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Abstract

We investigated the photodegradation rate of the powerful marine toxin domoic acid in a variety of natural water
matrices. The observed first-order photodegradation rate coefficient (k,,), obtained by linear regression of the
logarithmic-transformed domoic acid concentrations versus irradiation time in simulated sunlight, was 0.15 + 0.01
h=* in coastal seawater. Photodegradation rate coefficients in deionized water were not significantly different than
those in coastal seawater, indicating that domoic acid is mainly photodegraded through a direct photochemical
pathway. Addition of 100 nmol L~ spikes of iron Il [Fe(ll1)] and copper Il [Cu(ll)] had no significant effect on
domoic acid photodegradation, indicating that the formation of trace-metal chelates did not enhance photodegra-
dation of the toxin in seawater. We observed an increase of domoic acid photodegradation rates with temperature
with a corresponding energy of activation of 13 kJ mol—*. The effect on photodegradation of pH, added humic
material, and dissolved oxygen removal was also investigated. The quantum yield of domoic acid photodegradation
in seawater decreased with increasing wavelength and decreasing energy of incoming radiation, with the average
value ranging from 0.03 to 0.20 in the ultraviolet wavelength range (280—400 nm). Using these quantum yields
together with modeled solar spectral irradiance and seawater optical properties, we estimated turnover rate coeffi-
cients for the photochemical degradation of domoic acid ranging from 0.017 to 0.035 d-*. These observations
indicate that sunlight-mediated reactions are an important, yet previously unrecognized, sink of dissolved domoic

acid in seawater.

Domoic acid is a potent marine neurotoxin produced by
Pseudo-nitzschia species. It is remarkably pervasivein North
American coastal waters, where it is a threat to public health
and some marine life and has resulted in severe economic
losses in the shellfish and crustacean harvesting industry.
Originally discovered as the causative agent in an episode
of fatal human poisoning in eastern Canada in 1987 (Wright
et al. 1989; Todd 1993), domoic acid was eventually linked
to other epizootics, particularly on the western coast of North
America (Horner et al. 1997), where it has resulted in the
death of seabirds and mammals (Scholin et al. 2000; Lefeb-
vre et al. 2002). The production and release of this water-
soluble toxin has recently been proposed to have ecological
roles for Pseudo-nitzschia, including the sequestration of
iron 111 [Fe(l11)] from Fe-depleted waters and the complex-
ation of potentially toxic metal ions such as copper Il
[Cu(1)] (Rue and Bruland 2001; Maldonado et al. 2002).

Despite the significance of domoic acid to the biogeo-
chemistry of agquatic systems, little is known regarding the
fate of the toxin once it is released into the water column.
This is a particularly significant question during bloom
events, as the mgjority of toxin produced may not be trans-
ferred to higher trophic levels but may instead be released
into the water column, where seawater extracellular concen-
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trations can reach >100 nmol L%, with cell concentrations
of >10¢ cells L-* (Doucette et al. 2002).

Microbial degradation of extracellular domoic acid is a
likely fate of the toxin. Stewart et al. (1998) tested the ability
of avariety of bacteria isolated from the marine environment
and other marine organisms for their ability to biodegrade
domoic acid. Interestingly, only afew bacteria isolated from
certain shellfish tissues (e.g., Mytilus edulis and Mya aren-
aria) appeared to biodegrade domoic acid (Stewart et al.
1998). Those results indicate that biodegradation of extra-
cellular domoic acid may not be the dominant elimination
pathway of the toxin in seawater.

Another potentially important sink of dissolved domoic
acid in seawater involves photochemical transformations.
Domoic acid is atricarboxylic amino acid related structurally
to glutamic acid (Fig. 1). However, the toxin also possesses
a side chain containing a conjugated double-bond moiety
and a hind carboxylic group. It has been shown that the
geometry of the double bonds in the side chain is related to
the potency of the toxin (Hampson et al. 1992). Over the
past 40 yr, many studies of unsaturated compounds similar
to domoic acid have demonstrated the importance of pho-
tochemical cis-trans isomerization (Hammond et al. 1964;
Zepp et a. 1985), in which the isomerizations occur through
both direct and sensitized photochemical pathways (Turro
1978). Preliminary studies by Wright et a. (1990) have
shown that similar photochemical processes may also be im-
portant for dissolved domoic acid. The authors found that
exposure of elevated concentrations of domoic acid to high-
energy ultraviolet radiation (253.7 nm) resulted in rapid pho-
todegradation of the toxin in seawater. In a similar prelimi-
nary study, Bates et al. (2003) also demonstrated that
relatively high concentrations of domoic acid are photode-
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Fig. 1. Molecular structure of domoic acid in its neutral form.

graded upon exposure to simulated sunlight in coastal sea-
water (>290 nm).

Rue and Bruland (2001) recently demonstrated that do-
moic acid is an effective chelator for Cu(ll) and Fe(I11), both
of which are bioactive trace metals of vital importance to a
variety of biochemical processes occurring in natural waters.
Both Fe and Cu undergo a variety of light-mediated redox
reactions [involving Fe(l1)/Fe(111) and Cu(l)/Cu(ll) transfor-
mations] when complexed to organic ligands (Voelker et al.
2000; Barbeau et al. 2001). Therefore, the occurrence of the
chelated domoic acid complexes may be important to the
ultimate fate of the toxin in natural waters. It is hypothesized
that photochemical degradation and trace-metal complexa-
tion are thus important factors controlling the biogeochem-
ical cycling and ultimate fate of domoic acid in natural wa-
ters.

The aim of this work was to carry out the first detailed
kinetic study of the photodegradation rate of extracellular
domoic acid in order to quantify the importance of this re-
moval process in coastal seawater. Two kinds of irradiation
experiments were carried out: full spectral irradiation and
monochromatic irradiation experiments. The purpose of the
full spectral irradiation experiments was to quantify the pho-
todegradation rate of domoic acid in seawater under envi-
ronmentally relevant conditions. The potential importance of
avariety of environmental factors, such as trace metal com-
plexation, is also discussed. Monochromatic irradiation ex-
periments were performed to determine the wavelength de-
pendence of photodegradation of domoic acid. To our
knowledge, this is the first time the wavelength dependence
of the photochemica transformation of any algal toxin has
been determined. Finally, the potential in situ loss rates and
turnover rate constants for domoic acid photodegradation
were modeled for various coastal locations. Thisinformation
can ultimately be used to assess the biogeochemical cycling
of the extracellular fraction of the toxin in seawater.

Materials and methods

Seawater sample collection and irradiation solution de-
tails—Solutions for photochemical experiments were pre-
pared using both deionized water (DIW) and coastal sea-

water. DIW (18 MQ cm~*) was supplied from a Millipore
water purification system (Millipore). Natural Wrightsville
Beach seawater samples (WBSW) were collected in 10-liter
fluorinated polyethylene carboys from Wrightsville Beach,
North Carolina (34.2°N, 77.8°W). Seawater samples were
filtered through a Meissner Stylux 0.2-um (500-cm?) filter
capsule prerinsed with a copious amount of seawater. Prior
to sample collection, filter capsules were precleaned with
acidic solution (pH 2, Fisher TraceMeta grade HCI) fol-
lowed by DIW. Seawater samples were stored in the dark at
5°C.

Water samples were enriched with domoic acid by addi-
tion of a 32.2—umol L-* aqueous domoic acid (95%, MP
Biomedicals) stock solution to yield environmentally rele-
vant final concentrations. Stock solutions of domoic acid
were prepared by dissolving 2.5 mg of domoic acid into 250
mL of an aqueous solution of acetonitrile (10%). In order to
limit domoic acid bacterial decomposition, acetonitrile was
used as a photochemically inert co-solvent (Lemaire et al.
1982). High-performance liquid chromatography—ultraviolet
(HPLC-UV) analysis (242 nm) of the domoic acid stock so-
lution indicated that there were no other absorbing com-
pounds present in the solution.

A description of each irradiation solution used in this
study is presented in Table 1. The number of replicates and
initial concentration (or range) for each treatment is indicat-
ed in Table 1. Measurements of pH were carried out with
an Orion Ross 8102 combination electrode calibrated using
NIST buffers. In order to determine whether domoic acid is
degraded through a direct photochemical pathway, an ex-
periment was performed using DIW (pH 5.1) spiked with
domoic acid stock solution. The series of six experiments (n
= 6) referred to in Table 1 as WBSW were prepared by
spiking water collected from Wrightsville Beach with do-
moic acid stock solution. Another experiment was performed
in which humic acid material was added to a domoic acid
sample prepared with deionized water (DIW+HUM). Humic
acid materials were extracted from the Cape Fear River,
North Carolina, as described in Shank et al. (2004b). Ex-
tracted humic acid was added to the irradiation solution to
yield a final concentration of ~20 mg L~*, which is some-
what higher than concentrations found in coastal oceanic wa-
ters.

Iron(l11) and Cu(ll) were added to domoic acid solutions
to determine the effect of trace-metal complexation of do-
moic acid on its photodegradation rate. In preparation for
these trace-metal experiments, all implements, including
quartz cells and pipette tips, were soaked in 10% HCI for
24 h, rinsed with deionized water, and dried in a class 100
laminar flow clean bench. A secondary stock agueous so-
lution of Fe(lll) was prepared by adding 500 uL of 1,000
mg L-* ferric nitrate standard (Fisher) to 4.5 mL DIW. The
secondary Fe(l1l) stock solution was spiked to both deion-
ized water (DIW+Fe) and Wrightsville Beach seawater
(WBSW+Fe) containing domoic acid to yield afinal Fe con-
centration of 107 nmol L-*. WBSW+Fe experiments were
performed four times (n = 4) at an ambient pH of 8. In
addition, a series of experiments (WBSW +Fe-pH4;
WBSW+Fe-pH5; WBSW +Fe-pH6; and WBSW +Fe-pH7)
were conducted in order to determine the effect of pH on
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Table 1. Experimental conditions and observed first-order rate coefficients of domoic acid photodegration (k) for each experiment under
simulated sunlight. n represents the number of times each photodegradation experiment was repeated, with its corresponding standard

deviation.*
Initial demoic acid
concentration
Experiment Temperature (°C) pH (nmol L-%) Kops (N71)

WBSW 23+1 8.1 84.0-256 0.15+0.01 (n=6)
DIW 23*+1 51 325 0.16 (n=1)
DIW+HUM 23+1 6.0 325 0.15 (n=1)
DIW+Fe 23+1 4.8 93.5 0.26 (n=1)
WBSW+Fe 23*+1 8.1 73.1-82.0 0.14+0.01 (n=4)
WBSW +Fe-pH4 23+1 4.1 84.7 0.17 (n=1)
WBSW +Fe-pH5 23+1 5.3 90.3 0.16 (n=1)
WBSW +Fe-pH6 23*+1 6.5 74.4 0.14 (n=1)
WBSW +Fe-pH7 23+1 7.2 811 0.15 (n=1)
WBSW+Cu 23+1 8.1 72.9-84.4 0.15+0.01 (n=4)
WBSW-no-0, 23+1 8.4 82.8 0.15 (n=1)
WBSW-UV-TMC 23+1 6.5 85.5 0.15 (n=1)
WBSW 5+1 8.0 94.1 0.12 (n=1)
WBSW 10+1 8.1 91.5 0.13 (n=1)
WBSW 15+1 8.2 92.4 0.15 (n=1)
WBSW 20+1 8.1 86.3 0.15 (n=1)

* WBSW, Wrightsville Beach seawater; DIW, Milli-Q deionized water; HUM, humic substances; UV-TMC, UV treated, trace-metal clean.

the photodegradation of domoic acid in WBSW spiked with
107 nmol L-* Fe(lll). The pH of irradiation solutions was
then adjusted to 4, 5, 6, or 7 with high-purity HCI (Fisher
Optima). A 20.0-umol L-* cupric nitrate standard solution
(EMD Chemical) was added to a domoic acid WBSW so-
lution to yield a final concentration of approximately 100
nmol L=t Cu(ll) (WBSW+Cu). WBSW+Cu experiments
were performed four times (n = 4). The pH of the Cu(ll)—
domoic acid solution was then adjusted to ~8.0 by adding
high-purity NH,OH (Fisher Optima). The Fe(I11)—domoic
acid and Cu(ll)-domoic acid solutions were allowed to
equilibrate overnight in the dark at room temperature before
use to alow for metal complexation to the toxin.

The role of oxygen in the photochemical degradation of
domoic acid was investigated by removal of oxygen prior to
irradiation. A domoic acid stock solution was added to a
WBSW sample similar to the earlier irradiation experiments
discussed above; however, in this case, the sample was
placed in a glove bag filled with N,, bubbled for 4 h with
N,, and allowed to incubate overnight in the dark under N,
before use. The N,-purged solution (WBSW-no-0O,) was then
distributed into the irradiation quartz cells, and the cells were
capped inside the glove bag.

Irradiation system and exposure details—Full spectral ir-
radiation experiments were performed using a Spectral En-
ergy solar simulator (LH 153 lamp housing, 1,000-W Xe
lamp, LPS 256 SM power supply). The solar simulator was
equipped with a sun lens diffuser and an AM1 filter that
eliminates unwanted wavelengths not found in the solar
spectrum (<280 nm). Irradiance measurements inside the
solar simulator were made with an Ocean Optics SD2000
spectrophotometer connected to a fiber optic cable terminat-
ed with a CC-UV cosine collector. The system was cali-
brated with a NIST traceable tungsten lamp, and data were
collected with OOl rrad™ software. Irradiance was measured

at the beginning and end of each photochemical experiment.
Irradiation solutions were distributed in eleven 10-cm—ong
(~30-mL) spectrophotometric quartz cells. Ten cells were
vertically positioned, with the flat part of the cells exposed
to irradiance, within a circular carrier immersed into awater-
thermostated bath. The cell holder was rotated 90° every half
hour in order to ensure that all cells received the same ra-
diation intensity. Unless otherwise noted, the temperature
during the experiments was 23°C *= 1°C. An 11th cell was
placed in a dark incubation chamber at the same temperature
to serve as a dark control. The irradiation solutions were
exposed to simulated sunlight for atotal of 10 h. Two quartz
cells were removed from the solar simulator for domoic acid
determination every 2 h, with the concentration of domoic
acid determined in each cell. Duplicate 400-uL aliquots were
removed from the dark control (the 11th cell) every 2 h for
domoic acid determination. The initial concentration of do-
moic acid was determined by removing duplicate 400-uL
aliquots from the dark control. Observed first-order rate co-
efficients of domoic acid photodegradation in samples, K.,
were obtained by linear regression of the logarithmic-trans-
formed domoic acid concentrations versus irradiation time
and were normalized and corrected as necessary (see Results
and discussion). Statistical comparison of k., for different
treatments was performed using a Student’s t-test for the
comparison of two slopes (Zar 1984) at the 95% confidence
level.

Wavelength-dependent quantum yields for domoic acid
photodegradation were performed with a Spectral Energy
monochromatic irradiation system (LH 153 lamp housing,
1,000-W Hg-Xe lamp, LPS 256 SM power supply) equipped
with a GM 252-20 high-intensity 0.25-m grating monochro-
mator. Bandwidths of 10 nm centered at 280.0, 290.0, 300.0,
313.0, 334.1, 366.0, and 404.5 nm were used in this study.
Irradiation times for each selected waveband can be found
in Table 2. An AM1 filter was used for waveband 404.5 to
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Table 2. Quantum yield for domoic acid photodegradation [®,,(A)] in deionized water (DIW) and in Wrightsville Beach seawater
(WBSW). n represents the number of times each photodegradation experiment was repeated, with its corresponding standard deviation. The

temperature during experiments was 23°C + 1°C.

DIw

WBSW

Initia demoic acid

Initial demoic acid

Wavelength Irradiation concentration concentration
(nm) time (h) (nmol L-9) Dpa(A) (nmol L1 Dpa(A)
280.0 18 78.8-86.3 0.200=0.014 (n=3) 89.2-122 0.163=0.006 (n=3)
290.0 18 78.2-79.8 0.138+0.011 (n=3) 89.7-121 0.136+0.004 (n=3)
300.0 18 68.2-72.5 0.056+0.006 (n=3) 89.0-133 0.056+0.004 (n=3)
313.0 24 76.2-76.5 0.0360.005 (n=3) 120-133 0.036=0.005 (n=3)
334.1 72 73.3-88.0 0.066+0.001 (n=3) 111-130 0.043+0.003 (n=3)
366.0 72 71.5-135 0.037+0.005 (n=3) 111124 0.032+0.004 (n=3)
404.5 96 136-140 0.0+0 (n=3) 105-110 0.0£0 (n=3)

minimize effects of second-order irradiance. Irradiance was
measured using an International Light research radiometer
model 1L1700 (5-V bias off) with a SEDO033 detector, cali-
brated using a conventional potassium ferrioxal ate actinom-
eter (Hatchard and Parker 1956). Water samples were irra-
diated in 10-cm-ong (~30-mL), spectrophotometric quartz
cells for the length of time sufficient to bring about 50% loss
of domoic acid initial concentration. Irradiation solutions
were kept at room temperature (23°C += 1°C). Monochro-
matic irradiation experiments were performed in triplicate
for each selected waveband. For each irradiation solution,
the concentration of domoic acid was determined in tripli-
cate.

Domoic acid determination—The concentration of dis-
solved domoic acid was determined using a modified version
of the fluorenylmethyoxycarbonyl (FMOC)-HPLC method
described by Pocklington et al. (1990). This method is based
on fluorometric detection after a precolumn reaction to pro-
duce fluorescent derivatives separable by HPLC. Chroma-
tography was performed using a reversed-phase C,; column
(4.6-mm inner diameter X 25-cm packed with 5 um C,,
bonded silica gel; Vydac 201TP column) at a column tem-
perature of 55°C. A Hewlett-Packard 1100 system equipped
with a quaternary gradient pump coupled to an externa Shi-
madzu PF-551 PC spectrofluorometric detector was used
with an injection volume of 10 uL. Analyses conditions are
described in detail by Wright and Quilliam (1995). Mobile
phase (1 mL min-') consisted of deionized water (A) and
acetonitrile (B) in a binary system, with 0.1% trifluoroacetic
acid as an additive. The elution gradient was from 30% to
70% B over 15 min, followed by an increase to 100% B
over 2 min, which was maintained for 5 min, then returned
to initial conditions at 27 min and held for 8 min before the
next injection. The detection limit, defined as a signal to
noise ratio of 3, was 5 nmol L%, with a relative standard
deviation of approximately 1% at typical seawater concen-
trations. The chromatographic conditions resulted in the sep-
aration of domoic acid from its geometrical isomers, as de-
scribed by Wright et al. (1990). The certified calibration
solutions of domoic acid (99.5 mg L-') were purchased
through the National Research Council of Canada Reference
Materials Program. HPLC-FMOC determination of the cer-

tified calibration solutions indicated that the solution of do-
moic acid was geometrically pure (data not shown).

Absorbance measurements—Absorbance measurements
were carried out using a Varian CARY 3 dual-beam scanning
spectrophotometer at 1-nm resolution zeroed against DIW.
The domoic acid solution and DIW for the blank were equil-
ibrated at room temperature prior to absorbance determina-
tion. The molar absorption coefficient of domoic acid from
190 to 500 nm was determined in DIW at pH 5.1. A domoic
acid concentration of 6.0 umol L~-* was used for absorption
measurements made below 280 nm. The domoic acid con-
centration was increased to 302 umol L-* to acquire ab-
sorption spectra at longer wavelengths, thus allowing for
more accurate determination of the absorbance. The molar
absorption coefficient of domoic acid was determined using
Beer's Law.

Modeling studies—In order to evauate the relative im-
portance of photochemical processes as an elimination
mechanism for domoic acid in natural waters, environmental
turnover rate coefficients for domoic acid photodegradation
were estimated using modeled solar irradiance and seawater
attenuation coefficients for a concentration of domoic acid
of 100 nmol L-* Three different locations were chosen:
Monterey Bay, California (36.788°N, 122.053°W, 21 Sep-
tember 2004), Washington State Coast (48.169°N,
125.525°W; 01 October 2004), and coastal Prince Edward
Island (46.597°N, 63.795°W; 2 October 2004). Environmen-
tal photochemical rates and rate constants have been com-
puted for these hypothetical dates, since domoic acid—pro-
ducing algae frequently bloom during late summer/early fall
at each of these locations (Bates et al. 1989; Trainer et al.
2000; Trainer et al. 2002).

The TUV model developed by Madronich and Flocke
(1998) was used to simulate solar spectral irradiance reach-
ing the water surface [E4(A, 0+)] as a function of latitude,
time, total ozone, and other atmospheric parameters. The
downwelling spectral irradiance just below the sea surface
E4(A, 0—) (mol photons m~2 d-* nm~*) was computed using
the percentage irradiance loss by reflection at the sea—air
interface as a function of solar elevation (Jerlov 1976). E,4(A,
0—) was converted to downwelling scalar irradiance E (A,
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Fig. 2. Absorption spectrum of domoic acid in deionized water
at pH 5.1 (note the different scales).

0-), assuming that upwelling irradiance was negligible, us-
ing the relation

Eo(A, 0—) = Eq(A, 0—)/pq @

where w, (dimensionless) is the average cosine of the down-
welling irradiance. The value of u, was estimated using

pqt = Ty (A)sec 6 + 1.2f(A) )

where f; (A) and fy(A) are the fractions of solar irradiance
direct and diffuse, respectively, and 6 is the angle of refrac-
tion of the direct component of solar irradiance reaching the
water surface (Zepp and Cline 1977; Gordon 1989).

The modeled surface downwelling irradiance was then
propagated through the water column using the spectral at-
tenuation coefficients for downwelling irradiance [K (A):
m-1]. The spectral downwelling irradiance E (), 2) at each
depth (1-m intervals), for wavelengths at 1-nm intervals
ranging from 280 to 400 nm, was calculated using Beer's
Law (Kirk 1994):

Eo(Ai Z) = Eo()\v 0_)eEK()‘)Z (3)

Based on an approach proposed by Cullen et a. (1997),
K4(A) values were modeled using the algorithm SeaUV,., de-
veloped by C. Fichot (University of Georgia at Athens), that
relates remote sensing reflectance to in situ K,(A). Briefly,
the algorithm has been obtained by performing a principal
component analysis on remote sensing reflectance data to
define four new orthogonal dimensions of ocean color, which
were used as predictors in multiple linear regressions of
K4(A) (Fichot 2004). The SeaUV.. algorithm was applied to
remote sensing reflectance obtained from SeaWIFS archive
data scenes for 21 September 2004 (Monterey Bay), 1 Oc-
tober 2004 (Washington State Coast), and 2 October 2004
(Prince Edward Island) to predict K (A) at 320, 340, 380,
412, 443, and 490 nm. Predicted K (A) values were fitted
with a single exponential to estimate K (A) from 280 to 400
nm.

Results and discussion

Molar absorption coefficients—Molar absorption coeffi-
cients of domoic acid were determined from 190 to 500 nm
in DIW a pH 5.1 (Fig. 2). In the wavelength range from
190 to 500 nm, domoic acid absorbs with a peak centered
between 200 and 275 nm, with a maximum absorption (e,..)
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Fig. 3. Concentration of domoic acid (nmol L-%) in simulated
sunlight exposed and dark control samples as a function of irradi-
ation time (h) in Wrightsville Beach Seawater (WBSW). Salinity
34; pH 8.1.

of 26,100 L mol -t cm~* at 242 nm. The wavelength of max-
imum absorbance (A,,,,) and the molar absorption coefficient
at A, measured here are in good agreement with values
reported by Falk et al. (1989). Domoic acid absorbance is
considerably lower at longer wavelengths (>290 nm). The
molar absorption coefficient of domoic acid varies from 17.7
t0 29.9 L mol -t cm~* in the UV-B range (280—-320 nm) and
from 2.8 to 17.7 L mol-* cm~* in the UV-A range (320—400
nm). This result indicates that domoic acid still directly ab-
sorbs radiation in the wavelength range relevant to environ-
mental photochemical processes (>290 nm). Molar absorp-
tion coefficients in the UV-B and UV-A wavelength range
have been previously presented by Falk et al. (1989). How-
ever, these authors measured domoic acid absorbance only
at low concentration (~16 wmol L) and reported values at
wavelengths longer than ~275 nm that are too low to make
comparison with our results possible. The strong absorption
bands centered at 242 nm have been attributed to the #,7*
electronic transition of the conjugated double bond (Wu et
al. 2000).

Photodegradation of domoic acid in seawater—A series
of six controlled photodegradation experiments were con-
ducted to determine the rate of domoic acid photodegrada-
tion in natural waters under simulated sunlight. Each exper-
iment consisted of the addition of domoic acid to 0.2 um—
filtered WBSW. Duplicate light-exposed and dark control
samples were taken every 2 h. All samples were derivatized
with FMOC-Cl and analyzed by HPLC. A representative
plot of the change of domoic acid concentrations as a func-
tion of irradiation time is presented in Fig. 3. There was a
significant loss of domoic acid over the 10-h incubation pe-
riod in light-exposed cells, with concentrations decreasing
exponentially as a function of irradiation time from, on av-
erage, 84 to 18 nmol L-* (Fig. 3). This result is similar to
the results obtained in a preliminary study by Bates et al.
(2003), who found approximately 75% of an added domoic
acid spike was degraded after a 22-h exposure to full-spec-
trum simulated sunlight in seawater. No loss of domoic acid
was observed in dark controls (Fig. 3), indicating that light
was responsible for the loss of domoic acid in these samples.
The photoproduction of three photoproducts of domoic acid
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has been observed in al experiments. The photochemistry
of these photoproducts will be discussed in detail in arelated
manuscript (Bouillon et a. unpubl. data).

Observed first-order rate coefficients of domoic acid deg-
radation in the WBSW samples, k.., were obtained by linear
regression of the logarithmic-transformed domoic acid con-
centrations versus irradiation time (Table 1, WBSW). Re-
sulting k., values were normalized to an average irradiance
of 7.8 mW cm~2 (integrated over 280—400 nm), which is
1.2 times midday natural sunlight measured at 34°N in mid-
July. The corresponding average first-order rate coefficient
of domoic acid degradation in these six WBSW samples was
0.15 = 0.01 h* (n = 6).

Role of environmental factors on the kinetics of domoic
acid photodegradation—A second series of controlled pho-
todegradation experiments was conducted to determine the
influence of the sample matrix on the rate of domoic acid
photodegradation in seawater. In the first of these experi-
ments, seawater was replaced with DIW prior to photodeg-
radation of the added domoic acid. The resulting k,,, mea-
sured for the photochemical loss of domoic acid in DIW was
0.16 h=%, which is statistically equivalent (t-test, 95% con-
fidence level) to the first-order rate coefficient in WBSW.
These results indicate that ambient components of the
WBSW matrix do not impact the photochemical degradation
rate of domoic acid and indicate that the toxin undergoes
direct photochemical degradation in seawater. In a prelimi-
nary study with somewhat higher concentrations, Bates et
a. (2003) also observed that the photochemical loss of do-
moic acid in solutions prepared with deionized water, arti-
ficial seawater, and natural seawater were essentialy the
same.

In a second experiment exploring the role of the sample
matrix on domoic acid photodegradation, photochemically
labile extracted humic materials (~20 mg L) were added
to the DIW prior to photodegradation. The value of k., was
corrected for light screening by chromophoric dissolved or-
ganic matter (CDOM) (Schwarzenbach et al. 1993). There
was again no significant difference (t-test, 95% confidence
level) in the k. values obtained with and without added
humic materials (Table 1), indicating that the photodegra-
dation of domoic acid is not induced by added humic ma-
terials. Results from this study indicate that indirect or sen-
sitized photochemical processes do not play an important
role in the photodegradation of domoic acid in seawater.

The apparent absence of a sensitized pathway in the pho-
todegradation of domoic acid in seawater or DIW spiked
with humic materials is somewhat surprising. Compounds
containing conjugated double-bond moieties are generally
good triplet energy acceptors (Turro 1978). In natural waters,
absorption of solar radiation by CDOM initially results in
the formation of a singlet excited species (*CDOM*), which
decays, in part, by undergoing intersystem crossing to ex-
cited triplet excited state CDOM ((CDOM?*). Reactions be-
tween a triplet state species and compounds containing an
ethylene or polyene moiety often result in isomerization of
the double bond (Turro 1978). Photosensitized isomerization
of compounds containing conjugated double-bond moieties
is known to occur in natural waters. For example, Zepp et

a. (1985) employed the photoisomerization of 1,3-pentadi-
ene to investigate the nature and occurrence of the excited
triplet state generated upon irradiation of dissolved organic
matter in natural waters. In addition, photoisomerization of
the diene moiety of the algal toxin microcystins has also
been observed (Tsuji et al. 1994; Welker and Steinberg
2000). These authors observed that microcystins are stable
in deionized water when exposed to natural sunlight. How-
ever, Tsuji et al. (1994) demonstrated that microcystins were
photoisomerized when extracted algal pigments, serving as
photosensitizers, were added to irradiation solutions. Direct
comparison of the results presented in Table 1 and results of
these earlier studies should be viewed carefully, however, as
Tsuji et a. (1994) conducted their photochemical experi-
ments using a very high concentration of sensitizer, and
Zepp et a. (1985) employed high concentrations of 1,3-pen-
tadiene.

To evaluate the role of oxygen in the photodegradation of
domoic acid, a solution of WBSW was purged with N, for
4 h prior to irradiation in order to significantly reduce the
concentration of dissolved O,. The resulting k., (0.15 h-%)
in this N,-purged sample was statistically equivalent (t-test,
95% confidence level) to the first-order rate coefficient in
the air-saturated WBSW (Table 1). This indicates that the
decrease in the excited triplet state quencher dissolved ox-
ygen did not influence the rate of photodegradation of do-
moic acid. These results indicate that sensitized photodeg-
radation is not an important removal process for domoic acid
in WBSW, aresult that is in agreement with the results ob-
tained with the addition of humic material to DIW. Results
from this study do not, however, entirely exclude the pres-
ence of sensitized pathways in the photochemical transfor-
mation of domoic acid, but rather indicate that sensitized
pathways are considerably slower or much less energetically
efficient relative to the direct photochemical pathway.

The role of trace metals on the photochemical degradation
rate of domoic acid was aso investigated. A recent study by
Rue and Bruland (2001) demonstrated that domoic acid is
an effective chelator for Cu(ll) and Fe(l11). Thisis not com-
pletely unexpected, since the carboxyl groupsin domoic acid
chelate such metal cations. The occurrence of chelated do-
moic acid complexes may be very significant to the ultimate
fate of the dissolved fraction of the toxin in seawater, be-
cause the photoreactivity of organic matter is often enhanced
when bound to trace metals such as Fe and Cu (Sykora 1997;
Barbeau et al. 2001). Several Fe(lll)-ligand and Cu(ll)-li-
gand complexes undergo photodegradation in natural sun-
light, resulting in partial ligand breakdown and changes in
iron and copper speciation (Sykora 1997; Voelker et al.
2000; Barbeau et al. 2001). These results lead us to hypoth-
esize that the demonstrated complexation of domoic acid by
redox-active trace metals such as Cu(ll) and Fe(l11) may in-
fluence the efficiency of the photodegradation process.

Addition of 100 nmol L-* Cu(ll) and 107 nmol L= Fe(l11)
separately to WBSW did not, however, significantly affect
the k.. (Table 1: WBSW + Cu; WBSW + Fe) relative to
WBSW samples with no added metals (t-test, 95% confi-
dence level). There are several possibilities that may explain
this result: (1) complexation of domoic acid with either Fe
or Cu does not influence its photochemical degradation; (2)



Photochemistry of domoic acid 327

ambient organic ligands in the WBSW complexed most of
the added Fe and Cu, leaving domoic acid uncomplexed; (3)
the pH of the irradiation solution influenced the photoreac-
tivity of the Fe(lll)-domoic acid complex; or (4) inorganic
constituents of seawater inhibited the phototransformation of
the Fe(l11)—domoic acid complex.

In coastal seawater, typical concentrations of total dis-
solved Fe and strong Fe(l11)-complexing ligands are 0.5-10
nmol L-* and 1.5-12 nmol L%, respectively, with ligands
usually in a significant excess compared to dissolved Fe
(Boye et al. 2003; Powell and Wilson-Finelli 2003). Simi-
larly, in the coastal waters of southeastern North Carolina,
concentrations of strong Cu-complexing ligands (4-126
nmol L) are in excess of total dissolved Cu (2.1-9.3 nmol
L-%) (Shank et al. 2004a). In our experiments utilizing am-
bient metal levels, speciation calculations using the condi-
tional stability constants for Fe(I11)— and Cu(ll)-domoic acid
complexes in seawater reported by Rue and Bruland (2001)
indicate that strong naturally occurring ligands should be the
dominant chelators of Fe(ll1) and Cu(ll). In the metal-addi-
tion experiments, it is likely that the added Fe(I11) and Cu(ll)
at the concentrations of =100 nmol L~ titrated the naturally
occurring strong ligands, leaving the excess metal to com-
plex weaker natural ligands and domoic acid. Without de-
tailed speciation studies for Fe(l11) and Cu(ll) in these sam-
ples, we cannot evaluate exactly how important domoic acid
would be as a chelator in these experiments.

In order to explore these possibilities, a separate series of
photochemical experiments was conducted. In the first ex-
periment, 100 nmol L-* Fe(lll) was added to a solution of
domoic acid prepared in DIW followed by irradiation. Ad-
dition of Fe(lll) to DIW resulted in a dramatic increase in
the k., value (0.26 h-*) relative to deionized water without
Fe(l11) (Table 1: DIW + Fe). This is consistent with results
reported by Bates et a. (2003), who also found that domoic
acid in the presence of Fe(lll) was almost completely de-
graded in deionized water, but only 36% degraded in deion-
ized water without added Fe(l11). Both studies demonstrate
that in deionized water, the photoreactivity of domoic acid
is greatly enhanced in the presence of Fe(lll).

Another experiment was conducted using a UV-irradiated,
trace-metal clean seawater sample. The sample was UV-ir-
radiated by a 1.2-kW high-pressure Hg vapor lamp (Ace
Glass) for 6 h to remineralize the dissolved organic matter
present in the sample. Dissolved organic carbon analysis per-
formed before and after UV irradiation indicated that all or-
ganics were photo-oxidized by this process. Trace metals
were removed by passing the seawater sample through a
Chelex-100 (Biorad) column. However, removal of the am-
bient trace metals and organics had no impact on k,, indi-
cating that neither parameter influenced the photochemical
degradation rate coefficient of domoic acid in seawater.

A series of experiments was also conducted to determine
the effect of pH on the photodegradation of domoic acid in
WBSW spiked with 107 nmol L-* Fe(lll). The pH of the
irradiation solutions was adjusted to 4, 5, 6, or 7 by adding
HCI. Results (Table 1) indicate that changes in the pH of the
irradiation solution did not affect the rate of photodegrada-
tion of domoic acid in seawater. An additional pH experi-
ment was conducted in which the pH of WBSW was ad-

L~ 0.12 A -18
P B194® .
50,08 A £ 2 \
S
e 2.1
0.04 2.2 '
34 3.5 36
0 1000 1/T (K1)
0 5 10 15 20 25
Temperature (°C)

Fig. 4. Temperature dependence of the observed first-order rate
coefficients domoic acid photodegradation (k... The inset Arrhe-
nius plots are the natura log of k., versus 1,000 divided by tem-
perature in Kelvin.

justed to pH ~ 4 prior to the addition of domoic acid and
Fe(I11) (data not shown). This procedure took into consid-
eration the formation of colloidal suspensions that may occur
with the addition of Fe(ll1) to the irradiation solution. Nev-
ertheless, addition of domoic acid and Fe(l11) after pH ad-
justment did not alter the rate of photodegradation, thus in-
dicating that the order of reagent addition was not important.

The reasons for which Fe(l1l) addition considerably in-
creased the photochemical degradation rate of domoic acid
in deionized water and not in seawater are not entirely clear.
One possibility is that iron photo-redox reactions in agueous
solution produce reactive oxygen species such as hydroxyl
radical, which may react with domoic acid. In seawater,
scavenging by inorganic species such as bromide and bicar-
bonate/carbonate anions consumes most of the hydroxyl rad-
ical production, making them unavailable for degradation of
domoic acid (Mopper and Zhou 1990). Also, as pointed out
by Bates et al. (2003), the chemical speciation of Fe(lll) is
very different in deionized water compared with seawater;
therefore, photochemical mechanisms would differ as well.

Temperature dependence—Domoic acid has been detect-
ed in avariety of coastal seawater locations of varying tem-
perature regimes, such as Prince Edward Island, the Wash-
ington State Coast, and Monterey Bay (Bates et al. 1989;
Trainer et a. 2000, 2002). In order to determine the effect
of temperature on the rate of domoic acid photodegradation,
experiments were performed at 5°C, 10°C, 15°C, and 20°C.
The photodegradation rate coefficients of domoic acid in-
creased from 0.12 h—* at 5°C to 0.15 h=t at 20°C (Fig. 4).
The activation energy for the photodegradation of domoic
acid was determined from the Arrhenius equation:

E.

In Ky = IN A =T 4
where T is the temperature (Kelvin), R is the genera gas
constant (8.314 J mol—* K-1), E, is the activation energy,
and A is the frequency factor. The temperature dependence
of the photodegradation of domoic acid is characterized by
an activation energy of 13 kJ mol—*. The observed increase
of the rate of domoic acid photodegradation with tempera-
ture indicates that this environmental factor must be taken
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Table 3. Daily integrated surface ultraviolet radiation (UV: 280—
400 nm), modeled seawater attenuation coefficient at 330 nm [Kj
(330 nm)], and modeled turnover rate constants for domoic acid
photodegradation k,, (d-*) for each location.*

UV (280-400) K, (330 nm) ko,

Location (kdm=2d-3) (mY) (d=9
Prince Edward Island 887 5.4 0.017
Washington State Coast 822 23 0.019
Monterey Bay, California 1,170 1.6 0.035

into account in estimation of the photochemical loss rates of
domoic acid in natura waters.

Quantum vyield determination—The wavelength depen-
dence of the quantum yield for domoic acid photodegrada-
tion was determined using monochromatic irradiation rather
than full-spectrum simulated sunlight. To our knowledge,
this is the first study to report the quantum vyield for the
photochemical degradation of an algal toxin. Since it appears
that domoic acid undergoes direct photochemical degrada-
tion, the quantum yield for the photodegradation of domoic
acid [®Pp.(A)] in an optically thin solution is given by the
following expression (Zepp 1978):

—(IN[DA]/[DA],)(V)t .
2.303E,(\)(A/V)e(M) ®)

where —(IN[DA]/[DA],)(A)/t is the wavelength-dependent
first-order rate coefficient for domoic acid (DA) photodeg-
radation, E,(A) (mol photons m=2 s71) is the irradiance, A is
exposed area (m?), V isthe volume of theirradiated cell (m?),
e(A) (L mol-* cm?) is the molar absorption coefficient of
domoic acid, and | (cm) is the radiation path length in the
irradiated cell.

The wavelength dependence of the quantum yields for the
photodegradation of domoic acid determined in DIW and
WBSW from 280 to 404.5 nm at 23°C = 1°C are presented
in Table 2. The ®,,(A) values determined in WBSW were
corrected for irradiation screening by CDOM not present in
DIW (Schwarzenbach et al. 1993). Quantum yields for do-
moic acid photodegradation varied from 0.032 to 0.20 in the
UV wavelength range in both seawater and DIW solutions.
For both solutions, no photochemical loss of domoic acid
was detected at 404.5 nm. As is the case with many other
marine photochemical reactions, radiation in the UV-B
(280-320 nm) is most effective at inducing domoic acid
photochemical degradation, whereas visible light has no ap-
parent effect. Quantum yields for domoic acid photodegra-
dation in both WBSW and DIW solutions showed the same
wavelength dependence. This was expected, since we found
that k... values determined in DIW and in WBSW were not
significantly different. Quantum yields for domoic acid pho-
todegradation found in this study are relatively high com-
pared to other direct marine photochemical reactions, such
as hydroxyl radical production from nitrate and nitrite pho-
tolysis (Jankowski et al. 1999). As a consequence, even if
domoic acid weakly absorbs in the solar radiation range (Fig.
2), it is readily photodegraded because of its high quantum
yields.
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Fig. 5. Representative plot of the modeled photodegradation

rate of domoic acid just below the surface plotted as a function of
wavelength for a concentration of 100 nmol L-* domoic acid at
Monterey Bay (MB).

Estimation of in situ photodegradation of domoic acid—
In this study, the potential in situ rates and turnover rate
constants for the photodegradation of domoic acid have been
estimated for various coastal locations using determined
quantum yields and modeled solar irradiance and attenuation
coefficient values for early-fall cloudless days. To our
knowledge, this is the first time that the in situ photochem-
ical degradation of a marine algal toxin has been modeled.
The photochemical degradation rate for any direct photo-
chemical process depends on the molar absorption coeffi-
cient of the compound, the quantum yields of the reaction,
and on highly variable local conditions such as solar irra-
diance, water optical properties, and water temperature (Za-
firiou et al. 1984). Vaues of ®,,(A) for the undetermined
wavelengths have been approximated by linear interpolation
of the ®,,(A) measured in this study. Since there is no avail-
able data set on the vertical distribution of dissolved domoic
acid in natural waters, calculations in this section were made
by assuming that the concentration of domoic acid (100
nmol L-*) was uniform throughout the interval depth con-
sidered. The wavelength dependence of the photodegrada-
tion rates of domoic acid, Po,(A, 0—) (nmol L~ d=* nm~?),
just below the water surface was calculated using the fol-
lowing expression using modeled solar irradiance [E(A,
0-)]:

Poa(A, 0—) = 2.303[DA]JEL(A, 0—)Ppa(A)e(A)  (6)

Calculated photochemical loss rates of domoic acid were
higher at Monterey Bay, since higher values of solar irra-
diance (see Table 3) have been estimated for this location.
As illustrated in Fig. 5, the results clearly demonstrate that
domoic acid photodegradation is initiated mainly by UV so-
lar radiation, primarily at wavelengths between 315 and 355
nm, with maximum photodegradation observed at about 330
nm. We calculated that UV-B potentially accounted for more
than 9% and UV-A for more than 90% of the total domoic
acid photodegradation near the sea surface. These results are
expected, since values of ®,,(A) have been found to tail
down to zero in the visible wavelength range (Table 2). Pho-
todegradation rates of domoic acid as a function of depth
Poa(A, 2 (mol L-* d=*) were computed using Eq. 7:
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Fig. 6. Modeled photodegradation rate of domoic acid as a
function of depth for a concentration of 100 nmol L-* domoic acid
at Prince Edward Island (PEI), Washington State Coast (WSC), and
Monterey Bay (MB).

400
Poa(A, 2) = f Py (A, 0—)e KaWz d) @)
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where K,()) is the spectral attenuation coefficients value es-
timated from remote sensing (SeaWIFS) measurements us-
ing the algorithm SeaUV. Vaues of K (A) calculated at 330
nm for each location are presented in Table 3. Values of
Poa(A, 2) were computed at every 1-m interval downto 5 m
in depth for the three different locations (Fig. 6). Higher
values were observed near the surface, where solar irradi-
ance is highest, and rates decrease rapidly with depth (Fig.
6). Domoic acid photodegradation was limited to the upper
few meters or centimeters of the water column. We calcu-
lated that P,,(A, 2) values fall to 1% of its surface values at
0.8, 2.3, and 3.4 m for Prince Edward Island, Washington
State Coast, and Monterey Bay locations, respectively. The
more rapid decrease of P,.(A, 2) with depth observed at
Prince Edward Island is directly related to the high K,(A)
values estimated for this location. In contrast to Washington
State Coast and Monterey Bay, which are located at a dis-
tance greater than 10 km away from the coast, Prince Ed-
ward Island is an inshore location highly influenced by ter-
restrial input of dissolved and particulate organic and
inorganic matter that influence K,(\).

The turnover rate constants k,, (d=*) were obtained by
dividing the vertically integrated (0—5-m) daily photochem-
ical loss of domoic acid [§ Ppa(A, 2) dz (moles DA m—2d-?)
by the concentration of domoic acid integrated over the
depth interval considered [DA], s (moles DA m—2):

5
f Poa(A, 2) dz
o]

= 8

" AL ©

Calculated k,, values ranged from 0.017 to 0.035 d-* for
the locations considered (Table 3). Therefore, from 1.7% to
3.5% of the standing dissolved domoic acid concentration in
the top 5 m of the water column was photochemicaly re-
moved on a daily basis. The purpose of this modeling ex-
ercise was an initial attempt to evaluate the relative impor-
tance of photochemical reaction as a sink for dissolved
domoic acid in natural waters. Further work using in situ
measurements in bloom conditions of the solar irradiance

intensity, the spectral attenuation coefficient of the water col-
umn, and dissolved domoic acid concentrations are needed
to achieve more redlistic calculations of the rate of photo-
degradation of domoic acid.

The findings of our study are noteworthy from several
points of view. First, we have shown that domoic acid is
most likely photodegraded via a direct photochemical path-
way. Thus, the molar absorption coefficient and quantum
yield of domoic acid reported in this article can be used to
predict the photochemical loss rate of this compound for
other locations and times of the year. Second, we have dem-
onstrated that photodegradation is an environmentaly im-
portant sink for dissolved domoic acid, since it is degraded
by sunlight in seawater on a time scale of days. However,
in order to assess whether photochemical removal is a dom-
inant sink for dissolved domoic acid, other sinks, such as
bacterial consumption, adsorption to particles, and dilution,
need to be quantified in field conditions.
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