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Among all the food-related nanoparticles consumed every day, silver nanoparticles
(AgNPs) have become one of the most commonly utilized because of their antimicrobial
properties. Despite their common use, the effects of sublethal concentrations of AGQNPs,
especially on gut biofilms, have been poorly investigated. To address this issue, we
investigated in vitro the proteomic response of a monospecies Escherichia coli gut
biofilm to chronic and acute exposures in sublethal concentrations of AgNPs. We
used a new gel- and label-free proteomic approach based on shotgun nanoflow liquid
chromatography—tandem mass spectrometry. This approach allows a quantification of
the whole proteome at a dynamic range that is higher than the traditional proteomic
investigation. To assess all different possible exposure scenarios, we compared the
biofilm proteome of four treatments: (i) untreated cells for the control treatment, (i)
cells treated with 1 pwg/ml AgNPs for 24 h for the acute treatment, (iii) cells grown with
1 ng/ml AgNPs for 96 h for the chronic treatment, and (iv) cells grown in the presence
of 1 ng/ml AgNPs for 72 h and then further treated for 24 h with 10 wg/ml AgNPs
for the chronic + acute treatment. Among the 1,917 proteins identified, 212 were
significantly differentially expressed proteins. Several pathways were altered including
biofilm formation, bacterial adhesion, stress response to reactive oxygen species, and
glucose utilization.

Keywords: label-free proteomics, silver nanoparticles, non-lethal effects, gut biofilm, acute, chronic exposure

INTRODUCTION

Nanoparticles (NPs) have unique sizes, shapes, and structures, and this makes them ideal
components for various applications (Carbone et al., 2015). Silver nanoparticles (AgNPs),
in particular, are exponentially used in medical, health, industrial, and precision agricultural
sectors because of their unique features, such as chemical, optical, electrical, and thermal
properties (Zhang et al., 2016; Duhan et al., 2017). Moreover, AgNPs are usually added to
the polymeric matrices of food packaging to enhance food protection to extend its shelf-
life. However, AgNPs may transfer and accumulate through the food chain, risking the
human health (Frohlich and Frohlich, 2016; Tsiaoussis et al., 2019). The effects of AgNPs
on the intestinal human microbiota, the so far neglected “essential organ” (O'Hara and
Shanahan, 2006), should be considered. The microbiota provides several advantages to the host
through a variety of physiological functions: host immunity promotion, pathogens control, and
energy harvest (Thursby and Juge, 2017). Alterations in the intestinal microbiota have been
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associated with many different diseases, ranging from metabolic
syndrome to diabetes atherosclerosis, to colorectal cancer
(Yang and Kweon, 2016).

In the human gastrointestinal microbiota, Escherichia coli can
commonly exist as a commensal, a probiotic, or a pathogenic
bacterium (Rossi et al., 2018). To enlighten the effect of ingested
AgNPs on intestinal bacterial biofilm and human intestinal
epithelial cells, we recently analyzed the physiological response
of a model system composed of E. coli monospecies biofilm and
Caco-2 cells exposed to 1 pg/ml of AgNPs (Garuglieri et al.,
2018). Previously, it was claimed that a AgNP concentration
of 1 pg/ml is representative of actual food-related ingestion
(Gottschalk et al., 2013; Kuorwel et al., 2015; Frohlich and
Frohlich, 2016). In Garuglieri et al. (2018), it was demonstrated
that (1) bacterial biofilm plays an important role in protecting
intestinal epithelial cells from AgNPs genotoxic effects, and
(2) under anaerobic conditions, AgNPs seriously impact the
E. coli biofilm.

This study aimed to explore the proteomic changes that
occur when E. coli biofilm is exposed to AgNPs. To this end,
E. coli biofilm was cultured using Transwell setup as described
in Garuglieri et al. (2018). AgNP exposure was performed to
simulate the chronic and/or the acute effects of AgNPs on mature
bacterial biofilms.

To investigate the impact of silver nanoparticles at realistic
concentrations, we evaluated the chronic and the acute effects
of sublethal AgNP doses at 1 and 10 pg/ml. We used a
new proteomic approach based on shotgun nanoflow liquid
chromatography-tandem mass spectrometry (LC-MS/MS) to
obtain a global view of E. coli biofilm responses to the different
AgNP exposures. We have thus highlighted protein changes
triggered by AgNPs and identified common responses among the
treatments as well as specific alterations.

MATERIALS AND METHODS

Silver Nanoparticles

The AgNPs were purchased from BioPure, NanoComposix (San
Diego, CA, United States). According to the supplier, their
hydrodynamic diameter is <20 nm, and their negative zeta
potential is —27.3 mV (Malvern Zetasizer Nano ZS). AgNP size
was assessed to be 14 £ 0.3 nm using transmission electron
microscopy (TEM) by our team’s previous work (Garuglieri et al.,
2016). AgNPs were stored at 4°C and, just before use, diluted
to 1 or 10 ug/ml in bidistilled water or in Tryptic soy broth
medium (Conda, Italy).

Experimental Setup and Bacterial Biofilm
Exposure to AgNPs

Escherichia coli MG 1655 biofilms were grown under anaerobic
conditions on polycarbonate membranes (PC, Whatman
Nucleopore, 2.5 cm diamater, 0.2 pm pore diameter) in
Transwell systems (Greiner bio-one) as described by Garuglieri
et al. (2018). Briefly, polycarbonate membranes inoculated with
5 x 10° cells were placed in the Transwell inserts. One milliliter
of prereduced Tryptic soy broth medium with and one without

1 png/ml AgNPs were added to the plate wells (basolateral
medium). As 1 pg/ml represented the realistic human intake
dosage, both the acute and chronic treatments were evaluated at
this concentration. Three different treatments were assayed: (1)
AgNPs added for 24 h directly onto the surface of an established
biofilm, which was pregrown for 72 h without AgNPs (acute
treatment, effect on established biofilm); (2) biofilm grown
for 96 h with the addition of 1 pwg/ml AgNPs dispersed in
the basolateral medium (chronic treatment, effect on biofilm
formation); (3) biofilm grown for 72 h with the addition of
1 pg/ml AgNPs dispersed in the basolateral medium and then
further treated for 24 h with 10 wg/ml AgNPs added directly
onto the surface of the established biofilm (chronic + acute
treatment, effect of a short and aggressive AgNPs exposure to an
adapted biofilm).

The controls for all treatments were defined as pristine
biofilms grown for 96 h. Experiments were conducted in
triplicate. The growth profile and reactive oxygen species (ROS)
generation of E. coli under condition 1 (acute treatment) and
condition 2 (chronic treatment) compared to control samples can
be found in Garuglieri et al. (2018).

Liquid Chromatography-Mass

Spectrometry Analysis

After treatments, polycarbonate membranes with adhering
biofilm were removed from the Transwell setups, transferred
to tubes containing 1 ml of sterile phosphate-buffered saline
solution (Medicago AB, Uppsala, Sweden), vortexed for 1 min,
and sonicated for 3 min in a water bath (Sonica Ultrasonic
Cleaner, Soltec, Milan, Italy). The cell pellet was resuspended
in 4% (w/v) sodium dodecyl sulfate, 100 mM Tris-HCI pH 7.6
and 100 mM dithiothreitol, boiled for 5 min and centrifuged
for 30 min at 13,000 rpm (Olander et al., 2016). Proteins
were quantified with 2-D Quant Kit (GE healthcare); 200 pg
of protein was then trypsinized using the two-digestion-filter-
aided sample preparation method (Wisniewski and Mann, 2012).
Digested samples (five replicates for each treatment) were directly
analyzed on a QExactive mass spectrometer coupled to a nano
EasyLC 1000 (Thermo Fisher Scientific Inc., Waltham, MA,
United States). The solvent composition for channel A was 0.1%
formic acid, while for channel B, it was 0.1% formic acid and
99.9% acetonitrile. For each sample, 4 pl of peptides was loaded
on a self-made column (diameter x length: 75 pm x 150 mm)
packed with reverse-phase C18 material (ReproSil-Pur 120 C18-
AQ, 1.9 um; Dr. Maisch GmbH, Ammerbuch, Germany) and
eluted at a flowrate of 300 nl/min with a gradient from 2 to 35% B
in 80 min, from 35 to 47% B in 4 min, and from 47 to 98% B also in
4 min. Samples were acquired randomly. The mass spectrometer
was operated in data-dependent mode, acquiring full-scan MS
spectra (300-1,700 m/z) at a resolution of 70,000 at 200 m/z after
accumulation to a target value of 3,000,000, followed by higher-
energy collision dissociation fragmentation on the 12 most
intense signals per cycle. Higher-energy collision dissociation
spectra were acquired at a resolution of 35,000 using a normalized
collision energy of 25 and a maximum injection time of 120 ms.
The automatic gain control was set to 50,000 ions. Charge state
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screening was enabled, and singly and unassigned charge states
were rejected. Only precursors with an intensity above 8,300
were selected for MS/MS (2% underfill ratio). Precursor masses
previously selected for MS/MS measurement were excluded from
further selection for 30 s, and the exclusion window was set at
10 ppm. The samples were acquired using internal lock mass
calibration on m/z 371.1010 and 445.1200.

LC-MS/MS Data Analysis

Raw data obtained from the mass spectrometer were processed
with MaxQuant v. 1.5.3.3' for peptide identification and
quantifications. Identification was performed with MaxQuant
integrated Andromeda search engine against the UniProt
E. coli protein database (1,352,175 entries), downloaded
September 29, 2016. The search criteria were the following:
two missed cleavages, fixed modification of cysteine
(carbamidomethylation), variable modifications of methionine
(oxidation) and phosphorylation on serine, threonine, and
tyrosine, and minimum peptide length of six amino acids. The
minimum criteria for protein identification were two peptides
and one unique peptide and precursor mass tolerance of 4.5 ppm
for the main search. Label-free quantification, the match between
runs (time window of 0.7 min), and the target-decoy search
strategy (revert mode) options were enabled. Identifications were
accepted with a false discovery rate (FDR) of 1% for peptide
and proteins. The mass spectrometry proteomics data have been
deposited in the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2019) partner repository under the dataset
identifier PXD014096.

Proteomics Data Processing

Once identified, all protein groups without contaminants and
decoy entries as well as groups without “only identified by
site” were chosen. Resulting protein groups were considered as
identified when values were detected in at least two biological
replicates and in one analytical group. This process led to missing
values for one or the other condition. Missing values were
estimated from the dataset by an in-house tool, based on two
criteria for each sample, depending on whether one or more
missing values were observed for each entry. When two values
were available, the imputation of the missing value was set to
a random value within an interval of one-fourth of the entire
sample standard deviation centered on the entry average. While
only one or no value was available, the imputation of the missing
value was set to a random value within an interval of one-fourth
of the standard deviation of all sample values centered on the
global minimum value of all samples in the dataset.

Statistical Analysis

To determine the differentially expressed proteins (DEPs) among
considered conditions, we performed a multiple sample test using
analysis of variance (ANOVA) with a permutation-based FDR
cutoff of 0.05. Statistical analysis was performed on each dataset
(means £ SD, n = 4) with custom R scripts. One-way ANOVA

Uhttp://www.coxdocs.org/doku.php?id=maxquant:start

and post hoc Tukey’s test were done using two R statistical
packages, limma, and cp4p’.

Principal Component Analysis and

Hierarchical Clustering

To assess the quality of our datasets, Perseus software
(MaxQuant, v1.11, Martinsried, Germany) was used for PCA. We
also built a Venn diagram by submitting to VENNY" the entire
dataset of identified and quantified proteins.

Hierarchical clustering analysis was performed using Perseus
with the following settings: Row, Column distance calculated
using the Euclidean algorithm; Row, Column linkage Complete.

Hierarchical clustering heat map of significantly changing
proteins was performed using the Z-score calculation on log2
intensity values.

EcoCyc Analyses
For all differentially abundant proteins, present in each selected
cluster, a Blastp was performed against ecoli.fsa database (4,287
sequences, 1,342,714 total letters) to obtain EcoCyc accession IDs
from Uniprot protein IDs.

EcoCyc is a bioinformatics database available at EcoCyc.org
that describes the genome and the biochemical machinery of
E. coli K-12 MG 1655.

Best EcoCyc accession protein IDs were used for omics
data analysis in EcoCyc. Paint multiomics data onto a Pathway
Collage options were used to generate a user-customizable
diagram containing a set of pathways of interest, overlaid with
multiomics data.

Transmission Electron Microscopy

Observations

Cells were fixed in cold 0.05 M Hepes buffer, pH 7.4, containing
2% glutaraldehyde and 2% formaldehyde added in Transwell
systems. To prevent biofilm disorganization during following
TEM embedding procedure, the membranes with biofilm were
carefully cut with a razor blade, and these pieces were laid in
a drop of 3% sodium alginate (in 0.05 M Hepes buffer, pH 7.4)
and immediately solidified with CaCl, 0.2 M. The samples were
than repeatedly rinsed in the same Hepes buffer, postfixed in 1%
osmium tetroxide, for 1 h at 4°C, dehydrated in ethanol, and
embedded in London White resin. Ultrathin sections, obtained
using a Reichert Jung Ultracut E microtome, were stained with
3% uranyl-acetate and lead citrate. Observations were performed
with an EFTEM LEO 912AB transmission electron microscope
(Zeiss, Jena, Germany) operating at 80 kV.

RESULTS AND DISCUSSION

E. coli Biofilm Proteome Under AgNPs

Treatments
To gain insights into the response of E. coli to AgNPs, we
compared the total biofilm proteome of four different samples:

Zhttp://www.r-project.org
3https://bioinfogp.cnb.csic.es/tools/venny/
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untreated biofilm (control), biofilm treated with AgNPs for 24 h
(acute treatment), biofilm grown in the presence of AgNPs for
96 h (chronic treatment), and biofilm grown in the presence of
AgNPs for 72 h and retreated with a higher dose of AgNPs for
24 h (chronic + acute treatment). Among the 1,917 proteins
identified, 212 (11.26%) were significantly differentially expressed
proteins (ANOVA test, FDR of 5%) (Supplementary Table S1).

Principal Component Analysis and
Hierarchical Clustering

Principal component analysis of the identified proteins across all
samples revealed that the proteome of biofilms under different
AgNP exposure assembled separately from each other into
distinctly isolated clusters (Figure 1). The Venn diagram in
Figure 2 compared the number of expressed proteins across
all treatments, showing common and unique proteins among
the different exposure conditions. In particular, the Venn
diagram showed 1,856 proteins (96.9%) commonly regulated in
all the treatments.

We also performed a hierarchical clustering analysis and
produced a heatmap to identify groups of proteins that display
similar expression patterns across all treatments. The hierarchical
clustering of the 212 significantly differentially expressed proteins
revealed distinct expression patterns (Figure 3). Heat map
showed the clustered data, where each colored cell represents
the protein abundance value. Column-wise clustering of triplicate
measurements for each treatment demonstrated that biological
variation was greater in the most severe experimental AgNP
treatment considered (chronic + acute treatment) with respect
to the control. Row-wise clustering revealed different protein
groups based on the modulation of their expression. Eight
expression clusters of interest with their relative intensity values
are shown in Figure 4.

Clusters la and 1b were composed of proteins with increasing
and decreasing abundances after all AgNP treatments,
respectively. Clusters 2a and 2b included proteins that
decrease and increase only under the chronic + acute AgNP
treatment, respectively. Clusters 3a and 3b showed proteins after
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=20 -10 0 10 20 30
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FIGURE 1 | Principal component analysis (PCA) score plot of total proteome
data. Samples with different treatments (control, acute, chronic,

chronic + acute) were indicated by colors. X-axis and Y-axis were labeled with
the first principal component and the second principal component,
accounting for 33.4 and 29.1% total variation, respectively.
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FIGURE 2 | Venn diagrams of the identified and quantified proteins in the four

treatments.
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FIGURE 3 | Heatmap and hierarchical clustering of 212 differentially
expressed proteins (DEPs) with false discovery rate (FDR) of 5%. Colors
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of downregulation to the highest level of upregulation, respectively.
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chronic treatments with decreasing and increasing abundances,
respectively. Clusters 4a and 4b represented proteins with low or
high abundance after acute AgNP treatment, respectively.

Table 1 summarizes the observed main effects and the
corresponding proteins. Supplementary Table S2 lists all
proteins belonging to the eight expression clusters and their
respective localizations, intensity values, and log2 fold changes
(log2FC). Minimum log2FC considered in this study were —2.56
and 2.21, which are very high values (Supplementary Table S2).

Clusters 1aand 1b

Clusters 1a and 1b consisted of 16 and 14 proteins, respectively,
the abundances of which decreased and increased under AgNP
exposure, regardless of the nature of treatment.

In cluster 1a, we found downregulation of proteins related
to biofilm formation that confirmed the biofilm alterations
caused by AgNPs reported by Garuglieri et al. (2018). In
particular, the protein MlaB, a part of the ABC transporter
complex MIaFEDB, is a small cytoplasmic protein that is very
important for both the proper assembly and activity of the
ABC complex (Thong et al, 2016). When ABC complex is
altered, the plasma membrane shows defects in phospholipid
asymmetry and slow rates of trafficking of other membrane
components, especially the phosphatidylcholine (Gulshan and
Moye-Rowley, 2011). Phosphatidylcholine has been found in
many bacteria for its influence on motility and biofilm formation
(Klasener et al., 2009). In all AgNP treatments, we also observed
the downregulation of 2-methylcitrate synthase and protein
guanosine-5'-triphosphate (GTP) cyclohydrolase II, both of
which have been shown to be involved in biofilm formation
(Schembri et al., 2003; Mhatre et al., 2016).

The GTP cyclohydrolase II in E. coli is regulated by SoxRS
system, the major pathway for superoxide stress response (Koh
et al,, 1996). This finding suggested that exposure to AgNPs
increased oxidative stress in biofilms. In fact, it has been
demonstrated that ribA, the gene encoding GTP cyclohydrolase
II, is involved in the removal of 8-0xo-dGTP, which is a toxic
product generated by ROS-mediated oxidation of the guanine
nucleotide pool (Zhao and Drlica, 2014). GTP cyclohydrolase
I protein also catalyzes the initial steps of the riboflavin
biosynthesis pathway. Riboflavin (vitamin B,) is the direct
precursor of the flavin cofactors flavin mononucleotide and
flavin adenine dinucleotide. Flavin mononucleotide and flavin
adenine dinucleotide accept electrons during oxidation of various
compounds, such as amino acids, carbohydrates, and fatty acids.
These cofactors are also required in redox reactions during DNA
repair (Yurgel et al., 2014).

TusD subunit of the sulfur transfer protein complex
belonged to cluster la. Introducing thiomodifications to transfer
ribonucleic acid (tRNA), the TusD subunit ensures a higher
stability of tRNA, enhances the translation efficiency, and
prevents the frameshifting during translation (El Yacoubi et al.,
2012). In addition, the end turnover of tRNA in E. coli is reported
as one of the first responses to stress (Montero et al., 2009;
Villa et al., 2012).

In the biofilm microbiota, the gene expression is characterized
by high abundance of transcripts, where most of them are

related to glucose utilization, peptide degradation, and amino
acid transport (Schwab et al., 2014). We found a reduction in the
abundance of key enzymes of glucose and glucose-1-phosphate
degradation pathways, such as the malate dehydrogenase
and the sugar phosphatase (Wildberger et al., 2015). These
findings suggested an alteration of the metabolic activity. In
the tricarboxylic acid cycle, malate dehydrogenase catalyzes
the reversible oxidation of malate to generate oxaloacetate
using nicotine adenine dinucleotide (NAD+-) as an electron
acceptor (Sutherland and McAlister-Henn, 1985). Decreased
gluconeogenic activity might indicate a decreased requirement
for new amino sugars for cell wall synthesis. This observation
corresponded with the decreased expression of genes involved in
cell wall synthesis and cell division as found by Clark et al. (2012).

Cluster 1b grouped all upregulated proteins in all AgNP
treatments. In this cluster, we observed an upregulation of the
glyoxalase 1. Studies by Santi et al. (2014) and Subhadra et al.
(2019) reported that this enzyme is upregulated in biofilms,
and it can also act in the detoxification of methylglyoxal (MG),
which is a side product of several metabolic pathways. The
toxicity of MG is believed to be attributed to its ability to
interact with the nucleophilic centers of macromolecules, such
as deoxyribonucleic acid (DNA) (Ferguson et al., 1998). In
bacteria like E. coli, the glutathione-dependent glyoxalase I-II
pathway is the primary route for MG detoxification. During this
detoxification process, the glutathione is restored because it is an
important cellular antioxidant often used for biofilm protection
(Santi et al., 2014).

The observed upregulation of the protein 1-acylglycerol-
3-phosphate O-acyltransferase indicated an activation of
the phospholipid biosynthesis pathway through the cytidine
diphosphate-diacylglycerol intermediate. In this pathway, the
1,2-diacyl-sn-glycerol-3-phosphate is converted to its activated
form, the cytidine diphosphate-diacylglycerol, which is an
important intermediate in the biosynthesis of all membrane
glycerophospholipids (Swartley et al., 1995).

Clusters 2a and 2b
Clusters 2a and 2b illustrated 13 and 26 proteins after
AgNP chronic + acute treatment that decreased and
increased, respectively.

In cluster 2a, we found lower amounts of proteins related to
cell membrane. This finding supports the evidence indicating
that the cell membrane is one of the main targets of the
AgNPs. Other membrane-related proteins such as the
bacteriophage N4 receptor and the L-arginine ABC transporter-
periplasmic binding protein were some of these downregulated
proteins. Moreover, to confirm the toxic effect of AgNPs
chronic + acute exposure on cell membrane, we observed the
downregulation of a phosphate acyltransferase. This protein
is involved in fatty acids/phospholipid biosynthesis that
possibly contributes to reducing membrane fluidity and stability
(Parsons and Rock, 2013).

Bacterial cell wall also seemed to be altered. In AgNP-
treated biofilm, we observed the downregulation of the L,D-
transpeptidase (LdtD), which is the key enzyme in the
peptidoglycan maturation pathway (Vollmer et al., 2008).
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TABLE 1 | Main effects observed and, for each type of treatment, the proteins related.

Cluster n.

Type of treatments

Biofilm alterations

Cell wall/membrane alterations

Response to stress DNA damage

Glucose utilization

Clusters 1a-1b

Clusters 2a-2b

All AgNPs treatments

Only chronic + acute
AgNPs treatments

| 2-methylcitrate synthase
(N3MZ53; log2FC = —2.98,
—3.06, —3.21)

| GTP cyclohydrolase Il
(W8SSB7; log2FC = —3.32,
—3.21, =3.21)

1Glyoxalase | (TOA3HT;
l0g2FC = 4.57, 4.44, 4.43)

| Fimbrial proteins
(D7ZQUB; log2FC = 0.07,
—0.38, —4.24)

J Beta-glucuronidase
(FATGG1; log2FC = —0.01,
—0.02, —3.98)

1 UTP-glucose-1-phosphate
uridylyltransferase
(W1FRC5; log2FC = —0.14,
0.24,7.26)

1 Disulfide bond reductase
(H4HYU4; log2FC = —0.51,
0.27, 7.64)

J ABC transporter-binding
protein MlaB
(N2GWD3; log2FC = -5.95,
—5.68, —5.84)

4 1-Acylglycerol-3-phosphate
O-acyltransferase
(X7PK56; log2FC = 4.74, 4.80,
4.82)

} L,D-transpeptidase LdtD

(AOA125X4Z9;
log2FC = —0.20, —0.03,
—4.18)

| Bacteriophage N4 receptor
(L3QSYO; log2FCtransporter
(W8TQQ2; log2FC = —0.21,
—0.14, —5.26)
(Phosphate acyltransferase
(WIHGWS; log2FC = —0.44,
—0.43, —5.28)

(4 GTP cyclohydrolase Il -
(W8SSB7; log2FC = —3.21,
3.21,38.21)
J TusD subunit of the sulfur
transfer protein complex
(W8TUHS; log2FC = —3.68,
2.90, 3.60)

| Potassium efflux system KefA -
(V1AK89; log2FC = 0.11, 0.01,
—4.01)
(4 PutA protein
(VBFL94; log2FC = 0.34, 0.50,
—4.28)
4 Multiple antibiotic resistance
regulators MarR
(VIAQH4; log2FC = 0.33, 0.42,
4.65)

| Malate dehydrogenase
(Q5MDCH; log2FC = —6,93,
7.14,6.87)
(Sugar phosphatase
(X7PPK7; log2FC = —3.82,
—3.75, =3.93)

4 Sugar transport-related
regulator SgrR
(V1AK56; log2FC = 0.51,
—0.29, 2.46)

(Continued)
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TABLE 1 | Continued

Cluster n. Type of treatments Biofilm alterations Cell wall/membrane alterations  Response to stress DNA damage Glucose utilization
Clusters 3a-3b Only chronic treatments | C-di-GMP phosphodiesterase - - 4 Formamidopyrimidine-DNA -
YhiK glycosylase
(HOUY84; log2FC = —0.26, (X7NZ47; FC = 0.33, 7.80,
—3.83, —3.41) 6.45)

(1 Cell division activator (CedA)
(WBTE37; log2FC = 0.24,
—3.05, —3.25)

1 Biofilm regulator protein bssR
(W1EUF9; log2FC = 0.33, 7.80,

6.45)
Clusters 4a-4b Only acute treatments | Flagellar brake protein YcgR | Tetratricopeptide repeat (TPR) - | Primosomal protein -
(VOAGY1; log2FC = —2.51, region (X7PUNS5; log2FC = —4.00,
0.47, —2.90) (V1ALG4; log2FC = —5.79, —0.78, —3.66)
| Tetratricopeptide repeat (TPR) —0.25, —5.01)
region
(V1ALG4; log2FC = —5.79,
—0.25, —5.01)

4 Sensor kinase protein ResC
(F4SG61; log2FC = 3.34, 0.21,
3.70)

4 Elongation factor Tu
(AOAOF3TYEQ; FC = 1.15, 0.98,
1.21)

1 Permease-cytosine transporter
(AOAO70SLJ2; log2FC = 3.36,
—0.47, 4.90)

1 Dipeptide transport system
permease protein dppB
(W1XD85; log2FC = 3.10,
—0.93, 2.98)

For each protein entry name (www.uniprot.org) and log2 fold changes (log2FC) (respectively: chronic treatment vs. control, acute treatment vs. control, chronic + acute treatment vs. control) are reported.

‘[e 18 oBuiwoq

SANBY 01 wiyyolg oo 'J 10 8suodsay o1W0s]0id


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

Domingo et al.

Proteomic Response of E. coli Biofilm to AgNPs

The lower adherence of cells on the biofilm and the different
distribution patterns within the biofilms observed after 96 h of
AgNP exposure (Garuglieri et al., 2018) were also confirmed by
proteomic analyses. In fact, chronic and acute AgNP treatments
caused the downregulation of some proteins that have a key role
in bacterial adhesion, such as flagellins and fimbrial proteins.
Flagellum-mediated motility contributes to E. coli virulence
by enabling the bacterium to escape host immune responses
and to colonize new sites within the urinary tract (Lane
et al., 2007). E. coli fimbrial proteins mediate the binding to
receptor structures allowing the bacteria to colonize various host
tissues (Krogfelt et al., 1990). The investigated E. coli flagellin
mutant strains produced less biofilm than the wild-type strain
(Zhou et al., 2014).

Beta-glucuronidase was another protein that we found to be
downregulated in AgNP-treated samples. p-Glucuronidase and
phospholipase are factors in creating colonization surface that
facilitate bacteremia and severe infections (Stewart et al., 2007;
Biernat et al., 2019).

A transcriptional repressor of the proline utilization regulon
(put), the PutA protein, belonged to cluster 2a. Proline
metabolism strongly influences the oxidative stress tolerance in
E. coli. As a consequence, putA mutant strains are significantly
more sensitive to oxidative stress than the wild-type strains,
and the overexpression of putA restores the oxidative stress
resistance (Zhang et al., 2015). Thus, the decrease in the protein
PutA under chronic + acute treatments might expose the
biofilm to oxidative stress. Garuglieri et al. (2018) observed
increased ROS levels at 96 h in anaerobic biofilms subjected
to both AgNP acute and chronic treatments at 82 and
55% higher than the control, respectively. However, ROS
increase under the acute treatment was more evident than the
chronic one. Chen et al. (2017) reported that, under anaerobic
conditions, there is a lower production of ROS, which did
not affect Pseudomonas aeruginosa viability. However, the lack
of deleterious mechanisms induced by ROS could cause the
adaptation of bacteria and changes in the microbiomes (Nifio-
Martinez et al., 2019). The relationships between oxidative stress
and biofilm development have been widely discussed by Gambino
and Cappitelli (2016).

The potassium efflux system KefA domain protein, which
is downregulated in this cluster, has a pivotal role in the
survivability of bacteria after toxic electrophile exposure. This
protein is part of the bacterial protection system, where the
electrophiles are detoxified by modulation of the cellular pH
(Ferguson et al., 1993; Ozyamak et al, 2010). Zhang et al.
(2014) evaluated the active detachment mechanism in the
dispersal of P. aeruginosa biofilms caused by glutathione-gated
potassium efflux, showing biofilm detachment by the activation
of glutathione-gated potassium efflux.

Cluster 2b showed the change in abundance of sugar-
transport-related regulator, which indicated the alteration
of glucose metabolism as also reported in cluster 1. This
regulator coordinates the response to glucose-phosphate stress, a
condition that occurs when glucose-6-phosphate is accumulated
intracellularly and unbroken through the glycolytic pathway
(Vanderpool and Gottesman, 2007).

Among upregulated proteins belonging to cluster 2b,
we found the disulfide bond reductase, the triosephosphate
isomerase, and the uridine-5-triphosphate-glucose-1-phosphate
uridylyltransferase ~ (UTP-glucose-1-phosphate  uridylyltrans
ferase). The latter protein catalyzes the formation of uridine
diphosphate-glucose (UDP-glucose) from glucose-1-phosphate
and UTP, and it is also required for biofilm formation (Lazarevic
etal., 2005). In biofilm and planktonic cultures of Staphylococcus
aureus, the triosephosphate isomerases were differentially
expressed as confirmed by Northern blot analysis (Becker
et al, 2001). The altered disulfide bond reductase seems
to be involved in the reduction in disulfide bonds between
proteins and small molecules (Mac et al., 2008). The disulfide
bond formation is also required for biofilm formation and
pilus assembly as observed in Actinomyces oris biofilms
(Lee and Davey, 2017).

Clusters 3a and 3b
The clusters 3a and 3b showed eight proteins that were up- and
downregulated by the chronic treatments, respectively.

Garuglieri et al. (2018) showed that biofilm grown in the
presence of AgNPs for 96 h resulted in a 42.8 & 11.1% decrease
in thickness. Proteomic analysis confirmed this result, and in fact,
we observed that, after 96 h of AgNP exposure, different proteins
involved in biofilm growth were downregulated (cluster 3a). One
of these proteins was the cyclic di-guanylate monophosphate
(c-di-GMP) phosphodiesterase (YhjK), which is one of the
proteins involved in bacteria motility and biofilm formation
(Moreira et al, 2017). Bacteria modulates the intracellular
levels of the second messenger c-di-GMP levels to regulate
the transition between motile and sessile states. In response to
extracellular signals, YhjK is able to modulate the levels of c-di-
GMP, mediating the conversion from motile to sessile states
(Spurbeck et al., 2012).

In cluster 3a, we also found the involvement of the cell division
activator in the reactivation of the DnaA protein, which is one of
the main factors controlling the initiation of chromosomal DNA
replication (Abe et al., 2016).

The regulator of biofilm through signal secretion protein
(BssR), belonging to the upregulated proteins (cluster 3b), is also
involved in biofilm formation in E. coli. This protein reduces
bacterial biofilm by indole regulation (Sutrina et al., 2015).

The formamidopyrimidine-DNA glycosylase also belonged to
cluster 3b. This molecule is a DNA repair enzyme that efficiently
repairs purines- and pyrimidine-derived lesions induced by
hydroxyl radical in DNA (Schalow et al., 2011), suggesting DNA
damages due to AgNP chronic exposure.

Clusters 4a and 4b
The clusters 4a and 4b showed eight and six proteins
that were up- and downregulated by the acute AgNP
treatments, respectively.

The primosomal protein, one of the several cell surface
proteins required for a stable DNA replication (Zhao et al., 2015),
is downregulated only by the acute treatment (cluster 4a).

Another protein downregulated in our analysis was the
flagellar brake protein YcgR. This protein is involved in biofilm
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formation, in particular motility inhibition (Simm et al., 2004;
Ryjenkov et al., 2006).

We also found lower amount of the PgaA, which is a
tetratricopeptide-repeat-containing outer membrane protein.
PgaA forms secretion pores in the outer membrane and
translocates the dPNAG polymer from the periplasm to the cell
surface. Tetratricopeptide repeat domain of PgaA binds directly
to the N-deacetylase PgaB and affects critically biofilm formation
(Wang et al., 2004; Itoh et al., 2008).

Among the upregulated proteins in cluster 4b, we found
the permease and dipeptide transport system permease protein
DppB, also known as dipeptide ABC transporter. Zhu et al.
(2008) showed that the inactivation of Im.G_I1771 gene, which
encodes for a putative ABC transporter permease, increased
Listeria monocytogenes biofilm.

CONTROL

ACUTE

FIGURE 5 | Transmission electron microscopy (TEM) analysis of untreated
biofilm (control) and biofilm treated with AgNPs for 24 h (acute treatment).

(A) Low magnification of inner biofilm showing a uniform granular cytoplasm.
(B) Low magnification of outer biofilm showing granular cytoplasm
surrounding nucleoid. (C,D) Inner and outer biofilm showing a typical
Gram-negative cell walls, respectively. ps, periplasmic space; black arrow:
outer membrane; white arrow: peptidoglycan layers. (E,F) Biofilm after AQNP
acute treatment. Inner biofilm appeared similar to control (E), while outer
biofilm showed a more electrondense outer membrane (arrow). The
peptidoglycan layers were less evident. Magnification bars: (A,B) 1 um; (C-F)

500 nm.

Sensor kinase protein (RcsC) was also upregulated. It
plays an important role in biofilm formation by remodeling
the bacterial surface during growth on a solid surface
(Ferriéres and Clarke, 2003).

CHRONIC

CHRONIC+ACUTE

FIGURE 6 | Transmission electron microscopy (TEM) analysis of biofilm grown
in the presence of AgNPs for 96 h (chronic treatment) and biofilm grown in the
presence of AgNPs for 96 h and treated again for 24 h with AgNPs

(chronic + acute treatment). (A,B) Inner and outer biofim showing a modified
cell wall with a more electrondense outer membrane (black arrows) and a
disorganized peptidoglycan layers (white arrows), respectively. (C,D) Biofilm
chronic + acute AgNP treatment. No differences are observed compared to
biofilm grown in the presence of AgNPs for 96 h (chronic treatment) (outer
membrane: black arrows). Magnification bars: (A-F) 500 nm.

Binner bofilm cells

36
DOOuter bofilm cells

| T

Chronic +Acute

34
32
30
28
26
24

Cell wall thickness (nm)

22

20

Control Acute Chronic

FIGURE 7 | Wall thickness of inner and outer biofilm cells under different
treatments. Data represent the mean of independent measurements. Different

superscript letters indicate statistically significant differences between
conditions.
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We also observed an increase in the amount of the elongation
factor Tu, a prokaryotic elongation factor responsible for
catalyzing the binding of an aminoacyl-tRNA to the ribosome
(Granato et al., 2004; Amimanan et al., 2017). Svensiter et al.
(2001) showed that the elongation factor Tu is highly expressed
in Streptococcus mutans biofilms.

TEM Analysis of E. coli Biofilm Under
AgNP Treatments

In control samples, TEM analyses showed that the bacterial
cells forming the biofilm have different morphologies. Cells
near the polycarbonate membrane (inner biofilm, Figure 5A)
showed uniform granular cytoplasm (Rowlett et al., 2017). Cell
walls had a typical E. coli wall structure, where the periplasmic
space (PS) is sandwiched between the plasma membrane and
the outer membrane (OM), while the peptidoglycan layer is
localized under the OM (Figure 5C) (Beveridge, 1999; Silhavy
et al., 2010). Farther away from the polycarbonate membrane
(outer biofilm, Figures 5B,D), biofilm cells revealed a more
heterogeneous cytoplasm with a granular region surrounding
the nucleoid clear area (Figures 5B,D,F), as in the growing
cells observed by Rowlett et al. (2017). After AgNP treatment,
cytoplasm morphology did not change both in the inner and the
outer biofilm layers. However, in the outer biofilm, cell wall OM
appeared to be more electron dense than the control (Figure 5F,
arrow), suggesting AgNP deposition. Cell wall of the inner
biofilm, on the contrary, was similar to the control (compare
Figures 5C,E). The presence of an electron-dense OM was also
evident in samples exposed to chronic and chronic + acute
treatments (Figure 6). The cell wall thickness under all treatments
is reported in Figure 7.

CONCLUSION

In this study, we demonstrated that AgNPs led to changes in
protein expression that is directly related to biofilm formation
and maturation. In particular, we observed the downregulation
of proteins that have key roles in bacterial adhesion, such as
flagellins and fimbrial proteins, which are necessary for biofilm
formation (Zhou et al., 2014).

REFERENCES

Abe, Y., Fujisaki, N., Miyoshi, T., Watanabe, N., Katayama, T., and Ueda, T.
(2016). Functional analysis of CedA based on its structure: residues important
in binding of DNA and RNA polymerase and in the cell division regulation.
J. Biochem. 159, 217-223. doi: 10.1093/jb/mvv096

Amimanan, P., Tavichakorntrakool, R., Fong-Ngern, K., Sribenjalux, P.,
Lulitanond, A., Prasongwatana, V. et al. (2017). Elongation factor
Tu on Escherichia coli isolated from urine of kidney stone patients
promotes calcium oxalate crystal growth and aggregation. Sci. Rep. 7:2953.
doi: 10.1038/s41598-017-03213-x

Becker, P., Hufnagle, W., Peters, G., and Herrmann, M. (2001). Detection of
differential gene expression in biofilm-forming versus planktonic populations
of Staphylococcus aureus using micro-representational-difference analysis.
Appl. Environ. Microbiol. 67, 2958-2965. doi: 10.1128/aem.67.7.2958-2965.
2001

The proteomic investigation revealed many altered
membrane- and cell-wall-associated proteins. This result was
further confirmed by the reduction in the cell wall thickness, as
observed in TEM analyses. The presence of AgNP aggregates in
the cytoplasm was not detected in TEM analyses.

Glucose utilization pathways were also altered, and some
evidence indicated the possibility of DNA damages, as shown by
the upregulation of proteins related to the DNA repair system.

Furthermore, to deepen the understanding of AgNP effects
on the gut interactive ecosystem, the proteomic response
of Caco-2 intestinal cells to AgNP sublethal concentrations
will be carried out.

DATA AVAILABILITY STATEMENT

The mass spectrometry proteomics data have been deposited
in the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al, 2019) partner repository under the dataset
identifier PXD014096.

AUTHOR CONTRIBUTIONS

GD, FV, CV, EG, and EO conceived, designed the research,
and wrote the manuscript. GD, EG, and EO conducted
the experiments. GD performed data analyses. MB and FC
contributed critically to the designed research and drafts. All
authors read and approved the manuscript.

FUNDING

This work was
Grant No. 2013-0845.

supported by Cariplo Foundation

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.02709/full#supplementary-material

Beveridge, T. J. (1999). Structures of gram-negative cell walls and their derived
membrane vesicles. J. Bacteriol. 181, 4725-4733.

Biernat, K. A., Pellock, S. J., Bhatt, A. P., Bivins, M. M., Walton, W. G., Tran,
B. N. T, et al. (2019). Structure, function, and inhibition of drug reactivating
human gut microbial B-glucuronidases. Sci. Rep. 9:825. doi: 10.1038/s41598-
018-36069-w

Carbone, M., Sabbatella, G., Antonaroli, S., Remita, H., Orlando, V., Biagioni, S.,
et al. (2015). Exogenous control over intracellular acidification: enhancement
via proton caged compounds coupled to gold nanoparticles. Biochim. Biophys.
Acta 1850, 2304-2307. doi: 10.1016/j.bbagen.2015.07.011

Chen, Z., Yang, P., Yuan, Z., and Guo, J. (2017). Aerobic condition enhances
bacteriostatic effects of silver nanoparticles in aquatic environment: an
antimicrobial study on Pseudomonas aeruginosa. Sci. Rep. 7:7398. doi: 10.1038/
$41598-017-07989-w

Clark, M. E.,, He, Z., Redding, A. M., Joachimiak, M. P., Keasling, J. D., Zhou, J. Z.,
et al. (2012). Transcriptomic and proteomic analyses of Desulfovibrio vulgaris

Frontiers in Microbiology | www.frontiersin.org

December 2019 | Volume 10 | Article 2709


https://www.frontiersin.org/articles/10.3389/fmicb.2019.02709/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02709/full#supplementary-material
https://doi.org/10.1093/jb/mvv096
https://doi.org/10.1038/s41598-017-03213-x
https://doi.org/10.1128/aem.67.7.2958-2965.2001
https://doi.org/10.1128/aem.67.7.2958-2965.2001
https://doi.org/10.1038/s41598-018-36069-w
https://doi.org/10.1038/s41598-018-36069-w
https://doi.org/10.1016/j.bbagen.2015.07.011
https://doi.org/10.1038/s41598-017-07989-w
https://doi.org/10.1038/s41598-017-07989-w
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Domingo et al.

Proteomic Response of E. coli Biofilm to AgNPs

biofilms: carbon and energy flow contribute to the distinct biofilm growth state.
BMC Genomics 13:138. doi: 10.1186/1471-2124-13-138

Dubhan, J. S., Kumar, R., Kumar, N., Kaur, P., Nehra, K., and Duhan, S. (2017).
Nanotechnology: the new perspective in precision agriculture. Biotechnol. Rep.
15, 11-23. doi: 10.1016/j.btre.2017.03.002

El Yacoubi, B., Bailly, M., and de Crécy-Lagard, V. (2012). Biosynthesis and
function of posttranscriptional modifications of transfer RNAs. Annu. Rev.
Genet. 46, 69-95. doi: 10.1146/annurev-genet-110711-155641

Ferguson, G. P., Munro, A. W., Douglas, R. M., McLaggan, D., and Booth, L. R.
(1993). Activation of potassium channels during metabolite detoxification in
Escherichia coli. Mol. Microbiol. 9, 1297-1303. doi: 10.1111/j.1365-2958.1993.
tb01259.x

Ferguson, G. P., Totemeyer, S., MacLean, M. J., and Booth, I. R. (1998).
Methylglyoxal production in bacteria: suicide or survival? Arch. Microbiol. 170,
209-218. doi: 10.1007/5002030050635

Ferriéres, L., and Clarke, D.J. (2003). The RcsC sensor kinase is required for normal
biofilm formation in Escherichia coli K-12 and controls the expression of a
regulon in response to growth on a solid surface. Mol. Microbiol. 50, 1665-1682.
doi: 10.1046/j.1365-2958.2003.03815.x

Frohlich, E. E., and Frohlich, E. (2016). Cytotoxicity of nanoparticles contained
in food on intestinal cells and the gut microbiota. Int. J. Mol. Sci. 17:509.
doi: 10.3390/ijms17040509

Gambino, M., and Cappitelli, F. (2016). Mini-review: biofilm responses to oxidative
stress. Biofouling 32, 167-178. doi: 10.1080/08927014.2015.1134515

Garuglieri, E., Catto, C., Villa, F., Zanchi, R., and Cappitelli, F. (2016). Effects of
sublethal concentrations of silver nanoparticles on Escherichia coli and Bacillus
subtilis under aerobic and anaerobic conditions. Biointerphases 11:04B308. doi:
10.1116/1.4972100

Garuglieri, E., Meroni, E., Catto, C., Villa, F., Cappitelli, F., and Erba, D. (2018).
Effects of sub-lethal concentrations of silver nanoparticles on a simulated
intestinal prokaryotic-eukaryotic interface. Front. Microbiol. 8:2698. doi: 10.
3389/fmicb.2017.02698

Gottschalk, F., Sun, T., and Nowack, B. (2013). Environmental concentrations of
engineered nanomaterials: review of modeling and analytical studies. Environ.
Pollut. 181, 287-300. doi: 10.1016/j.envpol.2013.06.003

Granato, D., Bergonzelli, G. E., Pridmore, R. D., Marvin, L., Rouvet, M., and
Corthésy-Theulaz, I. E. (2004). Cell surface-associated elongation factor Tu
mediates the attachment of Lactobacillus johnsonii NCC533 (Lal) to human
intestinal cells and mucins. Infect. Immun. 72,2120-2129.

Gulshan, K., and Moye-Rowley, W. S. (2011). Vacuolar import of
phosphatidylcholine requires the ATP-binding cassette transporter Ybtl.
Traffic 12, 1257-1268. doi: 10.1111/j.1600-0854.2011.01228.x

Itoh, Y., Rice, J. D., Goller, C., Pannuri, A., Taylor, J., Meisner, J., et al. (2008). Roles
of pgaABCD genes in synthesis, modification, and export of the Escherichia
coli biofilm adhesin poly-beta-1,6-N-acetyl-D-glucosamine. J. Bacteriol. 190,
3670-3680. doi: 10.1128/JB.01920-07

Kliisener, S., Aktas, M., Thormann, K. M., Wessel, M., and Narberhaus, F.
(2009). Expression and physiological relevance of Agrobacterium tumefaciens
phosphatidylcholine biosynthesis genes. J. Bacteriol. 191, 365-374. doi: 10.1128/
JB.01183-08

Koh, Y. S., Choih, J., Lee, J. H., and Roe, J. H. (1996). Regulation of the ribA gene
encoding GTP cyclohydrolase II by the soxRS locus in Escherichia coli. Mol.
Gen. Genet. 251, 591-598. doi: 10.1007/bf02173649

Krogfelt, K. A., Bergmans, H., and Klemm, P. (1990). Direct evidence that
the FimH protein is the mannose-specific adhesin of Escherichia coli type 1
fimbriae. Infect. Immun. 58, 1995-1998.

Kuorwel, K. K., Cran, M. J., Orbell, J. D., Buddhadasa, S., and Bigger, S. W. (2015).
Review of mechanical properties, migration, and potential applications in active
food packaging systems containing nanoclays and nanosilver. Compr. Rev. Food
Sci. Food Saf. 14, 411-430. doi: 10.1111/1541-4337.12139

Lane, M. C,, Alteri, C. J., Smith, S. N., and Mobley, H. L. (2007). Expression of
flagella is coincident with uropathogenic Escherichia coli ascension to the upper
urinary tract. Proc. Natl. Acad. Sci. U.S.A. 104, 16669-16674. doi: 10.1073/pnas.
0607898104

Lazarevic, V., Soldo, B., Médico, N., Pooley, H., Bron, S., and Karamata, D.
(2005). Bacillus subtilis alpha-phosphoglucomutase is required for normal cell
morphology and biofilm formation. Appl. Environ. Microbiol. 71, 39-45. doi:
10.1128/aem.71.1.39-45.2005

Lee, S. F.,, and Davey, L. (2017). Disulfide bonds: a key modification in
bacterial extracytoplasmic proteins. J. Dent. Res. 96, 1465-1473. doi: 10.1177/
0022034517725059

Mac, T. T., von Hacht, A., Hung, K. C., Dutton, R. J., Boyd, D., Bardwell, . C., et al.
(2008). Insight into disulfide bond catalysis in Chlamydia from the structure
and function of DsbH, a novel oxidoreductase. J. Biol. Chem. 283, 824-832.
doi: 10.1074/jbc.m707863200

Mhatre, E., Troszok, A., Gallegos-Monterrosa, R., Lindstidt, S., Holscher, T.,
Kuipers, O. P., et al. (2016). The impact of manganese on biofilm development
of Bacillus subtilis. Microbiology 162, 1468-1478. doi: 10.1099/mic.0.
000320

Montero, M., Eydallin, G., Viale, A. M., Almagro, G., Muioz, F. J., Rahimpour, M.,
et al. (2009). Escherichia coli glycogen metabolism is controlled by the PhoP-
PhoQ regulatory system at submillimolar environmental Mg2+ concentrations,
and is highly interconnected with a wide variety of cellular processes. Biocherm.
J. 424, 129-141. doi: 10.1042/BJ20090980

Moreira, R. N., Dressaire, C., Barahona, S., Galego, L., Kaever, V., Jenal, U., et al.
(2017). BolA is required for the accurate regulation of c-di-GMP, a central player
in biofilm formation. mBio 8:¢00443-17. doi: 10.1128/mBi0.00443-17

Nino-Martinez, N., Salas Orozco, M. F., Martinez-Castafién, G. A., Torres Méndez,
F., and Ruiz, F. (2019). Molecular mechanisms of bacterial resistance to
metal and metal oxide nanoparticles. Int. . Mol. Sci. 20:E2808. doi: 10.3390/
ijms20112808

O’Hara, A. M., and Shanahan, F. (2006). The gut flora as a forgotten organ. EMBO
Rep. 7,688-693. doi: 10.1038/sj.embor.7400731

Olander, M., Wisniewski, J. R., Matsson, P., Lundquist, P., and Artursson, P. (2016).
The proteome of filter-grown Caco-2 cells with a focus on proteins involved in
drug disposition. J. Pharm. Sci. 105, 817-827. doi: 10.1016/j.xphs.2015.10.030

Ozyamak, E., Black, S. S., Walker, C. A., Maclean, M. ], Bartlett, W., Miller, S., et al.
(2010). The critical role of S-lactoylglutathione formation during methylglyoxal
detoxification in Escherichia coli. Mol. Microbiol. 78, 1577-1590. doi: 10.1111/j.
1365-2958.2010.07426.x

Parsons, J. B., and Rock, C. O. (2013). Bacterial lipids: metabolism and membrane
homeostasis. Prog. Lipid. Res. 52, 249-276. doi: 10.1016/j.plipres.2013.02.002

Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S.,
Kundu, D.J., et al. (2019). The PRIDE database and related tools and resources
in 2019: improving support for quantification data. Nucleic Acids Res. 47,
D442-D450. doi: 10.1093/nar/gky1106

Rossi, E., Cimdins, A., Liithje, P., Brauner, A., Sjoling, A, Landini, P., et al. (2018).
“Its a gut feeling”-Escherichia coli biofilm formation in the gastrointestinal
tract environment. Crit. Rev. Microbiol. 44, 1-30. doi: 10.1080/1040841x.2017.
1303660

Rowlett, V. W., Mallampalli, V. K. P. S., Karlstaedt, A., Dowhan, W., Taegtmeyer,
H., Margolin, W., et al. (2017). Impact of membrane phospholipid alterations in
Escherichia coli on cellular function and bacterial stress adaptation. J. Bacteriol.
199:e00849-16. doi: 10.1128/JB.00849-16

Ryjenkov, D. A., Simm, R., Romling, U., and Gomelsky, M. (2006). The
PilZ domain is a receptor for the second messenger c-di-GMP: the PilZ
domain protein YcgR controls motility in enterobacteria. J. Biol. Chem. 281,
30310-30314. doi: 10.1074/jbc.c600179200

Santi, L., Beys-da-Silva, W. O., Berger, M., Calzolari, D., Guimaraes, J. A., Moresco,
J.J., et al. (2014). Proteomic profile of Cryptococcus neoformans biofilm reveals
changes in metabolic processes. J. Proteome Res. 13, 1545-1559. doi: 10.1021/
pra01075f

Schalow, B. J., Courcelle, C. T., and Courcelle, J. (2011). Escherichia coli Fpg
glycosylase is nonrendundant and required for the rapid global repair of
oxidized purine and pyrimidine damage in vivo. ] Mol. Biol. 410, 183-193.
doi: 10.1016/j.jmb.2011.05.004

Schembri, M. A., Kjaergaard, K., and Klemm, P. (2003). Global gene expression in
Escherichia coli biofilms. Mol. Microbiol. 48,253-267. doi: 10.1046/j.1365-2958.
2003.03432.x

Schwab, C., Tveit, A. T., Schleper, C., and Urich, T. (2014). Gene expression of
lactobacilli in murine forestomach biofilms. Microb. Biotechnol. 7, 347-359.
doi: 10.1111/1751-7915.12126

Silhavy, T. J., Kahne, D., and Walker, S. (2010). The bacterial cell envelope. Cold
Spring Harb. Perspect. Biol. 2:a000414. doi: 10.1101/cshperspect.a000414

Simm, R., Morr, M., Kader, A., Nimtz, M., and Rémling, U. (2004). GGDEF
and EAL domains inversely regulate cyclic di-GMP levels and transition from

Frontiers in Microbiology | www.frontiersin.org

December 2019 | Volume 10 | Article 2709


https://doi.org/10.1186/1471-2124-13-138
https://doi.org/10.1016/j.btre.2017.03.002
https://doi.org/10.1146/annurev-genet-110711-155641
https://doi.org/10.1111/j.1365-2958.1993.tb01259.x
https://doi.org/10.1111/j.1365-2958.1993.tb01259.x
https://doi.org/10.1007/s002030050635
https://doi.org/10.1046/j.1365-2958.2003.03815.x
https://doi.org/10.3390/ijms17040509
https://doi.org/10.1080/08927014.2015.1134515
https://doi.org/10.1116/1.4972100
https://doi.org/10.1116/1.4972100
https://doi.org/10.3389/fmicb.2017.02698
https://doi.org/10.3389/fmicb.2017.02698
https://doi.org/10.1016/j.envpol.2013.06.003
https://doi.org/10.1111/j.1600-0854.2011.01228.x
https://doi.org/10.1128/JB.01920-07
https://doi.org/10.1128/JB.01183-08
https://doi.org/10.1128/JB.01183-08
https://doi.org/10.1007/bf02173649
https://doi.org/10.1111/1541-4337.12139
https://doi.org/10.1073/pnas.0607898104
https://doi.org/10.1073/pnas.0607898104
https://doi.org/10.1128/aem.71.1.39-45.2005
https://doi.org/10.1128/aem.71.1.39-45.2005
https://doi.org/10.1177/0022034517725059
https://doi.org/10.1177/0022034517725059
https://doi.org/10.1074/jbc.m707863200
https://doi.org/10.1099/mic.0.000320
https://doi.org/10.1099/mic.0.000320
https://doi.org/10.1042/BJ20090980
https://doi.org/10.1128/mBio.00443-17
https://doi.org/10.3390/ijms20112808
https://doi.org/10.3390/ijms20112808
https://doi.org/10.1038/sj.embor.7400731
https://doi.org/10.1016/j.xphs.2015.10.030
https://doi.org/10.1111/j.1365-2958.2010.07426.x
https://doi.org/10.1111/j.1365-2958.2010.07426.x
https://doi.org/10.1016/j.plipres.2013.02.002
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1080/1040841x.2017.1303660
https://doi.org/10.1080/1040841x.2017.1303660
https://doi.org/10.1128/JB.00849-16
https://doi.org/10.1074/jbc.c600179200
https://doi.org/10.1021/pr401075f
https://doi.org/10.1021/pr401075f
https://doi.org/10.1016/j.jmb.2011.05.004
https://doi.org/10.1046/j.1365-2958.2003.03432.x
https://doi.org/10.1046/j.1365-2958.2003.03432.x
https://doi.org/10.1111/1751-7915.12126
https://doi.org/10.1101/cshperspect.a000414
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Domingo et al.

Proteomic Response of E. coli Biofilm to AgNPs

sessility to motility. Mol. Microbiol. 53, 1123-1134. doi: 10.1111/j.1365-2958.
2004.04206.x

Spurbeck, R. R., Tarrien, R. J., and Mobley, H. L. (2012). Enzymatically active and
inactive phosphodiesterases and diguanylate cyclases are involved in regulation
of motility or sessility in Escherichia coli CFT073. mBio 3:¢00307-12. doi: 10.
1128/mBio.00307-12

Stewart, L., Griffiss, J. M., Jarvis, G. A., and Way, L. W. (2007). Gallstones
containing bacteria are biofilms: bacterial slime production and ability to form
pigment solids determines infection severity and bacteremia. J. Gastrointest.
Surg. 11, 977-983; discussion983-974.

Subhadra, B., Surendran, S., Kim, D. H., Woo, K., Oh, M. H., and Choi, C. H.
(2019). The transcription factor NemR is an electrophile-sensing regulator
important for the detoxification of reactive electrophiles in Acinetobacter
nosocomialis. Res. Microbiol. 170, 123-130. doi: 10.1016/j.resmic.2019.02.001

Sutherland, P., and McAlister-Henn, L. (1985). Isolation and expression of
the Escherichia coli gene encoding malate dehydrogenase. J. Bacteriol. 163,
1074-1079.

Sutrina, S. L., Daniel, K., Lewis, M., Charles, N. T., Anselm, C. K., Thomas, N.,
et al. (2015). Biofilm growth of Escherichia coli is subject to cAMP-dependent
and cAMP-independent inhibition. . Mol. Microbiol. Biotechnol. 25, 209-225.
doi: 10.1159/000375498

Svensiter, G., Welin, J., Wilkins, J. C., Beighton, D., and Hamilton, I. R. (2001).
Protein expression by planktonic and biofilm cells of Streptococcus mutans.
FEMS Microbiol. Lett. 205, 139-146. doi: 10.1016/s0378-1097(01)00459-1

Swartley, J. S., Balthazar, J. T., Coleman, J., Shafer, W. M., and Stephens, D. S.
(1995). Membrane glycerophospholipid biosynthesis in Neisseria meningitidis
and Neisseria gonorrhoeae: identification, characterization, and mutagenesis
of a lysophosphatidic acid acyltransferase. Mol. Microbiol. 18, 401-412. doi:
10.1111/§.1365-2958.1995.mmi_18030401.x

Thong, S., Ercan, B., Torta, F., Fong, Z. Y., Wong, H. Y., Wenk, M. R,, et al. (2016).
Defining key roles for auxiliary proteins in an ABC transporter that maintains
bacterial outer membrane lipid asymmetry. eLife 5:e19042. doi: 10.7554/eLife.
19042

Thursby, E., and Juge, N. (2017). Introduction to the human gut microbiota.
Biochem. ]. 474, 1823-1836. doi: 10.1042/BCJ20160510

Tsiaoussis, J., Antoniou, M. N., Koliarakis, I., Mesnage, R., Vardavas, C. I, Izotov,
B. N, et al. (2019). Effects of single and combined toxic exposures on the gut
microbiome: current knowledge and future directions. Toxicol. Lett. 312, 72-97.
doi: 10.1016/j.toxlet.2019.04.014

Vanderpool, C. K., and Gottesman, S. (2007). The novel transcription factor
SgrR coordinates the response to glucose-phosphate stress. J. Bacteriol. 189,
2238-2248. doi: 10.1128/jb.01689-06

Villa, F., Remelli, W., Forlani, F., Vitali, A., and Cappitelli, F. (2012). Altered
expression level of Escherichia coli proteins in response to treatment with the
antifouling agent zosteric acid sodium salt. Environ. Microbiol. 14, 1753-1761.
doi: 10.1111/j.1462-2920.2011.02678.x

Vollmer, W., Blanot, D., and de Pedro, M. A. (2008). Peptidoglycan structure and
architecture. FEMS Microbiol. Rev. 32, 149-167. doi: 10.1111/j.1574-6976.2007.
00094.x

Wang, X,, Preston, J. F., and Romeo, T. (2004). The pgaABCD locus of Escherichia
coli promotes the synthesis of a polysaccharide adhesin required for biofilm
formation. J. Bacteriol. 186, 2724-2734. doi: 10.1128/jb.186.9.2724-2734.2004

Wildberger, P., Pfeiffer, M., Brecker, L., Rechberger, G. N., Birner-Gruenberger, R.,
and Nidetzky, B. (2015). Phosphoryl transfer from a-d-glucose 1-phosphate
catalyzed by Escherichia coli sugar-phosphate phosphatases of two protein
superfamily types. Appl. Environ. Microbiol. 81, 1559-1572. doi: 10.1128/ AEM.
03314-14

Wisniewski, J. R., and Mann, M. (2012). Consecutive proteolytic digestion in an
enzyme reactor increases depth of proteomic and phosphoproteomic analysis.
Anal. Chem. 84, 2631-2637. doi: 10.1021/ac300006b

Yang, J. Y., and Kweon, M. N. (2016). The gut microbiota: a key regulator of
metabolic diseases. BMB Rep. 49, 536-541. doi: 10.5483/bmbrep.2016.49.10.
144

Yurgel, S. N, Rice, J., Domreis, E., Lynch, J., Sa, N., Qamar, Z., et al. (2014).
Sinorhizobium meliloti flavin secretion and bacteria-host interaction: role of
the bifunctional RibBA protein. Mol. Plant Microbe Interact. 27, 437-445. doi:
10.1094/MPMI-11-13-0338-R

Zhang, L., Alfano, J. R., and Becker, D. F. (2015). Proline metabolism increases
katG expression and oxidative stress resistance in Escherichia coli. ]. Bacteriol.
197, 431-440. doi: 10.1128/]JB.02282-14

Zhang, W., McLamore, E. S., Wu, R,, Stensberg, M., Porterfield, D. M., and
Banks, M. K. (2014). Glutathione-gated potassium efflux as a mechanism of
active biofilm detachment. Water Environ. Res. 86, 462-469. doi: 10.2175/
106143013x13807328849855

Zhang, X. F., Liu, Z. G., Shen, W., and Gurunathan, S. (2016). Silver nanoparticles:
synthesis, characterization, properties, applications, and therapeutic
approaches. Int. J. Mol. Sci. 17:1534. doi: 10.3390/ijms17091534

Zhao, X., and Drlica, K. (2014). Reactive oxygen species and the bacterial
response to lethal stress. Curr. Opin. Microbiol. 21, 1-6. doi: 10.1016/j.mib.2014.
06.008

Zhao, Y. L., Zhou, Y. H,, Chen, J. Q., Huang, Q. Y., Han, Q,, Liu, B,, et al. (2015).
Quantitative proteomic analysis of sub-MIC erythromycin inhibiting biofilm
formation of S. suis in vitro. J. Proteomics 116, 1-14. doi: 10.1016/j.jprot.2014.
12.019

Zhou, M., Guo, Z., Yang, Y., Duan, Q., Zhang, Q., Yao, F., et al. (2014). Flagellin
and F4 fimbriae have opposite effects on biofilm formation and quorum sensing
in F4ac+ enterotoxigenic Escherichia coli. Vet. Microbiol. 168, 148-153. doi:
10.1016/j.vetmic.2013.10.014

Zhu, X., Long, F., Chen, Y., Knochel, S., She, Q., and Shi, X. (2008). A putative ABC
transporter is involved in negative regulation of biofilm formation by Listeria
monocytogenes. Appl. Environ. Microbiol. 74, 7675-7683. doi: 10.1128/ AEM.
01229-08

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Domingo, Villa, Vannini, Garuglieri, Onelli, Bracale and
Cappitelli. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

13

December 2019 | Volume 10 | Article 2709


https://doi.org/10.1111/j.1365-2958.2004.04206.x
https://doi.org/10.1111/j.1365-2958.2004.04206.x
https://doi.org/10.1128/mBio.00307-12
https://doi.org/10.1128/mBio.00307-12
https://doi.org/10.1016/j.resmic.2019.02.001
https://doi.org/10.1159/000375498
https://doi.org/10.1016/s0378-1097(01)00459-1
https://doi.org/10.1111/j.1365-2958.1995.mmi_18030401.x
https://doi.org/10.1111/j.1365-2958.1995.mmi_18030401.x
https://doi.org/10.7554/eLife.19042
https://doi.org/10.7554/eLife.19042
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.1016/j.toxlet.2019.04.014
https://doi.org/10.1128/jb.01689-06
https://doi.org/10.1111/j.1462-2920.2011.02678.x
https://doi.org/10.1111/j.1574-6976.2007.00094.x
https://doi.org/10.1111/j.1574-6976.2007.00094.x
https://doi.org/10.1128/jb.186.9.2724-2734.2004
https://doi.org/10.1128/AEM.03314-14
https://doi.org/10.1128/AEM.03314-14
https://doi.org/10.1021/ac300006b
https://doi.org/10.5483/bmbrep.2016.49.10.144
https://doi.org/10.5483/bmbrep.2016.49.10.144
https://doi.org/10.1094/MPMI-11-13-0338-R
https://doi.org/10.1094/MPMI-11-13-0338-R
https://doi.org/10.1128/JB.02282-14
https://doi.org/10.2175/106143013x13807328849855
https://doi.org/10.2175/106143013x13807328849855
https://doi.org/10.3390/ijms17091534
https://doi.org/10.1016/j.mib.2014.06.008
https://doi.org/10.1016/j.mib.2014.06.008
https://doi.org/10.1016/j.jprot.2014.12.019
https://doi.org/10.1016/j.jprot.2014.12.019
https://doi.org/10.1016/j.vetmic.2013.10.014
https://doi.org/10.1016/j.vetmic.2013.10.014
https://doi.org/10.1128/AEM.01229-08
https://doi.org/10.1128/AEM.01229-08
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Label-Free Proteomic Approach to Study the Non-lethal Effects of Silver Nanoparticles on a Gut Bacterium
	Introduction
	Materials and Methods
	Silver Nanoparticles
	Experimental Setup and Bacterial Biofilm Exposure to AgNPs
	Liquid Chromatography–Mass Spectrometry Analysis
	LC-MS/MS Data Analysis
	Proteomics Data Processing
	Statistical Analysis
	Principal Component Analysis and Hierarchical Clustering
	EcoCyc Analyses
	Transmission Electron Microscopy Observations

	Results and Discussion
	E. coli Biofilm Proteome Under AgNPs Treatments
	Principal Component Analysis and Hierarchical Clustering
	Clusters 1a and 1b
	Clusters 2a and 2b
	Clusters 3a and 3b
	Clusters 4a and 4b

	TEM Analysis of E. coli Biofilm Under AgNP Treatments

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


