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ticles. In this work, the response of the marine bacterium Pseudomonas fluorescens BA3SM1 to CdSe nanocrystals
(CdSe NPs) of 3 nm (NP3) and 8 nm (NP8) in diameter was evaluated through microscopic, physiological, bio-
chemical and proteomic approaches. Transmission electron microscopy images showed that NP3 were able to
penetrate the bacteria, while NP8 were highly concentrated around the cells, embedded in large

ﬁﬁ;ﬁaeria exopolysaccharides. In our experimental conditions, both CdSe NP sizes induced a decrease in respiration during
CdSe nanoparticles the stationary growth phase, while only NP8 caused growth retardation and a decrease in pyoverdine production.
Physiological responses Proteomic analyses highlighted that the strain responded to CdSe NP toxicity by inducing various defence mech-
Proteomics anisms such as cell aggregation, extracellular CdSe NP sequestration, effective protection against oxidative stress,
Oxidative stress modifications of envelope organization and properties, and cadmium export. In addition, BA3SM1 presented a

biosorption capacity of 1.6 x 10'® NP3/g dry weight and 1.7 x 10'® NP8/g dry weight. This strain therefore ap-
pears as a promising agent for NP bioremediation processes. Proteomic data are available via ProteomeXchange
with identifier PXD004012.

Biological significance: To the best of our knowledge, this is the first report focussing on the effects of CdSe colloi-
dal nanocrystals (CdSe NPs) on a marine strain of Pseudomonas fluorescens. CdSe NPs are extensively used in the
industry of renewable energies and it is regrettably expected that these pollutants will sometime soon appear in
the marine environment through surface runoff, urban effluents and rivers. Bacteria living in estuarine and coast-
al sediments will be among the first targets of these new pollutants. The pseudomonads are frequently found in
these ecosystems. They are involved in several biogeochemical cycles and are known for their high resistance to
pollutants. Consequently, this study focussing on the effects of CdSe NPs on the marine strain P. fluorescens
BA3SM1 is highly relevant for several reasons. First, it aims at improving knowledge about the interactions be-
tween bacteria and NPs. This is fundamental to effectively use NPs against pathogenic bacteria. Secondly, in
spite of CdSe NP interactions with the bacterial cells, the strain BA3SM1 can develop various strategies to coun-
teract CdSe NP toxicity and ensure its growth. It exhibits interesting properties to sequester CdSe NPs and it re-
tains its ability to form biofilm. The strain therefore appears as a promising agent for NP bioremediation thanks to
biofiltration processes. Finally, this study shows that CdSe NPs of 8 nm in diameter cause a decrease in the secre-
tion of siderophore pyoverdine, a secondary metabolite playing a key role in microbial ecology since it drives bac-
terial survival and competitiveness in ecosystems. Bacteria producing effective siderophores survive better in a
Fe-deficient environment where they antagonize the growth of other microbes thought iron deprivation. Fur-
thermore, siderophores are also employed as virulence factors in human pathogenic strains such as P. aeruginosa.
Consequently, this study highlights that NPs can impact the secondary metabolism of bacteria with environmen-
tal and medical implications.

Abbreviations: NPs, nanoparticles; CdSe NPs, cadmium-selenium colloidal nanocrystals; NP3, cadmium-selenium colloidal nanocrystals of 3 nm in diameter; NP8, cadmium-selenium
colloidal nanocrystals of 8 nm in diameter; TOPO, trioctylphosphine oxide; ODPA, octadecylphosphonic acid; TOP, trioctylphosphine; AMM, acetate minimal medium; STEM, scanning
transmission electron microscopy; HAADF, high angle annular dark field; ROS, reactive oxygen species; PBS, phosphate-buffered saline; DCFH-DA, dichlorofluorescein diacetate; RFU,
relative fluorescens units; FDR, false-discovery rate; XIC, extracted ion chromatograms; PCA, principle component analysis; LPS, lipopolysaccharides.
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In addition, in this work, Data-Dependant Acquisition (DDA) provided state of the art Mass Spectrometry data by
Spectral Counting and MS1 Label-Free. The combination of these two well-known proteomic techniques includ-
ing manual validations strengthened the identification and quantification of regulated proteins. Moreover, nu-
merous correlations between proteomic analyses and other observations (physiological, biochemical,
microscopic) consolidated our interpretations.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In the past two decades, research efforts have resulted in the gradual
introduction of nanoparticles (NPs) in numerous industrial fields, be-
cause of their unique optical, mechanical, electrical and magnetic prop-
erties (for a review, see [1]). Metallic NPs such as Quantum Dots (QDs)
are fluorescent semiconductors composed of a metallic core and a sur-
face layer of organic and/or inorganic molecules named shell. Among
QDs, cadmium selenide (CdSe) QDs are the focus of numerous studies
[2,3]. They have recently attracted attention as promising photovoltaic
devices [4] and their use in solar panel design is expanding [5]. It is
therefore regrettably expected that CdSe QDs will sometime soon ap-
pear in the marine environment through surface runoff, urban effluents
and rivers, where their polluting power is unknown. To date, several
studies regarding QD toxicity in different microorganisms have been
published [6,7] but only a few of them have focussed on marine bacteria.
QD toxicity depends on multiple factors derived from both inherent
physicochemical properties and environmental conditions. QD size,
charge, concentration, shell bioactivity, and oxidative, photolytic, and
mechanical stability have each been implicated as determining factors
in QD toxicity (for a review, see [8]). Several studies have also shown
that the dissolution of the NP shell leads to a release of the metallic
core and an increase in toxicity [9,10,11]. The toxicity of uncoated
CdSe nanocrystals has been discussed in several reports and is associat-
ed, in part, with free cadmium released from the particle core [12,13].
For instance, Derfus et al. have demonstrated that the surface oxidation
of CdSe nanocrystals, via air-induced and UV-catalyzed oxidation, re-
sults in the release of metal surface atoms and that the concentration
of released cadmium directly correlates with cytotoxic effects [14]. In
a recent study, the leaching behavior of CdSe particles was investigated
[15]. They appeared to be stable in aqueous solutions but a marked en-
hancement in CdSe dissolution was confirmed at acidic and under aer-
obic conditions. Moreover, previous studies have shown that CdSe
particles generate free radicals [16,17] and the free radical formation
is considered as another primary mechanism for CdSe QD core toxicity
(for a review, see [13]). Finally, CdSe nanocrystals can also cause mem-
brane damage and penetrate into the cells where they induce intensive
disturbances [18]; and their aggregation on the cell surface could impair
cellular function [12].

In the marine environment, estuarine and coastal sediments are the
main sink for various pollutants [19,20], therefore they will be particu-
larly susceptible to NP pollution and bacteria which live in this specific
environment will have to deal with these new pollutants. Among the
bacteria surviving in polluted habitats, Pseudomonas fluorescens can fol-
low major adaptation strategies [21,22]. In a previous study, the metal
resistant bacterium P. fluorescens BA3SM1 was isolated from tidal flat
sediments collected in a moderately metal-contaminated site to the
west of Cherbourg seaport, France [23]. A proteomic analysis of the re-
sponse of this marine strain to metallic ions showed that it acclimatizes
by developing numerous defence mechanisms such as cell aggregation/
biofilm formation, modification of envelope properties, decrease in
metal uptake, metal export, protection against oxidative stress, metal
sequestration and over-synthesis of proteins inhibited by metal [21].
In the literature, P. fluorescens was already used to produce NPs [24]
but there is no study on the effect of uncoated CdSe nanocrystals on
this species. Consequently, we chose to study the physiological and

proteomic responses of P. fluorescens BA3SM1 to CdSe colloidal
nanocrystals (CdSe NPs). This work, essential to understand the mech-
anisms developed by bacteria to counteract NP toxicity, will enable us
to estimate the BA3SM1 strain's potential to immobilize these new pol-
lutants, and therefore its potential to be used in NP bioremediation
processes.

2. Materials and methods
2.1. Synthesis of CdSe colloidal nanocrystals

CdSe colloidal nanocrystals (CdSe NPs) of 3 nm and 8 nm in diameter
(named, respectively, NP3 and NP8 in the manuscript) were used in this
study. These two sizes were chosen because a previous study has dem-
onstrated that the nanoparticles with a diameter in the range of 1-
10 nm present a direct interaction with the bacteria [25]. In addition,
they will display different degrees of toxicity based on their volume
and metal content [25,26]. CdSe NPs were synthesized in a 50 mL
three-neck flask using a Schlenk-line approach. TOPO (3.0 g, Sigma-Al-
drich-99%), ODPA (0.308 g, PCI Synthesis-97%), and CdO (0.060 g,
Sigma-Aldrich-99%) were mixed, heated up to 150 °C, and kept under
vacuum for 2 h. The reaction solution was then heated up to 300 °C
under nitrogen at approximately 7 °C/min. Next, 1.5 g of TOP was rapid-
ly injected into the reaction flask. TOP-Se solution (0.058 g Se, Aldrich-
98% + 0.360 g TOP, Sigma-Aldrich, 90%) was then also injected of
375 °C and 340 °C for the synthesis of NP3 and NP8, respectively. For
NP3, the reaction was quenched 30 s after the TOP-Se injection by the
injection of 5 mL of room-temperature toluene. For NP8, the reaction so-
lution was kept at high temperature for 500 s. After the solution cooled
down to room temperature, the CdSe NPs were precipitated by adding
ethanol and centrifuging; this washing step was repeated twice. Finally,
the CdSe NPs were re-dissolved in toluene and stored inside a glove box
under nitrogen atmosphere. The size measurement of the newly syn-
thesized pristine nanoparticles was based on a TEM image analysis
using an automatic procedure (analyze particles) in the FIJI software.
The study of their behavior in aqueous solution, by TEM image analysis,
highlighted a satisfactory stability (good dispersion and no significant
change in size). Scanning transmission electron microscopy (STEM) im-
ages of CdSe NPs are shown in Supplementary Fig. 1. The properties and
characteristics of CdSe NPs are described in Supplementary Table 1.

2.2. Bacterial strain and growth conditions

P. fluorescens BA3SM1 was isolated and identified as described in a
previous study [23]. It was deposited in the bacterial strain collection
of the Institut Pasteur in France (CIP 110551). Long-term storage is car-
ried out at —80 °C in 25% (v/v) glycerol. For all experiments, P.
fluorescens BA3SM1 was cultivated at 20 °C with stirring (150 rpm) in
acetate minimal medium (AMM) containing (g/L): NH4Cl, 1.0;
MgS0,4-7H50, 0.2; FeSO,4- 7H,0, 0.001; CaCl,-H,0, 0.001; sodium ace-
tate, 5; yeast extract, 0.5; K;HPO,, 0.5 (pH 7). We had chosen to use a
minimal culture medium to get closer to the nutritional conditions of
the marine environment and because the pyoverdine production is
higher under nutrient-poor conditions. Cultures (100 mL) were inocu-
lated with bacterial suspensions from 24-h-old pre-cultures realized in
nutrient broth at 20 °C, to obtain an initial cellular concentration of
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about 10° cells/mL. The pre-culture allows reactivation of bacterial cells
and the conduction of experiments with cells all in the same physiolog-
ical and metabolic state.

To determine the effect of CdSe NPs on growth parameters, respira-
tion, intracellular ROS level, pyoverdine secretion and proteome evolu-
tion of P. fluorescens BA3SM1, and to observe the interactions between
CdSe NPs and bacteria, the AMM was supplemented with CdSe NPs of
3 nm in diameter (NP3) to obtain a concentration of 1.3 x 10'® NPs/L
(1.1 mg/L; 23 nM), corresponding to an equivalent Cd concentration
([Cd]eq.) of 0.60 mg/L (5.3 uM) and an equivalent Se concentration
([Seleq.) of 0.42 mg/L (5.3 uM) or with CdSe NPs of 8 nm in diameter
(NP8) to obtain a concentration of 1.7 x 10'> NPs/L (2.7 mg/L; 3 nM),
corresponding to a [Cd]eq. = 1.50 mg/L (13.5 uM) and a [Seleq. =
1.10 mg/L (13.5 pM), immediately after the bacterial inoculation.
These two concentrations provide similar exchange surface areas be-
tween NPs and bacterial cells (3.5 & 0.2 x 10'” nm?/L) and therefore
similar concentrations of surface metal atoms. Indeed, CdSe nanocrystal
toxicity is mainly caused by the release of surface metal ions [14] and
some authors claim that the main source of toxicity of these particles
is not their metal content but rather the interaction of the particle sur-
face with the cells [12]. Moreover, the study realized by Kirchner et al.
demonstrated the relevance of using the surface atom concentration in-
stead of the particle concentration [12]. Furthermore, these concentra-
tions are high enough to induce metabolic changes in bacteria [26].

To study the effect of Cd?>* and Se?~ ions on the strain BA3SM1
(growth, intracellular ROS level and pyoverdine secretion) at concen-
trations corresponding to [Cd]eq. and [Se]eq. used during NP treat-
ments, the AMM was supplemented with Cd or Se (atomic absorption
spectrometry standard solutions, VWR International SAS, France) to ob-
tain concentrations of 0.60 mg/L and 1.50 mg/L for Cd** and 0.42 mg/L
and 1.10 mg/L for Se® .

2.3. Preparation of samples for STEM

Aliquots of 10 mL were removed from the NP-supplemented and
control cultures at the beginning of the stationary growth phase (40-
h-old cultures), freeze-dried and stored at — 20 °C until STEM analysis.
Ultrathin sections of samples embedded in epoxy resin were prepared
as follows: in an Eppendorf tube, freeze-dried cells were re-hydrated
and fixed for 1 h at 4 °C in water with 1% (v/v) glutaraldehyde, centri-
fuged (5500g, 10 min), rinsed three times in 10 mM HEPES (4-(2-
HydroxyEthyl)-1-Piperazine Ethane Sulphonic acid) buffer (pH 7.5)
and let in it for 3 h at 4 °C. They were then rinsed three times in distilled
water, dehydrated in gradually increased ethanol/water relations until
absolute ethanol and finally in acetone, with a centrifugation between
each step. Still in the Eppendorf tube, dehydrated cells were progres-
sively embedded in a mixture of acetone/epoxy resin (Epoxy, Fluka
Chemica), centrifuged, then in full epoxy resin. To complete the poly-
merization, samples were then heated at 45 °C for 24 h, followed by
24 h at 60 °C. After a few days of air curing, resins were removed from
the plastic tube and directly mounted on the sample holder of a RMC-
PTXL ultramicrotome. Ultrathin sections (50-100 nm) were then cut
with a RMC diamond knife (Inc. Angle 45°, setting 6°) equipped with a
bath to receive the thin sections. Finally, they were recovered with a
homemade perfect loop and dropped off on a STEM grid for observa-
tions. FEI Tecnai G2-F20 STEM was used to analyze ultrathin sections
of samples.

24. Growth kinetics

NP-supplemented, metal ion-supplemented and control cultures
were incubated at 20 °C with stirring (150 rpm). Growth was monitored
by absorbance measurements at 600 nm (ODggp) using an APOLLO-1
microplate reader (Berthold Technologies), as described previously
[21]. All experiments were performed in triplicate.

2.5. 0, consumption measurement

0, consumption of the NP-supplemented and control cultures was
measured with a Clark-type electrode as described in a previous study
[27]. The measurements were performed at the beginning of the sta-
tionary growth phase (40-h-old cultures) with bacterial suspensions
adjusted to the same concentration (6 x 108 cells/mL). All experiments
were performed in triplicate.

2.6. Quantification of intracellular reactive oxygen species (ROS)

Intracellular ROS levels in cells from NP-supplemented, metal ion-
supplemented and control cultures were measured using
dichlorofluorescein diacetate (DCFH-DA) as described in a previous
study [28], with minor modifications. Bacterial cells (1 mL) were
pelleted by centrifugation for 10 min at 10,000g at 20 °C. The pellets
were re-suspended with 1 mL phosphate-buffered saline (PBS) contain-
ing 30 pg/mL DCFH-DA dye, for 30 min at 20 °C in darkness with stirring
(150 rpm). Then, the treated cells were re-pelleted (10 min at 10,000g
at 20 °C) and re-suspended with 1 mL PBS. Intracellular ROS levels
were quantified using an APOLLO-1 microplate reader (Berthold Tech-
nologies) by measuring fluorescence emission at 535 nm after excita-
tion at 485 nm. The cell density of the corresponding cultures was
determined by absorbance measurement at 600 nm and the results
were expressed as relative fluorescence units (RFU)/cell. The measure-
ments were performed from 14-h, 20-h, 40-h, 48-h and 62-h-old cul-
tures for NP treatments and from 14-h, 20-h, 48-h and 62-h-old
cultures for metal ion treatments. All experiments were performed in
triplicate.

2.7. Pyoverdine quantification

Pyoverdine is a siderophore, a small organic molecule secreted by
many microorganisms to chelate iron from the external environment
in order to facilitate their growth and diverse metabolisms.
Siderophores drive bacterial survival and competitiveness in the envi-
ronment and they are significant factors for maintaining the habitats
for most bacteria. Consequently, siderophores play a key role in micro-
bial ecology and they are model metabolites to study the impact of
NPs on bacteria (for a review, see [29]). Five milliliters of the NP-supple-
mented, metal ion-supplemented and control cultures were centrifuged
for 10 min at 10,000g at 20 °C. The supernatants were filtered through
0.2 um filters and pyoverdine was quantified using an APOLLO-1 micro-
plate reader (Berthold Technologies) by measuring fluorescence emis-
sion at 460 nm after excitation at 405 nm. The cell density of the
corresponding cultures was determined by absorbance measurement
at 600 nm and the results were expressed as RFU/cell. The measure-
ments were performed from 20-h, 32-h and 48-h-old cultures for NP
treatments and for 20-h, 48-h and 62-h-old cultures for metal ion treat-
ments. All experiments were performed in triplicate.

2.8. CdSe NP biosorption by P. fluorescens BA3SM1

The NP biosorption ability of P. fluorescens BA3SM1 was indirectly
estimated by the measurement of the biosorbed Cd as described in a
previous study [22]. Briefly, 12 mL aliquots were removed from the
NP-supplemented and control cultures at the beginning of the station-
ary growth phase (40-h-old cultures) and centrifuged at 70,000g for
15 min at growth temperature with an OPTIMA L-100 XP ultracentri-
fuge (Beckman Coulter). The pellets were weighed, dried at 80 °C for
20 h, weighed again and digested with 5 mL 65% HNO3 (Acros Or-
ganics). The digests were analyzed by atomic absorption spectrometry
in flame mode with an AAS 240FS instrument (Varian). Controls with-
out bacterial cells, treated in the same way, were done to quantify the
amount of free CdSe NPs that sediment during the centrifugation step.
These controls highlighted that, in the absence of bacterial cells, 15% of



216 1. Poirier et al. / Journal of Proteomics 148 (2016) 213-227

NP3 and 57% of NP8 sediment during the centrifugation step. The mea-
surements of biosorbed Cd were corrected accordingly. All the experi-
ments were repeated in triplicate. Results were expressed as mg Cd
biosorbed/g dry weight and as equivalent number of CdSe NPs
biosorbed/g dry weight. Since the drying at 80 °C for 20 h removed
only 93% of the water contained in the pellets (compared to drying at
103 °C for 24 h), the dry weights were corrected accordingly.

2.9. Proteomic analyses

2.9.1. Preparation of protein extracts

For protein extraction, NP-supplemented and control cultures were
treated as described previously [27]. Protein extraction was performed
from 40-h-old cultures. Briefly, after cell lysis with a French press (Ther-
mo Scientific), the resulting homogenates were centrifuged for 1 h at
218,000g at 4 °C with an OPTIMA L-100 XP ultracentrifuge (Beckman
Coulter) to pellet down cell debris. The supernatants, containing ex-
tracted proteins, were purified, concentrated, freeze-dried and stored
at — 20 °C until mass spectrometry analysis. For each culture condition
(control, NP3 and NP8), protein extraction was performed in triplicate.

2.9.2. Mass spectrometry analysis

Protein extracts were quantified using a Bradford assay and pre-
pared as described in a previous study [30]. Briefly, 5 ug of each sample
were precipitated with 0.1 M ammonium acetate in 100% methanol, and
proteins were re-suspended in 50 mM ammonium bicarbonate. After a
reduction-alkylation step (dithiothreitol 5 mM - iodoacetamide
10 mM), proteins were digested overnight with sequencing-grade
porcin trypsin (1:25, w/w). Half of the resulting vacuum-dried peptides
were resuspended in 20 L of water containing 0.1% (v/v) formic acid
(solvent A). The peptide mixtures were analyzed using a NanoLC-
2DPlus system (with nanoFlex ChiP module; Eksigent, ABSciex, Con-
cord) coupled to a TripleTOF 5600 mass spectrometer (ABSciex) operat-
ing in positive mode. Five microliters of each sample (850 ng) were
loaded on a ChIP C-18 precolumn (300 pm ID x 5 mm ChromXP;
Eksigent) at 2 uL/min in solvent A. After 10 min of desalting and concen-
tration, the pre-column was switched online with the analytical ChIP C-
18 analytical column (75 pm ID x 15 cm ChromXP; Eksigent) equilibrat-
ed in solvent A:solvent B (95:5; v/v). Solvant B composition was formic
acid:acetonitrile (0.1:100; v/v). Peptides were eluted by using a 5%-40%
gradient of solvent B for 120 min at a flow rate of 300 nL/min. The
TripleTOF 5600 was operated in data-dependant acquisition mode
(DDA) with Analyst software (v1.6, ABSciex). Survey MS scans were ac-
quired during 250 ms in the 350-1250 m/z range. Up to 20 of the most
intense multiply charged ions (2 + to 5+ ) were selected for CID frag-
mentation, if they exceeded the 150 counts per second intensity thresh-
old. Ions were fragmented using a rolling collision energy script within a
60 ms accumulation time and an exclusion time of 15 s. This so-called
“Top20” method, with a constant cycle time of 1.5 s, was set in high-sen-
sitivity mode.

2.9.3. Mass spectrometry-based quantification: spectral count approach
Data were searched against a P. fluorescens (strain Pf-5/ATCC BAA-
477) database. The complete proteome set from the UniProt database
(release from 2013-01-09, 12216 sequences) was added to human ker-
atins and porcin trypsin sequences, and the final fasta file was created
adding a decoy database (makeDecoyDB.pl, Bruker). The first algorithm
used was Mascot (version 2.2, Matrix Science) through the ProteinScape
3.1 package (Bruker). Peptide modifications allowed during the search
were: N-acetyl (protein), carbamidomethylation (C) and oxidation
(M). Mass tolerances in MS and MS/MS were set to 20 ppm and
0.5 Da, respectively. Two trypsin missed cleavages sites were allowed.
Peptide identifications obtained from Mascot were validated with p-
value <0.05 and proteins were validated respecting FDR < 1% (False-Dis-
covery Rate). A Spectral Counting quantitative strategy was first carried
on using the Mascot identification results and Proteinscape 3.1 package

[31]: a spectral count value was first attributed to each protein and data
were further normalized, by applying a correction factor to each condi-
tion according to the total spectra sum from each sample (the total
spectra sum is ranging from 7370 spectra for control#3 to 9946 spectra
for NP8#1). To list which proteins were regulated by the CdSe NP treat-
ment (NP3 or NP8), we then averaged the number of spectra for each
condition (control, NP3 and NP8) as they were analyzed as biological
triplicates, and assigned a number of replicates per condition in which
a given protein was identified and quantified. Finally, a ratio was calcu-
lated by dividing the average number of spectra obtained in the pres-
ence of CdSe NPs by the average number of spectra obtained in the
control condition.

2.94. Mass spectrometry-based quantification: MS1 label-free approach

The Paragon algorithm (ProteinPilot package, AB Sciex) was then
used to perform a second database search on the same nanoLC-MS/MS
dataset and with the same decoy P. fluorescens database. Proteins vali-
dated by Paragon at FDR 1% were submitted to a MS1 label-free quanti-
fication. For that purpose, only non-modified and unshared peptides
were considered, as well as the Paragon identification confidence
threshold set at 99%. Precursor ions fulfilling these criteria were trans-
ferred into PeakView package (v 2.0 with Protein Quantitation plug-in,
AB Sciex) and their corresponding eXtracted Ion Chromatograms
(XIC) were automatically integrated, using the following parameters:
RT window + 2 min, MS tolerance 4 0.05 Da. To normalize and further
process the MS1 label-free data, MarkerView software (v 1.2, ABSciex)
was used: a correction factor was first applied to each condition accord-
ing to the “Total Area Sum” function. The statistical module from
MarkerView then allowed us to perform a Principle Component Analy-
sis (PCA) and a Student t-test on the triplicate experiments from each of
the 3 tested conditions (control, NP3 and NP8). Finally, two different ta-
bles were generated containing either the peptide areas or the protein
areas: as for MS1 label-free quantification, we averaged the areas from
triplicate injections and calculated the ratio by dividing the average
area obtained in the presence of CdSe NPs by the average area obtained
in the control condition.

A manual reconstruction of the peptides elution peaks was per-
formed in a second instance, using the same software (PeakView,
Sciex), to check whether the automatic integration process was being
properly applied. A new ratio between NP supplemented and control
conditions was calculated using average areas obtained by the manual
reconstruction.

Only proteins presenting a sample/control ratio > 1.5 or <0.67 for the
three analysis (spectral count quantification, MS1-Label-Free quantifi-
cation and manual reconstruction) were validated as regulated by
CdSe NPs.

The mass spectrometric data were deposited to the
ProteomeXchange Consortium via the PRIDE partner repository [32]
with the dataset identifier PXD004012.

2.10. Statistical analysis

Results were expressed as means =+ standard deviation of the tripli-
cates. The Student t-test was used to know whether the mean values
were significantly different between the different treatments at the
p £ 0.05 level. Statistical analysis was performed using R software ver-
sion 3.2.0.

3. Results
3.1. STEM analyses of interactions between bacteria and CdSe NPs

The results of the STEM analyses are shown in Fig. 1. HAADF detector
was used to acquire Z-contrast images so as to distinguish heavy ele-

ments (i.e. Cd and Se) (bright dots) and light elements of the bacteria.
When P. fluorescens BA3SM1 was cultivated in NP3-supplemented
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AMM, the CdSe NPs were clearly localized inside the cells, in the cell en-
velope, on the surface of the cell wall and also outside the cells embed-
ded in extracellular organic compounds which were identified as
exopolysaccharides (Fig. 1C and D). The NP3 were agglomerated to
form big clusters (Fig. 1C and D, showed by blue arrows). When P.
fluorescens BA3SM1 was cultivated in NP8-supplemented AMM, the
CdSe NPs were mainly localized around the bacteria embedded in a
large exopolysaccharide coat (Fig. 1E and F). Some NP8 were also local-
ized in the cell envelope (Fig. 1E). Both CdSe NP sizes induced important
envelope damage characterized by detachments of the plasma mem-
brane from the cell wall (showed by red arrows). In the Fig. 1G-K,
EDX analyses of NP8 immobilized by exopolysaccharides confirmed
the presence of elements constituting NPs (Cd and Se) and

polysaccharides (C). The detection of oxygen all over the EDX maps is
explained by the presence of the resin used for preparing ultramicro-
tome TEM samples (Fig. 1G and ]). P and Cl are two elements present
in the AMM (Fig. 1K). Cu element is due to the TEM grid (Fig. 1K).
Based on the electron diffraction pattern, NP8 are still crystalline with
pristine structure (Wurtzite) even after interactions with bacterial
cells (Fig. 1L). The Supplementary Fig. 2 shows numerous CdSe NPs
immobilized by exopolysaccharides in 40-h-old bacterial cultures.

3.2. Effect of CdSe NPs on bacterial growth

The effect of CdSe NPs on the growth kinetics of P. fluorescens
BA3SM1 cultivated in AMM at 20 °C is presented in Fig. 2. When P.

5
Energy (keV)

Fig. 1. STEM analysis. (A): HAADF-STEM image of an ultramicrotome-cut thin section of bacteria embedded in resin deposited on a carbon membrane. (B): HAADF-STEM image of
individual bacterium cultivated in acetate minimal medium without CdSe colloidal nanocrystals (NPs). (C and D): HAADF-STEM image of individual bacterium cultivated in acetate
minimal medium supplemented with NPs of 3 nm in diameter (NP3; 1.3 x 10' NPs/L). Agglomerates of NP3 are localized inside the cell, in the cell envelope and outside the cell
immobilized by exopolysaccharides (blue arrows). (E): HAADF-STEM image of individual bacterium cultivated in acetate minimal medium supplemented with NPs of 8 nm in
diameter (NPS; 1.7 x 10'> NPs/L). NP8 are mainly localized around the bacteria embedded in exopolysaccharides (blue arrows). (F): HAADF-STEM image of NP8 (small white dots)
embedded in a large exopolysaccharide coat. (G-]) EDX-STEM mapping of NP8 embedded in exopolysaccharides, respectively for the edges of Cd L, Se L and O K. (K) EDX-STEM
spectrum associated with preview mapping. (L) Selected area electron diffraction pattern (Fig. 1F area) of NP8 (Wurtzite structure) after interaction with bacteria. Blue arrows point
out NP3 and NP8. Red arrows point out envelope damage characterized by detachments of the plasma membrane from the cell wall.
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fluorescens BA3SM1 was exposed to NP3 (1.3 x 10'® NP3/L, [Cd]eq. =
0.60 mg/L, [Se]eq. = 0.42 mg/L), a decrease in the lag phase was ob-
served (about 4-fold), while the maximum growth rate (Upax) and cell
concentration were similar to the control (pp.x = 0.23 + 0.03 h™!
and 0.21 & 0.05 h™! for control and NP3, respectively; cell concentra-
tion after 62 h of cultivation =3.1 x 107 cells/mL and 3.5 x 107 cells/
mL for control and NP3, respectively). When P. fluorescens BA3SM1
was exposed to NP8 (1.7 x 10> NP8/L, [Cd]eq. = 1.5 mg/L, [Seleq. =
1.10 mg/L), a 1.5 fold increase was observed in the lag phase, as well
as a slight decrease in the maximum cell concentration
(2.6 x 107 cells/mL for NP8 instead of 3.1 x 107 cells/mL for the control).
The pmax was similar to that of the control.

During the growth, cell aggregations were observed with NPs, par-
ticularly with NP8 (Supplementary Fig. 3).

The impact of higher CdSe NP concentrations (2.6 x 10'® NPs/L,
[Cdleq. = 1.2 mg/L, [Seleq. = 0.84 mg/L and 5.2 x 10'® NPs/L,
[Cd]eq. = 2.4 mg/L, [Se]eq. = 1.68 mg/L for NP3; 3.4 x 10'> NPs/L,
[Cd]eq. = 3 mg/L, [Seleq. = 2.20 mg/L for NP8) on bacterial growth
was also studied. All NP3 concentrations had the same positive impact
on growth (a decrease in the lag phase), while 3.4 x 10'®> NP8/L caused
similar, but slightly more pronounced, negative impacts on growth (an
increase in the lag phase and a slight decrease in the pnax) than
1.7 x 10'> NP8/L. These results are shown in Supplementary Fig. 4.
These additional results suggest that we must expose P. fluorescens
BA3SM1 to very high CdSe NP concentrations (above 5.2 x 10'® NPs/L
and 3.4 x 10! NPs/L for NP3 and NP8, respectively) to strongly disturb
its growth, in our experimental conditions.

3.3. Effect of CdSe NPs on bacterial respiration

The impact of CdSe NPs on the oxygen consumption of P. fluorescens
BA3SM1 is presented in Fig. 3. When P. fluorescens was cultivated for
40 h with CdSe NPs, a decrease in oxygen consumption was observed.
In our experimental conditions, the decrease in respiration was higher
for NP8 (—51% compared to control, t-test: p-value = 0.01) than for
NP3 (—43% compared to control, t-test: p-value = 0.04).
3.4. Effect of CdSe NPs on intracellular ROS levels

After 14 h of cultivation, high intracellular ROS levels were observed
for the control and for NP8 (>900 x 10~ > RFU/cell), whereas this level
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Fig. 2. Effect of CdSe colloidal nanocrystals on the growth of P. fluorescens BA3SM1. The
strain was cultivated in acetate minimal medium without CdSe colloidal nanocrystals
(control), with CdSe colloidal nanocrystals of 3 nm in diameter (NP3; 1.3 x 10'® NPs/L)
or with CdSe colloidal nanocrystals of 8 nm in diameter (NP8; 1.7 x 10'> NPs/L). Data
are means 4+ standard deviations (n = 3). Some standard deviations are not visible
because they are shorter than the symbol size.

was low for NP3 (29 x 107> RFU/cell) (Fig. 4A). After 20 h, the intracel-
lular ROS level remained lower for NP3 than for the control and NP8, but
values below 10 x 10~> RFU/cell were observed for all culture condi-
tions (Fig. 4B). After 40 h, 48 h and 62 h, the intracellular ROS levels
remained below 10 x 10> RFU/cell with lower values for control
(Fig. 4B). These results show a correlation between intracellular ROS
level and growth. Indeed, the growth starts after a decrease in intracel-
lular ROS level for all culture conditions.

3.5. Effect of CdSe NPs on pyoverdine secretion

When P. fluorescens BA3SM1 was cultivated in AMM without NPs,
the pyoverdine secretion remained low after 20 h and 32 h of cultivation
and increased remarkably (forty times) during the stationary phase
(48-h-old culture) (Fig. 5). When P. fluorescens BA3SM1 was cultivated
in AMM supplemented with NP3, no significant difference in
pyoverdine secretion was observed (t-test: p-value > 0.05). However,
in our experimental conditions, NP8 caused a high decrease in
pyoverdine secretion (93%) during the stationary growth phase (48-h-
old culture) (t-test: p-value < 0.05) (Fig. 5).

3.6. Effect of Cd?>* and Se® ~ ions on growth, intracellular ROS level and
pyoverdine secretion

The impact of Cd®>* and Se?~ ions on the growth of P. fluorescens
BA3SM1 is presented in Supplementary Fig. 5. Se? ~ ions weakly impact-
ed growth at 0.42 mg/L (a 1.2-fold increase in the lag phase and a 1.3-
fold decrease in the p,x), while they inhibited the cell growth at
1.1 mg/L (no growth occurred after 62 h of cultivation). Cd>* ions in-
duced cell growth disturbances such as an increase in the lag phase (ap-
proximately 2-fold and 3-fold at 0.60 mg/L and 1.5 mg/L, respectively)
and a decrease in the maximal growth rate (0.24 h~! for 0.60 mg/L
and 0.18 h™! for 1.5 mg/L instead of 0.43 h™" for the control). The cell
growth disturbances were stronger for 1.5 mg Cd/L than for 0.60 mg
Cd/L.

The impact of Cd?™ and Se?~ ions on intracellular ROS levels is pre-
sented in Supplementary Fig. 6. After 14 h of cultivation, the
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Fig. 3. Effect of CdSe colloidal nanocrystals on the respiration of P. fluorescens BA3SM1. The
strain was cultivated in acetate minimal medium without CdSe colloidal nanocrystals
(control), with CdSe colloidal nanocrystals of 3 nm in diameter (NP3; 1.3 x 10'® NPs/L)
or with CdSe colloidal nanocrystals of 8 nm in diameter (NP8; 1.7 x 10'®> NPs/L). The
measurements were performed at the beginning of the stationary growth phase (40-h-
old cultures) with bacterial suspensions adjusted to the same concentration
(6 x 108 cells/mL). Data are means =+ standard deviations (n = 3). The mean value of
each bar with an asterisk (*) is significantly different from respective control according
to Student t-test (p < 0.05).
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Fig. 4. Effect of CdSe colloidal nanocrystals on intracellular ROS level in P. fluorescens
BA3SM1. The strain was cultivated in acetate minimal medium without CdSe colloidal
nanocrystals (control), with CdSe colloidal nanocrystals of 3 nm in diameter (NP3;
1.3 x 10'® NPs/L) or with CdSe colloidal nanocrystals of 8 nm in diameter (NPS;
1.7 x 10" NPs/L). (A): The measurements were performed from 14-h-old cultures. (B):
The measurements were performed from 20 h, 40 h, 48 h and 62-h-old cultures. RFU =
relative fluorescence units. Data are means + standard deviations (n = 3). Some
standard deviations are not visible because they are shorter than the symbol size. The
mean value of each bar with an asterisk (*) is significantly different from respective
control (control for the same time) according to Student t-test (p < 0.05).

intracellular ROS levels were higher for cells cultivated with 0.60 mg Cd/
L, 1.5 mg Cd/L and 1.1 mg Se/L (>900 x 10~ RFU/cell) than for control
and cells cultivated with 0.42 mg Se/L (about 100 x 10~ RFU/cell).
Then, a decrease in intracellular ROS levels was observed over time to
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Fig. 5. Effect of CdSe colloidal nanocrystals on pyoverdine secretion by P. fluorescens
BA3SM1. The strain was cultivated in acetate minimal medium without CdSe colloidal
nanocrystals (control), with CdSe colloidal nanocrystals of 3 nm in diameter (NP3;
1.3 x 10'® NPs/L) or with CdSe colloidal nanocrystals of 8 nm in diameter (NPS;
1.7 x 10" NPs/L). The measurements were performed from 20 h, 32 h and 48-h-old
cultures. RFU = relative fluorescence units. Data are means + standard deviations (n =
3). Some standard deviations are not visible because they are shorter than the symbol size.

reach values of about 2 x 10~ RFU/cell after 62 h for each treatment,
except for 1.1 mg Se/L treatment where the intracellular ROS level
remained high after 62 h (1000 x 10> RFU/cell). As for NP treatments,
a decrease in intracellular ROS level seems necessary for the growth to
begin.

The impact of Cd?>* and Se?~ ions on pyoverdine secretion is pre-
sented in Supplementary Fig. 7. When P. fluorescens BA3SM1 was culti-
vated in AMM supplemented with 0.42 mg Se/L, no significant
difference in pyoverdine secretion was observed (t-test: p-
value > 0.05) compared to the control. On the other hand, Cd?>* ions
caused a strong decrease in pyoverdine secretion at the beginning of
the stationary growth phase (54% with 0.60 mg Cd/L and 91% with
1.5 mg Cd/L) (t-test: p-value < 0.05). When P. fluorescens BA3SM1 was
cultivated in AMM supplemented with 1.1 mg Se/L, no pyoverdine se-
cretion was observed during the experimentation.

3.7. Ability of P. fluorescens BA3SM1 to immobilize CdSe NPs from the
medium

When P. fluorescens BA3SM1 was cultivated with NP3 for 40 h, the
bacteria were able to immobilize 0.73 mg Cd/g dry weight, correspond-
ing to an equivalent of 1.6 x 10'® NP3/g dry weight (Supplementary Fig.
8). When P. fluorescens BA3SM1 was cultivated with NP8 for 40 h, the
bacteria were able to sequester 1.47 mg Cd/g dry weight, corresponding
to an equivalent of 1.7 x 10" NP8/g dry weight (Supplementary Fig. 8).

3.8. Differential protein expression

During the proteomic analyses, 1180 proteins were identified and
among them 996 were quantified. Only proteins presenting a sample/
control ratio 1.5 or <0.67 for both quantification strategies (spectral
count and MS1-Label-Free quantification) and validated by manual re-
construction were considered as regulated by CdSe NPs. An illustration
of the results obtained for both quantification strategies is shown in
the Supplementary Fig. 9.

The proteomic analyses highlighted that NP3 induced the up-regula-
tion of 13 proteins and the down-regulation of 18 proteins (Table 1),
while NP8 induced the up-regulation of 22 proteins and the down-reg-
ulation of 44 proteins (Table 2). Proteins differentially expressed in the
presence of CdSe NPs are involved in various biological processes such
as metal resistance, transport and binding, genetic information process-
ing, cell envelope biogenesis, TCA cycle, amino acid metabolism, fatty
acid metabolism and other functions (protection against oxidative
stress, oxidation-reduction processes, porphyrin synthesis, Fe—S clus-
ter protein synthesis, protein maturation, polysaccharide and
exopolysaccharide synthesis) (Fig. 6). NP3 mainly up-regulated pro-
teins involved in oxidation-reduction processes (38%, all proteins classi-
fied in the “other functions” category) while NP8 mainly up-regulated
proteins involved in amino acid metabolism (33%). Proteins down-reg-
ulated by NP3 are involved in four biological processes and mainly in ge-
netic information processing (44%) while proteins down-regulated by
NP8 are involved in eight biological processes and mainly in transport
and binding (46%).

Two proteins were particularly over-synthesized with both sizes of
CdSe NPs: the cadmium-exporting ATPase (average ratio >9 and 3 for
NP3 and NP8, respectively) and the aminoethylphosphonate catabolism
associated LysR family transcriptional regulator (average ratio >7 and 3
for NP3 and NP8, respectively) (Tables 1 and 2).

Characteristics of proteins regulated by CdSe NPs (MW, pl, Mascot
score, sequence coverage, spectrum number, peptide area, p-value)
are presented in Supplementary Tables 2 and 3.

4. Discussion

In this study, P. fluorescens BA3SM1 was exposed to NP3 and NP8
concentrations corresponding to a similar exchange surface area



Table 1

P. fluorescens BA3SM1 proteins differentially expressed from cells growing in the presence of CdSe colloidal nanocrystals (CdSe NPs) of 3 nm in diameter (1.3 x 10'6 NPs/L).

Ratio® Ratio® Ratio®
Accession Name (Spectral count (MS1-Label-Free (Manual Function
quantification) quantification)  reconstruction)
Up-regulated proteins (13)
Metal resistance proteins
Q4K483_PSEFS Cadmium-exporting ATPase 9.79 10.33 15.13 Metal ion transmembrane transport
Transport/binding proteins
Q4KBC9_PSEF5 Magnesium-importing ATPase 1.63 1.89 2.25 Magnesium ion transport; cation-transporting ATPase activity; metal ion binding
Q4K917_PSEFS Cation ABC transporter, MZT family, ATP-binding protein 3.75 2.89 1.63 cation transport; ATPase activity
Genetic information processing
Q4KIA2_PSEFS Ribonuclease G 2.29 1.55 1.62 RNA processing; RNA binding
Q4K484_PSEFS Aminoethylphosphonate catabolism associated LysR family Absent in control 10.77 7.56 Regulation of transcription; sequence-specific DNA binding transcription factor activity
transcriptional regulator
Cell envelope biogenesis
Q4K603_PSEFS Penicillin-binding protein 1B Absent in control 2.81 1.92 Peptidoglycan biosynthesis; penicillin binding
Amino acid metabolism
METE_PSEF5 S-methyltetrahydropteroyltriglutamate- Absent in control 1.49 2.56 Methionine biosynthesis
homocysteine methyltransferase
Fatty acid metabolism
Q4K6D7_PSEFS Putative medium-chain-fatty-acid: CoA ligase 2.16 1.92 2.11 Fatty acid metabolism; long-chain fatty acid-CoA ligase activity
Other proteins
Q4KBL5_PSEF5 Dimethyl sulfone monooxygenase SfnG 1.66 1.77 171 Oxidation-reduction process
Q4KFP3_PSEFS Electron transfer flavoprotein, alpha subunit 1.51 1.81 1.67 Oxidation-reduction process; electron carrier activity; flavin adenine dinucleotide binding
Q4KEZ1_PSEF5 FAD dependent oxidoreductase 1.79 1.57 1.54 Oxidoreductase activity
Q4KKNO_PSEF5  Luciferase family oxidoreductase, group 1 Absent in control 2.43 1.89 Oxidoreductase activity
Q4KHB1_PSEF5 Ferredoxin-NADP(+) reductase 1.61 1.55 2.02 Oxidation-reduction process; contribute to energy metabolism
Down-regulated proteins (18)
Transport/binding proteins
Q4KHJ5_PSEFS Efflux transporter, RND family, MFP subunit 0.24 0.59 0.22 Transmembrane transport
Q4KH22_PSEFS Efflux transporter, membrane fusion protein subunit EmhA 0.67 0.54 0.31 Transmembrane transport
Q4KIZ3_PSEF5 TonB-dependent outermembrane copper receptor OprC Present only in control 0.38 0.40 Coppet, iron and heme transport
Q4KHV1_PSEF5  General L-amino acid ABC transporter, Present only in control 0.30 0.51 Amino acid transport; atpase activity
ATP-binding protein AapP
Genetic information processing
RS21_PSEF5 30S ribosomal protein S21 0.55 0.30 0.12 Translation; structural constituent of ribosome
RS14_PSEFS 30S ribosomal protein S14 0.44 0.40 0.62 Translation; structural constituent of ribosome
RS19_PSEFS 30S ribosomal protein S19 0.45 0.04 0.17 Translation; structural constituent of ribosome
RS11_PSEFS 30S ribosomal protein S11 0.45 0.39 0.44 Translation; structural constituent of ribosome
RS12_PSEFS 30S ribosomal protein S12 0.59 0.36 0.32 Translation; structural constituent of ribosome
RS20_PSEF5 30S ribosomal protein S20 0.64 0.38 0.53 Translation; structural constituent of ribosome
RL11_PSEFS 50S ribosomal protein L11 0.65 0.25 0.66 Translation; structural constituent of ribosome
MUTS_PSEFS DNA mismatch repair protein MutS Present only in control 0.10 0.47 DNA repair; cellular response to DNA damage stimulus
Cell envelope biogenesis
ARNC_PSEFS Undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose Present only in control 0.31 0.19 Lipid metabolic process; lipopolysaccharide biosynthesis; lipid A biosynthesis;
transferase response to antibiotic
Q4K609_PSEFS CDP-diacylglycerol-serine O-phosphatidyltransferase Present only in control 0.002 0.10 Phospholipid biosynthesis
Q4KDA2_PSEF5 Putative lipoprotein Present only in control 0.06 0.27
Others proteins
Q4K4Q2_PSEF5 Formaldehyde dehydrogenase, glutathione-independent 0.52 0.53 0.49 Oxidoreductase activity; formaldehyde metabolism
Q4K6Z4_PSEFS Siderophore-interacting protein family protein 0.51 0.61 0.29 Oxidoreductase activity
_Q4KHQO PSEFS __ Thiol:disulfide interchange protein DsbC Present only in control 0.44 0.21 Protein folding; cell redox homeostasis

? Ratio between the NP supplemented and control conditions. Proteins on a grey background were differentially expressed with the two sizes of CdSe NPs.
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Table 2
P. fluorescens BA3SM1 proteins differentially expressed from cells growing in the presence of CdSe colloidal nanocrystals (CdSe NPs) of 8 nm in diameter (1.7 x 10'> NPs/L).

) Ratio® Ratio® Ratio® )
Accession Name (spectral count (MS1-Label-Free (manual Function
quantification) quantification) reconstruction)

Up-regulated proteins (22)

Metal resistance proteins

Q4K483_PSEF5  Cadmium-exporting ATPase 9.59 2.99 12.10 Metal ion transmembrane transport

Transport/binding proteins

HSLU_PSEF5 ATP-dependent protease ATPase subunit HslU 2.01 2.19 231 ATP binding; response to stress

Genetic information processing

Q4KIB7_PSEFS ~ DNA-binding response regulator, Fis family 2.10 213 167 Phosphorelay response regulator activity; DNA binding

Q4111<484_115EF5b Aminoethylphosphonate catabolism associated LysR family transcriptional regulator Absent in the control 513 375 Regulation of transcription; sequence-specific DNA binding transcription factor activity
Cell envelope biogenesis

SURA_PSEFS Chaperone SurA 1.50 228 1.64 Gram-negative-bacterium-type cell outer membrane assembly; protein folding; biofilm formation
Amino acid metabolism

Q4K718_PSEFS  Aminotransferase, class III 1.94 4.24 5.61 Transaminase activity; pyridoxal phosphate binding

METE_PSEF5 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase Absent in the control 171 3.03 Methionine biosynthesis

Q4KEZ3_PSEF5  O-succinylhomoserine sulfhydrylase 2.28 2.62 2.78 Homocysteine biosynthesis

HISX_PSEF5 Histidinol dehydrogenase 1.85 2.61 2.20 Histidine biosynthesis

HIS81_PSEFS Histidinol-phosphate aminotransferase 1 1.74 221 1.65 Histidine biosynthesis

GLYA1_PSEF5  Serine hydroxymethyltransferase 1.55 229 1.87 Glycine biosynthesis

Q4K5S2_PSEF5  Glutamate dehydrogenase 212 150 1.9 Cellular amino acid metabolic process; oxidation-reduction process

Other proteins

Q4KSD7_PSEFS  Inorganic pyrophosphatase 1.56 2.00 2.50 Phosphate-containing compound metabolic process; magnesium ion binding
COAD_PSEFS Phosphopantetheine adenylyltransferase 2.04 177 1.97 Coenzyme A biosynthetic process; nucleotidyltransferase activity
Q4KED6_PSEF5  Delta-aminolevulinic acid dehydratase 179 2.04 245 Porphyrin-containing compound biosynthetic process; tetrapyrrole biosynthetic process
DXR_PSEFS 1-deoxy-D-xylulose 5-phosphate reductoisomerase Absent in the control 7.14 1.77 Terpenoid biosynthetic process; isoprenoid biosynthetic process; oxidation-reduction process
Q4K8B4_PSEF5  Cob(I)yrinic acid a,c-diamide adenosyltransferase Absent in the control 216 2.06 Cobalamin biosynthesis

UBIB_PSEF5 Probable protein kinase UbiB Absent in the control 4.44 1.77 Protein phosphorylation

HSCA_PSEF5 Chaperone protein HscA homolog Absent in the control 3.00 1.78 Iron-sulfur cluster assembly; protein folding

Q4KC77_PSEFS  UDP-glucose 6-dehydrogenase 1.54 1.70 1.69 Polysaccharide biosynthetic process; oxidoreductase activity
Uncharacterized protein

Q4KBMO_PSEFS  Uncharacterized protein Absent in the control 2.34 6.78

Q4K8L4 PSEF5  Uncharacterized protein 173 2.29 1.90

Down-regulated proteins (44)

Transport/binding proteins

Q4K4L3_PSEFS  Choline ABC transporter, periplasmic choline-binding protein 0.51 0.42 0.51 Choline binding and transport

Q4K3K6_PSEFS  Phosphate ABC transporter, periplasmic phosphate-binding protein 0.58 0.55 0.67 Transport

Q4KIZ3_PSEFS  TonB-dependent outermembrane copper receptor OprC Present only in control 0.60 0.47 Copper, iron and heme transport

Q4KHV1_PSEF5  General L-amino acid ABC transporter, Present only in control 0.14 0.26 Amino acid transport; ATPase activity
ATP-binding protein AapP

Q4KAWS_PSEF5  Branched-chain amino acid ABC transporter, periplasmic branched-chain amino 0.42 0.53 0.52 Amino acid transport
acid-binding protein

Q4KH87_PSEF5  Histidine ABC transporter, periplasmic histidine-binding protein HisJ 0.52 038 0.49 Histidine transport

Q4K798_PSEFS  Alpha-ketoglutarate MFS transporter KgtP Present only in control 0.58 041 Transmembrane transport

Q4KFF8_PSEF5  Oxidoreductase, zinc-binding dehydrogenase family 0.47 0.19 0.55 Oxidoreductase activity; zinc ion binding

Q4KK62_PSEF5  TonB2 protein Present only in control 0.32 0.63 Siderophore transmembrane transport

Q4K3H9_PSEF5  Putrescine-binding periplasmic protein 0.42 0.55 0.67 Polyamine binding and transport

Q4K435_PSEF5  Outer membrane porin OprE 0.50 041 051 Transmembrane transport

Q4K7C9_PSEF5  Outer membrane porin OprD 0.64 0.42 0.51 Transmembrane transport

Q4KK15_PSEFS  Taurine ABC transporter, periplasmic taurine-binding protein 0.55 0.35 0.66 Taurine transport

Q4KIU6_PSEFS  Type II/IV secretion system protein Present only in control 0.23 0.33 Transport; ATP binding

Q4KJ43_PSEFS  Branched-chain amino acid ABC transporter, periplasmic branched-chain amino 0.39 0.13 041 Amino acid transport
acid-binding protein Liv]

Q4K438_PSEFS  Aliphatic sulfonates ABC transporter, periplasmic sulfonate-binding protein 0.45 0.48 0.61 Sulfur compound transport and metabolism

Q4K8F4_PSEFS  Putative ABC transporter, periplasmic substrate-binding protein 0.36 0.35 0.46

Q4KK45_PSEF5S  D-methionine ABC transporter, periplasmic methionine-binding lipoprotein MetQ 0.50 0.32 0.46 Transport

Q4KG13_PSEFS  Periplasmic sulfate-binding protein 0.39 0.08 0.42 Sulfate transmembrane transport

Q4KKS3_PSEFS  Putative amino acid ABC transporter, periplasmic amino acid-binding protein 0.44 0.07 0.51 Amino acid transport

Genetic information processing

IHFA_PSEFS Integration host factor subunit alpha 0.60 041 0.64 Regulation of transcription and translation

Q4KJK9_PSEF5  Poly(3-hydroxyalkanoate) granule-associated protein PhaF 021 0.06 0.23 Negative regulation of gene expression

Q4K3M3_PSEF5  DNA-binding protein HU, alpha subunit 0.14 0.10 0.58 Chromosome condensation

Cell envelope biogenesis

Q4KHK8_PSEF5  OmpA family lipoprotein 0.30 031 0.23 Integral component of membrane

(continued on next page)

222-€1Z (9102) 8F1 $A110310.d Jo [puinof / o 33 4aLiod

1ee



Table 2 (continued)

ARNC_PSEF5 Undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose transferase 0.21 0.32 0.38 Lipid metabolic process; lipopolysaccharide biosynthetic process;

Lipid A biosynthetic process; response to antibiotic

Q4K609_PSEF5  CDP-diacylglycerol-serine O-phosphatidyltransferase Present only in control 0.00 0.60 Phospholipid biosynthetic process

Q4KS5X5_PSEFS  Putative phospholipid-binding domain protein 0.39 0.19 0.24

TCA cycle

Q4K827_PSEFS  Acetyl-coenzyme A synthetase 0.37 0.29 0.33 Acetyl-CoA biosynthesis

Q4K3G8_PSEFS  Oxaloacetate decarboxylase alpha subunit 0.34 0.40 0.59 Oxaloacetate decarboxylase activity; lyase activity; sodium ion transport
Amino acid metabolism

THIC_PSEF5 Phosphomethylpyrimidine synthase 0.08 0.27 0.06 Thiamine biosynthesis

Q4KDP4_PSEF5  2-oxoisovalerate dehydrogenase E2 component, dihydrolipoamide acyltransferase 0.18 0.62 0.60 Cellular amino acid catabolism

Fatty acid metabolism

Q4KFU4_PSEF5  Acyl-coenzyme A dehydrogenase 0.14 0.56 045 Fatty acid beta-oxidation using acyl-CoA dehydrogenase; oxidation-reduction process
Others proteins

Q4K4Q2_PSEF5  Formaldehyde dehydrogenase, glutathione-independent 0.05 0.19 0.24 Oxidoreductase activity; formaldehyde metabolism
Q4KKNB8_PSEFS  Peroxiredoxin OsmC 0.61 0.05 037 Oxidation-reduction process; response to stress
Q4KK44_PSEF5  Monooxygenase, NtaA/SnaA/SoxA family 0.59 045 048 Oxidation-reduction process

Q4KIT6_PSEF5  Oxidoreductase, short chain dehydrogenase/reductase family protein 0.34 0.54 0.59 Oxidation-reduction process

Q4K439_PSEF5  Alkanesulfonate monooxygenase 0.30 0.39 0.54 Oxidation-reduction process

Q4K4X1_PSEFS  Protein kinase YeaG 0.44 0.25 0.39 protein phosphorylation

Q4KHQO_PSEF5  Thiol:disulfide interchange protein DsbC Present only in control 0.30 0.42 Protein folding; cell redox homeostasis
Q4KKK7_PSEF5  Catalase HPII Present only in control 0.26 0.34 Response to oxidative stress; heme binding
Q4K436_PSEF5  Thiol-specific antioxidant protein LsfA 0.40 0.08 0.48 Oxidation-reduction process; antioxidant activity
Uncharacterized protein

Q4K6D9_PSEF5 Uncharacterized protein 0.48 0.16 0.40

Q4KI38_PSEF5  Uncharacterized protein 0.14 0.08 0.36

Q4KKP2_PSEF5  Uncharacterized protein 0.07 0.24 0.31

“ Ratio between the NP supplemented and control conditions. Proteins on a grey background were differentially expressed with the two sizes of CdSe NPs.
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Fig. 6. Distribution of proteins regulated by CdSe colloidal nanocrystals based on the
protein-associated biological processes. (A): Proteins up-regulated by CdSe colloidal
nanocrystals of 3 nm in diameter (NP3; 1.3 x 10'® NPs/L) and 8 nm in diameter (NP8;
1.7 x 10"® NPs/L). (B): Proteins down-regulated by CdSe colloidal nanocrystals of 3 nm

in diameter (NP3; 1.3 x 10'® NPs/L) and 8 nm in diameter (NP8; 1.7 x 10'> NPs/L). The
x-axis represents the number of proteins for each biological process.

between NPs and bacterial cells for both treatments. Under these exper-
imental conditions and after 40 h of cultivation, NP3 formed numerous
agglomerates inside and outside the cells, while NP8 appeared still crys-
talline with pristine structure and very few agglomerated. A large
amount of NP3 agglomerates and NP8 were embedded in
exopolysaccharides. Moreover, the cell disorders induced by NPs were
more numerous and more pronounced with NP8 than with NP3, e.g., a
slight increase in the lag phase, a decrease in oxygen consumption, a
high decrease in the pyoverdine secretion during the stationary phase
and a differential expression of many proteins involved in transmem-
brane transport, cell envelope biogenesis and oxidation-reduction pro-
cesses. Previous studies have shown that the Cd?>* release from the
particle surface is one of the main mechanisms of CdSe NP toxicity [9,
14,26,33,34], and that this process is enhanced by oxidation (air-in-
duced and UV-catalyzed) [14] and acidic pH [9,15]. In our study, the
Cd release from the NPs was confirmed by the high over-synthesis of
the cadmium-exporting ATPase, and it was probably accompanied by
a Serelease. Unlike other studies on the impact of NPs on animal models
in which metal ion release was quantified [35,36], our experimental
conditions did not allow any such measurement. Indeed, in the presence
of bacteria, the released metal ions may be immobilized by biosorption
on bacterial wall and exopolysaccharides (Cd?™) [37,38], by intracellu-
lar sequestration thanks to metalloproteins (Cd?™) [39], or by incorpo-
ration in selenoproteins (Se?~) [40], rendering difficult their recovery
from the cultures. For example, in a previous study, we have shown
that P. fluorescens BA3SM1 is able to biosorb up to 400 mg Cd?*/g dry
weight [22]. To our knowledge, the only study which presents results
concerning the distribution of Cd?* ions versus intact CdSe quantum
dots (CdSe QDs) in bacterial cultures is that of Priester et al. [10].
These authors managed to quantify CdSe QD dissolution in bacterial cul-
tures thanks to a complex methodology using several analysis tech-
niques (inductively coupled plasma atomic emission spectroscopy
(ICP-AES), X-ray absorption near edge spectra (XANES) and X-ray

diffraction (XRD)). Interestingly, they have shown that CdSe QDs dis-
solved partially in growth media, but dissolution was lower in biotic cul-
tures compared to sterile controls. In a more recent study, Monras et al.
also suggested that nanoparticle dismantling is impacted in the pres-
ence of bacterial cells [26]. Consequently, the interactions between P.
fluorescens BA3SM1 and NPs, highlighted by STEM analyses, probably
impacted NP dissolution, and it seems interesting, in further studies,
to deepen our understanding of nanoparticle-bacteria interactions. To
assess the amount of metal ions released from NPs, additional experi-
ments were carried out to test the impact of Cd?> ™ and Se®~ ions on
the strain BA3SM1 (growth, intracellular ROS and pyoverdine secre-
tion) at concentrations corresponding to those imposed during NP
treatments (0.60 mg/L and 1.5 mg/L for Cd, and 0.42 mg/L and
1.1 mg/L for Se). The impact of the different treatments applied
(metal ion or CdSe NP enrichment) on bacterial cells (physiological
and biochemical parameters) are synthesized in the Supplementary
Table 4. These findings show that for similar metal concentrations,
metal ions induced stronger growth disturbances and oxidative stress
than CdSe particles. Therefore, we can assume that the amount of
metal ions released from the NPs, in our experimental conditions, was
low enough to allow bacteria to effectively counteract this pool of free
ions. We can even hypothesize that the concentrations of free metal
ions during NP treatments were below 0.42 mg/L and 0.60 mg/L for Se
and Cd, respectively. The low NP dissolution is confirmed by STEM anal-
yses which revealed the presence of numerous CdSe NPs in 40-h-old
bacterial cultures. Interestingly, these results highlight that P.
fluorescens BA3SM1 would probably be able to counteract the toxicity
generated by a complete dissolution of the NP3, whereas a complete
dissolution of the NP8 would have a lethal effect on this strain when it
is cultivated in a minimal medium.

Cadmium (Cd?™) represents an important source of toxicity. It can
easily enter the bacterial cells and its toxicity might result mainly from
the binding of Cd? ™ to sulphide, thiol groups and sulphur-rich complex
compounds [41]. Beside, several studies have shown correlations be-
tween the amount of Cd?™ released from CdSe NPs and their toxicity
[9,12,36]. In our study, the high up-regulation of the cadmium-
exporting ATPase gene expression highlights that P. fluorescens
BA3SM1 counteracted CdSe NP toxicity by an active efflux of the re-
leased Cd?™. Selenium (Se? ™) is an element that is essential in trace
quantities but can also be toxic to bacteria [42]. At low concentrations,
it can be readily oxidized into the nontoxic Se® and converted into
seleno-amino acids (selenocysteine and selenomethionine) which are
incorporated in the structure of several antioxidant defence proteins
[40]. In our study, 0.42 mg Se/L had only a small effect on BA3SM1 (a
slow decrease in growth), so the Se?~ released during NP treatments
probably did not cause any harm to P. fluorescens BA3SM1. On the
other hand, when this strain was submitted to 1.1 mg Se/L, strong neg-
ative effects were observed. These results suggest that the strain is un-
able to manage important Se pools in our experimental conditions
(minimal culture medium and stirring), leading probably to a high accu-
mulation of toxic selenium oxyanions in the culture medium. Similar
observations were mentioned by Bebien et al. [43]. In previous studies
on CdSe NP toxicity, the involvement of the released Se was rarely stud-
ied. However, our results show that this element can be more toxic than
Cd for bacteria.

Several previous studies have also demonstrated CdSe NP toxicity
independently of the metal being released. For instance, Kirchner et al.
suggested that the aggregation of CdSe NPs on the cell surface could im-
pair cellular function [12]. Other authors mentioned that NPs with a di-
ameter of 1-10 nm are able to attach to the surface of the cell envelope
and penetrate the bacteria [25], leading to drastic disturbances such as
the loss of membrane integrity [10,26]. In our study, the location of
NP8 into the cell envelope and extensively around the cells probably af-
fects essential cellular functions, such as transmembrane transport. NP3
were localized inside and outside the cell, and STEM analysis highlight-
ed their agglomeration. This agglomeration may decrease the release of
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metal ions by creating larger particles with fairly low surface to volume,
as it was demonstrated in a previous study [9]. NP3 agglomeration could
be caused by culture medium properties, as observed in other studies
[28,34], or/and by NP-bacteria and NP-exopolysaccharides interactions.
Hence, further study should be conducted to deepen our understanding
of nanoparticle-bacteria interactions and to elucidate mechanisms by
which these interactions can cause NP agglomerations.

In the following paragraphs, we will discuss the main cell distur-
bances induced by CdSe NPs and the strategies developed by P.
fluorescens BA3SM1 to fight their toxicity.

4.1. Growth - intracellular ROS level and oxidative stress

Our results have shown that the bacterial cells have to decrease their
intracellular ROS level to start growing. At the beginning of the cultures,
the intracellular ROS accumulation and oxidative stress can be generat-
ed by two phenomena: the modifications of the culture conditions be-
tween pre-cultures and cultures (pre-cultures were realized in a rich
broth without stirring whereas cultures were realized in a minimal me-
dium with stirring) and the presence of CdSe NPs. The modification of
growth conditions is perceived as a stress by bacteria which induces ox-
idative-stress regulons [44], and CdSe NP toxicity is frequently associat-
ed with ROS accumulation and oxidative stress, generated mainly by the
metal ion release [28,33] and the free radical generation [16,17]. In our
study, metal ion release from CdSe NPs being confirmed by the up-reg-
ulation of the cadmium-exporting ATPase gene expression, NP treat-
ments certainly generated an additional oxidative stress for bacteria.
Nevertheless, after 14 h of cultivation, metabolic changes induced by
NP3 helped the bacteria to decrease the intracellular ROS level more ef-
fectively than the control and therefore to grow faster, while metabolic
changes induced by NP8 prevented an increase in intracellular ROS
level. In the presence of NP3, the decrease in the intracellular ROS
level was probably facilitated by the up-regulation of several proteins
involved in the protection against oxidative stress (e.g., FAD dependent
oxidoreductase; luciferase family oxidoreductase; ferredoxin-NADP(+)
reductase; dimethyl sulphone monooxygenase SfnG; electron transfer
flavoprotein) could explain the low intracellular ROS level observed
for 14-h-old cultures. The ferredoxin-NADP(+) reductase is a commit-
ted member of the soxRS regulatory system involved in superoxide re-
sistance in Escherichia coli [45] and protection against metal stresses
[46]. The bacterial luciferase is known to play a fundamental role in
the protection against oxidative stress [47]. In the presence of NP8, the
fight against the oxidative stress and therefore the growth were proba-
bly slowed down by the down-regulation of numerous proteins in-
volved in the transmembrane transport of nutrients and protection
against oxidative stress (Table 2). To compensate for this disadvantage,
P. fluorescens BA3SM1 has to adapt its metabolism during the prolonged
lag phase which represents the rejuvenation of bacterial life that accom-
panies the development of the intracellular macromolecular stores
needed for optimal growth [48]. However, after 20 h of cultivation, the
strain managed to effectively combat oxidative stress generated by
NP8, probably thanks to the up-regulation of several proteins involved
in the synthesis of amino acids constituting metallothioneins and gluta-
thione (histidine, glycine, glutamate and cysteine). Metallothioneins act
as chelating agents for the excess of metals and hence help prevent ox-
idative stress in cells [49]. Glutathione is considered a major ROS scav-
enger with a key role in antioxidant defence [50]. Thus, P. fluorescens
BA3SM1 managed to preserve a key tool against oxidative stress,
while NP exposure caused glutathione depletion in other bacteria as
Pseudomonas putida [7] and E. coli [28]. Moreover, under NP8 stress, 0x-
idative stress was probably reduced by the up-regulation of proteins im-
plicated in the porphyrin synthesis (delta-aminolevulinic acid
dehydratase) or iron-sulphur cluster assembly and protein folding
(chaperone protein HscA homolog) (Table 2). Indeed, an over-synthesis
of porphyrin probably allowed the bacterial cells to produce high level
of catalase HPI, which is especially effective at higher doses of H,0,

[51]. And the over-synthesis of proteins involved in iron-sulphur cluster
assembly and protein folding suggests an over-synthesis of the
[2Fe—2S] cluster containing SoxR protein. SoxR senses oxidative stress
using the redox states of the [2Fe—2S] cluster and activates the tran-
scription of the soxS gene, a transcription factor that promotes the pro-
duction of various antioxidant proteins, including superoxide dismutase
and the outer-membrane drug efflux TolC (for a review, see [52]).

In our study, the protection against oxidative stress induced by
CdSe NPs was also provided by the high up-regulation of the cadmi-
um-exporting ATPase and aminoethylphosphonate catabolism asso-
ciated LysR family transcriptional regulator. The cadmium-exporting
ATPase allows an active efflux of released Cd>*, thereby decreasing
oxidative stress generated by these free ions. This result is in accor-
dance with a previous study showing an over-synthesis of a metal ef-
flux pump in E. coli submitted to CdTe-GHS QDs [26]. LysR-type
transcriptional regulators activate the transcription of genes coding
for essential proteins implicated against oxidative stress such as
the electron shuttle flavodoxins (Flds) [53]. In addition, the two
sizes of NPs induced an up-regulation of proteins involved in homo-
cysteine and methionine biosynthesis, (e.g., o-succinylhomoserine
sulphhydrylase; 5-methyltetrahydropteroyltriglutamate-homocysteine
methyltransferase; cob(I)yrinic acid a,c-diamide adenosyltransferase).
This result seems to suggest that P. fluorescens BA3SM1 was able to use
released selenium to synthesize selenoproteins which are involved in
the oxidative stress response such as glutathione peroxidase [54].

As a consequence, resistance mechanisms developed by P.
fluorescens BA3SM1 to combat oxidative stress generated by NPs ensure
a lasting protection to cells, even during the stationary phase which is
known to induce numerous stresses and cellular changes [55]. However,
an increase in ROS production under NP stress is not systematic. Indeed,
several studies have shown the efficiency of surface coatings such as
polyethylene oxide [36] or polyethylene glycol [9] to avoid metal ion re-
lease from NPs and thus oxidative stress. For example, CdTe-Glutathi-
one Quantum Dots of 3 nm did not allow an increase in ROS
production in E. coli [26].

Unlike CdSe NPs which did not cause an increase in intracellular ROS
level after 14 h of cultivation compared to the control, significantly en-
hanced intracellular ROS levels above that of the control were observed
with Cd?* (0.60 mg/L and 1.5 mg/L) and Se?>~ (1.1 mg/L) causing lag
phase prolongation for Cd and complete loss of culturability for Se.
These results show that metal ions in nanoparticulate form generate
lower oxidative stress than free metal ions, at equivalent mass concen-
trations. Similar results were also reported in previous studies [36,56].

4.2. Cell aggregation - extracellular NP sequestration

In our study, the up-regulation of some proteins such as the chaper-
one SurA (with NP8), penicillin-binding protein 1B (with NP3) and
UDP-glucose-6-dehydrogenase (with NP8) suggests that P. fluorescens
BA3SM1 was able to counteract NP toxicity by forming cell aggregates
and sequestering NPs on polysaccharides. Indeed, the chaperone SurA
and the penicillin-binding protein 1B are involved in biofilm formation
[57,58] while the UDP-glucose-6-dehydrogenase generates UDP-glucu-
ronic acid, a substrate in the production of many bacterial surface
glycostructures [59]. The cell aggregation observed in the presence of
NPs (Supplementary Fig. 3) and the extracellular NP sequestration re-
vealed by STEM images (Fig. 1) support this hypothesis. These results
are in accordance with previous studies showing that the cell aggrega-
tion and extracellular sequestration are strategies frequently developed
by bacteria to resist metallic pollutants [10,21,60]. However, NPs were
also responsible for biofilm inhibition in several studies [6,61]. Conse-
quently, P. fluorescens BA3SM1 exhibits interesting properties to immo-
bilize NPs, as it is now recognized that environmental biofilms are
efficient binding matrices for NPs (for a review, see [62]).

In our study, P. fluorescens BA3SM1 was able to immobilize 0.73 mg
Cd/g dry weight in the presence of NP3 and 1.47 mg Cd/g dry weight in
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the presence of NP8. If the biosorbed Cd is totally in nanoparticulate
form, these results suggest that the strain was able to sequester
1.6 x 10'® NP3/g dry weight and 1.7 x 10'> NP8/g dry weight, corre-
sponding to 39% and 29% of the NP3 and NP8 added in the culture me-
dium, respectively. In the literature, only a few studies focus on the use
of microorganisms to remove NPs from environment, and fungi are de-
scribed as being more efficient than bacteria. For instance, the bacteri-
um Aeromonas punctate immobilized only 15% of the Ag NPs added in
the culture medium [63], while Pleurotus eryngii and Trametes versicolor
mycelia were able to sequester 86% and 61% of the Al,O3 NPs present in
their environment, respectively [64]. P. fluorescens BA3SM1 is then the
first promising bacterial candidate for removing NPs from contaminated
waters using biofiltration prototypes proposed in recent studies [65,66].

4.3. Respiration - pyoverdine secretion - organization and properties of cell
envelope

After 40 h of cultivation (beginning of the stationary growth phase),
a decrease in oxygen consumption was observed in the presence of
CdSe NPs, particularly with NP8. This result is in accordance with a re-
cent study showing a decrease in respiration when a bacterial commu-
nity was subjected to TiO, NPs in an aerobic-sequencing batch reactor
[67]. As several proteins involved in oxidation-reduction processes
and DNA repair were down-regulated in the presence of NPs (e.g., cata-
lase HPII with NP8; monooxygenase, NtaA/SnaA/SoxA family with NP8;
DNA mismatch repair protein MutS with NP3; formaldehyde dehydro-
genase, glutathione-independent with NP3 and NP8), a decrease in res-
piration could be a strategy adopted by P. fluorescens BA3SM1 to reduce
H,0, production and fight more easily oxidative stress in order to en-
sure a long-term survival during stationary growth phase. The station-
ary phase is a very complex state regulated by a variety of
environmental and physiological cues [55]. During this phase, bacteria
must deal with numerous stresses including nutrient starvation and
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the presence of NPs represents an additional stress. However, the de-
crease in respiration could also be directly induced by NPs. Indeed, au-
thors suspected the smaller NPs to penetrate the bacterial cell
membrane and inhibit respiratory enzymes [28].

In our experimental conditions, NP8 induced a large decrease in
pyoverdine secretion (93%) and the down-regulation of proteins in-
volved in iron binding and transport (e.g., TonB2 protein; TonB-de-
pendent outer membrane copper receptor; outer membrane
porins; siderophore-interacting protein). These results highlight
that NP8 strongly affected several iron acquisition systems of P.
fluorescens BA3SM1. Since the pyoverdine secretion was not impact-
ed by 0.42 mg Se/L and less affected by 0.60 mg Cd/L than by NP8, we
can suggest that the decrease in pyoverdine secretion observed with
NP8 treatment was provoked by NPs rather than by metal ions re-
leased from these NPs. An inhibition in the pyoverdine secretion by
NPs was also reported in several recent studies [68,69,70]. The
siderophore pyoverdine plays a key role in microbial ecology as it
drives bacterial survival and competitiveness in ecosystems. It is a
significant factor for maintaining the habitats for most bacteria (for
a review, see [29]). Besides, pyoverdine is also employed as a viru-
lence factor in human pathogenic strains such as P. aeruginosa [71]
and has important applications in the fight against antibiotic-resis-
tant bacteria (for a review, see [29]). Consequently, our results high-
light that NP8 can impact the secondary metabolism of bacteria with
environmental and medical implications. However, by reducing the
iron import, bacterial cells can more easily regulate pools of free
iron and avoid an additional oxidative stress.

Proteomic analyses have shown that CdSe NPs induced numerous
modifications in the composition and organization of cell envelope.
For example, in the presence of NP8, we have observed a down-regula-
tion of numerous membrane transporters suggesting that they play a
major role as the gateway to NPs, forcing bacteria to reduce their num-
bers to stop the NP influx into the cells. This hypothesis is supported by
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Fig. 7. Schematic representation of a major impact of CdSe colloidal nanocrystals (CdSe NPs) on Pseudomonas fluorescens BA3SM1. CdSe colloidal nanocrystals of 3 nm in diameter (NP3,
small grey circles) and 8 nm in diameter (NP8, big black circles) are able to penetrate into the cell envelope causing important damage. NP3 are also capable to reach the cytoplasm. Cd®*
and Se?~ are released from CdSe NPs and enter the cell easily. CdSe NPs, Cd®>* and Se?~ probably induce an oxidative stress leading to DNA and protein damage. All these processes
generate a major transcriptional response leading to 1) an active efflux of Cd?*; 2) a high synthesis of exopolysaccharides and glycostructures to sequester CdSe NPs and facilitate
biofilm formation; 3) an effective combat against oxidative stress thanks to soxRS regulatory system, luciferase, metallothioneins, glutathione, catalase HPI and selenoproteins; 4) a
decrease in numerous transmembrane transporters and iron acquisition systems, probably to stop CdSe NP penetration into envelope and inside the cell; 5) a decrease in LPS
(lipopolysaccharides) and phospholipids synthesis probably to reduce adsorption and aggregation of CdSe NPs on envelope components.
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STEM images showing a concentration of NP8 around the cells and very
few NP8 into cell envelope. The down-synthesis of major membrane
transporters in the presence of NPs was also reported in a previous
study [26]. NPs induced the down-regulation of several proteins
involved in the synthesis of envelope components such as
undecaprenyl-phosphate 4-deoxy-4-formamido-L-arabinose transfer-
ase (with NP3 and NP8) and CDP-diacylglycerol: serine O-
phosphatidyltransferase (with NP3 and NP8). The undecaprenyl-phos-
phate 4-deoxy-4-formamido-L-arabinose transferase is implicated in
the lipopolysaccharide (LPS) biosynthesis and the CDP-diacylglycerol:
serine O-phosphatidyltransferase in the phospholipid biosynthesis. In
recent studies, LPS and phospholipid groups were demonstrated to be
involved in the adsorption and aggregation of NPs on Gram negative
bacteria [72,73], thereby promoting the NP penetration into cell en-
velope and the disorganization of membranes. Consequently, our re-
sults seem to show that P. fluorescens BA3SM1 counteracts harmful
effects of NPs on its envelope by reducing the synthesis of compo-
nents allowing NP adsorption and aggregation such as LPS and
phospholipids.

5. Conclusions

In our experimental conditions, NP3 formed numerous agglomer-
ates and were able to penetrate P. fluorescens BA3SM1, while NP8
were highly concentrated around the bacteria, embedded in large
exopolysaccharides. When this strain was exposed to NP3 and NP8
concentrations corresponding to a similar exchange surface area be-
tween NPs and bacterial cells for both treatments, the cell disorders
were more numerous and more pronounced with NP8 than with
NP3 (e.g., respiration decrease, growth retardation, a strong de-
crease in pyoverdine production and numerous changes in protein
regulation). The stronger impact of NP8 could be explained by their
higher volume, their higher metal content, their large concentration
around bacterial cells and their low agglomeration maintaining an
important exchange surface area and therefore a probably higher
metal release. The lower impact of NP3 could be explained by their
high agglomeration which leads to particles with fairly low surface
to volume, and so, to a decrease in the exchange surface area.
Hence, further study should be conducted to determine the cause
of this aggregation. If it is mainly induced by NP-bacteria and NP-
exopolysaccharides interactions, it seems interesting to deepen our
understanding of these interactions to elucidate the mechanisms
by which they contribute to NP agglomeration. Proteomic analyses
revealed that the strain adapts to CdSe NPs by adopting essentially
five defence mechanisms: cell aggregation, extracellular CdSe NP
sequestration, effective protection against oxidative stress, modifi-
cations of envelope organization and properties, and cadmium ex-
port. A schematic representation of a major impact of CdSe NPs on
Pseudomonas fluorescens BA3SM1 is shown in Fig. 7. The strain was
able to sequester an equivalent of 1.6 x 10'® NP3/g dry weight and
1.7 x 10'> NP8/g dry weight, making it a promising agent for purify-
ing waters contaminated by NPs via biofiltration processes.
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