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The wide use of nano-antibacterial materials has triggered concerns over the development of
nanomaterials-associated bacterial resistance. Two-dimensional (2D) black phosphorus (BP) as a new
class of emerging 2D nanomaterial has displayed excellent antibacterial performance. However, whether
bacteria repeatedly exposed to 2D BP can develop resistance is not clear. We found that wild type E. coli
K-12 MG 1655 strains can increase resistance to 2D-BP nanosheets after repeated exposure with
subinhibitory concentration of 2D-BP nanosheets. Adaptive morphogenesis including the reinforced
barrier function of cell membrane were observed in the resistant bacteria, which enhanced the
resistance of bacteria to 2D-BP nanosheets. The whole-genome sequencing analysis showed that the
three mutation genes including dmdA, mntP, and gyrA genes were observed in the 2D-BP resistant
strains, and DNA
Furthermore, transcriptional sequencing confirmed that these genes related to metabolization,
membrane structure, and cell motility were upregulated in the 2D-BP resistant bacteria. The
development of resistance to 2D-BP in bacteria mainly attributed to the changes in energy metabolism

which controlled catabolism, membrane structure, replication, respectively.
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cell motility also helped the bacteria to develop resistance by escaping external stimuli. The results
DOI: 10.1039/d2ra01263d provided new evidence for understanding an important effect of nano-antibacterial materials on the

rsc.li/rsc-advances development of bacterial resistance.

graphene oxide® and nanostructured titanium dioxide®
increased the pathogenicity of bacteria through adaptive
morphogenesis such as protease release, filamentation, thick-

1 Introduction

Nanomaterials, especially for two-dimensional (2D) nano-
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materials with layered nanostructures and unique surface
interface interaction, have emerged as one of the potential
effective ways to eliminate bacterial infection via physically
slicing through membrane, phospholipid extraction or gener-
ating reactive oxide species.'”

Although some studies suggested that
antibacterial materials can inactivate bacteria including path-
ogens,“** long-term exposure of some nano-materials with sub-
inhibitory concentrations can cause bacteria to develop resis-
tance.®” For example, chronic exposure to low concentrations of

have nano-
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ening of the cell wall, biofilm formation, and the enhanced
bacterial mobility, which indicated that bacteria may adapted to
antimicrobial nanomaterials by repetitive exposures. After
repetitive exposure to silver nanoparticles (AgNPs) by over six
cultivation cycles, E. coli developed steady resistance to AgNPs,
mainly due to the aggregation of the nanoparticles caused by
the production of the adhesive flagellum protein flagellin.®
Obviously, chronic exposure to some nanomaterials may
potentially trigger the resistant evolution in bacteria, and
different nanomaterials exhibited specific resistant mecha-
nisms. Therefore, for the guarantee of human health and bio-
logical safety, the risk assessment of these emerging
nanomaterials is urgent to be conducted before their commer-
cial applications.

Two-dimension black phosphorus (BP), as a new class of
emerging 2D materials, has been applied in biomedical field,
energy storage, optoelectronics, environmental remediation,
flexible electronics, sensors, etc.'**> In addition, 2D-BP has
strong photothermal effect and surface mediated adsorption
characteristics, making it show obvious advantages in
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antibacterial effect.”*™** For example, the hydrophilic BP nano-
sheets could effectively attach to bacteria, facilitating their
photothermal inactivation. Given the application potential of
2D-BP in future, it is imperative to understand its healthy and
ecological impacts. However, little is known about whether
bacteria repeatedly exposed to 2D-BP can develop the resistance
and the corresponding effect mechanism.

This study used wild-type E. coli to investigate the evolution
of bacteria by repeated exposure to 2D-BP suspension ranging
from sub-minimum inhibitory concentration (sub-MIC) to MIC
by 17 cultivation cycles. The main objectives were to evaluate
the resistant phenotypic change of bacteria repeatedly exposed
to sub-MIC of BP suspension, and to further investigate the
physiological and genetic changes responsible for bacterial
resistance to 2D-BP. Finally, a better understanding of the bio-
logical effect of 2D-BP exposure was obtained to guide and
regulate its application and environmental release limits.

2 Material and methods
2.1 Preparation and characterization of 2D BP nanosheets

The bulk BP crystals were purchased from a commercial
supplier (99.998%, Hefei Zhongke Materials Co., Ltd) and were
grounded in a N, glove box. The 2D-BP nanosheets were
prepared according to a liquid exfoliation method."”*® In detail,
500 mg BP crystal powder was added to 100 mL distilled water.
The mixture was treated in an ice bath with a probe sonicator
(JY92-1IN, Scientz, China) and argon (Ar) bubbling for 6 h. Next,
residual unexfoliated BP particles were removed by centrifuga-
tion at 1000 rpm for 10 min. The 2D-BP nanosheets were
collected from supernatant by centrifugation ata 13 000 rpm for
10 min, and further freeze-dried for the preparation of 2D-BP
stock solution. The morphology and structure of 2D-BP were
characterized by transmission electron microscopy (TEM; H-
7650, Hitachi, Japan) and atomic force microscopy (AFM; Agi-
lent 5100, Agilent Technologies, USA).

2.2 Strains and exposure experiment

The wild-type sensitive E. coli K-12 MG 1655, which was ob-
tained from the Institute of Microbiology Chinese Academy of
Sciences, was streaked on a Luria-Bertani (LB) agar plates and
allowed to grow for 14 h. One single colony was picked
randomly and inoculated into LB broth at 200 rpm min " for
12 h incubation at 37 °C to obtain bacterial suspension, which
was diluted to a concentration of ~10’ colonies per mL (CFU
mL ) by sterilized LB liquid medium for exposure experiments.
The MIC (90% inhibition of growth) of 2D-BP for the sensitive
bacterial stains was determined based on the inhibition curves
of E. coli exposed to a series of 2D-BP nanosheets dispersions at
different concentrations.” The selective exposure concentra-
tions of 2D-BP increased from the sub-MIC 1.9 mg L™ " to the
MIC concentration 250 mg L™ of the sensitive stain (the MIC
was predetermined and showed in Fig. S1f) in geometric
progression (1.9, 3.9, 7.8, 15.6, 31.3, 62.5, 125, and 250 mg L")
considering the effect of potential environmental exposure
concentrations and sub-MIC.>?**?
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The selective exposure procedures referred the previous
studies.*** The original bacterial stains were gradually exposed
to the serial selection concentrations of 2D-BP nanosheets at
37 °C and 130 rpm min~" for 24 h. After each 24 h cultivation
period, 0.5 mL of LB broth containing surviving bacteria was
taken from the previous selection group. The living bacteria
were sub-cultured on LB agar plates at 37 °C for 24 h. The
selected bacteria were used for inoculum preparation at
a density of 10” CFU mL " in the next culture step. The selective
procedures, from the 24 h exposure cultivation to the inoculum
preparation for the next culture step, was considered to be one
subculture step for the development of bacterial resistance.
After each subculture cycle, the MICs of 2D-BP nanosheets
towards living bacteria were determined using 96-well plates
method.* The bacterial exposure without 2D-BP nanosheets in
these subculture cycles were also conducted in parallel as
control. All treatments and control were performed in triplicate.
Until the BP-resistant E. coli K-12 strains was obtained, the
exposure was finalized as the final subculture cycle. Growth
inhibitions of the sensitive bacteria and BP-resistant bacteria
were compared by culturing bacteria on LB agar plate contain-
ing gradient concentrations of 2D-BP at 37 °C overnight.
Meanwhile, the optical density (OD) values of the two bacteria
were measured using a UV-vis spectrophotometer (Shimadzu,
UV-2700) after 6, 12 and 24 h of culture. The survival status of
bacteria exposed to 2D-BP was reflected by the change of OD.

2.3 Bacterial morphological characterization

After exposure to 2D-BP nanosheets at the developed resistant
concentration for 24 h, the suspensions of sensitive bacteria
and BP-resistant bacteria were centrifuged at 1000 rpm for
10 min to remove most of the 2D BP nanosheets, respectively;
the obtained bacterial cells were rinsed three times with the PBS
solution. Then, all of bacteria were immobilized, dehydrated,
dried, and sputter-coated with gold (20 s, 30 mA). Finally, the
morphologies of bacterial cells were observed by scanning
electron microscope (SEM; SU8020; Hitachi, Japan).

The ultra-structures of sensitive bacteria and BP-resistant
bacteria were visualized using TEM (H-7650; Hitachi, Japan).
After exposure to 2D BP nanosheets, the sensitive and BP-
resistant bacterial strains were collected by centrifugation, fol-
lowed by double fixation, dehydration, infiltration, embedding,
and ultrathin sectioning for TEM analysis.”® The detailed
observation steps for the morphology and ultrastructure of
bacterial cells are shown in the ESI-1.t

2.4 Lactate dehydrogenase (LDH) assay

Damage of cell membrane structure caused by apoptosis or cell
necrosis leaded to the release of enzymes including LDH from
the cytoplasm into the culture medium.” LDH still has rela-
tively stable enzyme activity in vitro. Thus, the cell membrane
integrity was evaluated by detecting the activity of LDH released
from cells with ruptured plasma membrane into culture
medium. After sensitive bacteria and BP-resistant bacteria
treated with 250 mg L™ of 2D-BP nanosheets for 24 h at 37 °C,
respectively, the activity of LDH was detected by a LDH
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cytotoxicity detection kit (Biyuntian Bio-tech Inc., China).
Briefly, the bacterial cells were centrifuged at 10 000 rpm for
10 min and 120 pL supernatant was mixed with the reagents
following the kit instruction. The release amount of LDH was
quantified by dual wavelength absorbance measurements at
490 nm and 600 nm. The LDH assay was detailed in the ESI-2.T

2.5 Whole-genome sequencing analysis

The genomic DNA of BP-resistant bacteria was extracted by the
rapid bacterial genomic DNA isolation kit (Sangon, Shanghai,
China) according to the manufacturer's instructions. The
concentration and quality of DNA samples were tested by
microvolume spectrophotometer (Thermo Fisher Nano Drop
One, USA) and 1% agarose gel electrophoresis. Illumina
sequencing library was constructed using DNA of qualified
samples (=50 ng UL}, OD,6/OD,go =~ 1.8-2.0). The reference
genome of E. coli K-12 MG1655 strain was obtained from
National Center for Biotechnology Information (NCBI). The
whole genome of BP-resistant bacteria after 2D-BP exposure was
sequenced and analyzed based on Guangzhou Mega Biotech-
nology Co., Ltd. Firstly, the DNA samples were randomly
interrupted to generate DNA fragments of the required collec-
tion length, and the sticky ends formed by the interruptions
were repaired into flat ends. Then, base “A” was added at the 3
end to make the DNA fragments connect with the special joint
with “T” base at the 3’ end. Finally, PCR (Gene Amp 9700, ABI,
USA) was used to amplify the DNA fragments with connectors at
both ends, thus completing the construction of the entire
library. The qualified library was constructed for cluster prep-
aration and computer sequencing. Through the Burrows-
Wheeler Alignment (BWA) software Sam Tools, the sequencing
data and the reference genome were compared and analysed to
obtain the sequencing coverage and genome variation.

2.6 RNA extraction, genome-wide RNA sequencing and
transcriptomic analysis

The total RNA of sensitive and BP-resistant bacteria was extracted
using total RNA extractor (Sangon, Shanghai, China) and RNA
purity was checked using a microvolume spectrophotometer.
The bacterial rRNA was removed to analyse its transcriptome
information, and the mRNA was randomly fragmented into
small fragments of about 200 bp by fragmentation buffer. Under
the effect of reverse transcriptase, the first-strand cDNA was
synthesized by reverse transcription using random primers and
mRNA as template. A second chain ¢cDNA synthesis was per-
formed using dUTP instead of dTTP dNTPs to make the second
chain base contain A/U/C/G. Add end repair mix to fill the sticky
end of the double-stranded cDNA structure into a flat end, digest
the second chain of cDNA with UNG enzyme so that only the first
chain cDNA was included in the library for PCR amplification.
Transcriptional analysis of the samples was performed based on
Hlumina MiSeq platform (Illumina, San Diego, USA) from
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).
Methods of RNA-Seq by Expectation-Maximization (RSEM)
and Transcripts Per Million reads (TPM) were used to measure
the RNA expression. The critical standards of differentially
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expressed genes (DEGs) between the sensitive bacteria E. coli
K12 and BP-resistant bacteria were |fold change| > 1 and P value
< 0.05. The metabolic pathways of DEGs were analysed by Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.

3 Results and discussion
3.1 BP characterization

The exfoliated BP thickness was analysed using randomly
selected nanosheets and the thickness was about 3.7 nm
(Fig. 1a), which indicated that nanosheet structure was ob-
tained. The TEM image shows that BP nanosheets appears 2D
structure (Fig. 1b). The EDS elemental mapping shows that the
prepared 2D BP nanosheets have a high content of P (Fig. 1c),
confirming the high purity of 2D BP.

3.2 Resistant phenotypic change of bacteria exposed to 2D-
BP nanosheets

The MICs test was used to identify the phenotypic evidence of
bacterial resistance to 2D-BP nanosheets. At the 14th subculture
cycle, the MICs of 2D-BP against the selected bacteria was
enhanced to 500 mg L™ (Fig. 1a). In order to obtain stable 2D-BP
resistance, the bacteria were sequentially exposed to 250 mg L™*
of BP nanosheets over three cultivation cycles, and a higher MICs
than 500 mg L~ " (Fig. 1a) was obtained. Finally, the bacteria
repeatedly exposed to 2D-BP nanosheets obtained stable 2D-BP
resistance, which was defined as BP resistant bacteria. In order
to confirm the resistance obtained by the BP-resistant bacteria,
the survival comparisons of the sensitive and BP-resistant bacteria
were conducted under exposure to 2D-BP nanosheets with the
different concentrations. The OD values of the two bacteria
exposed to 2D-BP nanosheets within 24 h were measured to
record their growth. The OD values of the BP-resistant bacteria
were significantly higher than those of the sensitive bacteria
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Fig. 1 Morphological characterization and elemental analysis of BP
nanosheets. (a) AFM, (b) TEM image of BP nanosheets, and (c) the EDS
analysis of BP nanosheets with elemental mapping (scale bar is 250
nm).
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(Fig. 2b). In addition, the inhibition rates of BP-resistant bacteria
obtained by plating on LB agar with BP nanosheets greatly
reduced compared with the sensitive bacteria (Fig. 2c); mean-
while, the enumerations of the sensitive E. coli stains exposed to
250 mg L™ " and 500 mg L~ " BP were both lower than those of BP-
resistant strains, which further also confirmed that the bacteria
obtained resistance to BP exposure (Fig. 2d). These results indi-
cated that the sensitive bacteria repeatedly exposed to BP nano-
sheets can develop certain resistance.

3.3 Mechanisms of bacterial resistance to 2D-BP nanosheets

3.3.1 Changes in morphology and physiology of sensitive
and BP-resistant bacteria. The cellular morphology of sensitive
and BP-resistant bacteria repeatedly selected by 2D-BP was
observed by SEM. Compared with the sensitive bacteria
(Fig. 3a), BP resistant E. coli K-12 strains were shorter and their
surfaces were smoother (Fig. 3b). The morphologic changes of
BP-resistant bacteria probably were associated with the alter-
ations of the outer membrane barrier function. The morpho-
logic characteristics of the rifandin resistant E. coli K-12 strains
also indicated that their length was shorter and their
membranes became smooth compared with sensitive strains.>*
In addition, the drug resistance of Gram-negative bacteria was
related to the permeability of the outer membrane.*® Further-
more, the changes in the outer membranes of sensitive and
resistant bacteria before and after 2D-BP exposure was observed
by TEM. The cell structure of the sensitive and resistant bacteria
without 2D-BP exposure showed intact (Fig. 3c and d). Under

Paper

Fig. 3 SEM images of sensitive bacteria (a) and 2D-BP resistant
bacteria (b); TEM images of sensitive bacteria (c) and 2D-BP resistant
bacteria (d) without 2D-BP exposure, and sensitive bacteria (e) and 2D-
BP resistant bacteria (f) with 2D-BP exposure. (The red arrows point to
the cell vacuoles, and the yellow arrows point to cell lysis).

the exposure of 2D-BP, the outer membranes of the sensitive
bacteria became gradually disappeared and the inner
membranes (cytoplasmic membranes) became thin and
produced some protoplast or lysis (Fig. 3e); in addition, cell
vacuolation was observed in the sensitive bacteria (Fig. 3e),
which can change cell function and even caused cell death.>
However, the outer and inner membranes of the resistant
bacteria were relatively unchanged (Fig. 3f). Additionally, more
2D-BP nanosheets entered the inside of the sensitive bacteria
cell (Fig. 3e); in contrast, nanosheets mostly aggregated around
the surround of the resistant bacteria cells (Fig. 3f). Many
studies have proved that one of the main pathways for the
antibacterial activity of few-layer BP is the reduction of cell
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(a) The minimal inhibition concentrations (MICs) of 2D-BP nanosheets against the selected bacteria after each of 17 consequent culture

cycles; (b) the optical density (OD) values at 600 nm of the sensitive and BP-resistant bacteria exposed to 2D-BP nanosheets at different time; (c)
the growth inhibition rates of the sensitive and BP-resistant bacteria under the effects of BP nanosheets at different concentrations; (d) the
colonies of the sensitive and BP-resistant bacteria on plates after exposure to 250 mg L=t and 500 mg L~ of 2D-BP nanosheets, respectively.
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integrity via microbial interaction.>””** In this experiment, 2D-
BP nanosheets did not effectively disrupt cell membranes,
even though they directly contacted with BP-resistant bacteria
(Fig. 3f). Therefore, it is reasonable to assume that the resis-
tance mechanism of the bacteria was the reinforced barrier
function of the outer and inner membrane, which diminished
the effect of 2D-BP on the target site.

In order to further confirm the changes of cell membrane
permeability, the LDH assay was conducted to quantify the
content of extracellular LDH."> Compared with the control
group without 2D-BP nanosheets, the LDH activities of the
sensitive and resistant bacteria showed significant upward
trends with the increase of 2D-BP nanosheet dispersion
concentrations (Fig. 4), which indicated that the permeability of
bacterial cell membrane increased with the increase of 2D-BP
nanosheet dispersion concentration (Student's T-test, *P <
0.05, **P < 0.01). Moreover, the LDH activities of the BP-
resistant bacteria were almost lower than those of the sensi-
tive bacteria at the same exposure concentration, further
confirmed that the decreased permeability of cell membrane
retarded apoptosis or cell necrosis and the resistance of the
bacteria repeatedly exposed to BP was developed.

3.3.2 Genetic insights and changes in bacterial resistance
induced by 2D-BP nanosheets. It is generally believed that
genetic mutation is the primary cause of bacterial resistance.*"*
To identify the genetic mutations responsible for 2D-BP resis-
tance, three single bacterial colonies randomly selected from
the BP-resistant bacteria in the final subculture were subjected
to whole-genome sequencing analysis. Three single nucleotide
polymorphisms (SNPs) were detected in all target BP resistant E.
coli strains, which were associated with transcription and
translation genes (gyrA), catabolic genes (dmdA), and membrane
structure and transport genes (mntP) (Fig. 5 and Table S17).
Substitutions (G — A in base 2 339 173 causing an Arg — Gln
missense mutation) in gyrA gene, (C — A in base 803 662
causing a Let — Ile missense mutation) in dmdA gene, and (G

0 Sensitive bacteria T
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> o Ty Y
Z 6 o W0
g o . 4 /?< NN NN i
E 44 L s N NN N
.| N
2- %
o

0 1.9 3.9 7.8 15.631.362.5 125 250
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Fig. 4 The comparisons of the relative LDH activities from the
sensitive and BP-resistant bacteria (Student's T-test, *P < 0.05, **P <
0.01).
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Fig. 5 Genetic changes identified in resistant strains under exposure
to 2D-BP nanosheets.

— A in base 1 905 761 causing an Gly — Asp missense muta-
tion) in mntP gene were identified in all the sequenced 2D-BP
resistant bacteria.

Previous finding proved that amino acid alternation in the
gyrA subunits of P. aeruginosa PAO1 contributed to its resistance
to quinolone antibiotics.* Ciprofloxacin inhibited gyrA function
by sitting in the active site of the enzyme, which indicated that
this SNP was likely to be functional.*! The gyrA gene in DNA spin
and topoisomerase played an important role in DNA replica-
tion, transcription, repair, and recombination.** The mutation
in gyrA identified in this study were most likely to be responsible
for resistance to 2D-BP.

The dmdA is a catabolism-related gene of bacteria. Through
dmdA enzyme mediated demethylation pathway, dime-
thylsulfoniopropionate (DMSP) can be degraded to meth-
anethiol, coenzyme A, carbon dioxide, and acetaldehyde.**
Bacteria with the DMSP dmdA enzyme demethylate DMSP,
which was considered to be quantitatively more important than
lysis.” Nearly all known DMSP-catabolizing bacteria belong to
the phylum Proteobacteria with dmdA, and dmdA gene could be
transferred horizontally in marine Gammaproteobacteria.’*
However, few studies have reported that bacteria have muta-
tions in dmdA genes. Thus, the effect of dmdA gene mutation on
E. coli needs to be further explored in the future.

Another missense mutation in the resistant bacteria was mntP
gene. The mntp gene is a part of MntR regulator in E. coli K-12 and
encodes a manganese ion efflux pump protein Mntp.** When the
mntP gene of E. coli was deleted, the intracellular manganese ion
increased by about two times.** Manganese is an essential
micronutrient of organic matter, which plays an important role
in assisting enzymes such as manganese superoxide dismutase
(MnSOD) to effectively avoid the damage of oxygen free radicals
to cell.*”*® The mntP gene provides robust manganese resistance
and affects resistance to reactive oxygen species (ROS).*® Thus,
bacteria lacking manganese transport are more sensitive to
ROS.* The increase of intracellular manganese ion concentration
could increase the resistance of cells to ionizing radiation.* It has
been reported that the change of Mntp protein in E. coli mutant
strains may be related to the resistance of cells to oxidative stress
and the improvement of dense phase carbon dioxide resistance.*
Thus, the mntP gene mutations might contribute to the devel-
opment of the 2D-BP resistance in E. coli K-12.

RSC Adv, 2022, 12,16071-16078 | 16075
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3.3.3 Transcriptomic analysis. The quality control for RNA
sequencing data was sufficiently high for further analysis (Table
S27). The transcript levels of 368 DEGs significantly increased
(FC>1, P<0.05), and 99 DEGs were down-regulated (FC < —1, P
< 0.05) in 2D-BP resistant bacteria, compared with sensitive
bacteria (Fig. S21). These DEGs were annotated into the six types
of KEGG pathways, including metabolism, genetic information
processing, environmental information processing, cellular
processes organismal systems, and human disease (Fig. 6).
Obviously, these DEGs were mostly annotated into metabolic
pathways, including amino acid, carbohydrate, and energy
metabolism (Fig. 6), which showed that the generation of
resistance to 2D-BP in E. coli K-12 obviously related with
metabolic process. In addition, these annotation pathways of
these DEGs also involved in membrane transport, signal
transduction, and antimicrobial drug resistance (Fig. 6).

The number of up-regulated genes was significantly more
than the number of down-regulated genes in the resistant
bacteria (Fig. 6). The up-regulated gene clusters mainly anno-
tated in the KEGG pathways related to metabolism, cell move-
ment, and drug resistance (Fig. 6). The metabolism processes
mainly included amino acid, carbohydrate, energy, and glycan
biosynthesis metabolisms (Fig. 6), which are closely related to
the maintenance of cell life activities.*> Carbohydrate metabo-
lism played an important role in cell energy supply. Glycan
biosynthesis metabolisms were the principal way of sugar
metabolism to maintain energy and balance intracellular sugar
and cell membrane integrity.** These up-regulated metabolic
genes might be an important compensation mechanism for the
survival of resistant bacteria under 2D-BP exposure. Tran-
scriptome analysis of E. coli exposed to silver nanoparticles also
showed that the most upregulated KEGG pathways mainly
belonged to metabolic and energy production process.*
Another study proved that the enhancement of genes
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Infectious disease: bacterial 4 30
Endocrine and metabolic disease+1 1/0
_Drug resistance: antineoplastic {7 1/1
| Drug resistance: I
T 7 7 TCardiovascular disease {% 1/1
Cancer: specific types {7 1/1
Cancer: overview {111 1/1
Immune system+8 1/0
Environmental adaptation i 2/0
Endocrine system -l 2/0
Aging I 2/0 |
Transport and catabolism il 1/0
Cellular community - prokaryotes

[l Metabolism
M Genetic Information Processing
M Environmental Information Processing
M Cellular Processes
M Organismal Systems
Human Diseases

5/3

Cell growth and death
Signal transduction
Membrane transport
Translation
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Transcription

Replication and repair

Folding, sorting and degradation
Xenobiotics biodegradation and metabolism
Nucleotide metabolism

Metabolism of other amino acids
Metabolism of cofactors and vitamins

| Glycan biosynthesis and metabolism'
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Number of genes

Fig. 6 KEGG function annotation classification of DEGs. The number
on top of each column represents the number of up-regulated genes/
down-regulated genes.
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expression related to intracellular metabolic bacteria coped
with Cd stress.*

These major up-regulated genes related to metabolism,
transcription, translation, and cellular processes are shown in
Table S3.T Among these genes, rpoA and rpoC related to tran-
scription were both up-regulated. It has been reported that
bacterial drug resistance to rifampicin (RFP) was mainly
attributed to the mutation of rpoC gene of RNA polymerase
subunit. RFP inhibited transcription initiation and RNA exten-
sion by binding to RNA polymerase B subunit and played an
antibacterial role.** Two genes isrC and flu involved in biofilm
formation in E. coli K-12 were also significantly upregulated,
which further confirmed the important role in the outer and
inner membrane barrier of bacteria to resist 2D-BP stress. This
phenomenon was also observed in E. coli under long-term
exposure to non-antibiotic pesticides and the enhanced
expression of flu gene increased antibiotic resistance.”” In
addition, four genes including mgiIB, aer, flgD, and flis associ-
ated with cell motility were significantly up-regulated. Similarly,
the upregulation of genes related to chemotaxis and flagellar
motility was observed in E. coli after daily exposure to nano-
structured titanium dioxide.” These changes may help bacteria
escape or adapt to external stimuli.

The up-regulated genes in the BP-resistant bacteria were
enriched to different pathways by KEGG and the top five KEGG
pathways were oxidative phosphorylation, pentose and glucur-
onate interconversions, bacterial chemotaxis, flagellar
assembly, and thiamine metabolism (Fig. 7). The transcription
levels of these genes atpD, atpG, and atpE were the highest in
oxidative phosphorylation with the up-regulated fold of 3.59,
3.34, and 3.21, respectively (Fig. 7 and Table S4t). The three
genes involved the coupling reaction between ADP and inor-
ganic phosphorus to synthesize ATP. The increase of ATP syn-
thase subunits under harsh conditions made more protons
export from the cell to protect bacteria from external stimuli.*®

log2FC
0510 1.5

N
N\ 4 KEGG Pathway:
@ Oxidative phosphorylation
Pentose and glucuronate
interconversions
Bacterial chemotaxis
o Flagellar assembly
© Thiamine metabolism

Fig. 7 KEGG enrichment chord graph of up-regulated genes in the
top 5 enriched KEGG pathways. Fold changes (FC) of the gene
expressions between 2D-BP resistant bacteria and sensitive bacteria.
Log, FC represents the logarithm base 2 of fold changes of differen-
tially expressed genes.
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Obviously, the increasing expression of these ATP synthesis
related genes made E. coli K-12 exposed to 2D-BP develop
a resistance. In addition, under external stimuli including
manganese stress, dehydration stress, and high salinity, the
expressions of atpD and atpG genes in bacteria were also posi-
tively regulated.***>**->* The up-regulated mgIB and rbsB genes
related to the ABC operator were enriched to the bacterial
chemotaxis pathway (Fig. 7 and Table S47). ABC transporter was
a way to get energy by transferring nutrients out or into cells or
organelles.”® ABC transporters in certain pathogen such as S.
aureus and Pseudomonas spp. can participate in antibiotic
resistance.’®> Chemotactic protein methyltransferase (cheR)
gene was also enriched in the bacterial chemotaxis pathway,
which referred to the mobile response of bacteria to external
stimuli (Fig. 7 and Table S41). The high hydrostatic pressure
induced chemotaxis-related gene expression increasing.*
Furthermore, some flagella-related genes including fliM, figE,
fIhC, and flhB were also significantly enriched. These genes
increased flagellin expression, resulting in the bacterial motility
increasing. The up regulation of these genes mediated the
mobility of E. coli K-12, making the bacteria elude 2D-BP stimuli
and further develop resistance to the 2D-BP exposure.

The KEGG annotations of DEGs and the KEGG enrichment
pathway showed that the genes which mainly involved in energy
metabolism, cell motility, and membrane structure were up-
regulated. The mutation genes dmdA and mntP of BP-resistant
bacteria have been found to control catabolism and
membrane structure. The gyrA gene related to DNA replication,
transcription, repair, and recombination also played an
important role on the development of an SOS response to DNA
damage caused by 2D-BP exposure. The modifications of
genetic function in membrane structure for the BP-resistant
bacteria explained the changes in morphology and physiology
referring to the reinforced barrier function of cell membrane.
Obviously, the production of resistance to BP was mainly
attributed to the changes in energy metabolism and membrane
structure of bacteria caused by gene mutations. In addition, the
changes of these genes associated with cell motility also
induced the bacterial resistance to 2D-BP.

4 Conclusions

This study reported the resistant phenotypic, morphological,
and genetic changes of wild type bacteria repeatedly exposed to
2D-BP nanosheets at sub-MIC levels. The results demonstrated
that the bacteria exposed to BP nanosheets can develop
a certain resistance, which was mainly attributed to the rein-
forced barrier function for the outer and inner cell membrane
hindering 2D-BP from entering the cell. The development of
bacterial resistance was associated with three inherited muta-
tion genes (dmdA, mntP, and gyrA). The three genes were
responsible for catabolism, membrane structure, and DNA
replication. The up-regulated expressions of corresponding
functional genes further indicated that the resistance of
bacteria repeatedly exposed to 2D-BP nanosheets was mainly
caused by gene mutations. In addition, the expression of genes
related to cell mobility such as flagellar composition increased,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which made bacteria to adapt to harsh environments. These
findings suggest that safety modifications and improvement for
BP nanomaterials are indispensable for the safety and envi-
ronmentally friendly application, and further remind all-round
consideration of biological safety and human health for some
nano-antibacterial materials in usage.
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