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Abstract

Antimicrobial resistance (AMR), remains a significant worldwide public health issue,
leading to 4.95 million deaths in 2019. If no action is taken, up to 10 million lives could be lost
annually due to infections caused by drug-resistant microorganisms by the year 2050, resulting
in an economic impact of approximately $100 trillion on the global economy. Biofilms,
consisting of microbial cells embedded in self-produced exopolysaccharides, confer bacterial
tolerance and resistance to antibiotics by obstructing penetration. As per the US National
Institutes of Health, nearly eighty percent of microbial conditions in the body are associated
with biofilms, a significant fraction of which exhibit resistance to conventional antimicrobial
therapies. Actinobacterial species are recognised for their ability to produce secondary
metabolites comprising antibiotic, antiviral, and anticancer compounds. With more than 7000
compounds produced by Streptomyces sp., most of them account for the secondary metabolites
of potent antibiotics, making Streptomycetes the most exploited primary antibiotic-producing
source.

The thesis aims to extensively investigate the isolation of rare marine actinobacteria for
combating biofilm formation and drug resistance. Specifically, two strains of actinobacteria,
namely, Nocardiopsis lucentensis EMB25 and Streptomyces sp. EMB24 were characterized and
investigated for anti-biofilm and antibacterial potential. The highlight of the work is the isolation
of rare actinobacteria inhibiting and eradicating the biofilm in Pseudomonas aeruginosa,
reported for the first time.

The overall objectives of the thesis are as follows:
e Isolation of rare marine actinobacteria to study the effect of secondary metabolites on P.
aeruginosa PseA biofilms

e Mechanism of secondary metabolites in inhibiting biofilm formation of P. aeruginosa
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PseA

e Screening and isolation of actinobacteria for the antibacterial effect against drug-resistant
bacteria

e Green synthesis of silver nanoparticles to study the antibacterial effect against drug-
resistant bacteria.

The present study describes the whole genome analysis and biofilm-inhibiting and
biofilm-eradicating potential of actinobacterial isolate identified as N. lucentensis EMB25. N.
lucentensis EMB25 has a 6.5 Mbp genome with 71.62 % GC content. The genome analysis
by Basic Local Alignment Search Tool (BLAST) Ring Image Generator (BRIG) revealed it to
be closely related to Nocardiopsis dassonvillei NOCAS502F. Moreover, the work intended to
explore the antibiofilm potential of EMB25. Fermentation and extraction of the secondary
metabolites was done employing the organic solvent extraction method. The organic extract at
1.56 pg/uL inhibited 50 % biofilm (BICso), and > 85 % biofilm inhibition was observed at 25
pg/uL. The gas chromatography-mass spectrometry (GC-MS/MS) technique identified the
total compounds present. After identification, the ligands present in the extract were docked on
the LasR and RhIR. Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET)
analysis of the selected metabolites shows that these can be pursued as potential drug
candidates. Finally, the mechanism was elucidated through expression analysis of genes
regulated by LasR and RhIR in the presence and absence of organic extract. To the best of our
knowledge, this is the first time the genus Nocardiopsis has been explored to inhibit and
eradicate the biofilm of P. aeruginosa.

The current unprecedented rate of Streptomyces genome mining has led to the creation
and usage of bioinformatics tools aimed explicitly at discovering Biosynthetic gene clusters
(BGCs). Bacterial antiSMASH is a robust genome-mining tool that enables users to identify,

annotate, and evaluate secondary metabolite BGCs easily. Based on the relevance of the
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Streptomyces genus as a hub of novel antibiotics, we have isolated Streptomyces sp. strain
EMB24 from Pen, Maharashtra, India. The Streptomyces sp. strain EMB24, with a GC content
of 72.40 %, has a genome of 7,252,958 bp. The Streptomyces sp. strain EMB24 exhibited
potent antibacterial activity against various drug-resistant bacteria growth, namely MRSA,
tetracycline-resistant N. gonorrhoeae, and N. gonorrhoea WHO F evaluated using the agar-
plug assay.

Subsequently, green synthesis of silver nanoparticles by Streptomyces extract resulted
in a 10-30 nm size range confirmed by Field Emission Scanning Electron Microscopy
(FESEM) and Transmission Electron Microscopy (TEM) images. The AgNPs exhibit
significant antibacterial activity against drug-resistant bacteria, namely P. aeruginosa,
tetracycline-resistant N. gonorrhoeae, N. gonorrhoea WHO (F) and MRSA at 5 pg/mL
concentration. In addition, we have observed more than 80 % of biofilm inhibition in P
aeruginosa at 50 pg/mL concentration of AgNPs. This thesis makes a significant contribution by
isolating and characterizing rare marine actinobacteria with promising potential for combating AMR
and biofilm-related infections. The discovery of N. lucentensis EMB2S5 and Streptomyces sp. EMB24,
along with their bioactive compounds, offers novel therapeutic strategies for addressing drug-resistant

pathogens and biofilm-associated infections. The antimicrobial activity of green-synthesized AgNPs

further highlights the potential of this research in developing alternative antimicrobial treatments.
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TR RS (TUHSIR) T 1R 3fyes AreeiAes W gar s+t gs §, o
HRUT 2019 T TTHT 4.95 e Aid g5 | afe 39 W & 8! faam a1 df 2050 d& ST-
AT e geASial & BRI AT HshHon 3 Ui a8 a1 10 e @il &t Hid 8 gt
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TSI & YA Bl AhebR e el Bl IR 3R TRy &l 9gTd § | Juyg AT-d
SRICYCY 3T gd & SIUR, YRR T AT 3t ufarera Argshifaad fufaat srfthesg
Y S BIl 5, ForH & Sifepi el IRURNTA UEHATSshiferel SURRT o Uil HfaR1Y HafRid sl
g1 UfaeaadiRae yofam Y 37 H1efie Aeraargey, fH damifes, TeamRad,
3R TET-HaR I A &, BT TG B DI &N & (A4 a1 AT 6 | KB HIRS
TSRl §RT JdMed 7000 § 3iF At & ¥ Sifpixy faaee TEerIicR &
eafies NeTaiaged &, ford KIPHEdis teemifesd Sare- o1 U did &+ T g
Y MY BT 3T gy LT TdeAIaac N & YYTHRUI IR IS AL BT § dlich
ST o 3R gal UfaR1Y &1 ebTad [T o 9 | o=y U ¥, ufdeiaaciiar o
3l T, TS AR TR EMB25 3R WIPHIS IS EMB24, BT A& fAefRor 3R
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. GOY TS UaeAIdadiaT BT QUIHRU HR I TS Helaiarscd &I P. aeruginosa

PseA ST TR YT T 3T |
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JAaM EH H UfdeAlaaciRgd JUd AIISaRN QUi EMB25 & IX SiHH
fIRATOT 3R I e-RAhA 3R Y B B1 &HaT BT guf fsar T g 1 EMB25 H 6.5 Mbp
&1 S 3R 71.62% GC ARTf g1 AR did sfagde T ¢ (BLAST) R 309
SRER (BRIG) GRT SIHIH fa=eis 0T 5 39 Nocardiopsis dassonvillei NOCA502F T dial ¥4
3 Hefd UrT| $ob SHidRed, EMB25 B UC1-STIthed & I Wlel T 7ed @M |
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far | 1.56 pg/uL W Sfaew s A 509 SR (BIC50) T AhT 3R 25 pg/ul W
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Tt D! Bt Uga™ B | UgaH & ale, Fshy & Hislg fofigy &1 LasR 3R RhIR R 316
far Tl g T AerEiarscy &1 Sa%iyul, IR, 9aTaEd, I iR faued
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research-and-development/monitoring/antibacterial-products-in-clinical-
development-for-priority-pathogens)

Various mechanisms of antibacterial action of silver nanoparticles

The targets of various antibiotics and associated mechanisms of resistance
The four stages of biofilm formation: (I) Reversible attachment of free-
living bacteria to the compatible surface via the use of cell appendages
followed by the irreversible attachment via secreted adhesins. (II) discrete
colonies formation known as microcolonies having around 100 bacteria
per cluster via upregulation of genes required to maintain attachment. (I11)
Biofilm maturation via upregulation of EPS genes, the release of
polysaccharides, eDNA, and QS molecules. (IV) After a certain period of
time, nutrients are depleted, and toxic compounds start to accumulate; this
is when the dispersal of bacteria residing in biofilm occurs (adopted from
Goel et al., 2021)

Biofilms-associated infections on surfaces like catheters, teeth, and

kidney stones, as well as infections that occur on tissues like the lungs of
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Figure 1.8
Figure 1.9

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

CF patients, chronic wounds, and tonsils

Antibiotic (drug) tolerance that biofilms exhibit at the community level
Ecological distribution of Actinobacteria (adopted from Goel et al., 2021)
Sample collection sites (salt pans, Mangrove, Creek) for the isolation of
rare actinobacteria, Pen, Maharashtra, India

(A) The calcareous-like colonies were selected and streaked on AIA
media, (B) purified for genomic DNA isolation, (C) the isolated genomic
DNA was run on 1 % agarose gel and identified using 16S rRNA
sequencing results

The biofilm formation by various gram-positive and gram-negative
bacteria (p<0.01)

Effect of cell-free extract of Streptomyces sp. EMB24, Streptomyces sp.
EMB?27, Streptomyces sp. EMB28, and Streptomyces sp. EMB29 isolated
in the lab, used at concentrations 0.75 %, 0.5 %, 0.25 %, and 0.125 %
(v/v) added to 48 h preformed biofilm of P. aeruginosa PseA

Cell-free extract of Nocardiopsis sp. EMB25 and Nocardia sp. EMB30,
isolated in the lab, were used at concentrations 0.75 %, 0.5 %, 0.25 %,
and 0.125 % (v/v) added to 48 h preformed biofilm of P. aeruginosa PseA
Phylogenetic tree based on 16S rRNA sequencing of selected strain
EMB?25 constructed using the neighbor-joining method performed in
MEGA 7.0 software. The number of bootstrap replications was set to
1000. The strain used in this study is highlighted in box

The effect of cell-free extract of EMB25 was checked on preformed
biofilm of various clinical strains, namely, P. aeruginosa, K. pneumoniae,

and E. coli on 48 h preformed biofilm with replenishment of media at
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Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15

Figure 3.1

every 24 h

The colony of N. lucentensis EMB25 (A) on ISP2 agar plate (B) Scanning
electron micrographs at 1000 X magnification

Genomic comparison performed using BLAST Ring Image Generator
(BRIG) tool revealing similarity with N. dassonvillei NOCAS502F, and the
circular map was created using CGview

Heat map depicting genomic comparison of N. lucentensis EMB25 based
on orthoANI values

Gene ontology predicted using DIAMOND Blast P program

The Kyoto Encyclopaedia of Genes and Genomes (KEGG) function
annotation of N. lucentensis EMB25

Distribution of N. lucentensis EMB2S5 genes into subsystem categories.
The numbers in parentheses show the counts of genes with specific
functions

(A) The antibacterial activity of N. lucentensis EMB25 using agar-plug
assay (B) The effect of N. lucentensis EMB25 extract on preformed
biofilm of P. aeruginosa PseA and cell count (C) Confocal microscopic
images of P. aeruginosa PseA (i) control, (i1) post-treatment with the
extract

Disc diffusion assay showing antibacterial activity against S. aureus and
MRSA

The effect of ethyl acetate extract (25-0.097 pg/uL) on preformed 48 h
biofilm of P. aeruginosa PseA (shown in black bars) and cell viability
percentage as estimated using XTT assay (shown in red symbols)

(p<0.05)
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Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

The effect of ethyl acetate extract on eradication of 48 hours preformed
biofilm of P aeruginosa. The CLSM images of the biofilm of P
aeruginosa PseA untreated and after treatment for 24 hours onto glass
coverslips at two different concentrations, 3.125 pg/uL and 25 pg/pL in
TSB media at 30 °C were evaluated. The bacterial biomass was stained
using the BacLight LIVE/DEAD viability kit after removing the
planktonic cells. Live cells were labelled using the Syto 9 dye, while
propidium iodide was used to stain dead cells (Scale bar, 10 pm)

The effect of ethyl acetate extract on eradication of 48 hours preformed
biofilm of P. aeruginosa PseA. The quantification of P. aeruginosa PseA
biofilms after treatment was performed by 3D imaging in Imaris 8.1
software. Data are mean from 3 independent experiments + SD
Dose-dependent inhibition of Nocardiopsis lucentensis strain EMB25
ethyl acetate extract on the formation of P. aeruginosa PseA biofilm (ns,
non-significant, **p<0.01; ****p<0.0001)

Growth curve of P. aeruginosa PseA in the presence of BICso (1.56
pg/ul), 12.5 pg/ul and highest concentration (25 pg/uL) used in the
study

Estimation of virulence factor production at different organic extract
concentrations (1.56 pg/uL and 25 pg/ul) (A) Pyocyanin (B)
Rhamnolipid and (C) swarming motility assay.

Data are mean from 3 independent experiments + SD. Asterisks indicate
the significant differences in comparison to untreated samples (**p<0.01;
*#%p<0.001; ****p<0.0001)

The effect of ethyl acetate extract on biofilm inhibition of P. aeruginosa
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Figure 3.8

Figure 3.9

Figure 3.10

Figure 4.1

Figure 4.2

Figure 4.3

analyzed using FESEM at 5000X, 2500X and 500X magnification. The
images were taken after treatment for 24 h onto glass coverslips at two
different concentrations 1.56 pg/puL and 25 pg/uL in TSB media at 30°C
Comparison of binding of 3-oxo0-C(12)-acylhomoserine lactone
(PDB:2UV0) with (A) C 30, (B) C 15, (C) C 12, (D) C 58, (E) C 5, (F)
C 61 to LasR. Metabolites bound to the active site pocket of LasR are
superimposed on autoinducer shown in green stick. LasR is shown as
ribbon with its N- and C-terminus labelled and the compounds are
represented in sticks of different colours

Comparison of binding of N-butanoyl-L-homoserine lactone with (A) C
58,(B)C 15, (C)C5,(D)C30,(E)C 12, (F) C10to Alphafold model
of RhIR. Metabolites bound to the active site pocket of LasR are
superimposed on auto-inducer shown in green stick. RhIR is shown as
ribbon with its N- and C-terminus labelled and the compounds are
represented in sticks of different colors

Relative gene expression of various quorum sensing genes involved in
biofilm formation. Data is plotted as mean of three biological replicates
The antimicrobial agar-plug method

Agar-plug assay showing antimicrobial activity of isolated Streptomyces
sp. EMB24, Streptomyces variabalis EMB27, Streptomyces sp. EMB28,
and Streptomyces griseorubens EMB29 against clinical strains: E. coli, P.
aeruginosa. S. aureus and ATCC strains: P. aeruginosa ATCC 27853, E.
coli ATCC 25922, S. aureus ATCC 25923

Agar-plug assay showing antimicrobial activity of isolated Streptomyces

sp. EMB24, Streptomyces variabalis EMB27, and Streptomyces
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Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

griseorubens EMB29 against N. gonorrhoeae WHO (F), azithromycin-
resistant N. gonorrhoeae, tetracycline-resistant N. gonorrhoeae, MRSA,
K. pneumoniae, and Acinetobacter baumannii

Comparative analysis of 16S rRNA sequences from 20 isolates of
Streptomyces sp. strain EMB24 with closely matched sequences using the
BLASTn program at NCBI. The phylogenetic tree was constructed using
the neighbor-joining method implemented in MEGA 7.0 software, with
1000 bootstrap replications

Comparative genome analysis using BLAST Ring Image Generator
(BRIG software. Streptomyces sp. EMB24 strain genome assembly
showed top hit to Streptomyces sp. ETH9427

Gene Ontology (GO) annotations for predicted protein-coding genes

The Kyoto Encyclopaedia of Genes and Genomes (KEGG) function
annotation of Streptomyces sp. EMB24

Functional classification of proteins in Streptomyces sp. EMB24 using
Clusters of Orthologous Groups of proteins (KOG). The pie graph
illustrates the distribution of protein functions. Each segment represents a
distinct functional category, with the numbers in parentheses denoting the
gene counts associated with specific functions

Proposed BGCs of bioactive compounds in Streptomyces sp. strain
EMB24 (A) depicts the putative BGC responsible for the production of
Naphthyridinomycin (B) illustrates the proposed BGC associated with the
synthesis of Curamycin (C) presents the hypothetical BGC believed to be
involved in the production of Alkylresorcinol in Streptomyces sp. strain

EMB24
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Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure: 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

UV-vis spectra of synthesized AgNPs: (A) effect of AgNO3 concentration
varying from 0.25 mM to 3 mM (B) effect of incubation time ranges from
4hto24h

Characterization of synthesized AgNPs by dynamic light scattering (DLS)
(Malvern Zetasizer Na)

Characterization of synthesized AgNPs by XRD pattern (Rigaku Ultima
IV advance benchtop X-ray diffractometer)

FTIR spectrum of synthesized AgNPs (Niclot, 6700)

FESEM of synthesized AgNPs (FEI Company, Netherland, Model: FEI
Quanta 200 F SEM)

EDX spectrum of synthesized AgNPs

Antibacterial activity of synthesized AgNPs (Syn AgNPs) and
commercial AgNPs (Com_AgNPs) against E. coli, P. aeruginosa, and S.
aureus

Antibacterial activity of synthesized AgNPs (Syn AgNPs) and
commercial AgNPs (Com_AgNPs) against tetracycline-resistant N.
gonorrhoeae, N. gonorrhoeae WHO F and MRSA

Time-dependent killing kinetic assays of AgNPs against MRSA. The
concentrations used in the assay are equivalent to and higher than the
MICs observed

Time-dependent killing kinetic assays of AgNPs against P. aeruginosa
PseA. The concentrations used in the assay are equivalent and higher than
the MICs observed

The release of nucleic acids and proteins were evaluated

spectrophotometrically (A) P. aeruginosa PseA at AgNPs concentrations
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Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

85 and 170 pg/mL and (B) MRSA at AgNPs concentration 42 and 84
pug/mL

Propidium iodide dye uptake assay performed periodically in the presence
of AgNPs (A) P. aeruginosa PseA at AgNPs concentrations 85 and 170
ng/mL and (B) MRSA at AgNPs concentrations 42 and 84 pg/mL

The Field Emission Scanning Electron Microscopy (FESEM) (FEI
Company, Netherland, Model: FEI Quanta 200 F SEM) images of P.
aeruginosa PseA after a 12-hour exposure to AgNPs at 100 pg/mL,
captured at magnifications of 25,000X (A and B: control, C and D: test)
The Field Emission Scanning Electron Microscopy (FESEM) (FEI
Company, Netherland, Model: FEI Quanta 200 F SEM) images of MRSA
after a 12-hour exposure to AgNPs at 50 pg/mL, captured at
magnifications of 25,000X (A: control, D: test), 10,000X (B: control, E:
test), and 5,000X (C: control, F: test))

Transmission electron microscopy (TEM) images of P. aeruginosa PseA
and MRSA after exposure to AgNPs at 100 pg/mL and 50 pg/mL,
respectively, using TECNAI G20 HR-TEM 200Kv, Thermo Scientific
The effect of AgNPs on biofilm inhibition of P. aeruginosa at 50, 25,
12.5, and 6.25 pg/mL concentrations

The confocal microscopy images in the presence and absence of AgNPs
depicting biofilm inhibition at 50 ng/mL concentration (Laser Scanning
Confocal Microscope: LSM 880, Carl Zeiss)

The effect of AgNPs on the preformed biofilm over 48 h of P. aeruginosa

PseA at 50, 25, 12.5, and 6.25 pg/mL concentrations. FESEM images
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