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SUMMARY Drosophila Suzukii is a major pest to the berry industry in the Pacific Northwest,
resulting in a need for cost effective solutions that are safe for the surrounding ecosystem.
Natural biocontrol strategies can offer a more efficient and pest-specific control measure than
traditional pesticides. Plant symbiotic Pseudomonas fluorescens are known to express the
insecticidal fitD toxin which makes them an ideal candidate for a biocontrol solution. Based
on this, we hypothesise that P. fluorescens strains found in the fruiting bodies, leaves, and
stems of strawberry and blackberry plants will express the insecticidal fitD gene. We isolated
a bacterial strain from the strawberry leaf endosphere, named SL1 and confirmed it is a
member of the genus Pseudomonas by 16S rRNA sequencing. Whole genome sequencing of
Pseudomonas sp. SL1 and subsequent assembly and polishing returned a genome of 6.8
Mbps. We were unable to locate the fitD gene in this assembled genome using Prokka or
BlastKOALA but were able to find the response regulator gene gacA, responsible for
encoding virulence factors in Pseudomonas species. This process allowed for the
development of a detailed approach towards isolating and characterising possible insecticidal
endophytic species of Pseudomonas from above-ground plant tissues.

INTRODUCTION

he fruit fly Drosophila suzukii, commonly known as spotted wing drosophila (SWD),
is an invasive agricultural pest which infests the fruiting bodies of plants, such as
blueberries, blackberries, strawberries, raspberries, and cherries (1,2). It uses pre-ripe and ripe
berries as an egg-laying reservoir, rendering them inedible and unmarketable (1,2). In BC,
garden strawberries (Fragaria x ananassa) are a critical source of income for both farmers
and the province, and are currently affected by SWD (1). Washington, Oregon and California
together had an estimated $300 million loss in strawberry crops in 2008 due to SWD,
suggesting a need for the protection of plants from SWD in BC (3). The Himalayan blackberry
(Rubus armeniacus), a non-crop plant present in British Columbia is also susceptible to SWD
infestation (4). As an abundant invasive species, Himalayan blackberries tend to grow in the
field margins adjacent to commercial crops and are a concern due to their potential to serve
as a reservoir for SWD. They can act as a refuge for SWD, allowing them to populate and
infest crops in adjacent fields (4,5).
Strategies used against SWD include traps, spray insecticides, and sanitary farm practices
which are costly, time-consuming and can harm plant-beneficial bacterial species (1,2).
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system, has been shown to control the expression of virulence factors in P. fluorescens Pf-5
and results in decreased mortality of larvae when deleted (11).

Certain strains of P. fluorescens possess a complex of 8 genes that confer strong
insecticidal activity named the fit complex (12). The fitD toxin itself is found in the gene
cluster flanked by the fitA, fitB, and fitC genes which have shown resemblance to putative
ABC-type toxin transporters and fitE which shows similarities to a type I secretion outer
membrane efflux protein. The other three genes named fitF, fitG, and fitH encode regulatory
functions (12). P. fluorescens strains, such as the biocontrol strains CHAO and Pf-5, have
been found to contain the fit gene cluster which has been correlated with insecticidal activity
(12,13). When injecting these two strains in the haemocoel of Galleria mellonella, both
CHAO and P£-5 killed the insects within 40 hours (12). To validate the insecticidal capabilities
of the fit gene cluster, Pechy-Tarr et al. introduced P. fluorescens Q2-87 and P3 strains to the
Galleria larvae, both of which do not possess the fif gene cluster. When Q2-87 and P3 were
injected into the larvae at similar concentrations to Pf-5 and CHAO, only 40% and 5% of the
larvae were killed, respectively, while the fit-containing strains killed all the larvae within 24
hours (12). These results indicate that the presence of the fit gene cluster correlates with
insecticidal activity and thus provides a marker to identify novel insecticidal strains.

Although insecticidal genes have been studied in certain P. fluorescens strains in detail,
there are no studies, to our knowledge, that have isolated P. fluorescens directly from
blackberry and strawberry plants, and annotated their genomes for insecticidal genes. Since
blackberries and strawberries are in direct contact with SWD, the aim of this study was to
investigate and identify P. fluorescens strains with the insecticidal fifD toxin growing
endophytically within those berries and above-ground tissues to serve as a biocontrol agent
against SWD and other insect pests. As P. fluorescens are symbiotic bacteria found in plants
with insecticidal capabilities against Drosophila melanogaster, we hypothesize that P.
fluorescens strains found in the fruiting bodies, leaves, and stems of strawberry and
blackberry plants will express the insecticidal fitD gene. We performed 16S ribosomal RNA
gene amplification and Sanger sequencing on a fluorescing isolate cultured from a strawberry
leaf to determine its identity. We also performed whole genome sequencing using the
MinlON Nanopore sequencer (Nanopore, UK), which we annotated using both Prokka and
BLASTKoala (14, 15). Our results show that the isolated strawberry microbe can be classified
as a member of the Pseudomonas genus using BLAST, and that the fitD gene was not present
in the genome.

METHODS AND MATERIALS

Sample collection and processing. Berries of different ripening stages were collected from
the wild blackberry plant (Rubus armeniacus) at three different sites at the University of
British Columbia (UBC) and were grouped by its source location (NW Marine Dr.
(49.268962, -123.262166), Westbrook Building (49.264858, -123.249039), and Thunderbird
parkade (49.261300, -123.243993)). Blackberries were collected in Ziploc bags and stored
overnight at 4°C. To sterilize the phylloplane and allow for the selection of endophytes,
berries were rinsed with a 70% ethanol solution for 30s, a 0.5% bleach solution for 60s, and
three times with sterile H,O.

Berry samples were cut into small pieces, placed into Eppendorf tubes, crushed and mixed
with sterile H,O and sterile 100% glycerol to yield a final homogenized, 20% glycerol berry
solution which were stored at -70°C. Strawberry stems and leaves were collected from the
UBC Farm and underwent the same processing as the blackberries.

Identification and purification of Pseudomonas spp. 8 total plant samples were chosen for
the isolation of bacteria: 2 blackberry samples from each of the 3 UBC locations, 1 strawberry
stem sample, and 1 strawberry leaf sample. Serial dilutions were performed by diluting 300uL
of extract in 4.5mL sterile H,O, followed by two subsequent 10x serial dilutions. 75uL of the
final dilution was spread on King's B media agar plates and incubated for 2-6 days at 30°C.
Pseudomonas protegens CHAQ and Escherichia coli DH5a were also grown on King’s
B agar plates and used as positive and negative controls for fluorescence, respectively. Plates
were exposed to UV light using a BioRad Chemidoc imager (Biorad, USA) to identify
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fluorescing colonies and obtain images. A handheld long-wavelength UV light was also used
to verify the observations. Fluorescing colonies were restreaked onto King's B media and
grown at 30°C for 1-2 days until the colonies were apparent. To purify the colonies, this
process was repeated 3 times by selecting from the most recently streaked plate, generating 4
subsequently streaked plates downstream of the original spread plate.

Genomic DNA Extraction. Single colonies from the 4th purification streak were suspended
in 5 mL of LB broth (10 g tryptone, 5 g yeast extract and 10 g NaCl per 1 L of distilled H,O)
and incubated overnight at 30°C on an orbital shaker. 1 mL of overnight culture was used
the following day for genomic DNA extraction according to the manufacturer’s protocol
using the PureLink™ Genomic DNA Mini Kit (Invitrogen, USA) and DNA was eluted using
the provided elution buffer. Genomic DNA was later resuspended in water using the DNA
Clean & Concentrator-5 kit (ZYMO RESEARCH, USA) and stored at -20°C to optimize
sample conditions for MinlON sequencing.

16S rRNA PCR. PCR was performed with Taqg DNA polymerase and (NH4)>SO4 Taq buffer
following the provided manufacturer’s instructions using ThermoFisher Taq DNA
Polymerase, recombinant (Thermofisher, USA). The following 3 pairs of primers were used:
1) Universal 16S rRNA: 27F primer 5-AGA GTT TGA TCM TGG CTC AG-3' and 1492R
primer 5’-TAC GGY TAC CTT GTT ACG ACT T-3'; 2) Pseudomonas-specific 16S rRNA:
PA-GS-F primer 5-GAC GGG TGA GTA ATG CCT A-3’ and PA-GS-R primer 5-CAC
TGG TGT TCC TTC CTA TA-3'; 3) P. fluorescens-specific 16S rRNA: 16SPSEfIuF primer
5'-TGC ATT CAA AAC TGA CTG-3" and 16SPSER primer 5'-AAT CAC ACC GTG GTA
ACC G-3' (16,17). Universal 16S rRNA amplification products were produced with the
following setup: 1) initial denaturation at 95°C for 30 sec; 2) 34 cycles consisting of
denaturation at 95°C for 10 sec, annealing at 46°C for 30 sec, and extension at 72°C for 2
min; 3) final extension at 72°C for 7 min (18). Pseudomonas-specific 16S rRNA
amplification products were produced with the following setup: 1) initial denaturation at 95°C
for 5 min; and 2) 10 cycles consisting of denaturation at 94°C for 15 sec, annealing at 53°C
for 30 sec, and extension at 72°C for 45 sec. This was repeated for another 25 cycles with the
exception of a 5 sec increase in extension time per cycle for extension at 72°C; 3) final
extension at 72°C for 10 min (18). P. fluorescens-specific 16S rRNA amplification products
were produced with the following setup: 1) initial denaturation at 94°C for 3 min; 2) 34 cycles
consisting of denaturation at 94°C for 30 sec, annealing at 47°C for 30 sec, and extension at
72°C for 1 min; 3) final extension at 72°C for 5 min (17). PCR products were run in 1.5%
agarose gels and a running buffer made from 1x TAE.

Sanger Sequencing 16S rRNA. PCR products amplified by universal 16S rRNA primers
were purified using the PureLink™ PCR Purification Kit (Invitrogen, USA) prior to sanger
sequencing by GENEWIZ (Azenta, USA). Contigs were generated from the sequence reads
obtained after Sanger sequencing using Genestudio Professional Edition.

Whole genome sequencing. Whole genome sequencing samples were prepared using the
Oxford Nanopore rapid sequencing kit (SQK- RAD004, Nanopore, UK) and sequenced on a
MinION™ Nanopore sequencer (Nanopore, UK) (19). The sequencing kit included:
Fragmentation Mix (FRA), Rapid Adapter (RAP), Sequencing Buffer (SQB), Flush Buffer
(FB), and Flush Tether (FT).

To prepare the genomic library, 0.3 pL of genomic DNA suspended in water, 3.45 pL of
nuclease-free water and 1.25uL of FRA was combined in a 1.5 mL DNA LoBind tube. The
mixture was then incubated at 30°C for 1 minute and 80°C for 1 minute using a Biorad
thermocycler (Biorad, USA) and then placed on ice. 0.5 uL of RAP was added to the tube
and was incubated at room temperature for 5 minutes before placing back on ice. SQB, FB
and FLT tubes were vortexed and spun down, then placed on ice. 117uL of FB and 3 pL of
FLT were combined in a separate 1.5 mL Eppendorf DNA LoBind tube and mixed by
pipetting. 110 pL of the mixture was pipetted into the Flongle™ flow cell (Nanopore, UK),
ensuring no air bubbles were added.
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To prepare the sequencing mix, the vial of LB was vortexed and 11.0 uL was added along
with 13.5uL of sequencing buffer to a new 1.5mL Eppendorf DNA LoBind tube. 5.5 pL of
the genomic library was added as well. 25 pL of this sequencing mix was pipetted into the
Flongle. The MinION was then set to a 16 hour sequencing run using MinKNOW (Nanopore,
UK), and the sample was run for 4 days including the base calling step. The raw output from
the MinlON was then assembled using the Flye v2.9 protocol (20), and polished using Racon
v1.4.(22) and Medaka v1.4.4 (21). Genome annotation was carried out using the softwares
Prokka v1.12 and BLASTKoala v2.2 (14,15, 22-24). For a brief overview of this process, see

Figure 1.
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RESULTS

Fluorescent colonies were isolated from strawberry leaves but not strawberry stems or
blackberries. In order to obtain environmental P. fluorescens, we cultured the endophytic
material of strawberry leaves, stems, and blackberries. To identify cultured P. fluorescens,
we utilized the bacteria’s inherent ability to fluoresce under UV light when subjected to low
iron conditions, as provided by King's B agar (25). The 3 types of plant samples examined
were: 1) blackberries, 2) strawberry leaves, and 3) strawberry stems. Minimal growth was
observed from the plated blackberry extracts. Of the blackberry extract plates that contained
growth, the colonies were opaque and white or yellow in color, both of which did not
fluoresce when exposed to UV light (Figure 2C). A fluorescent colony was found amongst a
lawn of pale translucent hyphae (Figure 2D) on the strawberry leaf plate and was restreaked
to obtain a pure colony. This fluorescing colony of interest was labeled Strawberry Leaf
colony 1 (SL1) and was used for further downstream identification processes. No fluorescing
colonies were found on the plates from strawberry stems (Figure 2A).
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FIG. 1 Whole genome sequencing and
bioinformatic process. To assess
whether the SL1 isolate contained fitD, we
had to assemble and annotate its whole
genome. (A) First, we isolated genomic
DNA using the Purelink™ and suspended
it in water, which is required for proper
functioning of the Nanopore ion current
reader. (B) We then prepared the genomic
library and (C) sequenced for 16 hours,
including 4 days of basecalling using the
MinlON™ sequencer (Nanopore, UK).
(D) The raw reads were then assembled
using Flye and, (E) trimmed and polished
using Racon and Medaka. (F) Using
Prokka and BlastKOALA, the assembled
genome was surveyed for the presence of
the fitD and gacA genes. Although we
assembled a high quality whole genome
sequence using the MinlON™ sequencer
(Nanopore, UK), fitD was not found
within the genome.

--

FIG. 2 Cultured strawberry stem, strawberry leaf, and blackberry extracts on King’s B agar plates. The samples of
negative fluorescent results are shown in the above images: a) cultured strawberry stem extracts at the lowest dilution; b) cultured
strawberry leaf extract at the lowest dilution; ¢) cultured blackberry extract at the lowest dilution. d) Image shows cultured
strawberry leaf extract at the second dilution, with visible fluorescing growth, indicated by the red arrow. This fluorescing growth
sits atop a lawn of hyphanous growth, seen by slight autofluorescence in contrast with the black at the far left. e) image shows
the negative control (E. coli DH5a) and positive control (P. protegens CHAO) for fluorescence (left and right respectively).
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SL1 isolate identified as P. fluorescens using a PCR assay. To help determine the identity
of SL1, Pseudomonas- and P. fluorescens-specific primers were utilized to amplify the 16S
DNA region and gel electrophoresis was performed as an initial screening tool.
Pseudomonas- and P. fluorescens-specific primers were identified from two previous papers
which are capable of amplifying and recognizing regions of the 16S rRNA gene that were
specific to bacteria part of the Pseudomonas genus bacteria or to P. fluorescens bacteria,
respectively (16,17). Pseudomonas protegens CHAOQ, Pseudomonas syringae Cit-7,
Escherichia coli DH5a and water were used as controls. When amplifying with the P.
fluorescens primers, a bright amplification brand was obtained from the SL1 isolate sample,
suggesting that the isolate is indeed a P. fluorescens species (Figure 3C). There was also a
faint band observed in the P. protegens lane which can be a result of the high degree of
similarity found in the 16S regions of P. fluorescens and P. protegens (Figure 3C). We did
not observe any bands in the other negative controls, as expected. The Pseudomonas-specific
primers amplified the SL1 isolate as well as the positive controls P. syringae Cit-7 and P.
protegens CHAO, further confirming the identity of the SL1 isolate as part of the genus
Pseudomonas (Figure 3B). However, when looking at the E. coli DH5a negative control, a
faint band was observed, likely due to non-specific amplification as a result of low annealing
temperatures and weak primer binding (Figure 3B).
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FIG. 3 16S rRNA amplification products using 3 primer pairs. Genomic DNA from the SL1 isolate, P. syringae Cit-7, P.
protegens CHAO and E. coli DH50. were used as template for each of the 3 primer sets. a) 1500 bp amplification products
produced by PCR using universal primers that amplify the 16S rRNA region of bacteria. b) 600 bp amplification products
produced by PCR using Pseudomonas specific 16S rRNA primers. ¢) 850 bp amplification products produced by PCR using

P. fluorescens specific 16S rRNA primers.

SL1 is a member of the genus Pseudomonas. To confirm the identity of the SL1 isolate, the
universal primers 27F and 1492R (Figure 3A) were utilized to amplify a larger region of the
16S rRNA gene, which were then Sanger sequenced. Amplification products were observed
in the SL1 isolate, P. syringae Cit-7, P. protegens CHAQ and E. coli DH5a lanes, suggesting
that the universal primers were able to amplify the 16S regions for different bacterial species
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(Figure 3A). Both forward and reverse reads were obtained from Sanger sequencing and
underwent a 16S rRNA search against the curated Ribosome Database Project. The quality
control score of the forward and reverse reads provided by Genewiz were 29 and 40
respectively, as there were several low-lying background peaks when visualizing the
chromatogram. Running a search against the Ribosome Database Project using the contigs
generated from the forward and reverse reads indicated that the SL1 isolate is from the genus
Pseudomonas, with a confidence threshold over 95%. As a result of the low quality control
score of the forward read, we were not able to make a firm conclusion on the identity of the
SL1 isolate at the species level but were confident at the Pseudomonas genus level.

Fit gene cluster not found in the SL1 whole genome sequence with genome annotation
using Prokka and BLASTKoala. To determine if our strawberry isolate contained the fit
gene cluster, we performed whole genome sequencing from the isolated genomic DNA using
the MinION Nanopore sequencer and annotated the genome using Prokka and BLASTKoala
(Figure 1). We ran both the isolated genomic DNA of SL1 and a control P. protegens CHAO.
The MinlON sequencer utilizes a flow cell that allows genomic DNA from our strawberry
leaf sample to move through a biological pore. As the DNA molecule moves through the pore,
the MinlON device measures changes in electrical conductivity to identify DNA bases
(Figure 4). From our raw output, we were able to assemble the reads using Flye and polished
the assembly using Racon and Medaka. The assembled genome contained a total of 12 contigs
with a genome size of 6.8 Mbps and a total G-C content of approximately 60.4%
(Supplemental Figure 1). BLASTkoala identified 3859 genes annotated within the genome.
Genome annotation with Prokka and BLASTkoala did not identify the fif gene cluster within
the SL1 genome; however, it was identified when annotating a secondary P. protegens CHAO
reference genome. When looking deeper into the SL1 genome, we identified a response
regulator gacA, found in contig 10, which has been characterized as a regulator of insecticidal
genes (11). This gene was annotated in both BLASTkoala and Prokka and closely resembles
the Pseudomonas fluorescens GacA protein sequence found in the NCBI database.
Altogether, these results suggest that the fit gene cluster is not encoded in the genome of the
SL1 but does contain the gacA gene responsible for regulating insecticidal genes.
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FIG. 4 Mechanism of a nanopore
sequencer. This is a brief schematic of
the theory and function of a nanopore
sequencer. Each Flongle flow cell is
covered in 156 nanopore structures,
with one shown here. a) A nanopore
consists of a helicase protein and pore
protein with a current reader that allows
passage of charged ions across an
electromagnetic gradient, separated by a
synthetic membrane. DNA is on the
negatively charged side of the
membrane. b) DNA is unwound by the
helicase protein and begins to pass
through the membrane, as the
negatively charged backbone follows
the electromagnetic gradient. ¢) The
ionic current is disrupted as the strand
passes through, to different degrees
depending on the bases present. A
current reader in the pore protein
produces a disruption pattern graph as
the strand passes through, which is then
parsed into a sequence.

https:/jemi.microbiology.ubc.ca/



Anwari et al.

DISCUSSION

The principal goal of this investigation was to determine whether susceptible berry-
producing plants harbored P. fluorescens containing the insecticidal gene fitD as a potential
biocontrol agent for SWD. We isolated a fluorescing strain from a strawberry leaf (SL1) and
performed 16S rRNA gene amplification using Pseudomonas-and P. fluorescens-specific
primer sets for initial characterization. To further confirm the identity of the SL1 isolate, we
sequenced the 16S region and ran a nucleotide BLAST search against the 16S ribosomal RNA
sequences (bacteria and archaea) database. Lastly, we performed whole genome sequencing
using the MinlON Nanopore sequencer and annotated the SL1 genome using Prokka and
BLASTKoala.

Growth was observed in all the cultured stem and leaf extracts but few of the berry
extracts. We saw growth from cultured dilutions of the strawberry leaf and stem extracts,
and limited growth on the berries, with some berries having no growth at all. Previous studies
have shown enteric pathogen and oral bacterial growth to be inhibited by the phenolic
compounds present in berries such as blackberries, strawberries, and blueberries (26-28).
These are likely to inhibit the growth of bacteria in general, considering that the periodontal
pathogens include a wide range of both gram-positive and gram-negative bacteria (27). The
environment within the berry endosphere could prevent the growth of insecticidal P.
fluorescens strains, thus explaining the lack of growth we saw when culturing berry extracts,
and possibly allowing the SWD eggs and larvae to flourish in that environment.

Pseudomonas- and P. fluorescens-specific primers identified SL1 isolate as a P.
fluorescens biotype. We were able to amplify the 16S rRNA region of the SL1 isolate using
both Pseudomonas- and P. fluorescens-specific primers as indicated by the amplification
products in the SL1 lanes of their respective gels (Figure 3B and 3C). This suggests that the
SL1 isolate is specific to the genus Pseudomonas and possibly to the Pseudomonas
fluorescens tamily, which corresponds with our initial prediction. Previous studies have
utilized these primers as a rapid and effective tool to differentiate P. fluorescens biotypes and
to investigate the diversity and prevalence of Pseudomonas species in the gut of children with
Crohn’s disease (16,17). However, it cannot be used to fully differentiate and classify the SL.1
isolate due to non-specific amplifications that may occur, which was observed when these
primers were used with Pseudomonas protegens CHAOQ DNA (Figure 3C). Previous studies
have shown high similarities in the 16S rRNA gene between certain Pseudomonas species,
rendering the use of the 16S rRNA region inadequate for differentiating between species (29).
It is possible that the binding sites of these primers happen to occur at sequences that are
conserved between closely related species, resulting in non-specific amplification products.
As a result, the P. fluorescens-specific primers are an effective screening tool to identify P.

fluorescens but must be used with caution. The non-specific amplification observed when E.
coli DNA was amplified with Pseudomonas-specific primers (Figure 3B) may have been
due to the low annealing temperature selected. In the future, using a PCR protocol that reduces
nonspecific binding, such as nested PCR, may improve the specificity of this assay (30).

16S rRNA data confirmed the isolate to be Pseudomonas at the genus level, but did
not allow species to be determined. Based on the 16S rRNA sequencing data from the
forward and reverse primers, we were unable to align the SL1 sequence to any previously
sequenced Pseudomonas species with at least a percent identity of 99%, a threshold obtained
from previous literature (29). However, the conventional genus percent identity of 97% was
surpassed, allowing us to confirm we had a species within Pseudomonas. The Pseudomonas
genus has a relatively conserved 16S rRNA region among species, with less than a 1%
nucleotide sequence difference between many of the species (31). This means that the 16S
rRNA sequence alone does not offer a high degree of certainty for species, even if the percent
identity scores were to exceed 99%. 16S rRNA sequences could be used in conjunction with
other conserved Pseudomonas genes for more specificity. Some studies have used primers to
amplify the rpoD gene, which allowed differentiation between different strains within the P.

fluorescens subgroup (32,33). Sequencing both the 16S rRNA region as well as the rpoD
region may allow for the species of our isolate to be determined with certainty in the future.
This could also be accomplished by surveying our assembled genome for the rpoD gene.

SL1 whole genome sequencing and annotation did not show presence of the fitD
gene. After a survey of our assembled genome using Prokka and BLASTKoala, we were not
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able to identify the fitD gene in our isolate; however, we were able to find it in the assembled
genome of our control strain P. protegens CHAQ. Since CHAO is known to contain fizD, this
suggested that our whole genome sequencing and assembly was successful, and that fizD was
not present in SL1. Although fitD is found in many strains in the P. fluorescens subgroup
such as Pf-5 and CHAQO, it is not found in every strain, and has yet to be found in strains
isolated from strawberry plants (7). Two studies analysing plant-associated Pseudomonas
species found that fitD was only present in P. protegens and P. chlororaphis strains (34,35).
Both of these species are part of the P. fluorescens subgroup, but neither were in the ten
highest percent identity 16S rRNA sequences from our BLAST search. For the P. fluorescens
species, fitD has yet to be identified in any strain. Thus, unless the exact species of our isolate
can be determined, there is a possibility that it is a species of the P. fluorescens subgroup that
is missing fitD as well as the other genes found in the fit locus.

However, we did locate a gene with similarity to gacA, which encodes a response
regulator protein, known to control the expression of virulence factors in P. fluorescens Pf-5
(11). The gacA gene is required for P. fluorescens Pf-5 to infect D. melanogaster, and its
deletion results in decreased D. melanogaster mortality. As a result, SL1 may still have
insecticidal capabilities with further characterization of insecticidal properties needing to be
performed.

Limitations Due to the time of year this study was conducted, environmental samples were
limited. As this experiment began in October, the British Columbia strawberry and blueberry
season was over and only wild blackberries were available. It would be beneficial to repeat
this experiment with in-season strawberries and blueberries as endophytic P. fluorescens in
berries would likely contact SWD including eggs, larvae, and adults at a higher rate than leaf
or stem endophytes.

The processing of the environmental samples into freezable extracts also proved to be a
challenging task. The woodiness of the leaves and stems from the strawberry plant were
difficult to homogenize. To repeat the experiment, an improved protocol would be to
homogenize a larger quantity of environmental extracts in a small sterile mortar and pestle.
Additionally, the serial dilutions method can be improved using dilutions occurring with less
sample and less volume while still plating the same amounts and can be performed in a deep
well plate. These particular improvements would allow for faster processing of samples and
a wider array of samples to be screened for P. fluorescens.

Although we were able to annotate our genome using Prokka and BLASTKoala, we were
not able to apply additional annotation tools for further confirmation and characterization of
the SL1 genome. One annotation tool that has been recently developed to identify novel
insecticidal genes is the software ORFograph (36). However, the installation process is
complex and requires substantial computer skills. Applying this tool to identify insecticidal
genes can further increase certainty that the fizD gene is not present within the SL1 genome.

Conclusions This paper outlines a framework procedure to extract and cultivate endophytic
P. fluorescens and sequencing to characterize the genome. From a small starting
environmental sample, we found a Pseudomonas that we named SL1, and determined
whether it had insecticidal properties for use as a biocontrol agent. Future studies need to be
conducted to further characterize the SL1 strain. That includes further annotation for other
genes, with the confirmation of the expression of those genes conducted experimentally.
Annotation for genes relating to pathogenicity or symbiosis would be highly beneficial for
the characterization of isolated strains, and their potential in the use for biocontrol of SWD
and other pests.

Future Directions Although the genome has been annotated using the Prokka and
BLASTKoala softwares, there are several other annotation tools that could have been utilized
to annotate the genome further and confirm the presence or absence of insecticidal genes.
These tools can be used to further characterize the hypothetical proteins that are present in
the PROKKA output to get a more comprehensive understanding of the SL1 genome. One
interesting pipeline is the NCBI Prokaryotic Genome Annotation Pipeline that utilizes an
ORFfinder to identify potential reading frames and several databases including TIGRFam,
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Pfam, PRK HMMs and NCBIfams for annotation purposes (37-39). However, the NCBI
Prokaryotic Genome Annotation Pipeline has several requirements that must be met in order
to execute, which was a limitation of our study. A secondary tool that can be utilized to further
identify insecticidal genes is called ORFograph. It is a new method that has been developed
to search for novel insecticidal protein genes by utilizing assembly graphs that are generated
from assembly softwares such as SPAdes and metaSPAdes to identify novel genes rather than
using individual contigs (37). Furthermore, it has been shown to identify insecticidal protein
genes that have been previously hidden from pre-existing identification tools.

The potential insecticidal capabilities of the SL1 isolate can also be used in a future
experiment to test directly on SWD. Although we did not identify the fit gene cluster in the
genome of the isolate, there may be other insecticidal genes that can induce the killing of
these insects such as the gene gacA4. A feeding assay involving the SL1 isolate and measuring
the period of induced mortality can further characterize this isolate as insecticidal.
Additionally, performing a deletion experiment involving gacA can be beneficial to draw a
firm conclusion of its insecticidal activity against the SWD.

Lastly, this experiment should be repeated with a wider range of environmental samples
such as additional blackberries, strawberries, blueberries, along with their leaves and stems
so that a library of P. fluorescens residing in the Vancouver, British Columbia area may be
created. These strains would then be candidates for inserting insecticidal genes as a way of
creating a biological pesticide.
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