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Antimicrobial resistance (AMR) is a growing and spreading global health threat affecting the ability of current medicine to treat
bacterial infections, increasing the risk of widespread health crises. This study aims to investigate the presence of antimicrobial
resistance in the Alameda Creek by performing Kirby-Bauer disk-diffusion tests with the commonly used antibiotics tetracycline,
erythromycin, ampicillin, and chloramphenicol. A total of 12 bacterial isolates, four each at three sites from upstream to down-
stream, were tested for antimicrobial resistance to distinguish its presence and preliminary patterns along the creek. The isolates
in our small sample displayed similar resistance trends—all showed susceptibility to tetracycline and no detectable inhibition
by erythromycin and ampicillin under our conditions. Only one isolate derived from the downstream site showed no inhibition
by chloramphenicol under our conditions, while all other isolates showed susceptibility. This suggests the possible presence of
chloramphenicol non-susceptible bacteria downstream, but not widespread resistance. Additional experiments compared bacte-
rial response to antibiotics applied immediately versus 24 hours after bacterial inoculation. Results displayed a sharp decrease
in antibiotic effectiveness when applied 24 hours after introduction of bacteria, aligning with the idea that quick treatment of
bacteria with antibiotics is important. The findings in this study highlight the value of monitoring environmental waterways like
Alameda Creek as potential reservoirs of antibiotic resistance, with implications for ecosystem health, regional public safety, and
future public health research initiatives.
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Introduction

Antibiotics are incredibly effective against a majority of bac-
teria, being able to cause bacterial death through various path-
ways affecting vital bacterial functions’. However, increased
use of antibiotics along with the tendency of bacteria to de-
velop resistance mechanisms under the pressure of selection
have resulted in a greater number of bacteria being resistant
to previously effective antibiotics, a phenomenon coined an-
timicrobial resistance (AMR)z. As a result, treatment options
for some infections have become limited, and many medical
procedures have become riskier?. Bacteria may have intrinsic
resistance to antibiotics due to structural barriers or naturally
developed defense barriers, while many acquire resistance
through mechanisms such as enzymatic inactivation, horizon-
tal transfer of resistance genes, and active efflux pumps*>.
Though the development of AMR is an inevitable evolu-
tionary outcome with any antibiotic use, the overuse and mis-
use of antibiotics has allowed AMR to surpass pre-21st cen-
tury levels®®. Now, it has become a global health threat, with
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increased resistance leading to reduced treatment options and
therefore higher mortality rates. In 2019 alone, AMR killed
over 1.27 million people and is linked to 5 million deaths glob-
ally7. For this reason, AMR needs to be monitored world-
wide to determine the scope of the problem and find solutions
through increasing antibiotic effectiveness and limiting the de-
velopment of new resistant strains2.,

AMR can be evaluated in a variety of methods, includ-
ing dilution methods, epsilometer testing (Etest), and Kirby-
Bauer disk diffusion testing®®. While diverse methodolo-
gies exist, the Kirby-Bauer disk diffusion test was designated
as most standardized and is therefore most widely used®.
This method utilizes standardized protocols and the use of
antibiotic-impregnated discs on inoculated agar to visually de-
termine bacterial susceptibility to the chosen antibiotics. This
disk-diffusion method is also widely adopted for its simplicity
and ability to test multiple antibiotics simultaneously"V,

Antibiotic-resistant bacteria can often be found in environ-
mental streams and natural water sources due to the pres-
ence of highly diverse bacteria and potential contamination
from wastewater'!. Past studies have revealed the presence
of vertically and horizontally transferred antibiotic resistance
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genes (ARGs) and therefore widespread resistance to com-
monly used antibiotics, such as f-lactams, tetracyclines, and
aminoglycosides, in environmental water sources 13, To fur-
ther explore antimicrobial resistance in environmental water
sources, the Alameda Creek, which stretches from the Dia-
blo Range to the San Francisco Bay, was chosen as a point
of study. Past investigations in Alameda County and around
the San Francisco Bay have seen an increase in prevalent re-
sistant bacteria, highlighting the need for further testing and
monitoring in the region415,

It was hypothesized that bacterial density and antimicro-
bial resistance would increase at downstream sites of Alameda
Creek compared to upstream due to higher nutrient concentra-
tions, slower water flow, and increased human activity. This
study utilizes a modified version of the disk-diffusion test to
investigate and compare the presence and patterns of antimi-
crobial resistance to tetracycline, ampicillin, erythromycin,
and chloramphenicol in the California Alameda Creek. Past
studies have shown that tetracycline and erythromycin are
common in environmental compartments, which leads to a
greater likelihood of resistance development!®1Z Chloram-
phenicol and ampicillin have also been detected in aquatic en-
vironments, indicating that the presence of resistance to these
antibiotics is probable!'®12, In addition to general AMR test-
ing, two methodologies were compared: the standard proce-
dure, which introduces antibiotic discs immediately after inoc-
ulation, and a modified procedure, which introduces antibiotic
discs 24 hours after inoculation of bacteria. This was done to
evaluate how bacterial growth phases impact observed zones
of inhibition.

Materials and Methods

Water Sampling from Three Sites

One 50 mL water sample was collected from each of three
sites on the Alameda Creek on a single day, July 4th, 2025,
and stored in sterile conical tubes. Site A (37.5937539, -
121.9103416) was located upstream in Sunol, CA, alongside
California State Route 84; Site B (37.5675508, -122.0040036)
was located midstream in Fremont, CA near the Quarry
Lakes Regional Recreation Area; Site C (37.5656207, -
122.0678975) was located downstream in Fremont, CA near
Coyote Hills Regional Park (Figure [I). Water samples were
transported in a cooler with ice before being stored at 4°C.

Preparation of a Low-Contamination Work Area

Due to limited access to a standard biosafety cabinet, a still air
box was created to maintain a low-contamination workspace
for all wet experiments (Figure [2). A transparent plastic box
was positioned on its side, and the open face was sealed with

multiple layers of plastic wrap to limit air exchange. Hand
holes were cut in the plastic wrap using scissors, and plastic
bags were taped above the holes to allow handling of materials
while blocking out airborne contaminants.

This setup functions similarly to a biosafety cabinet by cre-
ating an enclosed, semi-sterile workplace that minimizes ex-
posure to airborne microorganisms. True biosafety cabinets
use HEPAfiltered laminar airflow to actively remove contam-
inants, while our still air box reduces air exchange instead of
filtering the air. While the still air box provides sufficient con-
tamination control for the basic microbiological work done in
this study, it does not achieve the sterile conditions of a stan-
dard biosafety cabinet.

Before and after each experimental session, the interior sur-
faces of the still air box, as well as gloves and materials to be
introduced, were thoroughly sprayed with 70% isopropyl al-
cohol to disinfect surfaces and reduce microbial load. These
precautions were expected to adequately control contamina-
tion for the environmental sample processing and antimicro-
bial resistance testing work done.

Dilutions

Dilutions of original water samples were conducted to reduce
microbial concentration prior to inoculation and incubation of
bacteria (Figure[3). A 1:100 dilution of each water sample was
created by transferring 0.5 mL of each original water sample
to a sterile conical tube with 49.5 mL distilled water.

Inoculation and Incubation of Creek Bacteria

Nutrient agar was chosen as a culture medium for its ability to
support a wide variety of bacteria. Nutrient agar plates were
sourced from Evviva Sciences (Fremont, CA, USA).

Inside the disinfected still air box, 1 mL of the 1:100 diluted
water sample was pipetted onto the surface of an agar plate and
gently spread by tilting the plate to distribute the liquid evenly.
Streaking for colony isolation was performed using a sterile
cotton swab: the swab was drawn across the agar surface in
a zig-zag pattern, the plate was rotated 90 degrees, and the
streaking was repeated. The sequence was continued until six
streaking patterns were completed per plate. The procedure
was repeated for three technical plates for each water sample,
resulting in nine plates total. All agar plates were sealed with
parafilm to minimize moisture loss.

The various bacteria were incubated in an inverted position
at room temperature (20°C-24°C) for 38 hours to allow vis-
ible colony growth. After inoculation, colony forming units
(CFUs) were counted manually. To avoid double counting,
each CFU was marked on the plate’s underside with a perma-
nent marker as it was recorded. Confluent or merged areas
of growth were recorded as a single CFU. Plates with exces-

2 | NHSJS Reports

© The National High School Journal of Science 2026



EDEN SHORES

238

A\

Union City

Site C \ Site &

/
\ORTHGATE ’ \
2 (89

¢

CENTERVILLE

Newark

Site A

DRESSER' .
Sunol.{

S

KIMBER 680
- GOMES

Fremont

SUNDALE

MISSION
SAN JOSE

\ CAMERON HILLS

Fig. 1 Locations of sampling sites along Alameda Creek, CA, USA. (A) Photograph of Site A. (B) Photograph of Site B. (C) Photograph of

Site C. (D) Map showing locations of Site A, Site B, and Site C.

sive/overgrown lawns or overlapping colonies were excluded
from counts.

Isolation of Bacteria

4 bacteria with visibly different colors were selected from each
site’s diluted water plates to capture apparent morphological

diversity (total 12 bacteria selected). Due to limited access to
a sterilized loop, the wood side of a sterile cotton swab was
used to pick up and transfer bacteria from one colony on the
diluted creek water plate to a new agar plate. The cotton end of
the swab was then submerged in distilled water and was used
to spread the transferred bacteria around on the new plate in a
zig-zag motion repeated 6 times total, as previously described
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Fig. 2 Still air box created with plastic box, plastic wrap, and plastic
bags.

Fig. 3 Original water samples (left) and respective 1:100 dilutions
(right).

(Figure ). Swab use was kept as consistent as possible. This
process was repeated 3 times for each of the 4 chosen bacteria
at each site (12 plates per site, 36 plates total for all 3 sites).
All agar plates were sealed with standard parafilm.

Isolated bacteria samples were allowed to incubate in an in-
verted position for 24 hours at room temp (20°C-24°C) before
antibiotic discs were introduced to each agar plate.

Antibiotic Resistance Testing

To determine comparative antibiotic susceptibility of isolated
creek bacteria to various antibiotics, the standard Kirby-Bauer
testing procedure was utilized?.,

Tetracycline (30 ug), erythromycin (15 ug), ampicillin
(10 pg), and chloramphenicol (30 pg) antibiotic discs were
sourced from Carolina Biological (Burlington, NC, USA). All
antibiotic discs were stored at 4°C in separate sealed plastic
bags with desiccant. A pair of tweezers was disinfected in

Fig. 4 The wood end (for transferring bacteria) and cotton end (for
streaking isolated bacteria) of a sterile cotton swab.

70% isopropyl alcohol before and after transferring each of 4
individual antibiotic discs onto the agar plate. The 4 antibi-
otic discs were distributed evenly across the plate. Each of
the 12 isolates was tested against these four antibiotics with 3
technical replicates.

Due to safety restrictions, all plates were incubated at room
temperature (20°C-24°C) for 24 hours instead of the standard
35-37°C outlined in the Kirby-Bauer testing protocolg. For
this reason, CLSI/EUCAST breakpoints cannot be applied to
our work. Though differing from standard procedure, consis-
tency for all samples allows for a valid comparison of relative
susceptibility between distinct bacterial isolates and individ-
ual antibiotics under our experimental conditions.

Zones of inhibition were measured in millimeters using a
ruler 24 hours after the introduction of antibiotic discs. A
measurement of 6 mm indicates no zone of inhibition (the di-
ameter of the antibiotic disc is 6 mm), while measurements
above 6 mm indicate some level of susceptibility (Figure[3).

An inhibition-abundance score was developed as an ex-
ploratory tool to combine inhibition and abundance metrics,
matching our experiment design. We defined this score as the
average zone of inhibition resulting from an antibiotic for a
given isolate, divided by the recorded CFU/mL at the isolate’s
origin site, and then multiplied by 10°. Here, a higher number
signifies greater susceptibility, while a lower number signifies
lower inhibition.

103
IAS:Z 10

)

where IAS = Inhibition-Abundance Score; Z = ZOI; C =
CFU/mL
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Fig. 5 Zones of inhibition are measured in millimeters using a
standard ruler.

Statistical Testing

A two-way ANOVA was conducted to measure the effect of
site (Factor A: 3 levels—Sites A, B, C) and antibiotic (Factor
B: 4 levels—tetracycline, erythromycin, ampicillin, chloram-
phenicol) on zones of inhibition. The statistical analysis incor-
porated a total of 144 observations: 4 isolates per site x 3 sites
X 4 antibiotics x 3 technical replicates. Main effects and site
X antibiotic interaction were tested at @ = 0.05 significance
level.

Methodological Testing

A modified methodology was also tested in comparison to the
standard Kirby-Bauer method, which calls for the introduc-
tion of antibiotic discs immediately after inoculation. In this
modified methodology, antibiotic discs were only introduced
to the bacterial sample 24 hours after inoculation. All iso-
lates used in the standard methodology were tested against all
antibiotics using the modified methodology, for a total of 12
isolates x 4 antibiotics x 3 technical replicates. This allows
for comparison of antibiotic effectiveness on growing versus
established bacteria, highlighting the impact of growth phase
on inhibition zones.

Results

Bacterial Abundance Across Sites

To quantify bacterial abundance across all three sites, plates
derived from 1:100 diluted creek water were counted for
colony forming units (CFUs). Values are reported as mean £

SD. Averaging across the three technical replicates made for
each site’s sample, Site A displayed 56 & 12 CFU/mL (n=3),
Site B displayed 68 + 26 CFU/mL (n=3), and Site C’s plates
were too numerous to count (TNTC) and therefore reported
as >300 CFU/mL (n=3) per plate. Taking the 102 dilution
factor into account, bacterial density by site can be reported as
(5.641.2) x 103 CFU/mL (n=3) for Site A, (6.8 £2.6) x 10°
CFU/mL (n=3) for site B, and TNTC, reported as > 3.0 x 104
CFU/mL (n=3), for Site C (Figure[6).

CFU/mL by Site
4x104-

3%104

2x104+

CFUs

1x104-

0_

- 9
< ] &Q
N &

Site

Fig. 6 Average number of CFU/mL in creek water at each site.
Values are reported as mean £ SD.

Antibiotic Susceptibility of Isolates

To compare susceptibility to different antibiotics and across
different sites, zones of inhibition (ZOI) were measured for
all antibiotics on all isolates, the mean and standard deviation
of ZOI are displayed in a table, and average ZOI was sum-
marized on a heatmap (Table [T} Figure[7). A ZOI of 6 mm
(white) indicates no inhibition under our conditions. Bacteria
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1-4 were isolated from Site A, bacteria 5-8 from Site B, and
bacteria 9-12 from Site C.

Zone of Inhibition Heatmap (mm)

Bacteria 1 35mm

Bacteria 2

Bacteria 3 30mm

Bacteria 4

Bacteria 5 25mm

Bacteria 6

Bacteria 7 20mm

Bacteria 8

Bacteria 9 15mm

Bacteria 10

Bacteria 11 10mm

Bacteria 12

Fig. 7 Heatmap displaying average ZOI across the four antibiotics
and the three sites.

A two-way ANOVA was conducted to evaluate the signif-
icance of site and antibiotic on the resulting zones of inhibi-
tion (Table[2). Antibiotic type had a significant effect on ZOI
(F3,132 = 58.19, p < 0.0001), and the site was also found to
have a significant effect on ZOI (F 13, = 9.60, p = 0.0001).
The site x antibiotic interaction was also found to be signif-
icant (Fg 132 = 3.40, p = 0.0037). These results suggest that
under our experimental conditions, both the choice of antibi-
otics and sites, as well as their combined effect, influenced the
observed patterns of inhibition.

Methodological Comparison Results

Plates that were immediately introduced to antibiotics (stan-
dard methodology) after inoculation displayed visual zones
of inhibition 24 hours after antibiotic disc introduction, while
those that were only introduced to antibiotics 24 hours after
inoculation (modified methodology) mostly showed no zones
of inhibition 24 hours after disc introduction (Figure [8] [9).
For example, when testing all 12 isolates against tetracycline
with 3 technical replicates per isolate, plates using the stan-
dard methodology had an average ZOI of 22.5 £5.95 mm
(n = 36), while plates using the modified methodology had
an average ZOI of 2.14 +3.53 mm (n = 36). Similar patterns
were observed for chloramphenicol, while ampicillin and ery-
thromycin mostly showed low levels of inhibition under both
conditions (Figure[9). Values are reported as mean + SD.

In some plates using modified methodology, damp regions
were initially recorded as potential zones of inhibition. How-
ever, these were later determined to be artifacts caused by disc
placement on an established lawn rather than true inhibition.

Fig. 8 Introduction of antibiotic discs immediately after inoculation
(left) compared to introduction of antibiotic discs 24 hours after
inoculation (right).

Zone of Inhibition Heatmap (mm) Zone of Inhibition Heatmap (mm)

35mm 35mm

30mm 30mm
25mm

25mm

20mm 20mm

15mm 15mm

10mm 10mm

Fig. 9 ZOlIs resulting from antibiotics are much more apparent
using the standard methodology (left) in comparison to the modified
methodology (right). Most ZOIs resulting from the modified
methodology show no detectable inhibition (6 mm).

This data can be put into the context of our Inhibition-
Abundance Score. The IAS of each antibiotic at each site was
calculated using an average zone of inhibition for each antibi-
otic, and the IASs of all trials of all antibiotics were averaged
for each bacterium. IASs for each bacterium were averaged to
determine an average IAS per site. Site A and B have simi-
lar IASs (Site A = 17.93, Site B = 19.79), while Site C’s IAS
(4.85) is significantly lower than previous sites (Table [3).

Discussion

Bacterial Density Patterns and Environmental Factors

The measurement of CFU/mL for each site showed a slight
increase in bacterial density from Site A to Site B and a no-
table jump from Site B to Site C. When applied to the IAS,
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Table 1 Table displaying average and standard deviation of zones of inhibition for all bacterial isolates against all antibiotics. Values are

reported as mean £ SD.

Tetracycline Ampicillin Erythromycin Chloramphenicol

Bacterium 1 2042 610 6+0 9.33£0.58
Bacterium 2 19.33+4.16 610 6+0 10.67£0.58
Bacterium 3 16.67+1.15 6£0 6+0 8.67£1.15
Bacterium 4 17+£2 610 610 9.67+0.58
Bacterium 5 26+2.65 610 6+0 20£1.73
Bacterium 6  26.33£0.58 610 6+0 19.33£1.15
Bacterium 7  26.33+£2.31 6£0 6+0 17.33+1.53
Bacterium 8  25.33 £0.58 6£0 6+0 17£0
Bacterium 9 35.67+£2.08 35+1 1141 32.67+3.06
Bacterium 10 22.33£3.06 6+0 6+0 6+0
Bacterium 11 20.33£0.58 6+0 6+0 10.67£1.15
Bacterium 12 14.67£3.51 6£0 6+0 8.67+£1.15

Table 2 Two-way ANOVA test results. Site (Factor A, 3 levels—Sites A, B, C), antibiotic type (Factor B, 4 levels—tetracycline, erythromycin,
ampicillin, chloramphenicol), as well as their interaction term were found to be significant in influencing observed inhibition patterns.

Source DF SS MS F P-value
Factor A 2 617.5417 308.7708 9.6040 0.0001
Factor B 3 5612.2500 1870.7500 58.1877 < 0.0001
Interaction (AxB) 6 656.1250 109.3542  3.4013 0.0037
Error 132 4243.8333 32.1503 — —
Total 143 11129.7500 — — —

Table 3 Table displaying values for average zone of inhibition for all antibiotics at a given site tested against all antibiotics, CFU/mL at each
site, and the corresponding Inhibition-Abundance Score (IAS) calculated using our equation.

Average ZOI for all isolates at given site against all antibiotics CFU/mL Inhibition-Abundance Score
Site A 9.98 55.67 17.93
Site B 13.48 68 19.82
Site C 14.56 300 (TNTC) 4.85

CFU increase causes it to decrease dramatically from Site B to
Site C. One possible explanation for this is an increase in the
availability of nutrients vital for bacterial life, such as nitro-
gen and phosphorus, potentially derived from municipal and
residential wastewater or urban runoff from the nearby Brook-
vale, Cabrillo, Ardenwood, Northgate, Union City, and Lakes
and Birds communities. Supporting these hypotheses would
require tests to measure specific nutrients and wastewater in-
dicators.

Visually, the creek at Site C was also wider with deeper
and more stagnant water. Another possible explanation is that
slower water may be exposed to more direct sunlight, which
could cause an increase in the creek’s temperature and the bac-
teria’s metabolic and reproduction rate?’.

Conversely, the cooler water and faster flow rate found in
the upstream sites, A and B, may flush bacteria constantly and
slow metabolic rate, potentially preventing large populations
from forming. These hypotheses about water flow, tempera-
ture, and sunlight exposure would require direct measurement
to confirm.

Antibiotic Susceptibility and Resistance Patterns

The two-way ANOVA results support the pattern that both
the antibiotic and site influenced observed zones of inhibition.
The significant interaction term (p = 0.0037) suggests that the
effect of antibiotic type on inhibition varied depending on the
sampling site. However, given our small sample of 12 isolates
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and non-standard testing conditions, these statistical findings
should be interpreted as preliminary patterns in this limited
sample rather than antimicrobial resistance patterns along the
Alameda Creek system.

In our small sample, all isolates showed susceptibility to
tetracycline, and almost all isolates, except Bacterium 10 from
Site C, showed susceptibility to chloramphenicol under our
conditions. These results suggest the absence of tetracycline
resistance in our sample. The possible presence of chloram-
phenicol non-susceptibility at Site C may reflect either intrin-
sic resistance of a naturally resistant species or acquired resis-
tance via mobile genetic elements, which would have greater
public health implications. Without bacterial identification
via Gram staining, 16S rRNA sequencing, or PCR, we can-
not distinguish between the two possibilities. If Bacterium
10 is an ordinarily susceptible species, chloramphenicol non-
susceptibility would be noteworthy and potentially indicates
selective pressure from environmental contamination. How-
ever, if it were to belong to an intrinsically resistant species
such as Pseudomonas aeruginosa, this observation may reflect
natural resistance patterns=L.

Ampicillin and erythromycin showed no detectable inhibi-
tion against almost all of our isolates under our conditions,
excluding bacterium 9 from Site C. Without Gram stain-
ing or molecular identification (16S rRNA/PCR), we can-
not distinguish whether non-susceptibility represents intrin-
sic or acquired resistance. Many Gram-negative bacteria in-
trinsically resist ampicillin due to beta-lactamase production
and erythromycin due to their impermeable outer membranes,
and bacteria found in environmental freshwater are predom-
inantly Gram-negative“*>*,  Therefore, the observed non-
susceptibility is consistent with expected intrinsic resistance
of Gram-negative environmental bacteria.

Tetracycline, erythromycin, and ampicillin are all com-
monly used clinically to treat both animals and humans—Iack
of inhibition by these antibiotics suggests pollution from agri-
cultural runoff, human sewage, or hospital waste“>">Z. Chlo-
ramphenicol was previously used widely, but its resistance
persists in some bacterial populations, which could explain
the chloramphenicol non-susceptible isolate observed at Site
C=8,

Exploring site differences using the IAS (Inhibition-
Abundance Score), Site C had a much lower IAS than that of
Sites A and B. This decrease reflects the substantially greater
bacterial population found at Site C, which reduced the score
regardless of actual resistance level of bacteria. Therefore, the
lower IAS at Site C should not be interpreted as indicating
stronger resistance, but rather as a reflection of the combined
effect of higher bacterial density and susceptibility patterns.
Here, the IAS focuses on the consideration of both bacterial
density and susceptibility patterns in providing a more com-
plete picture of environmental antimicrobial patterns at each

site.

Methodological Comparison and Implications

Comparing zones of inhibition observed following the Kirby-
Bauer vs. modified methodology, zones were much greater
(> 2-3x) following the standard timing. Our results therefore
suggest that antibiotics are more effective before dense bac-
terial growth is established. Such a trend could have impor-
tance in public health—our simplified agar experiment does
not mimic the complexity of infections in the human body, but
it is consistent with the general principle that early antibiotic
treatment of bacteria is beneficial.

Limitations and Future Directions

Though these disk-diffusion tests identified the effectiveness
of certain antibiotics on the sampled bacteria population, there
are important limitations to consider:

1. Lack of bacterial identification. With the current re-
sources available, we were unable to determine bacte-
rial species through 16S rRNA, PCR, or classify us-
ing Gram-staining or other classification methods. This
makes it difficult to understand the bacterial population
and does not allow us to differentiate natural vs acquired
resistances (many environmental Gram-negative bacteria
would be intrinsically resistant to ampicillin)2?.

2. Deviation from standard methodology. This study was
limited to using sterile wooden swabs for bacterial iso-
lation. Therefore, inoculum size may vary between iso-
lates. A room temperature of 20-24°C was used for in-
cubation, deviating from the standard Kirby-Bauer pro-
cedure?. As a result, zones of inhibition cannot be com-
pared to CLSI/EUCAST breakpoints, and susceptibility
can only be compared with other data in this experiment.

3. Selection bias. 4 bacteria from each site were chosen to
be isolated based on apparent color differences, which
could introduce bias by oversampling certain morpho-
types that are more visually distinct while missing rarer
or less pigmented species.

4. Lack of standard quality control reference strains.
No reference strains, such as E. coli ATCC 25922, were
tested to verify that antibiotic discs and the testing pro-
tocol yielded results within expected ranges. This makes
it difficult to confirm that the discs and procedure per-
formed as intended.

5. Low sample size. This study collected water samples on
a single day (July 4th, 2025) and isolated only 4 bacterial
colonies per site on the Alameda Creek, which may allow
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for non-susceptible bacteria to go undetected and limits
statistical power in detecting true trends in antimicrobial
susceptibility patterns. A single non-susceptible isolate
at one site, such as the chloramphenicol non-susceptible
bacterium at Site C, could be due to chance selection as
opposed to a site-level pattern.

6. Low IAS scope. The Inhibition-Abundance Score devel-
oped in this study is matched to the parameters of this in-
vestigation (zones of inhibition and bacterial abundance),
but it is not meant to be a standard resistance metric and
may not be fit for use in other studies. However, the use
of some index variant can be helpful in summarizing re-
sistance profiles at a given site.

7. Imprecise CFU counts at high-density sites. Site C
plates at 1:100 dilution were too numerous to count
(TNTC, > 300 CFU/plate), not allowing for precise
quantification of bacterial density and therefore poten-
tially inaccurate density difference comparisons to up-
stream sites.

8. Uncontrolled plate differences in methodological
comparison. Plates were prepared for both methodolo-
gies using the same bacterial isolate, but plate-to-plate
differences in lawn density and moisture were not con-
trolled. While the large and consistent differences ob-
served suggest timing is the primary factor, we can-
not rule out that conditional differences may have con-
tributed to ZOI differences.

Future work for this study could include more indepen-
dent water samples per site and > 20 isolates per site to
capture spatial variation and strengthen statistical confidence.
At high-density sites like Site C, higher dilutions (1073 to
10~%) should be used to ensure CFU counts fall within 30—
300 CFUs/plate, allowing for more accurate quantification and
comparison to other sites. Multiple sampling dates in different
seasons could be tested to analyze temporal variation. Num-
bering initial bacterial colonies and using a random number
generator or sampling from different streak sectors could cap-
ture bacterial diversity more accurately.

Future studies could test antibiotic discs against a standard
quality control reference strain, such as E. coli ATCC 25922,
and compare results to published ranges to ensure that discs
and methods are functioning appropriately. Gram-staining of
bacteria and bacterial identification should be performed in
the future to firmly classify observed resistances as intrin-
sic vs. acquired resistance—this is particularly important for
Bacterium 10 from Site C, the only chloramphenicol non-
susceptible isolate. Future work should also maintain stan-
dard Kirby-Bauer conditions, including Mueller-Hinton agar
and 35-37°C incubation, to allow for comparison with clin-
ical breakpoints and standard resistance classification. Other

commonly used antibiotics, such as vancomycin, gentamicin,
or ciprofloxacin, could also be tested to scope out antibiotic
resistance. Nutrient testing of Alameda Creek waters could
also provide insight into evolutionary pressure in the specific
area.

Future, more detailed studies could also investigate the eco-
logical and public health implications of antibiotic resistance
in stream bacteria—by assessing connections between resis-
tance patterns, human activity, and water quality, we could
gain a clearer idea of community risk in the local ecosystem.

Conclusion

This study observed susceptibility to tetracycline and lack of
inhibition by chloramphenicol, ampicillin, and erythromycin
in the Alameda Creek through sampling of bacterial isolates
at three points along the creek. Under our conditions, all sam-
pled isolates showed no detectable inhibition by erythromycin
and ampicillin, while one isolate at Site C showed no inhi-
bition by chloramphenicol. Our preliminary data is consistent
with the idea that while tetracycline and chloramphenicol non-
susceptibility are absent or uncommon in our sample, intrinsic
or acquired non-susceptibility to other antibiotics in the suite
is more common. Our current data is unable to directly sepa-
rate these results between intrinsic and acquired resistance due
to lack of Gram staining and molecular identification tools.
Under our conditions, bacterial density appeared to increase
further downstream, while levels of inhibition did not show a
similar increase.

An Inhibition-Abundance Score (IAS) was created as an ex-
ploratory index that provides a basic profile of resistance in a
system, such as Alameda Creek—the IAS accounts for both
the degree of susceptibility and bacterial abundance. The in-
clusion of bacterial density allows for a more complete under-
standing of a microbiological system.

The methodological comparison in this showed differing re-
sults when introducing antibiotic discs 24 hours versus im-
mediately after inoculation. Plates with antibiotics introduced
immediately showed larger zones compared to plates with an-
tibiotics introduced 24 hours later, suggesting that faster an-
tibiotic introduction correlates with greater effectiveness in
treatment.

Building on previous studies in the area, this study pro-
vides preliminary evidence for the presence of bacteria with
reduced susceptibility to certain antibiotics in the Alameda
Creek system and underscores the need for ongoing investi-
gations. Using standard conditions, quality control reference
strains, Gram-staining, commonly applied antibiotics, and a
larger sample size, among other potential additions, future
studies can be conducted to gain a better understanding of
the bacterial population and definitive antimicrobial resistance
classifications. Nutrient testing of creek waters and surveys of
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surrounding land can be beneficial in finding key sources of
pollution and antimicrobial resistance.
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