ABSTRACT

Title of Dissertation: INTERACTIONS BETWEEN NITROGEN
AND TEMPERATURE ON THE
METABOLISM OF THE RED-TIDE
MIXOTROPHIC DINOFLAGELLATE
KARENIA SPP. IN SUPPORT OF
PREDICTIVE MODELS: IMPLICATIONS
FOR BLOOM DYNAMICS ON THE WEST
FLORIDA SHELF

So Hyun (Sophia) Ahn,
Doctor of Philosophy, 2023

Dissertation directed by: Professor Patricia M. Glibert,
Marine Estuarine Environment Sciences

The toxic mixotrophic dinoflagellate Karenia spp. forms blooms almost annually in the
Gulf of Mexico, especially on the West Florida Shelf (WFS). Blooms typically initiate in early
fall but can persist from months to years. Daily, Karenia vertically migrates to the surface water
during the day, possibly experiencing changes in temperature, light, nitrogen (N), and prey type
and availability. Therefore, this dissertation aimed to examine the interplay between Karenia’s
photo-autotrophic and phago-mixotrophic metabolism and the short-term fluctuations in
environmental conditions to understand how these factors may relate to the conditions under

which Karenia spp. are found in the WFS.



A culture of K. mikimotoi balanced photon flux pressure (light availability) with
consumption in overall metabolism when pulsed with *®N-NO3", *®N-NH4*, or *°N-urea over the
range of 15-25°C as shown by photosynthetic fluorescence. However, when shifted to 30°C,
cells were significantly stressed, but urea-enriched cells showed a smaller decline in
fluorescence, implying that urea might induce a photoprotective mechanism by increasing
metabolic “pull.” Studies conducted with natural K. brevis winter and summer populations
during 2021 showed that thermal history played a critical role. Unusually, summer blooms had
higher biomass but were stressed photosynthetically and nutritionally. However, °N-urea
enriched summer cells had higher uptake rates as well as carbon (C) and N cell’?, especially in
warmer waters, showing differential thermal responses based on N forms.

Mixotrophy grazing measurements showed that K. brevis grazed both the picoplankter
Synechococcus as well as the cryptophyte Rhodomonas. Grazing did not selectively target
specific qualities of Synechococcus (based on differing N and P of the prey growth media), but
ingestion rates were a function of prey-to-grazer ratios (R?=0.76) as well as prey amounts
(R?=0.71). NanoSIMS confirmed **N incorporation from Synechococcus in K. brevis. In natural
communities of K. brevis, ingestion rates were also significantly related to prey-to-grazer ratios
(p < 0.01) and by temperatures (p < 0.05) to a lesser degree (R?= 0.75) when incubated at
ambient (24°C) and ambient temperature £ 5°C (19, 29°C). The grazer effects on the
photosynthetic performance of grazer and prey were also examined. Grazing on Synechococcus
indirectly reduce the photosynthetic performance of prey, especially at warmer temperatures but

had little or no effect on the photosynthesis of K. brevis itself.
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Chapter 1: Introduction

The genus Karenia is a globally distributed bloom-forming dinoflagellate.
Within this genus, K. brevis and K. mikimotoi, especially K. brevis, stand out as the
predominant toxic species along the West Florida Shelf (WFS) and the broader
expanse of the Gulf of Mexico. Karenia spp., which typically initiates blooms in late
summer to early fall, is a slow-growing (~ 0.3 day™!) mixotrophic dinoflagellate but
can become dominant in Florida’s water and persist for periods ranging from months
to years (Brand et al., 2012; Heil et al., 2022). While physical mechanisms play
important roles in large bloom initiation and expansion (Li et al., 2019), this
eurythermal, euryhaline, wide light-tolerant taxon is capable of utilizing a broad
spectrum of inorganic and organic nutrients, as well as ingesting prey (Glibert et al.,
2009; Heil et al., 2014a; Huang et al., 2020), potentially contributing to its bloom
development and maintenance. Nevertheless, many questions regarding the interplay
between Karenia’s photoautotrophic and mixotrophic metabolism and the
fluctuations in environmental conditions remain unanswered. Therefore, this
dissertation aims to 1) Examine photosynthesis-irradiance responses and nutrient
uptake rates of Karenia spp. to different forms and amounts of nutrients, especially
nitrogen (N), and temperatures in laboratory and field experiments, and (2)
Investigate if the prey quantity and nutritional quality could affect grazing and photo-
physiological responses of K. brevis, under different temperatures in laboratory and
field experiments to understand how these factors may relate to the conditions under
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which Karenia spp. are found in the WFS. Given that the WFS is historically N-
limited due to influence by phosphorous (P)-mining, overall studies focused on
effects of N rather than P enrichment.

Typically, blooms of K. brevis—often mixed with K. mikimotoi—are initiated
during the late summer to early fall (July to November), with the most frequent
initiation in September in the WFS (Heil et al., 2022). These blooms tend to
overwinter in typical years and are most likely to terminate in April, primarily due to
physical factors. While natural populations of K. brevis (7-33°C) and K. mikimotoi (4-
31°C) have been found across a wide temperature range, their optimal thermal range
was narrower (e.g., 22-28°C) (Brand et al., 2012). Consequently, hot water
temperatures (> 30°C) are considered significant barriers preventing robust blooms
during the summer months (Magafia and Villareal, 2006; Vargo, 2009; Brand et al.,
2012). However, in specific years such as 2005, 2018, and 2020, Karenia blooms
have thrived extensively during these hot summer months leading to blooms of very
long duration (Heil et al., 2022). Furthermore, daily, cells are likely to be exposed to
thermal fluctuations of several degrees due to daylight surface aggregation behavior.
These thermal fluctuations could be even more pronounced if cells vertically migrate
(Heil et al., 2014b). This raises questions about how cells overcome and handle the
thermal stress in both the short and long term.

Multiple nutrient sources (>12) have been identified to support K. brevis
blooms on the WFS, including water column nitrification, estuarine flux, and
mixotrophic consumption of prey (Heil et al. 2014a). The importance of each source

differs depending on timing and location, and regenerated nutrient sources, such as



ammonium (NH4"), become increasingly important in supporting blooms in coastal
and offshore environments (Heil et al., 2014a). Various chemical forms of nutrients,
such as NH4", nitrate (NO3"), urea, and amino acids, can be utilized by Karenia spp.,
but they prefer regenerated forms of N, such as NH4* and urea (Heil et al., 2014a;
Killberg-Thoreson et al., 2014; Bronk et al., 2014, Huang et al., 2020). In general,
rising temperatures could increase enzyme activities related to N metabolism until the
tolerance threshold (Ras et al., 2013; Shen et al., 2016; Kana et al., 1997). However,
the key enzymes related to different forms of N could have differential thermal
optimal ranges, regulating uptake rates of N, and consequently photosynthesis,
influencing dynamics of Karenia spp. to different temperatures (Lomas and Glibert,
1999a; Glibert et al., 2016). Taken together, interactions of Karenia spp. between
light, N forms, and temperature need to be better resolved to understand seasonal
bloom dynamics and short-term effects on blooms on the WFS.

The common Karenia species, K. brevis and K. mikimotoi, are both dominant
bloom-forming species in the WFS, exhibiting both photo-autrophy and phago-
heterotrophy, i.e., mixotrophy, while the less common species, K. bicuneiformis, K.
papilionacea, and K. selliformis appear to lack mixotrophic ability (Ok et al., 2023).
Jeong et al. (2005) discovered that cultured K. brevis could graze on pico-
cyanobacteria Synechococcus sp., and Glibert et al. (2009) confirmed higher grazing
rates by cultured K. brevis with increasing Synechococcus amounts. In addition,
enhanced growth rates under mixotrophic conditions in this species were shown
(under low light conditions) (Glibert et al., 2009). Zhang et al. (2011; 2013) reported

that cultured K. mikimotoi could ingest Marinobacter sp., fluorescent microspheres



(0.5 and 2um), Isochrysis galbana, and Hemiselmis virescens. The presence of prey
also increased growth rates in K. mikimotoi, implying that mixotrophy is a potentially
significant nutrient source for Karenia spp. It is likely that Karenia spp., especially K.
brevis, prefer small prey such as picocyanobacteria but may have a broader prey
spectrum that has not yet been tested. Furthermore, grazing experiments with natural
populations of Karenia spp. from the WFS have not been conducted. Therefore, this
dissertation aimed to identify the grazing capacity of natural populations.

Mixotrophs may benefit from phagotrophy to supplement dissolved nutrients
and/or carbon where their availability is limited (Stoecker et al., 2017). Specific
nutrient deficiency can trigger mixotrophic grazing, while imbalances in nutrient
ratios may lead mixotrophs to exhibit more heterotrophic behavior, thereby showing
nutritionally controlled grazing activities as well as growth (e.g., Lundgren et al.,
2016; Lin et al., 2017; Zhang et al., 2013). Lin et al. (2017) reported that low N:P
Karlodinium veneficum, a member of the family Kareniaceae like the genus Karenia,
showed the maximum grazing rates on N-rich Rhodomonas salina that were about 4-
fold higher than those of high N:P predator feeding on N-rich prey. Additionally,
Zhang et al. (2013) reported that their growth rates increased significantly when N-
limited K. mikimotoi were fed with prey organisms. On the other hand, when K.
mikimotoi was P-limited, no significant changes in growth were observed with prey
addition, but the maximum cell density of grazers increased. While K. brevis may
also show similar mixotrophic behavior, the role of both prey and predator's

nutritional history on mixotrophy and growth remains unexplored yet.



The metabolic theory of ecology predicts higher temperature regulation in
heterotrophic processes than autotrophic processes (Brown et al., 2004; Allen et al.,
2005; Wilken et al., 2013). Mixotrophs can be more heterotrophic with rising
temperatures (e.g., Wilken et al., 2013). Wilken et al. (2013) demonstrated a higher
contribution of mixotrophic growth to photosynthesis with increasing temperature.
Lin et al. (2018) reported higher grazing rates and biomass of K. veneficum at > 25°C,
showing temperature regulation of mixotrophy. Furthermore, Lin et al. (2018)
successfully applied a multi-element mechanistic model of mixotrophy under diverse
N:P ratios and temperatures to experimental data of K. veneficum. The physiological
data of both phototrophy and mixotrophy of Karenia spp. in a wide range of
environmental factors, including temperatures and N forms and amounts, through this
dissertation research, will be incorporated into an open-source physical (e.g.,
Regional Ocean Modeling System, ROMS) and biogeochemical model framework
that stimulates water column biogeochemical cycling using a Row-Column Aesop
(RCA) (Zhang et al., 2021). Such incorporation of nutritional physiology of Karenia
spp. will improve the predictive power of a 3D-coupled model, especially on the

long-term outlook of Karenia bloom on the WFS.

The overarching hypothesis of this dissertation research is that increasing
temperature will enhance the metabolic rates (nutrient uptake, photosynthesis,
mixotrophy, growth) of the dinoflagellate Karenia spp. and will do so to a greater
extent with chemically reduced nitrogen and with heterotrophic process than
autotrophic process. In particular, | hypothesize that (1) rates of N uptake and

photosynthesis of Karenia spp. increase with rising temperature and will do so to a
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greater extent with chemically reduced inorganic nitrogen, NH4*, and/or simple
organic N, urea than with oxidized forms of N, NOz"; (2) Phago-mixotrophy is an
important nutrient source for K. brevis, especially under warmer waters, and they can
graze on diverse prey; (3) when inorganic nutrient supply ratio is imbalanced, rates of
growth and grazing of K. brevis will nutritionally controlled by prey. These
adaptations may allow K. brevis to thrive in summers when temperatures exceed their

photosynthetic tolerance.

In order to address these hypotheses, (1) N uptake rates and photosynthesis-
irradiance responses of cultured K. mikimotoi were investigated under different
temperature (15, 20, 25, 30°C) and different N forms (NOs’, NH4*, urea) and amounts
(1, 5, 10, 20, 50uM) in the short term (Chapter 2); (2) N uptake rates and
photosynthesis-irradiance responses of natural Karenia spp. from winter and summer
populations were determined under different temperature (15, 20, 25, 30°C or 15, 25,
30, 33°C) and different N forms (NO3s’, NH4", urea) and amounts (0-50uM) in the
short term (Chapter 3 and 4); (3) Mixed culture experiments using varying
proportions of K. brevis and several potential prey types with different nutritional
quality were performed to establish rates of growth and feeding of K. brevis as well as
associated changes in photophysiology of predator and prey (Chapter 5); (4) Grazing,
growth, and photosynthetic responses by natural populations of K. brevis from the
WES on Synechococcus were examined under ambient (24°C) and ambient
temperatures + 5°C (19, 29°C) (Chapter 6). The overall conclusion and implication
are presented at the end (Chapter 7).

The main chapters of the dissertation consisted of the following manuscripts:
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Chapter 2: Shining light on photosynthesis in the harmful
dinoflagellate Karenia mikimotoi-Responses to short-term
changes in temperature, nitrogen form, and availability?

Abstract

Karenia mikimotoi is a toxic bloom-forming dinoflagellate that sometimes co-blooms
with Karenia brevis in the Gulf of Mexico, especially on the West Florida Shelf
where strong vertical temperature gradients and rapid changes in nitrogen (N) can be
found. Here, the short-term interactions of temperature, N form, and availability on
photosynthesis—irradiance responses were examined using rapid light curves and
PAM fluorometry in order to understand their interactions, and how they may affect
photosynthetic yields. Cultures of K. mikimotoi were enriched with either nitrate
(NO3z"), ammonium (NH4*), or urea with varying amounts (1, 5, 10, 20, 50 uM-N)
and then incubated at temperatures of 15, 20, 25, 30 °C for 1 h. At 15-25 °C,
fluorescence parameters (Fv/Fm, rETR) when averaged for all N treatments were
comparable. Within a given light intensity, increasing all forms of N concentrations
generally led to higher photosynthetic yields. Cells appeared to dynamically balance
the “push” due to photon flux pressure and reductant generation, with consumption in
overall metabolism (“pull” due to demand). However, at 30 °C, all fluorescence

parameters declined precipitously, but differential responses were observed

L Ahn, S.H., Glibert, P.M. (2022) Shining light on photosynthesis in the harmful dinoflagellate Karenia
mikimotoi—Responses to short-Term changes in temperature, nitrogen form, and availability.
Phycology 2(1):30-44.
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depending on N form. Cells enriched with urea at 30 °C showed a smaller decline in
fluorescence parameters than cells treated with NO3~ or NH4*, implying that urea

might induce a photoprotective mechanism by increasing metabolic “pull”.

Introduction

Karenia mikimotoi, the close relative of the harmful dinoflagellate Karenia
brevis that forms massive annual blooms mostly in the Gulf of Mexico, is a hemolytic
and cytotoxic dinoflagellate found in coastal waters around the world, including Asia
(e.g., Japan, China, Korea, Hong Kong), Europe (e.g., Norway, United Kingdom,
Denmark, Spain), Oceania (e.g., Australia, New Zealand), and America (e.g., United
States, Chile) (Brand et al., 2012; Li et al., 2019). Several Karenia species co-exist
and often co-bloom with K. brevis in the Gulf of Mexico, especially on the West
Florida Shelf (Brand et al., 2012; Haywood et al., 2004). Although highly variable
from year-to-year, Karenia spp. blooms on the West Florida Shelf commonly occur
from early fall through winter and only rarely persist as substantial blooms
throughout the summer (Lenes and Heil, 2010).

Temperature is an important variable in understanding the physiological
success of phytoplankton taxa, but due to its effect on key enzymes and the different
temperature optima of enzymes involved in photosynthesis and metabolism of
different forms of nitrogen (N), temperature may have different effects on
physiological status depending on growth N form. Seasonal temperature changes on
the West Florida Shelf range from lows of ~15 °C in winter when K. brevis blooms
are more common, to highs of >30 °C in mid-summer. Sharp vertical gradients in

temperature may also exist. For example, Weisberg et al. (2014) reported, for the
9



West Florida Shelf for the month of July 2010, that temperatures changed from near
29 °C at the surface to near 17 °C near the bottom, where waters are influenced by
upwelling. The near-bottom waters are also more enriched in nitrate (NO3") relative
to the surface waters in which regenerated forms of N (e.g., ammonium (NH4") or
urea), are proportionately more abundant. Even when strong upwelling is not present,
strong vertical gradients in temperature may be commonly found (Weisberg and He,
2003). Any vertically migrating cells would be subject to sharp changes in
temperature and possibly to co-occurring changes in N form and concentration. Here,
the short-term interactions of temperature, light, and N form, and amounts were
examined in K. mikimotoi, with an aim of understanding how these responses may
relate to the fluctuating conditions, under which K. mikimotoi is found on West
Florida Shelf.

Temperature effects on photosynthesis and N nutrition are complex, but the
interactions between temperature, photosynthesis, and different N forms in
phytoplankton metabolism are not well understood. The biophysical light reactions of
photosynthesis are relatively temperature-insensitive, while the biochemical reactions
(e.g., Calvin Cycle reactions and non-photochemical reactions in the thylakoid) are
temperature sensitive leading to reduced rates of carbon (C) assimilation at low
temperatures (Glibert et al., 2016). Temperature also affects enzymes associated with
NOs;™ and NH4* (Gao et al., 1983). The enzyme involved in NOs™ reduction, nitrate
reductase (NR), typically has an inverse relationship with temperature (generally
between 12 °C and 25 °C) (Gao et al., 1983; Kristiansen, 1983; Lomas and Glibert

1999a, 1999b) while the enzymes involved in NH4" assimilation, glutamine
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synthetase—glutamate synthase (GS-GOGAT), are positively related to temperature
across the same range (e.g., Clayton and Ahmed, 1986). The assimilation of NO3s™
would thus be expected to be higher at lower temperatures (10-15 °C), and indeed,
over the temperature range 5-25 °C, NOs™ uptake by both diatom-dominated and
dinoflagellate-dominated natural communities typically show an inverse relationship
with temperature, while NH4" uptake typically shows a positive relationship (Lomas
and Glibert 1999a, 1999b). Urease, the enzyme involved in urea metabolism, also
appears to have a positive relationship with temperature for many phytoplankton taxa,
and at least for one dinoflagellate, Prorocentrum minimum, rates of activity remain
elevated up to temperatures of 50 °C (Fan et al., 2003). Taken together, the
assimilation of NO3~, NH4*, and urea are regulated differently by temperature, a
factor that can influence phytoplankton dynamics in an environment in which N
forms may be variable.

Light is a fundamental source for photoautotrophs, however, if light energy
absorbed by pigments in photosystem Il (PSII) exceeds its utilization in C
assimilation, PSII can experience oxidative or other damage (Genty et al., 1989;
Murchie and Lawson, 2013; Kana et al., 1997). The reaction center chlorophyll (Chl)
in PSII, which is aggregated on the thylakoid membrane, absorbs quanta of
photosynthetically active radiation (PAR) and generates electrons and protons from
water molecules that, in turn, contribute to the generation of chemical energy (ATP,
NADPH) that is used to drive diverse metabolic processes such as C and N
assimilation. However, the supply of chemical energy must be matched to its use in

metabolism to protect PSII from over-reduction (e.g., Kana et al., 1997). One of the
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important mechanisms to rapidly regulate excess light energy is non-photochemical
quenching (NPQ) (of fluorescence) (Glibert et al., 2016; Murchie and Lawson, 2013).
This process mainly dissipates the absorbed energy that exceeds the capacity of
electron transport over demand of metabolism as non-radiative harmless heat. There
are multiple mechanisms contributing to photoprotection, and photoregulation, and
the actual relationship between NPQ and photoprotection is complex. Light, nutrients,
and temperature are among the main factors affecting the capacity of electron
transport and the demand for metabolism (Kana et al., 1997; Ras et al., 2013). When
photosynthetic organisms experience nutrient deficiency, metabolism may be
resource limited, but not necessarily energy limited. Thus, reduced metabolic use of
absorbed light energy may result in over-excitation, altering cellular energy balance
(Kana et al., 1997; Ras et al., 2013). In such a case, the reduced demand for
metabolism decreases the energy utilization capacity, and it might accelerate
photoinhibition. One pathway by which NPQ in algae is triggered is via the
accumulation of Light Harvesting Complex Stress Related Proteins (LHCSRs; e.g.,
Peers et al., 2009), and recent work (Perozoni et al., 2020) has characterized these
proteins for the green alga Chlamydomonas reinhardtii. Here, these interactions were
studied using pulse-amplitude modulation (PAM) fluorometry.

As with other Karenia species, K. mikimotoi is a relatively slow-grower but
has a strong adaptive capacity to fluctuating environments (Brand et al., 2012; Li et
al., 2019). Although differences have been found between subspecies, K. mikimotoi is
a eurythermal (4-31 °C) and euryhaline (salinity of 9-35) species (Brand et al.,

2012). While generally thought to be a low-light specialist, K. mikimotoi is also
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capable of growing well in a wide range of light intensities (Brand et al., 2012; Li et
al., 2019) and is positively phototactic. Nutritionally, Karenia spp. are flexible,
utilizing various inorganic and organic nutrients and showing phago-mixotrophy
(Brand et al., 2012; Zhang et al., 2011, 2013; Heil et al., 2014a; Glibert et al., 2009;
Jeong et al., 2005). On the West Florida Shelf, diverse nutrient sources (e.g., land-
derived nutrient inputs, microbially regenerated nutrients, regenerated nutrients from
decaying fish during toxic blooms, nitrification) may be available to be taken up by
Karenia spp. (Heil et al., 2014a). While Karenia spp. are primarily photo-autotrophic,
they may also consume prey, and higher growth rates of K. brevis (Glibert et al.,
2009; Jeong et al., 2005) and K. mikimotoi (Zhang et al., 2011, 2013) have been
observed when they have ingested prey organisms compared to growth on inorganic
nutrient sources.

In this study, the objective was to analyze photosynthesis in K. mikimotoi, in
response to short-term exposures to varying combinations of temperature, N form,
and concentration. We focused on short-term (hour time scale) exposure to different
temperatures, bracketing the temperatures most commonly experienced on the West
Florida Shelf, simulating how cells may respond to environmental changes that may
be experienced near coastal fronts, in vertical gradients, or near nutrient sources.
Photosynthesis-irradiance responses were examined using rapid light curves. We
hypothesized that photosynthetic efficiency in K. mikimotoi will increase with
temperature and with increasing N concentrations (all forms), but that with increasing
temperatures, photosynthetic efficiency—the relative amount of absorbed light

energy that can be used to drive photosynthesis—will increase to a greater extent,
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with increasing concentrations of chemically reduced forms of N compared to

changes with increasing concentrations of NOs™.

Materials and methods

Algal Culture

A culture of non-axenic K. mikimotoi (ARC165, originally isolated from
Venice, Florida in 2006) was obtained from Mote Marine Laboratory, Sarasota, FL,
USA. The K. mikimotoi were grown in semi-batch cultures using L1-silicate media
with N added as NO3z™ (Guillard, 1975). All culture media were prepared with 0.2 um
filtered nearshore west Florida waters and sterilized by autoclaving. Cultures were
grown over 12 h light:12 h dark cycle under 40 umol photons m~2 s at salinity

32~34 and 20 °C.

Specific growth rate, nutrient analysis

While maintaining the stock culture, changes in cell number over time were
monitored by counting cells with light microscopy using a hemocytometer after
fixing with 5% Lugol’s solution. The specific growth rate (i) of K. mikimotoi was
calculated according to

n=(In Xo—In X1)/(t2— t1) (1)
where X3 and X are the cell numbers at time t; and to, respectively. At the start of the
experiment, samples for cell counts and ambient nutrients were collected. Aliquots of
culture were filtered through precombusted (450 °C for 2 h) Whatman GF/F filters

(Florham Park, NJ, USA) were stored in a —20 °C freezer for further analysis. The
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filtrates were reserved for ambient nutrient analysis, which was later done via

autoanalysis at the Mote Marine Laboratory.

Experimental Setup

To initiate the experiment, the culture was first diluted to a final concentration
of 6200 cells mI~* with autoclaved filtered seawater in order to reduce the
concentrations of residual nutrients. Aliquots of the diluted culture were then
transferred to 60, 50 mL polypropylene tubes. The tubes were divided into 12 batches
of five tubes (Fig. 2.1). Within each batch, tubes received an enrichment of either
NOs~, NH4" or urea at the following concentrations: 1, 5, 10, 20, 50 uM-N, as *N
(99% enriched). One batch of each substrate enrichment gradient (NOs~, NH4" or
urea) was then incubated for 1 h at each of four different temperatures. To do so,
tubes were placed in temperature-controlled water baths maintained at 15, 20, 25, 30
°C. Tubes were illuminated continuously by LED lights with 350-400 umol photons
m~2 s as measured with QSL-100 quantum scalar irradiance meter (Biospherical
Instruments Inc., San Diego, CA, USA). At the end of the incubation period, tubes
were subsampled for photosynthesis measurements and °N incorporation as

described below.
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Figure 2.1. Schematic of the experimental design to measure >N incorporation and
photosynthesis-irradiance responses of K. mikimotoi exposed to different temperature,
N forms, and concentrations. Green tubes represent those enriched with urea; blue

tubes—those enriched with NH4*; and red tubes—those enriched with NOs™.

Chl fluorescence measurements

After the 1 h incubation at the designated temperature, black multiwell plates
(24 wells each) were filled with K. mikimotoi cells from the various tubes (3 mL in
each well) and were dark acclimated for 20 min to fully open (i.e., oxidize) the PSII
reaction center Chl and to minimize non-photochemical energy dissipation.
Fluorescence emissions from PS Il were monitored by a MAXI-Imaging PAM M-
Series (Heinz Walz GmbH, Effeltrich, Germany), equipped with 44 blue LED lamps.
Light intensities were calibrated with a ULM-500 Light Meter & Logger equipped
with a micro quantum sensor (Heinz Walz GmbH, Effeltrich, Germany). Rapid light
curves were run to monitor PS Il fluorescence emissions as a function of rapid

changes in irradiance (12 steps for 20 s at each step: 0, 4, 10, 28, 53, 86, 128, 178,
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236, 377, 460, 671 umol photons m=2 s7). The data were exported from the
ImagingWin software (Heinz Walz GmbH, Effeltrich, Germany) and fluorescence
parameters were calculated. For the dark-adapted cells, the maximum quantum yields
of PSII photochemistry were calculated as the ratio of variable fluorescence (Fv) to
maximum fluorescence (Fm), Fv/Fm (Murchie and Lawson, 2013; Scheriber et al.,
1994). Subsequently, the effective quantum yield of PSII photochemistry at each light
step was calculated as
Y1l = (F’'m — Ft)/F’'m (2)

where F’m is light-acclimated maximum fluorescence and Ft is the steady-state value
of fluorescence immediately prior to a flash for a light-adapted sample, respectively
(Genty et al., 1989; Kramer et al., 2004). The quantum yield of non-regulated non-
photochemical energy dissipation (YNO) and the quantum yield of regulated non-
photochemical energy dissipation (YNPQ) were further calculated to analyze the
allocation of PSII excitation energy at each light step (Kramer et al., 2004). The sum
of these three yields equals 1.

The relative electron transfer rate (rETR) of PS Il in units of umol electrons
m~2 st was calculated as

rETR=0.5xYIl x PAR x 0.84 (3)

which is the product of the effective quantum yield (Y1I) and photosynthetically
active radiation (PAR), adjusting the product by a factor of 0.5, which takes into
account that half of the absorbed light energy is directed to PSII, and by the factor
0.84, which is the presumed PAR absorptivity (e.g., Genty et al., 1989).

Photosynthesis-irradiance curves were fitted using the formula of Platt et al. (1980)
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and rETR parameters were calculated using the R package ‘phytotools’
(https://cran.r-project.org/package=phytotools (accessed on April 12, 2021).

The photosynthetic quenching parameter, gP, was calculated according to

qP = (F’'m — Ft)/(F°’m — F’0) 4)

in which minimum fluorescence level of illuminated sample is F’o. In order to
convert this to a measure of excitation pressure, the value 1-qP was calculated. This
value is also interpreted as the number of photosynthetic reaction centers that are
closed (Maxwell and Johnson, 2000). Thus, whereas Fv/Fm is a measure of quantum
efficiency of PSII and the efficiency of non-photochemical quenching (when all
reaction centers are considered open and the cells are dark-adapted), any change in qP

reflects the degree of reaction center closures under varying light conditions.

5N Isotope Analysis

After incubation, and immediately after the filling of the microwell plates for
photosynthetic measurements, the remaining volumes in each of the experimental
tubes were filtered through precombusted (450 °C 2 h) Whatman GF/F filters. The
filters were immediately frozen, then subsequently dried and transferred to tin
capsules. Isotope analysis was then undertaken by the UC Davis Stable Isotope
Facility. Values are reported as >N atom percent enrichment of samples at the end of

the incubation periods (Glibert et al., 2019).

Statistical Analysis

All statistical analyses were performed with R. The normality of data was

checked with Shapiro—Wilks test and the homogeneity of variance was assessed with
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Levene’s test in R package ‘car’. Differences between different temperature (15, 20,
25, 30 °C) and N forms (NOs~, NH4", urea) of fluorescence data (e.g., Fv/Fm, rETR
parameters) were tested using one-way analysis of variance (ANOVA), followed by

Tukey’s HSD test for pairwise comparisons.

Results

Initial cell and nutrient conditions

The specific growth rate of the initial undiluted culture at the time of the
experiment was 0.23 day*. The cells were not nutrient-depleted and the measured
concentrations of nutrients after dilution with filtered seawater were 289 uM + 2.8
and 1.1 £ 0.5 uM for NOs and NH.", respectively, and 7.7 = 0 uM for PO4*". Urea

concentrations were negligible.

PSII quantum efficiency and quantum yields

Over the range of 15-25 °C, the maximum quantum yields of PSII
photochemical efficiency, Fv/Fm, did not differ significantly between the N
treatments when the different N concentrations for each temperature were averaged
(ANOVA, p > 0.05) (Tables 2.1 and 2.2). The Fv/Fm averaged 0.44 + 0.03 for the
15-25 °C treatments when all N forms and concentrations are taken into account.
However, within each N form, Fv/Fm tended to increase with temperature (ANOVA,
p < 0.05) (Table 2.2) and concentrations (Fig. 2.2). In contrast, at 30 °C, the Fv/Fm of
all the N-enriched samples dropped precipitously. The Fv/Fm of samples enriched
with NO3™ and NH4" and incubated at 30 °C dropped to <0.1, while those with urea

enrichment fell to a range of 0.1-0.2. The Fv/Fm values of the urea-treated samples
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(0.17 £ 0.04) were 2-fold higher than those of the NH4*-treated samples (0.07 + 0.03)
(Tukey’s HSD, p < 0.01) and 9-fold higher than those of the NO3 -treated samples

(0.02 + 0.03) (Tukey’s HSD, p < 0.001) (Fig. 2.2 and Table 2.2). At 30 °C, the Fv/Fm
values also showed a general decline when enriched at concentrations >5 pM-N (Fig.

2.2). This trend was most apparent for samples enriched with urea.
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Figure 2.2. Maximum photosystem Il photochemical efficiency, Fv/Fm, of K.

mikimotoi exposed to different temperatures (15, 20, 25, 30 °C) when pulsed with
different nitrogen forms (NO3~, NH4™, urea) and amounts (1, 5, 10, 20, 50 uM-N).
Within each depicted temperature, the darker the color of the bars, the higher the

enrichment with added N.

Table 2.1. Analysis of variance (ANOVA) results testing N form effects at each

temperature
ANOVA (N form effects)
Fv/Fm rETRmax
F(df=2) P-value F (df=2) P-value
15°C 1.329 0.301 4.901 0.028
20°C 0.329 0.726 3.942 0.048
25°C 1.361 0.293 3.238 0.075
30°C 25.58 <0.001 12.85 0.001
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Table 2.2. The averaged Fv/Fm and rETRmax (Note that only the statistical results for

the ANOVA at 15, 20, 25°C are shown here). Significant results are shown in bold.

NOs NH4* Urea
Fv/iFm rETRmax Fv/iFm rETRmax Fv/IFm rETRmax
15°C 0.41+0.01 11.242.0 0.43+0.03 15.6%3.0 0.43+0.02 14.1+1.6
20°C 0.43+0.03 11.6+1.4 0.44+0.03 14.0+1.7 0.42+0.02 14.1+1.7
25°C 0.45+0.02 10.1+2.2 0.47+0.02 13.0+2.0 0.46+0.01 12.7+1.8
30°C 0.02+0.03 0.9+0.8 0.07+0.03 2.4+0.7 0.17+0.04 3.1+0.6
ANOVA (temperature effects at 15-25°C)
F (df=2) 3.935 0.856 3.368 1.613 7.485 1.192
P-value 0.049 0.449 0.069 0.240 0.008 0.337

At 15-25 °C, the quantum yields of the effective photochemical efficiency of

PSII, Y1, of K. mikimotoi declined with increasing transient light intensities (Fig.

2.3a—1). The rates of decline were similar for all N treatments (ANOVA, p > 0.05). At

30 °C, all values of Y11 were much reduced, but values for samples enriched with
urea were significantly higher than values for those samples enriched with either
NO3™ or NH4" (Tukey’s HSD, p < 0.001) (Fig. 2.3j-1). For a given light intensity,

most values of Yl increased with increasing N concentrations at 15-25 °C (Fig.

2.3a-1), while no consistent N concentration effects were found at 30 °C (Fig. 2.3j-).

21



057 (a) 15°C NO;, 051 (b) 15°C NH 057 (c)15°C Urea

0.4 1 0 1M 0.4
B 5uM
= 10uM
0.3 = 20uM 0.3
m 50uM
027 I 0.2
0.1 ﬂﬂl ﬂl 01+
00- ﬂiﬂ.ﬂ‘ 00-
o =OwW o o B Cn I N
SRBBERELS
C NO

057 4. @

1M
5uM
10pM

1uM 0.4
S5uM
10pM
20um| 0.3 20uM
50pM 50pM
0.2 1
“ﬂ'lﬂ o M“M“M I
| . filla
o= O ® Q0 0 WO M~
- N N M~ 0O
— — N

oM o
w @

EREEO
EEEEO

N 0.51 (e) 20°c NH 057 (f) 20°C Urea

0.4+ 0.41 041
0.3 0.3 1 031
0.2 021 021
ool Mﬂﬂﬂ ool ““'Mﬂ ol M
0.0- ik 0.0° m g
“eRBEREELEBS ovogy
e N T 0
CNOo

OTO OMOOD®Or~o
— N DONM~O w0
- = =

671

I~
™~

0.57

[y2]
['e]
(g) 25°C NO, 0.5 h) 25°C NH; 0.57 (i) 25°C Urea
0.4 1 0.4 0.4
0.3 1 031 0.3 1
0.2 1 0217 0.2 1
o “ﬂﬂﬂ o ﬂﬂllﬂ o M Mﬂﬂﬂ
00- [Il 00- [. 00- [Il
=T O wWwm @ 00 O M~ ~ O O<TO0OMOWODMOODWOMNS] O «—
TANBSNERE B g SNESAEEESE
30°C

YII

o © o: ovoEmemPy —
@ 25 Sooa~o s IS

057 (j) 30°C NO; 057 (k) 30°C NH; 057 () 30°C Urea
0.4 0.4 0.4
0.3 0.3 1 034
0.2 1 0.2 1 024
| Mﬂl
) R =R R e = . OTO®®M©O®D®DO M~ . OTODM®O ®DOMO —

TANLONNOED R —Nmmwhmhga —TNLOAROEDN

Irradiance (umol photon m2sec-!)

Figure 2.3. Effective Photosystem Il photochemical efficiency, YlI, as a function of
irradiance for K. mikimotoi exposed to different temperatures (15, 20, 25, 30 °C)
when pulsed with different nitrogen forms (NOs~, NH4", urea) and amounts (1, 5, 10,
20, 50 uM-N). Within each depicted irradiance level, the darker the color of the bars,

the higher the enrichment with added N.
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Relative electron transfer rate

The rapid light response curves of rETR showed a typical saturating response
with little evidence of photoinhibition at 15-25 °C at all N forms and concentrations
(Fig. 2.4a-1). Only a few treatments showed down-regulation of photochemical
reactions, thus exhibited reduction in rETR values at the highest light intensity (e.g.,
20 and 50 pM-N of urea at 25 °C). As with values of Fv/Fm and Y11, values of rETR
were reduced significantly at 30 °C across the light range, but the extent of reduction
differed depending on the form of N (ANOVA, p < 0.01) (Fig. 2.4j-1). Both light-
limited and light-saturated parts of the rETR versus irradiance curves responded to
changes in N concentrations with stronger effects on the light-saturated regions at 15—
25 °C (Fig. 2.4a-i). For example, the light-limited rETR of the 1 uM-N NH4"
treatment at 15 °C (0-178 umol photons m2 s71) increased 43% compared to the 50-
UM-N NH4* treatment at 15 °C, and the light-saturated rETR of the 1uM-N NH4*
treatment at 15°C (236-460 pmol photons m2 s™1) increased 63% compared to the 50
UM-N NH4* treatment at 15 °C.

No significant temperature effects on rETRmax Were found at 15-25°C at each
N source (ANOVA > 0.05) (Table 2.2) while N source effects were found at two
temperatures (Tukey’s HSD, p < 0.05) (Table 2.1). The rETRmax values of the NH4*-
enriched cultures (15.6 £ 3.0) were significantly higher than those of samples
enriched with NO3z™ (11.2 £2.0) at 15°C (Tukey’s HSD, p < 0.05) and rETRmax

values of the NO3z -enriched cultures (0.9 + 0.8) were markedly lower than those of
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the NH4™-enriched samples (2.4 + 0.7) (Tukey’s HSD, p < 0.05), and the urea-treated

samples (3.1 £.0.6) at 30°C (Tukey’s HSD, p < 0.01) (Fig. 2.5, Table 2.2).
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Figure 2.4. The rapid light responses of rETR of K. mikimotoi exposed to different
temperatures (15, 20, 25, 30 °C) when pulsed with different nitrogen forms (NOs™,
NH.", urea) and amounts (1, 5, 10, 20, 50 uM-N). For each depicted ETR curve, the
darker the color of the lines, the higher the enrichment with added N.
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25, 30 °C) when pulsed with different nitrogen forms (NOs~, NH4", urea) and
amounts (1, 5, 10, 20, 50 uM). Within each depicted temperature, the darker the color

of the bars, the higher the enrichment with added N.

Excitation pressure

The excitation pressure, 1-gP, increased with increasing transient light
intensities at 15-25 °C (Fig. 2.6a—i). When cells were fully dark-adapted (I = 0 umol
photons m™2 s, reaction centers were all open and 1-gP values were low, but by 10
umol photons m~2 s, an increasing fraction of reactions centers were closed. At each
light intensity, excitation pressure decreased with increasing concentrations of N
forms (Fig. 2.6a—i). However, cells exposed to 30 °C exhibited closed reaction
centers across all nearly all irradiance levels for samples enriched with NOs™ and
NH4*, while for samples enriched with urea, full reaction center closure was observed
only for samples exposed to >100 pmol photons m2 st (Fig. 2.6j—1). Measures of the
quantum yields of regulated and non-regulated non-photochemical energy dissipation
(YNPQ and YNO) for all experimental treatments are provided in the in

Supplementary Materials (Figs. S2.1 and S2.2).
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Figure 2.6. The extent of PSII reaction center closures, 1-qP, as a function of
irradiance for K. mikimotoi exposed to different temperatures (15, 20, 25, 30 °C)
when pulsed with different nitrogen forms (NOs~, NH4", urea) and amounts (1, 5, 10,
20, 50 pM-N). Within each depicted irradiance level, the darker the color of the bars,

the higher the enrichment with added N.
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15N isotope incorporation

The incorporation of °N (as °N atom percent) varied with substrate, and

temperature. Over the concentration range, the >N enrichment of NOz~ was linear for

each temperature, and only a slight, but not significant, increase in *°N incorporation

was noted at 30 °C compared to the other temperatures (Fig. 2.7a). Isotopic

enrichment levels were highest for NH4", and all temperatures indicated a saturating

response across the concentration gradient. At saturation, the atom % enrichment

levels at 25 °C and 30 °C were significantly higher than those measured at 15 °C and

20 °C (Fig. 2.7b). For urea, there was no saturation in the response, but the °N

atom% values across all concentrations were significantly higher at 30 °C than

atom% enrichment values at the other temperatures, which did not differ from each

other (Fig. 2.7c).
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Figure 2.7. Atom percent enrichment of °N for K. mikimotoi exposed to different

temperatures (15, 20, 25, 30 °C) when pulsed with different nitrogen forms (NOs™,

NH.", urea) and amounts (1, 5, 10, 20, 50 uM-N). For each depicted curve, the darker

the color of the lines, the higher the enrichment with added N. Note that the scale of

Y-axis is different.
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Discussion

Light, nutrients, and temperatures drive different rates of metabolism within
the cell, and the challenge for the cell is to balance energy and reductant generation
with that of its consumption. Here, varying each of these factors in short-term
exposures, the dynamic balance between the “push” due to photon flux pressure and
the metabolic “pull” of diverse metabolic reactions of K. mikimotoi was investigated
(Fig. 2.8). These results are complementary to the dynamic balance theory of
photosynthetic regulation (Kana et al., 1997), which articulated the notion that the
concentration of photosynthetic pigments in algae could be explained by the opposing
forces of excitation pressure on PSII and degree of reduction of the plastoquinone
pool of PSII. Therefore, acclimated pigment concentrations balance the light energy
input and biochemical energy use in response to environmental conditions,
demonstrating the sensitivity of PSII to metabolic feedback. Once an excitation event
occurs in PSII, the downstream redox state determines the electron sink capacity. The
redox state around PSII responds rapidly to changes in light availability (and Calvin
cycle activity), N reduction and assimilation. Whereas pigment changes with multiple
environmental changes were emphasized by Kana et al. (1997), in their description of
the dynamic balance theory, various fluorescent parameters, including the excitation
pressure on PSII, were measured directly herein with changes in light, temperature,
and N availability.

The initial hypothesis, that photosynthetic efficiency in K. mikimotoi will
increase with temperature and with increasing N concentrations, and that with

increasing temperatures, photosynthetic efficiency will increase to a greater extent
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with increasing concentrations of chemically reduced forms of N, compared to
changes with increasing concentrations of NOs™, was largely borne out, but the
highest temperature tested yielded differential stresses depending on N form. Here,
the interactions of the different physiological processes measured are described, as

well as implications for growth of Karenia on the West Florida Shelf.

push Ue\‘ %
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!;\ g I e
Figure 2.8. Conceptual figure representing push and pull of energy during

photosynthesis and metabolic reactions associated with C and N assimilation.

Temperature, Energy (Light) and Material (N) Addition Effects on

Photosynthesis

The biochemical reactions of photosynthetic metabolism are generally
considered to be more sensitive to temperature than the light reactions, and increase
with temperature up to an optimum temperature, above which they decline rapidly

(Glibert et al., 2016; Padfield et al., 2015). Shen et al. (2016) reported for K.
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mikimotoi that the effective quantum yield, Y11 (pulsed with 70 pmol photons m™2
s1), and rETRmax increased from 16-28 °C although only estimates from 16 °C were
statistically lower than those measured at 20, 24, and 28 °C. In this study, generally
the maximum quantum yield, Fv/Fm, increased with temperature at each N form
(e.g.,0.41+£0.01, 0.43 £ 0.04, 0.45 + 0.02 at 15, 20, 25 °C, respectively, when cells
were NOz -enriched) although differences were statistically not significant in the case
of NH4*-enriched cells (Table 2.2). However, when cells were light saturated, no
clear temperature effects were found in rETRmax in the range of 15-25 °C (Table 2.2).
The cultures from Shen et al. (2016) were acclimated to each temperature while our
cultures were adapted to 20 °C and exposed to new thermal environments for 1 h. The
optimal temperature for maximum photosynthetic rate can increase with increasing
growth temperature (Hikosaka et al., 2006). At 30 °C, all photosynthetic parameters
dropped significantly, suggesting that even a 1 h exposure to this temperature was
stressful for K. mikimotoi. Note that herein additional cultures incubated at 30 °C
overnight (no extra N addition) did not survive (data not shown).

At all but the highest temperature tested, with increasing light intensity, i.e.,
increasing “push” due to photon flux pressure (Fig. 2.8), rETR increased
progressively until the PSII was saturated with light (1k) (Fig. 2.4). Although the
efficiency of photochemical light capture, YII, decreased with increasing irradiance
(Fig. 2.3), enhanced photon flux pressure on PSII increased the quantity of energy
channeling to photochemistry, thus, increasing the rETR until Ik. At a given
irradiance, rETR increased further with increasing N concentrations. Even though

cultures were N-sufficient, photosynthetic activity increased with all forms of N
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addition when temperature was not at a stressful level (Fig. 2.4). The increased supply
of material (N in this case) enhanced metabolic activity, thus raising the demand for
energy to run diverse metabolism (“pull” due to demand) (Fig. 2.8). This
enhancement was stronger when cells were light saturated. The rETRmax clearly
responded to increasing N addition with little variations at 15-25 °C (Fig. 2.5). The
dark-adapted fluorescence parameter, Fv/Fm, was also generally increased with all

forms of N addition (Fig. 2.2).

N Form Effects on Photosynthesis at 30 °C

When temperature was not at a stressful level, K. mikimotoi was able to
operate its photosynthetic apparatus efficiently with all forms of N tested in this
study. However, at 30 °C, cells were dissipating most of their absorbed light energy
non-photochemically, but at different degrees depending on N form. At the highest
temperature, reaction centers were fully closed for the NO3™ and NH4" treatments
across most irradiance levels (Fig. 2.6j, k). The NO3z -enriched culture showed the
strongest stress (Fv/Fm = 0.02, rETRmax = 0.9), and then NH4"-enriched cells (Fv/Fm
= 0.07, rETRmax = 2.4; Table 2.2). Fluorescence parameters were still significantly
lower at this high temperature compared to those at 15-25 °C, but when cells were
treated with urea, K. mikimotoi experienced less stress than those cells enriched with
NO3™ and NH4" (Fv/Fm = 0.17, rETRmax = 3.1), implying that urea might induce
certain photoprotective mechanisms.

The *°N isotope enrichment trends confirmed the differential effects of
temperature with the different forms of N (Fig. 2.7). Little effect of temperature was

observed with 1®NOs incorporation, but with >NH,4*, incorporation increased as
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temperatures rose, and for urea, the highest temperature uniquely yielded the highest
isotopic incorporation. Such trends would support the different responses seen in

Fv/Fm and rETR with the different N enrichments.

Although K. mikimotoi has been known to use diverse forms of N, the
underlying mechanisms for metabolizing each N form are complex with respect to
temperature. The inhibition of NR activity at higher temperatures might hinder the
first step of NO3™ metabolism, reduction to NO;™ (Glibert et al., 2016), thereby
decreasing subsequent intracellular N supply. Dai et al. (2014) reported that K.
mikimotoi grown on NOz™ could not survive at 30 °C and NR activity was
significantly inhibited at this temperature compared to 15-25 °C. On the other hand,
the metabolic flux of reduced forms of N such as NH4* and urea is expected to be
higher at higher temperatures (Glibert et al., 2016). For example, at higher
temperatures, the activity of GS that adds NH4" to glutamate by using ATP to produce
glutamine increases. Moreover, the activity of GOGAT that combines glutamine to 2-
oxoglutarate using electrons can be higher at 30 °C compared to activity rates at
lower temperatures (Glibert et al., 2016, Dagenais-Bellefeuille and Morse, 2013). All
energy-consuming metabolism will increase the energy demand, thereby enhancing
the capacity of photochemical use of absorbed light energy. This might partly explain
why NH4*-treated sample showed four times higher Fv/Fm and three times higher
rETRmax compared to NOs ™ -treated cells at 30 °C (Figs. 2.2 and 2.5, Table 2.2).
However, cells enriched with urea showed even higher estimates, implying that
energy demand for metabolism could be relatively higher. Dinoflagellates have a urea

cycle that helps reallocation of intracellular C and N (Dagenais-Bellefeuille and
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Morse, 2013) and several enzymes involved in the urea cycle have been identified in
K. mikimotoi, suggesting that this species could also have a complete urea cycle (Shi
et al., 2021). The increased intracellular recycling of C and N from protein catabolism
and photorespiration through the urea cycle could enhance overall metabolic flux,
thus increasing the demand for chemical energy. To balance this demand, a higher
proportion of absorbed light energy could be funneled into photochemistry, therefore
increasing Fv/Fm and rETR. Moreover, generally, urease, which catalyzes the
hydrolysis of urea, has a positive relationship with temperature (Fan et al., 2003,

Solomon et al., 2010).

Implications of Temperature Effects for Natural Assemblages

In the field, K. mikimotoi has been observed over a wide range of
temperatures, 4-31 °C although some subspecies have narrower temperature ranges
(e.g., Norway isolate: 10-25 °C) (Brand et al., 2012; Li et al., 2019; Gentien, 1998).
In culture experiments, it has been shown that K. mikimotoi cells can survive and
grow well at 16, 20, 24, 28 °C (Shen et al., 2014, 2016), but not at 10 and 30 °C (Dai
et al., 2014), suggesting that K. mikimotoi would have a relatively narrow optimum
temperature for their growth (Brand et al., 2012; Shen et al., 2014). In general, rising
temperatures accelerate enzymatic reactions by increasing the proportions of
molecules that have sufficient kinetic energy to react, thus increasing overall
metabolic flux (the “pull” due to demand) (Figure 2.8) (Eppley, 1972; Marafion et al.,
2018). Indeed, the maximum specific growth rates were observed at 24 °C and 25 °C

in the previously cited studies (Shen et al., 2016; Dai et al., 2014).
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Karenia blooms that primarily occurs in the fall months rarely persist
throughout hot summer months on the West Florida Shelf. The summers—during
which water can >30 °C—may represent a thermal barrier for large blooms to be
maintained. However, Karenia cells are occasionally found to sustain substantial
blooms in extremely hot surface waters (>30°C). Generally, West Florida Shelf is
characterized by low ambient dissolved inorganic nutrients, but elevated nutrients,
especially dissolved organic nutrients (e.g., urea) can occur nearshore (Heil et al.,
2014a). Urea has been widely used as a fertilizer within Florida and some of this
nutrient can be delivered to nearshore (Glibert et al., 2006). This raises the possibility
that high temperature stress might be alleviated when urea is available because more
photons can be processes photochemically, thus cells can operate photosynthesis
more efficiently in very warm conditions with reduced organic nitrogen. Therefore,
increased availability of urea might be able to support maintaining Karenia blooms

under short-term heat stress.
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Figure S2.1. Quantum yield of regulated non-photochemical energy dissipation,
YNPQ, as a function of irradiance for K. mikimotoi exposed to different temperatures
(15, 20, 25, 30°C) when pulsed with different nitrogen forms (NO3z", NH4", urea) and
amounts (1, 5, 10, 20, 50 uM). Within each depicted irradiance level, the darker the
color of the bars, the higher the enrichment with added N. YNPQ represents energy
loss of excitation energy thorough harmless heat dissipation related to non-
photochemical quenching. Within each depicted temperature, the darker the color of
the bars, the higher the enrichment with added N.
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Figure S2.2. Quantum yield of non-regulated non-photochemical energy
dissipation, YNO as a function of irradiance for K. mikimotoi exposed to
different temperatures (15, 20, 25, 30°C) when pulsed with different nitrogen
forms (NOsz", NH4*, urea) and amounts (1, 5, 10, 20, 50 uM). Within each
depicted irradiance level, the darker the color of the bars, the higher the
enrichment with added N. YNO represents the sum of non-regulated heat
dissipation and fluorescence emission (“primarily constitutive losses”™).
Within each depicted temperature, the darker the color of the bars, the higher
the enrichment with added N.
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Chapter 3: Dynamic photo-physiological responses of
dinoflagellate Karenia brevis to short-term changes in
temperature and nitrogen substrates?

Abstract

On the West Florida Shelf, annual blooms of the neurotoxin-producing harmful
dinoflagellate, Karenia brevis (and other Karenia species) cause negative effects on
the environment, the economy, and on human health. Blooms primarily occur in the
fall months and may overwinter into winter and spring, but they rarely persist
throughout the hot summer months when water temperatures are > 30°C. During
2020 and 2021, an unusually prolonged K. brevis presence occurred. During the early
phase of this bloom (January, 2021) when K. brevis were present in low-moderate
abundances in southwest Florida, experiments on rates of photosynthesis were
conducted on surface samples from two offshore stations within the bloom.
Photosynthesis-irradiance responses were examined using PAM fluorometry to assess
responses to varying nitrogen conditions and temperatures. Treatments included
controls and exposures to temperatures of 15, 20, 25, 30°C with and without 10 uM
additions of three nitrogen forms (nitrate, ammonium, and urea). Although there were
variations between stations, in general decreasing trends of fluorescence parameters

with increasing temperature from 15°C to 30°C were observed, suggesting that 30°C

2Ahn, S.H., Glibert, P.M, Heil, C.A. Dynamic photo-physiological responses of the dinoflagellate
Karenia brevis to short-term changes in temperature and nitrogen substrates, In: Band-Schmidt, C.J.
and Rodriguez-Gomez, C.F. (eds.) (2022) Proceedings of the 19th International Conference on
Harmful Algae, La Paz, B.C.S., Mexico. International Society for the Study of Harmful Algal Blooms.
pp. 52-57.
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might be physiologically stressful for Karenia. However, when cells were treated
with urea, this reduction was substantially less. These results suggest K. brevis
dependence on nitrogen form may change with temperature, and availability of
chemically-reduced organic forms of nitrogen may be favored at the highest

temperatures that Karenia may experience.

Introduction

On West Florida Shelf (WFS), the toxic dinoflagellate Karenia brevis forms
red tides almost annually (e.g., Heil et al., 2014a). The location, magnitude, and
duration of blooms vary every year and are linked to environmental factors in a
complex manner. While both state monitoring and focused research efforts have led
to considerable understanding about the ecology and physiology of K. brevis (Kusek
et al., 1999; Heil et al., 2014b and references therein). Many critical questions
regarding the physiology of K. brevis under different environmental conditions
remain unanswered.

Temperature, nutrients, and light are three critical environmental factors
regulating the physiology of K. brevis (Heil et al., 2014a, 2014b). Temperature has
long been considered a significant factor affecting Karenia bloom dynamics on WFS.
Although factors underlying bloom initiation interact in a complicated manner,
temperature is considered an important factor in determining whether blooms are
likely to occur (Kusek et al., 1999). Blooms rarely persist throughout the summer
months, when water temperatures can be > 30°C. In that laboratory experiments have
shown a temperature optimum of 22-28°C (e.g., Vargo, 2009), the lack of summer

blooms has been suggested to be due, at least in part, to high temperatures.
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Temperature not only affects growth, but it also affects the metabolism of
different forms of nitrogen (N) differently (e.g., Glibert et al., 2016). These patterns
could be species-specific but, in general, the enzyme involved in nitrate (NO3’)
metabolism, NO3" reductase, has an inverse relationship with temperature over the
range from 15-30°C (Lomas and Glibert, 1999a, 1999b) while enzymes involved in
the assimilation of chemically reduced nitrogen, ammonium (NH4*), glutamine
synthetase and glutamate synthase, and urea, urease, tend to show a positive
relationships with temperature over this same temperature range (Lomas and Glibert,
1999a, 1999b; Fan et al., 2003; Glibert et al., 2016). Although it is an obligate
autotroph, K. brevis can use many different forms of N, including NOs", NH4*, and
urea (Glibert et al., 2009; Bronk et al., 2014). Therefore, multiple N sources available
on WFS such as nutrients from freshwater and estuarine flows, and regenerated
nutrients from dead fish could support K. brevis blooms simultaneously (Heil et al.,
2014a). This dinoflagellate can also obtain nutrition via mixotrophy (Glibert et al.,
2009).

Blooms of K. brevis initiate offshore and may be transported to the WFS via
upwelling (Weisbeg and He 2003; Weisberg et al., 2014). Generally, K. brevis
densities on the WFS starts to increase in late summer and can remain high during fall
and winter when surface water temperatures can be low as ~15°C. Cell densities tend
to decrease during late spring and rarely persist through the hot summer when
temperatures are higher than 30°C (Brand and Compton, 2007). Vertical gradients in
temperatures of > 5-10°C may also exist throughout the year on WFS (Weisberg and

He, 2003; Weisberg et al., 2014). Thus, K. brevis, which vertically migrates, can be
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subject to abrupt changes in temperature and possibly to co-occurring changes in N
forms and light conditions. Here, the short-term interactions of temperature, N forms,
and light on photosynthetic performance of the winter Karenia community were
examined to understand how these responses may relate to the conditions under

which the Karenia community is found on WFS.

Material and methods

Bloom sampling and experimental setup

Near-surface water samples were collected from two offshore stations (15S,
26.3896N, -81.9800W and 19S, 26.28625N, -82.34284W) on January 22, 2021.
Ambient water temperature was measured using Seabird 19 plus V2 package. Water
was returned to the lab within 2 h and manipulation experiments were immediately
initiated. Water from each station was first transferred to 50 mL polypropylene tubes.
Nutrient additions (10 puM of NOs", NH4*, or urea) were added to four tubes from
each station and four unamended tubes from each station served as controls.
Subsequently, one set of tubes from each station, including a control, and one each
enriched with either NOs", NH4", or urea, were placed in four different temperature-
controlled water baths (15, 20, 25, 30°C) and incubated for 1 h under 100 pumol

photons m2 s2,

Chlorophyll a, nutrient and K. brevis cell concentrations
Immediately upon return to the laboratory, water samples were filtered

through pre-combusted (450°C, 2-3 h) Whatman GF/F filters for chlorophyll a (Chl

a) determination. The filtrates were frozen in brown bottles for subsequent
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measurements of NO3™ + nitrite (NO2). NH4", urea, and phosphate (PO+*) via
autoanalyzer at the Mote Marine Laboratory. Additionally, 5 mL of each bloom water
was fixed with acidic Lugol’s solution and K. brevis concentrations were determined

by light microscopy.

Experimental photosynthetic responses

To assess the photosynthetic response of the samples exposed to different
nutrient and temperatures, in vivo Chl a fluorescence was measured using a Phyto-
PAM-I1I multi-excitation wavelength chlorophyll fluorometer (Heinz Walz GmbH,
Effeltrich, Germany). With appropriate calibration and deconvolution of fluorescence
signals, this instrument can measure photosynthetic responses of four different major
classes of algae, including cyanobacteria, green algae, brown algae, and
phycoerythrin-containing cells with single measurements. The brown algal signal
includes both diatoms and dinoflagellates, but microscopic analyses confirmed that
the dominant organism present in this category was K. brevis.

After 1 h of incubation, samples were dark-adapted for 20 min and Rapid
Light Curves were conducted using twelve incremental irradiance steps (0, 6, 24, 42,
73, 109, 188, 227, 334, 489, 591, 719 pumol photons m= s™). The maximum
photochemical efficiency of photosystem 11 (PS Il) was calculated as Fv/Fm = (Fm-
Fo)/Fm where Fv is the variable fluorescence, Fo is the minimal fluorescence, and
Fm is the maximum fluorescence. The maximum relative electron transport rates
(rETRmax) were calculated from rETR versus irradiance curves using the Platt et al.
(1980) equation. Statistical analysis of fluorescence parameters was performed using

R.
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Results and discussion

Both stations were characterized by low inorganic nutrient concentrations
(Table 3.1). The Chl a concentration was 4-fold lower and the phaeophytin/Chl a
(Phaeo/Chl a) ratio was higher at station 19S compared to station 15S (Table 3.1).
Ambient temperature at the time of sampling was 20°C.

Table 3.1. Concentrations of Chl a (ug L) and nutrients (uM). Urea was not

detectable.
Station Station
15S 19S
Chla 10.5 2.4
Phaeo/Chl a 0.23 0.4
NOs;+NOy <0.07 <0.07
NH,* 0.23 0.15
PO 0.20 0.05

Both stations had a mixed phytoplankton community composition, with
substantial K. brevis abundance. Station 15S was dominated by dinoflagellates
(220,000 cell L) and 94% of the dinoflagellate population was K. brevis. At station
19S, approximately 30% of algae were dominated by dinoflagellates (20,000 cell L)
(Fig. 3.1), of which 75% were K. brevis. Neither station had more than a small
percentage of diatoms (6 %). Therefore, it is reasonable to assume that most of the
fluorescence signals of the brown algae originated from K. brevis during this study.

In general, decreasing trends of the maximum quantum yields of PSII
photochemical efficiency, Fv/Fm, were observed in each N treatment as temperature
increased from 15°C to 30°C although only estimates from station 15S were

significantly different (ANOVA, p < 0.5) (Figs. 3.2a-b). However, this trend was less
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consistent when cells were treated with urea. The rETRmax also showed similar trends
with Fv/Fm (Figs. 3.2c-d). Although the differences were less at station 19S,
generally rETRmax also decreased with increasing temperature except for the urea-
treated samples.

Phytoplankton composition
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Figure 3.1. Phytoplankton composition at two stations during January 22, 2021 on

WES.
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Figure 3.2. Fv/Fm and rETRmax (Umol electrons m?2 s?) of K. brevis exposed to
different temperatures (15, 20, 25, 30°C) and nitrogen (10 uM NOs", NH4" or urea)

additions. The color bars increase in brightness from 15°C to 30°C at each treatment.

In both field and laboratory cultures, K. brevis has been observed in the range
of 7-33°C, but the optimum temperature range has previously been reported to be
relatively narrow, 22-28°C (Kusek et al., 1999). The decline of fluorescence
parameters after even 1 h exposure to 30°C in this study suggests that this high
temperature is stressful for the winter Karenia community. However, when bloom
water was enriched with urea, fluorescence parameters were less reduced (Fig. 3.2),
implying that urea might induce a photoprotective mechanism. Dinoflagellates have a
urea cycle that helps reallocation of intracellular carbon (C) and N (Dagenais-
Bellefeuille and Morse, 2013) and in Karenia mikimotoi, several enzymes involved in
the urea cycle have been identified (Shi et al., 2021). The increased recycling of C
and N from catabolism and photorespiration through the urea cycle could enhance
overall metabolic flux, thus increasing the demand for chemical energy to run
metabolism. To match this demand, a higher proportion of absorbed light energy may
be channeled to photochemical reactions, therefore increasing Fv/Fm and rETR. In
addition, urease, the enzyme involved in urea metabolism, generally has a positive
relationship with temperature (Fan et al., 2003). Therefore, when urea is available at
30°C, high temperature stress might be partly alleviated by balancing light energy

demand.
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At 15°C, which is lower than the optimal temperature range for K. brevis, the
photosynthetic performance of winter Karenia communities was not significantly
reduced compared to those temperatures close to or at optimal temperatures and some
fluorescence parameters (e.g., Fv/Fm) were even higher at this cool temperature (Fig.
3.2). The winter Karenia community, which was adapted to cool ambient water
temperatures at the time of sampling, were able to operate their photosynthetic
apparatus efficiently at 15°C. Compared to station 15S populations, cells at station
19S did not respond significantly to N pulses, even though ambient N concentration
was very low. However, the K. brevis cells from this station may have been
physiologically less active, as indicated by the higher Phaeo/Chl a ratio, suggesting
that K. brevis at station 19S would be less photosynthetic active.

Overall, these results indicate the photosynthetic response of K. brevis to
changes in N supply may vary with temperature and suggest that the pull of
metabolism may buffer the stress of high light, but that the extent of this

photoprotection mechanism depends on N form.
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Chapter 4: In hot water: Interactions of temperature, nitrogen
from and availability and photosynthetic and nitrogen uptake
responses in natural Karenia brevis population®

Abstract

During 2020-2021, an unusually prolonged bloom of the toxigenic dinoflagellate
Karenia brevis persisted for more than 12 months along the Gulf coast of Florida,
resulting in severe environmental effects. Motivated by the possibility that unusual
nutrient conditions existed during summer 2021, the short-term interactions of
temperature, nitrogen (N) forms (ammonium (NH4*), nitrate (NO3"), and urea) and
availability on photosynthesis-irradiance responses and N uptake rates were examined
in summer 2021 and compared to such responses from the earlier winter. Winter
samples were exposed to temperatures of 15, 20, 25, 30°C while summer samples
were incubated at 15, 25, 30, 33°C, representing the maximum range the cells might
experience throughout the water column due to daytime surface heating or extreme
weather events. Depending on thermal history of the cells, photosynthetic
performance differed when cells were exposed to the same temperature, showing a
capacity for thermal acclimation in this species. Although blooms generally do not
persist throughout the summer, bloom biomass was remarkably higher in summer

than during the winter. However, most of the photosynthetic parameters and N uptake

3 Ahn, S.H., Glibert, P.M., Heil, C.A. (2023) In hot water: Interactions of temperature, nitrogen form
and availability and photosynthetic and nitrogen uptake responses in natural Karenia brevis
populations. Harmful Algae 129:102519.
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rates, as well as total carbon (C) and N cell™* were significantly lower in the summer
populations, showing that the summer populations were photosynthetically and
nutritionally stressed. When the summer cells were treated with urea, however,
uptake rates and total C and N cell™* were higher than with the other N substrates,
especially in warmer waters, showing differential thermal responses depending on N

forms.

Introduction

During 2020-2021, the west coast of Florida experienced an unusually
prolonged neurotoxic dinoflagellate Karenia brevis bloom that lasted more than 12
months. The bloom began in October 2020 and ended in early December 2021. In
typical years, blooms of K. brevis—often mixed with other Karenia species such as K.
mikimotoi—are initiated in the late summer to early fall with the most frequent
initiations in September after the wet season (Heil et al., 2022). Blooms typically
overwinter but rarely last throughout the summer months (Brand and Compton, 2007;
Lenes and Heil, 2010; Turley et al., 2022) with the most frequent terminations in
April due to physical factors such as bloom dispersal to offshore or other regions
(Heil et al., 2022). It has been presumed that summer water temperatures, which can
exceed 30°C, are at the upper limit of the thermal niche for K. brevis thereby
preventing blooms from persisting at that time (Magafia and Villareal, 2006; Vargo,
2009). Nevertheless, in several recent years (e.g., 2005, 2018) and including 2020,
blooms did persist throughout the summer, raising questions about how such blooms

overcame the thermal stress.
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Karenia brevis is a eurythermal species and has been found in a wide range of
temperatures from 7-33°C in the field (Brand et al., 2012). The optimal temperature
for this species has been reported to be narrower, 22-28°C (Vargo, 2009; Brand et al.,
2012), but acclimation to lower and higher temperatures can occur (Kusek et al.,
1999). Considering the daylight surface aggregation behavior of K. brevis (Heil et al.,
2014b), these cells are likely to be exposed to several degree temperature fluctuations
on a daily basis, and if cells vertically migrate, their daily temperature fluctuations
may be greater. Ahn and Glibert (2022) found that when K. mikimotoi, acclimated to
20°C, was exposed to 30°C, significant stress on photosynthetic properties ensued.
However, when subjected to N enrichment—especially with chemically reduced
forms of N—the stress level on photosynthesis was mitigated.

An important factor that may have contributed to the unusually prolonged
bloom of 2021 is nutrient enrichment that occurred due to the discharge of nutrients
from a former phosphate (PO4%) processing operation (Piney Point Facility) into
lower Tampa Bay (Beck et al., 2022; Chen et al., 2023). The facility, although non-
operational in 2021, stored PO4> mining waste in large, open, above ground
phosphogypsum stacks. In March 2021, leaks were discovered and the reservoir’s
wastewater was discharged into lower Tampa Bay. This wastewater had
concentrations of PO, and ammonium (NH4") at several orders higher
concentrations compared to the historical median in the area (Beck et al., 2022;
Morrison et al., 2023). In all, the Piney Point spill discharged an estimated 186 metric
tons of nitrogen (N) directly into lower Tampa Bay over 10-days, yielding a nutrient

load equivalent to that normally received by the lower Tampa Bay annually (Beck et
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al., 2022). While these nutrients were dispersed, diluted, and consumed during the
spring months and decreased to background levels within weeks, pathways of nutrient
recycling are presumed to have been sustained for months in and near the mouth of
Tampa Bay, potentially contributing to this bloom (Morrison et al., 2023; Chen et al.,
2023). The availability of nutrients, directly or indirectly, from this discharge may be
one mechanism by which K. brevis overcame thermal stress of the summer (e.g.,
Thomas et al., 2017).

Key questions related to over-summering K. brevis populations are: Do
summer populations in the very warm waters of the Gulf of Mexico, which can
exceed 30°C at mid-day, experience physiological stress, and to what extent does
nutrient availability alleviate this stress? How do temperature responses of
photosynthesis under different temperatures compare to known thermal responses?
Do winter populations experience the same thermal stresses as summer populations?
It was hypothesized that, although the summer K. brevis populations were able to
form massive blooms during the summer of 2021, these cells were photosynthetically
and nutritionally stressed compared to late winter populations but overcame some of
this stress when provided with chemically reduced forms of N. Thus, the main
objective of this study was to examine rates of photosynthesis and N uptake rates of
the summer K. brevis bloom under varying temperature and nutrient conditions and to
compare responses to those from a more typical, over-wintering bloom when both
populations are enriched with N. Given that the West Florida Shelf is historically N-

limited, this study focused on effects of N rather than P enrichment.
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Materials and methods

Field sampling and environmental parameters

Sampling was conducted at four sites in January 2021 and at one site over four
dates in July 2021 (Table S4.1; see also Ahn et al., 2022). At each site, near-surface
water samples (0.5 m) were collected. While collecting the waters, a 153 um mesh
was used to remove large zooplankton. The January sites included three coastal
stations (13S, 15S, 19S) sampled from the R/V Mote, and Sanibel Island water
sampled from a shore site. Summer samples were collected from the Mote Institute
dock at New Pass, Sarasota, on July 21, 27, 28, 29, 2021 (Fig. 4.1B and Table S4.1).
Bloom locations were chosen based on the Red Tide Status maps (Statewide Karenia
brevis concentrations) produced by the Florida Fish and Wildlife Research Institute

(https://myfwc.com/research/redtide/statewide/; Fig. 4.1A). Ambient temperature and

salinity were measured using a Seabird 19 plus V2 package for the coastal stations
and with a YSI (YSI Inc., Ohio, USA) for the Sanibel Island and New Pass land-
based sampling. Water samples from each location were returned to the lab within 30-
45 min (from the land sites) to 2 h (from the coastal sites) and held under shade and at
near ambient temperatures during transport.

Upon return to the laboratory, samples were first filtered onto Whatman GF/F
filters (Whatman, Maidstone, United Kingdom) for chlorophyll a (Chl a) in duplicate
except for the July 28 and 29 samples. Filters and filtrates were immediately frozen.
Analysis of Chl a was subsequently undertaken using a 10-AU Fluorometer (Turner
Designs, California, USA) according to the method of Holm-Hansen et al. (1965).

The filtrates were later analyzed at the Mote Marine Laboratory for NH4™, nitrate +
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nitrite (NO3 + NOy), and PO4* via a segmented flow autoanalyzer 3 (SEAL
Analytical, Wisconsin, USA) and for urea using a UV/VIS Scanning UV-3100PC
spectrometer (VWR, Pennsylvania, USA) according to Solomon et al. (2007).
Samples for NH4*, NOs™+ NO2', and PO4* were not duplicated, except those from
January 22 and July 28, but urea samples collected on January 22 were duplicated.
Nutrient samples for station 13S were not available. A subsample (~ 5 mL) from each
sampling site was preserved with acidified Lugol’s iodine solution for taxonomic
identification. Counts were made with a Sedgewick-Rafter chamber (1 mL) on

preserved samples using Zeiss PrimoStar microscopy (Zeiss, Oberkochen, Germany).
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Figure 4.1. Locations of (A) the Karenia brevis bloom in January and July 2021 (Red

Tide Status Maps produced by the Florida Fish and Wildlife Research Institute) and
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(B) the study area during January and July 2021. Sampling locations are shown in

bold. See Table S4.1 for details.

Experimental plan

Overview

Upon return to the laboratory and processing for ambient dissolved nutrients
and Chl a, samples from all sites were exposed to a range of temperatures, N
substrates and concentrations to assess photosynthetic performance and rates of N
uptake (Fig. 4.2 and Table S4.1). Temperature variations were intended to both
bracket and exceed the natural and extreme daily temperature fluctuations cells might
experience due to diel vertical migration or surface water temperature warming.
Concentrations of N were added over a range from sub-saturating to saturating.
Although the saturating concentrations were above those normally experienced by the
dinoflagellates, the unusual conditions such as the Piney Point spill or accumulations
of decaying fish could provide elevated, if not sustained, pulses of nutrient.

Due to varying cell concentrations of the different samples, not all
manipulations were undertaken on all samples (Table S4.1). Samples were held in
either angled neck flasks (Corning, New York, USA) or polypropylene tubes. Also,
due to the differences in ambient temperatures between the summer and winter
assemblages, the specific range of temperatures to which samples were exposed
experimentally varied, but all experiments included treatments ranging from 15°C to
> 30°C. Incubations were conducted in custom-made temperature-controlled water
baths (Bay Instruments LLC, Maryland, USA), illuminated by LED lights with 100-

150 umol photons m? s,
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Figure 4.2. Experimental design to measure photosynthetic performance and °N
uptake rates of the natural samples containing K. brevis collected during January and
July 2021. Samples were enriched with different N substrates (Symbolized here as
different colors) and at different concentrations and incubated at different
temperatures. After incubations, subsamples were taken for analysis by PAM
fluorometry, and the remaining sample was filtered for °N uptake. See Table S4.1 for
details.

Photosynthesis

After incubation, rates of photosynthesis were determined using Pulse-
Amplitude-Modulation (PAM) fluorometry. Samples were dark acclimated for at
least 20 min, and then fluorescence parameters were measured using a Phyto-PAM-I1
(Heinz Walz GmbH, Effeltrich, Germany). Based on appropriate calibration of algae-
specific reference spectra, this fluorometer can measure photosynthetic responses and

biomass of four different major classes of algae, including cyanobacteria, green algae,
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brown algae, and phycoerythrin-containing algae, with a single measurement. In all
samples, the brown algal signal dominated due to the dominance of K. brevis in each
sample, as verified by microscopy. Rapid light curves were generated to monitor
photosystem 11 (PSII) fluorescence emissions as a function of rapid changes in
irradiance (20 s at each step from 1 to 500-700 pmol photons m2s?). Light intensities
were calibrated with an ULM-500 Light Meter and Logger equipped with a micro
quantum sensor (Heinz Walz GmbH, Effeltrich, Germany).

The following fluorescence parameters were analyzed by PAM fluorometry:
maximum quantum yield of PSII photochemistry of dark-adapted samples, Fv/Fm
= (Fm — Fo)/Fm; effective quantum yield of PSII photochemistry of illuminated
samples, YII = (Fm’ — F)/Fm’; quantum yield of regulated non-photochemical
quenching, YNPQ = (F/Fm’) — (F/Fm); and quantum efficiency of non-regulated non-
photochemical quenching, YNO = F/Fm, where Fn is the maximal fluorescence of
dark-adapted samples, Fo is the minimal fluorescence of dark-adapted samples, Fy is
the variable fluorescence of dark-adapted samples, Fm’ is the light-acclimated
maximum fluorescence, and F is the momentary fluorescence (Schreiber et al., 1994;
Klughammer and Schreiber, 2008). It is generally assumed that Y1l + YNPQ + YNO
sum to 1 (Klughammer and Schreiber, 2008). The relative electron transport rate
(rETR) of PSII was calculated according to Schreiber et al. (1994). Rapid light curves
were fitted to the models of Platt et al. (1980) to calculate rETRmax, maximum relative
electron transport rate and lx, the minimum saturating irradiance. All parameters were
calculated and exported from the PhytoWin-3 Software (Heinz Walz GmbH,

Effeltrich, Germany).
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Nitrogen uptake

Samples were enriched with ®NH,*, ©®NOs™ or ®N-urea (Cambridge Isotope
Laboratories, Inc., Massachusetts, USA), in a gradient of 4-6 concentrations from 0 to
50 uM-N per temperature (Table S4.1). No samples for N uptakes were collected at
the January coastal sites. After incubation (1-2 h), samples were filtered onto pre-
combusted (450°C, 2h) GF/F filters (Whatman, Maidstone, United Kingdom) to
measure °N incorporation. Sample filters were first frozen, and subsequently dried
overnight at 50°C and transferred into tin capsules (Costech Analytical Technologies,
Inc., California, USA). Samples were analyzed by mass spectrometry at the
University of California, Davis Stable Isotope Facility to yield isotope enrichment
and carbon (C) and N content. Rates of N uptake were calculated according to Glibert
and Capone (1993). The N uptake data were fitted to the Michalis-Menten formula
using R Software to calculate the maximum absolute uptake rate per cell (pmax, pmol-

N cell* h') (package “drc”).

Statistical analysis

The photosynthetic parameters were compared between N substrates, seasons
and temperatures using two approaches. First, comparisons were made for all samples
for which N was enriched at a level of 10 uM-N. Second, comparisons were made
using the averages of all N enrichments. This included the summer samplings (except
July 29) and the coastal sites sampled in January.

N uptake rates were calculated as a function of N concentrations and only
maximum absolute uptake rates per cell extracted from each curve were compared

herein between different N treatments, temperatures, and seasons. Total C and N cell’
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! were averaged for different N concentrations at each temperature. These
comparisons included all the summer stations and the Sanibel Island site in January.
All statistical analyses were performed using R software (R core team, 2022).
The data were tested for two assumptions: normality (Shapiro-Wilk) and
homoscedasticity (Levene’s). The significance between different temperatures (15,
20, 25, 30°C (winter) or 15, 25, 30, 33°C (summer)) of the fluorescence and N uptake
data were tested using one-way analysis of variance (ANOVA) with Tukey’s honestly
significant differences (HSD) post hoc comparisons. If data did not satisfy the
normality assumption, a non-parametric Kruskal-Wallis’s analysis of variance with
Dunn’s post hoc test was applied. The p-values were adjusted with the Benjamini-
Hochberg method. For the data from January 22, and 27 and July 28, when different
forms of N (NH4*, NOs™ or urea) were tested in the same day, the significance
between different N forms was also tested. Comparisons between coastal stations and
Sanibel Island or between winter and summer were done using a t-test. If data did not

satisfy the normality assumption, the Wilcoxon signed-rank test was applied.

Results

Environmental conditions

In January, surface water temperature was 20°C at the coastal stations and
23°C at the Sanibel Island site. In July, surface water temperature at the time of
sampling was 27°C but warmed to > 30°C during the daytime.

Surface concentrations of NO3™+ NO>™ and urea at all sites and samplings were

<1 puM-N, and were somewhat higher for NH4*, up to 3.01 uM-N, in July (Table 4.1).
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The highest PO4* concentration, 1.35 pM-P was observed in July, but ranged from
0.05 to 0.46 uM-P at all other times (Table 4.1).

Concentrations of Chl a varied substantially between times of sampling, both
within and between seasons (Table 4.1). In January, Chl a was lower at the coastal
stations than at Sanibel Island (p < 0.05). Due to the dense aggregation of cells that
were sampled in July, Chl a was nearly 400 pg L™ (Table 4.1).

In winter, the density of K. brevis was lower in the coastal stations compared
to the Sanibel Island station. Cell abundance of K. brevis accounted for 67% (x 10%)
of the total protist plankton community at the coastal stations, while it accounted for
76% at the Sanibel Island station (Table S4.2). Some diatoms were present in the
January coastal (11% + 8%, e.g., Guinardia flacida) and Sanibel Island samples
(10%; e.g., Pseudo-nitzschia spp.). The contribution of other protists, such as
unidentified flagellates, in the January samples ranged from 11% for the Sanibel
Island sample to 21% (x 7%) for the coastal stations (Table S4.2).

In July 27 and 28, 95% of the total protist plankton were Karenia spp. (98%
was K. brevis on July 27 and virtually all Karenia spp. were K. brevis on July 28). On
July 29, K. brevis accounted for 89% of total algae with a small percentage of
diatoms present (4-11%; e.g., Skeletonema costatum) (Table S4.2). Paired K. brevis

cells were observed on July 28 and 29.
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Maximum photosynthetic yield

With the exception of the coldest treatment in the summer samples, F./Fm for
all samples and treatments was maintained within the relatively narrow range of 0.28-
0.48. Nevertheless, within this narrow range there were differences with temperature
(Figs. 4.3, S4.1).

In the winter coastal station samples, F./Fn decreased significantly with
increasing temperature when cells were enriched with NO3™ (p < 0.05) (Fig. 4.3B,
Table S4.3). For cells enriched with NH4*, those exposed to 30°C showed
significantly reduced Fv/Fm compared to those exposed to 20°C (p < 0.05) (Fig. 4.3A)
while no significant differences were found in the comparable urea-enriched cells (p
> 0.05) (Fig. 4.3C). No differences between different N forms were found at each
temperature except at 15°C in the winter coastal populations. The Fu/Fm of NH4*-
treated cells were lower than those enriched with NOz™ at 15°C (p < 0.05) (Table
S4.3).

Regardless of whether comparisons were made using the 10 pM-N
enrichments only or the averages of all N enrichments, the Fv/Fm values in July were
comparable over the range of 25-33°C on July 27 and 28 and over the range of 25-
30°C on July 21 (p > 0.05) (Figs. 4.3D-H, S4.1D-H). When values for all N
enrichments were averaged, the Fv/Fm values measured at 15°C were significantly
lower than values measured at warmer temperatures (p < 0.05) (Fig. S4.1D-H, Table
S4.3). At two temperatures, 15°C and 30°C, differential responses on N forms were
observed on July 28. At 15°C, values of Fv/Fmn were lower in the urea-enriched cells

compared to those of the NH4™- and NOs -treated cells (p < 0.05). On the other hand,
59



Fu/Fm values were significantly higher in urea-enriched cells compared to those of

NH4*- and NOs™-treated cells at 30°C (p < 0.05).
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Figure 4.3. The maximum quantum efficiency of PSII photochemistry, Fv/Fm, of
winter (January 22) and summer (July 21, 27, 28) K. brevis populations exposed to 4
different temperatures (15, 20, 25 30°C or 15, 25, 30, 33°C) and 3 different nitrogen
forms (NH4*, NOs", urea) at a level of 10 uM-N. The comparison of F./Fn between
winter (3 coastal stations) and summer (New Pass) for the averaged N-enriched K.
brevis populations is presented in Figure S4.1. Detailed values and related statistics

are given in Table S4.3.
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Photosynthesis-irradiance responses: rETRmax

Clear differences emerged between the different seasons in values of rETRmax
for samples exposed to different temperatures. In winter, a decline in rETRmax was
observed for the coastal populations at 30°C in the NH4"- and NO3™-enriched cells,
but not in the urea-enriched cells, although this trend was not statistically significant
(p > 0.05) (Fig. 4.4A-C, Table S4.4). No differences between different N form
treatments were observed for the winter populations at each temperature (p > 0.05).

For the summer populations, rETRmax Was depressed significantly at 15°C
compared to values at 25-30°C (p < 0.05), regardless of how comparisons were made
with respect to N enrichment (Figs. 4.4D-H, S2D-H, Table S4.4). However, unlike
Fu/Fm, TETRmax at 33°C was significantly lower than at 30°C except on July 21 (Fig.
S4.2D). The effect of N form was only found at 25°C, revealing a higher value of
rETRmax of NO3z™-enriched cells compared to those of NH4*- and urea-enriched cells
on July 28 (p < 0.05).

The averaged rETRmax values of summer samples from all N treatments
regardless of how calculated (10 uM-N samples: 17.3 + 9.0 pmol electrons m2 s all
concentrations: 17.1 + 8.2 umol electrons m st) were lower than those of the winter
samples (32.8 + 10.2 umol electrons m2 st) (p < 0.01). Even though rETRmax values
at 15°C were not included in summer values, averaged rETRmax 0f summer
populations (10 uM-N samples: 21.6 + 4.6 umol electrons m s%; all concentrations:
21.1 + 4.3 pmol electrons m s) were lower than averaged rETRmax of winter

samples (p < 0.01).
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Figure 4.4. The maximum relative electron transfer rate, rETRmax, Of winter (January

22) and summer (July 21, 27, 28) K. brevis populations exposed to 4 different
temperatures (15, 20, 25 30°C or 15, 25, 30, 33°C) and 3 different nitrogen forms
(NH4", NOgz', urea) at a level of 10 uM-N. The comparison of rETRmax between
winter (3 coastal stations) and summer (New Pass) for the averaged N-enriched K.
brevis populations is presented in Figure S4.2. Detailed values and related statistics

are given in Table S4.4.
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Quenching and heat dissipation

While values of Fu/Fm were maintained in both summer (except at 15°C) and
winter within a relatively narrow range, seasonal differences were clear between
summer and winter in the fractions of YNPQ and YNO.

Overall, in winter, YNO of the coastal stations averaged 0.63 (= 0.04) for all
treatments enriched with 10 uM-N (Fig. 4.5A-C, Table S4.5). The YNO at 30°C was
the highest regardless of N forms on January 22 (p < 0.05). YNPQ of the winter
populations were not significantly different between temperatures (Fig. 4.6A-C and
Table S4.6). At each temperature, no differences in YNO and YNPQ were found
between different N substrate treatments (p > 0.05).

In contrast, for the summer populations, values of YNO were generally higher
and values of YNPQ were generally lower than those of the winter populations,
regardless of how the N enrichment treatments were compared (Figs. 4.5-6D-H, S4.3-
4D-H). Thermal responses were also found within each N treatment. At the coolest
temperature, 15°C, YNO was the highest, especially when cells were treated with
urea (p <0.01) (Table S4.5). Generally, when all N enrichment treatments were
compared, YNO over the range of 25-33°C were comparable (Fig. S4.3D-H). No
differences of YNPQ between temperatures were found on July 21 and July 27 (Fig.
S4.6D-E, Table S4.6). On the other hand, on July 28, YNPQ was the lowest at 15°C

(p < 0.05) while values at 25-33°C were comparable (Fig. S4.4F-H).
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Figure 4.5. The quantum yield of non-regulated non-photochemical quenching, YNO,
of winter (January 22) and summer (July 21, 27, 28) K. brevis populations exposed to
4 different temperatures (15, 20, 25 30°C or 15, 25, 30, 33°C) and 3 different nitrogen
forms (NH4*, NOgz", urea) at a level of 10 uM-N. The comparison of YNO between (3
coastal stations) and summer (New Pass) for the averaged N-enriched K. brevis
populations is presented in Figure S4.3. Detailed values and related statistics are

given in Table S4.5.
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Figure 4.6. The quantum yield of regulated non-photochemical quenching, YNPQ, of
winter (January 22) and summer (July 21, 27, 28) K. brevis populations exposed to 4
different temperatures (15, 20, 25 30°C or 15, 25, 30, 33°C) and 3 different nitrogen
forms (NH4*, NOs", urea) at a level of 10 uM-N. The comparison of YNPQ between
winter (3 coastal stations) and summer (New Pass) for the averaged N-enriched K.

brevis populations is presented in Figure S4.4. Detailed values and related statistics



Nitrogen uptake as a function of temperature: pmax

In both winter and summer, the maximum N uptake rates per cell, pmax, of all
N forms generally increased with increasing temperatures, but there were differences
(Fig. 4.7, Table S4.7). In winter, with increasing temperature, pmax increased for NH4*
and for urea, but it did not increase for NO3s™ uptake (Fig. 4.7A-C). Of the N forms,
pmax Of NO3™ was the highest at 25°C compared to other temperatures (Fig. 4.7B).
From 15°C to 30°C, pmax Was 2.0-fold higher for NH4* uptake and 1.2-fold higher for
urea uptake compared to pmax 0Of NOz™. Overall, the winter Sanibel population had the
highest value of pmax of NH4* (0.00036 + 0.00007 pmol-N cell* h't) compared with
the rates of NO3z (0.00019 + 0.00005 pmol-N cell’* h'%) or urea (0.00013 + 0.00004
pmol-N cell* h't) (Table S4.7).

Generally, in summer, pmax increased with increasing temperature, especially
for the chemically reduced forms of N (Fig. 4.7D-H). From 15°C to 33°C, pmax 0Of
NH4" and urea was 3.3- and 3.0-fold higher than that of NOs™ on July 28. Overall, the
averaged pmax Values across temperatures was the highest for NH4* (0.00013 +
0.00008 pmol-N cellt hY), followed by urea (0.00010 + 0.00007 pmol-N cellt h1)
and NOs™(0.00006 + 0.00004 pmol-N cell”* ht) (Table S4.7).

Mean pmax 0f NH4™ and NOs™ at all measured temperatures of the summer
populations was significantly lower than those of the winter populations (p < 0.01)

while no significant differences were found for pmax urea (p > 0.05).
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Figure 4.7. The maximum absolute uptake rate, pmax, Of winter (January 27) and
summer (July 27, 28, 29) K. brevis populations exposed to 4 different temperatures
(15, 20, 25 30°C or 15, 25, 30, 33°C) and 3 different nitrogen forms (NH4", NOgz",

urea). Detailed values are given in Table S4.7.

Carbon and nitrogen cell content

When samples from all treatments are compared by season, it was apparent
that smaller cells were present in summer than in winter, and these cells had a lower
N content, leading to a higher C:N ratio in summer compared to winter.
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In the winter Sanibel Island population, no significant differences in total C
and N (pmol cellt) were found across temperature and N treatments (p > 0.05) (Figs.
4.8-9A-C, Table S4.8). Thus, molar C:N ratios were also comparable across the
temperature range, from 8.7 to 9.0 (p > 0.05).

In summer, total C content (pmol cell*) was comparable across the
temperature gradient for the NO3s™- and NH4"-enriched cells (p > 0.05), but not in the
cells treated with urea (p < 0.05) (Figs. 4.8D-H, Table S4.8). The total C content of
urea-enriched cells was lower at 15°C compared to that at 30-33°C (p < 0.05) (Fig.
4.8F, H). In the case of cellular N (pmol cell™), there were no consistent trends
between temperature or N substrate treatments (Fig. 4.9D-H, Table S4.8). Overall,
total cellular N was highest in the cells enriched with urea compared with NOz™- and
NH4*-enriched cells, although only that for NO3 was significantly different (p <
0.01). Thus, the molar C:N ratio increased from July 21 (10.8 £ 0.7) and July 27 (12.0

+1.5) to July 28 (15.4 + 1.5) and July 29 (15.5 + 1.7).
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Figure 4.8. Total carbon (C) cell* of winter (January 27) and summer (July 27, 28,
29) K. brevis populations exposed to 4 different temperatures (15, 20, 25 30°C or 15,
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X axis is different depending on season. Detailed values and related statistics are

given in Table S4.8.
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Figure 4.9. Total nitrogen (N) cell’? of winter (January 27) and summer (July 27, 28,

29) K. brevis populations exposed to 4 different temperatures (15, 20, 25 30°C or 15,

25, 30, 33°C) and 3 different nitrogen forms (NH.*, NOs", urea). Note that the scale of

X axis is different depending on season. Detailed values and related statistics are

given in Table S4.8.

70



Discussion

During July 2021, a massive K. brevis bloom with cell abundances > 1.0 x 10°
cells L™* was sustained along the Gulf Coast of Florida. It has historically been
thought that the supra-optimal temperature of the hot summer months is one of the
barriers that prevents K. brevis from flourishing during this time (Vargo, 2009).
Although the summer K. brevis populations were able to form massive blooms during
the summer of 2021, these cells were photosynthetically and nutritionally stressed
compared to late winter populations. Although this aspect of the original hypothesis
was supported, differences in the effects of N enrichment and N form were not as

large as had been hypothesized.

Importance of thermal history

Although Karenia brevis has a relatively narrow optimal thermal range, 22-
28°C, the data presented herein supports their capacity for short-term acclimation to a
wide range of temperatures (Figs. 4.3-6, S4.1-4). Wilson (1955) found that if
temperature change is gradual, e.g., 1°C h*%, thermal tolerance of K. brevis can be
extended to the lower end of temperature range (e.g., 8°C). Aldrich (1960) suggested
that the thermal history of K. brevis influences the growth and survival tolerance:
cultures acclimated to 19°C survived longer at 12°C than cultures acclimated to 25°C.
The January K. brevis coastal station populations possibly were acclimated to ~20°C.
Therefore, the cool water adapted coastal populations did not show any stress
responses at 15°C, but showed moderate heat stress at 30°C. On the other hand, the
warm-water adapted (~27°C) summer New Pass populations showed significant

stress responses at 15°C, but not at 30-33°C.
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The optimal temperature for photosynthesis (as well as growth) can increase
with growth temperature (Hikosaka et al., 2006). However, only a few laboratory
experiments have reported the survival of this species at > 30°C and even then,
viability declined sharply over this thermal barrier with no growth observed even
though cells were surviving (e.g., Kusek et al., 1999). In this study, comparable
Fu/Fm, but relatively lower rETRmax at 33°C compared to 25-30°C, suggests that
summer K. brevis populations could tolerate 33°C, at least for a short time (several
hours) and, once PSII of the cells are relaxed (e.g., dark-adapted, oxidized), they
could process absorbed light energy as efficiently as those at 25-30°C.

On the other hand, a sharp decrease of both F/Fm and rETRmax at 15°C of the
summer populations suggests that these populations were experiencing low-
temperature induced photoinhibition. Reduced C assimilation (as well as N
assimilation) at low temperatures can lead to excess light energy in the photosynthetic
apparatus, causing high dissipation of absorbed light energy as heat and fluorescence
emission. Dissipating excess energy through non-regulated mechanisms, YNO,
mainly occurs due to closed PSII reaction centers or damaged PSII, while YNPQ is a
photoprotective pathway that operates mainly through converting a proportion of PSII
antennae complex (via trans-thylakoid pH gradient and xanthophyll cycling)
(Hendrickson et al., 2004; Klughammer and Schreiber, 2008). Therefore, significantly
higher YNO at 15°C, especially the high YNO at the expense of YNPQ (e.g., July
28), reflects a suboptimal capacity of photoprotective mechanism at the PSII antenna

level, possibly representing damaged PSII.

72



Clear differences were found between the January and July population
fluorescence parameters (Figs. 4.3-6, S4.1-4). Even though the size of summer K.
brevis bloom was much larger, the rates of photosynthesis, as rETRmax, were lower,
and more of the absorbed energy was dissipated as heat. In particular, a higher portion
of energy was dissipated through YNO that can be associated with photodamage of
the summer cells, indicating photosynthetically stressed summer K. brevis

populations.

Nitrogen form effects

As consistent with previous studies, the maximum uptake rate of N per cell,
pmax , Was higher when the populations were treated with chemically reduced forms of
N, NH4" or urea, compared with the oxidized form of N, NOs™ (Sinclair et al., 2009;
Bronk et al., 2014; Heil et al., 2014a), especially at the warmer temperatures (Fig.
4.7). The increases in pmax Of NH4" and urea as a function of warming temperatures
were also generally higher than the increase in pmax 0f NO3™ across the same
temperature range. Such differences are consistent with the sensitivities of different N
metabolic processes with temperature. The enzyme involved in NH4" assimilation,
GS-GOGAT typically has a positive relationship to temperature (generally between
12°C and 25°C) (Glibert et al., 2016 and references therein). Urease, the enzyme
involved in urea metabolism, also has a positive relationship with temperature and
has been shown to have a higher thermostability at > 20-30°C in some dinoflagellates
(Fan et al., 2003). On the other hand, the enzyme involved in NOs™ reduction, NOs
reductase (NR) which converts NOs™ to NO2, has a negative relationship with

temperature (generally between 12°C and 25°C) (Glibert et al., 2016 and references
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therein) or shows a unimodal thermal response with a sharper decline in supra-
optimal temperature (e.g., 30-35°C) compared to suboptimal temperatures (e.g., 0-
5°C). That is, NR is less tolerant to heat than cold (Kristiansen, 1983; Witt et al.,
1999). Therefore, the metabolism of reduced forms of N, NH4" and urea, would be
expected to be higher at warmer temperatures while the metabolism of NO3z™ would be
higher at cooler temperatures.

Although the rates of pmax 0f NH4" were the highest of the N substrates
compared (except 33°C), total C and N cell* were higher in summer K. brevis
populations treated with urea (Fig. 4.8-9), possibly indicating the high assimilation
efficiency of urea. Sinclair et al. (2009) examined the rates of N uptake and N
assimilation into protein of three strains of K. brevis grown on NOs", NH4" and urea.
Although that experiment was conducted only at 22°C, it showed 31% higher
assimilation efficiency of urea than that of NH4" and 64% higher efficiency than that
of NOs". Overall, the metabolism of reduced forms of N (taken up and assimilated)
were two times higher than that of the oxidized form (Sinclair et al. 2009). Although
direct assimilation efficiency of urea was not measured in the present study, the
relatively high content of total C and N cell in urea-enriched cells may be associated
with higher level of urea assimilation. High assimilation efficiency of urea might be
due to the presence of the urea cycle in this dinoflagellate (Dagenais-Bellefeuille and
Morse, 2013) and several candidate enzymes involved in the urea cycle have been
identified in K. mikimotoi (Shi et al., 2021) and K. brevis (Morey et al., 2011). In
diatoms, a full urea cycle has been described and appears to play a role in C and N

redistribution via the tricarboxylic acid cycle and GS-GOGAT (Allen et al., 2011;
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Glibert et al. 2016). If the urea cycle in K. brevis has the same function, the internal
reallocation of C and N may promote synthesis of biomass (C and N) more with urea
than with other N substrates, especially at warmer waters. Ambient urea
concentrations are typically very low, but recycling from decaying biomass and dead
fish that are associated with K. brevis blooms may provide these cells with such a
source (e.g., Heil et al. 2014a).

Unlike the findings from Ahn and Glibert (2022), differential responses
depending on N forms were less obvious in photosynthetic parameters. Although the
values of Fv/Fm in urea-enriched cells were the highest at 30°C compared to those of
NOs™- and NHa -enriched cells in summer samples, at the highest temperature, 33°C,
no differences were found in any fluorescence parameters. However, the K. mikimotoi
cultures from Ahn and Glibert (2022) study were non-nutrient limited, exponential
phase cells, while K. brevis populations tested here were derived from nutrient limited

conditions and given only short exposure periods to N enrichment.

Nutritionally stressed summer populations

Total C and N cell* values were significantly lower in the summer
populations compared to the winter Sanibel Island population. It is of note that the
cell size of the summer populations was smaller than that of the winter population.
Heil et al. (2004) reported Karenia can change their cell size by a factor of two
depending on environmental factors and they described some of these small cells as
‘gamete-like’. However, vegetative cells, gametes, and planozygotes of K. brevis are
morphologically very similar and hard to differentiate in the field (Cuadrado et al.,

2019). In addition, their photo-physiology also could be similar. Persson et al. (2021)
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reported that Fv/Fm of vegetative cells and gametes in dinoflagellate Scrippsiella
lachrymosa were not different. Indeed, some paired cells were found under light
microscopy on July 28 and 29 samples. Limitation by N is one of the important
stimuli for gamete formation (Brawley and Johnson, 1992). In this study, the C:N
ratio was significantly higher in the summer populations than in the winter
population, implying N limitation of the summer populations. Another possible
explanation is that the winter Sanibel Island population was mixed more (~11%) with
other planktonic protists such as unidentified microflagellates and their physiological
responses can differ from those of K. brevis although the contribution of such cells to
the total protist community remained low.

Karenia brevis has also been shown to be mixotrophic with the capability of
grazing Synechococcus spp. (e.g., Jeong et al. 2005, Glibert et al. 2009).
Synechococcus spp. generally grows well in warm waters, and it is well documented
to thrive on the West Florida Shelf (Wawrik et al., 2009). An inverse relationship
between the abundance of K. brevis and that of Synechococcus was previously shown
on the West Florida Shelf in late spring through signature pigment distributions (Heil
et al. 2007). While no data are available to assess use of mixotrophic nutrition by K.
brevis during the 2020-2021 bloom, experiments are underway to explore the

temperature dependence of this process.

Conclusions

The summer of 2021 was unusual in the prolonged summer K. brevis bloom
that was able to be sustained in temperatures higher than its thermal niche. Although

the biomass of summer K. brevis populations was significantly higher, rETRmax and
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pmax Were substantially reduced relative to the winter populations, implying
photosynthetically and nutritionally stressed summer cells. The data herein provide
evidence that photosynthetic performance can be affected by thermal history, shifting
the window of optimal range for photosynthesis. However, differences in
photosynthetic parameters as a function of N forms were less clear. Both the winter
and summer populations of K. brevis showed higher pmax of NH4* or/and urea
compared to NO3". The higher increasing rates in pmax With rising temperature (from
15°C to 30-33°C) with chemically reduced forms of N may be a function of the
different optimal temperature for the different enzymes related to each N form. The C
and N cell’* were also remarkably lower in summer populations but, when
populations were treated with urea, relatively higher C and N cell™* were observed.
Recent modeling efforts (Chen et al. 2023) suggest that nutrients from the Piney Point
effluent spill may have been remineralized over the summer, following an initial but
short-lived bloom of diatoms, thus providing a large source of NH4* to sustain K.
brevis in the Tampa Bay region for many months. The extent to which this was a
source of N that also helped to sustain K. brevis in the offshore waters is at yet
unknown, but tidal and other exchange at the mouth of Tampa Bay would imply that
this was at least a potential source of N that may have contributed to K. brevis during

the summer (Morrison et al. 2023).
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Appendix I1: Supplementary Material
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Figure S4.1. The maximum quantum efficiency of PSII photochemistry, Fv/Fm, of
winter (January 22) and summer (July 21, 27, 28) K. brevis populations exposed to 4
different temperatures (15, 20, 25 30°C or 15, 25, 30, 33°C) and 3 different nitrogen
forms (NH4*, NOs’, urea). Note that, at each temperature, January 22 values were
averaged from 3 different coastal stations that were pulsed with 10uM, while July

samples were averaged from 5 - 6 concentrations at each temperature.
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Figure S4.2. The maximum relative electron transfer rate, rETRmax, of winter (January
22) and summer (July 21, 27, 28) K. brevis populations exposed to 4 different
temperatures (15, 20, 25 30°C or 15, 25, 30, 33°C) and 3 different nitrogen forms
(NH4", NOsz", urea). Note that, at each temperature, January 22 values were averaged
from 3 different coastal stations that were pulsed with 10uM, while July samples

were averaged from 5 - 6 concentrations at each temperature.
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Figure S4.3. The quantum yield of non-regulated non-photochemical quenching,
YNO, of winter (January 22) and summer (July 21, 27, 28) K. brevis populations
exposed to 4 different temperatures (15, 20, 25 30°C or 15, 25, 30, 33°C) and 3
different nitrogen forms (NH4*, NOs", urea). Note that, at each temperature, January
22 values were averaged from 3 different coastal stations that were pulsed with

10uM, while July samples were averaged from 5 - 6 concentrations at each

temperature.
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Figure S4.4. The quantum yield of regulated non-photochemical quenching, YNPQ,
of winter (January 22) and summer (July 21, 27, 28) K. brevis populations exposed to
4 different temperatures (15, 20, 25 30°C or 15, 25, 30, 33°C) and 3 different nitrogen
forms (NH2*, NOs’, urea). Note that, at each temperature, January 22 values were
averaged from 3 different coastal stations that were pulsed with 10uM, while July

samples were averaged from 5 - 6 concentrations at each temperature.
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Table S4.2. List and abundance of protist plankton taxa identified with light

microscopy. Unit is cells L™.

January coastal stations

CS13S CS158 CS19S

January
Sanibel
Island

27-Jul

New Pass

28-Jul

29-Jul

Dinoflagellate
Karenia brevis

88,000 206,667 30,000

520,000 3,253,333 15,000,000 7,300,000

Karenia mikimotoi 6,667

Karenia spp. 33,333

Prorocentrum micans 6,667 6,667

Gymnodinum sp. 10,000 6,667

Gyrodinium sp. 5,000

Unkown dinoflagellate 6,667

Diatom

Coscinodiscus sp. 13,333

Guinardia flacida 4,000

Asterionelopsis glacialis 10,000

Cylindrotheca

clostridium 2000 43333

Pleurosigma sp. 13,333

Pseudo-nitzschia 4,000 20,000 25,000 20,000 40,000
Leptocylindrum minimus 160,000
Rhizosolenia sp. 10,000 13,333 60,000
Skeletonema costatum 93,333 360,000 400,000
Chaetoceros sp. 6,667 180,000 420,000
Unidentified pennate

diatom P 30,000 20,000
Others

Dictyocha 5,000

Flagellate 8,000 93,333 10,000 70,000 6,667 20,000
Ciliate 4,000 6,667

Radiolarian 4,000

*CS=Costal Station: 13S:26.33900°N -82.11900° W; 15S: 26.3896N, -81.9800W; 19S: 26.28625N, -82.34284W
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Table S4.7. The maximum absolute uptake rate, pmax, Calculated from Michalis-Menten formula,
at each temperature. Unit is pmol-N h* cell™.

15°C
20°C
25°C
30°C
33°C

Sanibel Island New Pass

27-Jan 27-Jul 28-Jul 29-Jul

NH4* NOs’ Urea NOs NH4* NOs’ Urea Urea
0.00026  0.00015 0.00008 @ 0.00001 0.00002 0.00002 0.00001 0.00002

0.00039  0.00019 0.00012

0.00039  0.00026 0.00013 & 0.00009 0.00012 0.00004 0.00004 0.00006
0.00041  0.00017 0.00018 @ 0.00013 0.00020 0.00006 0.00015 0.00015
0.00008 0.00018 0.00008 0.00020 0.00016
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Chapter 5: Karenia brevis grazing on Synechococcus and
Rhodomonas: Effects of food quantity and quality and
photophysiological responses of predator and prey

Abstract

In 2005, it was reported that Karenia brevis, which forms red tide almost annually in
Florida’s Gulf coasts, exhibited mixotrophic behavior by grazing on
picocyanobacteria Synechococcus. However, since then, only limited research has
been conducted on mixotrophy of this species. In this study, the nutritional quality
and quantity of prey impacts on rates of grazing by K. brevis and how grazing affects
the photophysiological responses of both predator and prey were investigated. Prey
quality was manipulated by growing Synechococcus under different nitrogen (N) :
phosphate (P) conditions, and by providing an alternate prey (Rhodomonas, a
photosynthetic eukaryote). Prey cultures, N:P balanced, N-limited, P-limited
Synechococcus, and Rhodomonas salina were inoculated into K. brevis in varying
ratios. No consistent patterns were observed in ingestion rates based on the different
quality of Synechococcus, but ingestion rates were a function of prey-to-grazer ratios
(R?=0.76) and prey amounts (R?=0.71) across all treatments (24.4 — 92.0
Synechococcus K. brevis dt). Although ingestion rates were remarkably lower than
those of Synechococcus, K. brevis could feed on R. salina (5.2 — 7.4 R. salina K.
brevis® d?). Cellular incorporation of Synechococcus N into K. brevis biomass

through grazing was confirmed by °N labeling following by NanoSIMS analysis of
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single K. brevis cells. There were no significant changes in growth, densities, and
photosynthetic performance, measured by the maximum relative electron transport
rate, rETRmax, of K. brevis under mixotrophic conditions, but prey photosynthesis was

negatively affected.

Introduction

The toxigenic dinoflagellate, Karenia brevis, which forms red tides almost
annually in Florida’s southwest Gulf coasts, is a mixotroph, exhibiting both photo-
autotrophy and phago-heterotrophy (Jeong et al., 2005; Glibert et al., 2009). Jeong et
al. (2005) first discovered that K. brevis in culture could ingest the
picocyanobacterium Synechococcus sp. at a rate of 5 Synechococcus K. brevis™ ht,
Glibert et al. (2009) measured grazing rates of K. brevis on Synechococcus at varying
prey:grazer ratios and showed that grazing rates were higher when prey were more
abundant, with rates ranging from ~1 to 84 Synechococcus K. brevis™ h. These
studies have clearly shown that K. brevis can graze this picoplankter, but many
questions remain unanswered, including how grazing rates change with prey
nutritional quality, with prey availability, whether K. brevis can graze larger cells, and
how quickly prey biomass is incorporated into K. brevis cells. Experiments were
conducted herein to begin to answer these questions.

Mixoplankton may utilize phagotrophy to supplement their dissolved
inorganic nutrient and/or carbon (C) budgets during periods of nutrient and/or C
limitation (Stoecker et al., 2017). Some species do not even graze when inorganic
nutrients are plentiful (examples in Stoecker et al., 2017). Depending on the

nutritional history of the grazer, mixotrophs might selectively graze on prey with
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different nutritional histories, thus acquiring nutrients that they lack (e.g., Lundgren et
al., 2016, Lin et al., 2017). Indeed, many mixotrophic harmful algae are found in
eutrophic waters that deviate from classic stoichiometric nutrient proportions, such as
high nitrogen (N): phosphate (P) or low N:P waters (Burkholder et al., 2008; Heisler
et al., 2008).

Florida’s Gulf coasts are typically considered N-limited environments due to a
long history of P-mining and its influence on nearby waters (Heil et al., 2007; Duan et
al., 2021). Heil et al. (2007) reported K. brevis was the dominant planktonic protist in
West Florida Shelf waters with N:P ratios < 8 (Tampa Bay to Sanibel Island) in the
late spring of 2003. The Heil et al. (2007) study also revealed an inverse pattern of the
spatial extent of picocyanobacteria (e.g., Synechococcus) and K. brevis, based on
signature pigment analysis (Heil et al., 2007). Additionally, Sipler et al. (2013)
reported an inverse relationship between densities of Synechococcus-like species and
K. brevis collected near Sanibel Island, Florida. Collectively, these patterns suggest
the potential for mixotrophy to play an important role in either the growth of, or
maintenance of, K. brevis blooms in the coastal waters of Florida.

This laboratory study, involving batch and chemostat cultures of K. brevis,
aimed to investigate the ability of K. brevis to graze on Synechococcus when it was
grown under variable nutrient conditions, and to test whether this dinoflagellate could
graze larger cells, namely Rhodomonas salina. We hypothesized that K. brevis could
indeed graze on larger cells than picoplankton and that N-limited K. brevis would
feed more on N-rich prey and have photosynthetic advantages with N-rich prey

compared to P-rich prey.

92



Materials and methods

Stock cultures

A culture of non-axenic K. brevis (estimated spherical diameter [ESD] = 18-
25 um), originally isolated from New Pass, Sarasota, Florida, was obtained from
Mote Marine Laboratory, Sarasota, Florida, U.S. Prey cultures, Synechococcus sp.
(CCMP836, [ESD] = ca. 1 um) and Rhodomonas salina ([ESD] = 6-9 um) were
obtained from the National Center for Marine Algae and Microbiota at the Bigelow
Laboratory for Ocean Sciences, West Boothbay Harbor, Maine, U.S. and from the
Oyster Hatchery of Horn Point Laboratory, Cambridge, Maryland, U.S., respectively.

All media were prepared using nutrient-poor offshore Gulf of Mexico
seawater that had been previously collected and stored at < 4 °C in the dark before
use. The seawater was filtered through GF/F filters (nominal pore size: ~ 0.7 um;
Whatman, Maidstone, Germany), and salinity was adjusted to 30 by diluting this
seawater (salinity of ~34) with deionized water. Then, salinity-adjusted seawater was
autoclaved, and 0.2 um-filtered nutrient stocks were added based on the L1 (-Silicate)
media recipe (~880 uM nitrate (NO3), ~36 uM phosphate (PO4*); Guillard and
Hargraves, 1993). All cultures were maintained at 20°C in walk-in temperature-
controlled rooms with a light intensity of 100 umol photons m s in a 12h light: 12h
dark cycle. Light intensities were measured with ULM-500 Light Meter & Logger

with a micro quantum sensor (Heinz Walz GmbH, Effeltrich, Germany).
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Experimental design

Four experiments were conducted. Each experiment varied the growth
conditions of the mixotroph, the prey quantity or the prey quality. In Experiment 1,
N-limited K. brevis was grown in batch culture and grazing manipulations were
undertaken during exponential growth. In Experiments 2-4, K. brevis was grown in
N-limited chemostats with growth rates at 60% of maximum growth rate. Different
experiments were designed to provide the mixotroph with different amounts of
picoplankton prey, with picoplankton prey of different nutritional quality (as N:P
balanced, N- or P-limited), and to provide an alternate prey (Fig. 5.1). In Experiments
1-4, the prey provided was Synechococcus, and in Experiments 3 and 4, treatments

compared Synechococcus and R. salina as prey.

N-limited KB
KB i
Experiment 1 == —
Syn
control
KB
KB
} with
Zh 5& Zted Syn
N-limited o .
KB control Uf"y‘r’l“'

Experiment 3&4
-limite KB
KB with Syn
control
-limitec l-limitec
Syn Syn Syn R. Salina
control control contral control

G Experiment 2

with with
-limited Syn! R. salina
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Figure 5.1. Schematic of experimental design. KB and Syn represent Karenia brevis
and Synechococcus, respectively. Different quality of Syn are symbolized as different
colors.

Experiment 1: Batch culture

A subculture of the stock K. brevis, initially grown in L1 media, was
transferred into media with the NO3™ concentration reduced so that it was only 20% of
the initial recipe. All other substrates were maintained consistent with L1. Grazers
were grown in new media for more than 3 generations. The Synechococcus culture
were grown in N:P balanced, 50% enriched L1 media prepared with *°N-NOs"
(Cambridge Isotope Laboratories, Inc., Massachusetts, U.S.) in order to isotopically
label the prey. The final isotope composition of Synechococcus culture was 6.4 (£
1.7) N atom% measured during Nanoscale secondary ion mass spectrometry
(NanoSIMS) analyses.

Once exponential growth was established for the mixotroph, K. brevis cultures
were transferred into 4 flasks and the filtrates of K. brevis culture were transferred
into 2 flasks, totaling 6 flasks. The former included K. brevis controls and K. brevis
provided with Synechococcus and the latter included Synechococcus controls (Fig.
5.1). All treatments were duplicated. Exponentially-growing °N pre-labelled
Synechococcus cultures were centrifuged at 6000 rpm (1000 x g) (Eppendorf,
Hamburg, Germany) for 5 min to remove culture media, and then pellets at the
bottom were resuspended into treatment flasks. The concentrations of °N pre-
labelled Synechococcus were measured before inoculation and calculated amounts

were resuspended into each flask.
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All experiments were conducted at the same temperature and light conditions
for the stock cultures, except that LED light lamps were used. Samples for cell
counting and fluorescence measurements were collected over time at 0, 3, 7, 24, 28,
72 h. Cell counts were used to establish the extent of grazing (disappearance) of the
prey, and fluorescence was used to track the photosynthetic performance of both
predator and prey (see detail below). Samples for NanoSIMS were collected at 72 h.
The subcultures from K. brevis controls, and mixed treatments were fixed with
glutaraldehyde (final concentration 2%). The N pre-labeled Synechococcus was
inoculated into fixed K. brevis controls (killed K. brevis control). All fixed samples
were stored in the fridge (4 °C) for at least 1-2 h. Thereafter, samples were filtered
onto 0.2 um pore-size, 25 mm Isopore polycarbonate membrane filters (Millipore,
Massachusetts, U.S.) and rinsed with 0.2 um-filtered MilliQ water. Samples were
stored at -20 °C until further analysis.

Experiments 2-4: Chemostat culture

Once K. brevis, grown in batch culture conditions in L1 media with NO3
reduced to L/5 proportions, reached the exponential phase, ~200mL of cultures were
transferred into FMT-150 Photobioreactors (Photon Systems Instruments, Drasov,
Czech Republic), and ~200mL of fresh media were added to each photobioreactor.
Before each inoculation, calibrations for optical density (OD) measurements were
done with the media (blank), and for pH was done with buffer pH 4, 7, and 10
(Mettler-Toledo, Ohio, U.S.). The culturing system received 0.2 um-filtered (Thermo
Fisher Scientific, Massachusetts, U.S.) air pumped into the photobioreactor through

the closed top (Fig. S5.1A). Cultures were gently mixed by bubbles emitted from
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apertures across the bottom of stainless-steel tubes. Cultures were maintained at 20°C
(£ 0.01°C) and illuminated with LED lights at an intensity of 100 pmol photons m2s-
Yona 12 h light: 12 h dark cycle. These K. brevis cultures were grown in batch mode
without dilution in the exponential phase (~ 6-7 days) in photobioreactors (Fig.
S5.1B-D). Measurements of OD were done at wavelengths of 680 nm (OD680) to
measure the biomass proxy. A water sample (3 mL) was collected each day during
exponential phase to count the cell density, in order to calculate cell-specific growth
rates. Then, Rabbit plus peristaltic pumps (Rainin, California, U.S.) were turned on to
deliver fresh media (Fig. S5.1A). Dilution rates were set at 60 % of cell-specific
maximum growth rates (0.6 umax) obtained during the exponential phase from each
run. Temperature and pH were monitored with InPRo 3253/SG/120/PT1000 sensors
(Mettler-Toledo, Ohio, U.S.) immersed in the cultures. The steady state of culture
was defined by less than 10 % biomass change over > 5 days, and changes in OD680
were less than 6 % in all chemostat culture systems (Fig. S5.1B-D).

The Synechococcus stock cultures were manipulated in batch culture to yield
varying cellular nutrient conditions: subcultures that were growing on L1, subcultures
on L1 media with NO3™ reduced to L/5 proportions, and subcultures on L1 media with
PO+ at L/5 proportions, thus yielding cells that were presumably in balanced N:P, N-
limited, and P-limited growth conditions. All cultures were acclimated to the new
media for more than 3 generations. Synechococcus cultures were harvested at
stationary phase to ensure different nutritional conditions (Fig. S5.2). Cultures of R.

salina maintained in batch at balanced N:P were also provided as prey.
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In Experiment 2, chemostat cultures were distributed into 8 flasks, including 2
flasks containing filtrates of chemostat cultures. This included K. brevis control
(duplicated), balanced N:P and P-limited Synechococcus controls, and K. brevis with
balanced N:P and P-limited Synechococcus (duplicated). Cell counts and fluorescence
parameters were sampled at 0, 4, 24, 48, 72 h.

In Experiments 3-4, chemostat cultures were transferred into 5-6 flasks, and
filtrates of culture were transferred into 4 flasks, yielding a total 9 and 10 flasks for
Experiments 3 and 4, respectively. Experiments 3-4 included all treatments in
Experiment 2, and controls of N-limited Synechococcus and R. salina, and K. brevis
inoculated with N-limited Synechococcus and with R. salina. Samplings were
conducted at 0, 24, 48, 72, 96, 120 h for Experiment 3 and 0, 24, 48, 72, 96 h for
Experiment 4. R. salina treatments were monitored until 72 h. Sampling within the

first 24 h was not conducted in Experiments 3-4.

Cell counts and rates calculations

Samples of K. brevis were enumerated at 100x magnification using a
Sedgewick-Rafter chamber, and R. salina were counted at 400x magnification using a
hemocytometer (Hausser Scientific, Pennsylvania, U.S.) under light microscopy after
Lugol’s fixation (2% final concentration). Synechococcus samples were fixed with
paraformaldehyde (0.5% final concentration) and stored at 4 °C for at least 1 h. Then,
samples were filtered onto 0.2 um pore-size, 25 mm black polycarbonate membrane
filters (GVS, Bologna, Italy). Each black filter was mounted on a glass slide, and a
drop of mounting solution (Thermo Fisher Scientific, Massachusetts, U. S.) was

added to the top of the filter and covered with a coverslip. Synechococcus cells on
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slides were counted using an Axiophot epifluorescent microscope (Zeiss,

Oberkochen, Germany) using a light excitation filter set (excitation 550 nm and
emission 605 nm) at 1000x magnification. Synechococcus cells were autofluorescent
in red because they were phycocyanin-type. At least 400 red cells from 20 random
fields were counted per sample.

The specific growth rates (u4; h* or d*) were calculated as pt = (In N2-N1) x (to-t7)*
where N2 and N1 are concentrations of prey or grazer cells at respective times, t> and
t1. Grazing coefficients (g; h™t or d) were determined as the differences between
specific growth rates of prey in controls and those with grazers. Clearance rates (ul K.
brevis?® hor pl K. brevis™ d') were calculated by dividing grazing coefficient, g,
with mean predator density, P = (Po x (e"-1)) x (ut) where P, is the initial grazer
concentration (Heinbokel, 1978). Ingestion rates by grazer on prey (prey K. brevis™ h-
Lor prey K. brevis™ d') were calculated by multiplying clearance rate with prey
abundance, C = (Co x (e"-1)) x (ut)* where C, is the initial abundance of prey cells
(Frost, 1972). Daily ingestion rates were calculated after the first 24 h while hourly

grazing rates were calculated within the initial 24 h.

Chlorophyll a

Chlorophyll a (Chl a) samples were collected for K. brevis at the start of
experiments (0 h) except in Experiment 2. Cultures were filtered onto 25 mm GF/F
filters in duplicate to triplicate (Whatmam, Maidstone, United Kingdom) and stored

at -20°C. The samples were extracted in 90% acetone (v/v) overnight in darkness at -
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20°C and subsequently measured using a 10-AU Fluorometer (Turner Designs,

California, U.S.) according to Arar and Collins (1997).

Pulse-amplitude-modulated (PAM) fluorometry analysis

Photosynthetic parameters of predator and prey were measured using a Phyto-
PAM-II fluorometer (Heinz Walz GmbH, Effeltrich, Germany). After dark-adapting
subsamples from each flask for 20 min, measurements of rapid light curves consisting
of 10 light steps (20s for each step, from 0 to ~600 pumol photons m s™) were made.
The relative electron transport rate (rETR) was obtained for each light step, and a
modified nonlinear function of Platt et al. (1980) was fitted to calculate rETRmax, the
maximum rETR, using R package ‘phytools’. Based on the excitation of five
measuring light wavelengths (440, 480, 540, 590, and 625nm), the Phyto-PAM-II
fluorometer can differentiate 4 functional algae groups—green algae, blue-green algae
(cyanobacteria), phycoerythrin-containing algae, and brown algae (diatom or
dinoflagellate)-with single measurements. Reference calibrations for K. brevis for
brown algae and for Synechococcus for blue-green algae were used. Due to possible
slight changes in pigment fluorescence spectra due to nutrient conditions (Fig. S5.2),
separate references were made for (N:P balanced) Synechococcus, P-limited

Synechococcus, and N-limited Synechococcus.

NanoSIMS analysis and calculation

Filters for NanoSIMS were dried overnight at 50°C prior to excising a portion
to mount onto a carbon conductive tab (Ted Pella, Redding, CA) adhered to an

aluminum stub. Mounted samples were sputter coated with ~5 nm of gold for
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conductivity and analyzed at Lawrence Livermore National Laboratory. Filters were
first imaged using a scanning electron microscope (FEI Quanta model 450) with the
secondary electron detector (5 Kv) to identify the location of K. brevis cells, and then
subsequently with a nanoSIMS 50 using a primary Cs*™ beam of 150 mm diameter.
Areas were sputtered with ~60 pA Cs* for 5 cycles (327 s) over 33 x 33 um rasters to
prior to collecting 20 cycles over a 33 x 33 um acquisition area with ~2 pA Cs*. After
tuning the secondary ion beam to ~9500 mass resolving power (MRP), automatic
secondary ion beam centering was performed every 20 cycles based on 2C*N-,
Secondary electron (SE) and secondary ion images were collected simultaneously for
masses, *?C*N-, 2C1®N-, and 3P~ on individual electron multipliers (e.g., Xavier et
al., 2023). From each sample, 10 fields were selected and inspected with the
secondary electron detector of the NanoSIMS. Regions of interest (ROI) were
manually drawn inside the K. brevis cell outlines recorded by the **C'*N- signal, and
the signals from Synechococcus were excluded by avoiding high *?C**N/*C¥N-
regions through software L’Image (Carnegie Institution of Washington, Washington,
D.C., U.S). ROIs for Synechococcus were separately drawn, and these values were
used for Nnet calculations. The levels of °N enrichments of each ROl were expressed
using the delta (8) in units of per mil of stable N isotope ratios calculated as: §*°N (%o)
= [N/ *Nsample/>N/**Nstandard-1]x1000 where ®N/**Nistandard Was 0.00367. The newly
synthesized N from Synechococcus relative to the final N was calculated as: Nnet (%)
= [Fs/(Fs+Fi)] x100, where Fs was a fraction of N from the isotopically labeled
Synechococcus, and Fi is the fraction of N from original K. brevis (Dekas et al.,

2019). Approximately 10 cells were imaged for each filter (one killed K. brevis
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control and duplicated mixed treatments) and averaged values of 5*°N and Nnet are

presented.

Statistical analysis

Differences in Chl a, cell densities, growth rates, and rETRmax, 5°N of prey
and grazer across different treatments were analyzed using a t-test or a one-way
analysis of variance (ANOVA) with the data passing normality (Shapiro-Wilk test)
and equal variance tests (Levene’s test). If data did not satisfy the normality
assumption, the non-parametric Wilcoxon rank sum test or Kruskal-Wallis’s analysis
were applied. Linear regression was used to explore the relationship between
ingestion rates by K. brevis on Synechococcus and ratios of Synechococcus to K.

brevis.

Results

Chl a concentration of Karenia brevis

Total Chl a per cell of K. brevis at 0 h differed significantly between cultures
from batch (Experiment 1) and chemostat (Experiments 3-4) (p < 0.01). The average
Chl a concentration of K. brevis from Experiment 1 was 23.3 (+ 1.1) pg Chl a cell?,
while concentrations from Experiments 3 and 4 were 4.7 (£ 0.3) and 4.4 (x 0.1) pg

Chl a cell, respectively.

Cell densities of Karenia brevis and prey
In all experiments, after 24-48 h, the densities of N:P balanced Synechococcus

were lower in mixed culture treatments compared to those of controls (Fig. 5.2),
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demonstrating that they were being removed by K. brevis. In Experiment 1,
Synechococcus with and without K. brevis both increased significantly over time, but
the rate of increase in cell numbers from 0 h to 72 h was lower in the presence of the
grazer (3.4-fold) than without (4-fold) (Fig. 5.2A). From time 0 to time final, controls
of Synechococcus density increased from 2.1 to 4.1-fold, while the density of
Synechococcus mixed with K. brevis increased from 0.9 to 1.5-fold in Experiments 2-
4 (Fig. 5.2B-D). The differences in Synechococcus density between controls and
mixed cultures were statistically compared when the initial cell abundances were
similar: Experiment 1, Experiment 3 except for N-limited treatments, and Experiment
4. No differences were found in Experiment 1 (p > 0.05), while Synechococcus
densities in the presence of K. brevis were significantly lower than those of controls

in Experiments 3 and 4 (p < 0.01).
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Figure 5.2. The density of Synechococcus with or without grazer, K. brevis, over time
in Experiment 1 (A), Experiment 2 (B), Experiment 3 (C), and Experiment 4 (D).
Dotted lines with filled symbols represent Synechococcus mixed with K. brevis, while
straight lines with empty symbols represent controls of Synechococcus: Circle (o, ®)

for (N:P balanced) Synechococcus, triangle (A, A) for P-limited Synechococcus, (¢,
¢) for N-limited Synechococcus. Note that symbol size is reduced in Experiment 1 to

show standard deviation.

In contrast with the changes in Synechococcus cell densities, the densities of
K. brevis did not change considerably between treatments (p > 0.05) and with time

except for Experiment 1 (Fig. 5.3). In Experiment 1, the densities of K. brevis both
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with and without prey increased from 0 h to 72 h, but they increased more when prey
were available (82% increase) compared to the controls (30% increase) (Fig. 5.3A).
When comparing only the densities of K. brevis at 72 h, the densities of K. brevis in
the control treatments were significantly lower than those of K. brevis inoculated with
Synechococcus in Experiment 1 (p < 0.05). On the other hand, in Experiments 2-4,
the K. brevis densities of the control treatments consistently decreased in a range of -
12% to -2% from time 0 to the final time (Fig. 5.3B-D). Changes in K. brevis
densities were variable when prey were added, ranging from -12% to +10% in
Experiments 2-4.

Growth rates of K. brevis for each treatment were calculated over the whole
experimental period for each experiment. In Experiment 1, from 0 h to 72 h, growth
rates were 0.09 (+ 0.01) d** and 0.20 (+ 0.02) d™* for K. brevis control and K. brevis
inoculated with Synechococcus, respectively. Growth rates of K. brevis controls were
all -0.03 d! from time 0 to the final time, while they varied between -0.03 d* to +0.02
d! in mixed cultures in Experiments 2-4. However, differences in density changes or
growth rates between controls and mixed cultures were insignificant in Experiments

2-4 (p > 0.05).
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Figure 5.3. The density of K. brevis with or without Synechococcus, over time in
Experiment 1 (A), Experiment 2 (B), Experiment 3 (C), and Experiment 4 (D). Note

that the symbol size is reduced in Experiment 1 to show standard deviation.
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For the experiment involving R. salina as prey, the densities of R. salina, both
with or without grazers, increased with time (Fig. 5.4A), while the abundance of K.
brevis, with or without prey, did not show any consistent patterns (Fig. 5.4B). In
Experiments 3 and 4, the densities of R. salina were significantly higher without
predators than those mixed with K. brevis (p < 0.05). The growth rates of controls of
K. brevis over 72 h were -0.03 and 0.00 d™%, while the growth rates of K. brevis mixed
with R. salina were -0.01 and 0.00 d* in Experiment 3 and Experiment 4,

respectively.
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Figure 5.4. The density of R. saline with or without K. brevis (A) and K. brevis with

or without R. salina (B) from 0 h to 72 h in Experiments 3 and 4.

Ingestion rates of K. brevis on prey

The daily grazing rates on Synechococcus, calculated after the first 24 h
during each treatment, ranged from 24.4 to 92.0 (* 29.9) Synechococcus K. brevis™ d-
1 (Table 5.1). No consistent patterns were observed in ingestion rates on the different
quality of Synechococcus—N:P balanced, P-limited, and N-limited Synechococcus.

Ingestion rates did vary as a function of prey to grazer ratios (R?>= 0.76, Fig. 5.5A) as
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well as prey amounts (R?>= 0.71, Fig. 5.5B) across all treatments. If more prey were
available, grazing rates by K. brevis on Synechococcus were higher. The hourly
ingestion rates on Synechococcus, calculated from Experiment 1 and Experiment 2,

were 41.2 (+ 8.6) and 22.1 Synechococcus K. brevis™ h, respectively (Table 5.1).
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Figure 5.5. The relationship between daily ingestion rates by K. brevis on
Synechococcus and the ratios of Synechococcus to K. brevis (A) and Synechococcus

density (B) across all experiments. The linear regression line and R? are shown.
The daily grazing rates on R. salina from Experiment 3 and 4 were 5.2 and 7.4

R. salina K. brevis d, respectively (Table 5.1), substantially lower than the daily

grazing rates on Synechococcus.
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NanoSIMS confirmation of N incorporation from Synechococcus

Significant differences in cell-specific 31°N were found between killed K.
brevis controls and K. brevis grazed on °N pre-labeled Synechococcus at 72 h (Fig.
6). However, at both the single cell level, as well as between cells in the same
treatments, differences were apparent (Fig. 5.6, Table S5.1): the §!°N of killed K.
brevis controls (61 £ 15 %o) were significantly lower than those grazed on
Synechococcus (221 + 78 %o) (p < 0.01) (Fig. 5.6F). The Nnet Of K. brevis, the fraction

of N came from isotopically labeled prey, was 1.1 (+ 0.5) % at 72 h.

14N1?C Cts 14N 12C Cts
8000

6857

5714

T
Killed Live
control treatment

Figure 5.6. NanoSIMS images of killed K. brevis control (A, B) and K. brevis grazed
on Synechococcus (C, D) and SEM image of K. brevis cells (E). The averaged cell-
specific 51°N of killed K. brevis control and K. brevis grazed on Synechococcus were
calculated from each ROIs (F). Values for individual cells are presented in Table
S5.1. The images of ?C*N-were used as an indicator of K. brevis cell to draw ROIs
and calculate cell-specific §*°N. High 5!°N values (orange arrows), the isotopically
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enriched Synechococcus, were excluded when manually drawing ROIs of K. brevis

(Fig. S5.3)

Chlorophyll Fluorescence: rETRmax

Photosynthetic performance, as measured by rETRmax, of Synechococcus and
K. brevis were monitored at each sampling time until 72 h (Fig. 5.7). In all
Synechococcus controls, after inoculation into filtrate of N-limited K. brevis culture
(from the batch culture in Experiment 1 and from chemostat cultures in Experiments
2-4), rETRmax decreased slightly and then generally increased until 72 h (Fig. 5.7A,
C,E G, I, K, M, O, Q). No differences in rETRmax were observed among
Synechococcus controls of different N:P at each experiment (p > 0.05). Thus,
rETRmax Of Synechococcus controls across all treatments were averaged at each
experiment and were 16.0 (+ 1.4), 20.8 (= 4.4), 19.1 (= 3.3), and 18.0 (% 2.4) pmol
electrons m s for Experiments 1, 2, 3 and 4, respectively.

In mixed cultures, rETRmax 0f Synechococcus of all nutritional states increased
more with time than the control Synechococcus until 72 h (Fig. 5.7B, H, J) or until
rETRmax dropped significantly (Fig. 5.7D, N, P, R). However, when P-limited
Synechococcus in Experiment 2 (Fig. 5.7F) and N-limited Synechococcus in
Experiment 3 (Fig. 5.7L) were inoculated into K. brevis culture, rETRmax rose
immediately and then decreased. When prey:grazer ratios were < ~100:1, rETRmax
rates of all types of Synechococcus dropped significantly or were less than the
detection limit after 24-48 h, with the exception of the N:P balanced Synechococcus
mixed with K. brevis in Experiment 2 (Fig. 5.7D, Table 5.1). In each experiment, no

significant differences in rETRmax Were observed among various treatments (p >
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0.05), and the average rETRmax Values were 17.6 (£ 2.4), 28.3 (£ 5.3), 20.4 (+ 10.2)

and 26.2 (z 13.6) pmol electrons m2 s for Experiment 1, 2, 3 and 4, respectively.

Only in Experiments 1 and 2 did values differ significantly from the controls (p <

0.05). However, when the values that dropped substantially were excluded (e.g., 72 h

values in mixed culture in Experiment 4), mean rETRmax values were 24.1 (+ 6.0) and

31.3 ( 8.4) umol electrons m s for Experiment 3 and 4, respectively. These were

significantly higher than those of controls (p < 0.05).
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Figure 5.7. The maximum relative electron transport rate, rETRmax, 0f Synechococcus

with or without grazer, K. brevis in Experiment 1 (A-B), Experiment 2 (C-F),

Experiment 3 (G-L) and Experiment 4 (M-R) over 72 h. Different colors and patterns
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represented prey with different qualities. Note the different time scales of the
different experiments.

The rETRmax rates of K. brevis with or without Synechococcus did not show
consistent trends (Fig. S5.4). All changes in rETRmax with time were marginal, and no
differences were found between treatments in each experiment (p > 0.05). The mean
rETRmax Values of Experiment 1 (20.3 + 1.5 umol electrons m2 s) was significantly
higher than those of Experiment 2 (14.1 + 1.7 umol electrons m? s), Experiment 3
(12.3 + 1.1 pmol electrons m? s1), and Experiment 4 (14.1 + 1.0 pmol electrons m
s1) (p < 0.001). This was due to their reduced growth rates and Chl a content in

chemostat growth.

Discussion

This study examined the grazing ability of K. brevis on larger cells than its
previously known prey, Synechococcus, and compared the effects of nutritional
history of prey on ingestion rates and photosynthetic performance by K. brevis on
Synechococcus. This study documented that K. brevis could graze on R. salina, but
the impacts of different prey qualities (N:P balanced, P- and N-limited
Synechococcus) on N-limited K. brevis were not prominently reflected in terms of
ingestion rates and photosynthetic rates, as measured by rETRmax. This study also
confirmed, although the contribution level was low, the incorporation of the prey-N

by K. brevis using NanoSIMS techniques.
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Mixotrophy in Karenia brevis

As consistent with previous studies (Jeong et al., 2005; Glibert et al., 2009),
K. brevis could graze on Synechococcus (Fig. 5.2), and the ingestion rates were a
function of prey to predator ratios (R?= 0.76, Fig. 5.5A) as well as prey amounts (R?
=0.71, Fig. 5.5B). Therefore, the ingestion rates herein were compared with the rates
at similar prey:grazer ratios from Glibert et al. (2009). If the daily ingestion rates are
converted to hourly ingestion rates, they ranged from 1 to 3.8 Synechococcus K.
brevis® hl. These rates were significantly lower than Glibert et al. (2009) in similar
prey to grazer ratios. When the ratios were ~ 40:1, ingestion rates ranged from 24 to
47 Synechococcus K. brevis? ht, depending on strains of K. brevis culture (Glibert et
al., 2009). Jeong et al. (2005) did not report the prey to grazer ratio.

However, the hourly ingestion rates of Synechococcus measured within the
first 24 h in Experiments 1 and 2 were comparable to those reported by Glibert et al.
(2009), who also measured their rates within the first 24 h. Although rates reported
here were lower than the ingestion rates in similar prey:grazer ratios from Glibert et
al. (2009), considering other differences, such as strains of a grazer, light intensities,
growth rates, and nutrient concentrations, the estimates herein did not substantially
deviate from the previous study. There was a significant discrepancy between hourly
and daily ingestion rates in this study (Table 5.1), probably due to equilibrium of
digestion and grazing. Li et al. (1999) reported relatively longer digestion time by
Karlodinium veneficum (=K. micrum =Gyrodinium galatheanum), which belongs to
the family Kareniaceae like Karenia species, on prey Storeatula major, ranging from

6 h of the half-life for food vacuole turnover at 30°C to 139 h at 10°C.
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The ability to graze on larger cells than its known prey, Synechococcus, was
shown here with R. salina (Fig. 5.4). Although ingestion rates on R. salina were
notably lower than those on Synechococcus, rates fell within a similar range to the
findings of Zhang et al. (2013). They reported that ingestion rates by K. mikimotoi on
I. galbana ([ESD] = ~5 um) and on H. virescens ([ESD] = ~ 6 pum) were 2.1-16.7 and
1.8-16.7 prey K. brevis? d1, respectively, depending on nutrient conditions. It is
likely that the cell size of prey plays a crucial role in determining the ingestion rates
by Karenia. Kamiyama and Arima (2001) reported the strong inverse relationships
between the ingestion rates of two ciliate species and the cell volume of their 10 prey
species, which spanned a wide size spectrum. Martin-Cereceda et al. (2008) also
reported negative correlation between ingestion rates by dinoflagellate Oxyrrhis
marina on diverse biovolume of the prey. However, the size range of prey as well as
optimal prey size for K. brevis has not been investigated yet and thus more types of

prey should be tested.

Synergistic effects of mixotrophy as a nutrient source

Unlike previous studies, neither growth rates nor final densities of K. brevis
were considerably enhanced, except in Experiment 1 (Fig. 5.3). Depending on
Synechococcus concentrations, the growth rates of K. brevis increased substantially
(when maintained at 43 umol photons m2 s*; 0.14 to 0.58 d1), although this pattern
was not observed when light intensity was higher (300 pmol photons m2s*; 0.26 to
0.35 d™) (Glibert et al., 2009). Zhang et al. (2013) also reported enhanced growth of
K. mikimotoi (maintained at 30 umol photons m= s™) when prey were provided.

However, the magnitude of the increase differed depending on the prey organism and
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ambient inorganic nutrient conditions, and even zero growth was observed when prey
organisms were inoculated into the grazer in N, P-limited medium (Zhang et al.,
2013).

In this study, increased growth rates and densities of grazers in Experiment 1,
but not in Experiments 2-4, may have been due to differing inorganic nutrient
concentrations in the media. The experimental setup in Experiment 1 was almost
identical to Glibert et al. (2009) and Zhang et al. (2013). Both studies used K. brevis
in the (late) exponential phase from batch culture, as was done here in Experiment 1.
Although N-limited L/5 media was used in our study, intense N limitation would be
less likely during the exponential phase. On the other hand, in Experiments 2-4, K.
brevis culture from the chemostat system was used, and grazers may have been
experiencing a more substantial degree of N limitation. Indeed, Chl a cell™?, closely
related to cellular N content, was about 5-fold higher in Experiment 1 than in
Experiments 3-4 (p < 0.01). These estimates from chemostat culture were comparable
with Chl a cell* of chemostat-grown K. brevis under N-limited conditions (Corcoran
etal., 2014; 4.1-5.7 pg cell). Therefore, the nutrients that grazers obtained from the
prey, especially N, in Experiments 2-4 would not be enough to promote the growth or
density but could be used in other processes. In addition, a decrease in incorporation
efficiencies of nutrients from prey has been observed in other species in nutrient-
stressed cultures (Caron et al., 1990; Johnson, 2015). Johnson (2015) suggested the
importance of the degree of nutrient stress for growth efficiency, as measured by the

ratio of growth in grazers to their intake of prey of grazers.
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These results also demonstrate that phagotrophic mixotrophy is not a simply
additive process of phototrophy but has synergistic effects on the growth (and
possibly other processes) of K. brevis. Especially under conditions of greater
availability of inorganic nutrients, feeding on prey could promote the growth of K.
brevis. This finding aligns with the observations from Zhang et al. (2013), who also
reported the enhanced growth of K. mikimotoi in the presence of prey organisms,
especially under nutrient-replete conditions. The single-cell approach of prey-driven
15N assimilation into K. brevis was low; however, note that assimilation rates were
from the surface of the grazer cells. Therefore, higher incorporation rates might be
observed if °N assimilation rates of food vacuole in grazers can be estimated. In
addition, our culture was non-axenic, thus bacteria-N could contribute to density and
growth increase in grazer cells, especially under higher inorganic nutrient availability

conditions.

Prey quality effects

The importance of the nutritional history of the predator or prey on
mixotrophy has been observed in various dinoflagellates, including K. veneficum
(e.g., Linetal., 2017), Prorocentrum minimum (e.g., Johnson, 2015), and Ceratium
furca (e.g., Smalley et al., 2003). Although direct comparisons are complicated due to
differences in experimental designs across studies, this study, in contrast to previous
research, did not observe selective feeding by N-limited K. brevis on Synechococcus
with differing qualities (Fig. 5.2 and Table 5.1). No discernible differences were
found in rETRmax Values of Synechococcus controls with varying qualities and those

mixed with grazers (Fig. 5.7). Additionally, there were no evident patterns in growth
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rates and rETRmax values of K. brevis grazed on Synechococcus with different
nutritional histories (Figs. 5.3 and S5.4).

Several factors could potentially account for the non-selective grazing on
Synechococcus and little to no influence on the photosynthetic performance of both
prey and predator in this study. First, although a gradient of nutritional states of
Synechococcus was achieved (Fig. S5.2), it is possible that N or P limitation of prey
may not necessarily have been attained. Indeed, Garcia et al. (2016) observed
relatively invariable elemental quotas of N between N- and P-limited Synechococcus,
although cellular P quota varied strongly depending on growth rates and nutrient
conditions. Second, while no differences in cell-specific ingestion rates were
observed, differences in N- or P-specific grazing rates on Synechococcus by K. brevis
were attained. However, the cellular N and P contents of prey were not measured in
this study (mainly due to the limitation of the culture volume). Lastly, ingestion rates
per biovolume may vary. In Synechococcus, N-limited cells were larger than P-
limited cells (especially at higher growth rates), as cellular C quota varies strongly
with P limitation but not with N limitation (Garcia et al., 2016). Alternatively, K.
brevis might not selectively graze on small Synechococcus with different nutritional
histories. However, further testing with larger prey with varying qualities is needed to
comprehend the mechanisms underlying the grazing behavior and nutritional history

interactions between prey and predator of this species.

Implications for natural K. brevis blooms on the West Florida Shelf

Synechococcus spp. are ubiquitous picocyanobacterial that thrive well in the

Gulf of Mexico (Paul et al., 2000; Wawrik et al., 2009), and an inverse relationship
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between picocyanobacteria, including Synechococcus spp., and K. brevis was found
in earlier studies (Heil et al., 2007; Sipler et al., 2013). As expected, this study
showed that K. brevis could graze on Synechococcus. When inorganic nutrient
concentrations were low, densities of Synechococcus were maintained at background
levels (i.e., initial concentrations) with the presence of K. brevis. Furthermore, even
though cell densities of Synechococcus remained similar to the initial densities when
mixed with K. brevis, the photosynthetic ability of the prey decreased or became
undetectable with our instrument within 24-48 h after exposure to the grazer. This
demonstrates that the presence of K. brevis can not only directly affect
Synechococcus through grazing but can also indirectly affect Synechococcus, partly
due to nutrient competition and potentially due to allelopathy. Although
Synechococcus grew well in the filtrate of K. brevis culture, potential negative effects
of the allelopathic compounds released by K. brevis could not be excluded (Kubanek
et al., 2005; Poulson-Ellestad et al., 2014; Poulin et al., 2018). Indeed, Kubanek et al.
(2005) reported weaker inhibitory effects of filtrates on other co-occurring protist
plankton than those exposed to live K. brevis.

On the West Florida Shelf, multiple (> 12) nutrient sources contributing to K.
brevis blooms have been identified, including grazing on Synechococcus (Heil et al.,
2014a and references therein). Although dissolved inorganic N and P concentrations
are typically low on the West Florida Shelf, N and P fluxes from complex nutrient
sources, such as benthic flux, estuarine flux, and nitrification, could meet the
requirements to form large K. brevis blooms (1 x 10° cells L) in estuarine and

coastal sites. If the nutrient source from grazing on Synechococcus were accounted
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for solely, the N and P flux would be sufficient to supply a small K. brevis bloom (1 x
10° cells L) in both sites (Heil et al., 2014a). However, this study demonstrated that
K. brevis could graze on larger cells, namely R. salina, and other studies have also
reported the grazing ability of K. mikimotoi—often co-blooming on the West Florida
Shelf—on 1. galbana, H. virescens, and T. amphioxeia (Zhang et al., 2013; Ok et al.,
2023). Therefore, it is likely that the spectrum of K. brevis’ prey could be broader
than previously thought, and thus the contribution of mixotrophy to bloom
maintenance might be more significant. However, caution is required to avoid
overestimation when incorporating nutrient flux through grazing. Over a longer term,
ingestion rates and, consequently, N and P flux through grazing may not be as high as
the rates based on short term studies, as demonstrated in this study using hourly and

daily ingestion rates from the same samples.

Summary and Conclusions

This study has shed light on several key aspects of mixotrophy in K. brevis. K.
brevis grazed on Synechococcus as a function of prey quantity, but no substantial
evidence of selective feeding by N-limited K. brevis on Synechococcus with varying
nutritional qualities—N:P balanced, N-limited, P-limited—was found. Incorporation
of the Synechococcus was confirmed by NanoSIMS analysis. Furthermore, K. brevis
could graze on a larger cell than its recognized prey, Synechococcus, as demonstrated
by the ingestion of R. salina. The ingestion rates of the latter were substantially

lower, possibly due to differences in biovolume between the two prey.
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Notably, the synergistic effects of phago-mixotrophy as a nutrient source were
evident, with results indicating growth and density-promoting effects by feeding on
prey under higher inorganic nutrient availability conditions. On the other hand, prey
quality and quantity effects on growth, densities, and photosynthetic performance,
measured by rETRmax, On grazers were not clearly observed when inorganic nutrients
were insufficient.

These insights have implications for our understanding of K. brevis bloom
dynamics in the West Florida shelf. Grazing on Synechococcus could directly regulate
the density of picocyanobacteria but also indirectly might reduce the photosynthetic
performance of Synechococcus. The demonstrated ability of K. brevis to feed on a
broader range of prey species expands the potential spectrum of nutrient flux through
grazing, although caution is needed in interpreting the contribution through grazing,
as the rates can vary considerably over different timescales. Consequently,
mixotrophy by K. brevis may be more significant in bloom formation and

maintenance than previously anticipated.

121



Appendix 111: Supplementary Material
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Figure S5.3. NanoSIMS images of 2C*N-(A) and §*°N (B) of K. brevis grazed on
Synechococcus. The images of 2C*N-were used as an indicator of K. brevis biomass
to draw ROIs (white lines) and calculate cell-specific §*°N. High §*°N values (orange
arrows), the isotopically enriched Synechococcus, were excluded when manually

drawing ROIs of K. brevis.
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Table S5.1. The single-cell **N /**N ratios, °N isotopic abundance (atom%), and 5*°N
(%) of ROIs at 72 h in Experiment 1.

ROI Name 1N /4N N isotopic enrichment 8N
K. brevis killed control 0.0039 0.391 69
K. brevis killed control 0.0039 0.389 65
K. brevis killed control 0.0038 0.382 45
K. brevis killed control 0.0040 0.394 79
K. brevis killed control 0.0039 0.390 66
K. brevis killed control 0.0038 0.383 47
K. brevis killed control 0.0038 0.381 42
K. brevis killed control 0.0040 0.398 88
K. brevis killed control 0.0039 0.385 52
K. brevis killed control 0.0039 0.388 61
K. brevis grazed on prey ~ 0.0043 0.433 184
K. brevis grazed on prey ~ 0.0043 0.424 159
K. brevis grazed on prey ~ 0.0042 0.414 133
K. brevis grazed on prey ~ 0.0043 0.427 169
K. brevis grazed on prey  0.0043 0.425 163
K. brevis grazed on prey ~ 0.0039 0.390 66
K. brevis grazed on prey ~ 0.0043 0.431 180
K. brevis grazed on prey ~ 0.0042 0.417 140
K. brevis grazed on prey  0.0044 0.437 195
K. brevis grazed on prey ~ 0.0043 0.423 158
K. brevis grazed on prey ~ 0.0048 0.473 296
K. brevis grazed on prey ~ 0.0048 0.474 297
K. brevis grazed on prey  0.0051 0.504 379
K. brevis grazed on prey ~ 0.0047 0.463 268
K. brevis grazed on prey ~ 0.0048 0.482 321
K. brevis grazed on prey ~ 0.0046 0.463 266
K. brevis grazed on prey  0.0046 0.457 252
K. brevis grazed on prey ~ 0.0046 0.454 244
K. brevis grazed on prey ~ 0.0048 0.479 311
K. brevis grazed on prey ~ 0.0045 0.452 238
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Chapter 6: Temperature-dependent mixotrophy in natural
populations of the toxic dinoflagellate Karenia brevis

Abstract

Previous studies have revealed that mixotrophs could become more heterotrophic as
temperature rise, but these studies have mostly been conducted in the laboratory
under temperature-acclimated conditions of grazers. This study investigated the short-
term thermal regulation of grazing and photosynthetic performance by natural
Karenia brevis populations on cultured Synechococcus. Bloom waters (> 5,000 cells
mL™) were collected at and near Mote Marine Laboratory in Sarasota, Florida, every
morning for three days during the fall of 2022. The cultured Synechococcus were
inoculated into K. brevis bloom waters in varying ratios and incubated at ambient
(24°C) and ambient temperature + 5°C (19, 29°C). The densities and photosynthetic
performance, measured by PAM fluorometry, of both predator and prey were
monitored on various time scales. At each treatment, generally, the grazing
coefficients (g), clearance rates, and ingestion rates were higher in warmer waters.
However, ingestion rates were significantly regulated by the prey-to-grazer ratios and
by temperatures to a lesser degree and ranged from 8 to 204 K. brevis Synechococcus
1 d, Photosynthetic performance of grazer and prey, measured as maximum relative
electron transport rate (rETRmax), exhibited different responses depending on time,
temperature, and the presence of grazer or prey. In general, rETRmax 0f K. brevis in
the control groups and mixed treatments decreased with time, while rETRmax of
Synechococcus controls increased over time with a more substantial increase at
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warmer temperatures. However, in the presence of grazers, rETRmax Of
Synechococcus did not increase or remarkably decreased. These results suggest that
grazing on Synechococcus could directly regulate the density of Synechococcus
populations but also indirectly reduce the photosynthetic performance of prey.
Furthermore, this study demonstrates that thermal regulations of grazing and

photosynthetic performance can occur on a short-term basis.

Introduction

The metabolic theory of ecology predicts that metabolic rates increase
with rising temperatures, with heterotrophic metabolism being more temperature-
sensitive than autotrophic metabolism (Brown et al., 2004; Allen et al., 2005). Several
studies have demonstrated that mixotrophs became more phago-heterotrophic as
temperatures increase (e.g., Wilken et al., 2013; Liu et al., 2021) or exhibit increased
temperature tolerance when provided with a food source (e.g., You et al., 2020).
These findings suggest potential alterations in the role of mixotrophs in global food
webs and carbon cycling in response to climate change. However, most studies were
conducted in controlled laboratories with grazers acclimated to specific temperatures.
Therefore, we conducted short-term grazing experiments using natural Karenia
populations to subject them to sudden temperature changes, mimicking the conditions
that cells are likely to experience in the field.

Karenia brevis is a toxic mixotrophic dinoflagellate responsible for the nearly
annual Florida Red Tide (e.g., Brand et al., 2012; Heli et al. 2022). This species can
be found throughout the year in the waters of the Gulf of Mexico, especially in the

West Florida Shelf, but typically initiates blooms from later summer to early fall
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(Brand and Compton, 2007; Heil et al., 2022). On a daily basis, K. brevis experiences
thermal fluctuations. These cells disperse to deeper depths at night but migrate into
surface waters during the daytime due to phototactic and negative geotactic responses
(Heil et al., 2014b). Sharp vertical thermal gradients may be encountered in the
surface water during the day (e.g., Weisberg et al., 2014), or cells might experience
stronger temperature gradients while undergoing vertical migration. Therefore,
grazing and photosynthetic responses to ambient temperature and + 5°C variations
were herein investigated.

Previous studies of the mixotrophic behavior by K. brevis were conducted in
controlled laboratory environments with grazers acclimated to 20°C (Jeong et al.,
2005; Glibert et al., 2009). Grazing responses of K. mikimotoi—a close relative to K.
brevis— have also been investigated at a single temperature, 20°C (Zhang et al.,
2011, 2013; Ok et al., 2023). Additionally, to our knowledge, ingestion rates and
photosynthetic rates of K. brevis, especially natural populations, have not yet been
investigated simultaneously. Therefore, in the present study, we examined the feeding
behavior and photosynthetic responses of natural K. brevis populations and prey to
short-term temperature variations. We hypothesized that K. brevis will become more

heterotrophic when exposed to warmer temperatures.

Materials and methods

Field Sampling

Bloom waters were collected over three days from 11/28/2022 to 11/30/2022.

Surface waters at the South Dock (SD; dock near Sarasota Sailing Squadron) and Bay
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Dock (BD; Mote Marine Laboratory dock) were collected daily between 9 am and 10
am using a bucket. Samples were transported within 30 min under shade to the
location where experiments were conducted. Surface temperatures were measured
with a YSI hand-held instrument (YSI Inc., Ohio, USA). Samples for determining
dissolved inorganic nutrients (nitrate + nitrite, ammonium, and phosphate) were
filtered through Whatman GF/F filters (Whatman, Maidstone, United Kingdom) and
filtrates were frozen for subsequent analysis. The filtrates were later analyzed at the
Bigelow Laboratory for Ocean Sciences, West Boothbay Harbor, Maine, United

States.

Prey culture

A culture of non-axenic Synechococcus sp. (CCMP836) was maintained at
20°C with a salinity of 30 and a light intensity of 100 pmol photons m? s in a 12h
light:12h dark cycle. The media for the original stock culture were prepared using
previously-collected, nutrient-poor offshore Gulf of Mexico seawater. The seawater
was filtered through GF/F filters (nominal pore size: ~ 0.7 um; Whatman, Maidstone,
Germany) and autoclaved. Then, 0.2 um-filtered nutrient stocks were added based on

the L1-silicate media recipe (Guillard and Hargraves, 1993).

Before starting the grazing experiments, exponentially growing
Synechococcus cultures were centrifuged at 1000 x g for 5 min to isolate them from
nutrient-rich culture media. Subsequently, Synechococcus pellets at the bottom of the
tubes were resuspended into nutrient-poor offshore Gulf of Mexico seawater with a
salinity of 33 - 34. Resuspended Synechococcus cultures were maintained at 22 -
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24°C with a light intensity of 50-100 pmol photons m2 st in a 12h light:12h dark

cycle.

Short-term ingestion experiments

Bloom waters collected from SD (11/28-11/30/2023) and BD (11/30/2323)
were divided into 50 mL polypropylene tubes for separate treatments: grazer control,
prey control, and grazers mixed with prey at one or two different ratios (R1 and R»).
The prey-to-grazer water ratios (volume:volume) were determined using a Phyto-
PAM-II fluorometer (Heinz Walz GmbH, Effeltrich, Germany) to obtain fluorescence
signals of both Karenia and Synechococcus. These treatments were exposed to two
(Experiments 1, 2) to three (Experiment 3) different temperatures, including ambient
(24°C) and ambient temperature + 5°C (19, 29°C) (Fig. 6.1). All incubations were
conducted in custom-made temperature-controlled water baths (Bay Instruments
LLC, Maryland, USA), illuminated by LED lights with 100-150 pmol photons m=2 s,

Bloom waters collected from SD were used as grazer controls and also as
grazers mixed with resuspended Synechococcus cultures in Experiments 1 and 2. In
Experiment 1, the prey-to-predator water ratios (R and R2) were 3:1 and 5:4,
respectively, and samplings were conducted at To (Timeo), T3, T2a T72. In Experiment
2, R1 and R> for the mixed treatments were 2:3 and 5:8, respectively, and prey
controls were diluted using filtrates of bloom waters in the same ratios as the mixed
treatments (prey control R1 and R2). Samplings were carried out at To, Ts, T24, T4g in
Experiment 2. All incubations were conducted at 24°C and 29°C in Experiments 1
and 2. Samples for cell counting and PAM analysis were obtained at all sampling

points except at To4 for prey control Rz of Experiment 2.
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In Experiment 3, SD and BD waters were used as grazer controls and were
mixed with prey cultures in ratios of 1:4 (Ry) for SD and 1:1 (R1) for BD. Prey
controls were diluted in the same ratios as the mixed treatments (Prey control R1).
Incubations took place under the same temperatures as described above and
samplings were conducted at To, Ta, T24 for SD treatments and at To, T4, T24, T4g for
BD treatments. Additional PAM analysis of mixed treatments was performed at T>
and Ty for SD and BD treatments, respectively. The actual ratios of prey-to-grazer
(cell:cell) were determined after subsequent counting of the cell densities (Table 6.2).

Experiment 1

% I FYAAN Bi Bﬂ

control 24°C 29°C 24°C 29°C 24°c 29°C 24°C 29°C

Experiment 2

Synechococcus
Mixed in SD B‘G
1-2 ratios L-
(R1, Ro) 24°C 29°C 24°C 29°C 24°C 29°C 24°C 29°C 24°C 29°C

Experiment 3

Karenia H qu
water :>
from SD and BD Grazer SD or BD
control | ! ALY

19°C 24°C 29°C 19 C 24°C 29°C 19°C24°C 28°C

Figure 6.1. Experimental design examining temperature effects on grazing rates by K.
brevis on Synechococcus. SD, BD, Ry, and Rz represent South Dock, Bay Dock, and

ratios 1 and 2, respectively.

132



Enumeration of grazer and prey and rate calculations

Samples for determining the cell abundance of grazers were fixed in Lugol’s
solution (2% final concentration), while those for prey were fixed with glutaraldehyde
(0.5% final concentration). Grazers were enumerated at 100x magnification using a
Sedgewick-Rafter chamber under light microscopy. Samples for prey were filtered
onto 0.2 um pore-size, 25 mm black polycarbonate membrane filters (GVS, Bologna,
Italy) and then mounted onto glass slides with mounting solution (Thermo Fisher
Scientific, Massachusetts, United States) under a cover slip.

Specific growth rates were calculated as p = (InN2- InN1) x (t2-t1) ™ where N
and N1 denote the concentrations of prey or grazer cells at respective times, t> and t1,
respectively. The grazing coefficient was calculated as g = Hprey control - prey mixed with
grazer. Clearance rates were calculated by dividing grazing coefficient, g, with mean
predator density, P = (Po x (e"-1)) x (ut)* where P, is the initial grazer concentration
(Heinbokel, 1978). Using the equation of Frost (1972), ingestion rates were calculated
by multiplying clearance rates with mean prey abundance, C = (Co x (e*-1)) x (ut)*

where C, is the initial abundance of prey cells.

Pulse-amplitude-modulated (PAM) fluorometry

The photosynthetic characteristics of grazer and prey were examined using a
Phyto-PAM-II fluorometer (Heinz Walz GmbH, Effeltrich, Germany). Rapid light
curves consisting of 10 light steps increasing at intervals of 20s (0 to ~600 pumol
photons m s1) were performed after the dark adaptation of the samples. A modified

nonlinear function of Platt et al. (1980) was fitted to each curve to obtain the
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maximum relative electron transport rate (rETRmax). Fluorescence signals of both
grazer and prey were obtained by single measurement because the Phyto-PAM-I11
fluorometer can differentiate blue-green algae, green algae, brown algae, and

phycoerythrin-containing algae.

Statistical analysis

Differences in cell densities, grazing coefficients, clearance rates,
ingestion rates, and rETRmax Of prey and grazer across different treatments (control or
mixed, 2-3 different temperatures) were analyzed using a t-test or a one-way analysis
of variance (ANOVA) with the data passing normality (Shapiro-Wilk test) and equal
variance tests (Levene’s test). If data did not satisfy the normality assumption, the
non-parametric Wilcoxon rank sum test or Kruskal-Wallis’s analysis was applied.
Multiple linear regression was used to explore the relationship between ingestion

rates by K. brevis on Synechococcus and prey-to-predator ratios and temperatures.

Results

Environmental conditions

The surface water temperatures varied marginally over three sampling days
(Table 6.1). Therefore, incubation temperatures, ambient and ambient + 5°C,
followed the setting of Experiment 1 (24°C, 29°C) although ambient temperature was
slightly lower in Experiment 2. The concentrations of major inorganic nutrients,
nitrate + nitrite, ammonium, and phosphate, were low (< 0.6 uM) during sampling
dates, but concentrations of ammonium were somewhat higher (> 2 uM) on 11/28 and

11/30 at site SD (Table 6.1).
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All samples were dominated by K. brevis, ranging from 4,300 to 15,800 cells
mL* at To samples (Table 6.2). Few other protists (e.g., Prorocentrum sp.,
Chaetoceros sp.) were also found, but they did not exceed 1% of the total community
in Experiments 1 SD and 3 BD. In Experiments 2 SD and 3 SD, the percentages of K.
brevis to total communities were 93% and 96%, respectively. Undefined flagellates in
two size ranges, 2-3 um and 5-6 um, were also found in samples over the three days
of sampling. In Experiments 1 SD and 3 BD, undefined flagellates contributed <
0.5% at To samples but increased somewhat at Trinal When incubated at 29°C (1 - 5%).
In Experiment 2, the percentages of flagellates were 4% at To samples increased up to

~15% at 24°C and ~34% at 29°C by the final sampling points.

Table 6.1. Ambient temperature and nutrients concentrations during three days of

sampling from South Dock (Experiment 1-3) and Bay Dock (Experiment 3).

South Dock Bay Dock
Experiment 1 Experiment 2 Experiment 3 Experiment 3

Temperature 24.0 22.5 23.5 23.9
(°C)

Nitrate + Nitrite 0.53 0.25 <0.05 0.19
(LM)

Ammonium 3.77 0.59 241 0.53
(LM)

Phosphate (uM) 0.21 0.12 0.10 0.25

135



€9 €1000°0 LET TTHT ST 60T 2,62
14 €0000°0 620 TTHT g1 60T o 74
8 #00000°0 00 TTPT ST 60T D061 T
00T 0T000°0 150 1:80C TT 'S 0,62
st /T000°0 780 1:802 TT 'S o 74 €
z€ €0000°0 €20 1:802 TT 'S D061 v'T Juawipadx3
0T 10000 ev'e T:2he 0T ey 0062
6. 60000°0 S7°0 T:9T¢ 0T 8y R 74 8'g
99T G2000°0 ev'T 1:60C zT 6'G 2,62 z
9T 810000 €60 T:Eve €T €'G R4 ez uswedx3
9 ¥1000°0 16T T:8% 60 T'6T 0062
9 00000 180 T:€9 60 8'GT o 74 'S
9 210000 92T T:90T VT 0°€T 0462 T
1€ £0000°0 07’0 T: 06 Z1 zer .12 T:€ Juawipadx3
G
P 1SIABIQ Y S]139) (1P ;-S1n81G "M W) (+-) (1199:1199) (W s|EI 40T ) (JWSI®I 0T X)  ainpes  (JOA:|OA)
alel uonsabuy alel saueIes|D i) 0d 9D ) d adwa] Jazeib:Aaid

'sajel uonsabul pue ‘arel

aoueJea|d ‘ (B) 1ua101)4209 Buizeb Ajrep parenafed ‘(1]99:1199 ‘SWNJOA:SWN|OA) SOljel

Jayepald:Aaid pue sanisuap (00) Aaid pue (°4) Jorepaid JO SUOIIIPUOD [RIIIU| "Z°9 B]qeL

136



Synechococcus density changes

The densities of Synechococcus controls were higher than those in the
presence of K. brevis although only Experiments 1 and 2 exhibited significant
differences (p < 0.05) (Fig. 6.2). In most of the prey controls, concentrations of
Synechococcus increased or remained similar from To to Trina (S0lid lines in Fig. 6.2),
but the concentration of prey in the control at 29°C was reduced by 37% of initial
concentration at Trina in Experiment 3 BD (Fig. 6.2D). When Synechococcus were
mixed with grazers, prey concentrations generally decreased with time except in BD
treatments in Experiment 3. At 19°C and 24°C, prey densities in mixed treatments
increased by 39% and 13% from To to Trina, respectively. In addition, at Ts, the
density of Synechococcus mixed with grazers at 29°C increased remarkably, although
they eventually were reduced to 6% of the initial concentration at Trina. In other
experiments, generally, densities of Synechococcus in the presence of grazers
decreased with time, with more substantial reduction at 29°C (e.g., 10% and 1% of

initial concentrations at Trinal in Experiment 1 R1 at 24°C and 29°C, respectively).
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Figure 6.2. The changes of Synechococcus densities with or without grazers at

different temperatures and ratios in (A) Experiment 1 SD, (B) Experiment 2 SD, (C)

Experiment 3 SD, and (D) Experiment 3 BD treatments. Solid lines with empty

symbols represent controls of Synechococcus. In contrast, dotted lines with filled

symbols represent Synechococcus mixed with K. brevis bloom waters from South

Dock (SD) and Bay Dock (BD): Diamonds (¢, ¢) for the treatments at 19°C, circle

(o, @) for the treatments at 24°C and triangle (A, A) for the treatments at 29°C.

Karenia brevis density changes

The densities of K. brevis primarily decreased with time in all treatments

except in Experiment 1 SD Rz and in Experiment 3 SD treatments at 19°C (Fig. 6.3).
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In Experiment 1, the density of K. brevis increased in both Ry and R> treatments with
a significant increase in the later treatments at T3 (Fig. 6.3A). On the other hand, in all
other treatments except Experiment 3 SD 19°C, densities of the grazers decreased at
T4-Ts and generally maintained these densities until Trinal (Fig. 6.3B-D). In
Experiments 1 and 2, density changes were higher at 29°C. In Ry treatments, biomass
of grazer decreased to 66% and 51% at 29°C while, at 24°C, they decreased to 84%
and 83% of those at To in Experiments 1 and 2, respectively. In Experiment 1 R
treatments, when K. brevis was exposed to 29°C, the density increased 7% compared

to density at To, while it increased 43% to 24°C.
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Figure 6.3. The changes in Karenia brevis densities at different temperatures and
ratios in (A) Experiment 1 SD, (B) Experiment 2 SD, (C) Experiment 3 SD, and (D)
Experiment 3 BD treatments. R1, Rz, SD, and BD represent ratio 1, ratio 2, South

Dock, and Bay Dock, respectively.

Temperature effects on grazing of Karenia brevis on Synechococcus

The daily maximum grazing coefficient (g), volume-specific clearance rate,
and cell-specific ingestion rates of K. brevis on Synechococcus were generally higher
at warmer temperatures (Fig. 6.4). In Experiments 1-2, the daily rate of g at 29°C
were 1.5 to 5.4-fold higher than those at 24°C across different prey-to-grazer ratios
(Fig. 6.4A, Table 6.2). In Experiment 3 SD and BD, the rates of g at 19°C were the
lowest and gradually increased with rising temperature in BD treatments (from 0.04
to 1.37 d1), but not in SD treatments. Value of g was the highest at 24°C compared
with other temperatures (Fig. 6.4A). The daily clearance rates exhibited a consistent
pattern with g, exhibiting higher rates at warmer temperatures except in Experiment 3
SD treatments (Fig. 6.4B). Ingestion rates by K. brevis on Synechococcus generally
showed similar patterns with other two parameters. Nevertheless, there were some
differences (Fig. 6.4C). Daily ingestion rates by K. brevis on prey at 24°C were
similar and higher than those at 29°C in Experiment 1 SD R, and Experiment 2 SD
R1 treatments, possibly due to slightly different prey-to-grazer ratios. Although daily
ingestion rates did not dependent on prey amounts (R?= 0.16), the ingestion rates
were strongly dependent on prey-to-predator ratios (p < 0.01) than on temperature (P
< 0.05), according to the relationship (R*= 0.75):

Ingestion rates = 0.79xprey-to-predator ratios + 8.16xTemperature - 250.80  Eq(1)
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The lowest ingestion rate was observed at 19°C in Experiment 3 BD R

treatment (8 Synechococcus K. brevis d?), and the highest rate was found at 29°C in

Experiment 2 R treatment (204 Synechococcus K. brevis™ d!) when the prey-to-

grazer ratio was the second highest (Table 6.2).
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Figure 6.4. The maximum (A) grazing coefficient (g), (B) clearance rate, and (C)

Ingestion rate of K. brevis on Synechococcus at 19, 24, 29°C. Ry, Rz, SD, and BD

represent ratio 1, ratio 2, South Dock, and Bay Dock, respectively.

In contrast, the hourly ingestion rates that were calculated < Ts after mixing

prey and grazers did not correlate with either prey-to-predator ratios or temperatures.

Grazing activities were not observed in some treatments (Table 6.3). The hourly

ingestion rates were mostly the highest at 24°C except for Experiment 2. Overall,

ingestion rates ranged from 0 to 18 Synechococcus K. brevisth?,
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Table 6.3. Initial conditions of predator (Po) to prey (Co) ratios (cell:cell) and

calculated hourly grazing coefficient (g) , clearance rate, and ingestion rates.

Temperature Co: Po g Clearance rate Ingestion rate
(cell:cell) (hh (mL K. brevisth?) (cells K. brevis*h?)
Experiment 1 24°C 90:1 0.10 0.000007 7
29°C 106:1 0.04 0.000003 3
24°C 63:1 0.11 0.000010 4
29°C 48:1 0 0 0
Experiment 2 24°C 243:1 0 0 0
29°C 209:1 0.05 0.000010 12
24°C 216:1 0 0 0
29°C 242:1 0 0 0
Experiment 3 19°C 208:1 0.06 0.000010 8
24°C 208:1 0.11 0.000020 18
29°C 208:1 0.01 0.000001 1
19°C 141:1 0 0 0
24°C 141:1 0.01 0.000001 2
29°C 141:1 0 0 0

Temperature effects on photosynthetic performance

The effects of grazer presence and temperature on the photosynthetic rate of
Synechococcus, measured by rETRmax, were significant (p < 0.05) in Experiments 1
and 2 (Fig 6.5). In Experiments 1-2, rETRmax 0f Synechococcus controls increased

with time, especially at 29°C in Experiment 2 (Fig. 6.5A, B, G, H, K, L). The values
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of rETRmax 0f Synechococcus increased 2.1- and 1.8-fold at 24°C in R1 and R2 control
treatments while, at 29°C, they were enhanced 2.4- and 2.2-fold from To to Tinal.
When prey were mixed with grazers, rETRmax values of prey decreased (Fig. 6.5E, M,
N) and even became undetectable (Figs. 6.5D, F) or remained similar (Figs. 6.5C, 1,
J) to values of Toat Trina. When mixed treatments were exposed to a warmer
temperature, the values of rETRmax 0f Synechococcus decreased more. For example,
in Experiment 1 R treatments, rETRmax values of prey at 24°C were reduced to 6% of
rETRmax at To after 72h, but values at 29°C were reduced to 5% of initial values of
rETRmax after 24 h (Fig. 6.5E, F). In Experiment 3, the values of rETRmax of
Synechococcus controls were the highest at 29°C and the lowest at 19°C at Trinal (Fig
6.6A-C, G-1). At 29°C, rETRmax of Synechococcus controls were higher than those
mixed with grazers at Trinal (Fig. 6.6C, F, I, L). However, these differences were not
significant (p > 0.05). In addition, rETRmax of Synechococcus controls at 19°C and

24°C decreased slightly until T24 (Fig. 6.6A-B, G-H).

143



|
1 Experiment 1 SD |

24°C 29°C 24°C Mixed 29°C Mixed
40 Control Control treatments Dtreatmen S
30
20 R,
0
3 24 72 032472 3 24 72 0 3 24 72
E F
30
20
ez
0 [==2) ===

0 3 24 72 0 3 24 72

|
i Experiment 2 SD |

40 g |

: I

R,
20

1°II|I
0

rETR,,., (umol electrons m2 s)

5 24 48 5 24 48 0 5 24 48 5 24 48
40K M N
30
20
RZ
"Gz ll Illi 2
0 Z
0 5 48 5 48 0 5 24 48 0 5 24 48

Time (h)

Figure 6.5. The maximum relative electron transfer rate, rETRmax, 0f Synechococcus
over time in Experiments 1 (A-F) and 2 (G-N). Ry, Rz, SD, and BD represent ratio 1,

ratio 2, South Dock, and Bay Dock, respectively.
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Figure 6.6. The maximum relative electron transfer rate, rETRmax, 0f Synechococcus
over time in Experiments 3 SD (A-F) and BD (G-L). R1, Rz, SD, and BD represent

ratio 1, ratio 2, South Dock, and Bay Dock, respectively.

In all experiments and all treatments, rETRmax values of K. brevis decreased
over time (Fig. 6.7 and 6.8). No differences were found between grazer controls and
those feeding on prey. Also, temperature effects on the photosynthetic rates of K
.Jbrevis with or without prey were not observed. The only differences were found in
Experiment 1 at Tinai (72 h). When K. brevis was fed with Synechococcus, the values
rETRmax Of grazers decreased to 73-82% of the initial values in Ry and R treatments.

However, in grazer controls at 24 and 29°C, the rETRmax values were reduced to 54%

and 38% of those at To (Fig. 6.7A-F).
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ratio 2, South Dock, and Bay Dock, respectively.
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Discussion

The short-term temperature-dependent mixotrophic and photosynthetic
activities of natural K. brevis populations were examined here when cells were

supplied with cultured Synechococcus. As hypothesized, the grazing rates of K. brevis
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generally enhanced with rising temperatures and affected the photosynthetic rates of

prey more at warmer temperatures.

Grazing on Synechococcus by natural Karenia brevis population

As consistent with previous culture experiments, natural populations of K.
brevis could graze on Synechococcus, and the rates strongly depended on prey-to-
predator ratios (Jeong et al., 2005; Glibert et al., 2009). Prey concentrations have been
important factors that positively correlate with ingestion rates until saturation points
(Frost, 1972). In addition, prey encounter rates could regulate the ingestion rates, thus
showing a positive relationship between prey-to-predator ratios and feeding rates.
However, Glibert et al. (2009) did not observe saturating responses in grazing until
the prey:predator ratio (cell:cell) was 226:1. In this study, although the actual
densities of prey and grazer were significantly different from Glibert et al. (2009),
saturation responses were not observed up to 243:1 of prey-to-predator ratio
(cell:cell) (Table 6.2), showing a linear relationship (R*= 0.75, Eq.(1)). These
findings suggest that K. brevis has greater ability to graze on Synechococcus possibly
because of the small cell size of these picocyanobacterial (estimated spherical

diameter [ESD] = ~ 1 pm).

Warming shifts Karenia brevis towards more phago-heterotrophic in a

short-term

Several studies have revealed that mixotrophs became more heterotrophic with
rising temperatures. Wilken et al. (2013) exhibited that grazing rates on bacterial prey

by the mixotrophic chrysophyte Ochromonas sp. and showed that rates increased more
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with temperature (13 — 33°C) than did photosynthetic electron transport rates.
Mixotrophic dinoflagellate Lepidodinium sp. also showed enhanced ingestion rates on
Rhodomonas salina with rising temperatures from 25°C, 28°C to 31°C (Liu et al., 2021,
2022). The dinoflagellate Alexandrium pohangense and Gymnodinium smaydae fed
more on Margalefidium polykrikoides (15 — 30 °C) and Heterocapsa rotundata (10 —
32 °C), respectively, with increasing temperature (Lim et al., 2019; You et al., 2020).
Furthermore, Lepori-Bui et al. (2022) found out that mixotrophs that were adapted to
18, 24, and 30°C (> 200 generations) evolved reduced photosynthesis but higher
grazing ability with increasing temperature in general.

In this study, grazing responses of K. brevis on Synechococcus to increasing
temperatures were consistent with previous studies even though our experiments were
conducted with grazers not acclimated to specific temperatures (Fig. 6.4). However,
unlike previous studies, increases in density or growth rates were not generally
observed in this study (Fig. 6.3). Specifically, at warmer temperatures, the density
tended to decrease more. This was possibly due to the fact that the mixotrophs were
experiencing short-term stress when exposed to new environments (e.g., new
temperatures). At warmer temperatures, respiration rates would also increase, as
predicted by the metabolic theory of ecology; therefore, less energy would directed to
synthesizing new biomass (Brown et al., 2004; Allen et al., 2005). In addition, hourly
ingestion rates measured in the interval from < Tz-Ts were mainly the highest at 24°C
(e.g., the ambient temperature), and grazing was not observed in some cases (Table

6.3), implying stress responses of grazers to new environments.
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The potential role of Karenia brevis grazing in the surface layer on the

West Florida Shelf

Karenia brevis are subject to temperature fluctuations due to daylight surface
aggregation behavior, and this surface layer might be the area of increased biological
activities as well as nutrient cycling (Heil et al., 2014b). The surface layer is typically
warmer than deeper depths unless significant upwelling existed. These results
demonstrate the increased grazing behavior by K. brevis on Synechococcus, a
ubiquitous picocyanobacteria found in the Gulf of Mexico (Paul et al., 2000; Wawrik
et al., 2009), at ambient temperature + 5°C compared to ambient temperature - 5°C.
Although no significant differences were found in rETRmax values of grazers except
in the experiment that lasted the longest (72 h) (Fig. 6.7 and 6.8), photosynthetic rates
of prey were strongly regulated by the presence of grazer, especially at warmer
temperatures in general (Fig. 6.5 and 6.6).

The undefined nanoflagellates could also contribute to increased grazing at
warmer temperatures. They contributed < 0.5 % to ~4% at To samples but increased
to ~15% at 24°C and ~34% at 29°C in the final sampling points in one of treaments.
Indeed, mixotrophic nanoflagellates are also predicted to be more heterotrophic with
rising temperatures (e.g., Lepori-Bui et al., 2022). Nanoflagellates can be prey of K.
brevis and grazer of Synechococcus at the same time, therefore, it is hard to
distinguish their contribution to the total grazing. However, even short-term exposure
of K. brevis-dominated bloom water to warmer temperatures enhanced the grazing

pressure on prey.
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Chapter 7: Summary and Conclusions

The primary goal of this study was to measure how autotrophic and
mixotrophic metabolisms of Karenia spp., the toxic dinoflagellate that forms Florida
Red Tide almost every year, respond to short-term changes of two major
environmental factors, temperature and N forms and availability, using cultured and
natural populations of Karenia spp. and to provide new physiological data for their
parameterization to incorporate into a new mechanistic model of K. brevis nested in a
hydrodynamic and biogeochemical framework on the WFS.

The cultured K. mikimotoi, maintained at 20°C, was exposed to 15, 20, 25,
30°C for 1 h after pulsing the cells with either *>N-NOs", *®N-NH4* or ®N-urea with
varying amounts (1, 5, 10, 20, 50 uM-N) (Chapter 2). When temperatures were not
stressful, at 15-25°C, the values of fluorescence parameters for all N treatments were
comparable. Furthermore, within a given light intensities, photosynthetic yields
generally rose with increasing concentrations of all N forms, indicating that cells
were dynamically balancing the “push” due to photon flux pressure with consumption
in overall metabolism (“pull” due to demand). However, at 30°C, no such trends were
found, and all fluorescence parameters declined significantly, but differential
responses were observed: Cells enriched with urea exhibited a smaller decline in
fluorescence parameters than cells pulsed with NO3s™ or NH4*, implying that urea
might induce a photoprotective mechanism by increasing metabolic “pull”. The

enhanced incorporation of **N-urea at 30°C partly supports this notion.
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The winter K. brevis coastal populations from the WFS, when ambient
temperature was ~20°C, were exposed to similar treatments as culture experiments to
investigate if the natural Karenia populations would exhibit similar photosynthetic
responses to temperature and N forms (Chapter 3). Winter sampling (January 2021)
was conducted during the early phase of 2020-2021 prolonged K. brevis blooms.
Although the decline in fluorescence parameters due to thermal stress at 30°C was
much less than culture work, the values of fluorescence parameters generally declined
from 15°C to 30°C in controls, and those enriched with 10 pM-N of NOs™ or NH4* but
not in cells enriched with urea.

Additional samplings were conducted during January 2021 in addition to
coastal stations (winter populations) and during July 2021 (summer populations), and
the rates of photosynthesis and N uptake of winter and summer populations in
response to manipulations of temperature (15, 20, 25, 30°C or 15, 25, 30, 33°C) and
N forms (**N-NOs’, *N-NH4*, ©°N-urea) and amounts (0 — 50 uM-N) were compared
(Chapter 4). The winter and summer populations showed different thermal
preferences of photosynthesis at the same temperature, showing a capacity for
thermal acclimation. Although bloom biomass was remarkably higher in summer
blooms, they were stressed photosynthetically (e.g., lower rETRmax) and nutritionally
(e.g., lower N uptake rates). When the summer cells were treated with urea, however,
N uptake rates and total C and N cell* were relatively higher than with the other N
substrates, especially in warmer waters, showing differential thermal responses

depending on N forms of this species.
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The grazing ability of K. brevis on Synechococcus of different quantities and
quality and Rhodomonas and how such grazing affects the predator and prey
photophysiological responses were investigated (Chapter 5). In addition, cellular
incorporation of **N-labeled Synechococcus into single K. brevis cells was confirmed
by NanoSIMS analysis. No consistent patterns were observed in ingestion rates based
on the different quality of Synechococcus, but ingestion rates were a function of prey-
to-grazer ratios (R?=0.76) as well as prey abundance (R?=0.71) across all treatments.
In addition, it was demonstrated that K. brevis could graze on Rhodomonas, implying
that the spectrum of K. brevis’ prey could be broader than previously thought.
Furthermore, the growth and density-promoting effects of feeding on prey under
higher inorganic nutrient availability conditions indicate the synergistic effects of
phago-mixotrophy as a nutrient source.

Motivated by the metabolic theory of ecology, short-term thermal regulation
of grazing and photosynthetic performance by natural Karenia brevis populations on
Synechococcus was investigated (Chapter 6). The bloom waters of Karenia brevis
were collected during the fall of 2022, and cultured Synechococcus were provided as
prey. The treatments were incubated at ambient (24°C) and ambient temperature
5°C (19, 29°C). Ingestion rates were significantly regulated by the prey-to-grazer
ratios (p < 0.01) and by temperatures (p < 0.05) to a lesser degree (R?= 0.75). At each
treatment, generally, the grazing coefficients (g), clearance rates, and ingestion rates
were higher in warmer waters. In addition, the grazer effects on the photosynthetic
performance of Synechococcus were higher in warmer temperatures, decreasing

rETRmax of Synechococcus more. These results suggest that grazing on
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Synechococcus could directly regulate the density of Synechococcus populations but
also indirectly reduce the photosynthetic performance of prey, especially at warmer
temperatures.

This dissertation has demonstrated that increasing temperature effects on the
metabolism of Karenia spp. are not linear due to complex mechanisms. The initial
hypothesis, increasing temperature will enhance the metabolic rates (nutrient uptake,
photosynthesis, mixotrophy, growth) of the dinoflagellate Karenia spp. and will do so
to a greater extent with chemically reduced nitrogen and with heterotrophic process
than autotrophic process, was largely born out through several laboratory and field
experiments. However, the temperature and prey effects on the growth of K. brevis
were not apparent in short-term experiments except when both prey and inorganic
nutrients were available. The selective feeding on prey with different quality was not
observed when tested with Synechococcus. In addition, the contribution of
photosynthesis did not vary with temperature or presence of prey under the

experimental setting of this dissertation. Therefore, future studies might consider

1) Longer-term effects of temperature on Karenia spp. to quantify better the
relative contributions of photo-autotrophy and phago-mixotrophy as well
as their impacts on the growth of this species to understand the fates of
Karenia blooms under projected climate change conditions.

2) Optimal prey size and prey range of Karenia spp. to identify and quantify
additional nutrient sources supporting Karenia blooms on the WFS.
NanoSIMS analysis with potential prey would help distinguish if the prey

was mainly grazed or disappeared due to other factors, such as allelopathy.
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3) Effects of the nutritional history of prey on mixotrophy of Karenia spp.
with larger cells than picoplankton as prey (e.g., Rhodomonas). Different
qualify of prey might induce selective feeding and differences in the

photophysiology of grazers.
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