROS level detected in the respective culture samples. *, P < 0.05; **, P < 0.01;

***, P < 0.001; ****, P < 0.0001.
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MATERIALS AND METHODS

Antibacterial agents. Following the same procedure as described by Gunawan et al., (25) the silver
nanoparticles (nanosilver; NAg) were synthesized into spherical particles (drg, =~ 2 nm) via flame spray py-
rolysis at the University of New South Wales (UNSW), with Ag,O being finely dispersed onto inert 30 nm
TiO, (Ag = 6.60 wt%). The particles were sterilized via gamma irradiation (Co-60) for 1 h at an approxi-
mately 6 Gy/min dose at the Australian Nuclear Science Technology Organisation (ANSTO). Nanoparticle
suspensions (in culture media) were ultrasonicated (20 s, 50% amplitude, Vibra-cell, Sonics & Materials, Inc.)
prior to each bacterial exposure experiment. Silver nitrate (AgNO;) (Merck & Co. Inc) was used as the
source of ionic silver (Ag™). Nalidixic acid (Nx) (Sigma-Aldrich) was used as the model conventional antibi-
otic. This antibiotic drug was selected, following a preliminary disc diffusion assay, in order to determine
the susceptibility profile of the model A. baumannii strain ATCC 19606 to different antibiotic classes. The
wild-type (WT) strain was found to be resistant to several antibiotics (=6 mm zone of inhibition as classified
under the Clinical and Laboratory Standards Institute (CLSI) guidelines), including ampicillin (penicillins),
gentamicin, streptomycin, neomycin, netilmicin (aminoglycosides), ceftriaxone (cephalosporins), chloram-
phenicol (chloramphenicols), spectinomycin (@aminocyclitols), sulfonamide (sulfonamides), and trimethoprim
(antifolates). The WT strain was found to be susceptible to Nx (fluoroquinolones) but is known to develop re-
sistance to the drug via a verifiable point mutation in the gene gyrA (48), hence it serving as the reference
point in the validation of the present evolutionary adaptation study.

Bacterial culture and growth conditions. The A. baumannii model organism strain ATCC 19606, iso-
lated from a urine sample in 1948 by Schaub and Hauber (90), was used throughout this study. A frozen
(—80°C) glycerol-culture stock of wild-type (WT) ATCC 19606 was streaked onto a cation-adjusted Mueller-
Hinton agar (CAMHA) plate (BD, Australia) and incubated at 37°C for 16 to 18 h. For each antibacterial expo-
sure experiment, an overnight broth culture of A. baumannii was prepared in cation-adjusted Mueller-Hinton
broth (CAMHB) (BD, Australia) and incubated for 16 to 18 h at 37°C with shaking at 250 rpm. Overnight cul-
tures were diluted 1:100 in fresh CAMHB to approximately 2.4 x 10® CFU/mL and were further incubated for
2 h (37°C, 250 rpm) to precondition the culture prior to experimentation. This process reestablishes the active
log-phase of bacterial growth (91).

MIC determination. The MICs were determined using the standard broth microdilution technique,
as previously described (92), and they were interpreted using the Clinical and Laboratory Standards
Institute (CLSI) breakpoints (93). WT A. baumannii was exposed to increasing concentrations of NAg,
Ag™*, and Nx in a 96-well microtiter plate (BD Falcon, USA). The antibacterial experiments were per-
formed at 37°C for 24 h in dark conditions so as to render the TiO, support photocatalytically inactive
for the NAg particulates (25) and to prevent the reduction of Ag™ to metallic silver (Ag°) (94). The lowest
dose of each agent with no visible growth was reported as the MIC. Note that for the NAg MIC, the pres-
ence of the particulates in the growth media affects the turbidity of the exposure system. Thus, the
assigned MIC of NAg was confirmed through agar plate streaking to ensure that no bacterial colony
growth had occurred.

Adaptation responses via sequential passaging. WT A. baumannii was sequentially passaged (sub-
cultured every 24 h) in the presence of increasing concentrations of NAg, Ag™*, and Nx in a 24-well
microtiter plate (BD Falcon, USA) at 37°C and 150 rpm, using 1,000 uL working volumes. On day 1, ATCC
19606 was exposed to 0.25x, 0.5, 1x, and 2x MIC doses of the respective agent. The highest dose of
each agent with observable growth after 24 h was recorded. For subculturing, 100 L of the surviving
culture (from wells containing the highest agent dose with observable growth) were transferred (1:10
dilution) into a new exposure system with progressively increasing MIC-fold ranges of each agent. A cell
count of approximately 1.7 x 10® CFU/mL was present at the start of each passage step. This process
was repeated for 30 days with approximately 150 total cell generations occurring. The sequential pas-
saging experiments were performed in two biological replicates (each with three technical triplicates)
and included cell-only and media-only controls. The cell-only control (containing no antibacterial agent)
was used to rule out any development of background “random” adaptation/mutations. Samples of each
technical triplicate from the biological passage replicates were stored in 80% glycerol in Cryotubes
(Sarstedt, Germany) at —80°C. To confirm the development of stable resistance traits, each replicate
sample was streaked onto CAMHA plates that contained the respective antibacterial agent (minimum
2x MIC dose) to select for “adapted” colonies. Single isolates (one colony) from each technical replicate
(across the biological passage replicates; n = 6) were grown in antibacterial-free CAMHB for three days
(1:100 subculturing every 24 h, 37°C, 250 rpm) to exclude cell populations with transient adaptation
traits, and they were then tested for (at least) a 2-fold increase in MIC (46). Note again that for the NAg
MIC assay, the determined MIC was confirmed via agar plate streaking to ensure that no bacterial
growth had occurred. This included the NAg MICs in the cross-adaptation study. A cross-adaptation
study was carried out to determine whether there was a change in the Ag* and Nx MICs of the NAg-
passaged strain, the NAg and Nx MICs for the Ag*-passaged strain, and the NAg and Ag™ MICs for the
Nx-passaged strain.

Time-kill assay. Overnight, preconditioned cultures of WT and Ag*-passaged A. baumannii were
exposed to a 1.5x MIC dose of Ag* in 50 mL of CAMHB at 37°C and 200 rpm for 3 h. Cultures were
sampled (1 mL) every 30 min (including at time 0 min). The samples were serially diluted in phosphate-
buffered saline (PBS), spread on CAMHA plates, and incubated at 37°C for 24 h. Plates with 30 to 300 sur-
viving colonies (at the respective dilution factor) were counted, and the fraction of surviving colonies (in
colony forming units/mL [CFU per mL]) per time point were plotted, relative to the CFU population at
time 0. Each assay was performed in at least two biological replicates, and each Ag*-passaged biological
replicate was included in the study. Untreated cell-only controls of the WT and Ag'-passage strains
were also included.
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Growth rate assay. Overnight, preconditioned cultures of WT, NAg-passaged, and Ag"-passaged A.
baumannii were diluted to an OD,, of 0.05 and incubated at 37°C and 150 rpm for 6 h in a 96-well plate.
Each hour, spectrophotometric readings were performed to record the ODy,, of each culture. Each bio-
logical passage replicate of the NAg- and Ag*-passaged A. baumannii was included. The ODy,, values
are reported in log,, format.

Whole-genome extraction, sequencing, and assembly. Prior to the whole-genome analysis, the pas-
sage replicate cultures were first subjected to antimicrobial-free “posttreatment” to exclude cell populations
with transient adaptation traits. The passaged cultures (six individual replicates for each of the NAg, Ag*,
and Nx passaging experiments) were grown on selective CAMHA plates (containing the respective antibacte-
rial agent, minimum 2x MIC dose) to isolate the “adapted” colonies. These adapted colonies (six isolated
colonies from each of the NAg-, Ag*-, and Nx-passaged experiments; each colony represents the replicate
cultures of the passaging experiments) were then grown in antibacterial-free CAMHB media for 3 days (1:100
subculturing every 24 h, 37°C, 250 rpm). DNA extraction was carried out on the resulting cultures (six
adapted isolates from each antimicrobial agent, including the passaged cell-only control) using a DNeasy
Blood and Tissue Spin-column Kit (Qiagen, Germany). The genomic DNA concentration and quality were
assessed using a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, USA) and agarose gel electrophoresis. The
whole-genomes were sequenced at Sequencing @ UTS (University of Technology Sydney, Australia), and the
library preparation was done using an adapted Nextera Flex protocol (Hackflex) (95). Briefly, tagmented DNA
was amplified using the facility’s custom designed i7 and i5 barcodes that involve 12 cycles of PCR, and this
was followed by collation into a library pool, which was then cleaned using SPRIselect beads (Beckman
Coulter, USA). The final pool was sequenced using an Illumina Novaseq S4 flow cell (2 x 150 bp) at
Novogene (Singapore). The DNA sequence data were assembled in draft genome sequences using Shovill
v1.0.9 (https://github.com/tseemann/shovill).

Comparative whole-genome alignment was carried out using Snippy v4.6.0, with WT ATCC 19606
(GenBank accession number CP045110.1) being used as the reference genome. The manual curation of
variant call files was performed to identify the genomic locations of the single nucleotide polymor-
phisms in the passaged strains and the metabolite/protein products of the (mutated) genes.
Furthermore, the draft genomes of the WT strain were checked, and no new genomic changes due to
mobile genetic element movement, were detected. Unknown gene identities were confirmed through
comparative analyses of other annotated genome sequences of ATCC 19606 (GenBank accession num-
bers CP046654.1 and CP059040.1) that were determined by different research groups.

Sanger sequencing was performed (by the Australian Genome Research Facility) to confirm the pres-
ence of the detected single nucleotide mutations. PCR was used to generate amplicons of the target
genes using the primers (Integrated DNA Technologies [IDT], USA) listed in Table S3. PCRs (35 amplifica-
tion cycles) were carried out with a 60 to 62°C, 30 to 35 s annealing step and a 72°C, 1 min extension
step. The quality of the amplicons was assessed using gel electrophoresis. The PCR products were
cleaned using either a sodium acetate (3 M) + 100% ethanol precipitation method or gel extraction
using a QIAquick Gel Extraction Kit (Qiagen, Germany).

Biofilm fluorescence staining, imaging, and biomass quantification. For biofilm growth, over-
night cultures of WT, NAg-passaged, and Ag*-passaged strains were diluted 1:100 in fresh CAMHB, ino-
culated into a FluoroDish (World Precision Instruments, USA), and incubated for 24 h at 37°C. Following
the incubation, the cultures were resuspended in 1 mL PBS. Biomasses were stained with live/dead
SYTO-9/propidium iodide (PI) dyes to working concentrations of 5 M and 30 uM, respectively (Thermo
Fisher Scientific, USA), for 30 min at room temperature in dark conditions. The stained biomasses were
washed with PBS (2x), and 80% glycerol was then added to each dish.

Fluorescent imaging was performed using a DeltaVision (DV) Elite deconvolution fluorescence
microscope (GE Healthcare, USA), with 475/28 nm excitation and 523/48 nm (green) emission for
SYTO-9 (stained all cells) and 632/22 nm excitation and 679/34 nm (red) emission for PI (stained cells
with compromised cytoplasmic membranes, indicative of dead cells). All of the sectional Z-stack
images were captured using the DV elite SoftWoRx program and deconvolved. Phase contrast images
of planktonic (nonbiofilm) cultures of each strain were also captured using the DV Elite microscope.
The deconvolved biofilm images were analyzed using Imaris software v9.6.0 (Oxford Instruments, UK)
to determine the biofilm biomass (um*/um? um?® = biomass volume, um? = surface coverage). Raw
(nondeconvolved) images were used to provide visualizations of the biofilm biomass/cell morphology,
and they are presented as single plane 3D slices. A statistical analysis was performed in Prism
(GraphPad, USA) using an unpaired Student’s t test (with Welch’s correction). A P value of <0.05 was
regarded as indicative of a statistically significant result.

Reactive oxygen species generation assay. For the cellular ROS staining, overnight, precondi-
tioned cultures of WT, NAg-passaged, and Ag*-passaged strains were first suspended in 1 mL saline
(8 g/L NaCl + 0.2 g/L KCl) and stained with H,DCFDA (10 uM working concentration, Invitrogen, USA)
for 45 min at room temperature under dark conditions. The stained cultures were then washed, resus-
pended in 1 mL saline, and treated with a 0.5x MIC doses of NAg and Ag™, respectively, for 30 min and
60 min at 37°C and 200 rpm. For the dead cell staining, treated cultures were resuspended in 1 mL saline
stained with PI (30 M working concentration, Invitrogen, USA) for 5 min at room temperature under
dark conditions. Finally, the cultures were washed and resuspended in 100 uL saline, and 3 uL of the
sample were loaded onto a glass slide with a Gene Frame (Thermo Fisher Scientific, USA) that contained
a 2% agarose gel pad. A positive control of hydrogen peroxide-treated cells (50 mM) and an untreated
cell-only control were included.

Fluorescent imaging was performed using the DV Elite microscope (GE Healthcare, USA), with 475/
28 nm excitation and 523/48 nm (green) emission for H,DCFDA. For PI, the excitation/emission
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wavelengths were as listed above. Images were captured using the DV Elite SoftWoRx program and
were deconvolved. The quantitative analysis was performed using the open-source image processor Fiji
(ImagelJ, USA). The fluorescence intensity (which is correlated with the cellular ROS level) was quantified
by calculating the corrected total cell fluorescence (CTCF). Briefly, a selected cell was outlined using the
ROI tool, from which the “area”, “integrated density”, and “mean gray value” parameters were measured,
along with the background (i.e., area with no fluorescence). The CTCF was calculated using the following
formula.

Integrated density- (area of selected cell x mean fluorescence of background readings)

20 (n = 20) cells and 10 (n = 10) background readings were assigned per image for each replicate
treatment (5 or 6 images) per strain. The dead cells were manually counted and were recorded as a per-
centage of the total number of cells per image. The statistical analysis was performed in Prism
(GraphPad, USA). An unpaired Student’s t test (with Welch’s correction) was used.A P value of <0.05 was
regarded as indicative of a statistically significant result.
Data availability. The draft genome sequence data for the mutant ATCC 19606 strains that were
determined in this study have been deposited in the GenBank/EMBL/DDBJ database and are publicly
available under the GenBank BioProject accession number PRINA914845.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.

ACKNOWLEDGMENTS
O.M., MH., and C.G. conceptualized the study. M.H. and C.G. acquired funding. O.M.
conducted the investigation. O.M., RM., M.H., and C.G. developed the methodology.
O.M. and M.C. conducted the formal analysis. S.P.D., M.H., and C.G. supervised the work.
O.M. wrote the original draft of the manuscript. 0.M., RM., M.L.C,, S.D., M.H., and C.G.
reviewed and edited the manuscript.

The authors declare no conflicts of interest.

REFERENCES

1.

Cassini A, Colzani E, Pini A, Mangen MJ, Plass D, McDonald SA, Maringhini
G, van Lier A, Haagsma JA, Havelaar AH, Kramarz P, Kretzschmar ME, B. C.
On Behalf Of The. 2018. Impact of infectious diseases on population
health using incidence-based disability-adjusted life years (DALYs): results
from the Burden of Communicable Diseases in Europe study, European
Union and European Economic Area countries, 2009 to 2013. Euro Surveill
23. https://doi.org/10.2807/1560-7917.ES.2018.23.16.17-00454.

. Centers for Disease Control and Prevention, US Department of Health

and Human Services. 2019.

. Ventola CL. 2015. The antibiotic resistance crisis: part 1: causes and

threats. P T 40:277-283.

. Michael CA, Dominey-Howes D, Labbate M. 2014. The antimicrobial resist-

ance crisis: causes, consequences, and management. Front Public Health
2:145. https://doi.org/10.3389/fpubh.2014.00145.

. Fair RJ, Tor Y. 2014. Antibiotics and bacterial resistance in the 21st century.

Perspect Medicin Chem 6:25-64. https://doi.org/10.4137/PMC.514459.

. Howard A, O'Donoghue M, Feeney A, Sleator RD. 2012. Acinetobacter

baumannii: an emerging opportunistic pathogen. Virulence 3:243-250.
https://doi.org/10.4161/viru.19700.

. Alsan M, Klompas M. 2010. Acinetobacter baumannii: an emerging and

important pathogen. J Clin Outcomes Manag 17:363-369.

. Santajit S, Indrawattana N. 2016. Mechanisms of antimicrobial resistance

in ESKAPE pathogens. Biomed Res Int 2016:2475067. https://doi.org/10
.1155/2016/2475067.

. World Health Organization. Prioritization of pathogens to guide discov-

ery, research and development of new antibiotics for drug-resistant bac-
terial infections, including tuberculosis, World Health Organization, 2017.

. Hamidian M, Hall RM. 2018. The AbaR antibiotic resistance islands found in

Acinetobacter baumannii global clone 1 - structure, origin and evolution.
Drug Resist Updat 41:26-39. https://doi.org/10.1016/j.drup.2018.10.003.

. Hamidian M, Nigro SJ. 2019. Emergence, molecular mechanisms and

global spread of carbapenem-resistant Acinetobacter baumannii. Microb
Genom 5:5. https://doi.org/10.1099/mgen.0.000306.

. Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A,

Han C, Bisignano C, Rao P, Wool E, Johnson SC, Browne AJ, Chipeta MG,

Month YYYY Volume XX Issue XX

Fell F, Hackett S, Haines-Woodhouse G, Kashef Hamadani BH, Kumaran
EAP, McManigal B, Agarwal R, Akech S, Albertson S, Amuasi J, Andrews J,
Aravkin A, Ashley E, Bailey F, Baker S, Basnyat B, Bekker A, Bender R,
Bethou A, Bielicki J, Boonkasidecha S, Bukosia J, Carvalheiro C, Castafieda-
Orjuela C, Chansamouth V, Chaurasia S, Chiurchiu S, Chowdhury F, Cook
AJ, Cooper B, Cressey TR, Criollo-Mora E, Cunningham M, Darboe S, Day
NPJ, De Luca M, Dokova K, et al. 2022. Global burden of bacterial antimi-
crobial resistance in 2019: a systematic analysis. Lancet 399:629-655.
https://doi.org/10.1016/50140-6736(21)02724-0.

. Asif M, Alvi IA, Rehman SU. 2018. Insight into Acinetobacter baumannii:

pathogenesis, global resistance, mechanisms of resistance, treatment
options, and alternative modalities. Infect Drug Resist 11:1249-1260.
https://doi.org/10.2147/IDR.S166750.

. Hujer KM, Hujer AM, Hulten EA, Bajaksouzian S, Adams JM, Donskey CJ,

Ecker DJ, Massire C, Eshoo MW, Sampath R, Thomson JM, Rather PN, Craft
DW, Fishbain JT, Ewell AJ, Jacobs MR, Paterson DL, Bonomo RA. 2006.
Analysis of antibiotic resistance genes in multidrug-resistant Acineto-
bacter sp. isolates from military and civilian patients treated at the Walter
Reed Army Medical Center. Antimicrob Agents Chemother 50:4114-4123.
https://doi.org/10.1128/AAC.00778-06.

. Lukovic B, Gajic I, Dimkic I, Kekic D, Zornic S, Pozder T, Radisavljevic S,

Opavski N, Kojic M, Ranin L. 2020. The first nationwide multicenter study
of Acinetobacter baumannii recovered in Serbia: emergence of OXA-72,
OXA-23 and NDM-1-producing isolates. Antimicrobial Resistance & Infec-
tion Control 9:1-12. https://doi.org/10.1186/513756-020-00769-8.

. Mody VV, Siwale R, Singh A, Mody HR. 2010. Introduction to metallic

nanoparticles. J Pharm Bioallied Sci 2:282-289. https://doi.org/10.4103/
0975-7406.72127.

. Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramirez JT,

Yacaman MJ. 2005. The bactericidal effect of silver nanoparticles. Nano-
technology 16:2346-2353. https://doi.org/10.1088/0957-4484/16/10/059.

. Gunawan C, Marquis CP, Amal R, Sotiriou GA, Rice SA, Harry EJ. 2017.

Widespread and indiscriminate nanosilver use: genuine potential for mi-
crobial resistance. ACS Nano 11:3438-3445. https://doi.org/10.1021/
acsnano.7b01166.

10.1128/spectrum.02857-22 15

Downloaded from https://journal s.asm.org/journal/spectrum on 11 January 2023 by 138.25.94.225.


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA914845
https://doi.org/10.2807/1560-7917.ES.2018.23.16.17-00454
https://doi.org/10.3389/fpubh.2014.00145
https://doi.org/10.4137/PMC.S14459
https://doi.org/10.4161/viru.19700
https://doi.org/10.1155/2016/2475067
https://doi.org/10.1155/2016/2475067
https://doi.org/10.1016/j.drup.2018.10.003
https://doi.org/10.1099/mgen.0.000306
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.2147/IDR.S166750
https://doi.org/10.1128/AAC.00778-06
https://doi.org/10.1186/s13756-020-00769-8
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.1088/0957-4484/16/10/059
https://doi.org/10.1021/acsnano.7b01166
https://doi.org/10.1021/acsnano.7b01166
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02857-22

Nanoparticle Adaptation in Acinetobacter baumannii

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Burdusel A-C, Gherasim O, Grumezescu AM, Mogoanta L, Ficai A, Andronescu
E. 2018. Biomedical applications of silver nanoparticles: an up-to-date over-
view. Nanomaterials 8:681. https://doi.org/10.3390/nano8090681.

Rai M, Deshmukh S, Ingle A, Gade A. 2012. Silver nanoparticles: the
powerful nanoweapon against multidrug-resistant bacteria. J Appl Micro-
biol 112:841-852. https://doi.org/10.1111/j.1365-2672.2012.05253.x.
Schéfer B, Tentschert J, Luch A. 2011. Nanosilver in consumer products
and human health: more information required!. Environ Sci Technol 45:
7589-7590. https://doi.org/10.1021/es200804u.

Gupta A, Matsui K, Lo J-F, Silver S. 1999. Molecular basis for resistance to
silver cations in Salmonella. Nat Med 5:183-188. https://doi.org/10.1038/
5545.

Valentin E, Bottomley AL, Chilambi GS, Harry E, Amal R, Sotiriou GA, Rice
S, Gunawan C. 2020. Heritable nanosilver resistance in priority pathogen:
a unique genetic adaptation and comparison with ionic silver and antibi-
otics. Nanoscale 12:2384-2392. https://doi.org/10.1039/CINR08424).
Graves JL, Jr., Tajkarimi M, Cunningham Q, Campbell A, Nonga H, Harrison
SH, Barrick JE. 2015. Rapid evolution of silver nanoparticle resistance in
Escherichia coli. Frontiers in Genetics 6:42. https://doi.org/10.3389/fgene
.2015.00042.

Gunawan C, Teoh WY, Marquis CP, Amal R. 2013. Induced adaptation of
Bacillus sp. to antimicrobial nanosilver. Small 9:3554-3560. https://doi
.org/10.1002/smll.201300761.

Panacek A, Kvitek L, Smékalova M, Vecerova R, Kolar M, Réderova M,
Dycka F, Sebela M, Prucek R, Tomanec O, Zbotil R. 2018. Bacterial resist-
ance to silver nanoparticles and how to overcome it. Nat Nanotechnol 13:
65-71. https://doi.org/10.1038/s41565-017-0013-y.

Stabryla LM, Johnston KA, Diemler NA, Cooper VS, Millstone JE, Haig S-J,
Gilbertson LM. 2021. Role of bacterial motility in differential resistance
mechanisms of silver nanoparticles and silver ions. Nature Nanotechnol-
ogy 16:996-1003. https://doi.org/10.1038/s41565-021-00929-w.

Mann R, Holmes A, McNeilly O, Cavaliere R, Sotiriou GA, Rice SA, Gunawan C.
2021. Evolution of biofilm-forming pathogenic bacteria in the presence of
nanoparticles and antibiotic: adaptation phenomena and cross-resistance. J
Nanobiotechnology 19:1-17. https://doi.org/10.1186/512951-021-01027-8.
Deshpande LM, Chopade BA. 1994. Plasmid mediated silver resistance in
Acinetobacter baumannii. Biometals 7:49-56. https://doi.org/10.1007/
BF00205194.

Deshpande LM, Kapadnis BP, Chopade BA. 1993. Metal resistance in Aci-
netobacter and its relation to beta-lactamase production. Biometals 6:
55-59. https://doi.org/10.1007/BF00154233.

Hosny AE-DM, Rasmy SA, Aboul-Magd DS, Kashef MT, El-Bazza ZE. 2019.
The increasing threat of silver-resistance in clinical isolates from wounds
and burns. Infection and Drug Resistance 12:1985-2001. https://doi.org/
10.2147/IDR.S209881.

McNeilly O, Mann R, Hamidian M, Gunawan C. 2021. Emerging concern
for silver nanoparticle resistance in Acinetobacter baumannii and other bac-
teria. Front Microbiol 12:894. https://doi.org/10.3389/fmicb.2021.652863.
Hamidian M, Blasco L, Tillman LN, To J, Tomas M, Myers GS. 2020. Analysis
of complete genome sequence of Acinetobacter baumannii strain ATCC
19606 reveals novel mobile genetic elements and novel prophage. Micro-
organisms 8:1851. https://doi.org/10.3390/microorganisms8121851.
Gunawan C, Faiz MB, Mann R, Ting SRS, Sotiriou GA, Marquis CP, Amal R.
2020. Nanosilver targets the bacterial cell envelope: the link with genera-
tion of reactive oxygen radicals. ACS Appl Mater Interfaces 12:5557-5568.
https://doi.org/10.1021/acsami.9b20193.

Dakal TC, Kumar A, Majumdar RS, Yadav V. 2016. Mechanistic basis of anti-
microbial actions of silver nanoparticles. Front Microbiol 7:1831. https://
doi.org/10.3389/fmicb.2016.01831.

Holt KB, Bard AJ. 2005. Interaction of silver(l) ions with the respiratory
chain of Escherichia coli: an electrochemical and scanning electrochemi-
cal microscopy study of the antimicrobial mechanism of micromolar
Ag-+. Biochemistry 44:13214-13223. https://doi.org/10.1021/bi0508542.
Marambio-Jones C, Hoek EM. 2010. A review of the antibacterial effects of
silver nanomaterials and potential implications for human health and the
environment. J Nanoparticle Res 12:1531-1551. https://doi.org/10.1007/
s11051-010-9900-y.

Qayyum S, Oves M, Khan AU. 2017. Obliteration of bacterial growth and
biofilm through ROS generation by facilely synthesized green silver nano-
particles. PLoS One 12:¢0181363. https://doi.org/10.1371/journal.pone
.0181363.

Duran N, Duran M, de Jesus MB, Seabra AB, Favaro WJ, Nakazato G. 2016.
Silver nanoparticles: a new view on mechanistic aspects on antimicrobial

Month YYYY Volume XX Issue XX

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Microbiology Spectrum

activity. Nanomedicine (Lond) 12:789-799. https://doi.org/10.1016/j.nano
.2015.11.016.

El Badawy AM, Silva RG, Morris B, Scheckel KG, Suidan MT, Tolaymat TM.
2011. Surface charge-dependent toxicity of silver nanoparticles. Environ
Sci Technol 45:283-287. https://doi.org/10.1021/es1034188.
Mijnendonckx K, Leys N, Mahillon J, Silver S, Van Houdt R. 2013. Antimi-
crobial silver: uses, toxicity and potential for resistance. Biometals 26:
609-621. https://doi.org/10.1007/510534-013-9645-z.

Lysakowska ME, Ciebiada-Adamiec A, Klimek L, Sienkiewicz M. 2015. The
activity of silver nanoparticles (Axonnite) on clinical and environmental
strains of Acinetobacter spp. Burns 41:364-371. https://doi.org/10.1016/j
.burns.2014.07.014.

Wan G, Ruan L, Yin Y, Yang T, Ge M, Cheng X. 2016. Effects of silver nano-
particles in combination with antibiotics on the resistant bacteria Acine-
tobacter baumannii. Int J Nanomedicine (Lond) 11:3789-3800. https://doi
.org/10.2147/1JN.S104166.

Vila Dominguez A, Ayerbe Algaba R, Miré Canturri A, Rodriguez Villodres
A, Smani Y. 2020. Antibacterial activity of colloidal silver against gram-
negative and gram-positive bacteria. Antibiotics 9:36. https://doi.org/10
.3390/antibiotics9010036.

Sugino A, Peebles CL, Kreuzer KN, Cozzarelli NR. 1977. Mechanism of
action of nalidixic acid: purification of Escherichia coli nalA gene product
and its relationship to DNA gyrase and a novel nicking-closing enzyme.
Proc Natl Acad Sci U S A 74:4767-4771. https://doi.org/10.1073/pnas.74
11.4767.

Brauner A, Fridman O, Gefen O, Balaban NQ. 2016. Distinguishing
between resistance, tolerance and persistence to antibiotic treatment.
Nat Rev Microbiol 14:320-330. https://doi.org/10.1038/nrmicro.2016.34.
Forbes S, Dobson CB, Humphreys GJ, McBain AJ. 2014. Transient and sus-
tained bacterial adaptation following repeated sublethal exposure to
microbicides and a novel human antimicrobial peptide. Antimicrob
Agents Chemother 58:5809-5817. https://doi.org/10.1128/AAC.03364-14.
Ribera A, Fernandez-Cuenca F, Beceiro A, Bou G, Martinez-Martinez L,
Pascual A, Cisneros JM, Rodriguez-Bafio J, Pachon J, Vila J, Spanish Group
for Nosocomial Infection. 2004. Antimicrobial susceptibility and mecha-
nisms of resistance to quinolones and beta-lactams in Acinetobacter gen-
ospecies 3. Antimicrob Agents Chemother 48:1430-1432. https://doi.org/
10.1128/AAC.48.4.1430-1432.2004.

Ribera A, Ruiz J, Jiminez de Anta MT, Vila J. 2002. Effect of an efflux pump
inhibitor on the MIC of nalidixic acid for Acinetobacter baumannii and
Stenotrophomonas maltophilia clinical isolates. J Antimicrob Chemother
49:697-698. https://doi.org/10.1093/jac/49.4.697.

Seward RJ, Towner KJ. 1998. Molecular epidemiology of quinolone resist-
ance in Acinetobacter spp. Clin Microbiol Infect 4:248-254. https://doi
.0rg/10.1111/j.1469-0691.1998.tb00052.x.

Shakibaie M, Dhakephalker B, Kapadnis B, Chopade B. 2003. Silver resist-
ance in Acinetobacter baumannii BL54 cccurs through binding to a Ag-
binding protein. Iranian J Biotechnology 1.

Gupta A, Phung LT, Taylor DE, Silver S. 2001. Diversity of silver resistance
genes in IncH incompatibility group plasmids. Microbiology (Reading)
147:3393-3402. https://doi.org/10.1099/00221287-147-12-3393.

Andrade LN, Siqueira TE, Martinez R, Darini ALC. 2018. Multidrug-resistant
CTX-M-(15, 9, 2)- and KPC-2-producing Enterobacter hormaechei and
Enterobacter asburiae isolates possessed a set of acquired heavy metal
tolerance genes including a chromosomal sil operon (for acquired silver
resistance). Front Microbiol 9:1-6. https://doi.org/10.3389/fmicb.2018
.00539.

Silver S. 2003. Bacterial silver resistance: molecular biology and uses and
misuses of silver compounds. FEMS Microbiol Rev 27:341-353. https://doi
.org/10.1016/S0168-6445(03)00047-0.

Balaban NQ, Helaine S, Lewis K, Ackermann M, Aldridge B, Andersson DI,
Brynildsen MP, Bumann D, Camilli A, Collins JJ, Dehio C, Fortune S, Ghigo J-
M, Hardt W-D, Harms A, Heinemann M, Hung DT, Jenal U, Levin BR,
Michiels J, Storz G, Tan M-W, Tenson T, Van Melderen L, Zinkernagel A.
2019. Definitions and guidelines for research on antibiotic persistence. Nat
Rev Microbiol 17:441-448. https://doi.org/10.1038/s41579-019-0196-3.
Thummeepak R, Pooalai R, Harrison C, Gannon L, Thanwisai A, Chantratita
N, Millard AD, Sitthisak S. 2020. Essential gene clusters involved in copper
tolerance identified in Acinetobacter baumannii clinical and environmen-
tal isolates. Pathogens 9:60. https://doi.org/10.3390/pathogens9010060.
Klumpp S, Zhang Z, Hwa T. 2009. Growth rate-dependent global effects
on gene expression in bacteria. Cell 139:1366-1375. https://doi.org/10
.1016/j.cell.2009.12.001.

10.1128/spectrum.02857-22 16

Downloaded from https://journal s.asm.org/journal/spectrum on 11 January 2023 by 138.25.94.225.


https://doi.org/10.3390/nano8090681
https://doi.org/10.1111/j.1365-2672.2012.05253.x
https://doi.org/10.1021/es200804u
https://doi.org/10.1038/5545
https://doi.org/10.1038/5545
https://doi.org/10.1039/C9NR08424J
https://doi.org/10.3389/fgene.2015.00042
https://doi.org/10.3389/fgene.2015.00042
https://doi.org/10.1002/smll.201300761
https://doi.org/10.1002/smll.201300761
https://doi.org/10.1038/s41565-017-0013-y
https://doi.org/10.1038/s41565-021-00929-w
https://doi.org/10.1186/s12951-021-01027-8
https://doi.org/10.1007/BF00205194
https://doi.org/10.1007/BF00205194
https://doi.org/10.1007/BF00154233
https://doi.org/10.2147/IDR.S209881
https://doi.org/10.2147/IDR.S209881
https://doi.org/10.3389/fmicb.2021.652863
https://doi.org/10.3390/microorganisms8121851
https://doi.org/10.1021/acsami.9b20193
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.3389/fmicb.2016.01831
https://doi.org/10.1021/bi0508542
https://doi.org/10.1007/s11051-010-9900-y
https://doi.org/10.1007/s11051-010-9900-y
https://doi.org/10.1371/journal.pone.0181363
https://doi.org/10.1371/journal.pone.0181363
https://doi.org/10.1016/j.nano.2015.11.016
https://doi.org/10.1016/j.nano.2015.11.016
https://doi.org/10.1021/es1034188
https://doi.org/10.1007/s10534-013-9645-z
https://doi.org/10.1016/j.burns.2014.07.014
https://doi.org/10.1016/j.burns.2014.07.014
https://doi.org/10.2147/IJN.S104166
https://doi.org/10.2147/IJN.S104166
https://doi.org/10.3390/antibiotics9010036
https://doi.org/10.3390/antibiotics9010036
https://doi.org/10.1073/pnas.74.11.4767
https://doi.org/10.1073/pnas.74.11.4767
https://doi.org/10.1038/nrmicro.2016.34
https://doi.org/10.1128/AAC.03364-14
https://doi.org/10.1128/AAC.48.4.1430-1432.2004
https://doi.org/10.1128/AAC.48.4.1430-1432.2004
https://doi.org/10.1093/jac/49.4.697
https://doi.org/10.1111/j.1469-0691.1998.tb00052.x
https://doi.org/10.1111/j.1469-0691.1998.tb00052.x
https://doi.org/10.1099/00221287-147-12-3393
https://doi.org/10.3389/fmicb.2018.00539
https://doi.org/10.3389/fmicb.2018.00539
https://doi.org/10.1016/S0168-6445(03)00047-0
https://doi.org/10.1016/S0168-6445(03)00047-0
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.3390/pathogens9010060
https://doi.org/10.1016/j.cell.2009.12.001
https://doi.org/10.1016/j.cell.2009.12.001
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02857-22

Nanoparticle Adaptation in Acinetobacter baumannii

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

Rasouly A, Nudler E. 2019. Reactive oxygen species as the long arm of
bactericidal antibiotics. Proc Natl Acad Sci U S A 116:9696-9698. https://
doi.org/10.1073/pnas.1905291116.

Harms A, Maisonneuve E, Gerdes K. 2016. Mechanisms of bacterial persist-
ence during stress and antibiotic exposure. Science 354. https://doi.org/
10.1126/science.aaf4268.

Pommier Y, Leo E, Zhang H, Marchand C. 2010. DNA topoisomerases and
their poisoning by anticancer and antibacterial drugs. Chem Biol 17:
421-433. https://doi.org/10.1016/j.chembiol.2010.04.012.

Ardebili A, Lari AR, Beheshti M, Lari ER. 2015. Association between muta-
tions in gyrA and parC genes of Acinetobacter baumannii clinical isolates
and ciprofloxacin resistance. Iran J Basic Med Sci 18:623-626.

Park S, Lee KM, Yoo YS, Yoo JS, Yoo JI, Kim HS, Lee YS, Chung GT. 2011.
Alterations of gyrA, gyrB, and parC and activity of efflux pump in fluoro-
quinolone-resistant Acinetobacter baumannii. Osong Public Health Res
Perspect 2:164-170. https://doi.org/10.1016/j.phrp.2011.11.040.
Laubacher ME, Ades SE. 2008. The Rcs phosphorelay is a cell envelope
stress response activated by peptidoglycan stress and contributes to
intrinsic antibiotic resistance. J Bacteriol 190:2065-2074. https://doi.org/
10.1128/JB.01740-07.

Rogov VV, Rogova NY, Bernhard F, Koglin A, Lohr F, Détsch V. 2006. A
new structural domain in the Escherichia coli RcsC hybrid sensor kinase
connects histidine kinase and phosphoreceiver domains. J Mol Biol 364:
68-79. https://doi.org/10.1016/j.,jmb.2006.07.052.

Crossman LC, Gould VC, Dow JM, Vernikos GS, Okazaki A, Sebaihia M,
Saunders D, Arrowsmith C, Carver T, Peters N, Adlem E, Kerhornou A, Lord
A, Murphy L, Seeger K, Squares R, Rutter S, Quail MA, Rajandream M-A,
Harris D, Churcher C, Bentley SD, Parkhill J, Thomson NR, Avison MB.
2008. The complete genome, comparative and functional analysis of
Stenotrophomonas maltophilia reveals an organism heavily shielded by
drug resistance determinants. Genome Biol 9:R74-13. https://doi.org/10
.1186/gb-2008-9-4-r74.

Morris FC, Dexter C, Kostoulias X, Uddin MI, Peleg AY. 2019. The mecha-
nisms of disease caused by Acinetobacter baumannii. Front Microbiol 10:
1601. https://doi.org/10.3389/fmicb.2019.01601.

Gaddy JA, Actis LA. 2009. Regulation of Acinetobacter baumannii biofilm
formation. Future Microbiol 4:273-278. https://doi.org/10.2217/fmb.09.5.
Colguhoun JM, Rather PN. 2020. Insights into mechanisms of biofilm for-
mation in Acinetobacter baumannii and implications for uropathogene-
sis. Front Cell Infect Microbiol 10:253. https://doi.org/10.3389/fcimb.2020
.00253.

Lu SC. 2009. Regulation of glutathione synthesis. Mol Aspects Med 30:
42-59. https://doi.org/10.1016/j.mam.2008.05.005.

Forman HJ, Zhang H, Rinna A. 2009. Glutathione: overview of its protec-
tive roles, measurement, and biosynthesis. Mol Aspects Med 30:1-12.
https://doi.org/10.1016/j.mam.2008.08.006.

Wongsaroj L, Saninjuk K, Romsang A, Duang-Nkern J, Trinachartvanit W,
Vattanaviboon P, Mongkolsuk S. 2018. Pseudomonas aeruginosa glutathi-
one biosynthesis genes play multiple roles in stress protection, bacterial
virulence and biofilm formation. PLoS One 13:€0205815. https://doi.org/
10.1371/journal.pone.0205815.

Ishida T. 2018. Antibacterial mechanism of Ag+ ions for bacteriolyses of
bacterial cell walls via peptidoglycan autolysins, and DNA damages. MOJ
Toxicol 4:345-350. https://doi.org/10.15406/mojt.2018.04.00125.

Park H-J, Kim JY, Kim J, Lee J-H, Hahn J-S, Gu MB, Yoon J. 2009. Silver-
ion-mediated reactive oxygen species generation affecting bactericidal ac-
tivity. Water Res 43:1027-1032. https://doi.org/10.1016/j.watres.2008.12.002.
Anes J, McCusker MP, Fanning S, Martins M. 2015. The ins and outs of
RND efflux pumps in Escherichia coli. Front Microbiol 6:587. https://doi
.org/10.3389/fmicb.2015.00587.

O'Toole G, Kaplan HB, Kolter R. 2000. Biofilm formation as microbial devel-
opment. Annu Rev Microbiol 54:49-79. https://doi.org/10.1146/annurev
.micro.54.1.49.

Hall-Stoodley L, Costerton JW, Stoodley P. 2004. Bacterial biofilms: from
the natural environment to infectious diseases. Nat Rev Microbiol 2:
95-108. https://doi.org/10.1038/nrmicro821.

Donlan RM. 2002. Biofilms: microbial life on surfaces. Emerg Infect Dis 8:
881-890. https://doi.org/10.3201/eid0809.020063.

Month YYYY Volume XX Issue XX

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Microbiology Spectrum

Yang Y, Alvarez PJ. 2015. Sublethal concentrations of silver nanoparticles
stimulate biofilm development. Environ Sci Technol Lett 2:221-226.
https://doi.org/10.1021/acs.estlett.5b00159.

Nifio-Martinez N, Salas Orozco MF, Martinez-Castaiiéon G-A, Torres
Méndez F, Ruiz F. 2019. Molecular mechanisms of bacterial resistance to
metal and metal oxide nanoparticles. Int J Molecular Sciences 20:2808.
https://doi.org/10.3390/ijms20112808.

Jung WK, Koo HC, Kim KW, Shin S, Kim SH, Park YH. 2008. Antibacterial ac-
tivity and mechanism of action of the silver ion in Staphylococcus aureus
and Escherichia coli. Appl Environ Microbiol 74:2171-2178. https://doi
.org/10.1128/AEM.02001-07.

Zou J, Kou S-H, Xie R, VanNieuwenhze MS, Qu J, Peng B, Zheng J. 2020.
Non-walled spherical Acinetobacter baumannii is an important type of
persister upon B-lactam antibiotic treatment. Emerg Microbes Infect 9:
1149-1159. https://doi.org/10.1080/22221751.2020.1770630.
Krishnamurthi VR, Chen J, Wang Y. 2019. Silver ions cause oscillation of
bacterial length of Escherichia coli. Sci Rep 9:1-11. https://doi.org/10
.1038/541598-019-48113-4.

Monem S, Furmanek-Blaszk B, tupkowska A, Kuczyriska-Wisnik D, Stojowska-
Swedrzyniska K, Laskowska E. 2020. Mechanisms protecting Acinetobacter
baumannii against multiple stresses triggered by the host immune response,
antibiotics and outside-host environment. Int J Molecular Sciences 21:5498.
https://doi.org/10.3390/ijms21155498.

Li F-J, Starrs L, Burgio G. 2018. Tug of war between Acinetobacter bauman-
nii and host immune responses. Pathog Dis 76:ftz004. https://doi.org/10
.1093/femspd/ftz004.

Clarke D, Joyce S, Toutain C, Jacq A, Holland 1. 2002. Genetic analysis of
the RcsC sensor kinase from Escherichia coli K-12. J Bacteriol 184:
1204-1208. https://doi.org/10.1128/jb.184.4.1204-1208.2002.

Shiba Y, Yokoyama Y, Aono Y, Kiuchi T, Kusaka J, Matsumoto K, Hara H.
2004. Activation of the Rcs signal transduction system is responsible for
the thermosensitive growth defect of an Escherichia coli mutant lacking
phosphatidylglycerol and cardiolipin. J Bacteriol 186:6526-6535. https://
doi.org/10.1128/JB.186.19.6526-6535.2004.

Orman MA, Brynildsen MP. 2015. Inhibition of stationary phase respira-
tion impairs persister formation in E. coli. Nat Commun 6:1-13. https://doi
.org/10.1038/ncomms8983.

McBee ME, Chionh YH, Sharaf ML, Ho P, Cai MW, Dedon PC. 2017. Produc-
tion of superoxide in bacteria is stress- and cell state-dependent: a gat-
ing-optimized flow cytometry method that minimizes ROS measurement
artifacts with fluorescent dyes. Front Microbiol 8:459. https://doi.org/10
.3389/fmicb.2017.00459.

Brynildsen MP, Winkler JA, Spina CS, MacDonald IC, Collins JJ. 2013.
Potentiating antibacterial activity by predictably enhancing endogenous
microbial ROS production. Nat Biotechnol 31:160-165. https://doi.org/10
.1038/nbt.2458.

Schaub IG, Hauber FD. 1948. A biochemical and serological study of a
group of identical unidentifiable Gram-negative Bacilli from human sour-
ces. J Bacteriol 56:379-385. https://doi.org/10.1128/jb.56.4.379-385.1948.
Eng R, Padberg F, Smith S, Tan E, Cherubin C. 1991. Bactericidal effects of
antibiotics on slowly growing and nongrowing bacteria. Antimicrob Agents
Chemother 35:1824-1828. https://doi.org/10.1128/AAC.35.9.1824.

Luber P, Bartelt E, Genschow E, Wagner J, Hahn H. 2003. Comparison of
broth microdilution, E Test, and agar dilution methods for antibiotic suscep-
tibility testing of Campylobacter jejuni and Campylobacter coli. J Clin Micro-
biol 41:1062-1068. https://doi.org/10.1128/JCM.41.3.1062-1068.2003.
Wiegand |, Hilpert K, Hancock RE. 2008. Agar and broth dilution methods
to determine the minimal inhibitory concentration (MIC) of antimicrobial
substances. Nat Protoc 3:163-175. https://doi.org/10.1038/nprot.2007
521.

Gunawan C, Teoh WY, Marquis CP, Lifia J, Amal R. 2009. Reversible antimi-
crobial photoswitching in nanosilver. Small 5:341-344. https://doi.org/10
.1002/smll.200801202.

Gaio D, To J, Liu M, Monahan L, Anantanawat K, Darling AE. 2019. Hackflex:
low cost lllumina Nextera Flex sequencing library construction. Microbio
soc 8. https://doi.org/10.1099/mgen.0.000744.

10.1128/spectrum.02857-22 17

Downloaded from https://journal s.asm.org/journal/spectrum on 11 January 2023 by 138.25.94.225.


https://doi.org/10.1073/pnas.1905291116
https://doi.org/10.1073/pnas.1905291116
https://doi.org/10.1126/science.aaf4268
https://doi.org/10.1126/science.aaf4268
https://doi.org/10.1016/j.chembiol.2010.04.012
https://doi.org/10.1016/j.phrp.2011.11.040
https://doi.org/10.1128/JB.01740-07
https://doi.org/10.1128/JB.01740-07
https://doi.org/10.1016/j.jmb.2006.07.052
https://doi.org/10.1186/gb-2008-9-4-r74
https://doi.org/10.1186/gb-2008-9-4-r74
https://doi.org/10.3389/fmicb.2019.01601
https://doi.org/10.2217/fmb.09.5
https://doi.org/10.3389/fcimb.2020.00253
https://doi.org/10.3389/fcimb.2020.00253
https://doi.org/10.1016/j.mam.2008.05.005
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1371/journal.pone.0205815
https://doi.org/10.1371/journal.pone.0205815
https://doi.org/10.15406/mojt.2018.04.00125
https://doi.org/10.1016/j.watres.2008.12.002
https://doi.org/10.3389/fmicb.2015.00587
https://doi.org/10.3389/fmicb.2015.00587
https://doi.org/10.1146/annurev.micro.54.1.49
https://doi.org/10.1146/annurev.micro.54.1.49
https://doi.org/10.1038/nrmicro821
https://doi.org/10.3201/eid0809.020063
https://doi.org/10.1021/acs.estlett.5b00159
https://doi.org/10.3390/ijms20112808
https://doi.org/10.1128/AEM.02001-07
https://doi.org/10.1128/AEM.02001-07
https://doi.org/10.1080/22221751.2020.1770630
https://doi.org/10.1038/s41598-019-48113-4
https://doi.org/10.1038/s41598-019-48113-4
https://doi.org/10.3390/ijms21155498
https://doi.org/10.1093/femspd/ftz004
https://doi.org/10.1093/femspd/ftz004
https://doi.org/10.1128/jb.184.4.1204-1208.2002
https://doi.org/10.1128/JB.186.19.6526-6535.2004
https://doi.org/10.1128/JB.186.19.6526-6535.2004
https://doi.org/10.1038/ncomms8983
https://doi.org/10.1038/ncomms8983
https://doi.org/10.3389/fmicb.2017.00459
https://doi.org/10.3389/fmicb.2017.00459
https://doi.org/10.1038/nbt.2458
https://doi.org/10.1038/nbt.2458
https://doi.org/10.1128/jb.56.4.379-385.1948
https://doi.org/10.1128/AAC.35.9.1824
https://doi.org/10.1128/JCM.41.3.1062-1068.2003
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1002/smll.200801202
https://doi.org/10.1002/smll.200801202
https://doi.org/10.1099/mgen.0.000744
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02857-22

	RESULTS AND DISCUSSION
	Toxicology and the evolution of adaptation responses of A. baumannii to NAg, Ag+, and Nx.
	Genetic mutations and physiological changes in silver-adapted A. baumannii.
	Cellular ROS-related defense in silver-adapted A. baumannii.
	Conclusions.

	MATERIALS AND METHODS
	Antibacterial agents.
	Bacterial culture and growth conditions.
	MIC determination.
	Adaptation responses via sequential passaging.
	Time-kill assay.
	Growth rate assay.
	Whole-genome extraction, sequencing, and assembly.
	Biofilm fluorescence staining, imaging, and biomass quantification.
	Reactive oxygen species generation assay.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

