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Abstract

Antibiotic-resistant bacteria are a potential concern in coastal environments, particularly
those used for human activity such as beaches. We used a combination of culture and
culture-independent 16S rRNA gene approaches to characterize antibiotic-resistant bac-
terial communities in seawater at seven beaches along the Mississippi Gulf Coast, USA.
Antibiotic-resistant bacteria were present at all beaches sampled, with those resistant to
amoxicillin being most common followed by those resistant to erythromycin. The com-
position and diversity of mixed culture bacterial communities varied more based on the
antibiotic used in the culture media than the beach sampled. Cultured bacterial communi-
ties differed significantly from those in uncultured seawater and were substantially less
diverse, but community 16S rRNA gene sequencing revealed more sequence types than
identified through isolation. A total of 59 bacterial isolates were obtained and identified,
with the most common genera being Pseudomonas, Vibrio, and Aeromonas. Over 80% of
isolates showed some level of multi-drug resistance. These results show that antibiotic
resistance is common and widespread among bacterial populations in seawater along the
Mississippi Gulf Coast and that a combination of culture and molecular approaches can re-
veal a greater diversity of antibiotic-resistant taxa than identified by either approach alone.

Keywords: antibiotic resistance; bacterial communities; beach; coast; seawater; 16S
rRNA gene

1. Introduction
Antibiotic resistance began to emerge in the 1940s but is still regarded as one of the

most pressing public health challenges [1–3]. The emergence and spread of antibiotic-
resistant bacteria threaten the effectiveness of antibiotics that have been foundational to
modern medicine [3]. While antibiotic resistance is often associated with clinical settings,
evidence shows that resistance is not confined to hospitals or healthcare environments [4,5].
Natural systems serve as important reservoirs of antibiotic-resistant bacteria and the an-
tibiotic resistance genes identified in clinical settings can be found in environments with
no history of antibiotic contamination [4,6–8]. This is particularly true of aquatic ecosys-
tems, and numerous studies have revealed the presence of antibiotic-resistant bacteria in
such environments [8–11].

There has been extensive research on the presence of antibiotic-resistant bacteria or
antibiotic-resistance genes in freshwater systems, but studies on their presence in coastal
marine environments have been more scattered [12]. Coastal and estuarine environments
connect terrestrial and marine ecosystems and are locations where freshwater and saltwater
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mix and interconnect [12,13]. As such, they provide valuable ecosystem services and
are important both ecologically and economically [14,15]. Coastal waters also include
beaches that are used for recreation, and the presence of antibiotic-resistant bacteria in such
locations can lead to human exposure [16]. While the presence of potential pathogens or
indicator bacteria suggesting the presence of pathogens has been examined and is often
monitored at beach environments [17–20], the presence of antibiotic-resistant bacteria is
not routinely assessed. More broadly, much of the research on antibiotics and antibiotic
resistance patterns in coastal marine systems has occurred in Asia or Europe [12], although
studies in North America have increased and the presence of antibiotic-resistant bacteria
has been reported for a variety of coastal systems, including beaches of the northern Gulf
of Mexico in the southeastern United States [21,22].

The Mississippi Gulf Coast is a dynamic and heavily utilized region of the northern
Gulf of Mexico that is characterized by tourism, transportation, and commercial and
recreational fisheries that increase human interaction with the environment. Beaches along
the Mississippi Gulf Coast support various recreational activities while also receiving
input from urbanized areas and river systems [23,24]. The latter, combined with the
presence of barrier islands, means that much of the Mississippi Gulf Coast is at lower
salinity than typical seawater, although this can fluctuate in response to environmental and
anthropogenic changes [25]. Bacterial communities in sand and seawater at beaches along
the Mississippi Gulf Coast have been described in recent studies, particularly in terms of
their spatial and temporal patterns [26–28]. These studies used culture-independent high-
throughput 16S rRNA gene sequencing, and while they provide extensive characterization
of the diversity and structure of the natural bacterial community, such approaches tend
to not focus on bacteria of potential human concern and provide no assessment of the
presence of antibiotic resistance. Current knowledge of recent antibiotic resistance patterns
along the Mississippi Gulf Coast is limited to a study that assessed the presence of antibiotic
resistance in isolates of fecal indicator bacteria Escherichia coli and Enterococcus [22]. That
study found high levels of multi-drug resistance with almost 95% of E. coli and almost 90%
of Enterococcus isolates tested showing resistance to two or more antibiotics [22]. However,
knowledge of antibiotic resistance in the broader bacterial community found in seawater
along the Mississippi coast, or the northern Gulf Coast region as a whole, is limited.

In this study we used a combination of culture-dependent approaches and culture-
independent 16S rRNA gene sequencing to characterize the antibiotic-resistant bacterial
community at beaches along the Mississippi Gulf Coast. We analyzed the seawater bac-
terial community at three levels of focus: (1) the bacterial community in natural, unen-
riched seawater, (2) the bacterial communities obtained following culture on a variety
of antibiotic-amended media, and (3) the identity of specific antibiotic-resistant bacterial
isolates, including those showing multi-drug resistance. Sequencing mixed cultures of
bacteria in combination with culture-independent sequencing of the natural community
has been done for a few environments [29–31], but such a multi-tiered approach has rarely
been used to study patterns of antibiotic resistance even though it may give a truer picture
of how antibiotic-resistant bacteria relate to the broader bacterial community. We predicted
that the diversity of antibiotic-resistant bacteria obtained through culturing would be
less than the diversity of the natural bacterial community as a whole, a reflection of the
well-known difficulty in culturing much more than 1–20% of the bacterial cells observed
in nature [32,33]. However, we predicted that the diversity of bacteria in mixed cultures
obtained on antibiotic-amended agar would still exceed that of isolates obtained from
such plates, as even with quite exhaustive sampling of isolates from those cultures, some
taxa would be missed. While we expected that some isolates would show multi-drug
resistances, we also expected fundamental differences in the composition of the mixed
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cultures obtained on media with different types of antibiotics, and that all bacterial commu-
nities derived from culturing would differ substantially from the natural seawater bacterial
community. The combination of culture and molecular approaches revealed that antibiotic
resistance was common and widespread in bacterial communities in seawater at beaches
along the Mississippi Gulf Coast and revealed a greater diversity of antibiotic-resistant
taxa than would have been identified by either approach alone. Multidrug resistance was
suggested for a variety of taxa, suggesting that the natural seawater bacterial community is
a potential reservoir for antibiotic resistance that could be transferred to bacterial species of
human concern.

2. Materials and Methods
2.1. Sample Collection and Processing

Samples of seawater were collected from seven beach sites spanning approximately
48 km of the Mississippi Gulf Coast, USA. Beach sites were locations that we have studied
previously in terms of spatial and temporal patterns in seawater and sand bacterial commu-
nity structure [27,28] and correspond to seven of the ten sites described by Vaughn et al. [27].
Beaches were identified based on the numbering system of the Mississippi Department of
Environmental Quality (MDEQ) Beach Monitoring Program, and from west to east were
beaches 4 (Bay St. Louis), 5 (Pass Christian West), 6 (Pass Christian Central), 7 (Long Beach),
10 (East Courthouse), 12 (Biloxi West), and 13 (Biloxi East) (Figure 1). Beaches were sam-
pled from west to east, with all samples collected on the same day (20 April 2025) between
11:00 and 13:00. Water temperature (22.6–24.7 ◦C), salinity (8.9–15.0 ppt), pH (8.1–8.3), and
dissolved oxygen content (198–200%S) were determined at the time of sampling using
handheld probes. More information on the physicochemistry of these beaches as well
as longer terms patterns in the composition of their natural bacterial communities is in
Vaughn et al. [27].

Figure 1. Beaches along the Mississippi Gulf Coast, USA, that were sampled for the presence
of antibiotic-resistant bacteria. Beach sites are numbered in correspondence with the Mississippi
Department of Environmental Quality (MDEQ) Beach Monitoring Program and correspond to Bay St.
Louis beach (beach 4), Pass Christian West beach (beach 5), Pass Christian Central beach (beach 6),
Long Beach beach (beach 7), East Courthouse Road beach (beach 10), Biloxi West beach (beach 12),
and Biloxi East beach (beach 13).

At each beach, seawater from the surf zone (0–0.3 m depth) was collected from the
shoreline into a sterile 500 mL Nalgene bottle. Samples were stored on ice until processed
approximately 18 h later at the University of Mississippi. Aseptic/sterile techniques
were followed for all sample processing. Prior to culturing, a subsample (200 mL) of
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seawater from each site was filtered through a sterile 0.2 µm filter, and the filter frozen at
−20 ◦C for subsequent characterization of the natural seawater bacterial community by
high-throughput 16S rRNA gene sequencing.

2.2. Determination of Counts of Antibiotic-Resistant Bacteria

Each seawater sample was diluted using sterile buffered saline following a 1/100 dilu-
tion series to give dilutions of 100 (the initial sample), 10−2, 10−4, and 10−6. A subsample
(0.1 mL) of each dilution from each sample was then spread-plated onto Mueller–Hinton
(MH) agar plates, a growth medium commonly used for antibiotic resistance testing [34].
Six different plates were inoculated per dilution of each seawater sample: unamended
MH agar (controls), and MH agar plates amended with either amoxicillin (to a final con-
centration of 10 µg mL−1), ciprofloxacin (to 5 µg mL−1), erythromycin (to 15 µg mL−1),
kanamycin (to 25 µg mL−1), or tetracycline (to 15 µg mL−1). Antibiotics were added from
concentrated stocks mixed into the cooled liquid agar before plates were poured. The spe-
cific antibiotics were selected to represent different classes of drugs with the concentration
used based on minimum inhibitory concentrations used in prior studies of susceptibility
testing of clinical and environmental water samples [35–37]. Following inoculation, plates
were incubated at 23 ◦C for 2–5 days, with growth checked daily, colonies counted manually,
and counts updated based on any growth on subsequent days to reflect the presence of
slower growing taxa. Final counts were determined as colony-forming units per mL of sea-
water (CFU mL−1). Plates were subsequently processed for isolation of antibiotic-resistant
bacteria and identification of cultured bacterial communities.

2.3. Isolation and Multidrug Resistance Testing of Antibiotic-Resistant Bacteria

Representative colonies of antibiotic-resistant bacteria were picked from plates and
transferred to new MH plates containing the same antibiotic, to verify that they had
resistance to that antibiotic in pure culture. Isolates were selected based on morphology
(including size, color, texture) with the goal of obtaining a representative of each type
of colony while minimizing the number of identical colony types that were picked more
than once. Plates were incubated (23 ◦C) until growth was observed (typically 48 h). Each
isolate was subsequently tested for multidrug resistance by replating onto each of the four
types of MH plates used for the initial cultures: amoxicillin (10 µg mL−1), erythromycin
(15 µg mL−1), kanamycin (25 µg mL−1), or tetracycline (15 µg mL−1). Each isolate was
plated onto all four plates, including the type of antibiotic plate that it was isolated from.
No growth was observed from the initial seawater on ciprofloxacin plates, so those were
not used in the multidrug resistance testing. Following incubation (23 ◦C, 48 h), growth
for each isolate on each type of antibiotic plate tested was recorded as either positive
or negative. Cultures demonstrating growth on more than one type of antibiotic were
classified as multidrug resistant.

2.4. Identification of Initial and Cultured Bacterial Communities Through High-Throughput 16S
rRNA Gene Sequencing

After representative isolates had been picked from the initial plates inoculated with
seawater, the cultured bacterial communities on plates showing growth were characterized
through 16S rRNA gene sequencing. Each plate was washed with 800 µL of solution CD1
from a PowerSoil DNA extraction kit (Qiagen, Germantown, MD, USA) and all bacterial
growth scraped into the buffer using a sterilized cell spreader. The bacterial suspension
was recovered and transferred into a DNA extraction bead tube for cultured community
DNA extraction following the manufacturers protocol. DNA was also extracted from the
filters obtained from the initial seawater at each site, each of which was placed into a
DNA extraction bead tube and the same extraction kit and protocol followed. Thus, for
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each beach sampled, community DNA extractions were obtained for the entire bacterial
community in the initial seawater, and the mixed cultured bacterial community obtained
following growth on each type of MH agar.

Community DNA was sequenced following the procedures used by Vaughn et al. [27].
A dual-index 8-nucleotide barcoding approach was used to amplify a 250-bp section
of the V4 region of the bacterial 16S rRNA [38] and the amplified barcoded products
then normalized using SequalPrep plates (Life Technologies, Grand Island, NY, USA).
Normalized DNA amplicons were pooled, spiked with 20% PhiX [39] and sequenced on
an Illumina NextSeq (Illumina, San Diego, CA, USA) in the Molecular and Genomics
Core Facility at the University of Mississippi Medical Center. Bioinformatics processing
of the resulting fastq sequence files followed the protocol of Vaughn et al. [27] using the
standard 16S rRNA pipeline of the DADA2 package version 1.26.0, within R version 4.2.2.
Taxonomy was assigned using the SILVA database [40] v138.1 (released August 2020) to be
consistent with other studies in this system [26–28] but nomenclature of bacterial phyla
was updated to follow that of Oren and Garrity [41] used in more recent versions of the
SILVA database. Sequences identified as potential chimeras, chloroplasts, mitochondria,
Archaea, or Eukarya were removed and remaining unique sequences categorized as amplicon
sequence variants (ASVs). Singleton ASVs were removed prior to later analyses and data
from each sample rarefied by subsampling to the lowest sequence count obtained for any
sample (55,216 sequences).

Identification of the bacteria present in each seawater or cultured bacterial community
was determined to the level of phylum, family and genus. Alpha diversity of each commu-
nity was determined as species richness (number of ASVs observed in the rarefied data) or
species diversity (the Inverse Simpson’s index) of the rarefied data. Analysis of variance
(ANOVA) was used to assess differences in each metric between communities followed by
Tukey HSD post hoc analyses. Bray–Curtis dissimilarity scores were calculated and used
to assess differences between all pairs of bacterial communities. Significant differences
in bacterial community composition were assessed through permutational analysis of
variance (PERMANOVA) based on Bray–Curtis scores and visualized using non-metric
multidimensional scaling (NMDS) ordinations.

2.5. Identification of Antibiotic-Resistant Bacterial Isolates Through 16S rRNA Gene Sequencing

Bacterial isolates obtained and tested for multidrug resistance were identified through
traditional Sanger 16S rRNA gene sequencing. Colonies were picked from the second
round of culture on the type of antibiotic agar on which they were isolated and used
directly as the source of template DNA in PCR. Amplifications used the primers 5′-
AGAGTTTGATCCTGGCTCAG-3′ and 5′-GGTTACCTTGTTACGACTT-3′ that target most
of the 16S rRNA gene and followed established protocols [42]. Amplification success was
assessed by agarose gel electrophoresis and amplicons sequenced through a commercial
sequencing service (Functional Biosciences, Inc., Madison, WI, USA). Sequence fasta files
were trimmed manually for quality and used to identify isolates by comparisons to the
NCBI nucleotide database using the online Basic Local Alignment Search Tool (BLAST)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 20 September 2026). For each se-
quence file, sequence matches were evaluated based on percent identity and overall BLAST
alignment score.

3. Results
3.1. Counts of Cultured Antibiotic-Resistant Bacteria in Seawater

Seawater from all seven of the beach sites sampled yielded bacterial cultures on MH
control plates and plates amended with amoxicillin (Figure 2). Growth on plates containing
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erythromycin was obtained from seawater inoculations from five sites (beaches 5, 7, 10,
12 and 13), while growth on plates containing tetracycline only occurred with seawater
from beach 10 and growth on kanamycin only occurred with seawater from beach 12. No
growth was obtained on plates containing ciprofloxacin, regardless of the beach from which
seawater was collected.

Figure 2. Colony counts of bacteria (CFU mL−1) obtained on Mueller–Hinton (MH) agar plates
inoculated with seawater from seven beaches along the Mississippi Gulf Coast. Beaches are numbered
based on the numbering system of the Mississippi Department of Environmental Quality. Counts were
obtained on unamended MH agar (controls) and MH agar amended with amoxicillin (10 µg mL−1),
erythromycin (15 µg mL−1), kanamycin (25 µg mL−1), or tetracycline (15 µg mL−1).

Counts on control (non-antibiotic containing) plates exceeded those on antibiotic-
amended plates for all beach sites and ranged from 6.3 × 102 CFU mL−1 at beach 13 to
3.1 × 103 CFU mL−1 at beach 4. Counts on amoxicillin were approximately an order of
magnitude lower, ranging from 5.0 × 101 CFU mL−1 at beach 6 to 4.7 × 102 CFU mL−1

at beach 7. Growth on tetracycline or kanamycin amended plates were limited to just
one beach for each, with 1.0 × 101 CFU mL−1 counted on tetracycline plates inoculated
with seawater from beach 10 and 1.0 × 101 CFU mL−1 on kanamycin plates for beach
12 (Figure 2). There was no consistent pattern across different media of certain beaches
having higher culturable counts than others, although beach 6 had the lowest count of
amoxicillin-resistant bacteria and showed no growth on any of the other antibiotic plates.
Counts on control plates and amoxicillin plates were moderately correlated (R = 0.53), as
were counts on controls and tetracycline plates (R = 0.51), although the latter were limited
to just one beach. Other correlations between counts were low to non-existent (R for all less
than ±0.33).

3.2. Diversity of Natural and Cultured Bacterial Communities

Natural seawater bacterial communities differed substantially from those obtained in
mixed cultures, regardless of the growth medium used (Figure 3A). The type of community
sampled (natural, type of growth medium) significantly affected community structure
(PERMANOVA; R2 = 0.44, F = 3.96, p < 0.001). There were differences in the bacterial
communities obtained from the different beaches but, while significant, this explained
less variation in community structure than the type of community (R2 = 0.20, F = 1.51,
p < 0.05). Excluding the natural seawater samples from this analysis revealed that bacterial
communities in mixed cultures differed significantly based on the growth medium used
(Figure 3B; R2 = 0.28, F = 1.92, p < 0.001) and by the beach from which they were sampled
(R2 = 0.37, F = 1.70, p < 0.01).
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Figure 3. Non-metric multidimensional scaling ordinations of natural or cultured bacterial com-
munities from seawater collected from seven beaches along the Mississippi Gulf Coast based on
Bray–Curtis dissimilarities of 16S rRNA gene amplicon sequence variants (ASVs). Points are colored
based on community type and show the natural seawater community (Control_w) and communities
in mixed cultures on unamended MH agar (Control) and MH agar amended with amoxicillin, ery-
thromycin, kanamycin, or tetracycline. Beaches are numbered based on the numbering system of the
Mississippi Department of Environmental Quality. Cultured communities are shown in both panels
either with (A) or without (B) the natural seawater community.

The natural seawater bacterial community was significantly richer than that obtained
after culturing on different types of MH agar (ANOVA; F = 132.4, p < 0.001; Tukey’s HSD
p-adj < 0.001). Species richness (as species observed) in seawater ranged from 1031 at beach
13 to 1662 at beach 10, but the effect of beach was not significant (p > 0.05; Figure 4A).
For the bacterial communities assessed from mixed cultures on the different agar, species
richness differed by the growth medium used (Figure 4B; F = 9.64, p < 0.01) and was
significantly greater in cultures on control, non-antibiotic containing plates compared to
cultures on amoxicillin (p-adj < 0.05) or erythromycin (p-adj < 0.01). Species richness on
control plates was also greater than that on tetracycline or kanamycin plates, but those
plates only yielded positive results from one beach each, so statistical comparisons are not
possible. Beach was not a significant factor affecting species richness of cultured bacterial
communities (p > 0.05). Even the lowest estimated species richness for a mixed culture
(on tetracycline plates inoculated with water from beach 10) was still 92, although species
diversity in this culture was low (inverse Simpson’s index of 1.5).
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Figure 4. Alpha diversity of natural (Control_w) or cultured bacterial communities from seawater
collected from seven beaches along the Mississippi Gulf Coast as based on bacterial species richness
((A,B); species observed) or species diversity ((C,D); Inverse Simpson’s index). Cultured commu-
nities were obtained on MH agar (Control) and MH agar amended with amoxicillin, erythromycin,
kanamycin, or tetracycline. Beaches are numbered based on the numbering system of the Mississippi
Department of Environmental Quality. Species richness is shown for communities with (A) and
without (B) the natural seawater community, as is species diversity (C,D).
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The same patterns seen for species richness were seen for species diversity (calculated
as the inverse Simpson’s index; Figure 4C) and the two measures of alpha diversity were
strongly correlated (R = 0.97). Bacterial communities differed based on the sampled
community (natural, type of growth medium; F = 87.2, p < 0.001) with the natural seawater
bacterial community more diverse than any of the cultured communities (p-adj < 0.001). As
with species richness, the beach from which seawater was sampled did not significantly
affect bacterial species diversity (p > 0.05). Excluding the natural seawater from analyses
(Figure 4D), showed that species diversity differed between the mixed cultures obtained on
different growth media (F = 5.03, p < 0.05), with control plates yielding significantly greater
species diversity than erythromycin plates (p-adj < 0.05). The effect of beach sampled on
species diversity of cultures was not significant (p > 0.05).

3.3. Composition of Natural and Cultured Bacterial Communities

Based on the percentage of 16S rRNA gene amplicons, the most prevalent phyla or
major taxonomic groups in the natural, uncultured bacterial communities in seawater were
Cyanobacteriota, Bacteroidota, Gammaproteobacteria, Alphaproteobacteria, and Actinobacteriota
(Figure 5A). The composition of cultured communities was dramatically different, with
mixed cultures on control (non-antibiotic) MH plates and those amended with amoxicillin,
erythromycin, or tetracycline all dominated by Gammaproteobacteria, regardless of the beach
sampled. The sole kanamycin plate that showed growth (inoculated with seawater from
beach 12) was dominated by Bacteroidota and Actinobacteriota (Figure 5A). The diversity of
taxonomic groups represented in cultured bacterial communities was noticeably higher
when viewed at the level of family (Figure 5B), but still less than that of bacterial communi-
ties in uncultured seawater, where many families represented <1% of the 16S rRNA gene
sequences recovered. Variation in the composition of mixed cultures of bacteria obtained
from seawater from different beaches was apparent at this taxonomic level, particularly
in the composition of cultures on control and amoxicillin plates, the media that yielded
cultures from all beaches sampled (Figure 5B). At the finer taxonomic level of genus, dif-
ferences between the dominant taxa in seawater and those in mixed cultures were even
more apparent. Roughly a third of the 16S rRNA gene sequences obtained from the natural
seawater communities could not be classified to this level, whereas almost all the sequences
obtained from cultures could (Figure 5C). Of the dominant (>1% of the community) se-
quences from seawater that could be classified to genus, most were either Cyanobium or
Candidatus Actinomarina, genera that were absent in cultured communities. Major genera
identified in mixed cultures varied by the type of growth medium used, and the beach
sampled (Figure 5C). Commonly detected genera included Pseudomonas, Stenotrophomonas,
Vibrio, Serratia, and Shewanella. The kanamycin plate yielding cultures from beach 12 was
dominated by Flavobacterium and various less dominant genera each accounting for <1% of
the sequences obtained, while the tetracycline plate yielding growth from beach 10 was
dominated by Serratia and Stenotrophomonas (Figure 5C).

At the level of specific 16S rRNA sequence types, five ASVs were dominant in un-
cultured seawater, each found in seawater from all seven of the beaches sampled and
each accounting for >1% of the 16S rRNA gene sequences obtained from a given bacterial
community. These represented just two bacterial taxa, Cyanobium PCC-6307 (ASVs 57, 25
and 22) and Candidatus Actinomarina (ASVs 41 and 37; Table 1). Neither of these taxa
were dominant ASVs in cultured communities. Cultured communities on control MH agar
showed five dominant ASVs, with one (ASV 15, identified as Pseudoalteromonas) dominant
in cultured obtained from all beaches. Two ASVs (ASV 32, Pseudomonas oleovorans, and
ASV 3, Shewanella baltica) were dominant in MH agar cultures from beaches 12, 5, 6, and 4,
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while ASV 76 (Rheinheimera) was dominant in MH cultures from beaches 7, 5, and 10, and
ASV 74 (Vibrio) was dominant in MH cultures from beaches 6, 10, and 13.

Figure 5. Composition of natural or cultured bacterial communities from seawater collected from
seven beaches along the Mississippi Gulf Coast at the level of bacterial phylum (A), family (B), and
genus (C). Each bar represents the percentage of 16S rRNA gene sequence copies in one community
sampled, with only taxa accounting for >1% of the community shown. ‘Other’ collectively represents
bacterial sequences identified to a phylum/family that did not represent >1% relative abundance
and ‘Unclassified’ represents bacterial sequences that were not identified to that taxonomic level.
Communities are natural seawater (Control_w) and cultured communities obtained on MH agar
(Control) and MH agar amended with amoxicillin, erythromycin, kanamycin, or tetracycline. Beaches
are numbered based on the numbering system of the Mississippi Department of Environmental
Quality, and bars for each type of community differ in size because not all beaches yielded cultures
on each type of growth medium.

Some of the dominant ASVs in mixed bacterial cultures obtained on antibiotic-
containing MH media were also recovered from multiple beaches (Table 1). ASVs identified
as Aeromonas (ASV 2) and Pseudomonas (ASV 10) were common in the communities cultured
on amoxicillin plates, being detected on plates from five (ASV 2) or four (ASV 10) of the
seven beaches sampled, with both ASVs being dominant sequence types in cultures from
beaches 7, 10, and 12. A different ASV (ASV 4) also identified as a species of Pseudomonas
was found in cultures on amoxicillin plates from these three beaches. ASV 4 and ASV 10
were also detected in mixed cultures on erythromycin plates inoculated with seawater
from beaches 10 and 12, two of the beaches that yielded these same ASVs on amoxicillin
plates (Table 1). ASV 16 (identified as Pseudomonas anguilliseptica) was also a dominant
sequence type in erythromycin cultures from these two beaches, while ASV 23 (Aeromonas)
was dominant on erythromycin plates from beaches 5 and 13. The kanamycin culture from
beach 12 had three ASVs identified as Flavobacterium and ASVs identified as Olleya maril-
imosa and Paenarthrobacter as its dominant ASVs, while the tetracycline culture from beach
10 was dominated by ASV 1 (identified as Serratia) and ASV17 (Stenotrophomonas). None of
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the dominant ASVs in the kanamycin or tetracycline cultures were dominant in cultures
on media amended with other antibiotics. More broadly, none of the dominant ASVs in
cultures on antibiotic-containing media were dominant in cultures on non-antibiotic media,
and none of the dominant ASVs in any cultured community were dominant in the natural
seawater bacterial community.

Table 1. Dominant amplicon sequence variants (ASVs) as determined from 16S rRNA gene sequencing
of bacterial communities in seawater from seven beaches along the Mississippi Gulf Coast and in
cultured bacterial communities obtained by incubating seawater on Mueller–Hinton (MH) agar
(Control) or MH agar amended with one of four antibiotics (amoxicillin, erythromycin, kanamycin or
tetracycline). ASVs are numbered (ordered by decreasing number of 16S rRNA gene sequences in
the full dataset) and taxonomy is based on the closest match to the SILVA database v138.1. Beach
indicates which of the seven beaches yielded that ASV where it accounted for >1% of sequences
recovered from that community and are ordered from the beach where that ASV accounted for the
highest percentage of sequences to the lowest. Beaches are numbered according to the Mississippi
Department of Environmental Quality Beach Monitoring Program.

Bacterial Community ASV Taxonomy Beach

Seawater 57 Cyanobium PCC-6307 All
41 Candidatus Actinomarina All
37 Candidatus Actinomarina All
25 Cyanobium PCC-6307 All
22 Cyanobium PCC-6307 All

Control MH agar 15 Pseudoalteromonas All
32 Pseudomonas oleovorans 12, 5, 6, 4
3 Shewanella baltica 12, 5, 6, 4

76 Rheinheimera 7, 5, 10
74 Vibrio 6, 10, 13

Amoxicillin agar 2 Aeromonas sp. 4, 5, 12, 7, 10
10 Pseudomonas sp. 12, 10, 7, 6
29 Flavobacterium aquimarinum 4, 12, 7
4 Pseudomonas sp. 12, 10, 7

77 Stenotrophomonas sp. 7, 12
Erythromycin agar 23 Aeromonas sp. 5, 13

16 Pseudomonas anguilliseptica 12, 10
10 Pseudomonas sp. 12, 10
4 Pseudomonas sp. 10, 12

189 Flavobacterium sp. 7
Kanamycin agar 141 Flavobacterium sp. 12

107 Olleya marilimosa 12
70 Paenarthrobacter 12
58 Flavobacterium sp. 12
56 Flavobacterium sp. 12

Tetracycline agar 17 Stenotrophomonas sp. 10
1 Serratia sp. 10

3.4. Identification of Antibiotic-Resistant Isolates and Multi-Drug Resistance

An initial total of 76 antibiotic-resistant bacterial colonies were transferred for isolation,
of which seven (four originally cultured on amoxicillin plates; three on erythromycin) did
not subsequently grow. Of the remaining 69, ten grew on antibiotic-amended agar but failed
to amplify and/or sequence after two attempts, leaving a final total of 59 for identification
and antibiotic resistance testing (Table 2). Most (41) of these isolates came from amoxicillin
cultures, 15 came from erythromycin cultures, and three from kanamycin cultures. Based on
top matches to the NCBI database, the 59 isolates represented a total of 23 different bacterial
genera. Pseudomonas was the most prevalent genus of bacteria isolated, with 22 isolates
classified to that genus. Other genera that were obtained as multiple isolates were Vibrio
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(five isolates), Aeromonas and Ectopseudomonas (four isolates each), Stenotrophomonas (three
isolates), and Flavobacterium, Shewanella, and Raoultella (two isolates each).

Table 2. Antibiotic-resistant isolates of bacteria cultured from seawater from seven beaches (numbered
according to Mississippi Department of Environmental Quality designations) along the Mississippi
Gulf Coast. Isolate ID is organized by a letter indicating the antibiotic (A = amoxicillin, E = ery-
thromycin, K = kanamycin, T = tetracycline), a number indicating beach, followed by an identifier
number, with the NCBI accession for its partial 16S rRNA gene sequence in parentheses. The closest
match in the NCBI nucleotide database based on BLAST searches of partial 16S rRNA gene sequences
is shown, while %Match (bp) indicates the percentage match and the sequence length used in the
search. The last four columns indicate whether that isolate showed growth on MH agar amended
with each of the four antibiotics, with + indicating growth on media containing that antibiotic. While
the table shows the closest match to the database, true species-level resolution is difficult for many of
these taxa.

Beach Isolate (Accession) Closest NCBI Match %Match (bp) Amo Ery Kan Tet

4 A4-1 (QB030367) Aeromonas salmonicida 100 (500) + +
4 A4-2 (QB030368) Pseudomonas leptonychotis 99.6 (650) + +
4 A4-3 (QB030369) Flavobacterium aquimarinum 100 (600) + +
4 A4-4 (QB030370) Shewanella seohaensis 100 (550) + +
4 A4-6 (QB030371) Pseudomonas qingdaonensis 100 (550) + + +
5 A5-3 (QB030372) Hafnia paralvei 99.2 (550) + +
5 E5-2 (QB030373) Escherichia coli 99.9 (600) + +
6 A6-1 (QB030374) Vibrio anguillarum 100 (550) +
6 A6-2 (QB030375) Vibrio cortegadensis 99.7 (550) +
6 A6-3 (QB030376) Ectopseudomonas khazarica 100 (600) + +
6 A6-4 (QB030377) Citrobacter pasteurii 99.8 (500) + +
7 A7-1 (QB030378) Kluyvera intermedia 99.2 (600) + +
7 A7-2 (QB030379) Klebsiella variicola 99.6 (450) + + +
7 A7-3 (QB030380) Pseudomonas defluvii 99.8 (550) + +
7 A7-4 (QB030381) Vibrio anguillarum 100 (550) + +
7 A7-5 (QB030382) Pseudomonas urethralis 99.6 (550) + + +
7 A7-6 (QB030383) Aeromonas hydrophila 100 (550) + +
7 A7-8 (QB030384) Vibrio azureus 100 (500) + +
7 A7-9 (QB030385) Vibrio anguillarum 100 (500) + +
7 A7-10 (QB030386) Pseudomonas lutea 98.1 (600) + +
7 A7-11 (QB030387) Pseudomonas defluvii 100 (550) + +
7 A7-13 (QB030388) Stenotrophomonas lactitubi 100 (600) + + + +
7 E7-1 (QB030389) Pseudomonas protegens 100 (550) + + +
7 E7-2 (QB030390) Raoultella planticola 99.9 (600) + +
7 E7-4 (QB030391) Raoultella ornithinolytica 99.9 (600) + +
7 E7-5 (QB030392) Stenotrophomonas nematodicola 100 (600) + + + +

10 A10-1 (QB030393) Pseudomonas anguilliseptica 100 (550) + +
10 A10-2 (QB030394) Aeromonas hydrophila 100 (550) + +
10 A10-3 (QB030395) Pseudomonas alloputida 99.7 (550) + +
10 A10-4 (QB030396) Pseudomonas urethralis 99.8 (550) + +
10 A10-6 (QB030397) Shewanella algae 100 (550) +
10 A10-7 (QB030398) Enterobacter huaxiensis 100 (400) + +
10 A10-8 (QB030399) Pseudomonas congelans 100 (400) + +
10 E10-1 (QB030400) Pseudomonas germanica 99.7 (550) + +
10 E10-2 (QB030401) Pseudomonas leptonychotis 99.7 (600) + +
10 E10-3 (QB030402) Pseudomonas laurentiana 100 (600) + + +
10 E10-4 (QB030403) Pectobacterium aroidearum 100 (650) +
10 E10-5 (QB030404) Ectopseudomonas khazarica 99.7 (650) + +
12 A12-1 (QB030405) Rheinheimera pleomorphica 100 (550) +
12 A12-2 (QB030406) Stenotrophomonas bentonitica 99.8 (550) + +
12 A12-3 (QB030407) Pseudomonas anguilliseptica 100 (500) + +
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Table 2. Cont.

Beach Isolate (Accession) Closest NCBI Match %Match (bp) Amo Ery Kan Tet

12 A12-4 (QB030408) Chryseobacterium cucumeris 100 (550) + + + +
12 A12-5 (QB030409) Pseudomonas urethralis 99.9 (600) + +
12 A12-6 (QB030410) Pseudomonas urethralis 99.9 (600) + +
12 A12-7 (QB030411) Pseudomonas spirodelae 99.7 (600) +
12 A12-8 (QB030412) Pseudomonas spirodelae 99.7 (550) +
12 A12-9 (QB030413) Kosakonia cowanii 99.8 (500) +
12 A12-10 (QB030414) Aeromonas caviae 100 (450) + +
12 A12-11 (QB030415) Flavobacterium aquimarinum 100 (550) + + +
12 A12-12 (QB030416) Ectopseudomonas khazarica 100 (450) + +
12 E12-1 (QB030417) Pseudomonas fragi 100 (550) + +
12 E12-2 (QB030418) Pseudomonas leptonychotis 99.7 (550) + +
12 E12-4 (QB030419) Alcaligenes aquatilis 99.7 (650) + +
12 E12-5 (QB030420) Ectopseudomonas khazarica 100 (450) + + +
12 K12-1 (QB030421) Sphingobacterium kitahiroshimense 99.9 (600) + + + +
12 K12-3 (QB030422) Leucobacter chromiireducens 100 (550) +
12 K12-4 (QB030423) Microbacterium algeriense 100 (550) +
13 A13-3 (QB030424) Rhodococcus koreensis 99.1 (550) +
13 E13-2 (QB030425) Pseudomonas anguilliseptica 99.4 (550) + +

Based on growth on MH agar containing each antibiotic, four isolates showed resis-
tance to all four of the antibiotics tested. Two of these isolates yielded partial 16S rRNA
gene sequences that matched to different species of Stenotrophomonas; isolates A7-13 and
E7-5. The other two isolates showing resistance to all four antibiotics were isolates A12-4,
(closest partial 16S rRNA gene sequence match to Chryseobacterium cucumeris) and K12-1
(closest match to Sphingobacterium kitahiroshimense). Seven isolates showed resistance to
three antibiotics, four of which showed the closest matches to different species of Pseu-
domonas (isolates A4-6, A7-5, E7-1 and E10-3). The other isolates showing resistance to three
antibiotics were A7-2 (showing a closest partial 16S rRNA gene sequence match to Klebsiella
variicola), A12-11 (closest match to Flavobacterium aquimarinum), and E12-5 (closest match
to Ectopseudomonas khazarica). A total of 37 isolates were resistant to two of the antibiotics,
giving a total of 48 isolates (81% of those identified and tested) that showed some level of
multi-drug resistance under the test conditions.

4. Discussion
Freshwater and marine ecosystems can be important reservoirs for antibiotic resis-

tance [8–11], although studies on the presence of antibiotic resistance in coastal environ-
ments are more limited than other systems [12]. This is particularly true of the northern
coast of the Gulf of Mexico which despite its importance has had few studies investigate the
presence of antibiotic-resistant taxa [21,22]. In this study we used a combination of molec-
ular and culture-based approaches to assess the seawater bacterial community at seven
beaches along the Mississippi Gulf Coast, USA, with a specific focus on antibiotic-resistant
bacteria. Molecular characterization of the natural seawater community expanded on prior
work [27,28] and in combination with a culture approach that targeted antibiotic-resistant
bacteria allowed us to make comparisons at multiple levels.

Mixed-culture bacterial communities had much less biodiversity than the bacte-
rial community of natural seawater, which showed species richness estimates of about
1000–1600 species, similar to those we have previously reported [27,28] and about
5–8× greater than that for mixed cultures on non-antibiotic control plates. The diver-
sity of mixed cultures on antibiotic-amended agar was less than that on non-antibiotic
plates, but the reduction in species richness was not as great as the comparison of con-
trol plates to natural seawater, especially for amoxicillin. However, the decline in overall
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species diversity measured by the inverse Simpson’s index, an index that considers both the
number of species and the evenness of those species, was greater. These patterns show that
the diversity of cultured bacterial communities was much less than that of natural seawater
bacterial communities, but the richness of antibiotic-resistant communities was only a little
less than that of cultured overall, presumably because a sizable fraction of the cultured
community shows some level of resistance to at least one antibiotic. While those antibiotic-
resistant cultures may contain almost as many different species as non-antibiotic cultured
communities, they are much less even and some bacterial species, or more accurately, some
bacterial populations (ASVs are defined by being a 16S rRNA gene sequence variant) likely
became more dominant in the presence of antibiotics. Based on the dominant ASVs detected
in this study, the populations of bacteria that became dominant on antibiotic-containing
media were different from the dominant populations on control media, which in turn differ
from dominant populations in the original seawater. Comparisons of diversity between
the natural (uncultured) and cultured communities are somewhat limited, however, by
the delay (18 h) between sample collection and culturing. While samples were maintained
on ice, it is possible that some taxa could have shown reductions in their population size
over this period, and while their cell remnants and DNA may still have been detectable
through molecular approaches (i.e., they were still present in the molecular analysis of the
community), a loss of viable cells would have led to their reduction or absence in mixed
cultures. Thus, less diversity in the mixed culture communities may reflect biases from
sample processing as well as the culturing itself.

The dominant taxa in uncultured seawater matched those that we have found to
account for appreciable proportions of bacterial communities in seawater along the Missis-
sippi coast over a period of 15 months [27,28]. This was apparent at each taxonomic level
examined, with the major bacterial populations being the photosynthetic Cyanobium PCC-
6307 (within phylum Cyanobacteriota) and a photoheterotroph identified from metagenomic
studies, Candidatus Actinomarina (Actinobacteriota). Such taxa are unlikely to be cultured
using typical incubation conditions and heterotrophic growth media such as MH and could
be more sensitive to sample storage. Sequences classifying as them were not detected in
any appreciable numbers in cultured communities. Rather, cultured communities were
dominated largely by members of the Gammaproteobacteria with some Bacteroidota and
Actinobacteriota, major groups of bacteria that contain a variety of species that are relatively
easy to culture, the “weeds” of the microbial world [33]. Specific genera that accounted for
a large part of cultured bacterial communities included widespread facultative taxa such as
Serratia, Aeromonas, and Vibrio, as well as the marine Shewanella, although the latter was
only a major component of cultures on control and amoxicillin plates. Pseudomonas was
the most dominant genus in cultures overall and the proportion of this genus in mixed
cultures varied with culture medium and the beach from which the seawater inoculum was
collected. Indeed, the variation in composition of mixed cultures between beaches, even
within the same type of antibiotic agar, appeared to be much greater than variation in the
natural seawater community, a pattern seen both in the taxonomic composition of cultures
and overall NMDS ordinations. This is likely due to the somewhat stochastic nature of
culturing marine bacteria [43], as the seawater community contained large numbers of
less proportionally abundant taxa (grouped as “Other”) and different components of that
group may have been cultured from different samples. It does suggest that while seawater
bacterial communities at different beaches may have similar overall taxonomic composi-
tion, cultures obtained from that seawater, even under the same culture conditions, may
show substantial differences. Inferring cultured taxa from the composition of the natural
community, or vice versa, is likely to be difficult.
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As well as being common in the community analysis of mixed cultures, Pseudomonas,
Vibrio and Aeromonas were also common genera among our antibiotic-resistant isolates,
which we were able to more confidently classify to genus given the longer 16S rRNA gene
sequence read length. While the closest NCBI match is reported to species level in Table 2,
many of the isolate sequences yielded close matches to multiple species within a genus, so
actual species identity of these isolates is not clear. The process of picking isolates based
on visual morphology is subjective and multiple bacterial species may appear as similar
isolates, but at least in terms of the main genera, representative isolates were likely obtained.
However, that pattern did not extend to specific individual mixed cultures: for example,
whole community analysis of the single mixed culture obtained on kanamycin plates
(from beach 12) suggested that Flavobacterium was the dominant genus present, but partial
sequencing of the 16S rRNA gene of the three isolates obtained from this plate matched to
species of Leucobacter, Microbacterium, and Sphingobacterium. While they were the isolates
obtained from this mixed culture, these taxa each accounted for <1% of the overall 16S
rRNA gene sequences recovered from that cultured community, but their broader phyla
(Actinobacteriota for Leucobacter and Microbacterium, Bacteroidota for Sphingobacterium) were
detected as being dominant. The observed species richness in the kanamycin-resistant
mixed culture was 137, suggesting a much higher diversity in that culture than suggested by
isolates alone. Similar patterns were seen for all antibiotic-resistant cultured communities,
with 12 visually distinguishable isolates being the most obtained from any one culture
(amoxicillin-resistant cultures from beach 12) but that mixed culture had an observed
species richness at the community level of 150. Alpha diversity indices are calculated from
ASVs which are individual 16S rRNA gene sequence types rather than individual species,
but the consistent discrepancy between those scores and the diversity obtained as isolates
does suggest that mixed cultures contained more species or strains of bacteria than isolation
alone would have detected.

Isolation did allow assessment of antibiotic-resistant patterns, and bacteria showing
some level of antibiotic resistance were cultured from seawater collected from all seven
beaches sampled. CFU counts of antibiotic-resistant bacteria were around 102 mL−1 com-
pared to 103 mL−1 CFU on non-antibiotic containing MH agar, which is close to counts
obtained for other marine studies [44]. Antibiotic-resistant bacteria have been detected in
coastal areas and beaches worldwide [12,21,22,45] but numbers are difficult to compare
based on differences in approaches, media used and focus of specific studies (e.g., all
bacteria vs. just enteric bacteria). Interestingly, we did not obtain any growth on plates
amended with ciprofloxacin. Ciprofloxacin-resistance was reported for some bacterial
isolates obtained from dry sand from beaches in Brazil but was not as prevalent in cultures
obtained from seawater or damp sand which yielded more isolates showing resistance to
amoxicillin, other penicillins, and erythromycin [45], similar to the resistance profiles seen
for isolates obtained from seawater in this study. Compared to other antibiotics, resistance
to ciprofloxacin was also rare in bacteria obtained from seawater from the southern Indian
coast [46]. The absence of ciprofloxacin-resistant cultures in our seawater samples may
therefore relate to habitat-specific patterns in sand and seawater, and the bacterial commu-
nities differ in sand and seawater at beaches along the Mississippi coast [27,28] with there
even being differences in sand bacterial community composition based on moisture content
and location on the shore [26]. That the highest CFU counts of antibiotic-resistant bacteria
were obtained on amoxicillin is not surprising as this is a widely used antibiotic, soluble in
water and with resistance usually provided by the widespread β-lactamases [47,48].

Multidrug resistance appeared to be prevalent among isolates, with 81% of the
59 sequenced isolates showing resistance to more than one antibiotic. Other studies in
coastal areas worldwide have reported high levels of multidrug resistance in bacterial iso-
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lates [22,46,49], although the focus has tended to be on indicator taxa or potential pathogens
such as Escherichia, Enterococcus, Salmonella, or Vibrio, compared to the broader range of bac-
teria isolated in this study. The antibiotics tested in this study represent different classes of
antibiotics with different modes of action. Because these antibiotics target different cellular
processes, resistance to multiple antibiotics may reflect the presence of broad resistance
mechanisms, such as efflux pumps, or the accumulation of multiple resistance traits within
individual strains of bacteria [6,50,51]. Although isolates were identified using 16S rRNA
gene sequencing, they were not genetically characterized for antimicrobial resistance mech-
anisms so molecular validation for antibiotic resistance is lacking Future studies aimed at
identifying specific resistance genes and assessing their diversity within coastal bacterial
isolates or seawater itself would provide deeper insight into the genetic basis of single and
multidrug resistance [52–55]. Of note were isolates identified as species of Stenotrophomonas,
Chryseobacterium, and Sphingobacterium as these isolates showed resistance to the four antibi-
otics tested (amoxicillin, erythromycin, kanamycin, and tetracycline). Genome sequencing
of Stenotrophomonas has identified diverse antibiotic resistance genes [56], while species of
Chryseobacterium and Sphingobacterium are known to be resistant to a variety of antibiotics,
including through non-traditional resistance mechanisms [57,58]. While most species of
these genera are not regarded as human pathogens, they are a potential environmental
reservoir for multidrug resistance, and our findings overall suggest that multidrug resis-
tance among various species of bacteria is widespread at beaches along the Mississippi Gulf
Coast. Future work should more thoroughly assess antibiotic resistance, and particularly
multidrug resistance, in culturable environmental bacteria in these coastal systems across a
broader range of antibiotics and using more formal procedures such as the Clinical and
Laboratory Standards Institute guidelines [59].

Given the extensive analyses involved per sample, we chose to sample seawater
on just one day but from multiple beaches on that day, all sampled within two hours
of each other to reduce potential temporal variation. That limits our findings to that
one point in time, and the abundance and composition of antibiotic-resistant bacteria
at these beaches are likely to differ at other times. How likely and by how much the
numbers and identity of antibiotic-resistant bacteria at these beaches varies with time
is difficult to determine. Counts of antibiotic-resistant E. coli and Enterococcus at some
of these beaches have been reported to show seasonal patterns, with higher counts in
summer compared to other seasons [22], coinciding with higher use of these public beaches.
More broadly, our previous work on the Mississippi Gulf Coast has found that seawater
bacterial communities at these beaches show strong temporal patterns, with bacterial
communities being more similar the closer in time they are sampled and recurring turnover
suggesting longer-term seasonal and annual patterns [28]. While such spatiotemporal
patterns in the broader seawater bacterial community may not necessarily reflect those
shown for antibiotic-resistant taxa, if similar temporal trends do occur then (1) similar
findings to the current study in terms of antibiotic-resistance would likely occur for a
few weeks or months around our sampling date, and (2) similar findings would likely
occur at the same time of year (roughly March–May) in subsequent years, with higher
prevalence of antibiotic-resistant taxa likely in the summer months. Seasonal trends in
antibiotic resistance genes in coastal waters have been reported elsewhere but tend to vary
based on gene and bacterial species rather than broad patterns [55]. Additional longer-
term studies on temporal patterns in antibiotic resistance in coastal systems such as that
conducted by Mukherjee et al. [22] but on natural bacterial populations would be helpful,
perhaps in conjunction with ongoing monitoring programs that track indicator taxa such as
Enterococcus, as counts of those organisms may be a good indicator for levels of antibiotic
resistance genes [55].
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5. Conclusions
Using a combination of culture-dependent and culture-independent approaches we

assessed antibiotic resistance in seawater bacterial communities at seven beaches along
the Mississippi Gulf Coast, USA. As predicted, the diversity of the natural, uncultured
seawater bacterial community was much greater than that obtained in mixed cultures,
although those mixed cultures were substantially more diverse than the number of bacteria
recovered as isolated. Cultured and uncultured bacterial communities also differed in terms
of composition, and the composition of mixed cultures was dependent on the antibiotic
added to the growth medium. Antibiotic-resistant bacteria were prevalent all along the
coast with all beaches yielding cultures that were resistant to amoxicillin and many yielding
cultures that were resistant to erythromycin. Counts of antibiotic-resistant bacteria were
approximately a tenth of that seen in non-antibiotic controls, but more than 80% of the
antibiotic-resistant isolates tested showed some level of multidrug resistance, with some
being resistant to four different classes of antibiotic. Our findings expand on the high
levels of antibiotic resistance found previously in isolates of Enterococcus and E. coli in
this region [22] and show that this drug resistance exists in a variety of taxa in the natural
seawater community along the Mississippi Gulf Coast.
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