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Abstract 

 Zoanthids (order Zoantharia, Gray 1832) are found in shallow reef 

systems throughout tropical oceans. These corals are also common in-home aquariums 

where their vibrant colors make them highly sought after. Over years of study these 

organisms have been grouped in a myriad of ways due to the complexity of identifying 

them morphologically. More recently, molecular techniques have been employed in 

zoanthid identification. Over the past twenty years researchers have produced many gene 

trees and used phylogenies to resolve zoanthid species relationships, but often produced 

contradictory results. In this study, we investigated 15 zoanthids that are popular within 

the aquarium trade, and one collected in the Florida Keys. Our aim was to identify 

potential linkages between morphology and genetics and determine how to best resolve 

species delimitations in the genus Zoanthus. 2b-RAD improved the ability to resolve 

species boundaries within the genus Zoanthus and a lack of consensus revealed a 

disconnect between molecular markers and morphology.  
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Introduction 

Nestled within the class Anthozoa is the order Zoantharia Gray, 1832 which 

consists of nine families containing 23 genera made up of 250 species (Low et al., 2016). 

These soft- bodied benthic corals, commonly referred to as zoanthids, are characterized 

by their internal mesenteric muscular structure and the incorporation of substrate and 

other materials into their mesoglea (excluding family Zoanthidae Rafinesque, 1815), with 

some (e.g., genus Palythoa Lamouroux, 1816) containing up to 45% of their overall 

weight as incorporated minerals (Reimer et al., 2010). Incorporating substrate into their 

tissue allows zoanthids to strengthen their polyp structure since they do not produce or 

rely on a calcium carbonate skeleton like stony corals, corals that produce calcium 

carbonate skeletons found in order Scleractinia also within class Anthozoa (Reimer et al., 

2010). These soft corals are found in colonies of polyps throughout the planet’s oceans 

and are often found in shallow water coral reef systems. Many zoanthids associate with 

algal symbionts from the genera of Symbiodinaceae, though not all zoanthids possess 

these symbionts.  

Zoanthids, specifically genera Palythoa and Zoanthus, are popular in the 

aquarium hobby trade due to their high variance of color and ease of husbandry. They are 

often labeled with elaborate common names in the aquarium trade and these names can 

vary greatly from one coral supplier to another. While variations of common names in the 

pet trade is typical, and often expected, it does not have the same rigor as scientific 

classification of organisms, i.e. taxonomy, and is thus less reliable. However, for zoanthid 

corals, morphological and phylogenetic classification can often lack consensus (Swain et 

al., 2016). 
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 The field of zoanthid research has relied very heavily on a limited number of 

morphological characteristics, mainly microanatomical and internal differences, such as 

the location of the sphincter muscle in tissue layers or mesentery (an internal muscular 

structure found within soft corals that enables hydrostatic skeletons to function) counts to 

determine suborder, in the past (Reimer et al., 2010; Swain et al., 2016). Yet, the most 

commonly used characteristics for morphological identification used in the field are 

polyp column width and height, oral disc size, tentacle count, and color (Jaramillo et al., 

2018; Reimer & Todd, 2009; Reimer, Foord, & Irei, 2012; Swain, 2016). However, this 

type of classification only loosely resolves taxonomic groups as Swain and Todd (2009) 

point out in their study where they state, “While identification to the generic level 

(Zoanthus or Palythoa) could be made with confidence, species level assignments often 

proved difficult.” This difficulty is due to the high levels of phenotypic plasticity that are 

found in zoanthids and lack of qualitative characters that can be used to delineate species 

of zoanthids (Ryland & Lancaster, 2003).  

However, modern technologies are allowing the field to progress in creating a 

more comprehensive and thorough understanding of the relatedness of these corals by 

combining morphological studies of tentacle musculature, mesentery arrangement, polyp 

size and diameter, and color morphology with genetic studies, or through robust genetic 

studies of multiple gene regions (Swain et al., 2016; Swain, 2018). As genetic research 

has grown and developed so too has our understanding of the relationships between 

difficult to identify zoanthids. Genetic analysis has helped to remove some of the burden 

of interpreting microanatomical structures, but it has brought its own suite of problems to 

overcome. Over the past twenty years researchers have produced many gene trees, 
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including non-coding gene regions, and phylogenies to resolve the relationship of corals 

found within the order Zoantharia, but several gene trees have produced contradictory 

results (Reimer et al., 2006; Swain, 2018). In a review encompassing 107 zoanthid 

phylogenetic studies the vast majority, 94% specifically, relied solely on a single gene or 

fragment to explain the relatedness of species in the study (Swain, 2018). Though these 

studies attempted to create a species tree, the use of a single gene does not produce a 

species tree but instead produces a gene tree from which only conclusions on the gene’s 

evolution, not the organism’s, can be drawn (Swain, 2018).  

More recently, mitochondrial markers were thought to be the ideal regions for 

barcoding organisms, using short segments of DNA to identify a specimen, around the 

world (Hebert et al., 2003). Though advancements in genetics have shown that a single 

universal barcode is not accurate, mitochondrial markers are still very useful in 

identifying organisms (Will et al., 2005). Moritz, Dowling, and Brown (1987) outlined 

the structure, versatility, and usefulness of mtDNA gene regions. Mitochondrial genes 

lack introns (a non-coding region) and the mitochondrial genome has varying divergence 

rates, which both lend to their usefulness in phylogenetic investigations (Moritz, 

Dowling, Brown; 1987). Early work on zoanthids focused on gene regions found within 

the mitochondrial genome that were thought to evolve in ways similar to higher 

metazoans, but this is not entirely accurate (Shearer et al, 2002). Cnidarian 16S mtDNA 

evolves at a rate similar to other organisms, however, the cytochrome oxidase subunit I 

(COI) region evolves drastically slower than higher metazoans (Shearer et al., 2002; 

Huang et al., 2008). The COI subunit in cnidarian evolution is nearly stagnant, as 

observed by Shearer et al. (2002) and Huang et al. (2008), yet several studies have 
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utilized this region to resolve relationships of zoanthids (reviewed in Swain, 2018). 

Disappointingly, of the 100 attempted species trees utilizing a single gene region in the 

Swain (2018) review, 30% used only COI mtDNA to determine zoanthid relationships.  

Some studies have used a combination of the highly conserved regions such as 

16S mtDNA and COI mtDNA, the hypervariable internal transcribed spacer region (ITS 

nrDNA), or a combination of two or all of these (Reimer et al., 2006; Reimer et al., 

2007a, Reimer et al., 2007b; Reimer & Todd, 2009; Sinniger et al, 2010). The most 

problematic combination DNA in many zoanthid studies are 16S mtDNA and COI 

mtDNA, both of which are not capable of accurately resolving relationships below the 

family level. Despite this, several studies have produced phylogenies attempting to 

resolve deep evolutionary relationships using only 16S mtDNA and COI mtDNA 

(reviewed in Swain, 2018). Since few studies have thoroughly examined zoanthid 

genetics, these faulty studies have had a disproportionate impact on our view of zoanthid 

relationships (Reimer et al., 2006; Reimer & Todd, 2009). 

For example, Santos et al. (2016) utilized only sequence data from 16S mtDNA 

and COI mtDNA to identify and resolve the evolutionary relatedness of Brazilian coastal 

zoanthids. In this study they observed identical genetic identity among several samples 

and low reliability as measured by bootstrap values, a measurement of the confidence in 

phylogenetic results. These problems lessened their ability to identify and support 

relationships between specimens (Santos et al., 2016). They concluded that further tools 

are needed to identify zoanthids to the species level. The Santos et al. (2016) study 

underlines the risk of using highly conserved genetic regions to attempt to delineate 
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species. To address this lack, researchers have strongly suggested zoanthid taxonomic 

methodology is in dire need of revision (Reimer et al., 2006 & 2010; Swain, 2018).  

To revise our understanding of zoanthid taxa we need to revise the toolbox we 

utilize. Advancements in molecular technology have broadened the options researchers 

have to obtain greater amounts of data and information. Advancements in next generation 

sequencing (NGS) have developed a plethora of different techniques for researchers to 

adapt to their organisms of choice. One of these methods is 2b-RAD, a next generation 

sequencing method that is used to produce a large collection of short segments of 

sequences that are cut and amplified from across the genome (Wang et al., 2012). This 

method is a restriction site-associated DNA (RAD) genotyping method that sequences 

only short segments of DNA and reduces the complexity of genome analysis while 

allowing for the collection of large quantities of single nucleotide polymorphism (SNPs) 

data (Wang et al., 2012).  The product of 2b-RAD is not a partial or whole genome 

assembly but a library of many DNA fragments that allows for a more informative 

analysis of these organisms to be created, when compared to only a handful of genetically 

informative sites produced through Sanger sequencing of conserved gene regions (Wang 

et al, 2012). SNPs data has become one of the ideal genetic data types to utilize, but for 

species with large genomes it can be obstructively costly to collect SNP data across an 

entire genome. 2b-RAD, however, allows for SNP data collection from across the 

genome while reducing the cost and allowing for reproducibility (Wang et al., 2012). It 

has also been shown to be powerful to identify relationships within non-model organisms 

where reference genomes are not available (Barbanti et al., 2020; Kelly et al., 2020; 

Wang et al. 2012). In Barbanti et al. (2020) 2b-RAD sequencing was used on non-model 
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organisms with genomes of varying sizes using DNA of varying quality. They produced 

guidelines that optimize the cost and product quality of samples processed using the 2b-

RAD method and underline its usefulness in non-model population genome studies 

(Barbanti et al., 2020). 2b-RAD sequencing has been used in this study because it allows 

for genome-wide analysis of SNPs within zoanthids, a non-model organism that lacks a 

reference genome (Wang et al., 2012).    

The goal of this study is to identify a more powerful method for identifying 

similar zoanthid species along with producing data that will provide information and 

incentive for future studies to utilize NGS methods to increase our understanding of the 

relationships within these organisms. In this project it is expected that utilizing NGS, 

specifically 2b-RAD, will create a more resolved understanding of the relationship 

between the representative species included in this study. It is also expected that utilizing 

2b-RAD will result in more robust, well-supported, and powerful results when compared 

to those obtained through Sanger sequencing.  

Methods 

Zoanthid sampling  

Zoanthids from the genus Zoanthus were purchased from the aquarium trade. 

Corals of a similar color morphology (e.g., green oral disc), but not exact color type 

(green banded oral disc vs solid green oral disc), were preferred so that accurate species 

delimitation using SNPs will aid in identification of cryptic species that have varieties 

within similar yet different color morphologies, but a variety of color morphs were 

collected for comparison.  



7 

 

 Fifteen large zoanthid colonies were purchased and grown, and a sixteenth was 

collected from the wild within the Florida Keys (Figure 1). Corals were reared in a 165-

gallon closed aquarium system at a temperature of 78 – 80 degrees Fahrenheit, salinity 

was maintained at 35 particles per thousand (ppt), and a lighting regime with a twelve-

hour photo period was used. These colonies possess visible differences in color and 

morphology (Figure 1). From each colony 6-8 polyps (0.5-1cm diameter) were collected 

for analysis (Figure 1). 
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Figure 1 - Sample ID, Common Name, Scientific Name; JES201-A, Eagle Eye, Zoanthus sansibaricus; 

JES202-B, Unknown, Zoanthus aff. pulchellus; JES203-C, Gumball Machine Cracker, Zoanthus 

sansibaricus; JES204-D, Pink Panther, Zoanthus sansibaricus ; JES205-E, Dragon Eye, Zoanthus 

sansibaricus; JES206-F, Goblins on Fire, Zoanthus sansibaricus; JES207-G, Obsidian, Zoanthus 

sansibaricus; JES208-H, Armor of God, Zoanthus kuroshio; JES209-I, Sunny D, Zoanthus cf. kuroshio; 

JES2010-J, Dragon Eye, Zoanthus sansibaricus; JES2011-K, Green Bay Packers, Zoanthus sansibaricus; 

JES2012-L, Ultra Horizon, Zoanthus sansibaricus; JES2013-M, Venom X, Zoanthus sansibaricus; 

JES2014-N, Mohawk, Zoanthus aff. pulchellus; JES2015-O, Unknown, Zoanthus aff. pulchellus; JES2016-

P, Field Collected, Zoanthus aff. sociatus. Scientific name determined through comparing ITS rDNA to 

available sequences in NCBI BLAST database. 

 

 

 

 Morphological data collection – When possible, multiple polyps (>5) from each 

sample colony were imaged and used to collect data that covers a range of possible 

morphological characteristics. Zoanthid polyp samples were imaged using a Leica DMC 

4500 microscope (Leica Microsystems). Polyps were contained in a large view glass 

containing water from the rearing aquarium. Multiple measurements for polyp tentacle 
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length, oral disc size, mouth width, and tentacle number were collected. Measurements 

were made inside the Leica imaging software to maintain accurate measurements across 

images. Data was compiled and averages for each morphological characteristic were 

calculated. Coloration metrics of zoanthid polyps were collected by first processing 

images using GIMP (GNU Image Manipulation Program v2.10.30) where image 

backgrounds were removed, and a collage reference image of all samples was assembled. 

The images were then processed in R (v 4.1.2) using the recolorize package (v. 0.1.0; 

Weller, 2021) where color proportions were collected (Appendix 8). The collected 

coloration data consisted of bins containing the colors black, brown, blue, white, green, 

yellow, and red which were considered to represent all colors present in the sample 

colonies. Color proportions were transformed into z-scores and assimilated into a table 

containing other morphological metrics.  

 Zoanthid DNA Sequencing and Alignment - DNA was extracted using the 

Thermofisher GeneJET Plant Genomic DNA Purification Mini Kit and the included 

protocol. 8mm steel beads were used to physically disrupt tissue using a QIAGEN 

TissueLyser II for 30 seconds at 20Hz. Extracted DNA was amplified through PCR using 

Platinum Hotstart PCR Master Mix (2x) (ThermoFisher) following the manufacturer's 

suggested protocol. The following primer sets were used to amplify 16S mtDNA, 12S 

mtDNA, and ITS nrDNA respectively: 16Sant0a (5′ GAA GTA GGC TTG GAG CCA 

GCC A 3′) and 16SbmoH (5′ CGA ACA GCC AAC CCT TGG 3′), 12S1a (5′ TAA GTG 

CCA GCM GAC GCG GT 3′) and 12S3r (5′ ACG GGC NAT TTG TRC TAA CA 3′), 

ITS-Zoan-f (5′ CCT GAT CAT TTA GAG GGA GT 3′) and ITS-Zoan-r (5′ CGG AGA 

TTT CAA ATT TGA GCT 3′) (Reimer et al., 2007; Sinniger et al., 2005; Sinniger et al., 
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2010). 16S mtDNA amplification was carried out using the protocol: 2 min at 94°C; then 

35 cycles of: 1 min at 94°C, 30 sec at 52°C, 90 sec at 72°C; followed by a final 

elongation for 2 min at 72°C. 12s mtDNA amplification was performed using 

thermocycler protocol: 2 min at 94°C; then 40 cycles: 30 sec at 94°C, 1 min at 52°C, 2 

min at 72°C; followed by a final 5 min elongation at 72°C (Sinniger et al., 2005). Finally, 

ITS nrDNA was amplified through the protocol: 2 min at 94°C; then 35 cycles of: 1 min 

at 94°C, 1 min at 50°C, and 2 min at 72°C; with a final elongation of 10 min at 72°C 

(Reimer et al., 2007).  

The 16S mtDNA and 12S mtDNA sequences were aligned using both Multiple 

Sequence Alignment (MUSCLE) for automatic alignment within Geneious 10.2.6 

(https://www.geneious.com) then manual alignment in Mesquite (v 3.6.1) (Edgar, 2004; 

Maddison and Maddison, 2019). Automated alignment of the ITS sequences were 

performed using PRANK (v.170427) followed by manual alignment in Mesquite (v 

3.6.1) (Löytynoja and Goldman, 2008; Maddison and Maddison, 2019). Manual 

alignment of ITS sequences was necessary due to the hyper-variability of this gene region 

in zoanthids and the typical creation of over-aligned sequence regions leading to false 

homology in sequence data when ITS sequences are processed in automated alignment 

software (Swain, 2018). Once sequences were aligned, they were assembled into a 

concatenated sequence totaling 2,981 bases and partitioned into three separate gene 

sections of 16S mtDNA, 12s mtDNA, and ITS rDNA.  

Symbiodinium 2b-RAD preparation - To ensure accurate sequencing of 

zooxanthellae symbiont DNA, cultures from each zoanthid colony were prepared. Using 
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a glass Pasteur pipette drawn out to a fine point with a flame, zoanthid symbionts were 

physically collected from within the polyp. Collected material was placed on a 

microscope slide where another sterilized and drawn-out Pasteur pipette was used to 

specifically collect only zooxanthellae symbionts to avoid contamination of cultures. 

Collected symbionts were placed into culture flasks containing 60ml of F/2 liquid growth 

media. Cultures were grown for several weeks. Once grown to sufficient cell density, 

samples from the cultures were collected and DNA was extracted using a DNeasy 

Powersoil DNA extraction kit (QIAGEN). DNA was then processed following the 

procedure outlined below for 2b-RAD sequencing.  

Symbiont DNA sequencing and alignment - Zoanthid symbiont DNA was 

extracted from zoanthid polyp tissue using the Thermofisher GeneJET Plant Genomic 

DNA Purification Mini Kit. Once DNA was extracted zooxanthellae specific primers 

were used to amplify only the zooxanthellae ITS2 nrDNA region for barcoding. The 

primer set ITSinfor2 (5’GAATTGCAGAACTCCGTG 3’) and ITS2CLAMP 

(5’CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGGGATCCATATG

CTTAAGTTCAGCGGGT 3’) were used to amplify the region (LaJeunesse and Trench, 

2000). A touchdown thermocycler protocol was used: 3 min at 92°C followed by, then 35 

cycles consisting of an initial annealing temperature of 62°C for 40 sec decreasing by 

1°C every two cycles for 20 cycles until being held at 52°C for 15 more cycles with a 30 

sec elongation step at 72°C in each cycle, final elongation was for 5min at 72°C 

(LaJeunesse and Trench, 2000). Amplified segments were sent to Molecular Cloning 

Laboratory (mclab.com; San Francisco, California) for sequencing. Recovered sequences 

were aligned using MUSCLE automated alignment (Edgar, 2004). The final aligned 
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sequences were a maximum of 365 bases in length. Once aligned, sequences were 

compared to those found in NCBI’s BLAST database to identify their respective clade. 

Phylogenetic tree - A phylogenetic tree and gene tree for Sanger sequences 

derived markers from zoanthid DNA and symbiont DNA, respectively, were generated 

and support values were collected using a Maximum Likelihood (ML) analysis with ML 

bootstrap (MLBS) values generated through RAxML-HPC2 v8.2.12 (Stamatakis, 2006; 

Stamatakis et al., 2008). Maximum likelihood analysis was run with 1000 replications 

and 1000 MLBS replications to estimate support for nodes (Stamatakis, 2006). Tree 

topology was visualized using FigTree v1.4.4 (Rambaut 2012) and MLBS values were 

added. A phylogenetic tree was constructed to allow for the collection of a distance-based 

matrix to compare with trees using distance-based algorithms with data generated using 

2b-RAD. 

2b-RAD Sequencing – Extracted DNA was prepared for 2b-RAD genotyping by 

following the methods of Wang et al, (2012) with a few alterations outlined below. First, 

genetic DNA concentrated by ethanol precipitation and was digested in a master mix 

consisting of 10x Buffer R, 150 µM SAM, ALFI (2U), and nuclease-free water (NFW) 

for four hours at 37°C then the enzyme was inactivated by heating to 65°C for 20 min to 

produce fragments of equal length (36bp) (Wang et al., 2012). Next, adaptors were 

ligated to the digested sequence fragments using a ligation master mix of 10 mM ATP, 

10x T4 ligase buffer, Adaptor 1 (2 µM) (5ILL_RG + anti_ILL), Adaptor 2 (2 µM) 

(3ILL_YG + anti_ILL), T4 DNA ligase, BSA (20mg/ml⁻¹), and NFW for a minimum of 

16 hours at 4°C (Kelly et al., 2020) .  
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The ligated fragments were then amplified and barcoded by PCR with the master 

mix 10 mM(each) dNTP, 10 µM Ill-Lib1, 10 µM Ill-Lib2, 5x Q5 Buffer, BSA (20 

mg/ml⁻¹), Q5 DNA Polymerase, NFW, and a unique forward and reverse barcode primer 

for each sample. Amplification of samples followed a thermocycler protocol of 94°C for 

2 min; 30 cycles of 98°C for 5 sec, 60°C for 20 sec, 72°C for 10 sec; followed by a final 

elongation for 72°C for 10 min (Kelly et al., 2020). 

Once fragments were amplified, they were gel purified to isolate target bands to 

remove primer dimers and residual DNA. The gel bands were sliced from the gel block, 

cleaned, and then sequenced using an Illumina MiSeq sequencing platform. Recovered 

sequences were used to construct a library.  

Assembly of 2b-RAD sequences – 2b-RAD raw single end read quality was first 

assessed using FastQC (v0.11.9). Once read quality was checked, adapters were trimmed 

from sequences using cutadapt (v2.8) and sequences of only 36 base pairs were retained. 

Trimmed sequences were again checked for quality using FastQC (v0.11.9). Once 

sequence quality was checked they were loaded into Stacks (v2.59). A population map 

was created denoting each sample as its own population due to the unknown nature of 

their true population relationship, but with the assumption that they did not come from 

the same population. This population map was uploaded into Stacks. Once both the 

population map and trimmed single end reads are uploaded to Stackss a de novo 

reference genome was constructed and the pipeline ran using the denovo_map.pl 

command. The output for this command was then exported from Stacks using the 

“population” command where multiple file types were exported using alternate command 
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options (Appendix 1; Stacks (v2.59)). The Fixation index (Fst) was also calculated 

between each sample and exported as a matrix showing sample divergence per 

comparison. 

 Nonmetric Multidimensional Scaling – Output files from Stacks were imported 

into R (v 4.1.2) where VEGAN (v2.5.7; Oksanen et al., 2020) was used to produce a plot 

using a nonmetric multidimensional scaling model (NMDS) of the 2b-RAD sequence 

data (Appendix 3). Maximum likelihood trees were also imported into RStudio where 

they were transformed into distance matrices using the ape package (v5.6-1). Vegan 

(v.2.5.7) was used to produce NMDS plots of the phylogeny and gene tree above, along 

with the morphological and color data table.  

 Population estimate: – A file formatted for use in Structure (v2.3.4) was output 

from Stacks (v2.59) and used to identify the number of populations present in the 

samples of this study (Pritchard et al., 2000). Due to the true number of populations being 

initially unknown, multiple assumed populations were tested and compared varying from 

2 populations to 14 populations with a 10,000 burn-in period and 100,000 replications. 

Optimal population number was estimated by comparing estimated Ln probability of data 

in each assumed population estimate and using the output with the highest probability. 

 2b-RAD Bayesian Phylogenetic Tree - 2b-RAD sequence data was imported into 

BEAST (v2.6.7) from Stacks (v2.59) (Bouckaert et al., 2019). Stacks produced a Phylip 

format output consisting of 6,196 informative sites across the sequenced 2b-RAD data. A 

Bayesian tree was produced using the General Time Reversible (GTR) model, random 



15 

 

local clock, and birth-death model. The program ran for 10,000,000 replications with a 

100,000 burn-in and sampling every 1,000 replicates.  

Species delimitation - To estimate species boundaries within our molecular 

markers, Bayesian and ML trees were processed using a Poisson Tree Process (PTP) 

model (Zhang et al., 2013). Trees were run with 500,000 Markov chain Monte Carlo 

(MCMC) iterations, a 10% burn-in, and 100 thinning. Likelihood trace plots were 

visualized to identify convergence of samples. Outputs were downloaded and used to 

identify species delimitations.  

 Data comparison - Sequence data from both 2b-RAD and Sanger sequencing 

along with morphological data were imported into R (v4.1.2). All data sets were 

transformed into distance matrices and compared through Mantel tests using Euclidean 

distance as the method in the ape package (v5.6-1) (Appendix 2). In vegan (v2.5.7; 

Oksanen et al., 2020) a canonical correspondence analysis (CCA) was performed 

between morphological data and zoanthid 2b-RAD data (Appendix 7). Also, the two 

datasets were compared using a stepwise CCA to determine if any single variable within 

the morphological data explained the observed variance (Appendix 7).   

 Samples used in each analysis varied and are outlined in Table 1. To keep datasets 

comparable, any sample that was not present in one of the datasets was treated as missing 

data. 
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Table 1 - Samples used in each analysis. 

  

 

 

 

Results 

Zoanthid 2b-RAD Data  

To produce a high resolution dataset of the diversity and divergence of the 16 

samples used in this study, the 2b-RAD method generated 46,776 loci composed of 

1,683,948 bases were recovered containing 13,402 variant sites. Three individual samples 

and four distinct groups were found within the NMDS plot (Figure 3) and Fst table 

estimates (Table 3). The Bayesian tree (Figure 2) resolved three individual samples, one 

with low support (JES202-B, BPP = 0.5031), and five monophyletic clades. Using a 

cutoff Fst value of 0.45, our data suggest two of these clades are closely related and can 
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reliably be grouped into a single clade (Figure 2, blue). One sample (JES206-F) 

possessed Fst values that placed it between two groups (Figure 2, blue and pink) 

suggesting it remains unresolved. Groupings within the phylogeny (Figure 2) are 

reflected in the NMDS plot (Figure 3) by clustering of points that fall into these distinct 

clades.  

 

 

 

Figure 2 - Bayesian tree created using zoanthid 2b-RAD sequence data. Percentages represent Bayesian 

posterior probability with 100,000 burn-in and 10,000,000 replications. In the figure, color bars represent 

groupings determined by mean sample Fst, cutoff .45, calculated in Stacks (v2.59). Color bars placed next 

to identified clades. 
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Figure 3 –NMDS of 2b-RAD sequence data. Ellipses denote groupings of Fst values below 0.45 for all 

samples in that group. Vector arrow correlates to the color blue from morphological data described below 

correspond to ellipses placed in figures 2 and 5 along with clades found in the ML tree (Figure 6). Species 

name identified through ITS nrDNA barcoding. 

 

 

 

Results from the Poisson Tree Process (PTP) model show samples separated into 

8 species (Table 2). Species delimitations are determined by support values, which vary 

across the dataset. Sample JES2016-P and JES206-F have high Bayesian posterior 

probability (0.967 and 0.768, respectively) suggesting high resolution between these 

samples and others in the dataset. Samples JES205-E (0.605) and JES202-B (0.565) 
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separated from the remaining dataset, but with lower support values. All other samples 

had very low support ( BPP < 0.50). 

 

 

 

Table 2 - Species delimitations based on Poisson Tree Process (PTP) model of 2b-RAD sequence data 

(Zhang et al., 2013). Calculations based on 500,000 Markov chain Monte Carlo, 10% burn-in, and 100 

thinning as inputs.  

Species Group Samples Support 

1 JES2016-P 96.7% 

2 JES206-F 76.8% 

3 JES2011-K, JES2013-

M, JES203-C, JES207-

G 

21.6% 

4 JES205-E 60.5% 

5 JES201-A, JES2010-J 33.2% 

6 JES202-B 56.5% 

7 JES2014-N, JES2015-O 30.7% 

8 JES208-H, JES209-I 46.6% 
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Fst values show similar patterns of separation to the PTP model. The Fst cutoff 

value was set at 0.45 due to groupings identified using this value being reflected in other 

datasets JES2016-P had a mean Fst of 0.677, while JES202-B had a high average Fst value 

of 0.717 making it highly divergent from other samples (Figure 3). Mean Fst values for 

each group are outlined in Table 2. Euclidean distances (generated to produce Figure 3) 

among samples were congruent with Fst and PTP model values. The mean Euclidean 

distance for all samples is 49.124, however the mean Euclidean distance for JES202-B, 

JES206-F, and JES2016-P were 51.252, 51.861, and 55.556, respectively, suggesting 

these samples were dissimilar from others in the 2b-RAD distance matrix. 

 

 

 

Table 3 - Fixation index (Fst) table produced by STRUCTURE (v2.3.4). Fst cutoff 0.45 used to separate 

and group samples into related populations. Colors coordinate with groupings found in Figures 2 and 3. 
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Zoanthid Sanger Sequencing  

To directly compare the samples used in this study to those of previous studies 

Sanger sequencing was used. This method recovered sequence lengths totaling 2,981 

base pairs which contained 160 informative sites throughout the concatenated sequences 

of 12S, 16S and ITS regions. The recovered maximum likelihood (ML) tree (Figure 4) 

from zoanthid DNA produced five supported clades (MLBS = 100; Figure 4). Nearly all 

nodes within the largest clade were not well supported (MLBS < 75), however the second 

largest clade had high internal support values (MLBS > 75; Figure 4). Two clades 

contained a single sample (JES203-C, and JES2016-P), all with an MLBS of 100. 
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Figure 4 - Maximum likelihood phylogenetic tree with scale bar produced from concatenated 16S mtDNA, 

12S mtDNA, and ITS rDNA. Tree produced through RAxML using 1000 replications and 1000 ML 

bootstrap replications to estimate support for nodes (Stamatakis, 2006). MLBS values < 75 have been 

removed from the tree. Species name identified through ITS nrDNA barcoding with samples possessing 

100% identity being considered identical.  

 

 

 

Samples were placed into five delimited species by the PTP model (Table 4). All 

species groups possessed Bayesian posterior support values greater than 98%. JES2016-P 

again is placed into its own species bin with 100% support. Species group 3 was the 

largest species bin with samples A, C, E, F, G, J, K, and M (Table 4) being placed in it. 
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Table 4 - Species delimitations based on Poisson Tree Process (PTP) model of Sanger sequence data 

(Zhang et al., 2013). Calculations based on 500,000 Markov chain Monte Carlo iterations, 10% burn-in, 

and 100 thinning as inputs.  

Species Group Samples Support Identity based on 

ITS nrDNA 

1 JES2016-P 100% Zoanthus sociatus 

2 JES209-I, JES208-H 99.8% Z. kuroshio 

3 JES205-E, JES203-C, JES207-G, 

JES2011-K, JES2013-M, 

JES201-A, JES206-F, JES2010-J 

98.6% Z. sansibaricus 

4 JES202-B 100% Z. pulchellus 

5 JES2014-N, JES2015-O 98% Z. pulchellus 

    

 

 

Within the NMDS (Figure 5) samples JES202-B and JES2016-P grouped 

independently of the other samples, as observed in the ML phylogeny (Figure 4). Clades 

found within the phylogeny (Figure 4) related to clustering observed in NMDS plot 

(Figure 5), these clusters reflected the grouping of samples found in the clades. Samples 

from within the largest clade of figure 4 group near each other, yet samples A, F, J, K, 

and M all group together while C, E, and J group nearby. The mean Euclidean distance 

for all samples was 0.556 while samples JES202-B and JES2016-P had a mean distance 

of 0.676 and 0.633 respectively. 
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Figure 5 - NMDS of zoanthid Sanger sequencing data. Ellipses reflect groupings found in 2b-RAD 

Bayesian tree (Figure 2). 

 

 

 

Morphological data   

By using four commonly used morphological characteristics and the proportion of 

seven colors across all samples we were better able to understand the relationship of 
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morphology to genetic data. A NMDS plot was used to visualize dissimilarity in 

morphological features across samples (Figure 6).  

 

 

 

 

Figure 6 - NMDS of zoanthid morphological data. Vectors depict significant morphological characteristics 

from phylogenetically independent contrast (PIC) analysis and show factors driving separation within the 

samples.  
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Samples varied across measurements with mouth width ranging from 0.25mm - 

0.54mm (x̄ = 0.38mm), tentacle length 0.37mm - 1.35mm (x̄ = 0.80mm), and oral disc 

diameter 1.56mm - 3.86mm (x̄ = 2.37mm) (Appendix 5). The number of tentacles each 

sample possessed also varied from 42 tentacles to 64 (x̄ = 50). Coloration also varied 

across samples, black 0% - 97% (x̄ = 21%), brown 0% - 91% (x̄ = 41%), blue 0% - 100% 

(x̄ = 10%), white 0% - 18% (x̄ = 5%), green 0% - 100% (x̄ = 10%), yellow 0% - 22% (x̄ = 

4%), red 0% - 63% (x̄ = 10%) (Appendix 6).  

Data comparisons 

2b-RAD and Sanger sequencing data.  

Zoanthid Sanger Sequencing data was positively correlated with zoanthid 2b-

RAD sequencing data (Mantel test; r = 0.5807, p = 0.001, permutations = 999; Table 5). 

Qualitative comparisons between phylogenies show similar topologies, but greater 

supports in the 2b-RAD dataset.  
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Table 5 - Results from Mantel tests performed on data sets. Permutations = 999 for all comparisons 

Comparison r p 

Zoanthid     

2b-RAD - Sanger seq. 0.58 0.001*** 

2b-RAD - Morphology -0.08505 0.65 

Sanger seq. - Morphology -0.104 0.833 

Symbiodinium     

2b-RAD - Sanger seq. -0.1409 0.616 

Zoanthid 2b-RAD - Symbiodinium 2b-RAD -0.02413 0.51 

Zoanthid morphology - Symbiodinium 2b-RAD -0.00329 0.49 

 

 

 

2b-RAD and morphology   

Overall zoanthid 2b-RAD sequencing data dissimilarity did not correlate with 

morphological dissimilarity in our data (Mantel test; r = -0.085, P = 0.65; Table 5).  To 

understand if individual morphological characteristics corresponded to 2b-RAD data a 

canonical correspondence analysis was conducted. In the analysis all variables only 

explained 12.8% of the variance seen in the 2b-RAD data (adjusted r² = 0.12821, p = 

0.026, permutations = 999). Only a single variable explained a significant portion of the 

variance. The color blue explained 4% of variance in the 2b-RAD data (adjusted r² = 

0.04014, p = 0.028, permutations = 999), but no other individual variable was significant 

(P < 0.05). The significance of the color blue may be driven by a single sample 
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(JES2016-P), which was 100% blue (highest proportion of blue in other samples was 

20%) and highly divergent in the 2b-RAD data (Figure 3). This variable was mapped 

onto Figure 3 and the resulting vector corresponds to the outgrouping of sample 

JES2016-P which possessed a solid blue coloration (Figure 1).  

To understand the relationship of individual morphological variables to 

phylogenetic relationships among corals, characteristics were mapped to the Bayesian 

tree and tested for phylogenetic signal (Figure 7). Among all the morphological variables, 

only the average tentacle length (Blomberg’s K = 0.86, P = 0.03) and blue coloration of 

the polyp (K = 0.99, P = 0.05) showed a significant phylogenetic signal based on 

phylogenetically independent contrasts (PIC, Figure 7).   

Overall zoanthid sanger sequencing dissimilarity did not correlate with 

morphological dissimilarity in our data (Mantel test; r = -0.104, P = 0.83).   

 



29 

 

 

Figure 7 - Bayesian phylogeny with morphological characteristics added to tip labels. Plot produced in R 

package picante (v 1.8.2). Tip labels (left to right): Average tentacle length, average mouth width, average 

oral disc width, average number of tentacles, percent polyp color blue. Larger circles indicate higher values 

for each trait. 
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Table 6 - Phylogenetically independent contrast (PIC) scores. Produced in picante v 1.8.2. Significant 

factors are shown in bold font 

Characteristic K statistic p 

Avg. Mouth Width 0.388 0.6 

Avg. Tentacle Length 0.858 0.025 

Avg. Oral Disc Diam. 0.337 0.712 

Avg. Number of Tentacles 0.411 0.573 

Black 0.355 0.524 

Brown 0.358 0.374 

Blue 0.987 0.051 

White 0.420 0.398 

Green 0.556 0.164 

Yellow 0.559 0.149 

Red 0.589 0.192 
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Symbiont 2b-RAD Data  

A total of 11 symbiont cultures produced 36,488 loci composed of 1,313,568 

bases containing 5,137 variant sites. The resulting NMDS displayed partial grouping, but 

six samples did not show any relationship. Samples G, H, J, M, and P were all grouped 

together while all other samples did not group with any other samples. Samples A, B, C, 

E, F, and N were isolated around distinct boundaries of the NMDS plot (Figure 8). The 

data set used to produce the NMDS was the smallest of any dataset (11 samples in total).  
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Figure 8 - NMDS of Symbiodinium 2b-RAD sequence data. 

 

 

In the Bayesian phylogenetic tree (Figure 9) several samples formed pairings that 

were well supported, and one clade possessed three samples (A, B, and C). Pairings with 

high support, Bayesian posterior probability > 0.95, included E and J, and G and M. One 

pairing (N and M) had lower support with a BPP < 0.95 (0.87). Two individual samples 

(Zoo203-C and Zoo206-F) grouped independently of the clades with low support (BPP < 

0.46).  
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Figure 9 – Bayesian tree created using symbiont 2b-RAD sequence data. Percentages represent Bayesian 

posterior probability with 100,000 burn-in and 10,000,000 replications. 

 

 

 

Symbiont Sanger Sequencing  

An ITS-2 gene tree (Figure 10) was produced for symbiont DNA as only a single 

gene was used in the analysis. Recovered sequence length for the ITS-2 nrDNA 

barcoding region was ~350bp in length containing 16 variant sites (SNPs). When 

recovered sequences were compared to the NCBI database using the nucleotide basic 

alignment and search tool (BLAST), all the samples were found to belong to the 
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Symbiodinium Clade C (Altschul et al, 1990). Symbiodinium Clade C is a legacy name 

that is now recognized as the genus Cladocopium (LaJeunesse et al., 2018). Henceforth 

the symbionts in this study will be referred to accordingly. 

In the produced maximum likelihood tree (Figure 10) two supported clades 

(MLBS ≥ 85) and one poorly supported clade (MLBS < 85) were recovered with one 

containing a single sample (Zoo201) with high support (MLBS value = 91; Figure 10). 

The only other supported clade, containing 9 samples, had high support of (MLBS = 85, 

Figure 10). Samples outside of these two clades grouped together but possessed low 

internal support, suggesting a lack of dissimilarity in this clade. Interestingly, one sample 

(Zoo2016-P) was not grouped with any other sample and was rooted at the base of the 

tree, however this node did not possess significant support. 
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Figure 10 – Maximum likelihood gene tree produced from ITS-2 nrDNA. Tree produced through RAxML 

using 1000 replications and 1000 ML bootstrap replications to estimate support for nodes (Stamatakis, 

2006). MLBS values less than 75 have been removed from the tree.  

 

 

 

The resulting NMDS (Figure 11) revealed poorly differentiated and tightly 

associated groups. Samples A, E, and P were the only ones visually discernible outside of 

three groups also found in the plot.  
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Figure 11 – NMDS of Symbiodinium ITS-2 nrDNA Sanger sequencing data. 

 

 

 

Cladocopium sp. data comparisons 

2b-RAD and Sanger sequencing correlation data of Cladocopium sp.  did not 

produce a significant result (Mantel r = -0.149, p = 0.602). The recovered sequences did 

not correlate to the zoanthid 2b-RAD, Sanger sequencing, nor morphology data sets 
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(Table 5). Samples that were present in both the zoanthid and Symbiodinium Bayesian 

trees (Figures 2 and 9) lacked similar topology. It should be noted that figure 9 is the only 

figure to group sample JES2016-P/Zoo2016-P with any other sample. However, this 

grouping reflects a similarity in the symbiont and not the host genome.  

Discussion 

 Zoanthid corals are important members of coral reef communities worldwide, and 

popular organisms within the aquarium trade. The current study revealed a high level of 

genetic diversity within several common zoanthids by leveraging 2b-RAD sequencing.  

Genetic diversity observed in 2b-RAD sequencing data was higher compared to Sanger 

sequencing data revealing cryptic diversity that has not previously been recognized. 

While these genetic data types were correlated, the greater resolution of 2b-RAD data 

allows for a more precise identification of species found both on reefs and within the 

aquarium trade.  Within the aquarium trade, zoanthids are marketed based on their eye-

catching and unique morphologies, yet the current study found no relationship between 

zoanthid genetics and a suite of common morphological characters. This result may thus 

have important implications for the importation of corals and other cnidarians within the 

aquarium trade.  Additionally, this study shows that many common morphological 

characters used to identify zoanthids on natural reefs may not adequately capture true 

diversity within zoanthids and thus may overlook cryptic or at-risk rarer species.  

2b-RAD sequencing can assist in accurately estimating the true genetic diversity 

in non-model species and thus has utility in determining the number of species of 

zoanthids in the world (Barbanti et al., 2020; Kelly et al., 2020). For example, Kelly et al. 
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(2020) identified diversity within cryptic marine sponge species, genus Ircinia, 

undergoing ecological divergence. Within our own dataset, we also observed hidden 

diversity in two of the most prolific zoanthid types in the aquarium trade are commonly 

named “Eagle Eye zoanthids” (Figure 1A) and “Dragon Eye zoanthids” (Figure 1, E and 

J). Morphological data indicate nearly identical morphologies for the two Dragon Eye 

Zoanthids (JES205-E & JES2010-J; Figure 6) but the 2b-RAD data show that the 

specimen marketed as Eagle-Eye Zoanthids (JES201-A) grouped within this clade 

(Figures 2 and 3) and was more similar to one of the Dragon Eye Zoanthids than they 

were to each other based on Fst values (Table 3). Conversely, our 2b-RAD data shows 

groupings among samples C, G, K, M (Figures 2 and 3). These corals are marketed in the 

aquarium trade as being different organisms (Figure 1), and they possess highly variable 

morphological characteristics (Appendix 5 & 6). Despite these similarities our data 

suggests they are closely related (Figure 2 and 3).  Divergence in both genetics and 

morphology is clear in one sample, JES2016-P, which was collected in the Atlantic 

Ocean while most samples used in this study are assumed to be from the Pacific. 

Fixation indexes (Fst) are commonly used in population genetics to define 

population boundaries based on gene flow between populations. Yet currently there does 

not appear to be a well-defined cut-off for Fst values produced by NGS data. Several 

studies within phylum Cnidaria have utilized Fst to define species boundaries in the past 

through Sanger sequencing, but all with varying degrees of Fst values (Calixto-Botía & 

Sánchez., 2017; Faleh et al., 2017; Russo et al., 1994). Interestingly a study on Zoanthus 

coppingeri revealed an Fst value (0.43) like that seen in this study across all their study 

sites (Burnett et al., 1995). However, adjustments may be needed to accurately compare 



39 

 

NGS data Fst values to that of sequences recovered through Sanger sequencing or 

allozyme data (Burnett et al. 1995). In studies on organisms outside of cnidarians, Fst 

values can also vary drastically and prevent the application of a universal cutoff across 

organisms (Cooke et al., 2020; Roesti et al., 2012; Smaragdov & Kudinov, 2020). 

Though there is not yet a standard Fst cutoff for zoanthids; a threshold of 0.45 is proposed 

as the cutoff for zoanthids used in this study (Figures 2, 3 and Table 3). This cutoff value 

reflects natural groupings observed in multiple data types and it creates a clear threshold 

for defining different genetic groupings within the data. By applying this cutoff value, we 

identified seven unique genetic groupings within the samples of this study. 

A study on the sister genus Palythoa recently revealed species delimitation 

difficulties similar to those found in genus Zoanthus (Dudoit et al., 2021). In their study 

Dudoit et al. (2021) used a PTP model to parse species delimitations, however their 

resulting models varied, sometimes drastically, in species groupings. This variation in 

models was not found in the study presented here. Multiple models were run with all 

models converging on identical sample groupings. The difference in resolution may be 

due to the genetic compartments, i.e., nuclear DNA vs mitochondrial DNA, utilized in 

this study. Dudoit et al. (2021) focused on mitochondrial genetic data and found their 

sequence divergence reflected that seen in COI mtDNA divergence. As previously stated, 

COI mtDNA is often a very poor genetic region for delineating or identifying species 

within Cnidaria (Shearer et al., 2002). Dudoit et al. (2021) found their nearly complete 

mitochondrial genome data varied only by 0.24% to 1.56% and COI mtDNA divergence 

in studies to date only varied by 0% to 1.14% (Sinniger et al., 2005 & 2008; Reimer et 

al., 2006, 2007, & 2012). Our study used nuclear and mitochondrial DNA throughout our 
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analyses which may influence our ability to consistently resolve similar species 

groupings using PTP models. Our study still is unable to identify exact species 

delimitation by using the PTP model alone. However, combining the results from 

multiple data types (Figures 2 & 3; Tables 2 & 3), it appears the monophyletic clade of 

Zoanthus sansibaricus consists of cryptic species based on Fst values and clustering in the 

NMDS.  

Until recently Sanger sequencing has been the main method for defining species 

boundaries within zoanthids but with varying levels of support, resolution, and consensus 

(reviewed in Swain 2018). These studies have revealed approximately 14 verified and 8 

unverified species globally (Reimer & Sinniger, 2022). Conversely the aquarium trade 

recognizes over 680 common names for polyps in genus Zoanthus specifically 

(zoanthids.com). This number may be partly influenced by the phenotypic plasticity of 

zoanthids, but also suggests that zoanthid species richness globally may be much higher 

than previously recognized. Our Sanger sequencing data separated samples into either 

four species, through ITS nrDNA barcoding, or five species (Table 4) and produced a ML 

tree consisting of two monophyletic clades (Figure 4). Though Sanger sequence data 

suggests four to five species, the NGS data assembled in this study supports seven 

species and one unresolved sample. This suggests that several collections in prior studies 

may have been novel species that were misidentified as Zoanthus sansibaricus. This 

misidentification could be possible in other collections and may be due to the lower 

resolution of prior molecular techniques.  
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Morphological classification has been historically utilized to delineate one 

zoanthid species from another (Lwowsky, 1913; Ryland and Lancaster, 2003). In 1913 

Lwowsky published an in-depth study of zoanthid morphology based on numerous 

collections made around the world. Though the study was based solely on morphology 

they still produced results with enough support to justify revising genus Sidisia. This 

revision moved many species from genus Epizoanthus into genus Sidisia, however this 

has since been reverted, generic delimitation was revised and Epizoanthus was 

resurrected (Lwowsky, 1913). This revision and reversion of genera may be due to the 

phenotypic plasticity of zoanthids or a disconnection between morphology used to 

identify corals and the genome on which evolution operates.  Statistical analysis in the 

current study does not show any significant relationship between this study’s genetic 

data, (NGS or Sanger sequencing) and morphology. A clear example of this decoupling 

can be observed when the morphology of samples JES201-A, JES205-E, JES2010-J (see 

Figure 1). These three samples possess drastically different color morphology and 

measured morphology characteristics, but they possess identical Sanger sequenced DNA 

segments and all matching Zoanthus sansibaricus in the NCBI database. This 

disconnection between morphology and genome has been observed in studies on the coral 

Pocillopora spp. (Johnston et al., 2020; Burgess et al., 2021), but how widespread this 

phenomena decoupling is within the phylum is currently unknown.  

In a review, Swain (2016) expressed concern about molecular studies being 

disconnected from studies utilizing morphology. This study used an integrative approach 

that includes broadly applicable morphological characteristics combined with molecular 

techniques as the ideal method for characterizing and identifying zoanthids (Swain, 
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2016). However, since the data presented here suggests morphology and genetics are not 

correlated, it raises concern whether using a range of characteristics would weaken the 

ability of a study to identify and characterize zoanthid species. Utilizing morphology 

alone to discern unique species or populations may not reflect true evolutionary 

relationships, even when used in conjunction with molecular markers (Johnston et al., 

2020; Burgess et al., 2021). Thus, an over reliance on morphology can lead to inaccurate 

conclusions of population structure and dynamics (Burgess et al., 2021). 

Further analysis of the correlation between genome and morphology needs to be 

conducted to understand how future studies should approach the concept of utilizing a 

range of characteristics. Use of too many characteristics could misdirect the researcher 

while using too few methods may lead to poor and inaccurate resolution of species. 

Future studies should utilize 2b-RAD in conjunction with an in-depth histological study. 

By doing this we could understand whether utilizing a greater quantity of structural 

morphological characteristics, such as those used by Swain et al. (2016), identifies a 

correlation to the genome of zoanthids. Through using a more comprehensive set of 

morphological characteristics future studies could seek to unravel which are correlated 

with the genome and which are decoupled.  

From our study it is not clear what drives morphological characteristics, such as 

zoanthid polyp coloration. Further molecular research into characteristics such as 

fluorescent proteins, could help increase our understanding of the correlation between 

genetics and morphology in these organisms. Also, further investigation into how 

phenotypic plasticity is influenced by the genome would aid our understanding of how 
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and why we see so much variation in morphology in zoanthids. 2b-RAD, can help in this 

endeavor due to its nature of sampling small segments across the genome. A study with 

increased sample size could increase the quantity of color measurements and allow for 

the ability to identify if there is additional phylogenetic signal in polyp coloration. 2b-

RAD can also allow for a survey of zoanthid genomes that could facilitate the 

identification of specific gene regions for targeted amplification that correlate to 

morphological characters.  

Cladocopium sp. 

Genetic data for Cladocopium sp.   

Research on genetic variability in Symbiodinaceae in corals is prolific. This area 

is of great interest to coral reef scientists due to its potential implications in coral survival 

of climate change, disease, and other stressors. Studies within the genus Zoanthus have 

cataloged several different genera of Symbiodinaceae within their polyps. The identified 

zooxanthellae within genus Zoanthus have been genus Symbiodinium, genus Breviolum 

and genus Cladocopium (formerly clades A, B, & C respectively; Costa et al., 2008; 

Kamezaki et al., 2013; LaJeunesse et al., 2018; Rabelo et al., 2014; Reimer & Todd, 

2009;). Several studies have found that species do not necessarily associate with only one 

genus of symbiont and both Zoanthus sansibaricus and Z. sociatus have been found to 

associate with genera Symbiodinium and Cladocopium (Kamezaki et al., 2013, Rabelo et 

al., 2014). The main driver behind the variation Z. sansibaricus appears to be host habitat 

depth with deeper colonies possessing genus Cladocopium instead of Symbiodinium 

which is more common in high-photic zones (Kamezaki et al., 2013, LaJeunesse, 2002). 
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Interestingly, studies that included Z. sociatus identified this species as most often being 

associated with genus Symbiodinium (Costa et al., 2013; LaJeunesse, 2002; Rabelo et al., 

2014 & 2015). In the current study, however, only the genus Cladocopium was identified, 

and samples possessed nearly identical amplified ITS2 rDNA regions.  2b-RAD 

sequencing data provided much greater differentiation among the Cladocopium sp. 

samples, but this could largely be due to the sheer imbalance in sequencing information 

between the two techniques (365 bases in Sanger and 2,981 bases in 2b-RAD).  

Interestingly, these two techniques did not correlate with one another as observed in the 

host data.  

  The genome of Cladocopium sp. dwelling within the zoanthids does not correlate 

to any host molecular data collected. The disconnection of host and symbiont genetic 

datasets may be due to a lack of coevolution relating to transmission of symbionts 

between parent and larva, though this result is counter to several other studies. Johnston 

et al. (2022) have identified cophylogeny within host-symbiont relationships of 

Cladocopium spp. and suggest this relationship is due to the vertical transmission of their 

symbionts during broadcast spawning. Vertical transmission of Cladocopium symbionts 

occurs in around 20% of other scleractinian corals (Baird et al., 2009). Most scleractinian 

corals that undergo broadcast spawning collect their Symbiodinaceae horizontally (Baird 

et al., 2009). Zoanthids are considered to be broadcast spawners, except for Isozoanthus 

giganteus (Ryland, 1997), which may explain the disconnect in host-symbiont genome. 

Alternatively, local environmental factors may play a large role symbiont type as 

observed in previous studies (Kamezaki et al., 2013, Rabelo et al., 2014). In this case, 
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generations within confined aquaria with standardized light, food, and flow may result in 

lower symbiont community diversity compared to wild caught zoanthids.  

Ryland (1997) found that Protopalythoa sp., a close relative to genus Zoanthus, 

are known to vertically transmit their symbionts to larva produced in mass spawning 

events, but since symbiont transmission in genus Zoanthus is poorly understood, further 

studies should be conducted to understand what mechanism underlies the disconnection 

between host and symbiont genomes. Given that the Cladocopium sp. present in the 

samples were nearly identical and the lack of correlation between 2b-RAD data and other 

data sets, it appears symbiont genetics alone is not a viable tool for parsing zoanthid 

species from one another in this study.  

Conclusion 

2b-RAD has proven to be a versatile, robust, and informative sequencing 

technique for identifying zoanthids. It allows for the identification of dissimilarities 

within species and thus can provide ways to identify and differentiate morphologically 

similar populations, previously unresolved relationships, and species that may be at risk 

of extinction. Our NGS data suggest there are eight distinct species groups, one of these 

(JES206-F) being a possible hybrid species, while genetic barcoding only identifies four 

species. Our data suggest two samples (JES202-B and JES2016-P) used in this study 

merit further investigation to determine if their dissimilarity to other species warrants 

formal description as new species. Additionally, we suggest further investigation into the 

relationship between genome and specific morphological characters to potentially 

improve resolving relationships between genetics and morphology. The impact zoanthids 
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have on reef ecosystems requires further research to understand what niches they fill and 

what influence they have on the habitat. Powerful tools, such as 2b-RAD will aid in 

identifying what species and populations of zoanthids are present.  
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APPENDICES 

Appendix 1 – 2b-RAD sequence processing protocol 

https://github.com/Jes8x/M.S.-Thesis-Supplemental-

Material/blob/ebab4957ee2c72311884efab985bbfc12fb3187f/Appendix%201_Guide%20

to%20processing%202bRAD%20sequences.txt 
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Appendix 2 – Mantel test and genpop file conversion 

https://github.com/Jes8x/M.S.-Thesis-Supplemental-

Material/blob/ebab4957ee2c72311884efab985bbfc12fb3187f/Appendix%202_Genpop%

20file%20conversion%20and%20Mantel%20tests.R 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 

 

Appendix 3 – NMDS R code 

https://github.com/Jes8x/M.S.-Thesis-Supplemental-

Material/blob/ebab4957ee2c72311884efab985bbfc12fb3187f/Appendix%203_NMDS%2

0Script.R 
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Appendix 4 - Phylosignal R Code 

https://github.com/Jes8x/M.S.-Thesis-Supplemental-

Material/blob/ebab4957ee2c72311884efab985bbfc12fb3187f/Appendix%204_Phylo%20

Signal.R 
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Appendix 5 – Morphology data 

Sample  Mouth Width 
Tentacle 
Length 

Oral Disc 
Width 

Number of 
Tentacles 

JE
S2

0
1

 Avg. ± Std 
dev. 0.337 ± 0.136 0.374 ± 0.103 1.645 ± 0.409 63 ± 1.414 

n 
3 18 8 2 

JE
S2

0
2

 Avg. ± Std 
dev. 0.367 ± 0.005 1.073 ± 0.168 2.53 ± 0.105 44.333 ± 4.509 

n 
3 6 5 3 

JE
S2

0
3

 Avg. ± Std 
dev. 0.43 ± 0.072 0.543 ± 0.093 2.68 ± 0.316 52.75 ± 2.816 

n 
10 46 16 8 

JE
S2

0
4

 Avg. ± Std 
dev. 0.311 ± 0.05 0.503 ± 0.117 1.895 ± 0.234 51.778 ± 4.521 

n 
11 28 20 9 

JE
S2

0
5

 Avg. ± Std 
dev. 0.322 ± 0.144 0.406 ± 0.068 1.906 ± 0.469 47.333 ± 4.163 

n 
4 18 7 3 

JE
S2

0
6

 Avg. ± Std 
dev. 0.536 ± 0.053 1.106 ± 0.176 3.863 ± 0.353 53 ± 4.243 

n 
7 26 7 2 

JE
S2

0
7

 Avg. ± Std 
dev. 0.368 ± 0.080 0.481 ± 0.122 2.21 ± 0.272 48.5 ± 3 

n 
11 30 9 4 

JE
S2

0
8

 Avg. ± Std 
dev. 0.365 ± 0.031 1.233 ± 0.231 2.8 ± 0.251 49.5 ± 5.260 

n 
4 13 10 4 

JE
S2

0
9

 Avg. ± Std 
dev. 0.402 ± 0.074 0.915 ± 0.156 1.607 ± 0.155 53 ± 4.243 

n 
5 4 4 2 

JE
S2

0
10

 Avg. ± Std 
dev. 0.44 ± 0.071 0.767 ± 0.156 2.865 ± 0.113 48 

n 
2 21 4 2 
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JE
S2

0
1

1
 Avg. ± Std 

dev. 0.25 ± 0.028 0.422 ± 0.038 1.567 ± 0.300 52.667 ± 6.429 

n 
2 12 4 3 

JE
S2

0
1

2
 Avg. ± Std 

dev. 0.284 ± 0.038 0.578 ± 0.137 1.822 ± 0.151 45.667 ± 0.816 

n 
7 36 13 6 

JE
S2

0
1

3
 Avg. ± Std 

dev. 0.425 ± 0.007 0.903 ± 0.235 2.74 ± 0.044 50 

n 
2 21 5 2 

JE
S2

0
1

4
 Avg. ± Std 

dev. 0.363 ± 0.021 1.077 ± 0.174 2.26 ± 0.244 47 ± 1.414 

n 
3 18 5 2 

JE
S2

0
1

5
 Avg. ± Std 

dev. 0.372 ± 0.074 1.144 ± 0.134 3.123 ± 0.289 50 

n 
5 9 6 1 

JE
S2

0
1

6
 Avg. ± Std 

dev. 0.452 ± 0.056 1.354 ± 0.108 2.392 ± 0.310 42 

n 
4 8 8 3 
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Appendix 6 – Zoanthid color proportions 

 Black Brown Blue White Green Yellow Red 

JES201 0% 36% 0% 1% 0% 0% 63% 

JES202 39% 51% 0% 8% 0% 0% 2% 

JES203 0% 45% 0% 2% 0% 0% 54% 

JES204 90% 0% 8% 0% 0% 0% 2% 

JES205 0% 0% 0% 0% 100% 0% 0% 

JES206 0% 91% 0% 7% 1% 2% 0% 

JES207 90% 0% 10% 0% 0% 0% 0% 

JES208 0% 54% 0% 5% 0% 0% 41% 

JES209 0% 0% 15% 16% 46% 22% 0% 

JES2010 0% 76% 0% 6% 17% 0% 0% 

JES2011 0% 62% 20% 0% 0% 18% 0% 

JES2012 16% 82% 0% 3% 0% 0% 0% 

JES2013 97% 3% 0% 0% 0% 0% 0% 

JES2014 0% 65% 0% 18% 0% 17% 0% 

JES2015 0% 84% 0% 4% 0% 12% 0% 

JES2016 0% 0% 100% 4% 0% 0% 0% 
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Appendix 7 – Canonical correspondence analysis 

https://github.com/Jes8x/M.S.-Thesis-Supplemental-

Material/blob/80c37b5a29d54bbe941181fd9151c83a71cdd973/Appendix%207_Correspo

ndence%20Analysis.R 
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Appendix 8 – recolorize R code 

https://github.com/Jes8x/M.S.-Thesis-Supplemental-

Material/blob/d486dce0e6935ba67300e80362dfadb55ab6cde8/Appendix%208_recoloriz

e.R 

 

 


