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OZET

BiYOLOJIK SENTEZLENMIS GUMUS NANOPARTICLES'E MARUZ KALAN
CANDIDA ALBICANS DIFERANSIYEL GEN EKSPRESYON ANALIZI

Osaid ALHAROUN
Ondokuz May1s Universitesi
Lisansiistii Egitim Enstitiisii
Nanobilim ve Nanoteknoloji Ana Bilim Dali.
Yuksek Lisans, Haziran/2023
Danigsman: Dog. Dr. Hilal AY

Giimiis nanopartikiilleri, terapotik oOzelliklerinden dolay1 nanoteknoloji ve
biyotipta cesitli amaclar i¢in yaygin olarak kullanilmaktadir. Bitkiler, algler,
mantarlar ve bakterilerin glimiis nanopartikiillerini (AgNP'ler) biyolojik olarak
iiretebildigi ve bu nanopartikillerin hicreler Gzerinde antibakteriyel, antioksidan ve
sitotoksik gibi ¢esitli etkileri oldugu bilinmektedir. Birgok biyoaktif sekonder
metaboliti iiretebilen aktinobakterilerin ~ de glimiis nanopartikiilleri
sentezleyebildigine dair ¢alismalar bulunmaktadir. Ancak, biyolojik olarak tiretilen
glimiis nanopartikiillerinin canli hiicrelere kars1 gosterdigi sitotoksisitenin molekiiler
mekanizmalari lizerine ¢ok az caligma bulunmaktadir. Bu ¢alismada, Antarktika’dan
izole edilmis bir aktinobakteri olan Microbacterium sp. H37-C3, hiicre dis1 olarak
giimiis nanopartikiilleri tiretmek i¢in kullanilmig olup biyolojik olarak sentezlenen
giimiis nanopartikiillerinin Candida albicans Uzerindeki sitotoksisitesi transkriptomik
bir yaklasimla arastirilmistir. Biyolojik olarak sentezlenen giimiis nanopartikiillerinin
fiziksel ozellikleri, UV-vis spektroskopi (UV-Vis), enerji dagitict X-1s1n1
spektroskopisi (EDX) ile taramali elektron mikroskobu (SEM) ve X-1smmi kirinimi
(XRD) ile karakterize edilmistir. Microbacterium sp. H37-C3 tarafindan sentezlenen
gimiis nanopargaciklarin, 417 nm'de maksimum absorbans gosterdigi tespit
edilmistir. Giimilis nanopargaciklarin ortalama parcacik boyutu 15-30 nm arasinda
degismektedir ve sentezlenen giimiis nanoparcaciklar kristal yapidadir. Ayrica,
Microbacterium sp. H37-C3 susunun tim genom dizisi NCBI GenBank’tan
indirilerek genom 6zellikleri ikincil metabolit biyosentetik gen kiimelerini ve susun
filogenetik iligkisini ortaya ¢ikarmak igin analiz edilmistir. Glimiis nanopartikiillerine
maruz kalan Candida albicans ve kontrol grubu arasindaki diferansiyel gen
ekspresyon analizi, gen ekspresyon seviyesindeki antimikrobiyal aktivite
mekanizmasini ortaya ¢ikarmak icin yapildi. Numuneler arasinda gen ekspresyon
seviyelerinde istatistiksel olarak onemli bir degisiklik gozlenmemesine ragmen, gen
ekspresyonunun diizenlenmesinden sorumlu olan bazi kiigiik niikleolar RNA'lar1
kodlayan genlerin ekspresyonu ile sitokrom c oksidaz ve telomer uzunlugunun
korunmasindan sorumlu bazi genlerin ekspresyonu AgNP isleminden etkilenmistir.
Sonuglar, gilimils nanopartikiillerin Okaryotik hiicreler iizerindeki toksisite
mekanizmalarinin gen ekspresyon seviyesinde anlasilmasina katki sunmaktadir.

Anahtar Sozcukler: Aktinobakteriler, Biyojenik giimiis nanopartikiilleri, Candida
albicans, RNA-dizileme, Transkriptomik



ABSTRACT

DIFFERENTIAL GENE EXPRESSION ANALYSIS OF CANDIDA ALBICANS
EXPOSED TO BIOLOGICALLY-SYNTHESIZED SILVER NANOPARTICLES

Osaid ALHAROUN
Ondokuz Mayis University
Institute of Graduate Studies
Department of Nanoscience and Nanotechnology
Master, June/2023
Supervisor: Assoc. Prof. Dr. Hilal AY

Silver nanoparticles are extensively used in nanotechnology and biomedicine
for various purposes due to their intrinsic therapeutic properties. Plants, algae, fungi,
and bacteria have been known to produce silver nanoparticles (AgNPs) biologically,
and those nanoparticles have various effects on the cells, such as antibacterial,
antioxidant, and cytotoxic. There are reports showing that actinobacteria producing
many bioactive secondary metabolites could produce silver nanoparticles. In this
study, an actinobacterium isolated from Antarctica, Microbacterium sp. H37-C3 was
used to produce silver nanoparticles extracellularly, and the cytotoxicity of these
biologically synthesized silver nanoparticles on Candida albicans was investigated
by a transcriptomic approach. The physical properties of the synthesized silver
nanoparticles were characterized by UV-visible spectroscopy (UV-Vis), scanning
electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDX), and
X-ray diffraction (XRD). It was determined that the silver nanoparticles synthesized
by Microbacterium sp. H37-C3 showed the maximum absorbance peak at 417 nm.
The average particle size of the silver nanoparticles ranges from 15-30 nm, and the
synthesized silver nanoparticles are in crystalline structure. Moreover, genome
characteristics of strain Microbacterium sp. H37-C3 was also analyzed to reveal
secondary metabolite biosynthetic gene clusters and the phylogenetic relationship of
the strain by downloading the whole-genome sequence of the strain from the NCBI
GenBank database. Differential gene expression analysis between silver
nanoparticle-exposed Candida albicans and the control group was conducted to
reveal its antimicrobial activity mechanism in gene expression level. Although no
statistically significant change in the gene expression levels was observed between
the samples, the expression of several genes coding for small nucleolar RNAs as well
as the expression of the gene coding for cytochrome ¢ oxidase and a gene responsible
for maintenance of telomere length was affected by the AgNP treatment. The results
contribute insight into the toxicity mechanisms of silver nanoparticles on eukaryotic
cells at the gene expression level.

Keywords: Actinobacteria, Biologically-synthesized silver nanoparticles, Candida
albicans, RNA-sequencing, Transcriptomics.



ACKNOWLEDGEMENT

| want to start by thanking Dr. Hilal Ay, my research supervisor. | want to take
this opportunity to thank her from the bottom of my heart for helping me to conduct
my research and for the vital guidance | received while conducting it. Working and
studying with her was a real honor and privilege.

In addition, | want to thank everyone who supported me while working at
Ondokuz Mays University's Department of Nanoscience and Nanotechnology.

My sincere appreciation to my family, especially my mother and father, for the
endless affection and sacrifices that helped me grow up and prepare for the future.
Without them, 1 would not have arrived at this moment.

Osaid ALHAROUN



CONTENTS

ACCEPTANCE AND APPROVAL OF THE THESIS .....ccooieiiieeeee e i
DECLARATION OF COMPLIANCE WITH SCIENTIFIC ETHIC.........ccccoveieee, ii
DECLARATION OF THE THESIS STUDY ORIGINALITY REPORT .......ccccvenneee. ii
(@ )74 = OO UU O EUURURUURRRRRN iii
AB ST RACT ittt e et e ettt e e ba et e raennee e iv
ACKNOWLEDGEMENT ..ottt ettt aa et e e neens v
(@10 N =1V S TSSOSO PRSP vi
SYMBOLS AND ABBREVIATIONS .....oooiiiiiiecie ettt see e vii
FIGURES LEGENDS .......ooiii ittt viii
TABLES LEGENDS........ccoiiiiit ettt ettt e ettt nena e st e iX
1. INTRODUCTION ...t e e e e e e e e e s narar e e 1
2. LITERATURE REVIEW .. ...ttt 4
2.1. Synthesis of SilVer NANOPATICIES ..........cociiiiiiiiiiee e 4
2.2, ACTINOIMYCELES ..otttk ettt ekt et et e e e e e eneeen 4
2.2.1. Synthesis of NPS Dy ACHINOMYCELES .........ccoiuiiiiiiiiiiieiie et 4
2.2.2. The genus MICroDACIEITUM ..........oiiiiiiiiiii e 5

2.3. Candida albicans as a pathogen and pathogenicity mechanisms............c.cccecvervennnenn 6
2.3.1. Drug Resistance Mechanisms in Candida Albicans .............cccccvevvveeviee e, 7

2.4, RNA SEOUENCING. ...etutietieitte ettt ettt ettt ettt et e e e enes 10
2.5. RNA-seq and differential gene expression analysis ...........cccoovvreeneenieeieesne s 11
2.6. Algorithms for the alignMmENt PrOCESS........coouviiiiiiiiiiieiie e 14
2.7. Factors Affecting NPS SYNTNESIS .......ccviiiiiiiiiii i 15

3. MATERIALS AND METHODS.......coo ittt 16
3.1. Green Synthesis of Silver Nanoparticles...........cccovviivii e 16
3.2. Characterization of Silver Nanoparticles Synthesized by Microbacterium sp. H37-C3
..................................................................................................................................... 16
3.3. Genome Analysis of Microbacterium sp. H37-C3..........ccccoveiiiiiiiie e, 17
3.4. Inhibitory Activity of Silver Nanoparticles Synthesized by Microbacterium sp. H37-
C3 against Candida albiCans ............ccceeiiiiiiiieic e 17
3.5. Exposure of Candida albicans with Silver Nanoparticles ...........ccccceevvveiivecineeenne, 18
3.6. RNA-SEQ ANAIYSIS ...oviiiiieeiiie sttt ettt s e et e e ste e e nnreeanees 18
4. RESULTS AND DISCUSSION .....oiiiiiiiiiiiiiiieiie sttt 21
4.1, Synthesis of Silver NanopartiCleS..........ccoveiiieeiiii e 21
4.2. Physicochemical Characterization of the Silver Nanoparticles............c.ccccoeveeinees 22
4.3. Genome Analysis of Microbacterium sp. H37-C3.........ccccooiieiiii i, 25
4.4, Antimicrobial Activity of Silver Nanoparticles against Candida albicans............... 29
4.5, RNA-SEQ ANGIYSIS ..ottt re e st re e e nare e 29
4.5.1. RAW Data StAtISTICS ......ecivveiiieiiieiiie sttt 29
4.5.2. Alignment and Assembly of the TransCriptS........cccocvevvieeiiii e, 31

5. CONCLUSION. ..ttt ettt sttt sttt ettt et e bt e e b e e nbeesreeanbeeaneeaneeans 39
REFERENCES.......coot ittt ettt e b sree e nneas 40
CURRICULUM VITEA . . i itiiiiititintnttutattetittessssssasasasssmmmiiiasssssassssssss 45

Vi



SYMBOLS AND ABBREVIATIONS

Ag-NPs : Silver nanoparticles

NPs : Nanoparticles

Nm : Nanometer

EDS : Energy-Dispersive Spectroscopy
SEM : Scanning Electron Microscopy
XRD : X-Ray Diffraction

DLS : Dynamic light scattering

TEM : Transmission electronic microscopy
AFM : Atomic Force Microscopy

UV -VIS - Ultraviolet-Visible Spectroscopy
MIC : Minimum Inhibitory Concentration
FTIR : Fourier Transform Infra-Red

NGS : Next-generation sequencing

DGG : Differential gene expression

G+C : guanine and cytosine

SnoRNA : Small nucleolar RNA

TPM - transcripts per million

FPKM : Fragments Per Kilobase of transcript per Million
CA : Control sample

CA-Nano : Treated sample (AgNP-exposed)
PCR : Polymerase chain reaction

gPCR : Quantitative real-time PCR

Ag20 : Silver oxide

RPM : Revolutions per minute

Vii



FIGURES LEGENDS

Figure 2.1. The molecular mechanisms of azole resistance.............cccooevviiiiiiiieiiniciic 8
Figure 2.2. The primary technical obstacles and computational procedures for de analysis
OF MNA-SEO TALA. ....e.eeeeeesii e 15
Figure 3.1.The experimental workflow for RNA sequencing on an lllumina platform
(MACTOZEN 111C.) .vvvieiiriiie e ittt e sttt e st e sttt e s e e e s s et e st e s anre e e e e 18
Figure 4.1. The growth of microbacterium sp. H37-C3 on gym medium agar..................... 21
Figure 4.2. Silver nanoparticle cultivation is indicated by a change in color (a)
supernatant without AGNO3 (b) formation of AgNPS..........ccccoviiiiiiieiiceee, 22
Figure 4.3. Uv-vis spectrum of the silver nanoparticles synthesized by Microbacterium
S, H -G e 23
Figure 4.4. SEM image of the silver nanoparticles synthesized by microbacterium sp.
[ K O USSP USSP 23
Figure 4.5. The EDX spectrum of the silver nanoparticles synthesized by Microbacterium
S, H -G e 24
Figure 4.6. The XRD pattern of the silver nanoparticles synthesized by Microbacterium
S, H -G e 25
Figure 4.7. The phylogenomic tree constructed on tygs, representing strain H37-C3 along
with other MiCrobacterium SPECIES. ........c.ceiieiieiiieiie it 27
Figure 4.8. Secondary metabolite-coding gene clusters identified in the genome of
Microbacterium sp. H37-C3 ........ooiieiiee et 28
Figure 4.9. Library sample intensity of the control group (CA) .....ccccevvveiiieeiiieeiiee e, 29
Figure 4.10. Library sample intensity of the agnp-exposed group (CA-Nano) ................... 30
Figure 4.11. Trimmomatic analysis result for the control sample (CA)......cccccccvevvvvevnnnne, 31
Figure 4.12. Trimmomatic analysis result for the agnp-exposed sample (CA-Nano).......... 31
Figure 4.13. The coverage of the reads across the reference genome of C. albicans......... ... 32
Figure 4.14. Mapped reads GC-content of the samples CA and CA-Nano.............c..cc........ 33
Figure 4.15. The mapping quality of the reads across the reference genome of C. albicans. 34
Figure 4.16. The histogram for the insert size distribution..............ccccoeveeiiie v, 35
Figure 4.17. The histogram for the fragments per kilobase of exon per million fragments
mapped (fpkm) for the control sample (CA) ...coovveiiiiiiiiec e, 36
Figure 4.18. The histogram for the transcripts per million (tpm) for the control sample
(O T PSPPSR 36
Figure 4.19. The histogram for the fragments per kilobase of exon per million fragments
mapped (fpkm) for the agnp-exposed sample (CA-Nano)..........ccccceeeeevivveevireenne, 37

Figure 4.20. The histogram for the transcripts per million (TPM) for the AgNP-exposed
SAMPIE (CA-NGNO) ..ot et e e saae e 37

viii


file:///C:/Users/Dell/Downloads/T.docx%23_Toc138084354
file:///C:/Users/Dell/Downloads/T.docx%23_Toc138084355

TABLES LEGENDS

Table 1.1. Synthesis of AgNPs using some kinds of bacteria and fungus..............cccccceeevenne. 2
Table 4.1. Raw data statistics for the control (CA) and AgNP-exposed (CA-Nano)
8101 o OO PO 29



1. INTRODUCTION

It is no lo nger hidden from anyone the spread and expansion of fungi
resistant to the available antifungal drugs. Moreover, antifungal drugs, especially
systemic ones, have many side effects, some of which cannot be ignored, such as
nephrotoxicity and ototoxicity. Candida albicans, which is an opportunistic fungus,
is the cause for a wide range of superficial and systemic fungous infections, making
it one of the most prevalent types of fungi. It usually only causes disease in

individuals whose immune system is compromised or whose natural flora is altered.

Fungi, much like their human hosts, are eukaryotes. So, there aren't many
distinctive biochemical targets that can be used to generate new antifungal drugs.
Only three primary types of medications are now approved in order to treat invasive
fungous infections, and the development of drug resistance in pathogen populations
compromises the effectiveness of these medications (Yunjin Lee et al., 2021).

The most prevalent yeast isolate in blood infections is Candida albicans.
Candida albicans is the predominant species of Candida responsible for causing
candidemia, a situation attributed to the presence of Candida in the bloodstream,
which remains a highly prevalent and life-threatening condition, leading to
substantial morbidity and mortality according to a retrospective study conducted
from 2011 to 2017 (Xiao, Z et al., 2019).

Approximately 7% of Candida blood specimens examined at the Centers for
Disease Control and Prevention (CDC) exhibit resistance to the antimycotic

medication fluconazole (Toda M et al., 2019).

As a result of the aforementioned reasons, attempts have begun to seek new
medicines that have fewer side effects on the one hand and are more capable of
overcoming resistance on the other. Among the most important and latest research in
this field, nanoparticles had a large share. The surface-to-volume ratio of nano-sized
metal particles is a distinctive characteristic, which dramatically alters physical,
chemical, and biological properties. among the most distinctive types of
nanoparticles were silver nanoparticles (AgNPs). Due to their distinct physical and

chemical features, they exhibit bactericidal, fungicidal, and virucidal properties.

To meet the requirements of AgNPs, various synthetic methods have been
1



employed. Traditional physical and chemical techniques generally seem to be
exceedingly costly as well as hazardous. Interestingly, The bio-fabricated AgNPs
exhibited notable attributes such as stability, solubility, and high productivity.
Among various methods available for synthesizing AgNPs, biological approaches
appear to be the most practical, efficient, secure, dependable, and ecologically

harmless.

Several studies have found size and shape of silver nanoparticles have a
significant role in their antimicrobial efficacy. Therefore, we must mention here that
the size and shape of the silver nanoparticles may change depending on the type of

micro-organisms used in the synthesis.

Table 1.1 presents the observed alterations in the shape and size of silver

nanoparticles, which were synthesized using various microorganisms.

Table 1.1. Synthesis of AgNPs using some kinds of bacteria and fungus

Silver Microorganisms Shape Silver Size Reference
Salt (nm)
AgNO3  Bacillus licheniformis Spherical 18-63 (Abdel-Hafez et
al., 2016)
AgNO3  Gluconacetobacter Spherical  40-100 (Du et al., 2018)
xylinus
AgNO3  Bacillus pumilus Spherical  77-92 (El-Bendary et al.,
2020)
AgNO3  Phanerochaete Pyramidal 50-200 (Huang et al,
chrysophobia 2020)
AgNO3 Fusarium oxysporum Spherical 5-15 (Dutta et al., 2020)




Differential gene expression analysis is a powerful tool that allows for a deeper
comprehension of the mechanisms behind the effects of nanoparticles on
microorganisms. In our research, we studied the impacts of bio-synthesized AgNPs
on the gene expression profile of C. albicans using RNA sequencing technology.
Specifically, we aimed to determine genes that are expressed differently and
signalling pathways that go into the response of C. albicans to silver nanoparticles

that were prepared by strain H37-C3.



2. LITERATURE REVIEW
2.1. Synthesis of silver nanoparticles

Silver nanoparticles (AgNPs) can be created using a variety of techniques,
including physical, chemical, and biological ones.

1-Physical methods: like laser ablation, vaporization & condensation methods,
and ball milling, are used produce AgNPs (Yaqoob et al., 2020).

2-Chemical methods: In chemical methods, the size, shape, and surface
characteristics of the nanoparticles are controlled through the use of reducing agents,
stabilizers, and surfactants. These methods are relatively simple and have a high
yield. There are many disadvantages when utilizing reducing agents, including their

toxicity, weak reducing capacity, and contaminants. (Jamkhande et al., 2019).

3-Biological methods: To produce AgNPs, biological techniques use organisms
like fungi, bacteria, and plants. These procedures are low-toxic, economical, and
environmentally friendly (Jamkhande et al., 2019).

2.2. Actinomycetes

The phylum Actinomycetota which is recognized as one of the most important
taxonomic groups within the bacterial world consists of microorganisms known as

actinomycetes (De Simeis and Serra, 2021).

Gram-positive microorganisms come from the Actinomycetota phylum
typically possess a high DNA guanine-cytosine (G + C) content. This content varies
among different species, with certain corynebacteria exhibiting a G + C content of
around 51%, while Streptomyces and Frankia, among others, can have G + C content
exceeding 70% (Ventura et al., 2007).

2.2.1. Synthesis of NPs by Actinomycetes

Actinomycetes, a group of bacteria within the phylum Actinomycetota, are
considered valuable sources for the synthesis of nanoparticles (NPs). They possess a
diverse range of secreted secondary metabolites, which contribute to the production
of NPs with desirable surface and size characteristics. Actinobacteria have the
potential of producing metallic NPs both intracellularly and extracellularly.
Extracellular synthesis of NPs by actinomycetes has gained additional commercial

4



advantages compared to intracellular synthesis due to the role of polydispersity. The
extracellular approach allows for the production of NPs with a wider range of sizes
and shapes, leading to a more diverse and potentially useful nanoparticle population.
This polydispersity can be advantageous for various applications where a mixture of

NPs with different properties is desired (Manivasagan et al., 2014)

Actinomycetes possess an unparalleled ability to produce a variety of
secondary metabolites, particularly antibiotics and anti-toxins (Salem and Gobouri,
2020).

Bacterial cells will be exposed to AgNO3 throughout the intracellular
production process and cultured under the proper growth conditions. To prevent the
presence of medium components during the interaction, microorganisms need to be

rinsed by sterile distilled water beforehand (Wypij et al., 2018).

In the interaction process, silver ions are captured on the surface of the cell as
a result of the electrostatic attraction between the silver ions and the negatively
charged cell wall. Subsequently, reduction processes facilitated by proteins,
enzymes, or other factors take place, resulting in the production of silver

nanoparticles behind the cell wall (Lee and Lee, 2019).

In a similar manner, actinobacterial cell-free extract, which contains proteins,
enzymes, and other bioactive compounds, exhibits the ability to create silver
nanoparticles when treated with AgNOs. The cell-free extract functions as both a
reducing agent, facilitating the conversion of Ag+ ions to silver nanoparticles, and a
stabilizing agent, preventing their aggregation and maintaining their stability (Dong
etal., 2017).

2.2.2. The Genus Microbacterium

The Microbacterium genus is classified within the Microbacteriaceae family,
which is a taxonomic group of actinobacteria known for its high G+C content. It
differs from other actinomycetes in the combination of abnormal B-group
peptidoglycans in the cell wall and unsaturated respiratory menaquinones. With over
90 recognized species, the genus Microbacterium has been isolated from various

habitats and hosts, showcasing its wide ecological distribution (Hadjadj et al., 2016).



In this study, an actinobacterium, Microbacterium sp. H37-C3, isolated from a
rock sample collected on Horseshoe Island (Antarctica), was used to produce silver
nanoparticles extracellularly. This shows a 98.47% similarity in its 16S rRNA
sequence with Microbacterium arborescence. Microbacterium arborescence is an
aerobic, Gram-positive, rod-shaped bacterium that produces yellow-colored colonies.
They are rarely isolated from the environment. No human infections have been
reported. Strain H37-C3 is representative of a novel species within the genus
Microbacterium. Given that novel actinobacteria may synthesize unique metabolites,
the silver nanoparticles synthesized by novel strains may also have considerable
bioactivity and biotechnological potential for the pharmaceutical industry.

2.3. Candida albicans as a Pathogen and Pathogenicity Mechanisms

As we mentioned Candida albicans is a common commensal fungus but for
many reasons, it turns into a pathogenic form. Though some of these factors are
caused by changes related to the host such as immunosuppression, other factors
result from changes at the genetic level of Candida albicans, which increase its
virulence and resistance to the immune system and antifungals. virulence factors
such asthe synthesis of tissue-damaging enzymes, hyphal morphogenesis, and

biofilm development.

Candida albicans have various morphological forms which include
blastospores, pseudohyphae, and hyphae. going from yeast to hyphal form represents
a transition into a pathogenic state (Mayer et al., 2013).

Mutants that are incapable of forming hyphae under in vitro conditions generally
exhibit reduced virulence (Lo et al., 1997).

Various factors, including genes (such as adhesins) and gene products (such as
secreted enzymes), perform a significant role in the virulence of bacteria. These
virulence factors contribute to the interaction between the bacterium and the host,
leading to the development of both superficial and invasive infections in humans
(Casadevall, 2007).

Some of the most important genes that related virulence of Candida albicans
are for instance SAP5 (secreted aspartyl proteases) and ECE1 which have an
essential role in penetrating deeper tissues and interacting with host defences during

infection. The expression of SAPS5 is significantly increased in biofilms cultivated in
6



vivo and in a reconstituted human epithelium (RHE) model of infection (Nailis et al.,
2010).

The ECE1 gene encodes candidalysin, that is believed to be attributed to
essential virulence features of Candida albicans such as adhesion, biofilm formation,

and filamentation capabilities (Satiman et al., 2020)

Also, we cannot ignore ALES genes, which have a great role in virulence. Als3
mediates adhesion to various host substrates. To colonize mucosal surfaces and
initiate disease, Candida albicans must adhere to host components. The ALS3 gene,
which is specifically expressed by C. albicans hyphae and pseudohyphae, plays a
crucial role in this attachment process. It is worth noting that ALS3 is not expressed
in yeast-phase organisms of C. albicans (Argimén et al., 2007).

Also, one of the important genes that should be mentioned is the gene
encoding for hyphal wall protein (Hwpl) which it's important emerged for the
pathogenesis of candidiasis. "Biofilm and Cell Wall Regulator 1" (Bcrl) is a
transcription factor necessary for the development of biofilms and is expressed more
abundantly in hyphae, suggesting that hyphal components produced by Bcrl-
dependent genes may be necessary for the development of biofilms (Nobile and
Mitchell, 2005).

2.3.1. Drug Resistance Mechanisms in Candida Albicans

In the last years, we witnessed the aspect where current antifungal
effectiveness is diminishing over time and not able to overcome fungus disease.
Therefore, in order to overcome this resistance and develop novel therapeutics, it was
necessary to understand the mechanisms and algorithms developed by these

organisms to become resistant to traditional antifungals.

The primary categories of current antifungal drugs and the mechanisms

underlying drug resistance are as follows:

- Polyenes, which are natural amphiphiles, were among the first family of
antifungal medications employed to treat widespread fungal infections. The major
sterol presents in fungal cell membranes, ergosterol, serves as a binding site for these
medications. The binding results in depolarization of the membrane, which in turn

raise its permeability. This enhanced permeability leads to the leakage of

7



intracellular cations, ultimately causing cell death. Polyene antifungals include drugs
like nystatin and amphotericin B (Haro-Reyes et al., 2022).

Resistance to polyenes, such as amphotericin B, has been associated with
alterations in the ERG3 and ERG6 genes. In laboratory studies, the disruption of
ERG3 and ERG6 has been observed to result in decreased levels of ergosterol, the
target molecule of polyene drugs. This reduction in ergosterol levels has been linked
to higher resistance to amphotericin B in Candida albicans and Candida glabrata.
However, little is known about polyene resistance in clinical isolates (Vandeputte et
al., 2012).

- Azoles are widely used as antifungal agents as a result to their broad-
spectrum activity, chemical stability, and oral bioavailability. The azoles of
antifungal agents are divided into two subclasses: imidazoles and triazoles. It is
generally believed that they inhibit cytochrome P450-dependent enzymes involved in
cell membrane sterol biosynthesis as well as induce the formation of toxic
byproducts that are lethal to fungi. Examples of imidazoles are clotrimazole,
miconazole, and ketoconazole while fluconazole, itraconazole are a good example of
triazoles (Shafiei et al., 2020).

There are numerous ways in which Candida albicans could develop resistant to

azoles, such as:

1-Candida albicans can become resistant to azoles by increasing the number of
efflux pumps in the wall of microorganism cell. Two gene groups of transporters—
the multiple drug resistance (MDR) genes of the major facilitators class (MFS-
transporters) and the CDR genes contributing to the ATP-binding domain family
(ABC-transporters)—encode efflux pumps in Candida species (Albertson et al.,
1996); Sanglard et al., 1997).

For example, azole-resistant clinical isolates of Candida albicans, whether
found in oral, systemic, or vaginal infections, often exhibit a common phenomenon:
the excessively expression of particular efflux pump genes, namely CaCDR1,
CaCDR2, and CaMDR1 (Bhattacharya et al., 2016)
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Figure 2.1. The molecular mechanisms of azole resistance.

The provided diagram illustrates the mechanisms that contribute to azole
resistance in pathogenic fungi. black arrows show the regular ergosterol route The
green circles represent ergosterol, which has an inhibitory effect on UPC2 whereas
the yellow circles represent lanosterol. The blue arrows show the azole drug's
mechanism of action, that includes suppressing the target Ergllp and producing

toxic diol through a series of stages, including Ergép and Erg3p (red circles).

The chromosomal positions of the resistance-related genes are indicated by
black rectangles inside the nucleus. Red stars show mutations that result in
resistance, whereas red arrows show the associated molecular paths. The following is

an explanation of the azole resistance pathways in pathogenic fungi:

(A) The efflux pump activity-based azole resistance mechanism is shown in
grey box 1. mutations in MRR1 and TACL (stars) promote overexpression of MFS-

Ts and ABC-Ts, respectively. As a consequence, azole efflux is amplified.

(B) The synthesis of ergosterol is changed as part of the azole resistance

mechanism, indicated in grey boxes 2, 3, 4, 5, 6, and 7. These involve point
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mutations in UPC2 (grey box 2), resulting in increased expression throughout the
ergosterol pathway; mutations in ERG11 (grey box 3), preventing azole binding;
mutations in ERG3 (grey box 4), preventing the formation of toxic sterol; mutations
in ERG6 (grey box 5), preventing the formation of toxic sterol; sterol import (grey
box 6), decreasing the demand for sterol synthesis and changing the flow of azoles
(grey box 7), reducing intracellular azoles (Bhattacharya et al., 2020).

2- Overexpressed or mutated ergosterol biosynthesis genes

ERG11/CYP51Ergllp, a cytochrome P450 enzyme, performs an essential
function in the control of a rate-limiting step in the pathway that synthesis ergosterol
(Veen et al., 2003).

Increased expression of CaERGL11 is frequently seen in clinical specimens of
C. albicans that have become more resistant to azole drugs (Bhattacharya et al.,
2016).

A single mutation in the ERG11 gene, which encodes for lanosterol 14a-
demethylase, can result in totaly loss of binding ability of the azole drugs to its
intended target (Marichal et al., 1999).

-Allylamines which affect the synthesis of ergosterol through inhibition of the
enzyme squalene epoxidase and as a result increase the transformation of squalene to
squalene epoxide. Squalene epoxide is toxic to the fungal cell. terbinafine and

naftifine are examples of allylamines (Ahmed et al., 2021).

- Echinocandins are a group of antifungal medications that target the cell wall.
Examples of echinocandins include caspofungin, micafungin, and anidulafungin.
These drugs work by targeting the enzyme B1-3 glucan synthase, which is coded by
the FKS1, FKS2, and FKS3 genes (Perlin, 2011).

Resistance of C. albicans to echinocandin drugs primarily occurs through
target site alteration. This involves the presence of point mutations in either the
FKS1 or FKS2 genes, which are responsible for encoding the target enzyme affected

by echinocandins (Balashov et al., 2006).
2.4. RNA Sequencing

The analysis of data regarding genome-wide mMRNA expression has been made
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easier by next-generation sequencing technology. Gene expression levels indicate the
variation between samples through analysis of RNA-sequencing data.
Comprehension of transcriptome-wide alterations in many model systems. To get the
required outcomes, it has been highly helpful to develop open-access software tools
for conducting differential expression (DE) analysis. The majority of RNA-seq
experiments use pure RNA samples that are converted to cDNA and then sequenced
using high-throughput platforms like SOLID, Illumina GA/HiSeq, and Roche 454 in
a The process that generates millions of short reads (between 25 and 300 bp)
(Shendure and Ji, 2008)

The following step within this procedure is read alignment, which seeks to
determine where each short read most closely matches the reference. Then we should
summarize the mapped reads, we can go through this process to calculate the mapped
reads for genomic features, such as exons, transcripts, or genes. The RNA-Seq study
then moves on to normalization, which modifies the raw data to take into account
variables that influence comparisons of expression levels. like length, GC content,
and sequencing depth. Then we get to the last step Differential Gene Expression
(DE) analysis, through which we can determine which genes are up- or down-

regulated as a result of exposure to an external factor.
RNA-Seq provides several advantages, including:

- With RNA-Seq, identified and new transcripts may be reassembled at the

single-base level.

- The dynamical spectrum of RNA-Seq is wide and is not constrained by signal

saturation..
-RNA-Seq data exhibit high levels of reliability.
2.5. RNA-seq and Differential Gene Expression Analysis

Microorganism's DNA contains all the information required for each cell's
characteristics and functions. Through the process of gene expression, cells can
selectively activate and deactivate specific genes, allowing them to access and
translate specific instructions. The information contained within these selected genes
is transcribed into RNA strands, which are either utilized by the cell directly or

translated to other molecules. Therefore, the collection of transcribed RNAS in a
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given condition provides insight into the situation of a cell currently and may reveal
the underlying response pathwayes in different conditions.

The RNA-seq sequencing framework enables the comprehensive analysis of all
RNA molecules within a sample at a detailed level. It involves characterizing their
sequences and simultaneously determining their abundance. actually, millions of
random reads are obtained from RNA sample, which can then be mapped to a
reference genome employing computational approaches. This alignment process
generates a “"transcriptome map" where the amount of reads mapped indicate the
level of expression for each gene. Numerous computational applications have been
designed and continually upgraded to support this process, reflecting the rapid
growth in this field. One of RNA-seq's greatest attributes is that it's able to provide
single-base resolution, which enables accurate quantification and sequencing of all

the specimen’s transcripts.

The two basic subcategories of differential gene expression analysis techniques
in RNA-Seq are parametric and non-parametric. Parametric strategies utilize the
parameters to involve all available information about the data. By applying a specific
model and its parameters, the values of unknowable data can be predicted. When
parametric strategies are employed for differential gene expression analysis, a
normalization step is often performed, where each gene's expression value is
matched to a certain distribution, such as the Poisson distribution or the negative
binomial distribution. Non-parametric approaches, on the contrary, incorporate more
thorough information about the data distribution without applying a strict model that
needs to be adapted. Non-parametric models assume that a finite number of
parameters cannot properly describe the data distribution. Therefore, as the volume
of data increases, non-parametric strategies are capable of incorporating a larger

amount of information about the data distribution (Costa-Silva et al., 2023).

There are numerous tools available for RNA-Seq differential expression
analysis. Examples include the negative binomial model as the primary approach in
DESeq2, edgeR, and baySeq, among others. On the other side, non-parametric
approaches are used by alternative software tools like NOIlseq and SAMseq.
Currently, there is no unanimity regarding the most suitable approach that guarantees

the integrity, accuracy, and reliability of the results. This field in Bioinformatics is
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still growing.

Rather than just employing normalization to fix data, DESeq2 also uses its own
library inconsistencies. Additionally, the input data for DESeq2 must be in the form
of an integer matrix. while EdgeR and limma utilize normalized RNA-Seq count data
(Liu et al., 2021).

baySeq: By using the Bayesian empirical technique, baySeq can identify the
differential expression patterns for each gene by estimating the posterior probability
of each set of models (Hardcastle and Kelly, 2010).

DESeq: Using a negative binomial distribution with local regression to limit
the variance and mean (love et al., 2014).

edgeR: To take into account both technical and biological variations, edgeR
uses a Poisson super dispersion model. The level of transcript over-dispersion is

regulated using the Bayesian empirical approach (Robinson et al., 2009).

limma+voom: Originally created for analyzing data from microarrays, the
linear model has been adapted for RNA-Seq analysis. The limma user guide suggests
utilizing the TMM normalization method supplied by the edgeR package. This
normalization process converts the normalized counts into logarithms with a base of
2, and it measures the mean and variance for each initial observation using a linear
model (Law et al., 2014).

NOlseq: It empirically models the noise contained in the counting data and is
non-parametric enabling data analysis even without duplicates. (Tarazona et al.,
2011).

SAMseq: For sequencing counts with various depths, a non-parametric
technique with resampling is used. It may be used with two-class, multiple-class, or

data with quantitative outcomes (Tarazona et al., 2015).

DESeq2: In the beginning, DESeq2 creates a model by employing obtained
counts. Second, it works when applying the original DESeq approach., as an
alternative it fits in a pair of steps as follows: This process, known as maximum
likelihood estimation, involves finding the parameter value that maximizes the
likelihood. Then, it averages the gene values by taking into account all of the values

for each gene. For determining how much movement should be made for each gene,
13



DESeq2 follows the Bayes theorem: if the gene's information is low, its value is
moved approximately in line with the average, and if the gene's information is high,
very little movement is made. In order to apply a threshold and analyze several
groups of genes, it is helpful to utilize the moved values (Love et al., 2014).

2.6. Algorithms For The Alignment Process

As previously stated, the initial process for RNA-seq data analysis involves
read alignment, for which various alignment tools were developedThe mapping
process always starts by creating an index of the reference genome or the readings.,
depending on the specific situation. This index is then utilized to efficiently retrieve
the regions within the reference sequence where read alignment is most likely to take
place. The process of alignment is carried out after a list of appropriate mapping
positions has been observed using slower and more sensitive algorithms within these

candidate regions (Hatem et al., 2013).

Despite all these noteworthy details and what appear to be simple data, RNA-
seq investigations result in vast and complicated amounts of data that are difficult to
analyze (Oshlack et al., 2010).

Technical difficulties peculiar to the NGS technique, such as sequencing
mistakes in the output reads caused by incorrectly called bases, make data processing
even more difficult (Shendure and Ji, 2008).
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Figure 2.2. The primary technical obstacles and computational procedures for DE
analysis of RNA-seq data (Finotello and Di Camillo, 2014).

2.7. Factors Affecting NPs Synthesis

Several factors influence the biosynthesis of nanoparticles (NPs). These factors
can be attributed to changes in the surrounding environment or the presence of
bioactive agents. For successful NP synthesis, the reaction mixture must have the
ideal metal ion concentration, temperature, and pH degrees. Furthermore, technical
factors like the pH, concentration of the substrate, temperature, and exposure period
to the substrate might influence the degree of intracellular NP synthesis and the size
of the NPs (Verma and Mehata, 2016).
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3. MATERIALS AND METHODS
3.1. Green Synthesis of Silver Nanoparticles

Silver nanoparticles were synthesized by Microbacterium sp. H37-C3, which
was isolated from Horseshoe Island (Antarctica) in the scope of another project
performed in the 6th Turkish Antarctic Expedition. The cells of Microbacterium sp.
H37-C3 were activated in tryptone- yeast- extract- glucose- agar (TYG) (tryptone 3
g/l, yeast extract 5 g/l, glucose 5 g/l, agar 15 g/, distilled water 1000 ml, pH 7.0) and
glucose-yeast extract-malt extract agar (GYM) (glucose 4 g/l, yeast extract 4 g/l,
malt extract 10 g/l, agar 20 g/I, distilled water 1000 ml, pH 7.2).

Following growth on agar media, colonies of the strain were carefully selected
and transferred into 30 ml of sterile Tryptic Soy Broth (TSB) with a pH of 7.0. The
culture was then incubated at 20°C on a closed rotary shaker, set at 150 rpm, for a
duration of 3 days. Afterward, 5 ml of the culture was transferred into a flask
containing 100 ml of sterile TSB. The flask was again placed on a closed rotary
shaker at 20°C and 150 rpm, this time for 4 days. Upon completion of the incubation
period, the broth was subjected to centrifugation at 8000 rpm for 20 minutes at 4°C.
The resulting supernatant was collected and mixed with a solution of 2 mM AgNOs
(v/v). The mixture was then incubated on a closed rotary shaker at 150 rpm for 7
days, maintaining a temperature of 50°C in dark conditions. The resulting silver
nanoparticles were then washed with distilled sterile water to remove any residual

impurities. The particles were then dried at 55°C by a dry block heater.

3.2. Characterization of Silver Nanoparticles Synthesized by
Microbacterium sp. H37-C3

The synthesized silver nanoparticles underwent characterization using various
analytical techniques, including UV-vis spectroscopy, SEM-EDX and XRD. UV-Vis
spectroscopy was employed to measure the absorption and scattering of light by the
nanoparticles. UV-Vis spectra provide information about the surface plasmon
resonance (SPR) of the nanoparticles, which is indicative of their size and shape.
XRD analysis was used to determine the crystal structure and composition of the
synthesized nanoparticles. By measuring the scattering of X-rays, it can provide

information about the arrangement of atoms in the nanoparticles and their crystalline

16



nature. Scanning electron microscopy (SEM) was used to visualize the nanoparticle
morphology and size distribution. It provides high-resolution images of the
nanoparticles and can reveal their shape, surface features, and agglomeration
behavior. In addition, energy-dispersive X-ray spectroscopy (EDX) analysis was
performed alongside the SEM analysis and to get information about the elemental
composition of the nanoparticles. It identifies the presence and relative abundance of
different elements within the nanoparticles.

3.3. Genome Analysis of Microbacterium sp. H37-C3

The genome sequence data of Microbacterium sp. H37-C3 was downloaded
from the GenBank database NCBI by the accession number. For the taxonomic
analysis the sequence of Microbacterium sp. H37-C3 was uploaded to the Type
Strain Genome Server (TYGS) https://tygs.dsmz.de (Meier-Kolthoff and Goker,
2019).

The secondary metabolite coding gene clusters of Microbacterium sp. H37-
C3 was determined by uploading the genome sequence to antibiotics and a secondary
metabolite analysis server (antiSMASH) available at

https://antismash.secondarymetabolites.org/#!/start (Blin et al., 2023).

3.4. Inhibitory Activity of Silver Nanoparticles Synthesized by

Microbacterium sp. H37-C3 against Candida albicans

The Candida albicans culture was activated in Mueller Hinton agar (MHA),
using a sterilized wire-loop and transferred to the agar in a petri-dish then spread all
over the surface carefully in a linear pattern, followed by the incubation at 37°C for
24-48 hours. The minimum inhibition concentration (MIC) of the synthesized silver
nanoparticles against C. albicans was determined by modifying the agar dilution
method (Wiegand et al., 2008). The activated C. albicans culture was suspended in
sterile Ringer’s solution (Oxoid) to obtain an optical density between 0.5-1.0
corresponding to 1.5-3.0 x 108 CFU/ml. A volume of 200 pl pathogen suspension
was spread onto MHA medium. At the same time, a silver nanoparticle solution of 1
mg/ml was diluted to obtain 0.5 mg/ml, 0.25 mg/ml, and 0.125 mg/ml solutions. A
volume of 200 pl of the diluted silver nanoparticle solutions was spread onto the
pathogen-inoculated MHA plates. The inoculated plates were incubated at 37°C for

48 h.
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3.5. Exposure of Candida albicans with Silver Nanoparticles

After determining MIC against C. albicans, MIC1o was used for the exposure
experiment. Nutrient broth medium including AgNPs at MIC1o concentration was
inoculated with C. albicans strain suspended in Ringer’s solution at McFarland 4.0
density. The culture medium without AgNPs was prepared as the control. After 17 h
incubation at 37°C in a shaker incubator (100 rpm), the cultures were centrifuged at
4°C at 8000 rpm for 10 min and suspended in glycerol solution (40%, v/v).

3.6. RNA-Seq Analysis

RNA sequencing for the AgNP-exposed C. albicans and control group was
performed by Macrogen Inc. (Korea). Firstly, the RNA extraction was performed and
the samples that pass quality assurance requirements moved on to the library
development process. The library preparation was performed by NEBNext rRNA
Depletion (Bacteria) and TruSeq Stranded Total RNA Library Prep Gold Kit.
Briefly, the random fragmentation of the cDNA samples, followed by the ligation of
the 5" and 3' adapter, were used to generate the sequencing library. With a PCR
primer solution that anneals to the ends of each adapter, fragments that had been
adapter-ligated were then amplified. The library templates underwent quality control
and quantification process. The library was placed onto a flow cell, where fragments
were collected on a lawn of surface-bound oligos that complemented the library
adapters. Then, using bridge amplification, each fragment was amplified into a
unique clonal cluster. The templates were prepared for sequencing on an Illlumina
platform once cluster creation was finished. Raw pictures were produced by the
Illumina sequencer using integrated primary analysis software called RTA (Real
Time Analysis), which also served as the system control and base calling software.
The BCL/cBCL (base call) binary files were converted into FASTQ files using
bcl2fastq provided by the IHlumina. The overall experimental workflow was

summarized in Figure 3.1
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Sample Preparation
f DMARMA s first extracted from the sample, and samples which meet quality control standards

fl proceed to library construction.
Ligate Adapters
- l The sequencing library is prepared by random fragmentation of the DNA or cDNA sample,
- followed by 5™ and 3" adapter ligation. Alternatively, “tagmentation” combines the fragmentation

and ligation reactions into a single step which greatly increases the efficiency of the library
preparation process,

AN Final library Construction
\ Adapter-ligated fragments are then PCR amplified with a PCR primer solution which anneals
? to the ends of each adapters.

The library templates undergo guality control and quantification process

Cluster generation using bridge amplification

The library is loaded onto a flow cell where fragments are captured on a lawn of surface-bound

] . oligos complementary to the library adapters,
1] | Each fragment is then amplified into distinct clonal clusters through bridge amplification
Once cluster generation is complete, the templates are ready for sequencing.
Sequencing by synthesis (SBS) technology
lllumina SBS technology utilizes a proprietary reversible terminator-based method that detects
single bases as they are incorporated into DNA template strands. As all 4-reversible, terminator
-bound dNTPs are present during each sequencing cycle, natural competition minimizes
. e incorporation bias and greatly reduces raw emor rates compared to other technologies.
L The result is highly accurate base-by-base sequencing that virtually eliminates sequence-

context-specific errors, even within repetitive sequence regions and homopalymers.

Generation of Raw data

The lllumina sequencer generates raw images utilizing sequencing control software for systemn
control and base calling, through integrated primary analysis software called RTA

(Real Time Analysis).

The BCL/cBCL (base call) binary files are converted into FASTQ files using bel2fastg whichiis
an (llumina provided package. Adapters are not timmed away from the reads.

Figure 3.1. The experimental workflow for RNA sequencing on an Illumina platform
(Macrogen Inc.)

The differential gene expression analysis was performed on KBase server
(Arkin et al., 2018) available at https://www.kbase.us/. Firstly, an RNA-Seq sample
set including the raw reads for the CA (control) and CA-Nano (AgNP-exposed
group) samples was constructed on the KBase server. The quality control of the reads
was performed by FastQC - v0.12.1 algorithm
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The low-quality reads
and adapter sequences were removed by Trimmomatic - v0.36 (Bolger et al., 2014).
The alignment of the trimmed reads against the reference genome of C. albicans

available at the KBase server was acquired by using TopHat2 v1.0.1 (Kim et al.,

19



2013). The aligned transcripts were assembled using Cufflinks v2.2.1 algorithm
(Trapnell et al., 2010). The differential gene expression analysis was performed by
using Cuffdiff v2.2.1 (Trapnell et al., 2010) available at the KBase platform.
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4. RESULTS AND DISCUSSION

4.1. Synthesis of Silver Nanoparticles

The green synthesis of silver nanoparticles was acquired by the culture
supernatant of Microbacterium sp. H37-C3 (Figure 4.1).

Figure 4.1. The growth of Microbacterium sp. H37-C3 on GYM medium agar

During the incubation period, a noticeable change in color occurred, with the
solution turning into a dark reddish-brown shade. This change refers the successful
formation of silver nanoparticles (AgNPs) within the culture solution. It is worth
noting that silver nanoparticles typically exhibit a brown color in aqueous solutions
due to the surface plasmon resonance effect. To separate the silver nanoparticles

from the solution, microcentrifugation was performed at 14000 rpm for 20 minutes.
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Figure 4.2. Silver nanoparticle cultivation is indicated by a change in color (a)
supernatant without AgNO3 (b) formation of AgNPs

4.2. Physicochemical Characterization of the Silver Nanoparticles

The initial characterization of the silver nanoparticles (AgNPs) was conducted
using UV-Visible spectroscopy. The absorbance spectra of the AgNPs solution were
recorded using a UV-Vis spectrophotometer over a wavelength range of 200 to 790
nm. It is well-known that AgNPs exhibit a characteristic absorption peak in the UV-
Visible region, typically ranging from 400 to 500 nm, which corresponds to the
phenomenon of surface plasmon resonance (Sastry et al., 1997). The silver
nanoparticles synthesized by Microbacterium sp. H37-C3 showed the maximum

absorbance peak at 417 nm (Figure 4.3).
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UV-Vis Spectroscopy of AgNPs

1.4
1.2
o 1
e
o 0.8
o)
—
Q 06
o)
< 04
0.2
0
O ANMTULOMNMNODDOTTANMNMTULOMNOVDIIO—TANMT WO ODNOO
OANTOOOANTTOOOTTMNOLULMNOOTMHOUOUMNOANTOWOWONS O
ANANANANANODOOOOTTETTTITOOOOLOOOOMMNMMMNDMNS

Wavelength

Figure 4.3. UV-vis spectrum of the silver nanoparticles synthesized by Microbacterium
sp. H37-C3

The SEM analysis of the synthesized silver nanoparticles was conducted at
different magnifications. The SEM images clearly demonstrate the presence of the
synthesized nanoparticles. The nanoparticles were observed to have oval and
spherical shapes. The particle size distribution ranged from 15 to 30 nm, indicating a

relatively uniform size range among the nanoparticles.
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Figure 4.4. SEM image of the silver nanoparticles synthesized by Microbacterium sp.
H37-C3

The energy dispersive spectrum (EDX) analysis of the synthesized

nanoparticles confirmed the presence of an elemental silver signal, indicating the
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presence of silver nanoparticles. Notably, silver nanoparticles exhibit a characteristic
strong signal peak at around 3 keV, which is related to the surface plasmon
resonance effect. Additionally, the EDX spectrum reveals the presence of other
elements such as S, Si, and Cl, as indicated in Figure 4.5.

. Map Sum Spectrum

Ag
Cl
5
Si

Figure 4.5. The EDX spectrum of the silver nanoparticles synthesized by Microbacterium
sp. H37-C3

The crystalline structure of the nanoparticles synthesized by Microbacterium
sp. H37-C3 was revealed by X-ray diffraction analysis. The diffraction peaks were
observed at 20 = 38.152°(Ag20), 44.247° (Ag/AgO0), 64.545° (Ag20), 77.521° (Ag),
and 81.44° and can be indexed to (111),(200), (220), (311),and (2 2 2) planes
of pure silver ions indicating the biosynthesis of silver nanoparticles. High intensity

at 38.152° reflection indicates that the crystallites are mainly orients in this plane.
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Figure 4.6. The XRD pattern of the silver nanoparticles synthesized by Microbacterium
sp. H37-C3

4.3. Genome Analysis of Microbacterium sp. H37-C3

TYGS, also known as the Type (Strain) Genome Server, is a user-friendly web
server designed for genome-based prokaryote taxonomy. It is linked to a huge
database that is constantly growing and contains detailed genomic, taxonomic, and
nomenclatural data. The server utilizes this wealth of data to infer genome-scale
phylogenies and provides advanced estimations for species and subspecies
boundaries. These estimations are based on user-defined inputs as well as
automatically determined closest-type genome sequences, ensuring accurate and up-
to-date taxonomic classification. The TYGS web server serves as a valuable resource
for researchers, offering efficient and reliable tools for analyzing and classifying
prokaryotic organisms based on their genomes (Meier-Kolthoff and Goker, 2019).
The G+C content, an important taxonomic indicator in the genomic domain, plays a
significant role in determining affiliations to different species. If the difference in
G+C content between genome sequences exceeds 1%, it suggests distinct species
associations.

The phylogenetic analysis based on whole-genome comparison on the TYGS
server revealed that strain H37-C3 is representative of a novel species within the

genus Microbacterium. As shown in the phylogenomic tree (Figure 4.7), strain H37-
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C3 exhibited a close relationship with Microbacterium arborescens DSM 20754. The
tree's structure indicates a high degree of genetic similarity and shared ancestry
between these two strains within the Microbacterium genus. The branch lengths in
the tree are scaled based on the GBDP distance formula d5, indicating the genetic
distances between the taxa. The numbers above the branches represent GBDP
pseudo-bootstrap support values obtained from 100 replications, providing an
assessment of the robustness and reliability of the branching patterns in the tree.
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Figure 4.7. The phylogenomic tree constructed on TYGS, representing strain H37-C3
along with other Microbacterium species.
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According to the antiSMASH server analysis,
(https://antismash.secondarymetabolites.org/#!/start), the genome of Microbacterium
sp. H37-C3 contains six biosynthetic gene clusters associated with the synthesis of
different secondary metabolites. These clusters include two type-Ill polyketides, a
terpene, a beta-lactone lanthipeptide, and a thiopeptide. These gene clusters suggest
the potential of Microbacterium sp. H37-C3 produces various secondary metabolites,
each with its unique biosynthetic pathway and potential bioactive properties (Figure
4.8).
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Figure 4.8. Secondary metabolite-coding gene clusters identified in the genome of
Microbacterium sp. H37-C3
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4.4. Antimicrobial Activity of Silver Nanoparticles against Candida
albicans

The antimicrobial activity and minimum inhibition concentration was
determined by employing a modified agar dilution method. The MIC value of the
silver nanoparticles against C. albicans was determined as 0.25 mg/ml. A
concentration of MIC1o was used to expose C. albicans culture for transcriptomic

analysis.
4.5. RNA-Seq Analysis
4.5.1. Raw Data Statistics

Transcriptome sequencing was performed by the Macrogen Inc. (South Korea)
using Illumina paired-end sequencing with TruSeq Stranded Total RNA (NEB
Microbe) library type. The library size was checked by running the templates on an
Agilent Technologies 2100 Bioanalyzer using a DNA 1000 chip. The accurate
quantification of DNA library templates was acquired using qPCR according to the
Illumina gPCR Quantification Protocol Guide. The RNA concentration of the control
group (CA) was calculated as 21.5 ng/ul with average size of 328 bp (Figure 4.9),
while the concentration and average size for the CA-Nano were calculated as 30.9

ng/ul and 317 bp, respectively (Figure 4.10).
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Figure 4.9. Library sample intensity of the control group (CA)
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Figure 4.10. Library sample intensity of the AgNP-exposed group (CA-Nano)

The sequencing was performed on Illumina NovaSeq 6000. The total number
of bases, reads, GC (%), Q20 (%), and Q30 (%) were calculated for CA and CA-

Nano samples (Table 4.1).

Table 4.1. Raw data statistics for the control (CA) and AgNP-exposed (CA-Nano) groups

Sample  Total Total GC( AT(
Q20(%)  Q30(%)
ID bases(bp) reads %) %)
9,043,539,79  89,539,99
CA 455 545 987 96.0
8 8
8,242,795,84 81,611,84
CA-Nano 0 46,5 535 987 96.0

- Total bases(bp): Total number of bases sequenced.

- Total reads: Total number of reads. For illumina paired-end sequencing, this

value refers to the sum of readl and read?2.
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- GC (%): Ratio of GC content.
- AT (%): Ratio of AT content.
- Q20 (%): Ratio of bases that have phred quality score of over 20.
- Q30 (%): Ratio of bases that have phred quality score of over 30.

4.5.2. Alignment and Assembly of the Transcripts

After the quality control of the reads, the fastq files were processed using
Trimmomatic tool to remove low-quality reads and adapter sequences. For the
control sample, 35420 reads were removed while 32947 reads were dropped for CA-

Nano sample (Figures 4.11.).

Input Read Pairs 44769999 (100.0%)

Both Surviving 43509355 (97.2%)
Forward Only Surviving 1103147  (2.5%)
Reverse Only Surviving 122077  (0.3%)

Dropped 35420 (0.1%)

Figure 4.11. Trimmomatic analysis result for the control sample (CA)

Input Read Pairs 40805920 (100.0%)

Both Surviving 39452494 (96.7%)

Forward Only Surviving 1207925  (3.0%)
Reverse Only Surviving 112554  (0.3%)

Dropped 32947  (0.1%)

Figure 4.12. Trimmomatic analysis result for the AgNP-exposed sample (CA-Nano)

Using C. albicans' reference genome as a reference, the trimmed reads were
aligned by using TopHat2 algorithm. A total of 146,734,827 reads were mapped with
mean sample mapping quality of 49.43%. The mean sample coverage was 997.39

and mean sample insert size was 164.5 bp (Figures 4.13.).

31



Coverage Across Reference
Multi-sample BAM QC

W CAnano_trimm_paired_alignment m CA_trimm_paired_alignment

Coverage
v oouw
s o
——

0,60 0.05 0.10 015 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95
Position in reference (relative)

Figure 4.13 The coverage of the reads across the reference genome of C. albicans

The mean coverage values across the reference genome of C. albicans for CA
and CA-Nano samples were calculated as 1006.9 and 987.7, respectively

The mapped reads GC-content of the samples CA and CA-Nano was calculated
as 46.06% and 47.03%, respectively (Figure 4.14.)
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Figure 4.14. Mapped reads GC-content of the samples CA and CA-Nano

The mapping quality mean values for CA and CA-Nano were 49.38 and 49.46,
respectively (Figure 4.15.)
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Figure 4.15. The mapping quality of the reads across the reference genome of C. Albicans

The insert size median was calculated as 170 and 159 bp for the samples CA
and CA-Nano, respectively (Figure 4.16.).
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Figure 4.16. The histogram for the insert size distribution

The aligned transcripts were assembled using Cufflinks algorithm to generate
expression objects for each sample and the expression set for the samples. The
relative abundances of the assembled transcripts were visualized in the histograms.
The Cufflinks tool also provided the normalized expression matrices which contain
the abundance of each transcript expressed in fragments per kilobase of exon per
million fragments mapped (FPKM) and transcripts per million (TPM). The FPKM
Histogram tab in the Cufflinks table displays the abundance of normalized gene
expression value log2(FPKM+1) (Figure 4.17.) (Figure 4.19.) whereas the TPM
Histogram tab displays the abundance of normalized gene expression value
log2(TPM+1) (Figure 4.18.) (Figure 4.20.).
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mapped (FPKM) for the AgNP-exposed sample (CA-Nano)
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Figure 4.20. The histogram for the transcripts per million (TPM) for the AgNP-exposed

sample (CA-Nano)

To determine the differentially expressed genes for the samples CA and CA-

Nano, Cuffdiff tool, which calculates the expression in the samples and tests the

statistical significance of each observed change in expression between the samples,

was employed. No statistically significant change in the expression of any genes was
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observed between the samples CA and CA-Nano. However, the expression of several
genes was increased by the nanoparticle treatment of C. albicans cells. The
expression of the gene coding for a C/D box small nuclear RNA (snoRNA) was
observed to be increased by the AgNP treatment. In addition, the
CAALFM_C700370WA gene coding for a predicted role in sister chromatid
cohesion and telomere length maintenance was upregulated in CA-Nano sample.
Another non-coding RNA, which is highly conserved U2 small nuclear RNA
involved in splicing coded by CAALFM_C204070CA was also upregulated by the
AgNP treatment. The expression of the gene (CAALFM_C205930WA) coding for a
cytochrome ¢ oxidase subunit VIla was also increased compared to the control
group. On the other hand, several other C/D box small nucleolar RNA (snoRNA)
genes were suppressed by the AgNP treatment. Also, the expression of the gene
CAALFM_C110130WA coding for an H/ACA box small nucleolar RNA (snoRNA)
was repressed in the CA-Nano sample
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5. CONCLUSION

The present study confirmed the green synthesis and antimicrobial properties
of AgNPs synthesized by an Antarctic actinobacterium Microbacterium sp. H37-C3.
In comparison to the nanoparticles produced using chemical and physical methods,
biologically produced nanoparticles are considered to be more environmentally
friendly. The nanoparticles synthesized by actinobacteria have also additional
advantages such as having bioactivities against pathogenic bacteria and fungi. This
study also confirmed the antimicrobial activity of silver nanoparticles synthesized by
Microbacterium sp. H37-C3 against C. albicans. The physicochemical
characterizations of the AgNPs confirmed that the synthesized nanoparticles are in
nanoscale and have crystalline structure.

Transcriptomic analyses have provided insight into toxicity mechanisms of
nanoparticles on the microbial cells. Candida albicans cells were exposed to AgNPs,
and RNA-Seq analysis was used to find the genes that were differentially expressed.
Although the observed differences were not significant statistically, several genes
responsible for regulation of gene expression, particularly small nucleolar RNAsS,
were affected by the silver nanoparticle exposure. The low level of expression
difference between the control and the AgNP-exposed group might be related to the
concentration of the silver nanoparticles (MIC10) used in the present study. Higher
levels of the silver nanoparticles could affect the gene expression levels more
drastically.

In conclusion, the present study provides insight into biological synthesis of
silver nanoparticles by using an Antarctic bacterium as well as possible molecular

mechanisms for toxicity of silver nanoparticles on eukaryotic cells.
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