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Abstract
Marine algal toxins such as brevetoxins, okadaic acid, yessotoxin, and ciguatoxin are polyether
compounds. The fate of polyether toxins in the aqueous phase, particularly bacterial
biotransformation of the toxins, is poorly understood. An inexpensive and easily available
polyether structural analog salinomycin was used for enrichment and isolation of potential
polyether toxin degrading aquatic marine bacteria from Florida bay area, and from red tide
endemic sites in the South Florida Gulf coast. Bacterial growth on salinomycin was observed in
most of the enrichment cultures from both regions with colony forming units ranging from 0 to 6 ×
107 per mL. The salinomycin biodegradation efficiency of bacterial isolates determined using LC-
MS ranged from 22% to 94%. Selected bacterial isolates were grown in media with brevetoxin as
the sole carbon source to screen for brevetoxin biodegradation capability using ELISA. Out of the
two efficient salinomycin biodegrading isolates MB-2 and MB-4, maximum brevetoxin
biodegradation efficiency of 45% was observed with MB-4, while MB-2 was unable to biodegrade
brevetoxin. Based on 16S rRNA sequence similarity MB-4 was found have a match with
Chromohalobacter sp.
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Introduction
Marine shorelines are important public and ecological resources that serve as a home to a
variety of wildlife and provide public recreation. Harmful algal blooms with discolored
water, known as `red tide', occur worldwide and appear to be increasing in both frequency
and duration.[1,2] Large-scale occurrences of red tide are a serious threat to marine animals
and to the public health. A marine dinoflagellate, Karenia brevis, is associated with the
Florida red tide and it produces a suite of highly potent neurotoxins known as the
brevetoxins. Blooms of this organism are most often located in the Gulf of Mexico off the
southwest coast and, occasionally, the Atlantic coast of Florida.
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Brevetoxins are highly stable polyketide compounds and belong to a family of heat-stable,
lipid-soluble, highly oxygenated, cyclic polyether molecules. The neurotoxic effects of
brevetoxin are due to its agonistic activity on voltage sensitive sodium channels. K. brevis
blooms have been implicated in massive fish kills, bird deaths, and marine mammal
mortalities. Fish and seagrass can accumulate high concentrations of brevetoxin and serve as
vector for toxin transfer to upper trophic levels.[3] If shellfish derived from the brevetoxin-
contaminated sea is consumed by humans, a life threatening neurotoxic shellfish poisoning
results. Even the aerosols from the red tide contain brevetoxins and can cause respiratory
illness in the exposed person or animal.[4]

Brevetoxin has been shown to undergo photochemical degradation when exposed to natural
sunlight.[5] The ether linkage is known to confer a high degree of resistance to biological
degradation. On the other hand, the C-O-C molecular signature is common in various natural
compounds such as syringic acid, vanillic acid and other lignin precursors, and in cellulose.
Synthetic ether-containing compounds include agrochemicals (herbicides), polyethers (PEG,
PPG, and PTMG), and detergents. Under aerobic conditions, enzymes with various ranges
of substrate specificity (peroxidase, monoxygenases, dioxygenases, P450) can cleave the
ether bond. Such reactions result in the incorporation of oxygen and subsequent production
of a hemiacetal, which spontaneously dismutates in aqueous solution to the corresponding
alcohol and aldehyde.[6,7] Three enzymes, PEG dehydrogenase, PEG-aldehyde
dehydrogenase and PEG-carboxylate dehydrogenase (ether-cleaving) have been found to be
involved in the metabolism of PEG by Flavobacterium sp.[8] In PEG-utilizing
sphingomonads[9] membrane-bound PEG dehydrogenase (PEG-DH) was found to be highly
active towards PEG 6,000 and 20,000.

Bacteria that are associated with dinoflagellates include strains of Pseudomonas (most
common), Nocardia, Vibrio, Aeromonas, Flavobacterium and Moraxella.[10] Most studies
have found that two bacterial phyla, Alphaproteobacteria and CFB (Cytophaga-Flavobacter-
Bacteroides), are more commonly found in association with dinoflagellates.[11,12] Algal and
bacterial interactions play an important role in the ecology of harmful algal bloom. Reports
have demonstrated that marine bacteria are capable of inter-converting dinoflagellate
paralytic shell-fish toxins (tetrahydropurines) and possess the capacity to carry out side
chain modifications.[13] The ability to transform paralytic shellfish toxins was
predominantly a trait of bacteria within the Roseobacter clade. Roseobacter clade isolates
from coastal and oceanic environments are known to exhibit diverse modes of metabolism
and can transform lignin.[14] Although no metabolites have been detected, uptake of
brevetoxin PbTx-2 but not PbTx-3 by phytoplanktons has been reported.[15] Some of the
native bacteria possess algicidal properties and can affect K. brevis populations.[16,17]

However, the susceptibility of toxin molecules to marine bacterial enzymatic activity has not
been explored.

The brevetoxins have been naturally released to the marine environment by K. brevis for
many years. At the two study sites in the Florida Gulf Coast, the brevetoxin (PbTx-2 and
PbTx-3) concentration in the seawater was found to be in the range of 1.5 μg L−1 during low
K. brevis population to 23.7 μg L^#x2212;1 during high K. brevis population.[4] The
heterotrophic bacterial biodegradation of an algal toxin, microcystin, has been reported in
fresh water ecosystems.[18,19] There is valid ground for the assumption that, the frequent
occurrence of brevetoxins in marine water from red tide events will act as a strong selective
force on certain marine bacteria to adapt and utilize the carbon in the toxin molecule for
growth.
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Some of the marine algal toxins such as brevetoxins, ciguatoxin, okadaic acid, yessotoxin
etc., have polyether structures. Significant amounts of toxin material will be needed for
conducting repeated enrichment cultures for isolating polyether toxin degrading marine
bacteria. However, polyether algal toxins are not easily available, very expensive, and thus
limiting the amount of toxin that could be used in the enrichment media and the number of
enrichment cultures that could be performed for the isolation of marine bacteria. This
serious problem might be overcome by using a less-expensive structural analog for initial
screening. After extensive literature search we chose the polyether antibiotic salinomycin as
the closest structural analog, which has 83% structural similarity with polyether toxin
okadaic acid. Salinomycin produced by Streptomyces albus, belong to the polyether
ionophore group of antibiotics, which comprises more than one hundred different
compounds. Several members of the group have found commercial application as
anticoccidials in poultry farming and as growth promoters for cattle, pigs and chickens.
Gram-negative group of bacteria are generally ionophore resistant but the gram-positive
group are not.

The objectives of this study were to isolate potential polyether algal toxin degrading marine
bacteria from red tide endemic and non-red tide areas of Florida using salinomycin
enrichment cultures and to further evaluate the brevetoxin biodegradation capability of
salinomycin utilizing marine bacterial isolates.

Materials and methods
Enrichment and isolation of bacteria

Whole-water samples were collected within the Florida Gulf coast area, and the Florida Bay.
The sampling locations within the Florida Gulf coast area were chosen to be representative
of red tide endemic sites with varying population of Karenia brevis, the dinoflagellate
responsible for red tide. Water samples were collected within the Florida gulf coast area by
the Karenia monitoring program at the Fish and Wildlife Research Institute in St. Petersburg
Florida. The water samples from K. brevis free areas were obtained from Florida Bay area
through SERC (Southeast Environmental Research Center, FIU) water quality management
project. All the samples after collection were transported and stored at 4°C until use. The
water samples were collected and used for starting enrichment cultures during red tide
season (August–December).

The enrichment cultures were prepared by inoculating one mL of each marine water sample
into 125 mL Erlenmeyer flasks containing 20 mL of nitrogen and phosphorus amended
synthetic seawater media (SSW+).[20] The enrichment process was repeated using 0.1 mL of
inoculum and an incubation period of 4 weeks each. At the initial stages of enrichment a 5
μg mL−1 concentration of salinomycin (Sigma-Aldrich) was maintained, after four
enrichment transfers, the concentrations was increased to 20 μg mL−1. The samples that
produced turbid culture in salinomycin-supplemented SSW+ after the enrichment process
were selected for further study. Salinomycin and no-salinomycin controls were included in
each of the enrichment. Flasks were shaken at 200 rpm on a reciprocal shaker in an
incubator set at 27°C for 4 weeks. The bacterial population in the enrichment cultures was
estimated by dilution plating on marine agar.

Quantitative salinomycin biodegradation study
Based on the results from colony forming unit counts, six marine bacterial isolates were
selected and a quantitative salinomycin biodegradation study was initiated. The cultures of
salinomycin degrading bacteria were grown in 250 mL Erlenmeyer flasks containing 50 mL
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of medium (SSW+ with glucose to increase cell yield) on a rotary shaker (200 rpm) at 27°C.
Bacterial cells were harvested during exponential growth phase by centrifugation (10,000 ×
g, 10 min, 4°C), washed once with sterile SSW+ solution and resuspended in SSW+
medium and used immediately. Individual bacterial isolates were grown in 25 mL of SSW+
containing 20 μg mL−1 of salinomycin inoculated with 1 × 106 CFU mL−1 and incubated at
27°C for 4 weeks. A salinomycin amended control SSW+ medium with and without the
bacterial cell inoculum were maintained for comparison. There were three replicate flasks
for each bacterial isolate treatment including control flasks with and without salinomycin.
After 4 weeks of incubation salinomycin was extracted from enrichment flasks via a liquid-
liquid partition with chloroform. The chloroform was evaporated under nitrogen and the
salinomycin was resuspended in 100% methanol. The salinomycin content was determined
using a modified version of the LC-MS procedure described by Cha et al.[21]

The LC system was a Thermo Spectra system equipped with an autosampler and a
quaternary pump. The detector employed was an LCQ Finnigan Mat used on the ESI mode.
Separation was carried out using a Whatman Partisil ODS-3, 4.6 × 250 mm column with
10μm particle size. The operating conditions were: mobile phase used were 15% of 0.1%
formic acid with 85% of methanol in isocratic conditions with a 0.5mL/minute flow rate; run
time was 14 minutes and injection volume was 100 μL. Calibration plot was prepared from
a 20 μg mL−1 standard salinomycin. For each of the isolates the salinomycin biodegradation
efficiency percentage was calculated relative to the sterile salinomycin control. Statistical
analysis of the data was done using the SPSS statistical software package version 13.0
(SPSS Inc. 233 S. Wacker Dr. Chicago, Illinois).

Dinoflagellate cultures and brevetoxin production
Brevetoxin production from K. brevis was carried out in the toxic algae culture facility,
Department of Chemistry and Biochemistry at FIU. K. brevis was grown in 4L carboys at
19–21°C, in a fully defined artificial seawater media at 28–32 ppt, with illumination from
GE Cool White lights on a 12 hr/ 12 hr light-dark cycle. Cultures were maintained in
Wilson's NH-15 media, f/2 media, and L1 media.[20] Brevetoxins purified from laboratory
cultures by a combination of chloroform extraction preparative TLC and finally preparative
HPLC.[22] PbTx-2 and –3 are subjected to a final purification by HPLC (85% isocratic
methanol) using a Microsorb-MV, C-18 column (5 M, 25 cm bed) and monitored by UV at
215 nm.

Biodegradation of brevetoxin
The marine bacterial isolates showing efficient salinomycin degrading ability were selected
and a replicated brevetoxin biodegradation experiment was set up using selected four marine
bacterial isolates from salinomycin biodegradation study and one bacterial isolate (WS+)
from brevetoxin producing K. brevis culture. The WS+ was isolated through multiple cycles
of enrichment using brevetoxin as the sole carbon source. The individual bacterial cultures
were grown in 250 mL Erlenmeyer flasks containing 50 mL of medium (SSW+ with glucose
to increase cell yield) on a rotary shaker (200 rpm) at 27°C.

Bacterial cells were harvested during exponential growth phase by centrifugation (10,000 ×
g, 10 min, 4°C), washed once with sterile SSW+ solution and resuspended in SSW+
medium and used immediately. Bacterial isolates were grown in 20 mL of SSW+ containing
500 ng mL−1 of brevetoxin (PbTx-3) as the sole carbon source and were inoculated with 1 ×
106 CFU mL−1 and incubated at 27°C. A brevetoxin amended control SSW+ medium with
and without the bacterial cell inoculum were maintained for comparison. There were 3
replicate flasks for each bacterial isolate treatment including control flasks with and without
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brevetoxin. After 8 weeks of incubation brevetoxin was extracted from enrichment flasks via
a liquid-liquid partition with chloroform. The chloroform was evaporated under nitrogen and
the brevetoxin was resuspended in 100% methanol. The brevetoxin content was determined
using ELISA.[23] For each of the isolates the brevetoxin biodegradation efficiency
percentage was calculated relative to the sterile brevetoxin control. Statistical analysis of the
data was done using the SPSS statistical software package version 13.0 (SPSS Inc. 233 S.
Wacker Dr. Chicago, Illinois).

MB-4 isolate 16S rRNA sequence analysis
The 16S rRNA gene was PCR amplified from genomic DNA isolated from pure MB-4
bacterial colonies. Primers used are universal 16S primers that correspond to positions
0005F and 0531R for a 500bp sequence, and 0005F and 1513R for the 1500bp sequence.
Amplification products were purified from excess primers and dNTPs and checked for
quality and quantity by running a portion of the products on an agarose gel. Cycle
sequencing of the 16S rRNA amplification products was carried out using DNA polymerase
and dye terminator chemistry. Excess dye-labeled terminators were then removed from the
sequencing reactions. The samples were electrophoresed on ABI 3130 Genetic Analyzer.
Sequence analysis was preformed using Sherlock® DNA microbial analysis software and
database.

Results and discussion
Enrichment on salinomycin

The K. brevis population in the Florida Gulf Coast water samples ranged from 0 to 54,000
cells per liter as shown in Table 1. Initial observable bacterial growth (turbidity) in the
salinomycin enrichment flasks took more than 10 days to develop. In enrichment studies,
when salinomycin was used as a carbon source there was an increase in bacterial population
in 4 out of 6 samples in each location. The highest bacterial population obtained in the
salinomycin enrichment was 6 × 107 colony forming units per mL in enrichment flasks with
Florida Bay isolate MB-2. Because of the endemic exposure to brevetoxin, polyether
degrading bacteria were expected to be present in waters with K. brevis population.
However, no such relationship was observed, the MB-2 isolate from Florida Bay showed
increased population growth and isolates MB-9 and MB-10 both from Gulf Coast were
unable to utilize salinomycin as a carbon source.

Salinomycin biodegradation
In the quantitative salinomycin biodegradation study (Fig. 1), significant (P < 0.05)
variations among the marine bacterial isolates in terms of their salinomycin biodegradation
efficiency (%) were observed. One isolate from Florida Bay (MB-2) and two isolates from
Gulf Coast (MB-3 and MB-4) showed significantly (P < 0.05) higher salinomycin
degradation efficiency than the rest of the 3 isolates. The MB-1 isolate from Florida Bay
showed the least with 22% salinomycin biodegradation.

There is little information about the persistence and degradation of antibiotics in marine
water ecosystem. In aquatic system such as in river water ionophore antibiotics were found
to be only in trace levels.[21] In soil salinomycin has shown to be least persistent with the
half-life in the range of 5 days.[24] Cell free enzymes from soil bacteria Pseudomonas
stutzeri and Enterobacter agglomerans found to degrade salinomycin in vitro.[25] Microbial
activity during composting of manure contaminated with salinomycin was shown to be
effective in reducing salinomycin.[26] In the present study the lack of clear difference
between two regions regarding the marine bacterial capability to degrade salinomycin
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indicates that possibly bacteria have been encountering and metabolizing diverse groups of
naturally occurring organic compounds with ether bonds in the marine water.

Brevetoxin biodegradation
In the brevetoxin biodegradation study (Fig. 3), among the marine bacterial isolates tested
MB-4 showed the maximum brevetoxin biodegradation efficiency of 45% based on ELISA,
whereas MB-2 showed no reduction in brevetoxin content. Although isolates MB-2, MB-3
and MB-4 were highly capable of degrading salinomycin, there was a significant (P < 0.05)
difference in their biodegradation activity in the presence of brevetoxin as the sole carbon
source. The isolate WS+ that was isolated through enrichment on brevetoxin and isolate
MB-6 showed close to 36% biodegradation of brevetoxin.

The molecular conformation of brevetoxins is the major determinant of its toxicity. A 30Å
long “cigar-shaped” molecular segment of brevetoxin is considered to be the bioactive
site[27] of the toxin molecule. Even minor transformations in the brevetoxin structure due to
enzymatic oxidation of terminal aldehyde, such as oxidation and esterification of ring D,
have been found to detoxify the molecule.[28]

The potential biochemical interactions between marine bacteria and the brevetoxins in the
ecological context merit further study. If brevetoxins that are released undergo
biotransformation or biodetoxification by marine bacteria in the bloom, the toxicity of the
derivatives and by-products needs to be studied to better understand the distribution and
efficiency of toxin entry into the food web. Such information will help in efforts aimed at
modeling and predicting brevetoxin trophic transfer in a given system.

Identification of isolate MB-4
The partial 16S rRNA gene sequence of marine bacterial isolate MB-4 (Fig. 3) was used for
database search and construction of phylogenetic tree using neighbor joining method (Fig.
4). Based on the results the isolate MB-4 belongs phylogenetically to a branch that also
contains genus Halomonas, Cobetia, Marinobacter and Pseudomonas. The closest match was
with Halomonas pacifica, but the partial 16S rRNA gene sequence match report showed a
92.42% similarity between MB-4 and Halomonas pacifica. Since the difference was more
than 5% the match was considered not significant. However, based on the on-line homology
BLAST search (GenBank) showed that the 16S rDNA sequence of MB-4 was found to be
most similar to the sequence of Chromohalobacter sp. EF198248 with 99% match. The
bacterial strains presenting 16S rRNA gene similarities lower than 99.5% and higher than
97% may belong to different species but full 16S rDNA sequence analysis and other tests
are needed for definitive taxonomic identity.[29]

The genus Chromohalobacter belongs to the family Halomonadaceae under the class
Gamma Proteobacteria. The genus Chromohalobacter was established by Ventosa and others
in 1989, with the reclassification of Chromobacterium marismortui as Chromohalobacter
marismortui.[30] Chromohalobacter sp. are gram negative, aerobic, motile, non-spore
forming rod shaped bacteria. Phylogenetic groups closely related to Chromohalobacter are
Halomonas canadensis and Halomonas israelensis, which were included as members of the
genus Chromohalobacter.[31] The Chromohalobacter species show a broad range of
tolerance to salinity (0.5–25% NaCl) and temperature (5–42°C).[32]

Osmoprotection is achieved by the accumulation of compatible solutes. Chromohalobacter
sp. bacterial habitat includes Dead Sea, oceans, saline subterranean lakes, marine salterns
and salt preserved foods. Several strains of chromohalobacter sp. have been shown to be
resistant to a range of antibiotics.[32] A member of Halomonadaceae, Alcanivorax
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borkumensis has been shown to biodegrade marine alkane hydrocarbons.[33] The
Chromohalobacter species have been reported to be resistant to heavy metals and degrade
aromatic hydrocarbons[34], organophosphorus pesticides[35], and aminomethane
sulfonate.[36]

Conclusions
Marine bacteria from Florida red tide endemic region as well as from non-red tide region
were able to utilize the polyether compound salinomycin as a substrate for growth. Most of
the salinomycin enrichment culture isolates obtained from water samples showed bacterial
growth and the maximum population obtained was 6 ×107 colony forming units per mL. The
salinomycin and brevetoxin biodegradation efficiency of bacterial isolates varied
significantly (P < 0.05). Among the marine bacterial isolates tested, MB-4
(Chromohalobacter sp.) showed maximum efficiency of biodegradation of salinomycin
(94%) and of brevetoxin (45%). Although no direct relationship was observed between
salinomycin and brevetoxin biodegradation capability, the use of structural analog
salinomycin was found to be effective in isolation of potential polyether toxin degrading
marine bacteria. Further research is needed to characterize the enzymes, metabolites and
other factors that are involved in the bacterial brevetoxin biodegradation process.
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Fig. 1.
Salinomycin biodegradation efficiency (%) of marine bacterial isolates. Bars with different
alphabets indicate significant difference (P < 0.05).
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Fig. 2.
Brevetoxin biodegradation efficiency (%) of marine bacterial isolates. Bars with different
alphabets indicate significant difference (P < 0.05).
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Fig. 3.
Partial 16S rRNA gene sequences of marine bacterial isolate MB-4.
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Fig. 4.
Phylogenetic tree of isolate MB-4 constructed using neighbor joining method.
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Table 1

Bacterial population (cfu) in salinomycin enrichment cultures.

Isolate Site CFU* mL−1 K. brevis (cells L−1)
a

MB-1 Florida Bay 2 (±0.11) × 105

MB-2 Florida Bay 6 (±0.88) × 107

MB-3 Florida Gulf Coast 6 (±0.55) × 106 23,000

MB-4 Florida Gulf Coast 1 (±0.07) × 105 23,000

MB-5 Florida Bay 1 (±0.06) × 105

MB-6 Florida Gulf Coast 1 (±0.09) × 106 23,000

MB-7 Florida Gulf Coast 3 (±0.35) × 105 667

MB-8 Florida Bay 1 (±0.08) × 105

MB-9 Florida Gulf Coast 0 23,000

MB-10 Florida Gulf Coast 0 54,300

MB-11 Florida Bay 0

MB-12 Florida Bay 0

*
CFU = Colony forming units, mean of three replications, values in parenthesis are SE.

a
data provided by Fish and Wildlife Research Institute, St. Petersburg, FL.
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