Atlas Journal of Biology 2025, pp. 856-862 Published in the United States of America
https://doi.org/10.5147/ajb.261 https://www.atlas-publishing.or:

Investigating Soil Microbiota for Antimicrobial Activity
Against Safe Relatives of ESKAPE Pathogens

Eunha Kim, Amanda O’besso, Danielle E. Graham, and Justin W. Graham®

Department of Biological and Forensic Sciences, Fayetteville State University, Fayetteville, NC 28301, USA

Received: May 5, 2025 | Accepted: July 16, 2025

(" Abstract )

According to the CDC, there are more than 2.8 million antibiotic resistant infections occurring in the United States each year,
and more than 35,000 people die as a result (CDC 2019). Furthermore, the CDC classifies a group of bacteria known as ESKAPE
pathogens as six emerging antibiotic-resistant pathogens that are difficult to eradicate with current antibiotics. Our study aims to
identify and characterize soil-derived microorganisms with the potential to produce antimicrobial compounds effective against safe
relatives of ESKAPE pathogens, with the goal of translating these findings to combat their pathogenic counterparts. We hypothesize
that bacteria identified from the soil will inhibit the growth of the following nosocomial associated safe relatives Bacillus subtilis
for E. faecium, Staphylococcus epidermidis for S. aureus, Escherichia coli for Klebsiella pn iae, Acinetobacter baylyi for A.
b it, Pseud. s putida for P. aeruginosa, and Enterobacter aerogenes for Enterobacter species. To test our hypothesis,
soil samples were collected from Fayetteville State University (FSU) campus and serially diluted onto LB agar plates. Sixty-three dis-
tinct colonies were isolated and screened against non-pathogenic ESKAPE safe relatives. Of the 63 Fayetteville State University soil
isolates (FSIs) screened, 12 (19%) exhibited antimicrobial activity against at least one of the six ESKAPE safe relatives, with all 12
inhibiting Acinetobacter baylyi and only FSI 15 demonstrating broad-spectrum inhibition. Characterization assays revealed that 11
of the 12 isolates were Gram-negative, catalase-positive, and motile; the single Gram-positive isolate (FSI 4) was catalase-negative
and non-motile. All isolates displayed resistance to penicillin, while most remained susceptible to tetracycline and ciprofloxacin.
These findings support our hypothesis that soil-derived bacteria can produce putative antimicrobial compounds effective against
non-pathogenic ESKAPE safe relatives. This study underscores the potential of soil microbiota on the campus of Fayetteville State
University as a source of novel antimicrobial agents capable of inhibiting antibiotic resistant ESKAPE pathogens and warrant fur-
ther investigation into their therapeutic potential.
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1. Introduction

In 1943, Dr. Selman Waksman a prominent microbiologist and biochemist,
made groundbreaking discoveries in antibiotic development by exploring soil
samples, leading to the identification of antibiotics like streptomycin which was
a significant breakthrough in the treatment of tuberculosis. This was ground-
breaking work that revolutionized the field of microbiology and pharmacology,
particularly in the discovery of antibiotics derived from soil microorganisms
(Opimakh 2023 and Baltz 2006). Dr. Waksman innovative techniques and in-
sights into microbial competition allowed him to postulate that soil bacteria
could secrete substances that inhibit other bacteria, thus opening a new avenue
for antibiotic discovery (Ribeiro da Cunha et al., 2019; Hughes and Karlén,
2014). Dr. Wakman’s platform for screening bacterial extracts set a precedent
that dominated the domain of antibiotic research for decades, leading to sig-
nificant breakthroughs during the 1940s and 1950s when many of the major
antibiotic classes were identified (Hughes and Karlén, 2014; Lewis, 2013).
However, as antibiotic resistance began to emerge, the novelty of discovering
new antibiotics waned, leading to a significant decline in pharmaceutical inter-
est in exploring soil-derived compounds. This indicated that although Waks-
man’s discoveries were monumental, they also painted a complex picture of
antibiotic development that continues to evolve today (Lewis, 2013). Currently,
antibiotic discovery has stagnated, and antibiotic resistance continues to rise.
Globally in 2019, this issue is estimated to have claimed 1.27 million lives by
antibiotic-resistant infections. To better understand the ecological and physi-
ological traits of bacteria that may influence their antimicrobial capabilities, it
is important to consider their fundamental cellular structures. Bacteria can be
broadly categorized as either Gram-positive or Gram-negative, each exhibiting
unique characteristics that enable them to thrive in their respective environ-
ments. Gram-positive bacteria are characterized by their thick peptidoglycan
cell walls, which provide robust protection against environmental threats (Wang
etal., 2023; Hessle et al., 2000). In contrast, Gram-negative bacteria lack a sub-
stantial peptidoglycan layer but compensate with various virulence factors that
enhance their adaptability (Wang et al., 2023; Tsuchido et al., 2019).

The rise of antibiotic-resistant bacteria is a pressing global health crisis at-
tributed to several connected factors (overuse and misuse of antibiotics in hu-
man medicine, veterinary practices, and agricultural settings) that exacerbate
effective antimicrobial treatment challenges. ESKAPE pathogens, which con-
sist of Enlerococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinelobacter
baumannit, Pseudomonas aeruginosa, and Enterobacter species, represent a significant
challenge in modern medicine due to their capacity to evade conventional an-
tibiotic treatments, leading to severe healthcare-associated infections (HAIs)
with high morbidity and mortality rates (Ramsamy et al., 2018; Dinesh and
Karthick, 2018; Li et al., 2022). The term “ESKAPE” was first introduced in
2008 by Rice, highlighting a group of multidrug-resistant (MDR) bacteria that
are prevalent in clinical settings (Alsharedeh et al., 2023; Santajit and Indrawat-
tana, 2016). These organisms are identified as critical priority pathogens by the
World Health Organization, underscoring the urgent need for effective thera-
peutic strategies and accounting for approximately two-thirds of all HAIs in the
United States (Ramsamy et al., 2018; Dinesh and Karthick, 2018).

The emergence of resistance mechanisms in ESKAPE pathogens is facili-
tated by biofilm formation, significantly enhancing their resilience against stan-
dard antimicrobial therapies (Rizki et al., 2024). Studies have demonstrated that
biofilm-producing strains can remain viable on various surfaces for extended
periods, contributing to increased transmission rates within healthcare environ-
ments (Rizki et al., 2024; Motiwala et al., 2022). Moreover, their virulence fac-
tors further complicate treatment, as these pathogens often cause more severe
outcomes in infected patients, including prolonged hospital stays and increased
healthcare costs (Marturano and Lowery, 2019; Li et al., 2022). The implica-
tions of their prevalence necessitate ongoing research and global collaboration
to develop targeted interventions that can effectively mitigate their impact on
healthcare systems.

In this context, leveraging soil microbes presents a promising strategy for
combating these formidable pathogens. Soil microorganisms, particularly those
residing in the rhizosphere, have been shown to exert significant antagonistic ef-
fects against plant pathogens, potentially providing insights into new biocontrol
strategies against human pathogens. For instance, studies reveal that specific
groups of soil bacteria such as Oxalobacteraceae and Burkholderiaceae can
be particularly effective in suppressing the growth of pathogenic fungi in their
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environment (Tian and Gao, 2021). These findings suggest that the microbial
communities in soil can be harnessed to develop natural products or biological
agents capable of disrupting the growth and biofilm formation of ESKAPE
pathogens, which are notoriously resilient to conventional antibiotics due to
their biofilm-associated resistance mechanisms (Artini et al., 2023).

Recent research has identified antimicrobial compounds produced by envi-
ronmental bacteria, including those derived from unique habitats, which exhibit
effectiveness against ESKAPE pathogens (Artini et al., 2023; Postich and Kiser,
2018). This indicates that not only can soil microbes provide a reservoir for po-
tential new antibiotics, but they can also contribute to biofilm disruption, which
is critical for improving treatment outcomes against these pathogens (Artini et
al., 2023). Furthermore, the utilization of microbial consortia that include ben-
eficial soil bacteria may enhance their efficacy when applied to clinical settings,
promoting a synergistic action against infections involving ESKAPE bacteria
(Mulani et al., 2019).

The integration of soil microbes into clinical therapies could also stem from
their natural adaptive mechanisms, which facilitate the development of resis-
tance against environmental challenges, making them potentially valuable in
overcoming the multidrug resistance exhibited by ESKAPE pathogens (Yi et al.,
2021). Moreover, soil microbes could complement existing treatment modali-
ties by offering novel mechanisms of action such as the production of bioac-
tive compounds and metabolites that target the unique molecular pathways of
these bacterial pathogens (Pliego et al., 2008). Soil bacteria have emerged as a
novel frontier in the battle against ESKAPE pathogens, which are notorious for
their multidrug resistance and virulence. This strategy is based on the unique
capabilities that certain soil bacteria exhibit, including the production of anti-
microbial compounds, competition with pathogenic bacteria, and the potential
to disrupt biofilm formation.

Bacteria residing in soil, particularly those with plant growth-promoting
properties, can synthesize a variety of antimicrobial agents. For instance, Pseu-
domonas species, known for their ecological versatility, produce secondary me-
tabolites such as phenazines and antibiotics, which have been shown to exert
inhibitory effects on ESKAPE pathogens like Pseudomonas aeruginosa and Staphy-
lococcus aureus (Artini et al., 2023). These natural products can inhibit bacterial
growth and may also interfere with cellular processes critical for pathogenicity,
thus mitigating the virulence of these pathogens (Artini et al., 2023). Moreover,
soil bacteria actively engage in microbial antagonism, a phenomenon wherein
beneficial microbes compete with pathogens for resources and habitats. This
competitive dynamic can suppress the growth of ESKAPE pathogens in con-
taminated environments. For example, the introduction of specific soil microbi-
al communities into clinical settings might enhance biocontrol measures against
persistent pathogens through direct competition and the production of inhibi-
tory substances (Mulani et al., 2019).

Mining natural genetic diversity among soil bacteria has unlocked potential
new antimicrobial compounds to combat ESKAPE pathogens. Advances in ge-
nomics and metagenomics allow for the identification and characterization of
unique biosynthetic gene clusters in soil microbes, which may lead to the discov-
ery of new drugs or bioactive molecules that specifically target ESKAPE patho-
gens (Marie et al., 2024). These bioactive compounds could include novel anti-
biotics or inhibitors of critical resistance determinants, offering new avenues for
therapeutic intervention. To our knowledge, this is the first study conducted on
the Fayetteville State University campus aimed at isolating soil-derived bacteria
as a potential source of novel antimicrobial compounds. Through this work
we hope to identify microorganisms capable of producing antimicrobial agents
effective against non-pathogenic safe relatives of ESKAPE pathogens, includ-
ing Bacillus subtilis (safe relative of E. faecium), Staphylococcus epidermidis (S. aureus),
Escherichia coli (K. p jae), Acinetobacter baylyi (A. baumanniz), Pseudomonas putida
(P aeruginosa), and Enterobacter aerogenes (Enterobacter spp.). These non-pathogenic

surrogates provide a safe and effective initial screening platform, serving as a
starting point for identifying antimicrobial-producing isolates prior to testing
against clinically relevant ESKAPE pathogens. This study contributes to the
growing body of undergraduate-driven research focused on local microbiomes
as untapped reservoirs of antibiotic discovery.



2. Materials and Methods
2.1. Strains and Growth Media

Soil samples were obtained from the campus of Fayetteville State University
on June 22, 2023, from topsoil. One gram of soil was resuspended in 9 mL
distilled H20 (dH20), homogenized, and serially diluted in dH20. 100 pL was
spread plated onto Luria Broth (LB) solid media (BD Difco) with 1.5% w/v agar
(BD Difco) and 25pg/mlL cycloheximide (Fisher Scientific). Single colonies were
picked and streaked for isolation. The following safe relatives of the ESKAPE
pathogens were used for this study: Bacillus subtilis (ATCC 6051), Staphylococ-
cus epidermidis (14990), Escherichia coli (ATCC 11775), Acinetobacter baylyi
(ATCC 33305), Pseudomonas putida (ATCC 23467), and Enterobacter aerogenes
(ATCC 51697). All strains were cultured at 28°C on LB agar. Incubating at
28°C instead of 37°C reduces the risk of growing potential pathogens and helps
promote greater microbial diversity by preventing fast-growing bacteria from
outcompeting slower-growing soil species. LB agar is used in experiments to
maintain consistency across samples, support the growth of control strains, and
provide a standardized baseline for enumerating culturable bacteria.

2.2. Soil Collection

All soil samples were collected from the campus of Fayetteville State Uni-
versity. Sampling sites were selected near vegetated and/or moist areas to maxi-
mize microbial diversity, and included coordinates such as 35.0742° N, 78.8925°
W; 35°04°33.4” N, 78°53’19.4” W; and 35.069141° N, 78.891485° W. All soil
samples had a pH range between 6.0 and 7.0. Soil samples were collected using
a sterile metal scoop to dig no more than 6 inches below the surface. This depth
corresponds to the topsoil, which is the most fertile layer and contains most of
the soil’s nutrients. To maximize microbial diversity, dark soil rich in organic
material was targeted, particularly near plant roots and areas with moisture.
Approximately 5-10 grams of soil were transferred into sterile 50 mL conical
tubes. Samples were stored at 4°Ci to preserve microbial viability. All samples in
this study were processed within 24 hours of collection.

2.3. Selection of Soil Isolates

The soil harbors a diverse collection of microbial biodiversity that is rich
and dynamic. To best capture a representative sample of this diversity, 63 iso-
lates were selected in this study based on macroscopic characteristics, including
size, color, form, margin, elevation, and surface. Table 1 contains characteristic
information for the 12 Fayetteville State Isolates (FSI) that were used throughout
the study.

2.4. MacConkey Agar Test

MacConkey agar plates were prepared according to the manufacturer’s
instructions (MP Biomedicals™). Using sterile flat toothpicks, isolates were
patched onto the agar surface in a square grid pattern and incubated overnight

Table 1. Colony Morphology Characteristics of FSIs. Colony morphology of antimicrobial-producing
FSIs was assessed based on visual characteristics observed after incubation on LB agar. Parameters re-
corded include colony size, color, form, margin, elevation, and surface texture. Observations were made
following 24-hour incubation at 28 °C.

Isol Size Color Form Margin | Elevation | Surface Texture
FSI 2 Medium | Light yellow Circular Entire Raised Smooth
FS13 Small Yellow Circular Entire Raised Smooth
FSI 4 Medium | White Circular Entre Raised Smooth
FSI7 Medium | White Irregular Entire Flat Dry

FSI 8 Small Dark yellow Circular Entire Convex Smooth
FSI9 Large White Circular Entire Raised Wrinkled
FSI10 | Large White Irregular Entire Raised Smooth
FSI11 | Large Yellow Circular Entire Raised Smooth
FSI 12 Small Yellow Circular Entire Convex Smooth
FSI 13 Small Light vellow Circular Entire Raised Wrinkled
FSI14 | Medium | White Circular Entire Flat Smooth
FSI15 | Large White Circular Entire Raised Dry

at 28°C.. MacConkey agar is a selective and differential medium that inhibits
the growth of Gram-positive bacteria through the presence of crystal violet
and bile salts, which disrupt their cell walls. It selectively supports the growth
of Gram-negative bacteria and differentiates them based on their ability to
ferment lactose. A pH indicator in the medium detects acid production from
fermentation, causing lactose-fermenting colonies to appear pink/red. The re-
sulting colony color and growth pattern were recorded the following day to
determine Gram identity and fermentation capability.

2.5. Gram Stain Test

Isolates were grown overnight on LB agar plates at 28°C.. A single pure col-
ony was seclected and transferred to a clean microscope slide containing a drop
of dH20. The resulting bacterial smear was air-dried and heat-fixed by passing
the slide briefly through the flame of a heat source. The smear was then stained
with crystal violet for one minute, followed by rinsing with dH20. Gram’s iodine
was applied for one minute to fix the primary stain and subsequently rinsed off
with dH20. Decolorization was performed using 95% ethanol for 10 seconds,
after which the slide was immediately rinsed with dH20. A counterstain of saf-
ranin was applied for one minute and rinsed off with dH=O. The stained slides
were blotted with bibulous paper and examined under a light microscope using
oil immersion. Cell color and morphology were observed and recorded to de-
termine Gram reaction and cellular characteristics.

2.6. Catalase Test

To assess catalase activity, isolates were grown overnight on LB agar at
28°C. A single pure colony was selected and emulsified in a drop of dH20 on a
clean microscope slide. A drop of 3% hydrogen peroxide (H202) was then ap-
plied directly to the bacterial suspension using a sterile dropper. The presence
of catalase was indicated by immediate bubble formation, resulting from the
enzymatic breakdown of H20: into water and oxygen gas. This assay indirectly
screens the presence of catalase; a key enzyme associated with the ability of
bacteria to detoxify reactive oxygen species.

2.7. Motility Test

Motility agar plates (0.5% agar; Carolina Biological) were prepared accord-
ing to the manufacturer’s instructions and poured into sterile petri dishes, then
allowed to cool to a semi-solid consistency. Using a sterile inoculation wire, a
single pure bacterial colony from each isolate was aseptically transferred and
stab-inoculated into the center of the motility agar. Plates were incubated at
28°C for 24 hours. A qualitative analysis of bacterial motility was documented
based on the presence or absence of diffuse growth radiating from the stab site.
In addition, a quantitative assessment was performed by measuring the diam-
cter of outward growth in millimeters, conducted in triplicate, and reported as
the mean * standard deviation.

2.8. Antibiotic Resistance Test

Antibiotic susceptibility of bacterial isolates was assessed using the Kirby-
Bauer disk diffusion method. Briefly, 1 mL of LB broth was transferred into
a sterile 2 mL microcentrifuge tube. A sterile cotton swab was used to collect
a single bacterial isolate colony from an overnight culture plate and was then
submerged into the LB broth to create a turbid suspension. The same swab was
used to uniformly streak the suspension across the entire surface of an LB agar
plate to establish a bacterial lawn. Using sterile tweezers, antibiotic-impregnat-
ed disks were placed gently onto the surface of the agar and lightly pressed to
ensure contact. Antibiotics tested included Ciprofloxacin (5 pg), Neomycin (30
pg), Chloramphenicol (30 pg), Penicillin (10 pg), Streptomycin (10 pg), and Tet-
racycline (30 pg). A blank disk was included on each plate as a negative control.
This procedure was repeated in triplicate for each isolate. Plates were incubated
at 28°C for 24 hours. Zones of inhibition were measured in millimeters (mm)
and recorded. Interpretations of susceptibility were based on the Clinical and
Laboratory Standards Institute (CLSI) guidelines, where isolates were catego-
rized as sensitive (= 18 mm), intermediate (14 — 17 mm), or resistant (<13 mm).
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3. Results
3.1. Soil Isolate Activity Against ESKAPE Safe Relative Strains

Soil samples were collected from the campus of Fayetteville State University, a
Historically Black College & University (HBCU) located in Fayetteville, North
Carolina. Founded in 1867, the university sits on a 156-acre campus that is rich
in biodiversity, with an abundance of trees and a small river that runs immedi-
ately adjacent to the grounds. These natural features contribute to a variety of
microhabitats, increasing diversity of soil microorganisms present. We predict
that this environment serves as a reservoir of potentially beneficial soil bacteria
that can be utilized to inhibit the safe ESKAPE relatives tested in these experi-
ments. To investigate the potential of antimicrobial molecules producing soil
microbiota, soil samples were collected from different locations around Fayette-
ville State University’s campus using 50 mL conical tubes. From each sample,
one gram of soil was measured, and serial dilutions from 10-1 to 10-7 were

Zone of Clearance ~ B.

performed to obtain countable and retrievable bacteria colonies. The dilutions
are spread onto LB agar plates. To reduce fungal contamination and enrich for
bacterial growth, 25 pg/mL of cycloheximide, an antifungal agent, was added
to the media. A total of 63 colonies were selected from the serial dilution plates
based on morphological characteristics and patched onto fresh plates to allow
for individual growth before further testing. After overnight incubation, the 63
Fayetteville State Isolates (FSIs) were screened for antimicrobial activity against
the six safe relatives of ESKAPE pathogens to determine their ability to inhibit
bacterial growth. This screening was performed in triplicate to ensure repro-
ducibility. For each assay, the safe relative was spread as a lawn across the surface
of an agar plate, and FSIs were patched on top in a square grid using a sterile
flat toothpick. Plates were incubated overnight at 28°C and examined the fol-
lowing day. Inhibition was indicated by the presence of a clearing zone (zone of
inhibition) surrounding the patched colony (Figure 1A). Of the 63 FSIs tested,
12 isolates (19%) exhibited antimicrobial activity against one or more of the six
ESKAPE safe relatives, as shown in the stacked bar chart (Figure 1B). Zone of
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Figure 1. Inhibition of ESKAPE Safe Relatives by FSIs. (A) Representative images of zone of inhibition assays showing antimi-
crobial activity of FSI strains against safe relatives of ESKAPE pathogens. Clear halos indicate bacterial growth inhibition. (B)
Stacked bar chart displaying the number of safe relatives inhibited by each of the 12 active FSIs. (C) Table presenting the mean
diameter of inhibition zones (in millimeters + standard deviation) for each FST against six ESKAPE safe relatives. All assays were
conducted in triplicate and incubated at 28 °C: for 24 hours. N7 = No zone of clearance observed.
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Figure 2. Cell Wall Characterization of FSIs Using MacConkey Agar and Gram Staining. (A) Growth of Fayetteville State

Isolates (FSIs) on MacConkey agar. Growth indicates Gram-negative bacteria; lack of growth suggests Gram-positive identity. All

isolates that grew were non-lactose fermenters, as evidenced by the yellowish coloration of colonies. (B) Gram staining results for

cach FSI. Samples were stained using standard procedures. Microscopy was performed at 100X magnification under oil immer-
sion. Pink-stained cells indicate Gram-negative bacteria, while purple-stained cells confirm Gram-positive status (FSI 4). Scale bar

in FSI 9 represents 100.00px and applies to all images.
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inhibition measurements for each isolate, recorded in triplicate, are reported
as mean * standard deviation in Figure 1C. Notably, Acinetobacter baylyi was
inhibited by all 12 active isolates, suggesting it may be particularly susceptible to
antimicrobial compounds produced by these soil bacteria. FSI 15 was the only
isolate to exhibit broad-spectrum activity, producing zones of inhibition against
all six safe relatives. Additionally, FSI 3, FSI'9, FSI 12, and FSI 14 demonstrated
inhibitory effects against five out of six safe strains, indicating strong and diverse
antimicrobial potential. These results not only highlight the variability in anti-
microbial profiles among soil-derived isolates but also emphasize the promising
potential of certain isolates, such as FSI 15.

3.2. Phenotypic Characterization of Soil Isolates

After identifying FSI strains that inhibited the ESKAPE pathogen safe rela-
tives, a series of phenotypic characterization assays were performed to further
analyze cach individual isolate. To determine cell wall differentiation and lac-
tose fermentation capability, MacConkey agar was used as a selective and differ-
ential medium for streaking each isolate. Eleven of the twelve FSI isolates were
Gram-negative and non-lactose fermenting. FSI 4 did not grow on MacConkey

agar, indicating that it is likely Gram-positive (Figure 2A). To confirm the results
obtained from MacConkey agar, Gram staining was performed on all isolates.
The staining results were consistent with observations from the selective media.
Microscopic examination revealed that isolates were either rod- or cocci-shaped
and exhibited Gram-negative staining characteristics. Only one isolate, F'SI 4,
was identified as Gram-positive (Figure 2B). Catalase activity was assessed by
applying hydrogen peroxide (H202) to bacterial cultures to detect the presence
of the catalase enzyme, which breaks down hydrogen peroxide into water and
oxygen; the release of oxygen gas results in visible bubble formation, indicating
a catalase-positive reaction. Eleven isolates were catalase positive, and FSI 4
was catalase negative (Figure 3A). Motility was assessed using soft agar plates
containing 0.5% agar, a lower concentration than standard solid media, which
creates a semi-solid consistency that allows motile bacteria to move through
the medium. Motile isolates exhibited diffuse, outward growth from the point
of inoculation, while non-motile isolates remained confined to the original in-
oculation site (Figure 3B). Average motility distances, measured in millimeters,
indicated that 11 of the 12 isolates exhibited motility, as evidenced by outward
diffusion from the inoculation site. Only FSI 4 was non-motile (Figure 3B).
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Figure 3. Catalase Activity and Motility Assays of ISIs. Catalase test results. Representative images show catalase-negative (left; no
bubbling) and catalase-positive (right; oxygen bubble formation) reactions upon exposure to hydrogen peroxide. Catalase activity for each
FSIis denoted as (+) for positive and (-) for negative. (B) Motility assay results. Representative images depict non-motile (left; confined
growth) and motile (right; diffuse outward growth) phenotypes in soft agar (0.5%). The table below shows motility diameters measured
in millimeters (mean + standard deviation) for each FSI. NM = non-motile. All assays were performed in triplicate and incubated at

28 °C for 24 hours.
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Sensitive (S) = zone >18 mm; Intermediate

) = 14-17 mm; Resistant (R) = <13 mm

Figure 4. Antibiotic Susceptibility Profiles of FSIs. Representative image of the Kirby-Bauer disk diffusion assay showing inhibition zones around
antibiotic-impregnated disks. (B) Zone of inhibition diameters (mean + standard deviation, in millimeters) for each FSI tested against six antibiot-

ics. Interpretive breakpoints are based on Clinical and Laboratory Standards Institute (CLSI) guidelines: Sensitive (S) = 18 mm, Intermediate
(I) = 14-17 mm, Resistant (R) < 14 mm. All tests were conducted in triplicate and incubated at 28 °C for 24 hours.
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3.3. Evaluation of Antibiotic Resistance in Soil Isolates

Testing antibiotic susceptibility is critical in contemporary research due to
the increasing prevalence of antibiotic-resistant bacterial infections. Antibiotic
susceptibility testing (AST) plays a vital role in determining the effectiveness of
specific antibiotics against bacterial pathogens. This is especially important in
the context of the global health crisis posed by multi-drug resistant bacteria,
which complicate treatment strategies and exacerbate morbidity and mortality
rates associated with bacterial infections (Shafrin et al. 2022 and Tuite et al.
2017). To evaluate the antibiotic susceptibility profiles of the FSIs, each isolate
was tested against six antibiotics: ciprofloxacin, neomycin, penicillin, streptomy-
cin, tetracycline, and chloramphenicol. For this assay, each FSI was streaked as
a lawn on agar plates, followed by placement of antibiotic-impregnated disks.
Susceptibility was determined by the presence of a zone of inhibition surround-
ing the disk, indicating bacterial sensitivity; the absence of a zone indicated
resistance (Figure 4A). The average zone of clearance of antibiotic susceptibil-
ity for each isolate, in triplicate, is shown in Figure 4B. Several key findings
emerged from this analysis. All FSIs were resistant to penicillin, consistent with
widespread natural resistance to this antibiotic among environmental bacteria.
In contrast, all FSIs were susceptible to tetracycline and ciprofloxacin. Tetra-
cycline targets protein synthesis, while ciprofloxacin inhibits bacterial DNA
gyrase; both antibiotics are commonly effective against Gram-positive and
Gram-negative bacteria. Notably, only FSI 15 was resistant to neomycin. Strep-
tomycin showed no inhibitory effect on FSI 2, 3, and 15. Additionally, resistance
to chloramphenicol was observed in FSI 2 and FSI 3 (Figure 4B).

4. Discussion

In this study, 12 soil isolates from the campus of Fayetteville State University
(FSU) were found to inhibit at least one ESKAPE safe relative, out of a total of
63 soil isolates tested, for a rate of 19%. Previous studies have reported rates of
about 8% to 12% of soil samples containing antimicrobial-producing organisms
(Valderrama et al, 2018). This rate is slightly higher than the average reported
in previous studies, suggesting that the FSU landscape, which includes diverse
plant life, moist soils, and relatively undisturbed microhabitats, may serve as an
ideal environment for the discovery of putative antimicrobial-producing soil mi-
crobiota. FSU sits on a 156-acre campus and features a rich diversity of native
trees and is bordered by a small river, creating a variety of microhabitats. This
diverse and relatively undisturbed landscape likely supports a wide range of
microbial communities. As such, educational campuses like FSU may represent
underexplored reservoirs of antimicrobial-producing microorganisms, offering
unique opportunities for bioprospecting in non-traditional environments.

Several FSIs inhibited more than one safe relative, suggesting that these iso-
lates may produce multiple antimicrobial compounds and/or a broad-spectrum
agent. Most of the FSIs were Gram-negative, consistent with reports that soil
ecosystems enriched by organic matter, land use, and nutrient availability often
support Gram-negative bacterial populations. Literature suggests that Gram-
negative bacteria tend to flourish in certain nutrient-rich contexts characterized
by their metabolic efficiency in utilizing simpler substrates, often proliferating in
nutrient-rich environments due to physiological adaptations, such as the pres-
ence of an outer membrane and periplasmic space, which aid in their survival
against antimicrobial agents (Shirakawa et al 2019 and Kumar et al 2023).

A correlation was observed among Gram-negative identity, catalase activ-
ity, and motility. Specifically, 11 of the 12 isolates demonstrated all three of
these phenotypic traits. Catalase activity indicates the presence of the enzyme
catalase, which catalyzes the decomposition of hydrogen peroxide (H202) into
water and oxygen. This may reflect an adaptive advantage conferred by catalase
activity, enabling resistance to oxidative stress. This trait is especially beneficial
in environments with high levels of reactive oxygen species (ROS), such as those
encountered in microbial competition or host immune responses (Masued et al
2024). Motility was observed in the same 11 isolates that were both Gram-nega-
tive and catalase positive. Motility contributes to survival in dynamic or unstable
soil environments. This trait enables bacteria to migrate away from hostile con-
ditions or toward more favorable microenvironments, further supporting their
adaptability and ecological success. Given this pattern, a future hypothesis to
test is whether environmental Gram-negative bacteria that are catalase positive
and motile are more likely to exhibit antimicrobial activity due to enhanced
stress tolerance and competitive fitness. Prior studies have reported that motil-
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ity and catalase production often co-occur in soil and rhizosphere-associated
Gram-negative bacteria, particularly those involved in plant-microbe interac-
tions or secondary metabolite production (Zhang et al., 2018; Lugtenberg and
Kamilova, 2009). Testing this hypothesis could help clarify whether this shared
phenotype is predictive of antimicrobial potential in soil bacterial communities.

Despite their activity against safe relative of ESKAPE pathogens, majority
FSIs remained susceptible to several commercially available antibiotics, with
the exception of universal resistance to penicillin which is consistent with nat-
ural resistance commonly seen among environmental bacteria. This intrinsic
resistance raises important considerations for future therapeutic applications,
as there is potential risk for horizontal gene transfer of resistance determinants
to pathogenic bacteria, which could complicate their use in drug development.
FSI 2 and FSI 3 showed resistance profiles that suggest they may be useful in
future studies exploring synergistic interactions with streptomycin and/or chlor-
amphenicol. FSI 15 also exhibited patterns of interest for potential combination
with neomycin and/or streptomycin. While these findings are preliminary, they
offer a foundation for further investigation into how soil-derived isolates might
enhance or complement antibiotic therapies.

This study is not without limitations. Antimicrobial activity was assessed
only against non-pathogenic safe relatives of ESKAPE pathogens, which do
not fully replicate the resistance mechanisms or virulence of clinical isolates. As
such, these results should be interpreted cautiously and not assumed to indicate
therapeutic potential against true ESKAPE pathogens. Therefore, it is prema-
ture to conclude that these isolates produce novel antimicrobial agents, as the
bioactive compounds responsible for the observed inhibitor activity have not yet
been isolated, identified, or chemically characterized. Additionally, molecular
identification of the isolates using 16S rRNA gene sequencing has not yet been
conducted, which limits taxonomic classification at this stage.

Future work will involve testing the most promising FSIs against clinically
relevant, multidrug-resistant ESKAPE pathogens to assess whether the ob-
served inhibitory activity extends to pathogenic strains. Additionally, studies will
focus on the extraction, purification, and chemical characterization of the ac-
tive compounds, followed by mechanism of action analysis. 16S rRNA gene se-
quencing will also be conducted to identify the antimicrobial-producing isolates
at the genus level. Lastly, evaluating potential additive or synergistic interactions
between bacterial isolates and commercially available antibiotics may provide
insight into how such combinations could be leveraged in the fight against an-
tibiotic resistant infections.
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