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Abstract
The genus of filamentous cyanobacteria, Lyngbya, has been found to be a rich source of bioactive
metabolites. However, identification of such compounds from Lyngbya has largely focused on a few
marine representatives. Here, we report on the pharmacology and toxicology of pahayokolide A from
a freshwater isolate, Lyngbya sp. strain 15−2, from the Florida Everglades. Specifically, we
investigated inhibition of microbial representatives and mammalian cell lines, as well as toxicity of
the compound to both invertebrate and vertebrate models. Pahayokolide A inhibited representatives
of Bacillus, as well as the yeast, Saccharomyces cerevisiae. Interestingly, the compound also
inhibited several representatives of green algae that were also isolated from the Everglades.
Pahayokolide A was shown to inhibit a number of cancer cell lines over a range of concentrations
(IC50 varied from 2.13 to 44.57 μM) depending on the cell-type. When tested against brine shrimp,
pahayokolide was only marginally toxic at the highest concentrations tested (1 mg/mL). The
compound was, however, acutely toxic to zebrafish embryos (LC50=2.15 μM). Possible biomedical
and environmental health aspects of the pahayokolides remain to be investigated; however, the
identification of bioactive metabolites such as these demonstrates the potential of the Florida
Everglades as source of new toxins and drugs.
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1. Introduction
The bblue-green algae,Q or cyanobacteria, have received growing attention as producers of a
diverse array of toxic or otherwise biologically active compounds with potential applications
in biomedicine, as well as implications for environmental health (Moore, 1996; Gerwick et al.,
2001; Osborne et al., 2001; Mayer and Gustafson, 2003; Shimizu, 2003). As part of ongoing
research to identify and characterize bioactive metabolites from cyanobacteria, we are currently
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focusing on the isolation and screening of freshwater cyanobacteria from the Florida
Everglades.

The Florida Everglades is an oligotrophic marsh containing very productive microbial
communities, specifically organized into either benthic or bfloating matsQ of periphyton. In
particular, these microbial communities are characterized by a diversity of cyanobacteria. Of
the cyanobacteria isolated from periphyton samples, one strain (15−2) of the genus Lyngbya
has shown considerable promise as a source of bioactive metabolites. Extracts of Lyngbya sp.
strain 15−2 were previously shown to be cytotoxic, antimicrobial and ichthyotoxic.
Accordingly, bioassay-guided fractionation enabled purification of a series of cytotoxic
constituents (Berry et al., in press) collectively termed the bpahayokolidesQ (named after
pahayokee, the Miccosukee word for the Everglades). Subsequently, chemical characterization
of the pahayokolides has indicated that these metabolites represent a group of previously
uncharacterized compounds. Although structure elucidation is ongoing, high-resolution mass
spectrometry has shown the molecular weight of the pahayokolides to be unusually large (1473
Da) when compared to metabolites previously isolated from Lyngbya or other cyanobacteria.

As a genus, Lyngbya, a filamentous cyanobacterium, has emerged as a particularly rich source
of bioactive metabolites (e.g., Zhang et al., 1997; Marquez et al., 1998; Singh et al., 1999; Kan
et al., 2000; Milligan et al., 2000; Mitchell et al., 2000; Tan et al., 2000, 2002, 2003; Luesch
et al., 2000, 2001; Nogle et al., 2001; MacMillan and Tadeusz, 2002; Nogle and Gerwick,
2002; Williams et al., 2003). However, the majority of the investigations on biologically active
compounds from Lyngbya have focused only on a limited number of marine species (Moore,
1996; Gerwick et al., 2001; Thacker and Paul, 2004). To our knowledge, the pahayokolides
are the first bioactive metabolites to be identified from a Lyngbya species from the Florida
Everglades.

Here, we report on the comparative toxicology and pharmacology of the major congener of
the pahayokolides, pahayokolide A. Specifically, pahayokolide A was evaluated for in vitro
inhibition of bacterial, fungal and microalgal representatives, as well as human cancer cell lines
and for toxicity to both invertebrate and vertebrate models.

2. Materials and methods
2.1. Isolation and culture of Lyngbya

Lyngbya sp. strain 15−2 was isolated from the floating periphyton mat in the Florida
Everglades. The mat sample was homogenized, diluted and filtered through 0.45-Am
membrane filter (Metricel®, 47 cm diameter, Gelman® Sciences, Ann Arbor, MI), which was
then placed onto BG-11 agar (Rippka et al., 1979) plate. Individual filaments were picked up
and grown into a unialgal nonaxenic culture. The organism was maintained and cultured in
BG-11 medium supplemented with 0.19 M Na2CO3 buffered with 2-morpholinoethanesulfonic
acid (MES), pH 7.2.

2.2. Purification of toxin
Pahayokolide A was purified as detailed by Berry et al. (2004). Samples of biomass were
harvested from cultures of Lyngbya 15−2 and lyophilized. The freeze-dried biomass was
pulverized in liquid nitrogen and extracted for 24−48 h with 80% MeOH (bcrude extractQ).
Following solvent removal, water-soluble constituents were separated by solid-phase
extraction on Maxi-Cleank™ C-18 columns (Alltech, Deerfield, IL) preconditioned
sequentially with MeOH and 20% MeOH (in water) and eluted sequentially with 20%, 80%
and 100% MeOH. Water-soluble constituents of the 80% MeOH eluate were further separated
by size-exclusion chromatography (G-10 Sephadex), solvent partitioning and either silica gel
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column chromatography or normal-phase SPE bclean-upQ eluting sequentially with hexane,
ethyl acetate, acetone and MeOH. The MeOH eluate was evaporated in vacuo to dryness and
retaken in MeOH for HPLC. Finally, the pahayokolide A was purified (as the major
component) from the MeOH eluate by semipreparative reversed-phase (C-18) HPLC with
70:30 20 mM ammonium acetate/acetonitrile (2.0 mL/min).

2.3. Evaluation of antimicrobial activity
Antimicrobial activity was determined by using an agar diffusion method with six bacterial,
seven cyanobacterial, seven green algal and one fungal (i.e., yeast) strain (Table 1) as test
organisms. Cyanobacteria and green algae were cultured in BG-11 agar medium (Sigma-
Aldrich, St. Louis, MO); bacterial and yeast strains were cultured in nutrient and yeast extract/
dextrose agar (Difco, Becton Dickinson, Sparks, MD), respectively. Test plates were
inoculated by mixing cell suspensions in the appropriate bsoftQ agar cooled to 45 °C and
pouring over prepared agar plates. The cultures were incubated in dim light (10 μE m−2 s−1)
for 24 h. Wells (6 mm diameter) were made in the agar with a sterile glass tube and filled with
30 μl of pahayokolide A at a concentration of 1 mg/ml. Plates were incubated for 2 days for
bacteria and yeast or 10 days for cyanobacteria and green algae, after which the size of the
inhibition zone was measured.

Minimal inhibitory concentration (MIC) was also determined for Bacillus megaterium, B.
subtilis and Chlamydomonas Ev-29 as test organisms. Dilutions of pahayokolide A (prepared
in MeOH) were added to wells of 96-well microtiter plates. Following evaporation of the
solvent, appropriate media (i.e., nutrient broth or BG11 medium) inoculated with either the
bacteria or green alga, respectively, were added to each well. Bacterial strains were grown for
18 h at 30 °C, and plates were read with a plate reader (Packard Spectra Count, Meriden, CT)
at 600 nm. Algal strain, Chlamidomonas Ev-29, was grown in BG-11 under light intensity of
30 μE m−2 s−1, and plates were read at 420 nm immediately after inoculation and every 24 h
for 3 days. Each concentration was tested in triplicate.

2.4. Evaluation of cytotoxicity to human cancer cell lines
Cytotoxicity was evaluated for human cancer cell lines, specifically including glioblastoma
(U251), lung adenocarcinoma (H460), colon adenocarcinoma (HT29), ovarian
adenocarcinoma (SK-OV-3), melanoma (SK-MEL-28), renal adenocarcinoma (A498),
lymphocytic leukemia (CEM) and mammary adenocarcinoma (SKBR3). All cell lines were
obtained from the National Cancer Institute Division of Cancer Treatment and Diagnosis
Tumor Repository (Frederick, MD), except SKBR3 that was supplied by Dr. Maria Laux of
Department of Clinical Sciences at Cornell University College of Veterinary Medicine (Ithaca,
NY). Cells were cultured in RPMI 1640 medium with L-glutamine (Cambrex Bio Science
Walkersville, Walkersville, MD), supplemented with either 10% fetal bovine serum or
newborn calf serum and antibiotics/antimycotics (Sigma-Aldrich) and subcultured twice
weekly by trypsinization (except nonadherent CEM). Cytotoxicity, based on metabolic cell
viability, was determined using the colorimetric indicator alamarBlue, as described (Wagner
et al., 1999; Berry et al., 2002). Median inhibitory concentration (IC50) values were calculated
by the bleast squares methodQ for linear fits (R2≥0.90) between percent growth (relative to
control) and log concentration of pahayokolide A.

2.5. Evaluation of brine shrimp toxicity
Toxicity to bbrine shrimpQ (Artemia salina), as an invertebrate model, was determined
according to the method of Solis et al. (1993). Dilutions of pahayokolide A (in MeOH) or
negative controls (MeOH-only) were dispensed into wells of 96-well microtiter plates, and the
solvent was allowed to evaporate. Dry cysts of brine shrimp were incubated in artificial
seawater at 30 °C with aeration under continuous light. After hatching, healthy nauplii were
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collected and transferred into individual wells containing artificial seawater. After 24 h, the
number of live brine shrimp was determined, and mortality rate was calculated.

2.6. Evaluation of zebrafish embryo toxicity
Toxicity of pahayokolide A to embryos of zebrafish (Danio rerio) as a vertebrate model was
evaluated. Specifically, pahayokolide A (in MeOH) was serially diluted in bembryo rearing
solutionQ (ERS) in wells of 24-well polystyrene plates. ERS is prepared fresh by diluting 25
mg of neomycin sulfate, 50 μL stock solution (35% w/v) of sodium thiosulfate, 125 μL
Amquel® and 200 μL of stock solution (0.5% w/v) of methylene blue in 1 L of tap water.
Zebrafish were bred once weekly, and, following successful breeding, healthy eggs with 4- to
32-cell stage [approximately ≤1 h postfertilization (hpf)] embryos were selectively collected
and distributed to test plates (five eggs per well; four replicates per treatment). Mortality was
assessed at 1 and 5 days postfertilization (dpf). Median lethal concentration (LC50) values were
estimated by the Spearman–Karber method (Hamilton et al., 1977).

3. Results
Pahayokolide A was purified from Lyngbya 15−2 biomass at yields of approximately 1.35%
of the crude extract. Lower yields (0.44%) were obtained when cultured without Na2CO3
supplement. Samples of the purified compound isolated from the Na2CO3-supplemented
cultures were used for toxicological and pharmacological evaluation.

Pahayokolide A inhibited the growth of Gram-positive bacteria, B. megaterium and B.
cereus, and the yeast, Saccharomyces cerevisiae—as well as the green algae, Ulothrix Ev-17
and Chlamydomonas Ev-29 (Table 1). In addition, hormogonia development was inhibited
within a zone around the pahayokolide A treatment in the cyanobacteria, Nostoc Ev-1, although
growth of the organism was not otherwise affected. In the case of the green alga
Chlorococcum 45−3, growth was partially inhibited, resulting in zone of noncomplete clearing
in diffusion assays. MICs for both B. megaterium and B. cereus were estimated to be 5 μg/mL
of pahayokolide A. The green alga Chlamydomonas Ev-29 was partially inhibited
(approximately 20−30% of control) at concentrations as low as 1 μg/mL and completely
inhibited at concentrations of 10 μg/mL (Fig. 1).

As shown in Table 2, pahayokolide A inhibited human cancer cell lines at a range of
concentrations. The most potent inhibition was observed for lung (H460), renal (A498) and
ovarian (SK-OV-3) adenocarcinoma lines with IC50 values of 2.13, 2.61 and 2.76 μM,
respectively. A colon cancer line (HT29) was least inhibited (IC50=44.57 μM), although both
glioblastoma (U251) and breast cancer (SKBR3) lines also had IC50 values higher than 10
μM (13.33 and 16.70 μM, respectively). Moderate inhibition (IC50=3.27 and 5.74 μM,
respectively) was observed for a malignant melanoma (SK-MEL-28) and lymphocytic
leukemia (CEM) lines.

Notable toxicity of pahayokolide A to brine shrimp was only observed at the highest
concentration (1 mg/mL) tested (Table 3). At this concentration, approximately 55% mortality
was observed. Only very minimal mortality (7.5% and 6.9%) was observed for smaller doses
(0.1/mL and 0.01 mg/mL, respectively), whereas no mortality was observed for MeOH-only
controls.

Pahayokolide A was acutely toxic to zebrafish embryos within 24 hpf, killing 100% of embryos
at concentrations of 5 μg/mL or higher (Fig. 2A). Within 5 dpf, 100% mortality was observed
at concentrations above 3 μg/mL (Fig. 2B). LC50 of pahayokolide A (and 95% confidence
intervals) was estimated by the Spearman–Karber method at 2.15 (1.87−2.47) and 1.68 (1.45
−1.94) μM for 1 and 5 dpf, respectively. No specific deformities or developmental dysfunction
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of embryos were observed, and toxicity was only observed as mortality and subsequently
decomposed embryos.

4. Discussion
A number of compounds from Lyngbya are currently being investigated with respect to
potential pharmaceutical development, as well as to human and environmental health
implications of these compounds as naturally occurring toxins (Moore, 1996; Gerwick et al.,
2001; Mayer and Gustafson, 2003; Shimizu, 2003; Thacker and Paul, 2004). Pharmacological
activity of such Lyngbya-derived compounds ranges from microtubule inhibitors, such as
curacin A(Gerwick et al., 1994), to potent sodium channel blockers and activators, such as
kalkitoxin (Wu et al., 2000) and antillatoxin (Li et al., 2001). On the other hand, exposure to
Lyngbya toxins have also been associated with various human health effects (Izumi and Moore,
1987; Osborne et al., 2001). In particular, dermatitis associated with exposure to Lyngbya
majuscula has been widely documented (Izumi and Moore, 1987), and acute dermal lesions
have been specifically linked to the Lyngbya-derived lyngbyatoxin A and debromoaplysiatoxin
(Osborne et al., 2001).

In the present study, we report on pharmacological and toxicological aspects of a bioactive
metabolite, pahayokolide A, purified from a freshwater isolate (15−2) of Lyngbya from the
Florida Everglades. Although well over 100 compounds have been isolated from L.
majuscula and other marine species of Lyngbya (Thacker and Paul, 2004), very few have been
reported from freshwater species, and, to the authors’ knowledge, this is the first such
compound to be purified and characterized from an Everglades isolate. That said, a survey of
microalgae (Lewis et al., 2004) in the Everglades-Florida Bay transition zone identified
Lyngbya as one of the dominant members of the benthic and periphyton communities in this
area.

Pahayokolide A is the major component purified from three apparently interconverting
isomers. Chemical characterization of pahayokolide A indicates that about half of the
molecular weight comprises a peptide fragment, most likely of nonribosomal biogenic origin,
whereas the remainder is nonpeptide in origin. As a class of sondary metabolites, many
cyanobacterial toxins are, at least partially, nonribosomal peptides (Moore, 1996; Gerwick et
al., 2001; Shimizu, 2003). High-resolution electrospray ionization Fourier transform mass
spectrometry of pahayokolide A using an internal standard and peak match revealed an exact
mass of 1472.76716 Da for the molecular ion. 13C-NMR spectroscopy, mass spectral analysis
of a 15N-enriched sample and elemental analysis narrowed possible molecular formulas to one:
C72H109N13O20. This formula corresponds to an exact mass that is less than 1 ppm different
from the measured mass. Further details of this analysis will be published elsewhere when the
structure elucidation is complete.

Antimicrobial activity of pahayokolide A was investigated for a range of eubacteria,
cyanobacteria, green algae and yeast (Table 1). Relatively little has been reported on the
antimicrobial activity of Lyngbya toxins, although antifungal activity has been described for a
few of these compounds (e.g., Milligan et al., 2000;Singh et al., 1999; see Moore, 1996). In
fact, pahayokolide A was shown likewise to inhibit the yeast S. cerevisiae (Table 1). In terms
of antibacterial activity, pahayokolide A showed specific inhibition of the two representatives
of Gram-positive Bacillus only with estimated MICs of 5 μg/mL for both.

Perhaps even more interestingly, pahayokolide A inhibited the growth of several strains of
green algae, including those of Ulothrix, Chlorella and Chlamydomonas, as well as inhibiting
the development of hormogonia in a cyanobacterial strain of Nostoc, which were isolated from
the Florida Everglades (Table 1; Fig. 1). These findings are intriguing as some evidence
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(Srivastava et al., 1998,1999) has suggested that certain cyanobacterial toxins may function as
allelochemicals, specifically inhibiting the growth of cooccurring cyanobacteria and other
microalgae which may otherwise compete for nutrients and other resources. Although the focus
of our investigation is not on the ecological roles of the pahayokolides, we have speculated
that these compounds might serve to limit the growth of potentially competing microalgae.
That said, it should, however, be pointed out that, although the pahayokolides are indeed
somewhat water-soluble, evaluation of extracellular constituents in the aqueous culture
medium did not show antimicrobial activity (data not shown), and any possible role as an
allelochemical has yet to be demonstrated.

A number of bioactive compounds from Lyngbya are being currently investigated as potential
anticancer drugs (Mayer and Gustafson, 2003). In this regard, most investigations have focused
on cytotoxic metabolites, particularly those compounds that inhibit growth and viability of
cancer cells. Pahayokolide A was moderately cytotoxic, inhibiting various human cancer cell
lines (Table 2), as has been reported for many of the compounds isolated from Lyngbya (e.g.,
Gerwick et al., 1994; Marquez et al., 1998; Luesch et al., 2000, 2001; Tan et al., 2000, 2002,
2003; Williams et al., 2003). In fact, cytotoxicity of pahayokolide A (see Table 2) is similar in
potency to that of many of the metabolites previously isolated from Lyngbya (Marquez et al.,
1998; Luesch et al., 2000; Tan et al., 2000, 2002, 2003). Tan et al. (2002, 2003), for instance,
showed that the depsipeptide guinea-mides from L. majuscula and the glycosidic macrolide,
lyngbouilloside, from the Lyngbya bouillonii inhibited mouse neuroblastoma cells at IC50s of
approximately 15 and 17 μM, respectively. Other compounds such as the hermitamides A and
B were shown to inhibit the same cell line at IC50s of about 2.2 and 5.5 μM, respectively. In
terms of potential application to pharmaceutical development, however, pahayokolide A is not
as potent as, for example, curacin A and its derivatives which inhibits breast cancer cells in the
submicromolar range (Verdier-Pinard et al., 1998) and which is currently being explored as a
potential anticancer agent (Borman, 2002).

As indicated by these examples, reports of Lyngbya toxins are largely often limited to one or
a few cell lines. In the present study, cytotoxicity was compared for a broad range of cell-types,
specifically representing those employed by the National Cancer Institute (NCI) when
screening for anticancer compounds (Shoemaker et al., 1988). Cytotoxicity of pahayokolide
A varied considerably for different cell lines, with IC50s ranging from approximately 2.13
μM for a lung adenocarcinoma line to 44.57 μM for a line of colon cancer (Table 2). Factors
that determine apparent specificity of the observed cytoxicity and the possible pharmacological
relevance of this remain to be investigated.

A number of Lyngbya metabolites have also been shown to be toxic to invertebrates (e.g.,
Smith, 1996; Marquez et al., 1998; Singh et al., 1999; Kan et al., 2000; Milligan et al., 2000;
Tan et al., 2000). In fact, some evidence (Forsyth et al., 1990; DeMott and Moxter, 1991)
suggests that cyanobacterial toxins may have an ecological role in defending against grazing
by zooplankton. Most evidence (e.g., Marquez et al., 1998; Singh et al., 1999; Milligan et al.,
2000; Tan et al., 2000) in this regard, however, specifically comes from utilization of the brine
shrimp toxicity assay, which is used as general model of toxicity. Pahayokolide A was tested
for toxicity to brine shrimp but showed only minimal activity (Table 3), with only
approximately 55% mortality at the highest concentration (1 mg/mL) tested. For comparison,
other Lyngbya toxins considered active in these assays typically show approximately 103- to
105-fold higher activity (Singh et al., 1999; Tan et al., 2000).

To assess the toxicity of pahayokolide A to vertebrates, we utilized embryos of the zebrafish
(D. rerio). The zebrafish embryo is becoming an increasingly important model for studies in
pharmacology (Parng et al., 2002) and vertebrate toxicology (Teraoka et al., 2003), as well as
molecular biology (e.g., Malicki et al., 2002) and drug discovery (Moon et al., 2002).
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Pahayokolide A was toxic to zebrafish embryos in a dose-dependent manner resulting in 100%
mortality at 24 hpf and 5 dpf at concentrations of 5 μg/mL and 3 μg/mL, respectively, and
calculated LC50s of 2.15 and 1.68 μM, respectively (Fig. 2). Although ichthyotoxicity has been
utilized to assess other toxins from Lyngbya, and such studies report activity in a similar range
of concentrations (Tan et al., 2000; Nogle et al., 2001), these studies have all focused on adult
fish models rather than developing embryos. However, a limited number of investigations have
similarly utilized the zebrafish embryo assay to investigate toxins from other cyanobacteria.
Papendorf et al. (1997), for example, demonstrated that mueggelone and lupenyl acetate
isolated from Aphanizomenon flos-aquae were toxic to zebrafish embryos at 10 and 100 μg/
mL, respectively. Microcystin, on the other hand, was found to be toxic to zebrafish embryos
at concentrations as low as 5 ng/mL; however, the observed effects only manifested as minor
reductions in survival and body size of postdevelop-mental larvae but not during embryo
development (Oberemm et al., 1997). In neither of these cases was exposure to toxins
associated with significant mortality as observed for pahayokolide A.

Currently, the zebrafish embryo model is being utilized extensively (e.g., Oberemm et al.,
1997; Papendorf et al., 1997; Chang et al., 2004; Lefebvre et al., 2004; see Teraoka et al.,
2003) to identify developmental toxicity of sublethal doses of naturally occurring toxins.
However, in this case, although lower concentrations of the pahayokolide A produced lower
numbers of dead embryos, no specific or consistent effect on embryo development, such as
morphological malformation or apparent dysfunction of developmental processes, were
observed. It appears rather that toxicity of pahayokolide A is related perhaps to general
cytotoxicity or other mechanisms rather than interruption of any specific developmental
pathway or cell type. Indeed, comparable potency was also observed (data not shown) when
newly hatched and fully developed embryos were exposed to pahayokolide A. In this case,
mortality was observed at higher doses (≥5 μg/mL) within a few hours, suggesting an acute
mechanism of toxicity.

As an apparently novel metabolite from a freshwater isolate of Lyngbya, pahayokolide A shows
a broad range of biological activity. Possible pharmacological applications and environmental
health aspects of the naturally occurring pahayokolides remain to be investigated; however,
the identification of such molecules from the Florida Everglades underscores the potential of
this rich microbial community as source of new toxins and drugs.
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Fig. 1.
Inhibition of the green alga Chlamydomonas Ev-29 by pahayokolide A. Chlamydomonas
Ev-29 grown in BG-11 medium with pahayokolide A at 1, 5, 10, 15, 20, 25 and 30 μg/mL or
MeOH only (bControlQ) in 96-well plates. Growth of the alga was measured daily for 3 days
by absorbance (420 nm) using a plate reader.
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Fig. 2.
Mortality of zebrafish (D. rerio) embryos at 1 and 5 days postfertilization (dpf; A and B,
respectively) exposed to pahayokolide A (1, 2, 3, 5 and 10 μg/mL or control (0.1% MeOH
only). Embryos (4- to 32-cell stage) exposed at 0 dpf in four replicates per treatment of five
embryos per replicate in 1 mL of ERS (see Materials and methods). Squares represent mean
percent mortality ± S.E.M. for each group of replicates.
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Table 1
Antimicrobial activity of pahayokolide A

Species/strain Inhibition zone (mm) MIC (μg/mL)

Bacteria
Bacillus megaterium 32 5
B. subtilis 32 5
Pseudomonas aeruginosa – ND
Micrococcus luteus – ND
Escherichia coli – ND
Streptococcus epidermis – ND
Cyanobacteria
Nostoc 58−2 – ND
Nostoc 23−2 – ND
Nostoc Ev-1 30a ND
Hapalosiphon 52−1 – ND
Oscillatoria 21−9−3 – ND
Scytonema 26−1 – ND
Green algae
Ulothrix Ev-17 22 ND
Chlamydomonas Ev-29 34 10
Chlorococcum 46−4 – ND
Chlorella 2−4 20b ND
Ankistrodesmus 4−5−2 – ND
Selanastrum 34−4 – ND
Yeast
Saccharomyces cerevisiae 20 ND

Zone of inhibition—diameter of a zone of inhibition around test wells in agar plates containing 30 μL of pahayokolide A (1 mg/mL). MIC—minimum
inhibitory concentration in a series of dilutions of pahayokolide A at which the growth of a microbial representative is inhibited, as determined by the
measure of absorbance (see Materials and methods). ND—not determined.

a
No homogonia production in the zone was observed but no apparent growth inhibition otherwise.

b
Not a completely clear zone of inhibition.
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Table 2
Inhibition of human cancer cell lines by pahayokolide A

Cell line Type IC50, μM (95% Confidence interval)

H460 Lung adenocarcinoma 2.13 (2.24−2.04)
A498 Renal adenocarcinoma 2.61 (2.56−2.66)
SK-OV-3 Ovarian adenocarcinoma 2.76 (2.61−2.92)
CEM Lymphocytic leukemia 3.27 (2.96−3.63)
SK-MEL-28 Malignant melanoma 5.74 (5.43−6.07)
U251 Glioblastoma 13.33 (12.19−14.59)
SKBR3 Mammary adenocarcinoma 16.70 (14.63−19.07)
HT29 Colon adenocarcinoma, GR III 44.57 (40.00−49.67)

IC50—median inhibitory concentration—concentration of pahayokolide A (in RPMI culture medium) at which inhibition of the cell viability is 50% of
the untreated control, as determined colorimetrically by the AlamarBlue indicator (Berry et al., 2002). Calculated based on “least squares method” for
linear relationship between percent growth and log concentration. Molarity calculated based on determined molecular mass (1472.77 amu) of pahayokolide
A.
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Table 3
Mortality of brine shrimp (Artemia salina) by pahayokolide A

Pahayokolide A n % Mortality

0 mg/mL 20 0
1 mg/mL 25 55
0.1 mg/mL 32 7.5
0.01 mg/mL 45 6.9

% Mortality—average percent mortality calculated for three replicates with n total brine shrimp nauplii.
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