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Abstract

Endosymbiotic dinoflagellates (Family Symbiodiniaceae) are directly responsible for coral
survival during climate change, as the breakdown of the coral-dinoflagellate symbiosis leads to
coral bleaching and often mortality. Despite methodological progress, assessing the physiology
of Symbiodiniaceae in hospite remains a complex task. Bio-optics, biochemistry, or “-omics”
techniques are expensive, often inaccessible to investigators, or lack the resolution required to
understand single-cell physiological states within endosymbiotic dinoflagellate assemblages. To
help address this issue, we developed a protocol that generates a physiological profile of
Symbiodiniaceae cells while simultaneously determining cell densities using an entry-level
benchtop flow cytometer. Two excitation/emission profiles in the red spectrum target light
harvesting complex (LHC)-associated pigments, while green and yellow autofluorescence
provides insight into antioxidant-associated pigments. Excitation/emission profiles are generated
for each individual cell, simultaneously profiling thousands of Symbiodiniaceae cells, thus
increasing statistical power to discriminate between groups even when effect sizes are small. As
flow cytometry is adopted as a robust and efficient method for endosymbiont cell counting,
integration and expansion of our protocol into existing workflows allows quantification of

endosymbiont photophysiology and stress-signatures with minimal additional effort.
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Introduction

Symbiodiniaceae are dinoflagellates known for their endosymbiotic relationship with many
marine invertebrates, most notably reef building corals (LaJeunesse et al., 2018). The breakdown
of this symbiosis can lead to coral bleaching and mortality (Hoegh-Guldberg 1999). Despite
methodological progress identifying functional and genetic variation in Symbiodiniaceae,
assessing trait variation of Symbiodiniaceae in hospite remains a complex task (Davies et al.,
2022). Pulse Amplitude Modulated (PAM) fluorometry is widely used to quantify photosynthetic
efficiency of Symbiodiniaceae photosystems in hospite (Warner et al. 1996) both in situ (e.g.
Suwa et al. 2008) and ex situ (e.g. Berg et al. 2021). However, PAM fluorometry provides an
aggregate measure of photosystem performance for the Symbiodiniaceae population and does
not quantify variation in photosystem performance between cells within the symbiont population.
Isolation, characterization, and quantification of photopigments is laborious and time consuming,
relying on the extraction of pigments from cells prior to analysis, followed by the normalization
of measured pigment quantities to observed cell densities or overall protein content (e.g. Hennige

et al. 2009; Fernandes de Barros Marongoni et al. 2020).

By contrast, flow cytometry has been used to quantify photophysiologcal parameters
from both plankton (Dubelaar and Jonker 2000) and cnidarian-associated Symbiodiniaceae (Lee
et al. 2012), is commonly used for determining endosymbiont cell densities (Krediet et al. 2015),
and requires comparatively little sample preparation. However, Symbiodiniaceae photosystem
composition differs from other photoautotrophs, a fact that needs to be considered during data
interpretation. Additionally, the impact of batch effects and sample degradation has not been
well-studied for applications that employ flow cytometry for physiological profiling of

Symbiodiniaceae. To address these issues and provide guidelines for simultaneously quantifying
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Symbiodiniaceae cell densities and physiological profiles, we developed an efficient and
consistent flow cytometry protocol that can be directly integrated into commonly used
workflows. Our protocol generates profiles from individual cells using the high-throughput
capabilities of flow cytometers, thus generating large sample sizes across multiple parameters.
This protocol may be used to identify functional differences in Symbiodiniaceae assemblages
between host species, sampling sites and timepoints, and potentially niche partitioning of

Symbiodiniaceae populations within a single host.

Materials and Methods

Protocol

The protocol described in this article was developed using the Guava easyCyte 6HT-2L
(Luminex Corporation, Austin, TX) benchtop flow cytometer and is available through

protocols.io, (https://dx.doi.org/10.17504/protocols.io.dm6gpjr2jgzp/vl) and included as File S1

of this article for printing.

Symbiodiniaceae autofluorescence

Our flow cytometry protocol relies on two excitation lasers (blue and red) and emission detectors
in the green, yellow, and red spectra. Excitation-emission profiles used are as follows: (1) red
fluorescence (695/50 nm) off the blue (488 nm) excitation laser (RED-B), (2) red fluorescence
(661/15 nm) off of the red (642 nm) excitation laser (RED-R), (3) green fluorescence (525/30
nm) and (4) yellow fluorescence (583/26 nm) off the blue (488 nm) excitation laser (GRN-B and

YEL-B respectively).
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Symbiodiniaceae autofluorescent signatures are dominated by photosynthetic pigments
such as chlorophylls and carotenoids. Autofluorescent pigments previously identified from
Symbiodiniaceae include beta-carotene, chlorophylls a and c,, diadinoxanthin, diatoxanthin, and
peridinin (Venn et al. 2006; Hennige et al. 2009). We also identified flavin-based fluorescent
proteins (FbFPs) as a probable source of autofluorescence (Koziol et al. 2007; Mukherjee et al.
2013). To identify our autofluorescent targets, spectral properties of chl a and riboflavin (FbFPs),
compensated for blue (488 nm) and red (642 nm) laser excitation were visualized using

FluoroFinder Spectra Viewer (https://app.fluorofinder.com/ffsv/svs/). Peridinin, beta-carotene

(Koyama and Hashimoto 1993), diadinoxanthin (Kagatani et al. 2022) and chl ¢, (Zapata et al.
2001; Yacobi 2012) spectra were mapped to each other using the FluoroFinder spectra and

absorbance spectra from Bricaud et al. (2004).

Optimization assays

Two assays were performed to provide a framework for optimizing the protocol presented here.
We also explored the integrity of fluorescent pigments when exposed to variations in light and

temperature to provide guidelines for sample processing.

(1) Assay one was used to determine the impacts of time, temperature, and light
conditions on samples and the resulting data. A single staghorn coral (Acropora pulchra)
fragment was airbrushed with filtered, sterile seawater to create a 30 mL tissue slurry. The slurry
was homogenized by vortexing and needle shearing, then equally distributed across four 50 mL
falcon tubes. 1 mL was aliquoted from each falcon tube and immediately processed using our
cytometry protocol (File S1). After aliquots were removed, falcon tubes were separated and

exposed to one of four conditions: (1) dark on ice, (2) dark at room temperature (RT = 22°C), (3)
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98 ambient light on ice, and (4) ambient light at RT. A 1 mL sample from each falcon tube was

99 processed approximately every two hours for a total of eight hours; a final set of samples was
100 processed after being stored in their respective conditions overnight. This yielded six samples
101 taken at 43, 136, 236, 344, 470, and 1459 minutes after removing tissue from the skeleton. For

102 flow cytometry, three across-well and two within-well replicates were used for data collection.

103 (2) Assay two was used to optimize tissue slurry dilutions and to identify possible effects
104  of flow cytometer run times. We prepared six 1 mL tissue slurries from a single Acropora

105 pulchra fragment for flow cytometry using our protocol (File S1). Before loading samples into a
106 96-well microwell plate, all processed tissue slurries were combined into a single 50 mL falcon
107 tube, needle sheared, and vortexed to homogenize samples to avoid possible batch effects. 50x,
108 20x, 10x, 5x, 2%, and 1x dilutions of the combined tissue slurry were prepared directly in the 200
109 uL wells. We created a total of 16 dilution series replicates, filling all 96 wells of the plate. Each
110 replicate dilution (2 technical replicates) was processed at ~5 min intervals until the run was

111 complete.

112 Empirical application

113 To test our protocol empirically, three groups of clonal, tank-acclimated upside-down jellyfish
114 medusae (Cassiopea sp.) were placed into three different conditions for three weeks. Group 1
115 (n=4) was placed in low-light conditions (50% shade), group 2 in high-light conditions (no

116 shade) (n=4), and group 3 experienced variable environmental conditions (n=5) rotating from
117  high-light to low-light to high-light (one week per condition). At the end of three weeks, digitate

118 ciri (clusters of tentacle-like structures attached to the top of each oral arm) were sampled with
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119 sterile scissors from each individual and placed in 1 mL of filtered seawater and

120 Symbiodiniaceae cells extracted and processed following our flow cytometry protocol (File S1).

121 To test for differences in means across experimental groups, non-parametric Kruskal-
122 Wallis tests (X?) followed by post-hoc pairwise Dunn tests (Z) were performed using the FSA R
123 package v0.9.3 (Ogle et al. 2022). All data processing and analysis was completed with R v4.1.2
124 (R Core Team 2021) in RStudio v1.3.1073 (RStudio Team 2020). Figures were generated and
125 modified with a combination of ggplot2 v3.3.5 (Wickham 2016), ggpubr v0.4.0 (Kassambara

126  2020), and InkScape v1.1 (https://inkscape.org).

127

128 Results

129  Autofluorescent pigment identification

130 Red light emission caused by excitation with a blue laser (RED-B) represents the core light
131 harvesting complex (LHC) pigment peridinin (Supasri et al., 2021; Kawalska et al., 2013; Jiang
132 etal., 2012; Bujak et al., 2009) (Fig 1A). Red light emission caused by excitation with the red
133 laser (RED-R) represents a combined emission/excitation signature of chlorophyll a and

134  chlorophyll c2 (chl a & chl ¢2) (Niedzwiedzki et al., 2014; Scheer, 2006) despite the suboptimal

135 excitation wavelength (642 nm) (Fig 1B).

136 Fig 1 Excitation/emission spectra employed by the flow cytometry protocol presented in this
137 contribution. Excitation laser wavelengths are indicated by arrows. Lines depict absorption
138 spectra, while lines with shaded areas illustrate compensated emission wavelengths based on the

139 corresponding excitation laser. A) The blue laser (488 nm) simultaneously excited FbFPs,
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140 diadinoxanthin, beta-carotene, and peridinin, but emission filters helped identify different
141 pigments (grey boxes) B) The red laser (642 nm) excited chl a and chl ¢ with a bias towards chl

142 ca.

143 Increased green fluorescence in dinoflagellates under stress has been attributed to beta-
144  carotene (Lee et al., 2012; Kleinegris et al., 2010). However, diadinoxanthin, diatoxanthin

145 (Kagatani et al. 2022; Frank et al. 1996), and flavin-based fluorescent proteins (FbFPs)

146  (Mukherjee et al. 2013; Koziol et al. 2007; Fujita et al. 2005) also emit green fluorescent light
147 when excited by blue light (Fig 1A). Therefore, we inferred that both GRN-B and YEL-B

148 represents the combined signature of beta-carotene, xanthophylls (diadinoxanthin and

149 diatoxanthin), and flavins (Fig 1A).

150 Effects of sample preparation on degradation

151 Samples stored on ice and processed within approximately two hours (136 minutes) showed the
152 most consistent signatures across all measurements (Fig 2). RED-B and RED-R autofluorescence
153 degraded relatively quickly at ambient temperatures, but light exposure alone does not appear to
154 have a strong effect (Figs 2A-B). GRN-B remained stable during the first two hours, regardless
155 of treatment, but variability increased after longer incubation (Fig 2C). Interestingly, cell

156 concentrations were more stable under ambient temperatures, but still produced consistent results

157 when processed within 136 minutes after being stored on ice (Fig 2D).

158 Fig 2 Samples prepared under different light (dark vs ambient light) and temperature (on ice vs
159 no ice) conditions produced different parameter estimates. Only samples processed on ice within
160 roughly two hours (136 minutes) of airbrushing yielded consistent results (dashed boxes). RED-

161 B (A) and RED-R (B) autofluorescence degraded quickly, but GRN-B (C) remained relatively
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stable over time. Interestingly, cell concentrations (D) were more stable under ambient
conditions (no ice) but produced relatively consistent results when processed within 136 minutes

after being stored on ice.

Effects of dilution and flow cytometer run-time on degradation

Six dilutions (50x, 20x, 10x, 5x, 2x, and 1x) were tested 16 times each across a 96-well plate
resulting in individual sample measurements of ~150,000 cells/mL for each replicate (Fig 3).
The flow cytometer run took around six hours to complete. Ten-fold and five-fold dilutions in
the first four rows of the 96-well plate were the most consistent. More diluted samples produced
unstable means of measured parameters, while less diluted samples exacerbated degradation.
RED-B fluorescence degraded with time (Fig 3A), while RED-R, GRN-B, and YEL-B
fluorescence increased with time (Fig 3B-D). Cell size (forward scatter) did not show any effects
of degradation, but highly concentrated samples over estimated size, likely due to cell clumping
(Fig 3E). Cell roughness (side scatter) is the most stable metric suggesting low rates of cell lysis,
though increasing quartile ranges in the one-fold and two-fold dilutions suggest increased
susceptibility to lysis in higher concentrations (Fig 3F). Estimates of cell concentrations were

heavily affected by dilution and run-time (Fig 3G).

Fig 3 Six dilutions (50x, 20x, 10x, 5x, 2X, and 1x) were tested 16 times each across a 96-well
plate. The cytometry run took ~6 hours estimating ~20 minutes between each of the 16 replicates
(Time). Ten-fold and five-fold dilutions were the most consistent for half of the plate (dashed
boxes) suggesting that runs should be limited to < 48 wells (half of a standard 96-well plate).
Over- or under-dilution of samples had a large effect on resulting parameter estimates. A) RED-

B (peridinin) fluorescence degraded over time and had more variation with 50x and 20x
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184 dilutions. B-D) RED-R, GRN-B, and YEL-B fluorescence increased over time, presumably due

185 to heat generated by the flow cytometer. E) Cell size (FSC) did not change over time, but highly
186 concentrated samples led to an over estimation of cell sizes, likely due to cell clumping. F) Cell

187 roughness (SSC) was the most stable parameter, suggesting low rates of cell lysis. G) Cell

188 concentrations were heavily affected by dilution and time spent in the flow cytometer.
189 Upside-down jellyfish light acclimation experiment

190 After three weeks, Cassiopea medusae visibly changed color with dark-acclimated individuals
191 being dark brown and light-acclimated individuals being light tan. After identifying the

192 Symbiodiniaceae cells based on a combination of forward, side scatter, and red autofluorescence
193 (RED-B) (Krediet et al. 2015), noise was removed from the dataset (RED-B-HLog < 3.04001),
194 vyielding 16,134, 18,464, and 19,821 single-cell fluorescent profiles from Symbiodiniaceae of
195 Cassiopea from the dark, light, and variable treatment groups, respectively. Treatment

196 influenced fluorescent means for all excitation/emission parameters: RED-B (X? = 386.96, p <
197 0.001), RED-R (X2 = 316.25, p < 0.001), and GRN-B (X2 = 535.50, p < 0.001). All post-hoc
198 pairwise comparisons demonstrated a difference in means (p < 0.01). The only comparison with
199 an adjusted p-value > 0.001 was the dark vs variable RED-B comparison (p = 0.002). Light-
200 acclimated individuals had the lowest peridinin (RED-B) and chl a & ¢, (RED-R) signals, while
201 dark-acclimated individuals had the lowest green emission signal (‘antioxidant’ pigments) (Fig

202 4).

203 Fig 4 Digitate cirri from the upside-down jellyfish, Cassiopea sp., were sampled and processed
204  with our flow cytometry protocol (S1 File) after three weeks of exposure to different light

205 conditions. Each pairwise comparison indicated statistically significant differences in means (p <
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0.01); the most distinct distribution (p < 0.001) is indicated by “***”_ Each distribution
represents 16,000 - 20,000 observations, which allowed for discriminating between treatments,
even with small effect size. A) Light-acclimated individuals had the least red fluorescence off of
the blue laser (peridinin). B) Light-acclimated individuals also had the lowest red fluorescence
off of the red laser (chl a & c2). C) Dark-acclimated individuals had the lowest green

fluorescence (antioxidants).

Discussion

Symbiodiniaceae pigments and autofluorescence signatures

Symbiodinaceae possess two major LHC antennae, the peridinin-chlorophyll a protein complex
(PCP) and the chlorophyll a-chlorophyll co-peridinin protein complex (acpPC), which use
peridinin and chl c as the primary light-harvesting pigments (Polivkaa et al. 2007; Hiller et al.
1993). A proportionate decrease in RED-B (peridinin) and RED-R (chl a & c2) would indicate a
decrease in overall LHC abundance within the cell. Alternatively, a shift in red fluorescent ratios
(RED-B vs RED-R) would indicate LHC reorganization from PCP to acpPC. For example, PCP
complexes have been proposed to detach from the thylakoid membrane as a mode of photo-
acclimation (Kanazawa et al. 2014; Jiang et al. 2012; Schulte et al. 2010). Detachment from the
membrane and relocation of PCP would allow for the reduction of absorbed photons to protect
photosynthetic reaction centers during periods of environmental stress, while photoprotective
acpPC complexes remain bound to the thylakoid membrane during photo-acclimation. This PCP
mobilization should yield a shift in RED-B vs RED-R ratios given the variable pigment

compositions of the PCP and acpPC antennae.
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228 Green and yellow autofluorescent signatures are representative of photo-protective and
229 antioxidant pigments and proteins (Fig 1A). Reactive oxygen species (ROS) are a well-known
230 byproduct of photosynthesis, which can cause cellular damage in high concentrations, especially
231 under environmental stress (Lesser 2006). Beta-carotene is an efficient reactive oxygen species
232 (ROS) scavenger, especially in the vicinity of high concentrations of ROS (Burton 1990; Young
233 & Britton 1993). Diadinoxanthin and diatoxanthin are the main components in the

234  photoprotective xanthophyll cycle, dissipating excess energy through non-photosynthetic

235 quenching (Frank et al. 1996), alongside production of antioxidants (Smerilli et al. 2016). The
236 most abundant FbFPs (cryptochromes and riboflavin) act as key stress regulators (D’ Amico-
237 Damido et al. 2018; Yu 2010) and induce the accumulation of antioxidants (Deng et al. 2013;
238 Taheri and Tarighi 2010; Sandoval et al. 2008). Given the overlap in the roles of fluorescent
239 proteins detected by GRN-B and YEL-B, we interpret green and yellow fluorescence as

240 signatures of stress-mitigation, including excess energy dissipation through non-photosynthetic

241 quenching and antioxidant activity.

242  Protocol performance and optimization

243 Photopigments are fragile molecules prone to degradation in ambient conditions (Schoefs 2002).
244  Therefore, it is important to work consistently and efficiently when processing samples using the
245 protocol presented here. Samples processed at room temperature were prone to rapid

246 degradation, yielding imprecise estimates of fluorescent parameters compared to consistent

247 autofluorescence-based physiological profiles for samples stored and processed on ice (Fig 2).
248 However, autofluorescent signatures still changed dramatically after tissue removal from coral

249 skeletons when processing was delayed, even when stored on ice. Based on our observations (Fig
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250 2), we recommend that samples are processed for flow-cytometry within two hours of beginning

251 sample preparation.

252 Cell concentration and flow-cytometer run-time are further factors to consider. Our

253 sample had a starting concentration of ~150,000 cells/mL. Over-dilution led to variable means of
254  parameters and high variances, while under-dilution exacerbated degradation and caused cell

255 clumping (Fig 3). Ten- to five-fold dilutions (15,000 — 30,00 cells/mL) produced the most

256 consistent autofluorescence signatures. Nonetheless, samples began to degrade after processing
257  four rows (48 wells) of the 96-well plate. Therefore, we recommend loading no more than half of
258 a 96-well plate per run with each well containing an estimated concentration of 15,000-30,000
259 cells/mL. The analyses presented here provide a roadmap for implementing and optimizing our
260 flow-cytometry protocol. We recommend investing protocol optimization time upfront. Once
261 established, our protocol should work across a diverse set of cnidarian hosts including corals,

262  jellyfish, and hydroids, requiring little ongoing maintenance or cost.

263 Applications and expansion

264  Under different light conditions, dinoflagellates adjust their photosystems, for example,

265 increasing LHC pigments (peridinin, chl a, chl ¢2) in dark conditions and increasing antioxidants
266 (diadinoxanthin) in light conditions (Johnsen et al. 1994). This response was successfully

267 detected in Cassiopea-associated Symbiodiniaceae using our flow cytometry protocol. Dark-
268 acclimated individuals displayed the highest peridinin and chl a & ¢, autofluorescence, while
269 light-acclimated individuals displayed the lowest photopigment-associated autofluorescence (Fig
270 4A-B). Green autofluorescence displayed the inverse pattern, where dark acclimated individuals

271 possessed the faintest green-fluorescent signatures (antioxidants) (Fig 4C). The combination of
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272 low LHC-associated photopigment autofluorescence and elevated antioxidant fluorescence in the
273 light-acclimated group is likely indicative of stress, while high photopigment autofluorescence in
274  conjunction with elevated antioxidant autofluorescence in variable-condition individuals

275 suggests active stress-mitigation and acclimation (Fig 4). Dark-acclimated individuals with low
276 antioxidant and high photopigment autofluorescence likely represent low stress-levels and

277 successful acclimation (Fig 4). This acclimation experiment represents an example and empirical
278 proof of concept for the application of our protocol for relatively simple comparisons of

279 Symbiodiniaceae assemblages originating from different host individuals.

280 The ability to export fluorescent profiles for every observed Symbiodniaceae cell has
281 massive potential. As the interest in Symbiodiniaceae moves from characterization of

282  biodiversity through the identification of clades via DNA metabarcoding to functional

283 characterization and identification of differences in resilience, flow cytometry has the potential
284  to reveal functional diversity of Symbiodiniaceae in hospite. For example, Symbiodiniaceae

285 assemblages hosted in corals may harbor homogeneous Symbiodiniaceae assemblages with low
286 phylogenetic diversity (one dominant genus, species, or strain) or diverse assemblages with high
287 phylogenetic diversity (several codominant genera, species, or strains) (Davies et al. 2022). If a
288 coral hosts a highly diverse Symbiodiniaceae assemblage, but only a single autofluorescent

289 profile is detected using our flow cytometry protocol, one may assume functional redundancy of
290 symbiont clades or mediation of symbiont physiology by the coral host (Fig. 5). Alternatively, if
291 acoral hosts a low diversity Symbiodiniaceae assemblage, but multiple distinct autofluorescent
292 profiles are detected, one may assume functional plasticity of the assemblage (Fig 5). We suggest
293 that exploration of these concepts using flow cytometry has the potential for high-throughput

294  characterization of Symbiodiniaceae functional diversity in hospite.
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295 Fig 5: Phylogenetic diversity of Symbiodiniaceae assemblages in-hospite may indicate low

296 complexity (one dominant clade) or high complexity (more than one dominant clade)

297 communities (Davies et al. 2022). Autofluorescent profiles may be either convergent or

298 divergent, as shown here by PCAs of consisting of chlorophylls (Chl), peridinin (Per), and

299 antioxidants (AO). The combination of phylogenetic diversity and physiological profiles has the
300 potential to allow for the classification of Symbiodiniaceae assemblage functional strategies into
301 homogenous, plastic, redundant, or diverse categories. Simulated datasets were generated and
302 analyzed using R.

303 The protocol presented here targets key LHC pigments and a combination of proteins
304 known for their role in photo-acclimation and stress mitigation. Given the diverse set of

305 autofluorescent targets and available laser/filter combinations for the detection of

306 excitation/emission spectra, this protocol may be further expanded, establishing flow cytometry
307 as a cost-effective and robust technique for profiling Symbiodiniaceae physiology. For example,
308 the implementation of filters that separate chl a & c2 would permit more intimate insight into
309 LHC rearrangements during photoacclimation. Other laser/filter combinations may also facilitate
310 physiological profiling of photo-autotrophs with alternative LHC pigments, such as fucoxanthin-
311 containing dinoflagellates (Jeffrey 1989; Yoon et al. 2002) or phycoerythrin-containing marine
312 cyanobacteria (Siddiqui and Carpenter 1992; Subramaniam and Carpenter 1999).

313
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Genetic Diversity Physiological Profile
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