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Abstract: The purpose of this study was to identify candidate novel species performing beneficial
ecological functions from soil. The hypothesis was that novel culturable species with antibiotic
production potential could be readily found from soil in the Nature Canyon at Los Angeles Pierce
College. 137 bacterial isolates from soil were grown on nutrient agar, ISP-6 medium, or LB agar and
partial 16S was ascertained using the Sanger platform for regions V1-V4. One of the potentially
novel isolates, Pseudomonas sp. 21-C3-ER, was isolated on nutrient agar from fallow soil in an
agricultural nature preserve in Los Angeles. The soil conditions were 3.7% moisture, clay texture by
touch, 13.37% organic matter, pH=6.63, TDS=638, 150 ppm nitrogen, 114 ppm phosphate, and 42
ppm potash. Whole genome sequencing was performed on the DNBseq platform and species
identification was performed with TRUEBacID; the closest relative was Pseudomonas
brassicacearum subsp. neoaurantiaca which was 92.05% similar by genomic evidence. 197
virulence factors were identified including flagellar biosynthesis, motor proteins, Beta-lactamase,
Fosfomycin, copper, and sulfur drug resistance. Gram stain of strain 21-C3-ER revealed gram
negative rods. Rods were visualized with scanning electron microscopy, revealing individuals
approximately 1 um in length. Secondary metabolite analysis using antiSMASH showed a variety
of post-translationally modified proteins and a promysalin analog. The qualitative test for
pyoverdine siderophore production using UV light was positive. Metabolic analysis using RAST
indicated genes were present for pyoverdine production, antimicrobial resistance, and
ammonification. The nitrate reduction test was positive. Denitrifying bacteria may prevent
leaching of nitrates from soil, since ammonia has a higher affinity to soil and organic matter than
nitrate. We propose Pseudomonas fernandeno as a novel species. The type stain is 21-C3-ER.

Keywords: barcoding; whole genome sequencing; polyketides; antimicrobial resistance;
denitrification

1. Introduction

The most numerous microflora in soil are bacteria. Most bacteria decay organic matter, while a
few cause plant diseases. Bacteria affect the chemical properties of the soil and can contribute to the
production of healthy crops by making nutrients more readily available (Plaster 2013).
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Understanding the roles and capabilities of soil bacteria in rootzones of crops, fallow soil, and noxious
weeds in a field is important for disease prevention and increasing yield.

Pseudomonas sp. are somewhat controversial, since they have the potential to be antibiotic
resistant pathogens to plants or animals (Gislason 2020). However, some species also have the
potential to be plant growth promoting. Other beneficial functions of Pseudomonas sp. may include
antibiotic production, increase in the availability of iron to plants, degradation of contaminants, and
reduction of nitrate.

Bacteria decompose organic matter and deceased organisms, breaking them down to make
nutrients available to plants as well as many other important functions (Zhang 2022). Some of these
other functions are Nitrogen cycling, protecting plants against harmful pathogens, and improving
the soil aeration. By examining the soil for these bacteria, farmers can gain insight on ways to improve
the quality of their soil, hence, improving crop yields and their profits, and reducing the use of
commercial fertilizer which can have impacts on the soil itself and the surrounding environment.

For example, Pseudomonas sp. may have phosphatase enzymes that can make organic
phosphates more available to plants, thus acting as a biofertilizer (Rath et al 2022, page 4, Mishra et
al Eds.) According to the environmental secretary of the United Kingdom, the short-term gain from
using synthetic fertilizers and pesticides may not be worth the long-term loss of soil fertility over time
(Lupica 2020). Hence, it is necessary to think critically about farming practices, where the best
practices maintain natural symbiotic relationships of these bacteria in the soil. According to
Harrison, a professor at Cornell’s College of Agriculture and Life Sciences, in regards to soil bacteria
and fungi, “If we're right, then enriching the soil for some of these bacteria could increase crop yields
and, ultimately, reduce the need for conventional fertilizers along with their associated costs and
environmental impacts” (Haas 2021). Another potential benefit of natural biofertilizers is that
Pseuomonas sp. activate plant defenses and prime them for pathogen attacks, as well as produce
potential biocontrol agents (Tailapragada et al 2022, page 91, Mishra et al Eds.).

The identification techniques of DNA barcoding and colony PCR (Polymerase Chain Reaction)
of bacteria that interact with plants will help give better understanding to plant physiology, microbial
characteristics, and to anticipate potential threats from pathogens (Lebonah 2014). There is potential
to identify new species from soil that may produce valuable compounds with agricultural or medical
applications. The purpose of this study was to identify novel microbes performing beneficial
ecological functions from soil. The hypothesis was that novel culturable species with antibiotic
production potential could be readily found from soil in the Nature Canyon, Field 21, at Los Angeles
Pierce College.

2. Materials and Methods

Between Fall 2021- Spring 2023 soil bacterial isolates were collected from Los Angeles Pierce
College farm and local farms. One of the potentially novel isolates collected in Fall of 2022, 21-C3-ER,
was isolated on nutrient agar from fallow soil in an agricultural nature preserve at Pierce College in
the San Fernando Valley of Los Angeles. Barcoding isolate DNA was extracted using 10% Chelex
solution heated for 10 minutes at 100 C.

Quality control was achieved through electrophoresis using the E-gel system. Partial 16S
amplicons were sequenced on the Sanger platform using primers for the V1-V4 regions. Barcoding
data analysis was performed on the DNA Subway Blue Line (Hilgert 2014) and EZBioCloud (Yoon
et al 2017). Isolates with low similarity values and high completion values were selected as putative
novel isolates for WGS. Whole Genome Sequencing of the novel isolate was carried out at BGI using
DNBseq platform.

RAST was used for metabolic subsystems analysis (Aziz et al 2008). Strain identification was
carried out using TRUEBacID (Ha 2019); genome assembly on this platform uses SPAdes (Bankevich
2012). Functional analysis was carried out in RAST and antiSMASH 7.0 (Blin et al 2023). A schematic
representation of the experimental strategy is shown in Figure 1.
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Figure 1. The simplified pipeline for isolation, discovery, and characterization of novel bacteria from
soil is shown.

Protein structure was simulated in SwissPROT and Protein Data Bank (PDB). Qualitative test
for siderophore production used UV light to detect fluorescent pigments qualitatively (Dyer and Foy
2022, Tamang et al 2021, Banerjee et al 2017). A BLASTP search (Altschul 1990, Wang et al 2023) was
conducted on domains of putative Pyoverdine synthase genes that were not well-characterized in the
reference secondary metabolite gene clusters (Blin et al 2023). A template-based SwissPROT model
was constructed (Waterhouse 2018) for a promysalin synthetase-like domain detected in the genome
of the candidate novel species.

Using the Gram stain technique (Tripathi 2023), the bacteria was visualized on a Boreal
compound light microscope at 400x. Bacteria from an agar plate was mixed with 62 pL of nuclease
free water and 62 uL of 2.5% glutaraldehyde. The solution was mixed by pipetting and applied to an
aluminum stub. 100 uL of ethanol was applied. The sample fan dried for 30 minutes. The Scanning
electron micrograph of the bacteria was visualized on an SNE-Alpha desktop SEM (Scanning electron
microscope) at 5KV, 50uM aperture size, high vacuum, and 25,000x magnification. The nitrate
reduction test was carried out using the sulfanilic acid method (Buxton 2011). Pseudomonas sp. 21-
C3-ER cultures were grown in nutrient broth with 64.29 ppm nitrate added for 48 hours.

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 at 100 deg C for 24 hours. Organic matter percentage was determined by dry combustion.
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. Other soil
physical and chemical properties from the site were measured including and TDS using a Hanna
instruments probe, and texture by touch. GIS data from the USDA Web Soil Survey was reviewed
(Soil Survey Staff 2024).

3. Results and Discussion

The results of initial screening using the partial 16S sequence suggested up to 30 potentially
novel isolates. One of the potentially novel isolates collected in Fall of 2022, 21-C3-ER, was isolated
from soil solution on nutrient agar from the 10”3 dilution. The isolate was translucent with a slight
yellow color.

The soil conditions where the soil was collected were determined experimentally at Pierce
College during Fall of 2022 to be 3.7% moisture, clay texture by touch, 13.37% organic matter,
pH=6.63, TDS=638, 150 ppm nitrogen, 114 ppm phosphate, and 42 ppm potash. According to our
experimental measurements, the organic matter was high, possibly due to the grazing of the cows
and leaf litter. The soil color before combustion was dark gray. The soil color after combustion was
dark reddish gray. According to the USDA NRCS Web Soil Survey (WSS), the soil map unit name
was Balcom Silty Clay Loam, 15 to 30 percent slopes, Map unit symbol 104 (Soil Survey Staff 2024).
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Figure 2. The soil map from the USDA NRCS WSS for the sampling area from where the bacteria was
collected is shown. The official soil classification for this area was Balcom Silty Clay Loam.

The 16S partial sequence of the isolate was 94.21% similar to P. bijeensis and 36.3% complete.
According to Whole Genome Sequencing results process with TRUEBacID, the closest relative was
Pseudomonas brassicacearum subsp. neoaurantiaca which had 92.05% ANI (Average Nucleotide
Identity) by genomic evidence. The summary is shown in Table 1. P. brassicacearum is also in the P.
fluorscens group and at least one strain is known for anti-nematode properties (Nandi 2016).
Typically, individuals in the same species will have greater than 95% ANI shared between them (Jain
2018). The recA gene was 96.3% similar. The recA gene is useful for differentiating between species
with high similarity, since some species cannot be differentiated by the full 16S sequence alone
(Blackwood 2000).

Table 1. The top hit for the closest species relative of P. 21-C3-ER from TRUEBacID showed high 16S
and rplC similarity, but the % ANI (Average Nucleotide Identity) for the genome and %ID for recA
were low.

Hit taxon ANI (%)ANI coverage (%)16S (%)recA (%)rplC (%)
P. brassicacearum subsp. neoaurantiaca  92.05 80.8 99.79 9630 99.84

197 virulence factors were identified by TRUEBacID including flagellar biosynthesis, motor
proteins, Beta-lactamase, Fosfomycin, copper, and sulfur drug resistance. For example, alginate
biosynthetic capability was identified, which can used by pathogenic Pseudomonas to provide a
protective covering when the environment is hostile (Muhammadi and Nuzhat 2007).

Gram stain of strain 21-C3-ER revealed gram negative rods. The individuals were pill-shaped.
The red color indicated gram negative classification (Figure 3).
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Figure 3. The results of the gram stain (a) indicated that the proposed novel Pseudomonas sp. 21-C3-
ER was gram negative, based on the reddish color. This matched the expected result. The scanning
electron microscope image (b) confirms the rod structure and small size of the species.

Rods were visualized with scanning electron microscopy, revealing individuals approximately
1 um in length. The small size makes sense when considering that these bacteria were found in fallow
soil with a clay texture and high organic matter. They were likely able to hide in the soil capillaries
and exude alginate in order to prevent desiccation.

Secondary metabolite analysis using antiSMASH showed a variety of RIPP-like proteins and a
promysalin analog. There were 19 putative secondary metabolite gene clusters identified in the
proposed novel bacterium. One example is an NRP-metallophore (Non-Ribosomal Protein) that
was 84% similar to histocorrugatin. There was a hydrogen cyanide generating region and a
brabantamide NRP gene cluster that were each 100% similar to the reference genes. There was also
a gene cluster that was 88% similar to the reference pathway of syringomycin.

A promysalin synthase- like gene cluster was detected using antiSMASH, which is a Shikimate-
derived NRP polyketide. The region was 66% similar to the reference. The gene cluster consisted of
1 core biosynthetic gene and one regulatory gene. Promysalin is a salicylic acid antibiotic compound.
To further investigate this promysalin synthase-like gene that differed from the reference and is
relevant to plants, a template-based SwissPROT model was constructed (Waterhouse 2018). The
result is shown in Figure 4. Although the sequence identity of the thioester forming conformation of
the Enterobactin synthase translated protein template was only 26.29%, the QMEANDisCo (Quality
score using the Distance constraint) value for the Enterobactin model was the highest at 0.66. There
were higher %ID values for other Pseudomonas-related templates, however given the distance
constraints the Promysalin synthetase from the novel species was less likely to fold in the same way,
based on the QMEANDisCo. Enterobactin is a siderophore that is selectively antimicrobial and
facilitates infections by other pathogens (Keough 2016).
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Figure 4. The SWISS-MODEL predicted structure of the promsyalin synthetase like protein in
Pseudomonas sp. 21-C3-ER is given. Blue areas are high confidence.

The gene for promysalin synthase in the candidate novel bacterium was found to be homologous
to the gene in Pseudomonas putida and Pseudomonas fluorescens when high sequence similarity was
prioritized. The product is known to inhibit growth of Pseudomonas aeruginosa (Keohane 2018, Li
2011). Promysalin disrupts cell membrane of gram-positive bacteria (Kaduskar 2017). It has a
synergistic effect with chlorhexidine against gram negative bacteria. Plants such as Arabidopsis
thaliana, Vitis vinifera, Nicotiana tabacum, and Populus tomentosa were also found to produce similar
proteins according to the RCSB PDB results (Berman et al 2000).

There were also 3 putative pyoverdine domains detected using antiSMASH. The qualitative test
for pyoverdine siderophore production using UV light was positive. The result is shown in Figure
5. Fluorescence under UV light indicated that the novel bacterium produced a blue- green fluorescent
compound, giving similar glowing results as reported by Banerjee et al 2017 and Martin et al 2011 in
their studies of P. aeruginosa and P. fluorescens. Pyoverdine is key for iron acquisition and could
improve iron solubilization and availability to plants.

(a) (b) (0)

Figure 5. The qualitative test for pyoverdine using UV light was positive. The result of the nitrate

reduction test was positive for the candidate novel species.

Siderophore production in Pseudomonas sp. 21-C3-ER may benefit plant roots because it assists
with iron solubilization in soil; pyoverdine is also a strong antimicrobial compound (Bonneau et al
2020). Chelation of iron by siderophores are especially relevant at high pH (Rajkumar 2010), e.g., in
calciferous soils in arid regions. In one study, Pseudomonas fluorescens was able to take up small
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quantities of Uranium from U ores (Rajkumar 2010). The potential for increasing heavy metal
extraction by plants with bacterial inoculation is of interest.

The Pyoverdine domain is also related to virulence because it is used as a chemical signal.
Interestingly, in the biosynthetic genes of the pyoverdine gene clusters that differed from P.
fluorescens Pt-5 and Pseudomonas sp. SXM-1 in the RAST analysis, one of the top BLASTP hits was L-
ornithine 5-monooxygenase from P. fluorescens. Another interesting BLASTP hit from the pyoverdine
gene cluster that differed from the reference was the formylglycene-generating enzyme from P.
brassicacearum and a Sulfatase-modifying factor enzyme (Wang et al Conserved Domain Database).
There were two medium confidence hits for transcription factor binding sites for the Pyoverdine
synthase gene clusters: Ctg2_25 ZuR Zinc-responsive repressor and Ctg2_36 Pleiotropic regulatory
for antibiotic production.

Metabolic analysis using RAST indicated genes were present for ammonification, pyoverdine
production, and antimicrobial resistance. The detected subsystems covered 27% of the genome.
There were 33 features identified related to phosphate metabolism. There were features detected
related to sulfate assimilation, Thioredoxin-disulfide reductase, and inorganic sulfur assimilation.
Tolerance to colicin E2 (a bacteriocin), resistance to fluoroquinolones, cobalt-zinc-cadmium
resistance, chromium, copper, multidrug resistance efflux pumps, and Streptothricin resistance
features were also detected. Within the detected subsystems, gentisate degradation pathways were
detected as well as degradation of Benzoate, quinate, n-Phenylalkanoic acid, and Hydroxybenzoate.
There were also 49 hits for metabolism of central aromatic intermediates. The proposed novel genome
contains 151 functions not found the reference genome Pseudomonas fluorescens Pf-5.

The nitrate reduction test using the sulfanilic acid method was positive (Figure 5). There was no
color change at time point 2, after adding zinc powder. This indicated that the bacteria had an active
nitrate reductase. The KEGG pathway map (Kanehisa and Goto 2000) from the whole genome
sequence analysis in RAST shows the genes for reduction of nitrate and nitrite to ammonia are
present in this organism (Figure 6).
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Figure 6. The results of the RAST subsystems analysis mapped to the KEGG nitrogen reduction
pathway shows that the proposed novel bacterium is an ammonifying bacterium. The highlighted
pathways are active. Based on the genomic information, the can produce nitrate and nitrite in a
reversible reaction, and can produce ammonia from nitrite, but does not produce oxides of nitrogen
or nitrogen gas.

The KEGG database gives organized functional information about genes. The process in
Pseudomonas sp. 21-C3-ER is considered incomplete denitrification since nitrate is not reduced all the
way to nitrogen gas. This bacterium is involved with ammonification, which could be helpful to
plants. Denitrifying bacteria may prevent leaching of nitrates from soil, since ammonia has a higher
affinity to soil and organic matter than nitrate (University of Minnesota Extension 2021).

4. Conclusions

Partial 16S sequences are an effective primary screening method for novel soil bacteria, followed
by whole genome sequencing. Barcoding methods are helpful for monitoring for potential
pathogens and plant growth promoting bacteria, antibiotic resistant bacteria and antibiotic
producers.

The purpose of this study was to identify novel microbes performing beneficial ecological
functions from agricultural soil. The hypothesis was that novel culturable species with antibiotic
production potential could be readily identified from soil in the Nature Canyon at Los Angeles Pierce
College. Our proposed novel Pseudomonas sp. strain 21-C3-ER has 92.01% ANI to the nearest species
match. Therefore, our hypothesis that the isolate was a novel species was supported by genomic
evidence. We propose the name Pseudomonas fernandeno, a candidate novel nitrogen reducing species
with genomic features related to polyketide synthesis and post translationally modified proteins.
The rods are approximately 1 um in length. The bacterium was isolated from fallow agricultural soil
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in a naturalized preserve with clay texture and high organic matter at Pierce College. The bacterium
was named in honor of native people of the San Fernando Valley. The bacterium was approved for
deposit at USDA NRRL. The type stain is 21-C3-ER.
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