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PRESENCE AND DIVERSITY OF ALGAL TOXINS IN SUBTROPICAL PEATLAND
PERIPHYTON: THE FLORIDA EVERGLADES, USA'

Brent J. Bellinger*
Soil and Water Science Department, University of Florida, Gainesville, Florida 32611, USA

and Scot E. Hagerthey
Everglades Division, South Florida Water Management District, West Palm Beach, Florida 33406, USA

Production of toxic secondary metabolites by
cyanobacteria, collectively referred to as cyanotoxins,
has been well described for eutrophied water bodies
around the world. However, cohesive cyanobacterial
mats also comprise a significant amount of biomass
in subtropical oligotrophic wetlands. As these
habitats generally do not support much secondary
production, cyanotoxins, coupled with other physio-
logical attributes of cyanobacteria, may be contribut-
ing to the minimized consumer biomass. Periphyton
from the Florida Everglades has a diverse and abun-
dant cyanobacterial assemblage whose species pro-
duce toxic metabolites; therefore, by screening
periphyton representative of the greater Everglades
ecosystem, six different cyanotoxins and one toxin
(domoic acid) produced by diatoms were identified,
ranging in content from 3 x 10™° to 1.3 x107°
(g - g ), with saxitoxin, microcystin, and anatoxin-a
being the most common. While content of toxins
were generally low, when coupled with the tremen-
dous periphyton biomass (3-3,000 g - m_z), a signifi-
cant amount of cyanotoxins may be present. While
the direct effects of the toxins identified here on the
local grazing community need to be determined, the
screening process utilized proved effective in show-
ing the broad potential of periphyton to produce a
variety of toxins.

Key index words: cyanotoxins; Everglades; grazing;
periphyton; secondary production

Abbreviations: ANTX-A, anatoxin-a; CYN, cylindro-
spermopsin; DA, domoic acid; DAT, debromoaply-
siatoxin; HPLC/MS, HPLC/mass spectrometry;
LA, lyngbyatoxin-a; MC, microcystin; STX, saxi-
toxin; WCA, water conservation area

Production of a variety of toxic secondary metab-
olites has been observed in association with blooms
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of cyanobacteria. These compounds, collectively
referred to as cyanotoxins, are grouped according
to their target organs, hepatotoxins, neurotoxins,
and dermatotoxins (Hitzfeld et al. 2000), and also
exhibit allelopathic activities (Smith and Doan 1999,
Gantar et al. 2008). It has been hypothesized that
cyanobacteria produce toxins in response to grazing
(Thacker et al. 2005, Camacho and Thacker 2006,
Berry et al. 2008 and references therein) and as a
competitive inhibitor of bacteria, fungi, and algae
(Valdor and Aboal 2007, Berry et al. 2008, Gantar
et al. 2008), though they may also stimulate growth
of organisms (Gantar et al. 2008). Effects on larger
vertebrates include morphological and motor sensor
abnormalities (Osswald et al. 2007) and impacts on
protein production (Salierno et al. 2006, Mezhoud
et al. 2008).

Production of toxins is not an obligate process
and may be limited to a few select strains within a
variety of cyanobacteria including Anabaena, Aphani-
zomenom, Cylindrospermopsis, Microcystis, Nodularia,
Nostoc, Phormidium, Lyngbya, and Oscillatoria (Hitzfeld
et al. 2000, Gugger et al. 2005, Teneva et al. 2005,
Seifert et al. 2007). In addition, marine and estua-
rine Pseudo-nitzschia and Nitzshcia species can pro-
duce domoic acid, a toxin associated with amnesic
shellfish poisoning (ASP) (Villac et al. 1993, Kotaki
et al. 2004). Planktonic blooms and associated toxin
concentrations in eutrophic waters have been the
subject of most studies (Hitzfeld et al. 2000, Baker
etal. 2001). More recently, toxins have been
detected in cohesive cyanobacterial mats from rivers
(Mohamed et al. 2006), reservoirs (Izaguirre et al.
2007), wetlands (Berry etal. 2004, Gantar et al.
2008), and inland seas (Surakka et al. 2005). Out-
breaks of ASP have been reported along the coast-
lines of North America from the Arctic to the Gulf
of Mexico (Villac et al. 1993). Studies vary in their
aims, some sampling waterways for specific com-
pounds associated with blooms, and others using
culture incubations to determine the direct effects
of an isolated compound on the biological activity
and function of other organisms. From these studies,



EVERGLADES PERIPHYTON CYANOTOXINS 675

it is evident that nuisance blooms are not the only
sources of cyanotoxins, but any aquatic habitat with
significant cyanobacterial biomass can also contain
toxins.

In the Florida Everglades, periphyton is promi-
nent and widespread. Cyanobacteria are the primary
algal component (Browder et al. 1994, McCormick
et al. 1996), including known toxin-producing gen-
era. Given production in other systems, the possibil-
ity exists for a variety of toxins to be present in the
Everglades. Here, we present results of an initial
screening of Everglades periphyton and show the
presence of toxins from oligotrophic as well as
eutrophic waters. We discuss the potential impacts
of these toxins on the grazing communities present
in the Everglades.

Periphyton was collected from six sites through-
out the Everglades covering a range of water chem-
istry and periphyton types (Swift and Nicholas 1987,
Browder et al. 1994, and see Gaiser et al. 2006 for a
greater Everglades map) and coincided with times
of significant biomass and areal coverage. From
the ombrotrophic interior of WCA-1, amorphous
periphyton communities composed of cyanobacte-
ria, filamentous green algae, desmids, and diatoms
were collected on 21 December 2007. At these sites,
cyanobacterial abundances are lower but can still be
a significant component (>50%) of the assemblage.
Gelatinous clouds of cyanobacteria and green algae
were collected from the eutrophic regions of
WCA-2A on 31 January 2008 where cyanobacteria
are often >90% of the algal assemblage. Cohesive
cyanobacterial mats from the oligotrophic, mineral-
rich interior of WCA-2A, WCA-3B, and Everglades
National Park (ENP) were sampled on 6 September
2007 for the former, and 6 February 2008 for the
latter two regions. At these sites, cyanobacterial
abundances are typically >90% (see fig. 1 in Hager-
they etal. [in press] for further descriptions and
images of the periphyton types). Multiple grab sam-
ples were collected within a slough and combined
into a single composite sample. The periphyton was
brought back to the laboratory on ice, frozen
at —80°C, and lyophilized (Labconco freeze-drier,
Kansas City, MO, USA) prior to shipment of 5-20 g
dry weight (dwt) of periphyton to Greenwater
Laboratories (Palatka, FL, USA) for toxin analysis.

Samples were screened for six cyanotoxins (cylin-
drospermopsin [CYN], microcystin [MC], saxitoxin
[STX], anatoxin-a [ANTX-A], debromoaplysiatoxin
[DAT], and lyngbyatoxin-a [LA]) and one toxin
produced by diatoms (domoic acid [DA]). Approxi-
mately 0.5 g dwt of periphyton was used to quantify
cyanotoxin content, which is reported as a unitless
ratio (g-g '; Tolhurst etal. 2005). Data were
received as ng toxin - g~' periphyton; however,
Tolhurst et al. (2005) detailed the rationale for
expressing content without this unit.

CYN, MC, and ANTX-A were extracted with
75% acidified MeOH, sonicated for 25 min, and

centrifuged (IEC Centra CL12, Thermo Electron
Corp, Madison, WI, USA) at 2,000 rcf for 10 min.
The supernatant was collected, and extraction of
the pellet repeated. The pooled supernatant was
blown to dryness using a turbo-vap system (Turb-
oVap LV, Caliper Life Sciences, Hopkinton, MA,
USA), then reconstituted in 1 mL of double dis-
tilled (dd) HeO. A 100 puL. subsample was diluted
to 1 mL and analyzed for CYN. The remaining
900 puL. was used to extract MC and ANTX-A using
reverse phase (Strata) solid phase extraction (SPE)
cartridges (Phenomenex, Torrance, CA, USA).
ANTX-A and MC were eluted with MeOH, blown to
dryness, and reconstituted with ddH,O (1:1).
A 100 pL aliquot was diluted to 1 mL for MC analy-
sis, and the remaining material filtered (0.45 pm
syringe filter) for ANTX-A analysis. CYN and MC
were determined by ELISA (Abraxis Bioscience, Los
Angeles, CA, USA), and ANTX-A by HPLC/mass
spectrometry (HPLC/MS) (Aversano et al. 2004).
Not all samples required SPE, thus reducing poten-
tial losses of MC and ANTX-A.

STX was extracted with 20 mL 0.1 M HCI, boiled
(105°C) with stirring for 5 min, cooled, and centri-
fuged at 1,560 rcf for 10 min. The supernatant was
collected, filtered through a 0.45 pm polyvinylidene
fluoride (PVDF) membrane (0.45 pnm PVDF syringe
filters, Whatman Inc., Florham Park, MA, USA),
and quantified using ELISA (Abraxis Bioscience).
DA was extracted with 10 mL 50% MeOH. Samples
were sonicated in a water bath for 25 min and
centrifuged at 2,000 rcf for 10 min. The super-
natant was collected, and extraction of the pellet
repeated. The pooled supernatant was filtered
through GF/C (GF/C filter, Whatman Inc.), blown
to dryness, and reconstituted in 1 mL of ddH,O.
Samples were analyzed via ELISA (Biosense Labora-
tories, Bergen, Norway) in duplicate after a 10-fold
dilution. DAT and LA were extracted with 15 mL
HPLC-grade acetone and sonicating bath for
25 min, with centrifugation at 2,000 rcf for 10 min.
The extraction was repeated twice, and the super-
natant was pooled, filtered (GF/C), blown to
dryness, and reconstituted in 1 mL MeOH:H,O
(50:50). Prior to analysis by HPLC-MS/MS, sam-
ples were clarified using centrifugation (1,560 rcf
for 10 min) and filtering through a 0.45 um PVDF
(Osborne et al. 2008).

All seven toxins were present in periphyton, the
most common being STX, MC, and ANTX-A
(Table 1). MC was detected in periphyton from
ombrotrophic-minerotrophic as well as eutrophic-
oligotrophic waters, while STX and ANTX-A were
only found in cohesive cyanobacterial mats from
minerotrophic waters with moderate or low nutrient
content (Table 1). CYN was only detected in eutro-
phic habitats. Contents (g - g~') of all toxins ranged
from 9 x 107 DA to nearly 1.3 x 107® LA. Though
present in very small amounts, the presence of DA
is noteworthy. DA is typically associated with the
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biomass may be present (McCormick etal. 1996,
Gottlieb et al. 2006, Iwaniec et al. 2006); thus, while
absolute contents were low, overall concentrations
may be significant. For example, using published
biomass estimates typical of each region (Table 1),
the concentratlon of cyanotoxms could exceed
300 pg - m™" in WCA-L, 175 p in the interior
of WCA-2A, and 440 pg - m™" in ENP. Conversely,
toxins may represent ‘‘qualitative’”” defenses, negat-
ing the need for large concentrations (Berry et al.
2008).

Wetlands can be areas of extreme conditions for
higher trophic levels. Waters in the Everglades are
generally very warm (in summer 20°C-35°C) and
shallow (depths generally <60 cm) and, when algal
biomass is low, may contam low amounts of dis-
solved oxygen (2-8 mg - L' at oligotrophic sites;
<2 mg - at eutrophic sites) (Hagerthey et al.
2010). The added stress of cyanotoxin exposure
could prove deleterious to fish survival or embryonic
development. For example, Lefebvre et al. (2004)
exposed larval zebrafish (Damo rerio) to STX at con-
centrations of 220-500 pg - L', resulting in severe
swelling of eyes, pericardial cavity, and yolk sacs. In
some cases, swim bladders did not inflate, and paral-
ysis set in. However, removal of STX-spiked water
eventually led to larval fish recovery.

Utilizing pahayokolide A, a toxin extracted from
a Lyngbya strain isolated from Everglades floating
cyanobacterial mats, Berry etal. (2004) observed
100% mortahty of zebrafish at concentrations of 3—
5 ug - mL™'. Zebrafish are being recognized as a
model fish for toxicology studies (Lefebvre et al.
2004, Berry et al. 2007), and being a small, tropical
freshwater fish makes it a good corollary to the
native fishes of the Everglades. Thus far, >20 strains
of cyanobacteria isolated from southern and central
Florida, including the Everglades, have been shown
to affect zebrafish development (Berry et al. 2007).

Additional physiological effects of toxins on fish
species similar to, or occurring in, the Everglades
have been tested Concentrations of 1 pg micro-
cystin-LR - mL™" caused alterations of phosphopro-
tein and total protein content in medaka fishes
(Oryzias latipes) (Mezhoud et al. 2008). Viability in
carp (Cyprinus carpio) hepatocytes was reduced when
exposed to microcystin levels of 10 pug - L™ (Li et al.
2007). Accordingly, it is possible that fish in the
Everglades could be similarly affected.

While toxic effects on higher trophic levels seem
evident, their utility as a deterrent to grazing by
invertebrates seems less certain (see Berry et al.
2008). Within Everglades periphyton, planorbid and
hydrobiid snails are present, along with the grazing
amphipod, Hyalella sp. (Liston and Trexler 2005).
In a study of herbivore-induced toxin production by
Lyngbya wollei, production of STX was induced by
the snail Pleurocera annuliferum, but not by Hyalella
azteca (Thacker et al. 2005). STX content in the
snail treatments ranged from 1.0-3.0 x 1077, similar

to the values observed in our study. Rather than tox-
ins, the extracellular sheath of L. wollei has been
shown to interfere with Hyalella’s ability to consume
this cyanobacterium (Camacho and Thacker 2006).
Invertebrate densities within metaphyton are greater
than that of benthic mats (Liston and Trexler
2005), which may explain the greater STX content.
Given that feeding strategies differ greatly among
invertebrate herbivores (Hagerthey etal. 2002,
Camacho and Thacker 2006) and instances of no
deleterious effects due to ingestion have been
reported (Berry et al. 2008), toxin effects are likely
to be species specific.

Cyanobacteria are a major component of Ever-
glades periphyton (Browder etal. 1994) that pro-
duce significant amounts of extracellular polymeric
substances (EPS) (Bellinger etal. 2010) and
are capable of precipitating calcium carbonate
(Browder et al. 1994). Cyanobacteria also lack essen-
tial fatty acids (Demott and Miiller-Navarra 1997).
Our results indicate that algal toxins are also com-
mon to the many types of Everglades periphyton.
All of these factors suggest that the Everglades
periphyton may be a poor-quality food resource that
contributes to low secondary production and the
large standing stock of periphyton biomass (Turner
et al. 1999, Geddes and Trexler 2003).

This work was supported by the South Florida Water Manage-
ment District. Sampling efforts were part of the Cattail Habi-
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ers for their comments and suggested revisions of this manu-
script.
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