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Introduction

Microbial colonization of surfaces constitutes a dangerous reservoir of pathogens that contribute to spread of infections with repercussions on human health and a heavy economic burden.
Several antimicrobial coatings exist in the market; however, they are mainly based on the leaching of environmentally unfriendly chemicals and are formulated considering synthetic, non-
biobased polymers as binders. These antimicrobial coatings frequently show serious concerns linked to antibiotic resistance, complex chemical synthesis, environmental pollution, non-
biodegradability, low product performance, toxicity and extremely low sustainability. The present project aims to analyze the antimicrobial properties of an innovative self-disinfecting
nanocoating based on copper nanoparticles doped with natural peptides such as essential oils (EO). This nanocoating Is expected to be highly effective, have good environmental safety
requirements, and exhibit long-term self-disinfection. Thymol, carvacrol, and menthol are EO compounds with broad-spectrum antimicrobial activities against pathogens,
iIncluding Escherichia coli. The aim of the present study is to investigate the molecular mechanisms of E. coli in response to different concentrations of carvacrol (Ca) by studying differentially
expressed genes with RNA-seq analysis.

Materials and Methods Name Description Pathway
i . _ .. - R . . SdiA DNA-binding transcriptional dual regulator SdiA .
Determination of MIC: Standard proceglures to eval_uate the I\/I|_n|rr_1um EO concentration that_lnhlbl_ted microbial ariR |putative two-component system connector protein AR | C¢!! comunication
growth after 1h of exposure were applied. The Serial 2-fold dilutions of Ca were prepared in Luria broth (LB) thaA |tryptophanase ol adhesion
with 0.5% of DMSO in a sterile 96-well plate, and equal volumes (100 ul) of EO and the bacterial solution were ]E’Isi'zs Sﬂ‘ﬁ‘;‘;ﬁ;ggr;;ﬂzt;?:r —
mixed. The final microbial inoculum level was 10> CFU/mI and final EO concentration range was 0.08 to 10.0 motA | motility protein A flagellar biosynthesis
mg/ml. After 24 h of incubation at 37°C E. coli cells were collected and RNA was extracted. E. coli in LB with fimH _ |type 1 fimbriae D-mannose specific adhesin
i cheA chemotaxis protein CheA :
0 0
0.5% of DMSO was used as negative control. A MIC of 0.04% of carvacrol was evaluated. cheZ |chemotaxis protein CheZ chemotaxis
_ _ _ o _ _ sepD T3SS secretion switching protein SepD
RNA extraction: RNA extraction was performed using RNeasy minikit (Qiagen, Germany) with on-column escC  |T3SS structure protein EscC
DNase digestion according to the manufacturer’s protocols. The RNA concentration and quality were verified marA _ |DNA-binding transcriptional dual regulator MarA
acrB multidrug efflux pump RND permease AcrB

using NanoDrop™ 8000 Spectrophotometer (Thermo Fisher Scientific, USA) and 4200 TapeStation System
(Agilent Technologies, USA).

Figure 1. Selected genes for this study with their description and pathway specification.
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RNA-Seq: total RNA (500 ng) was rRNA depleted with a Ribo-Zero bacterial rRNA removal kit (Illumina,
USA) and used for RNA-Seq libraries preparation with TruSeq Stranded total RNA library preparation protocol
(lllumina). The libraries were sequenced on Illlumina NextSeq 2000 platform (lllumina) using a paired-end
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protocol and a read length of 2 x 75 bp. The raw reads were quality filtered, adaptors were removed, and any O02%Car  004%Car  0.08%Car 002%Car  004%Car  008%Car
reads below 50 bp were discarded. The reads were then mapped onto the E. coli ATCC8739 strain reference HSdA HanR " tnaR mbssS
genome (https://genomes.atcc.org/). Statistical analysis was performed using the DESeq2 and edgeR package. A Flagellar biosynthesis 1 Chemotaxis

negative binomial test was used to identify differentially expressed genes, with cutoff criteria set at an adjusted P . I 1 ] s

value <0.01 and a log2 fold change of >2. 2o ﬁ—ni E_ . l ! . ! I !
Real-time PCR: thirteen genes previously described in the literature were evaluated by RT-qgPCR. The RT-gPCR T corwcer  ootmcar  oosvca 2 zxce  omaxce  ooswca
reactions were performed according to the manufacturer’s instructions using SYBR green gPCR 2X Master mix WA W motA = timH M cheA M escC
(BioRad, USA). Real-time PCR was performed on a QS5 real-time PCR system (Applied Biosystems). The TR —
specificity of the PCR was determined with a melting curve analysis. Normalization of amplification curves of = :

genes was determined using E. coli (16S) housekeeping reference genes. The relative changes in gene expression
were calculated using the 272A¢T method.
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Statistical analysis: all experiments were performed in triplicates. The results are represented as means * pozcar  omamar  0o8mCr 002%Car  004%Car  008%Car
M sepD mcheZ

standard deviations, and significant differences (P < 0.05) were determined by one-way analysis of variance mmarA macrB
(ANOVA) Figure 2. Expression levels of selected genes by RT-gPCR in E. coli

' exposed for 1 hour to different concentrations of carvacrol

_ _ (0.02%, 0.04%, 0.08% Ca) compared to the control (CTL); (p-
Results and Discussion value<0.05).
To understand transcriptional response of E. coli adapting to EO stress, a comparative transcriptomic analysis
between E. coli exposed for 1h at different concentration of carvacrol (0.02%,0.04%, 0.08% Ca) and the control Differentially expressed genes (DEGs) by two data analysis methods:
(CTL) was performed. Our preliminary results were based on the study of a subset of genes previously described o edgeR and DESeq2
In the literature (Figure 1). Data analysis showed that Ca was found to have high efficacy against biofilm " e
formation increasing the expression of genes encoding inhibitors of cell communication pathway (e.g., sdiA and o (E.coli+ 0.02% Ca)  ::
ariR). Furthermore, a negative modulation of genes involved in cell adhesion mechanism (e.g., tnaA and bssS) - \;s T
was observed. Several virulence genes related to flagellar biosynthesis (e.g., fliA and motA) were under expressed (E.coli+ 0.02% DMSO) *
where a gene Involved In repression motility (fimH) was upregulated. Among the significant genes associated |
with virulence, chemotaxis (e.g., cheA and cheZ), and secretion system T3SS (e.g., sepD and escC) were D“ 'iﬁEF“dDEG . . R
) j ) ) own-regulate S: own-regulate S:
downregulated by carvacrol at all exposure concentrations. Moreover, it was observed that adaptation of E. coli to Up-regulated DEGs: 42 Up-regulated DEGs: 17
sublethal concentrations of Car induced the upregulation of genes encoding multidrug efflux pumps (e.g., A partial transcripts overlapping is showed among the - R
. g edoe e
marA and acrB) (Figure 2). two analysis tools :
From RNA-Seq investigations on E. coli treated with 0.02% of Ca, differential expressed genes (DEGs) were edgeR 55 7
obtained. Data analysis was performed by two distinct methods: edgeR and DESeqg2 (p-value < 0.01 and log2 DESeq2 33
edgeR & DESeq2 26

Fold Change). We obtained 13 Down-regulated DEGs and 42 Up-regulated DEGs from edgeR and 16 Down-
regulated DEGs 17 Up-regulated DEGs from DESeg2. A partial transcripts overlap i1s showed among the two

Figure 3. Differentially expressed genes by two data analysis methods

analysis tools with 26 genes in common (Figure 3). The first pathway analysis of these genes revealed mainly the (edgeR and DESeq?) after E.coli exposure at 0.02 % of carvacrol:
modulation of oxidative stress, efflux pumps induced and membrane integrity (Figure 4). (p-value <0.01 and log2 fold change of >2).
Conclusions

\PPC o . - : : : :
dppglf* " These Initial findings suggest that carvacrol may affect biological pathways associated with
"f';"““ *'///,,;. \ dpoc the Inhibition of biofilm formation, and virulence of E. coli at subinhibitory concentrations

/ ;:-m O disEion mhnoss and could be a promising candidate as a natural antibacterial compound.
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| _ ; m"?‘\ = Since the antimicrobial coatings frequently used show serious concerns linked to low product
Figure 4. ziter;‘l’;%%agﬁ:zsogfs = performance, pollution, toxicity and antibiotic resistance, further RNA-Seq analysis will be
rpsuU ] ] ] ] ] ]
STRING DB database c performed to gain new insights. The knowledge of molecular mechanisms that underlie this

Innovative Intervention strategy, could highlight whether one or a combination of several
mechanisms at structural, genomic, transcriptomic and proteomic level could trigger possible
resistance mechanisms against antimicrobial nanoparticles.
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