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Abstract: We analyzed soil samples from LA Pierce College and local farms. To assess life in the soil, 16S
metabarcoding was performed. Industrial Hemp was grown traditionally at Western Fiber in Tulare CA; organic
JinMa, a fiber variety, and CBD-type rootzone soil from The Rodale Institute at Camarillo CA was sampled.
Noxious weeds in Marquis field at Pierce, soil from Pierce Arboretum, and a fallow proposed vineyard were also
sampled. The purpose was to investigate the physical and chemical properties of soils from farms in California and
to discover plant growth-promoting and antibiotic-producing bacteria from the rootzone. The hypothesis was that
each environment would have a unique microbial community, and each of the fields would have similar fertility
levels since they shared a prime farmland classification. We also hypothesized that the organic farm would have
more diverse and abundant microbes performing ecological functions compared to the traditionally farmed soil.
The main results indicated that there were significant differences in nitrogen, potassium, pH, and TDS between
pairs of fields. The hypothesis was partially supported; organic matter and phosphorus levels were similar across
farms. Potential plant growth-promoting bacteria and nitrogen fixers differed in proportion between sites. Greater
than 80% of the Chitinophaga and 80% of the Agromyces reads identified in the study were from Camarillo,
as well as more than 80% of the reads for Pseudomonas and greater than 60% of the Massilia sp. reads. The
hypothesis that each environment would have a distinct community was partially supported. The hypothesis
that the organic farm would have higher abundance and variety of microbes performing these functions was
supported. The microbiome of hemp seemed to be more influenced by soil type and cropping method, rather than
the genetic background of the cultivars. Soils need to be conditioned to retain their fertility. Periodic monitoring
and monitoring before, during, and after cropping is recommended.
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Introduction

Soil Physical Properties

The physical properties of soil are an important factor in determining which crops to plant. Soil’s physical
properties are properties that can be seen and felt. Physical properties do not directly refer to chemical or
biological properties but are still affected by both [1]. According to the Cornell University Agronomy Fact
Sheet, “Soil texture determines the rate at which water drains through a saturated soil; water moves more
freely through sandy soils than it does through clayey soils” [2]. From the different experiments, we expect to
find the soil to have a moisture content between 10%- 45% and an organic matter content between 5%-10%
according to previous research done on soils. Moisture is thought to be one of the most important, perhaps
because it is the most immediately tangible characteristic of soil.
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EC, pH, and TDS

pH represents the intensity of acidity in soil; calcium-saturated organic soil typically has a pH of 7.2 to 7.8,
which is mild to moderately alkaline [3]. Regarding EC values, “Apparent soil electrical conductivity (EC) has
shown promise as a soil survey tool” [3]. This means monitoring over time is necessary. TDS (Total Dissolved
Solids) levels are important because, “Irrigation can contribute a substantial amount of salt to a field over the
season” [4].

The accumulation of soluble salts may be an issue at 500 ppm for some sensitive plants, but is usually tolerated
by most plants up to 1000 ppm. In these instances, soils are typically high in chlorides or sulfates. EC gives a
more accurate measurement of soluble salts because electricity would not be conducted by pure water.

pH is important because it may ultimately lead to crop failure. The accumulation of salts is known to be
associated with high pH. Excessive salts can lead to fertilizer burn. The pH of the soil is the most important
factor for plants in terms of their ability to incorporate soil nutrients. Even if the necessary nutrients are present
in the soil, they are not available to plants if the pH is not in the optimal range for that nutrient [5]. A good
example is iron which is not available at high pH. Many soil elements change form because of reactions in the
soil. These reactions, controlled by pH, alter the solubility of nutrients [1].

Soil Nutrients

The primary macronutrients, sometimes called fertilizer elements, are often not available in large enough
amounts for optimal growth. The three primary nutrients— nitrogen, phosphorus, and potassium—are added
to the soil by fertilization with synthetic mineral salts or organic amendments such as manure [1]. Visual
cues may be used to detect excess or deficits but are unreliable for proper diagnosis. Many factors can cause
issues such as chlorosis, and different species may take on different appearances. The fertilization regimen
can become more efficient with soil testing, reducing the effects of contamination through runoft as well as
reducing production costs. Keeping track of nitrogen, phosphorous, and potassium is important beyond the
health of crops; it is also important in terms of protecting the environment.

Nitrogen and phosphorus pollution can both cause serious damage to surface waters. Nitrates cause
eutrophication; phosphates destroy habitat. Potassium may create an environment that is too salty. Results
from field studies indicate that rational use of manure and mineral fertilizers can help reduce the pollution
problems arising from livestock farming practices [6]. In such systems, defining N rates where yields are
maximized, and environmental harm is minimized could benefit both food production, human health, and the
environment [7]. Testing the soil is the best way to find out how much fertilizer needs to be added to grow a
productive crop without adding too much, which can contribute to input costs and environmental damage [5].

Fluctuations in nutrient levels within the soil can act as catalysts for proliferation of specific bacterial strains,
shaping the microbial landscape. The interplay between nutrient availability and microbial diversity offers a
promising avenue for understanding the relationships driving bacterial evolution. Recognizing the intricate
connections between nutrient levels and microbial diversity provides insights into sustainable agricultural
practices. Unraveling the impact of soil nutrients on bacterial discovery contributes not only to scientific
understanding but also to the development of eco-friendly farming approaches.

Life in the Soil

Industrial hemp (Cannabis sativa) is a fiber crop with impressive carbon sequestration potential. For example,
1 ton of hemp stalks contains about 0.445 tons of carbon absorbed as a gas or 1.63 tons of CO2 [8]. The
cannabidiol varieties of hemp are also purported to produce products that have radical scavenging capabilities.
Thus, it may be useful for building materials or be therapeutically relevant. The rootzone microbes of industrial
hemp have been little studied in a field crop setting. Previous research showed that rhizosphere microbes
in cannabis are cultivar-specific. However, it was unknown to what extent soil types or cropping systems
influence these microbes.
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The technique used to assess this in our study was a comparative analysis of 16S soil metabarcoding results
from 6 samples from each of two sites; in Camarillo, CA at Rodale Organic Institute where JinMa and CBD
(cannabidiol) types of hemp were grown, and in Tulare, CA at Western Fiber’s south side field, where the YuMa
fiber variety was grown and harvested. The Tulare site had a history of traditional synthetic farming methods.

Purpose and Hypotheses

The purpose of this study was to discover plant growth-promoting and antibiotic-producing bacteria from the
rootzones of plants. The hypothesis was that each soil environment would have a unique microbial community
associated with it. This hypothesis was developed by considering the differences in geography and the fact
that the soil is sandier at the Tulare site and contains more clay at the Camarillo site. We also hypothesized
that the organic farm in Camarillo would have more diverse and abundant microbes performing these essential
functions, when compared to the traditionally farmed soil in Tulare. This is because organic farming is
generally considered to be more biodynamic than traditional or synthetic farming methods.

Overview and Importance

The soil metagenome consists of the 16S ribosomal genes detected in a soil sample by Next-Generation Gene
sequencing techniques (Massive Parallel Sequencing, such as Illumina). The metagenome is a snapshot,
both qualitatively and quantitatively, of the microbial community present in the soil. Biologic activity
is an important indicator of the soil’s health. The great multitude of functions of the soil’s microbiota
is impressive. Major planetary nutrient cycles are involved and dependent on the microbiota of the soil
and are of vast importance to both natural ecosystems as well as agricultural endeavors. Experiments that
assess the metagenome are of great importance in informing best practices associated with organic and
regenerative farming.

The soil hosts billions of bacteria, but not all species can be readily cultured [9]. The number of culturable
bacterial cells in soil is generally believed to be only about 1% of the total number of living cells present.
However, in environmentally stressed soils, the number of culturable bacteria may be as low as 10"4
cells per gram [10]. This emphasizes the importance of metabarcoding and other cultivation-independent
techniques. Metabarcoding as it now exists is novel, particularly in its ability to detect thousands of taxa
quickly in a single sample and in an economically feasible fashion - opening gateways for research to
further understand plant-microbe interactions, plant physiology, microbial characteristics, and anticipating
potential threats from pathogens. There is also the potential to identify new species, which may be important
to agricultural technologies.

The Rodale Institute has been involved in the research and development of organic regenerative agriculture
and has not applied synthetic fertilizers, pesticides, or herbicides to any of the fields that have been sampled.
Furthermore, the Rodale Institute has experimented with various cropping systems and policies of leaving
crop residues post-harvest, cover-cropping, green manuring, and not allowing fields to lie fallow. The recent
history of Western Fiber’s field is in line with the current agricultural method of utilizing synthetic herbicides,
insecticides, and fertilizers, with fields and orchards typically existing as monocultures and often left fallow
during non-growing seasons. Conventional tillage systems have been shown to break down soil structure and
diminish the quantity of soil bacteria [1].
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Methods

Soil Physical and Chemical Properties

During Fall 2021- Spring 2022, 51 soil samples from Los Angeles Pierce College farm and local farms were
analyzed for soil chemical and physical properties. Industrial Hemp YuMa plots in Tulare grown at Western
Fiber were sampled for soil. In Camarillo, JinMa fiber variety and CBD type rootzones were sampled for soil.
Noxious weeds growing in Marquis field at Pierce College, soil from the Pierce Arboretum, and soil from
fallow ground from a proposed vineyard site were also sampled.

Fig. 1. The Google Earth images of the sampling locations at Rodale Organic Institute (A)
and LA Pierce College (B) are pictured.

Moisture, organic matter, EC, TDS, pH, N, P, and K were determined using the methods described in the
St. Clair Soil Science Lab Manual. Moisture % was determined by the oven dry method. Organic matter
percentage was determined by dry combustion. A 1:5 soil-to-water ratio was used for soil pH measurements.
N, P, and K were determined using Hach color-changing reagents, and %T was measured using a Genesys 20
spectrophotometer. Soil physical and chemical properties from the sites were also measured, including EC,
TDS, and texture by touch. Colony forming units (CFUs) were also quantified. Comparisons between fields
were carried out in the R stats package. Since there was an indication of non-normality and unequal variance,
the nonparametric Kruskal-Wallis regression method was used to analyze the data.

Soil Metabarcoding

During Fall 2021, 22 soil metabarcoding samples were collected from Los Angeles Pierce College farm and
local farms, DNA was extracted, and samples were sequenced on Illumina. The samples and their associated
locations are referred to as follows: JinMa and CBD are from Camarillo, Ventura County, and Industrial Hemp
N _side, and S_side samples are from Lemoore, Tulare County.

The data consists of 16S amplicons. DNA was extracted with the Qiagen (Hilden, Germany) Power Soil
DNA kit. Quantification of the DNA extracted was achieved with spectrophotometry using the Thermo Fisher
MultiSkan SkyHigh Microplate Spectrophotometer. DNAs were then sent to James Madison University for
16S amplification and library preparation, and 16S amplicon NGS was pooled on the Illumina (San Diego,
CA, USA) MiniSeq platform. The V4 region of the bacterial 16S rRNA gene was amplified and barcoded for
each sample using the primers developed by Kozich et al [11]. Samples were pooled. A double-sided bead
cleanup was carried out. The quality and concentration of the pooled library were checked using a Bioanalyzer
(Agilent, Santa Clara, CA, USA) and NEB’s Library Quant Kit for [llumina. The library was sequenced on
a MiniSeq using a mid-output reagent cartridge. Before loading, the library was combined with Illumina’s
PhiX control (30:70 16s: PhiX) to ensure a high-quality run despite the problem of relatively low diversity
in the 16S library. Metabarcoding data analysis was carried out using the DNA Subway Purple Line [12]
using QIIME 2 [13] and Emperor [14]. DNA Subway was used for bioinformatics; the Purple Line analysis
implemented DADA2 and QIIME2 for quality control, alpha rarefaction, and the output of the ASV table for
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taxonomic diversity analyses. Using MS Excel pivot tables, the relative frequency of reads from different
functional categories of microbes was visualized [15].

Results and Discussion

Soil Physical and Chemical Properties

Data showed that the conditions between the fields differed significantly in values for organic matter, N, K,
TDS, and pH (p<0.05); this offered a diverse panel of substrates for the discovery of bacteria performing
beneficial functions to plants and humans. A visual representation of the correlation matrix is given in Figure
2. It is apparent that Potassium concentrations are making the highest contribution to EC and TDS from the
elements measured, based on the Pearson correlation matrix. It also appears that the CFU concentrations for
the 10"-5 dilution were mildly associated with higher N and P levels. As expected, EC and TDS values were
100% correlated.

According to the results of nonparametric Kruskal-Wallis regression [16]. Field was associated with OM
(p=0.02). There was a trend toward the Arboretum and Marquis C samples exhibiting the highest OM
percentages. However, the results of the pairwise Wilcoxon rank sum test indicated that there was no significant
difference in OM between the groups, based on the adjusted p-values using the BH correction (BH correction=
Benjamini-Hochberg false discovery rate).

According to regression results, Field was associated with N (p=0.02). There was a trend toward higher nitrogen
levels at the proposed vineyard site, and the lowest N levels were from Rodale Institute. Most samples had low
values for Nitrogen in ppm. No significant pairwise differences were detected when using the BH-corrected
p-values and a cutoff of 0.10.

Field was associated with K (p=3.24*10"-5). In the pairwise Wilcoxon rank sum test, the Potassium levels of
Marquis A soil samples varied from the Arboretum soils, and Western Fiber soils from Tulare differed from Rodale
soil K levels, using a marginally significant p-value cutoff of 0.10. According to the results of nonparametric
Kruskal-Wallis regression, Field was associated with pH (p=0.002). In the pairwise Wilcoxon rank sum test,
the pH of Marquis A soil samples varied from the Arboretum soils, and Western Fiber soils from N. side Tulare
differed from Rodale soil pH levels, using a marginally significant adjusted p-value cutoft of 0.10.

According to the results of nonparametric Kruskal-Wallis regression, Field was associated with TDS
(p=8.49*10"-6). In the pairwise Wilcoxon rank sum test, the TDS of the Arboretum soils was significantly
different than N. side Tulare field soils (p-adj<0.05). Furthermore, the Marquis C Drain soil samples varied
significantly in TDS from the Marquis A soils (p-adj=0.03), and Marquis A was significantly different in TDS
than N. Side Tulare fields. Marquis B and Rodale samples were also significantly different in TDS when
compared with Tulare N. Side samples (p-adj=0.03). The highest TDS values were from Marquis B and the
proposed vineyard site (Figure 2). The BH correction was applied.
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Fig. 2. A comparison between the TDS values of the fields is shown.
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The tested sites, characterized by the lowest nitrogen levels among the fields, present an intriguing scenario.
Nitrogen scarcity often acts as a selective pressure on microbes, encouraging the emergence of bacteria with
specialized adaptations for nitrogen acquisition. Microbial communities, being highly adaptable, strategically
adjust their physiology based on nutrient availability. Potassium influences microbial dynamics, and the
correlation between potassium concentrations and Electrical Conductivity (EC) raises the question of whether
microbial abundance may respond to varying potassium levels. Colony Forming Unit (CFU) concentrations
for the 10"-5 dilution exhibit a subtle association with higher nitrogen (N) and phosphorus (P) levels. This
suggests a microbial response to varying nutrient levels, hinting at a potential correlation between nutrient
availability and microbial abundance.

Some bacteria can increase iron availability in conditions of high pH. Bacillus, which was detected in our
Tulare samples, is a genus known to catabolize and exude siderophores (compounds acting as iron chelators)
into the rhizosphere, which create Fe availability in soils that would otherwise have too alkaline a pH for
sufficient iron mobility in the soil, thus increasing the upper limit of the pH range tolerable to any specific
crop; iron availability is naturally limited at high pH [17].

Beta Diversity Analysis

In the beta diversity analysis using the unweighted UNIFRAC distance for a principal coordinates visualization
of the 16S data, the Camarillo samples from both CBD and JinMa varieties appeared to be very similar based
on their genetic distances (Figure 3). Meanwhile, the cluster of samples from Camarillo appeared to separate
from the Tulare samples. The Tulare industrial hemp-planted and postharvest plots also appeared very similar,
based on their projected distance on the PrinCoA graph.

Principal coordinates analysis is a method commonly employed in the analysis of beta diversity, which is the
similarity or dissimilarity between samples or groups of samples. The UNIFRAC distance has been shown
to be an effective distance metric in simulation studies [18]. The first three axes of the principal coordinates
accounted for 42.54% of the variation. Industrial hemp associated soil samples from Tulare tended to be low
on Axis 2 and high on Axis 3, whereas the soil samples from Camarillo were high on Axis 2 and high on Axis
1. The postharvest samples from S. Side 6 appear to be like the industrial hemp plots. These samples, six
samples from Camarillo and six samples from Tulare will be the focus of the remainder of the metabarcoding
analysis, due to this interesting observation and the lack of sufficient replicates for the Pierce farm samples,
some of which failed sequencing.
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Fig. 3. The beta diversity comparison involved visualizing the first three axes of Principal Coordinates
Analysis. The distance between sample groups reflects the genetic distance (between group diversity).
Pink rings: Tulare S. Side Plot 3 Yu-Ma Industrial Hemp; Light Blue rings: Tulare S. Side Plot 2 Yu-Ma In-
dustrial Hemp; Green cones: Tulare S. Side Plot 6 Postharvest; Dark Green diamonds: Tulare N. Side Plot

6 Fallow; Orange spheres: Los Angeles Marquis A fallow; Yellow cones: Los Angeles Ridge Vineyard Site
Fallow; Red rings: Ventura CBD Trial; Blue rings: Ventura JinMa trial; Purple square: positive control.
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Analysis of Bacterial Taxonomic Abundance

To gain further insights into which genera may be performing essential ecological functions at the sites where
industrial hemp was grown, Excel pivot table analysis was performed using the methods described in the
Pipeline for Undergraduate Microbiome Analysis [15]. The bacterial genera found in the different samples
were compared and visualized. The functional classification was based on their putative ecological functions
from the literature.

In terms of potential antibiotic producers, the genera Actinoplanes, Lysobacter, Bacillus, and Pseudomonas
were well represented in the Camarillo samples. However, in Tulare samples, Actinomadura, Bacillus, and
Streptomyces sp. had the highest abundance of reads. Low counts were also present for Lysinibacillus. The genus
Lysinibacillus includes entomopathogenic bacteria that produce antifungal and antibacterial compounds [19].

Serratia species such as S. marcescens have been shown to promote growth in wheat seedlings and have a full
suite of active nitroreductases [20]. Streptomyces are known for denitrification abilities, which is part of its
suite of plant growth promotion characteristics [21]. Vibrio is a pathogen that uses nitrate reduction as a strategy.
Vibrio cholerae uses nitrate reduction to determine how much it should grow its population under anaerobic
and changing pH conditions [22]. Similarly, Vibrio sp. collected from sediments of Scottish estuaries have
been shown to produce nitrite and ammonia from nitrate [23]. Pseudomonas such as P. aeruginosa are able
to denitrify soil under anaerobic conditions [24]; a new nitrate-reducing species, Pseudomonas oligotropha,
was recently discovered [25]. Achromobacter has denitrifying bacteria such as 4. denitrificans, which lives
only in aerobic conditions and was isolated from soil [26]. Bacilli such as B. subtilis are valued for their
biofertilizer applications, including their ability to reduce nitrogen in agricultural soils, which reduces the loss
of nitrate that typically occurs readily following a precipitation event [27]. Nitrogen reducers were represented
by Achromobacter, Bacillus, Pseudomonas, Serratia, Streptomyces, and Vibrio in the Camarillo samples. In
the Tulare samples, nitrogen-reducing bacteria were represented by Bacillus and Streptomyces.

In terms of potential plant growth-promoting bacteria and nitrogen fixers, 100% of the Brevibacillus reads
identified in the study were in the Camarillo soil samples. Greater than 80% of the Chitinophaga and 80% of
the Agromyces reads identified in the study were from Camarillo, as well as more than 80% of the reads for
Pseudomonas and greater than 60% of the Massilia sp. reads. Furthermore, more than 70% of the reads for
Flavobacterium sp. belonged to the Camarillo samples (Figure 4).

Pseudomonas

Pedobacter
Values

Paenibacillus m Sum of Jin.Ma.hybridIndustrial. Hemp1

o Sum of Jin.Ma.hybridIndustrial. Hemp2
ML Sum of Jin.Ma.hybridindustrial. Hemp3
o Sum of CBD.triallndustrial. Hemp1

Massilia
M Sum of CBD.trialIndustrial. Hemp2

Flavobacterium B Sum of CBD.triallndustrial. Hemp3

W Sum of S.Side2Industrial. Hemp1

Chitinophaga M Sum of S.Side2Industrial. Hemp2

M Sum of S.Side2Industrial. Hemp3
Brevibacillus

M Sum of S.Side3Industrial. Hemp1

Arthrobacter m Sum of S.Side3Industrial. Hemp2

W Sum of S.Side3Industrial.Hemp3

Agromyces

Agrobacterium

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Fig. 4. The relative abundances of several potential plant growth promoting bacteria are shown
for Tulare and Camatrillo samples.
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More than 60% of the reads from Pedobacter were from Tulare. It is interesting because Pedobacter
and Flavobacterium are related, and known for antioxidant production but were not found to be equally
abundant at both sites. Greater than 55% of Arthrobacter sp. reads were from Tulare. Paenibacillus reads
were split evenly between sites; Mesorhizobium reads were also found in similar proportions at both soil
sampling sites. Among the remaining suspected nitrogen fixing genera, reads were more prevalent in the
Tulare samples for Arthrobacter, Bradyrhizobium, and Devosia. Conversely, Sinorhizobium sequences were
only found in Camarillo soil samples, and of the sequences that were assigned to Rhaizobium, 60% belonged
to samples from Camarillo.

Potential prokaryotic contributors to essential ecological functions in the industrial hemp rootzone were
identified. Although there were differences in the most prevalent species at each site, all communities had
players in each of the functional roles studied here: Antibiotic production, nitrogen fixation, denitrification, plant
growth promotion, and pesticide and insecticide degradation. Variations in the community may be explained
by both the plants grown at the location and their associated rhizosphere, as well as the soil conditions and
current cultural practices of agriculture, performed at those specific locations.

Bacteria from the plant rhizosphere alter plant growth, recruiting or repelling certain species. Soil biota from
bulk soil provides the seed bank for the rhizosphere biota, creating a cycle. In this consideration, simply
growing hemp or any other plant may act as a bioinoculant, which may modify edaphic soil conditions, which
will, in turn, become an inoculant to future rhizospheres. This stresses the importance of not allowing a field to
lay fallow for an extended period. As performed in another study [28], future work could involve the collection
of bulk soil samples (edaphic soil), rhizosphere samples, and endosphere samples. A bulk soil sample would
be useful to serve as a control by holding the fallow condition constant and reflecting the land use and soil
factors. Future planned studies should work on the isolation of beneficial microbes that were unclassified to
the species level from the organic farm in order to provide more tangible evidence of the claims made in this
study. This would also lend itself to the potential discovery of novel soil bacteria. Including fungi in the next
round of sequencing using an ITS (internal transcribed spacer) region [29] is also of interest.

Conclusion

The main results indicated that there were significant differences in nitrogen, potassium, pH, and TDS between
pairs of fields. There was a subtle association between higher N and P levels and CFUs for the 107-5 dilution.
Therefore, the hypothesis was partially supported, particularly for organic matter and phosphorus levels,
which were similar across farms. The hypothesis that each environment would have a distinct community was
partially supported. The hypothesis that the organic farm would have a higher abundance and more variety
of microbes performing these essential functions was supported. A surprising result was that the microbiome
of industrial hemp seemed to be more influenced by soil type and cropping method rather than the genetic
background of the cultivars.

This comparative analysis contributes to the literature a novel investigation of soil microbes in the industrial
hemp rootzone. The limitations of the study involve the need to have a more rigorous experimental design
and allow for more statistical analysis and biochemical testing. The sites with the unique combination of
low nitrogen, significant potassium, and high pH have likely shaped a distinctive microbial community. This
discovery emphasizes the intricate interplay between soil nutrient levels and microbial adaptations, paving
the way for sustainable agricultural practices and microbial-based solutions for soil management. Soil needs
to be conditioned, with cover crops and amendments over time to retain their fertility. Periodic monitoring
before, during, and after cropping are necessary. In order to draw a strong conclusion about the significance
and interaction between soil conditions and cultivar types, a design that tests soils from the same cultivar at
multiple sites would be helpful in controlling for some of the variables.
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Abstract: The gene annotation of the Mycobacterium phage Inverness was performed to establish certain
genetic characteristics and qualities of the phage. Our research was designed to investigate the potential
usefulness of this phage for medical purposes as part of the SEA-PHAGES project. Due to the decline in
effectiveness of antibiotics when treating bacterial diseases, demand for alternative therapies and treatment has
grown substantially. Phages have the potential to meet this demand. The genome of Inverness was found to be
68,264 base pairs in length, to possess a GC content of 66.5%, and to contain 99 protein-coding genes. Based
on nucleotide similarities, the Mycobacterium phage Inverness was placed into cluster B and subcluster B1.
The 33 genes with identifiable functions had an almost even split between rightward (49.49%) and leftward
(50.51%) oriented genes. No putative function could be identified for 66 genes. No tRNAs were found to
be present within the genome for this specific phage. It should also be noted that, among those genes with
identified functions, two codes for lysins, which are proteins that kill bacteria cells. This suggests potential
future opportunities to use this phage as a treatment for certain cases of antibiotic resistant infections.
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Introduction

The Science Education Alliance-Phage Hunters Advancing Genomics and Evolutionary Science (SEA-
PHAGES) Program is a course-embedded research program where students search for new bacteriophages
in soil samples, perform a variety of laboratory techniques, and complete a complex genome annotation. The
goals of the project are twofold: first, to increase undergraduate student interest and retention in the biological
sciences, and second, to identify phages that can be used to treat antibiotic resistant infections [1]. The SEA-
PHAGES project is jointly run by the Howard Hughes Medical Institute’s Science Education division and
Graham Hatfull’s laboratory at the University of Pittsburgh. Participation in the SEA-PHAGES project has
been shown to increase student retention and to influence career choices [1]. Students at Connecticut State
Community College, Northwestern campus, participated in the SEA-PHAGES program while taking a
Molecular Genetics course. As part of this course, students performed the structural and functional annotation
of the Mycobacterium phage Inverness to determine its potential to treat antibiotic resistant infections.

Antibiotic resistant infections occur when mutation of the infecting bacterium prevents its destruction by
antibiotics. Infections with antibiotic resistant organisms can be difficult or impossible to treat. According to
the World Health Organization, 1.27 million people died in 2019 due to infections with antibiotic resistant
organisms [2]. Bacteriophages have proven successful as a last resort in treating antibiotic resistant infections
and are being tested in clinical trials [3].

Phages, also known as bacteriophages, are viruses that infect and replicate within bacterial cells. They are the
most prevalent biological agent on Earth and are found everywhere in the environment [4]. The size, shape,
and genetic structure of phages exhibit remarkable diversity [4]. All phages are made up of a nucleic acid
genome covered in a capsid protein shell which protects the genetic information and facilitates its transfer to
host cells. Many phages have tails that are used to deliver the genome into the host cell. The ability of phages
to lyse bacterial cells makes them potentially effective in treating patients with antibiotic resistant infections
[5]. To understand the potential for a phage to be used to treat patients, the genome of the phage must be
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annotated. Gene annotation involves the comprehensive process of detecting and characterizing genes within
a genome. It starts by using computational gene prediction tools to identify potential genes based on genomic
features. Structural annotation involves identifying the boundaries of the genes and functional annotation
involves assigning putative functions to gene products. Gene annotation is crucial for understanding a phage’s
genetic traits, which must be considered when evaluating a phage for the possible treatment of antibiotic
resistant infections. For a phage to be used as treatment “the phage genomes should not include any genes
known or suspected to be toxic” [3].

Methods

Obtaining the Sequence of the Mycobacterium phage Inverness

The work to identify, isolate, purify, extract, and sequence DNA was not performed as part of this research
project. However, a brief description of those processes is described here.

The Mycobacterium phage Inverness was collected from a bag of Miracle-Gro® potting soil obtained in Fort
Collins, Colorado, USA. It was isolated, purified, and amplified by Sean Anderson of Rocky Mountain High
School in Colorado, as part of the Phage Hunters Integrating Research and Education (PHIRE) program [6],
using Mycobacterium smegmatis mc® 155 as a host [7].

DNA extracted from the phage was sent to the Pittsburgh Bacteriophage Institute for sequencing. The Pittsburgh
Bacteriophage Institute completed sequencing on December 20th, 2020, using Illumina Sequencing, with an
approximate shotgun coverage of 511. The shotgun method of sequencing involves breaking the genome up
into pieces, sequencing each piece and then reconstructing the entire genome. The shotgun coverage number,
in this case, 511, describes the average number of reads that align to the reference database.

The sequence information was used to create the FASTA file. The FASTA file containing the text-based
sequence of the nucleotides for the phage genome was uploaded into the PhagesDB database by the SEA-
PHAGES project administrators [8].

Annotation Process

The FASTA file was obtained from the PhagesDB database and loaded into DNA Master v5.0.2, a gene
exploration and annotation tool used to predict the probable genes in the sequence [9]. The Mycobacterium
phage Inverness genome sequence was also run through the evidential programs contained within The Phage
Evidence Collection And Annotation Network (PECAAN) version 20221109 [10]. PECAAN was utilized to
compile data from several other databases for comparison [10].

Within PECAAN, gene start and stop recommendations came from the Gene Locator and Interpolated Markov
ModelER (Glimmer) system v3.02b, along with the GeneMark v4.28, and Starterator v1.2 systems [11,12].
GeneMark was also utilized for determining coding capacity [11].

This information along with the Z-score, gap or overlap between genes, the final score, and coding capacity
were used to select the best starting position for each gene.

The Z-score provides the standard deviation of a score when compared to the best scores from all possible
start positions in the genome. The Z-score provides the standard deviation of a score when compared to the
best scores from all possible start positions in the genome. DNA Master and PECAAN produce Z-scores for
the various possible starting positions of each predicted gene. While the exact values of the Z-scores vary for
each gene, the best Z-score is one that is closest to 2. The starting position selected for each gene is based on
selecting a position that has a calculated Z-score that is closest to 2.

In addition, the Genemark map was used as an effective visual reference for the regional coding potential of
prospective gene candidates, and Actinobacteriophage Phamerator, version 567, was used to compare related
phages in subcluster B1 [13].

Gene functions were determined by comparing the protein sequences for each gene to previously annotated
genomes. PECAAN provided protein analysis recommendations from BLASTp v2.13.0., the Protein database
and Non-Redundant Protein Sequences database, and HHPred v2.08 as well as NCBI_Conserved Domains
(CD) databases [14,15]. These databases are used by the PECAAN algorithms to detect similarities between
proteins. The evidence selected was based on evaluating probability ratings and e-values, which measure the
significance between sequences.
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The Transmembrane Helices: Hidden Markov Model, TMHMM, provided evidence on transmembrane
protein predictions [ 16]. Transmembrane proteins play a role in controlling the lysis of bacteria after infection
by a bacteriophage. Phages with transmembrane proteins have the potential to kill bacteria and, therefore, to
be used to treat antibiotic resistant infections.

TRNAscan and Aragorn programs were used to look for the presence of tRNAs [17,18]. The full annotation
from PECAAN was run through DNA Master to create the minimal file suitable for submission to the
PhagesDB website following SEA-PHAGES protocols.

A quality control check was performed before the complete genome was submitted to GenBank by the
SEA-PHAGES’ administrators who check to make sure that the guiding principles for gene annotation were
followed and that all the functions call are allowable functions [19].

Results and Discussion

The Mycobacterium phage Inverness has a 68,264 base pair long genome with a GC content of 66.5% with
a circularly permuted genome end character. Genomes with circularly permuted genomes form circular
molecules upon injection into the host. These circular molecules can be used for replication of the phage. The
genome annotation identified 99 protein-coding genes, with a nearly equal distribution between the rightwards
(49.49%) and leftwards (50.51%) genes.

Thirty-three genes were assigned putative functions, but no functions could be identified for the remaining
66 genes.

Proteins involved in capsid structures are clustered between genes #9 and #13. Proteins involved in the tail
structure are located between genes #18 and #41. The tape measure protein was identified as being coded for
by gene #28. This gene determines tail length. Long-tailed phages have a tape-measure protein gene consisting
0f 2,000 or more base pairs.

The tape measure protein gene in the Mycobacterium phage Inverness is 5,976 base pairs long and codes for
1,991 amino acids, indicating that it has a long tail. Figure 1 shows the size of the tape measure protein gene
when compared to the genes for the tail assembly chaperone and the minor tail protein.

tail assembly chaperone tape measure protein

Edgn
| 29

Fig. 1: This figure, taken from the Phamerator Database [13], shows the relative size of the tape measure
protein gene (#28) when compared to the tail assembly chaperone genes #25 and #26 and the
minor tail protein #29. The reverse gene #27 is not shown.

minor tail protein

Genes assigned putative functions include those coding for structural proteins like RuvC-resolvase and for
enzymes involved in DNA replication and packaging like DNA helicase, DNA primase, and HNH endonuclease.

DNA Helicase is the enzyme responsible for the break of the hydrogen bonds between DNA strands during the
process of DNA replication. DNA primase is also used during DNA replication and is responsible for adding
primers or starting sequences to the strands. This allows DNA polymerase to add new nucleotides to the
growing nucleotide strands. HNH endonuclease is a small DNA-binding protein that can cleave the covalent
bonds between nucleotides in a strand.

Genes that code for Lysin A and Lysin B were identified as #48 and #49, respectively. Lysins are enzymes that
destroy bacteria cell walls. This leads to the death of the bacteria cells and indicates that this phage has the
potential to be used to treat antibiotic resistant infections.

No tRNAs were found, indicating that the phage uses the host tRNAs in the translation process.
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The complete genome annotation can be found in the National Library of Medicine’s GenBank Database
under accession number OR159656 [20].

The full list of genes with identified functions can be found in Table 1.
Table 1 Genes with Identified Function

Gene Number Length in basepairs # of Amino Acids Product

1 567 188 Adenylate Kinase

2 1788 595 Terminase

6 555 184 RUVC-like Resolvase

8 1905 634 Portal Protein

9 2574 857 Major Capsid and
Fusion Protein

10 435 144 HNH Endonuclease

12 1746 581 Major capsid Hexamer
Protein

13 804 267 Major Capsid Pentamer
Protein

15 309 129 Holin

18 801 266 Major Tail Protein

20 777 258 Queuine tRNA
Ribosyltranferase

22 738 245 Head-to-Tail Adapter

25 423 140 Tail Assembly Chaperone

26 564 187 Tail Assembly Chaperone

28 5976 1991 Tape Measure Protein

29 1434 477 Minor Tail Protein

30 1113 370 Minor Tail Protein

31 2256 751 Minor Tail Protein

32 1347 448 Minor Tail Protein

33 1161 386 Minor Tail Protein

41 408 135 Tail Fiber

45 216 71 Helix-turn-Helix
Binding Domain Protein

46 525 174 Helix-turn-Helix
Binding Domain Protein

48 1329 442 Lysin A

49 1356 451 Lysin B

51 1404 476 Exonuclease

52 1704 567 DNA Helicase

57 2748 915 DNA Primase

59 1860 619 DNA Replicase

66 180 59 Ribbon Helix-turn-Helix
Binding Domain Protein

68 699 232 DNA Binding Protein

82 303 100 HNH Endonuclease
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Conclusion

The Mycobacterium phage Inverness was assigned to cluster B and subcluster B1 based on the nucleotide
similarities to other phages in the clusters. Like other subcluster B1 phages, Mycobacterium phage Inverness
infects mycobacterium and has a GC content of 66.5% and a base pair length of 68,264 [21]. Based on its gene
content, it is predicted to be of the siphovirus morphotype. Phages with this morphotype have long, flexible
tails that are non-contractible and have heads that are hexagonal and icosahedral.

The capsid size, head, and tail length of Mycobacterium Phage Inverness are unknown since electron
microscopy was not performed. However, it was determined that gene #12 codes for a hexamer major capsid
protein, confirming that the head is hexagonal. The tape measure gene (#28) was found to be 5,976 base pairs
long, confirming that the tail is long.

The Mycobacterium Phage Inverness contains two genes that code for lysins. Lysin A is coded for in gene #48,
and Lysin B is coded for in gene #49. Lysins disrupt the complex structures of bacteria cells, leading to rapid
cell lysis [22]. This action kills the bacteria cells and offers a promising solution to combat infections caused
by antibiotic-resistant strains of Mycobacterium.
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