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Abstract: (1) Background: The Mississippi Gulf Coast (MGC) has been greatly affected by microbial
contamination-related issues in the past several years. (2) Methods: We analyzed water samples
collected from ten sites within the MGC across ten months for FIBs and the distribution of AMR/MDR
bacteria. (3) Results: The Escherichia coli numbers within nine out the ten studied sites and Entero-
coccus values within seven out of the ten sites fell well past the water quality criteria established by
EPA. Overall, we found very high AMR within both E. coli and Enterococcus isolates, many of which
were also MDR. Within the E. coli, 94.6% were resistant to ≥2 antibiotics, 64.5% to ≥3, 41.8% to ≥4,
18.2% to ≥5, and 6.3% to ≥5 antibiotics. MDR patterns in Enterococcus were 87.3% belonging to the
≥2 category, 66.4% belonging to the ≥3, 37.9% falling into the ≥4, 17.9% were in the ≥5, 8.4% in the
≥6, and 3.6% in the ≥7 antibiotics. (4) Conclusions: Overall, data collected suggest the prevalence of
concerning levels of FIBs along the Mississippi Gulf Coast revealing a remarkably high percentage of
these FIBs being resistant to multiple antibiotics, a concerning number of which were also found to
be MDR.

Keywords: antimicrobial resistance; microbial contamination; multidrug resistance; E. coli;
Enterococcus; Mississippi Gulf Coast

1. Introduction

Microbial contamination of coastal recreational waters typically assessed by the pres-
ence of elevated concentrations of fecal indicator bacteria (FIB) is considered a critical
environmental problem on a global scale. In the United States, a substantial segment of
coastal water often fails to meet standard regulatory guidelines as set up by the United
States Environmental Protection Agency (USEPA), the Natural Resources Defense Council
(NRDC), and/or regional and state environmental health agencies [1,2]. Increased amounts
of FIBs indicate the presence of elevated pathogenic contamination within these water
sources and therefore is deemed to be of great concern due to its damaging effects on public
health; as in, the impacts of such effects on the economy resulting from periodic beach
closures due to such contamination [3–5]. Both E. coli and Enterococcus are native of the
normal gut flora commensal bacteria; however, both can become opportunistic pathogens
and are significantly associated with healthcare associated infections (HAIs) [6]. The most
commonly examined FIBs include Escherichia coli, total coliforms, fecal coliforms, and
enterococci, due to the occurrence of these bacteria in fecal matter [1]. To determine if
samples meet microbial water quality standards in a recreational water body, the USEPA
recommends measurement of culturable E. coli for freshwater (EPA Method 1603) and
enterococci for marine and freshwater (EPA Method 1600) [1].
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In addition to the widespread problem of microbial fecal pollution in our coastal
recreational beaches, another growing matter of paramount concern is the development,
spread, and dissemination of antimicrobial resistance (AMR) and multidrug resistance
(MDR) within these pathogenic populations, altogether resulting in a critical global threat
to public health related issues. Routine antimicrobial application in veterinary, agricultural,
and clinical practices has contributed to the spread of AMR and MDR in such populations
of pathogenic bacteria that were once susceptible [7–12]. Numerous agencies across the
world, e.g., the World Health Organization (WHO), the Federal Interagency Task Force
on Antimicrobial Resistance (ITFAR), and the U.S. Centers for Disease Control (USCDC),
have frequently identified AMR and MDR as one of the key threats concerning current and
future human, animal, environmental, and public health concerns [10,12–15]. Excessive, or
even proper use, of antimicrobials results in their dissemination and transmission into the
environment through various sources such as sewage, water runoff, physical factors, and
biological entities [7,9,16]. Bacteria can rapidly acquire and transfer antibiotic resistance
genes (ARGs) by horizontal gene transfer processes [17–19]. Potential transmission of
these genes into human pathogens is of serious concern [8,9,11]. While the transmission of
AMR/MDR through the clinical routes has been studied widely, little is still known about
the sources and dynamics of the environmental factors and links to such occurrences and
spread [7–9]. Water, being one of the most important amongst all bacterial domains, serves
as a key source of environmental transmission of AMR/MDR [7,8,20]. Almost all sources of
water such as streams, rivers, lakes, and oceans are contaminated with AMR/MDR bacteria
and ARGs through discharges from wastewater, sewage systems, farm environments,
hospitals, and pharmaceutical companies, among others [21–32].

In recent years, the world has seen millions of cases of patients succumbing to MDR
microbial infections due to the unavailability of drugs to treat such infections, leading
to the scientific community giving these pathogens the designation of “superbugs” [33].
According to current USCDC (the United States Centers for Disease Control) reports,
over 2.8 million antibiotic-resistant infections are reported in the U.S. each year, as a
result of which over 35,000 people die annually [15,33]. The Global costs associated with
AMR/MDR infections are estimated to be 5.8 trillion dollars [33]. While the WHO has
acknowledged AMR to be one of the top 10 global public health threats, the USCDC has
identified MDR Enterobacteriaceae to be amongst the top in the list of serious threats to
public health concerns [15]. Conferring to the 2019 USCDC antibiotic resistance report [33],
carbapenem resistant Enterobacteriaceae and vancomycin-resistant Enterococci fall within
the serious threats category, leading to about 197,400 and 54,500 hospitalization cases in
2017, respectively [33]. While finding a single solution to a multifaceted problem such as
this might be very complicated for scientists to reach, according this USCDC report [33],
some of the ways to combat this emerging problem are to use antibiotics effectively and
improve antibiotic use, together with better tracking of AMR/MDR prevalence, and finding
and filling the present gaps in our knowledge regarding environmental dissemination
of resistance.

The Mississippi Gulf Coast serves as a key resource for a variety of recreational, travel,
and economic purposes within the state. In 2018, a study conducted by Environment
America and Policy Center concluded that 21 tested beach sites were deemed unsafe in
Mississippi due to unsafe contamination levels [34]. In the recent years, the Mississippi
Department of Environmental Quality (MDEQ) has repeatedly reported coastal waters to
be contaminated and issued multiple beach water contact advisories for the public that
includes several instances of complete beach closures for the entire Mississippi coast [35–37].
In addition, on 27 February 2019, the Mississippi River Commission (MRC) in association
with the US Army Corps of Engineers opened the Bonnet Carré Spillway in Louisiana
thereby diverting water from the Mississippi River into Lake Pontchartrain which flows
into the Western side of the Mississippi Sound area of the Gulf of Mexico [38]. This resulted
in a multitude of catastrophic consequences in the Mississippi coastal region that include
but are not limited to decreased salinity in the coastal waters, substantial losses of aquatic
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species such as fish and oysters, and deaths of hundreds of turtles and dolphins [39,40].
The state of Mississippi sued the MRC and the US Army Corps of Engineers in response to
the disaster for the inherently irreversible ecological damage imparted to the Mississippi
coast due to this action [41–48]. While the overall impacts of such disasters are yet to be
fully assessed, all of this clearly indicates that measuring the occurrence and distribution of
potentially pathogenic AMR and MDR microbes in the coastal waters is a critical step to
keep Mississippi’s coastal ecosystem clean and sustainable for the future. Such data-driven
studies could provide vital information to help elucidate the connection between human
activities and AMR and MDR occurrences, thereby serving to keep the Mississippi Gulf
Coast clean and sustainable. Such data will also serve to improve the state’s environmental
and public health control measures. Additionally, only a handful of studies thus far have
focused on a comprehensive spatiotemporal assessment of the distribution of AMR and
MDR bacterial populations within coastal ecosystems. Therefore, evaluation of the AMR
and MDR patterns in the Mississippi coastal region would also deliver a broader insight
into the global AMR and MDR crisis by identifying the knowledge gaps and environmental
factors of AMR and MDR distribution.

Both E. coli and Enterococcus are considered indicators of fecal contamination in recre-
ational water sources and are recommended by the EPA to be used as standard organisms
to quantify presence of FIBs in these water sources [1]. The primary goal of this study was
to examine the extent of microbial fecal contamination and the levels of AMR/MDR across
the coastal waters in the Mississippi Gulf. To meet these study goals, we collected and
analyzed coastal surface ocean water samples from ten sites spanning the Mississippi Gulf
Coast over a period of ten months for the following analyses: (1) Enumerate pathogenic
FIB using the EPA methods 1603 (E. coli) and 1600 (Enterococcus), and (2) Identify and
quantify the occurrence and distribution of AMR and MDR within these FIB isolates by the
Kirby–Bauer disc diffusion method. To the best of our knowledge, this is one of the first
studies in recent years revealing the abundance of microbial fecal contamination together
with the distribution and occurrence of AMR/MDR within these important coastal waters
in the US Gulf Coast.

2. Materials and Methods
2.1. Study Area

Ten sampling sites were established spanning the Mississippi Gulf Coast between Bay
St. Louis and Biloxi, MS (Figure 1). Sites were selected based on factors such as significant
human presence due to recreational activities such as boating, fishing, and swimming
activities on the coastal sites. Additional detail on sampling sites is included in Table S1
(see supplementals). Maps of the study locations presented in this article (Figure 1) were
made in ArcGIS Pro version 10.3 (Esri).

2.2. Sample Collection

We conducted ten sampling events over a period of ten months across the ten sampling
sites in the Mississippi Gulf Coast between September 2020 and July 2021. All samples were
collected within 4 h of one another in order to maintain similar conditions across sites for
the study. Surface water samples were collected utilizing ~500 mL Whirl-Pak® sterile bags
(eNasco, Fort Atkinson, WI, USA). All samples post collection were immediately placed on
ice and transported on ice back to our laboratory for analysis. All water samples collected
during the ten-month period and across the ten sampling sites were processed within six
hours of collection according to USEPA set standards [1,49,50].
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2.3. Temperature, pH, and Salinity Measurements

During each sampling event, measurements for ambient surface water temperature,
salinity, and pH were taken for each site. Temperature and pH measurements were
conducted using handheld portable field probes (EcoSense DO200A, YSI Inc.; Test tube
pH pen model no. 850062, SPER Scientific, Scottsdale, AZ, USA). Salinity measurements
were conducted using a handheld field refractometer (Model no. MR100ATC, Milwaukee,
WI, USA).

2.4. E. coli and Enterococcus Enumeration, Isolation and Archiving

E. coli and Enterococcus were enumerated and isolated from each collected water
sample in accordance with the EPA Method 1603 (E. coli) [1,50] and Ethe PA Method 1600
(Enterococci) [1,49]. It is important to mention here that salinity levels along the Mississippi
Gulf Coast are usually lower than standard ocean water levels (usually in the oligohaline
levels) due to the outflow of the Mississippi River and other freshwater streams/creeks
that shuttle water into the coast. To best account for this unique feature of the in-shore
waters of the Mississippi Gulf Coast, we chose to utilize both the EPA Method 1603 for E.
coli enumeration (freshwater) and Enterococci (fresh and marine waters) as per the USEPA
recommendations. Serial dilutions were prepared from each water sample in phosphate-
buffered saline solution (PBS). Volumes of 10 mL of each of the dilutions together with
additional undiluted volumes of 10 mL and 50 mL water were then filtered using a 0.45 µm
membrane filter (Millipore, Billerica, MA, USA) using the vacuum filtration method. Each
of these filters were then placed onto: (a) a 47 mm Difco® modified mTEC agar plates
(Becton, Dickinson and Company, Sparks, MD, USA) followed by incubation in a water bath
set at 44.5 ◦C for 24 ± 2 h in accordance with EPA Method 1603 for E. coli isolation [1,50],
and (b) a 47 mm BBL™ mEI agar (Becton, Dickinson and Company, Sparks, MD, USA)
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followed by incubation in a water bath set at 41 ± 0.5 ◦C for 24 ± 2 h in accordance with
EPA Method 1600 for Enterococcus isolation [1,49].

After incubation, E. coli (magenta) and Enterococcus (blue) colonies per sample were
counted using a colony counter (Cole Palmer, Vernon Hills, IL, USA). Counts were ex-
pressed as CFU (colony forming units) 100−1 water sample. Following counting, the
colonies on the plates were selected randomly and aseptically streaked onto freshly pre-
pared Difco® Tryptic Soy agar (TSA) plates (Becton, Dickinson and Company, Sparks, MD,
USA), and then incubated at 37 ◦C. Following this isolation step, isolated colonies from
each TSA plate were transferred to 1.5 mL of 20% glycerol stock solution prepared in Difco®

Tryptic Soy Broth (TSB) for isolate archival purposes and then stored at −80 ◦C freezer for
future analysis purposes.

2.5. Antibiotic Resistance Analysis and Multidrug Resistance Analysis

Following isolation, the E. coli and Enterococcus colonies were examined for antibiotic
resistance utilizing the Kirby–Bauer disc diffusion method [51] testing altogether for a
total of eight different antibiotics. Selection of the antibiotics was completed based on
their differences in mode of action and their clinical, pharmaceutical, and veterinary uses.
Details on the antibiotics used, their respective drug classes, and clinical significance are
listed in Table S2. Eight antibiotic susceptibility discs (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) comprised of erythromycin (E15—15 µg), tetracycline (TE30—
30 µg), ampicillin (AM10—10 µg), ciprofloxacin (CIP5—5 µg), imipenem (IPM10—10 µg),
sulfamethoxazole/trimethoprim (SXT—23.75/1.25 µg), cephalothin (CF30—30 µg), amoxi-
cillin (AM10—30 µg) were used for testing each isolate. Discs were placed on the MHA
plate with a BBL® Sensi-Disc® 8-place Dispenser (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA).

In brief, the E. coli and Enterococcus colonies were first inoculated into BBL® Tryptic
Soy Broth tubes (Becton, Dickinson and Company, Sparks, MD, USA) from the stock
tubes and then allowed to grow in a 37 ◦C incubator. Turbidity was checked using a
pre-prepared 0.5 McFarland standard that corresponds to a 107–108 CFU/mL bacterial cell
count. Following incubation, broth samples were swabbed onto 100 mm Mueller Hinton
Agar (MHA) (Sigma Aldrich), plates using sterile cotton swabs. These MHA plates were
then stamped with the antibiotic dispenser device containing the eight different antibiotic
discs and incubated at 37 ◦C for 24 ± 2 h.

Post MHA incubation, the diameters of the zones of inhibition were manually mea-
sured using a mm ruler to analyze patterns of resistance or susceptibility of each isolate,
following the Clinical and Laboratory Standards Institute (CLSI) standards. In addition,
the standard ATCC strains E. coli 25922, Staphylococcus aureus 25923, and Pseudomonas aerug-
inosa 27853, were used as positive controls to measure the repeatability of the antibiotic
susceptibility testing process.

Following the measurement of diameters, each isolate was categorized into either
susceptible or resistant to ≥2, ≥3, ≥4, ≥5, ≥6, ≥7, and 8 antibiotics. Analysis of MDR
was conducted by taking the binomial resistance values of each isolate tested for antibiotic
resistance. For reporting purposes, isolates belonging to intermediate categories in the
manufacturer list were considered to be resistant.

2.6. Statistical Analyses

E. coli and enterococci levels were log10 transformed prior to statistical analysis to
achieve normality. A mixed model analysis with sampling location and sampling date as
the independent class variables was utilized to compare mean E. coli or enterococci levels.
Furthermore, sampling dates were binned to Summer–Fall and Winter–Spring, compromis-
ing samples collected in May–October and November–April, respectively. Binned season
and sampling location (Biloxi, Gulfport, Long Beach, and Pass Christian) were tested for
significant interactions, while sampling date and sampling site were tested for significant
interactions. Models (binned season versus sampling date) were compared using AIC best
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fit statistics, and the best fit model was utilized for further comparisons and discussions.
Means were considered to be significantly different at p < 0.05. All pairwise means were
post hoc compared utilizing the difference of least square means with Tukey’s post hoc
correction. A Chi square test for independence was applied between season or sample site,
as independent class variables, and E. coli or enterococci isolate antibiotic resistant propor-
tions, respectively. To avoid asymptotic cells, isolates were binned to season. Any tested
relationship was considered to be significant at p < 0.05, or when the Chi square sum was
greater than 3.84. Post hoc multi-comparison tests were conducted, where appropriate, by
using pairwise Chi square tests for binned season following Bonferroni correction. Pearson
correlations were conducted between temperature, pH, salinity, E. coli, and enterococci.
Correlations were considered to be significant at p < 0.05.

3. Results
3.1. Analysis of Microbial Contamination
3.1.1. E. coli Contamination Measurements

Results from E. coli FIB contamination measurements are listed in Table 1A. Based
on EPA recommendations of recreational water quality standards, the criteria for E. coli
(freshwater) is 126 cfu 100 mL−1 [1]. Overall, across all sampling sites and months, nine out
of the ten sampling sites reported E. coli contamination values that were higher than these
recommended standards. For the most part, many of the sites were statistically similar,
though Sites 1, 2, 4, 6, and 9 were statistically elevated over at least one other study site
(p < 0.05), while Site 7 was typically lower than all other sites (p < 0.05) following post
hoc pairwise comparisons. Except for Site 7, which displayed an average of 111.8 cfu
100 mL−1, all the other nine sites displayed extremely high E. coli contamination levels on
an average across all sites and sampling months, ranging from 181.6 cfu 100 mL−1 from
Site 8 in Biloxi to 990.8 cfu 100 mL−1 from Site 4 in Long Beach (Table 1A). Among all
the sites tested, Site 4 in Long Beach, MS displayed the highest mean of E. coli across all
sampling months, although most of the very high contamination in this particular site
was found during the months of September 2020 and July 2021. When sample locations
were grouped, E. coli levels in Pass Christian were statistically greater (p = 0.0455) than
Gulfport sampling sites, while other locations were not statistically different following
post hoc pairwise comparisons. Sample E. coli levels collected in the Summer and Fall
seasons were also statistically elevated when compared to other seasons (p < 0.05), with
levels approximately 1 log10 greater. Our E. coli contamination measurements in Sites 5 and
6 in Gulfport remained consistently high averaging at 472.6 cfu 100 mL−1 and 669.2 cfu
100 mL−1, respectively. Site 6 in Gulfport, a popular recreational beach area, exhibited the
second highest of the E. coli mean averaging at 669 cfu 100 mL−1 (Table 1A). Contamination
values were consistently lower during the winter months of December, January, and
March. This observation is not uncommon and is likely due to the cooler temperatures
during those months in this area which usually lowers overall microbial cell densities
during these periods. The highest amount of contamination was observed during the
summer month of May 2021 during which all the 7 sites displayed cfu values much higher
than the EPA’s recommended values. This observation remained consistent during the
following summer months of June and July 2021 during which the levels of contaminations
exceeded well beyond the criteria—in particular the sites in Gulfport displaying very high
levels of E. coli cfu (Table 1A). Sites 7 in Gulfport and 8 in Biloxi displayed the lowest
levels of E. coli contamination across all sampling sites ranging at 111.8 cfu 100 mL−1 and
181.6 100 cfu mL−1.
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Table 1. A—E. coli counts per sampling month in 10 sites (cfu 100 mL−1 water). B—Enterococcus
counts per sampling month in 10 sites (cfu 100 mL−1 water). * indicates statistically significant
differences between sampling site means (p < 0.05); ** indicates statistically significant differences
between locations (mean sample sites).

A

Sample Site Sep-20 Oct-20 Nov-20 Dec-20 Jan-21 Mar-21 Apr-21 May-21 Jun-21 Jul-21 Mean

1-Pass Christian ** 910 800 1020 440 16 22 660 430 120 400 481.8 *
2-Pass Christian 1060 3000 940 40 6 110 490 470 310 250 667.6 *

3-Long Beach 530 110 720 70 2 48 156 320 750 692 339.8
4-Long Beach 2750 130 920 106 10 30 32 270 560 5100 990.8 *

5-Gulfport 60 26 88 720 0 2 120 360 1110 2240 472.6
6-Gulfport 450 180 340 114 0 148 760 290 2170 2240 669.2 *
7-Gulfport 90 10 98 270 0 10 20 360 230 30 111.8

8-Biloxi 80 120 104 270 0 22 220 510 190 300 181.6
9-Biloxi 100 580 780 100 2 110 600 1560 110 1730 567.2 *
10-Biloxi 600 900 1050 148 4 10 290 1680 40 380 510.2

B

Sample Site Sep-20 Oct-20 Nov-20 Dec-20 Jan-21 Mar-21 Apr-21 May-21 Jun-21 Jul-21 Mean

1-Pass Christian 100 212 0 10 2 80 600 300 20 16 134
2-Pass Christian 100 40 0 10 0 100 210 450 32 10 95.2

3-Long Beach 100 0 8 4 2 8 28 100 18 24 29.2
4-Long Beach 220 60 0 20 128 108 6 120 14 40 71.6

5-Gulfport 0 2 0 110 0 10 2 280 110 32 54.6
6-Gulfport 10 5400 0 0 0 20 330 52 540 14 636.6
7-Gulfport 0 0 0 4 0 8 0 46 6 28 9.2

8-Biloxi 0 10 2 2 0 28 40 114 10 4 21
9-Biloxi 6100 22 0 2 0 4 58 450 80 30 674.6
10-Biloxi 10 10 4 10 0 12 50 220 10 6 33.2

3.1.2. Enterococcus Contamination Measurements

Results from Enterococcus FIB contamination measurements are listed in Table 1B.
Based on EPA recommendations of recreational water quality standards, the criteria for En-
terococcus (marine and freshwater) is 35 cfu 100 mL−1 [1]. Following post hoc comparison,
sample site did not significantly affect Enterococcus levels (p > 0.05), though there were
some trends associated with sampling site. Within all sampling months, Site 9 in Biloxi
displayed the highest mean at 674.6 cfu 100 mL−1, while Site 7 in Gulfport displayed the
lowest mean at 9.2 cfu 100 mL−1 (Table 1B). Seven out of the ten sampling sites displayed
Enterococcus values that had significantly higher than recommended cfu values, ranging
between 54.6 cfu 100 mL−1 in Site 5 in Gulfport to 674.6 cfu 100 mL−1 in Site 9 in Biloxi. On
an average over all months, the highest value for Enterococcus contamination occurred at
Site 9 in Biloxi at 674.6 cfu 100 mL−1, followed by Sites 6 in Gulfport at 636 cfu 100 mL−1,
and Site 1 at Pass Christian at 134 cfu 100 mL−1 (Table 1B). Similar to the observations with
E. coli cfu across all sampling months, the Enterococcus contamination values were also
consistently lower during the winter months of December, January, and March. Parallel to
our observations with the E. coli contamination data, the summer month of May reported
the highest amounts of Enterococcus contamination as well, during which all the sampled
sites displayed observed cfu values well above the EPA’s recommended values. When
binning samples by season, samples collected in the Spring and Summer were statistically
elevated over other seasons (p < 0.05) following post hoc pairwise comparisons. Addition-
ally, consistent with our analysis of the E. coli cfu values, the Enterococcus cfu values were
also found to be the lowest in Site 7 in Gulfport and Site 8 in Biloxi ranging between 9.2 cfu
100 mL−1 and 21 cfu 100 mL−1, respectively, on an average over all sites and sampling
events (Table 1B). While these values were lowest overall, the mean values suggested no
statistically significant variances between sample sites (p > 0.05).

3.2. Antimicrobial Resistance (AMR) Patterns for Individual Antibiotic Tested
3.2.1. E. coli AMR Patterns

The total number and percentage of E. coli isolates displaying antimicrobial resistance
(AMR) observed across all sites and sampling events are listed in Tables S3 and S4 and
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displayed in Figure 2A. Within the total of 380 E. coli isolates collected across all sampling
months, the highest antibiotic resistance rate within E. coli isolates was to the antibiotic
erythromycin at 94.9%, followed by cephalothin at 82.8%, ampicillin at 54.3%, amoxicillin
at 34.9%, tetracycline at 22.6%, imipenem at 8.5%, ciprofloxacin and sulfamethoxazole
being the least at 6.9%. Erythromycin resistance within the E. coli isolates ranged between
75.6% in December 2020 to a 100% during the months of September 2020, October 2020,
November 2020, April 2021, May 2021, and June 2021—averaging at 94.9%. This was
followed by resistance to the antibiotic cephalothin ranging between 36.2%, in July 2021
to 100% in March 2021—averaging at 82.8% across all sampling months; while, six out of
the ten sampled months exhibited >90% resistance to this antibiotic (Tables S3 and S4 and
Figure 2A). Resistance to the antibiotic ampicillin was the third highest overall ranging
between 28.6% during the winter month of January 2021 and 82.1% during the hotter month
of October 2020—averaging at 54.3% across all sampling months (Tables S3 and S4 and
Figure 2A). Ampicillin resistance was reported to be at least >50% within five out of the
ten sampled sites. Resistance to amoxicillin was next ranging between 0% in the colder
month of January 2021, 24.4% in December 2020, and 53.2% during the summer month of
July 2021—averaging at 34.9% overall across all months (Tables S3 and S4 and Figure 2A).
Tetracycline resistance was recorded to be the fourth highest between 0% in January 2021,
and 48% in October 2021—averaging at 22.6% across all sampling months. Tetracycline
resistance within the E. coli isolates was recorded to be at least >30% within four out of
the ten sampled sites. Strikingly, resistance to the last resort antibiotic imipenem was
recorded on an average 8.5% and at least six out of the ten sampling months found E. coli
isolates resistant to imipenem. Overall, 39 out of the total 380 isolates of E. coli exhibited
resistance to this last resort antibiotic, the highest being in the month of July 2021 at 63.8%
(Tables S3 and S4 and Figure 2A). Resistance to both ciprofloxacin and sulfamethoxazole
was next at 6.9% average across all sampling sites. Both sulfamethoxazole resistance and
ciprofloxacin resistance within the E. coli isolates was observed to be the highest during the
summer months—17.1% for sulfamethoxazole during June 2021 and 16.3% for ciprofloxacin
during May 2021. In case of sulfamethoxazole, seven out of the ten sites showed E. coli
isolates >5% resistance, and in the case of ciprofloxacin, five out the ten sites showed at
least >5% resistance.
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The highest overall resistance to all antibiotics was observed to be during the summer
and fall months—October 2020 (47.8%), June 2021 (47.3%), September 2020 (46.9%), and
May 2021 (46.4%). Resistance to erythromycin and tetracycline was influenced by season,
specifically Fall, Spring, and Summer (p < 0.01). Resistance to amoxicillin and ampicillin
was more typical from samples collected during Fall and Summer, while resistance to
cephalothin was more detectable in Spring samples (p < 0.01). Location did not have an
influence on resistance to any one antibiotic (p > 0.05).

3.2.2. Enterococcus AMR Patterns

The total number and percentage of Enterococcus isolates displaying antimicrobial
resistance (AMR) observed across all sites and sampling events are listed in Tables S5 and S6
and displayed in Figure 2B. Within the 266 Enterococcus isolates collected across all sites and
10 sampling events, the highest resistance was shown in ciprofloxacin at 75.8%, followed
by erythromycin at 75%, cephalothin at 61.4%, tetracycline at 38.6%, sulfamethoxazole at
33.1%, amoxicillin at 7.8%, closely followed by ampicillin at 7.5%, and imipenem having the
lowest resistance of 2.6% (Tables S3 and S4 and Figure 2B). Of these, ciprofloxacin resistance
ranged between 57.9% during September 2020 and remained consistently high through all
months irrespective of seasonal temperature variations, the highest being during the month
of December 2020 at 87%. Resistance to erythromycin was next, ranging between 50% in
November 2020 to a 100% in December 2020—averaging at 75% across all sampling months
(Tables S3 and S4 and Figure 2B). It is important to mention here that all ten sampled sites
reported resistance to ciprofloxacin and erythromycin to be extremely high and at least >50%
at all times. Resistance to cephalothin within the Enterococcus isolates was also recorded to
be very high ranging between 30.4% in December 2020 to 100% in January 2021—averaging
at 61.4% overall across all months. At least six out of the ten sampled sites exhibited
resistance to this antibiotic at least >50% of the times (Tables S3 and S4 and Figure 2B).
Tetracycline resistance amongst the Enterococcus isolates was also observed to be very
high—15.8% in October 2020 to 69.6% in May 2021—averaging at 38.6% overall. Resistance
within the Enterococcus isolates to the antibiotic sulfamethoxazole ranged between 14.3%
during March 2021 and 68.4% during the fall month of September 2020—averaging at 33.1%
overall across all months. Amoxycillin resistance was next between 4.3% during the winter
month of December 2020 to 31.3% during the summer month of June 2021—averaging at
7.8% overall (Tables S3 and S4 and Figure 2B). Resistance to the last resort carbapenem
group antibiotic imipenem was observed to be quite high within the Enterococcus isolates
within at least 7 out of the total 266 isolates being resistant to this antibiotic group. Highest
AMR within the Enterococcus isolates across all antibiotics overall was observed during
the month of June 2021 at 56.6%, followed by May 2021 and April 2021 at 42.1%. Location
had minimal influence on resistance to specific antibiotics. For example, resistance to
erythromycin, AMC, and SXT were all influenced by location (p < 0.01). Specifically, Biloxi
selected for resistance to erythromycin, AMC, and SXT (p < 0.01). Season did not have a
significant effect on resistance to any one antibiotic (p > 0.05).

3.3. Multidrug Resistance Patterns
3.3.1. E. coli MDR Patterns

The total number and percentage of E. coli isolates displaying multidrug resistance
(MDR) observed across all sites and sampling events are listed in Table S7 and displayed in
Figure 3A. One of the most prominent findings of this study is that of the 380 total E. coli
isolates, 370 (97.3%) were found to be resistant to at least one antibiotic. Presence of MDR
(≥2 category) was noted to be very high—360 out of the total 380 isolates (94.6%) were
resistant to at least two antibiotics. Of the rest of the isolates, 244 isolates (64.5%) belonged
to the ≥3 category, 156 isolates (41.8%) belonged to the ≥4 category, 68 (18.2%) isolates fell
into the ≥5 category, 23 (6.3%) were resistant to ≥5 antibiotics (Table S7 and Figure 3A). Of
the total 380 isolates, 3 were found to be resistant to a total of 7 different antibiotics, isolated
during the summer months of April 2021, May 2021, and July 2021. Consistent with the
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findings on E. coli contamination and the AMR patterns, the MDR E. coli was also found
to be fewer during the colder months of November’20, December’20, and January 2021
(Table S7 and Figure 3A). Overall, MDR was influenced by sample location and season.
Multi-drug resistant E. coli were influenced by season with Spring, Fall, and Summer
influencing resistance to ≥1 antibiotic (p < 0.01); all but one of three isolates from Summer
were resistant to ≥1 antibiotic, while all isolates in Spring and Fall were resistant to ≥1
antibiotic (p < 0.01). Resistance to ≥2 antibiotics was also influenced by season (p < 0.01),
following a similar trend. Isolates resistant to ≥4 antibiotics were influenced by season, as
Fall and Summer tended to select for these isolates (p < 0.01). Resistance to ≥5 antibiotics
was influenced by season with summer more prone to selection over Winter (p < 0.01).
Location did not influence MDR E. coli isolates (p > 0.05).
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3.3.2. Enterococcus MDR Patterns

The total number and percentage of E. coli isolates displaying MDR observed across
all sites and sampling events are listed in Table S8 and displayed in Figure 3B. Similar to
the E. coli MDR patterns, Enterococcus isolates also displayed a very high MDR overall
across all sites and sampling events. Out of the 266 total Enterococcus isolates, 254 were
found to be resistant to at least one antibiotic (95.8%). Within the rest of the isolates, a large
number fell within the MDR categories—230 (87.3%) belonging to the ≥2 category, 177
(66.4%) belonging to the ≥3 category, and 104 (37.9%) falling into the ≥4 category. Of the
rest, at least 49 isolates (17.9%) were resistant to at least 5 antibiotics (≥5 category), and 22
(8.4%) isolates were resistant to at least 6 antibiotics (≥6 category) (Table S8 and Figure 3B).
Ten (3.6%) out of the 266 totals were found to be resistant to ≥7 antibiotics. Out of the 266,
one Enterococcus isolate was resistant to all eight antibiotics we tested. Contrary to E. coli
isolates, location did influence isolates’ resistant to ≥4, 5, and 6 antibiotics with Biloxi and
Long Beach more selective (p < 0.01). As with E. coli, season selected for MDR isolates.
Summer selected for resistance ≥3, 4, 5, and 6 antibiotics (p < 0.01).

3.4. Variations in Physical Parameters in Relation to E. coli and Enterococcus Numbers

Overall, all three measured physical parameters (temperature, pH, and salinity %)
were low or moderately correlated with one or both measured bacterial parameters
(Figure 4). For example, temperature was moderately (r = 0.48) correlated with E. coli
levels (p < 0.001), while temperature was lower (r = 0.24) correlated with Enterococcus
levels (p < 0.05). Percent salinity was moderately (r = −0.45) and strongly (r = −0.54)
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negatively correlated with E. coli and Enterococcus levels, respectively (p < 0.0001). The
mean temperature across all samples was 21.3 ◦C, while the mean salinity was 16.24%.
Water pH was only low correlated with E. coli levels. The average pH across samples
was 7.73.
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4. Discussion
4.1. FIB Contamination in the Mississippi Gulf Coast

Both E. coli and Enterococcus are FIBs that have been routinely used for decades to
identify microbial contamination in water and soil sources based on EPA recommenda-
tions [1,49,50]. Both of these bacteria are also opportunistic pathogens, meaning they can
cause serious infections in animals and humans, e.g., bacteremia, soft tissue infections,
urinary tract infections, and meningitis, among others [52–56]. Coastal recreational beaches
have in the past been associated with high FIB contamination resulting from sewage con-
tamination issues. Pathogenic microorganisms associated with such sewage contamination
are prone to causing severe gastrointestinal diseases and therefore can be of high risk for
individuals using this water for recreational purposes (e.g., swimming), in particular those
with developing or weakened immune systems such as the children or the elderly [8,57,58].
In addition, both of these groups have been identified to fall within the categories of urgent
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(carbapenem resistant Enterobacteriaceae) and serious (ESBL producing Enterobacteriaceae
and vancomycin resistant Enterococcus) in the recent 2019 CDC antibiotic resistance threats
report, reported to cause thousands of deaths within the United States [33]. According
to the same report, it is therefore very important for scientists to study the distribution
of the AMR and MDR bacteria within environmental sources to identify the gaps in our
understanding so we can together help develop better control measures for this extremely
vital public health issue we are now faced with worldwide.

Our data on Enterococcus contamination measurements are comparatively lower
compared to one other study performed on the Mississippi Gulf coast between 2007 and
2008 [59] that utilized the same analytical methods. According to Flood et al. (2010),
the six coastal sites the team had analyzed displayed Enterococcus values of 402 cfu
100 mL−1 on an average taken over all sampling events, while our study across the ten
sites and ten sampling events reveal Enterococcus values to be lower than that—averaging
at 175.5 cfu 100 mL−1 with Site 9 in Biloxi displaying the highest Enterococcus numbers
at 674.6 cfu mL−1 on an average over all sampling events. Our data also suggested a
seasonal effect, whereby E. coli and enterococci levels collected in the summer and fall
months were statistically greater than samples collected during winter and spring, which
corroborates previous reviews in the literature [60]. Similarly, resistance rates were also
positively associated with spring, summer, and fall samplings. While not all resistance
rates were related to time of year, amoxicillin, ampicillin, and cephalothin antibiotics
were seemingly influenced by time of year, suggesting E. coli strains isolated during these
months had resistance pathways related to β-lactam class antibiotics, which may be related
to source or environmental selective pressures. Singh et al. (2019) [61] reviewed the
literature and found resistance rates were affected by seasonality, however rates were
more dependent on possible agricultural activities (e.g., manure application) or seasonality
related to weather patterns.

In another study examining the Florida Gulf Coast beaches [5], Enterococci levels were
found to exceed EPA standards in 13.9% of the water samples collected. Additionally, a
more recent study conducted on the Florida beaches [62] found the enterococci levels to
exceed the EPA determined values by 33–100% of the samples across the three studied
beaches on the Florida coast. Comparable to these studies, our Enterococcus numbers
exceeded EPA standards at least in 60% of the samples collected on average (6 out of the
10 sites) (see Table 1B). Sabater et al. (2022) [62] also reports comparatively high E. coli
numbers in three of the studied Florida Gulf Coast beaches that ranged between 100 and
1000 cfu mL−1 between the three sites under study.

Both the E. coli and Enterococcus cfu values found in our study are an alarming finding
since many of these enterococci isolated from the same samples were also resistant to
multiple antibiotics belonging to the MDR (‘superbugs’) category, which raises immediate
public health and safety concerns for the Mississippi Gulf Coast beaches routinely used by
the public for multiple recreational purposes including swimming, boating, fishing, etc.

4.2. Antimicrobial Resistance Patterns along the Mississippi Gulf Coast

Antimicrobial resistance and multidrug resistance found in the FIB populations within
recreational waters are of great concern because these pathogens are opportunistic and
are involved in healthcare associated infections (HAIs) [26,57,58,63–65]. Many of these
organisms that also display AMR and MDR have been reported to be within the high-risk
categories in respect to the worldwide AMR crisis situation [15,33]. In addition, because
bacteria are proficient in horizontal gene transfers between related species by utilizing mul-
tiple gene transfer mechanisms such as transformation, transduction, and conjugation, the
presence of high AMR and MDR within the FIBs can be indicative of similar potential gene
transfers to other highly pathogenic microorganisms that can be present in contaminated
recreational water bodies possibly resulting from sewage contamination [5,66,67].

Erythromycin is one of the most frequently prescribed antibiotics (macrolides) world-
wide [5,68]. Erythromycin resistance was found to be very high within both the E. coli and
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the Enterococcus isolates (average at 94.9% within E. coli and 75% within Enterococcus)
across all our sampling times and sites. The recent study Sabater et al. (2022) [62] on the
AMR bacteria within the beaches of the Florida Gulf coast found comparable values of
erythromycin resistance to be 83% within their Enterococcus isolates. In another study ex-
amining AMR prevalence at the freshwater beaches of Lake Huron, erythromycin resistance
was found to be comparatively lower at 26%. Resistance to ciprofloxacin, a broad-spectrum
antibiotic regularly used for both Gram-positive and negative infections [69], was very high
at 75.8% within the Enterococcus isolates, and 6.9% within the E. coli isolates. Our previous
study focusing on AMR and MDR in the Maumee River of Lake Erie found ciprofloxacin
resistance to be much lower at only 4.2% within the E. coli isolates [31], while resistance
to this drug within Enterococcus was not examined. Ampicillin resistance was quite high
at 54.3%within E. coli isolates and 7.5% within the Enterococcus isolates, comparable to
Sabater et al. (2022) [62] who found ampicillin resistance within both E. coli and Enterococ-
cus from the Florida Gulf coast beaches to be extremely high at 100% and 97%, respectively.
In contrast, the freshwaters of the Maumee River found E. coli isolates resistant to this drug
at 38.3% [31]. Ampicillin is one of the penicillin group drugs routinely used clinically as
a primary drug to treat infections such as respiratory, gastrointestinal, and urinary tract
infections [70], and therefore such high resistance to this antibiotic within the coastal waters
of Mississippi is worrisome. The sulfamethoxazole resistance detected in this study is
comparatively higher than other studies. For example, Sayah et al. (2005) [71] found
sulfamethoxazole resistance to be at 2.5% in a watershed in Michigan. In contrast, our
study reports resistance to this antibiotic to be at 33% within Enterococcus isolates and 6.9%
within the E. coli isolates. Imipenem is a group 2 carbapenem, resistance to which is usually
considered to be the last line of defense against Gram-negative pathogenic infections.

Carbapenem resistant Enterobacteriaceae (CRE) is considered one of the most urgent
threats to public health due to the high mortality rates and complications associated with
such infections [72,73]. Some recent studies have reported incidences of carbapenem resis-
tance and its dissemination through environmental sources such as marine surface water
and freshwater [74–79]. Our study indicates a comparatively high occurrence of imipenem
resistance within both E. coli and Enterococcus isolates from the Mississippi coast sample
sites (8.5% for E. coli and 2.6% for Enterococcus overall). This observation exceeds all of our
previous studies examining imipenem resistance in the Maumee River, OH (only 2 out of
329 isolates reported to be resistant) [31], and none in the Carter Creek watershed, TX [30],
or water runoff from multiple USDA-ARS research sites [29]. Another comprehensive study
focusing only on carbapenem resistance conducted on the coastal waters near Netanya,
Israel, have found CRE’s in these samples to be as high as 16% [74]. Sources of CREs in
environmental and coastal waters have been reported to be multiple including wastewater
treatment plants, hospital effluents, livestock, and agricultural discharges, among others.

4.3. Multidrug Resistance Patterns along the Mississippi Gulf Coast

MDR patterns along the Mississippi Gulf Coast as observed in this study were very
high overall, when compared to other studies on related coastal and freshwater sites. For
example, Mukherjee et al. (2021) [31] found relatively lower abundances of MDR bacteria
in the urban regions of the Maumee River near Lake Erie, the highest category found being
≥5 which amounted to an average of 1.2% within the total 329 E. coli isolates collected
from the river. While this is still a comparatively high number considering the strains were
found to be resistant to at least five antibiotics, this study along the Mississippi Gulf Coast
found much higher levels of MDR, including at least three E. coli isolates resistant to a
total of seven different antibiotics, and one Enterococcus isolate that was resistant to all
eight antibiotics. Multidrug resistance (MDR) bacteria are defined as bacteria resistant to at
least three antibiotics, colloquially known as ‘superbugs’ [80]. Considering this definition
of MDR bacteria, the Mississippi Gulf coast was found to harbor 64.5% of MDR E. coli
and 66.3% MDR Enterococcus. These numbers are higher than our previous study on the
Maumee River adjacent to the city of Toledo, Ohio (Mukherjee et al., 2021) where MDR
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E. coli was found to be only 15% on average. Among other studies that examined the
distribution of MDR bacteria in coastal waters, the more recent study on the Florida Gulf
Coast [62] found the frequency of multidrug resistance to be <20% within E. coli and 50%
within Enterococcus isolates, relatively much higher than what was found in this study.
This trend is similar to findings reported in Alm et al. (2014) [21], in which the investigators
found only eight E. coli isolates (5.4%) and twenty-seven Enterococcus isolates (18%) from
the beaches in Lake Michigan displaying resistance to ≥3 antibiotics.

Overall, AMR and MDR patterns found in our study are either comparable or found
to be relatively much higher than other similar studies conducted on coastal and freshwater
beaches [62], and mostly higher than that what was seen in freshwater beaches [21,31]. It is
important to note that this study was based on culture-based methods only, targeting eight
different antibiotics. Further investigations using molecular based approaches targeting
antibiotic resistance genes or the entire antibiotic ‘resistome’ would lend additional insights
into these results. Both E. coli and Enterococcus are FIBs, and therefore the presence of
such high MDR values within their populations along the Mississippi Gulf Coast could
also be indicative of similar resistance profiles within other pathogenic bacteria in the
coastal waters. In addition to being intestinal commensals and their role as FIBs, both
E. coli and Enterococcus can also cause human diseases, specifically healthcare associated
infections or HAIs. As such, the data collected and presented in this study is indicative of a
highly concerning level of fecal indicator bacterial contamination in these coastal waters, an
alarming number of which are also found to be multidrug resistant and resistant to several
antibiotics regularly used in healthcare treatment facilities for humans and animals. It is
important to mention here that future analysis of the concentrations of specific antibiotics
in these waters might also provide additional insights into the selection pressure antibiotics
play in the prevalence of AMR/MDR bacteria and the correlations between antibiotics
and ARB. Moreover, additional environmental factors such as dissolved organic carbon,
total nitrogen, and phosphorus might also have an impact on these AMR/MDR values
and future investigations into these parameters would help understand the occurrence
and distribution of these communities in the coastal waters. Furthermore, recent studies
have indicated that cyanobacterial blooms influence AMR bacterial communities [81].
Since the Mississippi Gulf coast has been experiencing periodic algal blooms each year,
it would also be interesting to gain future insights into how the cyanobacterial blooms
impact the structure, composition, and diversity of the AMR/MDR bacterial communities
in this location.

While in this particular study we have not specifically examined the sources of these
AMR and MDR contaminations along the Mississippi coast, the Gulf coast is one of the
most urban, industrial, and tourist active related areas within the state of Mississippi and
therefore potentially harbors all of these previously suggested sources of discharges into
these coastal waters. Moreover, multiple Mississippi creeks flow into these waters through-
out the coast carrying water and effluent from a variety of such different sources [59]. The
dominant agriculture commodity within the state is poultry production, while soybeans,
corn, and cotton production are in the top five commodities. These cash crops often utilize
poultry manure as a fertilizer source and while out of the scope of this study, research
has indicated that poultry manure can lead to runoff of AMR FIBs [82]. In addition, as
mentioned earlier, the Bonnet Carré Spillway incident also resulted in the undesired routing
of water from Louisiana into the Mississippi coast [38,43,45–47], which may have eventu-
ally impacted and heightened these incidences. While all of these are subject to further
detailed investigations on the sources and discharge points in additional detail, it is safe to
say that while the observed AMR and MDR values, including carbapenem resistance, are
highly alarming, it is certainly not a surprising outcome, considering the location and the
information similar previous studies on such coastal waters have reported earlier.
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5. Conclusions

This is the first study revealing the occurrence and distribution of AMR and MDR
within the FIB population in the Mississippi Gulf Coast. Overall, our study spanning
a period of ten months of sampling and analysis between 2020 and 2021 on ten coastal
recreational sites across the Mississippi Gulf coast reveals concerning levels of both E. coli
and Enterococcus contamination. Our study also reports that a remarkably high percentage
of these indicator bacteria found in the shore waters are also resistant to multiple antibiotics
that are routinely used in clinical and veterinary practices—a concerning number of which
were also found to belong to the category of multidrug resistant ‘superbugs’. While this
study was conducted on only E. coli and Enterococcus isolates, those two groups are used
routinely for identification of microbial pathogenic contaminants in recreational waters
worldwide, based on the EPA water quality standards. This is primarily a culture-based
study in which eight antibiotics were selected for testing AMR and MDR patterns within
two different indicators of fecal contamination in the Mississippi coastal waters. Therefore,
further molecular analysis directed towards quantifying the various antibiotic resistant
genes across the coastal waters will reveal additional information on the occurrence and
distribution of these ‘superbugs’ in the Mississippi Gulf Coast. Additionally, in the future,
we also plan to investigate the sources of these FIBs and the high AMR/MDR levels in the
coastal waters utilizing microbial source tracking techniques.
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