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Abstract 

 

Millepora is a relative rich-species genus of hydrocorals, with 18 species distributed around the 

globe and no shared species between the Atlantic and Pacific Ocean. It is considered one of the 

important reef building cnidarians. The current diversity of the Caribbean Millepora species 

consist of Millepora complanata, M. alcicornis, M. squarrosa and M. striata but there are 

century-old taxonomic uncertainties. Here, we report the de-novo transcriptome assembly and 

phylotrascriptomic analysis of M. alcicornis, M. complanata, M. squarrosa and a new ecomorph 

(Millepora sp.) found in exposed, shallow water, Thalassia beds and mangrove areas in 

southwest Puerto Rico. We obtained over 345 million reads from the transcriptomes of the four 

taxa (Illumina HiSeq4000; 2x150bp). The analysis pipeline consisted of assembly with Trinity, 

BUSCO for quality check, RSEM for TPM filtration, and ORF call for each transcriptome, prior 

to ontology and phylogenetic analysis. The ontology analysis was performed using Blast2GO, 

and genes were categorized by molecular functions, biological processes, and cellular 

components. The phylogenetic analysis was performed using distinct custom bash programs to 

select homologous sequences among the transcriptomes, resulting in 10,797 homologous 

sequences. The concatenation analysis (with either Maximum Likelihood or Bayesian inference) 

resulted in a topology supporting a clade of M. complanata and M. alcicornis; with Millepora 

sp., the ecomorph, outside the clade, and M. squarrosa as the outgroup. However, in a 

coalescence-based tree estimation analysis (using RAxML and ASTRAL-II), a different 

topology resulted, with M. alcicornis forming a clade with Millepora sp. rather than with M. 

complanata.  ASTRAL-II analysis indicated that there is a very high degree of incomplete 

lineage sorting, suggesting a very recent time of divergence among these three out of the four 

Caribbean Millepora species. Of the three Caribbean species and the ecomorph considered in this 



 

 

iii 

 

analysis, M. squarrosa, is the only species that can be differentiated readily as a genetically 

distinct milleporid species.  
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Resumen 

 

Millepora es un género relativamente rico en especies, con 18 especies de hydrocorales 

reconocidos y distribuidos alrededor del mundo, pero sin especies compartidas entre el Océano 

Atlántico y el Océano Indo-Pacífico. Dentro de los cnidarios, el género Millepora es considerado 

un constructor importante de arrecifes. Las especies reconocidas de Millepora en el Caribe son 

Millepora complanata, M. alcicornis, M. squarrosa y M. striata, pero aun después de muchos 

años, todavía existen dudas y problemas con la taxonomía de algunas especies. Este estudio 

presenta nueva información a partir del ensamblaje de-novo del transcriptoma y filo-

transcriptoma de tres de las especies comunes en Puerto Rico, M. alcicornis, M. complanata, M. 

squarrosa, y un nuevo ecomorfo (Millepora sp.) encontrado en el área somera, expuesta de 

Thalassia y manglares en el suroeste de Puerto Rico. Se obtuvieron más de 345 millones de 

secuencias de los trasncriptomas de las tres especies y el nuevo ecomorfo de Millepora (Illumina 

HuSeq4000; 2x150bp). El flujo del análisis consistió en el ensamblaje del transcriptoma en 

Trinity, se verificó la calidad con BUSCO, RSEM para filtrar por TPM, y buscar los Marcos de 

Lectura Abiertos en los transcriptomas antes del análisis de ontología y filogenia. Se utilizó 

Blast2Go para hacer el análisis de ontología y los genes fueron clasificados por función 

molecular, procesos biológicos y componentes celulares. El análisis filogenético se realizó 

utilizando distintos programas en “bash” para seleccionar las secuencias homólogas entre los 

transcriptomas, dando como resultado 10,797 secuencias homólogas. El análisis de 

concatenación (Máxima Verosimilitud e Inferencia Bayesiana) resultó en una homología 

respaldando un clado con M. complanata y M. alcicornis, con Millepora sp. fuera del clado y M. 

squarrosa como el grupo externo más diferente. Sin embargo, el análisis de incorporación 

basado en la evaluación de árboles filogenéticos (utilizando RAxML y ASTRAL-II), resultó en 
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un esquema distinto, con M. alcicornis formando un clado con Millepora sp. en lugar de que con 

M. complanata. El análisis de ASTRAL-II indicó que hay un alto grado de clasificación 

incompleta del linaje, sugiriendo que tres de las cuatro especies de Millepora divergieron 

recientemente. La cuarta especie, M. squarrosa es la única que se puede diferenciar como una 

especie aparte.  
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1. Introduction 

Species of the genus Millepora are commonly known as fire corals because of the “stinging” 

feeling upon touching their surface. This reaction is produced by toxins injected with their 

nematocysts. Nematocysts are large, stinging cells characteristic of the phylum Cnidaria. The 

genus Millepora consists of about 18 species distributed worldwide along the tropical/subtropical 

seas, inhabiting coral reefs, at depths between 0.5m and 50m (Lewis, 2006; Boshma, 1948). 

Millepora species usually grow upright in thin finger-like branches, leaf-like, or blade-like 

patterns. Millepora spp. may form Millepora-dominated reefs but inhabit other shallow tropical 

habitats, such as rocky shores, seagrass beds, mangrove roots; they can also be found competing 

or overgrowing living corals, gorgonians, zoanthids and sponges (Banaszak et al., 2003; Lewis, 

2006; Wahle, 1980; Ruiz-Ramos et al., 2014). The three-dimensional structure of Millepora 

provides habitat for species such as small fish, ophiuroids, barnacles, and micro-crustaceans, 

among others (Martins et al., 2008). In the Caribbean, milleporids are commonly found in 

shallow and turbulent waters forming dense reef rims contributing to the stabilization and 

complexity of the carbonate structure (Edmunds, 1999; Lewis, 2006). Millepora is adapted to 

many environmental gradients of reefs such as light, temperature, water movements, currents or 

turbidity (de Weerdt, 1984). 

The milleporids have received little attention in coral reef studies in comparison with the 

scleractinian corals (Edmunds, 1999; Lewis, 2006), even though they have important structural 

and ecological roles. Lewis (1991) estimated that large colonies have a high probability of 

fragmentation with higher survival capacity of the fragments, resulting in high abundances. The 

highest densities of Millepora colonies are observed in less than 5m depth (Lewis, 2006). 
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Millepora complanata is a voracious plankton feeder (Lewis, 1989) and in areas of dense 

thickets, they play a significant role in regulating copepod aggregations and abundance (Lewis, 

1992a). 

Millepora colonies are gonochoric, each colony releases a male or female medusa, carrying 

one sperm sac or three to five eggs, respectively (Lewis, 2006; Soon and Cho, 1998). The 

medusa release begins in the afternoon and continues during the night; the male medusa is 

released first followed by the female medusa (Soon and Cho, 1998).  

There are 18 recognized species of Millepora, with no shared species between the Atlantic and 

the Pacific Ocean (Lewis, 2006; Amaral et al, 2008). Millepora alcicornis (Linneaus 1758) is the 

most conspicuous, abundant, and locally and geographically widely dispersed hydrocoral species 

in the Atlantic. It has an extensive distribution from the tropical/subtropical western Atlantic 

Ocean, including Brazil, to the west coast of Africa in Cape Verde Archipelago, and Ascension 

Island (Amaral et al., 2008; Clemente et al., 2011; deWeerdt, 1984; Hoeksema et al., 2014; 

Lewis, 2006; Morri et al., 2000). In Brazil, three other milleporid species can be found: M. 

brazilensis (Verrill 1868), M. nitida (Verrill 1868), and M. laboreli (Amaral 2008) (Amaral et 

al., 2008; Lewis, 2006). The three remaining Millepora species are Caribbean-specific; M. 

striata (Duchassaing and Michelotti 1864), which is restricted to the southwest Caribbean, M. 

complanata (Lamarck 1816), and M. squarrosa (Lamarck 1816) with low density populations 

and limited depth distribution (de Weedt, 1984; Lewis, 2006; Ruiz-Ramos et al., 2014). 

Despite the relatively small number of species, the taxonomy of the genus Millepora is unsettled 

(Boshma, 1948). Most of the taxonomic studies have been conducted solely on morphological 

characters. The size of gastropores, dactylopore to dactylopore distance, the presence or absence 

of the ampullae, and the shape, texture, and character type of the corallum were among the 
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characters used. These characters however, exhibit high degree of intra- and interspecies 

variability obfuscating the clear separation of species based on morphology (Amaral et al., 2002; 

Boshma, 1948; de Weerdt, 1984; Lewis, 1989; Razak and Hoeksema, 2003; Tepper et al., 2012; 

Ruiz-Ramos et al., 2014). Descriptions of new species of Millepora are still based exclusively on 

morphological characters (see the latest new species M. laboreli; Amaral et al., 2008). Recently, 

Tepper et al. (2012) and Ruiz-Ramos et al. (2014) used both morphological and molecular 

markers to address the species problem of Millepora but neither study reached firm conclusions 

about the Millepora phylogeny. Tepper et al. (2012) could not distinguish between M. alcicornis, 

M. complanata and the intermediate morphotypes and Ruiz-Ramos et al. (2014) could delineate 

only M. squarrosa as a distinct genetic specie and proposed a Millepora species complex 

consisted of M. alcicornis, M. complanata and M. striata.   

The taxonomic issues of Millepora still need to be resolved. Lack of knowledge of the 

real number of species of a widespread taxon that contributes significantly to the calcium 

carbonate structure of the reefs could undermine the efforts of conservation agencies to 

implement new regulations on the management of coral reefs and can also limit the value of 

scientific surveys recording the changing profile of coral reefs. Next Generation Sequencing 

(NGS) methods are now capable of delivering thousands of genetic markers with no prior genetic 

information available (Davey et al., 2011).  NGS methods are ideal for a non-model taxon 

(species with no developed research tools including genomic ones) such as Millepora. Recently, 

the transcriptome of M. alcicornis was published by Ortiz-González et al. (2017), showing the 

potential of NGS methods to deliver gene expression data in a Millepora taxon with no available 

genomic information. They compared the unique genes of Millepora against other cnidarian 

transcriptomes, especially genes of the different zooids (modules) and toxin-related genes, and 



4 

 

 

they found that all genes reported to the dactylozooid, gastrozoid and gonozoid polyps of 

Hydractinia symbiolongicarpus and the ones described for the scyphomedusa of Aurelia aurita.  

One of the NGS applications is phylotranscriptomics, which has revolutionized 

phylogenetics.  Phylotranscriptomics is the comparison of orthologous genes (genes found in two 

or more species that can be traced to the same common ancestor) obtained through sequencing of 

the transcriptome.  The transcriptome is the complete set of transcripts (type and quantity) that a 

cell has (Nagalakshmi et al., 2010). In other words, the transcriptome is all the genes expressed 

in the form of RNA at a particular moment, and its sequencing can be accomplished through 

sequencing of the complementary DNA (cDNA). The use of transcriptomics data of non-model 

organisms can produce new questions and phylogenetic insights (Oakley et al., 2013).  A 

phylotranscriptomics study reconstructed the phylogeny of selected molluscans using 308 genes, 

41% of the genes expressed in the transcriptome (Kocot et al., 2011). Weigert et al, (2014) 

reconstructed the basal annelid relationships using a transcriptomic approach with 622 genes. 

More recently, Zapata et al. (2015) used a combination of genomic and transcriptomic 

information (a total of 1262 genes) of different groups of Cnidaria to decipher the phylogenetic 

relationships of the Phylum. 

The goal of this project is to compare phylogenetically homologus genes of Millepora 

obtained through transcriptome sequencing (phylotranscriptomics). Here, we report the 

transcriptome of three species and one ecomoprh of Caribbean Millepora, and the phylogenetic 

relationships obtained from this data set.  

2. Literature Review 

2.1 Classification and distribution 

Domain Eukarya 
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Opistokonta 

Kingdom Metazoa 

Eumetazoa 

 Phylum Cnidaria  

Class Hydrozoa 

Sub Class Hydriodolina 

Order Anthothecata 

Sub Order Capitata 

Family Milleporidae 

Genus Millepora 

 

2.2 Distribution 

Millepora consists of 18 species with no shared species between the Pacific and Atlantic 

Ocean (Lewis, 2006). Seven species can be found in the western Atlantic, including the 

Caribbean, and 11 species in the Pacific and Indo-Pacific Ocean. 

2.2.1 Pacific and Indo-Pacific Ocean  

In the Pacific and Indo-Pacific region, there are eleven accepted species: M. exaesa (Forskal  

1775); M. dichotoma (Forskal 1775); M. platyphylla (Hemprich and Ehrenberg 1834); M. 

intricata (Milne-Edwards 1857); M. murrayi (Quelch 1884); M. tenera (Boshma 1948); M. 

latifolia (Boshma 1948); M. faveolata (Crossland 1952); M. tuberosa (Boshma 1966); M. 

xishaensis (Zou 1978); and M. boschmai (de Weerdt and Glynn 1991). 

2.2.2 Atlantic Ocean 
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In the Atlantic Ocean, M. alcicornis (Linnaeus 1758) is the most extensively distributed 

species, found in tropical and sub-tropical areas. Three of the Millepora species are distributed 

solely in Brazil: M. laboreli (Amaral 2008), M. nitida (Verrill 1868), and M.  brasilensis (Verrill 

1868). Three other recognized species are found in the Caribbean: M. complanata (Lamarck 

1816); M. striata (Duchssaing and Michelotti 1834), and M. squarrosa (Lamarck 1816).  
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These numbers of Millepora species presented here have been listed in Lewis (2006) and include 

the most recent described species in 2008 (M. laboreli), however, the true number of species is 

still controversial. 

A B 

C D 

E F 
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Figure 1: A) Millepora alcicornis from La Jungla, Guánica. B) Millepora complanata from 

Playita Azul, Cabo Rojo. C)Millepora squarrosa from Turrumote II reef, southwest Puerto Rico. 

D) Millepora sp. surrounded by the seagrass Thalassia testudinum from Mata Seca Key, 

southwest Puerto Rico. E and F) Millepora from Puerto Rico Reefs showing different growth 

forms, a plate-like base and finger-like tips with no clear M. complanata or M. alcicornis 

morphology 

 

2.3 Puerto Rico Millepora species description  

2.3.1 Millepora alcicornis 

Millepora alcicornis (Figure 1, A) was first described by Linnaeus in 1758. Boshma (1948), 

and de Weerdt (1981; 1984) described M. alcicornis as a colony with finger-like branches, 

oriented perpendicular to the water flow (Wahle, 1980). The colony can be ornamented with 

fragile branches, bushy branches, or display a more compact growth and even an encrusting form 

(Boshma, 1948; Lewis, 2006; Ruiz-Ramos et al., 2014). Millepora alcicornis is commonly seen 

overgrowing gorgonians, rocks, mangrove roots, or piers (Wahle, 1980; Banaszak et al., 2003). It 

can be found from 0 to 50 meters depth (Lewis, 2006). It has attained an extensive distribution 

from the tropical/sub-tropical western Atlantic Ocean, including Brazil, to the west coast of 

Africa in Cape Verde Archipelago, and Ascension Island (Amaral et al., 2008; Clemente et al., 

2011; de Weerdt and Glynn, 1991; Hoeksema et al., 2014; Morri et al., 2000).  

 

2.3.2 Millepora complanata 

Millepora complanata (Figure 1, B) was described by Lamarck in 1816. It was reported by 

de Weerdt (1984) as having a limited geographic distribution in the Atlantic Ocean, but it can be 

found throughout the Caribbean, except in Bermuda (Mattraw, 1969). Fitt (2012) investigated M. 

complanata bleaching in Florida, Jamaica and Florida Keys. Fenner (1999) reported the species 

in Cozumel (México) and Belize; Lewis (1991, 1992a) reported it from Barbados; Strömgren 

(1976) recorded it in Jamaica; Tepper et al. (2012) collected M. complanata from Bahamas, and 
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Ruiz-Ramos et al. (2014) from Puerto Rico. Millepora complanata can be abundantly seen also 

in Aruba, Bonaire and Curaçao (Schizas and Weil, pers. obs.). Millepora complanata forms 

plate-like and foliose colonies with little or no rugosity. Lewis (1996) described M. complanata 

as an amorphous or not-easily defined shape, with irregular encrusting bases and large, wide, 

upright blades. It displays linear growth marks and can be found from 0 to 10m deep (Lewis, 

2006).  

2.3.3 Millepora squarrosa 

Millepora squarrosa (Figure 1, C) was described by Lamarck 1816. It is reported in the 

eastern Caribbean and Brazil (de Weerdt, 1984; 1990). Millepora squarrosa was classified as an 

uncommon hydrocoral with a smaller (15 to 25 cm) plate-like colony with lateral expansions and 

rugose surface (de Weerdt, 1990; Lewis, 1996; Fenner, 1999). Boshma (1948) described the 

species as a honey-combed complex and Lewis (1996) described M. squarrosa as a colony with 

thick united plates, found between 0 to 20 m deep.  

 

2.3.4 Millepora sp.  

Several colonies of a different ecomorph of Millepora showing different morphology 

(Figure 1, D) were found by Dr. Ernesto Weil (University of Puerto Rico at Mayagüez), in 

several shallow, exposed Thalassia testudinum seagrass beds and near mangrove areas in the 

Natural Reserve of La Parguera in the southeast coast of Puerto Rico. The first colonies were 

observed in Mata la Seca (Appendix, Table 6 Colonies are small, with open or compact 

branching, looking like miniature M. alcicornis, but with thin, short, fragile and pointed or flat-

end dichotomous branches. The largest colony observed was about 30 cm in diameter and 20 in 

height. Colonies are usually found growing within the sea grass, on sandy areas and are not 
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attached to the substratum. The sting intensity from their nematocyst’s toxins is lower than that 

of M. alcicornis and M. complanata, similar to M. squarrosa. Encrusting barnacles can be seen 

on the principal branches, and crabs are also living within the structure. No morphological or 

histological characterization has been made on this morphotype. It will be called Millepora sp. 

for the purposes of this work.  

 

2.4 Feeding and nutrition 

All species within the genus Millepora have a symbiotic relationship with dinoflagellate 

algae (Symbiodinium and Gloeodinium spp.), which contribute significantly to the metabolic 

needs of the host through carbohydrates resulting from photosynthesis. Banaszak et al. (1993) 

identified the algae in association with M. dichotoma as Gloeodinium viscum. Schowald et al. 

(1997) estimated that more than 70% of the carbon fixed by photosynthesis was translocated to 

the hydrocoral host, M. dichotoma. However, the studies demonstrated photosynthesis by itself 

could not meet the carbon demands of Millepora. The hydrocoral need additional sources of 

energy for their metabolic demands to grow, feed, compete and reproduce.  

An additional way for hydrocorals to obtain energy is through heterotrophy. Millepora is a 

considerable voracious plankton feeder (Abe, 1938; de Kruijf, 1975; Lewis, 1992a; Lewis, 

2006). Lewis (1992a; 2006) showed that M. complanata can capture 7.1±4.1 zooplankton prey 

cm-2 of colony surface, each day. The primary prey of M. complanata were copepods, 

composing as much as 63% of the diet. The digestion rate of M. complanata was 36% in six 

hours and 91% in 24 hours. The lower digestion rate compared to scleractinians is most likely 

related to the small size of hydrocoral zooids.  

2.5 Reproduction 



11 

 

 

Milleporids have both sexual and asexual reproductive strategies.  During the sexual cycle, 

they develop a sessile (polyp) and free-living swimming stage (medusa); the latter is released 

during spawning. Fire corals reproduce asexually through budding and by fragmentation. 

Asexual reproduction through fragmentation in hydrocorals is substantial, especially during 

storms (Edmunds, 1999; Lewis, 2006), and may contribute more to species propagation than all 

other reproductive modes.  

2.6 Stressors- Bleaching and predation  

Milleporids are vulnerable to global warming and are among the first cnidarians to lose their 

photosynthetic symbionts when water temperatures increase (Williams and Buckley-Williams, 

1990). Although the photosynthetic rate in Millepora spp. was dramatically reduced during the 

1973 bleaching event, these colonies recovered after 14 weeks (Fitt, 2012; Jaap, 1979), but 

recovery can take as long as one year (Chiappone and Sullivan, 1994). In the south coast of 

Puerto Rico for example, all Millepora populations suffered massive mortalities during and after 

the massive bleaching and disease outbreak events of 2005-2006, with one species, M. 

squarrosa, disappearing from reefs (locally extinct) off La Parguera Natural Reserve for almost 

ten years (Weil et al., 2009; Weil and Croquer, 2009). Only recently have colonies being 

appearing in a few reefs (Weil, pers. obs.). Diseases and other health issues have also been 

observed affecting Caribbean Millepora species in many localities sometime producing 

significant mortalities (Weil and Rogers, 2011). 

Few species are known to prey on Millepora and most likely the impact is negligible 

compared to bleaching or habitat destruction. Among them, the corallivore gastropod 

Caralliophila abbreviata is commonly seen feeding on Millepora (Lewis, 1992). The fireworm 

Hermodice carunculata is a common predator on M. alcicornis and M. complanata (Lewis, 
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2006; Pérez and Gomez, 2012). The damselfish Microspathodon chrysurus feeds on Millepora in 

Florida and Panama (Ciardelli, 1967; Glynn, 1973), and Randall (1967) found M. alcicornis 

fragments in the stomach of the fishes Aluteras cripta and Cantherines macrocerus.  

 

2.7 Millepora as habitat for other organisms. 

Millepora species form large carbonate structures on reefs and provide habitat for many 

invertebrate species (Brander et al., 1971; Hickson, 1891; Ross, 1999; Lewis, 1992a; 2006). 

Martins et al. (2008; 2009) found 95 non-colonials and 26 colonial species on Millepora. Based 

on Martins et al. (2008; 2009), the most commonly occurring organisms associated with M. 

alcicornis were Crustacea (93%), Polychaeta (76%), and Mollusca (69%).  Barnacles of the 

genera Savignium, Balanus and Megabalanus (Roos and Newman, 1973; Lewis, 1992a; Soon 

and Changlai, 1992; Ross, 1999) are obligatory epizooans of hydrocorals (Pasternak et al., 

2001). Lewis (1992a) estimated that the abundance of the barnacle Balanus stultus in M. 

complanata was 2.5 barnacles per colony. Dead colonies of Millepora provide habitat for boring 

tanaid crustaceans (Lewis, 1998; 2006).  Other associates of Millepora are polychaetes of the 

family Serpulidae (Hunte et al., 1990; Marsden, 1992), which grow in tubes on the surface of the 

corals (Lewis, 2006), and of the family Spionidae which burrow in Millepora (Blake, 1996; 

Lewis, 1998; Lewis, 2006); all potentially reducing the feeding potential of the hydrocoral host. 

3. Methods 

3.1 Sampling collection and maintenance 

Four colonies of each one of the three recognized species, M. alcicornis, M. complanata, M. 

squarrosa and Millepora sp. (the new ecomorph), were collected from different localities off the 

La Parguera Natural Reserve on southwest coast of Puerto Rico. Millepora alcicornis and M. 
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complanata were collected from the reefs Corral, Playita Azul, Enrique and La Jungla (Figure 2, 

Appendix Table 3 and Appendix Table 4).  Millepora squarrosa was collected from 

Turrumote II (Figure 2, Figure 20 and Appendix Table 5) and Millepora sp. was collected 

from Mata Seca reef (Figure 2, Figure 21, Appendix Table 6).  All samples were collected 

under a research permit from the Department of Natural and Environmental Resources of Puerto 

Rico (O-VS-PVS15-MA-00016-26092014) and sampling was conducted under their outlined 

auspices and regulations. Using a combination of SCUBA diving and snorkeling, colony 

fragments were collected from between 0-5 m depth. Sixteen samples from the same number of 

colonies were collected. All samples were placed a closed aquarium system for a period of eight 

weeks to limit gene expression driven by ambient variability (e.g. location, temperature, 

salinity), trying to simulate natural conditions. The aquarium was maintained with cycles of 12 

hours of broad light spectrum (covering all light covering all light photosynthetic wave lengths) 

followed by six hours of LED moonlight and six hours of no light. Conditions in the aquarium 

were maintained at 27°C, salinity of 34 ppt, pH of 8.2, and nitrate levels of 0 mg/L. Water lost 

by evaporation was replaced when needed and five-gallon water changes were done every week. 

After the fire coral colonies were placed securely in the aquarium, two batches of copepods were 

added and two batches of Artemia salina were added for nutrient replenishment.  
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Figure 2: Southwest Puerto Rico. The green balloons indicate the sampling sites of all Millepora 

collected during this study.  

 

3.2 Molecular techniques and sequencing 

After the eight-week period in the aquarium, each colony was stored for one hour at -80°C 

before RNA extraction. Total RNA for M. complanata and M. squarrosa was extracted using the 

Qiagen RNA Extraction Kit. For M. alcicornis and Millepora sp., total RNA was extracted using 

the TRIZOL RNA Isolation Method (Chomczynski and Mackey, 1995), since initial extractions 

with the Qiagen RNA Extraction Kit yielded low RNA concentrations. RNA concentrations were 

measured using a NanoDrop2000. A total of four samples of each species were sent to the 

Genomics Sequencing and Analysis Facilities (GSAF) at the University of Texas at Austin, 

where quality assessment was performed using a 2100 Bioanalyzer Instrument (Agilent Inc.). 

The libraries were prepared combining equimolar quantities of each colony extraction for each 

species.  The library was prepared using the RNA low cost high throughput and Poly-A mRNA 

capture methods. The quality and quantity of RNA, after the library preparation, were checked 
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again with the 2100 Bioanalyzer Instrument followed by sequencing on one lane of an Illumina 

HiSeq 4000 platform with 150bp paired-end reads. 

 

3.3 Transcriptome assembly 

The program FastQC v0.11.5 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) 

was used for quality assessment of reads, and possible adapters and barcode contamination. 

Adapters were removed using the Cutadapt 1.9.1 (Martins, 2011) script followed by another run 

of FastQC to check the quality change.  FastX-Toolkit 0.0.14 was used to trim the last 10bp of 

each read (http://hannonlab.cshl.edu/fastx_toolkit/index.html), generating high quality reads.  De 

novo assembly was performed using Trinity 2.1.1 (Grabherr et al., 2011) with a minimum contig 

length of 200bp (k=200). Reads from the assembled transcriptome were checked for possible 

contaminant and vector sequences using the NCBI TSA (Transcriptome Shotgun Assembly) 

check steps for submission of transcriptomes.  RSEM 1.2.31 (Li and Dewey, 2011) was used to 

normalize the transcripts for sequencing depth and gene length and filter the data by a value of 3 

TPM (Transcripts Per Million) or higher. The TPM method was selected instead of RPKM 

(Reads Per Kilobase of transcript per Million mapped reads) and FPKM (Fragments Per 

Kilobase of cDNA per Million Fragments Mapped) because the mean expressed transcripts may 

vary between samples as explained by Li et al. (2010). BUSCO 1.22 (Simão et al., 2015) was 

also utilized to assess the transcriptome completeness using the BUSCO metazoans single-copy 

orthologs database.  

3.4 Functional annotation 

Open reading frames (ORFs) from the filtered transcripts were obtained using TransDecoder 

3.0.0 (http://transdecoder.github.io) with the protein sequences of the hydrozoan Hydra vulgaris 
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(UniProt) as reference and a minimum ORF length of 375bp. All the ORFs were used to generate 

Blast searches, annotation and gene ontology assignments with the program Blast2GO 4.0 

(Conesa et al., 2005). 

3.5 Expressed genes analysis and comparisons with other Cnidaria 

To compare the results of the Blast2Go with related organisms, we compared the Millepora 

transcriptomes with the transcriptomic results obtained by Iguchi et al., (2007), Brekhman et al. 

(2015), and Sanders et al. (2014). Ignuchi et al. (2007) described the cytoxine protein (MCTx-1) 

sequences of the Millepora found in nematocysts and Sanders et al. (2014) described proteins 

found in the dactylozooid, gastrozooid and gonozooid polyps of the hydrozoan Hydractinia 

symbiolongicarpus. We also used results from the stage specific transcriptome study of Aurelia 

aurita (Brekhman et al., 2015) and compared them to those found during the brief medusoid 

stage of Millepora.  

3.6 Phylogenetic Analysis 

All the ORFs obtained from TransDecorder were used as input for an All-versus-All-Blast 

search of the proteins. A custom bash script was created to search the sequences that had >70% 

similarity, an E-value lower of 1e-5 and meet the requirement of the reciprocal match. The 

sequences that met these criteria were clustered in separate files, with a representative of each 

species of Millepora, using a script. All Hydra protein sequences, available at the moment in 

UniProt, were downloaded for further comparison with the Millepora proteins. A bash program 

was used to find the Hydra sequences that had more than 25% of similarity with the Millepora 

sequences via Blast. Results of these searches were put it in the same file with the other four 

Millepora sequences. These sequences were then used for the phylogeny reconstruction. For 

further comparison, we also performed these analyses without Hydra as the outgroup, for an in-
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depth analysis of the new ecomorph, Millepora sp., a potential new species.  

3.6.1 Concatenation of DNA sequences  

For the concatenation procedure, we aligned each file separately using the alignment 

program MAFFT (Katoh, 2013). Then, each alignment was concatenated into a separate file per 

species using a custom bash script. After each file was created, we then concatenated all species 

in one file for performing the super alignment using MAFFT in CIPRES (Miller et al., 2010). 

We used the program ProtTest (Abascal et al., 2005) to select the best model for amino acid 

substitution for phylogenetic analysis. We ran the program twice, once using all the Millepora 

proteins with Hydra as outgroup and another time without Hydra. The substitution models 

obtained were then applied to each program, if available. In cases were the model was not 

available in the program, we used the model GTR+GAMMA. We performed Maximum 

likelihood searches using the program RAxML (Stamatakis, 2014) with the model LG+G+F (Le 

and Gascuel, 2008) for the dataset with Hydra as an outgroup, and the model JTT+I+F (Jones et 

al., 1992) for the dataset without Hydra. We ran the program in each dataset using the rapid 

bootstrapping method search option (-f a) with 1,000 bootstraps. The Bayesian analyses were 

done using the program MrBayes (Ronquist et al., 2012), using the same models (if available) as 

applied in the RAxML program. We run the analyses for 10,000,000 generations with a sample 

frequency every 10,000. All other parameters were left in default. Convergence was evaluated 

with the program Tracer (http://tree.bio.ed.ac.uk/software/tracer/). All trees were visualized 

using the FigTree v1.4.3 program (http://tree.bio.ed.ac.uk/software/figtree/). 

3.6.2 Coalescence 

For the coalescence analysis, we used only the dataset with Millepora sequences. We ran 

RAxML for every single gene file using the model GTR+GAMMA and the rapid bootstrapping 
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method (-f a) with 1,000 bootstraps. All the gene trees generated along with their bootstrap 

replications were used as input for the program Astral-II (Mirarab and Warnow, 2015). Astral 

was run with the full annotation mode (-t 4) and 100 replicates. All other parameters were left on 

default. All trees were visualized using FigTree. 

 

4 Results 

4.1 Sequencing Data 

The sequences were checked for quality and reads content. All four transcriptomes contained 

reads with inter-quartile (25%-75%) range over 38, with the whiskers (10%-90%) over 27, in the 

last nucleotide bases. Millepora sp. yielded the highest quantity of paired reads (96,215,401). On 

the contrary M. alcicornis yielded the lowest paired reads (76,488,682) (Table 1).  

4.2 Assembly 

After all transcriptomes were assembled in Trinity, M. alcicornis yielded the biggest 

assembly with 479,982 contigs and a N50 of 749, even though its sequencing yielded the lowest 

number of reads (Ortiz-González et al., 2017).  

4.3 Transcriptome quality assessment  

The quality and completeness of the transcriptomes were assessed with BUSCO. We 

searched for the Metazoans Orthologs sequences that were present in our assemblies and 

compared them to the total amount of orthologs shared by metazoans. All the Millepora 

transcriptomes had similar numbers of complete, missing, fragmented and duplicated orthologs 

(Table 1). For example, M. squarrosa has 466 completed orthologs, 122 duplicates, 22 

fragmented, and another 353 orthologs were missing.  The hydrocoral sample with the most 

complete orthologs, and least missing/fragmented orthologs is M. squarrosa (Table 1)  
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4.4 Normalization 

After filtration was done with RSEM, we obtained the fewest sequences from Millepora sp. 

and M. alcicornis, even though the assemblies yielded the larger contigs (467,089 to 38,200 for 

Millepora sp. and 476,422 to 38,371 for M. alcicornis). 
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Table 1: Transcriptome information, data, assembly, quality, filtration and ORFs. 

 

4.5 Open Reading Frame (ORF) prediction 

Sequences and filtering  

Sequencing Reads 

(R1, R2) 

Number Sequences Nucleotides 

(Mbp) 

Median length   

M. alcicornis 76,488,682 22,421 150   

M. complanata 81,570,589 23,931 150   

M. squarrosa 90,632,750 26,589 150   

Millepora sp. 96,215,401 28,262 150   

Trinity Assembly 

Contigs (k>200) Contigs Nucleotides 

(Mbp) 

Median length N50 

M. alcicornis 479,982 265 327 749 

M. complanata 399,669 260 359 1,043 

M. squarrosa 392,443 266 376 1,088 

Millepora sp. 467,439 271 335 834 

BUSCO 

Total BUSCO 

 843 

Complete Complete and 

Duplicate 

Fragmented Missing 

M. alcicornis 414 88 29 400 

M. complanata 417 105 26 400 

M. squarrosa 466 122 24 353 

Millepora sp. 380 102 33 430 

RSEM 

  Before After 

(TPM=3) 

    

M. alcicornis 476,422 38,731     

M. complanata 399,407 45,408     

M. squarrosa 392,082 44,082     

Millepora sp. 467,089 38,200     

TransDecorder 

  Reference organism Median length (in 

amino acids) 

ORFs Complete ORFs 

M. alcicornis Hydra vulgaris 125  16,024 7,551 

M. complanata Hydra vulgaris 125 21,051 9,905 

M. squarrosa Hydra vulgaris 125 24,040 11,564 

Millepora sp. Hydra vulgaris 125 20,986 9,174 
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Using the RESM output for the TransDecorder program, we concluded that M. squarrosa is 

the taxon with the most ORFs, including complete ORFs (Table 1). On the contrary, Millepora 

alcicornis was the taxon with the fewest ORFs (<20,000).  

4.6 Gene ontology (GO) 

In the Blast2GO steps, a Blast search against other cnidarians was performed as the first step. 

The best Blast hits (=sequence matches) of all four transcriptomes were against the hydroid 

Hydra vulgaris and the sea anemone Nematostella vectensis (Appendix Figures 10-13) with 

more than four thousand hits against each organism. Other cnidarians hits were present but with 

less than two hundred hits. The number of Blast hits was between 8,000 to 11,000 genes with the 

four transcriptomes.  

Orthology hits against molecular processes, biological processes, and cellular components of 

the functional annotation classifications were obtained from the Blast2GO program. All 

transcriptomes had hits in the three categories, with the exception of M. complanata in the 

Molecular Function category (Figure 3), where no genes were categorized in protein binding 

processes.  

Using Level 2 in Biological processes, we found that the single-organism processes, 

metabolic and cellular processes were higher among the seven categories, overall (Figure 4). For 

clarification, the Blast2GOterm “Level” is a semantic feature not a biological feature. For 

example, the term "response to stress" is Level 2 because it has two terms above it: "response to 

stimulus" and "biological process". In Cellular Component, Level 2 (Figure 5), all seven 

categories looked very similar in quantity. Cell and cell part categories represent the majority of 

proteins with assigned functional annotation. The last GO category, Molecular Function, was 

observed at Level 3. There, from eight categories, organic cyclic compound binding, small 
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molecule binding transferase activity and protein binding were the ones with most function 

annotations. However, protein binding proteins were not found in the transcriptome of M. 

complanata (Figure 3).  

 
Figure 3: Gene Ontology in Molecular Function (Level 3) of Millepora species using Blast2Go. 

 

 
Figure 4: Gene Ontology in Biological Process (Level 2) of Millepora species using Blast2Go. 
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Figure 5: Gene Ontology in Cellular Component (Level 3) of Millepora species using Blast2Go. 

 

 

4.7 Comparison among expressed genes  

All four hydrocorals expressed the MCTX1 protein, which is a cytotoxin protein discovered 

by Iguchi et al. (2007). Proteins expressed in gastrozooids and dactylozooids were expected to be 

found in all Millepora species, however, the Transforming Growth Factor – beta (TGF-β) protein 

was not detected in the Millepora sp. colonies. The TGF-β protein is the only one presented in 

the dactylozooids and not in the gastrozooids. All gastrozooid proteins were found in all four 

transcriptomes (Table 2). 

The reproductive biology of Millepora spp. is not yet well understood. Sexual reproduction is 

accomplished during the free living medusoid stage. Researchers still do not know when 

oogenesis and/or spermatogenesis (reproduction cycle) occurs in each species of Millepora and 

when the medusae are released. Millepora alcicornis is the only sample where all sets of genes 

expressed during the reproductive medusoid stage were detected. Meanwhile, M. complanata 
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expressed all genes for reproduction but not all medusa genes that were described from the 

scyphozoan jellyfish Aurelia aurita (Brekhman et al., 2012). 

Location Name Organims M. alcicornis M. squarrosa M. complanata Millepora sp. 

Gastrozooid 

pmp 1 

Padycoryna 

carnea 

(in Sanders et al. 

2014) 

pmp1 pmp1 pmp1 pmp1 

Cnox-2 
H. 

symbiolongicarpus 
Cnox-3 

Cnox-3 

Cnox-1 

Cnox-3 

Cnox-1 
Cnox-3 

 

Dactylozooid 

Myosine heavy 

chain 

H. 

symbiolongicarpus 

myosin heavy 

chain kinase A 

myosin-VI 

myosin-la 

myosin-10 

myosin-6 

myosin x 

(partial) 

myosin X 

myosin-VI 

myosin X 

myosin-VI 

Cerberus 
H. 

symbiolongicarpus 

cerberus-like 3 

4 (partial) 

cerberus 

cerberus-like 

2B 

cerberus-like 3 4 

(partial) 

cerberus Family 

cerberus 

Family 

Wnt 
H. 

symbiolongicarpus 

Wnt5A 

Wnt4A 
Wnt Wnt 

Wnt 

(partial) 

TGF-β 

Metazoans 

(in Sanders et al. 

2014) 

TGF TGFBR1 TGFBR1 - 

Cnox-2 
H. 

symbiolongicarpus 
Cnox-3 

Cnox-3 

Cnox-1 

Cnox-3 

Cnox-1 
Cnox-3 

Medusa 

pmp1 

Padycoryna 

carnea 

(in Sanders et al. 

2014) 

pmp1 pmp1 pmp1 pmp1 

collagen 1 A. aurita 

collagen 

alpha-1 

minicollagen 

collagen 

minicollagen 

minicollagen 10 

minicollagen 12 

collagen alpha-5 

collagen alpha-

1(II) 

minicollagen-15 

Collagen 

minicollagen 

collagen 

alpha-5 

collagen 

alpha-1 

vWFA A. aurita vWFA - - - 

hemicentin A. aurita 

hemicentin-1-

like 

hemicentin-2 

- 
hemicentin 1-

like 
- 

myosine light 

chain 
A. aurita 

myosin light 

chain kinase A 

myosin 

regulatory light 

chain 

myosin 

regulatory light 

chain 

Myosin light 

polypeptide 6 

 

myosin 

regulatory 

light chain 
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Table 2: Gene ontology analysis with Hydractinia symbiolongicarpus, Aurelia aurita and 

MCTX1 of Millepora dichotoma.   

 

4.8 Phylogenetic Analysis 

4.8.1 Concatenation 

4.8.1.1 Hydra as the outgroup 

The results from the amino acid analysis with the Maximum Likelihood and Bayesian 

methods are shown in Figure 6. The sequence divergence between Millepora and Hydra is 

significant, thus the phylogenetic relationships and amount of divergence among the Millepora 

species cannot be clearly observed in the resulting topology. Millepora complanata and M. 

alcicornis formed a sister group, which was closely related to Millepora sp.  M. squarrosa was 

placed as the basal Millepora species when using Hydra as the outgroup. We used M. squarrosa 

as the outgroup for an additional analysis with the inclusion of only Millepora proteins. By 

excluding Hydra, we augmented our data set from 3,888 orthologous protein sequences (i.e. 

myosine heavy 

chain 
A. aurita 

myosin heavy 

chain kinase A 

myosin-VI 

myosin-la 

myosin-10 

myosin-6 

myosin x 

(partial) 

myosin X 

myosin-VI 

myosin X 

myosin-VI 

BHMT A. aurita 

betaine-

homocysteine 

S-

methyltransfer

ase-1-like 

BHMT BHMT BMHT 

Wnt A. aurita 
Wnt5A 

Wnt-4 
Wnt Wnt 

Wnt 

(partial) 

Reproduction 

Capicua 
H. 

symbiolongicarpus 

capicua 

homolog 
- capicua - 

  BMP receptor 

Metazoans 

(in Sanders et al. 

2014) 

BMP regulator BMP 5-8 
BMP signaling 

pathway 

BMP 

signaling 

pathway 

hedgehog 
H. 

symbiolongicarpus 

Desert 

hedgehog A 

hedgehog 

hedgehog 2 

(partial) 

hedgehog 

hedgehog 2 

(partial) 

hedgehog 

hedgehog 2 

(partial) 

Nematocysts MCTX1 

Millepora 

dichotoma 

(in Iguchi et al. 

2007) 

MCTX1 MCTX1 MCTX1 MCTX1 



26 

 

 

Hydra + 4 Millepora species) to 10,797 orthologous protein sequences (only the 4 Millepora 

taxa). 

 
Figure 6: Phylogenetic tree of Millepora species based on the Maximum Likelihood method in 

RAxML. The amino acid substitution model LG+G+F was used as the most appropriate model 

of evolution.  Hydra was used as the outgroup. The RAxML program was run with the rapid 

bootstrapping method search option (-f a) with 1,000 bootstraps. 

 

4.8.1.2 Millepora squarrosa as the outgroup 

In the concatenation method, Maximum likelihood and Bayesian analyses were performed 

producing similar topologies to those when Hydra was used as the outgroup (Figures 13 and 

14). Both phylogenetic methods show a close relationship between M. complanata and M. 

alcicornis, Millepora sp. as different and M. squarrosa as the most different species (Figures 7 

and 8).  
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Figure 7: Phylogenetic tree of Millepora species based on the Maximum Likelihood method in 

RAxML. Millepora squarrosa was used as the outgroup. The amino acid substitution model 

JTT+I+F was used as the most appropriate model of evolution. RAxML was run with the rapid 

bootstrapping method search option (-f a) with 1,000 bootstraps. 
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Figure 8: Phylogenetic tree based on Bayesian inference as implemented in MrBayes (Ronquist 

et al., 2012). Millepora squarrosa as outgroup. GTR+GAMMA was used as the most 

appropriate amino acid substitution model for this data set. The analysis was run for 10,000,000 

generations with a sample frequency every 10,000; all other parameters were left at default.  

Nodes are supported with 100% bootstrap support unless otherwise noted. 

 

4.8.2 Coalescence 

Because the input for ASTRAL are unrooted trees from the Maximum Likelihood analysis, 

no Bayesian analysis was performed at this step. The Hydra dataset was excluded at this stage 

because of the high sequence divergence and the high number of gene dropouts. The unrooted 

trees from the 10,797 proteins data set were used as input for ASTRAL. In this analysis, 

Millepora alcicornis was more closely related to Millepora sp. than M. complanata, contrary to 

the topology we recovered with the concatenated approach (Figure 9).  
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The resulting tree from the coalescence analysis has a different topology from the concatenation 

analysis (Figure 9 versus Figures 7 and 8). 

 

Figure 9: Phylogenetic tree based on the Maximum Likelihood Method as implemented in 

RAxML. Dataset was constructed with the coalescence method. Ran with for every single gene 

file with GTR+GAMMA as substitution model and the rapid bootstrapping method (-f a) with 

1,000 bootstraps. The trees were used as input for the program Astral-II and was run with the full 

annotation mode (-t 4) and 100 replicates.  Nodes are supported with 100% bootstrap support 

unless otherwise noted. 

 

5 Discussion 

5.1 The taxonomic controversy in Millepora  

Millepora belongs to the Order Anthoathecata (Cornelius 1992), Suborder Capitata, Family 

Milleporidae (Fleming 1828). The species problem in Millepora was noted as early as 1767 by 

Linnaeus, who mentioned that the genus contains a heterogeneous group of organisms (Lewis, 
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2006). After a taxonomic revision was accomplished by Duchassaing and Michelotti (1860) and 

Edwards (1860), Millepora still consisted of an excess of species (Lewis, 2006). It was only after 

Klunzinger’s (1879) taxonomic work, where he established species with their appropriate name 

and listed all the incidences of synonymy, that the number of Millepora species was reduced.  

During the 20th century, multiple new species of Millepora were described and several 

intermediate morphotypes recognized (Figure 1, E and F). Boschma (1948) recognized seven 

species from the Indo-Pacific region and three others from the Atlantic Ocean. Vernon (2000) 

described at least 50 species of milleporids.  Tepper et al. (2012) recognized the 17-species 

described by de Weerdt and Glynn (1991) and Cairns et al. (1999); 11 species from the Pacific 

and six from the Atlantic Ocean. More recently, Ruiz-Ramos et al. (2014) recognized the 

Caribbean species described by Boshma (1948), Cairns et al. (1999), and Amaral et al. (2008). 

Here, we recognize those species presented in Lewis (2006) and the new Millepora species in 

Amaral et al. (2008).  It is apparent that there is no consensus on the recognized number of 

species in the Millepora genus, and it is clear that the morphological characters are not sufficient 

to distinguish the different Millepora species, even when combined with the use of few 

molecular markers (de Weerdt, 1984; Lewis, 1989; Amaral et al., 2002; Ruiz-Ramos et al., 

2014). Furthermore, there are several descriptions of the phenotypic plasticity in Millepora 

(Figure 1, E and F), potentially induced by environmental condition or depth (de Weerdt, 1981; 

Vago et al., 1998; Meroz-Fine et al., 2003; Lewis, 2006; Tepper et al., 2012).  Phenotypic 

plasticity is the most important problem muddling the taxonomic landscape in Millepora if 

morphometrics is the only approach.  

Amaral et al. (2002) indicated that the skeletal morphological characters are not adequate to 

distinguish species and Lewis (2006) suggested that studies of genetic population structure might 
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shed light in the Millepora taxonomic problem. Furthermore, Tepper et al. (2012) and Ruiz-

Ramos et al. (2014) did not find sufficient resolution in the genetic markers ITS, 16S and 18S, 

and COI to differentiate three of the Caribbean species, with the exception M. squarrosa, which 

was easily differentiated with single mitochondrial markers (Ruiz-Ramos et al., 2014). Lewis 

(2006) presented a personal communication with C.S. Tepper (author of Tepper et al., 2012) 

mentioning the possibility of hybridization between M. complanata and M. alcicornis. Lack of 

information on the reproductive cycle of milleporids (e.g. spawning time of medusa, larvae) 

hinders the testing of the hybridization hypothesis.  

Next Generation Sequencing has increased the DNA sequencing capabilities exponentially 

and now transcriptome, proteomes and even full genome sequencing are becoming routine for 

small labs. Most scientists have adopted the new sequencing technology, leaving behind the 

single/multiple gene sequence approaches. Transcriptome data is routinely used to resolve the 

phylogeny of organisms (Kocot et al., 2011; Weigert et al., 2014; Goodheart et al., 2015; 

Janouškovec et al. 2016). Similarly, we are taking advantage of the ubiquitous NGS technologies 

and we are applying them to resolve the species problem in Caribbean Millepora. Here, we 

present the first transcriptome assembly of four Caribbean species of Millepora with thousands 

of genes for comparison and phylogenetic reconstruction. All species in this study were 

acclimated for eight weeks to the same environmental conditions in aquaria; therefore, we expect 

that observed differences between them are not indicative of environmental variability. 

5.2 Gene ontology analysis and comparison 

Based on the results of gene ontology, most of genes present for the transcriptome of H. 

symbiolongicarpus, the medusa of A. aurita and the Millepora cytotoxin were found in all 

Millepora transcriptomes, with a few exceptions (Table 2). For example, the TGF-β gene was 
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absent in Millepora sp. and present in all other Millepora. Sanders et al., (2014) and Pang et al., 

(2011), mentioned that Cerberus gene is an antagonist of TGF-β and Wnt. Both genes, Wnt, the 

Cerberus-like or Cerberus Protein Family, were found in all four transcriptomes. The TGF-β, 

known as the Transforming Growing Factor Beta, is a superfamily of genes found only in 

metazoans and encodes for an intracellular signaling pathway regulating different processes 

including developmental processes in the cell.  In the TGF-β superfamily, we can observe two 

major classes of genes, the TGF-β-like and BMP-like (Bone Morphogenetic Protein) (Pang et 

al., 2011). The latter was found in all transcriptomes assemblies (Table 2). However, when 

sequences of Millepora sp. and M. complanata were blasted, the ontology of Bone 

Morphogenetic Protein (BMP) signaling pathway was found. The BMP pathway interacts with 

canonical Wnt signaling pathway; both pathways are important in organogenesis. 

Another protein that was found in most Millepora transcriptomes, except in M. alcicornis, 

was the von Willebrand factor type A domain (vWFA). The vWFA domain has similarities to the 

hemicentin protein (Brekhman et al., 2015). Despite the fact that M. complanata and M. 

alcicornis expressed the hemicentin protein, it was not found in the other two transcriptomes 

(Table 2). In the transcriptome of the scyphozoan Aurelia aurita, the vWFA domain is expressed 

in the medusa stage but its function has not been described. The interactions of vWFA and the 

GpIbα are associated with the movement of the platelets in the vascular system of humans 

(Huizinga et al., 2002).  

The protein capicua was not found in all transcriptomes. This protein is expressed during the 

development of the oocytes in females and in the gastrodermis of the male gonopores in the 

hydrozoan Hydractia symbiolongicarpus (Sanders et al. 2014). Capicua (Cic) proteins have 

structural properties and, in vertebrates, they repress transcription. In Drosophila, capicua 
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recruits Groucho proteins, which are transcriptional co-repressors expressed during the embryo 

stage but not in other developmental stages (Forés et al., 2015). In the hydrozoan H. 

symbiolongicarpus Cic was found in the gonozoid polyps, and it was also found expressed in 

Millepora transcripts, for the exception of M. squarrosa and Millepora sp. (Table 2).  

 

5.3 Phylogenetic reconstruction 

The phylogeny reconstruction with Hydra as an outgroup is characterized, by the large 

(Figure 6) taxonomic and sequence divergence between Hydra and Millepora (Hydra, Suborder: 

Aplanulata; Millepora, Suborder: Capitata).  We identified 3,888 vs. 10,797 orthologous genes 

when including and excluding Hydra, respectively.  Hydra is a well-studied model freshwater 

cnidarian with multiple genomes sequenced, whereas no genomic resources existed for 

Millepora before this study.   The premise of big data sets stemming from NGS methods was to 

resolve recalcitrant nodes, such as those of the Millepora spp., where traditional approaches have 

failed to resolve. However, the exponentially larger data sets and their inherent complexity 

introduce significant phylogenetic noise and conflict in the analyses.  Concatenation of 

sequences is especially useful in cases where noise is presumed to be the dominant source of 

conflict, and gene-tree methods for reconstruction are useful when conflicted phylogenetic signal 

is attributed to incomplete lineage sorting (ILS). Even though we have increased the data sets 

used for phylogenetic analysis in Millepora by several orders of magnitude, we still observe 

conflicted topological signals between the coalescence and the concatenated approaches.  The 

two approaches fail to reach a consensus topology, except for M. squarrosa, which is clearly 

differentiated. The topological differences from the coalescence and concatenation analyses 

(Figures 7 and 8 versus Figure 9), demonstrate that M. alcicornis, M. complanata and 
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Millepora sp. are genetically more closely related than expected from their distinct morphologies 

and support previous results (Tepper et al., 2012; Ruiz-Ramos et al., 2014). The Millepora 

lineages exhibit ILS as shown by the incongruent results between the concatenation and 

coalescence analyses (Figures 7 and 8 versus Figure 9). But other sources of conflict such as 

hybridization, which has been hypothesized in Millepora (Lewis, 2006), or horizontal gene 

transfer can cause such topological incongruence. Mirarab and Warnow (2015) indicated that the 

coalescent method is more accurate when there are large numbers of genes and Incomplete 

Lineage Sorting (ILS) is not present. They also showed that the concatenation method cannot be 

discarded, and the tree obtained can be a useful insight in the evolutionary history of the species 

being studied. 

When ILS is observed in a group of species, topological differences can be observed from 

gene tree to gene tree (Maddison, 1997).  ILS is the result of recent divergence between species; 

in our case, M. complanata and M. alcicornis and Millepora sp. have probably diverged recently, 

perhaps several hundreds of thousand years ago, and still diverging. The use of fossils may be 

key in the correct phylogenetic assignment of these species. However, fossils can only be 

recognized by morphological characters, therefore species assignments of fossil Millepora are 

still hampered by the same limitations as those that exist during species identification of living 

Millepora species.  Nonetheless, the existing fossil record may shed some light on the large 

amount of ILS found in Millepora species. The oldest Millepora fossil record found was from 

the Devonian (416 Million Years Ago) (Machel, 1990).  Fossils of M. alcicornis (Florida - 

Peteuch, 1986) and M. complanata (Costa Rica - Budd et al., 1999) were discovered from the 

Pliocene (5.3 to 2.6 Million Years Ago) and Pliocene to Pleistocene (2.50 Million Years Ago to 

11,700 Years Ago), respectively. From the Quaternary Period (from 2,588,000 Years Ago to 
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present), M. complanata and M. alcicornis have been reported in various places of the Atlantic: 

M complanata from San Salvador Island in Bermuda (Hatting and Warren, 1989; Greenstein, et 

al., 1998), Panama (Macintyre and Aronson, 2013), and Florida (Lighty, 1977); M. alcicornis 

from Cape Verde Islands (Boekschoten and Best, 1988; Baarli et al., 2013), Dominican Republic 

(Vaughan et al., 1921), Haiti (Woodring et al., 1924), and Florida (Weinstein, 2007). However, 

other Quaternary fossil records of Millepora spp. were reported from different areas of the 

Atlantic. The fossil record collectively indicates that M. alcicornis and M. complanata are 

relatively recent species with almost two million years of common history.  

Today, with the implementation of new techniques and sequencing efforts, we have access to 

thousands of times more data than previously collected, yet we cannot unequivocally 

characterize the phylogenetic relationships among Millepora species in the Caribbean. We need 

to focus on identifying genomic areas with signals of strong selection that may be indicative of 

pre- and postzygotic isolation.  We also need to explore the role of hybridization, if it does exist 

between the Millepora species.   

Overall, results from this study confirm previous observations by Ruiz-Ramos et al. (2014) 

that M. squarrosa is the only easily distinguished species in the Caribbean both morphologically 

and genetically, but we still cannot differentiate unequivocally between M. alcicornis and M. 

complanata. In addition, the Millepora sp. represents a new morphotype in the Caribbean.  

Millepora sp. is different from both M. alcicornis and M. complanata and can be grouped within 

the “Millepora complex”, coined by Ruiz-Ramos et al. (2014).  

6. Conclusions 

• Millepora squarrosa is the only morphologically and genetically clearly defined species 

• Concatenation and coalesence analyses result in different topologies 
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• The phylogeny of Millepora is not resolved most likely because of Incomplete Lineage 

Sorting 

• The de novo transcriptomes presented here are the first genomic resources in Millepora 

7. Recommendation for Future Studies 

• Sequencings of the genomes of all recognized Millepora species 

• Use differential expression analysis to explore species-specific differences in gene 

expression  

• Determination of the reproductive cycle of Millepora 

• Analyze the microbiome of different Millepora spp.  

• Conduct experiments to detect hybridization in Millepora. 
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11. Appendix 

9.1 MixS 

Appendix, Table 3: MixS information of Millepora alcicornis 

Item Definition 

Classification Eukaryota; Opisthokonta; Metazoa; Eumetazoa; Cnidaria; Hydrozoa; 

Hydroidolina; Anthoathecata; Capitata; Milleporidae; Millepora; 

alcicornis 

Investigation 

type 

Eukaryote transcriptome 

Project name Millepora alcicornis transcriptome 

Environment   

Geographic 

location 

Caribbean Sea: 

https://doi.org/10.1371/journal.pone.0139068
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      Puerto Rico, Guánica: Coral Key 

      Puerto Rico, Guánica: La Jungla Reef 

      Puerto Rico, Lajas: Enrique Key 

      Puerto Rico, Cabo Rojo: Playita Azul Reef 

Latitude 

Longitude 

Coral Key: 17° 56.280'N, 66° 53.406'W 

 La Jungla Reef: 17° 56.650'N, 66° 58.033'W 

 Enrique Key: 17° 57.288'N, 67° 3.155'W 

 Playita Azul Reef: 18° 8.072'N, 67° 11.245'W 

Collection date 2015-10 

Environment 

properties 

Shore reef 

Depth  <3 meters 

Collector Ingrid C. Ortiz González and Orlando Espinosa Ortiz 

Sequencing 

method 

Illumina 4000; Paired-end (2x150): Poly(A) caption 

Estimated size 

Assembly 

500Mbp 

Method De novo assembly 

Program Trinity 2.1.1 

Finishing 

Strategy 

High quality transcriptome assembly 

 

Appendix, Table 4: MixS information of Millepora complanata 

Item  

Classification Eukaryota; Opisthokonta; Metazoa; Eumetazoa; Cnidaria; Hydrozoa; 

Hydroidolina; Anthoathecata; Capitata; Milleporidae; Millepora 

complanata 

Investigation type Eukaryote transcriptome 

Project name Millepora complanata transcriptome 

Environment   

Geographic location Caribbean Sea 

      Puerto Rico, Guánica: Coral Key 

      Puerto Rico, Guánica: La Jungla Reef 

      Puerto Rico, Lajas: Enrique Key 

      Puerto Rico, Cabo Rojo: Playita Azul Reef 

Latitude Longitude Coral Key: 17° 56.280'N, 66° 53.406'W 

 La Jungla Reef: 17° 56.650'N, 66° 58.033'W 

 Enrique Key: 17° 57.288'N, 67° 3.155'W 

 Playita Azul Reef: 18° 8.072'N, 67° 11.245'W 

Collection date 2015-10 
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Appendix, Table 5: MixS information of Millepora squarrosa 

 

 

Appendix, Table 6: MixS information of Millepora sp.  

Environment 

properties 

Shore reef 

Depth  <3 meters 

Collector Ingrid C. Ortiz González and Orlando Espinosa Ortiz 

Sequencing method Illumina 4000; Paired-end (2x150): Poly(A) caption 

Estimated size 

Assembly 

500Mbp 

Method De novo assembly 

Program Trinity 2.1.1 

Finishing Strategy High quality transcriptome assembly 

Item  

Classification Eukaryota; Opisthokonta; Metazoa; Eumetazoa; Cnidaria; Hydrozoa; 

Hydroidolina; Anthoathecata; Capitata; Milleporidae; Millepora 

squarrosa 

Investigation type Eukaryote transcriptome 

Project name Millepora squarrosa transcriptome 

Environment   

Geographic location Caribbean Sea 

 Puerto Rico, Guánica: Turrumote II Key 

Latitude Longitude Turrumote II Key:  17° 55.787'N, 66° 58.424'W 

Collection date Nov-4-2015 

Environment 

properties 

Barrier reef 

Depth  4-5 metes 

Collector Orlando Espinosa and Jaaziel García 

Sequencing method Illumina 4000; Paired-end (2x150): Poly(A) caption 

Estimated size 

Assembly 

500Mbp 

Method De novo assembly 

Program Trinity 2.1.1 

Finishing Strategy High quality transcriptome assembly 

Item  
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9.2 Blast Hits in Blas2Go 

 
Appendix, Figure 10: Blast hits of Millepora alcicornis transcriptome in Blast2Go. 

 

    

    

   

   

  

  

  

  

  

  

  

  

  

 

 

 

              

                      

                     

                    

                    

                   

                  

                  

                     

                 

                         

                 

                 

                

                             

                  

                 
                    

 
 
  
  
  
 
  

 
Classification Eukaryota; Opisthokonta; Metazoa; Eumetazoa; Cnidaria; 

Hydrozoa; Hydroidolina; Anthoathecata; Capitata; Milleporidae; 

Millepora sp. 

Investigation type Eukaryote transcriptome 

Project name Millepora sp. Transcriptome 

Environment   

Geographic location Caribbean Sea 

 Puerto Rico, Guánica: Mata Seca Key 

Latitude Longitude Mata Seca Key:  17° 57.636'N, 67° 0.534'W 

Collection date Oct-22-2015 

Environment properties Shore reef 

Depth  Less than a meter 

Collector Ingrid C. Ortiz González 

Sequencing method Illumina 4000; Paired-end (2x150): Poly(A) caption 

Estimated size 500Mbp 

Assembly 

Method 

De novo assembly 

Program Trinity 2.1.1 

Finishing Strategy High quality transcriptome assembly 
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Appendix, Figure 11: Blast hits of Millepora complanata transcriptome in Blast2Go. 

 
Appendix, Figure 12: Blast hits of Millepora squarrosa transcriptome in Blast2Go. 

 

    

    

   

   

  

  

  

  

  

  

  

  

  

  

  

 

                      

              

                     

                    

                   

                    

                  

                  

                         

                     

                 

                 

                

                  

                             

              

                 
                    

 
 
  
  
  
 
  

 

    

    

   

   

  

  

  

  

  

  

  

  

  

  

  

 

                      

              

                     

                    

                   

                    

                  

                     

                  

                 

                 

                         

                

                  

                             

                       

         
                    

 
 
  
  
  
 
  

 



47 

 

 

 
Appendix, Figure 13: Blast hits of Millepora sp. transcriptome in Blast2Go. 

 

9.3 Script 

 

#!/usr/bin/bash 

 

###Script to get the reciprocal blast match of millepora sequences 

 

#Loop to rename sequences 

#Programs needed in folder: 

# rename_sequences.py 

 

for x in `ls *.original`;do 

  

  a=$( cat $x | grep -c "^>" ) 

   

  b=$( echo $x | cut -f 1 -d "." ) 

   

  for y in `seq 1 $a`;do 

   

    echo ">"$b"_orf_"$y >>$b.rename 

   

  done 

  

  ./rename_sequences.py $x $b.rename $b.rename.sequences 

   

done 

   

for x in `ls *.rename.sequences`;do 
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 cat $x >>millepora_proteins_filter.fasta  

   

done 

 

#Blast database creation and run 

 

makeblastdb -in millepora_proteins_filter.fasta  -input_type fasta -dbtype prot 

 

mv millepora_proteins_filter.fasta millepora_proteins_filter_input.fasta   

 

blastall -p blastp -i millepora_proteins_filter_input.fasta -d 

millepora_proteins_filter.fasta -e .00001 -o blast_v_blast_millepora_proteins_filter.txt  

-a 15 -m 8 

 

 

###LOOP TO GET RECIPROCAL BLAST USING MULTIPLE SORTING K3 K11 

#Programs needed in the folder: 

# extract_final_sequences.py 

 

#Initial loop using malc as reference. 

#Possible isoforms will not pass this step 

 

for x in `cat malc.rename | cut -c 2-`;do 

 

 #Multiple sorting of blast result. Using all matches with malc in 1st column and 

not present in 2nd column. 

 cat blast_v_blast_millepora_proteins_filter.txt | awk '{if ($1~/^malc/) print $0}' | 

awk '{if ($2!~/^malc/) print $0}' | \ 

 grep -w "$x" | sort -k 3 -g | sort -k 11 -g >sort_k3k11_malc 

  

 #Variables to know when a sequence is already taken 

 #a for mcom 

 a=$( echo "0") 

 #b for msp 

 b=$( echo "0") 

 #c for msqu 

 c=$( echo "0") 

  

 #Checking if they are reciprocal matches and writing name to a file 

  

 cat sort_k3k11_malc | while read line;do 

   

  echo $x >malc.name.match 

   

  #Reciprocal check with mcom 
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  if [ `echo $line | awk '{print $2}' | cut -f 1 -d "_"` == "mcom" ] && [ $a -

eq 0 ];then 

   

   echo $line | awk '{print $2}' >mcom.name.match 

    

   a=$( echo "1") 

    

   name_malc=$( cat malc.name.match ) 

   name_mcom=$( cat mcom.name.match ) 

    

   cat blast_v_blast_millepora_proteins_filter.txt | awk '{if 

($1~/^mcom/) print $0}' | awk '{if ($2!~/^mcom/) print $0}' | \ 

   grep -w "$name_mcom" | sort -k 3 -g | sort -k 11 -g 

>sort_k3k11_mcom 

    

   if [[ `cat sort_k3k11_mcom | grep -w "$name_malc" | awk '{print 

$1}' | head -n 1` == $name_mcom ]] && [[ `cat sort_k3k11_mcom | grep -w 

"$name_malc" | awk '{print $2}' | head -n 1` == $name_malc ]];then 

    

    echo $name_malc >>$x.name 

    echo $name_mcom >>$x.name 

     

   fi 

   

  #Reciprocal check with msp  

   

  elif [ `echo $line | awk '{print $2}' | cut -f 1 -d "_"` == "msp" ] && [ $b -

eq 0 ];then 

   

   echo $line | awk '{print $2}' >msp.name.match 

   

   b=$( echo "1") 

    

   name_msp=$( cat msp.name.match ) 

    

   cat blast_v_blast_millepora_proteins_filter.txt | awk '{if 

($1~/^msp/) print $0}' | awk '{if ($2!~/^msp/) print $0}' | \ 

   grep -w "$name_msp" | sort -k 3 -g | sort -k 11 -g 

>sort_k3k11_msp 

    

   if [[ `cat sort_k3k11_msp | grep -w "$name_malc" | awk '{print 

$1}' | head -n 1` == $name_msp ]] && [[ `cat sort_k3k11_msp | grep -w "$name_malc" 

| awk '{print $2}' | head -n 1` == $name_malc ]];then 

    

    echo $name_msp >>$x.name 
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   fi 

    

  #Reciprocal check with msqu 

   

  elif [ `echo $line | awk '{print $2}' | cut -f 1 -d "_"` == "msqu" ] && [ $c -

eq 0 ];then 

   

   echo $line | awk '{print $2}' >msqu.name.match 

   

   c=$( echo "1") 

    

   name_msqu=$( cat msqu.name.match ) 

    

   cat blast_v_blast_millepora_proteins_filter.txt | awk '{if 

($1~/^msqu/) print $0}' | awk '{if ($2!~/^msqu/) print $0}' | \ 

   grep -w "$name_msqu" | sort -k 3 -g | sort -k 11 -g 

>sort_k3k11_msqu 

    

   if [[ `cat sort_k3k11_msqu | grep -w "$name_malc" | awk '{print 

$1}' | head -n 1` == $name_msqu ]] && [[ `cat sort_k3k11_msqu | grep -w 

"$name_malc" | awk '{print $2}' | head -n 1` == $name_malc ]];then 

    

    echo $name_msqu >>$x.name 

     

   fi 

   

  fi 

   

 done 

   

done 

 

 

#Loop for extracting sequences that are reciprocal to each other 

 

for x in `ls -1 malc_orf_*.name`;do 

 

 if [ `cat $x | cut -f 1 -d "_" | sort -u | wc -l` -eq 4 ];then 

 

  cat $x | sed 's/^/>/g' >$x.edit  

  

  a=$( echo $x | cut -f 1 -d "." ) 

 

  ./extract_final_sequences.py millepora_proteins_filter_input.fasta $x.edit 

$a.seqs 
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 fi 

  

done 

10 Pictures 

10.1Millepora alcicornis 

 

  

 
Appendix, Figure 14: Millepora alcicornis from Playita Azul Reef, southwest Puerto 

Rico.  

 

 

10.2 Millepora complanata  
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Appendix, Figure 15: Millepora complanata from La Jungla Reef, southwest Puerto 

Rico.  

 

10.3 Millepora squarrosa 

 
Appendix, Figure 16: Millepora squarrosa from Turrumote II reef, southwest Puerto 

Rico.  
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Appendix, Figure 17: Millepora squarrosa from Turrumote II reef, southwest Puerto 

Rico. 

 

10.4 Millepora sp.  

 
Appendix, Figure 18: Millepora sp. from Mata Seca Key. 
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Appendix, Figure 19: Millepora sp. from Mata Seca Key, southwest Puerto Rico. 

 

10.5 Samples sites per species. 

 
Appendix, Figure 20: Sampling site of Millepora squarrosa, Turrumote II. 
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Appendix, Figure 21: Sampling site of Millepora sp., Mata Seca Key, southwest Puerto 

Rico. 

 

 

 
Appendix, Figure 22: Sampling site of Millepora alcicornis and Millepora complanata, 

Coral Key, La Juagla Reef, Enrique Key, Playita Azul Reef.  

 

 

 

 

 


