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CHAPTER |

INTRODUCTION

Background and significance of the study

Entomopathogenic bacteria are widely distributed and include genera such as
Photorhabdus, Xenorhabdus, Yersinia, and Providencia. A major challenge for these
bacteria in infecting diverse insect species is adapting to and evading varying host
immune responses and microbial communities. In order to overcome the challenges,
these bacteria have evolved general strategies, including the production of protein
toxins that ultimately lead to the death of their insect hosts.

Notably, Photorhabdus and Xenorhabdus face an additional challenge as a
significant portion of their life cycle is spent in symbiosis with nematodes (Patricia
Stock et al., 2001; Poinar et al., 1990; Waterfield et al., 2009). These bacteria are
mutualistic partners of nematodes from the genera Heterorhabditis and Steinernema,
respectively. The nematode acquires its symbiotic bacteria during the development of
the infective juvenile (1J) stage and subsequently seeks insect hosts (Han & Ehlers,
2000). Upon successfully penetrating an insect, the nematodes released the bacteria into
the insect's hemocoel. The bacteria then produce a variety of natural products (NPs)
that facilitate infection and eventually cause the insect’s death. The resulting nutrient-
rich environment supports the reproduction of both the bacteria and nematodes, after
which newly developed IJs reacquire their bacterial symbionts and search for new
insect prey (Beemelmanns et al., 2016). The natural products synthesized by these
bacteria play critical roles in symbiosis and exhibit diverse functionalities, reflecting
their remarkable versatility (Beemelmanns et al., 2016; Bode et al., 2015; Bode, 2009;
Challinor & Bode, 2015; Piel, 2009).

These products are also of significant interest in drug discovery, as researchers
continually explore their potential for novel medicines. Photorhabdus and
Xenorhabdus exhibit substantial capacity for NP production, with numerous
biosynthetic gene clusters (BGCs) predicted in all species (Bode, 2009; Chaston et al.,
2011). Thus, in this study, the genomes of these bacteria were analysed to discover
specialized compounds that had never been detected in the laboratory, an approach that



represents one of the crucial strategies in bioprospecting for new antibiotics. As a result,
antimicrobial activity screenings were conducted against pathogenic bacteria. These
outcomes will enhance our understanding of the potential therapeutic applications of
bioactive compounds derived from entomopathogenic bacteria.

Purposes of the study

To explore the genomes of entomopathogenic bacteria to uncover previously
unobserved specialized metabolites in the laboratory and to study the antimicrobial
activities of their extracted compounds.

Scope of the study

This study was divided into three main parts, each building upon the previous
findings. First, genome sequencing and mining were performed to prioritize the
candidate strain. Next, whole-genome sequencing of the selected strain was conducted
to identify biosynthetic gene clusters associated with secondary metabolite production.
Based on these findings, the antimicrobial activity of the crude extract was evaluated
in detail through minimum inhibitory concentration (MIC), minimum bactericidal
concentration (MBC), time-kill curve analysis, and morphological examination of
treated bacteria using transmission electron microscopy. Finally, to further understand
the extract’s mode of action, proteomic analysis was conducted to identify differentially

expressed protein profiles in antibiotic-resistant bacteria in response to the treatment.



CHAPTER I

Related works and studies

Entomopathogenic bacteria

Entomopathogenic bacteria, recognized for their production of a variety of
virulence factors, which are commonly found in nature and include genera such as
Serratia, Peanibacillus, Bacillus, Pseudomonas, Brevibacillus, Xenorhabdus, and
Photorhabdus (Boemare & Tailliez, 2009; Glare et al., 2017). Among these,
Photorhabdus and Xenorhabdus are unique as they are symbiotic of infective juveniles
(Js) of entomopathogenic nematodes (EPNSs) from the genera Steinernema and
Heterorhabditis, respectively (Patricia Stock et al., 2001; Poinar et al., 1990; Steven et
al., 1997; Waterfield et al., 2009). These bacteria spend part of their lifecycle inside
nematodes, using them as vectors to efficiently infect insect hosts (Heather & Randy,
2009; Herbert & Goodrich-Blair, 2007). In Steinernema nematodes, the bacteria are
housed in the receptacle, located at the anterior part of the gut. In contrast,
Heterorhabditis lack such a specialized structure and harbor the bacteria in their
intestinal lumen (Bird & Akhurst, 1983; Boemare, 2002; Snyder et al., 2007).

1. Xenorhabdus bacteria

Firstly, Xenorhabdus spp. are named Achromobacter nematophilus and

associated with Steinernema carpocapsae (Poinar & Thomas, 1966). The location of
the bacteria in the 1J stage was first demonstrated using light microscopy and later
confirmed through electron microscopy (Poinar, 1966; Poinar Jr & Leutenegger, 1968).
The activities of the bacterium in the nematode's development and the host's death have
been elucidated (Poinar & Thomas, 1966; Poinar Jr & Thomas, 1967) leading to the
establishment of a new genus, named Xenorhabdus. This genus was proposed for
entomopathogenic bacteria, gram-negative, large, rod-shaped, and facultatively
anaerobic. The bacterial cell is shown in Figure 1. These bacteria primarily inhabit the
intestinal lumen of nematodes or the body cavity of host insects, which they enter via
the nematodes. The genus is classified within the family Morganellaceae (Ricardo et
al., 2021).



The diameter of the colony on nutrient agar (NA) is approximately 1 mm
after 24 to 48 hours at 24°C. Colony morphologies were circular in shape with slightly
uneven edges, moist, smooth, some granular, and with a low convex shape, and exhibit
a coloration that ranges from cream to yellow-brown or yellow. On triphenyl-
tetrazolium chloride agar (T-7+TTC agar), colonies gradually acquire a distinctive blue
pigment with maroon centers, or a blue-green shade with dark blue centers.

Figure 1 Bacterial cells stained by the Leifson method for flagella, demonstrating

the peritrichous cells of X. nematophilus (A) and P. luminescens (B).

Source: Thomas and Poinar (1979)

In 1975, the entomopathogenic nematode Heterorhabditis spp. was first
identified, and in 1979, the symbiotic bacterium associated with H. bacteriophora was
characterized as Xenorhabditis luminescens (Poinar, 1975; Thomas & Poinar, 1979).
Due to the intriguing ability of this bacterium to produce fluorescence, further studies
were conducted. The entire insect cadavers infected with the bacteria glowed in the dark
(Figure 2), and light was even detectable from a single infective stage (G. O. Poinar Jr
et al., 1980). The bacteria were later reclassified under the genus Photorhabdus as
Photorhabdus luminescens (Boemare et al., 1993).



Figure 2 Cadavers of the wax moth glowing in the dark after being infected with

Heterorhabditis bacteriophora 48 hours earlier.

Source: Poinar Jr and Grewal (2012)

2. Photorhabdus bacteria

Photorhabdus is belonging to the family Morganellaceae (Machado et al.,
2021). This bacterium is motile, gram-negative, facultatively anaerobic, peritrichous
rods measuring 5.1-6.0 pm in length and 0.8-1.4 um in width (Figure 1B). They are
chemoorganotrophic in terms of nutrition and grow well on meat extract media and
peptone agar. Photorhabdus differ from Xenorhabdus in being catalase-positive, with
an irreversible phase transition from the primary to the secondary form. A notable
characteristic of Photorhabdus spp. is their capability to bioluminescence. Furthermore,
Photorhabdus is the only known non-marine luminous bacterium. The bioluminescence
of Photorhabdus is attributed to the sequence similarity of the lux genes, which are
closely related to those found in marine bacteria of the genera Vibrio and
Photobacterium (Szittner & Meighen, 1990). P. luminescens has been observed to
exhibit bioluminescence on various media, including nutrient agar (NA), nutrient broth,

triphenyl-tetrazolium chloride agar (T-7+TTC agar), peptone water, and in infected



insects. On nutrient agar (NA), colonies are measuring approximately 1 mm in diameter
after 24 to 48 hours at 24°C. They appear smooth, with a texture ranging from slightly
granular to mucoid or highly mucoid and exhibit a low convex profile. They are circular
with slightly irregular margins and range in colour from brown, rust brown to brick red.
On T-7+TTC agar, colonies slowly acquire a unique coloration, transitioning from
greenish with red-brown centres to a dull olive green.

3. EPNs, Xenorhabdus and Photorhabdus life cycle

Xenorhabdus spp. and Photorhabdus spp. are two bacterial genera that form
mutualistic relationships with entomopathogenic nematodes (EPNs) and are key
players in insect-pathogenic processes (Martens et al., 2003; Popiel et al., 1989).
Xenorhabdus bacteria reside in the intestines (receptacle) of Steinernema spp.
nematodes (Bird & Akhurst, 1983), while Photorhabdus bacteria colonize the intestines
of Heterorhabditis spp. nematodes (Figure 3). Both genera of bacteria utilize their
nematode hosts to invade insect cadavers, where they suppress the insect’s immune
system and produce virulence factors that lead to host mortality (Caldas et al., 2002;
Dunphy & Webster, 1988). These bacteria also produce antimicrobial compounds and
exoenzymes to inhibit microbial competitors and degrade macromolecules, providing
essential nutrients for nematode growth (Akhurst, 1982; Ji & Kim, 2004). As shown in
Figure 4, the nematodes mature and deplete the insect's resources, they re-associate
with the bacteria, transforming into infective juvenile (1J) nematodes that emerge from
the insect carcass to find new hosts. This tripartite interaction between the bacteria,
nematode, and insect serves as a model system for studying both mutualistic and
pathogenic relationships within a single bacterial species (Akhurst & Boemare, 1990;
Richards & Goodrich-Blair, 2010).

Photorhabdus and Xenorhabdus share similar lifestyles but differ in the
molecular mechanisms they use to overcome insect immunity. Photorhabdus modifies
lipopolysaccharide (LPS) to resist antimicrobial peptides (AMPSs), while Xenorhabdus
prevents AMP expression altogether. The bacterial species also differ in how they
colonize their nematode hosts, with Photorhabdus requiring colonization of maternal
rectal glands in Heterorhabditis spp., a feature not observed in Xenorhabdus. These
differences highlight the adaptability of bacteria to their ecological roles and provide
valuable insights into bacterial pathogenesis and mutualism. Understanding the



interactions between these bacteria, their nematode hosts, and insect hosts may inform

biocontrol strategies and deepen our comprehension of bacterial virulence mechanisms.

Photorhabdus-Heterorhabditis Xenorhabdus-Steinernema

pharynx

Figure 3 GFP-labelled Xenorhabdus and Photorhabdus colonize different sites in

the 1J stage of their nematode hosts.

Source: Goodrich-Blair and Clarke (2007)
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The infective juvenile (1J) nematodes infect a suitable insect host and
develop into the fourth stage juvenile (J4), a developmental step that is known as
recovery. During reproduction nematodes undergo four juvenile stages. The depletion
of all nutrients leads to the development of I1Js again, prompting the nematodes to leave

the empty carcass.

Source: Reimer (2013)

4. Secondary metabolites from Xenorhabdus and Photorhabdus bacteria
In 1959, the first antibiotic activity in bacteria associated with Steinernema
spp. was observed by Dutky, who noted that insect cadaver putrefaction was inhibited
(Dutky, 1959). Later, Akhurst (Akhurst, 1980) discovered that Xenorhabdus existed in
two or more identical phase variants with distinct colony morphologies, colors, and
antimicrobial properties. The primary phase, which is carried out by the IJ nematode
stages in nature, facilitates optimal nematode growth and antibiotic production.
However, the primary phase can rapidly transition into a secondary phase, which
supports less nematode growth and generates only a limited amount of antibiotic
activity. The phase transition presented challenges for commercial nematode
production, and its underlying cause remained uncertain until the discovery of a
bacteriophage in Heterorhabditis that specifically targeted the primary phase. As a
result, the shift to the secondary phase is believed to be a bacterial survival response.
(Poinar et al., 1989; G. Poinar Jr et al., 1980). Since then, a variety of compounds
produced by these bacteria has been extensively studied, resulting in the identification
of various classes of compounds derived from non-ribosomal peptide synthetase
(NRPS) and polyketide synthase (PKS). Many of these substances and their derivatives
have shown efficacy against bacterial and fungal infections of medical and agricultural
importance. To date, several classes of secondary metabolites, including antibacterial,
antifungal, insecticidal, nematicidal, and cell-toxic agents, have been isolated from
these bacterial genera (Figure 5 and Table 1).
Indole-derived metabolites from Xenorhabdus, such as xenocyloins, exhibit
antibacterial, antifungal, and anti-insect activity. First reported in 1981 by Paul and
colleagues, xenocyloins and related compounds, found in Xenorhabdus strains like X.



nematophila (Newman & Cragg, 2012) and X. bovienii (Li et al., 1995), shown
antibacterial effects on various bacteria with thick and thin cell walls, by inhibiting
RNA synthesis inducing the accumulation of guanosine-3’,5’-bis-pyrophosphate, and
also show antifungal activity. An additional promising group of indole derivatives from
Xenorhabdus, known as nematophin, shows high activity against drug-resistant
Staphylococcus aureus strains (Jianxiong, Genhui, & Webster, 1997; Li et al., 1997).

Phenethylamides synthesized by various strains of Xenorhabdus display
cytotoxic activity against eukaryotic cells, including human cancer cell lines like gastric
adenocarcinoma and hepatoblastoma. This cytotoxicity is mediated through apoptosis
induced by caspase activation, as well as against insect cells, depending on the acyl
chain length (Proschak et al., 2011).

A notable group of compounds is the xenorhabdins, derived from NRPS,
which feature a distinct heterobicyclic pyrrolinonodithiole core, characteristic of
dithiolopyrrolone antibiotics. These dithiolopyrrolones exhibit activity against both
Gram-positive and Gram-negative pathogens, consisting of multiple drug resistance
(MDR) S. aureus (Li et al., 2014; B. Li et al., 2015),, and are believed to inhibit RNA
polymerase. Xenorhabdins include holomycin and thiolutin, antibiotics discovered in
Streptomyces spp. (Celmer & Solomons, 1955; Ettlinger et al., 1959). The xenorhabdins
represent both the N-acylpyrrothine (holomycin-type) and the Nmethyl, N-
acylpyrrothine (thiolutin-type) subclasses of dithiolopyrrolone antibiotics with
structural diversity generated by different chain lengths of the N-acyl substituent (Zhai
et al., 2016). Oxidized derivatives of xenorhabdins, known as xenorxides, have also
been identified. However, their high toxicity against mammalian cells limits their
therapeutic potential in their current form (Bode et al., 2015).

A distinct phenotypic feature of Xenorhabdus szentirmaii is its purple
metallic color, attributed to the phenazine pigment iodinin. However, the primary
compounds produced by X. szentirmaii are xenofuranones, which resemble fungal
furanones from Aspergillus terreus and exhibit weak cytotoxic activity (Brachmann et
al., 2006). Additionally, hexadepsipeptides such as szentiamide and xenobactin have
been found in Xenorhabdus strains, showing antiprotozoal activity against Plasmodium

falciparum, the malaria-causing pathogen (Nollmann et al., 2012).
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The major class of secondary metabolites in Xenorhabdus spp. appears to
be nonribosomally produced compounds. For example, xenematides from X.
nematophila are antibacterial against Gram-positive and Gram-negative bacteria and
exhibit moderate insecticidal activity. The biosynthesis of xenematides is significantly
enhanced under cultivation conditions with an abundance of L-proline (Lang et al.,
2008).

A highly diverse class of cyclic depsipeptides identified in Xenorhabdus sp.
is xentrivalpeptides A-Q, again having alternative structural variants that arise through
promiscuity of the NRPS A domain (Zhou et al., 2012). The lysine-rich cyclo PAX-
peptides of X. nematophila confer antifungal and antibacterial activity (Fuchs et al.,
2011). Two linear hexapeptides (bicornutin) were identified from X. budapestensis with
activity against the plant pathogens Erwinia amylovora and Phytophthora nicotianae
(BOszérményi et al., 2009).

Another remarkably diverse group of cyclic depsipeptides discovered in
Xenorhabdus includes xentrivalpeptides A—Q, which vary structurally due to the
promiscuity of the NRPS A domain (Zhou et al., 2012). Lysine-rich cyclo-PAX
peptides from X. nematophila have antifungal and antibacterial properties (Fuchs et al.,
2011). X. budapestensis produces two linear hexapeptides (bicornutin), which are
active against plant pathogens like Erwinia amylovora and Phytophthora nicotianae
(BOszérményi et al., 2009).

Xenorhabdus strains also produce mixed peptide—polyketide metabolites
with antimicrobial properties, such as xenocoumacins, which have broad antibacterial
activity against Gram-positive bacteria and possess antiulcer properties (Mclnerney et
al., 1991). A hybrid PKS/NRPS compound, fabclavine la, produced in X. nematophila,
is a peptide—polyketide complex with extensive biological effects, similar to
compounds described in Serratia strains (Fuchs et al., 2014).

X. nematophila and P. luminescens produce rhabdusin, an isocyanide- and
aminoglycosyl-functionalized tyrosine derivative. It serves as a suppressor of
phenoloxidase, a key enzyme in the insect immune system's melanization pathway
(Crawford et al., 2012).
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In P. luminescens, a carbapenem-backbone gene cluster has been identified
(Derzelle et al., 2002). Carbapenems are PB-lactam antibiotics known from other
organisms like Streptomyces and Erwinia species. In Photorhabdus, carbapenem
production is not controlled by quorum sensing (QS), unlike in Erwinia and Serratia,
due to the absence of the QS protein CarR. P. luminescens also produces photobactin,
a catechol siderophore that may contribute to antibiosis by sequestering iron in the
insect cadaver (Ciche et al., 2003).

Another significant metabolite class unique to Photorhabdus is the
anthraquinone pigments. Although anthraquinones are typically plant-produced and
show weak antibiotic activity in P. luminescens, they are nonetheless noteworthy
(Richardson et al., 1988).

Stilbenes, common plant metabolites, have been identified in all
Photorhabdus spp. Isopropylstilbene and ethylstilbene exhibit antimicrobial activity
and play a role in virulence and mutualism by signaling food recovery in the nematode
(Joyce et al., 2008; Joyce et al., 2011). Epoxystilbene, which shows antibacterial
activity against drug-resistant S. aureus, also exhibits cytotoxicity against three human
cancer cell lines (Hu et al., 2006). Recently, additional stilbene derivatives, such as
dihydroisopropylstilbene, were identified and shown to protect against oxidative stress
in insect hemolymph (Crawford et al., 2011; Kontnik et al., 2010).

P. luminescens also produces non-ribosomal peptides like the cyclic
GameXPeptides and linear mevalagmapeptide. The cyclic GameXPeptides A - D are
synthesized under normal growth conditions, while peptides E - H are induced by the
insect environment (Nollmann et al., 2015).
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5. Regulation of secondary metabolite biosynthesis in Xenorhabdus and
Photorhabdus bacteria

The ability of Xenorhabdus and Photorhabdus to adapt to environmental
changes plays a crucial role in microbial interaction with hosts and the regulation
between mutualism and pathogenesis, particularly in the context of secondary
metabolite biosynthesis. The sequencing of several Xenorhabdus and Photorhabdus
strain genomes has greatly facilitated the identification of novel compound classes.
Detailed genomic studies have revealed numerous biosynthetic gene clusters involved
in secondary metabolite production. For instance, 7.5% of the genome of Xenorhabdus
nematophila ATCC 19061 and 5.9% of the genome of Photorhabdus luminescens TTO1
are dedicated to proteins involved in secondary metabolite biosynthesis (Chaston et al.,
2011; Duchaud et al., 2003).

One key player in regulating these processes is the global regulator Lrp or
leucine-responsive regulatory protein which is widely present in bacteria and acts as a
sensor for several amino acids, thus linking it to nutrient availability responses
(Brinkman et al., 2003; Hart & Blumenthal, 2011). In Salmonella enterica, Lrp weakens
Salmonella virulence by repressing genes within pathogenicity islands 1 and 2 (SPI-1
and SPI-2) (Baek et al., 2009), while in Vibrio species, Lrp has been demonstrated to
play a key role in virulence (Lin et al., 2007). In X. nematophila, Lrp functions as a
global regulator, influencing both symbiotic relationship with nematodes and
pathogenicity in insects (Cowles et al., 2007; Hussa et al., 2015). Studies have shown
that a Irp deletion mutant of X. nematophila loses antibiotic activity against
Micrococcus luteus and Bacillus subtilis, unlike the wild-type strain, which retains
antibiotic activity (Cowles, 2007). Similarly, in Photorhabdus, Irp mutant exhibits
reduced levels of isopropylstilbene (IPS) and its precursor, cinnamic acid (Lango-
Scholey et al., 2013).

Lrp is also involved in pathogenesis by modulating the expression of the
transcriptional regulator LrhA (LysR homologue A), which controls I-proline uptake.
Mutants lacking LrhA exhibit a significant reduction in insect-killing ability,
highlighting LrhA as a critical virulence factor factors (Herbert & Goodrich-Blair,
2007; Richards et al., 2008). This is because I-proline is a prevalent amino acid
composition of insect hemolymph. Therefore, increased levels of I-proline could
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stimulate the production of insecticidal compounds, such as stilbene, and anthraquinone
(AQ) in Xenorhabdus and Photorhabdus, respectively. This phenotype depends on
proline uptake, there is evidence suggesting that proline plays a key role in regulating
secondary metabolite production (Crawford et al., 2010). However, global regulators
control the secondary metabolite biosynthesis of Xenorhabdus remains largely
unexplored.

In Photorhabdus strains, HexA is a transcriptional inhibitor of the LysR-
type family. It is essential for the interaction with the nematode in P. temperata, as it
inhibits antibiotic production (Joyce & Clarke, 2003). Kontnik in 2010 demonstrated
that AhexA mutants of P. temperata and P. luminescens produce significantly higher
levels of isopropylstilbene (IPS) and its derivatives (Kontnik et al., 2010b). More
recently, it has been found that hexA functions within a regulatory cascade regulated by
the Hfg protein. Deletion of hexA leads to restored secondary metabolite production,
whereas a Ahfg mutant exhibits minimal secondary metabolite production (Tobias et
al., 2016).

The BarA-UvrY two-component system (2CP) triggers gene transcription
that associated with secondary metabolism in Photorhabdus. A uvrY knockout mutant
in P. luminescens exhibited a substantial reduction in the expression of genes that
essential for bioluminescence, as well as stilbene and anthraquinone (AQ) biosynthesis.
However, the majority of the transcriptional modifications observed in the uvrY mutant
did not align with protein or phenotypic changes, indicating that the regulation
belonging to these genes may occur at the post-transcriptional level (Kontnik et al.,
2010; Krin et al., 2008; Lango-Scholey et al., 2013). In other bacteria, the 2CP system
has been established to interact with small RNA regulators. A notable target of the
system is the CsrA-CsrB regulatory (Pernestig et al., 2003; Weilbacher et al., 2003).
In this system, as illustrated in Figure 6, CsrA is an RNA-binding protein that inhibits
protein synthesis by attaching to the ribosome-binding site of the target mMRNA (Liu &
Romeo, 1997). The CsrB RNA contains multiple binding sites for CsrA, and when
expressed, it titrates CsrA away from target mRNAS, thereby facilitating more efficient

translation of these transcripts (Babitzke & Romeo, 2007; Romeo, 1998).
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Figure 6 The regulation of bacterial virulence by Csr systems

Source: Vakulskas et al. (2015)

In P. luminescens TTO1, the CsrA-CsrB regulatory system has been found
to regulate certain UvrY targets (Krin et al., 2008). The 2CP, also referred to as GacS-
GacA in other bacteria like Pseudomonas, plays a crucial role in regulating secondary
metabolism (Lapouge et al., 2008). Mutations in the GacS-GacA 2CP have been shown
to block secondary metabolism in various pseudomonad species (Heeb & Haas, 2001).
Recent studies have revealed that gacS mutations in Pseudomonas aeruginosa M18
cause variation in phenotype, leading to the development of small colony variants
(SCVs) both in vivo and in vitro (Davies et al., 2007; Nelson et al., 2010). The GacS-
GacA system also plays a role in the interaction among Pseudomonas fluorescens and
the amoeba, Dictyostelium discoideum. Notably, many D. discoideum amoebae engage
in bacterial husbandry, transporting and distributing bacteria during the spore stage to
secure a food source after spore germination. Initially, D. discoideum carried two strains
of P. fluorescens, but only one provided a food source (Brock et al., 2011). Moreover,

the second strain was shown to produce secondary metabolites, including pyrrolnitrin
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and chromene which promoted spore formation and benefited the amoeba.
Interestingly, losing function in gacA altered the secondary metabolite-producing
strain, turning it into a food source gene (Stallforth et al., 2013). This suggests that gacA
mutations create functional heterogeneity within the P. fluorescens population.
Similarly, Photorhabdus plays a role in mutualistic interactions with nematodes, acting
both as a food source and regulating nematode development. Although no evidence
exists of non-functional alleles of uvrY (the gacA homologue) arising and coexisting
within insect cadavers, it is conceivable that the activity of the 2CP is regulated post-
transcriptionally, leading to variation in function in the bacterial community (Camacho
et al., 2015). Therefore, both the BarA-UvrY and GacS-GacA 2CPs play essential roles
in regulating functional heterogeneity and secondary metabolism in various bacteria-
host interactions.

Phenylalanine ammonia-lyase (PAL), the first enzyme in stilbene synthesis,
converts phenylalanine into cinnamic acid (CA), highlighting the correlation between
amino acid metabolism and secondary metabolism (Williams et al. 2005). It is well
established throughout the Gammaproteobacteria, nutrient limitation triggers the
production of (p)ppGpp, an alarmone that regulates gene expression during stress
adaptation (Gaca, Colomer-Winter, et al., 2015; Hauryliuk et al., 2015). (p)ppGpp
synthesis is controlled by the RelA and SpoT proteins. RelA activates (p)ppGpp
synthesis in response to amino acid limitation, while SpoT integrates various signals
into (p)ppGpp metabolism, with its hydrolysis activity necessary for upholding proper
(p)ppGpp levels during growth (Brown et al., 2016). The accumulation of (p)ppGpp
leads to significant transcriptional changes in bacteria (Bowden et al., 2013; Gaca,
Kudrin, et al., 2015; Hesketh et al., 2007; Traxler et al., 2011; Vercruysse et al., 2011).

In Photorhabdus, a relA spoT double mutant, which cannot produce
(p)ppGpp, was found to be unable to produce light, stilbene, or AQ pigments and could
not support nematode growth. However, this mutant exhibited virulence comparable to
the wild-type strain in insects, suggesting that (p)ppGpp production is not necessary for
pathogenicity. Mutant of RelA spoT was quickly outcompeted by the wild-type strain
after extended incubation in insects, highlighting the role of (p)ppGpp in nutrient-
limited conditions (Bager et al., 2016). Similarly, a relA spoT mutant in P. fluorescens
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CHAO displayed reduced antimicrobial and biocontrol effects, indicating that
(p)ppGpp regulates secondary metabolism in this bacterium (Takeuchi et al., 2012).

Primary metabolism, including glycolysis and the TCA cycle, produces
energy and precursors for cell growth, while secondary metabolism provides an
alternative carbon and energy flux to produce bioactive compounds. This close
relationship between primary and secondary metabolism is both regulatory and
metabolic. In P. luminescens TTOL1, mutations in the mdh or fumC genes, encoding key
TCA cycle enzymes, blocked the production of light, stilbene antibiotics, and AQ
pigments. These mutants were also unable to support nematode growth but did not
affect virulence, suggesting that a metabolic switch between pathogenicity and
mutualism is regulated by the TCA cycle (Lango & Clarke, 2010). A similar mutation
in the fumA gene of P. fluorescens CHAO, encoding fumarase, which additionally
suppressed secondary metabolism, indicating that TCA cycle imbalance impairs proper
activation of the GacS-GacA 2CP (Takeuchi., 2009). Interestingly, A genetic
modification in acnB, the gene encoding aconitase in V. fischeri, led to enhanced
bioluminescence, which was regulated through the Gac/Rsm signaling pathway (Septer
et al., 2015). Thus, the BarA-UvrY (GacS-GacA) 2CP acts as a regulatory connection
between primary and secondary metabolism across various bacteria.

Numerous bacteria also use quorum sensing through Al-2, a signaling
molecule produced by the LuxS enzyme, which plays a role in the activated methyl
cycle. LuxS converts S-ribosylhomocysteine into Al-2, which accumulates
extracellularly and induces transcriptional changes in some bacteria (Pereira et al.,
2013). In Photorhabdus, Al-2 has been linked to carbapenem antibiotic production, as
a luxS deletion mutant expressed greater amounts of cpom mRNA (Derzelle et al., 2002).
The luxS mutant also exhibited decreased bioluminescence, increased polyamine
production, heightened sensitivity to oxidative stress, reduced biofilm formation, and
hyper-motility in comparison with the wild type (Krin et al., 2006). Furthermore, the
BarA-UvrY 2CP in Photorhabdus is essential for maximal Al-2 production, and some
phenotypes in the uvrY mutant, such as lowered bioluminescence, could be restored
adding exogenous Al-2 (Krin et al., 2008). Thus, Al-2 plays multifunctional roles in
Photorhabdus, linking secondary metabolism and stress resistance.
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Particular secondary metabolic pathways in Photorhabdus remain
underexplored. In bacteria, it is common for global regulators to work in conjunction
with pathway-specific regulators to maintain the correct expression of secondary
metabolites. For example, The AQ pigment is synthesized by proteins encoded by the
9-gene antA-1 locus (Brachmann et al., 2007), and HdfR has been identified as a
repressor of antA-1 expression and AQ production (Easom & Clarke, 2012),
Additionally, the induction of stlA expression during nutrient limitation facilitates
stilbene production (Chalabaev et al., 2008).

In conclusion, Photorhabdus utilizes a sophisticated network to regulate
secondary metabolism. In which global and specific regulators influence primary
metabolism to coordinate the temporal regulation of secondary metabolite production
(Figure 7). Secondary metabolites synthesized during the post-exponential phase of
Photorhabdus growth are linked to its mutualistic relationship with the nematode.
Nutrient limitation, mediated by the production of the alarmone (p)ppGpp, has been
identified as a key environmental factor controlling secondary metabolism in
Photorhabdus. The synthesis of (p)ppGpp acts as an intracellular signal that translates
scarcity into a broad regulatory response. This response, whether directly or indirectly,
involves various regulators that initiate the transition from pathogenicity to mutualism.
Further elucidation of the regulatory networks involved is crucial for a more
comprehension understanding of the three-way interaction between Photorhabdus, the

nematode, and the insect prey.
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Global Regulators Pathway-Specific Regulators

-
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Figure 7 The regulatory network controlling secondary metabolism in

P. luminescens

Source: Clarke (2016)

6. Genome sequencing of Xenorhabdus and Photorhabdus bacteria

Research into the genome sequencing of Xenorhabdus and Photorhabdus
bacteria has significantly advanced our understanding of their biology, symbiotic
relationships, and potential applications.  The genomes of Xenorhabdus
and Photorhabdus species. are  typically  circular DNA  molecules. For
instance, Xenorhabdus nematophila ATCC 19061 has a genome size of approximately
4.43 million base pairs (Mb), while Xenorhabdus bovienii SS-2004 possesses a genome
of about 4.23 Mb. Recent studies have reported genome sizes for
various Xenorhabdus strains ranging from 4.07 to 4.94 Mb, with a GC content between
42.8% and 45.4% (Chaston et al., 2011; Palmaet al., 2024). In comparison, the genome
of Photorhabdus luminescens TTO1 is approximately 5.7 Mb in size. This larger
genome reflects the bacterium's extensive repertoire of genes dedicated to secondary
metabolism and symbiotic functions (Tobias et al., 2016).

The complete genome sequence of Photorhabdus luminescens TTO1,
published in 2003, revealed that up to 6% of its genome is dedicated to secondary
metabolism, underscoring its capacity to produce a diverse array of bioactive
compounds (Sajnaga et al., 2024). Building upon this foundational knowledge, recent
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studies have developed advanced genetic tools to facilitate the manipulation of these
bacteria. For instance, researchers have created expression vectors and a CRISPR-Cpfl
genome editing system based on the Standard European Vector Architecture (SEVA)
plasmids. These tools enable efficient genetic modifications, including the activation
and refactoring of biosynthetic gene clusters to enhance the production of valuable
compounds like safracin B, a precursor for the anti-cancer drug ET-743 (Rill et al.,
2024).

Moreover, investigations into the phylogenetic diversity of Xenorhabdus
and Photorhabdus species have been conducted worldwide. In Thailand, researchers
isolated and identified various strains of these bacteria from entomopathogenic
nematodes, utilizing recA gene sequencing and phylogenetic analyses. The study
revealed multiple isolates closely related to X. stockiae, X. miraniensis, and different
subspecies of P. luminescens(Fukruksa et al., 2017). Such studies are crucial for
understanding the distribution and evolutionary relationships of these bacteria. In
addition, the mutualistic relationship between these bacteria and their nematode hosts
plays a vital role in their life cycles and pathogenicity. Xenorhabdus and Photorhabdus
species assist nematades in infecting and killing insect hosts, making them effective
biological control agents against agricultural pests. Advancements in genomic tools
have transformed the systematics of these organisms, reshaping our understanding of
their phylogenetic relationships and co-evolution (Piza & Machado, 2024). Recent
studies have characterized novel isolates of these bacteria. For example, two isolates
from northwestern Iran were identified as Photorhabdus thracensis and Xenorhabdus
nematophila. Molecular techniques, including phylogenetic analysis of 16S rDNA and
gyrB sequences, were employed for identification. These studies also examined growth
dynamics, virulence, and antibacterial susceptibility, contributing to a deeper
understanding of their potential applications in pest control and medicine (Azar et al.,
2025).

In summary, genome sequencing and related studies of Xenorhabdus and
Photorhabdus bacteria have provided profound insights into their genetic makeup,
symbiotic mechanisms, and practical applications. Ongoing research continues to
explore their diversity, evolutionary biology, and potential in biotechnology and

agriculture.
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Antibiotic resistant bacteria

Antimicrobial resistance (AMR) occurs when microorganisms are exposed to
antimicrobial agents and evolve resistance. These resistant microorganisms, often
referred to as “superbugs,” render treatments ineffective, causing infections to persist
in the body and increasing the risk of transmission to others. AMR poses an escalating
global public health threat, requiring coordinated action across all sectors of society and
government. In the absence of potent antimicrobial agents for infection prevention and
therapy, as well as medical interventions like organ transplantation, chemotherapy,
diabetes management, and major surgical procedures (e.g., caesarean sections or hip
replacements) become considerably more risky. Patients with resistant infections face
greater costs than those with treatable infections, primarily owing to prolonged
durations of illness, the need for additional diagnostic tests, and the use of more
expensive medications.

In 2016, around 490,000 individuals worldwide contracted multi-drug-
resistant tuberculosis (TB), with drug resistance increasingly complicating the
treatment of HIV and malaria (World Health Organization, 2020). To address this issue,
the World Health Organization (WHO) has issued a list of high-priority antibiotic-
resistant pathogens — 12 families of bacteria posing the significant threat to human
health. This list is categorized into three groups based on the urgency for new
antibiotics: critical, high, and medium priority (Tacconelli et al., 2017). The most
critical group includes multidrug-resistant bacteria, which are a particular risk in
hospitals, nursing homes, and for patients requiring medical devices like ventilators and
blood catheters. These include Acinetobacter, Pseudomonas, and various
Enterobacteriaceae (such as Klebsiella, Escherichia coli, Enterobacter, Serratia,
Proteus, Providencia, and Morganella species). These bacteria are responsible for
severe, often fatal infections such as septicemia and pneumonia, with resistance to
multiple antibiotics, including carbapenems and third-generation cephalosporins —
critical treatments for multi-drug-resistant infections. The high and intermediate
priority groups include additional bacteria with growing resistance responsible for
widespread diseases, including Gonorrhoea and Salmonella-induced food poisoning
(Table 2).
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Table 2 WHO priority pathogens list for research and development (R&D) of new

antibiotics

Priority Bacteria Antibiotics

Acinetobacter baumannii carbapenem-resistant

CRITICAL Pseudomonas aeruginosa carbapenem-resistant

Enterobacteriaceae ESBL-producing
Enterococcus faecium vancomycin-resistant
Staphylococcus aureus methicillin-resistant, vancomycin-

intermediate, and resistant

Helicobacter pylori clarithromycin-resistant
HicH Campylobacter spp. fluoroquinolone-resistant
Salmonella spp. fluoroquinolone-resistant
Neisseria gonorrhoeae cephalosporin-resistant,
fluoroquinolone-resistant
Streptococcus pneumoniae  penicillin-non-susceptible
MEDIUM  Haemophilus influenzae ampicillin-resistant

Shigella spp. fluoroquinolone-resistant

Tuberculosis, which has increasingly developed resistance to traditional
treatments in recent years were excluded from the list as they are already recognized as
a global priority, with urgent need for innovative new treatments. Other bacteria, such
as Streptococcus A and B and Chlamydia spp., were also excluded from the list due to
their limited resistance to current treatments and because they do not present a major
public health risk at this time (Tacconelli et al., 2017).

1. Acinetobacter baumannii

Acinetobacter spp. are Gram-negative coccobacilli, aerobic, glucose-non-
fermentative, non-motile, non-fastidious, catalase-positive, and oxidase-negative.
Within Acinetobacter spp., A. baumannii stands out as the most critical pathogen linked
to hospital-acquired infections worldwide. Additionally, there has been a gradual
increase in community-acquired A. baumannii infections (Lin & Lan, 2014). Genomic
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and phenotypic studies have identified several virulence factors, such as outer
membrane porins, phospholipases, proteases, lipopolysaccharides (LPS), capsular
polysaccharides, protein secretion systems, and iron-chelating systems (Antunes et al.,
2011; Lin & Lan, 2014; McConnell et al., 2013).

Several studies have indicated that A. baumannii rapidly develops
resistance to antimicrobials, with strains resistant to multiple drugs being isolated
(McConnell et al., 2013). The WHO has notified that A. baumannii is one of the most
serious infections in ESKAPE group (E, faecium, S. aureus, K. pneumoniae, A.
baumannii, P. aeruginosa, and Enterobacter spp.), known for its ability to evade the
effects of antibacterial drugs. A. baumannii employs various resistance mechanisms,
including enzymatic drug degradation, target site alterations, multidrug efflux pumps,
and reduced membrane permeability (Gordon & Wareham, 2010; Kim et al., 2012; Lin
& Lan, 2014). The remarkable adaptive ability of A. baumannii, along with the
acquisition and transmission of antibiotic resistance factors, undermines the
effectiveness of the latest therapeutic approaches, including last-resort and combination
antibiotic therapies. A summary data from Lee and his co-workers, shows the virulence
factors, mechanisms of antibiotic resistance, and the treatment preferences for A.

baumannii infections (Figure 8).
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1.1 Virulence factors and pathogenesis of Acinetobacter baumannii
There are several virulence factors of A. baumannii have been
described for its pathogenicity. The major virulence factors discovered through
genomic and phenotypic analysis are outer membrane porins, phospholipases, capsular
polysaccharides, lipopolysaccharides (LPS), proteases, iron-chelating systems, and
protein secretion systems. Summary of A. baumannii virulence factors are concluded
in Table 3.



31

Table 3 The key virulence factors of Acinetobacter baumannii

Virulence factors

Proposed role in pathogenesis

References

Outer membrane

Adherence and invasion, serum

(Choi et al., 2005;

proteins resistance, biofilm formation, Fernandez-Cuenca et al.,
surface motility, and induction of ~ 2011; Gaddy etal., 2009;
apoptosis in host cells or causes Huang et al., 2016; Kim
.. etal., 2009; Lee et al.,
cytotoxicity
2010; Rumbo et al.,
2014; Smani et al., 2013;
Smani et al., 2012; Wang
etal., 2014)
Capsule Peptide resistance, mediates (Antunes et al., 2011;

cationic antimicrobial, serum

resistance and in vivo survival

Geisinger & Isberg,
2015; Iwashkiw et al.,
2012; Lees-Miller et al.,
2013; Russo et al., 2010)

Biofilm-associated
protein (Bap)

Biofilm development and cell-to-

cell adhesion

(Loehfelm et al., 2008)

Lipopolysaccharide
(LPS)

Evasion of the host immune
response, resistance to cationic
antimicrobial peptides, activation
of the host inflammatory
response, reduction of TLR4
signalling, and enhanced survival

under desiccation conditions.

(Linetal., 2012; Luke et
al., 2010; McConnell et
al., 2013; McQueary et
al., 2012)

Phospholipase
-PLD

-PLC

Serum resistance, in vivo survival,

and dissemination of bacteria

Exhibiting hemolytic activity
against human red blood cells and

facilitating the uptake of iron

(Camarena et al., 2010;
Fiester et al., 2016;
Jacobs et al., 2010; Stahl
etal., 2015)
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Virulence factors

Proposed role in pathogenesis

References

Outer membrane
vesicle (OMV)

Delivering virulence genes to the
host cell cytoplasm and
facilitating the horizontal transfer
of antibiotic resistance genes
between bacterial cells.

(Jinetal., 2011; Jun et
al., 2013; Kwon et al.,
2009; Z. T. Lietal.,
2015; Moon et al., 2012;
Rumbo et al., 2011)

Acinetobactin
(Siderophore
mediated iron
acquisition

mechanism)

Provides iron for the survival of
both the bacterium and the host,
while also inducing cell death.

(Ali et al., 2017; Fiester
et al., 2016; Gaddy et al.,
2012; Penwell et al.,
2012; Zimbler et al.,
2012)

(Hood et al., 2012; Nairn
etal., 2016) -Zn

(Juttukonda et al., 2016) -
Mg

Penicillin-binding
protein 7/8 (pbpG)
and B-lactamase
PER-1

Biosynthesis of peptidoglycan,
cellular stability, and growth in
serum

(Russo et al., 2009; Sechi
etal., 2004)

Poly-B-1-6-N-
Acetylglucosamine
(PNAG)

Formation of biofilm, cell-cell
adherence, and protection against
innate host

defenses

(Choi et al., 2008)

Abal autoinducer
synthase

Biofilm development

(Niu et al., 2008)

CsuA/BABCDE
chaperone usher pili
assembly system

Pilus assembly, biofilm
formation on abiotic surfaces

(Tomaras et al., 2003;
Tomaras et al., 2008)

Type Il protein
secretion system

In vivo survival

(Elhosseiny et al., 2016;
Harding et al., 2016;
Johnson et al., 2016)

Type VI protein
secretion system

Killing of competing bacteria,
host colonization

(Carruthers et al., 2013;
Jones et al., 2015; Repizo
etal., 2015; Ruizetal.,
2015; Wright et al., 2014)

Type V protein
secretion system

Biofilm formation and adherence

(Bentancor et al., 2012)
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1.1.1 Outer membrane proteins and outer membrane vesicles

Outer membrane proteins (Omps), located in the outer
membrane, are essential core components that regulate both cell membrane
permeability and virulence in A. baumannii. These B-barrel porins, which can exist as
monomers or trimers, link the external environment to the periplasm, facilitating the
transport of nutrients, small molecules, antibiotics, and disinfectants (Ambrosi et al.,
2017; Ayoub Moubareck & Hammoudi Halat, 2020; Harding et al., 2018; Srinivasan
et al., 2015; Uppalapati et al., 2020). To date, identified Omps in A. baumannii are
OmpA, OmpW, Omp33-36 kDa, AbuO, CarO, OprD-like, TolB, NmRmpM, DcaP,
LptD, Oma87/BamA, CadF, and OprF (Ayoub Moubareck & Hammoudi Halat, 2020;
Harding et al., 2018; Uppalapati et al., 2020). The main outer membrane protein OmpA
is one of the most abundant porins in A. baumannii. This 38kDa protein is involved in
cell invasion and apoptosis, also small solute penetration occurs as it binds to the host
cell surface, becomes localized in both the mitochondria and nuclei, and triggers cell
death (Choi et al., 2005). OmpA is a thoroughly studied virulence factor with a range
of intriguing biological characteristics (McConnell et al., 2013; Smith et al., 2007). In
a previous report investigating the ability of A. baumannii to penetrate epithelial
membranes in a murine pneumonia model, prominent lung histopathological changes,
including a large quantity of white blood cells and alveolar damage, were detected in
mice infected with the wild-type strain, but not in those infected with OmpA-mutants
(Choi et al., 2008). In addition to its role as a porin for transport, OmpA can induce host
cell apoptosis, promote biofilm formation, enable dissemination into the bloodstream,
and interact with epithelial cells, mainly through host fibronectin (Smani et al., 2012).
A additional outer membrane protein of A. baumannii is Omp33, also known as
Omp33-36 kDa or Omp34, which functions as a water channel and associated with
carbapenem resistance (Smani et al., 2013). In Rumbo study, this protein induced
apoptosis by inhibiting autophagy, which allowed for intracellular persistence and led
to the development of cytotoxicity (Rumbo et al., 2014). Moreover, knockout strains of
A. baumannii lacking Omp33 exhibited reduced growth rates and a marked decline in
their ability to adhere, invade, and induce cytotoxicity, indicating that Omp33 is
essential for the survival and virulence of A. baumannii (Smani et al., 2013). Other
porins, such as carbapenem associated outer membrane protein (CarO) and OccAB1
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(OprD or porinD), are considered a virulence factor contributing to diminished
virulence in a mouse model (Fernandez-Cuenca et al., 2011). Moreover, OccAB1
together with OmpW were found linked to iron uptake in A. baumannii (Catel-Ferreira
et al., 2016). OmpW is an outer membrane B-barrel protein which has many similar
characteristics with OmpA, highly cytotoxic against the host cells, immunogenic,
greatly concentrated in outer membrane vesicles (OMVs) (Catel-Ferreira et al., 2016;
Huang et al., 2015; Tiku et al., 2021). OMVs are 20-200 nm micro-spherical vesicles
secreted through the secretory system, apart from conventional systems (Ahmadi Badi
et al., 2017). These vesicles can be composed of Omps, LOS, phospholipids, DNA and
RNA molecules, as well as periplasmic proteins. OMVs are generally secreted and play
a role in the delivery of virulence factors targeting other bacteria or host cells leading
host cell injury and innate immune reactions (Geisinger et al., 2019; Li et al., 2018;
Morris et al., 2019; Pires & Parker, 2019; Tiku et al., 2021).
1.1.2 Capsule and lipopolysaccharides (LPS)

Besides OmpA, A. baumannii envelope is also associated with
the pathogenicity. The cell wall polysaccharide (LPS) is a key virulence factor involved
in various stages of the disease process. It plays a crucial role in resisting normal human
serum and offers a survival advantage in vivo. Additionally, in animal models, it may
induce a proinflammatory response (Knapp et al., 2006). The antigenic O-
polysaccharide of LPS, along with pili, may promote adherence to host cells as the
initial stage of colonization (Haseley et al., 1997). In addition, a key structural factor
contributing to A. baumannii virulence is the capsule that surrounds the bacterial
surface. The tightly packed, repetitive sugar units in the capsule create a protective
barrier against environmental challenges, such as dryness and disinfection, as well as
immune defences like phagocytosis. It also offers protection against certain
antimicrobials (Geisinger & Isberg, 2015; Singh et al., 2019). In spite of the diversity
of capsular sugars in A. baumannii, with over 100 different types, the capsule remains
a crucial factor for the pathogen's survival during infections and its capacity to grow in
serum (Kenyon & Hall, 2013). These results suggest that blocking LPS synthesis is a
promising strategy for discovering novel antibiotics, whereas numerous studies have
shown that LPS modifications contribute to the antimicrobial resistance of A.

baumannii to several clinically important antibiotics, such as colistin (Arroyo et al.,
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2011; Beceiro et al., 2011; Boll et al., 2015; Chin et al., 2015; Moffatt et al., 2010;
Pelletier et al., 2013).
1.1.3 Biofilm

Biofilm formation is crucial for A. baumannii's ability to evade
the immune system (de Breij et al., 2010), and pili are vital for its adherence to surfaces,
biofilm development on abiotic materials, and overall virulence (Tomaras et al., 2003;
Tomaras et al., 2008). Biofilm formation shown increased tolerance to antibiotics (Van
Dessel et al., 2004; Vidal et al., 1997). Complex microbial biofilms consist of proteins,
ions, nucleic acids, and polysaccharide polymers (Morikawa et al., 2006; Schooling &
Beveridge, 2006; Steinberger & Holden, 2005; Whitchurch et al., 2002). Other
important factors involved in biofilm formation are proteins in Repeats-in-Toxin
(RTX)-like domain, poly-p (1-6)-N-acetyl-glucosamine (PNAG), capsule, and others.
For PNAG, this polysaccharide polymer has been well described as a major component
of biofilms of S. epidermidis (Mack et al., 1996) and S. aureus (Maira-Litran et al.,
2002). Its roles are in surface and cell-to-cell adherence (Cramton et al., 1999; Mack et
al., 1996). PNAG is also protects bacteria from innate host defences (Vuong et al.,
2004). Moreover, a specific cell surface protein called biofilm-associated protein (Bap)
was found related to an initial adherence of abiotic surfaces and biofilm formation in
both gram-negative and gram-positive bacteria (Loehfelm et al., 2008). The protein was
firstly characterized in S. aureus and have been identified in many gram-positive and
gram-negative pathogenic bacteria (Lasa & Penadés, 2006). Production of Bap in A.
baumannii is essential for stabilization of mature biofilms on glass, affecting both
thickness and biovolume (Loehfelm et al., 2008). Lastly, the Csu pili, or Csu fimbriae,
which are encoded by the six-gene operon csuA/BABCDE, are assembled via the
chaperone-usher (CU) pathway (Tomaras et al., 2003). Along with biofilm-associated
proteins (Bap), Csu pili play a crucial role in the formation and maintenance of biofilms
on abiotic surfaces (Loehfelm et al., 2008; Tomaras et al., 2003).

1.1.4 Phospholipase

Phospholipases, lipolytic enzymes recognized as additional
virulence factors of A. baumannii, play important roles in the bacterium'’s pathogenicity.
Phospholipase D aids A. baumannii in persisting in human serum, while phospholipase
C is toxic to epithelial cells (Camarena et al., 2010). Moreover, the glycan-specific
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adamalysin-like protease (CpaA) has been identified as a virulence factor that inhibits
blood coagulation by deactivating factor XII. CpaA may reduce important
antimicrobial defence mechanisms such as intravascular thrombus formation, allowing
A. baumannii to disseminate (Waack et al., 2018).

1.1.5 Acinetobactin or siderophore mediated iron acquisition system

A main cause contributing to A. baumannii's persistence as a
hospital-acquired microorganism is its ability to capture host nutrients, such as
manganese, iron, and zinc, allowing it to adapt to the metal-limited environment
imposed by the host (Tipton & Rather, 2017). The primary mechanism, known as
siderophores, involves five clusters of high-affinity iron-chelating molecules.
Siderophores are classified into hydroxamate, catecholate, and mixed types based on
the moiety that donates oxygen ligands to coordinate Fe®* (Saha et al., 2013). A.
baumannii also produces acinetobactin, the best-characterized siderophore of A.
baumannii, a mixed-type siderophore with an oxazoline ring derived from threonine
(McConnell et al., 2013). Additionally, the organism contains transporters and
receptors, including FecA and Fecl, that facilitate direct iron uptake and enable the
utilization of heme (Morris et al., 2019). Damage to iron transporters has been shown
to reduce virulence by impairing biofilm production and diminishing resistance to
oxidative stress (Ajiboye et al., 2018).

Acinetobactin is a key virulence factor in A. baumannii.
Disruption of acinetobactin biosynthesis and transport notably decreases the ability of
A. baumannii ATCC 19606 to survive within epithelial cells. A mutation in the entA
gene, which is essential for the synthesis of the acinetobactin precursor 2,3-
dihydroxybenzoic acid, substantially reduces the persistence of A. baumannii ATCC
19606 in human alveolar epithelial cells and its ability to infect and kill Galleria
mellonella larvae. One study found that acinetobactin production was significantly
more common in multidrug-resistant A. baumannii isolates than in avirulent strains (Ali
etal., 2017; Gaddy et al., 2012; Penwell et al., 2012).

The A. baumannii NfuA Fe-S scaffold protein involved in the
formation of Fe-S clusters and playing a role in cellular responses to iron chelation and
oxidative stress. The nfuA mutant demonstrates increased sensitivity to reactive oxygen
species (ROS), such as cumene hydroperoxide and, hydrogen peroxide and shows
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significantly impaired growth in human epithelial cells. In a G. mellonella infection
model, more than 50% of larvae injected with the parental strain die within 6 days,
while fewer than 30% of larvae infected with the nfuA mutant die (Zimbler et al., 2012).
Additionally, a report indicated that iron starvation leads to an increase in the
production of phospholipases C (PLCs), which enhances the hemolytic activity of A.
baumannii (Fiester et al., 2016).

A. baumannii also relies on an efficient zinc scavenging system,
comprising the ZnuABC transporter and the ZigA GTPase. The ZnuABC transporter
facilitates intracellular zinc uptake, while ZigA plays a role in zinc metabolism (Moore
et al., 2014; Nairn et al., 2016). Additionally, A. baumannii evades calprotectin, an
immune system protein that binds zinc, manganese, and other divalent metal ions,
thereby limiting bacterial growth. In a murine pneumonia model, zigA mutants with
limited zinc availability demonstrated reduced systemic dissemination from the lungs
after infection (Nairn et al., 2016). Although the mechanisms by which A. baumannii
overcomes manganese limitation are not fully understood, it is thought that a transporter
from the resistance-associated macrophage protein (NRAMP) family aids in
manganese accumulation, allowing growth in the presence of calprotectin (Juttukonda
etal., 2016).

1.1.6 Protein secretion systems

Multiple protein secretion systems have been discovered in A.
baumannii, with the most recently characterized being the Type Il secretion system
(T2SS) (Johnson et al., 2016). The T2SS is a multi-protein assembly with structural
similarities to Type IV pili systems, which are commonly found in Gram-negative
bacteria. This system facilitates the translocation of a diverse set of proteins from the
periplasmic space to the external environment or outer membrane surface. The T2SS
comprises 12-15 proteins organized into four subassemblies: a pseudopilus, a
cytoplasmic secretion ATPase, an inner-membrane platform, and a dodecameric outer-
membrane complex (Harding et al., 2016; Korotkov et al., 2012). The secretion process
is carried out in two steps. First, target proteins are translocated into the periplasm by
either the general secretory (Sec) system or the twin-arginine translocation (Tat)
system. These proteins are then secreted out of the cell via the T2SS. Deletion of genes
encoding T2SS components, such as gspD or gspE, results in the loss of LipA secretion,



38

suggesting that LipA is a T2SS substrate. LipA is a lipase that breaks down long-chain
fatty acids, and strains with mutations in lipA, gspD, or gspE cannot grow on long-chain
fatty acids as their sole carbon source, exhibiting impaired in vivo growth in a
neutropenic murine bacteraemia model (Johnson et al., 2016). Lipases (LipA, LipH,
and LipAN) as well as the metallopeptidase CpaA have been recognized as substrates
of the T2SS. Interestingly, two of these secreted proteins, LipA and CpaA, depend on
specific chaperones for their secretion. These chaperones are encoded adjacent to their
corresponding effectors, and their inactivation completely prevents the secretion of
LipA and CpaA (Elhosseiny et al., 2016; Harding et al., 2016).

Acinetobacter baumannii also possesses a type VI secretion
system (T6SS), first identified in Vibrio cholerae and Pseudomonas aeruginosa. The
T6SS is used by many bacteria to inject effector proteins, providing a colonization
advantage during eukaryotic host infections (Mougous et al., 2006) or to eliminate
competing bacterial species (Basler et al., 2013). The T6SS in Vibrio cholerae results
in DNA release and horizontal gene transfer, which may facilitate the spread of
antibiotic resistance (Borgeaud et al., 2015). This secretion system is composed of
several conserved structural proteins and accessory factors, and it features a contractile
bacteriophage sheath-like structure that forms a needle or spike for penetrating target
cells. Hep is a structural protein that polymerizes into a tubular structure, which is then
secreted from the cell. VVgrGs are involved in attaching effector domains to the spike,
while a proline-alanine-alanine-arginine (PAAR) repeat protein forms the sharp tip of
the needle-like structure (Shneider et al., 2013; Zoued et al., 2014).

While the role of the T6SS in A. baumannii ATCC 17978
remains undetermined (Weber et al., 2013). , studies on the A. baumannii strain M2
have shown that this strain produces a functional T6SS, which is involved in the killing
of competing bacteria (Carruthers et al., 2013). Additionally, research has demonstrated
that the T6SS is active in six pathogenic strains of A. baumannii (Ruiz et al., 2015). It
appears that the T6SS plays a strain-specific role in A. baumannii virulence (Repizo et
al., 2015).

The type V autotransporter system, Ata, has also been
characterized in A. baumannii. Ata is a trimeric membrane protein that facilitates

biofilm formation, adhesion to extracellular matrix components like collagen I, 111, and



39

IV, and contributes to virulence in a murine model of systemic Acinetobacter infection.
In a pneumonia infection model using both immunocompetent and
immunocompromised mice, Ata was identified as a potential vaccine candidate against
A. baumannii infections (Bentancor et al., 2012). Additionally, a type IV secretion
system, located on a plasmid, has been bioinformatically identified in A. baumannii
system present in the plasmid was bioinformatically identified in A. baumannii (Liu et
al., 2014), although no experimental data has been presented to elucidate its function.
1.1.7 Penicillin-Binding Protein 7/8 (PBP7/8) and B-Lactamase PER-1

Penicillin-binding proteins (PBPs) are typically involved in
resistance to B-lactam antibiotics, but PBP7/8, encoded by the pbpG gene, also
functions as a virulence factor in A. baumannii. The pbpG mutant strain displays normal
growth in Luria-Bertani medium but shows reduced growth in human serum and
significantly decreased survival rates in rat soft-tissue infection and pneumonia models.
Electron microscopy analysis of bacterial morphology indicated that the loss of PBP7/8
may disrupt the peptidoglycan structure, which could increase susceptibility to host
defense mechanisms (Russo et al., 2009). Interestingly, the 3-lactamase PER-1 has also
been proposed as a virulence factor in A. baumannii. PER-1, an extended-spectrum [-
lactamase (ESBL), has been linked to cell adhesion (Sechi et al., 2004). Many B-
lactamases are believed to contribute to virulence in other pathogenic bacteria, such as
E. coli (Dubois et al., 2009), P. aeruginosa (Fernandez-Cuenca et al., 2011), and K.
pneumonia (Sahly et al., 2008), though no unified mechanisms have been established
(Rumbo et al., 2014).

1.1.8 Abal autoinducer synthase

Quorum sensing in bacteria (QS) is a cell-to-cell signaling
mechanism that utilizes molecules known as 'auto-inducers'. These molecules enable
bacteria to detect their population density and regulate gene expression in response
(Rutherford & Bassler, 2012). QS systems play a vital role in the regulation of motility,
virulence factor expression, biofilm formation, conjugation, and interactions with
eukaryotic host cells (Bhargava et al., 2010; Zarrilli, 2016). Only one QS system has
been reported in A. baumannii currently, consisting of abal and abaR genes (Niu et al.,
2008). Abal is the autoinducer synthase which catalyse the synthesis of acyl-
homoserine lactone (AHL) signals. The most common AHLs (N-acyl homoserine
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lactones) produced by A. baumannii are 3-hydroxy-C12-homoserine lactones. The
abaR gene encodes the receptor protein that binds to these AHLs and functions as a
transcriptional regulator. The previous study found that the mutation of abal gene could
greatly reduce biofilm formation (Tang et al., 2020). Other actions that interfere with
quorum sensing also significantly reduced A. baumannii motility and biofilm
formation. (Castillo-Juarez et al., 2017; Stacy et al., 2012).

1.1.9 Others

A. baumannii CipA is a novel plasminogen-binding protein that
inhibits complement activation and facilitates serum resistance. When CipA binds
plasminogen, it is converted to active plasmin, which degrades fibrinogen and
complement component C3b, contributing to the organism's serum resistance.
Consequently, the cipA mutant strain is more vulnerable to Killing by human serum and
demonstrates a reduced ability to penetrate endothelial monolayers (Koenigs et al.,
2016). In a similar manner, the A. baumannii translation elongation factor Tuf also
binds plasminogen, which is subsequently converted into active plasmin, leading to the
degradation of fibrinogen and C3b (Koenigs et al., 2015). RecA, a protein involved in
homologous recombination and the SOS response, has been recognized as a virulence
factor in A. baumannii as well. The mutant of recA exhibits significantly reduced
survival within macrophages and decreased. lethality in '@ mouse model of systemic
infection (Aranda et al., 2011). The surface antigen protein SurAl plays an important
role in the fitness and virulence of A. baumannii. The surAl mutant shows decreased
serum resistance compared to the wild-type strain CCGGD201101. In the G. mellonella
insect model, the surAl mutant has a lower survival rate and reduced dissemination
(Liu et al., 2016).

A comprehensive growth analysis of 250,000 isolates of A.
baumannii transposon mutants conducted within Galleria mellonella larvae identified
300 genes that are essential for the survival and growth of A. baumannii in this host.
These genes were categorized into six groups: micronutrient uptake, cysteine
metabolism and sulfur assimilation, aromatic hydrocarbon breakdown, cell envelope
and membrane components, stress response pathways, antibiotic resistance
mechanisms, and transcriptional control. Within this group, four transcriptional
regulators essential for growth in G. mellonella larvae were designated as gig genes,
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abbreviated from growth in Galleria. The deletion of gig A - D led to significant defects
in growth and lethality in the larvae (Gebhardt et al., 2015). The study also identified
stress proteins, such as UspA, as important factors for growth in G. mellonella.
Furthermore, UspA was found to be critical for the pathogenesis of pneumonia and
sepsis caused by A. baumannii (Elhosseiny et al., 2015). Among the 300 genes, several
were involved in aromatic hydrocarbon metabolism (Gebhardt et al., 2015). One study
emphasized the role of GacS, a transcription factor that regulates genes like paaE,
which is involved in the phenylacetic acid catabolic pathway, in A. baumannii
virulence. Experiments with a paaE deletion mutant confirmed the contribution of
aromatic hydrocarbon metabolism to A. baumannii virulence (Cerqueira et al., 2014),
although the precise molecular mechanism remains unclear. Interestingly, a recent
study found that the accumulation of phenylacetate in A. baumannii induces a rapid
neutrophil influx to the infection site, enhancing bacterial clearance (Bhuiyan et al.,
2016). The authors suggested that phenylacetate acts as a neutrophil chemoattractant,
promoting bacterial-guided neutrophil chemotaxis, which may uncover a novel
molecular mechanism linking the phenylacetic acid catabolic pathway to A. baumannii
virulence.

Biofilm formation contributes a critical role in immune evasion
by A. baumannii (de Breij et al., 2010), and pili are essential for its adherence to abiotic
surfaces, biofilm formation, and virulence (Tomaras et al., 2003; Tomaras et al., 2008).
Notably, imipenem treatment of imipenem-resistant A. baumannii isolates induces the
expression of key genes involved in type IV pili synthesis, suggesting that the
overproduction of pili confers a biological advantage to A. baumannii. Other virulence-
related proteins, including OmpR/EnvZ (Tipton & Rather, 2017), FhaBC (Pérez et al.,
2017), and the resistance-nodulation-division-type membrane transporter AbeD
(Srinivasan, 2015), have been identified, although their molecular mechanisms remain
to be determined.

2. Antimicrobial resistance mechanism of Acinetobacter baumannii
A. baumannii has become one of the most highly resistant pathogens to the
majority of antibiotics currently used in clinical practice (Lin & Lan, 2014). The
bacterium employs various resistance mechanisms, including efflux pumps, -

lactamase production, enzymes that modify aminoglycosides, defects in membrane
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permeability, and changes to target sites. As a result, the accumulation of these
resistance mechanisms has progressively reduced the number of effective antibiotic
classes available for treating A. baumannii infections. Figure 9 illustrates the
mechanisms of antibiotic resistance in A. baumannii (Ayoub & Hammoudi, 2020), with
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Figure 9 A diagram illustrating the various resistance mechanisms of A.

baumannii to antimicrobial agents is shown.

It highlights antibiotic-modifying enzymes, efflux pumps, porins, drug
targets, and the specific antibiotics affected by each resistance mechanism.
Abbreviations include AMEs (Aminoglycoside Modifying Enzymes), AmpC (Ambler
Class C Cephalosporinases), ESBLs (Extended-Spectrum p-Lactamases), MBLs
(Metallo-B-Lactamases), LPS (Lipopolysaccharide), and PBP (Penicillin-Binding
Protein).

Source: Ayoub Moubareck and Hammoudi Halat (2020)
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2.1 Enzymatic Mechanisms

[-Lactamases

The primary resistance mechanism of A. baumannii to p-lactams is
enzymatic hydrolysis by P-lactamases. These enzymes are categorized into four
molecular classes ; A, B, C, and D according to sequence homology (Jeon et al., 2015).
All four Ambler classes of B-lactamases are found in A. baumannii. Classes A, C, and
D include enzymes with a serine-based active site, while class B consists of Zn-
dependent metallo-enzymes (Ambler, 1980). In the functional classification by Bush,
Jacoby, and Medeiros, B-lactamases are divided into three groups based on their
substrate profile ~and inhibitor susceptibility. Group 1 includes class C
cephalosporinases, group 2 contains [3-lactamases with serine at the active site, and
group 3 comprises metallo-p-lactamases (MBLs), corresponding to class B in the
molecular structural classification (Bush et al., 1995).

Class A P-lactamases are the most common cause of [B-lactam
resistance in A. baumannii. These enzymes can be inhibited by clavulanate and
hydrolyze penicillins and cephalosporins more effectively than carbapenems, with
exceptions like Klebsiella pneumoniae carbapenemase (KPC)-type enzymes (Jeon et
al., 2015). Several class A B-lactamases have been identified in A. baumannii, including
TEM, GES, CTX-M, SHV, SCO, PER, CARB, VEB, and KPC, with most being broad-
spectrum B-lactamases (e.g., SHV-5, PER-1, PER-2, PER-7, TEM-92, CTX-M-15,
VEB-1, GES-14, CARB-10, CTX-M-2) and some narrow-spectrum (e.g., TEM-1,
SCO-1, CARB-4). Carbapenemases like GES-14 and KPC-2 have also been detected
in A. baumannii (Bogaerts et al., 2010; Moubareck et al., 2009).

Class B p-lactamases, known as metallo-p-lactamases (MBLSs), require
zinc or other heavy metals for catalysis (Jeon et al., 2015). These enzymes hydrolyze
almost all B-lactam antibiotics, including carbapenems, except for monobactams such
as aztreonam aztreonam (Jeon et al., 2015; Queenan & Bush, 2007). Various MBLs
have been identified in A. baumannii.

Class C p-lactamases, also known as Acinetobacter derived
cephalosporinases (ADCs), are encoded by the ampC gene and are intrinsic to all A.
baumannii strains (Gordon & Wareham, 2010; Jeon et al., 2015). These enzymes confer

resistance to cephamycins, penicillins, cephalosporins, and B-lactamase inhibitor
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combinations, but are not inhibited by common B-lactamase inhibitors like clavulanic
acid (Jeon et al., 2015).

Class D B-lactamases, or oxacillinases (OXA), are serine-dependent
and typically hydrolyze oxacillin more effectively than benzylpenicillin (Jeon et al.,
2015). Over 400 OXA enzymes have been characterized, and many variants exhibit
carbapenemase activity. Carbapenem-hydrolyzing OXAs, such as OXA-23, OXA-24,
OXA-51, and OXA-58, are prevalent in A. baumannii. The first carbapenem-
hydrolyzing OXA enzyme, OXA-23, was identified in Scotland in 1985 (McLeod &
Lyon, 1985) and has since spread globall. Insertion of the ISAbal element in
the blaOXA-23 promoter has been linked to the overexpression of blaOXA-
23, blaOXA-51, and blaOXA-58 in A. baumannii (Turton et al., 2006).

Aminoglycoside-Modifying Enzymes

Aminoglycoside-modifying enzymes (AMES) are a major resistance
mechanism in A. baumannii against aminoglycosides. These enzymes can be classified
as acetyltransferases, adeny! transferases, and phosphotransferases, and are typically
found on transposable elements, facilitating horizontal gene transfer between bacteria
(Lin & Lan, 2014). Many multi-drugs resistant (MDR) A. baumannii isolates produce
a combination of these enzymes (Gallego & Towner, 2001; Nemec et al., 2004).

2.2 Non-Enzymatic-Mechanisms

In addition to B-lactamases, A. baumannii resistance to p-lactams is
also attributed to non-enzymatic mechanisms, such as alterations in outer membrane
proteins and multidrug efflux pumps (Jeon et al., 2015).

Activation of the Efflux Pumps

Efflux systems are critical in A. baumannii resistance to various
antibiotics, especially when overexpressed (Chen et al., 2017). Efflux pump genes are
often located on mobile genetic elements (MGESs) such as transposons, integrons, and
plasmids (Butaye et al., 2003). Four types of efflux pumps have been identified in A.
baumannii: RND superfamily, MATE (multidrug and toxic compound extrusion
family), MFS (major facilitator superfamily), and SMR (small multidrug resistance
transporters) (Lin & Lan, 2014). The RND system is the most prevalent and includes
the AdeABC pump, which plays a key role in resistance to -lactams, fluoroquinolones,
erythromycin, chloramphenicol, trimethoprim, tetracyclines, aminoglycosides and
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macrolides (Jeon et al., 2015). The AdeABC pump consists of three components: AdeA
(inner membrane pump), AdeB (major fusion protein), and AdeC (outer membrane
factor) (Coyne et al., 2011), all encoded by the adeRS operon. In wild-type A.
baumannii, the AdeABC pump is usually cryptic but becomes active upon exposure to
high concentrations of antibiotics, leading to a multidrug-resistant (MDR) phenotype
(Yoon et al., 2015). Point mutations in the adeR and adeS genes or insertion of ISAbal
upstream of the adeABC operon can trigger overexpression of this efflux pump
(Marchand et al., 2004). However, other pathways for efflux pump overexpression
remain to be explored (Chopra & Roberts, 2001).

Decreased Membrane Permeability

Changes in outer membrane porins significantly affect A. baumannii
resistance and virulence by controlling the transport of molecules. The loss of porins
such as CarO is associated with resistance to imipenem and meropenem (Benmahmod
etal., 2019). Decreased membrane permeability, involving porins like Omp22-23 (Bou
etal., 2000), Omp43 (Dupont et al., 2005), Omp37, 44, 47 (Quale et al., 2003), Omp33—
36 (del Mar Tomés et al., 2005; Hood et al., 2010), and CarO (Catel-Ferreira et al.,
2011; Jinetal., 2011; Mussi et al., 2005; Siroy et al., 2005). OmpA, another key porin,
is associated with resistance to aztreonam, chloramphenicol, and nalidixic acid (Smani
et al., 2014) and its role in virulence has been highlighted in recent studies (Espinal et
al., 2019). OmpA and CarO also interact physically with OXA-23 carbapenems,
contributing to antibiotic resistance (Wu et al., 2016), providing new insights into
bacterial resistance mechanisms.

Changing the Target Site

This resistance mechanism is driven by random mutations. For
instance, overexpression of modified penicillin-binding proteins (PBPs) with reduced
affinity for imipenem results in A. baumannii developing resistance to this antibiotic
(Gehrlein et al., 1991). Resistance to quinolones is linked to changes in GyrA (DNA
gyrase subunit) and ParC (topoisomerase IV subunit) in various A. baumannii isolates
(Vila et al., 1995). Ribosomal protection by the TetM protein, which shares 100%
homology with S. aureus TetM, is related with tetracycline resistance (Ribera et al.,
2003b). Dihydrofolate reductases (DHFR and FolA), responsible for trimethoprim
resistance, have also been found in MDR A. baumannii isolates (Lin & Lan, 2014; Mak
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et al., 2009; Taitt et al., 2014). Additionally, the 16S rRNA methylase ArmA, which
confers aminoglycoside resistance, is present in many A. baumannii strains, often
coexisting with OXA-type carbapenemases like OXA-23. Changes in or loss of
lipopolysaccharides (LPS) can reduce the sensitivity of A. baumannii to colistin.

Prospective treatment options

Carbapenems are effective for treating A. baumannii (Cisneros &
Rodriguez-Bafio, 2002; Turner et al., 2003), however, carbapenem-resistant A.
baumannii isolates have become more prevalent gradually (Kuo et al., 2012; Mendes
et al., 2010; Su et al., 2012). As a result, there are fewer effective antibiotic options
available for treating multidrug-resistant (MDR) A. baumannii infections (Gordon &
Wareham, 2010; Lee & Zhang, 2015). To address MDR or pandrug-resistant (PDR)
strains, combination therapies such as imipenem/sulbactam, colistin/teicoplanin,
colistin/imipenem, colistin/tigecycline, colistin/rifampicin, colistin/meropenem, and

colistin/sulbactam have been extensively studied.
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RESEARCH PROCEDURES OF THE STUDY

Bacterial strains

Thirteen entomopathogenic bacterial strains, listed in Table 4, were selected
from those collected at the Department of Microbiology and Parasitology, Faculty of
Medical Sciences, Naresuan University. The selection was based on screening for
antimicrobial and anti-mosquito activities. Identification of all isolates was performed
using the recA gene sequence. In briefly, genomic DNA was extracted from bacterial
pellets with the Genomic DNA Mini Kit (Blood/Cultured Cell) (Geneaid Biotech Ltd.,
Taiwan). PCR amplification was performed using EconoTag® PLUS 2X Master Mixes
(Lucigen, USA) on a thermal cycler (Applied Biosystems, Pittsburgh, PA, USA). An
890 bp fragment of the recA gene from bacteria was amplified using specific primers.
The components of the PCR reagents and thermal cycling conditions for recA
amplification are detailed in Table 5 and Table 6. Then, the PCR products were
analysed on a 1.2% agarose gel via electrophaoresis at 100 volts for 30 minutes. Gels
were stained with ethidium bromide (EtBr), de-stained with distilled water, and
visualized under UV light. The resulting recA sequences were edited using SeqManl|
(DNASTAR Inc., Wisconsin, USA) and compared with known sequences using theN
BLASTN program (NCBJI), with a 97% identity threshold for species-level matches.

Table 4 A summary of bacterial strains was used in the study

No. Bacteria Maximum Year of Place of isolate
Code identity to isolate
1 NN168.5 P. akhurstii 2016 Nam Nao National Park
2 SBR15.4 P. australis 2013 Saraburi
3  NN169.4 P. hainanensis 2016 Nam Nao National Park
4 MH8.4 P. laumondii 2013 Mae Hong Son
5 MW274 P. temperata 2014 Mae Wong National Park
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No. Bacteria Maximum Year of Place of isolate
Code identity to isolate
6 MH9.2 X. ehlersii 2013 Mae Hong Son
7  KK26.2 X. indica 2014 Khon Kaen
8 Mwil23 X. japonica 2015 Mae Wong National Park
9 MH16.1 X. miraniensis 2013 Mae Hong Son
10 RT25.5 X. stockiae 2018 Phitsanulok
11 SBR314 X. stockiae 2013 Saraburi
12 SBRx11l.1 X. stockiae 2013 Saraburi
13 NN167.3 X. vietnamensis 2016 Nam Nao National Park

Table 5 Components of PCR reagent for amplification of symbiotic bacteria

Reagent (concentration) Volume (uL)

EconoTaq PLUSMaster Mix (2X) 15
Forward primer (1 pM) 1.5
recA_F (5’-GCTATTGATGAAAATAAACA-3’)

Reward primer (1 pM) 1.5
recA_ R (5’RATTTTRTCWCCRTTRTAGCT-3)

DNA (10 ng/ pl) 1.5
Distilled water 10.5
Amount 30
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Table 6 Thermal cycling for amplification of partial recA fragment

Parameter Temperature Time
Initial denature 94°C 5 min
Denature 94°C 1 min
Annealing 45°C 45sec | 30cycles
Extension 72°C 2 min
Final extension 72°C 7 min

Genome sequencing and analysis
1. Whole genome sequencing

A single colony of the bacterial strain was inoculated into 5 mL of Luria-
Bertani (Caisson LABS, USA). The culture was incubated at 28°C with agitation at 200
rpm for 24 hours. Genomic DNA extraction was performed using the DNeasy kit from
Qiagen (Hilden, Germany). To begin, 1 ml of bacterial culture was transferred to a 1.5
ml microcentrifuge tube. The sample was then centrifuged at 7,500 rpm for 5 minutes
to pellet the cells. Discard the supernatant and 180 ul Buffer ATL was added to the cell
pellet. Then, 20 pl of proteinase K was added, the tube was mixed thoroughly by
vortexing and incubate at 56°C for approximately 1 hour, occasionally vortexing or
using a shaking water bath or rocking platform to ensure complete lysis of the cells.
After incubation, briefly centrifuge the tube to collect any droplets from the lid, 4 ul of
RNase A (100 mg/ml) was added to degrade RNA, mix by pulse-vortexing for 15
seconds, and incubated for 2 minutes at room temperature (15-25°C). The tube was
centrifuged briefly to remove any drops from the lid, then 200 pl of Buffer AL was
added and pulse-vortex for another 15 seconds to mix thoroughly. The tube was
incubated at 70°C for 10 minutes, during which time any white precipitate formed
should dissolve, as it does not interfere with the procedure. After incubation, the tube
was briefly centrifuged again. 200 pl of 100% ethanol was added to the sample and
mixed thoroughly by pulse-vortexing for 15 seconds. The tube was briefly centrifuged
to remove droplets from the lid, ensuring the sample, Buffer AL, and ethanol form a
homogeneous solution. Apply the mixture, including any precipitate, to the QlAamp
Mini spin column (placed in a 2 ml collection tube) without wetting the rim. Close the
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cap, centrifuge at 8,000 rpm for 1 minute, and transferred the spin column to a fresh 2
ml collection tube, and the collection tube was discarded with the filtrate. Next, open
the spin column carefully, and 500 ul of Buffer AW1 was added, avoiding wetting the
rim, then centrifuged at 8,000 rpm for 1 minute. The spin column was transferred to
another clean 2 ml collection tube, the previous tube was discarded, and 500 pl of
Buffer AW2 was added in to the tube. The tube was centrifuged at full speed (14,000
rpm) for 3 minutes to ensure thorough washing. To reduce any carryover of Buffer
AW?2, place the spin column in a new collection tube, and the tube was centrifuged at
full speed for 1 minute. Transfer the spin column to a new clean 1.5 ml microcentrifuge
tube and the collection tube with the filtrate was discarded. Elute the DNA by adding
200 pl of Buffer AE or distilled water. Incubated at room temperature for 1 minute,
then the tube was centrifuged at 8000 rpm for 1 minute to collect the purified DNA in
the microcentrifuge tube. Extracted DNA will roughly be quantified using nanoDrop
spectrophotometer (Thermo Scientific). Whole genome sequencing using Illumina
MiSeq platform and Oxford Nanopore Technology (ONT) was then performed by
Macrogen, Inc. Teheran-ro, Gangnam-gu, Seoul, Republic of Korea and the Center for
Biotechnology (CeBiTec), Bielefeld University, Bielefeld, Germany, respectively.
2. Genome assembly and annotation

For short reads, quality trimming was performed using FastQC (Simon,
2010) and Sickle v1.33 (Joshi & Fass, 2011), discarding any trimmed reads shorter than
125 bp. Genome assembly was then performed using SPAdes v. 3.10.1 (Andrey et al.,
2020) with the following settings: --cov-cutoff auto, --careful in paired-end mode with
mate pairs, and k-mer lengths of 21, 33, 55, 77, 81, and 91. Genome annotation was
performed using Prokka v1.12 (Torsten, 2014) to identify coding sequences, rRNAsS,
tRNAs, and other genomic features. The following parameters were used: --usegenus,
--genus GENUS, --addgenes, --evalue 0.0001, --rfam, --kingdom Bacteria, --gcode 11,
--gram, and --mincontiglen 200. For long read, genome assembly and annotation were
performed according to the Prokaryotic Genome Annotation Pipeline (PGAP) (Tatiana
et al., 2016). The PGAP is a comprehensive tool used for annotating prokaryotic
genomes. It begins with the input of a complete or near-complete genome assembly,
accompanied by metadata such as organism name, BioSample, and BioProject
information. PGAP performs quality control checks on the assembly, assessing genome
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integrity, completeness, and potential contamination. Gene prediction is conducted
using GeneMarkS-2+ (Alexandre et al., 2018) to identify protein-coding genes, along
with tools to detect tRNA and rRNA genes. Predicted coding regions are analyzed to
identify open reading frames (ORFs) and assign functions based on homology using a
best-placed reference protein set version 2022-12-13.build6494. Functional domains
within proteins are identified through domain databases such as Pfam and TIGRFAMs.
The pipeline also detects pseudogenes and annotates non-coding RNAs (ncRNAS),
including small RNAs important for regulation. Additionally, PGAP predicts operons
and maps annotated genes to metabolic pathways. Protein features such as signal
peptides and transmembrane domains are identified, and post-translational
modifications may be annotated. The output includes a fully annotated genome in
GenBank format, ready for submission to public databases. Manual curation was
optional step for correcting errors or ambiguities.
3. Bioinformatics analysis
3.1 General Characteristics of the genome

Reports summarized genome size, gene predictions, G+C content, and
overall genome quality, providing by Prokka v1.12 (Torsten, 2014). The genome map
was created using Proksee (Grant & Stothard, 2008), a system for genome visualization.
To use Proksee, a complete genome sequence-in GenBank format was provided.

3.2 antiSMASH annotations and preliminary classification.

The annotated genome sequences, in GenBank format, were analyzed
for biosynthetic gene clusters (BGCs) using antiSMASH 6.1.1 (antibiotics and
secondary metabolite analysis shell) (Kai et al., 2021). For this analysis, detection
strictness was set to "relaxed,” enabling options like Known ClusterBlast,
ActiveSiteFinder, ClusterBlast, Cluster PFam analysis, and SubClusterBlast to ensure
a comprehensive search of BGCs. Following the initial automated classification of
BGC types by antiSMASH, each cluster underwent manual inspection and
reclassification to ensure accurate categorization. A summary of the annotated BGCs
was generated based on this careful validation. Moreover, to refine the analysis, BiG-
SCAPE (Biosynthetic Gene Similarity Clustering and Prospecting Engine) and Core
Analysis of Syntenic Orthologues to Prioritize Natural Product Gene Clusters
(CORASON) tool set (Jorge et al., 2020) was employed using a cutoff value of 0.65.
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BiG-SCAPE is a tool designed to assess the sequence similarity of biosynthetic gene
clusters (BGCs) and organize them into gene cluster families (GCFs) through
similarity-based clustering. By comparing domain architecture, conserved sequence
motifs, and other structural features of BGCs, BiG-SCAPE determines the relatedness
of clusters at a specified similarity cutoff. This enables it to group BGCs into GCFs
likely to produce related or similar molecules. BiG-SCAPE calculates a pairwise
similarity score between clusters based on genetic and domain composition, presenting
these relationships in a network format. This network visualization reveals the diversity
of BGCs across multiple genomes and can identify clusters that may represent unique
or novel bioactive metabolites. BiG-SCAPE’s network analysis helps researchers
explore large datasets by providing a biosynthetic diversity map, highlighting clusters
with distinct genetic compositions that may hint at new chemical structures or activities.
The resulting GCFs were carefully reviewed and corrected as needed within an
interactive network. Additionally, BiG-SCAPE integrates with Cytoscape 3.10 (Paul et
al., 2003) for visualization, facilitating the interpretation of complex networks of related
clusters.
3.3 Pangenome analysis.

For comparative analysis of all genomes, a pangenome analysis was
conducted primarily following the anvi’o 7.1 (Eren et al., 2015) pangenome workflow.
To streamline genome analysis, the header lines of FASTA files were simplified using
the anvi-script-reformat-fasta command. The FASTA files were then converted into
anvi’o contigs databases via anvi-gen-contigs-database and annotated with HMM
model hits using anvi-run-hmms. For functional annotation, anvi-run-ncbi-cogs was
employed to assign gene functions based on NCBI’s Clusters of Orthologous Groups
(COGs). To map gene locations, tables with gene caller IDs and nucleotide start/stop
positions were exported using anvi-export-table. Gene caller IDs were linked with
biosynthetic gene clusters (BGCs) based on their nucleotide boundaries, identifying
genes within BGCs as natural product biosynthetic genes. These genes were
subsequently classified and assigned potential compound names corresponding to their
BGC origins. This information was re-integrated into the contigs databases using anvi-

import-functions.
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To manage sequence data and annotations, a genome storage file was
created using anvi-gen-genomes-storage, incorporating DNA and amino acid
sequences alongside functional annotations for each gene. Pangenome analysis was
then performed with anvi-pan-genome, utilizing the genome storage database, the --
use-nchi-blast flag, and the parameter --mcl-inflation 8. The results were visualized
using anvi-display-pan, which presented pangenome organization as a dendrogram in
the interface, highlighting gene presence/absence patterns.

Gene clusters were categorized into the following bins:

Core Gene Bin: Gene homology groups present in all genomes.

Singleton Bin: Gene homology groups occurring only once across
genomes.

Accessory Bin: Gene clusters that were neither core nor singleton.

Detection of secondary metabolites by LC/MSMS

X. stockiae strain RT25.5 was cultured in LB media at 28°C for 3 days. The
culture supernatant was subjected to a mass spectrometry experiment using a timsTOF
fleX MALDI-2 instrument utilized an Acquity UPLC BEH C18 column (2.1 x 50 mm)
with solvent A (H20 + 0.1% formic acid) and solvent B (acetonitrile + 0.1% formic
acid), employing a gradient method from 5 to 95% B over 16 minutes. Operating in
positive ionization mode with VIP-HESI source, the instrument employed specific
voltage settings, gas flows, and temperatures. Isolation and fragmentation of ions were
achieved by varying collision energy across a range of m/z values and charge states.
Data processing involved centroid mass detection for both MS1 and MS2 spectra,
chromatogram construction, local minimum resolution, isotope filtering, blank
subtraction, alignment of features, and gap filling. Finally, feature-based molecular
networking was performed with specified mass tolerances and minimum matching
criteria. Molecular network was annotated using SIRIUS software (Duhrkop, 2019),
cross-referencing with in-house compound lists and online databases such as GNPS
(Wang, 2016) for identification of compound families.
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easyPACId (Easy Promoter Activation and Compound Identification) in

X. stockiae Strain RT25.5

1. Construction of hfq deletion mutants

Deletion of the hfg gene, which encodes the RNA chaperone Hfg, results in
a mutant deficient in natural product (NP) production (Nicholas et al., 2017). A scheme
of deletion via homologous recombination in X. stockiae strain RT25.5 depicted in
Figure 10. Approximately 1,000-bp upstream and downstream fragments of the hfq
gene from X. stockiae strain RT25.5 were amplified using specific primer pairs. Details
of the PCR components and cycler conditions are provided in Table 7, 8, and 9,
respectively. These fragments were fused through complementary overhangs
introduced by the primers and subsequently cloned into the pEB17 vector (kanamycin-
resistant), which had been linearized using Pstl and Bglll. The restriction digestion
mixture (total 150 ul) consisted of 10 pl plasmid DNA, 15 ul buffer, 3 ul Bglll, 3 pl
Pstl, and 119 ul distilled water. The insert fragments and vector were combined at
varying molar ratios (1:1, 1:3, and 3:1), depending on DNA concentrations. The
assembly was performed using NEBuilder HiFi DNA Assembly Master Mix via a hot
fusion protocol at 50°C for 1 hour in a thermal cycler. The resulting ligated constructs
were stored at -20°C. The resulting plasmid was transformed into E. coli strain ST18,
a hemA-deleted strain that requires 5-aminolevulinic acid hydrochloride (5-ALA) for
growth, was used for growth using electroporation. To perform the transformation, 50
pl of electrocompetent cells were pipetted into the bottom of a pre-chilled 1 mm
electroporation cuvette, followed by the addition of 1 pl of the ligated construct.
Electroporation was conducted with the following settings: 1.8 kV, 200 Q, and 25 uF.
Immediately after pulsing, 950 pl of pre-warmed LB medium supplemented with 5-
ALA (50 pg/mL) was added to the cuvette. The cells were then transferred into a 1.5
mL reaction tube and incubated at 37°C with shaking at 800 rpm for 1 hour. Following
incubation, the transformed cells were plated on LB agar containing 5-ALA and the
selective antibiotic. The plates were incubated overnight at 37 °C, where colonies
typically appeared the next day. To verify successful transformation, colonies were
screened using colony PCR  with  verification primers pEB17-fw
(GCTATGCCATAGCATTTTTATCCATAAG) and pEB17-rv (ACATGTGGAATT
GTGAGCGG). Amplification of the ligated fragment resulted in a 234 bp product for
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an “empty” vector. Finally, a master plate was prepared by streaking each respective
clone onto LB agar containing the corresponding selective antibiotic and 5-ALA. This
plate was stored for future applications. The E. coli_pEB17-hfq strain was subsequently
conjugated with X. stockiae strain RT25.5. Both strains were grown to an OD600 of
0.6-0.7, washed, and mixed in defined ratios. The mixture was then spotted onto LB
agar plates and incubated at 37°C for 3 hours, followed by overnight incubation at 30°C.
After incubation, conjugants were harvested, plated on LB agar supplemented with
kanamycin and incubated at 28°C for 2-3 days. Single colonies were selected for
further analysis, including the generation of double-crossover mutants through
counterselection on LB plates containing 6% sucrose. Successful hfq deletion mutants
were confirmed using PCR and HPLC-MS analysis. PCR verification utilized primers
listed in Table 7. Components of PCR reagent for DNA and colony amplification of

upstream and downstream fragments are shown in Table 8.

Table 7 A list of primers for constructing hfq deletion mutants, containing overlapping
sequences (in bold) compatible with the cloning vector pEB17

Primers Primer Sequences Purpose
Plhfg_F GATCCTCTAGAGTCGACCTGCAGCGTCG
CGATGCGCTGGAA hfg upstream

P2hfg_R CAGCGATATCATTTTCCTGTTGTGCTGCCA amplification
GGAATGGATCTTGCAAAGATTG

P3hfq_F GCAGCACAACAGGAAAATGATATCG

P4hfg_R GTGGAATTCCCGGGAGAGCTCAGATCT
GTGACGAATGAAACCAACGGTGTC

P3hfq_F GGCAATCTTTGCAAGATCCATTCCTGGCAG
CACAACAGGAAAATGATATCG Fusion

P2hfg_R CAGCGATATCATTTTCCTGTTGTGCTGCCA of hfg fragments
GGAATGGATCTTGCAAAGATTG

P5hfg_ F GATTCTGCACTGGTTTATCGTG Verification of

P6hfg_ R CTTCCAGAACACTGTCCACTGC hfq deletion

hfg downstream

amplification
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Table 8 Components of PCR reagent for amplification of upstream and

downstream fragments

Reagent (concentration) Volume (uL)
Q5 buffer 10
dNTPs (25 mM) 1
Primer forward (10 umol/uL) 1
Primer reverse (10 pumol/uL) 1
Q5 hot start polymerase 1
DNA (10 ng/ pl) lor0.5
Distilled water 36
Amount 50

Components of reagent for colony PCR

Reagent (concentration) Volume (uL)
Bio mix red 7.5
Primer forward (100 pumol/pL) 0.15
Primer reverse (100 pmol/pL) 0.15
Q5 hot start polymerase 1
Cell material or DNA lor0.5
Distilled water 7.2
Amount 15
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Table 9 Thermal cycling for amplification of partial hfq fragment and colony PCR

Parameter Temperature Time
Initial denature 94°C 5 min
Denature 94°C 1 min
Annealing 55/60 °C 45 sec 30-35
Extension 72°C 2 min cycles
(or 1000 bp/60 sec)
Final extension 72°C 7 min
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2. Induced production, isolation, identification, and testing of natural
products from the strain RT25.5
After generating a Ahfq mutant from the strain of interest, the genome was
first analyzed for potentially interesting natural product biosynthetic gene clusters
(BGCs) using antiSMASH 6.0 (Blin et al., 2021). The Cluster Expression Plasmid
(pCEP), a kanamycin-resistant, low-copy vector, was then used to create a promoter
insertion mutant. A 500-800 bp region upstream of the target gene was amplified using
the primer pair shown in Table 10. The amplified fragment was inserted into the
prepared pCEP backbone via hot fusion using primers pCEP_fw and pCEP_rv. The
constructed plasmid was transformed into E. coli ST18, and the clones were confirmed
by PCR using primers VpCEP-fw and VpCEP-rv. The recipient strain, X. stockiae Ahfq,
was mated with E. coli ST18 (the donor strain carrying the plasmid). Both strains were
grown in LB medium to an optical density of 1 at 600 nm (OD600), then washed once
with fresh LB medium. The donor and recipient strains were mixed on LB agar plates
at 1:3 and 3:1 ratio and incubated at 37°C for 3 hours, followed by 21 hours at 28°C.
After incubation, the bacterial layer was collected using an inoculating loop,
resuspended in 2 ml of fresh LB medium, and a 200-ul aliquot was plated on LB agar
with kanamycin. The plates were incubated at 28°C for 2 days. Individual insertion
clones were cultured and analyzed by HPLC-MS. The genotypes of all mutants were
confirmed using the VpCEP-fw primer and a corresponding verification primer binding
downstream of the homologous region in the genome. A list and characteristics of

plasmid used in this study was shown in Table 11.
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Table 10 A list of primers for promoter activation of the interest BGCs,

containing overlapping sequences (in bold) compatible with the cloning

vector pCEP

List Primers Primer Sequences
Backbone pCEP_fw ATGTGCATGCTCGAGCTC
amplification of pCEP_rv ATGCTAGCCTCCTGTTAGC
pCEP_kan
PAX p1819-fw TTTGGGCTAACAGGAGGCTAGCATATGACTCTAATT
(with glu) GTTTATCTTTATCGCC
p1819-rv CCGTTTAAACATTTAAATCTGCAGGATATATCTTAT
CTACCTGCTCACG
Vp1819 CTGCCATCGATCAGTTGCTG
PAX p1818-fw TTTGGGCTAACAGGAGGCTAGCATATGAATCATCCT
(with glu) GAAACATTGAAACCAT
p1818-rv CCGTTTAAACATTTAAATCTGCAGGCCAGGTAACAT
AATCCTGATAACT
Vp1818 CGGGTAATTGTAATTCGGTTAACTC
Unknown 2984 p2984-fw TTTGGGCTAACAGGAGGCTAGCATATGATACAAGA
GAATCCTTTTTCAT
p2984-rv CCGTTTAAACATTTAAATCTGCAGGATAAGTTTGGTA
TTTTCGGTAATG
Vp 2984 GGAATGGATCTTGCAAAGATTG
Unknown 2981 p2981-fw TTTGGGCTAACAGGAGGCTAGCATATGCGTAAACA
CAATCAAAATG
p2981-rv CCGTTTAAACATTTAAATCTGCAGCGGACTGATCAGG
TCAGTTTC
Vp 2981 AGAATATTGTTCTGACTGAGCAA
Unknown 1972 p1972-fw TTTGGGCTAACAGGAGGCTAGCATATGATGAGAAG
CGATAATATGC
p1972-rv CCGTTTAAACATTTAAATCTGCAGATCAATAGTCAAG
GATGGTCCTTG
Vp 1972 ACCAGTACGGCTTTCTACTAT

VpCEP-rv

ACATGTGGAATTGTGAGCGG
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Table 10 (Cont.)

List Primers Primer Sequences
Unknown 1974 p1974-fw TTTGGGCTAACAGGAGGCTAGCATATGAGAAAAGC
GGCAGATCAT
pl974-rv CCGTTTAAACATTTAAATCTGCAGCTGTCGTAAGATA
TTTCGGAATTTC
Vp1974 AGTGTTTTATGATCAGTGCCTGT
Verification VpCEP-fw  GCTATGCCATAGCATTTTTATCCATAAG
primer

Table 11 A list and characteristics of plasmid used in this study

Plasmid Genotype/Description Reference
pCEP_kan R6Ky ori, oriT, araC, araBAD promoter, Kmr = (Bode et al., 2015)
pEB17 pDS132 derivative with an additional Bglll (Bode et al., 2017)

recognition site, R6Ky ori, oriT, cipB

promoter, Km'
pCEP hfq pCEP Xstockiae_RT25.5, araBAD promoter, This study

Km'
pEB17 plul818 pEB17 Xstockiae RT25.5, cipB promoter, Km" This study
pEB17 plul819 pEB17 Xstockiae RT25.5, cipB promoter, Km"  This study
pEB17 plu2894 pEB17 Xstockiae_RT25.5, cipB promoter, Km"  This study
pEB17 plu2891 pEB17 Xstockiae RT25.5, cipB promoter, Km"  This study
pEB17 plul972 pEB17 Xstockiae_RTZ25.5, cipB promoter, Km"  This study
pEB17 plul974 pEB17 Xstockiae_RT25.5, cipB promoter, Km"  This study
pEB17 plul819 pEB17 Xstockiae_RT25.5, cipB promoter, Km"  This study

Studying the antimicrobial activity of the bacterial extract
1. Preparation of crude compound extraction
Single colony of entomopathogenic bacteria on NBTA was inoculated into
500 ml tryptone soya broth (TSB) and incubated at room temperature with shaking at
150 rpm for 48 h. The culture was successively extracted with 1 L of ethyl acetate. The
mixture was allowed to stand at room temperature at least 24 h before concentrated with
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a rotary evaporator (Biichi, Konstanz, Germany) at 40°C under reduced pressure. Dried
extracts were kept in airtight containers, labelled, and stored in a -20 °C until required
for use.
2. Antimicrobial activities

The antibacterial activities of the bacterial extract with ethyl acetate were
assessed using a disk diffusion assay were performed in triplicate against a panel of
clinically relevant gram-negative and gram-positive pathogens (Table 12) including
Acinetobacter baumannii (four clinical strains), Escherichia coli (two clinical strains),
E. coli ATCC35218, Klebsiella pneumoniae (two clinical strains), K. pneumoniae
ATCC700603, Enterococcus faecalis ATCC51299, Staphylococcus aureus (two
clinical strains), and S. aureus ATCC20475. The experimental procedure involved
preparing agar plates by applying pathogenic cells at a concentration of 5x10° CFU/mL
on Muller Hinton agar (MHA\) plates obtained from Oxoid Ltd., England. Standardized
antibiotics corresponding to the test organisms were subsequently added to the agar
plates. Sterile discs with the crude extract of the collected strains were then placed onto
the agar surface. The plates were incubated at a temperature of 37°C for a duration of
24 hours. Afterwards the presence of clear zones surrounding the discs which indicated

inhibition of bacterial growth were measured.

Table 12 List of antibiotic-resistant bacteria and corresponding standard

antibiotics used as positive controls

Bacteria Type Antibiotic Disc
Acinetobacter baumannii AB320 XDR!? Tigecycline
Acinetobacter baumannii AB321 MDR? Tigecycline
Acinetobacter baumannii AB322 MDR? Tigecycline
Acinetobacter baumannii AB324 XDR!? Tigecycline
Escherichia coli ATCC 35218 B-lactam Ceftazidime
Escherichia coli PB1 ESBL3 + MDR?  Amoxicillin
Escherichia coli PB231 ESBL3+ CRE*  Amoxicillin
Escherichia coli PB30 MDR? Ceftazidime
Klebsiella pneumonia ATCC 700603 ESBL® Ceftazidime / clavulanic acid

Klebsiella pneumonia PB5 ESBL®+ MDR®  Ceftazidime / clavulanic acid
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Table 12 (Cont.)

Bacteria Type Antibiotic Disc
Klebsiella pneumonia PB21 ESBL®+ CDR®  Ceftazidime / clavulanic acid
Staphylococcus aureus ATCC 20475 MRSAS Vancomycin
Staphylococcus aureus PB36 MRSAS Ampicillin
Staphylococcus aureus PB57 MRSAS Ampicillin
Enterococcus faecalis ATCC 51299 MDR? Ampicillin

IXDR (Extensive Drug Resistance), “MDR (multidrug resistance), SESBL
(Extended-spectrum beta-lactamases), ‘CRE (Carbapenam Resistant
Enerobacteriacea), °CDR, °MRSA (Methicillin-resistant Staphylococcus aureus). 1.
Acinetobacter baumannii (Resistant to multiple antibiotics): Amikacin, Colistin 2.
Escherichia coli (Resistant to specific antibiotics): Ampicillin, Ciprofloxacin 3.
Klebsiella pneumoniae (Resistant to multiple antibiotics): Meropenem, Gentamicin 4.
Enterococcus faecalis (Resistant to specific antibiotics): VVancomycin, Linezolid 5.
Pseudomonas aeruginosa ' (Resistant to multiple antibiotics): Tobramycin,
Piperacillin/Tazobactam 6. Staphylococcus aureus (Methicillin-resistant): Methicillin,
Vancomycin.

3. Determination of Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentrations (MBC)

The zone of inhibition against the most critical drug-resistant bacteria was
determined and selected for further in-depth tests. The minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) were determined
in triplicate using the microdilution method. The test medium used for the
determination of MICs is Mueller Hinton Broth (cation-adjusted) (MHB ca+).
Additionally, a time-kill assay was performed to evaluate the effect of the crude extract
on bacterial growth. The crude extraction was diluted with DMSO to make a final
concentration of 500 mg/ml. This stock was then serially dilute to obtain concentrations
starting from 125 to 2 mg/ml. Then, 25 ul of 24 h cultured of drug resistance bacteria
will be added to each well and incubated at 37°C for 24 h. The MICs were determined
by visual examination. The MIC was defined as the lowest concentration of crude

extraction that prevented visible growth of the test organisms. In addition, the minimum



63

bactericidal concentrations (MBC) were evaluated. 10 pl from each well of 96-well
microtiter plates from MIC was sub-cultured onto the MHA plates. The plates were
incubated at 37°C for 24 h. The lowest concentration of each extract without growth of
bacteria were considered.
4. Time Kill assay

Concentrations equal to MIC of the extracts were prepared in MHB ca+.
An inoculum size of 10° CFU/mL of antibiotic resistance bacteria was added. The
mixtures were incubated at 37°C. Aliquots of 1. 0 mL of the mixture was taken at time
intervals of 0, 0.5, 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, 12, and 24 h and dropped aseptically
on MHA. All plates were incubated at 37 °C for 24 hours. A control test was conducted
using organisms without the extracts or reference antibiotic. The colony-forming units
(CFU) of the organisms were counted. The experiment was performed in triplicate
(three independent trials), and a graph plotting log CFU/mL against time was generated.
The data was analyzed statistically using a one-way analysis of variance (ANOVA)
followed by multiple comparisons with Bonferroni correction (STATA version 13). A
P-value of less than 0.05 was considered statistically significant.

5. Transmission electron microscopy

Transmission electron microscopy (TEM) was employed to observe the
ultrastructural morphology of bacteria after exposure to the extracts. TEM sample
preparation was conducted following an 18-hour preincubation at 37°C. Acinetobacter
baumannii AB320 was adjusted to a final concentration of approximately 5 x 10°
CFU/ml using spectrophotometric measurements. The bacteria were cultured in two
conditions: in the absence of the extract (control) and in the presence of %2 MIC of the
extract for 4 hours. Afterward, the cultures were harvested by centrifugation at 6000
rpm for 15 minutes at 4°C, and the pellets were fixed in 2.5% glutaraldehyde (Electron
Microscope Sciences; EMS) in 0.1 M phosphate buffer (pH 7.2) for 12 hours. The
samples were carefully washed twice with 0.1 M phosphate buffer. Post-fixation was
carried out with 1% osmium tetroxide (EMS) in 0.1 M phosphate buffer (pH 7.2) for 2
hours at room temperature. Following further washing, the samples were dehydrated
using graded ethanol (20%, 40%, 60%, 80%, and 100%) for 15 minutes at each
concentration. Infiltration and embedding were then be done using Spurr's resin (EMS).

The samples were sectioned with an ultramicrotome using a diamond knife and
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mounted onto copper grids. Finally, the ultrathin sections were counterstained with 2%
(w/v) uranyl acetate for 3 minutes and 0.25% (w/v) lead citrate for 2 minutes. After
staining, the specimens were examined using a transmission electron microscope
(JEOL, Tokyo, Japan) at 80 kV.

Proteomic analysis

Acinetobacter baylyiwas used as a model organism instead of A.
baumannii strain AB320 due to biosafety limitations, as A. baylyi is a non-pathogenic
strain. Quadruplicate cultures of A. baylyi were grown in LB medium containing the
crude extract of X. stockiae strain RT25.5 at a concentration of 1x MIC. Bacterial cells
were cultured until an optical density (ODsoo) of 1 was reached, which took
approximately 4 hours. Subsequently, 2 mL aliquots of the culture were transferred to
reaction tubes and washed twice with PBS buffer. The cell pellets were resuspended in
300 pL of lysis buffer containing 100 mM ammonium bicarbonate, 0.5% sodium
lauroyl sarcosinate (SLS), and 5 mM Tris(2-carboxyethyl)phosphine (TCEP). Cells
were lysed by incubating for 5 minutes at 95°C followed by 10 seconds of ultra-
sonication (Vial Tweeter, Hielscher). After a 30-minute incubation at 90°C, the lysate
was alkylated with 10 mM iodoacetamide for 30 minutes at 25°C. To clarify the lysate,
the samples were centrifuged for 10 minutes at 15,000 rpm, and the supernatant was
transferred to a new tube. Proteins in the lysate were digested overnight with 1 mg of
trypsin (Promega) at 30°C. To remove the SLS, trifluoroacetic acid (TFA) was added
to a final concentration of 1.5%, and the samples were left to stand at room temperature
for 10 minutes. The samples were then centrifuged for 10 minutes at 10,000 rpm, and
the supernatant was used for C18 peptide purification.

Peptide purification was carried out using C18 microspin columns according
to the manufacturer's instructions (Harvard Apparatus). The eluted peptide solutions
were dried and resuspended in 0.1% TFA. Peptide concentrations were determined
using a colorimetric peptide assay (Quantitative Colorimetric Peptide Assay, Thermo
Fischer Scientific). Peptide analysis was performed using liquid chromatography-mass
spectrometry on a Q-Exactive Plus mass spectrometer, coupled with an Ultimate 3000
RSLC nano system, equipped with a Prowflow upgrade and nanospray flex ion source

(Thermo Scientific). Peptide separation was achieved on a reverse-phase HPLC column
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(75 mm x 42 cm), packed in-house with C18 resin (2.4 um, Dr. Maisch GmbH,
Germany). The separation gradient used was as follows: 98% solvent A (0.15% formic
acid) and 2% solvent B (99.85% acetonitrile, 0.15% formic acid) to 25% solvent B over
105 minutes, and to 35% solvent B over the next 35 minutes at a flow rate of 300
nL/min.

Data acquisition was set to acquire one high-resolution MS scan at a resolution
of 70,000 full width at half maximum (at m/z 200), followed by MS/MS scans of the
10 most intense ions. To optimize MS/MS efficiency, the charge state screening mode
was enabled to exclude unassigned and singly charged ions. The dynamic exclusion
duration was set to 30 seconds. The ion accumulation time was set to 50 ms for MS
scans and 50 ms at 17,500 resolutions for MS/MS scans. The automatic gain control
was set to 3x1076 for MS survey scans and 1x1075 for MS/MS scans. Label-free
quantification (LFQ) was performed using Progenesis QIP (Waters), and MS/MS
searches of aligned peptide features were conducted using MASCOT (v2.5, Matrix
Science). The following search parameters were applied: a full tryptic search with two
missed cleavage sites, 10 ppm MSL1 tolerance, and 0.02 Da fragment ion tolerance.
Carbamidomethylation (C) was set as a fixed modification, and oxidation (M) and
deamidation (N,Q) were set as variable modifications. The Progenesis output data was
further analyzed with SafeQuant, and volcano plots were generated using RStudio. To
create a volcano plot in R for differential gene expression visualization, start by loading
the required libraries( tidyverse’, "RColorBrewer’, and "ggrepel” for annotations). Set
the working directory and import the dataset containing gene symbols, p-values, p-
adjusted values, and log2 fold changes. Begin with a basic volcano plot using “ggplot2”,
plotting log2 fold change on the x-axis and -log10 p-values on the y-axis. Then, add
threshold lines to distinguish upregulated (log2FC > 0.6), downregulated (log2FC < -
0.6), and statistically significant genes (p < 0.05). Customize the plot further to enhance

its readability and visual appeal.



CHAPTER IV

RESULTS

Genome sequencing and analysis

After conducting de novo assembly and annotation for all 13 bacterial draft
genomes, a comparative analysis of their genetic and biosynthetic diversity was
undertaken to prioritize these entomopathogenic bacteria for novel chemotype
discovery, thereby reducing redundant investigations. The analysis commenced with
general characterization, as summarized in Table 13, which detailed genome size, gene
predictions, G+C content, and overall genome quality, ensuring a robust annotation
process. Subsequently, a pan and core genome analysis were conducted. to examine the
complete gene set, including core genes (common to all strains), accessory genes
(shared by specific groups), and singleton genes (unique to individual strains). This
analysis identified a total of 51,883 genes distributed across 13 genomes, organized into
10,821 gene clusters. These clusters comprise 1,763 core genes, 5,033 accessory genes,
and 4,024 singleton genes (Figure 11), providing critical nsights into the genetic
diversity, evolutionary connections, and functional potential of the strains.

Following this, antiSMASH software was utilized for an initial evaluation of
the bacterial BGCs. Acrass the 13 genomes, a total of 314 BGCs were identified. TheS
highest biosynthetic diversity was observed in X. indica KK26.2 and X. viethamensis
NN167.3, followed by P. temperata MW27.4, P. akhurstii NN168.5, P. hainaensis
NN169.4, P. laumondii MH8.4, X. miraniensis MH16.1, and X. ehlersii MH9.2. In
contrast, the lowest BGC diversity was found in P. australis SBR15.4, X. stockiae
RT25.5, SBRx11.1, and SBR31.4, as well as X. japonica MW12.3. In addition, the
comparative analysis of BGCs revealed that nonribosomal peptide synthetases (NRPS)
were the predominant class in both Xenorhabdus and Photorhabdus genomes. Which
accounted for 51% of the total BGCs. The "others™ and hybrid groups exhibited the
second and third highest levels of enrichment and distribution, respectively. PKS,
RiPPs, and terpene clusters were fairly low. Certain clusters were widely shared,
particularly those resembling known BGCs responsible for betalactone (Shi et al., 2022)
production, followed by GameXpeptides (Gxps) clusters (Friederike et al., 2015) and
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photoxenobactin-associated clusters (Shi et al., 2022). Despite the broad diversity of
BGCs across genomes, specific clusters were limited to particular strains. For example,
acinetobactin, ATred, butyrolactone, cuidadopeptide, PAX peptide, and RXPs were
prevalent only in X. stockiae genomes. Additionally, unique discoveries included
althiomycin clusters in X. indica KK26.2, andrimid clusters in P. temperata MW27.4,
and malonomyecin clusters in P. akhurstii NN168.5. These findings highlight these

strains as promising candidates.



68

€e ve 6¢ ve 124 ve 8¢ TC 6¢ €e 8¢ 43 [43 o 0S
< sbnuod wnN
13 9 LT 9 9T €T T VT 6 €T 0¢ 4 8T 0> 00T

< sbnuod wnN

€8 (495 ¢S (494 08 ¢S S6 Ly 19T 07T 0S L8 6L

sbinuod wnN
LV6'E 6T6'E ze8'e 126'€ 6EL'E 800°€ 106'€ €8€'E 285y TGE'Y LEE'Y 25Ty G08'Y sausb
paoipaud
10 JaquinN
65759y 882605  8/G'96V'Y  GSY'60SY  60V'8LEY  €8E'S6R'E  GTY'90SY T/2'916'C 19G'/¥2'S €CT'/E6'v  696'092'G  G99'669'Y  ¥E'6C9'G 5215 SWOU3H
pajewns3
0S Ly 8 67 o 14 144 eve 44 or 134 8¢ 6€
28L29¢€ 28L29¢€ 28L29¢€ ¢8129¢ 28.29¢ 28129¢ 28L29¢ 8/29¢ ¢81¢9¢ ¢8L¢9€ 28L29¢€ 28L29¢€ 8.29¢ Jsquinu
NINVS NINVS NINVS NINYS NINVS NIAVS NIAVYS NINVS NINVS NINVS NINVS NINVS NINVS U0ISS82dy
o «» %] m v I T
m I > w N (%] T
z z 2 z g = 3 X S by z 5 z 50
> > z | z = 2 2 3 2 3 Z £ 150
o g g 2 g F a 8 apoTeWaU J1US
a2 - 8 = ] w
< foyredowoiug
x g 2 2 x E = A 2 g .d g 5
z 3 = 2 S z 3 S = = 2 3 z 3 Z g
zZ =2 ) 3 = I = 2. S < 3 =] z = =) 3 8poD elvey
s 3 o 2 2 s 3 8 2, & 2 5 B & =
@ o - -
2z 8 2 7 W2 2 = < s %32 g 2 /semeny
2, < Py o 2 2 o S s I 2, ) =
@ = P o % o o = N & @ & &
R » a w N N » o

"T96066VNCHd 109[oad aspun paniwigns usaq aAey sagdusnbas ay |

'sawIousb [[e SsoJoe soNsIIgloRIRYD [edausb Jdlsyl pue sisAfeue Areulwijsad ayl ul pasn suredis syl Jo Arewwns Vv €T 9|gel



69

Sl4 9/, 1€ 9/, 143 6¢ 514 144 €8 19 6¢ Ly 8¢ 0671
6¢ 61 0¢ 61 0¢ 6T [43 =13 0S LE 6T 6¢ €¢ S
ST SC 0T 9¢ 0T 6 LT . [44 8T 0T T 17 10571
L¥6'€ 6T6'C ze8'e T26'S 6EL'E 800°€ 106'€ €8€'E 288’ TGE'Y LEE'Y ZST'Y 508'% (rebipoud)
SaU?9 WnNN
T0S'C 189'C 98¢'e 189°C 809°C 99/'2 G6S'C ¥02'€ 18SC 10L'C v.6'€ 219'C 6.9'C fnuod
1591I0YS
285'00€ €87'G8T £76'€8¢ €6T'G8T EVE'6TE 190°8.€ 6EV'EET €90'709 TYv'0Ce G96'68¢ GEV'8SY 6.2'0S¢ €L1'62v Bruod 1sebuo]
€8 [4% [As] CET 08 ¢S G6 Ly T9T 0TT 0S8 .8 6. (o) ew4
< sbnuod wnN
72 T1T 314 1117 19 14 78 144 6¢T 76 617 €L 99 (o) et
< sbnnuod wnN
69 96 144 96 8y (014 99 6€ 00T €8 144 €9 qg 10T
< sbnnuod wnN
< =l b |
< x x 3 x © © > © o
@ 23 o S S @ = =3 © v
m o = = QO 3 I = c x~
B 2 S  p X 5 S IEx z X 3 5 B 2 3
2 o 5 3 8 ] S X =z = A 3 3 a = a3 9p0D eLIvloRg
@ N QD %) = = o » w =
& Y o o m. & z 2 =y NG M = @ @ z / saanyea-
z ) sl 3 Z = o = = Z zZ 2 Z
=z W w T iy I Z = _nlv.
& = P = o N » & % ®
5 HIR IS o w N ~ © ~ o
w — ~

(‘u0D) €T 91qeL



70

'sB11u0d J1aBuo] Inq Jamay Buireslpul ‘g Mo| e pue OGN Ybiy e sey Ajquuasse [eapl Ue aiaym ‘uoleiuswibely

pue ssauala|dwod awouah arenjens djay soLaw asayl Alnunuod Ajquiasse Jajealb sajedipul OGN Jaybiy v "Ajquasse awousb [e10)

3U1 JO 960G 1Se3| Je SI8A02 ‘sHIU0D J8BUO| Y)M PaUIGIOD U3YM ‘Jey) (P|osgeas 10) Bnuod 1ss1ioys syl Jo yibus| ay syuasaidal OGN ,

‘Alquuasse

snonbnuod aiow e Bursjgal 0GT JaMO] B UM ‘auioush sy} Jo 950G Ydeal 0} paiinbai sBiuod Jo Jsquinu wnwiuiw syl st 057 ;

8¢ 67T 8T 67T T¢ 8T 8¢ 0¢ 9¢ €¢ 144 67T 9¢ HSVINShue
Aqs09d
pa1o1paud
JO JaquinN
0ST'TE  TPS'LT  686°LF  TPS'LT  ¥9E€'0E  TZ8'0F 620'S¢e LELLE  LT9WT GLS'TC 8cL'9y  9.2'0¢  ¢S8'ch 06N
Lv8'9S  L9g'vE  TIT'T8  L9E'¥E  086'€L  08Y'S9 89229 G12'¢6 wrlL'ce ETE 9y vEL'L0T  GL6'.S  v.8'6L SN
BIS'TOT  6SC'V9  L/9%ST  99/'C9  8E6'CIT 6¢E€8CT  GIB'E6 80L°9LT  STT'99 Ly0'€E8 9€0'89T  9¥C'T6 99.'T9T Z0SN
=, (SR : : : X : .| . .
25 85 95 =, 2 24 X gz 25 25 ZB @w Zp PO
=3 d38 3 A8 I3 =38 A\S JDeesdS <5 T S &3 g & &
o X o w o N o s 5 = O S Ao’ NS B > 3 o 2 B & o 2 elIg1oRg
~ 3 B & B X o 2 F N3 e e S ~ S © 3 9 g ™=
w M - 2 ~ 9 o = m wig N 8 2. N m, a > o= ol m," / Saanyea
2 2 = 2.

(‘u0D) €T 91qeL



71

Number contributing genomes
v of genes in the GC

Number of g
M

Accessory genes

(46.51%)
\ Xjapo MW12.3
1M1 Xind KK16.2
ﬂ Xehl MH9.2
Xst RT25.5

4
| Paus SBR15.4
| | Phai NN169.4

Core genes
(16.3%)

Singleton genes
(37.19%)

Figure 11 The detailed visualization of the pan- and core-genome analysis

incorporates an average nucleotide identity (ANI) layer

A circular dendrogram was generated based on the presence or absence of gene
clusters. Each genome is represented as a circle, containing all genes (depicted in black)
from the 13 bacterial genomes. Moving inward from the outermost layer, the diagram
distinguishes core genes (green), accessory genes (blue), and singleton genes (red). The
figure also includes additional data such as the number of genes in the gene cluster
(GC), the maximum number of paralogs, the geometric homogeneity index, the
functional homogeneity index, the combined homogeneity index, Species Core
Genome (SCG) clusters, Cluster of Orthologous Groups (COG20) categories, COG20
functions, and COG20 pathways.
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After manually verifying the antiSMASH results with our in-house database,
the filtered data were analyzed using BiG-SCAPE/CORASON (Navarro-Mufioz et al.,
2020). BiG-SCAPE organizes BGCs identified by antiSMASH into gene cluster
families (GCFs) based on sequence similarity. Meanwhile, CORASON establishes
phylogenetic relationships among the detected BGCs and the generated GCFs. These
tools facilitate the exploration of BGCs diversity across large genome datasets by
constructing BGC sequence similarity networks, grouping BGCs into GCFs, and
linking gene cluster diversity to enzyme phylogenies. Together, they provide powerful
approaches for identifying novel compounds. Here we reported 181 potential
biosynthetic clusters remains from 314 clusters due to limited information from the
predicted modules. (Table 14). 181 putative BGCs including 92 NRPS, 8 PKS, 22
hybrids, 6 Terpenes, 15 RiPPs, 1 lanthipeptide, and 37 others as depicted in Figure 12
and Table 14. Among the remaining clusters, 145 showed similarity to known BGCs,
while 36 clusters belonged to unrelated groups with no homologous gene clusters
identified implying the potential novelty of the metabolites related to these clusters.
Considering this analysis, the strains X. stockiae RT25.5, X. stockiae SBRx11.1, X.
japonica MW12.3, X. indica KK26.2, X. miraniensis MH16.1, P. akhurstii NN168.5,
P. temperata MW27.4, and P. hainanensis NN169.4 are particularly promising
candidates for further exploration in the discovery of novel compounds. When applying
comparative analysis, X. stockiae RT25.5, X. stockiae SBRx11.1, X. indica KK26.2, P.
temperata MW27.4, and P. hainanensis NN168.5 stand out as strong candidates for
experimental natural product discovery due to their richness in unique and unknown

clusters.
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Table 14 Explorations and classifications of annotated BGCs across 13 genomes

No. XP isolates Region Clusters type Predicted compounds
1  P.hainaensis  Phai NN169.4 region 1.1 NRP+Polyketide Xenocoumacin
2  P.hainaensis  Phai NN169.4 region 1.2 NRPS Szentirazine like
3  P.hainaensis  Phai NN169.4 region 10.1  NRPS Frederiksenibactin
4 P.hainaensis  Phai NN169.4 region 11.2  NRP+Polyketide Photoxenobactin
5  P.hainaensis  Phai NN169.4 region 13.1 = NRPS tillivaline
6  P.hainaensis  Phai NN169.4 region 16.1  NRPS.independent.  Putrebactin
siderophore
7  P.hainaensis  Phai NN169.4 region 17.1 ~ NRPS Odilorhabdin
8  P.hainaensis  Phai NN169.4 region 18.1 - RiPPs O-antigen
9  P. hainaensis = Phai NN169.4 region 2.1 NRPS Gxps
10 P. hainaensis = Phai NN169.4 region 25.1 =~ NRPS Mevalagmapeptide
11  P. hainaensis  Phai NN169.4 region 3.1 NRPS Unknown
12 P. hainaensis - Phai NN169.4 region 3.2 Others Betalactone
13 P.hainaensis  Phai'NN169.4 region 34.1  RiPPs O-antigen
14 P. hainaensis = Phai NN169.4 region 4.1 NRPS Kolossin
15 P. hainaensis  Phai NN169.4 region 49.1  PKS Unknown
16  P. hainaensis  Phai NN169.4 region 5.1 NRP-+Polyketide Glidobactin
17 P.hainaensis = Phai NN169.4 region 6.1 Others Arylpolyene
18 P. hainaensis . Phai NN169.4 region 6.2 PKS Isopropylstilbene
(IPS)
19 P.hainaensis  Phai NN169.4 region 7.1 Others CDPS
20  P.australis Phai NN169.4 region 1.3 Terpene Carotenoid
21  P.hainaensis  Phai NN169.4 region 9.1 NRPS Malonomycin
22 P. laumondii PLau MH8.4 region 1.1 NRP+Polyketide Glidobactin
23 P. laumondii PLau MH8.4 region 10.1 Others CDPS
24 P. laumondii PLau MH8.4 region 11.1 NRPS Gxps
25  P. laumondii PLau MH8.4 region 19.2 RiPPs O-antigen
26 P. laumondii PLau MH8.4 region 3.1 NRP+Polyketide Photoxenobactin
27  P. laumondii PLau MH8.4 region 38.1 RiPPs O-antigen
28  P. laumondii PLau MH8.4 region 4.1 NRPS Frederiksenibactin
29  P. laumondii PLau MH8.4 region 5.1 NRPS Mevalagmapeptide
30 P.australis Plau MH8.4 region 79.1 Terpene Carotenoid
31  P.laumondii PLau MH8.4 region 9.1 Others Betalactone
32 P. akhurstii Pak NN168.5 region 28.1  Terpene Carotenoid
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33 P. akhurstii Pak NN168.5 region 1.1 NRP+Polyketide Xenocoumacin

34 P. akhurstii Pak NN168.5 region 12.1 Others CDPS

35  P. akhurstii Pak NN168.5 region 13.1 NRPS Gxps

36  P. akhurstii Pak NN168.5 region 15.1 NRPS Odilorhabdin

37  P. akhurstii Pak NN168.5 region 16.1 Others Betalactone

38  P. akhurstii Pak NN168.5 region 2.1 NRP+Polyketide Photoxenobactin

39  P. akhurstii Pak NN168.5 region 24.1 NRPS Malonomycin

40  P. akhurstii Pak NN168.5 region 3.1 NRP+Polyketide Glidobactin

41  P. akhurstii Pak NN168.5 region 3.2 RiPPs O-antigen

42  P. akhurstii Pak NN168.5 region 41.1 NRPS Unknown

43 P. akhurstii Pak NN168.5 region 5.1 NRPS.independent.  Putrebactin

siderophore

44 P.akhurstii Pak NN168.5 region 5.2 NRPS Tillivaline

45 P. akhurstii Pak NN168.5 region 6.1 NRPS Kolossin

46 P. akhurstii Pak NN168.5 region 6.2 NRPS Frederiksenibactin

47  P. akhurstii Pak NN168.5 region 64.1 PKS Unknown

48  P.akhurstii Pak NN168.5 region 7.1 Others Arylpolyene

49  P. akhurstii Pak NN168.5 region 7.2 PKS Isopropylstilbene
(IPS)

50 P. akhurstii Pak NN168.5 region 9.1 NRPS Mevalagmapeptide

51  P.australis Paus SBR 15.4 region 51.1 = NRPS Mevalagmapeptide

52  P.australis Paus SBR15.4 region 11.1  PKS Isopropylstilbene
(IPS)

53  P. australis Paus SBR15.4 region 13.1  NRP+Polyketide Glidobactin

54  P. australis Paus SBR15.4 region 25.1  NRPS Ririwpeptide

55  P. australis Paus SBR15.4 region 34.1  NRP+Polyketide Photoxenobactin

56  P. australis Paus SBR15.4 region 46.1  NRPS Gxps

57  P.australis Paus SBR15.4 region 7.1 Others Betalactone

58  P. australis Paus SBR15.4 region 8.1 RiPPs O-antigen

59  P.temperata Ptem MW27.4 region 2.2 Others Betalactone

60 P.temperata Ptem MW27.4 region 20.1  NRP+Polyketide Andrimid

61 P.temperata Ptem MW27.4 region 25.1  NRPS Unknown
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62 P.temperata Ptem MW27.4 region 4.1 PKS Isopropylstilbene
(IPS)

63  P.temperata Ptem MW27.4 region 40.1  Others CDPS

64  P.temperata Ptem MW27.4 region 41.1  NRPS Szentirazine like

65 P.temperata Ptem MW27.4 region 47.1  NRPS Gxps

66 P.temperata Ptem MW27.4 region 58.1  Others Arylpolyene

67 P.temperata Ptem MW27.4 region 64.1  RiPPs O-antigen

68  X. ehlersii Xehl MH9.2 region 1.1 Others Betalactone

69 X ehlersii Xehl MH9.2 region 1.2 NRPS Unknown

70 X ehlersii Xehl MH9.2 region 17.1 NRPS Pyrrolizixenamide

71 X. ehlersii Xehl MH9.2 region 2.1 RiPPs O-antigen

72 X. ehlersii Xehl MH9.2 region 3.2 NRPS Xenoamicin

73 X.ehlersii Xehl MH9.2 region 5.1 NRP+Polyketide Photoxenobactin

74 X. ehlersii Xehl MH9.2 region 6.1 NRPS Xenorhabdin

75  X. ehlersii Xehl MH9.2 region 8.1 Others CDPS

76  X. ehlersii Xehl MH9.2 region 9.1 NRPS Lipocitides

77  X.indica Xin KK26.2 region 1.1 Others Fabclavine la

78  X.indica Xin KK26.2 region 14.1 Others Unknown

79  X.indica Xin KK26.2 region 2.1 NRPS Unknown

80 X.indica Xin KK26.2 region 22.1 Others Unknown

81 X.indica Xin KK26.2 region 28.1 NRPS ATred

82 X.indica Xin KK26.2 region 34.1 RiPPs O-antigen

83 X.indica Xin KK26.2 region 44.1 NRP+Polyketide Althiomycin

84  X.indica Xin KK26.2 region 5.1 Others Betalactone

85 X.indica Xin KK26.2 region 7.1 NRP+Polyketide Photoxenobactin

86  X.japonica Xjap MW12.3 region 1.2 NRP+Polyketide Photoxenobactin

87  X.japonica Xjap MW12.3 region 16.1  NRPS ATred

88  X.japonica Xjap MW12.3 region 17.1  RiPPs O-antigen

89  X.japonica Xjap MW12.3 region 2.1 NRPS Unknown

90 X.japonica Xjap MW12.3 region 24.1  Others lodinin (phenazine)

91 X.japonica Xjap MW12.3 region 3.1 Others Arylpolyene

92  X. japonica Xjap MW12.3 region 30.1  NRP+Polyketide Unknown

93  X. japonica Xjap MW12.3 region 38.1  NRPS Unknown (fragment)

94  X. japonica Xjap MW12.3 region 43.1  Others Unknown
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95  X. japonica Xjap MW12.3 region 5.1 NRPS Lipocitides

96  X. japonica Xjap MW12.3 region 6.1 Others Betalactone

97  X.miraniensis  Xmir MH16.1 region 1.1 RiPPs O-antigen

98  X. miraniensis  Xmir MH16.1 region 1.3 NRPS.independent.  Putrebactin

siderophore

99  X.miraniensis  Xmir MH16.1 region 16.2  NRPS Pyrrolizixenamide

100 X. miraniensis  Xmir MH16.1 region 2.1 NRPS Unknown

101  X. miraniensis - Xmir MH16.1 region 23.1 Others Unknown

102  X. miraniensis -~ Xmir MH16.1 region 26.1 = NRPS Gxps

103 X. miraniensis =~ Xmir MH16.1 region 3.1 NRPS Xenorhabdin

104  X. miraniensis = Xmir MH16.1 region 32.1 ~ lanthipeptide.class.ll = Unknown

105 X. miraniensis  Xmir MH16.1 region 32.1 = NRP+Polyketide Unknown

106  X. miraniensis - Xmir MH16.1 region 4.1 Others Arylpolyene

107 X. miraniensis  Xmir MH16.1 region 4.2 NRPS ATred

108 X. miraniensis  Xmir MH16.1 region 6.1 Others Betalactone

109 X. stockiae Xsto SBR31.4 region 5.1 NRPS Pyrrolizixenamide

110 X. stockiae Xsto SBR31.4 region 5.1 NRPS ATred

111 X. stockiae Xsto SBR31.4 region 25.1  NRPS Acinetobactin/
metallophore

112 X. stockiae Xsto SBR31.4 region 26.1  NRPS lipocitides

113 X. stockiae Xsto SBR31.4 region 35.1 - Terpene Carotenoid

114  X. stockiae Xsto SBR31.4 region 4.1 NRPS Xenoamicin

115 X stockiae Xsto SBR 31.4 region 3.2 Others Betalactone

116  X. stockiae Xsto SBR31.4 region 11.1  NRP+Polyketide Unknown

117  X. stockiae Xsto SBR31.4 region 31.1  NRPS ATred

118 X. stockiae Xsto SBR31.4 region 6.1 Others Fabclavine la

119 X. stockiae Xsto SBR31.4 region 13.1  RiPPs O-antigen

120 X. stockiae Xsto RT25.5 region 18.1 Terpene Carotenoid

121 X. stockiae Xsto RT25.5 region 15.1 RiPPs O-antigen

122 X. stockiae Xsto RT25.5 region 16.1 NRP+Polyketide Unknown

123  X. stockiae Xsto RT25.5 region 17.1 Others Arylpolyene

124  X. stockiae Xsto RT25.5 region 18.1 NRPS Cuidadopeptide

125 X. stockiae Xsto RT25.5 region 20.1 Others Betalactone

126  X. stockiae Xsto RT25.5 region 24.1 NRPS Pyrrolizixenamide
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127 X stockiae Xsto RT25.5 region 24.1 NRPS ATred

128 X. stockiae Xsto RT25.5 region 3.1 Others Fabclavine la

129 X. stockiae Xsto RT25.5 region 34.1 NRPS ATred

130 X. stockiae Xsto RT25.5 region 37.1 NRPS Acinetobactin (NRP-
metallophore)

131  X. stockiae Xsto RT25.5 region 4.1 NRPS Xenoamicin

132 X. stockiae Xsto RT25.5 region 49.1 NRPS Lipocitides

133  X. stockiae Xsto RT25.5 region 56.1 Others Butyrolactone

134  X. stockiae Xsto RT25.5 region 58.1 NRPS Unknown (fragment)

135 X. stockiae Xsto RT25.5 region 59.1 NRPS Unknown (fragment)

136  X. stockiae Xsto RT25.5 region 61.1 NRPS Xenematide

137 X stockiae Xsto RT25.5 region 8.1 PKS Unknown

138 X. stockiae Xsto RT25.5 region 8.1 NRPS Unknown

139 X. stockiae Xsto RT25.5 region 8.1 NRPS Nematophin,

140 X stockiae Xsto RT25.5 region 8.1 NRPS Rhabdopeptide
(RXPs)

141 X.stockiae - Xsto RT25.5 region 8.1 NRPS ~_GameXpeptide

142 X stockiae Xsto RT25.5 region 81.1 NRPS Unknown (fragment)

143 X stockiae Xsto RT25.5 region 85.1 NRPS PAX (with glutamine)

144 X. stockiae Xsto RT25.5 region 90.1 NRPS Unknown (fragment)

145 X. stockiae Xsto RT25.5 region 3.1 NRPS Unknown

146  X. stockiae Xsto SBRxllTregion i & Terpene Carotenoid

147  X. stockiae Xsto SBRx11.1 region 10.1  Others Betalactone

148 X. stockiae Xsto SBRx11.1 region 15.1  RiPPs O-antigen

149 X stockiae Xsto SBRx11.1region 16.1  NRP+Polyketide ~ Unknown

150 X. stockiae Xsto SBRx11.1 region 17.1  Others Arylpolyene

151 X stockiae Xsto SBRx11.1 region 18.1  NRPS Cuidadopeptide

152  X. stockiae Xsto SBRx11.1region 24.1  NRPS Pyrrolizixenamide

153 X. stockiae Xsto SBRx11.1region 24.1  NRPS ATred

154  X. stockiae Xsto SBRx11.1 region 3.1 Others Fabclavine la

155 X. stockiae Xsto SBRx11.1 region 34.1  NRPS ATred

156 X. stockiae Xsto SBRx11.1 region 37.1  NRPS Acinetobactin (NRP-
metallophore)

157 X stockiae Xsto SBRx11.1 region 4.1 NRPS Xenoamicin
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158 X. stockiae Xsto SBRx11.1 region 49.1  NRPS lipocitides

159 X. stockiae Xsto SBRx11.1 region 56.1  Others butyrolactone

160 X. stockiae Xsto SBRx11.1 region 58.1  NRPS Unknown (fragment)
161 X. stockiae Xsto SBRx11.1 region 59.1  NRPS Unknown (fragment)
162  X. stockiae Xsto SBRx11.1 region 61.1  NRPS Xenematide

163 X. stockiae Xsto SBRx11.1 region 8.1 PKS Unknown

164 X. stockiae Xsto SBRx11.1 region 8.1 NRPS Unknown

165 X. stockiae Xsto SBRx11.1 region 8.1 NRPS Nematophin

166  X. stockiae Xsto SBRx11.1 region 8.1 NRPS Rhabdopeptide (RXPs)
167 X. stockiae Xsto SBRx11.1 region 8.1 NRPS GameXpeptide

168 X. stockiae Xsto SBRx11.1 region 81.1  NRPS Unknown (fragment)
169 X. stockiae Xsto SBRx11.1 region 85.1  NRPS PAX (with glutamine)
171 X stockiae Xsto SBRx11.1 region 90.1 = NRPS Unknown (fragment)
172 X vietnamensis Xvei NN167.3 region 1.1 RiPPs O-antigen

173 X vietnamensis Xvei NN167.3 region 10.1 Others Betalactone

174 X vietnamensis Xvei NN167.3 region 12.1 Others lodinin (phenazine)
175 X. vietnamensis  Xvei NN167.3 region 15.1 NRPS Unknown

176 X. vietnamensis Xvei NN167.3 region 2.1 NRPS Xenorhabdin

177 X.vietnamensis = Xvei NN167.3 region 22.1 NRP+Polyketide  Photoxenobactin

178 X.vietnamensis Xvei NN167.3 region 24.1 NRPS Xenoamicin

179 X.vietnamensis Xvei NN167.3 region 35.1 NRPS Pyrrolizixenamide
180 X. vietnamensis  Xvei NN167.3 region 42.1 NRP+Polyketide ~ Unknown

181 X.vietnamensis Xvei NN167.3 region 5.1 NRPS ATred

182 X.vietnamensis Xvei NN167.3 region 55.1 NRPS Unknown (fragment)

Out of the 36 unidentified clusters, 10 were excluded due to their BGCs being

too short for analysis. The remaining clusters were further characterized and classified

into ten putative BGCs. Among these, three were identified as NRPS clusters, two as

type | TIPKS clusters, two displayed hybrid NRPS/PKS characteristics, and three were

categorized under the “others” category.

NRPS Clusters: The nrpks-1 gene clusters were located in region 25.1 of P.
temperata MW27.4, region 3.1 of P. hainaensis NN169.4, and region 24.1 of P.
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akhurstii NN168.5 (Figure 13A). Spanning approximately 37 kb, these clusters
contained over 30 biosynthetic genes but included only a single module, showing low
sequence similarity to characterized NRPS clusters. As a result, their metabolites could
not be predicted. The nrpks-2 gene clusters were found in region 3.1 of X. stockiae
strain RT25.5, and X. stockiae SBRx11.1, (Figure 13B). Although these clusters were
not fully sequenced and did not match existing database entries, they contained two
modules, suggesting that their products are likely dipeptides, specifically hydrophobic-
aliphatic peptides with valine (Val)—-valine (\Val) as the primary building blocks.

Type | TIPKS Clusters: In regions 8.1 of X. stockiae strain RT25.5, and X.
stockiae SBRx11.1, one novel tlpks-1 cluster and one unidentified nrpks-3 cluster
(Figure 13C) were identified. These clusters, named "plu00736" and "plu00747,"
respectively, did not match entries in the MIBIG, KnownClusterBlast, or in-house
databases, highlighting their uniqueness and suggesting the presence of two novel
compounds in this genomic region. The tlpks-1 gene clusters were hypothesized to
contain domains such as PKS_KS (Modular-KS), PKS_AT (Modular-AT), PKS_DH
(Modular-DH), and PKS_KR (Modular-KR), utilizing methylmalonyl-CoA as a
substrate. Furthermore, within the tlpks-2 gene clusters located in region 64.1 of P.
akhurstii (NN168.5) and region 49.1 of P. hainaensis (NN169.4), an 81.37% similarity
was observed with tlpks-1 from X. stockiae region 8.1, except for the
phosphopantetheine-binding protein (PP-binding) domain. These clusters may
represent analogues of the same compound (Figure 13D).

Hybrid NRPS/PKS Clusters: The hybrid-1 gene clusters, containing both
NRPS-like and T1PKS genes, were identified in region 16.1 of X. stockiae strain
RT25.5 and SBRx11.1, and region 11.1 of X. stockiae SBR31.4. These clusters,
spanning 57.4 kb, contained up to 40 related genes and featured an assembly line of
seven modules. (Figure 13E). Based on assembly line predictions and substrate
domains, these clusters were predicted to synthesize a compound resembling a bacterial
small molecule commonly used as a protease inhibitor, as identified in the NORINE
database (Figure 13F). This molecule is significant in autophagy and
immunoproteasome research (Li et al., 2020). The hybrid-2 gene clusters, a hybrid of
NRPS-like and transAT-PKS-like genes, were found in region 32.1 of X.
miraniensis MH16.1, region 42.1 of X. veitnamensis NN167.3, and region 30.1 of X.



81

japonica MW12.3. These clusters encoded proteins comprising five modules and one
domain, predicted to incorporate cysteine (Cys) as substrates. The resulting products
were hypothesized to be hexapeptides containing one cysteine molecule (Figure 13G,
14H). Other clusters; Among the remaining clusters, three distinct types were
identified: Nucleotide-Related Clusters: Found in region 23.1 of X. miraniensis strain
MH16.1 and region 22.1 of X. indica KK26.2. Phosphonate-Related Clusters: Detected
in region 43.1 of X. japonica MW12.3 and region 14.1 of X. indica strain KK26.2.
Lastly, Lanthipeptide-Class-1l Clusters: Located in region 32.1 of X. miraniensis
MH16.1.
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Figure 13 The summary of the domain composition and organization of the

uncharacterized clusters

The clusters including nrps-1 gene cluster (A), nrps-2 gene cluster (B), t1pks-
land nrps-2 gene cluster (C), t1pks-2 gene cluster (D), nrps-like/pks-1 gene cluster (E)
and its presumable compound (F), and nrps-like/ transAT-PKS-like-2 gene cluster (G)
and its presumable compound (H)
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Based on the results above, the strain X. stockiae RT25.5 was first selected for
further studies, including complete genome sequencing, comparative genomics among
Xenorhabdus species, secondary metabolite detection, antimicrobial activity
assessments, preliminary mode of action analysis of its crude extract, promoter
activation, and compound identification. The circular complete genome of strain
RT25.5 was estimated to be 4.5 Mbp. The de novo genome assembly resulted in 10
contigs, with the largest contig spanning 1,082,361 bp. The observed average G + C
content was 43.34%. A map of the complete chromosome of X. stockiae strain RT25.5
was created using the Proksee (Grant & Stothard, 2008) and is shown in figure 14.
Most of the genes were associated with the metabolism of amino acids and their
derivatives, cofactors, vitamins, prosthetic groups, pigments, and carbohydrates.
Additional details regarding the annotated genome of strain RT25.5 are presented in
Table 15.

Table 15 A summary of the general genomic features of the complete genome of
X. stockiae strain RT25.5

Characteristics Genome Annotation Data
Estimated genome size 4,586,701 bp
Total genes 4,050
Total Coding Sequences (CDSs) 3,941
Coding genes 3,858
CDSs with protein 3,858
RNA genes 109
rRNAs 8,7,7(5S, 16S, 23S)
complete rRNAs 8,7,7(5S, 16S, 23S)
tRNAs 79
ncRNAs 8
Total pseudo genes 83
CDSs without protein 83
Pseudo genes (ambiguous residues) 00f 83
Pseudo genes (frameshifted) 26 of 83
Pseudo genes (incomplete) 61 of 83
Pseudo genes (internal stop) 13 0f 83

Pseudo genes (multiple problems) 14 of 83
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Figure 14 The map of the complete chromosome of X. stockiae strain RT25.5

Comparative genomics among the Xenorhabdus spp.

Further comparison of the genome of X. stockiae strain RT25.5 with publicly
available Xenorhabdus genomes in the National Center for Biotechnology Information
(NCBI) database was performed. At present, 122 Xenorhabdus spp. genome sequences
have been deposited in the database, including 9 complete and 113 draft genome
sequences. These genome sequences were downloaded from the NCBI database, and
their accession numbers were listed in Table 16. The genome sizes of the complete
Xenorhabdus spp. strains ranged from 3.7 Mb to 4.8 Mb, and the GC contents ranged
from 43.50 to 45.50 %. A phylogenetic tree revealed a close association between
RT25.5 and X. stockiae DSM 17904 (Figure 16), with an average nucleotide identity
(ANI) of 0.956. The results confirmed that both strains belong to the same species. In
contrast, the ANI values of RT25.5 with other Xenorhabdus spp. were consistently
below the suggested species boundary cut-off of 95-96% (Arahal, 2014).



Table 16 The genome sequences downloaded from the NCBI database
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Assembly number Organism name Strain Isolation country
ASM212754v1 X. beddingii DSM4764 Australia: Queensland
ASM1774301v1 X. budapestensis C72 China: Jilin
ASM338666v1 X. cabanillasii DSM17905 USA: Texas
ASM812467v1 X. doucetiae DSM17909 France

ASM96819v1 X. doucetiae FRM16 France: Martinique
ASM190810v1 X. eapokensis DL20 Vietnam
ASM361046v1 X. ehlersii DSM16337 China
ASM190809v1 X. thuongxuanensis 30TX1 Vietnam
ASM263272v1 X. hominickii DSM17903 Kenya
ASM1446723v1 X. indica DSM17382 India
ASM90015535v1 X. innexi HGB1681 NA

ASM263275v1 X. ishibashii DSM22670 China

IMG-taxon 2684622846  X. japonica DSM16522 Japan

IMG-taxon 2684622845 = X. koppenhoeferi ppDSM18168  USA: New Jersey
ASM263287v1 X. kozodoii DSM17907 Russia
ASM263261v1l X. miraniensis DSM17902 Australia; Queensland
ASM25295v1 X. nematophila ATCC19061 NA

ASM263282v1 X. stockiae DSM17904 Thailand
ASM212753v1 X. viethamensis DSM22392 Vietnam



https://dataview.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/datasets/taxonomy/40578/
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Figure 15 A phylogenetic tree generated using whole genome sequences

Secondary metabolites biosynthetic gene clusters of complete X. stockiae strain
RT25.5 genome

To identify the potential BGCs, the complete genome of X. stockiae RT25.5
were analyzed using antiSMASH (Kai et al., 2021), followed by manual refinements
using MIBIG database (Barbara et al., 2023), previous public researches, and an in-hose
database. A total of 21 biosynthetic gene clusters were identified including 13 NRPS,
4 Hybrid, 1 Terpene and 3 other clusters as shown in table 17. Notably, using
antiSMASH, five clusters—clusters 2, 3, 4, 15, and 21—were identified as being
associated with butyrolactone, aryl polyenes (Gina et al., 2019), fabclavine (Fuchs et
al., 2014), carotenoid, and betalactone, respectively. Meanwhile, gene clusters 1, 6, 7,
8,9,10,11, 12, 13,16, 17, 18, and 19 were manually verified and found to share module
structure similarities with known BGCs including ATRed (1) (Tietze et al., 2020),
xenobactin (Grundmann et al.,, 2013), PAX (Dreyer et al., 2019), nematophin
(Jianxiong, Genhui, & John, 1997), rhabdopeptide/xenortide-like peptides (RXPSs)
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(Reimer, 2013), GameXpeptide (Nollmann et al., 2015), cuidadopeptide (inhouse data),
ATRed (2) (Tietze et al., 2020), pyrrolizixenamide (Oliviaet al., 2015), and xenoamicin
(Qiugin et al., 2013), respectively. Intriguingly, the remaining three clusters (gene
clusters 5, 14, and 20) did not match any known gene clusters, suggesting the potential
novelty of the metabolites derived from these predicted gene clusters or existing
compounds for which the modules could not be elucidated.

As for unknown BGCs, cluster-5 represented high similar to lipopeptides (J.
H. Li et al., 2021) which predicted chemical structure and module organization were
shown in Figure 17. The hybrid T1PKS (Type | Polyketide Synthase) and NRPS (Non-
Ribosomal Peptide Synthase) identified in clusters-14 were previously discovered in
the above study. Genes within these clusters include Type | polyketide synthase,
transposase, non-ribosomal peptide synthase/polyketide synthase, and transposase, 1S1
family transposase, tyrosine-type recombinase/integrase, three hypothetical proteins,
universal stress protein UspE, FNR family transcription factor, dimethyl sulfoxide
reductase anchor subunit, pyridoxal-dependent decarboxylase, TauD/TfdA family
dioxygenase, class | SAM-dependent methyltransferase, and MFES transporter. Lastly,
cluster-20, characterized as a hybrid NRPS+T1PKS, exhibited a 60% similarity with
the putrebactin biosynthetic gene cluster from X. budapestensis which could be a novel
analog due to the genes identified in X. stockiae strain RT25.5 showed significant

differences from the reference strain.
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Detection of secondary metabolites produced using LC-MSMS analysis

The culture of strain RT25.5 was examined for bioactive compounds, leading
to the identification of several compounds of interest. These included GameXPeptides
A and C, Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(phenylmethyl), PE(16:1/0:0)
([M+H]+ C21H43N107P1), PE(18:1/0:0) ([M+H]+ C23H47N107P1), xenobactins,
Pyrrolizixenamides A (N-(1-oxo0-5,6,7,7a-tetrahydropyrrolizin-3-yl)hexanamide,
Pyrrolizixenamides B N-(1-oxo-5,6,7,7a-tetrahydropyrrolizin-3-yl)heptanamide). and
5S-hydroxynorvaline-S-lle and N-(Indol-3-ylethyl)-2-hydroxy-3-methylpe, as shown
in Figure 22.
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Isolation the natural product from the X. stockiae strain RT25.5 using the easy
Promoter Activation and Compound Identification (easyPACId) approach

The creation of the Ahfq mutant was successfully verified by colony PCR.
Compared to the culture of X. stockiae wild type (Figure 19A), the Ahfq mutant (Figure
19B) appears colorless due to the absence of its secondary metabolite pigments, aryl
polyenes—yellow pigments commonly found in Gram-negative bacteria. HPLC-MS
analysis of the culture supernatants confirmed the absence of most secondary
metabolite in the Ahfq strains compared to the wild type, as illustrated by base peak
chromatograms (BPC) of NPs (Figure 19C). However, HPLC-MS analysis of targeted
BGCs production in Xenorhabdus Ahfq mutants showed no significant difference when

compared to non-induced conditions.
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X. stockiae RT25.5 wild type X. stockiae RT25.5 Ahfq
Yellow colony Colorless Colony

Many peaks of bioactive compunds Less peaks of bioactive compounds
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Figure 18 Comparative characteristics of X. stockiae wild type and X. stockiae hfq

deletion

(A) Xenorhabdus stockiae wild type (B) Xenorhabdus stockiae Ahfg (C)
HPLC-MS analysis compare between X. stockiae WT (green line) and X. stockiae Ahfg
(red line)

Bacterial strains and their antimicrobial activities

The crude extract of X. stockiae strain RT 25.5 exhibited antimicrobial activity
against both Gram-positive and Gram-negative bacteria in a rapid screening using the
disk diffusion method. This included A. baumannii, S. aureus, E. coli, E. faecalis,
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and K. pneumoniae. Notably, the extract showed potent activity against an extensively
drug-resistant (XDR) strain of A. baumannii, a bacterium for which the development of
novel antibiotics is urgently needed (Clarke, 2016; Luisa et al., 2014), with a zone of
inhibition of 8 mm. In comparison, the antibiotic control had a zone of inhibition of 12
mm. Therefore, the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of the crude extract were determined against A.
baumannii strain AB320. The results showed MIC and MBC values of the crude extract
of 3.90 mg/mL and 7.81 mg/mL, respectively. By contrast, the MIC and MBC of the
antibiotic control were 0.0024 mg/mL and 0.0049 mg/mL, respectively. The time kill
curve results revealed that the viable count of A. baumannii strain AB320 (XDR)
gradually decreased from 1 to 6 hours after-exposure to the crude extract, while those
of the controls displayed remained unchanged over 24 hours (Figure 20). These findings
suggest that the bacterial crude extract was a potential resource for discovering effective

antimicrobial agents, particularly against challenging bacterial infections such as A.

baumannii.
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Figure 19 The time-kill curves of the 1X MIC of the extract against A. baumannii
strain AB320 (XDR)
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To observe morphological and ultrastructural changes in the bacterial cells
before and after treatment with the extract, we then employed electron microscopy
technique. The results illustrated that the cell wall and cell membrane of A. baumannii
treated with the crude extract at 1X MIC exhibited substantial ultrastructural damage
compared to the controls (Figure 21). These damages included condensation of the
nucleoid and distortion of the cell surface with numerous clumps and blebs. In addition,
cells treated with the extract exhibited cytoplasmic changes, including vacuolization
and nucleoid aggregation, along with increased permeability and corresponding
membrane destabilization that could eventually lead to cell lysis.

Sy

Undulating appreance and disorganize Vescicle emanating from cell wall

cell surface 1
n Al { _g' . g
- .{. "t ) l/ 22y iy
¥
ey
o /
Cytoplasmic release Detachment of cellular membrane Cellular disintegration

Figure 20 TEM images of A. baumannii strain AB320 (XDR)

Before (A) and after (B—F) exposure to crude extract of X. stockiae strain
RT25.5 for 4 hours. Figure 4B-F shows ultrastructural damage in bacterial cells induced
by the bioactive compounds.



95

Differential protein expressions in Acinetobacter baylyi treated with crude extract
of X. stockiae strain RT25.5

A proteomic assay was performed to identify differentially expressed proteins
in Acinetobacter baylyi, which was used as a model organism instead of A. baumannii
strain AB320. This substitution was due to biosafety limitations, as A. baylyi is a non-
pathogenic strain. The assay was conducted under both treated and untreated conditions
with the crude extract of X. stockiae strain RT25.5. Proteins were considered
upregulated if the log2 fold change exceeded 0.6 and downregulated if it was below
0.6. Statistically significant proteins were defined by a p-value < 0.05 (Inmaculada et
al., 2023). Information on the identified proteins, including names, accession numbers,
and abundances, was retrieved from the UniProt database (“UniProt: The Universal
Protein Knowledgebase in 2023,” 2023). A volcano plot in Figure 22 demonstrated the
differential alterations in protein abundance between treated and untreated samples
(Table 18), based on the specified fold change criteria. A total of 229 proteins
consistently up regulated in Acinetobacter treated group compared to the untreated
group. Among these proteins, notable examples include putative monooxygenase
(Flavin-binding family), aldehyde dehydrogenase, metal-dependent hydrolase, putative
short-chain dehydrogenase, lipase, type VI secretion system tube protein Hcp, zinc
metalloprotease, alcohol dehydrogenase, p-hydroxybenzoate hydroxylase, and putative
RND efflux membrane fusion protein. Functional analysis showed that the upregulated
proteins involved numerous essential metabolic and biological processes, for examples,
enzymatic degradation of antibacterial agents, alterations in bacterial proteins that serve
as targets for antimicrobial agents binding, and changes in membrane permeability to
the agents. These biological processes revealed that multiple immune-related pathways
were involved in bacterial host responses. In contrast, the Acinetobacter treated group
exhibited a significant decrease in the expressions of 147 proteins, including heme
oxygenase, putative receptor protein, putative transcriptional regulator (AraC family)
(Nitrilase regulator), YbdD/YjiX family protein, I-carnitine dehydrogenase, 30S
ribosomal protein S12, NAD (+) diphosphatase, putative acetyltransferase, putative
acetyl-CoA hydrolase/transferase, and putative ferric siderophore receptor protein
(Table 18). These expressions indicated a significant impact, leading to the reduction
of heme de-cyclizing activity, cellular component proteins, DNA-binding transcription
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factor activity, alpha-methyl acyl-CoA racemase activity, tRNA binding, NAD+
diphosphatase activity, acyltransferase activity (transferring groups other than amino-

acyl groups), acetate CoA-transferase activity, and siderophore-iron transmembrane
transporter activity.

-logygp-value

logEC
Figure 21 Protein profiling was conducted on A. baylyi treated with the crude

extract of X. stockiae strain RT25.5 and compared to an untreated
control group

The y-axis represents the statistical significance of gene expression
differences, while the x-axis indicates the magnitude of these differences.

Downregulated proteins are shown in blue, non-significant proteins in grey, and
upregulated proteins in red.
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CHAPTER V

DISCUSSION

The average genome size of 13 entomopathogenic bacterial strains was
approximately 4.6 Mb, with an average of 24 biosynthetic gene clusters (BGCs). This
IS consistent with previous reports that found an average of 22 BGCs across 45 strains
of these bacteria (Yi-Ming, Merle, Yan-Ni, Shabbir, et al., 2022), which is two-to
tenfold higher than the average BGC levels observed in other Enterobacteria. For
example, Serratia was found to have an average of 17.8 BGCs, Yersinia had 13.7, and
Proteus had 8.4 (Omkar et al., 2022). The greater genome size of Xenorhabdus and
Photorhabdus appears to have a linear relationship with the number of BGCs,
indicating a greater potential for producing bioactive compounds and secondary
metabolites (Kazuya et al., 2014; Shi et al., 2022) These findings are supported by pan-
core genome analysis conducted using the Anvi’o platform (Eren et al., 2015). Which
core genes are shared by all species. In contrast, accessory genes are present in some
species, while singleton genes are found in only one species. The results revealed that
Xenorhabdus and Photorhabdus share a conserved set of core genes that are essential
for fundamental cellular functions and relatively stable in sequence and function
(Tettelin et al., 2005). However, notable distinctions exist between the two genera was
found in accessory and singleton region (Figure 13). Each genus possesses a unigue set
of genes, which shape their distinct characteristics and lifestyles (Yi-Ming, Merle, Yan-
Ni, & Helge, 2022). Interestingly, although BGCs are prolific in all genomes, most of
their BGCs are distributed across the accessory and singleton regions. These findings
reflect adaptations to diverse ecological niches, including regulatory elements and the
production of secondary metabolites, including antibiotics and toxins, which are rarely
found in other organisms (Jordan et al., 2001).

NRPS were the most abundant BGCs in both genera genomes, consistent with
findings by Shi et al. (2022a), highlighting their potential ecological significance. The
"others" group ranked second, possibly aiding in specific bacterial functions, while
hybrid PKS/NRPS clusters showed moderate enrichment. In contrast, PKS, RiPPs, and
terpene BGCs were relatively scarce.
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Certain widely shared clusters resembled known BGCs for betalactone
production (Yi-Ming, Merle, Yan-Ni, Shabbir, et al., 2022), followed by
GameXpeptides (Nollmann et al., 2015b) and photoxenobactin-associated clusters (Yi-
Ming, Merle, Yan-Ni, Shabbir, et al., 2022). The products of betalactone and Gxps
clusters have been identified as playing a role in insect immune suppression, while
photoxenobactin has been shown to possess insecticidal properties (Shi et al., 2022).
Other clusters exhibited similarities to various types of bioactive compounds with
antibacterial, insecticidal, antiprotozoal, antifungal, and antiparasitic properties (Bode
et al., 2017; Nicholas et al., 2017; Yi-Ming & Helge, 2018), as well as broad-spectrum
compounds like fabclavine (Wenski et al., 2019). However, some clusters were strain-
specific, such as acinetobactin, ATred, butyrolactone, cuidadopeptide, PAX peptides,
and RXPs in X. stockiae genomes. Unique discoveries included althiomycin in X. indica
strain KK26.2, andrimid in P. temperata strain MW27.4, and malonomycin in P.
akhurstii strain NN168.5.

To prioritize candidate strains from extensive genomic data, further
characterization of BGCs was performed using BiG-SCAPE-COROSON. The tools
offer a framework for natural product discovery by grouping similar BGCs, predicting
their potential functions, and enabling researchers to explore the diversity of
biosynthetic pathways. The analysis revealed significant BGC diversity across the two
genera, identifying a total of 181 biosynthetic clusters (Table 14). Among these, 145
clusters matched known BGCs, while 36 were classified as unknown, suggesting the
potential novelty of the associated metabolites. This finding aligns with previous
discoveries of novel compounds using similar approaches, such as detoxin or
rimosamide analogs from actinobacteria (Jorge et al., 2020). Other studies have
successfully linked phylogenetic trees to BGC-guided genome mining, uncovering aryl
polyenes from Escherichia coli (Pablo et al., 2016), arseno-organic metabolites from
Streptomyces lividans (Pablo et al., 2016), corbomycin from Streptomyces sp.
WACO01529 (Culp et al., 2020), and cepacin A from Burkholderia ambifaria (Alex et
al., 2019).

Given these insights, strains X. stockiae RT25.5, X. stockiae SBRx11.1, X.
japonica MW12.3, X. indica KK26.2, X. miraniensis MH16.1, P. akhurstii NN168.5,
P. temperata MW?27.4, and P. hainanensis NN169.4 emerge as promising candidates
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for further exploration in the discovery of novel compounds. Among them, X. stockiae
RT25.5, X. stockiae SBRx11.1, X. indica KK26.2, P. temperata MW27.4, and P.
akhurstii NN168.5 stand out as strong candidates for experimental natural product
discovery due to their richness in unique and unknown clusters. We subsequently
selected then X. stockiae RT25.5 for further studies due to an intriguing orphan cluster
containing genes related to transcription regulation and transport. Previous research has
emphasized the significance of transcription regulation and transport mechanisms in
the biosynthesis of antibiotics such as oleandomycin (Dyson, 2009) and spiramycin
(Nguyen et al., 2010).

The strain X. stockiae RT25.5 underwent high-throughput whole genome
sequencing, assembly, and annotation, followed by bioinformatics analyses.
AntiSMASH and manual refinements identified 21 BGCs. Remarkably, cluster-2
showed homology with aryl polyenes (Gina et al., 2019), part of a widely distributed
category of bacterial pigmented polyketides. Cluster-4 exhibited high similarity to
fabclavine biosynthesis clusters, known for their broad-spectrum activity against
bacteria, fungi, and eukaryotic cells (Fuchs et al., 2014) (Wenski et al., 2019). Cluster-
6, an NRPS cluster, shared similarity with bovienimide, previously shown to suppress
insect immune responses and potentially cause fatal immunosuppressive conditions
(Yi-Ming, Merle, Yan-Ni, Shabbir, et al., 2022). The conservativeness of this
biosynthetic gene cluster in Xenorhabdus spp. has been acknowledged by the Crawford
laboratory (J.-H. Li et al., 2021). Cluster-7 was likely related to Acinetobactin, an NRP-
siderophore involved in iron acquisition. Clusters-8 and 9 resembled xenematide and
xenobactin, respectively, with xenematide exhibiting moderate antibacterial and weak
insecticidal activity (Crawford et al., 2011), and xenobactin showing potent
antiprotozoal and specific antibiotic activity (Grundmann et al., 2013). Cluster-10,
identified as a Peptide-Antimicrobial-Xenorhabdus (PAX) cluster, shared 73% gene
similarity with X. innexi strain HGB1681 and 28% with X. bovienii CS03 (Dreyer et
al., 2019; Gualtieri et al., 2009). The most significant difference lied in the last amino
acid (GIn vs. Ser) (Figure 18). We inferred that the structures and functions of
compounds originating from X. stockiae strain RT25.5 may differ from those found in
the published clusters. Cluster-11 was similar to nematophin biosynthesis, known for
nematocidal and antifungal activity (Cai et al., 2017). Cluster-12 was linked to
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Rhabdopeptide/Xenortide-like peptides, confirmed through manual verification, with
antiprotozoal activity. Cluster-13 resembled, with antibacterial activity (Fu et al.,
2012). Cluster-15 was classified as a carotenoid, essential for photoprotection and
oxidative stress defense (Takashi, 2020). Cluster-16 was like cuidadopeptide, while
cluster-17 resembled ATred (Andreas et al.,, 2020). Cluster-18 was linked to
pyrrolizixenamide, a plant alkaloid with potent toxicity, and cluster-19 showed
similarity to xenoamicin from X. doucetiae, with antiprotozoal activity (Qiugin et al.,
2013). Notably, among the unknown BGCs, there is one intertesting hybrid T1PKS-
NRPS clusters (cluster-14) were identified. The hybrid cluster included genes encoding
a drug-resistance transporter (EmrB/QacA efflux family protein), with transport-related
genes located near the hybrid-encoding BGC. This suggests a mechanism to protect the
producing organism from the metabolite’s potentially harmful effects (Ellis et al.,
2019). Several bioactive compounds such as griselimycin (Angela et al., 2015),
salinosporamide A (Andrew et al., 2011), and platensimycin (Ryan et al., 2014), have
been identified using resistance-guided genome mining, emphasizing the utility of such
strategies in discovering new natural products.

Mass spectrometry data from LC-MSMS combined with molecular network
analysis using the GNPS database led to the detection of several bioactive compounds
in X. stockiae strain RT25.5 culture. GameXPeptides A and C are known for their broad
spectrum of antimicrobial, antifungal, and insecticidal activities, with potential efficacy
against various microorganisms. These peptides may also exhibit additional biological
properties, such as immunomodulatory effects or interactions with host organisms,
depending on their structure (Friederike et al., 2015). Pyrrolo[1,2-a]pyrazine-1,4-dione,
hexahydro-3 (phenylmethyl), a natural compound found in organisms like
Streptomyces antioxidans, Streptomyces xiamenensis, and Vibrio anguillarum, has
been identified as an antibiotic against multidrug-resistant Staphylococcus aureus
(MDRSA) (George Seghal et al., 2018). Spectroscopic analysis confirmed its identity
and showed it possesses non-hemolytic behavior and antioxidant properties,
emphasizing its bioactivity potential. Meanwhile, PE(16:1/0:0) and PE(18:1/0:0),
identified through the GNPS database, were not associated with any reported biological
activities, similar to Alpha-L-Asp-L-Phe from NIST14, which also lacked known

activities. Xenobactins, on the other hand, are known to modulate host immune
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responses (Dreyer et al., 2019; Grundmann et al., 2013; Tobias et al., 2017).
Pyrrolizixenamide A and B, found in X. szentirmaii and X. stockiae, are pyrrolizidine
alkaloids (PAs) with diverse pharmacological activities, some of which have
antibacterial and antitumor properties. While most PAs originate from plants, a few
bacterial PAs have been identified, suggesting they may influence the immune response
of symbiotic hosts like nematodes, potentially promoting stable symbiosis with
Xenorhabdus bacteria (Fang et al., 2021; Schimming et al., 2015).

Integrating in silico and in vitro approaches revealed a gap in the compounds
detected by both methods. In vitro analysis failed to detect compounds such as
fabclavine, bovienimide A, acinetobactin, xenematide, PAX peptides, nematophin,
rhabdopeptide/xenortide-like peptides (RXPs), and xenoamicin. While, in silico
analysis cannot predict the presence of Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-
(phenylmethyl), which could correspond to one of the unknown clusters. These findings
highlight the need for further characterization of unknown clusters to fully understand
secondary metabolite production in X. stockiae strain RT25.5. Genome analysis
provided a foundation for predicting biosynthetic pathways, while in vitro detection
shown the presence of specific compounds. This integrated approach not only validated
genetic predictions but also facilitated the further exploration of potential applications
and the discovery of new compounds that may have been overlooked.

To unveil the unknown clusters, easyPACId (Edna et al., 2019; Edna et al.,
2023), an efficient tool for specialized metabolite production, which allows direct
bioactivity testing, was employed. The X. stockiae strain RT25.5 Ahfq mutant was
successfully created. The mutant was colorless and exhibited an absence of most natural
products (NPs), as shown in base peak chromatograms (BPC). However, targeting NP
production in the Ahfg mutants was unsuccessful. This limitation may arise from the
nature of biosynthetic gene clusters, which often consist of multiple separated
transcription units. Activating only one transcription unit may result in partial BGC
activation, leading to incomplete or no NP production. To fully activate the BGC and
achieve complete compound production, serveral promoters must be activated
simultaneously (Sebnem Hazal et al., 2022). Further investigations are needed to

overcome this challenge and optimize NP production.
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The antimicrobial activities of X. stockiae strain RT25.5 were
comprehensively examined through various biological approaches, demonstrating its
potential as a valuable source for antimicrobial agent discovery, particularly against
challenging bacterial infections such as Acinetobacter baumannii. Antibacterial
susceptibility tests, including MIC and MBC assays, highlighted the potency and
spectrum of the RT25.5 extract. To investigate its specific impact on bacterial cells,
electron microscopy revealed morphological changes in A. baumannii treated with the
extract, such as cytoplasmic vacuolization, nucleoid aggregation, increased membrane
permeability, and eventual cell lysis. These findings suggest that the extract disrupted
cell membrane integrity, leading to ribonucleic acid loss but sparing deoxyribonucleic
acid, potentially implying a transcription-inhibition mode of action (Mareike et al.,
2010). Proteomic analysis further revealed significant changes in protein expression
within A. baylyi treated with the RT25.5 extract. A total of 229 proteins showed
increased expression, linked to critical biological processes such as enzymatic
degradation of antimicrobial agents, modifications of bacterial proteins targeted by
antimicrobials, and alterations in membrane permeability. These findings suggest the
involvement of multiple immune-related pathways in bacterial host responses.
Conversely, 147 proteins exhibited reduced expression, including those involved in
essential cellular processes such as heme de-cyclizing activity, transcriptional
regulation, tRNA binding, and siderophore-iron transmembrane transport. These
findings supported our hypothesis, highlighting the impact of the treatment on protein
expressions, particularly in crucial cellular processes and transcriptional regulatory
mechanisms. These results provide valuable insights into the antimicrobial mechanisms
of the RT25.5 extract and its potential applications in combating multidrug-resistant
pathogens.

Genome analysis provided a foundation for predicting biosynthetic pathways,
while in vitro detection confirmed the presence of specific bioactive compounds. This
integrated approach not only validated genetic predictions but also enabled the
discovery of novel compounds that may have been previously overlooked. The
observed antimicrobial activity of X. stockiae strain RT25.5 highlights its potential as
a valuable resource for developing effective antimicrobial agents, particularly against
multidrug-resistant bacterial infections. Proteomic analysis further revealed significant
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changes in protein expression in A. baylyi treated with the crude extract, offering key
insights into the antimicrobial mechanisms of strain RT25.5. These findings emphasize
the importance of genome mining as a powerful tool for identifying bioactive
compound-producing strains and expanding the repertoire of potential therapeutic
agents. Future research should focus on characterizing the specific bioactive molecules
responsible for the antimicrobial effects, optimizing their production, and evaluating
their efficacy in clinical applications, paving the way for the development of next-

generation antibiotics.
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APPENDIX A CULTURE MEDIUM AND CHEMICALS PREPARATION

Nutrient bromothymol blue triphenyl tetazolium chioride agar (NBTA)
(for bacteria isolation)

Components for 1 L

Nutrient agar (Oxoid, Ltd, England) 28 g

Bromothymol blue 0.025 g

Filtered 0.004% tetrazolium chloride 500 pL (dissolved with 90%
alcohol, 0.22 pum filter)

Distilled water 1 L

Preparation
Dissolve all components in distilled water in a flask, then sterilize the flask by placing
it in an autoclave at 121°C for 15 minutes. After sterilization, allow the medium in the
flask to cool to approximately 50°C, then add tetrazolium chloride. Finally, pour the
medium into sterilized petri dishes and let it cool until it solidifies into agar. The
NBTA is now ready for use or can be stored in a refrigerator at 4°C.

Luria-Bertani (LB) broth

Components forl L

Luria-Bertani broth (LB) powder (Caisson LABS, USA) 25 g

Distilled water 1 L

Preparation
Dissolve LB powder in distilled water in a flask, then sterilize the solution by

autoclaving at 121°C for 15 minutes. After sterilization, allow the medium to cool down
in the flask. The LB medium is now ready for use or can be stored in a refrigerator at
4°C.

Luria-Bertani (LB) Agar

Components for 1 L

Luria-Bertani broth (LB) powder (Caisson LABS, USA) 25 g

Distilled water 1 L

Agar 1.5%
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Preparation
Dissolve all components in distilled water in a flask, then sterilize the solution

by autoclaving at 121°C for 15 minutes. After sterilization, allow the medium to cool
down in the flask. The LB medium is now ready for use or can be stored in a refrigerator
at 4°C.

Preparation of Muller Hinton Agar (MHA)

Components for 1 L

Muller Hinton Agar (MHA) (Oxoid, Ltd, England) 38 g

Distilled water 1

Preparation
Dissolve all the components in 1 liter of distilled water. Sterilize the solution

using an autoclave at 121 °C for 15 minutes under steam pressure. After sterilization,
allow the medium to cool down in the flask. The MHA medium is now ready for use

or can be stored in a refrigerator at 4°C.



APPENDIX B BIOINFORMATICS SCRIPTS WRITTEN

AntiSMASH (antibiotics & Secondary Metabolite Shell — loop version)
#!/bin/bash

# Define an array of sample names

samples=("samplel" " sample2" " sample3")

# Define the basedirectory where your input files are located

base_directory="/path/to/your/input/foulder/$sample.gbk"

# Define:the directory where you want to store antiSMASH results

output_directory="/path/to/your/output/foulder/$sample_antismash_output"

# Loop-through. the samples and run antiSMASH
for sample in "${samples[@]}"; do
echo "Running antiSMASH for $sample..."

#'Define theinput'GenBank file path
input_gbk="$base_directory/$sample/$sample.gbk"

# Define the output directory-forthe-Current sample

sample_output_dir="$output_directory/$sample"

# Create the sample-specific output directory

mkdir -p "$sample_output_dir"

# Run antiSMASH with specified options
antismash \

--cc-mibig \

--cb-knownclusters \

--ch-subclusters \



--genefinding-tool prodigal \
--output-dir "$sample_output_dir" \
--output-basename "$sample" \
"$input_gbk"

echo "antiSMASH for $sample completed.”
done
echo "All antiSMASH jobs completed.”

PROKKA (Rapid Prokaryotic Genome Annotation)

#1/bin/bash

# Create the output folder if it doesn't ¢
mkdir -p "$output_folder"

# Funetion to run Prokka foria given genome. folder or-file
function run__prokka() {

local genome_path="$1"

local output_dir="$2"

if [ -d "$genome_path" ]; then

echo "Annotating all .fasta files in $genome_path..."
prokka --outdir "$Soutput_dir" \

--prefix "$(basename "$genome_path™)" \
--locustag "$(basename "$genome_path™)" \
--cpus 16\

"$genome_path"/*.fasta

elif [ -f "$genome_path" ]; then

echo "Annotating $genome_path..."

prokka --outdir "$Soutput_dir" \

--prefix "$(basename "$genome_path" .fasta)" \
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--locustag "$(basename "$genome_path" .fasta)" \
--cpus 16\

"$genome_path"

else

echo "Invalid genome path: $genome_path"

exit 1

fi

}

e 5

# Functionsto.check-if-the ihput folder-contains-.fasta files directly
function check_input_folder() {

local genome_folder="$1"

if [[ $(find "$genome_folder" -maxdepth 1 -type f -name "*.fasta" | wc -1) -gt
01]]; then

echo "Found .fasta files in $genome_folder."

else

echo "No .fasta files found in $genome_folder."

exit 1

fi

}

# Read the list file line"by-line-and-run Prokka for each genome folder
while IFS= read -r genome_name; do
genome_path="$input_folder/$genome_name"

annotation_output="$output_folder/$genome_name"

echo "Checking if $genome_path is a directory or a file..."

run_prokka "$genome_path" "$annotation_output"

echo "Annotation of $genome_name complete."
echo
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done < "$list_file"

echo "All genomes have been annotated."

BiG-SCAPE / CORASON

#1/bin/bash

# BiG-SCAPE Executable Path
BIGSCAPE_PATH="/path/to/bigscape.py"

# Input.folder 0
INPUT FOLDER="/path/to/your/input/folder"

# Output folder for BiG-SCAPE results
OUTPUT _FOLDER="/path/to/output/folder"

# Set optionalpara

CUTOFF=0.30 # Similarity cutoff (default: 0.30)

MODE="hybrids" # BiG-SCAPE mode: ‘all', 'hybrids', '‘pfam’, etc.

CPU=4 # Number of threads to use

MIN_NR_GCF=1 # Minimum number of GCF members (default: 1)
CLUSTERING="single™" # Clustering method: 'single’, 'average', or ‘complete’

# Run BiG-SCAPE

python3 $BIGSCAPE_PATH \
--inputdir $INPUT_FOLDER \
--outputdir SOUTPUT _FOLDER \
--cutoff SCUTOFF \

--mibig \

--mode $MODE \

--clustering $CLUSTERING \
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--cpu $CPU\
--min_nr_gcf SMIN_NR_GCF

echo "BIG-SCAPE analysis completed. Results are stored in
$OUTPUT_FOLDER"

# Save the script to a file, e.g., run_bigscape.sh.
# Make the script executable

chmod +x run_higscape.sh

#Execute the-script:

Jrun_bigscape.sh

Pangenomics - Anvi'o

#1/bin/bash

# Directory contaiming genome FASTA files
GENOMES_DIR="/path/to/genomes"

# Directory-to'store contigs databases
CONTIGS_DIR="/path/to/contigs_db"
mkdir -p $CONTIGS_DIR

# Create contigs databases

for genome in $GENOMES_DIR/* fasta; do

genome_name=$(basename $genome .fasta)

anvi-gen-contigs-database -f $genome -0
$CONTIGS_DIR/$genome_name.db --project-name $genome_name

done

# Directory containing contigs databases
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CONTIGS_DIR="/path/to/contigs_db"

# Annotate each contigs database
for contigs_db in $CONTIGS_DIR/*.db; do
anvi-run-ncbi-cogs -c $contigs_db --num-threads 4

done

# Directory containing contigs databases
CONTIGS_DIR="/path/to/contigs_db"

# Output-genomesistorage database
GENOMES_STORAGE="genomes-storage.db"

# Create genomes storage
anvi-gen-genomes-storage -¢c SCONTIGS_DIR/*.db -0 $SGENOMES_STORAGE
#!/bin/bash

# Input genomes storage database
GENOMES_STORAGE="genomes-storage.db"

# Output,pangenome database
PANGENOME_DB="pangenome.db"

# Create pangenome database
anvi-pan-genome -g $GENOMES_STORAGE -0 $PANGENOME_DB --

minbit 0.5 --mcl-inflation 10 --num-threads 4

# Visualize the Pangenome

anvi-display-pan -p pangenome.db --server-only

# Export Summary of the Pangenome

anvi-summarize -p pangenome.db -0 pangenome_summary



APPENDIX C BINDING SITES OF PRIMERS FOR GENE DELETION

Table 19 Binding sites of primers for hfq gene deletion. (The hfg gene is highlighted
in yellow, while the primers are highlighted in blue. P1 and P4 primers also contain

overhangs specific to the plasmid pEB17, which are highlighted in grey.)

Primer P5 Forward
GATTCTGCACTGGTTTATCGTGGCATGGATATTGGTACTGCGAAACCGTCCGCAGA

AGAGCAGGCTCAGGCTCCGCATCGTTTGATTGATATTCTGGATCCTGCCGACGTGT
Primer P1 Forward with overhang of plasmid pEB17 (in red alphabets)
ATTCTGCTGCTGATTTCGATCCTCTACGAGTCGACCTGCAGCGTCGCGATGCGCTGG
AACAAATGGCAGAAATTACGGCTGCAGGGAGAATTCCGCTCCTGGTCGGCGGAAC
CATGCTATATTTCAAAGCATTACTGGAAGGGTTATCACCACTACCTTCAGCAGACC
CTGAAGTCAGGGCGGTCATTGAGCAGGAGGCAGAGGAACACGGGTGGGAGGCATT
GCATCAGCAATTGCAGGAGATTGATCCGGTTGCAGCAGCAAGAATCCATCCAAAT
GATCCACAACGTCTTACTCGTGCACTGGAAGTTTTTCGGATTTCGGGTAACACTCTA
ACTACATTGACAGAAACGTCTGGGGAAGTATTGCCTTATCGTGTTCATCAGTTCGC
CATTGCGCCTGCAAGCCGTGAAATTTTGCATCAGCGCATTGCAGCCCGATTTGAAC
AGATGATCAAATCAGGGTTTGAAGATGAAGTTAAAGCGCTTTATGCTCGTAGCGAT
TTGCATACGGATTTACCCTCCATTCGTTGTGTTGGTTATCGTCAAATGTGGTCTTAC
CTCGCAGGCGAGATTTCTCATGATGAGATGGTTTATCGTGGTATCTGCGCAACTCG
CCAGCTGGCGAAGCGTCAGATAACCTGGCTCAGGGGGTGGGACGATGTGGCCTGG
TTGGACAGCGACCAGCCTGAGCAGGCCCTGAAAACAGTCATGCAGGTTATTGGTAC
ATAAATTCGTTGATTGTGTACAATTATCAGTACAAAGCGTCATTTTTGAGTAGTTAC
TTTTTCGAACCAACGGGTTCTTAGTTAAAAACAACAAAATAAGGAAAATATAGAAT
GGCTAAGGGGCAATCTTTGCAAGATCCATTCCTGAACGCATTACGTCGTGAAAGGG

Primer P2 Reward
TCCCGGTTTCTATTTATTTAGTCAACGGCATCAAATTGCAGGGTCAGATTGAGTCTT

TTGACCAGTTTGTCATTTTGCTGAAAAACACGGTTAGCCAGATGGTTTATAAACAC

GCCATCTCTACTGTTGTGCCTTCCCGTCCGGTATCTCACCACGGTAGCAATGCTAAT
Primer P3 Forward

ATGGCATCCAGCGTGGGAAATTATCAGGCTGGTAACAGTCCGGCAGCACAACAGG
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AAAATGATATCGCTGAATAAATCAGTGATAATGCCTGACATAAATAAAAACATAG
GTAGGGAGACTTTACCTATGTTTTTCCTATGGAATTTTATACCCAATGGATTTCGAG
TTGCATCTCGGTAGCTTGAAAGACGAAGGGGATACTCAGCCTGAGGGTTGCACCAT
TGTTTGATCGTTACGAAGGCGGAGAACTAGCTGTTCTGGTGCATGTTTTTTTCTCAC
AGGAAAAAGACACGGAAAATCTCAGTGAATTTGAATCATTGGTGACTTCCGCAGG
TGTTTCTCCTGTGCAGATTGTGACAGGAAGCCGTAAGGCTCCGCATCCGAAATATT
TTGTCGGGGAAGGCAAGGCAGAAGAAATTGCTGAAGCAGTCAAAAACAGTGGTGC
AGATGTGGTGCTGTTTGATCACGCACTTTCTCCTGCTCAGGAACGTAATCTGGAAC
GCTTGTGCCAATGTCGTGTTGTTGATCGTACTGGTGTAATACTGGATATTTTTGCCC
AGCGGGCGAGAACTCATGAAGGTAAGTTGCAGGTAGAACTTGCACAGTTACGCCA
TTTATCTACTCGCTTAGTCCGAGGCTGGACCCATCTTGAACGCCAGAAAGGCGGAA
TTGGTTTACGTGGCCCCGGTGAAACCCAGCTGGAATCAGATCGCCGTATGTTGCGC
GATAAAATTAAACAGATTCTGGGGCGTCTTGGTAAAGTAGAAAGACAGCGTGAAC
AGGGGCGTCAGGCGCGCAACAAAGCAGATATTCCCACCGTTTCTCTTGTTGGTTAC
ACCAATGCCGGAAAATCAAGTTTATTCAATAGAATAACCTCGGCTGAGGTATATGC
Primer P4 Reward with overhang of plasmid pEB17 (in red alphabets)
TGCTGATCAGCTTTTTGCTACTCTCGACCCGACATTGCGTCGGATCGCTGTAAATGA
TGTCGGCCCGGTTGTTCTGGCTGACACCGTTGETT IEATTEGTCACGTGACGAATGA
AACCAACGGTGTCTTACCCCATGATTTGGTGGCAGCGTTTAAGGCCACTTTGCAGG
Primer P6 Reward

AAACAAGGCAGGCAAGGTTATTGCTTCATGTTGTTGATGCGGCTGATAACCGGCTG

GATGAGAACATTCTTGCAGTGGACAGTGTTCTGGCAAG
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Figure 22 Hfq Deletion. (A) Xenorhabdus Stockiae RT25.5 WT (B) Xenorhabdus
stockiae RT25.5 Ahfq; light-colored colonies were selected for PCR
verification. (C) Colony PCR verification of selected colonies.
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Figure 23 The base peak chromatograms (BPCs) of cell-free supernatants
extracted with methanol from Xenorhabdus stockiae RT25.5 wild type
(WT) and the X. stockiae RT25.5 Ahfgq mutant reveal differences in
metabolite profiles, providing insights into the effects of the Ahfq

mutation on secondary metabolite production

Green Line: Represents the BPC of the methanol-extracted supernatant from
the WT strain (X. stockiae RT25.5). This chromatogram displays peaks corresponding
to various natural products (NPs) synthesized by the WT strain, reflecting the normal
biosynthetic activity of its biosynthetic gene clusters (BGCs).

Red Line: Represents the BPC of the methanol-extracted supernatant from the
Ahfg mutant. The significant reduction or absence of peaks in this chromatogram
suggests that the mutation in the hfq gene disrupts the expression or activation of many

BGCs, resulting in reduced production of almost NPs
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Figure 24 The results of antibacterial activity testing using crude compounds

from bacteria.
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