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ABSTRACT

In culture, Gambierdiscus spp. have been shown to prefer irradiances that are relatively low (<
250 umol photons-m2-s7") versus those to which they are frequently exposed to in their natural
environment (> 500 pmol photons-m2-s). Although several behavioral strategies for coping
with such irradiances have been suggested, it is unclear as to how these dinoflagellates do so on a
physiological level. More specifically, how do long term exposures (30 days) affect cell size and
cellular chlorophyll content, and what is the photosynthetic response to short term, high
irradiance exposures (up to 1464 umol photons-m2-s1)? The results of this study reveal that cell
size and chlorophyll content exhibited by G. carolinianus increased with acclimation to
increasing photon flux density. Additionally, both G. carolinianus and G. silvae exhibited
reduced photosynthetic efficiency when acclimated to increased photon flux density.
Photosynthetic yield exhibited by G. silvae was greater than that for G. carolinianus across all
acclimation irradiances. Although such differences were evident, both G. carolinianus and G.
silvae appear to have adequate biochemical mechanisms to withstand exposure to irradiances

exceeding 250 umol photons-m2-s™! for at least short periods of time following acclimation to

irradiances of up to 150 umol photons-m2-s!,
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35 1. Ciguatera fish poisoning (CFP) is a common form of seafood poisoning.

36 2. Toxins that cause CFP are produced by the dinoflagellate, Gambierdiscus.

37 3. Light plays an important role in the ecology of Gambierdiscus and CFP.

38 4. The strategies of coping with various photon flux densities varies across species of
39 Gambierdiscus.

40 5. The strategies of coping with various photon flux densities exhibited by Gambierdiscus
41 spp. are novel.

42 6. The benthic and epiphytic nature of Gambierdiscus can be in part attributed to these
43 dinoflagellates preference for low light intensities.
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1. INTRODUCTION

Globally, ciguatera fish poisoning (CFP) is the most commonly reported form of phycotoxin-
borne illness from seafood consumption (Parsons et al., 2012). Dinoflagellates belonging to the
genus Gambierdiscus Adachi and Fukuyo are of particular interest because they produce the
precursors of ciguatoxins, the toxins responsible for causing CFP outbreaks. Due to the lipophilic
nature of ciguatoxins, they bio-accumulate in marine food webs and reach high concentrations in
fish (Lewis and Homes, 1993; Baden et al., 1995; Kibler et al., 2012). People then contract CFP

upon consumption of these toxic fish.

Gambierdiscus spp. are often found in shallow (< 5m) tropical waters typically attached to hard
substrates and benthic macroalgae (Tindall and Morton, 1998), as well as to the surface-drifting
seaweed, Sargassum (Bomber et al., 1988a). The photon flux densities found in such
environments are highly variable. For example, cloud cover or sediment suspension can cause
short term changes in photon flux densities while seasonal and latitudinal changes influence long
term averages. Additionally, these environments are often subject to surface irradiances
exceeding 2,000 pmol photons-m2-s™! (Villareal and Morton, 2002). Despite the common
occurrence of Gambierdiscus cells in environments exposed to high photosynthetically active
radiation (PAR) and UV intensities, multiple studies have shown that these organisms have an
intolerance to high irradiances (Bomber et al., 1988b; Morton et al., 1992), and achieve
maximum growth rates when exposed to relatively low light intensities (Guillard and Keller,

1984; Ballantine et al., 1993; Kibler ef al. 2012). Furthermore, studies have shown that
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photochemistry (Villareal and Morton, 2002) and growth (Kibler et al., 2012) can be inhibited by
irradiances far below those recorded in environments where Gambierdiscus occurs. These
findings have led researchers to suggest that Gambierdiscus spp. potentially have multiple
mechanisms to protect themselves from high light intensities, including the formation of cell
aggregates, the production of light-shielding mucus, and the utilization of three-dimensional
structure (i.e., macroalgal thalli) for shade (Indelicato and Watson, 1986; Villareal and Morton,

2002).

Prior to 1995, there was only one described species of Gambierdiscus (G. toxicus; Adachi and
Fukuyo, 1979). The genus was revised in 2009 (Litaker et al. 2009), and fifteen species are now
described (Rhodes et al. 2017 and references therein). Many of the physiological studies
conducted prior to revision were conducted on isolates ascribed to G. foxicus, but likely involved
a species undescribed at the time (confounded by the cryptic nature of Gambierdiscus taxonomy;
Richlen et al. 2008). As a result, accurate data on species-specific physiology of Gambierdiscus
are lacking, and such studies need to be repeated using the new species designations based on the
recent revisions (Parsons et al., 2012). Because toxicity is known to vary (>100 fold) across
species (Babinchak et al., 1986), understanding interspecies eco-physiological variation is

critical to understanding the dynamics of CFP outbreaks.

One such study conducted utilizing cultures identified with the revised taxonomic criteria was by
Kibler et al. (2012) who examined seven species of Gambierdiscus (and one species of Fukuyoa)
grown in a broad range of light intensities. Their results revealed that while all seven species

achieved maximum growth rates at relatively low irradiances, three of the species did not survive
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irradiances in excess of 250 umol photons-m2-s!. Conversely, the remaining four species
maintained growth at irradiances up to 650 umol photons-m2-s'!. As this study did not provide
three-dimensional structure as a protective measure from high irradiances (>250 pmol photons

-m? -s71), the results suggest that some of these species may adapt to and withstand high

irradiances for extended periods of time on the biochemical level.

Villareal and Morton (2002) utilized cell-specific pulse amplitude modulated (PAM) fluorometry
to study the influence of shading on the photosynthetic efficiency of Gambierdiscus toxicus (pre-
revision designation). They found that diurnal changes in photosynthetic yield were more
attenuated in field (shaded) samples versus incubated samples, and that the incubated samples
exhibited a more pronounced decrease in yield at mid-day. Additionally, photosynthetic yields
were lower in cultures exposed to high (383 pmol photons-m2-s™") versus low irradiances (73
umol photons-m2-s™"). They concluded that Gambierdiscus cells benefit from shading provided

by host macroalgae.

Photosynthetic systems and their components are tightly coupled. Therefore, any changes made
to one part of a system will affect the other components (Dietzel et al., 2008). Because exposure
to abiotic factors such as sunlight are highly variable in nature, both in the long and short-term,
all photosynthetic organisms have evolved regulatory responses to cope with exposure to
continually variable light intensities. Among these responses is non-photochemical quenching
(NPQ) in which the light harvesting complex (LHC) is protected from exposure to excess light
energy on short time scales. Non-photochemical quenching consists of several components

which are initiated hierarchically in relation to the time it takes to excite and relax each process.
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In the short-term, energy dependent quenching (qE) is the primary photoprotective process
expressed by both plants and algae (Dietzel et al., 2008). This process involves the dissipation of
energy as heat through initiation of the xanthophyll cycle and takes seconds to relax (Miiller et
al., 2001). The secondary NPQ mechanism, state-transition quenching (qT), involves the
redistribution of energy between photosystems II and 1. This is executed by the manipulation and
lateral movement of part of the photosystem II light harvesting complex between photosystems.
This process takes minutes to relax and is therefore less plastic and utilized secondarily to qE
(Miiller et al., 2001; Dietzel et al., 2008). As the methods utilized in the current study do not
distinguish between qE and T, for simplification these processes will be referred to together as

NPQ.

Algae and higher plants are also exposed to light conditions that vary over longer time scales that
can be brought on by seasonal change as well as vertical and latitudinal migration. Therefore,
they have evolved a tertiary long-term response (LTR) to light which involves adjustment of the
photosystem stoichiometry (Dietzel et al., 2008). Long-term response differs from NPQ in that it
is not purely post-translational, but rather involves changes in photosystem gene expression and
the accumulation of Chl a and Chl b (where applicable). Although LTR occurs over long time
periods, the adaptations affect other associated cellular processes like NPQ, and therefore the
long-term light history of algae can influence their fitness regarding short-term fluctuations in
irradiance (Dietzel et al., 2008). Long-term response can easily be studied in laboratory
conditions and is synonymous to light acclimation (Aro and Andersson, 2001; Dietzel et al.,

2008).
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The data generated by Villareal and Morton (2002) provide preliminary evidence of the effects
that LTR has on other photoprotective processes. While their experimental design was
appropriate for testing their hypothesis (i.e., Gambierdiscus benefits from shade), certain
manipulations and additions to their method would provide a more quantitative analysis of the
role that LTR plays in photosynthetic capacity and photoprotection over shorter time scales. The
goal of this study, therefore, was to explore how expression/magnitude of photoprotective
mechanisms such as the components of NPQ are influenced by LTR and how they pertain to the

ecology of CFP.

2. METHODS

Both the Gambierdiscus carolinianus (EFM1) and G. silvae (Tenn23) cultures used in this study
were isolated from coastal waters of Long Key, Florida (24°46'17.92"N, 80°45'33.85"W). Both
cultures were identified genotypically by Mindy Richlen (Woods Hole Oceanographic
Institution) using methods outlined in Xu et al. (2014). Cultures were grown and maintained in
50mL borosilicate culture tubes containing modified K-media (no copper, TRIS (buffer), or
silica). Cultures were pre-acclimated for at least six months at 25°C and irradiances of

approximately 70 umol photons-m?2-s™! on a 12:12 hour light:dark cycle.

Experimental conditions were consistent with pre-experimental conditions aside from
modifications to irradiance exposure. Cell counts were conducted on 6 x 30 uL drops of
vortexed culture on an Olympus IX71 inverted microscope using transmitted light at a
magnification of 40x. The counts from each of the 6 drops were then averaged and multiplied by

33.33 to convert data to cells-mL"'. Additionally, culture fluorescence was measured in situ using
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a Turner 10-AU fluorometer. Following vortexing, cells were observed under the microscope
and no cellular damage was evident. This assessment was confirmed by the observation of
swimming and pulsing of the transverse flagellum. Likewise, cells continued to maintain stable
exponential growth following vortexing. Although the counting method was unorthodox, it was
deemed necessary due to constraints regarding cell culture concentrations and volumes. Because
Gambierdiscus cells are large and benthic in nature, they clump on the surface of the culture
vessel rather than occupying the entire volume of culture. This leads to clustering and self-
shading at relatively low cell concentrations. Therefore, it was necessary to keep culture
populations at a minimum (~150-1,000 cells/mL). The resultant growth rates are assumed to be

accurate, as they were similar to those reported in previous studies (Kibler et al., 2012).

2.1 Light driven growth experiments

The light driven growth experiments involved the incubation of 3 x replicate cultures in each of
6 treatments. Treatments consisted of incubation at irradiances of approximately 15, 30, 60, 80,
100, and 150 pmol photons-m-s™! for G. carolinianus and 30, 50, 70, 100, and 150 pmol
photons-m2-s™! for G. silvae. Cultures were acclimated to conditions for at least 3 generations
over approximately three to four weeks (depending on the growth rate sustained by the
acclimation irradiances). Cell counts and relative fluorescence units (RF) were determined using
the methods outlined above. Following acclimation, growth rates were calculated over a 10-day
period to reduce error caused by the relatively slow growth rate of both Gambierdiscus species.
Fit curves were applied to the light driven growth data using the model by Eilers and Peeters

(1988).
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2.2 Long term photoacclimation experiments

For each species, triplicate cultures were grown and acclimated to one of three acclimation
irradiances (Al) determined from the results of the light driven growth experiments described
above. Acclimation irradiances consisted of a low irradiance (30 pumol photons'm2-s!) where
growth was inhibited as a result of light limitation, an optimal irradiance (100 pmol photons-m"
2.5l where maximum light driven growth was first achieved along the curve, and a high
irradiance (150 umol photons-m:s') where growth was not inhibited, but also did not exceed
that of the growth achieved at optimal irradiance. Although the high Al did not result in a
reduced growth rate, it was anticipated that suboptimal cellular LTR arrangements were

occurring due to the excess irradiance.

Cultures were acclimated to the Als for 30 days. During this period, cell counts and culture
fluorescence were monitored in the same manner as described previously. Although an
additional Al of higher irradiance was desirable (i.e., at an intensity that would have slightly
reduced growth), suitable alternative light sources were cost prohibitive. Cell volumes were also
measured during these experiments, using an ocular micrometer on the Olympus IX71
microscope. Length, width, and height measurements of 12 randomly selected cells from each

culture were taken and recorded for this purpose.

Following the 30-day acclimation period, photosynthesis irradiance (P-E) curves were generated
for each species, acclimated to each of the three Als (18 X total cultures), using a Walz Phyto-
PAM phytoplankton analyzer set up in the following manner. The Phyto-PAM measuring head

contains an optical port which receives a cylindrical quartz cuvette containing sample (2.5 mL).
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Measuring and actinic light emitting diodes (LEDs) were placed in two arrays around the optical
port and were focused at the bottom of the sample cuvette. A type H6779-01, Hamamatsu
photomultiplier detector with high red sensitivity and a special filter set to remove excess
excitation light was seated below the cuvette for fluorescence readings. Due to a combination of
time constraints (i.e. P-E curve duration, the 12 hour light cycle, triplicate culture, identical
acclimation duration) and equipment constraints (i.e. single Phyto-PAM and limited incubator
space) replicate cultures had to be analyzed on the same day but at different times during the
light cycle. To avoid this issue interfering with comparisons between Als and species, each
replicate was exposed to the P-E curve at a different time block during the light cycle and
averaged (i.e. replicate #1: morning (8-11 am); replicate #2: mid-day (11:30 — 2:30 pm); and
replicate #3 afternoon (3-6 pm). Aliquots of culture diluted to contain approximately 400 pg-L™!
chlorophyll a, were placed into the measuring head. Photosynthesis-irradiance curves were then
generated for each of the experimental cultures, and consisted of a step-wise exposure to
increasing irradiances; 16, 32, 64, 164, 264, 464, 664, 864, 1264, and 1464 pmol photons-m2-s7!,

2.5, which was used as a recovery measurement.

followed by a final step at 64 umol photons-m"
The duration of exposure at each step was 15 min., at the end of which a fluorescence
measurement (Fo') was recorded, followed by a maximum fluorescence (Fm') measurement.
Maximum fluorescence was recorded by exposing the cells to a saturating pulse of actinic light
(2600 umol photons-m2-s1) for 0.19 seconds. The dark acclimated maximum fluorescence (Fm)
was measured at 32 umol photons-m2-s’!. From the P-E curve data, values for photosynthetic
yield were calculated:

Fm' — Fo

eld =
yie o
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As well as values for NPQ:

Fm — Fm'

NPQ =
Q Fry

Fluorescence data from the P-E curves were averaged for each of the three acclimation

irradiances.

2.3 Statistics

IBM SPSS statistics software (V. 22.0) was used for all statistical analyses. One-way ANOVA
and Tukey Post Hoc tests were used to compare mean cell size, RF per cell, and yield recovery
across Als and species. Relative fluorescence per cell data were transformed to achieve
normality by applying a 4™ root function to the data. Photosynthetic yield data generated from P-
E curves were normal by the Kolmogorov-Smirnov test. Statistical comparisons between P-E

curves were made using linear mixed model analysis.

3. RESULTS

The light driven growth experiments revealed that both G. carolinianus and G. silvae achieved
maximum growth rates at irradiances of approximately 100 pmol photons-m-s™'. Growth
exhibited by both G. carolinianus (p = 0.907) and G. silvae (p = 0.317) did not significantly

change with exposure to increasing irradiances up to 150 umol photons-m=2-s’! (Fig. 1).

Cell volume comparisons revealed that cell sizes for G. silvae did not significantly differ across

Als. Cell volumes calculated for G. carolinianus from the low Al treatments, however, were
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significantly smaller than those acclimated to optimal (p = 0.038) and high (p =0.016) Als (Fig.

2).

Relative fluorescence per cell comparisons show that G. silvae did not yield any significant
differences in RF across Als (Fig. 3). Interestingly, while the RF values of G. carolinianus were
statistically similar to those of G. silvae from the low Al treatment, RF per cell values for G.
carolinianus significantly increased with increasing Al intensity (Low<Opt, p = 0.02; Low<High,

p = 0.000; Opt>High, p = 0.001).

Comparisons of the grouped mean photosynthetic yield generated from P-E curves (Fig. 4 & Table
1) revealed significant differences between all Als for both G. carolinianus and G. silvae (all p-
values = 0.00). Additionally, G. silvae exhibited a significantly higher yield than G. carolinianus
for all Als (high, p = 0.00; optimal, p = 0.00; low, p = 0.032). Likewise, these results are easily
distinguished by graphically comparing the P-E curve data (Fig. 5). While no significant
differences were found for the recovery of photosynthetic yield following exposure to the P-E
curve, graphically it appears that recovery decreased with increasing Al for both species (Fig. 6).
Estimates of NPQ were calculated from the P-E curve data for both G. carolinianus and G. silvae
(Fig. 7). While the calculation of NPQ is simple, the equation exaggerates the error associated with
the replicate Fm' and Fm data, resulting in negative values (Fig. 7) that should be disregarded as
truly negative. Consequently, the calculated NPQ values do not meet assumptions for statistical
testing. Distinct differences are graphically apparent, however, across G. carolinianus Als.
Additionally, the calculated NPQ exhibited by G. silvae from each Al are closely grouped and fall

below the lowest NPQ exhibited by G. carolinianus.
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4. DISCUSSION

The results of this study demonstrated that significant differences in yield across Als for both
observed species exist. This finding suggests that LTR induced by light history (e.g. Al)
influences the expression of one or both NPQ components. Interestingly, the lowest
photosynthetic yields generated from the P-E curves were 0.11 for G. carolinianus and 0.28 for
G. silvae (recorded at 1264 and 1464 pmol photons -m -s! following 90 and 105 minutes of
exposure to P-E curve irradiances greater than 100 pmol photons-m-s7!, respectively). Both
yields are relatively high compared to those reported by Villareal and Morton (2002), where cells
acclimated to both 73 and 383 pmol photons-m2-s™! for just one week possessed yields of = 0
when recorded at 660 pmol photons-m2-s™! following only 5 minutes of exposure to rapid light
curve (RLC) irradiances exceeding 100 pmol photons-m-s-!. While the cause for this difference
is unclear, it is possible that factors such as speciation and/or the relatively short duration of the

RLC administered by Villareal and Morton (2002) may have been responsible.

Photosynthetic yield has not only been used to measure the photochemical activity of
photosynthetic systems (Kolber et al., 1988; Greene et al., 1992; Geider et al., 1993; Kolber and
Falkowski, 1993; Kolber et al., 1994), but has also been used as a proxy for determining nutrient
limitation. Many studies have reported that depressed signals of photosynthetic yield are a result
of nutrient limitation (Kolber et al., 1990; Geider et al., 1993; Kolber et al., 1994; Behrenfeld et
al., 1996). The cultures examined by Villareal and Morton (2002) were isolated from tropical
oligotrophic waters and cultured in laboratory conditions for a total of 17 days prior to
experimentation, whereas the G. carolinianus and G. silvae cultures used in this study were

maintained in culture for at least six months prior to the initiation of acclimation to Als.
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Therefore, it is possible that the differences between the long-term nutrient history of the cultures
used in this study and that conducted by Villareal and Morton (2002) could explain the

inconsistencies in yield between studies.

It is well known that phytoplankton will increase cellular chlorophyll content as irradiance
decreases (MaclIntyre et al., 2002; Dubinsky and Stambler, 2009). Typically, the increase in
cellular chlorophyll at low irradiances is thought to provide improved light harvesting while the
decrease in cellular chlorophyll at high irradiances is attributed to dilution via increased cell
division rates (Post et al., 1984; Prézelin et al., 1991). The opposite was exhibited by G.
carolinianus. When acclimated to light-limiting conditions, G. carolinianus exhibited a decrease
in cell size (Fig. 2) and cellular chlorophyll content (Fig.3). Conversely, when acclimated to
higher than optimal irradiances, G. carolinianus exhibited increased cellular chlorophyll
concentrations. Although this response to light is unusual, it may have its benefits. For example,
too much cellular chlorophyll can result in the shading of some of the chlorophyll molecules thus
resulting in a less efficient light harvesting process (Berner et al., 1989). Larger cells are
especially vulnerable to this phenomenon due to the reduced surface area to volume ratio (Kirk,
1986; Geider et al., 1986). Therefore, it is possible that in light limiting regimes such as those
created in this study, G. carolinianus may sustain a more efficient cellular carbon (C) allocation
by reducing cellular chlorophyll concentrations. Ultimately, this response would allow G.
carolinianus to sustain steady growth in a light limited environment. Because G. carolinianus
exhibits a relatively slow maximum growth rate, it is possible that the cellular chlorophyll is not
diluted by cell division, resulting in an increased cellular chlorophyll content when acclimated to

higher than optimal irradiances. Another possibility is that the increase in cellular chlorophyll
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concentration increases the robustness of photon capture at high photon flux densities, to
compensate for the reduced photosynthetic efficiency accompanied by acclimation to high

irradiances.

Growth rate is a parameter used to assess fitness in microalgal cultures. Light driven growth
curves allow investigators to compare the fitness of cultures across a range of light intensities.
Multiple physiological adaptations influence light dependent growth (i.e., chlorophyll content,
photosynthetic yield, cellular metabolism, C partitioning, and abiotic variables). Both species
observed in this study exhibited similar light driven growth curves (Fig. 1). Interestingly, these
species responded to changing Als differently regarding cellular RF, cell volume, and
photosynthetic yield. Across Als, significant changes in cell size (Fig. 2) and RF per cell (Fig. 3)

were observed for G. carolinianus, but not G. silvae, leading to some interesting interpretations.

While both species exhibited a serial decline in photosynthetic yield with increasing Al intensity,
the photosynthetic yield exhibited by G. silvae across Als was significantly greater than that of
G. carolinianus for each corresponding Al (Fig.4). Additionally, the NPQ values calculated from
P-E curves provide a visual representation of the marked differences in NPQ expressed by the
two species (Fig. 7). The cell size exhibited by G. silvae in the low Al was consistent across all
Als, making this species, on average, smaller than G. carolinianus. Meanwhile, the cellular RF
expressed by G. silvae did not significantly vary across Als suggesting a consistent cellular

chlorophyll concentration (Fig.3).
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The yield recovery measurements (Fig. 6) depict an apparent trend in reduced recovery of
photosynthetic yield across increasing Al intensities for both species. This trend is possibly a
result of induced photoinhibition (qI), which results from photodamage, and unlike NPQ
components, can take hours to recover. Photoinhibition can be very costly to photosynthetic
organisms and is expected to occur following prolonged exposure to irradiances such as those
experienced later in the P-E curve trials. In comparison, G. silvae appeared to recover yield more
so than G. carolinianus following exposure to P-E curves (Fig. 6). This result is somewhat

puzzling, considering the greater apparent expression of NPQ by G. carolinianus.

Examination of the changes each species exhibited in succession from low to high Al reveals an
interesting scenario. In the low Al treatment, growth rate, yield, cell size, and cellular RF were
all statistically indistinguishable between G. carolinianus and G. silvae. As Al increased to
optimal irradiance, a higher growth rate was observed for each species. Additionally, LTR
resulted in a reduced photosynthetic yield, more so for G. carolinianus than for G. silvae. This
decrease is likely related, in part, to an increase in NPQ expression, one that appears to be greater
for G. carolinianus (Fig. 7). Despite the lower yield exhibited by G. carolinianus, both species
continued to grow at a similar rate (Fig. 1). While both cell size and chlorophyll content of G.
silvae remained constant, both parameters increased for G. carolinianus. As cultures progressed
to the high Al treatment, physiological changes continued to change in a similar manner. In the
transition from optimal to high Al conditions, growth rate did not increase, but rather remained
constant. From this scenario, it appears that G. silvae maintains more efficient balance between
NPQ and photochemistry overall than G. carolinianus. On the other hand, G. carolinianus may

in part, overcome this potential disadvantage by increasing cellular chlorophyll content to
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maintain a higher growth rate and remain competitive. There appears to be a disadvantage to the
strategy of G. carolinianus, however, as the lower photosynthetic yield expressed during P-E
curves suggests that this species is less efficient when assimilating short durations of high
intensity light. Additionally, G. carolinianus appears to be more prone to ql (Fig. 6). The gl data
were not significantly different between species, however, and further investigation will be

necessary before any conclusions can be made.

The use of multiple Als provides insight on how Gambierdiscus spp. cope with varying
intensities of irradiance over long time scales in nature. For example, Gambierdiscus populations
accustomed to shallow tropical waters would be consistently exposed to relatively high,
potentially damaging irradiances. In such environments, behavioral responses such as utilizing
shade from structure, forming cell aggregates, and mucus production (Indelicato and Watson,
1986; Villareal and Morton, 2002), are likely necessary. Likewise, appropriate configuration of
photosystem components via LTR to such irradiances would allow cells to optimize carbon
assimilation across a range of irradiances. There seems to be a trade-off, however, between
irradiances adequate for sustaining maximum growth and lower irradiances that induce less
stress to the LHC. For example, populations residing in low light conditions (i.e. deep in the
water column or seasonally induced turbid waters) will sustain a higher yield during short term
exposure to excessive photon flux densities (> 250 pmol photons-m2-s!). Therefore, the optimal
photon flux densities for Gambierdiscus spp. are likely the lowest intensities at which maximal
growth is sustained. Such irradiances eliminate unnecessary light induced stress to the LHC,
enable cells to maintain maximum growth, and minimally compromise photosynthetic yield

during periodic short-term exposure to high irradiances.
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While the light management strategies of G. carolinianus are somewhat transparent (i.e.,
increased cellular chlorophyll), the mechanisms by which G. silvae sustains a high
photosynthetic yield when acclimated to high irradiances is beyond the scope of this study.
Further study, may reveal species specific differences in the organization and/or expression of

LHC associated proteins (Miiller et al., 2001).

5. CONCLUSION

In conclusion, this study has revealed that LTR induced by acclimation irradiances influences the
photosynthetic response of both G. carolinianus and G. silvae to shorter duration exposures of
varying light intensities. Consequently, cells acclimated to high irradiances (>100 pmol
photons-m-s™) will maintain maximum growth in static lighting conditions. While cells
acclimated to lower irradiances (<100 umol photons-m2-s'1) are more likely to sustain limited
growth in static lighting, they are more efficient when exposed to short durations of high photon

flux densities.

Although relatively low irradiances (100 pmol photons-m2-s!) are optimal for the species
observed in this study, the results indicate that both species possess the capability to cope with
irradiances far exceeding their optima for longer periods of time than was previously thought (>
60 min.). The cell sizes and chlorophyll content for G. carolinianus are plastic and allow for
manipulation to achieve improved growth rates at irradiances that are above or below optimal
conditions. Although the cell sizes and chlorophyll content of G. silvae cells do not appear to be

as plastic as those of G. carolinianus, this species possesses the ability to maintain a relatively
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high photosynthetic yield in irradiances that exceed optimal range, all the while avoiding
significant photoinhibition. Understanding how each species copes with varying light intensities
over short and long timescales can provide insight to ecological models formulated to predict

proliferation of Gambierdiscus populations and CFP outbreaks.
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Fig. 1. Kinetic light driven growth rates for G. carolinianus (closed circles) and G. silvae (open
circles). Dotted lines represent the applied Eilers and Peeters (1988) model for graphical

representation.

Fig. 2. Cell volumes of G. carolinianus (grey) and G. silvae (white) following acclimation to
high, optimal, and low irradiances. Letters on graph indicate statistically-distinct groups. The
asterisk indicates that the average and standard error is only represented by two individual data

points.

Fig. 3. Comparison of the RF per cell exhibited by G. carolinianus (grey) and G. silvae (white)

from each Al Letters on graph indicate statistically-distinct groups.

Fig. 4. Comparison of the grouped mean photosynthetic yield (e.g. derived from P-E curves) of
G. carolinianus (grey) and G. silvae (white) from each Al Letters on graph indicate statistically-

distinct groups.

Fig. 5. Comparison of the kinetic photosynthetic yield expressed by G. carolinianus (closed
symbols) and G. silvae (open symbols) during P-E curves (15 min. steps and 2.5 hours total
exposure time). Corresponding Als are depicted as follows, low irradiance (triangles), optimal

irradiance (circles), and high irradiance (diamonds).
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Fig. 6. Recovery of photosynthetic yield for G. carolinianus (grey) and G. silvae (white)
following exposure to P-E curve (15 min. steps and 2.5 hours total exposure time). Recovery
period consisted of a 15 min. exposure to 64 pmol photons-m2:s’'. Data were not statistically

different.

Fig. 7. Calculated NPQ exhibited by G. carolinianus (Al high: closed diamonds, optimal: closed
circles, low: closed triangles) and G. silvae (Al high: open diamonds, optimal: open circles, low:

open triangles) during P-E curves.
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Table 1: Statistical output from photosynthetic yield data analyzed using mixed-linear model.
The p-values associated with specific comparisons are as follows: G. carolinianus low: G. silvae
low, p = 0.032; G. carolinianus low: G. silvae optimal, p = 0.001; G. carolinianus optimal: G.
silvae high, p = 0.097; all other comparisons, p = 0.000.

Species Acclimation Grouped Mean Std. Brror Statistical
Irradiance Yield Grouping
G. carolinianus High 0.381 0.009 A
Optimal 0.503 0.008 B
Low 0.652 0.008 D
G. silvae High 0.522 0.008 B
Optimal 0.614 0.008 C
Low 0.677 0.008 E






