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Domoic acid: The synergy of iron, copper, and the toxicity of diatoms
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Abstract

Diatom blooms generated by the alleviation of iron limitation in high nitrate-dow chlorophyll (HNLC) regions
of the oceans often are composed of pennate diatoms of the genus Pseudo-nitzschia, many of which periodically
produce the potent neurotoxin domoic acid. We show that toxigenic diatoms have an inducible high-affinity iron
uptake capability that enables them to grow efficiently on iron complexed by strong organic ligands in seawater.
This low-iron adaptive strategy requires copper and domoic acid, a copper chelator whose production increases
sharply when both iron and copper are limiting. Addition of either domoic acid or copper to seawater improves the
growth of Pseudo-nitzschia spp. on strongly complexed iron during deck incubation experiments with natural
phytoplankton. Our findings indicate that domoic acid is a functional component of the unusua high-affinity iron
acquisition system of these organisms. This system may help explain why Pseudo-nitzschia spp. are persistent seed
populations in oceanic HNLC regions, as well as in some neritic regions. Our findings also indicate that in the
absence of an adequate copper supply, iron-limited natural populations of Pseudo-nitzschia will become increasingly

toxic.

The discovery that iron can limit phytoplankton growth
in offshore high nitrate-ow chlorophyll (HNLC) regimes
(Coale 1991; Tsuda et al. 2003) and in some nearshore up-
welling waters (Hutchins et al. 1998) has spawned detailed
studies into the iron acquisition strategies of marine phyto-
plankton. Although low dissolved iron concentrations con-
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tribute greatly to iron limitation in ocean waters, the pres-
ence of very strong, iron-specific organic complexing
ligands (Rue and Bruland 1995) can substantially reduce
iron availability to larger eukaryotic phytoplankton (Wells
1999). Thus, the presence of persistent, viable populations
of coastal-type pennate diatoms of the genus Pseudo-nitz-
schia in offshore HNLC waters (e.g., Harrison et al. 1999)
is puzzling, given their expected inability to access strongly
complexed iron resources. One possibility is that these or-
ganisms have evolved either novel or more efficient strate-
gies for iron acquisition than have other neritic-type phyto-
plankton.

Iron uptake by eukaryotic phytoplankton initially was
modeled as being proportional to the free ferric ion activity
(e.g., Brand et a. 1983), in the same manner as that shown
for the uptake of other bioactive metals (e.g., Sunda and
Huntsman 1998). These models stem from the early work
of Anderson and Morel (1982), showing the dependence of
iron uptake on free ferric ion activities, and are fundamen-
tally linked to the concentration of kinetically labile, soluble
ferric hydrolysis species (Hudson and Morel 1990). How-
ever, this scenario proved to be overly simplistic for natural
systems, in which ambient concentrations of inorganic iron
species are extremely low as a result of complexation by at

1908



Iron, copper, and toxigenic diatoms

least two classes of strong organic chelators (Rue and Bru-
land 1995). One conceptual framework that has emerged re-
cently is that the stronger class of complexing ligands com-
prises siderophores (Wilhelm and Trick 1994), molecules
released by microbes to chelate iron and facilitate its cellular
uptake by specific siderophore transport proteins on the outer
membranes (Neilands 1995). The **weaker’ class of ligands,
which generally are found in higher concentrations, are at-
tributed to intracellular metabolic constituents (and their par-
tial breakdown products) released from cells by leakage,
grazing, and viral lysis. As afirst approximation, iron bound
to the stronger class of ligands appears to be more available
to prokaryotic phytoplankton, while the comparatively
weaker ligand class better supports eukaryotic phytoplankton
(Hutchins et al. 1999). While some eukaryotic phytoplank-
ton appear to reduce strong Fe(l11) chelates at the cell surface
(Maldonado and Price 2001), the resultant iron uptake rates
often are slow relative to rates of Fe(lll) uptake (e.g., Wells
and Trick 2004). The question, then, is whether pennate di-
atoms of the genus Pseudo-nitzschia have developed more
efficient strategies for accessing organically complexed
Fe(l11).

All Pseudo-nitzschia spp. examined to date with highly
sensitive, enzyme-linked immunosorbent assay (ELISA)—
based analytical methods have been found, at one time or
another, to produce the toxin domoic acid (DA). However,
the factors regulating toxin production are not known, and
toxin concentrations in a given species can vary from high
to undetectable in both laboratory cultures (e.g., Pan et al.
1996; Maldonado et al. 2002) as well as in natural waters
(e.g., Trainer et al. 2000, 2002). Early research indicated that
growth limitation by silicon (Si) and phosphorus (P) would
increase cell toxicity after prolonged senescence (Bates et al.
1991; Pan et al. 1996). Subsequent findings have shown that
cell toxicity during exponential growth is stimulated by low
iron availability, resulting in the release of DA to solution,
which, in turn, increases rates of iron uptake (Maldonado et
al. 2002). These findings indicate that DA is involved in
enhancing iron acquisition by Pseudo-nitzschia species.

In the present study, we examine the growth responses of
the toxigenic diatoms Pseudo-nitzschia multiseries, Pseudo-
nitzschia australis, and Pseudo-nitzschia fraudulenta under
iron stress relative to that of the nontoxic centric diatom
Thalassiosira weissflogii. Based on our earlier findings (Mal-
donado et a. 2002), we hypothesized that these growth re-
sponses are linked to DA production and release, and that
iron limitation is the primary trigger for toxin production.
The present results demonstrate that these toxigenic diatoms
have an unusual ability to adapt to iron limitation in syn-
thetic growth medium and that there is a synergistic link
between toxin production and limitation by iron and copper.
These observations are supported by field incubation studies
conducted in the Pseudo-nitzschia—rich waters of the Juan
de Fuca eddy located off the coasts of Washington (U.S.A.)
and British Columbia (Canada). Our findings indicate a nov-
el functional role for DA that might explain the persistence
of Pseudo-nitzschia spp. in offshore HNLC waters and may
provide a framework for predicting when coastal blooms of
Pseudo-nitzschia spp. become toxic.
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Materials and methods

Laboratory culture experiments were performed using a
basal synthetic medium consisting of a modified and com-
bined version of f/2 (Guillard and Hargraves 1993) and
Aquil media (Price et al. 1989). The basal salt medium and
individual nutrient stocks were pumped (~2 mL min-?)
through an ion-exchange column (Chelex 100, Biorad) con-
taining resin prepared according to Price et al. (1989). Mac-
ronutrients were added at initial concentrations of 300 wmol
L-* NO;, 15 wmol L-* PO3~, and 50 umol L-* Si(OH),.
Greater concentrations of silicate had a detrimental effect on
cell growth, and this level was sufficient to ensure that cells
did not encounter silicate limitation over the <5-d experi-
mental durations (final SI(OH), = 7 wmol L-%). Media
batches were sterilized by microwaving in acid-washed Tef-
lon bottles (Keller et al. 1988) and enriched with filter-ster-
ilized (0.2 wm Acrodisc) EDTA-trace metal and vitamin
(B,,, thiamine, and biotin) solutions. The trace metals zinc
(Zn), manganese (Mn), cobalt (Co), selenium (Se), molyb-
denum (Mo), vanadium (V), and chromium (Cr) were added
as in our previous studies (Maldonado et a. 2002); nickel
(Ni) additions were reduced to 1 X 10-** mol L-* because
this lower concentration was found to improve cell growth
rates (Wells unpubl. data). Metals were buffered with 11.7
pmol L=t EDTA and the free ion activities calculated using
the chemical equilibrium program MINEQL + (Schecher and
McAvoy 1998). Iron (Fe) and copper (Cu) stock solutions
were added separately to achieve the desired conditions. Re-
agent grade DA (Sigma) used in the experiments was dis-
solved in deionized water and treated (=24 h) in batch with
clean Chelex 100 deionizing resin (Biorad) to remove metal
contamination. All bottles and apparatus were acid cleaned,
and sample manipulations were conducted within a laminar-
flow hood (HEPA, class 100) using trace-metal clean tech-
niques (Maldonado et al. 2002).

The three Pseudo-nitzschia clones used in these experi-
ments were isolated from Monterey Bay (P. australis, 17
April 2001; P. multiseries, 11 April 2001; and P. fraudulen-
ta, 11 April 2001). Phytoplankton were reared in semicon-
tinuous batch cultures, in which inocula of exponentially
growing cells were transferred to new media every 4-5 d,
thereby ensuring that cells remained in continuous exponen-
tial growth through the experiment. Single cultures were
used for each treatment, with successive transfers under the
same conditions providing a measure of precision for the
growth rate determinations. Specific growth rates were de-
termined from linear regressions of the natural log of in vivo
fluorescence versus time, after confirming a proportional re-
lationship between fluorescence and cell concentration dur-
ing exponential growth (Guillard 1973). Cells were grown
under iron availabilities ranging from pFe = 18.6 to 21.4
(pFe = —log[Fe**]), while copper was varied from pCu =
14.8 to 18.8 (pCu = —log[Cu?*]). These conditions were
calculated using the chemical equilibrium program MI-
NEQL + (Schecher and McAvoy 1998) for additions of 2—
150 nmol L-* Fe and 1-1,000 pmol L-* Cu (for EDTA =
11.7 pmol L-1). Past analyses of the basal medium have
shown contaminant levels of Fe and Cu to be <50 pmol
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L-%; however, actual free ion activities in these experiments
likely were somewhat higher than calculated because of light
effects on Fe-EDTA complexes (Sunda and Huntsman 2003)
and trace copper contamination in the medium. Any possible
differences would be small and would not substantially alter
the findings because the gradient of metal availability is
more relevant here than the arbitrarily chosen specific metal
activities. Cell cultures were transferred 5 to 14 times in
semicontinuous mode depending on the experiment. After
transferring clones, the remaining culture medium was har-
vested periodically for analysis of dissolved and particulate
DA.

Three separate laboratory culture experiments were per-
formed. The first was designed to ascertain the growth re-
sponse of P. multiseries, P. australis, and P. fraudulenta to
decreasing inorganic iron concentrations and to contrast
these responses to that of the well-characterized centric di-
atom T. weissflogii (obtained from the Provasoli—Guillard
National Center for Culture of Marine Phytoplankton, Big-
elow Laboratory for Ocean Science, Boothbay Harbor,
Maine). In the second experiment we tested whether the suc-
cessful adaptation of these toxigenic diatoms to iron stress
was influenced by copper availability. The third experiment
examined how addition of dissolved DA to the medium af-
fected cell growth under low copper conditions.

Deckboard incubation experiments were conducted during
September 2003 in the Juan de Fuca eddy off British Co-
lumbia and Washington State—a cold-water gyre identified
as aregion frequently containing high concentrations of DA
and Pseudo-nitzschia cells (Trainer et a. 2000, 2002). Sea-
water was pumped from 5m depth using an all-plastic, trace-
metal clean system into a 50-liter acid-cleaned polyethylene
carboy, mixed thoroughly, and dispersed into acid-cleaned
and rinsed 10-liter polycarbonate carboys. Treatments were
prepared as described in the text, and the carboys (duplicate
treatments and controls) placed within a clear Plexiglas deck
incubator maintained at sea-surface temperature and 50%
surface irradiance. The carboys remained sealed until the end
of the experiment but were subsampled daily by compressed
air overpressure, as described in Coale (1991). Treatment
and control samples were filtered (Poretics, 5.0 um) over the
4-d experiment for determination of cellular DA and chlo-
rophyll a, and subsamples were collected for quantification
of cell abundance and species composition.

The DA concentrations in field samples were determined
using the receptor binding assay (Trainer et a. 2000). A
more sensitive direct ELISA method was used in the labo-
ratory studies through collaboration with N. Towers and 1.
Garthwaite (AgResearch, Hamilton, New Zealand). A simi-
lar analysis kit now is available from Biosense. The analyt-
ical detection limit, defined as three times the standard de-
viation of the lowest samples, was ~20 fg mL~* DA, while
the working range extended up to ~5 ng mL~* DA (Wells
et al. 2002). For particulate determinations, cells were fil-
tered onto 25-mm GF/F filters (Whatman) and the filters
placed in vials containing 2-mL deionized water (Millipore).
They were cycled through four freeze-thaw sequences using
liquid nitrogen and a hot water bath to liberate the water-
soluble DA molecule from the cellular matrix. After mixing,
the samples were syringe filtered through 0.2-um acrodisc
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filters and the supernatant diluted to a ratio of 1:60 with
deionized water to minimize interferences (Wells et al.
2002). Dissolved DA in the culture media was syringe fil-
tered using a 0.2-um acrodisc filter and then analyzed di-
rectly without dilution. Chlorophyll a concentrations were
determined by in vitro fluorometry (Parsons et al. 1984) and
phytoplankton enumeration by phase-contrast microscopy;
Pseudo-nitzschia species identification was confirmed by
scanning electron microscopy.

Results

The growth responses of T. weissflogii, P. multiseries, P.
australis, and P. fraudulenta as a function of pFe are shown
in Fig. 1. After four successive transfers to new media, T.
weissflogii achieved a maximum growth rate of ~0.7 d1,
and a stable pattern appeared whereby growth rates de-
creased with decreasing free meta ion activity (Fig. 1A). In
contrast, the growth rates of the Pseudo-nitzschia spp. did
not achieve a prolonged steady state. After four successive
transfers, their maximum growth rates (~0.8 d-*) decreased
monotonically between pFe 18.5 to 20.4 but remained ele-
vated in the lower free Fe** treatments, approaching even
optimal growth at pFe 21.4 (Fig. 1B-D; closed circles). Con-
tinuing the successive transfers led to full acclimation of all
three Pseudo-nitzschia species to the iron stress conditions,
indicated by maximal growth rates across the range of
EDTA-buffered free ferric ion activities (Fig. 1B-D; open
circles).

The acclimation rate of these organisms to iron stress ap-
peared to be fastest when iron stress was greatest. Growth
rates in the lowest pFe treatment (21.4) remained high, if
not optimal from the beginning; however, cells apparently
did not acclimate as rapidly to the intermediate levels of iron
stress (as indicated by the lower growth rates at pFe = 20—
20.5; Fig. 1B-D). Nonetheless, after expression of maximal
iron stress during transfers 5 and 6, the recovery of growth
rates was rapid (=4 transfers) and complete (Fig. 1B-D). In
short, it was not possible to fully starve these toxigenic di-
atoms for iron under these culture conditions, in direct con-
trast to the centric diatom T. weissflogii.

The DA per cell decreased with increasing iron stress dur-
ing the early stages (transfer 3) of P. multiseries acclimation
(Fig. 2A). However, the reverse trend—DA per cell increas-
ing with increasing iron stress—was measured after P. mul-
tiseries had acclimated fully to iron stress (transfer 12) (Fig.
2B). The same trends occurred with P. australis and P. frau-
dulenta; however, DA per cell was much lower and the dif-
ferences were less dramatic (data not shown). The intracel-
lular : dissolved partitioning of DA also changed as the cells
adapted to iron limitation (Fig. 3). A higher proportion of
DA was found in the medium during the early stages of
acclimation than in later stages of the experiment. Differ-
ences between treatments showed the relative (and absol ute)
dissolved DA concentrations to be greatest when iron avail-
ability was low, before cells had acclimated to the iron
stress. The partitioning between dissolved (D) and particu-
late (P) DA became much more uniform (average D:P =
0.3 = 0.1) across the range of iron-limited conditions after
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Fig. 1. (A) Average cellular growth rates of the nontoxic diatom

T. weissflogii, (B) toxigenic diatoms P. australis, (C) P. multiseries,
and (D) P. fraudulenta as a function of free ferric ion concentra-
tions. Acclimated growth rates during the early stages of successive
semicontinuous batch cultures (transfers 5 and 6) are depicted as
closed circles, while open circles show later stages (transfers 9—13)
of the experiment. Error bars represent the range of transfers 5 and
6 and the SD of successive transfers (9-13).
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Fig. 2. Differences in DA per cell determined in exponentially
growing cultures of P. multiseries as a function of —log[Fe**]; (A)
during early acclimation (transfer 3) and (B) after full acclimation
to iron stress conditions (transfer 12). Data points are the mean = 1
SD of =10 replicate measurements from the individual culture ves-
sels.
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Fig. 3. Ratios of total dissolved:total particulate DA in the P.
multiseries cultures shown in Fig. 2A and B as a function of pFe.
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02 acquiring iron directly from the EDTA-Fe complexes in the
I media and that this ability was linked to the bioavailability
of copper (see Discussion). We tested this hypothesis by con-
0 r T T trasting the growth rates under control conditions (optimal
OPT/OPT OPT/Lo Lo/OPT Lo/Lo iron, pFe 18.6, and copper, pCu 13) with three treatments:
low iron/optimal copper (pFe 21, pCu 13); optimal iron/low
Iron and Copper copper (pFe 18.6, pCu 17); and low iron/low copper (pFe

Fig. 4. The synergistic effect of iron and copper on the cellular
growth rates of (A) P. australis, (B) P. multiseries, and (C) P.
fraudulenta in semicontinuous batch cultures after short-term equil-
ibration (generally the mean of transfers 5 and 6). Concentrations
for iron were: —log Fe** = 10-'%¢ mol L~ (optimal, OPT) and
10-2* mol L-* (low, Lo). Concentrations for copper were: —log
Cu?* = 10 mol L-* (OPT) and 10~ mol L-* (LO). Error bars
show the range for transfers 5 and 6.

cells had fully acclimated to the various degrees of iron
stress. Because cells were kept in exponential growth phase
during these experiments, this DA partitioning likely result-
ed from cellular control rather than the inadvertent leakage
of DA through damaged cell membranes.

The unusual growth response of these toxigenic diatoms
under iron stress led us to hypothesize that the cells were

21, pCu 17) (Fig. 4). After short-term equilibration (four to
six transfers), the growth rates of P. multiseries and P. aus-
tralis were indistinguishable from optimal rates (~0.8 d-?%)
under either low iron or low copper, but these rates decreased
by 40—-70% when both metals were deficient (Fig. 4A,B). P.
fraudulenta showed a similar decrease in growth (80%) rel-
ative to the control cultures under combined iron and copper
limitation. P. fraudulenta had not fully acclimated to iron
stress in this experiment (40% lower growth rates) and ap-
peared to also be sensitive to copper limitation (Fig. 4C)
(but see following).

Copper deficiencies had a dramatic effect on cellular pro-
duction of DA. While cell toxin levels doubled in P. aus-
tralis under iron stress, copper deficiency increased DA per
cell by 20-fold (Fig. 5A). When normalized to cell abun-
dance, dissolved DA concentrations showed a similar pattern
to the DA per-cell levels in these cultures, with low copper
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conditions stimulating a much higher release of DA (Fig.
5B). Analogous relationships were observed for P. multis-
eries and P. fraudulenta, although cellular levels were lower
and in some cases more variable at the time during which
these experiments were conducted (data not shown).

To determine whether DA release to solution would gen-
erate any physiological benefit for the cells, P. fraudulenta
was grown under favorable copper (pCu = 14.8) and copper-
limiting (pCu = 18.8) conditions with and without the ad-
dition of 100 nmol L-* dissolved DA. This level of DA is
similar to the highest values measured off Monterey Bay,
California (120 nmol L%, G. Doucette, NOAA Marine Bio-
toxins Program, Charleston, North Carolina, pers. comm.).
All other metals were adjusted to their optimal free ion ac-
tivities. The addition of dissolved DA improved growth rates
dlightly (7%) in the copper-favorable medium, relative to the
control, but greatly improved growth rates (20%) of cells
grown in the low pCu medium (Fig. 6). Addition of dis-
solved DA also improved algal growth rate by 20% for cells
experiencing copper toxicity (pCu = 12.8) (data not shown).

The apparently strong relationship observed in laboratory
experiments between iron, copper, and DA production and
release by these toxigenic diatoms led us to test this linkage
further with field incubation studies in the Juan de Fuca (Tul-
ly) eddy, off the mouth of the Strait of Juan de Fuca between
British Columbia and Washington (Trainer et al. 2002).
These waters contained up to 4 X 10° cells L~* of Pseudo-
nitzschia delicatissima/cf. pseudodelicatissima as well as P.
australis and Pseudo-nitzschia heimii, and particulate DA
concentrations of generally ~0.1-3.0 nmol L~ (but up to
14 nmol L-* at one site; Trainer et a. unpubl. data). Iron
additions (10 nmol L-1%) significantly enhanced growth in
these natural population cultures that comprised primarily
(80—100%) Pseudo-nitzschia spp., demonstrating that these
cells were experiencing iron stress (Fig. 7A). This finding
was surprising because dissolved iron concentrations in these
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Fig. 7. (A) Growth response of the predominantly (80—100%)

Pseudo-nitzschia phytoplankton assemblage in the Juan de Fuca
eddy to amendments with iron (10 nmol L-*—open squares) and
dissolved DA (100 nmol L-*—filled squares) compared to controls
with no enrichment (filled circles). (B) A paralel incubation ex-
periment showing phytoplankton biomass (chlorophyll a) as a func-
tion of time reveals cell growth inhibition with addition of ferri-
chrome (100 nmol L-*—open squares) relative to the control (filled
circles). Reversal of this iron deficiency is accomplished by copper
amendment (2 nmol L-*—open triangles). Error bars show the
range for duplicate carboys.

waters were >0.2 nmol L-%; a level normally sufficient to
support rapid growth of pennate diatoms (e.g., Wells 2003).
The implication was that iron bioavailability was diminished
by the complexation of iron with strong organic ligands
(Wells et a. unpubl. data). Iron limitation in these natural
assemblage cultures also was alleviated by the addition of
100 nmol L-* dissolved DA (Fig. 7A). These dissolved DA
additions also yielded the highest short-term (6-h) *Fe up-
take rates of any treatment (Wells et al. unpubl. data), dem-
onstrating a strong linkage between DA and iron acquisition
in these iron-stressed cells.

Iron availability was significantly reduced by the addition
of the nonmarine siderophore ferrichrome (100 nmol L1,
evidenced by decreased phytoplankton biomass (Fig. 7B)
and Pseudo-nitzschia cell counts (not shown). Ferrichrome
addition also greatly decreased iron uptake rates (>80%)
relative to the control (Wells et al. unpubl. data). However,
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Table 1. Concentrations of Pseudo-nitzschia spp. and calculated
domoic acid (DA) per cell from day 2 of the Juan de Fuca eddy
deck incubation experiments described in Fig. 7, before macronu-
trients became depleted. Precision of the cell counts is £7%. The
mean and range for DA determinations in the duplicate treatment
bottles are shown.

Pseudo-nitzschia

concentrations Cellular DA

Treatment (X10° cellsL?) (pg DA cdl-3)
Control 4.07+0.29 0.76+0.02
Iron added 453+0.32 0.60+0.01
Ferrichrome added 2.69+0.19 2.61+0.57
Ferrichrome+Cu 13.4+0.94 0.96+0.02
DA 5.69+0.40 0.70+0.11

the addition of copper (2 nmol L-*) to a subset of the fer-
richrome treatments ameliorated this inhibition of growth, so
that final cell yields were indistinguishable from that
achieved in control cultures (Fig. 7B).

Total cellular DA and direct counts of Pseudo-nitzschia
cell abundance were used to calculate DA per cell on day 2
of the experiment, when cells still were in exponential
growth and well before macronutrients were depleted (Coch-
lan et al. unpubl. data). Up to four Pseudo-nitzschia species
may have been present in these samples, and not all may
have been producing DA. But a first-order assumption of a
uniform distribution of toxin among these species yielded
cellular DA values from 0.6 to 2.6 pg DA cell -* (Table 1).
The addition of iron decreased toxin levels by ~20% (0.76
to 0.60 pg DA cell-1), while the addition of dissolved DA
had little effect. Cellular toxin content increased three- to
fourfold in the ferrichrome treatment (2.6 pg DA cell %), but
this stimulation was not evident when the ferrichrome-treat-
ed cultures were supplemented with copper (2 nmol L-%).
These findings indicate that without sufficient iron or copper,
natural assemblages of Pseudo-nitzschia will become more
toxic.

Discussion

The progressive decrease in T. weissflogii growth rates
with decreasing free ferric ion activity is the characteristic
growth response reported for coastal diatoms and other ma-
rine eukaryotic phytoplankton (e.g., Sunda and Huntsman
1995). The growth response of toxigenic diatoms studied
here was dramatically different and demonstrates that these
organisms can adapt efficiently to iron stress. This adaptation
apparently is not due to unusual reduction in cellular Fe: C
requirements (Maldonado et a. 2002) but instead appears to
represent an enhanced iron uptake capability in all three of
these toxigenic Pseudo-nitzschia species. Given that the total
dissolved iron concentrations were reasonably high in all of
these media (e.g., pFe 21.4 = 2 nmol L-* total Fe), it appears
that these organisms circumvented iron limitation by strip-
ping iron directly from the Fe-EDTA complexes, a capability
that eukaryotic phytoplankton are not normally recognized
to have (Hudson and Morel 1990).

The initial V-shaped growth response shown here as a
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function of inorganic iron availability is characteristic for
many prokaryotic organisms and represents the induction of
high-affinity iron uptake systems to augment normal iron
acquisition pathways (Trick and Wilhelm 1995). Efficient
high-affinity iron uptake capabilities have not been reported
for eukaryotic phytoplankton, so it is noteworthy that all
three of the toxigenic diatoms examined here displayed this
unusual capability, contrasting sharply with other coastal
phytoplankton (Sunda and Huntsman 1995). We speculate
that this efficient high-affinity uptake system might func-
tionally separate toxigenic from nontoxic diatoms and may
help explain the persistence of Pseudo-nitzschia spp. in
HNLC waters and in some coastal regions.

The relationship between cellular DA levels and the de-
gree of iron stress changes from an inverse to a direct re-
lationship with increasing acclimation time. The DA content
per cell decreased with increasing iron stress during the early
stages of the experiment (Fig. 2). This finding is consistent
with our previous work showing that toxigenic diatoms ini-
tially respond to iron limitation by rapidly releasing DA to
the surrounding medium (Maldonado et a. 2002), thereby
lowering the cellular toxin load. However, this pattern re-
versed as cells acclimated (Fig. 2), so that cell toxicity in-
creased with increasing iron “‘stress” (i.e., decreasing free
inorganic Fe, though cell growth rates returned to optimal;
Fig. 1B-D). Combined, these findings indicate there is a
greater metabolic demand for DA as inorganic iron avail-
ability decreases and that the metabolic role of DA lies out-
side the cell. In other words, it appears that DA production
in the iron-replete (pFe = 18.6) cellsused in theinitial trans-
fer was insufficient to meet the extracellular need for DA,
so that the enhanced release caused depletion of the intra-
cellular DA reservoir. But as cells acclimated to the lower
availability of inorganic iron (i.e., low pFe), DA production
appeared to increase to match the elevated extracellular re-
quirements. Evidence for this shift is the change in dis-
solved: particulate DA ratios from >1 (DA release > DA
production) at low pFe before acclimation to a uniform value
of ~0.3 after acclimation (Fig. 3). If this pattern indeed re-
flects a cell-induced homeostasis between intracellular and
extracellular DA, then the relative partitioning of cellular
and dissolved DA in natural waters may signal the degree
to which the cells have acclimated to iron stress.

It is not likely that the cellular release of DA measured
in these experiments is an uncontrolled process, even though
DA is a low-molecular-weight compound. In all cases, cells
remained in exponential growth, so membrane integrity
should have remained high. The evolution of a uniform dis-
solved: particulate partitioning of DA during acclimation to
iron stress also strongly indicates that cells regulate DA re-
lease. This enhanced release appears to directly benefit cells
under iron limiting conditions. Adding dissolved DA to the
naturally iron-stressed waters of the Juan de Fuca eddy en-
hanced growth of the mainly (80-100%) Pseudo-nitzschia
assemblage (Fig. 7A) and increased short-term >°Fe uptake
rates (Wells et a. unpubl. data), as has been reported pre-
viously for laboratory cultures of Pseudo-nitzschia spp.
(Maldonado et al. 2002). But it remains unclear what role,
if any, DA serves in the high-affinity iron uptake system of
the toxigenic diatoms shown here.



Iron, copper, and toxigenic diatoms

High-affinity iron uptake systems of bacteria often involve
the production and release of siderophores—I|ow-molecular-
weight compounds having a high and specific affinity for
iron. These molecules serve as competitive tools among bac-
teria and against eukaryotic organisms, whereby iron com-
plexed to a given siderophore becomes available primarily
to only the organism that produced it via cell surface trans-
porters or reaction centers. The chemical speciation of dis-
solved iron in seawater is overwhelmingly controlled
(>99%) by Fe(l11)-complexing organic ligands of unknown
origin having high binding affinities (KgM ., = 10%-10% L
mol —%) (Rue and Bruland 1995). Siderophores obtained from
cultures of marine bacteria have conditional binding con-
stants near the upper range of marine ligands (~10% L
mol -*) (Barbeau et al. 2003), indicating that siderophore-
based iron uptake systems may be used widely by marine
prokaryotes. But although DA can complex iron in seawater,
it seems an unlikely candidate for a eukaryotic ‘‘siderop-
hore’ because its conditional Fe(lll)-binding constant
(Keed, o, = 1087 L mol %) (Rue and Bruland 2001) is too
low to compete effectively with the ambient organic ligands,
other than at very high DA concentrations (~100 nmol L)
(Rue and Bruland 2001). Such high levels are found rarely
during natural blooms of Pseudo-nitzschia (Trainer et al. un-
publ. data), although they have been observed on occasion
(G. Doucette, NOAA Marine Biotoxin Program pers.
comm.). So if DA indeed facilitates iron uptake in natural
waters, as appears to be the case for the Juan de Fuca eddy
assemblages, it likely does so via an indirect process.

The common yeast Saccharomyces cerevisiae has evolved
to utilize iron bound to bacterial siderophores even though
it is not known to produce these molecules (Dancis et al.
1994; Crichton and Pierre 2001). Fe(l11)-siderophore com-
plexes diffusing to S. cerevisiae cell surfaces are reduced by
surface-bound ferrireductases, thus liberating Fe(l1) from the
chelates (Crichton and Pierre 2001). Although yeast have
low-affinity Fe(ll) transporters, most of the transient free
Fe(l1) produced under iron stress is quickly reoxidized by
membrane-associated multi-copper oxidases before it diffus-
es away (Dancis et al. 1994). These oxidases, in turn, are
linked closely with high-affinity Fe(lll) transporters, en-
abling the sequential oxidation and uptake of iron (Fig. 8).
This rapid redox cycling on the outer membrane enables S
cerevisiae to pirate iron from siderophore complexes other-
wise destined for its prokaryotic neighbors. Of particular
note here is that this high-affinity uptake system requires an
adequate copper supply.

Copper also is essential for the adaptation of P. multis-
eries, P. australis, and P. fraudulenta to iron stress. Growth
of P. multiseries and P. australis remained optimal under
either iron or (low) copper stress, but decreased by 40—70%
when both metals were deficient (Fig. 4A,B). These results
demonstrate a synergism between iron and copper that
would be consistent with the well-described high-affinity
iron uptake system of S. cerevisiae, and indicates that copper
is a key factor facilitating the success of toxigenic diatoms
in iron-deficient waters. P. fraudulenta showed a similar
negative impact (80%) from simultaneous iron and copper
deficiency, but its growth rates also decreased by ~40% un-
der either low iron or low copper in this experimental series
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Fig. 8. Conceptua model of the high-affinity iron uptake sys-
tem found in S cerevisiae, comprising a membrane-bound, iron-
containing iron reductase, a multi-copper iron oxidase, and high-
affinity Fe(lll) transporter. In this sequence, organically bound
Fe(l11) is reduced, releasing Fe(ll) from the complex. This Fe(ll)
may have a lifetime of minutes to hours depending on temperature,
so before diffusion transports Fe(l1) away for the cell it is oxidized
enzymatically, with the resulting Fe(Ill) being bound and trans-
ported into the cell. Copper uptake in this case is shown modulated
by the release of DA; a primary hypothesis evolved from the find-
ings presented here. Modified from Crichton and Pierre (2001).

(Fig. 4C). The high-affinity iron uptake system of P. frau-
dulenta thus appears to be less efficient than that noted in
either P. multiseries or P. australis, although a longer ac-
climation time in this case may have eliminated these dif-
ferences. P. fraudulenta aso produced by far the lowest lev-
els of DA of the three species examined.

In addition to iron, DA also complexes copper in seawater
(Rue and Bruland 2001), and although DA production dou-
bles under iron stress (Fig. 5A), it increases by an order of
magnitude under copper limiting conditions (Fig. 5A). Sim-
ilar increases in DA production occur under toxic copper
conditions and are presumed to reduce copper toxicity in P.
multiseries and P. australis (Maldonado et al. 2002; Ladi-
zinsky 2003). Furthermore, these laboratory results have
been reinforced by recent field observations in which strong
correlations between elevated (toxic) Cu and DA per cell
have been established (Ladizinsky 2003).

The sharp enhancement of DA production caused by cop-
per limitation shown here indicates that while DA production
is linked to iron stress, it is more closely tied with copper
supply to the cell. Additions of DA to laboratory strains
grown in low copper medium (pCu 18.8) increased cell
growth rates by 20% (0.9 = 0.04 d*to 1.1 = 0.06 d%)
(Fig. 6), indicating that dissolved DA facilitates copper ac-
quisition by the cell. How might DA enhance copper acqui-
sition by these diatoms in natural seawater?
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Copper uptake by marine phytoplankton has been shown
in laboratory cultures to be dependent on the free cupric ion
(Cuz) activity (Moffett and Brand 1995). However, as seen
for iron, most copper in seawater is complexed by organic
ligands (Moffett and Brand 1995) released at least in part
by marine cyanobacteria, which are particularly sensitive to
copper toxicity (Moffett and Brand 1995). This copper com-
plexation also reduces copper availability to eukaryotic phy-
toplankton and that, in turn, could restrict the induction of
(copper-reliant) high-affinity iron uptake systems. However,
DA released to seawater could effectively compete for Cu(ll)
relative to the weaker class of copper-binding organic li-
gands measured in nearshore seawaters [log K ., = 9.0—
9.5 L mol * (Donat et al. 1994) vs. log K&M, o, = 9.0-9.6
L mol-* (Rue and Bruland 2001)]. Ladizinsky (2003) re-
ported a dlightly higher conditional constant for DA (log
Kend, o = 10.7, corrected for a, = 1.3), but this does not
take into account the unknown side reaction coefficient for
DA (ap,) in seawater. Other marine eukaryotic phytoplank-
ton have been shown to release copper complexing ligands
having similar conditional constants for copper (Croot et al.
2000), but, as for Synechococcus, this release has been only
suggested to decrease copper toxicity. We hypothesize that
Pseudo-nitzschia spp. actively release DA under iron stress
to facilitate copper acquisition, thereby allowing induction
of their high-affinity transport system to access iron bound
to strong ligands (Fig. 8).

Compelling field evidence for a physiological role of DA
as a facilitator for iron uptake comes from deck incubation
studies conducted in the Pseudo-nitzschia—rich waters of the
Juan de Fuca (Tully) eddy. Iron enrichment resulted in in-
creased growth of the primarily Pseudo-nitzschia assemblage
during multi-day incubation experiments, showing that these
cells were experiencing iron stress in situ (Fig. 7A). The
addition of DA to these samples caused similar increases in
growth (Fig. 7A) and yielded the highest iron uptake rates
of any treatment (Wells et al. unpubl. data).

In contrast, adding the nonmarine siderophore ferrichrome
to these waters significantly decreased iron availability to
Pseudo-nitzschia, evidenced by the dramatic reduction in
biomass (Fig. 7B) and by a sharp decline in iron uptake rates
(>80%) compared to control cultures (data not shown). This
result is consistent with findings that eukaryotic cellsin gen-
eral have difficulty accessing strong Fe-ligand complexes
(Hutchins et al. 1999). However, small amendments of cop-
per (2 nmol L~*) enabled Pseudo-nitzschia growth to recover
in these siderophore treatments. Given that there is little
functional substitution of copper for iron in cellular metab-
olism, these findings support the hypothesis that toxigenic
diatoms can efficiently access siderophore-bound iron, pro-
vided the availability of copper is adequate.

The DA per cell in the natural assemblage cultures de-
creased upon iron enrichment but increased several-fold
when iron availability was lowered by ferrichrome addition
(Table 1). The same result was observed in our laboratory
experiments (Figs. 2, 5). However, cellular DA content de-
creased in the ferrichrome treatment if a low concentration
(2 nmol L-%) of copper was added (Table 1). This observa-
tion is consistent with our hypothesized scenario (Fig. 8),
whereby Pseudo-nitzschia would not need to produce as
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much DA under iron stress when copper was already readily
available. The implication is that in the absence of adequate
copper availahility, iron limited natural populations of Pseu-
do-nitzschia will become more toxic.

The laboratory growth experiments here lack an ideal con-
trol, namely a nontoxic species of Pseudo-nitzschia. Al-
though it is generally accepted that there are a number of
nontoxic species of Pseudo-nitzschia, our experience indi-
cates that this view may not be correct. The P. fraudulenta
strain used here was chosen initially because the strain was
not believed to produce DA. However, analytical sensitivity
of the ELISA method used here is considerably better than
previous methods, and DA production was detected, albeit
in much lower quantities than either P. multiseries and P.
australis. Based on our finding, and on the fact that at least
one species of the related Nitzschia genus also produces DA
(Kotaki et al. 2000), we believe it is reasonable to anticipate
that all Pseudo-nitzschia species produce DA to some de-
gree, though not al will produce enough to generate toxicity
at higher trophic levels under al conditions.

Our previous work has indicated linkages between iron,
copper, and the release of DA by toxigenic diatoms (Mal-
donado et al. 2002). The findings here indicate that this link-
age is synergistic and can be modeled similarly to the cop-
per-dependent, high-affinity iron acquisition system of S
cerevisiae. This high-affinity iron uptake system has been
identified in the green alga Chlamydomonas (La Fontaine et
al. 2002), and genetic homologues for these proteins are
found in the genome of the marine diatom Thalassiosira
pseudonana (Armbrust et al. 2004). In this scenario, decreas-
ing pools of available iron, stemming from low dissolved
iron concentrations and the presence of strong iron-com-
plexing ligands, induce a high-affinity iron uptake system in
toxigenic diatoms that, in turn, increases their copper re-
quirements. DA appears to enhance copper uptake in labo-
ratory cultures of Pseudo-nitzschia and should function sim-
ilarly in coastal waters. But the success of this strategy
would depend upon the concentration and conditional sta-
bility constants of the ambient copper-complexing ligandsin
seawater. It is notable, then, that species of the marine pro-
karyote genus Synechoccoccus abundant in HNLC waters
releases not only siderophores to facilitate iron uptake (Wil-
helm and Trick 1994), but also very strong copper-complex-
ing organic ligands (Moffett and Brand 1995) that would
challenge weaker ligands, like DA, for copper. We speculate
that very high conditional stability constants of the copper-
binding compounds released by some marine prokaryotes
(Kgnd o, = 10 L mol-1) (Moffett and Brand 1995) may
function primarily to limit the piracy of their siderophore-
bound iron by eukaryotic competitors. If true, then gaining
a predictive understanding of the factors regulating iron
availability to marine phytoplankton, and of their effects on
global climate change, will require an understanding of the
marine biogeochemical cycles of both iron and copper.
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