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Ocean warming and acidification may significantly alter the distribution and
intensity of harmful algal blooms as well as their effects on marine food webs.
Estimating such effects rely, in part, on understanding the physiological response
of individual algal species to controlled laboratory simulations of climate change
conditions. Here we report the physiological response of the harmful
dinoflagellate Karlodinium veneficum to the combined effects of elevated
temperature and CO, (29°C/1000 ppm CO,). We first examined these effects
by comparing ambient control (25°C/441 ppm CO,) and elevated conditions
under short-term (~20 generations) growth. Next, we compared the short-term
elevated condition to a longer-term (~200 generations) growth scenario under
the same elevated temperature and CO,. Under the short-term elevated
conditions, K. veneficum growth declined, cell toxicity increased, and saturated
and mono-unsaturated fatty acid (FA) composition varied significantly from
ambient conditions. Meanwhile, after ~ 200 generations of growth under
elevated temperature and CO,, K. veneficum carbon assimilation, growth, and
cell toxicity were significantly higher than the short-term elevated treatment.
Further, while total saturated FA declined, essential fatty acids increased and likely
represented an adaptive temporal response to long-term exposure to high
temperature and CO,. Such shifts in FA profiles and cell toxicity may possibly
alter K. veneficum nutritional quality as prey and its mixotrophic behavior,
thereby affecting the energy and mass transfer through the marine food webs
as well as bloom dynamics.
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1 Introduction

With the continued release of greenhouse gases, the upper
ocean has warmed by 0.11°C per decade from 1971-2010, and
the surface ocean pH has decreased by 0.1 since the beginning of the
industrial era (IPCC, 2014, 2021). It is virtually certain that ocean
warming and acidification will continue beyond 2100 (IPCC, 2014,
2021). These changes directly and indirectly affect phytoplankton
physiology and their role in several marine ecosystems. How
climate change could affect phytoplankton that cause harmful
algal blooms (HABs) is particularly concerning because of their
negative effects on aquatic ecosystems, and their impacts to socio-
economics, as well as human health and wellbeing.

Over the past several decades, there is mounting evidence that
climate change has increased HAB intensity, frequency, and range
(Hallegraeff, 2010; Wells et al., 2015; Gobler et al., 2017; Trainer et al.,
2019; Glibert, 2020; Gobler, 2020), and toxic dinoflagellate blooms are
often projected to increase under future climate change scenarios
(Tatters et al., 2013a; Glibert et al., 2014; Hattenrath-Lehmann et al.,
2015; Gobler et al., 2017; Brandenburg et al., 2019; Glibert, 2020).
However, dinoflagellate growth and cell toxicity do not always increase
in response to ocean warming and/or acidification. For example,
elevated CO, and temperature (750-1000 ppm and +4-5°C), led to
increased growth and saxitoxin content in Alexandrium catenella
(Tatters et al, 2013a), but did not affect the growth and/or the
amount of brevetoxin in Karenia brevis (Errera et al., 2014). In
addition to species-specific differences, there may be considerable
variation to warming and acidification among individual genotypes
within a single species. For example, elevated CO, and temperature
exposure led to strain-specific differences in growth in eight isolates of
the dinoflagellate Alexandrium ostenfeldii, while total toxin production
remained unchanged in most strains (Kremp et al., 2012).
Furthermore, toxicity responses to elevated CO, and temperature
across dinoflagellate taxa may vary due to underlying metabolic
pathways (Brandenburg et al., 2019).

Ocean warming and acidification may significantly alter
phytoplankton cell biochemistry, and in particular lipid
composition. Algal fatty acids, especially omega-3 long chain
polyunsaturated fatty acids (n-3 LC-PUFA) such as
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid
(DHA; 22:6n-3) are germane since they are exclusively synthesized
by phytoplankton and are predicted to decline in response to ocean
warming (Hixson and Arts, 2016) and acidification (Meyers et al.,
2019). Lipid profile adjustments are also taxon-specific (Hixson and
Arts, 2016) and do not always change under elevated CO, (Wang
et al., 2017). Mesozooplankton (e.g., copepod) growth and life
history, such as fecundity, egg hatching, and naupliar survival, are
critically dependent on algal-derived fatty acids, and n-3 fatty acids
in particular. In addition, shifts in phytoplankton fatty acid content
strongly affect not only organismal fitness, but also trophic energy
transfer efficiency among phytoplankton and zooplankton
(Jonasdottir et al., 2009; Cripps et al., 2016; McLaskey et al., 2019;
Meyers et al., 2019).

Many experiments designed to test the effects of climate change
to phytoplankton are short-term, typically lasting less than 15 algal
generations (e.g. Fu et al, 2010; Errera et al., 2014; Hennon et al,,
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2017; Bercel and Kranz, 2019; Seto et al,, 2019). However, some
longer experiments have provided nuanced and unique insights into
phytoplankton physiological acclimation and/or adaptation to future
climate change that deviate from shorter duration experiments (e.g.
Collins and Bell, 2004; Flores-Moya et al., 2012; Tatters et al., 2013b).
For example, after growing diatoms for 2 years under elevated
temperature (30°C), essential fatty acids that significantly declined
when shifted from 26°C to 30°C for only seven days partially
recovered after the longer growth period (Jin et al., 2020).

Karlodinium veneficum is a common coastal estuarine toxic
dinoflagellate with a near-global distribution that produces a suite
of toxic compounds called karlotoxins (KmTx) that have cytotoxic,
ichthyotoxic, hemolytic, and grazer deterrent properties (Deeds
et al., 2002; Adolf et al., 2007; Waggett et al., 2008; Fu et al., 2010;
Place et al, 2012). Karlodinium veneficum blooms often cause
massive fish kills and are also toxic to oyster embryos, larvae, and
juveniles (Adolf et al., 2007; Glibert et al., 2007; Brownlee et al,,
2008; Stoecker et al., 2008; Waggett et al., 2008). As a mixotroph, K.
veneficum bloom initiation is affected not only by the availability of
nutrients but also by prey (Adolf et al., 2008; Li et al., 2015; Lin et al.,
2018). Temperature, light intensity, and dissolved inorganic carbon
availability also affect growth (Adolf et al., 2007, 2009; Fu et al,
2010). Karlodinium veneficum growth is often greater at an
intermediate temperature (e.g., 25°C) than at slightly warmer
temperatures (e.g., 28-30°C; Lin et al.,, 2018; Vidyarathna et al,
2020, 2023), and is also resilient to low pH (7.8-6.0; Nielsen et al.,
2010), and increases at high pCO, (e.g., 745 ppm) (Fu et al., 2010).
In addition, high temperature (ie. = 28°C) or high pCO, can
increase K. veneficum cell toxicity (Fu et al, 2010; Vidyarathna
et al., 2020), but these factors were treated in isolation and under
short-term exposure. In this regard, it is unclear how the combined
effects of elevated temperature and CO, may affect K. veneficum
physiology and long-term acclimation or adaptation.

Here, we tested the physiological response of a mid-Atlantic
strain of Karlodinium veneficum to short- and long-term growth
under combined warming and acidification. Our central objective
was to compare growth, photosynthesis, cellular biochemistry, and
toxicity after short-term (~20 generations, 40 days) and long-term
exposure (~200 generations, 380 days) to projected future high
temperature and CO, conditions. Long-term treatments resulted in
greater growth, toxicity and essential fatty acids than in short-term
treatments thereby providing potential implications for both
Karlodinium prey and its predators.

2 Materials and methods
2.1 General experimental design

Short-term experiments were conducted at two temperatures
and CO, concentrations: ‘ambient’ conditions were set as 25°C and
400 ppm pCO,, while the ‘treatment’ conditions were designed to
simulate warming and acidification conditions projected for the end
of the 21st century (baseline RCP scenarios, IPCC, 2014) and set to
29°C and 1000 ppm pCO,. Cultures were acclimated to short-term
ambient and treatment conditions for at least 20 generations in
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steady state before examining the short-term response (abbreviated
as ST hereafter) to elevated temperature and CO,. The treatment
cultures were then further acclimated for ~200 generations to
measure if the long-term (abbreviated as LT hereafter) response
to elevated temperature and CO, differed from the ST response to
these same conditions.

2.2 Phytoplankton cultures and acclimation
to experimental conditions

Karlodinium veneficum, originally collected from the Delaware
Inland Bays, Delaware, USA (CCMP2936; National Center for
Marine Algae and Microbiota, Bigelow, USA), was initially grown
in replicate (n=4) non-axenic batch cultures in modified f/2 media
(320 uM NO5™ and 20 uM PO,*’; Guillard and Ryther, 1962) at 25°C
under a light intensity of 100 pmol photons m™s™ provided by cool
white fluorescent bulbs set to a 12:12 hour light:dark cycle. Media
seawater was collected from the Indian River Inlet, DE, diluted with
laboratory-grade fresh water to a salinity of 20, and the total
alkalinity was adjusted to ~2200 umol kg™ by adding NaHCOs;.
This TA adjustment was done to avoid disrupting the carbonate
chemistry of the stock cultures and to bring the carbonate chemistry
parameters back to the baseline level since the dilution reduced the
DIC and TA significantly (~1000 and ~800 umol kg-' for TA and
DIC respectively). Water was then filtered (0.2um, Whatman
Polycap 75 TC) and autoclaved. Algal cultures were slowly
acclimated to aeration by bubbling filtered (0.2 pum) air through
fine glass frits (Prism Research Glass Inc., USA), and were kept in
log-phase growth by weekly inoculations into fresh f/2 media.

Cultures were then transferred to 2L Pyrex bottles (Corning)
and maintained in temperature- and pH-controlled cyclostats,
containing filter-sterilized media (n=4, 25°C, 400 ppm pCO,)
under the same light conditions as described above (see
MacIntyre and Cullen (2005) for detailed description of
continuous algal culturing). Cultures were sampled every two
days to monitor cell growth by cell number and in vivo
chlorophyll a (chl a) fluorescence. The media inflow rate was
adjusted to match the intrinsic growth rate of acclimated cultures
(based on cell number) until cultures reached steady state (~3
weeks) and was held constant through the rest of the experimental
period. Steady-state conditions were confirmed when cell density
and in vivo chl a fluorescence no longer changed during the
acclimation phase and for several days after inflow rate
adjustments stopped. Once cultures were fully acclimated to the
ambient conditions, they were grown for a further ~18 generations
(40 days) in pH-controlled continuous culture.

Treatment batch cultures were initially acclimated to 29°C by
ramping the temperature at a rate of 0.5°C day” in temperature-
controlled incubators (Percival Scientific), and were held for ~6
generations prior to transferring to pH-controlled cyclostats. For
elevated temperature conditions, cyclostat bottles were kept in a clear
acrylic water jacket connected to a recirculating water bath set to 29°C.
The pCO, in each bottle was then slowly raised to ~1000 ppm at a rate
of 100 ppm day ™. Cell growth was regularly monitored after the pCO,
ramping period, and the media inflow rate was adjusted to match the
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intrinsic growth rate as explained above for ambient cultures. To limit
biofouling, cultures were transferred to new sterile bottles every three
weeks. Short-term (ST) treatment conditions lasted for ~22 generations
(58 days) after which cultures were sampled for physiological analyses.
The remaining cultures were further acclimated to treatment
conditions for an additional ~180 generations. After ~200
generations at steady state (381 days total), treatment cultures were
considered acclimated to long-term (LT) conditions and were sampled
again for physiological analyses. All routine samples (i.e., prior to
terminating an experiment) for biomass estimation and carbonate
chemistry parameter analyses were withdrawn directly from the
cultures using a sample tube attached to the culture vessel.

2.3 Carbonate chemistry control
and measurement

CO, levels (~400 and 1000 ppm) were controlled with a pH-stat
system (Qubit Systems Inc, Canada), with pH levels set to 8.2 and
7.9 for ambient and treatment conditions respectively. The pH in
each culture bottle was continually recorded and logged in
computer-controlled software (Logger Pro) that controlled a 3-
way solenoid delivering either CO, (certified 2%, Tech Gas Inc,
USA) or CO,-free air passed through a soda lime column. pH
electrodes were cleaned and re-calibrated with NBS buffer standards
(pH 4.01 and 9.18, Orion' ) every 7-14 days. The pH stability and
accuracy of the system was confirmed by independent
measurements of culture outflow with a laboratory grade pH
system (Fisher Scientific A815 Plus pH meter equipped with
Fisherbrand' ™ accumet pH sensor).

The total dissolved inorganic carbon (DIC) of each container
was analyzed using an in-house custom DIC analyzer (Friedrich
etal., 2002). Water samples were acidified, followed by gas stripping
and delivery to a non-dispersive infrared gas analyzer (LI-Cor) for
total CO, measurement. Media and sample total alkalinity (TA)
were measured using a bromocresol purple colorimetric assay (Yao
and Byrne, 1998) with a spectrometer (Ocean Optics, USB4000-ES)
and a titrator (Metrohm 876 Dosimat plus, Switzerland). All DIC
and TA measurements were compared to certified reference
materials (Dickson laboratory, San Diego, USA), and seawater
carbonate chemistry was calculated with the CO2SYS software
(Pierrot et al., 2006) based on DIC and pH (NBS) (Table 1).

2.4 Cell growth and chlorophyll a

Cell growth was monitored every two days by measuring in vivo
chl a fluorescence (10 AU; Turner Designs, USA) and active chl a
fluorescence (fast repetition rate fluorometry, Chelsea Instruments,
UK), and periodic cell counts confirmed estimates by in vivo
fluorescence. Cell density was calculated by counting
glutaraldehyde-preserved (final concentration 1% v/v) sub
samples (1 mL) with a Neubauer hemocytometer and a light
microscope (100x magnification). Chl a concentration was
determined according to Welschmeyer (1994), with acetone
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TABLE 1 Seawater carbonate chemistry parameters for ambient and
treatment conditions.

Ambient Treatment

DIC (umol kg") 2156 + 99 (44) 2577 + 135 (84)

7.92 + 0.13 (64)

Total Alkalinity (umol kg™) 2371 + 112 (44)

pH (NBS) ‘ 8.33 + 0.17 (40)
‘ 2727 + 132 (73)

pCO, (1atm) 441 + 29 (44) 1084 + 64 (76)

Values are mean + SD, with replicate number for each parameter in parentheses.

extracts measured on a fluorometer (10 AU; Turner Designs, USA).
Once cultures reached steady-state, cell biomass was monitored
several times each week by in vivo chl a fluorescence. Cell specific
growth rate (i, day') was calculated according to Brading et al.
(2011), using the following formula:

Cronr X Vol Vol,yagte
ln( C, x Vol + Vol esel

At

1)

u=

where ¢ = time (days), A t = time interval between sampling, C =
in vivo chl a fluorescence, Vol = culture volume in the vessel at the
time of sampling, Vo, = outflow volume (mL) generated during
the time interval between sampling and Vol = the maximum
volume of medium (mL) in the vessel.

2.5 Cell photochemistry

Cells were dark acclimated for 15 min and algal photochemistry
was monitored by active chl a fluorescence by fast repetition rate
fluorometry (FRRf) with a FASTtracka II fluorometer with a
FASTact light and temperature control assembly (Chelsea
Instruments, UK) connected to a constant temperature water bath
set to the growth temperature. Fluorescence induction was recorded
by applying a single-turnover fluorescence protocol that consisted
of 100 1us flashlets at ~1-ps intervals provided by a bank of blue
LEDs (peak excitation 450 nm, 200 ps total induction time),
followed by 50 flashlets spaced at increasing intervals to allow for
PSII reaction center re-oxidation. Measurements were recorded
from the average of 15-30 acquisitions at 100 ms intervals.
Photochemical activity in the light activated state was then
assessed by the same fluorescence induction protocol after
exposing cells to white light for 3 min that was provided by a
bank of LEDs set to 104 umol photons m™
were fit in FASTpro software (v3.0, Chelsea Instruments) and used

s, Fluorescence data

to calculate the maximum quantum yield of photosystem II (F,/F,,)
and the quantum yield of photosystem II in the light activated state
(Fy/F,,) (Cosgrove and Borowitzka, 2010).

2.6 Photosynthetic carbon assimilation

Subsamples were removed from each replicate culture (5 mL)
and combined with 12.5 uL of '*C sodium bicarbonate (specific
activity 0.1 uCi mL™"' MP Biomedicals) and incubated in a
temperature-controlled aluminum block set to 25°C or 29°C for
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30 min. Light in each well was set to 200 ymol photons m™ s and
was provided by a cool white LED under each sample well.
Preliminary measurements confirmed that photosynthesis in all
samples was saturated at this light intensity (average E; ~ 160 pmol
photons m™ s™). Dark controls were run in duplicate. Incubations
were stopped by adding 1% glutaraldehyde (final concentration) to
each vial, and residual inorganic C was removed by adding
hydrochloric acid (1.2 M final concentration), followed by
shaking samples overnight. After adding 5 mL scintillation
cocktail (Ultima Gold, Perkin Elmer), radioactivity was measured
in a liquid scintillation counter (Beckman LS-6500). Carbon
assimilation in the light was corrected for any dark incorporation
and expressed as the assimilation rate normalized to cell number
(cell h™"). As samples were not filtered after '*C assimilation,
presented values include both particulate and dissolved production.

2.7 Particulate organic carbon, nitrogen
and phosphorus

Samples (25-50 mL) for particulate organic carbon (POC),
nitrogen (PON) and phosphorus (POP) were filtered onto 25 mm
pre-combusted glass-fiber filters (2h at 450°C, GF/C, Whatman), dried
at 60°C for 24 h, and then stored in a desiccator prior to analyses.
Cellular C and N were quantified with a CHN elemental analyzer (ECS
4010 Elemental combustion system; Costech Instruments, USA), with
phenylalanine and EDTA used as standards. POP was measured
following the method of Solorzano and Sharp (1980) using
Phosphate standard (RICCA, 1000 ppm PO,>).

2.8 Carbohydrates and soluble proteins

Twenty-five to fifty milliliter samples were centrifuged (4,800 x g)
and cell pellets were stored at -20°C until further analyses.
Carbohydrate content was determined by the phenol-sulphuric acid
method using D-(+)-glucose as a standard (DuBois et al., 1951) after
acid hydrolyzing the cell pellets in 1M H,SO, at 100°C for 1 h.
Proteins were extracted by bead beating (BioSpec) cell pellets with 0.5
mm glass beads for 60 s in 500 uL of filtered sea water (FSW, nominal
pore 0.2 um) followed by centrifugation (3,380 x g, 5 min). Soluble
protein was determined with a linearized Bradford assay (Ernst and
Zor, 2010). All absorbance measurements were recorded using a plate
reader (FLUOstar Omega, BMG Labtech).

2.9 Fatty acids

Fifty milliliter samples were centrifuged (4,800 x g) and the pellets
were freeze-dried (Virtis, 12SL) and stored in a desiccator. Prior to
lipid extraction, samples were spiked with 20 uL of C13:0ME internal
standard (10 mg mL™", Sigma Aldrich, St. Louis, MO). Acid-catalyzed
transesterification of lipids to fatty acid methyl esters (FAMEs) and
the extraction of FAMEs into hexane was performed as in Van
Wychen et al. (2013). FAME extracts were stored at -20°C until
analysis. Supelco 37 Component FAME mix (Sigma Aldrich, St.
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Louis, MO) was spiked with the 5 pL of the same C13:0ME internal
standard as above and were used as standards (total fatty acid
concentration ranging from 0.01 to 0.5 mg mL"). FAMEs were
analyzed by gas chromatography (GC) on a Hewlett Packard HP
7890B Series (Palo Alto, CA) equipped with a flame ionization
detection and a Zebron ZB-1 wax column (30m x 250pum x 25um,
Phenomenex, Torrance, CA). FAMEs were separated using splitless
injection (injection volume =3 pL, inlet temperature = 250°C). An
initial column heating to 100°C was maintained for 1 min followed by
ramping at 25°C min™ up to 170°C, then 2°C min™ up to 200°C,
which was held for 1 min prior to ramping at 18°C min™ up to 250°C,
which was held for 8 min. FAMEs were identified based on their
retention times, and peaks were compared to the standard curve in
Open LAB CDS GC software (Agilent Technologies). Fatty acid
recovery was corrected for the recovery of the internal standard, and
FAME concentration normalized to cell number was then converted
to the corresponding fatty acid concentration using individual
Sheppard factors (Sheppard, 1992).

2.10 Cellular toxicity

Fifty milliliter samples were centrifuged (4,800 x g) at 4°C
(Sorval RC-5B, USA), and cell pellets were extracted in 1-2 mL of
methanol for 24 h in the dark at -20°C. Cell toxicity was assessed by
the hemolytic assay according to Eschbach et al. (2001) and with a
Rainbow Trout (RT) fish gill cell (FGC) assay according to Dayeh
et al. (2005) with modifications (Vidyarathna et al., 2020) and was
normalized to total cellular carbon.

2.11 Data analyses

Statistical analyses were performed using R (v 4.1.1; R Core
Team 2021). The data were checked for normality and homogeneity
of the variance by Shapiro-Wilk and Bartlett tests respectively.
Treatment effects (increased temperature and CO,) were tested
between ambient and ST cultures and the effect of acclimation time
to increased temperature and CO, (short term and long term)
between ST and LT cultures were analyzed separately using one-
way analysis of variance (ANOVA). Results were considered
significant at o0 = 0.05.

3 Results

3.1 Cell growth, carbon assimilation,
photophysiology and chlorophyll a

The ambient cell growth rate was 0.32 + 0.02 day™', while the
treatment growth significantly decreased in the short-term (ST)
cultures to 0.27 + 0.01 (ANOVA, p=0.006, on day 50); however,
after ~200 generations, growth in the long-term (LT) treatment
increased to 0.36 + 0.01 day ' (ANOVA, p=0.0004 compared to ST
cultures, Figure 1). Carbon assimilation on the other hand increased
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in response to both treatment effect (ANOVA, p= 0.03 between
ambient and ST cultures) and to acclimation time (ANOVA,
p= 0.03 between ST and LT cultures) (Figure 2). In contrast,
ambient K. veneficum cultures had a higher PSII maximum
quantum vyield (Fv/Fm), than the ST cultures (ANOVA,
p= 0.0004, Figure 3A). Of the two treatments, Fv/Fm was
significantly higher in the LT cultures than in the ST cultures
(ANOVA, p=0.01). There was less variability in the effective
quantum yield of PSII (F,7/F,’) in the light activated state
(Figure 3B), as F,/F,’ was significantly lower in the ST cultures
than in the ambient and LT cultures (ANOVA, p=0.02 and 0.005,
respectively). Overall, Fv/Fm and Fq’/Fm’ ranged between 0.44-0.48
and 0.39-0.41 respectively, and no warming or acidification induced
stress on K. veneficum photochemistry was evident. Cellular chl a
remained unchanged between ambient and ST cultures (ANOVA,
p=0.16) and increased significantly in LT cultures compared to ST
cultures (ANOVA, p<0.001, Figure 3C).

3.2 Elemental composition and cellular
carbohydrates and proteins

Cell quotas for C and P (POC and POP) were not affected by
treatment (ANOVA, p= 0.08 and 0.73 for POC and POP
respectively) or acclimation time (ANOVA, p= 0.40 and 0.81 for
POC and POP respectively) and remained unchanged across
ambient, ST, and LT cultures (Table 2). In contrast, N cell quota
(PON), was significantly higher in ST cultures than in ambient
cultures (ANOVA, p= 0.01), but remained unchanged between ST
and LT cultures (ANOVA, p= 0.49). Meanwhile, the atomic N:P
and C:P ratios remained similar across ambient and ST cultures
(ANOVA, p=0.57 and 0.81 for N:P and C:P ratios respectively) and
ST and LT cultures (ANOVA, p=0.94 and 0.15 for N:P and C:P
ratios respectively, Table 2), while the C:N ratio was significantly
lower in ST cultures than the ambient and LT cultures (ANOVA,
p=0.004 and p=0.002, respectively, Table 2).

Cellular carbohydrates were significantly higher in ST cultures
than in ambient cultures (ANOVA, p=0.01, Table 2), but decreased
slightly in the LT cultures in comparison to the ST cultures
(ANOVA, p=0.2). ST culture cellular protein was also
significantly higher than both ambient (ANOVA, p=0.0007) and
LT cultures (ANOVA, p=0.002, Table 2).

3.3 Cellular fatty acid composition

Total fatty acid content remained similar across each culture
condition and ranged between 21-33 pg cell! (ANOVA, p=0.09 and
0.99 for ambient vs. ST and ST vs. LT comparisons respectively,
Figure 4A). In contrast, fatty acid composition changed
considerably in response to (short-term treatment and time
(Figures 4B, C). The percentage of saturated fatty acids (SFA) was
higher in the ST cultures than the ambient cultures (ANOVA,
p=0.0007), but this increase was not sustained through time under
the treatment conditions, as SFAs decreased significantly in the LT
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FIGURE 1

Steady-state growth rates (u, day™®) of K. veneficum acclimated to
Ambient (Amb.) and treatment conditions (short term: ST and long
term: LT). Error bars denote the standard deviation of 40, 76 and 84
replicates for Amb., ST and LT cultures, respectively. Letters above
the bars indicate significant differences between ambient and ST
cultures (treatment effects) while asterisks indicate significant
differences between ST and LT cultures (acclimation time effect)
(ANOVA, p< 0.05).

cultures (ANOVA, p<0.0001, Figure 4B). In contrast, the
percentage of monounsaturated fatty acids (MUFA) in the ST
cultures was significantly lower than the ambient cultures
(ANOVA, p<0.0001), while the LT culture MUFAs were
significantly higher than the ST cultures (ANOVA,
p<0.0001, Figure 4B).

Polyunsaturated fatty acids (PUFA) accounted for only 2.4-
8.6% of total FA content and were similar between ambient and ST
(ANOVA, p=0.61), and ST and LT culture conditions (ANOVA,
p=0.89, Figure 4C). However, the PUFA composition changed
substantially in the LT cultures. In particular, the percentage of
n3 fatty acids (n3 FA), a subgroup of PUFA, was significantly
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FIGURE 2

Carbon assimilation rates of K. veneficum (ug C Cell’%, h™%)
acclimated to ambient (Amb.) and treatment conditions (short term
ST and long term: LT). Error bars denote the standard deviation of 4
replicates (n=4) for Amb and ST cultures and 3 replicates (n=3) for
LT cultures. Letters above the bars indicate significant differences
between ambient and ST cultures (treatment effects) while asterisks
indicate significant differences between ST and LT cultures
(acclimation time effect) (ANOVA, p< 0.05). Carbon assimilation rates
per chlorophyll a (ug C Chta™, h™) and cellular carbon (ug C C*, h™
yielded the same results (data not shown).
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greater than those recorded in the ST cultures (ANOVA, p=0.0003,
Figure 4C). Notably, both major essential fatty acids EPA
(eicosapentaenoic acid) and DHA (docosahexaenoic acid) were
significantly greater in LT cultures than in the ST cultures
(ANOVA, p<0.0001, Figure 4C). We also observed an increase in
the percentage of very long chain fatty acids over time (VLCFA, i.e.
FA with carbon chains >20) from ~6% in ST cultures to
approximately 15% in the LT cultures (Supplementary Table 1).

Twenty-seven fatty acids were identified (Supplementary
Table 1), and the two most abundant SFA in K. veneficum were
palmitic acid (16:0) and myristic acid (14:0), which together
represented 66%, 76% and 45% of the total FA content at
ambient, ST and LT cultures, respectively. Oleic and elaidic acids
(18:1 cis+trans) together represented the major MUFA in ambient
cultures, while eicosenoic acid (20:1) was the dominant MUFA in
the treatment cultures. Karlodinium veneficumn n3 PUFA included
alpha-linolenic acid (ALA, 18:3n-3), eicosapentaenoic acid (EPA,
20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3). In addition,
eicosatrienoic acid (ETE, 20:3n-3) was also detected in the
LT cultures.

3.4 Cell toxicity

Hemolytic activity normalized to either cell number or carbon
remained unchanged between the ambient and ST treatment and
when comparing ST vs LT conditions (ANOVA, p>0.5, Figure 5);
however, toxicity against the fish gill cell (FGC) line increased (i.e.,
ECsy decreased) significantly in both ST and LT cultures (Figure 5).
Specifically, the FGC toxicity in the ST cultures was 2.5 times
greater than the ambient cultures (ANOVA, p=0.001), while FGC
toxicity was 2.6 times greater in the LT cultures than in the ST
cultures (ANOVA, p=0.005). Likewise, when normalized to cellular
carbon (EC50: pug C mL™), FGC toxicity followed a similar pattern
and increased significantly from ambient to ST (ANOVA,
p=0.0001) and ST to LT (ANOVA, p= 0.01) culture conditions.

4 Discussion

Acclimating K. veneficum to long term (LT, ~200 generations)
combined elevated temperature and CO, increased carbon
assimilation, growth, and FGC toxicity. The long-term treatment
also resulted in major changes in key fatty acid classes, as the
percent of monounsaturated (MUFA) and essential fatty acids (n3
FA) increased, while saturated fatty acids (SFA) decreased.
However, some of these differences were not evident or changed
in opposite ways when K. veneficum was acclimated to short-term
(ST, ~20 generations) elevated temperature and CO,. For example,
ST growth and % MUFA were lower and % SFA were higher than
the ambient cultures, while carbon fixation remained similar in
both conditions. In contrast, other cellular parameters, such as FGC
toxicity, were consistently higher in ST cultures than in ambient
conditions. These different results between the ST and LT
experiments suggest that complete acclimation to elevated
temperature and pCO, required >20 generations.

frontiersin.org


https://doi.org/10.3389/fmars.2024.1305495
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Vidyarathna et al.

10.3389/fmars.2024.1305495

A
[ Ambient -
% 0.50- 3 Treatment-ST [Z1 Treatment-LT
2 _ ]
£ 0.48
= 48 -
£z
© W J
3 .46- — .
g& ) b wZ777
£ o4
©
E 4
B 0.42 . : |
2 0.44- a
2 _ —
g — 0-42_
€ E ]
S L
3. 0.40-
o
2 1
é 0.38-
L 1
. 036 , . |
= 35
3 |
: Fedkk
.~ 301
238 25- @
of
o
=5 20- .
G 2
37 15-
g 1 I
1.0 : . .
Amb. T-ST T-LT

FIGURE 3

Maximum photochemical efficiency of photosystem Il (Fv/Fm) (A), effective light acclimated photochemical efficiency of PSII (F,/Fy,") (B) and cellular
chlorophyll-a content (pg Chl-a cell™), (C) of K. veneficum acclimated to ambient (Amb) and treatment conditions (short term: ST and long term:
LT). Error bars denote the standard deviations: Amb, n=4; ST n=36 and LT, n=21 panels (A, B) and Amb, n=4; ST, n=4; LT, n=3 (panel (C). Letters
above the bars indicate significant differences between ambient and ST cultures (treatment effects) while asterisks indicate significant differences

between ST and LT cultures (acclimation time effect) (ANOVA, p< 0.05)

4.1 The effects of combined elevated
temperature and CO, on K. veneficum
growth and toxicity

While our experimental design did not allow us to test the
independent effects of elevated temperature and CO,, K. veneficum
and some other dinoflagellates often grow faster under elevated CO,
(Fu et al,, 2010; Errera et al., 2014) but grow slower under elevated
temperature (Seto et al, 2019; Vidyarathna et al, 2020, 2023).
However, pre-acclimation to heating prior to changing CO, can
lead to different outcomes, as Coyne et al. (2021) noted higher
growth after acclimating K. veneficum to 30°C for over one year
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prior to applying short-term high CO, (24 days/750 ppm CO,). Excess
CO, may provide this K veneficum isolate some relief from heating,
whereby elevated CO, reduces the energetic demand for acquiring and
fixing carbon at higher temperatures. We hypothesize that lower
growth rates in the ST cultures were likely caused by a stronger
negative effect of temperature than high CO,. This may be common in
many short-term experiments (typically < ~20 generations) and
explains similar growth responses in this and other dinoflagellates
when comparing ‘combined’ and ‘warming only’ treatments in similar
experimental designs (Feng et al., 2008; Fu et al,, 2008; Seto et al,
2019). Likewise, our previous work has noted that the thermal optima
for growth in this strain of K. veneficum is closer to 25°C (Vidyarathna
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TABLE 2 Cell densities, cellular carbon, nitrogen, phosphorus, elemental
ratios, and cellular carbohydrate and soluble protein of K. veneficum
acclimated to ambient, treatment-ST and treatment-LT conditions.

. Treatment- Treatment-
Ambient
ST LT
Cell density (10° | 5 )0 9 10.2 % 0.69 192 %25
Cells mL™) e oo e
POC (pg Cell ™) 144 + 21 167 + 7.4 182 + 33
PON (pg Cell™) 25 + 4.4° 34+21° 32454
POP (pg Cell ™) 247 +0.93 264 + 027 2.54 +0.79
N:P 26 +8.3 29 +23 29452
CN 6.69 + 036" 5.70 + 0.23" 6.62 + 0.16**
C:P 170 + 49 163 + 10 191 + 31
Carbohydrates N b
" 17 £98 64 + 24 41+ 10

(pg Cell™)
Protei

roteins 13 + 3.4° 29 + 3.6 14 + 2.3
(pg Cell)

Errors denote the standard deviations of four replicates (n = 4) for ambient and ST cultures
and three replicates (n=3) for LT cultures. Superscript letters indicate significant differences
between ambient and ST cultures (treatment effects) and asterisks indicate significant
differences between ST and LT cultures (acclimation time effect) (ANOVA, p< 0.05).

et al., 2020). While carbon fixation remained similar between the
ambient and ST treatment, the lower photochemical performance in
the ST treatment (Figures 3A, B) that was not apparent in the LT
treatment suggests that some aspect of photosynthetic electron
transport in the light reactions may have been the rate limiting step
in the ST acclimation. Although not evaluated in our study, the
possible shifts in bacterial consortia [e.g. Alteromonas (Deng et al,
2022)] associated with K. veneficum cultures may also have
contributed to promoting algal growth under elevated temperature
and CO, as has been reported for other photosynthetic organisms
such as Prochlorococcus (Hennon et al., 2018).

While growth was higher in the LT treatment, carbon
assimilation still exceeded the growth rate while elemental
composition remained unchanged. Such decoupling between
photosynthesis and growth may signal a mechanism to remove
excess photosynthate as dissolved organic carbon, perhaps as
transparent exopolymeric particles (Engel et al., 2014; Passow and
Laws, 2015), when electron transport and carbon fixation are high
(Claquin et al., 2008). In contrast, when exposed to long term high
CO, (~900 generations), the diatom Phaeodactylum tricornutum
reduced photosynthesis and respiration, thereby allocating a similar
amount of carbon for growth as the low CO, selected population with
no change in growth rates (Jin et al, 2022). Similar to our LT
treatments, phytoplankton elemental composition, including in other
dinoflagellates, does not necessarily change in response to elevated
CO, (Burkhardt et al., 1999; Clark et al., 2014; Wynn-Edwards et al.,
2014; Sugie and Yoshimura, 2016; Bercel and Kranz, 2019; Xu et al.,
2023), but intracellular distributions can still change, as Chl a content
approximately doubled in our LT treatments. In contrast, nitrogen,
protein, and carbohydrate quotas increased in the ST cultures and
this excess stored carbon may reflect a more immediate physiological
response to elevated temperature and CO,.
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The greater K. veneficum FGC toxicity under elevated
temperature and CO, noted between ambient and ST cultures as
well as ST and LT cultures is similar (~ 52%) to increased FGC
toxicity in this same isolate in response to elevated temperature
alone, which peaked at 25°C-28°C (Vidyarathna et al, 2020).
Hence, the increased FGC toxicity in our ST treatment was
possibly due more to elevated temperature than CO,. Meanwhile,
the even greater increase in FGC toxicity in the LT cultures (57%
higher than the ST cultures) perhaps represented further cellular
adjustments to carbon allocation in response to the combined
effects of elevated temperature and CO,.

In contrast to FGC toxicity, hemolytic toxicity remained similar
across ambient and the ST treatment cultures and also did not
change in the LT treatment. Notably, elevated temperature alone led
to increased hemolytic toxicity in late-exponential phase batch
cultures of K. veneficum, and batch grown K. veneficum hemolytic
toxicity cell”! at 25°C was 4x higher (Vidyarathna et al., 2020) than
in the continuous cultures reported here. Further, although K.
veneficum hemolytic activity increased with elevated CO, and P-
limitation (Fu et al., 2010), the absolute toxicity cell! was lower
than data from batch cultures [> ~50 ng cell™ vs. 95 ng cell” in
Vidyarathna et al. (2020)]. While we cannot discount possible
synergestic effects of elevated temperature and CO,, K. veneficum
hemolytic activity may be affected more by nutrient limitation
and starvation.

4.2 Temporal changes in K veneficum lipids
under elevated temperature and CO, and
the possible implications for trophic
transfer and mixotrophy

Phytoplankton often change their fatty acid (FA) composition
to maintain membrane homeoviscocity in response to changing
temperature (Sinensky, 1974). Increasing saturated fatty acid
content at higher temperature helps to maintain membrane
rigidity (Fuschino et al., 2011; Baker et al., 2018; Hixson and Arts,
2016), which we also noted in our ST treatment. However, not all
shifts in FA content in our ST treatment were similar to previous
studies where the % PUFA often declines at higher temperature
(Fuschino et al., 2011; Hixson and Arts, 2016; Torstensson et al.,
2013; Hyun et al,, 2016) but remained unchanged here. Further,
while FA composition (% SFA and MUFA) did not change in
phytoplankton within mesocoms exposed to elevated temperature
and CO, for 20 days (Meyers et al., 2022), we found a significant
decrease in the % MUFA in our ST treatment. Hence, K. veneficum
FA reaction norms may change rapidly in response to both elevated
temperature and CO, but are likely species- and strain- dependent
(Jin et al, 2020) and not necessarily reflective of the larger
phytoplankton community.

In contrast to the ST cultures, the significant increase in growth
and decline in total saturated FA in the LT cultures may have been
an adaptive response; however, our experimental design did not
have a long-term ambient control to directly compare against the
LT treatment. Furthermore, this also prevented us from explicitly
testing for trait adaptation by performing reciprocal shifts between

frontiersin.org


https://doi.org/10.3389/fmars.2024.1305495
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Vidyarathna et al.

10.3389/fmars.2024.1305495

A

40

30- T
- Y,
L | = Z
O 204 /
(o]
o i

101

0 1 - 1 - IA
Amb. T-ST T-LT

B
< i 1 Ambient
:g 100 i b =3 Treatment-ST
N a [Z1 Treatment-LT
8_ 80_ I
E J
8 604
5] J
&  40-
é‘ i
L 20-
2 i

0

% Fatty acid composition o
o
1

B

a a

PUFA

FIGURE 4

555 i

n3 F. EPA+DHA

Total fatty acid contents (pg cell™) (A), and percent composition of saturated fatty acids (SFA), mono-unsaturated fatty acids (MUFA) (B), and
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Error bars denote the standard deviation of 4 replicates (n=4) for Amb and ST cultures and 3 replicates (n=3) for LT cultures. Letters above the bars
indicate significant differences between ambient and ST cultures (treatment effects) while asterisks indicate significant differences between ST and LT
cultures (acclimation time effect) (ANOVA, p< 0.05). n3 FA, omega-3 fatty acids; EPA, Eicosapentaenoic acid; DHA, Docosahexaenoic acid

ambient and treatment conditions (i.e., comparing high
temperature and CO, treated algae against the ambient control
samples after shifting them into the high temperature and CO, and
vice versa) (Schliiter et al., 2014). Nevertheless, the decline in
saturated FA is similar to that noted in the diatom Thalassiosira
pseudonana, where saturated FA were lower after 500 generations at
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31°C, providing evidence for some thermal adaptation (O’Donnell
etal, 2019). Importantly, the measured response traits in long-term
experiments can return to pre-exposure levels or fall below those of
the original non-adapted population (Schliiter et al., 2016; Collins
et al,, 2020). For example, initial FA and lipids declined in three
diatom species and then fully recovered after two years of long-term
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FIGURE 5

Hemolytic activity (pg pg C 1 _ Left Y axes) and the rainbow trout
fish gill cell toxicity (FGC; ECso: ug Carbon mL™ - Right Y axes) of K.
veneficum acclimated to ambient (Amb) and treatment (short term:
ST and long term: LT) conditions. Error bars denote the standard
deviation of four replicates (n=4) for Amb and ST cultures and three
replicates (n=3) for LT cultures. Letters above the bars indicate
significant differences between ambient and ST cultures (treatment
effects) while asterisks indicate significant differences between ST
and LT cultures (acclimation time effect) (ANOVA, p< 0.05).

growth at 30°C (Jin et al., 2020). However, the FA profile shift in our
LT cultures was a significant re-arrangement in lipid composition
that included a larger proportion of essential FA and very long
chain FA (VLCFA) not seen in the ST cultures. Furthermore, n-3
PUFA and n-6 PUFA increased in LT cultures (Figure 4C;
Supplementary Table 1) and contrasts with the suggestion that
global heating alone could favor phytoplankton n-6 PUFA over n-3
PUFA (Hixson and Arts, 2016). Hence, the increased FA elongation
and desaturation in K. veneficum in response to long-term exposure
to elevated temperature and CO, may represent a unique interactive
effect of these combined climate stressors.

Altered algal fatty acid (FA) profiles due to climate change has
important ecological implications for marine food webs, as primary
consumers acquire most FA through phytoplankton grazing. While
total FA content remained unchanged, elevated temperature and
CO, led to major changes in key K. veneficum FA classes. Studies
with other algal species have reported a broad range of FA
variability from little to no change (e.g. Fitzer et al., 2019;
O’Donnell et al,, 2019; Meyers et al., 2022) to a significant decline
in response to elevated temperature and/or CO, (Rossoll et al.,
2012; Hyun et al., 2016; Jacob et al., 2017). Increased essential fatty
acids, including EPA, DHA, in the LT treatment holds particular
ecological relevance as they are exclusively synthesized by
phytoplankton and affect both consumer growth and fitness.
Declining phytoplankton n3 FA in response to elevated
temperature potentially weakens energy and mass transfer
through the marine food web (Fuschino et al., 2011; Rossoll et al.,
2012; Fitzer et al.,, 2019; Meyers et al., 2019) where a temperature
increase of 2.5°C may reduce phytoplankton EPA by 8.2% and
DHA by 27.8% (Hixson and Arts, 2016). In contrast, we found a
consistent increase in the percentage of n3-PUFA when moving
from ambient to ST and ST to LT treatments. Additionally, since
the total FA cell”' did not change, the increased n3-PUFA may have
resulted from desaturating pre-existing fatty acids-a process that
requires reducing power from NADPH or NADH (Sato et al,
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2003). Here, n3-PUFA increased proportionally with
photosynthetic C fixation across ambient and treatment cultures
(Figure 4), hence excess energy not used for growth may have been
used to support desaturation of SFA to n3-FA.

Altered biochemical composition of algal prey can affect the
growth, reproduction, survival, and biochemical stoichiometry of
grazers such as copepods and bivalves (Rossoll et al., 2012; Cripps
et al,, 2016; Fields et al., 2022; Pan et al., 2023), and leads to
cascading effects to fitness at higher trophic levels. For example,
Cripps et al. (2016) estimated that at elevated CO,, carbon trophic
transfer efficiency from phytoplankton to copepods declined to
<50% of the control population. However, other studies have
reported greater fitness in the copepod, Calanus finmarchicus
when raised at elevated CO, (Fields et al,, 2022) and copepod
biomass (particularly in smaller size classes) can increase at elevated
CO,, likely due to indirect effects through increased food availability
(e.g. Taucher et al,, 2017). In contrast, others have reported that
ocean acidification alone or, in combination with elevated
temperature, did not affect prey or zooplankton FA composition
(Meyers et al., 2022). While these responses are results of a complex
interplay of trophic interactions, short-term acclimation vs long-
term adaptation as well as differences in sensitivities to elevated
temperature and/or CO, among different taxa may explain some of
this variability (Lohbeck et al., 2012; Tatters et al., 2013b; Bermtdez
et al, 2015; Jin et al, 2020; Xu et al, 2023). Among the order
Gymnodiniales, Karlodinium species are globally prevalent (Le
Bescot et al., 2016), and K. veneficum is a common constituent in
coastal mid-Atlantic waters such as the Chesapeake Bay (Zhang
et al, 2008). Further, given that K. veneficum is consumed by
micrograzers, including other heterotrophic dinoflagellates in this
region (Johnson et al., 2003) as well as the copepod Acartia tonsa
(Hong et al., 2012), possible shifts in algal biochemical composition
under future warming and acidification as shown here could affect
such trophic interactions.

In addition to autotrophy, mixotrophic feeding by K. veneficum
can significantly increase bloom formation (Li A. et al., 2001; Place
etal, 2012; Li et al,, 2015). While not included in our experimental
design, mixotrophy could play an important role in some climate
change scenarios, especially in regard to elevated temperature,
which can significantly increase prey ingestion and digestion (Li
A. et al, 2001; Wilken et al., 2013; Li et al, 2022). Other factors
related to bloom progression, such as nutrient starvation, can
negatively affect algal response to pH-induced stress, and are
important to consider in future studies, as mixotrophic
phytoplankton may be favored under some ocean acidification
scenarios (Flynn et al., 2015). Taken together our results suggest
that elevated CO, and temperature can enhance carbon assimilation
and increase K. veneficum autotrophic growth and toxicity, which
could further influence bloom formation and severity. However,
long-term exposure to these conditions also resulted in
notable shifts in greater proportions of essential fatty acids
that might counteract the negative effects of elevated cell toxicity
to grazers. Such interactions, as well as possible shifts in
mixotrophic behavior and subsequent changes to algal toxicity
warrant further investigation in more complex future climate
change simulations.
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