
 
 
 
 
 
 
 
 
 

 

OSMOLYTE COMPOSITION AND SKELETAL MATRIX 

POLYMORPH AND CRYSTALLINE STRUCTURE ANALYSIS OF 

SALINITY- AND ACID-RESISTANT YUCATAN CORALS 

 
 
 
 
 
 
 
 

by 
 

Taylor M. H. Chock 
 
 

A thesis submitted in partial fulfillment of the requirements 
for graduation with Honors in Biology. 

 
 
 
 
 
 
 
 
 
 
 
 

Whitman College 
2012 

  



ii 
 

ii 

 
 
 
 
 
 
 

Certificate of Approval 

 
 

This is to certify that the accompanying thesis by Taylor M.H. Chock has been accepted  
in partial fulfillment of the requirements for graduation with Honors in Biology. 

 
 
 
 

 
_______________________ 

Dr. Paul H. Yancey 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Whitman College 
May 9, 2012 



iii 
 

iii 

Table of Contents 

 

 

Certificate of Approval .................................................................................................. ii 

Table of Contents ........................................................................................................... iii 

List of Illustrations ......................................................................................................... iv 

Abstract ............................................................................................................................ 1 

Introduction ..................................................................................................................... 2 

Materials and Methods .................................................................................................. 12 

Results ............................................................................................................................. 16 

Discussion ....................................................................................................................... 23 

Acknowledgements ........................................................................................................ 31 

References ....................................................................................................................... 32  



iv 
 

iv 

List of Illustrations 

 

 

Figure 1. Puerto Morelos on the Yucatan peninsula ....................................................... 12  
 
Figure 2. Scanning electron microscope image (20x) of a P. astreoides sample ............ 15 
 
Figure 3. Representative HPLC chromatogram of a control P. astreoides ..................... 16 
 
Figure 4. pH vs. % taurine betaine and proline betaine of total organic solutes  
     in P. astreoides .................................................................................................17 

 
Figure 5. ΩA vs. percent taurine betaine and proline betaine of total organic solutes  
     in P. astreoides................................................................................................. 18 
 
Figure 6. Salinity vs. % taurine betaine and proline betaine of total organic solutes  
     in P. astreoides ................................................................................................ 19 
 
Figure 7. Average concentrations of betaines in control vs. ojo corals with standard  
     deviations ......................................................................................................... 20 
  
Figure 8. Representative XRD printout showing d-spacings of aragonite ...................... 21 

Table 1. Comparison of aragonite unit cell dimensions and volume of control coral ..... 22 
  

Table 2. Comparison of aragonite unit cell dimensions and volume of ojo coral ........... 22 
 
Figure 9. Structures of betaines in P. astreoides ............................................................. 26 

 
 



1 
 

1 

Abstract 

 

 Increasing atmospheric carbon dioxide is causing drastic changes in seawater 

chemistry, making seawater more acidic, lowering aragonite saturation state (ΩA) and 

salinity, and increasing oceanic temperature. Acidic springs, or ojos de agua, off of the 

Yucatan peninsula mirror many of these future environmental changes and are 

uninhabitable to most marine organisms with the exception of three species of coral: 

Porites astreoides, Porites divaricata, and Siderastrea radians. Samples from P. 

astreoides growing in ojo and normal seawater were analyzed for their osmolyte content, 

which revealed an increasing concentration of proline betaine as pH, ΩA, and salinity 

decreased, while the concentration of all other osmolytes decreased. This suggests that 

proline betaine is not acting primarily as an osmolyte, but instead may be functioning to 

help P. astreoides survive the harsh ojo conditions. We also looked for abnormalities in 

the calcium carbonate matrix to see if the lowered pH caused a shift from the aragonite 

polymorph to the less soluble calcite polymorph, thus altering the crystalline structure of 

the calcium carbonate. We found no such switching of polymorphs in ojo corals, 

indicating that they are effectively keeping internal pH low enough to precipitate calcium 

carbonate skeletons and protecting these matrices from dissolution in the acidic water, 

perhaps with a thin tissue layer. 
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Introduction 

 
Effects of Increasing Atmospheric Carbon Dioxide on Coral  
 

 Corals reefs are the backbone of the most diverse ecosystem on the planet, but 

they are composed of organisms that are among the most susceptible to climate change. 

Increased atmospheric carbon dioxide levels are acidifying, lowering salinity, and 

increasing temperatures of oceanic waters (Feely et al. 2004, Key et al. 2004). It is 

predicted that these effects will accelerate over the next century and have widespread, 

cascading effects on sea water chemistry, coral reefs, and marine ecosystems (Caldiera 

and Wickett 2003, Meehl et al. 2007).  

 Climate change may cause severe disturbances to corals and to other marine life 

adapted to seawater chemical properties that have been held fairly constant throughout 

recent geologic time. Corals are composed of millions of individual polyp animals that 

secrete calcium carbonate skeletons from a calicoblastic epithelium: a thin but complex 

tissue layer which has a highly internally regulated pH to ensure a basic 

microenvironment for the precipitation of aragonite (CaCO3) (Constantz 1986). Because 

of their delicate internal pH regulation and the exposure of their calcium carbonate 

skeleton to the external environment, corals are very sensitive to ocean acidification and 

to other changes in seawater chemistry.  

 Over the last 200 years, atmospheric CO2 levels have been steadily increasing due 

to extensive burning of fossil fuels. Around one fourth of atmospheric CO2 dissolves in 

the world's oceans, leading to a subsequent rise in the partial pressure of CO2 (pCO2) in 

the ocean (Sabine et al. 2004, Canadell et al. 2007). When dissolved in water, CO2 forms 
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carbonic acid (H2CO3), which dissociates into hydrogen (H+) and bicarbonate ions 

(HCO3
-).  

 

CO2 + H2O ------> H2CO3 <-----> HCO3
- + H+ 

 

 The increase in hydrogen ions decreases seawater pH; its effect is accurately 

termed ocean acidification. Historically, oceanic pH has been 8.2. Today, the average pH 

of the ocean has decreased to 8.1, and it is predicted to drop to 7.8 by the year 2100, more 

than four times as acidic as it is today (Caldiera and Wickett 2005). Before the discovery 

of Porites and Siderastrea coral species living in acidic waters studied in this paper, no 

coral species has been documented to construct coral matrices below a pH of 7.7 

(Fabricius et al. 2011).  

 Ocean acidification affects coral in the following chemical reaction sequence: 

First, the increase in [H+] favors the dissolution of CaCO3 (in the form of aragonite in 

coral) into Ca2+ and HCO3
- ions by Le Chatelier's principle, causing the erosion CaCO3 

and shifting the following equation to the right:  

    

CaCO3 + H+ <-----> Ca2+ + HCO3
- 

 

Next, the increased hydrogen cations readily bind to dissolved carbonate anions (CO3
2-), 

increasing [HCO3
-] and decreasing [CO3

2-] that coral and other calcifying marine 

organisms need to build CaCO3 matrices, shells, and skeletons.  

 

CO3
2- + H+ -----> HCO3

- 
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 The decrease in [CO3
2-] leads to a decrease in the aragonite saturation state (ΩA) of 

seawater, which is mathematically represented by: 

 

ΩA = [Ca2+][CO3
2-]/K'sp 

 

where K'sp is the stoichiometric solubility product for aragonite. ΩA is most affected by 

fluctuations in [CO3
2-] by chemical and biological processes, as [Ca2+] has been found to 

be uniformly distributed throughout the world's oceans (Broecker and Peng 1982). 

Previous studies have shown that the calcification rate in massive Porites lutea corals 

declines linearly with the decreasing ΩA of the ocean (Ohde and Mozaffar Hossain 2004). 

However, this relationship does not hold true for all coral species (Reynaud et al. 2003, 

Ries 2010). In general though, the decrease in calcification rate of corals, compounded by 

the acidic erosion of calcium carbonate, will decrease the overall reef-building activity 

and maintenance of corals as atmospheric CO2 increases (Krief et al. 2010). 

 In addition to increasing atmospheric carbon dioxide levels, climate change is also 

characterized by rising global and water temperatures as greenhouse gases radiate 

thermal heat back toward the earth and warm the atmosphere and the ocean. Increased 

sea surface temperatures (SSTs) have been found to lead to coral bleaching, where coral 

animals expel their symbiotic photosynthetic zoothanthellae (Gattuso et al. 1999, Baker 

et al. 2008). In addition, rising SSTs have been found to increase the substitution of 

strontium for calcium in aragonite skeletons, making Sr/Ca ratios of coral skeletons 

useful paleothermometers (Gagan et al. 1998, Watanabe et al. 2001). Global warming 

will also cause glacier melting and increased rainfall in some areas, lowering the sea's 

salinity and affecting corals' osmotic balance (Coles and Jokiel 1992). Although many 
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corals have low tolerance to decreased salinity, the scleractinian coral Siderastrea siderea 

has been demonstrated to withstand both sudden and prolonged salinity changes, 

suggesting that there may be more reef corals with this ability (Muthiga and Szmant 

1987).  

 The compilation of imminent acidity, temperature, and salinity climate threats to 

coral reefs and the entire coral reef ecosystem is of great concern to conservation 

scientists. Natural and lab-induced models of ocean acidification have been highly sought 

after to predict future environmental conditions and distribution of marine life in order to 

best direct conservation efforts (Hall-Spencer et al. 2008). 

 An in situ natural model of future environmental conditions can be found at 

submarine springs, or ojos de agua, off of the Mexican Yucatan Peninsula. Ojos are 

freshwater upwellings created by subaerial karst formation. In the reefs off the eastern 

coast of the Yucatan Peninsula, ojos are places at which acidic rainwater, flowing 

through underground rivers and dissolving limestone bedrock, enters into the ocean. Ojos 

create underground natural microenvironments that significantly differ from normal 

seawater, most notably in pH and aragonite saturation state, but also in salinity and 

temperature (Bonem 1988). Like predicted future environmental conditions, the 

immediate areas around ojos are void of most marine life as conditions are too harsh for 

many marine animals adapted to the current ones.  

 Despite the barrenness at the ojos, research collaborators from the University of 

Santa Cruz found three species of coral--Porites astreoides, Porites divaricata, and 

Siderastrea radians--growing in water more than ten times the acidity of normal 

seawater. The corals found close to the ojo were small, solitary, and slow-growing 
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compared to their counterparts in the open ocean (Crook et al. 2011). Low aragonite 

saturation state, low pH, or reduced temperature and salinity could all be contributing 

factors to the slow growth of these corals (Ohde and Mozaffar-Hossain 2004, Reynaud et 

al. 2007). Although it is surprising that any corals are able to survive in these conditions, 

previous studies have shown that Porites and Siderastrea genera contain hardy species 

that can adapt to low salinity and low pH conditions better than most corals (Edmondson 

1928, Muthica and Szmant 1987, Coles 1992, Coles & Jokiel 1992, Jokiel et al. 1993). A 

few sponges and the pencil coral Madracis mirabilis are among the only marine life 

besides the three coral species that have been found in the immediate area around ojos 

world wide (Bonem 1988).  

 The pH of the water coming directly out of the ojos is 6.81, almost 20 times the 

[H+] as normal seawater, but corals were found growing at the cusps rather than the 

centers of ojos. At the edges of the ojos, freshwater coming from the ojo quickly mixes 

vertically with seawater. The Porites and Siderastrea species of corals were found 

surviving in pHs ranging from 7.1-7.7, even though no other corals have been found to 

survive in pH conditions lower than 7.7 (Crook et al. 2011, Fabricius et al. 2011). The 

aragonite saturation state (ΩA) of the ojo water ranged from 0.77-1.85, well below the 3.6 

ΩA of ambient seawater (Crook et al. 2011, Ohde and Hossain 2004). A ΩA of less than 

1.0 favors the dissolution of calcium carbonate skeleton into its constituent ions, which 

suggests that these corals are somehow protecting their skeletons from dissolution, 

perhaps with a thin tissue layer (Ries et al. 2011). This inference also supports the 

physiochemical model for biological calcification, which hypothesizes that marine 

calcifiers are regulating their internal pH, potentially with Ca2+-ATPase, so that the 
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internal ΩA at the calicoblastic epithelium is high enough to precipitate calcium carbonate 

(Constantz 1986). Salinity of the ojo is on average 29.2 ppt, 22 percent lower than 

ambient seawater, however, this is well within the range tolerated by corals (Crook et al. 

2011, Muthiga et al. 1997). The aforementioned chemical trends in ojos are similar to 

predicted effects of ocean acidification, but ojos are by no means perfect models of the 

future. Instead of being warmer than current seawater, water from the ojos is around 4 

degrees C cooler and higher in nutrients, dissolved organic carbon, and alkalinity 

(defined as the ability to neutralize acids, not to be confused with basicity). It has been 

hypothesized that the high nutrient content of the ojos may help Porites and Siderastrea 

survive the extreme conditions (Crook et al. 2011).  

 

Coral Adaptations to Environmental Changes 

 Despite increasing atmospheric CO2 that decreases the net rate of calcification 

and negatively affects survival and reproduction of corals, some species have adaptations 

that make them less susceptible to these climate changes (Ries 2011, Kroeker et al. 

2010). Each species' sensitivity to environmental pH depends on its ability to increase 

calcification rate (Gutowska et al. 2008) and to utilize symbiotic photoautotrophs to 

stimulate calcification (Gattuso et al. 2000). Some corals cover a large portion of their 

skeleton with a tissue layer, which protects their skeleton from dissolution and allows 

them to continue to expand their skeletons even in low pH waters (Ries 2011). 

 Some calcifying organisms are able to change their skeletal polymorphs in 

response to increased pressure on calcium carbonate solubility. All modern scleractinian 

corals produce calcium carbonate skeletons purely of the aragonite polymorph, an 
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orthorhombic conformation of calcium carbonate (Cohen and McConnaughey 2003, Cuif 

et al. 2003). The aragonite polymorph of calcium carbonate is more soluble than calcite, 

the other major polymorph used by calcifying marine organisms. Calcite has a hexagonal 

crystal structure and is predominantly secreted by organisms such as echinoderms and 

some bivalves. Other alkaline earth metal cations are able to substitute for calcium in 

calcium carbonate. The crystal structure of calcite is more tightly packed than that of 

aragonite, making the substitution of smaller cations, such as magnesium, more likely. In 

contrast, the more soluble, less tightly-packed aragonite polymorph is more apt to 

incorporate larger cations such as strontium into its calcium carbonate skeleton (Dodd 

1967).  

 Corals have shifted the polymorph of CaCO3 of their skeletal matrices over 

geologic time in response to intervals of calcite seas and aragonite seas, which are 

defined by the molar Mg/Ca (mMg/Ca) ratio of seawater. In addition to changing the 

polymorph of their skeletons, coral matrices may also differ in the amount of trace 

elements that they contain. Ions other than calcium, such as Mg and Sr, may be 

incorporated in the matrix. The Mg:Ca and Sr:Ca ratios in matrices depend on the ratios 

of these elements in surrounding seawater (Thompson and Chow 1955, Kinsmann 1969). 

The modern mMg/Ca ratio of seawater is 5.2, favoring the precipitation of calcium 

carbonate as aragonite and high-Mg calcite. All living scleractinian corals produce 

calcium carbonate skeletons purely of the aragonite polymorph. However, this polymorph 

type does not hold true throughout geologic time. In periods of calcite seas, such as the 

mid-Cretaceous time when the mMg/Ca ratio was less than 2.0, coral skeletons were 
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composed of the less-soluble calcite (Kaufman and Johnson 1988, Scott et al. 1990, 

Steuber 2002).  

 Lab-induced decreases of mMg/Ca caused Porites cylindrica and two other 

species of coral to produce approximately 1/3 of their skeleton in the calcite polymorph 

(Ries et al. 2006). Unfortunately, the mMg/Ca ratio was not one of the measurements 

taken at the ojo sites, but the high amount of nutrients and drastic water chemistry 

differences suggests that the Mg/Ca ratio at the ojo may also differ of that of normal 

seawater. Water flowing from the ojos originates from rainwater and can easily pick up 

water-soluble compounds, including ions, leached from the land as it makes it way to the 

ocean. If the mMg/Ca ratio in the ojos is less than 2.0, differences may be seen in the 

polymorph of the respective coral samples.   

 Although evidence for short-term shifts of calcium carbonate polymorphs in 

response to decreasing ΩA have not been demonstrated in corals in the lab, other 

calcifying marine organisms, such as the serpulid worm Hydroides crucigera and the 

whelk Urosalpinx cinerea, can shift the polymorph of their skeleton in response to 

increasing pCO2 during their lifetime (Ries 2011). The skeletal development of coral 

raised from larvae in conditions where ΩA is less than 2.0 has not yet been looked at, and 

so it is uncertain if corals reared in low ΩA for their entire lifetime are able to switch to 

the less soluble calcite. An adaptation to do so may give a species a selective advantage 

over other species in surviving future environmental conditions with low pH and ΩA. 

 While oceanic pCO2 increases with climate change, salinity decreases due to 

increased rainfall and glacier melt. The salinity changes will likely cause changes in 

osmotic balances of marine organisms. Like most animals, corals use osmolytes to cope 
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with salinity and osmotic shifts and to prevent cell damage (Yancey et al. 1982). Most 

known osmolytes are "compatible" amino acids and derivatives, polyols and sugars, and 

methylamines that do not perturb macromolecules (Brown and Simpson 1972). In 

addition to regulating osmotic changes, a number of osmolytes have secondary functions. 

Methylamines stabilize proteins, counteract effects of urea and assist in protein folding, 

while the sugar trehalose allows organisms to be anhydrobiotic by replacing water in 

membranes (Yancey 2005, Crowe et al. 1992). Betaines are compounds with maximally 

methylated cationic nitrogen atoms that are known to stabilize proteins and membranes 

(Rhodes and Hanson 1993, McNeil et al. 1999). Glycine betaine, the most common 

osmolyte in most marine corals, has been found to protect Photosystem II (important in 

photosynthesis by symbiotic zoothanthellae in coral) against temperature changes 

(Klimov et al. 2003, Yang et al. 2005).  

 The major osmolytes in coral tissue with algal symbionts, with the exception of 

Porites species, are free amino acids, glycine betaine (which accounts for over 90% of 

measured organic solutes), and dimethylsulfonioproprionate (DMSP). Porites species 

have strikingly different osmolyte compositions from all other corals; they contain next to 

no glycine betaine and are instead dominated by proline betaine and taurine betaine 

(trimethyltaurine) (Yancey et al. 2010, Hill et al. 2010). The distinct osmolyte profile of 

Porites may contribute to their ability to adapt to conditions uninhabitable to most other 

coral genera. In an ecological study where seawater pH was reduced from 8.1 to 7.8 in 

shallow volcanic seeps, coral with complex matrices suffered three-fold reductions in reef 

cover while giant Porites became the dominant species (Fabricius et al. 2011). Porites 

species have also been able to regain photosynthetic abilities and survive in low salinity 
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conditions, making them one of the hardiest genera of corals known (Manzello and 

Lirman 2002). From these ecological observations, it is predicted that coral reef 

composition will change as oceans acidify, decreasing biodiversity and favoring Porites 

and a limited number of other coral species selected for their resistance against the 

consequences of climate change (Fabricius et al. 2011).    

 The fact that ojo corals have the ability to survive in low-salinity, low-pH 

environments virtually uninhabitable to most marine organisms suggests that these corals 

have specialized adaptations to live in these conditions. In this study, we tried to identify 

some of these adaptations in P. astreoides by looking at the osmolyte composition of its 

tissue and the crystal structure of its matrix. We hypothesize that adaptations to salinity 

and pH stress may be attributed in part to osmolytes in coral tissues, resulting in varied 

osmolyte composition between acid-resistant and control corals if some osmolytes are 

favored over others. We looked for adaptations in coral matrices, specifically at the 

crystalline structure of the calcium carbonate matrices. We predict that ojo corals may 

alter the polymorph of their CaCO3 skeletons from aragonite to less-soluble calcite or 

substitute other alkaline earth metals for Ca, thus changing the in response to changes in 

their environment favoring calcium carbonate dissolution.  
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Materials and Methods 

 

 

 Porites astreoides, Porites divaricata, and Siderastrea radians samples were 

collected from acidic submarine springs, or ojos de agua, located offshore of Puerto 

Morelos, Mexico (Figure 1) by Elizabeth Derse-Crook and other collaborators from the 

University of California, Santa Cruz and el Centro de Investigación de Yucatán. 

Temperature, pH, salinity, and aragonite saturation state measurements were taken by 

UCSC collaborators, Dr. Paul Yancey, and Jenele Peterson at the sites during collection. 

Once collected, the coral samples were shipped to Whitman College in Walla Walla, WA 

USA on dry ice. Upon arrival in Walla Walla, the samples were frozen and stored at         

-80°C until use. We only had a sufficient sample size of P. astreoides, and therefore this 

was the only species of coral on which analyses were performed.  

 

 
 

Figure 1: Puerto Morelos on the Yucatan peninsula. Ojos de agua are located off of 
the coast. 

 http://www.tropicaldiscovery.com/accom_mexico/zoetry_paraiso_bonita/vacations.php 
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Quantifying Osmolyte Composition  

 

 A high-pressure liquid chromatography (HPLC) method (Wolff et al. 1989) was 

used to quantify osmolyte composition. To prepare the samples, coral tissue was 

extracted by centrifugation at 12,500 rpm, 4°C for 10 minutes in a Beckman Allegra 25R 

centrifuge (multiple centrifugations at this setting were done if necessary) to remove the 

tissue from the matrix. The tissue was homogenized using a glass tissue grinder in ice-

cold 70% ethanol and then transferred to a 1.5 mL centrifuge tube to be refrigerated for at 

least 3 hours to allow for protein precipitation. The sample was centrifuged using a 

Beckman Rotor F24024 (Allegra X-22-R) centrifuge at 15,000 rpm, 4°C for 20 minutes 

to separate the denser proteins left in a pellet from the small solutes suspended in the 

supernatant. The supernatant was transferred to a new 1.5 mL centrifuge tube and put in a 

Speedvac concentrator attached to a refrigerated condensation trap overnight to evaporate 

the ethanol. The remaining residue, containing soluble osmolytes, was dissolved in an 

exact amount of milliQ water ranging from 0.6-1.0 mL (depending on the size of the 

sample) and mixed well. Unwanted contaminants and lipids were removed from the 

dissolved sample by filtering it through a 0.22µm Millex® syringe-driven filter unit and a 

Spe-ed® SPE octadecyl C18/18% lipid cartridge. 

 The purified sample's small organic molecule composition was analyzed using the 

HPLC method of Wolff et al. (1989). A refractive index detector mapped peaks over 

time, creating a chromatogram. Each peak corresponded to a different type and amount of 

organic molecule separated by a column filled with resin. Large, nonpolar molecules such 

as sugars move faster through the column and show up towards the beginning of the 

chromatogram, while small, polar molecules such as glycine betaine, proline betaine, 
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dimethylsulfiopropionate (DMSP), and other osmolytes peak towards the middle and end 

of the run, respectively.   

 Once the HPLC data were collected, the peak measurements corresponding with 

each solute were integrated using the Ranin® Dynamax integrator program. Each peak 

was identified by running known standards through the column and comparing the peak's 

time to the standard's time to run through the column. The amount of osmolyte present is 

directly proportional to the area under each peak. Thus, we were able to compare each 

osmolyte's percentage of the total amount of osmolytes in each sample.  

 Linear regression tests were used to determine significance between 

environmental pH, salinity, and ΩA compared to the percent composition of substantial 

osmolytes, which included known and presumed betaines (proline betaine, taurine 

betaine, glycine betaine, osmolytes with peaks at 17.9, 18.8, and 19.6) and DMSP. 

 
Determining Skeletal Structure 

 
 Powder X-ray diffraction with an Oxford Diffraction® Xcalibur Nova 

Diffractometer was used to determine the mineral polymorph of calcium carbonate and to 

compare the crystalline structure of ojo and control coral.  

 Coral pieces were bleached overnight, rinsed with demineralized water, and dried 

overnight. The bleached matrices were embedded in Spurr's low-viscosity epoxy resin, 

and a super vacuum was used to keep bubbles to a minimum (Spurr 1968). The resin was 

allowed to set 8-16 hours overnight attached to a house vacuum and heated to 70°C. The 

embedded coral pieces were cut using a water saw to expose the coral at the surface. 

Powdered samples were extracted from embedded coral using a hypodermic needle as a 

micro chisel. Two samples were taken from each coral sample; one from the outer polyp 
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cups and the other from the center of the skeleton (Figure 2). Powder samples ranged 

from 10-100 µm in diameter and were placed on 0.2-0.3 mm mounted CryoLoops using 

Elmer's® super glue. Jade Program 9® with CrysAlisPro® was used to identify and 

analyze mineral structure based on d-spacings, as well as to determine the dimensions of 

the unit cells of the aragonite minerals of each sample. A simple two-tailed t-test was 

used to determine if there were statistical differences between unit cell dimensions of 

control and ojo coral.  

 
           

 
 
Figure 2: Scanning electron microscope image (20x) of a P. astreoides sample. Circles 
indicate where samples were taken at the outer polyp cups and at the center of the coral  
for XRD analysis. 

Polyp 

cup 

Center 
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Results 
 

 

Quantifying Osmolyte Composition 

 

 The raw HPLC chromatogram results looked similar to this representative 

printout of a P. astreoides control (Figure 3). The main peaks that we focused on were 

taurine betaine (approx. 13.7), glycine betaine (approx. 21.6 min), proline betaine 

(approx. 24.4 min), and DMSP (approx. 36.1min). There was also a "fingerprint" pattern  

of osmolytes (retention time approx. 17.9 min, 18.8 min, 19.6 min) that, based on a Hill 

et al. (2010) study quantifying osmolytes in P. astreoides using liquid chromatography 

and time-of-flight mass spectroscopy, we hypothesize are hydroxyproline betaine, alanine 

betaine, and trigonelline. However, we were unable to obtain standards of these betaines 

to run through the HPLC to verify our predictions.  

 
 

Figure 3: Representative HPLC chromatogram of a control P. astreoides. The circles 
indicate the main peaks that were quantified and compared.  
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 We obtained percent areas of each peak for each sample and compared the 

relative amounts of osmolytes within and between control and ojo corals. There was a 

significant relationship between environmental pH and the relative concentration of 

taurine betaine and proline betaine (Figure 4). As pH decreased in the ojo, the 

concentration of taurine betaine also decreased (d.f.=9, p≈0.01), while the concentration 

of proline betaine increased (d.f.=9, p≈0.04).  
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Figure 4: pH vs. % taurine betaine and proline betaine of total organic solutes in P. 

astreoides. 

 

 

 We then compared the percent of taurine betaine and proline betaine of total 

organic solutes as a function of ΩA.. There was a significant negative relationship 

between ΩA and proline betaine (d.f.=9, p≈0.02) and a nearly-significant positive trend 

between ΩA and taurine betaine (d.f=9, p≈0.08) (Figure 5). 
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Figure 5: ΩA vs. percent taurine betaine and proline betaine of total organic solutes 

in P. astreoides.  
 
 
 The final relationship that we looked at was the percent of taurine betaine and 

proline betaine of total organic solutes with salinity. Although not quite significant, there 

was a negative trend between salinity and proline betaine (d.f.=9, p≈0.11) and a positive 

trend between salinity and taurine betaine (d.f.=9, p≈0.08) (Figure 6). 
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Figure 6: Salinity vs. % taurine betaine and proline betaine of total organic solutes 

in P. astreoides.  

 

 
 We also compared the average osmolyte percentage of betaines in control vs. ojo 

corals (Figure 7). There were significant differences between control and ojo corals in the 

relative concentrations of taurine betaine, the presumed betaine at 17.9, the presumed 

betaine at 19.6, and proline betaine (p<0.05). All of the osmolytes with significant 

differences between control and ojo tissue, except proline betaine, had greater 

concentrations of osmolytes in the control tissue than in ojo tissue.  In contrast, there was 

a significantly higher concentration of proline betaine in the ojo tissue than in the control 

tissue. There was no significant difference between the concentrations of the presumed 

betaine at 18.8 and glycine betaine. The most abundant osmolyte in control P. asteroides 

was taurine betaine, which composed almost 30 percent of the total organic solutes, while 

the most abundant osmolyte of the P. astreoides ojo corals was proline betaine, which 

composed close to 30 percent of the total organic solutes. Taurine betaine composed 
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about 24 percent of the total organic solutes in ojo corals, and proline betaine was around 

23 percent in control corals. The presumed betaines at 17.9 and 19.6 had averages of 7 

and 14 percent, respectively, in control corals, and 4 and 8 percent, respectively, in ojo 

corals. The concentration of the presumed betaine at 18.8 was fairly constant between 

control and ojo corals at approximately 14 percent of all organic solutes. 

 

 

 
 

Figure 7: Average concentrations of betaines in control vs. ojo corals with standard 

deviations. *Asterisks indicate significance. 
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Determining Skeletal Structure  

 
 Powder X-ray diffraction using the Oxford Diffraction® Xcalibur Nova 

Diffractometer mapped out d-spacings between atoms within the crystal and yielded data 

like the following from an ojo coral (Figure 8): 

 
 

Figure 8: Representative XRD printout showing d-spacings of aragonite. 
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 The d-spacings of both control and ojo corals revealed that aragonite was the only 

crystal polymorph present in all of the samples. Using Jade Program 9® with 

CrysAlisPro®, we determined unit cell dimensions and volume of control (Table 1) and 

ojo aragonite crystals (Table 2). The average unit cell dimensions of aragonite crystals in 

control corals was (4.96 Å x 7.97 Å x 5.75 Å), yielding an average volume of 227.2 Å3. 

Aragonite crystals in ojo corals had average unit cell dimensions of (4.97 Å x 7.97 Å x 

5.75 Å), yielding an average volume of 227.4 Å3 (Table 2). There were no significant 

differences in either of these measurements between control vs. ojo corals.  

 

Sample  a b c Volume 

 Yuc 5A 4.96 Å 7.97 Å 5.74 Å 227.2 Å3 
 Yuc 5B 4.96 Å 7.96 Å 5.75 Å 226.8 Å3 
Yuc 13A 4.97 Å 7.97 Å 5.75Å 227.9 Å3 
Yuc 13B 4.96 Å 7.96 Å 5.74 Å 226.9 Å3 
average 4.96 Å 7.97Å 5.75Å 227.2 Å3 
st dev 0.00544 0.00695 0.00309 0.491 

 

Table 1: Comparison of aragonite unit cell dimensions and volume of control coral. 

 

 

 

 Sample a b c Volume 

Yuc 1A 4.97 Å 7.97 Å 5.75 Å 227.8 Å3 
 Yuc 1B 4.96 Å 7.97 Å 5.75 Å 227.4 Å3 
Yuc 10A 4.97 Å 7.97 Å 5.76Å 228.0 Å3 
Yuc 10B 4.96 Å 7.95 Å 5.74 Å 226.6 Å3 
average 4.97 Å 7.97 Å 5.75 Å 227.4 Å3 
st dev 0.00412 0.00994 0.00447 0.598 

 

Table 2: Comparison of aragonite unit cell dimensions and volume of ojo coral. 
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Discussion 

 
Osmolyte Composition 
 
 Porites astreoides growing inside of acidic ojos had identical osmolyte 

compositions as those living outside of the ojos, but in significantly different proportions. 

Both control and ojo Porites had osmolyte compositions predominantly composed of 

proline betaine and taurine betaine, consistent with osmolyte composition of other Porites 

species P. compressa and P. lobata investigated by Yancey et al. (2010). 

 However, as pH decreased in the ojo, the concentration of taurine betaine 

decreased significantly (p<0.01), while the concentration of proline betaine increased 

significantly (p<0.05) (Figure 4). These findings suggest that P. astreoides in ojos are 

shifting their osmolyte composition to increase proline betaine while simultaneously 

decreasing the total concentrations other osmolytes such as taurine betaine. In other 

words, P. astreoides is replacing other osmolytes with proline betaine in the ojo 

environment. This suggests that there may be a secondary function of proline betaine 

(besides that of an osmolyte) that helps P. astreoides survive conditions within the acidic 

springs. 

 The significant negative relationship between ΩA and proline betaine (p<0.02) 

suggests another possible non-osmotic function of proline betaine: assisting P. astreoides 

in coping with changes in ΩA. In contrast, the non-significant positive trend between ΩA 

and taurine betaine (p≈0.08; Figure 5) suggests that taurine betaine does have a role P. 

astreoides' adaptation to low ΩA conditions. However, no previous research has been 

done on properties of proline betaine and taurine betaine that explore these compounds 
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effects on the mitigation of low-pH effects. More research must be done on secondary 

functions of these osmolytes, and others, to determine their function in Porites. 

 Although not quite significant, the distinct negative trend between salinity and 

proline betaine would be surprising if it is confirmed, considering that proline betaine is 

an osmolyte that functions to regulate cell volume in other organisms. True osmolytes 

will vary in a positive relationship with the solute concentration of the extracellular fluid. 

The positive trend between salinity and taurine betaine (Figure 6) shows this expected 

relationship. Even more puzzling, previous studies have shown that proline betaine is 

used as an important osmoprotectant in all other organisms in which it has been found. So 

far, the only known occurrences of proline betaine are in certain plants, bacteria, a single 

species of sea slug (Elysia chlorotica), in human urine (Trinchant et al. 2004, Nolte et al. 

1997, Amin et al. 1995, Pierce 1984, Chambers and Kunin 1987), and in the genus 

Porites corals (Yancey et al. 2009, Hill et al. 2010).   

 In alfalfa and citrus plants, Escherichia coli, Staphylococcus aureus, and 

Klebsiella pneumoniae, proline betaine functions as an osmoprotectant (Trinchant et al. 

2004, Nolte et al. 1997, Amin et al. 1995). In E. coli, proline betaine was found to 

compete with glycine betaine to be uptaken into the cell through the ProU and ProP 

organic osmoprotectant transport systems (Haardt et al. 1995). Proline betaine has also 

been found in trace amounts in human urine, where it is believed to play an 

osmoprotective role in distal renal tubular cells, as well as a fortuitous role protecting 

enteric bacteria (Bagnasco et al. 1986, Chambers and Kunin 1987). The most studied 

source of proline betaine in animals is in the extremely euryhaline sea slug Elysia 

chlorotica; a superb osmoregulator that can survive in salinities ranging from 24 mOsm-
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2422 mOsm. The amount of proline betaine present in Elysia was found to be directly 

proportional to salinity, suggesting its necessity for cell volume regulation during osmotic 

stress (Pierce et al. 1984). In direct contrast to the evidence of proline betaine as an 

osmoprotectant, we found a negative relationship between salinity and proline betaine in 

Porites in salinity-deprived ojo waters, suggesting that the primary function of proline 

betaine in Porites is not as an osmolyte, but as something that may help these coral adapt 

to the low pH, low ΩA, or other harsh ojo conditions. 

 The chromatogram of HPLC of Porites species reveals a certain "finger-like" 

peak pattern at approximately 17.1 min, 18.8 min, and 19.6 min (see Figure 3). Although 

the osmolytes corresponding to each "finger" have not been identified, they may 

correspond to three more distinct forms of betaines. Hill et al. (2010) have identified the 

presence of seven betaine forms (proline betaine, hydroxyproline betaine, alanine betaine, 

taurine betaine, glycine betaine, trigonelline, β-alanine betaine, listed in decreasing 

concentrations) (Figure 9) in P. astreoides. Based on the molecular structures, size, and 

polarity of each betaine, compared to the known betaines and their retention times, we 

believe that our three unidentified peaks correspond to hydroxyproline betaine, alanine 

betaine, and trigonelline. However, we were unable to obtain purified, known standards 

of these three compounds, making it impossible to confirm our predictions through 

HPLC. 
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Figure 9: Structures of betaines in P. astreoides. A seventh one, β-alanine betaine, is 
not shown (Hill et al. 2010). 
 
 
 Betaines have been identified to play many physiological roles to protect stress: 

acting as compatible solutes, protein and membrane stabilizers, in addition to being 

osmolytes in animals (Rhodes and Hanson 1993, McNeil et al. 1999, Yancey 2005). All 

forms of betaines have often been assumed to have equal functions and additive effects 

(Rhoades and Hanson 1993, Yancey 2005). However, the significantly distinct ratios of 

betaines in the same species of coral living in different environments may indicate that 

natural selection has favored certain types of betaines depending on environmental 

influences (Anthoni et al. 1991). 

 We also looked at the average osmolyte percentage of betaines in control vs. ojo 

corals (Figure 7). There were significant differences in percentages of taurine betaine, the 

presumed betaine at 17.9, and the presumed betaine at 19.6 between control and ojo 

corals (p<0.05), where each osmolyte had a lower concentration in ojo corals than in 

control corals. Because of their osmotic balancing effects and the decrease in salinity in 
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ojos, this result was expected and similar to the one seen between salinity and taurine 

betaine. This suggests that the amount of the possible forms of betaine osmolytes at 17.1 

and 19.6 are decreased with the increased dominance of proline betaine as pH, salinity, 

and ΩA decreases. The positive relationship between salinity and these betaine osmolytes 

is expected due to their osmolyte function. 

 There was also a significant difference in the averages of proline betaine of 

control and ojo corals, but the percent of proline betaine was higher in ojo corals than in 

the control corals. Again, this suggests that the corals are replacing other osmolytes with 

proline betaine as they adapt to ojo conditions and that proline betaine has an alternative 

function to being an osmolyte in P. astreoides. 

 There were no significant differences between the amounts of the presumed 

betaine at18.8 min and glycine betaine between ojo and control coral; however, the 

amount of glycine betaine in Porites is so low that it has a negligible osmotic function. 

The insignificant difference between the two groups in the percent composition of the 

presumed betaine at 18.8 suggests that this solute  may not have an osmotic function or 

any function relating to the environmental factors that differ in the ojo, but perhaps a 

more basic, homeostatic function needed equally by both control and ojo corals. 

 

Skeletal Structure 
 
 XRD analysis revealed that only the aragonite polymorph of calcium carbonate 

was present in all of the control samples and ojo samples. This agrees with experiments 

done by Ries et al. (2011) where CO2 was bubbled into seawater tanks, decreasing ΩA 

from 2.5 (ambient seawater) to 0.7 (similar to ojo water). In the coral species studied in 
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that report, Oculina arbuscula, only aragonite was produced throughout all ΩA 

conditions. However, it is unsure if the ojo polymorph would have differed had the 

mMg/Ca ratio been less than 2.0 in the ojos because mMg/Ca was not one of the 

measurements taken around Puerto Morelos. 

 There were no significant differences of the unit cell dimensions or the volume in 

both control vs. ojo corals (Tables 1 and 2), which suggests that other ions such as Mg or 

Sr are not being substituted for Ca, because their substitutions would cause significant 

changes in the d-spacings or unit cell dimensions due to differences in anatomical size 

compared to calcium. Therefore, corals are not switching either their aragonite 

polymorph or substituting ions to adapt to the low ΩA and low pH, which suggests that 

they are using some other mechanism. One hypothesis is that the coral are protecting 

exposed calcium carbonate skeletons with a thin tissue layer and are highly regulating 

their internal pH especially near the calicoblastic epithelium. In order to achieve a 

sufficiently low pH, the corals have to actively pump out H+ ions, which requires a lot of 

energy (Ries 2011). This energy expenditure probably decreases the corals' ability to 

expand and grow, thus accounting for the diminutive size of the ojo corals compared to 

that of those in the outer reef area (Crook et al. 2011). 

 In conclusion, we discovered that P. astreoides corals growing in ojos are 

replacing taurine betaine and other betaine osmolytes with proline betaine. This suggests 

that the primary function of proline betaine is not as an osmolyte, but probably as 

something that helps the coral survive in an adapt to low-salinity, low-pH, or low-ΩA 

conditions. We also determined that P. astreoides were not shifting the polymorph of 

their matrices, and that they continued to secrete aragonite even in conditions favoring 
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the dissolution of calcium carbonate. These data indicate that the ojo corals are internally 

regulating their ΩA to fix aragonite skeletons and then protecting their secreted aragonite 

matrices from dissolution, probably using a thin tissue layer.  

 
 
Future experiments 
 
 Because this was the first study trying to identify adaptations of P. astreoides to 

ojo conditions, there are many more physiological and compositional elements that need 

to be studied in these three species. First, it would be interesting to take the Mg/Ca ratios 

of seawater at the ojo sites and around Puerto Morelos to see if they differ, and if 

differences, if any, correspond to distinct changes in skeletal structure. Other experiments 

could look at the mineral and nutrient content of ojo water and see if increased amounts 

are aiding corals' ability to survive in the harsh conditions.  

 Another area of interest would be to look at the elemental composition of the 

coral skeletons using energy dispersive X-ray spectroscopy on a scanning electron 

microscope (SEM-EDS). Previous studies have shown that ions such as Mg2+, Sr2+, and 

Co2+ may be incorporated in coral matrices in the same ratio to Ca found in the 

surrounding seawater (Thompson and Chow 1955, Carr and Turekian 1961, Kinsmann 

1969). Although the ionic composition measurements of the water found in the ojos and 

that of the surrounding water were not taken, we suspect that they would be different, due 

to the freshwater sources and differences in pH, ΩA, and salinity-composition of the 

water within the ojos. SEM-EDS would allow us to quantify relative abundances and 

densities of calcium, strontium, and magnesium ions in the coral matrices to determine if 

these pH-resistant corals depend on their ability to use other cations besides calcium to 
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form matrices in calcium-poor acidic waters, and if there were consequent compromises 

in their matrix structure due to these substitutions. 

 We have done preliminary SEM-EDS experiments on P. astreoides matrices that 

were bleached, embedded in Spurr's low viscosity resin, polished, and carbon-coated. Our 

early results have indicated that there are no significant elemental composition 

differences in the skeletal amounts of magnesium, strontium, calcium, and sodium 

between control vs. ojo corals. However, a much more in-depth analysis with a greater 

number of samples must be tested before any conclusions are drawn.   

 Research could also focus on mapping the genomes of pH- and salinity- resistant 

corals to genetically identify specific genes that are expressed that allow them to survive 

ojo conditions. These genes could potentially be used in coral genetic therapy to help aid 

them in the survival of imminent environment-induced low pH and low salinity threats. It 

must be kept in mind that inherent difficulties arise when collecting samples from the 

field, where constant fluctuations in abiotic and biotic factors make it hard to pinpoint 

precise causes and effects. If scientists are able to simulate oceanic conditions in the lab, 

it would allow them to maintain a controlled environment and determine the effects of 

single variables on the physiology and survival on coral. Hopefully identifying, 

understanding, and perhaps genetically emulating Porites adaptations to future 

environmental conditions will help to preserve corals reefs and the expansive ecosystem 

that depends on them.  
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