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Abstract: Bark beetle-associated bacteria from the sub-boreal and boreal forests of northern
Canada represent a largely unexplored source of bioactive natural products. This study
aims to investigate the chemical potential of bacteria isolated from Dendroctonus ponderosae,
Dendroctonus rufipennis, Dendroctonus pseudotsugae, and Ips perturbatus by focusing on
nitrogen-containing secondary metabolites. Genomic analyses of the bacterial isolates
identified diverse biosynthetic gene clusters (BGCs), including nonribosomal peptides
(NRPs), NRPS-PKS hybrids, and ribosomally synthesized and post-translationally modified
peptides (RiPPs), many of which exhibit low sequence homology, suggesting potential
for novel bioactive compounds. Nitrogen-15 NMR spectroscopy was employed to detect
nitrogen-containing functional groups in crude extracts, revealing distinct signals for
amides, amines, and nitrogen heterocycles. The combination of BGC predictions and NMR
data highlighted the genetic and chemical diversity of these bacteria and underscored
the potential for discovering novel nitrogen-rich metabolites. These findings provide a
foundation for further exploration of bioactive natural products with pharmaceutical and
agrochemical applications and potential to contribute to the understanding of the chemical
ecology of bark beetle–microbe interactions in northern ecosystems.

Keywords: nitrogen-containing natural products; natural product discovery; bark
beetle-associated bacteria; biosynthetic gene clusters; nitrogen-15 NMR spectroscopy;
nonribosomal peptides (NRPs); nonribosomal peptides–polyketide hybrids

1. Introduction
Small molecule natural products, or secondary/specialized metabolites, have histori-

cally been a significant source of active pharmaceutical agents [1–3]. Additionally, natural
products are an emerging source for ecologically sustainable agrochemicals [4]. These
secondary metabolites are produced by organisms in response to their environment, often
unique to genera, species, and even bacterial strains [5]. Due to these constant ecological
interactions, small molecule natural products are marked by their structural diversity and
complex chemical scaffolds [6]. These structural scaffolds inspire synthetic advances, lead
to molecular and biochemical understanding, and are the underpinnings of pharmaceuti-
cals. New biologically relevant structural scaffolds drive chemical advances in these fields
and thus the search for them. There is also an increased understanding that these secondary
metabolites moderate microbiome interactions. As chemical diversification of these small
molecule natural products (<2000 Daltons) occurs over evolutionary time, underexplored
rich ecological niches can yield undiscovered natural products [7]. Northern sub-boreal
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and boreal forests are a diverse environmental resource whose natural product potential
has yet to be significantly bioprospected.

Insect-associated microbes are often involved in complex ecological interactions which
may be drivers for the production and diversification of specialized metabolites [8,9].
Indeed, it has been shown that insect-associated microbes are a rich source of novel natural
products (NPs) with bioactive properties [10–13]. Canadian-isolated microbes currently
represent only ~1% of natural product-relevant microbial databases, despite Canada’s
biodiversity and size and despite the likelihood that unique ecological niches often yield
novel chemistry [14]. The insect-associated bacterial natural product (NP) potential of
northern sub-boreal and boreal forests [15] is of particular interest as it is largely unexplored.
Endemic northern bark beetle (NBB) species are involved in complex tree–fungal–insect
ecological relationships, important to forest dynamics in the Canadian provinces of British
Columbia (BC), Alberta, and the Yukon Territory (YT) [16,17]. The fungal species help the
bark beetles overcome tree host defenses and colonize bark galleries where the beetle larvae
mature. Such complex insect relationships have previously been a rich source of bacterial
NP chemodiversity and chemical ecology studies in tropical ants and termites [8,9,12,13].
Nevertheless, the natural product capacity of these NBB-associated bacteria is largely
unexplored. Northern BC and Alberta have experienced pine (Dendroctonus ponderosae) and
spruce (Dendroctonus rufipennis) beetle crises at varying times over the last 30 years, with
their exploding populations causing devastation to both the forests and the forest industry.
Two species, Dendroctonus ponderosae (mountain pine beetle—MPB) and D. rufipennis (spruce
bark beetles—SBB), have been expanding far past their endemic range, causing devastation
in the forests and forest industry. Recent research at the University of Northern British
Columbia (UNBC) on the expanding D. ponderosae and D. rufipennis populations has shown
strain level changes in the beetles and their fungal partners [18]. The chemical investigations
of Streptomyces species isolated from the southern pine beetle (Dendroctonus frontalis) have
shown that bacteria associated with Dendroctonus species can be a source of structural
diversity and biologically relevant compounds [19]. Despite this, the chemical potential of
northern Canadian pine and spruce beetles’ microbiomes or any of the endemic bark beetles
has not been well investigated. In this work, we describe a first foray into exploring the
natural product potential of bacteria isolated from a number of endemic NBB species from
BC and YT in Canada utilizing biosynthetic gene cluster analysis and nitrogen-15 NMR.

Biosynthetic gene clusters (BGCs) are contiguous sets of genes within a microorgan-
ism’s genome that encode the enzymes and regulatory elements required for the production
of secondary metabolites [20,21]. These natural products include antibiotics, antifungals,
anticancer agents, and other bioactive compounds with ecological and therapeutic impor-
tance [22]. BGCs allow coordinated expression of genes for precursor biosynthesis, product
assembly, and pre- and post-assembly tailoring.

Advances in genome sequencing and bioinformatics tools, such as antiSMASH, BiG-
SCAPE, and MIBiG, have revolutionized the identification and analysis of BGCs [20,23,24].
These tools utilize core enzymes to predict the types of natural products encoded by
BGCs—such as nonribosomal peptides (NRPs), polyketides (PKs), and ribosomally syn-
thesized and post-translationally modified peptides (RiPPs)—and classify them based on
sequence homology and domain architecture. Matching the chemical diversity of natural
products, there is a corresponding diversity of BGCs. Structural differences in natural prod-
ucts can be hypothesized based on gene cluster organization differences and low sequence
homology [25–27]. Thus, mining BGCs has become a powerful strategy for discovering
novel bioactive compounds, offering a sustainable approach to drug discovery and de-
velopment [21]. Nevertheless, this in silico prediction is just the first step, and natural
products must still be isolated and structures elucidated in order for these compounds to
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be useful as pharmaceuticals and produced using chemical synthesis or biotechnological
means [25–27].

Nuclear Magnetic Resonance (NMR) is a fundamental tool in natural product struc-
ture elucidation and discovery, capable of probing chemical environments of key elements,
including nitrogen [28]. Among nitrogen’s isotopes, 15N is preferred for NMR studies
due to its spin-½ properties and lack of quadrupolar relaxation, despite its low natural
abundance (0.37%) and sensitivity [29]. Advances in two-dimensional experiments, such as
1H-15N HSQC and 1H-15N HSQC-TOCSY, have significantly enhanced the utility of nitro-
gen NMR by transferring sensitivity from 1H to 15N through polarization transfer [30,31].
This allows for the detection of nitrogen-containing functional groups in structurally com-
plex and low-abundance natural products [30,31]. More recently, these advances have
allowed 15N NMR to be utilized for targeted discovery of natural products in conjunction
with genomic data [25–27,32–34].

Nitrogen functional groups are contained within nitrogen-containing natural products
that have demonstrated bioactivities such as nonribosomal peptides (NRPs), nonribosomal
peptide–polyketide hybrids (NRP-PK hybrids), alkaloids, and RiPPS. Nitrogen’s wide spec-
tral range (~900 ppm) offers clear advantages in resolving chemical environments across
diverse functional groups. Amides, amines, and nitrogen heterocycles exhibit distinct chem-
ical shifts that can be directly linked to their electronic and structural environments [29,35].
For example: amides resonate between 150 ppm and 100 ppm; primary amines resonate
between 80 and 30 ppm, influenced by hydrogen bonding and solvent effects; and nitrogen
heterocycles, such as pyrroles and imidazoles, typically appear from 150 ppm to 250 ppm.

This wide spectral range is especially useful for nitrogen-containing secondary metabo-
lites, such as peptides and alkaloids, where the large spectral dispersion of nitrogen facili-
tates observations of potential distinct natural product classes even within crude extracts.
Recent methodological advances have made nitrogen NMR increasingly accessible for nat-
ural product analysis, even at low material quantities, by integrating high-field instruments
and stable isotope labeling to enhance sensitivity [36]. This positions nitrogen NMR as an
indispensable tool in identifying and characterizing nitrogen-rich metabolites from natural
product libraries. Previous work has focused on utilizing nitrogen NMR in conjunction
with gene cluster analysis for targeted discovery of specific natural product motifs.

In modern times, BGC data are beneficial, if not critical, for identifying bacterial natural
product potential; however, many BGCs remain silent under standard laboratory condi-
tions [37,38]. Previous studies have demonstrated that nitrogen-15 NMR experiments, like
1H-15N HSQC (detects directly bonded nitrogen protons), 1H-15N HSQC-TOCSY (detects
directly bonded nitrogen protons and associated spin systems), and 1H-15N HMBC (detects
nitrogens and protons that are two–three bonds apart), can assess whether bacterial extracts
contain expressed nitrogen-containing secondary metabolites [25–27,33,39]. The application
of 15N NMR enables the detection of nitrogen-containing functional groups even in minimally
processed crude extracts, allowing for experimental correlation with in silico natural product
predictions [25,27]. The wide spectral dispersion of nitrogen NMR (~900 ppm) provides the
resolution of functional groups such as amides, amines, and nitrogen heterocycles, which helps
prioritize bacterial strains for isolation efforts targeting putatively novel nitrogen-containing
natural products.

This study integrates BGC analysis with nitrogen-15 NMR to assess the chemical
potential of bacteria associated with Canadian NBB. The primary objective is to establish
an initial roadmap for the discovery of nitrogen-rich natural products by defining key
screening criteria for prioritizing bacterial strains. Specifically, the study aims to identify
bacterial isolates that contain (1) BGCs with low sequence homology or distinct gene
organization and (2) correlations in ¹H-¹5N HSQC NMR experiments. Due to sequencing
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capacity constraints, bioassays are used as phenotypic guides to select bacterial strains
from hundreds of isolates for whole genome sequencing. Once whole genome sequence
data are obtained, bioinformatics tools such as antiSMASH and BiG-SCAPE are used to
predict nitrogen-rich natural products, such as NRPs and NRP-PKS hybrids. By integrating
genomic and ¹5N NMR spectroscopic approaches, this study seeks to determine whether
predicted nitrogen-producing BGCs are actively expressed in initial isolate extract screens.
These findings will guide the selection of bacterial strains for further media diversification,
scale-up, and chemical investigations aimed at isolating and elucidating the structures of
potentially novel nitrogen-containing scaffolds from northern Canada’s forests.

2. Materials and Methods
2.1. Sample Collection, Bacterial Isolation, and Cultivation
2.1.1. Sample Collection and Isolation

Samples were collected or donated from various bark beetle species and their galleries
across BC and YT. Bark beetles were obtained from infected trees and funnel traps. Of the bacte-
rial isolates discussed herein, collection sites were Whisker’s Point, BC, Canada (D. rufipennis
and bark galleries); funnel traps laid by the Huber Lab at UNBC, Prince George, BC, Canada
(D. pseudotsugae—Douglas Fir Beetles (DFB)); infected bolts provided by the BC Ministry of
Forest from the Southern Kootenays (D. ponderosae); and funnel traps established and monitored
by the YT Ministry of Forest in Haines Junction YT in Champagne–Aishik First Nations territory
(Ips perturbatus). Before beetle collection, permission was granted by the Champagne–Aishik
First Nations for retrieval of beetles from the funnel traps for scientific purposes, as well as a
scientific permit received from the YT government. Beetle samples were processed immediately
after collection or stored at −20 ◦C prior to processing.

Surface sterilization of the bark beetles was performed by submerging the beetles
in a modified White’s solution (1 g HgCl2, 6.5 g NaCl, 1.25 L HCl, 250 mL ethanol, and
750 mL distilled water) for one minute [40]. Following sterilization via White’s solution,
samples were rinsed with sterile ddH2O two times before further processing. This sterile
water was spread on to TSA plates to ensure that no bacteria were present after sterilization.
After sterilization, the bark beetle specimens were crushed in a sterile mortar and pestle,
serially diluted with sterile water, and inoculated on selective media. Bark beetle frass
collected from galleries of infected trees was placed into a sterile water and shaken for 24 h
before being serially diluted onto selective media. Selective media included Actinomycete
Isolation Agar (AIA), Burkholderia Isolation Media (RBMII), Chitin Agar II (CAII), Insect
Frass Agar (IA), and Yeast Extract Malt Extract Agar (YEME) (see SI for complete media
components). Plates were incubated at room temperature or 28 ◦C for up to 8 weeks,
and distinct colonies were subcultured (min. 2×) onto further agar plates for purity
and identification.

2.1.2. Cryogenic Storage of Bacterial Isolates

Pure bacterial isolates were cultured in Tryptic Soy Broth (TSB), MM1 broth, or MM11
broth and shaken (210 RPM) for 3–5 days at room temperature (Being Scientific Orbital
Shaker, Canadawide Scientific, Ottawa, ON, Canada) or 28 ◦C (Thermofisher MaxQ 4000
Incubated Orbital Shaker, Fisher Scientific, Ottawa, ON, Canada). After growth, sterile
40% glycerol solution was added in a 1:1 ratio with the media containing the bacteria,
mixed thoroughly, and dispensed in multiple sterile cryotubes. Thus, bacteria isolated were
preserved in 20–25% glycerol for cryogenic storage at −80 ◦C (Thermofisher Cryogenic
Freezer, Fisher Scientific, Ottawa, ON, Canada). All isolates were cataloged with unique
identifiers in electronic and paper records.
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2.1.3. Assays for Strain Prioritization and Subsequent Crude Extract Preparation

Pure bacterial isolates were screened for antifungal activity against Fusarium oxysporum
and Fusarium culmorum. Challenge assays were conducted on YMS media (4 g yeast extract,
10 g malt extract, 4 g soluble starch, 20 g agar, and 1 L distilled water) as it was determined
that the bacterial isolates and phytopathogens grew well on this media [41]. Protocols were
performed as previously described [42]. The exception was the slow -growing Streptomyces
bacterial cultures which were streaked on opposite poles of the plates, incubated for
4–5 days, and challenged with fungal plugs placed in the center of the plates. Zones of
inhibition were categorized as strongly antifungal, weakly antifungal, or non-antifungal
based on visible fungal suppression and previously described procedures [42].

As we must be selective in what strains we submit for whole genome sequencing
due to lab resources, these initial assays were utilized to select bacterial strains with the
potential for producing antifungal compounds to move forward with whole genome
sequencing and spectroscopic analysis. After these assays were conducted, nine strains
were selected (Table 1) for parallel analysis—(1) submission to sequencing labs for whole
genome sequencing (Section 2.2) and (2) crude extract preparation to complete spectroscopic
analysis and disc diffusion assays. Disc diffusion assays were conducted to check that the
challenge assay results arose from organic solvent-soluble small molecule natural products,
which are the compounds of interest for further study.

Table 1. Sources and collection details of bacterial isolates from bark beetles and their galleries.

Isolate Bark Beetle Source Bark Beetle or Gallery Location

KDM-22-177-SBBG Dendroctonus rufipennis Gallery of Infected Tree Whisker’s Point, BC, Canada
KDM-22-269-MPB Dendroctonus ponderosae Crushed beetle Cranbrook, BC, Canada
KDM-22-148-DFB Dendroctonus pseudotsugae Crushed beetle Prince George, BC, Canada

KDM-22-161-SBBG Dendroctonus rufipennis Gallery of Infected Tree Whisker’s Point, BC, Canada
KDM-22-185-DFB Dendroctonus pseudotsugae Crushed beetle Prince George, BC, Canada
KDM-23-16-IPS Ips perturbatus Crushed beetle Haines Junction, YT, Canada

KDM-23-410-IPS Ips perturbatus Crushed beetle Haines Junction, YT, Canada
KDM-23-158-IPS Ips perturbatus Crushed beetle Haines Junction, YT, Canada
KDM-23-275-IPS Ips perturbatus Crushed beetle Haines Junction, YT, Canada

To begin crude extract preparation, 200 µl (100 mm plates) or 400 µl (150 mm) of
bacterial inoculum was spread on agar plates; either three 100 mm plates or one 150 mm
plate. Bacillus species were grown on RBMII, YMS, or PDA media. Streptomyces strains were
grown on YMS or YEME agar for 14 days until sporulation was complete. All species were
harvested by cutting the agar lawn into small squares, transferring to a glass container, and
submerging with ethyl acetate (EtOAc, 100 mL) for extraction. After 24 h, the EtOAc extract
was filtered through Whatman filter paper (Grade 2) and the agar resubmerged in fresh
EtOAc (2×, 100 mL). All filtered EtOAc extracts were combined and the solvent removed
under reduced pressured via rotary evaporation (Buchi R200) with a water bath held at
40 ◦C following similar protocols previously reported for crude extract preparation [25–27].
The resulting crude extract residues were dissolved in methanol (1–2 mL), transferred to
pre-weighed 20 mL scintillation vials, and freeze dried (Buchi L-200) to remove residual
solvents [25,41]. These crude extracts were stored in the freezer until ready to be examined
in nitrogen NMR experiments and utilized for disc diffusion assays. No further filtrations
steps were needed for NMR preparation, which is one of the strengths of NMR analysis of
crude extracts.

For disc diffusion screens, crude extracts were reconstituted in DMSO at a concentra-
tion of 4 µg/µL for further assays. Disc diffusion assays were performed to evaluate the
antifungal activity of crude extracts against Fusarium oxysporum. Crude extracts were pipet-
ted onto Grade 3 Whatman filter paper discs, which were placed on YMS plates inoculated
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with fungal spore suspensions before being placed in a dark environment. Positive controls
(10 mg/mL nystatin) and negative controls (DMSO) were included. Zones of inhibition
were measured every 12 h beginning at 12 h after the initial incubation period and every
12 h thereafter until 72 h was reached.

2.2. Genomic Sequencing and BGC Analysis

Bacteria were grown for 24 h by shaking in tryptic soy broth at 28 ◦C or RT at 210 RPM
(shakers listed in Section 2.1.2). After that growth, the cells were collected through centrifuga-
tion, the supernatant was discarded, and 500 uL of Zymoprep© DNA/RNA shield was added.
Bacterial cells were then shipped to either EZbiome (KDM-22-177-SBBG, KDM-22-269-MPB,
KDM-22-148-DFB, KDM-22-161-SBBG) or plasmidsaurus (KDM-22-185-DFB, KDM-23-16-IPS,
KDM-23-410-IPS, KDM-23-158-IPS, KDM-23-275-IPS) for DNA extraction and whole genome
sequencing. Short-read sequencing (EZbiome) was used for the KDM-22-177-SBBG, KDM-22-
269-MPB, KDM-22-148-DFB, and KDM-22-161-SBBG strains, nanopore long-read sequencing
(plasmidsaurus) was used for KDM-23-16-IPS, KDM-23-410-IPS, KDM-23-158-IPS, and KDM-
23-275-IPS sequencing, and hybrid sequencing utilizing short reads and long reads from
Illumina and nanopore sequencing systems, respectively, was utilized by plasmidsaurus for
sequencing KDM-22-185-DFB. Sequencing data were obtained from the sequencing compa-
nies, and the FASTA files were edited utilizing Visual Studio Code v. 1.96 to add the lab
strain names to the sequencing data. These files were then run through the bioinformatics
software antiSMASH 7.0 both in the browser-based platform and natively on a downloaded
antiSMASH [23]. The standard settings for the shell were modified to include ClusterBlast,
MIBiG cluster comparison, and Cluster Pfam analysis [20,22]. After analysis, each antiSMASH
result was reviewed at the gene cluster level, for known cluster homology, MIBiG comparison,
and accuracy.

From the antiSMASH analysis, .gbk files for each predicted secondary metabolite gene
cluster was downloaded and arranged into folders by bark beetle source, as well as a col-
lective folder of all sequenced genomes for analysis with BiG-SCAPE-CORASON v.1 [24].
BiG-SCAPE-CORASON was installed using the Docker container provided by the devel-
opers through Git-Hub. Standard BiG-SCAPE settings were used to analyze the presence
or absence of gene cluster families (GCFs) in bacteria that were sourced from the same
bark beetles and across all bark beetles. Select natural product class networks obtained
from BiG-SCAPE that demonstrated the presence of two or more gene clusters in the same
GCF were visualized using Cytoscape v. 3.10.3 [43]. Select networks of interest, namely
those natural product classes normally containing nitrogen, had their gene clusters further
compared utilizing clinker [44].

2.3. NMR and Spectroscopic Profiling
1H-15N HSQC was chosen as the NMR experiment to probe the presence of nitrogen-

containing natural products within crude extracts from select bacterial isolates as it has
increased nitrogen sensitivity even from within unlabeled samples. To prepare samples for
the nitrogen-15 NMR experiments, a minimum of 20 mg of crude extract was dissolved in
0.5 to 0.6 mL DMSO-d6 (Cambridge Isotopes, ACP Chemicals, Quebec, QC, Canada) and
transferred to an appropriate NMR tube (5mm × 7 inches, Wilmad, Millipore Sigma, Toronto,
ON, Canada). DMSO-d6 was selected as the solvent as it generally dissolves the greatest
variety of polarities, and being non-protic, exchangeable protons on nitrogens are visible both
in the 1H as well as 2D 1H-15N HSQC. All NMR experiments were run on a Bruker 400 MHz
Evo NMR equipped with a SmartProbe. 1H-15N HSQC experiments were acquired with
256 scans in the direct dimension (F2) and 32 increments in the indirect dimension (F1). This
greatly saves time but allows for increased sensitivity for observing unlabeled nitrogens with



Nitrogen 2025, 6, 13 7 of 20

attached protons in the crude extracts. In our hands, long-range 1H-15N HMBC experiments
are not sensitive enough to pick up nitrogen signals in crude extracts without labelling. F1 15N
sweep width was set to 500 ppm with an O2P of 114 ppm.

2.4. General Experimental Procedures

The 15N NMR spectra were recorded on a Bruker Evo 400 MHz spectrometer equipped
with a 2-channel multinuclear SmartProbe at 25 ◦C. 15N NMR two-dimensional spectra
are referenced to ammonia set equal to 0 ppm. Chemical shift values have an accuracy
of about 1 ppm. DMSO-d6 (99.9%), the deuterated solvent used for all NMR experiments
listed in this paper, was purchased from Cambridge Isotopes through their Canadian
distributor ACP Chemicals. All media components (Bioreagent grade, see SI for all detailed
components) were obtained from Fisher Scientific or Millipore Sigma. All organic solvents
were purchased from Millipore Sigma, Toronto, ON, Canada (EtOAc, ACS reagent grade;
methanol, HPLC grade) or Fisher Scientific, Edmonton, Canada (DMSO, ACS grade).
Zymoprep DNA/RNA shield was purchased through their Canadian distributor Cedarlane
Labs (Canada).

2.5. List of Sample Name Abbreviations Used in the Text

• NBB—Northern bark beetle
• MPB—Mountain pine beetle (D. ponderosae)
• SBB—Spruce bark beetle (D. rufipennis)
• DFB—Douglas fir beetle (D. pseudotsugae)
• IPS—Ips perturbatus (a bark beetle species)

2.6. Use of Generative AI in Publication Preparation

During the preparation of this manuscript/study, the author(s) used Chat-GPT 4.0 to
help assess written text for completion and flow. Text was written and then placed into
Chat-GPT with the directives to ensure all listed data were complete as discussed in the
text. It was also used to create table headings, to pull out a list of abbreviations from the
completed text, and to correct grammar. At no time was Chat-GPT used for data creation
or analysis. The authors have reviewed and edited the output and take full responsibility
for the content of this publication.

3. Results
3.1. Bacterial Isolation and Cultivation

Based on the initial challenge, pair-wise and disk diffusion assays, a total of nine
bacterial isolates were selected from those obtained from bark beetles and their galleries,
representing different species and collection sites in BC and YT (Table 1). Samples were
collected predominantly from crushed beetles. MPB specimens were provided by Dr. Brent
Murray (UNBC) collected from infected tree bolts. DFB specimens were provided by
Dr. Dezene Huber (entomologist, UNBC) after collection from standard traps. Isolates
from IPS were collected from crushed beetles obtained with the help of the YT Ministry
of Forestry from standard traps they monitor near Haines Junction, YT. Two isolates were
obtained from the bark beetle galleries left in the phloem of trees infected with SBB in
Whisker’s Point, BC. The bacterial isolates were identified to species level using UBCG
(Universal Bacterial Core Gene) analysis through Truebac ID vs 1 software [45]. Table 2
summarizes the closest bacterial species matches based on sequence identity and coverage.
Most isolates were closely related to species within the genera Bacillus and Streptomyces.
The highest sequence identity and coverage were observed for KDM-22-185-DFB, which
matched Streptomyces cinereospinus at 99.4% identity and 94.8% coverage. Nevertheless,
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comparisons between the gene clusters of sequenced Streptomyces cinereospinus utilizing
antiSMASH demonstrated little overlap in BGC identity. In contrast, KDM-22-161-SBBG
exhibited lower identity and coverage values (91.0% and 42.6%, respectively), suggesting a
more distant relationship to its closest match, Streptomyces brevispora.

Table 2. Taxonomic identification of bacterial isolates based on sequence analysis.

Isolate Name Bacteria Species Most
Closely Related To

Sequence
ID %/Coverage % Method of Analysis

KDM-22-177-SBBG Bacillus velezensis 98.3/69.8 UBCG
KDM-22-269-MPB Bacillus altitudinis 99.4/68.1 UBCG
KDM-22-148-DFB Streptomyces albidoflavus 99.1/69.9 UBCG

KDM-22-161-SBBG Streptomyces brevispora 91.0/42.6 UBCG
KDM-22-185-DFB Streptomyces cinereospinus 99.4/94.8 UBCG
KDM-23-16-IPS Streptomyces sp. CNB091 95.1/51.3 UBCG

KDM-23-410-IPS Streptomyces albidoflavus 99.1/68.9 UBCG
KDM-23-158-IPS Streptomyces setonii 96.2/51.4 UBCG
KDM-23-275-IPS Streptomyces microflavus 98.2/66.5 UBCG

3.2. Secondary Metabolite Biosynthetic Gene Cluster Analysis
3.2.1. Overview of Genomic Features

The genomes of nine bacterial isolates associated with bark beetles were sequenced
and analyzed to determine genome size, number of contigs, GC content, and assembly
quality metrics (N50). These features highlight the diversity and complexity of the isolates’
genomes (Table 3).

Table 3. Genomic features of bacterial isolates from bark beetles.

Isolate Name Genome Size (Mb) No. of Contigs GC Content (%) N50 (bp)

Dendroctonus rufipennis
KDM-22-177-SBBG 3.94 52 46.42 319,638
KDM-22-161-SBBG 8.49 94 70.87 6,636,282

Dendroctonus pseudotsugae
KDM-22-148-DFB 7.02 84 73.46 151,321
KDM-22-185-DFB 7.20 13 72.10 3,731,363

Dendroctonus ponderosae
KDM-22-269-MPB 3.70 12 41.24 463,929

Ips perterbatus
KDM-23-16-IPS 8.60 2 71.40 8,456,531

KDM-23-410-IPS 7.10 2 73.40 7,051,502
KDM-23-158-IPS 8.90 6 71.40 3,306,723
KDM-23-275-IPS 8.10 3 71.40 7,914,817

Genome sizes ranged from 3.70 Mb (D. ponderosae, KDM-22-269-MPB) to 8.90 Mb (IPS,
KDM-23-158-IPS), reflecting differences in genomic content across bacterial species. The
number of contigs varied significantly from highly contiguous genomes with as few as
2 contigs (IPS, KDM-23-16-IPS and KDM-23-410-IPS) to more fragmented assemblies with
up to 94 contigs (D. rufipennis, KDM-22-161-SBBG).

GC content was highly variable, with percentages ranging from 41.24% (D. ponderosae,
KDM-22-269-MPB) to 73.46% (D. pseudotsugae, KDM-22-148-DFB). The high GC content
observed in several isolates is typical for species within the Streptomyces genus. The
Streptomyces genus is known to be a prolific producer of natural products and their high
GC content. Indeed, it appears the Streptomyces isolates encode biosynthetic pathways for
secondary metabolites, consistent with their predicted BGCs.
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The assembly quality, measured by N50, varied widely, with the highest N50 value of
8,456,531 bp (IPS, KDM-23-16-IPS), indicating a highly contiguous assembly. Conversely,
assemblies with smaller N50 values, such as 151,321 bp (D. pseudotsugae, KDM-22-148-DFB),
were more fragmented, potentially due to genomic complexity or sequencing challenges.

3.2.2. BGC Identification and Analysis

BGC analysis was conducted from the genomes of nine bacterial isolates associated
with bark beetles using antiSMASH 7.0, revealing a total of 226 BGCs across all samples
(Table 4). These BGCs included 40 polyketide synthase (PKS) clusters, 29 nonribosomal
peptide synthetase (NRPS) clusters, 23 PKS-NRPS hybrids, 31 terpene synthase clusters,
and 43 RiPP clusters. A minimum of 42% of the BGCs were predicted to be coding for
nitrogen-containing compounds—29 NRPS clusters, 23 PKS-NRPS hybrids, and 43 RiPP
clusters, while not considering putative nitrogen-containing compounds among the “Other”
category. Indeed, 60 gene clusters fell into the “Other” category, representing various less
common biosynthetic pathways. antiSMASH automatically performs a comparison of pre-
dicted BGCs with the characterized BGCs from the MIBiG database through antiSMASH’s
knownclusterblast and MIBiG comparison functions. By carefully assessing each predicted
BGC against known clusters, it was observed that, notably, several NRPS and hybrid
NRPS-PKS clusters exhibited unique domain organization and tailoring enzymes, suggest-
ing the potential for novel bioactive compound production (see Figures S1–S3 for a few
select examples).

Table 4. Distribution of BGCs and their classes in bacterial isolates from bark beetles.

Isolate Name Number of
BGCs * # of PKS # of NRPS

# of
PKS/NRPS

Hybrids

# of
Terpenes # of RIPPS

Dendroctonus rufipennis
KDM-22-177-SBBG 10 # 5 1 1 2 0
KDM-22-161-SBBG 30 # 7 7 2 5 5

Dendroctonus pseudotsugae
KDM-22-148-DFB 21 # 7 3 1 3 6
KDM-22-185-DFB 36 7 3 6 4 4

Dendroctonus ponderosae
KDM-22-269-MPB 9

Ips perterbatus
KDM-23-16-IPS 35 4 2 3 4 10
KDM-23-410-IPS 21 1 2 2 3 6
KDM-23-158-IPS 31 4 2 4 5 6
KDM-23-275-IPS 33 5 3 2 5 6

Total Numbers 226 40 29 23 31 43
# Large number of partial fragments not counted to this total. * The remainder of BGCs fall under the “Other”
classification. Notes: KDM-22-185-DFB: 36 BGCs with 3 contig-edge fragments counted as 1; KDM-23-16-IPS:
35 BGCs with 1 contig-edge fragment excluded; Other isolates showed minor variations in contig-edge clusters,
detailed in the text.

Cluster diversity across the isolates exhibited a wide range in the number and types of
BGCs. KDM-22-177-SBBG, isolated from galleries of D. rufipennis-infected trees, contained
10 BGCs, predominantly PKS (five clusters), while KDM-22-161-SBBG harbored 30 BGCs,
including seven PKS, seven NRPS, and two hybrid clusters. In isolates from D. pseudotsugae,
KDM-22-185-DFB showed the highest diversity with 36 BGCs, including six hybrids and
four terpene clusters. Among IPS isolates, KDM-23-16-IPS had the most BGCs (35), with
10 RiPP clusters, three hybrids, and four terpene clusters, while KDM-23-275-IPS exhibited
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similar diversity with 33 total BGCs and a balanced distribution across PKS, NRPS, hybrids,
and other types.

These BGC values in the thirties aligns with previously reported Streptomyces quanti-
ties [46]. However, these genomes appear to have greater NRPS and PKS-NRPS BCG abun-
dance (12% and 10%, respectively) compared to total values found in previous pangenome
studies (5% and 2%) [46]. It is difficult to assess if this difference arises because the bacteria
represented here were chosen for sequencing because of them producing a positive result in
antifungal assays or if it is a result of their NBB association. Further genomic comparisons
with NBB-associated bacteria that did not display such a phenotype in antifungal assays
are needed to further assess any potential sources of differences.

Several genomes contained large numbers of partial or fragmented BGCs on contig
edges. For example, KDM-22-161-SBBG had 15 partial fragments distributed across small
contigs, likely representing one–three distinct BGCs. The total number of gene clusters for
KDM-22-161-SBBG was assumed to have one additional BGC from the fragments. Similarly,
KDM-22-148-DFB, KDM-22-177-SBBG, and KDM-23-275-IPS contained three, three, and
one partial fragment, respectively, potentially belonging to additional BGCs or overlapping
clusters that were not counted towards the total number of BGCs.

3.2.3. Gene Cluster Families, BGC Diversity, and Nitrogen-Containing BGCs

BGC analysis revealed that the Bacillus species, despite having fewer predicted gene
clusters, overwhelmingly contained gene clusters with 90–100% homology to the BGCs of
known compounds. In fact, multiple of these gene clusters (the majority of polyketide origin
so not discussed herein) had 90–100% homology to antifungal compounds and are thus most
likely producing the observed antifungal activity. Cblaster (CAGECAT) analysis revealed that
the majority of these BGCs were common across other Bacillus species reported to have use as
biopesticides or involved in microbiome interactions [47]. As such, these Bacillus species may
play a role in the chemical ecology of the bark beetle–tree host–fungi–bacteria holobiont, but
they are not promising reservoirs of novel natural products.

Conversely, analysis of the Streptomyces isolates revealed distinct gene clusters with low
sequence homology (10–30%) to known BGCs. GCF analysis revealed that in the Streptomyces
isolates, regardless of origin, BGCs for terpenes and RiPPS natural product classes were most
commonly of high sequence homology to known compounds. In addition, predicted terpenes
and RiPPS classes had the highest populated GCFs across isolates. Streptomyces albidoflavus
strains KDM-22-148-DFB and KDM-23-410-IPS, like the Bacillus species, had BGCs with
high sequence homology to known antifungal compounds of polyketide origin. Conversely,
predicted NRPS and NPRS-PKS hybrids containing NRPS core domains in one or more
modules appeared to have the most unique BGCs with little population of GCFs across the
isolates. Clinker was thus applied to better visualize similarities [44].

Although not a nitrogen-containing product, terpenes were the most widely shared
natural products between all the isolates. For the predicted terpene BGCs which contained
at least one terpene synthase of the 31 identified terpene-like BGCs, BiG-SCAPE revealed
that 24 were shared across multiple genomes, indicating a high degree of conservation
among the isolates (Figure 1a). Notably, a terpene BGC associated with the terpene hopene
was present in all Streptomyces genomes with 100% sequence homology and gene organi-
zation, while another terpene BGC with limited sequence homology to any characterized
terpene synthase was identified in four of the sequenced genomes. This prevalence of
hopene has been identified through pangenome analysis of Streptomyces species, as it has
been shown to be the second most abundant BGC [46]. Given the role of terpene natural
products in mediating bark beetle–tree host relationships, the identity of the unknown
common terpenoid could be of interest to further chemical ecology studies [48].
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Figure 1. (a) Terpene BGCs from the sequenced genomes grouped into families utilizing BiG-SCAPE
and Cytoscape. (b) RiPP BGCs from the sequenced genomes grouped into families.

For the predicted RiPP BGCs, the 43 identified RiPP-like BGCs were predicted by
BiG-SCAPE to exhibit substantial overlap, with 35 shared across at least two genomes
(Figure 1b). This pattern suggests significant evolutionary conservation of RiPP biosynthesis
within the sampled bacterial populations. Previous analysis of RiPP biosynthetic gene
cluster distribution revealed that strains within the Actinobacterial clade tend to possess
less potential (24%) for RiPP chemodiversity than those from the Proteobacteria phylum
(70%) [49]. As the majority of strains in this study are in the Actinobacteria phylum, this
result aligns with previous research. The NBB-associated bacteria do not appear to be a
significant source of novel RiPP natural products.

Many nitrogen-containing natural products in bacteria belong to the nonribosomal
peptide class and the nonribosomal peptide–polyketide hybrid structural class. These are
produced by large multimodular NRPS and PKS-NRPS BGCs. The NRPS and PKS-NRPS
hybrid BGCs were analyzed in detail using clinker to assess both whole-cluster similarity
and diversity. Thirty-three of these BGCs were found to be distinct from one another,
highlighting significant biosynthetic variability within the dataset (Figures 2 and S1–S3).
BiG-SCAPE-identified NRPS and NRPS-PKS hybrid BGC’s were visualized utilizing clinker.
The clinker analysis determined a majority of unique BGCs with low sequence homol-
ogy to characterized gene clusters. Among the 52 NRPS-like and PKS-NRPS hybrid
BGCs, only one PKS-NRPS BGC—linked to the biosynthesis of [specific NRP families,
e.g., frontalamide]—was shared across five genomes (Figure 3). An additional family,
skyllamycin, was represented in three genomes (Figure 4). Thus, of the 52 predicted NRPS
and NRPS-PKS BGCs, eight have high sequence homology to known natural products
(15%) and 44 have low sequence homology to known natural products with characterized
gene clusters (85%).

In isolates KDM-22-148-DFB, KDM-22-161-SBBG, KDM-23-158-IPS, KDM-23-16-IPS,
and KDM-23-275-IPS, five NRPS BGCs appear to belong to an NRP-PKS hybrid family
associated with the known polycyclic tetramate macrolactam family containing fronta-
lamide, 10-epi-HSAF, SGR PTMs, pactamide A, montamide A, and combamide (Figure 3).
Frontalamide was originally isolated from a southern bark beetle Dendroctonus frontalis [41].
Four bark beetle-associated isolates contained this BGC. This BGC has an unusual module
that combines both NRP and PKS domains. The predicted frontalamide-encoding BGCs
in the isolates contained the same domain organization as the characterized frontalamide
gene cluster (Figure 3), save for KDM-23-16-IPS whose PKS module is predicted to be
missing the dehydratase domain. This can be seen in the truncated module in Figure 3.
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Frontalamide is a polycyclic tetramate macrolactam which has demonstrated antifungal
activity in the past. Due to this, it is possible that the demonstrated antifungal activity
is associated with this natural product if it is being expressed. As strains of interest are
investigated, dereplication strategies will be utilized to assess frontalamide’s production in
various growth parameters. Moreover, due to the shared bark beetle origin of these bacteria,
frontalamide may be an important natural product in bark beetle microbiome interactions.
Given its previously demonstrated antifungal properties, testing pure frontalamide against
NBB bark beetle fungal symbionts could provide valuable insights.
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domains with low sequence homology to characterized gene clusters. Gene cluster alignment and
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Additionally, isolates KDM-22-185-DFB, KDM-23-158-IPS, and KDM-23-16-IPS con-
tained NRPS BGCs (Figure 4) that appear to belong to an NRP family associated with
known compound skyllamycins. Skyllamycins are a class of heavily modified, nonribo-
somal depsipeptides with several structurally divergent members produced by unique
Streptomyces strains isolated from the same New Zealand lichen Pseudocyphelleria dis-
similis [50]. Specifically, KDM-22-185-DFB and KDM-23-158-IPS showed 100% similarity
to known skyllamycin BGCs also observed in the domain organization, while KDM-23-
16-IPS displayed only 35% similarity, indicating possible structural divergence or novel
modifications. Analysis of the modules and domains of this BCG within KDM-23-16-IPS,
demonstrates 8 modules rather than the 11 seen in skyllamycin along with domain vari-
ation. Skyllamycins have displayed antibacterial activity against Bacillus subtilis and to
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moderate cell growth by inhibiting platelet-derived growth factor, and so likely would not
be involved in any of the antifungal activity we are seeing, if it were being expressed [50,51].
Furthermore, the majority of skyllamycins A, D, and E have been isolated from Strepto-
myces living in association with another living organism [50,51]. The presence of BGCs for
these NRP in NBB-associated bacteria may indicate a role for these natural products in
moderating ecological interactions. However, further studies along with isolation of the
potentially novel variant would be required for a full investigation.
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Figure 4. Three BGCs across Streptomyces isolates were identified as bearing sequence homology
to the nonribosomal peptide natural products family skyllamycins. (a) The gene cluster alignment
between the BGCs from NBB-associated strains and the skyllamycin BGC was completed using
clinker. Red-coloured genes indicate NRPS, all other colours randomly assigned by clinker to indicate
closely related genes [44]. (b) Module and domain predictions of all BGCs retrieved from antiSMASH
and MIBiG.
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KDM-23-158-IPS and KDM-23-16-IPS demonstrated several GCFs containing BGCs
with little homology to known compounds based on MIBiG and ClusterBlast comparisons
(SI Figure S1). These findings underscore their potential as unexplored sources of new
bioactive natural products.

Among the bacterial isolates, KDM-22-177-SBBG, KDM-22-269-MPB, and KDM-22-148-
DFB harbored the highest proportion of known BGCs, with high homology to characterized
compounds both containing nitrogen and not containing nitrogen. Conversely, isolates
KDM-22-161-SBBG and KDM-22-185-DFB exhibited a higher proportion of orphan BGCs
with no significant matches in the MIBiG or ClusterBlast databases, emphasizing their
potential as sources of novel natural products.

3.3. Nitrogen-15 NMR and Spectroscopic Profiling

For the detection of nitrogen-containing compounds towards future isolation, analysis
of crude extracts from selected bacterial isolates using 1H-15N HSQC NMR spectroscopy
revealed the presence of nitrogen-containing metabolites, as indicated by distinct 1H-15N
correlation signals. The number and chemical shift ranges of the observed signals varied
across isolates, reflecting differences in their nitrogenous metabolite profiles (Table 5).

Table 5. Detection of nitrogen-containing compounds in crude extracts via 1H-15N HSQC NMR.

Isolate Name
Crude
Extract
Media

1H-15N
HSQC
Signals

Range
100–150 ppm

Range
<100 ppm

Range
> 150 ppm

Dendroctonus rufipennis
KDM-22-177-SBBG RBMII Yes 0 1 0
KDM-22-161-SBBG YMS/YEME Yes 8 1 1

Dendroctonus pseudotsugae
KDM-22-148-DFB YMS Yes 4 0 0

Dendroctonus ponderosae
KDM-22-269-MPB RBMII Yes 0 1 0

KDM-22-185-DFB YMS Yes 5 1 0

Ips perterbatus
KDM-23-16-IPS YMS Yes 2 1 0

KDM-23-410-IPS YMS Yes 1 0 0
KDM-23-158-IPS YMS Yes 3 0 0
KDM-23-275-IPS YMS Yes 0 1 0

KDM-22-161-SBBG, isolated from galleries of D. rufipennis-infected trees, exhibited
the highest diversity of nitrogen signals, with 10 distinct correlations observed in the
1H-15N HSQC spectrum. Among these, eight signals were in the range of 100–150 ppm,
characteristic of amide functionalities, aligning with the prediction of nine NRPS and
NRP-PKS producing gene clusters in the bacterium’s genome. In addition, another was
in the range > 150 ppm, likely corresponding to nitrogen heterocycles, and an additional
signal was significantly more shielded. Neither of these correlations, however, bear direct
analysis to predicted compound classes, although they are of interest and are currently
being utilized to guide the isolation of nitrogen-containing compounds producing those
chemical shifts in an active isolation effort.

For KDM-22-148-DFB, associated with Dendroctonus pseudotsugae, four nitrogen signals
were detected, all within the range of 100–150 ppm, consistent with amides or other
similar nitrogen-containing groups. This too aligns with the prediction of gene clusters
producing nitrogen-containing compounds within this Streptomyces genome. Nevertheless,
as mentioned, KDM-22-148-DFB contains known antifungals but of polyketides origin,



Nitrogen 2025, 6, 13 15 of 20

and of its four predicted nitrogen-containing natural product BGCs, one demonstrates 75%
sequence homology and identical gene organization to the BGC of the known compound
frontalamide. As such, KDM-22-148-DFB is not of further interest for the discovery of
novel compounds.

On the other hand, KDM-22-185-DFB, also associated with D. pseudotsugae, exhibited
five nitrogen signals in its 1H-15N HSQC spectrum, with one additional signal appearing in
the <100 ppm range. This distribution suggests the presence of both amide functionalities
and primary or secondary amines. Notably, genome analysis revealed the presence of
several NRPS and hybrid NRPS-PKS gene clusters, aligning with these spectroscopic
observations. Additionally, KDM-22-185-DFB harbors a biosynthetic gene cluster related to
the production of azinothricin (SI Figure S3), a structurally complex nitrogen-containing
natural product with potential antimicrobial properties. The presence of an unusual
gene organization within this cluster suggests possible structural divergence from known
azinothricins. In addition, the shielded nitrogen signal <100 ppm correlates with a proton
signal at 5.5 ppm in the 1H-15N HSQC experiment (SI Figure S10). The appearance of
this signal could correlate with the expression of an azinothricin natural product as these
signals of a shielded nitrogen and relatively shielded proton signal have been used for the
discovery of piperazic acid-containing natural products in prior discovery efforts. Thus, the
combination of BGC analysis and nitrogen-15 NMR application has reinforced the potential
for novel nitrogen-rich natural products, and extracts from this strain are currently under
active isolation efforts.

The Ips perterbatus-associated isolates displayed varying nitrogen signal profiles:
KDM-23-16-IPS showed three signals, with one in the <100 ppm range (possibly

primary or secondary amines) and two in the 100–150 ppm range. This aligns with the
fewer predicted BGCs for NRP and NRP-PKS (5).

KDM-23-410-IPS exhibited only one nitrogen signal in the 100–150 ppm range, while
KDM-23-158-IPS had three signals exclusively in this range. KDM-23-275-IPS showed a
single signal in the <100 ppm range, indicative of amine groups. The predicted NRP and
NRP-PKS BGCs in these three strains were more abundant than displayed in the 1H-15N
HSQC NMR. This suggests that the media growth conditions may not have triggered the
production of the predicted natural products. Further investigation would require growth
in alternative media and analysis using 1H-15N HSQC NMR.

For the Bacillus species, KDM-22-177-SBBG or KDM-22-269-MPB, the only nitrogen
signals were detected below 100 ppm, suggesting few detectable nitrogen-rich metabolites
in the media grown or concentrations below the detection threshold. These species do have
smaller genomes and few predicted NRP and NRP-PKS BGCs.

These findings highlight the diversity of nitrogenous metabolites potentially produced
by NBB-associated bacteria and underscore the utility of 1H-15N HSQC in profiling crude
extracts for prioritization of bacterial strains for the intense efforts needed for the isolation
and structure elucidation of novel nitrogen-containing compounds. The presence of signals
across a wide spectral range suggests the potential for varied bioactive compounds, includ-
ing amides, amines, and nitrogen heterocycles. Further isolation and structural elucidation
are needed to characterize these natural products.

The exploration of nitrogen-containing natural products through the combined use
of BGC analysis and nitrogen-15 NMR spectroscopy has provided valuable insights into
the chemical potential of northern Canadian bark beetle-associated bacteria. The detec-
tion of nitrogen-rich metabolites in crude extracts and the diversity of their predicted
biosynthetic pathways highlight the utility of this integrated approach in uncovering novel
bioactive compounds.
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This study represents the first BGC analysis of bacteria associated with diverse endemic
Canadian NBB. The combined application of genomic and nitrogen-15 NMR spectroscopy
has provided valuable insights into the chemical potential of these bacteria, particularly in
the discovery of nitrogen-containing natural products. BGC analysis using BiG-SCAPE and
clinker revealed extensive diversity among the isolates, particularly in nitrogen-associated
NRPS, NRPS-PKS hybrids, and RiPP clusters. RiPP clusters demonstrated a significant over-
lap of BGCs between unique Streptomyces species with no singletons in the BiG-SCAPE
analysis with 43 predicted BGCs in fourteen GCFs. The NRPS and NRPS-PKS hybrids
demonstrated a greater amount of BGCs with low sequence homology either to character-
ized BGCs (via MIBiG analysis) or to other NBB-associated Streptomyces (via BiG-SCAPE
and clinker). Of the 52 NRP- and NRP-PKS-predicted BGCs, eight demonstrated high
sequence homology (>50%) and identical or near identical gene organization to charac-
terized gene clusters, whereas three BGCs belonged to an NBB-associated GCF with low
sequence homology to characterized gene clusters. The rest of these BGCs (38% of all RiPP,
NRP, and NRP-PKS) presented as singletons in both BiG-SCAPE and clinker and with low
sequence homology or unusual gene organization when compared to characterized gene
clusters. This level of unique BGCs (~40%) is consistent with other Actinomycete studies
from extreme environments, such as polar regions [52]. Streptomyces species consistently
harbored more BGCs than Bacillus strains, which is expected given the well-established
role of Streptomyces as prolific producers of bioactive secondary metabolites [53].

In comparison to another BGC analysis of Streptomyces strains, NBB-associated Strepto-
myces showed similar numbers of BGCs per genome (around 30–36) [46]. However, select
NBB-associated Streptomyces isolates exhibited an increased proportion of BGCs coding
for nitrogen-containing metabolites in comparison to pangenome studies, suggesting that
these bacteria may be a particularly rich source of nitrogenous natural products [46]. The
reason for this increased nitrogen–BGC ratio remains an open question—whether it arises
due to the antifungal selection strategy prior to whole genome sequencing or whether
it is a feature of NBB association requires further study. Despite the presence of some
known BGCs, the gene cluster analysis provided a rapid means to deprioritize strains
that predominantly produce previously characterized compounds while highlighting at
least four strains with strong potential for novel nitrogen-containing chemistry. Genome
mining in different capacities has been utilized for natural product discovery, particularly
microbial natural product discovery, and these findings continue to support the strengths
of genome mining and the utility of different tools that have been developed in the field for
BGC analysis [21,37].

The integration of nitrogen-15 NMR spectroscopy further strengthened the prioritiza-
tion of these isolates. As a non-destructive screening method, nitrogen-15 NMR enables the
direct detection of nitrogenous functional groups in crude extracts with minimal sample
processing. The 1H-15N HSQC and 1H-15N HMBC (with enough material or stable isotope
labelling) experiments only detect nitrogen-containing natural products, so data analysis
is streamlined. Pairing genomic methods with nitrogen-15 NMR allows prioritization of
those strains that possess BGCs of interest and are producing nitrogen-containing natu-
ral products under laboratory conditions. Future isolation efforts are prioritizing strains
with unique BGC and NMR profiles, particularly those exhibiting nitrogen signals in
underrepresented spectral regions.

Notably, for some isolates, the number of nitrogen signals observed in the 1H-15N
HSQC spectra was lower than the number of BGCs that could putatively produce nitrogen-
containing natural products. This suggests that media growth conditions may not have
induced the expression of all biosynthetic pathways, highlighting the need for media di-
versification studies. 1H-15N HSQC will provide a fast and robust method for exploring
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alternative culture conditions that could enhance the production of nitrogenous metabo-
lites. A key advantage of nitrogen-15 NMR screening is its minimal sample preparation
requirements—crude extracts require little processing before NMR analysis. Furthermore,
after NMR analysis, DMSO-d6 can be removed from the crude extract without any loss
in material, permitting the application of other techniques such as mass spectrometry,
bioassays, or separation methods.

Building on recent advancements in NMR-based metabologenomic strategies, this
study highlights the power of integrating genomic predictions with nitrogen-15 NMR
spectroscopy for strain prioritization [25,27,32,33,39,54]. By combining these approaches,
researchers can efficiently identify the bacterial strains most likely to yield novel nitrogen-
containing bioactive compounds, laying the groundwork for future isolation, struc-
tural characterization, and functional studies. From that efficient isolation, novel struc-
tures can expand our understanding of the chemical ecology of NBB-associated bacte-
ria and also provide nitrogen-rich natural products with potential pharmaceutical and
agrochemical applications.

4. Conclusions
This study provides the first analysis of BGCs for nitrogen-containing natural products

from bacteria associated with northern Canadian bark beetles. Through the application
of multiple secondary metabolite bioinformatic software platforms including antiSMASH
for BGC identification, MIBiG for the comparison of predicted BGCs with characterized
gene clusters, BiG-SCAPE for the identification of GCFs, and clinker for the visualization
and identification of GCFs, NBB-associated bacteria were identified to harbor a diverse
array of BGCs. This was particularly observed with the nitrogen-associated NRPS and
NRPS-PKS hybrid BGCs. While RiPP clusters exhibited substantial conservation across
strains, NRPS and NRPS-PKS hybrids demonstrated high diversity, with a significant
proportion showing low sequence homology to known biosynthetic pathways. These
findings suggest that bark beetle-associated bacteria represent an underexplored resource
for novel nitrogen-containing secondary metabolites.

By integrating nitrogen-15 NMR spectroscopy with genomic analysis, we have estab-
lished a robust workflow for prioritizing strains that actively produce nitrogen-containing
compounds under laboratory conditions. The rapid and non-destructive nature of nitrogen-
15 NMR allowed for efficient screening of crude extracts, providing direct evidence of
predicted nitrogenous secondary metabolites being expressed under laboratory conditions.
This approach effectively streamlined the identification of high-priority strains for future
targeted isolation and structural characterization.

The broader impact of this work extends beyond natural product discovery. The
identification of nitrogen-containing natural products from bark beetle-associated bacteria
has implications for biocontrol strategies, microbial ecology, and the development of
novel antifungal, antibacterial, and agrochemical agents. This study underscores the
value of coupling genomic mining with spectroscopic tools in microbial natural product
discovery and sets a foundation for future exploration of Canada’s boreal and sub-boreal
microbiomes as reservoirs of bioactive compounds with potential pharmaceutical and
agricultural applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nitrogen6010013/s1. Additional BGC data and NMR Spectroscopy
data can be found in the supplementary materials.
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