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PREFACIO 

Los genes nucleares han sido ampliamente utilizados para proponer hipótesis 

filogenéticas a través del tiempo. A veces, estos genes nucleares no pueden definir 

relaciones filogenéticas a nivel de especie. En el caso de los octocorales, se 

encuentra bien documentado que los genes mitocondriales tienen buena resolución al 

resolver hipótesis filogenéticas y son ampliamente utilizados. El género Pacifigorgia 

se caracteriza por ser un género de octocorales de baja profundidad en el cual no se 

han definido bien sus relaciones filogenéticas. Se utilizó un gen de una copia, 

característico de octocorales (msh1) para intentar resolver la posición filogenética de 

las especies del género. Por más que el gen no logró resolver la posición filogenética 

del género, surgieron resultados sumamente interesantes. Msh1 soporta las hipótesis 

de evolución reticuladas propuestas para este género por medio de genes nucleares, 

asi como también soporta los supuestos de  genes mitocondriales altamente 

conservados en octocorales.  La formación de dos clados, uno indicando poca o nula 

diferencia en las secuencias de ADN de la única especie del Atlántico frente a algunas 

especies del Pacifico, y el otro agrupando los híbridos potenciales según genes 

nucleares indican como msh1 confirma los resultados nucleares y los lleva mas allá, 

como posible indicador de un evento de hibridación a lo largo del género. 
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ABSTRACT 

As nuclear genes have proposed several phylogenetic hypotheses throughout time. 

Sometimes, nuclear genes can’t define nor resolve phylogenetic relationships at 

species level. In octocorals, it’s seen that mitochondrial genes have pretty good 

resolution and are widely used for molecular phylogenies. The genus Pacifigorgia is a 

genus of shallow-water octocorals with no well-defined phylogeny. We’ve used a 

single-copy, octocoral-restricted mitochondrial gene (msh1) in the genus 

Pacifigorgia. Even trough there was not resolution in several species of the genus, 

interesting results arose. Msh1 supports an reticulated evolution hypothesis proposed 

previously using nuclear genes, as well as several affirmation of mitochondrial gene 

conservation in octocorals. The formation of two clades, one showing little or no 

difference on DNA sequences between the single species in the Atlantic Ocean and 

several of the Pacific ocean, and the other one clustering most of the previously 

called “hybrid” individuals, shows how msh1 confirms nuclear results and takes them 

further, where the clustering of the problematic species in a clade and the 

polyphyletic position of some taxa might be an indicator of possible hybridization due 

the recent radiation of this clade. 
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INTRODUCTION 
 

The subclass Octocorallia has been an interesting clade to study phylogenetic 

analyses since all the taxonomy and relationships have been done according to 

morphology, sclerites, and secondary compounds (Bayer, 1956, Breedy and Guzmán, 

2003a, Breedy and Guzmán, 2003b). As alternative approaches, several genes have 

been studied in different taxonomical levels looking for a better and most effective 

way to improve the knowledge of the systematics of this subclass, thanks to 

molecular phylogenies (Chen et al., 2000, Sánchez et al., 2003a, Sánchez et al., 

2003b, McFadden et al., 2004, McFadden et al., 2006, Aguilar and Sánchez, 2007, 

Grajales et al., 2007, Granados et al., 2008, Manrique et al., 2008). One of the first 

molecular phylogenies made by Aguilar and Sánchez (2007) showed how secondary 

structures of the gene ITS2 could explain the relationships between genera of the 

gorgonian family with good resolution and great support values, as well as Sánchez 

et al. (2003a) proved that nuclear and mitochondrial genes could give information 

about branching history to separate the subclass Octocorallia in two clades. The use 

of mitochondrial genes could improve information, as in the case of a mutS 

homologue (msh1) reported by Pont-Kingdon et al. (1998) for octocorals (First 

reported for the common yeast, Sacharomicces, by Culligan et al. (2000)). As 

phylogenetical hypothesis from nuclear genes expose more information than mere 

relationships between species, Can mitochondrial genes support the results and 

hypotheses of nuclear genes? 

 

Msh1 is a MutS homologue found in several taxa (Culligan et al., 2000). This gene 

encodes a protein capable of repairing DNA mismatches, an essential mitochondrial 

gene in yeast (Eisen, 1998, Culligan et al., 2000). First reported in octocorals by 
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Pont-Kingdon et al. (1998) as closely related to the yeast variation of the gene, Msh1 

has been used in several studies thanks to its restricted distribution among 

octocorallians (France et al., 1996, France and Hoover, 2002, Sánchez et al., 2003b, 

McFadden et al., 2006), but in one genus this gene hasn’t been studied, the genus 

Pacifigorgia, one of the largest and most abundant genera in the pacific. Pacifigorgia 

is a genus of shallow-water octocorals that are distributed in the eastern Pacific from 

Mexico to Ecuador and across the Caribbean Sea. Only one of the 37 species is 

distributed in the Caribbean sea (P. elegans, (Bayer, 1953)). The only taxonomical 

study made on this genus has been based in the morphology of the species (Breedy 

and Guzmán, 2003b), until Granados et al., (2008) and Manrique et al., (2008) used 

a nuclear ribosomal gene (ITS2) to reconstruct a phylogenetic hypothesis. Their 

analyses included molecular morphometry, primary sequences and combined but 

data couldn’t resolve Pacifigorgia phylogeny, even through they’ve found evidence of 

recent molecular evolution (hemiCBC’s in P. elegans). Interestingly, they found 

polyphyletic individuals on the same species of the genera according to different 

copies in the ITS2 gene. Granados et al. (2008) proposed this genus as the result of 

reticulated evolution, which proposes that actual species could be the result of 

hybridization (Mallet, 2005). 

 

Even trough ITS2 has been a state-of-the-art gene for a large number of 

phylogenetic studies (Chen et al., 2004, Coleman, 1997, 2007, Culligan et al., 2000, 

Coleman, 2003, Aguilar and Sánchez, 2007, Grajales et al., 2007, Keller et al., 2008, 

Kruger and Gargas, 2008, Soltis et al., 2008, Tippery and Les, 2008) there hasn’t 

been good tree resolution in the case of Pacifigorgia. As msh1 has been tested and 

amplified previously, it could be an appropriate gene to establish a well-defined 

phylogenetic hypothesis at species level.  
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The primary objective of this study is to reconstruct a phylogenetical hypothesis of 

the genus Pacifigorgia using the msh1 gene, using the same specimens that 

Granados et al. (2008) and Manrique et al. (2008) used. One of the secondary 

objectives is to establish a pattern of phylogenetic distribution between the non-

monophyletic species according to mitochondrial genes. Another secondary objective 

is to adjust and infer a molecular clock of the genus thanks to high mtDNA 

conservation. ((France et al., 1996, McFadden et al., 2006) and the notable 

divergence of P. elegans versus the rest of the Pacifigorgia spp. found by Manrique et 

al. (2008). 

METHODS 

Sampling and DNA extraction and amplification 

The samples used in this study were previously collected and extracted by Granados 

et al. and Manrique et al. and identified by Odalisca Breedy. All samples were 

extracted using Coffroth et al. (1992) protocol for DNA extraction, using CTAB and 

Proteinase-K to lyse the cells. The resulting product was cleaned with Phenol 

Chloroforme Isoamil alcohol (25:24:1, 300 µl) and with Chloroform Isoamil alcohol 

(24:1, 300 µl). After a brief centrifugation, the supernatant was diluted in 70% 

alcohol and stored at -20°C (-4°F) overnight. The DNA was dried and the resulting 

pellet was resuspended in 30µl of TE buffer. Agarose gels were made to confirm DNA 

presence. Sequences of Pacifigorgia elegans, Pacifigorgia stenobrochis and 

Leptogorgia virgulata were previously obtained and sequenced by Sánchez et al. 

(2003) in Genebank (Accession numbers:  AY126419.1, AY126420.1, and 

AY126418.1). 

 



 12 

For amplification, the DNA extractions were diluted to 1/10 and 1/20. The primers 

used were the same as McFadden et al. (2006) for msh1 amplification (ND42625F 

(5’-TACGTGGYACAATTGCTG- 3’) and Mut-3458R (5-TSGAGCAAAAGCCACTCC-3) in a 

10M concentration). The rest of the amplification process was made with 3µl of 10X 

Buffer, 0.3µl of dNTP’s, 2.1µl of MgCl, 0.6µl of Primers, 0.2µl of Taq Polimerase for 

each sample and then completed with 6.7µl of distilled water for a total volume of 

13.5µl per sample. 1.5µl of DNA were added for a total of 15µl. Agarose gels were 

made to confirm the presence of DNA products, and then were purified by ExoSap 

(Fermentas) and stored at -20°C (-4°F) for sequencing. Sequencing was kindly done 

by Catherine McFadden Ph.D and the Cnidarian Tree of Life, at Harvey Mudd College, 

Claremont, CA.  

 

Data Analysis 

The sequences were aligned by the algorithm MUSCLE (Edgar, 2004) in the software 

Geneious (Biomatters ltd.). Maximum Parsimony (MP), maximum likelihood (ML) and 

Bayesian Inference (BI) analysis were used to create the phylogenetic reconstruction 

of the genus. Maximum parsimony analysis were done in PAUP*4.10b (Swofford, 

1998). Heuristic searches were made, with 10000 bootstrap replicates. For maximum 

likelihood the alignment was submitted to the CIPRES portal (www.phylo.org), and 

the RAxML algorithm (Stamatakis et al., 2008) with the GTR + Γ substitution matrix 

with 10000 bootstrap replicates. The software Mr. Bayes (Huelsenbeck and Ronquist, 

2001, 2005), using 1000000 generations of MCMC (Burning= 25000), did Bayesian 

Inference with the HKG+I+G substitution matrix obtained by MrModelTest (Nylander, 

2004). 

 

Another Bayesian approach using the software BEAST (and its components: BEAuti, 
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and TreeAnotator) (Drummond and Rambaut, 2007) was done for molecular clock 

dating. The uplift of the Panama Isthmus was used as calibration data (c.a. 3.5 

MYA). For the molecular clock dating, we used a relaxed uncorrelated lognormal 

clock, with a prior normal distribution, and setting the mean at 3.5MYA and the 

standard deviation at 0.5MYA. 1000000 Montecarlo Markov Chains were run, and an 

initial burning of 250000 trees was made. The tree was edited and reviewed in the 

software FigTree v1.1.2. 

RESULTS 

 

Msh1 alignment showed little variation between samples (Pairwise similarity of 

98.6%) and 588 identical sites (87.5%), but the different polymorphisms showed 4 

clades of the gene (Figure 1), which was called the Rubicunda clade (Figure 1a), the 

Stenobrochis clade (Figure 1b), the Firma clade (Figure 1c) and the Elegans2 clade 

(Figure 1d). The Rubicunda clade is characterized by 20 samples with the greatest 

variation among all sequences, with 3 species identified (P.rubicunda, P. media and 

P. cairnsi). The Firma clade showed less variation and a low rate of polymorphisms, 

with 3 samples and 1 identified species (P. firma). The Stenobrochis clade showed 

one polymorphism variation in two samples and two in the remaining one. the 

species in this clade are P. stenobrochis and P. sculpta. The most interesting clade 

was the Elegans2 clade, where several samples (23) and species (5) had little or no 

polymorphisms compared to P. elegans. 

 

The phylogenetic reconstruction of the genus is shown in the Figure 2, where the 

four clades can be nested in two clades: The Rubicunda clade and the Elegans clade 

(which comprises the Firma, Stenobrochis and Elegans clades). Maximum parsimony, 
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Maximum Likelihood and Bayesian Inference analyses results in the same topology, 

always separating both clades with high branch support. It’s important to notice the 

polyphyletic positions of P. cairnsi and P. rubicunda.  

Figure 1. MUSCLE alignment showing the four clades of msh1 found in Pacifigorgia. a. Rubicunda clade. b. 
Stenobrochis  clade. c. Firma  clade.  d. Elegans2  clade. e.  Genus Leptogorgia.  The Rubicunda  clade has  the most 
polymorphisms compared with the other three clades. 

For molecular dating, the Figure 3 shows the divergence time of the genus 

Pacifigorgia. Msh1 indicates that the genus appeared approximately 6MYA, and the 

Elegans clade appeared ca. 4MYA. The most recent clade was the Rubicunda clade, 

which appeared ca. 3.6MYA. 

DISCUSSION 

 

Msh1 phylogenetic tree shows poor resolution in the terminal branches, separating 

the genus in two main clades with excellent support values. There are several 
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polytomies all around the tree, showing how msh1 has low interspecies resolution 

capabilities. Rubicunda clade comprises three identified species: P. rubicunda, P. 

media and P. cairnsi. Note that there are two polyphyletic species: P. rubicunda, as 

some of the samples are clustered while the remaining ones collapse at the base of 

the clade, and P. cairnsi, that also has a sample in the Elegans clade. Elegans clade 

has eight identified species and three internal clades with high support values: Firma 

clade comprises two of the samples of P. firma; Stenobrochis clade separates P. 

stenobrochis of P. sculpta; The third internal clade (Elegans2 clade) comprises P. 

cairnsi, P. eximia, P. irene, P. adamsii and P. elegans. The Elegans clade was 

congruent with Manrique’s (2008) topology, which grouped P. elegans with P. irene 

and P. eximia. Elegans2 clade is the most interesting clade in terms of topology, 

since it groups the Caribbean specie (P. elegans) with several other species from the 

eastern Pacific. According to Bayer (1953), P. elegans represents a relict species. So, 

if that is true, P. elegans might have coexisted with the other species of the genus, 

but possible dispersion and colonization events and the uplift of the Panama isthmus 

separated the Pacific species and P. elegans. Despite geographic isolation of P. 

elegans from the other species, it can be seen that msh1 is quite similar between 

species. This supports France et al. (1996) and McFadden (2006) premises of high 

mtDNA conservation among octocorals and LePard & France (unpublished data) idea 

of invariant mtDNA between populations (as all samples from the Elegans2 clade 

were sampled from Gorgona island). Low interspecies resolution in the tree topology 

also supports the former premises. 



 16 

 

Figure 2.  Phylogenetic reconstruction of Pacifigorgia. The topology of the tree corresponds to the Maximum 

likelihood  tree.  The  values  above  branches  correspond  to  bootstraps  supports  of  MP/ML/BI.  For  MP:  L=58; 

CI=0.95;  RI=0.98.  The  clades  are  shown  at  the  right  of  the  tree.  In  red:  the  non‐monophyletic  samples  from 

Manrique  et  al.  (2008)  and  Granados  et  al.  (2008).  In  blue:  Polyphyletic  positions  of  P.  cairnsi.  In  Green: 

Phylogenetic position of P. elegans. 

One of the most astonishing results was how the problematic samples proposed by 

Granados (2008) and Manrique (2008), as having intergenomic and interspecific 

variation on ITS2 (nDNA), were grouped in the Rubicunda clade (in exception of one 

P. firma sample which was grouped in the Elegans clade). ITS2 (nDNA) results 

showed how different copies of the same individual were not monophyletic and 

collapsed in the base of the tree. This two arguments support an hypothesis about 

the phylogenetic position in hybrids proposed by Feliner et al. (2001) in which the 

hybrid taxa are not monophyletic and collapses in the root of the tree. Msh1 

(mtDNA) supports ITS2 (nDNA) premises, as the most of problematic species are 

clustered in a single clade. The formation of this clade might be explained by 

Seehausen (2004) prediction of hybrid formation: When adaptative radiation occurs, 
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it could be followed by hybridization by some members of the population, while other 

species diverge from the original clade. Rubicunda clade could be an example of the 

new “hybrid” clade, thanks to its separation from the Elegans clade, which could be 

named as the divergent clade, as there could be no way for P. elegans to inbreed 

with the other species of Pacifigorgia.  

 

One of the preliminary objectives of this study was to determine the probable source 

of the problematic species using mtDNA phylogeny to determine the potential mother 

as proposed by Seehausen (2004) and Soltis et al. (2008), where mtDNA should 

cluster the hybrid species as a sister group of an species that could be its potential 

mother. With the low interspecies resolution shown by the tree topology, it was 

unwise to try to determine the parental of the potential hybrids just with msh1 

information as the support values were too low at terminal branches. Therefore, due 

to the low resolution of msh1 shown in this study due to low variability of mtDNA in 

octocorals (France et al., 2001 and McFadden, 2006) it is necessary the use of more 

than one mitochondrial gene to determine parents, as more support and more 

resolution in the topology of the genus tree can help define the potential mother of 

the hybrid species. 

 

The molecular clock dating shows that the two clades diverged ca. 6 MYA. As the 

resulting divergence time is too long to be accurate, it may be possible that the 

hybridization events were happening at different rates, and could be the source of 

such divergence times.  According to Budd (2000) the late Miocene-Early Pliocene 

represents a period of high coral origination rates, followed by a post-Pliocene 

extinction episode. Vargas et al. (2007) proposed that P. elegans might represent a 

species that originated in the late Miocene-Early Pliocene and survived the Post-

pliocene extinction, and also proposed that it may be plausible that P. elegans 
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originated c.a. 7MYA according to the late Miocene-Early Pliocene origination event. 

So, a question about date calibration arises: Is it better to use the Panama isthmus 

as calibration date or is it better to use the late Miocene-Early Pliocene origin event? 

As the dating results are incongruent with Vargas et al. and Budd, the best way to 

reconstruct an optimal molecular clock of the genus it to find another internal 

calibration point between species as recommended by Drummont et al. (2007) for 

dating in BEAST.  

 

 

Figure 3. Molecular Dating of the Genus Pacifigorgia. Colorcoding reflects posterior probability values from 

each clade: In red, posterior probabilities superior than 0.5; in blue, posterior probabilities inferior than 0.5. The 

scale  axis  reflects  time  divergence  of  the  clade.  The  origin  of  the  genus  is  situated  approximately  6MYA.  The 

origin of the Rubicunda clade is situated ca. 3.6 MYA. The origin of the Elegans clade is situated ca. 4.0 MYA. 

In conclusion, msh1 could not resolve interspecific relationships as the lack of 

definition due to polytomies all over the tree topology and due to mtDNA 

conservation in octocorals. The Elegans clade confirms mtDNA conservation in 

octocorals as there were identical sequences between species in the eastern Pacific 
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and P. elegans. Msh1 confirms ITS2 results and takes them further, where the 

clustering of the problematic species in a clade and the polyphyletic position of some 

taxa might be an indicator of possible hybridization due the recent radiation of this 

clade.  
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