
Contents lists available at ScienceDirect

Harmful Algae

journal homepage: www.elsevier.com/locate/hal

Chattonella subsalsa (Raphidophyceae) growth and hemolytic activity in
response to agriculturally-derived estuarine contaminants

Stacie L. Flood⁎, JoAnn M. Burkholder
Center for Applied Aquatic Ecology, North Carolina State University, Raleigh, NC, 27606, USA

A R T I C L E I N F O

Keywords:
Atrazine
Chattonella subsalsa
Estuaries
Hemolytic activity
Multiple stressors
Nitrogen
Phosphorus

A B S T R A C T

The potential for toxic contaminants and nutrient pollution to alter natural cycles of estuarine phytoplankton
blooms is well known, yet few studies have examined how these combined stressors affect harmful algal species.
Here, a robust testing protocol was developed to enable an ecotoxicological assessment of responses to com-
monly co-occurring estuarine contaminants by harmful algal bloom species. The population growth and toxicity
(as cell density and hemolytic activity, respectively) of a cultured strain of the toxigenic raphidiophycean,
Chattonella subsalsa, were assessed in two experiments (duration 10 days and 28 days) across a gradient of
atrazine concentrations and N:P ratios simulating nutrient-rich versus nutrient-depleted regimes. The response of
this large-celled, slowly growing alga to atrazine×nutrients depended on growth phase; atrazine was most
inhibitory during early exponential population growth (day 10), whereas nutrient regime was a more important
influence during later phases of growth (day 28). Without atrazine, toxicity toward fish was highest in low-P
cultures. At atrazine levels> 25 μg L−1, hemolytic activity was highest in low-N cultures, and increased with
increasing atrazine concentration in all nutrient-limited cultures. Hemolytic activity varied inversely with
atrazine concentration in N,P-replete conditions. Overall, atrazine inhibitory effects on population growth of this
C. subsalsa strain depended on the growth phase and the nutrient regime; hemolytic activity was higher and
further enhanced by atrazine in low N-P regimes; and atrazine inhibited hemolytic activity in nutrient-replete
conditions. The data suggest that, depending on the growth phase and nutrient regime, atrazine can help pro-
mote toxic C. subsalsa blooms.

1. Introduction

Coastal zone estuaries and wetland habitats are among the most
highly stressed natural systems in the world due to rapid urbanization
and development of coastlands, and concomitant pollution from land-
based runoff (Scott et al., 2006; U.S. EPA, 2016a). About two-thirds of
the nation's coastal areas and more than one-third of the nation's es-
tuaries have shown impairment from nutrient (nitrogen, N, and phos-
phorus, P) pollution (U.S. EPA, 2016b). As anthropogenic nutrient
pollution increases, many estuarine and marine coastal waters are
sustaining more frequent and extensive harmful algal blooms (HABs)
(Hallegraeff, 1993; Glibert et al., 2005a,b; Heisler et al., 2008). Eu-
trophication is now recognized as one of the most important factors
contributing to the global expansion of HAB species (Burkholder, 1998;
Glibert et al., 2005a,b; Heisler et al., 2008). High levels of phosphate
loading relative to dissolved inorganic nitrogen have been related to the
increased occurrence of harmful algal species such as toxigenic raphi-
dophyceans (Heterokontophyta, Raphidophyceae; Lewitus and
Holland, 2003; Lewitus et al., 2003). Such inorganic N:P stoichiometric

imbalances, coupled with high N and P supplies, are prevalent in many
coastal waters worldwide (Pelley, 1998; Bricker et al., 2008;
Burkholder and Glibert, 2013), along with many other chemical pol-
lutants such as herbicides (Hapeman et al., 2002; Peters et al., 2005).

Among these, atrazine (1-chloro-3-ethylamino-5-isopropylamino-
2,4,6-triazine) is the second most commonly used herbicide in the U.S.,
and the most common surface water contaminant (Gilliom et al., 2006;
Ryberg et al., 2010). This herbicide is a photosynthetic inhibitor which
works by blocking electron transport in photosystem II (DeLorenzo
et al., 2001; Vencill, 2002), and can elicit effects similar to nutrient
dificiency in exposed algal populations (Weiner et al., 2007). It has
been found at environmental concentrations as high as 1000 μg L−1 in
surface waters adjacent to treated fields (deNoyelles et al., 1982;
Pennington et al., 2001). Stormwater runoff in the Chesapeake Bay
region, for example, has contained concentrations as high as 480 μg L−1

(Eisler, 1989; Lehotay et al., 1998), and in other estuaries concentra-
tions above 10 μg L−1 are commonly reported (e.g. Starr et al., 2017).

Little is known about herbicide effects on harmful algal species,
which can be difficult to culture and are rarely used in toxicity testing
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(Thursby et al., 1993; Lytle and Lytle, 2001). Still less is known about
the response of harmful algal species to co-occurring contaminants such
as atrazine and nutrients (Flood et al., 2018). Autecological and eco-
toxicological studies of harmful algae are needed to gain insights about
the mechanisms which lead to toxic blooms, and which regulate toxi-
city in coastal waters that are increasingly contaminated by chemical
substances from human-related activities.

This study is the first to assess interactive effects of nutrients and
atrazine exposure on the growth and toxicity of the harmful species,
Chattonella subsalsa B. Biecheler. Species of Chattonella are widely dis-
tributed in temperate and subtropical/tropical estuarine and marine
waters worldwide, and frequently have been linked to fish kills in some
regions (e.g., Shimada et al., 1983; Hallegraeff et al., 1998; Imai et al.,
1998; Cortés-Altamirano et al., 2006; Zhang et al., 2006; Imai and
Yamaguchi, 2012; Lewitus et al., 2012). Recently, C. subsalsa blooms
were linked to fish kills in eutrophic waters of coastal South Carolina in
the southeastern U.S. as well (Lewitus et al., 2003, 2008). The aute-
cology of C. subsalsa remains largely under-investigated, but this species
appears to be especially well-adapted to thrive in shallow, eutrophic,
turbid habitats (Zhang et al., 2006; Band-Schmidt et al., 2012). Re-
garding toxicity, Chattonella spp. can produce ROSs (e.g., hydrogen
peroxide, superoxide, and hydroxyl radicals) at levels about 100-fold
higher than other microalgal species (Marshall et al., 2005a). These
ROSs can greatly enhance the toxicity of hemolytic free fatty acids such
as eicosapentaenoic acid, which occurs at high levels in C. subsalsa and
other raphidophyceans (Marshall et al., 2002). Here, the population
growth and toxicity (as hemolytic activity) of a cultured strain of C.
subsalsa were assessed across a concentration gradient of atrazine in
nutrient-poor versus nutrient-rich regimes, using longer experimental
durations (10 and 28 days) than in standard ecotoxicology assays to
account for the slow growth of this large-celled organism. It was hy-
pothesized that C. subsalsa response to atrazine would vary depending
on its growth phase and the nutrient regime. It was also expected that
exposure to low atrazine concentrations would act as a stressor that
enhanced toxicity in this C. subsalsa strain, as has been shown for
various harmful algae in response to other stressors (Varkitzi et al.,
2010; Glibert et al., 2005a).

2. Materials and methods

2.1. Experimental organism

Strain CCMP2191 of Chattonella subsalsa was obtained in unialgal,
non-axenic culture from the National Center for Marine Algae and
Microbiota (Bigelow Laboratory for Ocean Sciences, East Boothbay,
ME, USA) on 11 February 2009. It was originally isolated on 13 August
2001 from the Indian River Bay, Delaware, USA. This organism is a
relatively large flagellate (length and width up to 50 μm and 25 μm,
respectively; Hallegraeff and Hara, 2003), with highly variable shape
due to the lack of a rigid cell wall (Band-Schmidt et al., 2012; Graham
et al., 2016). The fragile cells are morphologically plastic and the cell
shape is frequently lost with fixation, making identification difficult if
based solely on morphological characteristics of preserved samples
(Band-Schmidt et al., 2012). This species has broad environmental
tolerances; it grows well at temperatures ranging from 10° to 30 °C, and
salinities of 5–30, with optima (although strain-dependent) reported at
20–30 °C and salinities of 15–25 (Zhang et al., 2006). Like many other
microalgae under environmentally unfavorable conditions, C. subsalsa
forms cysts (benthic stage), which can remain dormant for months to
years. This ability to remain a member of the “hidden flora” (Smayda,
2002) means that previous blooms can leave “seed” populations as cysts
for years until conditions become favorable for germination. Thus, C.
subsalsa may remain undetected and then suddenly become dominant
in the plankton and potentially lethal to aquatic life (Imai et al., 1991,
1998; Imai and Yamaguchi, 2012).

Other characteristics of C. subsalsa (based, however, on assessment

of few strains) that were important considerations for this work are its
slow growth, its mixotrophic capabilities (Jeong et al., 2010), and its
toxin production (Bourdelais et al., 2002). The maximum nutrient-sa-
turated growth rate of this species is ∼0.2–1.26 divisions day−1 (e.g.,
Zhang et al., 2006; Band-Schmidt et al., 2012; Imai and Yamaguchi,
2012), and it is generally considered to be a large, slowly growing
flagellate. Half-saturation constants (Ks) for C. subsalsa have been re-
ported at 0.84 μM for PO4

3, 8.98 μM for NO3
− and 1.46 μM for NH4

+,
indicating that this raphidophycean can use low concentrations of
NH4

+ more efficiently than NO3
− (Zhang et al., 2006). Moreover, it

appears to attain higher biomass (∼double) when NH4
+ is the major

inorganic N source (Zhang et al., 2006). Organic forms of N (e.g.,
glutamic acid) and phosphorus (P, e.g. ATP/ADP, adenosine tripho-
sphate and adenosine diphosphate, respectively) can be used by C.
subsalsa, as well as inorganic N and P forms (Zhang et al., 2006;
Yamaguchi et al., 2008). In addition to photosynthetic carbon assim-
ilation, C. subsalsa can consume coccoid unicellular cyanobacteria, and
possibly other small (< 2 μm) organisms, but phagotrophy is appar-
ently limited to the size of the mucocyst openings on the cell surface
which are believed to be the sites of ingestion (Jeong et al., 2010,
Jeong, 2011).

2.2. Culture conditions

Batch cultures of Chattonella subsalsa strain CCMP2191 were
maintained in 500-mL Erlenmeyer flasks containing 250mL of salinity
20-modified L1–Si medium (Guillard and Hargraves, 1993) at 24 °C
(ambient air temperature) and 106.31 (± 26.16) μmol photons of
photosynthetically active radiation (PAR) m−2 s−1 (cool white fluor-
escent tubes) under a 16:8 h light:dark cycle. Cultures were sterile-
transferred under a laminar flow hood every 10–15 days as needed to
maintain log growth phase. Bacterial densities remained low (below
detection) between transfers based on subsamples examined under light
microscopy. All media (culture and test) were prepared by adjusting the
salinity of ultrapure Milli-Q water (18MΩ cm−1 at 25 °C) with Instant
Ocean® artificial sea salts (Aquarium Systems, Blacksburg, VA, USA) to
the desired level, adjusting the pH as necessary to 8.1 (± 0.2) using
HCl or NaOH, and adding trace mineral and vitamin solutions following
autoclaving. Light was measured using a Biospherical QSL 101
quantum lab sensor (BSI, San Diego, CA, USA); salinity was measured
using a YSI model 3200 conductivity/salinity bridge and cell (YSI
[Yellow Springs Instruments], Yellow Springs, OH, USA); and pH was
measured using an Orion Versa Star Pro® multi-parameter meter
equipped with an Orion ROSS® Sure-Flow pH electrode (Thermo Sci-
entific, Waltham, MA, USA). Trace mineral and vitamin solutions were
sterile filtered (Whatman® Puradisc cellulose acetate syringe filter,
nominal pore size 0.2 μm, Sigma-Aldrich, St. Louis, MO, USA), added to
the autoclaved media aseptically, and the final media was vacuum-fil-
tered (Corning® cellulose acetate filter, 0.22 μm nominal pore size,
Sigma-Aldrich) before storage at 4 °C for no more than 30 days. All
equipment was initially cleaned by scrubbing in hot, soapy tap water.
All glassware and non-plastic equipment used in culturing and experi-
ments was rinsed with pesticide-grade acetone before use, and all
glassware and any non-metallic equipment used was cleaned in 10%
HCl (v/v). All equipment was sterilized by autoclaving before use.
Testing and culture transfers and media prep were conducted using
aseptic techniques, and algal observation and testing methods were
initially developed and optimized using Dunaliella tertiolecta as de-
scribed in Flood et al. (2018). Stock cultures were maintained at 106
(± 26) μmol photons m−2 s−1 and a 16:8-h light:dark period
throughout the experiments, and were gently swirled once daily.
Bioassays (controls and test cultures) were maintained on a culture rack
under a fluorescent light bank. All cultures in bioassays were gently
swirled by hand and randomly repositioned daily using computer de-
rived culture positioning, to avoid any effects from possible differential
light exposure.
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2.3. Optical density versus direct cell counts

Samples (1 mL) were randomly withdrawn from each parent culture
and thoroughly vortexed before absorbance was read on a Thermo
Scientific Spectronic GENESYS 2 spectrophotometer (Thermo
Scientific) using a freshly wiped Hellma® quartz cuvette (Sigma-
Aldrich) with a 10-mm pathlength. All absorbance measurements for
OD were performed in duplicate and adjusted using a media blank
(made using fresh media) as a measurement baseline. Preceding all
testing procedures, the absorbance of the parent culture of C. subsalsa
was scanned, and the three highest peaks were selected as the most
appropriate wavelengths for analysis of a series of 8-point dilution
curves, using progressive dilutions of stock culture in growth media.
The curve that produced the ΔOD/ΔPD [the change in optical density
divided by the change in population density; (Sorokin, 1973)] closest to
unity (1) was used to determine the growth rates from each stock cul-
ture for each strain tested. Observations of C. subsalsa under light mi-
croscopy indicated that the cells were similar in appearance across
nutrient and atrazine gradients during assays, so that OD-to-cell density
relationships were consistent. It should be noted that bacterial growth
was comparable and below detection in the cultures, so that bacterial
contamination did not affect the OD data.

Because C. subsalsa cells are fragile and become deformed or lyse
easily upon exposure to standard preservatives (Band-Schmidt et al.,
2012), a “fast-kill” preservative was used (1% HEPES-buffered paraf-
ormaldehyde with 1% glutaraldehyde; Katano et al., 2009). Preserva-
tion was adequate to preserve cells for ∼1 week without appreciable
cell distortion or loss while preparing dilution curves immediately be-
fore each experiment. Counts to determine ΔPD were obtained by col-
lecting random 1-mL samples from the parent culture. Cells were
quantified from subsamples under light microscopy using a Reichert
Bright-Line phase contrast hemocytometer with improved Neubauer
rulings (Hausser Scientific No. 1475, Horsham, Pennsylvania, USA)
(Guillard, 1973). Two well mixed 100-μL samples were assessed by
counting 18 grids or a minimum of 400 cells. The wavelength that
produced the highest correlation between absorbance and cell numbers
of the stock culture was used to monitor population density and cal-
culate growth rates for the duration of the experiment. All modeled
OD:cell number relationships used had a minimum observed r2

value>0.95 (e.g., Fig. 1).

2.4. Population growth rate

Net cell-specific growth rates (day−1) were modeled using OD fol-
lowing Sorokin (1973). Samples were collected in duplicate daily from
gently hand-swirled culture flasks and measured in a clean, wiped
quartz cuvette as described above. A media blank served as a baseline
measurement. The OD was converted to population density (PD), data
were log-transformed (log10+ 1), and the linear portion of the growth
curve (slope= ak) was used to calculate growth rate k (Sorokin, 1973;
Pennington and Scott, 2001):

k= ak* 3.322 (1)

2.5. Bioassays

Concentration-response bioassays were conducted to describe the
effects of atrazine exposures and imbalanced versus balanced nutrient
levels on the population growth rate of the tested Chattonella subsalsa
strain, using the Redfield ratio (TN:TP – ratio by weight 7:1, atomic
ratio 16:1; Redfield, 1934, 1958; Harris, 1986) as balanced. Three nu-
trient regimes were used including low N, low P, and N- plus P-replete
media (below). During many direct observations of C. subsalsa in
bioassay subsamples, bacterivory on the sparse bacterial populations
was not observed, although C. subsalsa has been reported to consume

bacteria (Jeong, 2011).
Analytical-grade atrazine standards (CASRN 1912-12-9,> 98%

purity) were obtained from ChemService (West Chester, PA, USA), and
stock solutions were prepared in 100% pesticide-grade acetone (Fisher
Scientific, Fair Lawn, NJ, USA). Chemical stocks were diluted in pes-
ticide-grade acetone to desired final concentrations and were in-
troduced into fresh, sterile culture media aseptically under a laminar
flow hood. Testing doses were administered to obtain a final con-
centration of 0.1% (v/v) acetone in each replicate, with exception of a
solvent-free media control series which was included for all treatments
(n= 3) in all assays. Controls and treatments were incubated in 50-mL
Erlenmeyer flasks, filled to 25mL and capped with foil. Five con-
centrations of atrazine were used to develop response curves (12.5, 25,
50, 100 and 200 μg atrazine L−1, in addition to the media and solvent
controls). Exposure levels were selected based on range-finding test
estimates in preliminary work, and were designed to expose C. subsalsa
to concentrations with 0% and 100% growth inhibition effects.

The three nutrient regimes were as follows: To assess low-nutrient
effects, three inorganic N: inorganic P supply ratios (molar basis; se-
lected based on deviations from the Redfield Ratio as explained above)
were prepared, including 1:1, N-limited (Low N=2.0 μM NO3

−N,
2.0 μMPO4

−3 P); 160:1, P-limited (Low P=32 μM NO3
−N,

0.2 μMPO4
−3 P); and 16:1, nutrient-replete (32 μM NO3

−N,
2.0 μMPO4

−3 P) media. Each low-nutrient treatment series contained
corresponding solvent and media controls. These ratios and con-
centrations encompass conditions reported in estuarine and coastal
marine waters (e.g., Burkholder et al., 2007a,b, 2008 and references
therein). Nitrate was used in media rather than ammonium because this
approach provided for continuity of media preparation procedures
without alteration to the base L1 media recipe across multiple assay
platforms (Flood et al., 2018).

Nutrient× herbicide effects were assessed using the above assay
procedures in a simultaneously run, three-way bioassay format. Two
separate experiments were conducted. The first was for a 10-day
duration which corresponded to early exponential growth, but it was
noted that low nutrient conditions had just been achieved by the end of
that experiment (Fig. 2). Therefore, a second experiment was conducted
for 28 days, at which point cultures were in late-to-post exponential
growth, to enable improved assessment of C. subsalsa response to the
low-nutrient regime.

Each assay included 63 50-mL flasks in identical set-up, inoculation
and chemical preparation approaches as described above, but varied in
culture media nutrient additions. Testing procedures were derivations
on the standard 96-h static algal toxicity bioassay protocols (American
Society for Testing and Materials (ASTM), 1996), and were extended to
assess 10- and 28-day endpoints. The 10-day endpoint was used to
evaluate growth and hemolytic responses (below) of C. subsalsa to
treatments during early exponential growth phase and a 28-day end-
point was used to enable assessment of treatment effects during late
phase growth under nutrient depletion, which can take 14 days or
longer to observe in Chattonella spp. (Kim et al., 2004; Yamaguchi et al.,
2008). Growth of C. subsalsa was slow in comparison to bioassays
conducted with the small green flagellate, Dunaliella tertiolecta (Chlor-
ophyta) (replete media Kmax= 0.95 div day−1 versus 2.04, respec-
tively), in work to develop the general test platform for these assays
(see Flood et al., 2018). In assays with C. subsalsa, the lag phase con-
tinued for 48 to 72-h post-inoculation, and exponential growth did not
begin to occur until about 96-h post-inoculation. Therefore, 96-h
bioassay protocols commonly used in standard toxicity testing were not
considered appropriate to assess effects of atrazine× nutrient stress,
and were modified to accommodate the slow growth of this test species.
The 96-h half-maximal inhibition concentrations (IC50) were calculated
in this work to facilitate comparisons of atrazine tolerance and sensi-
tivity reported in the literature for other organisms, but these values are
presented with the caveat that the 96-h endpoint may not effectively
capture the most ecologically relevant response of C. subsalsa to the
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treatments. These analyses instead emphasized responses to treatments
at endpoints that were 10 days and 28 days post-exposure.

For all experimental assays, when stock culture of Chattonella sub-
salsa was in exponential growth phase (assessed by periodic direct cell
counts), test and control cultures were inoculated into foil-capped
Erlenmeyer flasks under aseptic conditions to attain initial cell densities
of ∼1.5× 103 cells mL−1 (10-day assay) or 1.0× 103 cells mL−1 (28-
day assay) in all experimental cultures and controls. Initially in ex-
periments, the cultures were not nutrient-limited (as they had been
taken from nutrient-replete stock culture), the cells were in exponential
growth phase, and all cells had the same nutritional history. The in-
oculum was less than 5% of the total test culture volume (that is, less
than 1.25mL) to minimize the influence from the high nutrient levels in
the stock culture on controls and treatments. Time-series testing began
when C. subsalsa was added to testing media, and samples were col-
lected immediately following inoculation (0 h) to assess the initial OD.
Samples (n= 2) for OD measurements were taken during the assays at
equally spaced daily intervals for the first 4 days following inoculation
(0, 24, 48, 72, and 96 h), and then every third day for the remainder of
the test duration. Immediately before each sample was taken, flasks
were gently swirled by hand for 30–60 s, and then 1mL was gently,
randomly siphoned using a sterile transfer pipette and aseptically

removed for OD measurement.
For each sample taken from control and test replicates, growth of C.

subsalsa was determined by spectrophotometric determination of OD.
The OD was then converted to cell density using equations derived from
direct cell count: optical density relationships that had been established
using the parent culture within one week prior to the test initiation, as
described above. The percent inhibition (%I) of algal growth at each
atrazine concentration was calculated by comparing mean growth rates
for each treatment to the respective solvent controls for the treatment,
as follows:

⎜ ⎟= ⎡

⎣
⎢ − ⎛

⎝
⎞
⎠

⎤

⎦
⎥

k
x

%I 1 ·100
ksolvent control (2)

where k is the growth rate of the pertinent sample, calculated as de-
scribed previously. Nominal concentrations of pesticide were quantified
with enzyme-linked immunosorbent assay (ELISA) at the initiation and
conclusion of each bioassay with enzyme-labeled paramagnetic parti-
cles of atrazine (method detection limit for atrazine=0.046 μg/L; SDI,
Delaware, MD, USA; see Flood, 2017 Appendix for raw ELISA data and
QA/QC determination). The accuracy of this method has been shown to
be comparable to gas chromatographic quantification of atrazine

Fig. 1. Example of the modeled relationships between (A) optical density (OD) versus dilution at 415 nm, and (B) C. subsalsa cell number versus absorbance at
415 nm, used to monitor population growth in atrazine inhibition assays.
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concentrations in surface water samples (Gascón et al., 1997).
Salinity and pH were checked at test initiation and conclusion to

ensure that changes were within acceptable limits (salinity 20 ± 1, pH
8.1 ± 0.2) based on the test platform developed by Flood et al. (2018).
At assay initiation, all cultures were inoculated from the same parent
culture. Solvent controls showed similar growth as the media-only
controls for all tests (Fig. 2), so the solvent controls were used as the
baseline activity for subsequent analytical comparisons.

2.6. Protocols for assays of hemolytic activity

Several mechanisms have been suggested for Chattonella toxicity to
fish, including production of neurotoxic brevetoxins or brevetoxin-like
substances (Ahmad, 1995; Khan et al., 1995, 1996; Bourdelais et al.,
2002; Band-Schmidt et al., 2012); a synergistic interaction between
reactive oxygen species (ROSs) and free fatty acids (FFAs) (Marshall
et al., 2003, 2005a; also see Oda et al., 1992, 1997; Ishimatsu et al.,
1996a,b; Kim et al., 2005, 2006, 2007); and gill damage by unidentified
hemolytic substances (Shimada et al., 1983) or polyunsaturated fatty
acids (Marshall et al., 2002) which can have hemolytic effects (Fu et al.,
2004); and physical clogging of gills (Matsusato and Kobayashi, 1974).

Hemolytic effects are common (Shimada et al., 1983; Ahmed et al.,
1995; Kuroda et al., 2005; Pistocchi et al., 2012). Bioactive substances
released by Chattonella spp. have also adversely affected diatoms
(Matsuyama et al., 2000) and dinoflagellates (Fernández-Herrera et al.,
2016), allowing these relatively large and slowly growing flagellates to
become dominant under conducive conditions.

The lack of chemical structure analysis for toxins from C. subsalsa
prevented analysis of toxicity by toxin quantification. As a proxy for the
toxic potential of the control and test cultures, erythrocyte lysis assays
(ELAs, developed for 96-well microtiter plates with well volume 120 μL;
Eschbach et al., 2001; Kuroda et al., 2005) were modified for use with a
larger sample volume (1mL microcentrifuge tubes), and then ELAs
were performed using freshly prepared fish erythrocytes to characterize
the hemolytic activity (HA) of C. subsalsa. From this test, it was inferred
that high HA indicated relatively higher toxicity, and low HA indicated
relatively lower toxicity.

2.6.1. Blood collection and erythrocyte preparation
The blood from randomly selected, healthy adult tilapia

(Oreochromis niloticus) was examined under light microscopy prior to
experiments to ensure that it contained healthy erythrocytes and

Fig. 2. Growth curves for Chattonella subsalsa (A) 10-day and (B) 28-day bioassays with atrazine under nutrient-replete conditions. Data are given as means+1 SE;
some SEs were too small to be evident.
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showed no evidence of disease. The fish blood was used in tests of
hemolytic activity in this strain of C. subsalsa strictly from a compara-
tive standpoint (control conditions without the alga versus treatment
with the alga). Fish were anesthetized with a pH-adjusted 0.02% (w/v)
solution of aminobenzoic acid ethyl ester [Tricaine™ (MS-222) (Sigma-
Aldrich, St. Louis, MO, USA)] in transport water. Blood was collected by
gill puncture as follows:

Anaesthetized fish were placed on wet towels and blood was col-
lected using a Pravaz No. 1 needle. Approximately 5mL of blood per
fish was collected into a 10-mL syringe prefilled with 5mL of pH-ad-
justed (7.2) RPMI 1640 media (without phenol red), diluted to 10% (v/
v) with Milli-Q water (to adjust for fish serum osmolarity), and sup-
plemented with 50 IU sodium heparin salt (Sigma-Aldrich) added as an
anticoagulant. Blood samples were transferred to 15-mL centrifuge
tubes and gently hand-agitated by inverting two or three times. Red
bloods cells were then separated from serum by gentle centrifugation
(2100 rpm at 4 °C for 5min) and washed by replacing supernatant with
fresh media until the supernatant appeared clear after gentle mixing.
Whole, washed erythrocytes were diluted 1:10 with RPMI 1640 culture
medium containing 22.5 IU sodium heparin anticoagulant mL−1.
Erythrocytes (∼107 cells mL−1) were stored at 4 °C for no more than
10 days, based on preliminary work wherein microscopic observations
and spectrophotometric measurements (λ=414 nm) indicated no no-
ticeable lytic activity over that duration. The erythrocytes were re-
suspended daily until use.

2.6.2. Preparation of algal extracts
Because the hemolytic component of Chattonella is likely light-ac-

tivated (Kuroda et al., 2005), all hemolytic (ELA) preparation and
procedures were conducted at 4 °C (Eschbach et al., 2001) under con-
tinuous fluorescent lighting (30 μmol photons PAR m−2 s−1). Following
10-day or 28-day assay endpoint OD measurements, Chattonella subsalsa
cells were immediately centrifuged (IEC Centra-CL2, Needham Heights,
MA, USA) for hemolytic analysis. Because of the low cell densities in
high atrazine treatments, treatment replicates were pooled prior to
extraction procedures as described below. Before replicates were
pooled, they were checked to ensure that the variation in cell density
and hemolytic activity between individual replicates was less than the
variation between treatments (F-test, p < 0.05), following counsel
from Dr. C. Arellano, Department of Statistics, NCSU. The low variation
supported the validity of pooling the data. All remaining culture from
two of the three replicates was transferred to a 50-mL centrifuge tube
(which could fit the volume of only two replicates at a time) and spun at
2000 rpm for 10min, during which time a cell pellet accumulated. The
supernatant was carefully removed by pipetting and the volume of third
test replicate was added and centrifuged, thus consolidating all cells
from all three replicates of a control or a treatment into one pellet
(n= 21 different pellets for assessment of treatment effects, including 5
concentrations and solvent and media controls for 3 different nutrient
regimes).

Once the three replicates had been combined into a single visible
cell mass, the pellet was gently aspirated and rinsed using cold, pH-
adjusted, sterile ELA buffer (150mM NaCl, 3.2mM KCl, 1.25mM
MgSO4, 3.75mM CaCl2, and 12.2mM Trisma base [TRIS], pH-adjusted
to 7.4 with 1N HCl), and re-consolidated by centrifugation as above.
The supernatant was again carefully removed, and the pellet was re-
suspended and rinsed in cold assay buffer (for a total of three rinses) to
remove any residual test medium. The cell pellet was then resuspended
in 5mL of assay buffer, and the tube contents were transferred to a
sterile, acid-stripped, 20-mL glass beaker. An additional 10 mL of assay
buffer was added to the centrifuge tube to rinse any remaining cells into
the beaker. The beaker contents were sonicated for 30 continuous
seconds at amplitude 45 on a 20 kHz Sonic Dismembrator (Fisher
Scientific Model 550, Fisher Scientific, Pittsburgh, PA, USA). The so-
nicated pellet was used immediately in ELAs.

2.6.3. Hemolytic assays
The modified ELAs used for analysis of hemolytic activity by

Chattonella subsalsa were conducted in 1-mL conical microcentrifuge
tubes. Algal cellular contents were extracted as described above, and
equivolume amounts of erythrocytes and algal sample (300 μL) were
added to a microcentrifuge tube (to enhance pellet formation; n=3)
and incubated for 24 h at 4 °C and 30 μmol photons PAR m−2 s−1.
Microcentrifuge tubes were then spun at 1250 rpm for 10min in a re-
frigerated microcentrifuge (4 °C; Micromax RF, IEC, Needham Heights,
MA, USA). Erythrocytes were also incubated in an equal volume of
assay buffer alone as a negative control, and in an equal volume of
20 μgmL−1 saponin solution (Sigma-Aldrich preparation from the soap-
bark tree Quillaja saponaria, a known hemolytic compound) which was
microscopically verified to cause 100% lysis of red blood cells and
served as a positive control. The microcentrifuge tube supernatant was
transferred to a quartz cuvette for measurement of sample absorbance
(wavelength 414 nm, based on preliminary scans of initial preparations
of lysed erythrocytes which showed the highest hemoglobin absorbance
peaks, following Eschbach et al., 2001). The change in absorption at
414 nm following exposure to sonicated cells was used to measure he-
moglobin released by lysed erythrocytes as a result of toxic activity of C.
subsalsa, using the following normalization equations:

=cells mL V V N[( / )·( )·( )]centrifuged well (3)

⎜ ⎟
⎛
⎝

− ⎞
⎠

=
sample x

x
hemolysis·100 %negative control

positive control (4)

⎛
⎝

⎞
⎠

=hemolysis
N

Normalized Lytic Value% ·10 (NLV )5
(5)

wherein V( )centrifuged was the total volume of culture centrifuged to form
assay pellets, and V( )well (volume added to well) was 0.300mL (300 μL).

2.7. Statistical analyses

All statistical analyses were performed using JMP software (version
12.2.0, SAS Institute, Cary, NC, USA). Normality of the data was
checked with the Shapiro-Wilks test, and Bartlett's test for unequal
variance was used to check variation. The only sample which failed
normality checks was the low P series on day 4 of the 10-day assays.
Analysis of variance (ANOVA) comparing nutrient and herbicide effects
on growth considered the data from day 10 from that assay series, and
day 28 from the 28-d assay series. The 10-day and 28-day bioassays
were independently analyzed.

Atrazine effects on growth were determined using a one-way ana-
lysis of variance (ANOVA). No-observed effect concentrations (NOECs)
and lowest-observed effect concentrations (LOECs) were determined
(p < 0.05) using Dunnett’s procedure for multiple comparisons to de-
termine which specific treatments differed significantly from controls
(Zar, 1999). Atrazine× nutrient comparisons were analyzed by two-
way ANOVAs using nutrient levels and herbicide concentration as the
fixed effects, and growth rate or normalized hemolytic activity as the
dependent variable. The F statistic and associated P value for the in-
dependent variables and the interactions between them were also re-
ported. Inhibition concentration point estimates of sublethal toxicity
(IC50s) were based on growth rates, and were calculated using the In-
hibition Concentration linear interpolation (ICp) method of Norberg-
King (1993):

= + − − −
−

+

+
ICp C M p M C C

M M
[ (1 /100) ] ( )

( )J J
J J

J J
1

1

1 (6)

wherein:

CJ ≡tested concentration whose observed mean response is
greater than M1 (1-p/100);
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CJ+1 ≡tested concentration whose observed mean response is less
than M1(1-p/100);

M1 ≡smoothed mean response for the control;
MJ ≡smoothed mean response for concentration J;
MJ+1 ≡smoothed response for concentration J+1;
p ≡percent reduction in response relative to the control

response; and
ICp ≡estimated concentration at which there is a percent

reduction from the smoothed mean control response. The ICp
is reported for the test together with the 95% confidence
interval calculated by the ICPIN.EXE program.

Results were generated using bootstrap methods to derive point
estimates and confidence intervals from no fewer than 80 resamplings
(Efron, 1982).

3. Results

3.1. Growth

Media controls in the shorter-term (10-day) assay more than dou-
bled in cell density relative to initial measured values by 96-h
(1.3 ± 0.2× 103 cells mL−1 at hour 0 versus 2.8+0.3×103 cells
mL−1) and had an almost 200% increase in density by day 10
(4.0 ± 0.3× 103 cells mL−1) (Fig. 2). Controls in the longer-duration
bioassays (28 days) began to decrease in cell density after day 23 (re-
plete media x =7.4 *104 ± 3.0× 103 on day 23 and replete media
x =5.1 *104 ± 2.5× 103 on day 28). Some differences in the two
experiments (10 days versus 28 days) were expected, considering that
the inoculation cell densities were higher in the 10-day experiment
(∼1.5× 103 cells mL−1, vs. 1.0× 103 cells mL−1 in the 28-day ex-
periment), which also would have resulted in substantially more algal
biomass initially in the 10-day experiment. Controls in nutrient-replete
(Redfield ratio) media remained in lag phase for the first 48–72 h, and
then increased in cell density until day 23 (Fig. 2). Exponential growth
occurred approximately during days 4 through 20, and slowed post-day
20. Growth in nutrient-replete cultures was similar to that in “nutrient-
limited” cultures for the first seven days, reflecting the extended in-
fluence of the nutrient supplies added with the initial parent stock so-
lution of Chattonella subsalsa. Thereafter, effects of nutrient depletion
were observable in controls (Fig. 3).

3.2. Atrazine effects

Atrazine concentration significantly affected the growth of
Chattonella subsalsa in nutrient-replete media at all time points after 96-
h (Dunnett’s test for multiple comparisons, p≤ 0.05) as shown by IC50s
(Tables 1 and 2). In the 28-day assays, overall sensitivity to atrazine
decreased until day 4 (96-h IC50 36 μg L−1), and increased post-day 15
(28-d IC50 130 μg L−1) – although there was no observed herbicide
degradation based on ELISA checks of test samples on day 28. Effective
dose estimates for C. subsalsa in nutrient-replete media initially in-
creased rapidly before leveling off, and growth responses to atrazine
were similar on days 15–28 (IC50 range= 105.3–130.8 μg L−1). Atra-
zine effects on cell growth in nutrient-replete media followed typical
dose-response curves after days 7–10. In the 10-day assay, nutrient-
replete C. subsalsa cultures were most resistant to atrazine at 96-h
(IC50= 187 μg L−1), and sensitivity to atrazine increased continuously
until day 10 (IC50= 46.9 μg L−1; Table 1). In the 28-day assays with
nutrient-replete media, higher atrazine (100–200 μg L−1) had stronger
growth-limiting effects on C. subsalsa over time, whereas responses in
mid-range atrazine concentrations (25–50 μg L−1) were similar to re-
sponses of control cultures without atrazine by day 28, and the lowest
dose (12.5 μg atrazine L−1) had cell numbers comparable to controls by
day 28 (Figs. 2 and 3). Nutrient-limited treatments had no atrazine-
induced growth inhibition after 10 days of exposure, and at 28 days

multiple cultures at higher atrazine concentrations had significantly
higher growth than controls (Fig. 3) (ANOVA, p≤ 0.05).

Inhibition effect concentration estimations based on growth rate
were most precise (smaller CIs) on day 10 of the 10-day assay (Table 1)
and from days 4 through 10 in the 28-day assay (Table 2). Dose-re-
sponse curves for the 10-day assay illustrated the increasing potency of
atrazine from days 4 to 10 (day 10 IC50= 46.9 μg L−1 versus
187 μg L−1 on day 4); however, growth in the 28-day assay was most
sensitive to herbicide exposures between days 1–4 (Table 2), followed
by increasing tolerance from days 7–20 (day 10 IC50= 69.1 μg L−1

versus 130 μg L−1 on day 28). In the ANOVA model, atrazine con-
centration had the strongest effect on cell growth at day 10, but all
model variables were significant at that endpoint including the nu-
trient× atrazine interaction term (which did not outrank either treat-
ment effect) (Table 3). In contrast, growth at the 28-day endpoint also
had significant effects from all tested variables, but nutrient limitation
had much stronger influence on modeled growth rates than herbicide
concentration (two-way ANOVA, p≤ 0.05) (Table 3). By day 28, her-
bicide concentration had less influence on growth responses (LogWorth
of 2.52 versus 22.37 from 10-day ANOVA model) (Table 3).

Nitrogen and phosphorus limitation had no observable effects on
growth rates until after day 10, when growth under nutrient limitation
began to noticeably decrease relative to growth in replete-media cul-
tures (Fig. 3). For example, at day 7 the mean growth rate of C. subsalsa
in nutrient-replete media controls was 0.16 div day−1, not significantly
different from growth rates (0.14 div day−1) in both low-N and low-P
media control treatments. In contrast, at day 10 the mean growth rate
of C. subsalsa in nutrient-replete media controls (0.10 div day−1) was
significantly higher than growth in the low-N and low-P media controls
(0.05 and 0.07 div day−1, respectively; ANOVA, p < 0.05). The actual
point of initial growth inhibition effects attributable to media nutrient
depletion appeared to have occurred between days 7 and 10, but ob-
servations were restricted to the measured endpoints (Fig. 3). In the 10-
day assay, both N- and P-limited C. subsalsa exhibited atrazine sensi-
tivity, which was highest at 24-h (43.2 μg atrazine L−1 in low N; 11.5 μg
atrazine L−1 in low P). Following a period of wide-ranging point esti-
mates, IC50 values became more consistent by day 10 (Table 1). By
contrast, in the 28-day assay series, there was significant growth sti-
mulation by atrazine in both N- and P-limited cultures, relative to
growth in the low-nutrient controls after day 10 (Dunnett’s test for
multiple comparisons, p < 0.05) (Fig. 3). Thus, IC50 values could not
be determined for C. subsalsa in the low-nutrient treatments during late
exponential growth, because observed concentration-related responses
were stimulatory rather than inhibitory.

3.3. Toxicity as hemolytic activity

Both N and P limitation increased hemolytic activity (HA) relative
to HA in nutrient-replete media in the Chattonella subsalsa atrazine-free
controls at 28 days (without evidence of effects attributable to the
presence of solvent in media), (Fig. 4; Dunnett’s test for multiple
comparisons, p≤ 0.05) supporting previous reports of increased toxi-
city under nutrient depletion in other harmful algal species (Johansson
and Granéli, 1999a,b; Granéli and Johansson, 2003; Granéli et al.,
2012). In the 10-day HA assay series, by contrast, hemolytic activity
[reported as Normalized Lytic Value, NLV (Eq. (5))] was significantly
higher in the nutrient-replete control cultures (9.6 NLV ± 0.8) relative
to the low-N and low-P treatments (3.3 ± 0.2 and 4.2 ± 0.1 NLV,
respectively) (Dunnett’s test for multiple comparisons; p≤ 0.05; Fig. 4).
These findings contrast with reports that ROS production (and, by
proxy, toxicity) is not related to nutrient availability in other Chatto-
nella (e.g., Liu et al., 2007), and potentially offers (growth phase-re-
lated) context for reports that hemolytic activity is not increased by
nutrient limitation in other harmful raphidophyceans (de Boer et al.,
2004). As nutrient depletion (both N and P) progressed over time, C.
subsalsa exhibited significantly higher HA in cultures without atrazine,
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relative to nutrient-replete controls (Fig. 4, 28 days), (7.4 ± 1.3 and
10.1 ± 0.4 NLV, respectively, compared to 0.5 ± 0.3 NLV) in the late-
growth phase assay. When atrazine is also considered as a factor in
production of hemolytic compounds, the highest HA (13.8 ± 0.2 NLV)
was observed in both early-phase growth (10-d) with intermediate
(25 μg atrazine L−1) concentrations in nutrient-replete media and high
concentration (100 μg L−1) in late-growth phase, N-limited cultures
(28-d; 12.8 ± 1.5 NLV; Fig. 5). Hemolytic activity in the atra-
zine+ nutrient treatments also had differing 10-day versus 28-day

Fig. 3. Growth rates (divisions day−1)
in all tested atrazine concentrations,
nutrient treatments and controls (C,
control; SC, solvent control) for ery-
throcyte lysis assays. Hemolytic activity
was examined in two different assays,
first (A) after a 10-day growth period,
and second (B) following 28-days of
growth. Data are given as means ± 1
SE. Asterisks (*) indicate significant
decreases in growth compared to car-
rier controls; triangles (▲) indicate
increased growth relative to carrier
controls (Dunnett’s multiple compar-
ison tests; p≤ 0.05).

Table 1
Growth inhibition (IC values (in bold) and 95% confidence intervals; μg atra-
zine L−1) over time in 10-day bioassays with Chattonella subsalsa strain
CCMP2191. BD=beyond detection.

Treatment Day IC50 (95% CI) IC10 (95% CI)

Nutrient-Replete 1 18.8 BD 13.8 BD
3 88.6 BD 57.7 (2.9–65.5)
4 186.5 (166.7–208.6) 62.8 (5.6–65.8)
7 74.4 (44.0–114.2) 29.5 (9.9–35.2)
10 46.9 (40.4–56.9) 12.9 (7.5–21.3)

Low N 1 43.2 (6.3–104.5) 28.4 (1.3–55)
3 147.8 BD 40.2 (4.1–72.5)
4 99.5 BD 8.3 (3.6–54.4)
7 108.0 (84.5–151.7) 7.1 (4.5–26.7)
10 119.7 (105.7–140.2) 9.9 (8.4–25.6)

Low P 1 11.5 (7.8–82.1) 2.3 (1.5–30.5)
3 102.5 BD 21.8 (17.8–62.4)
4 88.2 (48.2–126) 18.0 (16.5–20.9)
7 50.0 (39.3–57.1) 7.3 (5.2–12.6)
10 64.7 (58.5–68.0) 8.5 (6.0–25.7)

Table 2
Growth inhibition (IC values and 95% confidence intervals; μg atrazine L−1)
over time in 28-day bioassays with Chattonella subsalsa strain CCMP2191 in
nutrient-replete media. BD=beyond detection; ND=not determined.

Day IC50 (CI) IC10 (CI)

1 146.2 (BD) 61.5 (5.1–122.9)
2 ND ND
3 42.8 (32.8–8.7) 10.6 (3.8–10.4)
4 36.1 (27.7–43.2) 7.5 (3.5–28.3)
7 46.5 (36.9–55.3) 6.3 (3.9–25.3)
10 69.1 (56.5–81.0) 8.8 (5.4–18.5)
15 105.3 (89.0–128.2) 11.69 (8.9–21.2)
20 130.8 (100.2–147.4) 36.7 (12.4–58.2)
23 124.3 (97.8–142) 55.6 (10.1–62.3)
28 129.7 (96.4–154.7) 61.9 (51.2–64.6)

Table 3
Results of two-way ANOVAs examining atrazine Concentration (Atra) and nu-
trient regime (Nut) effects on growth rates of Chattonella subsalsa strain
CCMP2191 in bioassays at 10-day (R2 adjusted 0.94) and 28-day (R2 adjusted
0.85) endpoints.

Endpoint; Bioassay Source DF F Ratio LogWorth Prob > F

Day 10; 10-day bioassay Atra 5 151 22.4 < 0.0001
Nut 2 15.6 4.89 < 0.0001
Atra•Nut 10 7.19 5.37 < 0.0001

Day 28; 28-day bioassay Atra 5 4.44 2.52 0.0030
Nut 2 25.6 6.92 < 0.0001
Atra•Nut 10 25.3 12.6 < 0.0001
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response dynamics (Fig. 5). The 10-day nutrient-limited assays in-
dicated increasing HA with increasing atrazine concentrations up to
100 μg/L, with no observable growth or HA in any nutrient regime at
200 μg/L. HA in nutrient-replete media at lower atrazine concentrations
(12.5 μg L−1) in early exponential growth was similar to that of con-
trols, but the highest HA observed in the 10-day assay occurred in
nutrient-replete cultures with 25 μg atrazine L−1. In contrast to nu-
trient-limited atrazine treatments, HA in nutrient-replete cultures
varied non-monotonically with increasing atrazine concentrations (in-
creased from 0 to 25 μg L−1 and decreased from 50 to 200 μg L−1). As a

result, highest levels of HA were observed (i) in early exponential
growth phase under nutrient-replete conditions at an intermediate
atrazine concentration (25 μg L−1) (13.8 ± 0.2 NLV), and (ii) in late
exponential growth phase under N limitation at a high atrazine con-
centration (100 μg L−1) (12.8 ± 1. NLV) (Fig. 5). Hemolytic activity in
atrazine+nutrient treatments also had differing 10-day versus 28-day
response dynamics, as follows:

The 10-day nutrient-limited assays indicated increasing HA with
increasing atrazine concentrations up to 100 μg/L, with no observable
growth or HA in any nutrient regime at 200 μg atrazine L−1. HA in

Fig. 4. Normalized Lytic Value (NLV) for hemolytic activity in control cultures, measured at the end of 10- and 28-day assays. Data are given as means ± 1 SE.
Levels with the same letters are not significantly different (p≤ 0.05).

Fig. 5. Normalized Lytic Value (NLV) for hemolytic activity at different test endpoints, normalized to cell density and sample volume, in various nutrient regimes
under a range of atrazine concentrations. Data are given as means ± 1 SE. Note that more hemolysis occurred in nutrient-replete cultures at 10 days, whereas there
was more hemolysis at 28 days in N/P-limited cultures except at the highest atrazine concentration.
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nutrient-replete media at lower atrazine concentrations (12.5 μg L−1) in
early exponential growth was similar to that of controls, but the highest
HA observed in the 10-day assay occurred in nutrient-replete cultures
with 25 μg atrazine L−1. In contrast to nutrient-limited atrazine treat-
ments, HA in nutrient-replete cultures varied non-monotonically with
increasing atrazine concentrations (increased from 0 to 25 μg L−1 and
decreased from 50 to 200 μg L−1). As a result, in the early-exponential
growth assay, HA in nutrient-replete controls was significantly higher
(13.8 ± 0.2 NLV) at intermediate concentrations than in the highest
atrazine concentrations [100 μg L−1 and 200 μg L−1; 4.3 (± 0.8) to
−0.6 (± 0.2), respectively]. The low-N and low-P cultures responses to
atrazine in terms of HA were generally consistent with each other while
distinct from the nutrient-replete treatments (Figs. 5 and 6). The nu-
trient-limited control series (both N and P) were lower in HA than the

nutrient-replete cultures at the end of the 10-day assay (Fig. 4) but had
higher HA across all atrazine concentrations at the end of the 28-day
assay than nutrient-replete cultures (Fig. 5).

In the 28-day assay series, there was again no apparent concentra-
tion-related effect of atrazine on hemolytic activity in nutrient-replete
cultures, which had low production of hemolytic compounds in all
concentrations (−0.7 to 4.1 NLV) in comparison to late-phase nutrient-
limited cultures at intermediate to high atrazine concentrations
(25–100 μg L−1 had a range of 9.3–12.8 NLV). At day 28, with the
exception of the 200 μg L−1 atrazine treatment, cultures in the low-P
treatment were elevated in HA across the atrazine concentration gra-
dient, whereas in the low-N treatment, HA of C. subsalsa was sig-
nificantly higher at 100 μg atrazine L−1 (12.8 ± 1.5 NLV) than at low
atrazine concentrations (0–12.5 μg L−1; range 7.4 ± 0.5 to 8.5 ± 0.5

Fig. 6. Log-normal relationships between hemolytic activity (normalized to cell density and sample volume) and atrazine concentration (A, C, E), and between
hemolytic activity (normalized as above) and growth rates (B, D, F) at the 10-day endpoint. Panels A and B≡ nutrient-replete media; panels C and D= low N; and
panels E and F= low P. Note that panels C–F (low-nutrient treatments) exclude 200 μg atrazine L−1 cultures due to nearly complete cell loss (see text).
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NLV) (ANOVA; p≤ 0.05; Fig. 5). Both N- and P-limited C. subsalsa in
late phase growth had significantly higher HA at atrazine concentra-
tions above 25 μg L−1 (again, with exception of the cytotoxic level of
200 μg L−1) than in any replete-media culture (0–4.0 NLV) (ANOVA;
p≤ 0.05; Fig. 5).

Overall, HA in C. subsalsa was more influenced by atrazine con-
centration in the 10-day assay than in the 28-day assay, whereas nu-
trient regime was the best predictor of HA in the 28-day assay (two-way
ANOVA variable ranking using LogWorth; Table 4). Log-normal re-
lationships between HA (normalized to cell density and sample volume,
and omitting the 200 μg atrazine L−1 treatment in low-nutrient re-
gimes) and atrazine concentration had high r2 values (0.82 to 0.92)
across nutrient treatments in the 10-day assay (Fig. 6), but the strength
of these relationships declined over time (see Flood, 2017, Appendix for
modeled relationships at the 28-day endpoint). HA was inversely re-
lated to log-atrazine concentration in nutrient-replete cultures, but
positively related to the log-atrazine concentration in low-nutrient
treatments. The r2 values were somewhat lower for HA versus growth
rate in low-nutrient cultures (0.64–0.77) in comparison to r2 values in
nutrient-replete cultures (0.85), but the relationships still were clear: In
nutrient-replete cultures, HA decreased with increasing atrazine con-
centration, whereas under nutrient-limited conditions, HA increased
with increasing atrazine. In nutrient-replete cultures, HA also increased
up to intermediate growth rates and then declined (parabolic response
curve), whereas in nutrient-limited cultures, HA was inversely related
to growth rate (Fig. 6).

4. Discussion

This study is the first to test atrazine sensitivity in a toxigenic ra-
phidophycean species, wherein the toxicity (as HA) of a strain of
Chattonella subsalsa was exposed to a range of photosystem II-inhibiting
atrazine concentrations under different nutrient regimes. Inhibition by
atrazine was the dominant predictor of growth rates for this strain in
early exponential growth phase (10-day assay series), whereas nutrient
regime was a more important predictor of C. subsalsa population growth
(as cell density) during late exponential growth (28-day assay series). In
the extended duration 28-day assay, Chattonella subsalsa appeared to
exhibit some “stress-stimulation” effect, whereby populations in low-
nutrient treatments with intermediate levels of atrazine had increased
growth rates relative to nutrient-replete controls. A possible explana-
tion for the increased OD in low-level atrazine exposures is that the
presence of atrazine has been reported to mimic nutrient-limited con-
ditions (Weiner et al., 2007). These stimulatory effects could be con-
sidered as a potential function of increased predatory activity by C.
subsalsa on bacteria. Bacterial consumption was not tracked, but the
studies were performed on unialgal batch cultures containing bacteria.
This species is known to consume bacteria (Jeong 2010), and if bac-
terivory in Chattonella subsalsa is increased by reduced nutrient avail-
ability or reduced photosynthetic efficiency, this might explain the in-
creased growth in multi-stress conditions such as was described here.
Another explanation of increased OD in low-level atrazine exposures

may be due to the presence of the three N atoms in the triazine ring of
the atrazine structure, which can become available for uptake by the
algal cells. This phenomenon has been observed with atrazine and other
s-triazines in bacterial growth studies (Cook and Hutter, 1981; Strong
et al., 2002). Alternatively, the increased OD in low-level atrazine ex-
posures may have reflected the fact that inhibition by this herbicide
primarily affects cell division rather than photosynthesis at these con-
centrations (Chao and Chen, 2001).

HA in the absence of atrazine was highest in low-P cultures among
all controls and treatments. Hemolytic activity by C. subsalsa in the
presence of> 25 μg atrazine L−1 was highest in low-N cultures, and
increased with increasing atrazine concentration in all nutrient (N- or P-
) limited cultures.

Research with other harmful algae, such as the haptophyte
Prymnesium parvum and the dinoflagellate Karenia brevis, have shown
increasing toxin production under nutrient depletion or nutrient lim-
itation (Johansson and Granéli, 1999a,b; Granéli and Johansson, 2003;
Hardison et al., 2013). Our previous work has also shown that other
harmful algal populations (e.g., geographically-distinct strains of
Prymnesium parvum) can have elevated toxicity (as HA) under combined
atrazine+ low nutrient stress (Flood and Burkholder, 2018).

These findings are consistent with the “chemical ecology hypoth-
esis,” which predicts enhanced toxicity of nutrient-limited HAB species
(Ianora et al., 2011), if considered together with the underlying, fun-
damental point that these blooms develop in nutrient over-enriched
waters (above references; also see Burkholder et al., 2008); the algae
deplete required nutrient resources as the blooms continue, inevitably
leading to either N or P limitation in eutrophic systems. The “chemical
ecology hypothesis” was derived, in turn, from a “carbon: nutrient
balance hypothesis” (Bryant et al., 1983; Lambers et al., 2008), which
predicted increased production of toxins and other defenses in terres-
trial plants under low resource conditions wherein grazing is reduced.
The latter hypothesis may not hold up well in the terrestrial systems for
which it was designed (Hamilton et al., 2001), but it has been used
successfully to explain increased toxicity with nutrient limitation in
unicellular algae (e.g., Ianora et al., 2006, 2011; Hardison et al., 2012).
Production of toxic compounds by phytoplankton frequently has been
associated with allelopathic interactions (Legrand, 2001; Fistarol et al.,
2005; Uronen et al., 2005; Granéli et al., 2008; Driscoll et al., 2013;
Fernández-Herrera et al., 2016), which may help reduce grazing and
competition for scarce resources and promote survival in competitive
(nutrient-imbalanced) systems.

Here, increasing toxicity as HA was also observed at low to mod-
erate growth rates in nutrient-replete C. subsalsa cultures, and at low
growth rates in nutrient-limited cultures. Others have reported that the
closely related species, Chattonella marina, is most toxic during late
exponential growth phase and toxicity decreases over stationary phase
(measured as putative brevetoxins affecting fish; Khan et al., 1995;
Marshall et al., 2003). The toxicity of C. marina has been highly cor-
related with growth phase, but not with cell density (Shen et al., 2010);
or, lower cell densities of C. marina (< 104 cells mL−1) produced more
superoxide on a per-cell basis than more dense cultures (Marshall et al.,
2005b). These differences may relate to the tested strain or other fac-
tors. Other studies on individual phytoplankton species responses to
chronic atrazine exposures have yielded mixed results as well. Some
have reported that algal populations with a history of exposure became
more sensitive to atrazine upon repeated exposure (Pennington and
Scott, 2001), whereas others have reported that the tested algae became
more tolerant over time (Baxter et al., 2013).

These discrepancies may be attributed to the wide range of phylo-
genic diversity which is often mistakenly “combined” under the um-
brella of “phytoplankton responses.” The ecological diversity of the
huge, extremely diverse organisms referred to as algae cannot be con-
sidered as one functional group (although they frequently are so con-
sidered), or even as one trophic level (e.g., phototrophs versus pre-
datory mixotrophs; e.g., see Burkholder et al., 2008; Flynn et al., 2012;

Table 4
Results of two-way ANOVAs examining atrazine concentration (Atra) and nu-
trient regime (Nut) effects on hemolytic activity of Chattonella subsalsa strain
CCMP2191 in bioassays at the 10-day (R2 Adjusted 0.93) and 28-day (R2

Adjusted 0.86) endpoints.

Bioassay Source DF F Ratio LogWorth Prob > F

10-day Atra 5 119 18.0 <0.0001
Nut 2 191 8.54 <0.0001
Atra•Nut 10 55.8 12.7 <0.0001

28-day Atra 5 71.0 9.94 <0.0001
Nut 2 298 13.1 <0.0001
Atra•Nut 10 13.7 4.46 <0.0001
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Mitra et al., 2016). Phytoplankton assemblages have been investigated
for their response to repeated atrazine exposure – also with conflicting
results, including increased sensitivity over time (Hamala and Kollig,
1985; Guasch et al., 2007), no effect (Nyström et al., 2000; Pinckney
et al., 2002), and exposure-induced tolerance (deNoyelles et al., 1982;
Hamilton et al., 1987). These findings are not surprising, as phyto-
plankton assemblage recovery potential following exposure to photo-
system II-inhibiting herbicides depends on the species composition of
the original assemblage, their physiological status, the herbicide con-
centration (Gustavson and Wängberg, 1995; Kasai, 1999), the season
(Guasch et al., 1997; Lorente et al., 2015), and other environmental
factors.

Several consistent findings, nevertheless, are that (i) phytoplankton
species and strains vary greatly in response to the same level of atrazine
exposure (Blanck et al., 1984; Choi et al., 2012); (ii) intraspecific var-
iation in responses can be very high (Kasai et al., 1993); and (iii)
atrazine exposure can alter phytoplankton assemblage composition as
sensitive species are eliminated and tolerant species gain a selective
advantage (Hamala and Kollig, 1985; Hamilton et al., 1987; Graymore
et al., 2001). Thus, it is important to strengthen understanding about
how harmful, potentially ecosystem-disruptive phytoplankton species
(those highlighted in Sunda et al., 2006, and others, sensu Burkholder
et al., 2008) respond to common environmental contaminants, despite
the challenges involved in attempting to apply standard ecotox-
icological methods to organisms that can be much more difficult to
culture than standard model organisms. Autecological and ecotox-
icological studies of potentially toxic species are needed to understand
the mechanisms that promote HABs, and the influence of common
contaminants such as atrazine on toxin production. Regarding Chatto-
nella subsalsa, this research offers insights about the complexities of
nutrient interactions with atrazine in influencing growth and toxicity.
Yet, as only one strain was examined, this work is only a first step to-
ward understanding C. subsalsa response to atrazine× nutrients.

In the past few decades there has been a dramatic increase in the
frequency, magnitude, and duration of HABs, with devastating impacts
on global fisheries stocks, coastal economies and freshwater and marine
ecosystems (Hallegraeff, 1993; Burkholder, 1998; Van Dolah, 2000;
Glibert et al., 2005a,b; Heisler et al., 2008; Lewitus et al., 2012). It has
also been more than two decades since Cloern (1996) discussed the
potential for toxic contaminants and nutrient pollution to alter natural
cycles of estuarine phytoplankton blooms, yet few studies have ex-
amined how these combined stressors affect HAB species. This research
indicates that imbalanced nutrient regimes can act in conjunction with
herbicide exposures to promote toxicity in C. subsalsa, a toxigenic
species that is expected to continue to thrive in increasingly urbanized
coastal zones (Lewitus and Holland, 2003; Lewitus et al., 2003).
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