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EPIGRAPH 
 
“Thus, then, for a vegetable cell no more ideal existence can be imagined than that within the body 
of an animal cell of sufficient active vitality to manure it with abundance of carbonic anhydride 
and nitrogenous waste, yet of sufficient transparency to allow the free entrance of the necessary 
light. And conversely, for an animal cell there can be no more ideal existence than to contain a 
sufficient number of vegetable cells, constantly removing its waste products, supplying it with 
oxygen and starch, and being digestible after death.” 
-Patrick Geddes, 1882, On the Nature and Functions of the “Yellow Cells” of Radiolarians and 
Cœlenterates 
 
 
“It don’t gotta be fun to be fun.” 
-Carl Tobin 
…it was pretty fun though 
 
“When in doubt, run it out.” 
-Some wise, foolish soul  
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Photosymbioses between cnidarian hosts and Symbiodiniaceae algae enable the success of 

coral reef ecosystems. Algae remain photosynthetically active in symbiosis capturing light energy 

to fix CO2, evolve O2, and produce photosynthates which are transferred to hosts as substrate for 

growth and metabolism. Host cells phagocytose free-living algae and sequester them in arrested 

phagosomes, termed “symbiosomes,” enabling control over symbionts’ metabolisms promoting 

the production of photosynthates while regulating symbiont population growth. The underlying 
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cellular mechanisms are mostly unknown and only a V-type H+-ATPase (VHA)-dependent 

carbon-concentrating mechanism (CCM) is documented in corals. My thesis sought to identify 

whether the CCM is widespread in cnidarian photosymbioses, establish the CCM’s importance 

under various environmental conditions, and identify nitrogen transport mechanisms. Chapter 2 

describes the cloning of a candidate coral NH3/NH4+ (total ammonia, Tamm) channel (ayRhp1) 

from Acropora yongei. Heterologous expression in Xenopus oocytes and flux assays determined 

ayRhp1 is a dual NH3/CO2 gas channel. Immunofluoresence Airyscan confocal microscopy 

(IACM) revealed ayRhp1 is present in the symbiosome membrane where, together with VHA, it 

concentrates Tamm in the symbiont’s microenvironment. Furthermore, ayRhp1 is preferentially 

present in the symbiosome membrane during the day; presumably to provide algae with Tamm to 

ensure photosynthate production during photosynthesis. Chapter 3 tested whether Cassiopea 

jellyfish, which host their symbiotic algae in motile cells called amebocytes, employ a CCM like 

that from coral host cells. Western blotting and IACM revealed that Cassiopea amebocytes express 

both VHA and carbonic anhydrase (CA) and that both proteins localized to the symbiosome 

membrane. Respirometry using VHA and CA inhibitors revealed significant reductions in O2 

evolution rate, a proxy for photosynthetic activity, suggesting that host VHA and CA are 

functionally coupled in the CCM. Chapter 4 explored the prevalence of the CCM in the coral 

Stylophora pistillata after acclimation to various environmental light conditions. While VHA 

protein abundance correlated with increased irradiance, IACM found limited symbiosomal VHA 

and respirometry experiments did not detect functional evidence for CCMs. Instead, VHA was 

prominently observed in calcifying cells, where it may contribute to pH regulation for 

biomineralization. Together, my thesis advances our mechanistic understanding of nutrient 

exchange in cnidarian photosymbioses.  
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Chapter 1  
 
 
 

General Introduction 



1 

Nutrient Exchange in Coral Photosymbiosis 

Tropical coral reef ecosystems are hotspots of biodiversity that house varied assemblages 

of fishes, invertebrates, and microbial life. Reef-building corals (phylum Cnidaria, order 

Scleractinia) are the keystone species in this ecosystem and are responsible for producing reef 

structures through the deposition of CaCO3 skeletons underneath their tissues. Coral 

biomineralization gives rise to a diversity of skeletal structures which increase the reef’s structural 

complexity and provide shelter for reef fauna. In addition, corals provide multiple benefits to 

human populations: reef structures absorb and dissipate wave energy mitigating coastal erosion 

(reviewed in Knowlton et al. 2010), reefs supply ~10% of human-consumed fish feeding millions 

worldwide (Smith 1978), and reef-associated sponges, cnidarians, seaweeds, mollusks, and 

microbes produce natural products of biomedical interest (reviewed in Carté 1996).  

The success of coral reef ecosystems in oligotrophic oceans is owed to a metabolic 

photosymbiosis between coral animals and endosymbiotic dinoflagellate algae (family 

Symbiodiniaceae). The algae remain photosynthetically active in symbiosis capturing light energy 

to fix CO2, evolve O2, and produce photosynthates (i.e. sugars, lipids, amino acids). Any 

photosynthates produced in excess of the algae’s needs are released to the coral host (reviewed in 

Davy et al. 2012) as fuel for growth and metabolism that in some cases can satisfy over 100% of 

the daily organic carbon demands of the animal (Verde and R. McCloskey 1998; Allemand et al. 

2011; Tanaka et al. 2018). In turn, host respiration generates ample CO2 that fuels symbiont 

photosynthesis and allows abundant release of photosynthates during the day. Protein catabolism 

by the coral host additionally generates a pool of nitrogenous waste that provides symbionts the 

majority of their nitrogen budget (Rahav et al. 1989; Tanaka et al. 2018). Algae need nitrogen to 

sustain a high turnover of photosystem proteins and pigments that are continuously being damaged 
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by ultraviolet radiation and electron transfer; therefore, nitrogen delivery to symbionts is essential 

for efficient photosynthesis and photosynthate supply to the coral host (Grover et al. 2002; Kopp 

et al. 2013; Beraud et al. 2013). Notably, corals preferentially deliver nitrogen to their symbionts 

during daytime when repair of photoproteins is necessitated (Grover et al. 2002; Kopp et al. 2013). 

This strategy helps maintain symbionts in a nitrogen-limited state and potentially regulates algal 

growth rates to match that of slower-dividing coral cells (Falkowski et al. 1993; Yellowlees et al. 

2008). As shifts away from regulated nitrogen delivery can result in symbiont overgrowth, host 

cell death, and termination of the symbiosis (dysbiosis) (Rädecker et al. 2021), host-regulated 

nutrient cycling is an essential hallmark underpinning photosymbiosis. Nitrogen limitation of coral 

symbionts has been known/considered since at least 1983 (D’Elia et al. 1983; Cook and D’Elia 

1987); however the molecular mechanisms enabling host control over nitrogenous metabolite 

exchange are unclear.  

 Coral hosts are believed to control the metabolism of their symbionts to promote the 

production and release of photosynthates while regulating their growth. This control is possible 

because of the architectural arrangement whereby coral gastrodermal cells phagocytose free-living 

algae and sequester them in arrested phagosomes, termed “symbiosomes” (reviewed in Davy et al. 

2012). This arrangement entails a coral-derived intracellular membrane that isolates the symbionts 

both from the host cell’s cytosol and the external environment and mediates all nutrient transfer 

into- and out of the symbiosome. The host may additionally manipulate the alga’s 

microenvironment to promote nutrient cycling and the production and release of photosynthates. 

For example, some symbiosomes can be highly acidic (pH ~4) because of active H+ pumping by 

host V-type H+-ATPases (VHAs) located in the symbiosome membrane (Barott et al. 2015). The 

acidic nature of the symbiosome drives CO2 accumulation as part of a carbon concentrating 
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mechanism (CCM) that helps overcome the low affinity of algal Rubisco for CO2, thereby 

promoting algal photosynthesis (Barott et al. 2015). This H+ gradient has been proposed to 

additionally energize the movement of other essential nutrients and metabolites into or out of the 

symbiosome including nitrogen, phosphorus, and sugars, and to slow down algal division (Barott 

et al. 2015; Tang 2015). However, no additional molecular players or regulatory mechanisms have 

been identified. The first goal of my doctoral research was to identify the mechanisms that mediate 

and regulate nitrogen transfer to symbionts; this work is presented in Chapter 2 of this dissertation.  

Nutrient Exchange in Other Cnidarians 

While the vast majority of marine photosymbiosis research has focused on coral and 

anemone models, photosymbiosis with Symbiodiniaceae algae has evolved multiple times within 

phylum Cnidaria; extant examples are present in classes Hexocoralia (corals and anemones), 

Octocorallia (octocorals), Scyphozoa (jellyfish), and Hydrozoa (hydroids) (Clavijo et al. 2018). 

Interestingly, all these hosts retain algal symbionts in symbiosomes (Davy et al. 2012; Tang 2015). 

This shared architectural feature has unfortunately encouraged researchers to widely apply 

findings from corals to all other cnidarian taxa. For example, the original VHA-dependent CCM 

identified in Acropora yongei  and Stylophora pistillata corals grown in laboratory aquaria (Barott 

et al. 2015) is frequently assumed to apply to all cnidarian hosts without regard to environmental 

conditions (Suggett et al. 2017; Ros et al. 2021; Jacobovitz et al. 2023). However, this assumption 

overlooks potential evolutionary, physiological and environmental variation inherent to the 

various hosts.  

This problem is epitomized by the Upside-Down Jellyfish, Cassiopea ssp. (class 

Scyphozoa). Like corals, Cassiopea ssp. hosts Symbiodiniaceae algae in symbiosomes; however,  

Cassiopea ssp. exhibit numerous differences from corals: they are highly mobile, do not produce 
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a skeleton, and their layer of mesoglea that connects ectodermal and endodermal tissues is greatly 

expanded forming the bell. These characteristics can have important implications on the 

physiology of the symbiosis. Furthermore, instead of hosting symbiotic algae in gastrodermal cells, 

Cassiopea host theirs in amoebocytes, which are highly mobile cells that participate in immune 

functions akin to vertebrate macrophages (discussed in Chapter 3). In addition, each amebocyte 

can host six or more symbionts (Lyndby et al. 2020; Toullec et al. 2024a, b) while coral 

gastrodermal cells typically host one, and two or three on rare occasions (Venn et al. 2009; Barott 

et al. 2015). 

Cassiopea ssp. are a rapidly emerging model to study nervous system development, sleep 

and circadian rhythms, tissue regeneration, chemosensing, and photosymbiosis (Ohdera et al. 

2018; Medina et al. 2021). However, it is not known whether their amebocytes utilize the same 

VHA-driven CCM described for coral gastrodermal cells (Barott et al 2015) or if they have evolved 

different mechanisms. These factors inspired my investigation of CCMs in Cassiopea xamachana 

amoebocytes, which is presented in Chapter 3 of this dissertation. 

Influence of Light on the VHA-Dependent CCM 

Solar irradiance attenuates exponentially with depth but coral hosts can be found across 

pronounced depth gradients: S. pistillata corals for example grow in light environments ranging 

from >1500 μE at ≥ 5m to <50 μE of photosynthetically active radiation (PAR) at 65m (Mass et 

al. 2007). Algal symbionts are sensitive to this gradient and remain photosynthetically active in 

low light environments by employing a suite of light-absorbing photopigments enabling high 

photosynthetic efficiency (reviewed in Roth 2014, Anthony and Hoegh-Guldberg 2003a, b; Mass 

et al. 2007). Notably, corals used to elucidate the VHA-driven CCM were tested at 150 μE and 

displayed robust photosynthetic oxygen evolution (Barott et al. 2015). In contrast, symbionts in 
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high light environments decrease their photosynthetic pigment content and photosynthetic 

efficiency. The reduction in pigments is understood to limit light absorption in excessively high 

light environments that would otherwise lead to photo- and oxidative damage (reviewed in Roth 

2014). Despite their lower pigment content and photosynthetic efficiency, symbionts exhibit 

higher rates of gross photosynthesis and photosynthate production in high light conditions due to 

overall greater solar input. As a result, symbionts in high light environments are predicted to 

require two to four fold more CO2/DIC to sustain photosynthesis than their low-light adapted 

counterparts (Mass et al. 2007). Given our current understanding that the coral CCM saturates 

Rubisco with CO2, we asked whether corals regulate VHA-driven CCM expression across light 

gradients to match DIC delivery rates with algal DIC demands. While one might intuit that corals 

employ more CCMs at high light conditions based on increased algal DIC demand, work on CCMs 

in other marine models paint a complicated picture. VHA-driven CCMs in giant clams (phylum 

Mollusca) contribute equally to symbiont photosynthesis in light environments ranging from 235-

2000 μE PAR (Armstrong et al. 2018). In contrast, VHA-driven CCMs in free-living diatoms make 

the largest contribution to photosynthesis in light-limiting environments (<500 μE PAR) (Yee et 

al. 2023). We addressed this question by raising S. pistillata corals under three ambient light 

conditions and exploring the contributions of coral CCMs to symbiont photosynthesis. Assessing 

VHA’s contribution to coral CCMs is complicated as VHA is present in multiple cell types and 

localizes to a myriad of intracellular compartments including golgi, endoplasmic reticulum, and 

vesicles (Jefferies et al. 2008); therefore, transcriptomic and Western blotting analysis of bulk 

coral tissues cannot adequately predict VHA’s function. Instead, we utilized a combination of 

Western blotting on samples enriched for coral host cells, immunolocalization confocal and 
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Airyscan microscopy, and functional respirometry experiments to assess VHA’s contribution to 

CCMs across light environments; this data is presented in Chapter 4 of this dissertation.  

Additional Topics of Study 

Active research in the Tresguerres Comparative Marine Physiology Lab focuses on topics 

related to acid/base regulation in cnidarians, mollusks, echinoderms, chondrichthyans, and 

teleosts. In addition to my thesis research on cnidarians, I contributed to seven studies as a co-

author which focused on acid/base related topics. These studies (1) review pH microenvironments 

in corals, explore the role of the molecular pH sensor soluble adenyl cyclase (sAC) in (2) coral 

and (3) sea urchin calcification, (4) identify sAC’s role in pHi regulation and hemoglobin-O2 

binding in trout red blood cells, (5) demonstrate VHA’s involvement in promoting anemone 

photosynthesis, (6) examine the role of VHA in sacoglossan sea slug kleptoplasty, and (7) establish 

VHA’s contribution to promoting symbiont selectivity in the bobtail squid. Study abstracts and 

data I contributed are presented in Chapter 5. 
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A Rhesus channel in the coral symbiosome membrane suggests a novel mechanism to regulate 
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Figure 2.1: Functional characterization of total Tamm and CO2 transport by ayRhp1. 
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Figure 2.2: Immunolocalization of ayRhp1. 
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Figure 2.3: Confocal Airyscan immunolocalization of ayRhp1 in the oral epidermis, desmocytes, 

and calcifying cells. 
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Figure 2.4: Confocal Airyscan immunolocalization of ayRhp1 in alga-containing coral cells. 
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Figure 2.5: Model of the coral nitrogen concentrating mechanism in alga-containing coral host 

cells. 
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Supplemental Figure 2.1: Maximum likelihood tree of ayRhp1 in relation to invertebrate and 
vertebrate Rh proteins. Rh family subgroups are denoted by color: Rh30 (yellow), Rhag (blue), 
Rhbg (orange), Rhcg (green), Rhp1 (light and dark purple), and Rhp2 (grey) as per (2). 
Cnidarian Rh proteins are highlighted within the Rhp1 subgroup (light purple). Amino acid 
sequences were aligned using MUSCLE and a maximum likelihood tree was generated using 
RAxML (500 bootstraps, PROTGAMMA model of rate heterogeneity, GTR substitution model). 
Sequences and the outgroup (Nitrosoma europaea Rh) are sourced from (2) with additional 
sequences identified by NCBI BLAST search. Sequence accession numbers are provided in 
Supplementary Table 1. 
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Supplemental Figure 2.2: Alignment of ayRhp1 with Homo sapiens RhCG (NP_001307970.1). 
Conserved (blue) and mismatched (orange) hydrophobic channel-lining residues, conserved 
(green) and mismatched (magenta) cytosolic shunt residues, N-glycan site (black filled 
triangles), CO2 binding pocket (black outlined triangles) as discussed in (35), Phe-gate (red filled 
triangles), twin-Histidines (*), and the highly-conserved aspartate residues ($) as discussed in 
(20, 34) are marked. Gaps in sequences are denoted by black dots. The 12 transmembrane helices 
(TM), as predicted by TMHMM 2.0 (5, 6), for RhCG (20) and ayRhp1 are labeled with spirals. 
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Supplemental Figure 2.3: Effect of [NH3] on Tamm uptake rate in Xenopus oocytes expressing 
ayRhp1. Data shows mean ± S.E.M. of 6-14 oocytes; * denote significant differences (unpaired 
t-test; **p<0.01; ****p<0.001). 
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Supplemental Figure 2.4: Immunohistochemistry and Western blot validation of the custom anti-
ayRhp1 antibody. Tissue sections were incubated with anti-ayRhp1 primary antibody, primary 
antibody with excess peptide, or pre-immune serum at an equal concentration to primary 
antibody alone. Anti-ayRhp1 antibody signal dissipates with peptide incubation and is absent in 
pre-immune serum incubations. (A1-C1) Desmocytes in tissue sections; desmocytes are the most 
brightly-labeled cell type in A. yongei tissues. (A2-C2) corresponding brightfield differential 
interference contrast images. Nuclei are shown in blue, ayRhp1 in red. White arrowheads mark 
corresponding locations in epifluorescence and brightfield images. Scale bars = 10 μm. (D) 
Western Blot validation of the custom ayRhp1 antibody. Membranes were labeled with anti-
ayRhp1 primary antibody, primary antibody with excess peptide, or pre-immune serum at an 
equal concentration to primary antibody alone. 
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Supplemental Figure 2.5: Epifluorescence immunolocalization of ayRhp1 in isolated alga-
hosting gastrodermal cells. (A1) Algal symbiont isolated from its host cell. (B1) A coral host cell 
with ayRhp1 on the symbiosome membrane. (C1) A coral host cell containing two algal 
symbionts with ayRhp1 on both symbiosome membranes. (D1) A coral host cell with ayRhp1 on 
the exterior and sides of the host nucleus. (E-N) Further representative epifluorescence images of 
ayRhp1 in isolated alga-hosting gastrodermal cells. (B1, D1, E1-I1) Cells displaying ayRhp1 in 
the symbiosome membrane; notice the separation of host and algal nuclei by ayRhp1. (D1, F1-
N1) Cells displaying non-symbiosomal ayRhp1; notice ayRhp1 signal exterior to the host nucleus 
and absent between the host and algal nuclei. (A2-N2) Corresponding images without brightfield 
differential interference contrast. Blue arrowheads mark nuclei of host cells; violet arrowheads 
mark ayRhp1 symbiosome localization. Nuclei are shown in blue and ayRhp1 in green. Scale 
bars = 5 μm. 
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Supplemental Figure 2.6: Western blot validation of ayRhp1 expression in Xenopus oocytes. (A) 
Western Blot of once-thawed ayRhp1-expressing (Rh+) and control (C) oocytes, which were 
homogenized and heated at 70°C for 15 min before loading into the gels. PVDF membranes 
were incubated with anti-ayRhp1 antibodies, anti-ayRhp1 antibodies pre-incubated with excess 
peptide (pre-absorption control), or anti-Tubulin antibody (12G10 anti-alpha-tubulin, developed 
by J. Frankel and E.M. Nelsen, and obtained from the Developmental Studies Hybridoma Bank, 
created by the NICHD of the NIH and maintained at The University of Iowa, Department of 
Biology, Iowa City, IA 52242). The anti-ayRhp1 antibodies labeled a ~180 kDa band in Rh+ 
oocytes which was absent in C oocytes (marked with three green asterisks) and in the 
preabsorption control. This band corresponds to ayRhp1 trimers. The antibodies additionally 
labeled a ~29 kDa band in both Rh+ and C oocytes (marked with a black asterisk) which was not 
present in the pre-absorption control; this band represents off-target recognition of Xenopus 
protein(s). The anti-tubulin antibody labeled a ~50 kDa protein in both treatments demonstrating 
equivalent protein concentration in Rh+ and C samples. (B, C) Western Blots of rethawed Rh+ 
(B) and C (C) oocyte homogenates which were heated at 70°C for 15 min before loading into the 
gels. The anti-ayRhp1 antibodies labeled a ~120 kDa band (marked with two red asterisks) and a 
~60 kDa band (marked with one red asterisk) that are absent in the C oocytes and in the pre-
absorption control. These bands correspond to ayRhp1 dimers and monomers, respectively. The 
~29 kDa band is still present in the rethawed homogenates. 
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Supplemental Table 2.1: NCBI accession numbers for sequences used in phylogenetic analysis 

(Fig. S1). 
ID Accession Number Organism ID Accession Number Organism 

1 AY377923.1 Nitrosomonas europaea 50 Q28813.2 Pan troglodytes 
2 MH025799 Acropora yongei 51 P18577.2 Homo sapiens 
3 XP_015769291.1 Acropora digitifera 52 NP_001027987.1 Macaca mulatta 
4 XP_022795556.1 Stylophora pistillata 53 NP_001032956.1 Takifugu rubripes 
5 XP_020600999.1 Orbicella faveolata 54 NP_998010.1 Danio rerio 
6 KXJ18310.1 Exaiptasia pallida 55 AAV28818.1 Ambystoma tigrinum tigrinum 
7 XP_019645061.1 Branchiostoma belcheri 56 XP_018121493.1 Xenopus laevis 
8 XP_006824549.1 Saccoglossus kowalevskii 57 NP_989795.1 Gallus gallus 
9 XP_013381459.1 Lingula anatine 58 NP_776596.1 Bos taurus 

10 KZS19566.1 Daphnia magna 59 NP_001104238.1 Canis lupus familiaris 
11 AFK10779.1 Callorhinchus milii 60 AHY04440.1 Homo sapiens 
12 XP_022107421.1 Acanthaster planci 61 XP_017354151.1 Cebus capucinus imitator 
13 AJF44128.1 Squalus acanthias 62 NP_001266499.1 Gorilla gorilla 
14 XP_002167946.3 Hydra vulgaris 63 AAG00305.1 Pongo pygmaeus 
15 EKC21768.1 Crassostrea gigas 64 NP_956365.2 Danio rerio 
16 AHY27545.2 Portunus trituberculatus 65 NP_001027818.1 Takifugu rubripes 
17 NP_571622.1 Danio rerio 66 NP_001075605.1 Oryctolagus cuniculus 
18 NP_001027816.1 Takifugu rubripes 67 NP_001098561.1 Oryzias latipes 
19 NP_001027817.1 Takifugu rubripes 68 Q3BBX8.1 Tetraodon nigroviridis 
20 XP_001695464.1 Chlamydomonas reinhardtii 69 NP_001011175.1 Xenopus tropicalis 
21 XP_639042.1 Dictyostelium discoideum 70 Q69D48.1 Xenopus laevis 
22 CAA73029.1 Geodia cydonium 71 AAN34362.1 Gallus gallus 
23 AAF97864.1 Caenorhabditis elegans 72 AAF19371.1 Mus musculus 
24 XP_002636925.1 Caenorhabditis briggsae 73 NP_898877.1 Rattus norvegicus 
25 NP_001027959.1 Ciona intestinalis 74 NP_001003017.2 Canis lupus familiaris 
26 AAK50057.2 Carcinus maenas 75 NP_777148.1 Bos taurus 
27 AEA41159.1 Metacarcinus magister 76 NP_999161.1 Sus scrofa 
28 ETN62951.1 Anopheles darlingi 77 NP_001117995.1 Oncorhynchus mykiss 
29 AAV40852.1 Drosophila pseudoobscura 78 AAM90586.1 Danio rerio 
30 NP_001261434.1 Drosophila melanogaster 79 NP_001027934.1 Takifugu rubripes 
31 AAY41910.1 Ciona savignyi 80 Q3BBX7.1 Tetraodon nigroviridis 
32 NP_001019990.1 Danio rerio 81 NP_001116374.1 Oryzias latipes 
33 NP_001117044.1 Salmo salar 82 XP_012814245.1 Xenopus tropicalis 
34 NP_001027935.1 Takifugu rubripes 83 Q5U4V1.1 Xenopus laevis 
35 AAY41905.1 Tetraodon nigroviridis 84 NP_001004370.1 Gallus gallus 
36 NP_001084416.1 Xenopus laevis 85 AAF19373.1 Mus musculus 
37 NP_989798.1 Gallus gallus 86 NP_898876.1 Rattus norvegicus 
38 AAC25123.1 Mus musculus 87 NP_776597.1 Bos taurus 
39 AAP87367.1 Oncorhynchus mykiss 88 NP_001041487.1 Canis lupus familiaris 
40 NP_071950.1 Rattus norvegicus 89 XP_002825848.1 Pongo abelii 
41 NP_777137.1 Bos taurus 90 XP_016782540.1 Pan troglodytes 
42 AAF22442.1 Callithrix jacchus 91 NP_057405.1 Homo sapiens 
43 NP_001041501.1 Canis lupus familiaris 92 BAB39709.1 Dictyostelium discoideum 
44 AAF22501.1 Sapajus apella 93 X77608.1 Saccharomyces cerevisiae 
45 NP_001028136.3 Macaca mulatta 94 AAU81656.1 Takifugu rubripes 
46 NP_999543.1 Sus scrofa 95 NP_001009033.1 Pan troglodytes 
47 NP_001266526.1 Gorilla gorilla 96 AF193807.1 Homo sapiens 
48 XP_003891396.1 Papio anubis 97 AJO26542.1 Erpobdella obscura 
49 AAC94962.1 Pongo pygmaeus    
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Supplemental Table 2.2: Cell count data used for determining diel ayRhp1 localization in coral 
host cells. 
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Chapter 3  
 
 
 

V-type H+-ATPase and carbonic anhydrase support symbiont photosynthesis in Cassiopea 
amoebocytes 
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Abstract 

Nutrient exchange across the symbiosome membrane is a hallmark of photosymbioses 

between intracellular dinoflagellate algae and their cnidarian hosts. Algae translocate 

photosynthetically fixed carbon and O2 to the host which, in turn, supplies the symbiont with 

inorganic carbon to fuel continued photosynthate production. Corals and anemones employ V-type 

H+-ATPase-driven (VHA) carbon concentrating mechanisms (CCMs) to supply symbionts with 

CO2 thereby promoting symbiont photosynthesis. Cassiopea xamachana, the Upside-Down 

Jellyfish, is a rapidly developing model for cnidarian symbiosis. While Cassiopea ssp. retain the 

same symbionts as other cnidarians, their host cells (amoebocytes) exhibit unique developmental 

and architectural differences, namely being highly mobile and containing more symbionts per host 

cell. Given these differences, we sought to explore whether Cassiopea amoebocytes employ an 

analogous VHA-driven CCM. We additionally tested whether carbonic anhydrase (CA) 

contributes to the CCM. We found that C. xamachana amoebocytes express both VHA and CA 

and that VHA was expressed at the highest levels in amoebocytes. VHA localized to the 

symbiosome membrane surrounding symbionts while CA occasionally appeared around the 

periphery of the membrane. Inhibition of both VHA and CA resulted in significant reductions in 

O2 evolution rate, a proxy for photosynthetic activity. These results suggest that host VHA and 

CA are functionally coupled in amoebocyte CCMs and that C. xamachana amoebocytes are 

suitable models for cnidarian host cells at large.  
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Introduction 

Symbiotic associations between animals and microorganisms are ubiquitous in the marine 

world affording both partners metabolic advantages in competitive environments. Upside-Down 

Jellyfish, Cassiopea ssp. (phylum Cnidaria, class Scyphozoa), form a characteristic endosymbiotic 

relationship with Symbiodiniaceae dinoflagellate algae, the same symbionts found in reef-building 

corals and anemones (phylum Cnidaria, class Anthozoa) and giant clams (phylum Mollusca). In 

Cnidarians, the symbiosis is established when free-living dinoflagellates enter the gastrovascular 

cavity and are endocytosed by gastrodermal cells that sequester them in an arrested phagosome 

known as the “symbiosome” [reviewed in (Tang 2015)]. Dinoflagellates remain photosynthetically 

active in symbiosis releasing photosynthates (i.e. sugars, lipids, amino acids) and O2 to the animal 

host [reviewed in (Davy et al. 2012)] thereby satisfying the daily organic carbon demands of the 

animal (Verde and R. McCloskey 1998; Tanaka et al. 2018). In turn, host respiration generates 

ample DIC (dissolved inorganic carbon) to fuel symbiont photosynthesis, support carbon fixation, 

and allow continual release of photosynthates. Therefore, nutrient cycling is a hallmark of 

cnidarian photosymbioses with hosts evolving mechanisms to enhance nutrient transfer to their 

symbionts. 

In the host cells of photosymbiotic cnidarians, the symbiosome is modified to support 

symbiont photosynthesis and nutrient cycling by concentrating CO2/dissolved inorganic carbon 

(DIC) in the symbiont’s microenvironment (Barott et al. 2015, 2022; Hambleton et al. 2019; 

Mashini et al. 2022; Thies et al. 2022). The need for such host cell-driven carbon concentrating 

mechanisms (CCM) is necessitated by algal Rubisco’s low affinity for CO2 which prevents carbon 

fixation from occurring at ambient pCO2 levels, a problem exaggerated in light-limiting, low DIC 

environments (Leggat et al. 2002; Yee et al. 2023). In addition, O2 competes with CO2-binding 



40 

capacity of Rubisco in low-DIC environments thereby necessitating a continued supply of CO2 to 

prevent the generation of reactive oxygen species and damage to symbiont photosystems (Lesser 

1996; Warner et al. 1999). To concentrate DIC, the symbiosome is markedly acidic (pH <6) driven 

by H+ pumping by animal V-type H+-ATPases (VHAs) located in the symbiosome membrane 

(Venn et al. 2009; Barott et al. 2015). This activity establishes a steep pH gradient with the cytosol 

of host cells (~1000x more basic, pHi 7-8) (Venn et al. 2009; Barott et al. 2017) which can drive 

secondary metabolite transport across the symbiosome membrane. In corals and anemones, the 

symbiosomal pH gradient is employed to concentrate CO2 for algal photosynthesis (Barott et al. 

2015, 2022). The pH-dependent nature of DIC speciation between CO2, HCO3-, and CO32- and the 

pHi of cnidarian host cells (pH 7-8) dictates the majority of DIC in animal cells exists as 

membrane-impermeable HCO3-. Given the pKa for HCO3- to CO2 conversion is 6.1, any DIC that 

enters the symbiosome is immediately dehydrated into CO2 which can diffuse across the symbiont 

cell wall and accumulate at the site of carbon fixation. The identity of the transporter(s) responsible 

for HCO3- movement into the symbiosome remains elusive. Notably, VHA-driven acidification 

across epithelia of eukaryotic cells is achieved by functional coupling with carbonic anhydrases 

(CA) to catalyze the interconversion of CO2 and HCO3-/H+ (Tresguerres et al. 2013, 2019). CAs 

have been suggested to support DIC interconversion as part of a CCM in cnidarian host cells (Weis 

1993; Benazet-Tambutte et al. 1996; Al-Moghrabi et al. 1996) however, the putative contribution 

of CAs is not fully established: early microscopy data was hindered by limited resolution and 

pharmacological experiments employed CA-inhibitors at levels likely to cause off-target effects. 

Here, we employ Cassiopea xamachana host cells as a model to investigate if VHA and CA are 

functionally coupled in cnidarian CCMs. 
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Unique to Cassiopea ssp., newly formed symbiosomes are transported to the basal pole of 

the gastrodermal cell, which next detach from the endodermal cell layer and migrate into the 

mesoglea, the connective tissue that separates the ecto- and endodermal cell layers (Fitt and Trench 

1983; Colley and Trench 1985). The mesoglea of Cassiopea ssp. is greatly enlarged relative to 

anthozoans, with two important implications: (1) it allows amoebocytes to expand without the 

spatial constraints imposed by the tightly packed gastrodermal cell layer. Amoebocyte cells host 

up to ten symbionts each, while host cells of corals and anemones typically contain only one, and 

very occasionally two or three (Fitt and Trench 1983; Davy et al. 2012). (2) Amebocytes roam 

throughout the mesoglea enabling widespread distribution of symbiont photosynthates to fuel 

metabolism in non-photosynthetic tissues such as muscle cells (Lyndby et al. 2020). In C. 

xamachana, photosynthate supply from symbionts can exceed host requirements by >70% and 

fuel a daily growth rate of 3% (Welsh et al. 2009). Notably, polyps will not develop into medusae 

until a specific population density of photosynthetically-active symbionts is achieved, which 

highlights the critical importance of the endosymbiosis on the energy budget and life cycle of 

Cassiopea (Hofmann et al. 1978; Jinkerson et al. 2022). Cassiopea ssp. amoebocytes therefore 

present a unique case study for exploring links between phagocytosis, DIC delivery, and the 

evolution of the symbiosome.  

C. xamachana medusae presents an ideal model to investigate whether cnidarians employ 

CAs as part of the symbiosomal CCM. First, amoebocyte-bound symbionts are spatially isolated 

from sources of DIC including respiring non-symbiotic cells, gastric cavities, and seawater by the 

extensive mesoglea network. Isolation in the mesoglea presents a uniquely challenging O2 and 

CO2 microhabitat: the cnidarian mesoglea exhibits low gas permeability (Brafield and Chapman 

1983) resulting in buildup of O2 (Lyndby et al. 2023) and likely depletion of CO2 under 



42 

illumination. In fact, C. xamachana (and some coral) symbionts are naturally DIC limited 

(Rädecker et al. 2017; Roberty et al. 2020). Given that endosymbionts are reliant on amoebocytes 

to supply DIC and nutrients for photosynthesis and growth, amoebocytes may therefore employ 

more CCMs than other cnidarians to concentrate any available DIC for photosynthesis. 

Accordingly, C. xamachana amoebocytes deliver DIC from host tissues, gastric cavities, and 

seawater to intracellular symbionts (Lyndby et al. 2020), yet despite their pivotal role in supporting 

symbiosis, the cellular mechanisms by which amoebocytes promote carbon cycling remain 

completely uninvestigated.  

Second, amoebocytes maintain many more symbionts per host cell than any other 

cnidarian. Such crowding likely contributes to further DIC competition amongst symbionts 

suggesting that amoebocytes have adapted to maximize DIC delivery. This assertion is supported 

by the remarkably fast growth rate of symbionts in C. xamachana which is ~10-fold faster than 

those in stony corals (Muscatine et al. 1984; Wilkerson et al. 1988; Newkirk et al. 2018). Here, we 

explored the hypotheses that C. xamachana amoebocytes employ a VHA-driven CCM to support 

symbiont photosynthesis and that VHA is functionally coupled to CA. We found that (1) symbiotic 

amoebocytes express both VHA B subunit (VHAB) and CA protein; (2) VHAB and CA localize to 

the symbiosome of amoebocyte host cells; (3) VHA and CA activity are required for optimal 

photosynthetic output. Together these results support the conclusion that C. xamachana 

amoebocytes employ a VHA-driven, CA-coupled CCM to support symbiont photosynthesis. This 

study additionally marks the first proteomic characterization of Cassiopea ssp. amoebocytes.  
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Methods 

Animals 

C. xamachana medusae (mixed assemblage of strains T2C, JB2, JB4, and JB8) were 

maintained in a recirculating 100 L aquarium filled with artificial seawater with the following 

conditions: temperature ~25-26 °C; salinity ~36 ppt; alkalinity ~2.4 meq/L; pH ~8.1-8.2; nitrate 0 

ppm; nitrite 0 ppm; total ammonia <0.5 mg/L; calcium ~400 ppm. The aquarium was illuminated 

on a 12 h:12 h cycle with 250 μmol photons m−2 s−1 (μE) of photosynthetically active radiation 

(Hydra 64 HD LED light, Aqua Illumination, Bethlehem, PA, USA) as determined using a MQ-

510 full-spectrum quantum sensor (Apogee Instruments, Inc., Logan, UT, USA). pH and 

temperature were monitored using a HACH PHC101 pH Electrode (HACH, Loveland, CO, USA). 

Total ammonia, nitrate, and nitrite were monitored using API Water Test Kits (Mars Fishcare Inc., 

Chalfont, PA, USA). Calcium and alkalinity levels were measured using marine calcium and 

alkalinity meters (Hanna Instruments Inc., Woonsocket, RI, USA). Animals were fed daily with 

either freshly hatched Artemia (San Francisco Strain, Brine Shrimp Direct, Ogden, UT, USA) or 

a 50:50 mixture of PhytoFeast and OysterFeast (Reef Nutrition, Campbell, CA, USA). 

Antibodies 

Tissues were probed for VHA using a custom rabbit polyclonal antibody developed using 

a peptide antigen matching a conserved region of the VHAB subunit (AREEVPGRRGFPGY; 

GenScript Biotech Corporation, Piscataway, NJ, USA) which is 100% conserved in species 

ranging from corals to humans (Tresguerres et al. 2013; Barott et al. 2015, 2022; Roa and 

Tresguerres 2016; Armstrong et al. 2018; Damsgaard et al. 2020). Based on peptide pre-absorption 

controls (Figure 3.1, Supplemental Figure 3.1) these antibodies also recognize VHAB protein in C. 

xamachana. Antibodies against human CA were purchased from Rockland Inc. (Gilbertsville, PA, 
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USA). These antibodies detect an approximately 30 kDa protein in mammals, fishes, and osedax 

(Yasukawa et al. 2007; Perry et al. 2010; Tresguerres et al. 2013). 

 Western Blotting 

A ~1 cm chunk of C. xamachana bell tissue was flash frozen in liquid nitrogen and 

powdered using a mortar and pestle. Powdered tissue was homogenized in S22 buffer 

supplemented with protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and 

phosphatase inhibitors (PhosStop; Roche Applied Science, Penzberg, Germany) with a glass 

homogenizer on ice. Homogenate was sonicated for 3 x 30 sec bursts with 1 min rests on ice. Cell 

debris was pelleted with a 100 x rcf centrifugation (4 min, 4 °C). Supernatant was sonicated again 

for 2 x 30 sec bursts with 1 min rest on ice. Cell debris was again pelleted with a 300 x rcf 

centrifugation (4 min, 4 °C). Supernatant was saved and subjected to a 3000 rcf centrifugation (4 

min, 4 °C) to generate epidermal (supernatant) and endodermal (pellet) fractions as described for 

corals (Barott et al. 2022); pellet was resuspended in 100 µL homogenization buffer. Protein 

concentrations in both fractions were measured using a Bradford Assay with a bovine serum 

albumin standard curve (BioRad, Hercules, CA, USA). Homogenates were then incubated in 

Laemmli Sample buffer with 5% (v/v) β-mercaptoethanol for 5 min at 95 °C (VHAB) or 15 min at 

70 °C (CA) and equal protein of each fraction was loaded on a sodium dodecyl sulphate–

polyacrylamide gel electrophoresis gel. Proteins were separated at 60 V for 30 min followed by 

200 V for 1 h in Tris-glycine running buffer (25 mM Tris-base, 192 mM glycine, 0.1% (w/v) SDS, 

pH 8.3). Following electrophoresis, proteins were transferred from the gel onto a polyvinylidene 

difluoride (PVDF) membrane using a Mini Tans-Blot Cell (Bio-Rad) filled with Towbin transfer 

buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol, pH 8.3) overnight. The membrane was 

washed for 5 min in Tris-buffered saline with 0.1% Tween (TBS-T) on an orbital shaker at room 
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temperature to remove transfer buffer. The membrane was blocked for 1 h on an orbital shaker in 

blocking buffer (5% (w/v) fat-free milk powder in TBS-T) at room temperature and then incubated 

overnight at 4 °C with either 1.5 µg ml−1 polyclonal anti-VHAB primary antibody, anti-VHAB 

primary antibody with 60x excess peptide on a molar basis (“preabsorption control”), or 4.4 µg 

ml−1 polyclonal anti-CA primary antibody in blocking buffer. The membrane was washed with 3 

x 10 min TBS-T washes before incubation with secondary antibody [goat anti–rabbit–horseradish 

peroxidase (HRP) diluted 1:5000, Bio-Rad] for 1 hour on a shaker at room temperature. 

Membranes were again washed with 3 × 10 min TBS-T washes. Bands were visualized using an 

ECL Prime Western blot Detection Kit (GE Healthcare, Chicago, IL, USA) and imaged using a 

Chemidoc Imaging system (Bio-Rad). Prediction of protein domains was performed using 

InterPro, signal peptides using DeepLoc 2.0, and N-glycosylation sites using NetNGlyc 1.0 (Gupta 

and Brunak 2001; Thumuluri et al. 2022; Paysan-Lafosse et al. 2023).  

Immunohistochemistry (IHC) 

Whole C. xamachana were fixed in 3% paraformaldehyde in S22 buffer (450 mM NaCl, 

10 mM KCl, 58 mM MgCl2, 10 mM CaCl2, 100 mM Hepes, pH 7.8) overnight at 4 °C on an orbital 

shaker. Tissues were dehydrated, embedded in paraffin wax, and sectioned following previously 

described protocols for corals (Barott and Tresguerres 2015). Briefly, tissues were deparaffinized, 

rehydrated, permeabilized in 0.2% Triton-X (v/v) in phosphate buffered saline (PBS-TX) and 

incubated in blocking buffer (2% normal goat serum and 0.5% keyhole limpet hemocyanin in PBS-

TX) for 1 h at room temperature. Sections were incubated overnight (4 °C) with either 0.03 µg 

ml−1 polyclonal anti-VHAB primary antibody in blocking buffer, anti-VHAB primary antibody 

with 13x excess peptide on a molar basis (“preabsorption control”) in blocking buffer, 0.03 µg 

ml−1 polyclonal anti-CA primary antibody in blocking buffer or blocking buffer alone. Sections 
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were washed with 3 x 5 min PBS-TX washes before incubation with 4 µg ml−1 secondary antibody 

(goat anti–rabbit–Alexa Fluor 488; Invitrogen, Carlsbad, CA, USA) in blocking buffer for 1 h at 

room temperature followed by 1 µg ml–1 4′,6-diamidino-2-phenylindole (DAPI) DNA stain 

(Invitrogen) for 5 min. Sections were washed with 3 x 5 min PBS-TX to remove unbound 

secondary antibodies and DAPI.  

Confocal Airyscan microscopy was performed on a Zeiss AxioObserver Z1 connected to 

a laser scanner equipped with 405-, 488-, 561-, and 640-nm laser lines (Zeiss LSM 800 with 

Airyscan, Carl Zeiss AG, Oberkochen, Baden-Württemberg, Germany). This device uses a 32-

channel photomultiplier detector and linear deconvolution to obtain 140-nm lateral (X-Y) and 

400-nm axial (Z) resolution. VHAB/CA and DNA signals in tissue sections were visualized using 

goat anti–rabbit–Alexa Fluor 488 and DAPI stain (Invitrogen), respectively (Alexa Fluor 488—

ex: 488 nm, em: 485 to 593 nm; DAPI—ex: 405 nm, em: 400 to 480 nm). To facilitate 

visualization by color-blind readers, VHAB/CA and DAPI signals are presented using the false 

colors yellow and blue, respectively, in all figures. 

Pulse Amplitude Modulated Fluorometry (PAM) 

The in vivo photosystem efficiency of C. xamachana symbionts was measured using a 

Diving PAM (Heinz Walz GmbH, Germany); data were recorded using the accompanying 

WinControl software (v3.32). Four animals were held in 100% O2-saturated 0.1% (v/v) DMSO 

FSW (26 °C) in darkness (0 μE) for 30 min. 5 spot measurements were taken with saturating light 

pulses (1 s, 470 nm) to measure maximal fluorescence (Fm) in darkness. The same animal was then 

acclimated to 250 μE light for 5 min before a further 5 spot measurements were taken. This 

measurement procedure was repeated with 1 μM ConcanamycinA (ConcA) FSW, 20 μM 

Ethoxzolamide (EZ) FSW, and 100 μM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) FSW. 
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Baseline fluorescence in darkness (F0) was monitored by a modulated measuring light (<1 μE blue 

LED). Maximal photochemical quantum yield in the dark (Fv/Fm) was calculated by: Fv/Fm = (Fm 

– F0)/Fm. Effective photochemical quantum yield under illumination (Y(II)) was calculated as: 

Y(II) = (Fm – F)/Fm where F is the fluorescence level determined immediately before a saturation 

pulse is applied. Light was provided using an ACE Light Source with a full-spectrum halogen 

EKE lamp (Schott AG, Mainz, Germany) and calibrated with a MQ-510 full-spectrum quantum 

sensor (Apogee Instruments, Inc.).  

O2 Microelectrode Recordings 

Dark respiration (R) and net photosynthesis (PN) for individual C. xamachana bell slices 

(~1 cm) were measured in sealed glass chambers at 26 °C using a Clark- type O2 electrode 

(Unisense, Aarhus, Denmark) that was calibrated with anoxic (bubbling with N2 gas) and 100% 

O2-saturated 0.2 μm-filtered seawater (FSW). Experimental chambers were stirred with an internal 

magnetic stir bar and temperature was maintained via external water bath. Data were recorded 

using the accompanying SensorTrace software (v3.4.3; Unisense). R and PN were measured under 

darkness or 250 μE light, respectively. Light was provided using an ACE Light Source with a full-

spectrum halogen EKE lamp (Schott AG) and calibrated with a MQ-510 full-spectrum quantum 

sensor (Apogee Instruments, Inc.). Prior to the start of all microelectrode trials, C. xamachana bell 

chunks were immobilized by trimming the outer rhopalium and nerve ring from the periphery of 

the bell; this halted all rhythmic pulsing of the bell and limited movement to sporadic twitching.  

To test whether DMSO alone effects dark R or PN in C. xamachana, bell chunks were 

placed in 100% O2-saturated FSW in darkness for 15 min before moving into sealed test chambers 

filled with 100% O2-saturated FSW (n = 5). Dark R was measured for 15 min before illuminating 

the animal with 250 μE and measuring PN for 15 min. The animal was rested for 15 min in 100% 
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O2-saturated FSW in darkness before moving into sealed test chambers filled with 100% O2-

saturated 0.1% (v/v) DMSO FSW. Dark R was measured for 15 min before illuminating the animal 

with 250 μE and measuring PN for 15 min. To ignore O2 consumption spikes associated with 

occasional animal twitching, dark R and PN rates were determined by manually fitting trendlines 

to the linear portion of the O2 curves before and after treatment addition (MATLAB R2022a). 

Trendlines were fit in a blind manner: O2 curves were displayed without identifiers and a trendline 

fit by an independent person. Only data from the center of the curves were considered (200-800 

sec).  

To test whether ConcA or EZ effected dark R or PN in C. xamachana, bell chunks were 

placed in 100% O2-saturated FSW in darkness for 15 min before moving into sealed test chambers 

filled with 100% O2-saturated DMSO FSW. Dark R was measured for 15 min before illuminating 

the animal with 250 μE and measuring PN for 15 min. The animal was rested for 15 min in 100% 

O2-saturated FSW in darkness before moving into sealed test chambers filled with 100% O2-

saturated, 1 μM ConcA (n = 6) or 20 μM EZ FSW (n = 6). Dark R was measured for 15 min before 

illuminating the animal with 250 μE and measuring PN for 15 min. This experiment was repeated 

with 100 μM DCMU FSW as a positive control (n = 4). Only bell chunks displaying a positive PN 

rate were included in data analysis. DMSO, ConcA, EZ, and DCMU experiments were repeated 

without any animal tissue (n = 3) as negative controls demonstrating that neither illumination nor 

drugs interacted with the microelectrode. 

Statistics 

Data were analyzed in GraphPad Prism v10.0.1 (San Diego, CA, USA). Outliers were 

removed using the ROUT method at 1% sensitivity and data normality and homogeneity of 

variance were tested using the Shapiro-Wilk normality test. PAM data were analyzed using 



49 

repeated measures one-way ANOVAs with Holm-Šidák’s multiple comparisons tests. 

Microelectrode blank controls were analyzed with two-way repeated measure analysis of variance 

(ANOVA) tests. R and PN data were analyzed using Wilcoxon matched-pairs signed rank or paired 

T-tests.  

Results and Discussion 

Symbiont-Hosting Amoebocytes Express VHAB and CA Protein  

Similar to coral and anemones (Barott et al. 2015, 2022), C. xamachana expressed VHAB 

by Western blotting with specific anti-VHAB and anti-CA antibodies. Anti-VHAB antibodies 

detected a single ~55 kDa band matching the C. xamachana VHAB (Ohdera et al. 2019) (Figure 

3.1A). Notably, VHAB expression was highest in tissue fractions enriched for symbiont-hosting 

amoebocyte cells pointing to a role in maintenance of intracellular symbionts. This finding 

matches results from anemones where host cells expressed the highest VHAB abundance of any 

cell type (Barott et al. 2022). The anti-VHAB antibody’s epitope is 100% conserved in C. 

xamachana and no signal was present in peptide preabsorption controls demonstrating the 

specificity of the anti-VHAB antibody.  

Anti-CA antibodies detected two bands matching a predicted alpha-class CA present in the 

C. xamachana genome (Ohdera et al. 2019) (Figure 3.1B). This protein contains all the putative 

motifs of an alpha-class CA as well as two N-glycosylation sites and an extracellular signal peptide 

suggesting an extracellular or vesicular localization (Supplemental Figure 3.2). Amoebocytes 

express an ~80 kDa band while non-symbiotic cells expressed an additional ~75 kDa band 

matching glycosylated and un-glycosylated variants, respectively. Both CA transcripts were 

expressed at highest levels in non-symbiotic cells consistent with CA’s myriad of physiological 

functions and widespread expression in marine invertebrate cells [reviewed in (Weihrauch and 
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O’Donnell 2017)]. The co-expression of VHAB and CA in amoebocytes suggests possible 

functional coupling in a CCM; we therefore employed immunohistochemical Airyscan confocal 

microscopy (IACM) to assess whether VHAB and CA are symbiosome-associated in amoebocytes.  

 

 
Figure 3.1: Expression of VHAB and CA in C. xamachana. (A) Western Blotting using a custom 
anti-VHAB antibody detected a single 55 kDa band present in non-symbiotic (NS) and 
amoebocyte (Am) cells. Blotting with antibodies preabsorbed with 60-fold excess peptide 
showed no signal. (B) CA expression was probed using a commercial antibody; an 80 kDa band 
was present in both non-symbiotic and amoebocyte cells while a 75 kDa was absent from 
amoebocyte cells. 
VHAB and CA are Present in the Symbiosome Suggesting a Role in Maintenance of Symbiosis 

IACM observations corroborated protein expression data: VHAB was present in epi- and 

endodermal cells bordering seawater and brachial cavities, respectively, as well as symbiont-

hosting amoebocytes (Figure 3.2A-B). In epi- and endodermal cells, VHAB signal displayed a 
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punctate pattern reminiscent of intracellular vesicles. Cnidarian cells continuously pinocytose 

extracellular fluids (Ganot et al. 2020) and the ubiquitous involvement of VHAB in regulating 

vesicle trafficking, acidification, and degradation supports vesicular localization of VHAB 

[reviewed in (Hu et al. 2015)]. Symbiont-hosting amoebocytes displayed the strongest VHAB 

signal: VHAB was most abundant surrounding symbionts consistent with symbiosomal 

localization seen in corals and anemones (Figure 3.2C) (Barott et al. 2015, 2022). This pattern was 

most readily evident in the region immediately between the host and symbiont nuclei where the 

symbiosome membrane is easily identifiable. VHAB-rich, low pH symbiosomes are common 

features of invertebrate-microbial associations where the pH gradient between the host cytosol and 

symbiosome space drives the secondary transport of metabolites (DIC, NH3/NH4+, amino acids, 

etc.) between the symbiotic partners (Barott et al. 2015, 2022; Tang 2015; Thies et al. 2022). The 

VHAB-rich symbiosomes of C. xamachana may retain this function as amoebocytes deliver both 

DIC and NH3/NH4+ to intracellular symbionts (Lyndby et al. 2020); whether amoebocytes employ 

the same mechanism for NH3/NH4+ transport present in corals (Thies et al. 2022) remains untested. 

Notably, 100% of observed symbiosomes displayed VHAB signal. In contrast, corals and 

anemones display a heterogeneous pattern of symbiosomal VHAB expression: many symbiosomes 

display a punctate VHAB signal pattern rather than signal around the entire symbiosome (~86% of 

total cells) while others lack VHAB entirely (Barott et al. 2015, 2022). The invariable presence of 

VHAB in C. xamachana symbiosomes suggests that amoebocytes employ VHAB to drive nutrient 

transport more than other cnidarian host cells. This difference could be attributed to the unique 

low DIC/high O2 characteristics of the mesoglea microenvironment or the high density of 

symbionts and increased competition for DIC in individual amoebocytes. The uniform expression 

of VHAB in amoebocyte symbiosomes additionally supports the hypothesis that while Cassiopea 
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ssp. amoebocytes originate from the gastroderm, they behave more akin to modified 

phagocytes/macrophages than sessile cnidarian host cells. As ‘professional’ phagocytotic immune 

cells, macrophages roam connective tissues phagocytosing and selectively degrading foreign 

material in VHA-rich, low-pH vacuoles (Lukacs et al. 1990). Phagocytotic amoebocytes of non-

symbiotic jellyfish display these characteristics (Chapman 1999; LaDouceur et al. 2013) and C. 

xamachana amoebocytes selectively retain photosynthetically-competent symbionts while 

degrading incompatible symbionts in lysosomes (Fitt and Trench 1983). Given these similarities, 

future studies should focus on aspects of macrophage biology potentially coopted to support 

symbiont photosynthesis and distribution of photoproducts to non-symbiotic tissues. 
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Figure 3.2: IACM localization of VHAB in C. xamachana tissues. (A) Cross-section of bell mantle 
with amoebocytes distributed throughout. Scale bar is 20 µm. (B) Cross-section of oral arms with 
amoebocytes distributed throughout. Scale bar is 20 µm. (C) High magnification view of the 
rectangular region in (A) depicting two amoebocytes containing five and two symbionts, 
respectively. Scale bar is 5 µm. anti-VHAB signal is shown in yellow and nuclear stain in blue. bc-
brachial canal; bm-bell margin; epi-epidermis; endo-endodermis; m-mesoglea; sw-seawater; *-
amoebocyte nuclei. 
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CA, like VHAB, was most abundant in epi- and endodermal cells as well as most symbiont-

bearing amoebocytes. In epi- and endodermal cells, CA displayed cytosolic localization near apical 

membranes bordering seawater and brachial cavities, respectively (Figure 3.3A-B). As CAs play 

a central role in acid-base balance, ion transport, and gas exchange, the association of CA with 

externally-facing membranes is not unexpected and CA likely contributes to these processes in C. 

xamachana [reviewed in (McKenna and Frost 2014; Weihrauch and O’Donnell 2017)]. In 

amoebocytes, CA surrounded the periphery of algal symbionts reminiscent of the symbiosomal 

VHAB signal pattern. We were unable however to visually distinguish if CA was present in the 

symbiosome lumen in addition to the amoebocyte cytosol. Given CA’s extracellular signal peptide, 

we suggest that CA is present both in the amoebocyte cytosol and symbiosome lumen. In the 

cytosol (pHi 7-8), CA catalyzes the hydration of CO2 into H+ and HCO3- which are shuttled into 

the symbiosome via VHA and a HCO3- transporter(s). CA catalyzes the opposite reaction in the 

low pH symbiosome thereby concentrating CO2 in the symbiont’s microenvironment. While 

spontaneous dehydration of HCO3- to CO2 occurs in the low-pH symbiosome, the presence of CA 

would dramatically accelerates this process by 25,000-fold (Gilmour 2011) thereby maintaining a 

continual, inwards HCO3- gradient to promote continued DIC transport and DIC saturation of 

Rubisco. Notably, CA association with the symbiosome membrane was heterogeneous: 

amoebocytes often contained both CA-rich and CA-free symbiosomes (Figure 3.3C) suggesting a 

transient role of CA in supporting symbiont photosynthesis. Together, the presence of VHAB and 

CA in the symbiosome are consistent with our hypothesis that (1) C. xamachana amoebocytes 

employ a VHAB-driven CCM to promote photosynthesis and that (2) VHAB and CA may be 

functionally coupled in this CCM.  
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Figure 3.3: IACM localization of CA in C. xamachana tissues. (A) Cross-section of bell mantle 
with amoebocytes distributed throughout. Scale bar is 20 µm. (B) Cross-section of oral arms with 
amoebocytes distributed throughout. Scale bar is 20 µm. (C) High magnification view of the 
rectangular region in (A) depicting two amoebocytes containing five and seven symbionts, 
respectively. Scale bar is 5 µm. anti-CA signal is shown in yellow and nuclear stain in blue. bc-
brachial canal; bm-bell margin; epi-epidermis; endo-endodermis; m-mesoglea; sw-seawater. 
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C. xamachana Amoebocytes Promote Symbiont Photosynthesis 

 We employed microsensor respirometry to test whether VHA and CA activities promote 

symbiont photosynthesis in C. xamachana. We measured RD and PN rates from chunks of bell 

tissue incubated with specific inhibitors of VHA (ConcA), CA (EZ), and photosystem II (PSII) 

electron transport as a positive control (DCMU). DMSO treatment alone did not alter PN and no 

treatment altered RD (Supplemental Figure 3.3, Supplemental Figure 3.4). PSII inhibition with 

DCMU ablated O2 production confirming that symbionts were photosynthetically active (Figure 

3.4). VHA inhibition with ConcA reduced PN by 47% (Figure 3.4) consistent with results from 

corals, anemones, and giant clams (Barott et al. 2015, 2022; Armstrong et al. 2018). CA inhibition 

with EZ similarly reduced PN by 35% (Figure 3.4).  

To confirm that no treatment other than DCMU interacted with symbiont PSII to artificially 

decrease PN, we used PAM to measure PSII efficiency: only DCMU treatment decreased PSII 

efficiency in both dark- and light-adapted animals (Supplemental Figure 3.5). We therefore 

attribute the decreased PN of ConcA- and EZ-treated animals to altered activity of VHA and CA. 

These results demonstrate that VHA and CA activities promote symbiont photosynthesis in C. 

xamachana. 

Our interpretation is backed by previous results demonstrating that VHA inhibition does 

not lower PN in symbionts freshly isolated from corals (Barott et al. 2015) and that ConcA does 

not impair symbiont light harvesting machinery (Yee et al. 2023). While free-living algal 

symbionts employ CA-enhanced CCMs, we believe that the observed decreases in PN during EZ 

exposure are specifically attributable to C. xamachana CA: first, Symbiodiniaceae symbionts 

downregulate CCM-associated CAs in hospite due to increased DIC access afforded by host CCMs 

(Mashini et al. 2023). Second, algal cell walls are less permeable to small molecules in low pH 
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environments such as the symbiosome (Lavoie et al. 2012). Given that the coral symbiosome is 

acidified to pH ~4 by VHA H+-pumping and that C. xamachana symbiosomes contain more VHA 

than corals, C. xamachana symbionts likely exist in a similarly acidic microenvironment and are 

less amenable to drug delivery in hospite. Finally, the low concentration of EZ used, the short trial 

times, and immediate responses to drug addition suggest that the observed effect is attributable to 

altered function of host CA.  

 
Figure 3.4: Effect of VHA, CA, and PSII inhibition on PN in C. xamachana. Chunks of bell tissue 
were incubated with DMSO then either ConcA (1 μM), EZ (20 μM), or DCMU (100 μM) under 
250 μE light. All treatments lowered PN more than DMSO alone (Paired T-tests; p = 0.0445, p = 
0.0115, and p = 0.0022 respectively). N = 5 for all treatments.  
VHA and CA Are Functionally Coupled in Amoebocyte CCMs  

The results presented here indicate that C. xamachana amoebocytes employ a VHA-driven, 

CA-coupled CCM to support symbiont photosynthesis. In this model (1) CA generates cytosolic 

pools of H+ and HCO3-; (2) VHA and HCO3- transporters concentrate H+ and HCO3- in the 

symbiosome; (3) symbiosomal CA catalyzes the instantaneous formation of CO2 in the symbiont’s 

microenvironment; (4) CO2 freely diffuses along the inwards partial pressure gradient established 

by symbiont carbon fixation to fuel continued photosynthesis (Figure 3.5). The symbiosomal 
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VHA-driven CCM was originally documented in reef-building corals and later in anemones 

(Barott et al. 2015, 2022) but this study presents the first putative evidence for VHA-CA coupling. 

We propose that host VHA-CA coupling may be a feature common to all cnidarian-

Symbiodiniaceae photosymbioses given (1) the presence of functional VHA-dependent, host-

controlled CCMs across multiple classes representing significant evolutionary, morphological, and 

physiological differences; (2) the exclusive retention of Symbiodiniaceae symbionts in 

intracellular digestive compartments, and (3) the ubiquitous coupling of VHA and CAs in digestive 

mechanisms. An analogous VHA-driven CCM exists in giant clams (phylum Mollusca) which 

host Symbiodiniaceae symbionts (Armstrong et al. 2018); here, however, symbionts are retained 

extracellularly in the gastric lumen and VHA pumps H+ across the apical membrane of epithelial 

cells. We posit that host CAs play a homologous role in this association, however, further 

investigation is required.  
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Figure 3.5: Model of host-driven CCM in C. xamachana amoebocytes. (A) Amoebocytes bearing 
many symbionts transit the mesoglea. (B) For clarity, while amoebocytes contain many 
symbiosome-bound symbionts, only a single symbiosome is pictured with a greatly reduced 
symbiont. (1) CO2 enters the amoebocyte cytosol via diffusion from the mesoglea or production 
in mitochondria. (2) CA hydrates CO2 into H+ and HCO3-. (3) H+ is transported into the 
symbiosome by host VHA while (4) HCO3- enters via an unidentified transporter(s). (5) In the 
symbiosome, CA catalyzes the dehydration of H+ and HCO3- into CO2 which diffuses into the 
symbiont (Sym) and the site of carbon fixation. Photosynthesis evolves O2 which diffuses back 
into the animal host while fixed sugars are translocated via unknown mechanisms. 
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Appendix 

 
Supplemental Figure 3.1: IHC validation of antibodies in C. xamachana amoebocytes. (A) anti-
VHAB antibodies. (B) anti-VHAB antibodies incubated with 13-fold excess peptide. (C) Blocking 
buffer only. (D) anti-CA antibodies. (E) Blocking buffer only. Antibody signal is shown in yellow 
and nuclear stain in blue. Amoebocytes are marked in dashed circles. All scale bars are 10 µm. 
epi-epidermis; m-mesoglea; sw-seawater. 
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Supplemental Figure 3.2: Alignment of C. xamachana CA (Protein ID 1670; (Ohdera et al. 2019)) 
with H. sapiens CAII (NP_000058.1). Conserved residues are highlighted in black (BoxShade). 
Extracellular signal peptide (EC Signal Peptide) as predicted by DeepLoc v2.0 (Thumuluri et al. 
2022), disordered regions and a-class carbonic anhydrase domain as predicted by InterPro v98.0 
(Paysan-Lafosse et al. 2023), N-linked glycosylation sites (black triangles) as predicted by 
NetNGlyc v1.0 (Gupta and Brunak 2001) and conserved active sites ($) and zinc-binding domains 
(*) as discussed in (Supuran 2008) are marked.  
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Supplemental Figure 3.3: Effect of VHA, CA, and PSII inhibition on RD in C. xamachana. 
Chunks of bell tissue were incubated with DMSO then either ConcA (1 μM), EZ (20 μM), or 
DCMU (100 μM) in darkness. No treatment altered RD. N = 5 for all treatments. 
 
 
 

 
Supplemental Figure 3.4: Effect of DMSO on PN and RD in C. xamachana. Chunks of bell tissue 
were incubated with FSW then DMSO under 250 μE light or in darkness. DMSO treatment did 
not alter PN nor RD. N = 5 for all treatments. 

 



64 

 
Supplemental Figure 3.5: PAM confirms that only DCMU lowers PSII efficiency in C. xamachana 
symbionts. (A) Effective photochemical quantum yield under illumination (Y(II)). (B) Maximal 
photochemical quantum yield in the dark (Fv/Fm). Whole animals were incubated with DMSO in 
darkness for 30 min before 5 spot measurements were taken. The same animal was then acclimated 
to 250 μE light for 5 min before a further 5 spot measurements were taken. This measurement 
procedure was repeated with 1 μM ConcA, 20 μM EZ, and 100 μM DCMU in FSW. No treatment 
altered Y(II) or Fv/Fm other than DCMU (Repeated Measures One-Way ANOVA; p < 0.0001 and 
p = 0.0005 respectively). N = 4 for all treatments.  
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Supplemental Figure 3.6: Respirometry microsensor is not affected by light exposure nor drug 
treatment. Addition of (A) DMSO, (B) ConcA, (C) EZ, nor (D) DCMU significantly changed 
microelectrode readings in empty respirometry chambers.   
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Abstract 

Tropical coral reefs are built by coral animals (phylum Cnidaria) that form a 

photosymbiotic relationship with dinoflagellate algae (Family Symbiodiniaceae). Symbiont 

photosynthate production during the day (fixed carbon, O2) can satisfy most of the host’s energy 

demands and is linked to light enhanced calcification (LEC). In return, the host provides symbionts 

with CO2, to promote photosynthesis through carbon concentrating mechanisms (CCMs). As 

increased light levels stimulate symbiont photosynthetic rates, we hypothesized that corals 

acclimated to high light conditions would employ more V-type H+-ATPase-driven (VHA) CCMs 

in host cells. To test this hypothesis, we established a recirculating aquarium system (RAS) with 

water chemistry modeled on Pacific coral reefs containing Stylophora pistillata under either 100, 

500, or 1400 µE light. Coral VHA protein abundance increased with increasing light levels. In 

addition, abundance of soluble adenyl cyclase (sAC), a putative molecular pH sensor, was higher 

in the 500 and 1400 µE light treatments. Na+/K+-ATPase (NKA) abundance did not change across 

light treatments. Both VHA and sAC were widely distributed throughout coral tissues, including 

the symbiont containing cells. However, O2 microsensor respirometry revealed that VHA 

inhibition did not affect O2 evolution rate (a proxy for photosynthetic activity) in corals raised at 

100 and 500 µE light and it increased it in corals raised at 1400 µE. Thus, our results indicate that 

the VHA-driven CCM was not functional under our experimental conditions and that VHA 

participates in a net O2-consuming process in high light conditions. We speculate that this process 

may involve VHA-dependent LEC-related pHi and pH regulation of calcifying cells and the 

extracellular calcifying fluid (ECF), respectively. 
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Introduction  

The success of coral reef ecosystems in oligotrophic tropical waters is owed to the 

intracellular photosymbiosis between Symbiodiniaceae dinoflagellate algae and reef-building 

scleractinian corals. Algal symbionts remain photosynthetically active in hospite capturing light 

energy to fix CO2 into sugars and evolve O2. Any fixed carbon produced in excess of the algae’s 

needs is released to the coral host as substrate for growth and metabolism. Release of fixed carbon 

and O2 provides corals with ample substrate to fuel aerobic respiration and sustain high ATP 

regeneration rates during the day. Given sufficient symbiont density and light input, the released 

fixed carbon can meet over 100% of a coral’s daily energy requirements (Tanaka et al. 2018). In 

turn, aerobic respiration throughout the coral colony produces CO2 which regenerates substrate for 

symbiont photosynthesis creating a semi-closed carbon cycling loop. Furthermore, O2 

consumption by the coral holobiont amplifies the outwards O2 diffusion gradient from algae 

ameliorating O2 buildup that could slow photosynthesis via product accumulation. However, some 

fixed carbon is incorporated as new cellular material by algal symbionts, the microbial community, 

and the host mandating the transport of additional dissolved inorganic carbon (DIC) from seawater 

to the symbionts for continual photosynthesis (Muscatine et al. 1984; Tanaka et al. 2018).  

 DIC demands of symbionts are intrinsically linked to the light regime a coral colony 

experiences with those in higher light undergoing higher photosynthetic rates and fixing more DIC. 

Light attenuation occurs exponentially with depth and water turbidity due to suspended particulate 

matter also affects light penetration in a linear matter. S. pistillata for example can be found in 

light environments ranging from <50 μE at 65m depth to ~1500 μE at 5m of photosynthetically 

active radiation (PAR) (Mass et al. 2007). Symbionts in low light environments increase their 

photosynthetic pigments and photosynthetic efficiency to capture and utilize all available light 
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energy but still produce fewer photosynthates than symbionts in higher light environments (Mass 

et al. 2007). As a result of receiving fewer photosynthates, corals exhibit lower respiration, 

calcification, and growth rates (Anthony and Hoegh-Guldberg 2003a, b) and some coral species 

increase heterotrophic feeding to increase their energy budget (Lesser et al. 2010). Coral colonies 

acclimated to high light conditions tend to present the opposite phenotypes: symbionts show 

decreased photosynthetic pigments content and photosynthetic efficiency while corals exhibit 

increased respiration, calcification, and growth rates. Despite their lower pigment content and 

photosynthetic efficiency, symbionts exhibit higher rates of gross photosynthesis in high light 

conditions due to overall greater solar input. Chronic exposure to high light conditions (>1500 μE) 

can be harmful however as the rate of photodamage to symbiont photosystems can outpace repair 

mechanisms (Langdon and Atkinson 2005; reviewed in Tyystjärvi 2013).  

Like light attenuation with depth, diel (day-night) and seasonal cycles have predictable 

effects on light availability; however, other light regimes are dynamic over timescales ranging 

from milliseconds to weeks: shifting surface waves act as lenses focusing light intensity up to 

~9000 μE and >350 times per minute (Stramski and Dera 1988), clouds and storms can decrease 

irradiance by 40-fold and last minutes to weeks (Falkowski and Chen 2003), and tides alter the 

depth of corals which changes light quantity and spectral quality. Dynamic solar input dictates that 

symbiont photosynthetic rates are always changing and DIC supply may not always match 

demand. In these cases, DIC-limitation compounded by damaged photosystems (Langdon and 

Atkinson 2005) can result in the generation of reactive oxygen species (ROS) (Wooldridge 2009): 

DIC-limitation of the Calvin-Benson cycle slows regeneration of NADPH to NADP+, the terminal 

electron acceptor in the electron transport chain (ETC), without which, the ETC becomes blocked 

(reviewed in Murata et al. 2007). As the ETC becomes over-reduced by continued excitation 
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energy, readily-available O2 becomes the energetically favorable terminal electron acceptor 

thereby producing ROS (Lesser 1996a). ROS are harmful to both symbionts and coral host (Lesser 

2006). In fact, many believe that ROS production is the unifying mechanism explaining coral 

bleaching (reviewed in Lesser 2011). It is unsurprising then that photosymbiotic hosts have 

evolved mechanisms to saturate symbionts with DIC to promote continued photosynthesis and 

avoid ROS production.  

As discussed in Chapters 2 and 3, corals, anemones, and jellyfish employ V-type H+-

ATPase (VHA) to concentrate CO2 in the symbiont’s microenvironment. In hospite, corals’ algal 

symbionts are retained in modified phagosomes (“symbiosomes”) of gastrodermal host cells 

(“symbiocytes”). The symbiosome supports symbiont photosynthesis by concentrating CO2 in the 

symbiont’s microenvironment (Barott et al. 2015b, 2022). The need for such symbiocyte-driven 

carbon concentrating mechanisms (CCMs) is necessitated by algal Rubisco’s low affinity for CO2 

which prevents carbon fixation from occurring at ambient pCO2 levels, a problem exaggerated in 

light- or DIC-limiting environments (Leggat et al. 2002; Yee et al. 2023). In addition, O2 competes 

with CO2-binding capacity of Rubisco in low-CO2 environments thereby necessitating a continued 

supply of CO2 to prevent the generation of ROS and damage to symbiont photosystems (Lesser 

1996b; Warner et al. 1999). The pH-dependent nature of DIC speciation between CO2, HCO3-, and 

CO32- and the pHi of cnidarian host cells dictates the majority of DIC in animal cells exists as 

membrane-impermeable HCO3-. The symbiosome is markedly acidic however (pH <6) driven by 

H+ pumping by coral VHA located in the symbiosome membrane (Venn et al. 2009; Barott et al. 

2015b). Given the pKa for HCO3- to CO2 conversion is 6.1, any HCO3- that enters the symbiosome 

is dehydrated into CO2 which can freely diffuse across the symbiont cell wall. While metabolic 

CO2 generated by the host is the major source of DIC for symbiont photosynthesis, the identity of 
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the transporter(s) responsible for HCO3- movement into the symbiosome remains elusive. 

Photosynthetic CO2 consumption exerts a strong alkalinizing force on the cytosol of symbiocytes  

and the coelenteron during the day, while nighttime respiration acidifies these compartments: pHi 

of S. pistillata symbiocytes shifts from ~7.4 in the day to ~7 at night (Laurent et al. 2013) and 

coelomic pH ranges from ~9 in the day to ~6.75 at night (Furla et al. 2000; Agostini et al. 2012).  

A second significant sink for DIC is coral calcification, the process of depositing a CaCO3 

skeleton beneath the animal. This process is orchestrated by calcifying cells which initiate the 

intracellular formation and extracellular deposition of amorphous CaCO3 (ACC) and skeletal 

organic matrix (SOM) proteins and elevate the pH of the extracellular calcifying fluid (ECF) to 

promote precipitation and prevent dissolution of CaCO3 aragonite crystals (reviewed in Tambutté 

et al. 2011; Mass et al. 2017). Intracellular ACC formation is better understood in calcifying cells 

of sea urchin larvae where high pH vesicles are enriched for DIC to form amorphous mineral 

before exocytosing their cargo into the high pH calcifying space (Beniash et al. 1997). Corals are 

believed to employ a similar mechanism (Mass et al. 2017) and maintain high ECF pH. ECF pH 

displays a cyclical pattern shifting from 8.1-8.4 in the dark to 8.7-9.3 in the light (Al-Horani et al. 

2003; Venn et al. 2011). Exact pH values differ between studies but the pattern of high ECF pH 

under illumination is universal. At these values, the aragonite saturation state is 3-11-fold 

hypersaturated in the dark and 20-30-fold in the light enabling calcification during the night and 

day. Conspicuously, reef-building corals demonstrate higher rates of calcification in the light, a 

phenomenon dubbed light-enhanced calcification (LEC); the magnitude of LEC also increases 

with increasing light irradiance (Goreau and Goreau 1959; Vandermeulen 1975). The stimulatory 

effect of light on calcification is linked to photosynthesis and not just to light itself (Colombo-

Pallotta et al. 2010). While several theories have been proposed to explain this link, none are 
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mutually exclusive and many are complimentary: (1) photosynthesis titrates H+ produced during 

calcification allowing for continued export of acid from the ECF (2) symbionts remove PO43-, an 

ion that interferes with aragonite formation, generated by animal metabolism, (3) photosynthates 

are used as precursors to produce SOM proteins, (4) O2 and fixed carbon produced by symbionts 

fuels aerobic metabolism generating DIC and ATP in calcifying cells thereby accelerating the 

calcification process by providing substrate and energy for pHi/ECF pH regulation (reviewed in 

Allemand et al. 2011). To maintain the ECF’s high pH, calcifying cells must export H+ produced 

during mineral formation from (1) the ECF into the cytosol and (2) the cytosol into the mesoglea 

and aboral endoderm. Despite this burden, pHi of calcifying cells remains constant at ~7.4 in both 

light and dark conditions (Venn et al. 2011) suggesting they employ robust pH-sensory and 

regulatory mechanisms.  

Recent work established that calcification rates and ECF pH are regulated by soluble 

adenyl cyclase (sAC) (Barott et al. 2020). sAC is directly stimulated by HCO3- to produce cyclic 

adenosine monophosphate (cAMP), the ubiquitous secondary messenger molecule. In conjunction 

with carbonic anhydrases (CAs), sAC acts as a molecular pH sensor that can coordinate 

downstream cellular ion transport via protein kinase A (PKA) (Alzamora et al. 2010) activity in 

acid-base regulatory epithelia and calcifying cells of many marine organisms including sea urchins 

and marine fishes (Toyofuku et al. 2017; Kwan et al. 2020; Chang et al. 2023). In fish gill cells, 

sAC regulates VHA activity to export H+ in response to acid-base disturbances of extra- and 

intracellular origin. In foraminifera, outwards H+ pumping by VHA raises pHi and maintains a 

pool of CO32- for calcification (Toyofuku et al. 2017). Given its established role in coordinating 

biomineralization and ECF pH, sAC may likewise regulate calcifying cell pHi through modulating 

VHA activity, if VHA is present. Corals produce cAMP at the highest rate of any animal 
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suggesting that sAC is particularly important for regulating responses to acid-base disturbances 

(Barott et al. 2013). Notably, cAMP production fluctuates over diurnal cycles, periods when corals 

experience profound acid-base disturbances associated with photosynthesis and calcification. sAC 

may therefore participate in regulating symbiocyte pHi and coelomic pH in addition.   

In this chapter, we investigate the role of environmental light levels in regulating VHA-

driven CCMs and VHA’s potential role in pHi regulation of calcifying cells during LEC in S. 

pistillata. We established a recirculating aquarium system (RAS) with water chemistry modeled 

on Pacific coral reefs and raised corals under either 100, 500, or 1400 µE light. We evaluated the 

abundance and localization of VHA and sAC proteins using Western blotting and 

immunohistochemistry, respectively. VHA’s contribution to CCMs was tested using 

pharmacology and O2 microsensor respirometry.  

Methods 

Animals 

S. pistillata colonies were maintained in two recirculating 100 L aquaria (RAS) filled with 

artificial seawater: salinity (S1: 34.9 ± 1.0 ppt, S2: 34.6 ± 0.9 ppt), temperature (S1: 26.3 ± 0.8 °C, 

S2: 25.9 ± 0.8 °C), pH (S1: 8.0 ± 0.1, S2: 8.1 ± 0.1), alkalinity (S1: 1.67 ± 0.41 meq L-1, S2: 1.70 

± 0.26 meq L-1), calcium (S1: 379.0 ± 21.2 ppm, S2: 380.7 ± 20.9 ppm), nitrite (S1: 0.0 ± 0.0 ppm, 

S2: 0.0 ± 0.0 ppm), nitrate (S1: 0.0 ± 0.0 ppm, S2: 0.0 ± 0.0 ppm), and total ammonia (S1: 0.02 ± 

0.08 mg L-1, S2: 0.02 ± 0.09 mg L-1) (Supplemental Figure 4.1). Dissolved CO2 (dCO2) was 

measured after the experimental period: 12.76 ± 2.20 μmol L-1. The aquaria were illuminated on a 

12 h:12 h cycle with 100 ± 28 μmol photons m−2 s−1 (μE), 500 ± 14 µE, or 1400 ± 141 µE of 

photosynthetically active radiation covering the full visible spectrum (Hydra 64 HD LED light, 

Aqua Illumination, Bethlehem, PA, USA) as determined using a MQ-510 full-spectrum quantum 
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sensor (Apogee Instruments, Inc., Logan, UT, USA). pH and temperature were monitored using a 

HACH PHC101 pH Electrode (HACH, Loveland, CO, USA). Total ammonia, nitrate, and nitrite 

were monitored using API Water Test Kits (Mars Fishcare Inc., Chalfont, PA, USA). Calcium and 

alkalinity levels were measured using marine calcium and alkalinity meters (Hanna Instruments 

Inc., Woonsocket, RI, USA). dCO2 was measured using a Qubit Systems S157 CO2 Analyzer 

connected to a S400 Rapid dCO2 Sampling System calibrated with N2 and 1000 ppm CO2 gasses 

(Kingston, Ontario, Canada). Animals were fed daily with either freshly-hatched Artemia (San 

Francisco Strain, Brine Shrimp Direct, Ogden, UT, USA) or a 50:50 mixture of PhytoFeast and 

OysterFeast (Reef Nutrition, Campbell, CA, USA). 

Antibodies 

Tissues were probed for VHAB using custom rabbit polyclonal antibodies developed 

against a peptide antigen matching a region of the VHAB subunit (AREEVPGRRGFPGY; 

GenScript Biotech Corporation, Piscataway, NJ, USA) which is 100% conserved in species 

ranging from corals to humans (Tresguerres et al. 2013; Barott et al. 2015b; Roa and Tresguerres 

2016; Armstrong et al. 2018; Damsgaard et al. 2020; Barott et al. 2022). These antibodies were 

previously validated for IHC and Western blotting in S. pistillata (Barott et al. 2015b). Tissues 

were probed for sAC using custom rabbit polyclonal antibodies developed against a peptide 

antigen (LPGDKHEDDPARAL, GenScript) spanning the second catalytic domain of Acropora 

digitifera sAC (Barott et al. 2017). These antibodies were validated for sAC from S. pistillata by 

IHC and Western blotting (Barott et al. 2020). Tissues were probed for NKA using a commercially 

available mouse monoclonal antibody (SC-48345, Santa Cruz Biotechnology, Dallas, TX, USA) 

derived from a polyclonal line previously validated in S. pistillata (Barott et al. 2015a).  
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Western Blotting 

Using methods adapted from (Barott et al. 2015b), S. pistillata tissues were removed from 

their skeletons using an airbrush loaded with homogenization buffer [(S22 buffer supplemented 

with protease inhibitor cocktail (P2714; Sigma-Aldrich, St. Louis, MO, USA) and phosphatase 

inhibitors (PhosStop; Roche Applied Science, Penzberg, Germany)]. The homogenate was 

sonicated on ice for 3 x 15 sec bursts with 1 min rest in-between. The sonicated homogenate was 

then centrifuged (500 x g, 15 min, 4 °C) to pellet down debris and symbiotic algae. The supernatant 

was then centrifuged (21,000 x g, 30 min, 4 °C) and the membrane-enriched pellet was 

resuspended in 150 µL homogenization buffer and frozen at -80 °C overnight. Protein 

concentrations in membrane-enriched fractions were determined using a Bradford Protein Assay 

(Bio-Rad, Hercules, CA, USA). Membrane-enriched fractions were mixed with 2x Laemmli buffer 

(Bio-Rad) containing 10% β-mercaptoethanol. Aliquots for VHAB and sAC blotting were 

denatured at 90 °C for 5 min while those for NKA were incubated at room temperature (21 °C) for 

15 min. 25 μg protein and 4 μl of Precision Plus Dual Color Protein Standards (Bio-Rad) were 

loaded into a 10% polyacrylamide SDS-PAGE gel in a Mini-Trans Blot Cell (Bio-Rad) with 

running buffer (25 mM Tris, 190 mM glycine, 0.1% SDS). Electrophoresis was run for 2 h at 100 

V (4 °C). Following electrophoresis, the gel was rinsed with distilled water and equilibrated in 

Towbin buffer (25 mM Tris pH 8.3, 192 mM glycine, 20% (v/v) methanol) for 15 min. Proteins 

were transferred from the gel onto a PVDF membrane using a Mini Tans-Blot Cell (Bio-Rad) 

overnight in Towbin buffer (0.09 A, 4°C). PVDF membranes were washed in Tris-Buffered Saline 

+ 0.1% Tween detergent (TBS-T) for 15 min on a shaker at room temperature to remove excess 

transfer buffer prior to blocking. PDVF membranes were then blocked with 10% powdered fat-

free milk in TBS-T for 1 h on a shaker at room temperature. Following blocking, membranes were 
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incubated overnight on a shaker (4 °C) with anti-VHAB (0.329 μg/ml), anti-sAC (0.55 μg/ml), or 

anti-NKA (0.2 μg/ml) primary antibodies in blocking buffer. Membranes were washed with 3 x 

10 min TBS-T washes prior to incubation with secondary antibody (goat anti-rabbit-HRP diluted 

1:10,000, Bio-Rad) for 1 h on a shaker at room temperature. Membranes were again washed with 

3 x 10 min TBS-T washes prior to band development with an ECL Prime Western Blot Detection 

Kit (GE Healthcare, Chicago, IL, USA) and imaged using a Chemidoc Imaging system (Bio-Rad) 

(Supplemental Figure 4.2).  

Immunohistochemistry (IHC) 

S. pistillata colonies were fixed and decalcified following previously described methods 

(Barott and Tresguerres 2015; Barott et al. 2015b, 2017, 2020; Thies et al. 2022). Briefly, tissues 

were fixed in 3% paraformaldehyde in S22 buffer overnight at 4 °C on an orbital shaker. To 

decalcify the tissues, samples were incubated in Ca-free S22 buffer supplemented with 0.5 M 

EDTA and 0.5% paraformaldehyde changed daily for two weeks. Tissues were dehydrated, 

embedded in paraffin wax, and sectioned following previously described protocols for corals 

(Barott and Tresguerres 2015). Tissues were deparaffinized, rehydrated, permeabilized in 0.2% 

Triton-X (v/v) in phosphate buffered saline (PBS-TX) and incubated in blocking buffer (2% 

normal goat serum and 0.5% keyhole limpet hemocyanin in PBS-TX) for 1 h at room temperature. 

Sections were incubated overnight (4 °C) with either anti-VHAB (0.98 μg/ml), anti-sAC (1.10 

μg/ml), or anti-NKA (0.80 μg/ml) primary antibodies in blocking buffer or blocking buffer alone 

(negative control). Sections were washed with 3 x 5 min PBS-TX washes before incubation with 

4 µg ml−1 secondary antibody (goat anti–rabbit–Alexa Fluor 555 or goat anti–mouse–Alexa Fluor 

568; Invitrogen, Carlsbad, CA, USA) in blocking buffer for 1 h at room temperature followed by 

1 µg ml–1 4′,6-diamidino-2-phenylindole (DAPI) DNA stain (Invitrogen) for 5 min. Sections were 
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washed with 3 x 5 min PBS-TX to remove unbound secondary antibodies and DAPI. Samples 

were mounted in ProLong Gold Antifade Mountant (P36930; Invitrogen). Native Symbiodiniaceae 

chlorophyll A (ChlA) signal is retained during this protocol. Negative control images are presented 

in (Supplemental Figure 4.4). 

Confocal Airyscan microscopy was performed on a Zeiss AxioObserver Z1 connected to 

a laser scanner equipped with 405-, 488-, 561-, and 640-nm laser lines (Zeiss LSM 800 with 

Airyscan, Carl Zeiss AG, Oberkochen, Baden-Württemberg, Germany). This device uses a 32-

channel photomultiplier detector and linear deconvolution to obtain 140-nm lateral (X-Y) and 400-

nm axial (Z) resolution.  

O2 Microelectrode Recordings 

Dark respiration (RD) and net photosynthesis (PN) was measured for individual S. pistillata 

colonies. 1 cm length clippings were placed in sealed glass respirometry chambers and dissolved 

O2 was measured using a Clark-type O2 electrode (Unisense, Aarhus, Denmark) that was calibrated 

with anoxic (bubbling with N2 gas) and 100% O2-saturated 0.2 μm-filtered seawater (FSW, 25 °C, 

35 ppt salinity). Experimental chambers were stirred with an internal magnetic stir bar and 

temperature was maintained via external water bath. Data were recorded using the accompanying 

SensorTrace software (v3.4.3; Unisense). Light was provided using an ACE Light Source with a 

full-spectrum halogen EKE lamp (Schott AG, Mainz, Germany) and calibrated with a MQ-510 

full-spectrum quantum sensor (Apogee Instruments, Inc.). Coral clippings were preincubated in 

darkness for 15 min prior to experimental recordings to allow RD to stabilize. Clippings were then 

moved to respirometry chambers filled with FSW and RD was measured for 15 min. The chamber 

was then illuminated with 100, 500, or 1400 μE light, depending on experimental treatment and 

PN was measured for 15 min. Following FSW recordings, the animal was moved into fresh FSW 
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and incubated in darkness for 15 min. Clippings were then moved into fresh respirometry chambers 

filled with solutions of 0.667 μL/mL DMSO or 0.667 μL/mL ConcanamycinA (ConcA; 1μM final 

concentration) dissolved in FSW. RD was measured for 15 min prior to illumination at the 

treatment light level and PN recording for 15 min. Linear trendlines were fit to the full 15 min 

recordings. N = 6 for all experimental treatments. 

Statistics 

Data were analyzed in GraphPad Prism v10.0.1 (San Diego, CA, USA). Outliers were 

removed using the ROUT method at 1% sensitivity and data normality and homogeneity of 

variance were tested using the Shapiro-Wilk normality test. Western blot data were analyzed with 

Brown-Forsythe and Welch ANOVAs or Kruskal-Wallis tests. Respirometry data were analyzed 

using 2-Way RM ANOVAs with the Geisser-Greenhouse correction and Dunett's multiple 

comparisons tests. 

Results and Discussion 

Changes in Visual Appearance and Polyp Behavior Associated with Light Level 

 Corals grew in the RAS under all light conditions however, their appearance differed 

between treatments. S. pistillata grown at 100 μE appeared brown (Supplemental Figure 4.5) 

consistent with an abundance of algal symbionts in their tissues and high chlorophyll content per 

symbiont. In contrast, S. pistillata grown at 1400 μE shifted to a light pink-white coloration 

indicative of a shift in pigment content in both the coral and symbionts. Commonly referred to as 

the “pink pigmentation response,” this phenotype results from production of nonfluorescent 

chromoproteins and fluorescent proteins in coral cells and altered chlorophyll per symbiont 

(Suzuki et al. 2024). Corals grown at 500 μE displayed an intermediate color phenotype. 

Additionally, polyps of corals at 100 μE were fully-extended during the day while those at 1400 



84 

μE remained retracted (Supplemental Figure 4.5A,C,D,F). Polyp extension/retraction is a behavior 

used to modulate light availability to symbionts and allows animals to self-shade in high-light 

environments (Wangpraseurt et al. 2014). We interpret this behavior as evidence that corals at 

1400 μE are actively limiting light delivery to symbionts, possibly as a photoprotective 

mechanism.  

Protein Expression of VHA, sAC, and NKA 

Similar to S. pistillata grown in flowthrough aquaria (Barott et al. 2015a, b, 2020), S. 

pistillata corals raised in the RAS expressed VHAB, sAC, and NKA protein by Western blotting 

of whole tissue homogenate (Supplemental Figure 4.2). Anti-VHAB, -sAC, and -NKA antibodies 

detected single ~50, ~90, or ~130 kDa bands, respectively, matching S. pistillata proteins and 

consistent with previous findings. Notably, corals raised at 500 or 1400 μE expressed 1.7- or 2.7-

fold more VHAB than those raised at 100 μE (Figure 4.1A; ANOVA: F2, 12.9 = 21.21, p = 0.0009). 

Increased light availability enables faster rates of symbiont photosynthesis and consequently, 

requires faster rates of DIC delivery into symbiosomes. Increased abundance of VHAB in corals 

grown at higher light conditions suggests that hosts upregulate the VHA-powered CCMs to meet 

symbionts’ DIC demands, prevent carbon-limitation, overcome O2 competition for rubisco, and 

thus maximize their photosynthetic output. Symbiosomal VHA could titrate H+ generated by 

daytime calcification and direct it into the CCM. Alternatively, VHAB could be expressed in cells 

other than symbiocytes such as epidermal cells bordering seawater, non-symbiotic gastrodermal 

cells, or potentially even calcifying cells. Calcification rates increase with light irradiance and 

generates H+ which must be exported from sites of calcification to the coelenteron or seawater; 

VHA in the basolateral membrane of calcifying cells or apical membrane of aboral endodermal 

cells could perform this function. 
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sAC expression increased 2.1-fold from 100 to 500 μE (Figure 4.1B; ANOVA: F2, 6.776 = 

2.099, p = 0.0009) but it did not increase further at 1400 μE. The increased sAC abundance at 500 

and 1400 μE suggests that S. pistillata experience more frequent and/or larger magnitude pH 

disturbances at higher light levels possibly associated with higher rates of photosynthesis and 

calcification.   

Finally, NKA expression did not vary among light treatments (Figure 4.1C; Kruskal-

Wallis: p = 0.2003); this is surprising given that (1) NKA is present in the basolateral membrane 

of calcifying cells and potentially energizes secondary active transport to support calcification 

(Barott et al. 2015a; Thies et al. 2022) and (2) calcification rates increase with light irradiance. 

However, as Western blotting used homogenates of whole tissues, this result could be explained 

by coincident downregulation of NKA in other tissues.  

Western blotting on bulk tissues cannot determine the localization of proteins in specific 

cell subtypes or subcellular compartments which complicates interpreting the physiological 

significance of the observed protein abundance patterns in response to light. Thus, we employed 

immunofluorescence confocal microscopy (ICM) to establish the cellular and subcellular 

localizations of VHAB and sAC. Given the time required to obtain and analyze high quality images 

via ICM, we were limited to observing only samples from 100 and 1400 μE conditions. 
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Figure 4.1: Relative VHAB, sAC, and NKA protein abundance in S. pistillata raised at 100, 500, 
and 1400 μE. Protein abundance was measured by Western blot (Supplemental Figure 4.2). n = 
5-6 for all treatments, error bars = ± SEM. Data were tested using Brown-Forsythe and Welch 1-
Way ANOVAs or Kruskal-Wallis tests; * (p < 0.05), *** (p < 0.001).  
VHAB Is Present in Epidermal Cells, Symbiocytes, and Calcifying Cells 

 In epidermal cells from corals grown at 100 μE, VHAB immunofluorescence displayed a 

faint and punctate pattern (Figure 4.2, Supplemental Figure 4.6). This localization may be related 

to the ubiquitous involvement of VHAB in regulating vesicle dynamics (reviewed in Hu et al. 2015) 

and to the continuous pinocytosis of extracellular fluids by Cnidarian cells (Ganot et al. 2020). In 

addition to stronger vesicular-like staining, epidermal VHAB in corals grown at 1400 μE displayed 

strong apical membrane localization including in microvilli projecting into mucus and seawater 

(Figure 4.2). This pattern suggests that S. pistillata grown at 1400 μE employ VHA to excrete 

excess H+ into their environment or energize the absorption or excretion of other molecules.  
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Figure 4.2: VHAB localization in epidermal cells of S. pistillata raised at 100 and 1400 μE. Scale 
bar is 20 µm. sw – seawater, c – coelenteron.  

Symbiocytes in the tentacle and coenosarc gastric cavity (Figure 4.3Figure 4.4) displayed 

robust VHAB signal in corals from both light levels. At 100 μE, VHAB localized to vesicles 

associated with the apical membrane where exchange with the coelenteron occurs. Akin to 

epidermal cells, this pattern supports a role for VHA in symbiocyte pinocytosis of coelomic fluids 

and phagocytosis of suspended particles (reviwed in Hu et al. 2015; Ganot et al. 2020). In contrast, 

symbiocytes from corals raised at 1400 μE showed increased VHAB signal encircling symbionts 

consistent with VHAB in the symbiosome membrane. This observation supports our hypothesis 

that S. pistillata grown in high light employ more VHA-driven CCMs than those in low light to 

meet the DIC demands of symbionts; functional respirometry experiments were employed to test 

this hypothesis (see below). Notably, RAS-raised S. pistillata displayed occasional symbiosomal 

VHA localization, markedly less common than reported in (Barott et al. 2015b). This discrepancy 
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could be explained by putative differences in water chemistry (alkalinity, dCO2, dissolved 

nutrients) between studies. 

 
Figure 4.3: VHAB localization in the tentacle of S. pistillata raised at 100 and 1400 μE. Scale bar 
is 20 µm. sw – seawater. 



89 

 
Figure 4.4: VHAB localization in symbiocytes of S. pistillata raised at 100 and 1400 μE. Scale 
bar is 20 µm. sw – seawater, sk – skeleton, c – coelenteron. 

Notably, calcifying cells from S. pistillata grown at both 100 and 1400 μE displayed strong 

VHAB signal, a localization which has never been reported (Supplemental Figure 4.6). Discerning 

VHAB’s subcellular localization in the calcifying cells was complicated however by the 

morphology of this cell type: they are extremely thin (<300 nm) and form an interdigitating 

intercellular meshwork that makes identifying apical and basolateral membranes very challenging 

(Barott et al. 2015a; Barron et al. 2018). To overcome this limitation, we employed Airyscan 

confocal microscopy (140 nm xy-resolution) on samples co-labeled with NKA, which is present 

in the basolateral membrane of coral calcifying cells (Barott et al. 2015a; Thies et al. 2022). 

Airyscan observations revealed that VHAB localized to cytosolic vesicles, basolateral membranes, 

and apical membranes facing the ECF and skeleton (Figure 4.5C-D).  Calcifying cells from corals 

grown at 1400 μE tended to show higher VHAB signal suggesting that VHA is involved in a light-
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sensitive process. The role of VHA in calcifying cells is discussed in detail in the following 

sections.   

 
Figure 4.5: VHAB localization in two morphologies of calcifying cells of S. pistillata raised at 100 
and 1400 μE. (A-B) Extensions of calcifying cells with apical pits. (C-D) Single layers of 
calcifying cells. Scale bar is 5 µm (A-B) and 3 µm (C-D). sk – skeleton, * – apical pits, ap – apical 
membrane, baso – basolateral membrane. 
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sAC Is Widely Expressed in S. pistillata Tissues  

 Coral sAC was widely expressed in all cell types consistent with it’s central physiological 

role as a pH sensor (Barott et al. 2013, 2017; reviewed in Tresguerres et al. 2017). sAC displayed 

diffuse cytosolic localization in epidermal cells from corals grown at both 100 and 1400 μE (Figure 

4.6, Supplemental Figure 4.7). Here, sAC may play a role in regulating metabolism, pHi, or pH of 

the mucus layer produced by epidermal cells. As the mucus layer hosts an extensive microbiome 

which contributes to both pathogen defense (Rohwer et al. 2002; Shnit-Orland and Kushmaro 

2009) and nutrient cycling (Siboni et al. 2008), sAC may play an important role in regulating coral-

microbe interactions along the mucus-epidermal boundary and deserves future attention. 

 
Figure 4.6: sAC localization in epidermal cells of S. pistillata raised at 100 and 1400 μE. Scale 
bar is 20 µm. sw – seawater, c – coelenteron.  

Symbiocytes in the tentacle displayed diffuse sAC signal both around the symbionts and 

in proximity to the cell membrane in contact with the coelenteron (Figure 4.7). These patterns were 

similar between S. pistillata raised at 100 and 1400 μE. sAC displayed similar localization patterns 
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in symbiocytes lining the gastrovascular cavity and channels in the coenosarc (Figure 4.8); 

however, sAC in corals raised at 1400 μE associated more closely with the apical membrane facing 

the coelenteron than those raised at 100 μE. This shift suggests that gastrodermal cells experience 

stronger or more prolonged acid-base disturbances at high light conditions. Notably, calcification 

acidifies the coelenteron by producing waste H+ as a byproduct of CaCO3 formation. 

Photosynthesis exerts an opposite alkalizing effect on symbiocytes, and subsequently the 

coelenteron, that is proportional to both symbiont density and environmental light levels (Crovetto 

et al. 2024). While calcification increases with light irradiance, the alkalinizing force of 

photosynthesis counteracts acidification by consuming CO2 and H+. sAC is poised to play an 

essential role in sensing and regulating symbiocyte pHi under these dynamic pH stresses associated 

with the diel cycle. 

 
Figure 4.7: sAC localization in the tentacle of S. pistillata raised at 100 and 1400 μE. Scale bar is 
20 µm. sw – seawater, c – coelenteron. 

 



93 

 
Figure 4.8: sAC localization in symbiocytes of S. pistillata raised at 100 and 1400 μE. Scale bar 
is 20 µm. sw – seawater, sk – skeleton, c – coelenteron. Arrows indicate sAC localization near 
the apical membrane facing the coelenteron. 

Calcifying cells from S. pistillata grown at both 100 and 1400 μE displayed strong sAC 

signal (Figure 4.9) as previously described for S. pistillata grown at 170 μE (Barott et al. 2020). 

Airyscan observation revealed that sAC was present in the cytosol forming microdomains near 

basolateral membranes and apical membranes/apical pits facing the ECF and skeleton (Figure 

4.9C-D).  These patterns support sAC’s role in mediating the alkalinization of the ECF to 

promote calcification (Barott et al. 2020). Unlike VHAB, sAC signal was unchanged between the 

100 and 1400 μE treatments, possibly explained by sAC’s role as a biosensor which does not act 

directly on cellular biochemistry, but rather effects downstream mechanisms via cAMP 

production. Given this method of action, sAC expression at 100 μE may already be sufficient to 

respond to pH disturbances generated by calcification.  
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Figure 4.9: sAC localization in two morphologies of calcifying cells of S. pistillata raised at 100 
and 1400 μE. (A-B) Extensions of calcifying cells with apical pits. (C-D) Single layers of 
calcifying cells. Scale bar is 5 µm (A-B) and 2 µm (C-D). sk – skeleton, * – apical pits, ap – apical 
membrane, baso – basolateral membrane. 
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VHA Inhibition Stimulates PN in High Light Conditions 

 We employed O2 microsensor respirometry to test whether (1) VHA activity promoted 

symbiont photosynthesis in RAS-raised S. pistillata and (2) whether environmental light levels 

altered VHA’s contribution to coral CCMs. We measured RD and PN rates from 1 cm branch 

clippings incubated with either DMSO or DMSO and ConcA, a specific inhibitor of VHA (Figure 

4.10). Neither drug nor light treatment altered RD indicating that metabolic rate was unaffected 

during the experiment (2-Way ANOVA: Light Level-RD: F1.960, 9.799 = 3.87, p = 0.0581; Drug-RD: 

F1.000, 5.000 = 0.40, p = 0.5520; Light Level x Drug-RD: F1.824, 9.121 = 1.09, p = 0.3686). Surprisingly, 

neither drug nor light treatment altered O2 evolution (Light Level-PN: F1.154, 5.768 = 5.259, p = 

0.0607; Drug-PN: F1.000, 5.000 = 3.845, p = 0.1072; Light Level x Drug-PN: F1.573, 7.687 = 2.254, p = 

0.1727). Subsequent comparisons revealed that rather than decreasing O2 evolution, ConcA 

treatment in fact stimulated PN in 1400 μE-acclimated corals by ~1.6-fold (p = 0.0466). Corals 

grown at 100 μE treated with ConcA tended to display the same stimulation (~2.1-fold) but fell 

short of significance (p = 0.1132).  
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Figure 4.10: Effect of VHA inhibition on PN and RD rates of S. pistillata. Clippings were 
incubated in darkness and 100, 500, or 1400 μE light with FSW then either DMSO or ConcA (1 
μM). Neither light level nor ConcA treatment altered RD rates of corals. VHA inhibition 
increased PN rate in S. pistillata raised at 1400 μE (p = 0.0466). n = 6 for all treatments. Data 
were tested using 2-Way RM ANOVA with the Geisser-Greenhouse correction and Dunnett's 
multiple comparisons tests.  

In conjunction with the relatively low abundance of symbiosomal VHAB in all observed 

samples, our respirometry results support the conclusion that RAS-raised S. pistillata do not 

employ VHA-driven CCMs. This result contrasts with previous work showing that VHA inhibition 

decreased PN by 30% in S. pistillata grown at 170 μE and by ~80% in Acropora yongei grown 

at150 μE (Barott et al. 2015b). This discrepancy could be explained by potential differences in 

pCO2, alkalinity, dissolved nutrients and other water chemistry parameters between studies.  
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Differences in pCO2 are a particularly interesting explanation: elevated environmental 

pCO2 is hypothesized to fertilize photosynthesis in carbon-limited systems (reviewed in Albright 

2018) potentially decreasing the need for CCMs employed by both hosts and free-living 

symbionts. S. pistillata’s symbionts are naturally carbon-limited (Roberty et al. 2020) therefore 

increased pCO2 could have this effect. RAS pCO2 was determined to be 436 ± 75 ppm (Figure 

4.11A). This measurement was taken over a weekend (Friday evening-Monday morning) when 

few people were in Hubbs Hall and is likely lower than weekday averages when human respiration 

increases building air pCO2 to 700-900 ppm (personal observations); for example, pCO2 on Friday 

evening reached 548 ppm after the lab was occupied. Unfortunately, comparable data is not 

available from Barott et al.’s flowthrough aquaria but seasonal pCO2 recordings are available from 

reef flats in Fall (344 ± 96 ppm), Winter (326 ± 126 ppm), and Spring (374 ± 163 ppm) (Kline et 

al. 2015). RAS pCO2 is higher than the reef flat in all three seasons and suggests potential relief, 

or at least lessened carbon-limitation for animals in this study (Figure 4.11B). A caveat to this 

comparison is that VHA-driven CCMs have not yet been documented in corals on natural reefs. 
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Figure 4.11: RAS CO2 levels. (A) Partial pressure of CO2 (pCO2) and dissolved CO2 (dCO2) 
over a 65 hour period (5:30 pm May 31 to 10:30 am June 3, 2024). Sampling resolution was at 
one minute intervals. pCO2 was measured using a Qubit Systems S157 CO2 Analyzer connected 
to a S400 Rapid dCO2 Sampling System. dCO2 was calculated according to Henry’s Law. (B) 
Comparison of RAS pCO2 levels to conditions on a reef flat in three seasons (Kline et al. 2015). 

VHA May Support Calcification  

Our findings indicate that RAS-grown S. pistillata employ VHA in net-O2 consuming 

processes under illumination. Several lines of evidence suggest that this mechanism is related to 

supporting pH regulation in the calcifying cells and the ECF, in particular under high light 

irradiance. First, VHAB was present in calcifying cells at all light treatments and it appeared to 

increase in the high light treatment. Interestingly, VHAB expression increased with light treatment 

in a non-linear manner (log curve) mirroring the behavior of LEC rates in multiple coral species 

(Mallon et al. 2022). Second, while coral calcification occurs in both light and darkness, VHA 

inhibition only decreased PN under high light illumination and had no impact on dark O2 

consumption (RD) pointing to involvement in a light-related process. This activation in high light 

conditions could be triggered by sAC/cAMP signaling and PKA-dependent phosphorylation in 

response to changes in pHi/intracellular bicarbonate levels (Alzamora et al. 2010). Third, VHA 

has been hypothesized to play a role in calcifying cell pHi regulation: basolateral VHA could 



99 

export H+ generated during biomineralization into the mesoglea and aboral gastroderm (Zoccola 

et al. unpublished results, as in Allemand et al. 2004). Finally, VHA regulates foraminifera pHi to 

support calcification in this manner (Toyofuku et al. 2017) and recent work demonstrated that 

VHA contributes to pHi regulation in sea urchin calcifying cells via H+ sequestration in vesicles 

(Hu et al. 2020). Thus, VHA may play similar roles in coral calcifying cells. 

VHAB localized to three distinct subcellular compartments in calcifying cells suggesting 

unique mechanistic roles: (1) intracellular vesicles, (2) the basolateral membrane, and (3) the apical 

membrane facing the ECF and the skeleton. In vesicles, VHA likely maintains pHi by 

concentrating H+ generated by biomineralization to favor continued mineral precipitation, a 

homologous role to that of sea urchins (Hu et al. 2020) (Figure 4.12). Acidic vesicles would be 

trafficked to the basolateral membrane where membrane fusion leads to exocytosis of their cargo. 

Vesicle fusion could explain VHA’s presence on the basolateral membrane; alternatively, a 

permanent population of basolateral VHA could exist to maintain pHi in the manner proposed by 

(Allemand et al. 2004). Initially, VHA’s presence on the apical membrane of calcifying cells 

appears paradoxical: how does acidifying the ECF, a compartment that must be alkaline (pH 8-9; 

Venn et al. 2011) promote biomineralization? Coccolithophores present a similarly confusing 

situation where VHA localizes to high pH calcifying vesicles (Corstjens et al. 2001). The 

explanation may lie with the larvae of lepidopteran insects which employ VHA in goblet cells to 

alkalinize their midgut to pH 10-12 (reviewed in Onken and Moffett 2017). Briefly, VHA pumping 

in apical pits charges the membrane to above +200 mV energizing K+/2H+ antiport and resulting 

in net alkalinization. Concurrent excretion of HCO3- results in CO32- production and formation of 

K2CO3 mineral. A conserved role may be present in coral calcifying cells to maintain high ECF 

pH. Notably, coral biomineralization is believed to occur intracellularly with gradual production 
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of amorphous calcium carbonate in calcifying vesicles; vesicles later fuse with the apical 

membrane and deposit their cargo into the ECF (Hayes and Goreau 1977; Mass et al. 2017). With 

this model in mind, VHA’s vesicular localization could be interpreted as driving alkalinization of 

calcifying vesicles rather than, or in addition to, pHi regulation of calcifying cells. Future 

experiments are required to elucidate VHA’s contributions to these mechanisms: first, 

determination of calcifying cell cytosol, vesicles, and ECF pH under VHA inhibition. This can be 

accomplished by SNARF-1 imaging of living S. pistillata microcolonies grown on glass 

coverslips. Second, measurement of calcification rates under VHA inhibition. Live-imaging of 

intracellular ACC formation and skeletal deposition under microcolonies incubated with calcein 

could achieve this goal.  

 
Figure 4.12: Proposed model for VHA-driven pHi and ECF pH regulation in calcifying cells. (1) 
Basolateral VHA pumps H+ into the mesoglea as proposed by Zoccola et al. unpublished results, 
as in Allemand et al. 2004. (2) VHA concentrates cytosolic H+ in vesicles for transport to and 
fusion with the basolateral membrane. (3) Apical VHA energizes K+/2H+ antiport resulting in net 
alkalinization of the ECF (as in the midgut of lepidopteran insects). (4) Vesicular VHA energizes 
K+/2H+ antiport resulting in net alkalinization of ACC-forming vesicles. Blue icons, VHA. KHA, 
unidentified K+/2H+ antiporter. NKA, Na+/K+-ATPase. 
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Appendix 

 
Supplemental Figure 4.1:RAS chemistry during acclimation and experimental period. S. 
pistillata were acclimated to light regimes for six months prior to experimentation. Samples for 
ICM and WB were collected on 12/6/2023 and respirometry experiments were conducted during 
the following four weeks (shaded dates, 12/6/2023-1/18/2024).  
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Supplemental Figure 4.2: VHAB, sAC, and NKA protein abundance in S. pistillata raised at 100 
(lanes l1-6), 500 (lanes m1-6), and 1400 μE (lanes h1-6). (a-c) Protein abundance was quantified 
by Western blotting with custom polyclonal anti-VHAB and anti-sAC antibodies and commercial 
monoclonal NKA antibody. (A-C) Western blots of replicate colonies probed for VHAB, sAC, 
and NKA respectively. (D-F) Ponceau stained blots were used to standardize protein expression 
data by total protein loaded per lane for each corresponding blot. Blots labeled for VHAB were 
gently stripped and reprobed for sAC; faint bands at ~50 kDa remain from previous labeling 
however no 90 kDa band is present on the VHAB-labeled blots confirming antibody specificity.  
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Supplemental Figure 4.3: Secondary antibody negative controls for ICM localization of both 
VHAB and NKA in S. pistillata tissue sections. Colonies were grown at 100 (A-F) and 1400 μE 
(G-L) for three months. Scale bar is 20 µm. sw – seawater, sk – skeleton, c – coelenteron. 



105 

 
Supplemental Figure 4.4: Secondary antibody negative controls for ICM localization of sAC in 
S. pistillata tissue sections. Colonies were grown at 100 (A-F) and 1400 μE (G-L) for three 
months. Scale bar is 20 µm. sw – seawater, sk – skeleton, c – coelenteron. 
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Supplemental Figure 4.5: RAS-raised S. pistillata from 100, 500, and 1400 μE treatments. Sump 
1 (S1), sump 2 (S2). Scale bar is 5 mm.  
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Supplemental Figure 4.6: ICM localization of VHAB in S. pistillata tissue sections. Colonies 
were grown at 100 (A-F) and 1400 μE (G-L) for three months. Scale bar is 20 µm. sw – 
seawater, sk – skeleton, c – coelenteron. 
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Supplemental Figure 4.7: ICM localization of sAC in S. pistillata tissue sections. Colonies were 
grown at 100 (A-F) and 1400 μE (G-L) for three months. Scale bar is 20 µm. sw – seawater, sk – 
skeleton, c – coelenteron. 
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Supplemental Figure 4.8: ICM localization of NKA in S. pistillata tissue sections. Colonies were 
grown at 100 (A-F) and 1400 μE (G-L) for three months. Scale bar is 20 µm. sw – seawater, sk – 
skeleton, c – coelenteron. 
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Abstract 

 Acid/base disturbances have significant effects on nearly all physiological processes so 

sensing and regulating levels of CO2, H+, and HCO3- in cells to maintain acid/base homeostasis is 

a prerequisite for all uni- and multicellular life. CO2 is both the main end product of aerobic 

respiration and the substrate for photosynthetic carbon fixation. In fluids, CO2 dissolves into 

carbonic acid which dissociates into H+ and HCO3- (pKa 6.37), a reaction catalyzed by carbonic 

anhydrase (CA). HCO3- can further deprotonate into H+ and CO32- (pKa 10.3); HCO3- and CO32- 

collectively form the dissolved inorganic carbon (DIC) pool. Intracellular levels of HCO3-, and by 

extension CO2, are sensed by transmembrane and soluble adenylyl cyclases (tmACs and sACs) 

which produce the ubiquitous secondary messenger molecule cyclic adenosine monophosphate 

(cAMP). HCO3--stimulated cAMP production can modulate nearly every aspect of cell biology 

through protein kinase A (PKA)-dependent phosphorylation, exchange protein activated by cAMP 

(EPAC), and cyclic nucleotide gated channels. Downstream transport of H+ and HCO3- to 

counteract pH disturbances are achieved by the V-type H+-ATPase (VHA) and HCO3- transporters 

(BTs) amongst others. In this chapter, we present several co-authored studies that review pH 

microenvironments in corals, explore the role of sAC in coral and sea urchin calcification, identify 

sAC’s role in pHi regulation and hemoglobin- O2 binding in trout red blood cells, demonstrate 

VHA’s involvement in promoting anemone photosynthesis, examine the role of VHA in 

sacoglossan kleptoplasty, and establish VHA’s contribution to promoting symbiont selectivity in 

the bobtail squid. Sections and figures produced by the author of this dissertation are included as 

well as the abstracts of the studies.  
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Extreme pH microenvironment in coral cells 

 The acid–base relevant molecules CO2, H+, and HCO3- are substrates and end products of 

some of the most essential physiological functions including aerobic and anaerobic respiration, 

ATP hydrolysis, photosynthesis, and calcification. The structure and function of many enzymes 

and other macromolecules are highly sensitive to changes in pH, and thus maintaining acid/base 

homeostasis in the face of metabolic and environmental disturbances is essential for proper cellular 

function. On the other hand, CO2, H+, and HCO3- have regulatory effects on various proteins and 

processes, both directly through allosteric modulation and indirectly through signal transduction 

pathways. Life in aquatic environments presents organisms with distinct acid/base challenges that 

are not found in terrestrial environments. These include a relatively high CO2 relative to O2 

solubility that prevents internal CO2/HCO3- accumulation to buffer pH, a lower O2 content that 

may favor anaerobic metabolism, and variable environmental CO2, pH and O2 levels that require 

dynamic adjustments in acid–base homeostatic mechanisms. Additionally, some aquatic animals 

purposely create acidic or alkaline microenvironments that drive specialized physiological 

functions. For example, acidifying mechanisms can enhance O2 delivery by red blood cells, lead 

to ammonia trapping for excretion or buoyancy purposes, or lead to CO2 accumulation to promote 

photosynthesis by endosymbiotic algae. On the other hand, alkalinizing mechanisms can serve to 

promote calcium carbonate skeletal formation. This nonexhaustive review summarizes some of 

the distinct acid–base homeostatic mechanisms that have evolved in aquatic organisms to meet the 

particular challenges of this environment. 
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Figure 5.1: Extreme pH microenvironments in corals. 
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Regulation of coral calcification by the acid-base sensing enzyme sAC 

Coral calcification is intricately linked to the chemical composition of the fluid in the 

extracellular calcifying medium (ECM), which is situated between the calcifying cells and the 

skeleton. Here we demonstrate that the acid-base sensing enzyme sAC is expressed in calcifying 

cells of the coral Stylophora pistillata. Furthermore, pharmacological inhibition of sAC in coral 

microcolonies resulted in acidification of the ECM as estimated by the pH-sensitive ratiometric 

indicator SNARF, and decreased calcification rates, as estimated by calcein labeling of crystal 

growth. These results indicate that sAC activity modulates some of the molecular machinery 

involved in producing the coral skeleton, which could include ion-transporting proteins and 

vesicular transport. To our knowledge this is the first study to directly demonstrate biological 

regulation of the alkaline pH of the coral ECM and its correlation with calcification. 

 
Figure 5.2: Presence of sAC in the coral S. pistillata. (A) Western blot in coral tissue homogenates 
showing a specific band of ~90 kDa. Left: anti-spsAC antibodies; Right: peptide preabsorption 
control. The total amount of protein loaded in the gel is shown above each lane. (B-D) 
Immunohistochemistry in coral tissue sections. sw: seawater; sk: skeleton. spsAC (red), 
endogenous GFP and chlorophyll (green), DAPI (blue).  
 



122 

 
Figure 5.3: Cellular localization of sAC in S. pistillata. (A) Representative coenosarc section 
demonstrating widespread spsAC localization throughout the coral tissues. (B) Detail of oral 
tissues showing abundant spsAC expression in cells of the oral gastroderm (OG) and limited 
expression throughout the oral ectoderm (OE). (C) Detail of aboral tissues showing abundant 
spsAC expression in cells of the aboral gastrodermal (AG) and calicodermis (CD). co, coelenteron; 
sk, skeleton; sw, seawater. 
sAC coordinates pHi homeostasis and biomineralization in calcifying cells of sea urchins 

Biomineralizing cells concentrate DIC and remove protons from the site of mineral 

precipitation. However, the molecular regulatory mechanisms that orchestrate pH homeostasis and 

biomineralization of calcifying cells are poorly understood. Here, we report that the acid-base 

sensing enzyme sAC coordinates pHi regulation in the calcifying primary mesenchyme cells 

(PMCs) of sea urchin larvae. Single-cell transcriptomics, in situ hybridization, and 

immunocytochemistry elucidated the spatiotemporal expression of sAC during skeletogenesis. 

Live pHi imaging of PMCs revealed that the downregulation of sAC activity with two structurally 

unrelated small molecules inhibited pHi regulation of PMCs, an effect that was rescued by the 

addition of cell-permeable cAMP. Pharmacological sAC inhibition also significantly reduced 
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normal spicule growth and spicule regeneration, establishing a link between PMC pHi regulation 

and biomineralization. Finally, increased expression of sAC mRNA was detected during skeleton 

remineralization and exposure to CO2-induced acidification. These findings suggest that 

transcriptional regulation of sAC is required to promote remineralization and to compensate for 

acidic stress. This work highlights the central role of sAC in coordinating acid-base regulation and 

biomineralization in calcifying cells of a marine animal. 

 
Figure 5.4: Immunocytological analyses of sAC in the sea urchin larva. A: Western blot analysis 
using the anti-coral sAC antibody against crude protein extracts of sea urchin larvae. The right 
lane shows the peptide preabsorption control. B, C: immunolocalization of sAC in 3 dpf sea urchin 
larva. sAC-positive PMCs were indicated by arrowhead. D: negative control without addition of 
the primary antibody. E: merged image of sAC immunostaining and bright field. sAC-positive 
PMCs attaching to spicule were indicated by arrowhead. F: reconstituted 3-D image of sAC 
staining. The sAC signal followed the shape of PMC syncytial cables and is highlighted in G. AV, 
anal view; dpf, day post fertilization; LV, lateral view; sAC, soluble adenylyl cyclase; PMC, 
primary mesenchyme cell; 3-D, three-dimensional. sAC protein (orange), nuclei (blue). 
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sAC is an acid-base sensor in rainbow trout red blood cells that regulates pHi and hemoglobin- 

O2 binding  

Our aim was to identify the physiological role of the acid-base sensing enzyme, sAC, in 

red blood cells (RBC) of the model teleost fish, rainbow trout. We used: i) super-resolution 

microscopy to determine the subcellular location of sAC protein; ii) live-cell imaging of RBC pHi 

with specific sAC inhibition (KH7 or LRE1) to determine its role in cellular acid-base regulation; 

iii) spectrophotometric measurements of hemoglobin- O2 (Hb-O2) binding in steady-state 

conditions; and iv) during simulated arterial-venous transit, to determine the role of sAC in 

systemic O2 transport. Distinct pools of sAC protein were detected in the RBC cytoplasm, at the 

plasma membrane and within the nucleus. Inhibition of sAC decreased the setpoint for RBC pHi 

regulation by ~0.25 pH units compared to controls and slowed the rates of RBC pHi recovery after 

an acid-base disturbance. RBC pHi recovery was entirely through the anion exchanger (AE) that 

was in part regulated by HCO3--dependent sAC signaling. Inhibition of sAC decreased Hb-O2 

affinity during a respiratory acidosis compared to controls and reduced the cooperativity of O2 

binding. During in vitro simulations of arterial-venous transit, sAC inhibition decreased the 

amount of O2 that is unloaded by ~11%. sAC represents a novel acid-base sensor in the RBCs of 

rainbow trout, where it participates in the modulation of RBC pHi and blood O2 transport though 

the regulation of AE activity. If substantiated in other species, these findings may have broad 

implications for our understanding of cardiovascular physiology in vertebrates. 
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Figure 5.5: (A) Immunocytochemical localization of sAC in rainbow trout RBC. Blood was 
incubated in tonometers for one hour and fixed cells were immuno-stained with an anti-sAC 
antibody (magenta) raised against the C1 subunit of the rainbow trout protein, with an anti-α-
tubulin antibody to visualize the marginal band (green) and with DAPI to visualize the cell nucleus 
(blue). (B) Signal intensity profiles for sAC, α-tubulin and DAPI, along a transect through the 
RBC (see panel A for orientation). Distinct pools of sAC protein were detected (C) in association 
with the plasma membrane; (D) in the RBC cytoplasm; and (E) within the nucleus. Results are 
representative of N = 6 fish. 
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Figure 5.6: 3D render of a rainbow trout RBC immunocytochemically labeled for sAC (magenta), 
α-tubulin to visualize the marginal band (green), and with DAPI to visualize the cell nucleus (blue). 
Redner was created using Imaris 10.0.  
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VHA in the symbiosome membrane is a conserved mechanism for host control of photosynthesis 

in anthozoan photosymbioses 

In reef-building corals (order Scleractinia) and giant clams (phylum Molluca), VHA in host 

cells is part of a CCM that regulates photosynthetic rates of their symbiotic algae. Here, we show 

that VHA plays a similar role in the sea anemone Anemonia majano, a member of the order 

Actinaria and sister group to the Scleractinia, which in contrast to their colonial calcifying coral 

relatives is a solitary, soft-bodied taxa. Western blotting and immunofluorescence revealed that 

VHA was abundantly present in the host-derived symbiosome membrane surrounding the 

photosymbionts. Pharmacological inhibition of VHA activity in individual anemones resulted in 

an approximately 80% decrease of photosynthetic O2 production. These results extend the presence 

of a host-controlled VHA-dependent CCM to non-calcifying cnidarians of the order Actiniaria, 

suggesting it is widespread among photosymbiosis between aquatic invertebrates and 

Symbiodiniaceae algae. 
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Figure 5.7: VHA is present in the symbiosome membrane of A. majano algal containing 
gastrodermal cells. (a) Composite image showing VHA immunofluorescence signal (red), DAPI 
nuclear staining (blue) and chlorophyll autofluorescence (green). (b) VHA, (c) DAPI and (d) 
chlorophyll individual channels. Notice that VHA is present in the thin region between the host 
cell nucleus (blue arrow in c) and the algae, indicative of symbiosomal localization (white 
arrowhead in a). 
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VHA Does Not Drive a CCM in the Kleptoplastic Sacoglossan Elysia crispata 

 A subset of sacoglossan sea slugs (Phylum Gastropoda, Class Sacoglossa) can steal 

functional chloroplasts from algal prey, a behavior known as “kleptoplasty” which enables the slug 

to survive months of starvation using photosynthates derived solely from the plastid. During 

digestion, plastids are phagocytosed by gland tubule cells and are retained intracellularly in 

modified lysosomes, “slugosomes,” reminiscent of symbiosomes in corals and anemones. In 

cnidarian symbiosomes, hosts promote photosynthesis in their dinoflagellate symbionts by 

employing a VHA-powered CCM. It remains unclear however if sacoglossan slugs support 

ongoing photosynthesis by providing inorganic carbon to intracellular plastids. We exploded if 

sacoglossan slugs employ a homologous VHA-driven CCM in slugosomes to promote plastid 

photosynthesis using immunofluorescence Airyscan confocal microscopy, respirometry, and pulse 

amplitude fluorometry in the model E. crispata. We additionally tested if P2X4 purinergic 

receptors contribute to pH regulation in the slugosome as activation of P2X4 can trigger lysosomal 

acidification in vertebrates. We found that while slugosomes are VHA-rich, functional 

respirometry experiments did not support a role of VHA in a CCM. Notably, P2X4 inhibition did 

lower O2 evolution in E. crispata, suggesting its involvement in regulating slugosome function 

through an unidentified mechanism. No drugs used in this study effected plastid photosynthetic 

machinery supporting out conclusions.  

Figure 5.8: Immunocytochemical localization of VHAB in digestive gland tubule cells of the 
kleptoplastic sacoglossan E. crispata. (A) Cross section of a digestive tubule. (B) Tubule cell at 
the terminus of a tubule extension. VHAB signal is shown in yellow, chlorophyll in violet, and 
nuclei in blue. Scale bar is 5 µm. gl – gut lumen. 
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Figure 5.9: Effect of P2X4 and VHA on PN RD of E. crispata. E. crispata tissue chunks were 
treated with DMSO, inhibitors of P2X4, VHA, or photosystem II (5BDBD, ConcanamycinA, 
DCMU), or a P2X4 agonist (Ivermectin). O2 evolution or consumption rates were measured in the 
light or dark, respectively. Data were tested using a 1-Way ANOVA with Dunnett's multiple 
comparisons tests. ** denotes p < 0.01. n = 3-12 per treatment. 
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Figure 5.10: PAM confirms that only DCMU lowers photosystem II efficiency in E. crispata. 
Effective photochemical quantum yield under illumination (Y(II)) or maximal photochemical 
quantum yield in the dark (Fv/Fm) are presented. Whole animals were exposed to either DMSO, 
5BDBD, Ivermectin, ConcanamycinA, or DCMU in darkness for 30 min before 5 spot 
measurements were taken. The same animal was then acclimated to 500 μE light for 5 min before 
a further 5 spot measurements were taken. No treatment altered Y(II) or Fv/Fm other than the 
positive control DCMU. Data were tested using a Repeated Measures 1-Way ANOVA.  ** denotes 
p < 0.05. n = 4 per treatment. 
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The acidic microenvironment produced by VHA promotes specificity during symbiont recruitment 

in the squid-vibrio association. 

Animals often acquire their microbial symbionts from the environment, but the 

mechanisms underlying how specificity of the association is achieved are poorly understood. We 

demonstrate that the proton pump, VHA, plays a key role in the establishment of the model light-

organ symbiosis between the squid Euprymna scolopes and its bacterial partner Vibrio fischeri. 

Recruitment of V. fischeri from the surrounding seawater is mediated by juvenile-specific ciliated 

fields on the organ’s surface. These epithelia export acidic mucus containing antimicrobials with 

low-pH optima, creating a chemical environment that fosters recruitment of V. fischeri specifically. 

We provide evidence that this critical acidic landscape is created by activity of VHA, which is 

abundant in apical regions of the epithelia. VHA inhibition abolished epithelial-cell acidity, 

resulting in increased mucus pH and inefficient symbiont colonization. Thus, VHA provides a 

mechanistic link between host modulation of microenvironmental acidity, immune function, and 

selection of microbial symbionts, a strategy for specificity that may govern many symbiotic 

systems. 
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Figure 5.11: Immunocytochemical localization of the VHAB protein within the ciliated fields of 
the juvenile light organ’s superficial epithelium. (A) Illustration indicating the position of the light 
organ in the mantle cavity, and the appendage tissue (dashed yellow line) showing the region of 
cells displayed in the rest of this figure. (B, B’) Confocal microscopy image of areas of VHAB-
antibody (aVHAB) labeling. (B) Strong labeling occurred in the apical surfaces of the epithelia 
(white box), enlarged below and in (B’). Inset: immunocytochemical control staining showed 
undetectable labeling. (B’) Imaris 3D rendering highlighting the close association of the antibody 
with the epithelial nuclei. (C,C’) Labeling of host cilia was detectable at higher sensitivity. (C) 
Left, confocal image of antibody labeling (white arrows); right, Imaris rendering. (C’) Increased 
magnification and Imaris rendering. (D) Upper, low and high magnification images of Lysosensor-
stained acidic regions associated with epithelial nuclei; lower, Imaris rendering at even higher 
magnification, providing evidence that the nuclear regions wrap around (white arrows) the acidic 
regions. (E) Immuno-electron micrograph of the distal edges of ciliated epithelial cells. Left, an 
image defining the ciliated region; right, enlargement of the area in the black box, including points 
of VHAB labeling (red arrows). LIS, lateral intracellular space; MV, microvilli; TW, terminal web. 
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Fig. 2.  Localization of the VHA in ciliated fields of the juvenile light organ. A. Identification of the portion of the organ 
represented (dotted yellow line) in the context of the whole organ and its position in the host’s body cavity. B, B’. Confocal 
microscopy of the cross reactivity of the VHA antibody. B, upper, strong labeling occurred in the apical surfaces of the epithelia; 
left box represents the region shown in the higher magnification below and in B’. B, upper, right, immunocytochemistry control. 
B’, an Imaris 3-D rendering highlighted the close association with the VHA labeling to host nuclei. C, C’. Labeling of the host 
cilia was detected at higher sensitivity. D. Imaris imaging of acidity in the region of the nucleus provided evidence that, while the 
nuclear region may wrap around these areas, they did not appear to be in the nucleus. E. Western blot showing the high 
specificity of the VHA antibody at the molecular weight of the protein subunit B; IgG, negative control 
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base sensor in rainbow trout red blood cells that regulates intracellular pH and haemoglobin- O2 
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binding. Acta Physiologica. The dissertation author was a co-author of this paper. The material is 

used by permission of Acta Physiologica (10.1111/apha.14205). 

Chapter 5, in part, is a reprint of the material as it appears in Barott KL, Thies AB, 

Tresguerres M. 2022. V-type H+-ATPase in the symbiosome membrane is a conserved mechanism 

for host control of photosynthesis in anthozoan photosymbioses. Royal Society Open Science 9, 1 

(10.1098/rsos.211449). The dissertation author was a co-author of this paper. The material is used 

by permission of The Royal Society. 

Chapter 5, in part, contains material currently being prepared for submission for 

publication. Allard C, Thies AB, Leatz E, Tresguerres M, Bellono N. (in prep) VHA Does Not 

Drive a CCM in the Kleptoplastic Sacoglossan Elysia crispata. The dissertation author was a co-

author of this paper. 

Chapter 5, in part, is a reprint of the material as it appears in McFall-Ngai M, Viliunas J, 

Hargadon A, Koehler S, Chen G, Ladinsky M, Kuwabara J, Thies AB, Tresguerres M, Ruby E. 

(in prep) The acidic microenvironment produced by a V-type ATPase promotes specificity during 

symbiont recruitment in the squid-vibrio association. The dissertation author was a co-author of 

this paper.  
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Synopsis 

 Cnidarian-Symbiodiniaceae photosymbioses enable the success of coral reefs, biodiverse 

ecosystems that protect coastlines from storm activity, feed millions worldwide, produce natural 

products of biomedical interest, and generate millions of dollars through tourism for local 

communities (Smith 1978; reviewed in Carté 1996 and Knowlton et al. 2010). In symbiosis, animal 

hosts are afforded access to an abundance of fixed carbon and O2 released by intracellular algal 

symbionts which fuels ATP production, growth, and calcification. In return, hosts respire and 

concentrate CO2 in the alga’s microenvironment to sustain continued photosynthesis. Algae 

additionally gain access to the nitrogenous waste products of the host, which, in otherwise 

oligotrophic tropical waters, enables optimal photosynthesis through repair and synthesis of 

photosynthetic apparatuses. The host mechanisms and environmental factors that regulate these 

nutrient exchange pathways remain poorly studied precluding a deeper understanding of coral reef 

health and the evolution of photosymbioses. In this dissertation, I examined mechanisms of 

inorganic carbon and nitrogen exchange in cnidarian-algal photosymbioses to bridge this 

knowledge gap. Specifically, this work focused on the roles of V-type H+-ATPase (VHA) and the 

VHA-associated Rhesus protein and carbonic anhydrase (CA) enzymes in the corals Acropora 

yongei and Stylophora pistillata as well the jellyfish Cassiopea xamachana. Additionally, I 

presented my contributions to seven co-authored publications that concern pH microenvironments 

in corals, explore the role of soluble adenyl cyclase (sAC) in coral and sea urchin calcification, 

identify sAC’s role in pHi regulation and hemoglobin- O2 binding in trout red blood cells, 

demonstrate VHA’s involvement in promoting anemone photosynthesis, examine the role of VHA 

in sacoglossan kleptoplasty, and establish VHA’s contribution to promoting symbiont selectivity 

in the bobtail squid. 
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 In Chapter 2, I described a VHA-powered, Rhesus protein-dependent nitrogen 

concentrating mechanism (NCM) regulated over diel cycles that supplies NH3/NH4+ (Total 

ammonia, Tamm) to coral symbionts in hospite (Thies et al. 2022). Our task was complicated by 

Rh proteins’ disputed roles as NH3 gas channels, NH4+ channels, or dual NH3/NH4+ channels. We 

overcame this obstacle by developing a novel assay to directly measure Tamm movement through 

the A. yongei Rhesus protein (ayRhp1) heterologous expressed in Xenopus oocytes. We 

additionally conceived a method for measuring CO2 movement through heterologously expressed 

proteins. These advances ultimately allowed us to conclude that ayRhp1 is a duel NH3/CO2 gas 

channel that is insensitive to NH4+ gradients. The use of super-resolution Airyscan confocal 

microscopy and custom-made polyclonal anti-ayRhp1 antibodies were essential to determining 

that ayRhp1 was present on the symbiosome membrane surrounding algal symbionts. In 

coordination with VHA which establishes a pH gradient across the symbiosome membrane, 

symbiosomal ayRhp1 enables directed movement of Tamm into the symbiont’s 

microenvironment. ayRhp1’s presence on the symbiosome membrane was dynamic with ayRhp1 

being preferentially present during hours of peak photosynthesis. This is the first report of diel 

changes in proteomic makeup of the cnidarian symbiosome membrane and furthers the notion that 

this interface can be dynamically modified by the host cell to control the physiology of the alga 

over short timescales. As additional members of the symbiosomal proteome are identified, care 

should be taken to document their abundance over diel timescales and in healthy vs. stressed host 

health states.  

 In Chapter 3, we demonstrated that amoebocyte host cells of the photosymbiotic jellyfish 

C. xamachana employ a VHA-driven, CA-coupled carbon concentrating mechanism (CCM) that 

promotes symbiont photosynthesis. Using custom antibodies, we found that amoebocyte host cells 
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express both VHA and CA around the periphery of algal symbionts and that VHA was expressed 

at the highest levels in amoebocytes. Pharmacological inhibition of both VHA and CA resulted in 

significant reductions in the O2 evolution rate, a proxy for photosynthetic activity. We additionally 

validated our pharmacological experiments using pulse amplitude modulated fluorometry (PAM) 

demonstrating that neither our VHA nor CA inhibitor interacted with symbiont photosynthetic 

machinery. These results suggest that host VHA and CA are functionally coupled in amoebocyte 

CCMs and that C. xamachana amoebocytes are suitable models for cnidarian host cells at large. 

Photosymbiosis in Cassiopea ssp. evolved independently from that of corals and anemones with 

symbionts being hosted in highly motile amoebocytes rather than sessile host cells of corals or 

anemones. Additionally, amoebocytes exhibit unique developmental and architectural differences 

from those of other cnidarians, namely performing immune functions, containing more symbionts 

per host cell, and originating from gastrodermal tissues before differentiating and migrating into 

the connective mesoglea. Together these factors link immune response, food digestion and 

convergent evolution of photosymbiosis across cnidarian taxa.  

 In Chapter 4, we explored how the coral S. pistillata regulates VHA-driven CCMs when 

acclimated to differing environmental light regimes. Our initial hypothesis was that corals grown 

under high light conditions would employ more CCMs to match DIC delivery to increased 

symbiont photosynthetic rates. We found that VHA expression increased with increasing light 

levels (2.7-fold, 100 vs. 1400 μE) suggesting corals employed more CCMs. Notably, confocal 

immunohistochemistry revealed that very few coral host cells contained VHA-rich symbiosomes 

indicating that CCMs were not widely present. We instead observed consistent labeling of 

calcifying cells in corals from all light conditions suggesting that VHA was not participating in 

CCMs, but rather supporting pHi/pHe regulation to support continued calcification. O2 
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microsensor respirometry further demonstrated that rather than decreasing O2 evolution as 

expected in a CCM, VHA-inhibition increased O2 production in high-light animals. These results 

indicate that VHA participates in a net O2-consuming process, likely LEC-related pHi and pHe 

regulation of calcifying cells and the subcalicoblastic medium (SCM), respectively. The altogether 

lack of VHA-driven CCMs in this population of corals is surprising given that CCMs are well-

documented in multiple coral species (Barott et al. 2015); further work should explore the 

environmental variables controlling CCM regulation. Additional experiments to elucidate VHA’s 

contribution to SCM pHe regulation and calcification could also be performed.  

 In Chapter 5, I presented seven studies on topics related to acid-base regulation which I co-

authored during my PhD. These studies review pH microenvironments in corals, explore the role 

of sAC in coral and sea urchin calcification, identify sAC’s role in pHi regulation and hemoglobin- 

O2 binding in trout red blood cells, demonstrate VHA’s involvement in promoting anemone 

photosynthesis, examine the role of VHA in sacoglossan kleptoplasty, and establish VHA’s 

contribution to promoting symbiont selectivity in the bobtail squid. This collection of work 

epitomizes the comparative nature of research in the Tresguerres Lab and was largely 

accomplished during 2021-2022 when most of my dissertation work was paused due to Covid 

limitations.  

Final Thoughts 

 Applying molecular biology techniques to study the cell biology of cnidarian-algal 

photosymbioses has long-presented an expensive challenge to our field resulting in a dominance 

of “-omics” studies. These studies have generated numerous hypotheses about the role of microbes 

in coral health and coral colony responses to environmental stress but often do not identify 

mechanisms responsible for their proposed models. Thankfully, rapid progress is unlocking the 
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potential of cnidarians as flexible model systems to test and refine these hypotheses: numerous 

annotated cnidarian genomes are published on NCBI and ReefGenomics, CRISPR protocols are 

now available for use in coral and hydroid models (Cleves et al. 2018; Sanders et al. 2018), and 

cheap and rapid tissue clearing methods now exist (Hsu et al. 2022), and combined with 

advancements in microscope technology, allow for super resolution imaging of whole tissues to 

determine the subcellular localization of proteins. The emergence of laboratory-amenable models 

like Cassiopea ssp. further strengthens our hand and leaves this author excited and hopeful for the 

future of photosymbiosis research.  
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