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Abstract 

Coral-associated dinoflagellates (Family Symbiodiniaceae) play a vital role in both long-term and 

short-term survival. The successful acclimation and adaptation of these endosymbionts can be 

facilitated by changes in the community, population or individual depending on the magnitude and 

type of stressor or environmental change. However, characterizing all levels of change can be 

difficult. Therefore, I developed a protocol to generate phenotypic profiles of individual 

Symbiodiniaceae using a benchtop flow cytometer. Once the protocol was well developed, 20 

GPS-tagged colonies across five reef flats around Guam were repeatedly sampled at key temporal 

points allowing for the paired quantification of assemblage phenotypic variance, at the individual, 

population, and community level. Symbiodiniaceae assemblages displayed site and season-

specific phenotypic signatures, while community composition and cell densities in host tissues 

remained temporally stable. Symbiodiniaceae biodiversity was relatively low, yet it displayed 

distinct geographic organization. Additionally, cell density and biodiversity had no correlation to 

phenotypic variance. Therefore, I hypothesize phenotypic plasticity is the primary mode of 

acclimation to mild environmental change, while changes in biodiversity are a form of long-term 

assemblage adaptation after acute selective events or chronic environmental pressures. 
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Chapter 1 

 High-throughput physiological profiling of endosymbiotic dinoflagellates 

(Symbiodiniaceae) using flow cytometry 

 

1.0 Summary 

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, I 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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1.1 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 demonstrated 

as a rapid method to quantify algal photopigments and requires comparatively little sample 

preparation. 

Flow cytometry was developed in 1968 (Dittrich and Göhde 1973) and has experienced 

massive advances in the last 50 years moving from simply counting cells to detecting fluorescent 

protein markers, detecting RNA expression, describing cell cycles by staining DNA, studying 

signal pathways with antibodies, sorting cells, and quantifying protein content with fluorescent 

tags (reviewed in McKinnon 2018). Within coral biology, flow cytometry is widely used for 

determining Symbiodiniaceae cell density (e.g., Krediet et al. 2015), but can also identify 



 

11 

 

functional groups of Symbiodiniaceae (Apprill et al. 2007; McIlroy et al. 2014; McIlroy et al. 

2020), quantify autofluorescent pigments (Lesser 1996; Lee et al. 2012), enumerate bacterial 

communities (Patten et al. 2006; Batteral et al. 2016), and even examine cell cycle dynamics 

(Fujise et al. 2018; Tivey et al. 2020; Figuero et al. 2021). In 1983, a couple groups highlighted 

the power of flow cytometry for phytoplankton research, demonstrating its ability to characterize 

phytoplankton communities with taxonomic, optical (pigmentation), and size-based descriptions 

(Yentsh et al. 1983; Olsen et al. 1983; Cunningham 1993; Sosik et al. 2010). Somewhat lesser 

known is flow cytometry’s ability to rapidly quantify fluorescent photopigments by measuring the 

relative strength of their fluorescent signal (Olsen et al. 1983; Lesser 1996; Dubelaar and Jonker 

2000; Becker et al. 2002; Lee et al. 2012; Chen et al. 2017), which has been validated multiple 

times by comparing patterns against more robust photopigment quantification methodologies (e.g. 

LCMS) (Becker et al. 2002; Freitas et al. 2014; Chen et al. 2017).  Measuring photopigments with 

flow cytometry is an extremely rapid estimate of photopigment content and is the only method to 

our knowledge capable of simultaneously quantifying cellular pigment and biovolume. 

Flow cytometry has high potential for the rapid characterization of endosymbiotic 

Symbiodiniaceae communities; however, it is important for researchers to thoroughly recognize 

biases, sensitivity resolution, and limitations. Relative data resolution requires high preparation 

consistency and knowledge of your system. Despite this, I found no thorough protocols or even 

discussions considering Symbiodiniaceae-specific photopigments, sample preservation, batch 

effects, and degradation. I identify this as a substantial literature gap given the increasing 

popularity of flow cytometry in coral biology. To help address these issues, I developed and 

demonstrated an in-depth protocol for simultaneously quantifying Symbiodiniaceae cell densities 

and physiological profiles. This research not only includes a detailed protocol but provides an 
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example framework for implementing it within your workflows, sample analysis with empirical 

data, and additional theoretical applications. Our protocol takes advantage of flow cytometry’s 

high-throughput nature to generate multivariate physiological profiles for individual cells. With 

proper implementation and limitation considerations, I hypothesize that this protocol may be used 

to identify functional differences in Symbiodiniaceae assemblages between host species, sampling 

sites, timepoints, and even potentially identify niche partitioning of Symbiodiniaceae populations 

within a single host. 

1.2 Materials and Methods 

1.2.1 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/v2). 

1.2.2 Inferring autofluorescence targets. 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). In other flow cytometry 

methods, researchers typically compensate for spillover and spectral overlap by using labeled 

antibodies as controls to compensate out cellular autofluorescence and other contaminating 

fluorophores. This makes sense when using cytometry to detect labeled cellular structures (e.g. 

induction of labeled proteins through heat shock). However, quantifying autofluorescence requires 

different techniques given the high protein diversity and spectral overlap. By identifying all 

possible targets within Symbiodiniaceae (c.f. Venn et al. 2006; Koziol et al. 2007; Hennige et al. 

https://dx.doi.org/10.17504/protocols.io.dm6gpjr2jgzp/v2
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2009; Mukherjee et al. 2013) and modeling their excitation and emission profile based on 

previously published literature (e.g. Zapata et al. 2001; Yacobi 2012; Koyama and Hashimoto 

1993; Kagatani et al. 2022), I can infer our targets. 

Symbiodiniaceae autofluorescence signatures are dominated by photosynthetic pigments 

such as chlorophylls and carotenoids. Excitable pigments previously identified from 

Symbiodiniaceae include beta-carotene, chlorophylls a and c2, diadinoxanthin, diatoxanthin, and 

peridinin (Venn et al. 2006; Hennige et al. 2009). I also identified flavin-based fluorescent proteins 

(FbFPs) as a probable source of autofluorescence (Koziol et al. 2007; Mukherjee et al. 2013). To 

model our autofluorescence targets and identify any risk of spectral overlap, 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 c2 (Zapata et al. 2001; Yacobi 2012) spectra were mapped to each other using the FluoroFinder 

spectra and absorbance spectra from Bricaud et al. (2004). 

1.2.3 Optimization assays. Two simple assays were designed and performed to provide a 

framework for optimizing the protocol when integrating it into your own local workflows. In both 

optimization assays, ideal conditions (temperature, dilution, time, etc.) were selected based on 

fluorescent distributions with the highest consistency and tightest variances. This included FSC 

(cell size) and SSC (cell roughness) to detect potential cell clumping and cell lysing, respectively 

(Mullaney et al. 1969; Steen 1980; Watson 1991; Shapiro 2003; Tzur et al. 2011). 

(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 

https://app.fluorofinder.com/ffsv/svs/f5a4f6f0b9a2013a769c576b754ae561
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airbrushed with filtered, sterile seawater to create a 30 mL (~150,000 cells/mL) tissue slurry. The 

slurry was homogenized by vortexing and needle shearing, then equally distributed across four 50 

mL falcon tubes. One mL of the tissue slurry was aliquoted from each falcon tube and immediately 

processed using our cytometry protocol (Anthony et al. 2022a). After aliquots were removed, 

falcon tubes were separated and exposed to one of four conditions: (1) dark on ice, (2) dark at 

room temperature (22℃), (3) ambient light on ice, and (4) ambient light at room temperature. A 1 

mL sample from each falcon tube was processed approximately every two hours for a total of eight 

hours; a final set of samples was processed after being stored in their respective conditions 

overnight. This yielded six temporal samples processed 43, 136, 236, 344, 470, and 1459 minutes 

after removing tissue from the skeleton. At each time point, treatment replicates were loaded across 

three wells, and each well was sampled by the flow cytometer twice, creating six technical 

replicates per sample replicate. 

(2) Assay two was used to optimize tissue slurry dilutions and to identify possible effects 

of flow cytometer run times. I prepared six 1 mL (~150,000 cells/mL) tissue slurries from a single 

Acropora pulchra fragment for flow cytometry using our protocol (Anthony et al. 2022a). Before 

loading samples into a 96-well microwell plate, all processed tissue slurries were combined into a 

single 50 mL falcon tube, needle sheared, and vortexed to homogenize samples to avoid possible 

batch effects. 50x, 20x, 10x, 5x, 2x, and 1x dilutions of the combined tissue slurry were prepared 

directly in the 200 uL wells. This created a total of 16 dilution series replicates, filling all 96 wells 

of the plate. Each replicate dilution (2 technical replicates) was processed at ~5 min intervals until 

the run was complete. 

1.2.4 Example Application. In addition to the optimization assays, I also perform a simple 

acclimation experiment with the upside-down jellyfish Cassiopea to highlight the diversity of 
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hosts the protocol can process, demonstrate data handling techniques, and discuss possible 

interpretations. Clonal Cassiopea were placed into three different conditions for three weeks, each. 

Prior to the start of the experiment, clonal Cassiopea were cultured at UnderWater World® in 

Tumon, Guam. Cassiopea were then transferred to flow through tanks on April 1, 2022, at the 

University of Guam Marine Laboratory in Mangilao Guam and allowed to acclimate until the start 

of the experiment on June 8, 2022. All jellyfish were 55-79 mm in diameter at the start of the 

experiment. Group 1 (n=4) was placed in low-light conditions (50% shade), group 2 in high-light 

conditions (no shade) (n=4), and group 3 experienced variable environmental conditions (n=5) 

rotating from high-light to low-light to high-light (one week per condition). At the end of three 

weeks, digitate ciri (clusters of tentacle-like structures attached to the top of each oral arm (c.f. 

Anthony et al. 2022b)) were sampled with sterile scissors from each individual and placed in 1 mL 

of filtered seawater. Symbiodiniaceae cells were subsequently extracted and processed following 

our flow cytometry protocol (Anthony et al. 2022a).  

After identifying the Symbiodiniaceae cells based on red autofluorescence (RED-B) 

(Figure 2.1), particulate noise was removed from the dataset (RED-B-HLog < 3.04001) yielding 

sample sizes of 16,134, 18,464, and 19,821 single-cell fluorescent profiles, independent of host, 

for dark, light, and variable treatment groups, respectively. To better understand effect size and 

statistical power differences, data was analyzed at two resolutions: dinoflagellate (n=16,134, 

18464, 19,821) and host (n = 4, 4, 5). At both resolutions treatment groups were compared by 

using non-parametric Kruskal-Wallis tests (𝑋2) followed by post-hoc pairwise Dunn’s tests (Z) 

using the FSA R package v0.9.3 (Ogle et al. 2022). All data processing and analysis was completed 

with R v4.1.2 (R Core Team 2021) in RStudio v1.3.1073 (RStudio Team 2020). Code for this 

analysis has been deposited on a public GitHub repository with the necessary input files 
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(https://github.com/AnthonyCuog/CytometryProtocol). Figures were generated and modified with 

a combination of ggplot2 v3.3.5 (Wickham 2016) and InkScape v1.1 (https://inkscape.org). 

 

Figure 1.1. A) Symbiodiniaceae cells are identified with the RED-B laser profile based on their red fluorescence. B-

C) Excitation/emission spectra employed by the flow cytometry protocol presented in this contribution. Excitation 

laser wavelengths are indicated by arrows. Lines depict absorption spectra, while lines with shaded areas illustrate 

compensated emission wavelengths based on the corresponding excitation laser. B) The blue laser (488 nm) 

simultaneously excited FbFPs, diadinoxanthin, beta-carotene, and peridinin, but emission filters helped identify 

seperate pigments (grey boxes) C) The red laser (642 nm) excited chl a and chl c2 with a bias towards chl c2. 

1.3 Results 

1.3.1 Fluorescent pigment identification. Red light emission caused by excitation with a blue 

laser (RED-B) represents the core light harvesting complex (LHC) pigment peridinin (Supasri et 

al., 2021; Kawalska et al., 2013; Jiang et al., 2012; Bujak et al., 2009). Despite some risk of spectral 

overlap by beta-carotene, the strong favoritism for peridinin supports this identification (Figure 

1.1B). Additionally, spectral plots indicate that red light emission caused by excitation with the 

red laser (RED-R) represents a combined emission/excitation signature of chlorophyll a and 

https://github.com/AnthonyCuog/CytometryProtocol
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chlorophyll c2 (chl a & chl c2) (Niedzwiedzki et al., 2014; Scheer, 2006). Despite the suboptimal 

excitation wavelength (642 nm), the red laser indicates no risk of spectral overlap from other 

fluorescent targets, it simply cannot distinguish between different chlorophyll species (Figure 

1.1C).   

 Increased green fluorescence in dinoflagellates under stress has been attributed to beta-

carotene (Lee et al., 2012; Kleinegris et al., 2010). However, diadinoxanthin, diatoxanthin 

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

(Mukherjee et al. 2013; Koziol et al. 2007; Fujita et al. 2005) also emit green fluorescent light 

when excited by blue light (Figure 1.1B). Therefore, I inferred that both GRN-B and YEL-B 

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

diatoxanthin), and flavins due to fluorescent target spectral overlap (Figure 1.1B). 

1.3.2 Effects of sample preparation on degradation. Samples stored on ice and processed within 

approximately two hours (136 minutes) showed the most consistent signatures across all 

measurements (Figure 1.2). RED-B and RED-R autofluorescence degraded relatively quickly at 

ambient temperatures, but light exposure alone does not appear to have a strong effect (Figs 1.2A-

B). GRN-B remained stable during the first two hours, regardless of treatment, but variability 

increased after longer incubation (Figure 1.2C). Interestingly, cell concentrations were more stable 

under ambient temperatures but still produced consistent results when processed within 136 

minutes after being stored on ice (Figure 1.2D). 
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Figure 1.2. Samples prepared under different light (Dark vs Light) and temperature (Ice vs No Ice) conditions 

produced different parameter estimates. Only samples processed on ice within roughly two hours (136 minutes) of 

airbrushing yielded consistent results (dashed boxes). RED-B (A) and RED-R (B) autofluorescence degraded quickly, 

but GRN-B (C) remained relatively 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. 
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1.3.3 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 (Figure 1.3). 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 (Figure 1.3A), while RED-R, GRN-B, and YEL-B fluorescence increased with time 

(Figure 1.3B-D). Cell size (forward scatter) did not show any effects of degradation, but highly 

concentrated samples over estimated size, likely due to cell clumping (Figure 1.3E). 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 (Figure 1.3F). Estimates of cell concentrations were heavily 

affected by dilution and run-time (Figure 1.3G). 
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Figure 1.3. 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 dilutions. 

B-D) RED-R, GRN-B, and YEL-B fluorescence increased over time, presumably due to heat generated by the flow 

cytometer. E) Cell size (FSC) did not change over time, but highly concentrated samples led to an overestimation of 

cell sizes, likely due to cell clumping. F) Cell roughness (SSC) was the most stable parameter, suggesting low rates 

of cell lysis. G) Cell concentrations were heavily affected by dilution and time spent in the flow cytometer. 
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Figure 1.4. Digitate cirri from the upside-down jellyfish, Cassiopea sp., were sampled and processed with our flow 

cytometry protocol (S1 File) after three weeks of exposure to different light conditions. A-C) Each pairwise 

comparison indicated statistically significant differences in means (p < 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. D-F) Cellular fluorescence averaged to the jellyfish host better 

illustrates the acclimation pattern with less statistical power (p = 0.005 to 0.069). 

1.3.4 Upside-down jellyfish light acclimation experiment. After three weeks, Cassiopea medusae 

visibly changed color with dark-acclimated individuals being dark brown and light-acclimated 

individuals being light browwn. The treatment influenced fluorescent readings for all 

excitation/emission parameters, but statistical power varied between different resolutions 

(dinoflagellate vs. host) (Figure 1.4). Light-acclimated individuals had the lowest peridinin (RED-

B) and chl a & c2 (RED-R) signals, while dark-acclimated individuals had the lowest green 

emission signal (‘antioxidant’ pigments) (Figure 1.4). When all cell-specific measurements within 

each treatment were included in distributions (Figure 1.4A-C), Dunn’s pairwise comparisons 

demonstrated a difference in means (p ≤ 0.002), despite a small effect size. The only comparison 

with an adjusted p-value greater than 0.001 was the dark vs variable RED-B comparison (p = 
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0.002). Alternatively, when summarizing flow cytometry data to the cnidarian host, statistics were 

less powerful, while treatment effect became more conspicuous (Figure 1.4D-F). 

1.4 Discussion 

1.4.1 Photopigments and autofluorescence signatures. Understanding Symbiodiniaceae-specific 

photosynthetic structures could influence data interpretation. Symbiodiniaceae does not have 

chlorophyll b (Venn et al. 2006; Hennige et al. 2009), a very common chlorophyll molecule in 

other photosynthetic organisms that would normally be detected by our laser/filter combinations. 

Instead, Symbiodinaceae possess two major LHC antennae, the peridinin-chlorophyll a protein 

complex (PCP) and the chlorophyll a-chlorophyll c2-peridinin protein complex (acpPC), which 

use peridinin and chl c2 as the primary light-harvesting pigments (Polívka et al. 2007; Hiller et al. 

1993). This is then used to form physiological hypotheses. For example, based on our modeled 

excitation/emission spectra, our laser profiles most likely separate peridinin (RED-R) and 

chlorophylls (RED-B) quite well (Figure 1.1); despite the risk of beta-carotene spilling into the 

peridinin reading (Figure 1.1B). However, in Lesser 1996, red fluorescence (630 nm long-pass 

filters) measured off a 488 nm excitation laser, the same excitation laser used here, was identified 

as chlorophyll, despite no citation for identification. Our plotted spectra indicate Lesser (1996) 

was more likely detecting peridinin or even beta-carotene given the lower spectral emission filter 

used (Figure 1.1B). The exact identity of these red fluorescent signatures remains to be resolved; 

however, peridinin’s tight association with chlorophylls in LHC antennae (Kanazawa et al. 2014; 

Jiang et al. 2012; Schulte et al. 2010; Polívkaa et al. 2007; Hiller et al. 1993) means the 

interpretation remains largely the same. A conservative interpretation of our Cassiopea 

acclimation experiment (Figure 1.4) could be as follows: The reduction of red fluorescent intensity 

in high light indicates the downregulation of photosynthetic pigments within Symbiodiniaceae 
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cells to reduce light-associated stress, perhaps through the downregulation or mobilization of 

LHC-antennae (Kanazawa et al. 2014; Jiang et al. 2012; Schulte et al. 2010). 

 Green and yellow autofluorescence signatures are representative of photo-protective and 

antioxidant pigments and proteins that play primary roles in photo-acclimation and stress 

mitigation (Figure 1.1B). Reactive oxygen species (ROS) are a well-known byproduct of 

photosynthesis, which can cause cellular damage in high concentrations, especially under 

environmental stress (Lesser 2006). Βeta-carotene is an efficient reactive oxygen species (ROS) 

scavenger, especially in the vicinity of high concentrations of ROS (Burton 1990; Young & Britton 

1993). Diadinoxanthin and diatoxanthin are the main components in the photoprotective 

xanthophyll cycle, dissipating excess energy through non-photosynthetic quenching (Frank et al. 

1996), alongside production of antioxidants (Smerilli et al. 2016). The most abundant FbFPs 

(cryptochromes and riboflavin) act as key stress regulators (D’Amico-Damião et al. 2018; Yu 

2010) and induce the accumulation of antioxidants (Deng et al. 2013; Taheri and Tarighi 2010; 

Sandoval et al. 2008). Given the high spectral overlap between proteins detected by GRN-B and 

YEL-B (Figure 1.1A), green and yellow fluorescence should be interpreted as redundant signatures 

of stress-mitigation (Figure 1.2C-D).  

The protocol presented here targets key LHC pigments (RED-B, RED-R) and a 

combination of proteins known for their role in photo-acclimation and stress mitigation (GRN-B, 

YEL-B) (Figure 1.1). This provides useful insight into the cells’ photosystem; however, hybridized 

signatures (Figure 1.1) come with limitations. For example, cells’ may express different quantities 

of beta-carotene and diadinoxanthin or chl a and chl c2; these are indetectable patterns as they have 

near indistinguishable spectral overlap within our emission filters (Figure 1.1). Individual pigment 

identity and abundance remains inferred. The further implementation of other filters or methods 
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that separate photopigments (Figure 1.1) would permit more robust interpretation of specific 

photopigment quantities if required. The protocol presented here is meant to be an accessible 

method to provide rapid insight into the single-cell state of the Symbiodiniaceae photosystem. 

Even with its biases and limitations, the accessibility and speed of this method makes it especially 

useful. 

1.4.2 Protocol performance and optimization. 

Photopigments are fragile molecules prone to degradation in ambient conditions (Schoefs 

2002); therefore, it is important to work consistently and efficiently. This includes maintaining a 

consistent processing environment, sample concentration, sample quantity, sample preservation, 

gain settings, instrument calibration, and slurry homogeny. Samples processed at room 

temperature were prone to rapid degradation, yielding imprecise estimates of fluorescent 

parameters compared to consistent autofluorescence-based physiological profiles for samples 

stored and processed on ice (Figure 1.2). However, autofluorescence signatures still changed 

dramatically after tissue removal from coral skeletons when processing was delayed, even when 

stored on ice. Based on our observations (Figure 1.2), I recommend that samples are processed for 

flow-cytometry within two hours of beginning sample preparation.  

 Cell concentration and flow-cytometer run-time are further factors to consider. Based on 

our assay (Figure 1.2), 5-fold to 10-fold dilutions of a sample with a starting concentration of 

~150,000 cells/mL produced the most consistent dataset (15,000 – 30,00 cells/mL) (Figure 1.3). 

Informed by this assay, I have decided to locally adhere to a 10-fold dilution for all A. pulchra 

samples; however, this may differ for other species or instruments. Over-dilution led to variable 

means and high variances of fluorescent parameters, while under-dilution exacerbated degradation 

and caused cell clumping (Figure 1.3). Independent of concentration, samples began to degrade 
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after processing four rows (48 wells) of the 96-well plate (Figure 1.3). Therefore, I recommend 

loading no more than half of a 96-well plate per run with each well containing an estimated 

concentration of 15,000-30,000 cells/mL. None of these observed patterns are caused by settled 

cells, as each replicate is vortexed before being loaded into a microwell, and the flow cytometer 

automatically stirs each sample at a high velocity for seven seconds before data acquisition. The 

analyses presented here provide a roadmap for implementing and optimizing our flow-cytometry 

protocol, as best practice in our lab with our samples may not be best practice in your lab with 

your samples. I recommend investing protocol optimization time upfront. Once established, my 

protocol should work across a diverse set of cnidarian hosts including corals, jellyfish, and 

hydroids, requiring little ongoing maintenance or cost.  

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

increasing LHC pigments (peridinin, chl a, chl c2) in dark conditions and increasing antioxidants 

(diadinoxanthin) in light conditions (Johnsen et al. 1994), a response successfully reflected by red 

and green fluorescence signatures in Cassiopea-associated Symbiodiniaceae using our flow 

cytometry protocol (Figure 1.4). Dark-acclimated individuals displayed the highest red 

fluorescence (peridinin, chl a & c2 (Figure 1.1)) autofluorescence, while light-acclimated 

individuals displayed the lowest photopigment-associated autofluorescence (Figure 1.4A-B). 

Green autofluorescence displayed the inverse pattern, where dark acclimated individuals possessed 

the faintest green-fluorescent signatures (antioxidants (Figure 1.1)) (Figure 1.4C). I hypothesize 

that the mildly lower red fluorescence (LHC-associated photopigments) and elevated green 

fluorescence (antioxidants) in the light-acclimated group is natural acclimation, while the high red 

autofluorescence in conjunction with elevated green fluorescence in variable-condition individuals 

suggests stress (Figure 1.4). At the opposite end of the spectrum, perhaps dark-acclimated 
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individuals with low antioxidant and high photopigment autofluorescence could represent low 

stress-levels and successful acclimation (Figure 1.4).  

This acclimation experiment represents an example application of our protocol for 

relatively simple comparisons of Symbiodiniaceae assemblages originating from different host 

individuals; however, the visibly small effect size is worth considering (Figure 1.4). I argue that 

the ability to detect extremely small, yet statistically significant effect sizes is the strength of flow 

cytometry. The distributional difference of means is much more statistically powerful when 

comparing cellular distributions that are made of thousands of observations (Symbiodiniaceae) 

instead of four to five (Cassiopea) (Figure 1.4A-C), while trends are more conspicuous but less 

statistically powerful when summarized to the host (Figure 1.4D-F). Despite small effect size and 

low statistical power, I believe the treatment effects are real given the simultaneously collected 

and processed samples, the use of a clonal Cassiopea lineage, and a mild treatment (ambient 

lighting). Since the goal of the method is to better understand the endosymbiotic assemblage on 

the level of the single cell, I find both levels of resolution informative (Symbiodiniaceae and 

Cassiopea); however resolution to single Symbiodiniaceae cells is a more accurate representation 

of population-level phenotypic variance. I recommend researchers wholly consider effect size 

given their factorial resolution. The integration of this protocol alongside other commonly used 

methodologies (e.g. PAM fluorometry & ITS2 metabarcoding) may help provide a more complete 

picture of Symbiodiniaceae acclimation and adaptation. 

1.4.3 A theoretical application. The ability to export fluorescent profiles for every observed 

Symbiodniaceae cell has theoretically high potential. For example, Symbiodiniaceae research is 

beginning to integrate functional diversity with genetic diversity. Perhaps our flow cytometry 

protocol could reveal physiological plasticity within a Symbiodiniaceae assemblage (Figure 1.5). 
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This may even be integrated into flow cytometric protocols that are able to partition 

Symbiodiniaceae functional groups based on fluorescent profiles (Apprill et al. 2007; McIlroy et 

al. 2014; McIlroy et al. 2020). Some of these protocols already acknowledge that they are 

determining functional diversity based on chlorophyll fluorescence (e.g. Apprill et al. 2007). A 

simple protocol modification to these studies could make these signature quantifiable and help 

research dive further into functional plasticity and diversity of Symbiodiniaceae. 

 

Figure 1.5: Phylogenetic diversity of Symbiodiniaceae assemblages in-hospite may indicate low complexity (one 

dominant clade) or high complexity (more than one dominant clade) communities (Davies et al. 2022). 

Autofluorescence profiles may be either convergent or divergent, as shown here by PCAs of consisting of chlorophylls 

(Chl), peridinin (Per), and antioxidants (AO). The combination of phylogenetic diversity and physiological profiles 

has the potential to allow for the classification of Symbiodiniaceae assemblage functional strategies into homogenous, 

plastic, redundant, or diverse categories. Simulated datasets were generated and analyzed using R. 
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For example, Symbiodiniaceae assemblages hosted in corals can either harbor 

homogeneous Symbiodiniaceae assemblages with low phylogenetic diversity (one dominant 

genus, species, or strain) or diverse assemblages with high phylogenetic diversity (several 

codominant genera, species, or strains) (Davies et al. 2022) (Figure 1.5). If a coral hosts a highly 

diverse Symbiodiniaceae assemblage, but only a single autofluorescence profile is detected using 

our flow cytometry protocol, one may assume functional redundancy of symbiont clades or 

mediation of symbiont physiology by the coral host (Figure 1.5). Alternatively, if a coral hosts a 

low diversity Symbiodiniaceae assemblage, but multiple distinct autofluorescence profiles are 

detected, one may assume functional plasticity of the assemblage (Figure 1.5). Unfortunately, all 

assemblages that I have analyzed most likely had very low genetic complexity (Acropora pulchra: 

Anthony et al. 2022c; Cassiopea: Thornhill et al. 2006), which could explain the observed 

convergent physiological profiles. Despite this, I hope the promising results from the example 

application data presented here (Figure 1.4), as well as other early research using this protocol 

(Chapter 2), suggests that the integration of our protocol could provide helpful insights into the 

Cnidaria-associated Symbiodiniaceae assemblage. 
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Chapter 2 

Spatio-Temporal Acclimation and Adaptation of the Symbiodiniaceae Assemblages 

Associated with Guam’s Dominant Staghorn Coral Acropora pulchra 

 

2.0 Summary 

Coral-associated dinoflagellates (Symbiodiniaceae) play a primary role in coral acclimation and 

adaptation. Symbiont shuffling, cell density regulation, and phenotypic plasticity have all been 

proposed as mechanisms to adjust to environmental change. However, few studies have been able 

to partition which of the three strategies is responsible for observed phenotypic variance. 

Therefore, I quantified the biodiversity, cell density, and phenotypic variance of Acropora 

pulchra-associated Symbiodiniaceae assemblages across five sites and two time points. Samples 

were collected from 20 GPS-tagged colonies across five reef flats representing all known A. 

pulchra-containing environments around Guam during the onset of seasonal warming and the 

highest sea water temperatures of the year. Symbiodiniaceae assemblages displayed site and 

season-specific phenotypic variance, while biodiversity and cell densities in host tissues remained 

seasonally stable. Symbiodiniaceae biodiversity was relatively low diversity yet displayed distinct 

geographic organization. Based on these patterns, I identify phenotypic plasticity as the source of 

phenotypic variation and is likely the primary mode of acclimation to mild environmental change, 

while changes in biodiversity are a form of long-term assemblage adaptation after acute selective 

events or chronic environmental stressors. 
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2.1 Introduction 

In corals, each coral colony supports its own unique assemblage of organisms, with each 

symbiotic combination having the capability to create a functionally distinct coral (Gates and 

Ainsworth 2011). Symbiodiniaceae are dinoflagellates known for their endosymbiotic relationship 

with many marine invertebrates including Cnidaria, Mollusca, Porifera, Platyhelminthes, 

Foraminifera, and Ciliata (LaJeunesse et al. 2018). The ecological success of reef-building corals 

(Scleractinia) has been attributed to this endosymbiotic relationship between corals and their 

dinoflagellate endosymbionts (Symbiodiniaceae) given its independent evolution multiple times 

through coral history (Gault et al. 2021). Corals are highly dependent on these micro-algal 

endosymbionts for nutrient acquisition and effective calcification (Falkowski et al. 1984; 

Muscatine et al. 1984; Baker et al. 2013; Roth 2014; Matthews et al. 2017; Ezzat et al. 2017), but 

environmental stress can lead to a functional breakdown of this photo-endosymbiotic relationship, 

leading to the expulsion of Symbiodiniaceae from the host (coral bleaching) and often death 

(Brown 1997). Climate change has increased the frequency and severity of coral bleaching 

globally (Hughes et al. 2017). The survival of corals in stressful environments can be linked to 

differences in the ecological tolerances of Symbiodiniaceae (Parkinson et al. 2015; Thornhill et al. 

2014). 

An ecosystem’s functional capabilities are driven by the functional characteristics of its 

inhabitants (Hooper et al. 2005); therefore, a better understanding of an ecosystem only comes 

after identifying an ecosystem’s biodiversity and its dynamics. The recent taxonomic redescription 

of the Family Symbiodiniaceae illustrated more divergent lineages and more distinct 

morphological variation and genomic divergence between clades than previously thought 

(LaJeunesse et al. 2018). Over 400 distinct assemblage phylotypes have been described, each with 
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different photosynthetic, nutrient exchange, and thermoresilience capabilities (Berkelmans and 

van Oppen 2006; LaJeunesse et al. 2009; Swain et al. 2020). The combination of these phylotypes 

build diverse symbiotic communities, which produce functionally distinct coral holobionts (Baker 

2003; Stat et al. 2008; Wall et al. 2020), and in turn, differentially resilient coral reefs. Some 

lineages, such as Durusdinium, offer high thermotolerance in exchange for decreased carbon and 

nitrogen fixation in their hosts (Keshavmurthy et al. 2014; Silverstein et al., 2017). However, 

species-level functional differences can be equally distinct as genus-level functional differences 

(Mansour et al. 2018). Within genus functional diversity was well illustrated in a tank experiment 

with Acropora millepora colonies from of the Great Barrier Reef, which showed the highest 

resilience when dominated by Cladocopium C3k, while the least resilient colonies were inhabited 

mostly by Cladocopium C1232 (Howe-Kerr et al. 2020). 

In the short term, Symbiodiniaceae communities seem largely controlled by the host and 

in the long term, the environment seems more likely to shift symbiont communities (Baker et al. 

2018; Camp et al. 2019; Howe-Kerr et al. 2020). If the environment shifts, and endosymbionts are 

not functionally advantageous, successful acclimation may be caused by shifts in endosymbiont 

community composition, known as symbiont shuffling (Buddemeier and Fautin 1993; Baker 2003; 

Jones et al. 2008). For example, Durusdinium is more common in stressful environments 

(Fabricius et al. 2004; LaJeunesse et al. 2010) or after acute stress events (Baker et al. 2004; 

Berkelmans and van Oppen 2006). However, endosymbiotic Symbiodiniaceae community 

composition can also be remarkably stable (Rouzé et al. 2019) indicating a high level of host-

symbiont specificity and in turn implying high acclimation potential through phenotypic plasticity 

(Goulet 2006). Species of Symbiodiniaceae have been experimentally shown to have varying rates 

of plasticity to environmental change (Mansour et al. 2018); therefore, I predict that the 
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acclimation and adaptation strategy of a coral-associated Symbiodiniaceae assemblage is 

dependent on the inhabitants of the assemblage itself in conjunction with the environmental change 

it regularly experiences. 

In addition to Symbiodiniaceae assemblage adaptation through shifts and shuffling of 

Symbiodiniaceae, assemblages have many proposed methods of acclimation through phenotypic 

plasticity. Generally, Symbiodiniaceae acclimation revolves around modifying the efficiency and 

productivity of their photosystem, as it is the most direct way to regulate ATP and NADPH 

formation, and in turn, the quantity of harmful and beneficial metabolic byproducts (Oakley et al. 

2014). While photosystem acclimation is typically tied to the modification of photosystem 

photochemistry (Warner et al. 2002; Ulstrup et al. 2008; Nitshke et al. 2018), the physical 

reorganization and regulation of photopigments, as well as adjustments to cell morphology, can 

also mitigate stress and promote successful acclimation to different light conditions and may be a 

better representation of long term (months vs days) system regulation (Johnsen et al. 1994; Sawall 

et al. 2014; Xiang et al. 2015; Oliveira et al. 2022). Photoacclimation in situ is well studied along 

light attenuation gradients including depth (Warner et al. 2002; Iglesias-Prieto et al. 2004; Frade 

et al. 2008; Lesser et al. 2010; Cooper et al. 2010) and turbidity (Hennige et al. 2008; Suggett et 

al. 2012). Changes in physiology during seasonal acclimation is also reasonably well described 

(Ulstrup et al. 2008; Sawall et al. 2014; Nitschke et al. 2018) given the functional variance of 

Symbiodiniaceae phylotypes and their ability to differentially regulate their photosystems and 

demonstrating variable sensitive to high light acclimation after thermal exposure (Robison and 

Warner 2006). However, most of this research uses PAM fluorometry to quantify the overall 

photosynthetic efficiency of the system (Warner et al. 1996, Warner et al. 2002; Ralph and 

Gademann 2005; Szabó et al. 2014) and not the underlying phenotype (physiology, morphology, 
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behavior) of individuals within the quantified Symbiodiniaceae assemblage. While informative, 

this resolution is not ideal for in-situ (within the field) or in-hospite (within the host) research 

aiming to better understand acclimation of single cells because the reading can be affected by 

microalgal density and a host morphology (e.g. skeletal morphology) (Wangpraseurt et al. 2019). 

This makes it difficult to partition whether changes in photophysiology, as detected by PAM, are 

caused by changes in community composition, endosymbiotic cell densities, single-cell 

phenotypic plasticity, or other factors. Alternatively, flow cytometry can rapidly quantify 

phenotypic profiles on a per cell basis, mitigating the scalar biases associated with PAM 

fluorometry (discussed in Chapter 1). 

Symbiont shuffling, cell density regulation, and phenotypic plasticity have all been 

proposed as mechanisms to adjust to environmental change (Jones and Yellowlees 1997; Baker 

2001; Baker 2003; Baker 2004; Goulet 2006). Despite the plethora of knowledge on 

Symbiodiniaceae photophysiology, much of our knowledge has not closed the gap in resolving 

how changes in physiology are explained by adaptation (shifts or shuffles in symbiont) versus 

acclimation (physiology of existing community). For example, Symbiodiniaceae cells experience 

no decline in photopigment abundance during coral bleaching (Venn et al. 2006). This could mean 

two things: (1) physiological acclimation of Symbiodiniaceae is separate from coral bleaching 

suggesting decoupled acclimation strategies or (2) Symbiodiniaceae have low physiological 

plasticity suggesting any major change in physiological readings reflect changes in the underlying 

Symbiodiniaceae community. Revealing whether shifts in physiology are a byproduct of 

acclimation through phenotypic plasticity or adaptation through changes in Symbiodiniaceae 

diversity or abundance would provide insight into the resilience, adaptation strategies, and natural 
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history of coral-associated Symbiodiniaceae and help us inform the scale and focus of future 

resilience-based research.  

In this study, I aimed to characterize the A. pulchra-associated Symbiodiniaceae 

assemblage at a community (biodiversity), population (cell density), and individual level 

(morphology and physiology) simultaneously under natural environmental conditions. The genus 

Acropora Oken 1815 is the most diverse and abundant of modern corals making it a popular subject 

for present research (Wallace 1999). Acropora pulchra (Brook, 1891) is a fast-growing staghorn 

coral, which contributes substantially to reef structure providing refuge to a highly diverse 

assemblage of fish and invertebrates. With increased biodiversity comes increased functional 

capacity of an ecosystem (Hooper et al., 2005); therefore, the structurally complex and fast-

growing nature of staghorn corals should directly support resilient reefs in a changing climate. 

However, staghorn corals are heavily impacted by anthropogenic pressures due to their fragile 

skeletal structure and susceptibility to tidal exposure, high temperatures, and disease (Raymundo 

et al. 2017). In Guam, A. pulchra is the most abundant staghorn coral; however, with just two 

consecutive years of anomalously warm sea surface temperature events and extreme tides caused 

the population to decline by over 300,000 square meters (~33% of their estimated distribution) 

(Raymundo et al. 2017; Raymundo et al. 2019). Stress events select for resilient populations, 

meaning that it is possible the most resilient Symbiodiniaceae assemblage is found in surviving A. 

pulchra populations. The repeated sampling of Guam’s dominant staghorn corals, which have 

survived many recent acute stress events, provide succinct and novel insight on Symbiodiniaceae 

assemblage acclimation and adaptation under both long term and short-term environmental 

change. 

2.2 Materials and Methods 
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2.2.1 Colony selection and host identification. To identify the dynamics of Symbiodiniaceae 

assemblages under natural seasonal fluctuation on an island-wide scale, four thickets of A. pulchra 

from five reef flats (20 thickets total) were GPS-tagged around the island of Guam (Micronesia): 

Urunao (N 13.63672° E 144.84527°), West Agaña (N 13.47993° E 144.74278°), Luminao (N 

13.46584° E 144.64496°), Togcha (N 13.36865° E 144.774967°), and Cocos Lagoon (N 13.24596° 

E 144.68475°) (Figure 2.1).  

No coral bleaching was seen at any site for 2021; however these sites represent a range of 

unique bleaching histories, geographical distribution, coral biodiversity, and environmental 

conditions (cf. Raymundo et al., 2017; Raymundo et al., 2019). Urunao (North) was a pristine, 

shallow site with dense thickets of A. pulchra evenly distributed from the algal-dominated reef 

crest to the beach. The sampled colonies formed small clusters of 0.25-1 m2 colonies. The high 

skeletal density of coral colonies is due to the constant high wave energy and shallow reef. The 

surrounding coral community had a relatively high species richness (16) with a live coral to hard 

substrate to soft substrate ratio of 1:1:1. West Agaña (Northwest) appeared to have a large 

community of A. pulchra exposed to moderate water movement on the outside and extremely low 

water movement on the inside. However, surveys revealed a relatively low live coral cover to 

substrate ratio (1:4) and diversity (9) when compared to other sites indicating a highly impacted 

reef system. Luminao (West) had a small, scattered population of reasonably large thickets nested 

within an extensive Porites-dominated reef with a gentle, steady current driven by strong wave 

energy on a distant algal ridge. Like Urunao, Luminao had a relatively high coral diversity, but 

conversely to Urunao and other sites, the Luminao reef surrounding tagged A. pulchra colonies 

was dominated by live coral over substrate. Cocos Lagoon (South) has a few small thickets of A. 
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pulchra growing within the lagoon surrounded by sand and the three dominant poritiids (massive 

Porites, Porites cylindrica, and Porites rus). The other two colonies were within extremely low 

diversity (5), extensive, shallow water (~1 m) Acropora aspera thickets near the edge of the 

lagoon.  Colonies in Cocos Lagoon were notably the least healthy of the entire island with active 

 

Figure 2.1. A) Sampling sites in Guam (scale: 20 km) with each square indicating the location of a reef flat sampled for 

this study: B) Urunao (North), C) West Agaña (Northwest), D) Luminao (West), E) Cocos Lagoon (South), and F) 

Togcha (East). b-f) Within each site, four thickets (1-4) of A. pulchra were georeferenced for repeated sampling. Images 

provided by Google Earth Pro v7.3.4.8248. (scale: 100 m) 
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Terpios sponge infections on most colonies. The only known east-coast population of A. pulchra, 

Togcha (East), is limited to a single population in the high wave energy zone near the reef crest 

(Figure 2.1). All colonies had an extremely high skeletal density and the surrounding reef had by 

far the highest coral diversity. From this point forward sites will primarily be referred to, not by 

their site name, but by the cardinal direction they best represent (‘North’ = Urunao, ‘Northwest’ = 

West Agaña, ‘West’ = Luminao, ‘South’ = Cocos Lagoon, and ‘East’ = Togcha). 

Acropora pulchra colonies were identified and physically selected using a combination of 

past population genetics research (Rios 2020) and systematic knowledge on corallite morphology 

(e.g. half-crescent corallite shape). After tagging colonies, mitochondrial DNA sequences for the 

mitochondrial control region (COX-3) were generated to support our assumption of consistent host 

identification. Genomic DNA was extracted from each sample fragment using the DNeasy® 

PowerSoil Pro Kit®. Sequences were amplified by polymerase chain reaction (PCR) with the 

forward rns_FP1 and reverse cox3_RP1 primers for mitochondrial COX-3 sequences (van Oppen 

et al. 2001). Each PCR reaction volume was 25 μL consisting of 1 μL of DNA (20 ng/μl), 0.75 μl 

of 10 μM forward primer, 0.75 μl of 10 μM reverse primer, 0.75 μl of 2.5 mM dNTP, 16 μl water, 

5 μl buffer (10x), and 0.75 μl Taq (TaKaRa Taq™ DNA Polymerase 1U).  The PCR profile was 

94°C for 180 s, 32 cycles of 94°C for 20 sec, 56°C for 30 sec, 72°C for 1.5 min, and a final 

extension at 72°C for 5 min. PCR products with single strong bands visualized with gel 

electrophoresis were cleaned with the GeneJET PCR purification kit. Samples were sequenced in 

both directions and consensus sequences were generated in Geneious Prime v2021.1.1 

(Biomatters, Auckland, NZ). Sequences were aligned against publicly available sequences on 

NCBI and with locally generated unpublished sequences with MAFFT v7.475 (Katoh and Standley 

2013) using the G-INS-i strategy. Poorly aligned regions were filtered using gblocks v0.91b 
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(Castresana 2000) as implemented in Seaview v5.0.4 (Guoy et al. 2020), allowing for smaller final 

blocks, gap positions, and less strict flanking positions. An approximately-maximum-likelihood 

phylogenetic tree was inferred using FastTree v2.1.11 (Price et al. 2010). Additionally, a maximum 

parsimony haplotype network (P = 0.95) with haplotypes v1.1.2 (Aktas, 2020) R v4.1.2 (R Core 

Team 2021) in RStudio v1.3.1073 (RStudio Team 2020). Phylogenetic tree and haplotype network 

were visualized and edited with FigTree v1.4.4 (Rambaut 2018) and Inkscape v1.1 

(https://inkscape.org/). 

2.2.2 Environmental characterization. To characterize island-wide seasonal environmental 

changes, average sea surface temperature (SST) (NOAA Coral Reef Watch 2019) and precipitation 

(Menne et al. 2012a; Menne et al. 2012b) data were obtained for Guam in 2021. Bleaching risk 

was assessed using NOAA's virtual field station for Guam (Liu et al. 2018). Additionally, historical 

wave height, period, and cardinal direction were downloaded for 2012-2022 from wave buoys at 

Ritidian Point (N Guam) and Ipan (SE Guam), provided by the Pacific Islands Ocean Observing 

System (PacIOOS; www.pacioos.org).  

2.2.3 Tissue sampling. From the island-representative sites, three tissue samples per thicket were 

collected with sterile stony coral cutters from at least three centimeters below the axial growth tip. 

This was repeated for all 20 GPS-tagged colonies within two seasonally relevant time periods: 30 

April - 18 May (1) and 28 July - 15 August 2021. All samples were immediately flash-frozen in 

liquid nitrogen on site, then stored at -80 °C until processing. These samples were subsequently 

used to quantify Symbiodiniaceae biodiversity, cell density, and phenotype, which were processed 

simultaneously to keep all dependent variables paired to the exact source fragment. 

http://www.pacioos.org/
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2.2.4 Symbiodiniaceae ITS2 biodiversity. Genomic DNA was extracted using a Qiagen DNeasy 

PowerSoil Pro Kit (Qiagen, Hilden, Germany) on a Qiacube connect liquid handling system. The 

ITS2 region was amplified via PCR with SYM_VAR_5.8S2 and SYM_VAR_REV primers 

(Hume et al. 2018) using 3 μL of DNA (10 ng/μl), 3 μl of 10 μM primer, 2.4 μl of 2.5 mM dNTP, 

18.6 μl water, 3 μl buffer (10x), and 0.15 μl Taq (TaKaRa Taq™ DNA Polymerase 1U). The PCR 

profile was 26 cycles of 95°C for 40 s, 59°C for 120 s, 72°C for 60 s, and a final extension at 72°C 

for 420 s. ITS2 amplicons were multiplexed and sequenced on a NovaSeq 6000 (250bp Paired-

end; Illumina, San Diego, CA, USA). Paired-end reads were initially analyzed using the SymPortal 

pipeline with default parameters (Hume et al. 2019) to identify Symbiodiniaceae lineages and 

assign ITS2 type profiles.  

2.2.5 Symbiodiniaceae cell density. Coral tissue was airbrushed from the skeleton with filtered 

seawater (FSW) and homogenized using a vortexer and syringe needle-shearing, and then 

subsequently processed using the protocol described in Chapter 1.  

Absolute cell counts were obtained by multiplying cytometry-generated cell concentrations 

by each sample’s dilution factor and tissue homogenate volume to determine total cell count for 

each coral tissue fragment. Cell density per cm2 (Equation 1) was obtained by the normalization 

of cytometry-derived cell counts to the source fragment’s skeletal surface area. To determine 

skeletal surface area, I created a three-dimensional model for each coral fragment built from point 

clouds with 0.010 mm point spacing generated by a jewelry scanner (D3D-s, Vyshneve, Ukraine). 

Prior to scanning, coral fragments were coated with SKD-S2 Aerosol (Magnaflux, Glenview, IL) 

to reduce skeletal light refraction. Point clouds of each fragment were imported into MeshLab 

v2020.04 (Cignoni et al. 2008) to generate a surface mesh by Poisson surface reconstruction. 
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Portions of the fragment that were not covered in tissue prior to airbrushing were removed from 

the reconstructed surface prior to surface area estimation. 

(1) 𝐶𝑒𝑙𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐶𝑒𝑙𝑙 𝐶𝑜𝑢𝑛𝑡⋅𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛⋅𝑇𝑜𝑡𝑎𝑙 𝐻𝑜𝑚𝑜𝑔𝑒𝑛𝑎𝑡𝑒 𝑉𝑜𝑙𝑢𝑚𝑒

𝑆𝑎𝑚𝑝𝑙𝑒 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎
 

2.2.6 Symbiodiniaceae phenotyping. While in Chapter 1, I describe multiple signatures that could 

be used to quantify an entire physiological profile for Symbiodiniaceae, in this study I only use 

readings from the RED-B laser to simplify the narrative and only present the most conservative 

results. From this point forward red fluorescence RFI values will be considered to represent 

relative photopigment abundance (Lesser 1996; Lee et al. 2012; Cooper et al. 2014; Anthony et al. 

2022).  

 In the previous chapter, fluorescent side scatter and forward scatter were used to inform 

cell lysing and swelling during different sample preparation methods, respectively. In this chapter, 

I use fluorescent side scatter and forward scatter to complete our cytometry-derived phenotypic 

profile. When cells are hit with a laser, a certain amount of laser hits the cell, and is scattered in 

alternative directions. This fluorescent scatter is detected by sensors in the flow cytometer and can 

be used as a metric to represent cell roughness (Mullaney et al. 1969; Steen 1980; Watson 1991; 

Shapiro 2003). Similarly, fluorescent forward scatter refers to any fluorescence detected by a 

sensor behind the cell, on the opposite end of the machine from the excitation laser; this reading 

is used to quantify cell size (Mullaney et al. 1969; Steen 1980; Watson 1991; Shapiro 2003; Tzur 

et al. 2011). 

2.2.7 Statistical Analysis. Symbiodiniaceae community structure was compared across sites 

(North, Northwest, West, South, East) and seasons (May, August). Modelled after Eckert et al. 

(2020), relative ITS2 sequence abundances and type profiles were normalized and visualized after 
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metabarcoding data was preprocessed with the SymPortal pipeline (Hume et al. 2019). 

Multivariate homogeneity of dispersion (PERMDISP), pairwise permutation tests, and a 

permutational multivariate analysis of variance (PERMANOVA) were conducted on normalized 

ITS2 type profiles using Vegan v2.5-7 (Oksanen et al. 2020) and pairwise Adonis v0.4 (Martinez 

Arbizu 2017) packages. PERMDISP used Bray-Curtis similarity and permutation tests used Bray-

Curtis dissimilarity. Permutation tests were run with 9999 replicates. 

Cytometric data (cell density, red fluorescence, forward scatter, and side scatter) violated 

the assumption of parametric tests of a normal data distribution, as determined by Shapiro-Wilk 

tests (p < 0.001); therefore all statistical tests were non-parametric and did not assume normality. 

To understand the relationship between cell density, red fluorescence, side scatter, and 

forward scatter, simple non-parametric Spearman correlations were calculated for two groupings 

of paired dependent variables: (1) cell density, red fluorescence, side scatter, and forward scatter 

averaged to the fragment-level triplicate sample replicate and (2) red fluorescence, side scatter, 

and forward scatter without any value summarization, given that flow cytometry automatically 

produces paired RFI data for each cell detected. Calculations were completed using rstatix v0.7.1 

(Kassambara 2022). 

To evaluate factorial contributions to Symbiodiniaceae phenotype and cell density, 

repeated measures, univariate analyses of variance (RM-ANOVA) were performed to evaluate the 

response of cell density, red fluorescence, forward scatter, and side scatter using the 

MANOVA.RM package v0.5.3 (Friedrich et al. 2022). This test neither assumes multivariate 

normality nor covariance matrix specificity, making it robust to repeated measure designs with 

factorial nesting (Friedrich et al. 2019). Main and interaction effects were resampled with 1000 
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non-parametric bootstrap replicates and corrected p-values were calculated for type statistics 

(Friedrich et al. 2019; Friedrich et al. 2022). Prior to any statistical tests, 1000 observations for 

each group were randomly sampled for each cytometry replicate (often from a sample size of > 

100,000 per cell measurements) to reduce the computational requirements of statistical tests and 

decrease the likelihood of overinterpretation.  

In addition to the repeated measures tests, data from the 40 sampling events (five sites, two 

timepoints, and 20 colonies) was evaluated with non-parametric Kruskal-Wallis tests (𝑋2) and 

pairwise Dunn’s tests, as integrated in the FSA package v0.9.3 (Ogle et al. 2022). Statistical 

outputs were then converted to statistical groups based on distributional similarity and difference 

using _rcompanion v2.4.21 (Mangiafico 2023). Each sample distribution was assigned to a 

statistical group (a-s) based on the results of pairwise Dunn’s tests, which better visualized data 

structure and similarity, improving the interpretation of previously calculated repeated measures 

tests. A distribution would be in the same group as another distribution if they were not statistically 

different (e.g. p > 0.001), while distributions would appear in different groups if they were 

statistically different (e.g. p < 0.001). Cell density data distributions were grouped with a standard 

threshold of p = 0.05, while phenotypic measurements were grouped with a threshold of p = 0.001 

to avoid the overinterpretation of effect sizes made stronger by a high sample size (n=1000).  

To test whether underlying phenotypic variation was caused by plasticity or biodiversity, 

ITS2 type profiles identified by metabarcoding were mapped to their fragment’s associated 

phenotypic profile generated by flow cytometry. Phenotypic measurements for the North (the only 

site with heterogenous Symbiodiniaceae biodiversity) were compared using a combination of 

Kruskal-Wallis and Dunn’s tests; with the same process described in the previous paragraph. 
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 All data curation and statistical analyses were completed with R v4.1.2 (R Core Team 

2021) in RStudio v1.3.1073 (RStudio Team 2020) unless otherwise indicated. Figures were 

generated and modified with primarily with a combination of ggplot2 v3.3.5 (Wickham 2016), 

ggpubr v0.4.0 (Kassambara 2020), and InkScape v1.1 (https://inkscape.org). 

2.3 Results 

2.3.1 Host Identification. The phylogenetic tree and haplotypes network suggest extremely high 

genetic similarity, with sequences typically only differing by a single nucleotide (Figure 2.2). I 

recognize that coral population genetics and systematics often requires extremely high genomic 

sampling and that the COX-3 region is not the ideal gene region to understand host genetic 

diversity, as indicated by the extremely low-resolution phylogeny (Figure 2.2A). However, given 

 

Figure 2.2. A) Approximate-Maximum-Likelihood Tree made using the COX-3 region from representatives of 

Acropora. The shaded region highlights sequences from tagged colonies and their site of origin (Figure 2.1). 

White circles indicate highly supported nodes on the phylogenetic hypothesis backbone (FastTree support 

value: >0.9). B) Haplotype network of COX3 sequences from tagged colonies indicating two major haplotypes 

with nine maximum haplotypes indicated by large pink circles. Each line indicates a single nucleotide difference. 

 

https://inkscape.org/
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the high clonality of A. pulchra, as identified by previous population genetics research from Guam 

(Rios 2020), I can reasonably assume that most colonies are A. pulchra. If any corals were a 

misidentification, I would suspect either West Agana 2 or Luminao 1 as indicated by their two and 

three nucleotide differences (Figure 2.2B). After analyzing the rest of the data, these outlier 

colonies did not represent any unique biodiversity, cell density, or phenotypic variance. 

2.3.2 Environment. Guam has distinct windward (East) and leeward sides (West), hence the 

relevance of labeling sites as cardinal directions in the previous section. According to the publicly 

available environmental data provided by PacIOOS (www.pacioos.org), wave energy on Guam 

was highest from December to March with waves, on average, coming from the East year-round 

(Figure 2.3A), the island's windward side. In 2021, Guam did not enter a coral bleaching warning 

(NOAA Coral Reef Watch 2019), presumably due to La Niña, supporting our observations that no 

 

Figure 2.3 A) Spectral polar plots of aggregated historical wave data from Ritidian (red lines) and Ipan (blue 

lines) wave buoys. Monthly mean wave direction (black lines) indicated prevailing swells from the East, the 

windward side of Guam. Waves were higher with shorter periods from January to April, the season that sees strong 

westerly trade winds. (Provided by PacIOOS (www.pacioos.org)). B) Average sea surface temperature (SST) 

(spectral line) (NOAA Coral Reef Watch, 2019), and precipitation (grey bars) (Menne et al., 2012a; Menne et 

al., 2012b) for 2021 showed distinct seasonal patterns. The first set of samples was collected in the first two weeks 

of May (1) during the transitional warming period, while the second set of samples was collected in the first two 

weeks of August (2) during the hot, rainy season. 

 

http://www.pacioos.org/
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bleaching was observed or reported. Therefore, 2021 represents a year characterized by mild 

seasonal fluctuations. The water temperature increased steadily from March to June, remaining 

stable during the following four months. Precipitation followed a similar trend (Figure 2.3B). May 

represented a seasonal transition with warming waters and decreasing wave energy; August was 

characterized by environmental stasis with high water temperatures and low wave energy (Figure 

2.3B). 

2.3.3 Symbiodiniaceae biodiversity. Symbiodiniaceae communities of A. pulchra were largely 

dominated by Cladocopium C40 (Figure 2.3a). Total biodiversity and beta-diversity dispersion 

was determined by site and not by time (Table 1; Figure 2.4). ITS2 type profiles showed 

Symbiodiniaceae community overlap along Guam’s western coast, while southern and eastern IT2 

type profiles were distinct. 

Table 1. Outputs of PERMANOVA and PERMDISP to determine factorial contributions for ITS2-type diversity and 

ITS2 beta-diversity, respectively. 

 

Pairwise permutation tests revealed the North as an outlier, as it was the only site with a 

Durusdinium ITS2 type profile. A pairwise permutation test of the North across seasons indicated 

that communities were not statistically differentiated between sampling time points (F = 

0.5426815, R2 = 0.4945, p = 0.4945); however, plot-specific data suggested Cladocopium-

Durusdinium partitioning from nearshore to farshore colonies, with Durusdinium being more 

common nearshore (Figure 2.7). 

 COMMUNITY 
 ITS2-type Beta-diversity 
 F p F p 

Time 0.437 0.761 0.014 0.906 

Site 88.793 0.001 11.725 <0.001 
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Figure 2.4: ITS2 type diversity (A) and ITS2 type profiles (B) from spatio-temporal sampling across five sites (North, 

Northwest, West, South, and East) and two timepoints (May and August). 

2.3.5 Symbiodiniaceae cell density. Cell density only varied with time (t = 20.81, p = 0.042) (Table 

2), which was primarily driven by changes in cell density at the southern and eastern sites (Figure 

2.6). Pairwise Dunn’s tests did not reveal any obvious factorial structuring (Figure 2.6A). Cell 

density was not correlated to any phenotypic metric (⍴ = 0.096, p = 0.299; ⍴ = 0.021, p = 0.822; ⍴ 

= 0.03, p = 0.742). 

Table 2. RM-ANOVA testing the factorial contribution to 

variation in cell density. 

 

 

 

 POPULATION 
 Cell Density 
 t p 

Time 20.81 0.042 

Site 0.917 0.44 

Time:Site 2.99 0.159 

Site:Plot 0.758 0.516 

Time:Site:Plot 0.711 0.528 
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2.3.6 Symbiodiniaceae phenotypic variation. Symbiodiniaceae phenotypic metrics were heavily 

influenced by time (t = 2165.49, p < 0.001), site (t = 4859.68, p < 0.001), and site within time (t = 

18.661, p < 0.001) (Table 3). Red fluorescence (photopigment abundance) was most influenced 

by site (t = 291.668, p < 0.001); although it was also well influenced by time (t = 1056.04; p = 

0.002) (Table 3). Generally, red fluorescence declined from May to August, aside from a few plot-

specific scenarios, while the site showed a more complex, case-specific partitioning of statistical 

groups (Figure 2.5B). Side scatter (cell roughness) demonstrated a similar data structure of case-

specific partitioning but was especially influenced by site measurements within time (t = 86.503, 

p < 0.001) and did not visually indicate any macro pattern (Figure 2.5C). Forward scatter (cell 

size) was the cleanest data structure, heavily structuring with Site within Time (t = 322.342, p < 

0.001), and experiencing comparatively little within site data variation (Table 3; Figure 2.5D). 

Generally, colonies decreased red fluorescence and forward scatter with temporal sampling; 

however, East colonies demonstrated a reciprocal pattern from the rest of the island with smaller 

cells in May and larger cells in August. 

Time seemed to be especially influential of cell phenotype with low phenotypic variance 

in May and a wide phenotypic variance in August (Figure 2.6A-E). The East site maintained a 

wide phenotypic variance through both temporal sampling points (Figure 2.6E). All phenotypic 

variables were correlated to each other (p < 0.001) (Figure 2.6F). 
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Figure 2.5: Cell density and phenotype variance visualized as boxplots (Site * Season) and Tuft’s boxplots (Plot * 

Site * Season). Colors indicate temporal sampling. Statistical groupings (squares) supported by pairwise Dunn’s tests 

(A: p < 0.05; B-D: p<0.001) reveal data structure hidden by most visualizations and broader statistics. A) Cell density 

shows almost no statistical structure. B-C) Red fluorescence (photopigment abundance) and side scatter (cell 

roughness) show statistically supported, case-specific factorial contributions. D) Forward scatter shows high 

temporally structured statistical groupings. 
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Table 3. RM-MANOVA and three RM-ANOVAs testing the factorial contribution to variation in red fluorescence, 

side scatter, and forward scatter. 

 INDIVIDUAL 

 RED, FSC, SSC RED SSC FSC 

 t p t p t p t p 

Time 2165.49 <0.001 1056.04 0.002 33.978 0.02 5071.41 0.001 

Site 4589.68 <0.001 208.903 <0.001 44.468 0.002 414.256 <0.001 

Time:Site 18.661 <0.001 48.343 0.003 86.503 <0.001 322.342 <0.001 

Site:Plot 162.621 0.116 2.643 0.172 2.863 0.17 2.073 0.230 

Time:Site:Plot 93.414 0.242 0.808 0.489 2.434 0.195 1.567 0.313 

 

 

Figure 2.6. A-E) Three-dimensional dot plots visualizing phenotypic profiles for North (A), Northwest (B), West 

(C), South (D), and East (E) Symbiodiniaceae assemblages across repeated temporal sampling (May & August). 

F) Pairwise spearman correlation rho values (p < 0.001) for red fluorescence, forward scatter, and side scatter.  
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2.3.7 Biodiversity-phenotype association. As discussed in previous sections, only one of the five 

sites indicated co-dominance of ITS2 type profiles within a reef (Figure 2.3). Within this site, type 

profiles progressed from nearshore Durusdinium-dominated colonies to farshore Cladocopium-

dominated colonies (Figure 2.7); therefore, plots were compared to evaluate whether ITS2-type 

profiles were associated with phenotypic variance. Independent from plot, type profiles did not 

differ in cell density (X2 = 5.7604, df = 2, p = 0.05612); despite a visually lower cell density mean 

in Durusdinium-dominated (D1-D4-D10f) colonies (Figure 2.7A). Plot-specific measurements 

illustrated a general increase in cell density as corals approached the wave break, although 

accompanied by high variance. For fluorescence-based measurements, the geography structure of 

ITS2 type profiles made partitioning type-related differences difficult. Two Durusdinium-

dominated and two Cladocopium-dominated colonies co-occured at Plot 2 and Plot 3 providing 

some direct phenotypic comparisons. For colonies within Plot 2, type profile indicates possible 

phenotypic differences; however, co-occuring colonies of the same type profile also demonstrated 

some statistical difference (e.g. Cladocopium-dominated colonies in Plot 3) (Figure 2.7). 

2.4 Discussion 

2.4.1 Geographic structuring of Symbiodiniaceae diversity. I found that A. pulchra-associated 

Symbiodiniaceae communities were geographically structured and temporally stable (Figure 2.3). 

Long-term monitoring of endosymbiotic communities has described high stability and colony-

level specificity (Rouze et al. 2019); however, this high fidelity in A. pulchra is surprising. In 

Acropora, Symbiodiniaceae are acquired from the environment (Baird et al. 2009), suggesting a 

more flexible and diverse assemblage compared to other coral genera (e.g. Qin et al. 2019; Rouzé 

et al. 2017). In contrast, coral colonies sampled by us were almost exclusively dominated by 

Cladocopium C40, with only one site containing Durusdinium D1 (Figure 2.3). C40 and D1 
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Figure 2.7: Cell density (A-B) and phenotypic measurements (C-E) were mapped to samples with successfully 

identified ITS2 type profiles. Sampled plots incrementally stepped across the reef flat from nearshore to farshore 

(1-4) (c.f. Figure 2.1). Separate box plots indicate different colonies sampled within their respective plots (Figure 

2.1). C-E) Letters above each boxplot indicate statistically supported groupings (p <0.001). Different letters 

indicate statistical dissimilarity, while the same letter between two boxplots indicate statistical similarity.  
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represent important lineages associated with reduced coral bleaching rates and increased coral 

survival following stress (Jones et al. 2008; Mieog et al. 2009; Rouzé et al. 2017; Qin et al. 2019).  

The co-occurrence of D1-dominated and C40-dominated ITS2 type profiles within the 

North site (a narrow, shallow reef flat) suggests similar resilience to acute stress events, while the 

nearshore to farshore partitioning could indicate differential resilience to long term chronic 

stressors or environmental conditions. Perhaps Durisdinium was selected for its tolerance to 

slightly warmer waters (Stat et al. 2008; Keshavmurthy et al. 2014; Silverstein et al. 2017), 

assumed by its nearshore position. This supports the hypothesis that the environment seems more 

likely to shift symbiont communities in the long term (Baker et al. 2018; Camp et al. 2019; Howe-

Kerr et al. 2020). If the environment shifts, and Symbiodiniaceae are not functionally 

advantageous, successful acclimation may be caused by shifts in community composition, known 

as symbiont shuffling (Buddemeier and Fautin 1993; Baker 2003; Jones et al. 2008; Zhu et al. 

2022). The dominance of Cladocopium C40 and Durusdinium D1 in A. pulchra on Guam’s 

dynamic reef flats may be the result of selection, perhaps a result of recent environmentally driven 

mass coral mortality events (Raymundo et al. 2017; Raymundo et al. 2019). Perhaps the original 

acquisition of C40 and D1 lineages occurred during coral larval settlement, increasing the 

likelihood of their survival during stress events (Suzuki et al. 2013). Alternatively, the present A. 

pulchra community could be composed of genets that successfully switched symbiont 

communities in response to extreme environmental stress (Buddemeier and Fautin 1993).  

2.4.2 Stochastic variation in cell densities. No trends were apparent in the cell density data (Figure 

2.5A) suggesting that no factors included in this study were good predictors of cell density. This 

was not an anticipated result as corals visually changed color between temporal sampling (Figure 

2.8), and other studies looking at seasonal acclimation of Symbiodiniaceae found a decline in cell 



 

62 

 

density during the hottest part of the year (Fitt et al. 2000; Warner et al. 2002; Ulstrup et al. 2008). 

The lack of a factorial correlation presented in this study is unlikely to be a methodological 

resolution issue as I used the highest resolution cell counting methodology in the field: high-

throughput flow cytometry (Krediet et al. 2015) combined with high-resolution, three-dimensional 

scanning (Reichert et al. 2016). The result presented here may have been caused by a relatively 

mild temporally related temperature increase, a possible byproduct of 2021’s La Niña event. 

2.4.3 Spatio-temporal phenotypic variation. All phenotypic variation was specific to plot, site, 

and time (Table 3; Figure 2.5). Geographically correlated ITS2 biodiversity and stochastic cell 

densities indicates that Symbiodiniaceae phenotypic plasticity is the primary mode of acclimation 

to local environmental conditions and mild environmental change. All phenotypic metrics 

demonstrated some level of positive correlation with each other (Figure 2.6), a reasonably well 

described relationship (e.g. Cooper et al. 2014); and no phenotypic metrics were correlated to cell 

density. Therefore, phenotypic variation was not associated with variation in cell density.  

Red fluorescence decreased from May to August in all colonies (Figure 2.5B) indicating 

an overall reduction of photopigments; the generally expected result based on other literature 

(Porter et al. 1984; Brown et al. 1999; Mass et al. 2007), however, an increase in photopigments 

to seasonal warming has also been reported (Sawall et al. 2014). Cell roughness, measured by 

fluorescent side scatter, illustrated a very similar data structure (Figure 2.6C). While poorly 

studied, cell roughness may be another method for cells to control their light intake, and in turn 

their productivity. Xiang et al. (2015) found that in lower light conditions, Symbiodiniaceae 

reduced the amount of surface adhesion proteins produced, and gained a smoother, less complex 

surface mortality. Perhaps rougher cells scatter a greater amount of light, thus limiting the amount 

of light available to intercellular photosynthetic plastids while a smoother cell could scatter less 
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light, allowing more access for light to reach the light harvesting structures. Unfortunately, the 

lack of clear spatio-temporal structuring in our side scatter data makes it difficult to resolve any 

relationship between side scatter and environment. 

 In contrast to photopigment fluorescence and cell roughness, cell size had an extremely 

clean temporal data structure, primarily demonstrating larger cells in May and smaller cells in 

August (Figure 2.5D). Perhaps this pattern is a broad, seasonal pattern related to the rate of cell 

division. Under heat stress, Symbiodiniaceae proliferation decreases and cells swell (Fujise et al. 

2018), which would lead to us detecting larger cells; this is not what we saw as cells were smaller 

during the warm season in all except one site. While we do not see signs of heat stress, warmer 

temperatures do slow Symbiodiniaceae cell growth and decrease photosystem productivity (Karim 

et al. 2015). This is more representative of the pattern observed here; however, one site complicates 

this interpretation.  

East colonies demonstrated a different phenotypic profile than the other sites with a much 

higher phenotypic variance in May than other sites (Figure 2.6). In May, windward colonies (East) 

displayed a reciprocal pattern in cell size compared to other sites, starting with smaller cells in 

May and converging on the cell sizes more characteristic of the rest of the island in August. Despite 

this, the temporal change in red fluorescence and side scatter of East corals was not much different 

than other sites (Figure 2.5B-C). The only known surviving A. pulchra on the windward side of 

Guam occurs in a limited area near the East site’s algal ridge (Figure 2.1F). From December to 

May, the windward side experienced a high frequency of large swells (Figure 2.2A), which likely 

improved gas exchange (Finelli et al. 2006) and increased the availability of inorganic carbon, 

conditions that would increase the photosynthetic rates of Symbiodiniaceae (Dennison & Barnes 

1988), and in turn the abundance of metabolic byproducts and cellular population. Interestingly, 
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these windward coral colonies 

displayed a distinctive green hue in 

May, presumably caused by green 

fluorescent protein (GFP), which was 

absent in August and not observed at 

other sites (Figure 2.8). If the coral 

host does not regulate its 

Symbiodiniaceae endosymbionts, 

either through ROS scavenging or cell 

density regulation, the relationship 

can switch from symbiotic to parasitic 

(Cunning and Baker 2013; Morris et al. 2019). Coral-host GFP expression has been linked to stress 

mitigation through shading of photosymbionts (Lyndby et al. 2016) and antioxidant activity 

(Palmer et al. 2009). Perhaps the visible expression of GFP (Figure 2.8), coinciding with high 

phenotypic variation (Figure 2.6), smaller cells (Figure 2.5D), and a normal cell density (Figure 

2.5A), was a form of host regulation to avoid a breakdown of symbiosis. In June, warming waters, 

decreased water flow, and increased rainfall may have made host-mediated symbiont regulation 

unnecessary amidst La Niña, which could explain the island-wide convergence of phenotypic 

variance (Figure 2.5; 2.6). This is simply a hypothesis and requires validation, but I can at least 

conclude that colonies in the east site were under different environmental pressures, leading to 

distinct phenotypic patterns and acclimation strategies. 

2.4.4 Phenotypic similarity between type profiles. Species of Symbiodiniaceae have been 

experimentally shown to have varying rates of plasticity to environmental change (Mansour et al. 

 

Figure 2.8: Colonies in different sites demonstrated different 

levels of pigmentation not only from each other, but also across 

seasons, as demonstrated by repeated photographs during May 

and August of the same colonies from the North and East sites. 
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2018); therefore, I predicted that the phenotypic fluctuations of a coral-associated 

Symbiodiniaceae assemblage would vary depending on the underlying diversity of its assemblage. 

The only site capable at beginning to disentangle this hypothesis was the North given its 

codominance of two ITS2 type profiles (Figure 2.4). The functional divergence of these two type 

profiles from nearshore to farshore indicates functional partitioning. However, upon assigning type 

profiles alongside their corresponding phenotypic data, I saw no significant pattern. Colonies from 

nearshore to farshore show some mild patterns of differential phenotypic characteristics, such as 

the higher abundance of photopigments in nearshore colonies versus farshore colonies (Figure 

2.7). However, this variation is most likely not caused by the underlying ITS2 type profile. I 

successfully sampled two colonies within the same GPS-tagged plot with different type profiles. 

One plot showed type-profile specific differences; one did not (Figure 2.7). The colonies with 

different biodiversity related phenotypic characteristics showed no more variation than 

cohabitating colonies of identical type profiles (Figure 2.7). Therefore, neither the underlying 

diversity, nor cell density, explain the observed phenotypic. Instead, phenotypic variation is caused 

by phenotypic plasticity of individual Symbiodiniaceae cells. 

2.5 Conclusions 

As discussed in the introduction, previous research has not begun closing the gap in resolving how 

changes in phenotypic measurements are explained by adaptation (shifts or shuffles in symbiont) 

versus acclimation (phenotypic plasticity of individuals within an existing community). The results 

presented here suggest that Symbiodiniaceae phenotypic plasticity of individual cells is the 

primary mode of acclimation to mild environmental change, while changes in biodiversity are a 

form of long-term assemblage adaptation after acute selective events or in response to chronic 

environmental differences. Cell density did not vary within our data; therefore, I hypothesize 
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fluctuations in cell density only occur at the limits of individual acclimation or act as a rapid 

response to acute stressors and might be tightly associated with shifts in Symbiodiniaceae 

biodiversity. This work leaves many open-ended questions about the acclimation, adaptation, and 

function of Symbiodiniaceae and truly highlights the complexity and diversity of the coral 

holobiont acclimation and adaptation strategies; however, this is the first study, to my knowledge, 

that presents an island wide, repeated sampling with sample-paired, multi-level, quantification for 

the Symbiodiniaceae community, population, and individual cell.  

Next steps should involve the complete quantification of these parameters through seasonal 

fluctuation. It is obvious that time contributes to variation, but with only two temporal samples, it 

is difficult to draw conclusions about acclimation strategies or physiological mechanisms that the 

cause observed variation reported in this study. Additionally, in-situ and ex-situ experimental work 

should aim to better understand type profile-associated functional differences. The heterogeneous 

biodiversity of our Northern colonies (Figure 2.7) could serve as an especially useful experimental 

reef system to pursue these questions. A simple reciprocal transplant between nearshore and 

farshore colonies within this site would be especially informative. Finally, the successful culturing 

followed by controlled ex-hospite physiological experiments would define the functional 

differences and resilience boundaries of Guam’s Acropopra-associated Symbiodiniaceae. Guam’s 

Acropora populations have suffered horribly in the last 10 years (Raymundo et al. 2017; 

Raymundo et al. 2019) but continued work with this research as the foundation could allow us to 

predict populations that are especially resilient to future acute-stress events. 
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