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Abstract 

Marine sponges are an important component of benthic ecosystems globally. They have 

evolved to adapt to very different environments, thus resulting in a global distribution. 

However the vast diversity of sponges is still largely unknown and undescribed. Sponges lack 

complex morphological characteristics, and this makes it difficult to describe their taxonomic 

diversity. Skeletal and spicule analysis allows for morphological identification, but these 

characteristics have certain limitations. With new molecular techniques, the field of sponge 

taxonomy has recently accelerated, with studies unravelling the classification of sponges with 

different lineages of same species observed across various geographic regions. This highlights 

that sponge diversity is vastly underestimated using traditional morphological methods. 

Consequently, recent studies are using an integrated approach combining morphological 

taxonomy with molecular techniques to obtain more information on the taxonomic and 

systematic classification of sponges. The Mascarene Islands comprise of a group of three 

islands (Rodrigues, Mauritius and Reunion) which emerged from the ocean at different time 

periods over the past eight million years. Due to its isolation in the middle of the Western 

Indian Ocean, the Mascarene Islands provide a natural laboratory for phylogenetic and 

phylogeographic studies. Sponges are considered as the oldest living metazoans and at a 

regional scale, no studies have been undertaken on sponges in the Mascarenes. This PhD 

therefore assessed the biodiversity of sponges collected from the shallow waters of all three 

Mascarene Islands using both morphological and molecular approaches. The samples were 

identified based on morphological characteristics (spicule and skeletal). With morphological 

methods, the highest sponge diversity was observed in Mauritius, followed by Reunion and 

Rodrigues. Two main factors may explain the lowest sponge diversity in Rodrigues, firstly the 

small size of the island compared to the other two, and secondly its more recent emergence 

from the ocean. In order to validate the results obtained from the morphological taxonomy, 

molecular tools were then utilised to assess the biodiversity of the Mascarene sponges. The 

phylogenetic relationships were established and compared with similar georeferenced species 

available on GenBank using both mitochondrial CO1 and nuclear 28S markers. The results 

generally validated the morphological classification, but cryptic lineages were observed for 

several species thus confirming that the morphological taxonomy underestimated the true 

sponge biodiversity present. The global phylogenetic analyses revealed that the Mascarene 

sponges were largely isolated from other species found outside the Mascarene region. A 

regional phylogenetic reconstruction was undertaken using concatenated CO1 and 28S 
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sequences obtained from the Mascarene sponges, with main findings showing that the sponges 

found in Mauritius are phylogenetically closest to those from Reunion. Lastly, a 

phylogeographic study was carried out for the lemon sponge, Leucetta chagosensis, which is a 

widely distributed sponge species in the Indo-Pacific region. Six major lineages were observed 

in the phylogenetic tree produced, which reinforced the hypothesis that sponges tend to adapt 

in their respective geographical locations with physical barriers shaping their evolution. 

Overall, the sponge biodiversity in the Mascarene region was described using both 

morphological and molecular methods and their phylogenetic relationships were assessed in 

the context of global sponges. This study provides an important baseline for understanding 

sponge biodiversity and evolution in the Mascarene Islands, as well as highlight potential 

conservation implications. Furthermore, the use of both morphological taxonomy coupled with 

molecular phylogenies have been shown to be crucial for better understanding the relationship 

between sponges as well as assessing their diversity. 
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Chapter ONE: General Introduction & Background 
 
“Biodiversity is the totality of all inherited variation in the life forms of Earth, of which we are 
one species. We study and save it to our great benefit. We ignore and degrade it to our great 
peril.” E. O. Wilson 
 
1.1 Introduction 

1.1.1 A changing ocean  

Coastal ecosystems worldwide are threatened as a result of intensive human activities 

(Uriz and Turon, 2012) and climate change (Hoegh-guldberg and Bruno, 2010). Increasing 

global air and sea temperatures have several effects in the sea, which include melting sea ice 

(Simmonds, 2015), and associated sea level rise (IPCC, 2013), as well as ocean acidification 

(Raven et al., 2005). All those events come with major consequences, such as coastal erosion 

observed in several countries (Zhang et al., 2004) and coastal regions and islands threatened 

with sea level rise (Bellard et al., 2014). Among the impacted coastal areas, small islands 

developing states are among the most threatened ones (Ourbak and Magnan, 2017) due to their 

reliability on coastal services, coral reefs ecosystems and altitude to sea level (Nurse et al., 

2017). Many islands are already experiencing a change in their coastal biodiversity due to 

climate change and other anthropogenic impacts (McCauley et al., 2015; Halpern et al., 2008). 

Another major consequence which is gaining the interest of the world lately is the increasing 

loss of marine biodiversity without even knowing what is present (McCauley et al., 2015). 

It is increasingly recognised that conservation decisions and actions rely on accurate 

assessments and knowledge of biodiversity and population vulnerability at both local and 

global scales and that these are important considerations both in terms of ecology and socio-

economics (Williams and Hilbert, 2006). Further, understanding the significance and role of 

marine organisms in their respective ecosystems is of high importance so that exploitation, 

protection and conservation of those species may be addressed using a holistic and sustainable 

approach (Hughes et al., 2010; Ndobe et al., 2011). Given the multitude of anthropogenic 

pressures faced by marine environments globally, much emphasis is being put on protected 

areas to preserve and conserve marine biodiversity. 

 

1.1.2 Marine biodiversity conservation 

A simple, although debated approach, of protecting the full array of biodiversity for 

future generations is by using marine protected areas (MPAs). A widely-accepted definition 

for a protected area is as follows “a clearly defined geographical space, recognised, dedicated 
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and managed, through legal or other effective means, to achieve the long-term conservation of 

nature with associated ecosystem services and cultural values” (IUCN, 2008). The protected 

area in the marine environment can be a strict ‘no take’ zone or incorporate more flexibility 

that allows other types of activities such as fishing or diving under specific conditions. 

Whatever type of usage of the reserve, the delineation of coastal protected zones should not be 

a random exercise but should follow a carefully thought-through plan that incorporates multiple 

stakeholders for setting conservation targets through an objective driven approach.  

In this context, Systematic Conservation Planning (SCP) provides a scientific approach 

using for example regions of high biodiversity or endemicity, sites of historical or cultural 

value and economically important areas, amongst others, to select areas for protection. SCP is 

a structured, target-driven approach that provides the context to account for the two basic 

principles of any system of protected areas: (i) representativeness, the need to capture the full 

variety of biodiversity at all levels of organization and (ii) persistence, the long-term survival 

of species and ecosystems (Margules and Pressey, 2000; Sarkar et al., 2006). Further, SCP can 

distinguish between the different objectives through a useful planning approach, such as 

conserving patterns of diversity or conserving functions of ecosystems. However, it is 

important to understand that the requirements for reserves differ; for example variations in the 

ecology and, social economy of a country, types of disturbances and resource extractions will 

differ, which will impact on management objectives. Careful consideration should be taken to 

address those major differences to design marine reserves that maximise a conservation 

objective, but minimise ‘cost’ to local and national development, i.e. balancing the need for 

conservation and sustainable use and development. Another important aspect which is slowly 

taking its place in the design of protected areas is the integration of genetic dimensions for 

conservation purposes.  

Article one of The Convention on Biological Diversity (CBD) states that the three main 

objectives of the convention are “1. The conservation of biological diversity, 2. The sustainable 

use of its components, and 3. The fair and equitable sharing of the benefits arising out of the 

utilisation of genetic resources”. Fisher (1930) published an article where he proposed that the 

amount of genetic variation is related to the evolutionary potential of a population. Since then, 

there have been more scientific publications in the field of conservation biology emphasizing 

the importance of maintaining genetic variation within and among populations (Ledig, 1988; 

Winter et al., 2013; Buerki et al., 2015; Mouillot et al., 2016; Nielsen et al., 2017; Paz-Vinas 

et al., 2018), as it is seen as an important component of biodiversity (Hughes et al., 2008; von 

der Heyden, 2009; Laikre, 2010). As such, molecular tools are increasingly being used to 
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address ecological questions for a better understanding of the historical and contemporary 

aspects of evolution in marine ecosystems and how this can aid in their management and 

conservation (O’Brien, 1994; von der Heyden et al., 2014; Nielsen et al., 2017). Among the 

species where molecular data is unravelling important information for science, the phylum 

Porifera is one which depends on molecular tools for a proper understanding of species 

delineation and reconstruction of their complex evolutionary history (Wörheide et al., 2012).  

 

 

1.2 Introduction to the Porifera 

1.2.1 The world of Porifera  

 “All is possible with sponges” (Boury-Esnault, 2006). Being among the oldest 

metazoans on earth as well as the simplest, sponges (phylum Porifera) have survived several 

million years as one of biodiversity’s simplest forms.  Sponges are found in all waters globally, 

at various depths and primarily in benthic ecosystems (Wörheide et al., 2005). Sponges are 

fixed to the substrate and filter water for food particles, although a few sponge species are 

carnivorous (Vacelet and Boury-esnault, 1995) and other species, for instance Tethya wilhelma, 

may move freely (Nickel, 2006). Currently about 9, 000 species are recognised (van Soest et 

al., 2019), but it is thought that because of their lack of clearly differentiated morphological 

characteristics, their global biodiversity is vastly underestimated with a potential of over 18, 

000 species still undescribed (Appeltans et al., 2012). 

Sponges have evolved and adapted to many different environments including extreme 

systems such as Antarctic waters (McClintock et al., 2005) and the deep sea where for example 

the deepest recorded sponge, Asbestopluma occdentalis, was observed at 8840 m (Koltun, 

1970). Recently, the largest recorded sponge (3.5 m in length and 2 m in width) has been found 

in the North-western Hawaiian Islands (Wagner and Kelley, 2016). Sponges can also be found 

in freshwater environments (Stephens, 1920), but are most prevalent in mangroves (Diaz and 

Rützler, 2009), tropical ecosystems (Hooper et al., 2002) and cold-temperate environments. As 

such, sponges are a truly global taxonomic group which have adapted to different 

environments.  

 

1.2.2 Sponge taxonomy 

The phylum Porifera comprises of four main classes, namely the Demospongiae 

(Sollas, 1885), Homoscleromorpha (Bergquist, 1970), Calcarea (Bowerbank, 1862) and the 

Hexactinellida (Schmidt, 1870). Lévi (1957) published that Porifera could be considered as the 
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last major group of Metazoa in which the orders were not yet clearly defined and today, 60 

years later, this is still the case. The major reasons for this are the lack of complex 

morphological characteristics in sponges (Wörheide and Erpenbeck, 2007) and a generally high 

level of spicule homoplasy (Cárdenas, 2010) which are useful to differentiate between species.  

The method of choice by most sponge taxonomist for morphologically identifying 

sponges is by using both skeletal and spicule analyses. However, there are some drawbacks 

with this method of identification. Some sponge species are known for not having spicules, a 

common example being the bath sponge Spongia officinalis, and there is also the risk of 

secondary loss of spicules occurring (Cárdenas et al., 2011). Moreover, the phenotypic 

characteristics of sponges, for instance colour and shape, can be heavily influenced by the 

environment in which they live (Barnes and Bell, 2002; McDonald et al., 2002; Meroz-Fine et 

al., 2005). With the high degree of phenotypic plasticity displayed in marine sponges, 

molecular DNA techniques offer a good alternative to providing considerable amount of 

phylogenetic information compared to other methods (Erpenbeck et al., 2007; Wörheide and 

Erpenbeck, 2007; Pöppe et al., 2010; Cárdenas et al., 2011; Vargas et al., 2012; Morrow et al., 

2013; Voigt et al., 2017). Nevertheless, compared to other taxonomic groups in marine 

environments, sponges are understudied from a molecular perspective.  

 

1.2.3 Molecular phylogenetic approaches 

Phylogenetic studies of sponges is a growing research field where molecular tools are 

used to have a better understanding on the evolution and ecology of sponges thus allowing old 

and new questions to be answered (Uriz and Turon, 2012). At a larger scale, it is important to 

reconstruct the phylogeny of sponges (Porifera) as it is one of the remaining challenges for 

resolving the metazoan Tree of Life (Manuel et al., 2003; Dohrmann et al., 2008). At smaller 

scales, knowledge of biodiversity (richness, endemism, spatial distributions) remains poor and 

there is little information about the spatial patterns of genetic variation among sponge 

populations (Wörheide et al., 2005).  

However, with the use of new techniques and discovery of reliable molecular markers, 

phylogenies are providing new information contributing towards unravelling the evolutionary 

history of sponges. Compared to other phyla, phylogenetic relationships among Porifera are 

largely unresolved even though much emphasis is being put lately on their crucial importance 

in the ecosystem. Moreover, not only can phylogenetic approaches tell us more on the 

evolutionary relationships of species (Wiley, 1978), but the use of the cytochrome oxidase I 

gene for barcoding purposes has revealed numerous cryptic lineages in many taxonomic groups 
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(Landry et al., 2003; Miura et al., 2005; Smith et al., 2006; Murray et al., 2008; Locke et al., 

2010) including sponges (Pöppe et al., 2010; Xavier et al., 2010; Núñez Pons et al., 2017; 

Pearman et al., 2018). 

The two most widely used molecular markers in sponge barcoding are 1. a 640 bp 

fragment of the mitochondrial cytochrome c oxidase subunit I (CO1) gene (also known as the 

Erpenbeck fragment) and 2. the 28S C-Region rRNA gene. Both molecular markers have been 

used extensively in reconstructing sponge phylogenies, with interesting results obtained from 

the CO1 marker (Erpenbeck et al., 2007; Raleigh et al., 2007; Dohrmann et al., 2008; Thacker 

et al., 2013; Linh et al., 2016) and the 28S C-Region rRNA gene (Borchiellini et al., 2004; 

Dohrmann et al., 2008; Thacker et al., 2013; Linh et al., 2016). Those two markers will be 

discussed into more detail in Chapter Three.  

With the recent advances in molecular phylogeny particularly for difficult taxa such as 

sponges, it is time to obtain baseline information on those species. Molecular markers such as 

CO1 and 28S provide adequate information for biodiversity studies and establish a framework 

for further in depth studies to be undertaken (Erpenbeck et al., 2016). This is particularly 

important for understudied regions such as the Western Indian Ocean (WIO) where the 

Mascarene Islands are situated.  

 

 

1.3 The Mascarene Archipelago 

1.3.1 Introduction to the Mascarene Islands 

The Mascarene Archipelago comprises of three volcanic islands (Fig. 1) and is located 

in the WIO. Reunion Island is around 700 km east of Madagascar, Rodrigues around 5200 km 

west of Australia and Mauritius is located between Reunion and Rodrigues.  

The archipelago has an interesting geological history, and much of it was shaped by 

repeated volcanic eruptions. The first island to have erupted is Mauritius Island (20°14'S, 

57°33'E), believed to be around 7-8 Million years (My) old and the Rodrigues Ridge about 8-

10 My old (Bhattacharya and Chaubey, 2001). Rodrigues Island (19°41'S, 63°25'E) on the 

other hand is much younger and was determined to have erupted approximately 1.5 My ago  

(Bhattacharya and Chaubey, 2001). Reunion Island (21°6'S, 55°32'E) is believed to have risen 

from the ocean around 2-5 My ago (Gillot et al., 1994)  and one of its volcanoes, Piton de la 

Fournaise, is still active. The Republic of Mauritius (Mauritius & Rodrigues) has an exclusive 

economic zone (EEZ) extending over more than 2 million km2 (including the EEZ of 1.9 
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million km2 and an extended continental shelf of 396, 000 km2). Reunion Island, which falls 

under the French Republic, has an EEZ of 351, 000 km2.  

 

 
 Figure 1: Western Indian Ocean with Mascarene Islands and their respective EEZs 

 

1.3.2 Rodrigues Island 

Rodrigues Island falls under the Republic of Mauritius but has been an autonomous 

region since 2000. The island has a small land area 109 km2 and is surrounded by a reef barrier 

of 230.6 km2 (Turner and Klaus, 2004) with one of the largest lagoons in the Indian ocean, 

~240 km2 (Chapman and Turner, 2004).  

The tourism sector is less developed in Rodrigues than in Mauritius with only four 

hotels on the island. The population is heavily dependent on fishing for their livelihoods. Being 

cognisant of anthropogenic pressures, the local Government in Rodrigues proposed recent 

measures to protect the environment, for instance the ban of plastic bags in 2014 and the closure 

of the octopus fishery twice a year. Moreover, Rodrigues is putting more effort into the 

protection of the marine environment with four northern no take reserves (Riviere Banane 

Marine Reserve 1.5 km2, Anse Aux Anglais Marine Reserve 1.5 km2, Grand Bassin Marine 

Reserve 15.3 km2 and Passe Demie Marine Reserve 11.4 km2) declared in 2007 (Fig. 2). In 
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addition, the local government in collaboration with the United National Development Project 

(UNDP) designated a multiple use MPA in 2009 in the south, South East Marine Protected 

Area (SEMPA) (Fig. 2), covering 43 km2. 

 

 
   Figure 2: Rodrigues Island with MPAs 

 

1.3.3 Mauritius Island 

Mauritius Island (1865 km2), which is in the middle of the Mascarene Islands, benefits 

from an extensive coral barrier which covers an area of 240.4 km2 (Turner and Klaus, 2004). 

The island has two proclaimed MPAs (Fig. 3) but only one is functional, the Blue Bay Marine 

Park, covering an area of 3.52 km2. The other marine park, Balaclava Marine Park, with a total 

area covering 4.85 km2 is considered as a paper park as no effective enforcement is practiced 

(Sobhee et al., 2017). 
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   Figure 3: Mauritius Island with MPAs 

 

The coastline of Mauritius is highly developed mainly due to the tourism industry with 

a total of 115 hotels on the island (Statistics Mauritius, 2016). The flourishing tourism industry 

does not come without consequences and negative impacts include improper coastal 

constructions, destruction of mangrove forests, improper beach cleaning methods with 

rehabilitation and intensive use of the lagoon for recreational activities. Moreover, the 

government is investing in aquaculture with several sites earmarked for aquaculture 

development around the island. This is promising for the economy of the country, but to date 

no biodiversity surveys have been done to properly assess the spatial distribution of the native 

biodiversity in the targeted regions. 

 
1.3.4 Reunion Island 

Reunion Island is managed by the French government and thus has a completely 

different management system, in terms of conservation practices and coastal development, 

from the other two Mascarene Islands.  
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   Figure 4: Reunion Island with MPA 

 

The island has a large surface area of 2531 km2, however does not benefit from a coral 

barrier and lagoon as do Mauritius and Rodrigues. Reunion Island has a small patch of reef 

(Fig. 4) covering an area of 7.3 km2 (Naim et al., 2000) with small lagoons of around 500 m in 

width (Turner & Klaus, 2004). The island has an MPA known as Reserve Naturelle Marine de 

La Reunion which covers an area of 35 km2, mainly where the rare coral barrier is. 

Even though there have been some surveys carried out on the biodiversity of corals in 

the Mascarene Islands (Montaggioni, 1974; Turner and Klaus, 2004), fish biodiversity (Fricke, 

1999), seagrass communities (Mattio et al., 2013) and cetaceans (Ridoux et al., 2012; Webster 

et al., 2014), to date there have been no large-scale studies carried out on sponge biodiversity. 

This is also the case for the remaining WIO where few biodiversity studies have been 

undertaken on marine sponges.  

 
 
1.4 Marine Sponges in the Western Indian Ocean 

1.4.1 Studies of marine sponges in the Western Indian Ocean 

The situation regarding a lack of knowledge of sponge biodiversity is no different in 

the Indian Ocean than it is globally, with few studies on sponge biodiversity. The history of 
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sponge ecology and diversity study is brief in the WIO; Thomas, (1976) gave an overview of 

studies carried out on the sponge fauna in the Indian Ocean, however, few of them focussed on 

the WIO. He described 73 species of sponges from the Seychelles (Thomas, 1973) and later 

described 59 sponge species from Inhaca Island in the Mozambique Channel (Thomas, 1979). 

Other studies include Calcinai et al. (2000) who identified 16 boring sponges from the 

Seychelles and Maldives belonging to seven genera and five families, where three of these 

species were new and two were reported for the first time in the Indian Ocean. Another study 

was carried out by Barnes and Bell (2002) where three countries (1. Madagascar 2. Kenya and 

3. Mozambique) were sampled for sponge assemblages. They described the affinities, richness 

and diversity patterns of 98 sponge species as well as 209 distribution records within the coastal 

communities in the WIO. Recently, van Soest and de Voogd (2018) published a monograph of 

the calcareous sponges found in the WIO and Rea Sea. From the 145 samples obtained in the 

various islands in the WIO, countries on the East African coast and the Red Sea, 45 species 

were identified with sixteen new species to science. Among the new species, three of them are 

found in Rodrigues Island (Clathrina rodriguesensis sp.nov., Leucetta sulcata sp.nov. and 

Borojevia pirella sp.nov.).  

Even with the limited information available on sponges in the region, it is suggested 

that marine sponges may be in great abundance and form the major coastal benthic 

communities in the WIO (Barnes and Bell, 2002). For instance, in East Africa, sponges have 

been reported to form the major taxon in the regions sampled (Barnes, 1999; Barnes and Bell, 

2002) and that their numbers may be greater than the corals found on the barrier reef in 

Madagascar (Vacelet and Vasseur, 1965; cf. Pichon, 1978; Gabrié et al., 2000). This may also 

be the case for islands with coral reef ecosystems such as the Mascarene Islands.  

 

1.4.2 Studies of marine sponges in Mauritius & Rodrigues Islands 

In the Republic of Mauritius (incorporating the islands of Mauritius and Rodrigues), 

research on marine sponges has focused mostly on the search for bioactive molecules at few 

targeted sites around the main island of Mauritius carried out by the Mauritius Oceanography 

Institute (MOI) and the University of Mauritius (UOM). The government of Mauritius as well 

as the private sector are showing much interest in the study of marine sponges for 

pharmaceutical applications and as such it is crucial to begin to understand the biodiversity of 

sponges in Mauritian waters.  

The MOI and UOM started collecting sponge samples around the island for the search 

of bioactive molecules since 2004 (Beedessee et al., 2012, 2013a, 2014; Govinden-Soulange 
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et al., 2014) with a total of 45 sponge species collected around the island and identified with 

the help of Prof. Rob van Soest from the Naturalis Biodiversity Center (Beedessee et al., 

2013a). Interestingly, a Jaspsis sp. from Mauritius yielded chemical compounds that decrease 

growth in human leukaemia cell lines (Beedessee et al., 2013b). Those sponges were collected 

randomly with primary focus for the search of bioactive potential of sponges without assessing 

the biodiversity of sponges in the Mauritian waters. Apart from the sponges collected by the 

MOI and UOM for the screening of bioactive molecules, Beepat et al., (2013) carried out a 

survey on the distribution and abundance of a specific sponge, S. vagabunda, at a site found in 

the western lagoon of Mauritius. Results suggested that environmental parameters (turbidity, 

salinity and pH) do not influence sponge abundance within the lagoon. This study was however 

limited to one sponge species and was carried out at only one site. As for Rodrigues, no formal 

studies have been undertaken, except for one by the University of Reunion, which targeted a 

few sites in the north island looking for potential bioactive molecules from collected sponges 

(Anne Bialecki 2017, pers.comm, November). Moreover, the MPAs proclaimed in Mauritius 

and Rodrigues were designed taking into consideration mainly the coral cover and fish 

biodiversity; but excluding other marine taxa such as sponges.   

 

1.4.3 Studies of marine sponges in Reunion Island 

Research on marine sponges in Reunion Island is also focused on the search of bioactive 

molecules which is carried out by the University of Reunion Island. In a study conducted by 

Aknin et al. (1996), the species Axinella proliferaru was sampled in the north of the island for 

its bioactive molecules. The only sponge biodiversity survey undertaken up to now in Reunion 

Island was by Schleyer et al. (2016). They surveyed six sites along the east coast of the island 

where the volcano is still active and assessed the benthic fauna on lava beds, formed at different 

time periods. Among their samples, there were 54 sponges surveyed among with 23 species 

identified.  

 

Given the paucity of studies undertaken on the sponge biodiversity in the Mascarene 

Islands and climate change being a threat particularly to small islands with coral reefs 

ecosystems, it is urgent to obtain baseline data on the sponge composition forming the reef 

habitats of those islands. In addition, the area provides an interesting background for studies of 

evolutionary relationships given the isolated nature of the Mascarene Archipelago in the WIO, 

in addition to relative isolation of the three islands from each other. 
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1.5 Rationale and project chapters 

There are 478.3 km2 of reef habitats within the islands forming the Mascarene 

archipelago (Turner and Klaus, 2004) and it seems inevitable that regional coral reefs will be 

impacted by changes in ocean chemistry and temperature (McClanahan et al., 2005). The 

percentage of degraded coral reefs has increased significantly in 2016, with major bleaching 

events reported from various places around the world, including Mauritius (Mauritius 

Oceanography Institute 2016, per comms; personal observation 2017, 2018) and Rodrigues 

(Shoals Rodrigues 2017, per comms; personal observation 2017, 2018). With coral reefs 

deteriorating rapidly both due to natural and anthropogenic pressures, there may be a shift in 

the coral reefs ecosystem into sponge reefs ecosystems as predicted by Bell et al. (2013),  yet 

the baseline biodiversity and community composition of sponges is rarely known given the 

lack of focus on this group. Moreover, it has been shown that sponges play an important role 

in maintaining the health of coral reef ecosystems (Diaz and Rützler, 2001; Bell, 2008b; Wulff, 

2016). In the Mascarene region, only a few studies on sponges have been carried out, which 

are concentrated on the pharmaceutical potential of those animals in the region. Therefore, it 

becomes important to build an inventory of the current sponge diversity that can be used to 

monitor changes going into the future.  

Given the context above, this PhD study was aimed at addressing the lack of 

biodiversity information for sponges in the Mascarene region. Specifically, I catalogued 

sponge biodiversity, and additionally used phylogenetic and phylogeographical analyses to 

provide a baseline survey on the diversity of marine sponges at the molecular level. The overall 

aim of this PhD is to establish baseline information for sponges in the Mascarene region by 

firstly assessing the regional biodiversity of sponges using morphological taxonomy and 

secondly unravelling the phylogenetic and evolution history of sponges both at regional and 

global level. 
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Broad outline of study  

My PhD consists of six chapters that are interconnected in their approach, as shown in 

Figure 5, and examine sponge biodiversity from different perspectives (morphological and 

genetic), as well as at different spatial scales (global, regional and local), using phylogenetic 

and phylogeographic approaches.  

 

The PhD is divided into sections as follows: 

● Chapter Two: Biodiversity of marine sponges in the Mascarene Islands 

● Chapter Three: Phylogeny of marine sponges in the global ocean  

● Chapter Four: Phylogeny of marine sponges in the Mascarene Islands 

● Chapter Five: Phylogeography of Leucetta chagosensis 

● Chapter Six: Summary and Conclusion 

 

 

Figure 5: Flow chart showing how the chapters in this study are interconnected  
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Chapter TWO: Biodiversity of marine sponges in the Mascarene Islands 
 
“The oceans deserve our respect and care, but you have to know something before you can 
care about it.” Sylvia Earle 
 
2.1 Introduction 

2.1.1 The notorious marine sponges 

Marine sponges are notorious for the difficulty of properly identifying them, so their 

neglect in terms of scientific research relative to other marine taxa is unsurprising. There are 

several reasons for their notoriety and the main ones are: 1. Sponges are famous for being 

difficult to identify mainly due to their morphological plasticity (Wörheide and Erpenbeck, 

2007) and 2. Sponges are often not easily observed or sampled underwater, as they are mostly 

prevalent and diverse in habitats with low light intensity such as coral reefs with low light 

penetration, caves and crevices (Wulff, 2012). Still, an increasing number of studies provide 

evidence for the ecological importance of marine sponges in their respective ecosystems and 

the high potential of sponge species holding bioactive molecules. However, the large 

uncertainties in correctly identifying sponge species remains a real challenge.  

With a general lack of morphological characteristics (Wörheide and Erpenbeck, 2007) 

and their distribution, growth and morphology (van Soest et al., 2012) varying with different 

environmental conditions such as depth (Bell and Barnes, 2000a), turbidity (Bell et al., 2015) 

and water temperature (Runzel, 2016), it is difficult to identify sponges to species level by only 

examining their morphology in their natural habitat. The effect of different environmental 

variables on sponges is a debated one with most papers showing a strong correlation between 

depth, substrate and sediment with abundance and diversity of sponges (Roberts and Davis, 

1996; Cleary et al., 2005; de Voogd and Cleary, 2007) while other studies showed the opposite 

(Schönberg and Fromont, 2012; Przeslawski et al., 2014).   

In order to best identify species, sponge taxonomists need to collect specimens and 

perform microscopic observations of both their spicules and skeleton. But this also may be 

problematic as some sponges lack those characteristics (van Soest et al., 2012) and there may 

be secondary loss of spicules (Cárdenas et al., 2011). Sponge taxonomists also use the change 

of colour when adding ethanol for conserving sponges, their smell and habitat in which 

specimens were collected among others to help them in determining the correct species. 

Notably, the correct identification of species is of upmost importance for any biological studies 

to be undertaken (Narendran, 2000) and the notorious sponges are no exception. But before 
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diving into the different biodiversity studies on marine sponges, it is important to understand 

their major roles and importance in the aquatic environments.   

 

2.1.2 Importance of marine sponges 

Recently, sponges have moved from a status of being notorious and unfamed to 

becoming an animal which is gaining the interest of many scientists from various fields, 

conservationists and the general public around the world. One might blame the Sponge Bob 

movie (2004) for that, but there are far more reliable reasons for this increase attention in 

sponges in those recent years. Chemists are interested in the vast biotechnological potential of 

sponges (Blunt et al., 2018), microbiologists are fascinated by the multitude and novel 

microorganisms living in symbiosis with sponges (Moitinho-Silva et al., 2017) and molecular 

biologists are interested in understanding the evolution of sponges (Botting and Muir, 2018). 

As such, sponges fascinate people from different fields and there is a growing interest in 

understanding them due to their various roles in the ocean.  

One of the major roles of sponges in the ocean is their filtering capabilities which have 

a significant impact on local water quality (Fiore et al., 2013). Sponges may form the main 

habitat in various ecosystems (Bell, 2008a) with sponge biomass and diversity often greater 

than corals in many coral reef ecosystems (Wulff, 2001). It has also been shown that sponges 

act as habitat for various macroorganisms (Fiore and Jutte, 2010) and a vast array of 

microorganisms (Webster and Taylor, 2012), where they are often described as holobionts 

(Webster and Taylor, 2012).  Recent experiments conducted in situ and in aquariums showed 

that sponges have the ability to take up dissolved organic matter (DOM) and make it available 

rapidly as detritus, which is then consumed by the surrounding reef fauna; this ability was 

described as the sponge-loop (Goeij et al., 2008, 2013). The sponge-loop has important 

implications in coral reef ecosystems by controlling the shift from coral to algal reef 

communities (Rix et al., 2017), however, this is not always the case as not all sponge species 

dissolve DOM (McMurray et al., 2018). The sponge-loop is also believed to affect the presence 

of marine predators, such as hawksbill turtles (Pawlik et al., 2018).  

Sponges are the main food or may act as a food source for various species such as 

nudibranchs (Belmonte et al., 2015) and polychaete worms (Pawlik, 1983). There are also 

various fish species which feed on sponges. For example, in the Caribbean, it has been shown 

that sponges formed 70% of the food content found inside the stomachs of angelfish (Andréa 

et al., 2007) and also that some parrotfish feed on sponges (Dunlap and Pawlik, 1998). 
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Studies have revealed a special relationship between sponges and corals. On the 

Northwest coast of Puerto Rico, the sponge Xestospongia muta offers shelter and additional 

substrate to the stony coral Madracis auretenra on reefs with strong currents (Hammerman 

and García-Hernández, 2017). Wulff (2016) further explains the importance of this intriguing 

relationship between corals and sponges and discussed the consequences of a decrease in 

sponge populations for corals and coral reefs. Wulff (2001) also mentioned the critical 

importance of sponges for binding corals to their reef frame. Sponges have also been shown to 

be important bioindicators of the water quality and ecosystem health (Diaz and Rützler, 2009). 

As such, sponges are clearly important for healthy coral reef ecosystems. 

Another major importance of sponges, which has increased research interest, is their 

use as producers of valuable pharmaceutical products. Among the thirteen marine taxa targeted 

for the search of bioactive molecules, the phylum Porifera is the most targeted one (Faulkner, 

1986; Blunt et al., 2005, 2018; Hu et al., 2011) with sponges providing around 75% of the 

useful compounds isolated. However, although research is gradually increasing on the 

microorganisms living inside the sponges, as many of the bioactive molecules are produced by 

them (Blunt et al., 2018), sponges still remain one of the main targeted taxa for the search of 

bioactive molecules (Hu et al., 2011; Blunt et al., 2018). 

Even though there has been a boost on the search of bioactive molecules from sponges 

over the past decades, little is known about the majority of sponge species and their distribution. 

It is therefore important to understand their biodiversity in different environments and how 

they may be reacting to changing environmental and oceanic conditions. Consequently, 

baseline biodiversity surveys are required in order to establish which taxa occur where, against 

which future changes can be monitored. A large part of this is to carefully consider the most 

appropriate metric used for sponge biodiversity surveys. 

 

2.1.3 Metrics used for biodiversity studies of marine sponges 

Choosing the right method to assess the distribution and abundance of marine sponges 

is not easy (Rützler, 2004) and results are often influenced based on the metrics chosen (Wulff, 

2012). Even though the importance of marine sponges has been reported in various studies as 

discussed above, surveys on the biodiversity of marine sponges have been neglected due to the 

difficulty of sampling, identifying (Erpenbeck et al., 2015) and quantifying them (Wulff, 

2001). With their complex three-dimensional morphology (Wulff, 2001), some species being 

encrusted or buried into the sediment and the majority of sponges found in inaccessible 

locations such as caves and cracks, evaluating the distribution and abundance of sponges is 
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problematic (Wulff, 2012). With their important ecological roles and the fact that sponges may 

form the main communities in various ecosystems, it is critical to assess their biodiversity for 

a better understanding of those understudied species, particularly in an understudied region 

such as the Mascarene Islands. 

The three islands forming the Mascarene region are of different sizes as described in 

Chapter One with Mauritius and Reunion Islands having the largest land surface (~2000 km2) 

compared to Rodrigues which is only 109 km2 (Turner and Klauss, 2004). However, Rodrigues 

is surrounded by a reef barrier of 230.6 km2, compared to Reunion Island which only has a 7.3 

km2 patch of coral (Naim et al., 2000). Those different geographical scales and environment 

are important in designing the survey methods for marine sponges on all three islands. 

There are few studies available in literature that assess sponge biodiversity, with each 

study adapting their methodology to the specificities of their respective geography and type of 

sponges present at each site. One of the most common survey methods used for assessing 

sponge biomass, abundance and species richness is the technique developed by Wilkinson and 

Troit (1985) where a triplicate line transect of 20 m by 2 m is utilised and each sponge observed 

along the transect carefully monitored. This technique was further used and adapted by the 

same author in other studies (Wilkinson and Evans, 1988; Wilkinson and Cheshire, 1990) so 

as to observe sponge distribution at different depths at different regions. Another study focused 

on sponges found in mangrove forests used four transects of 15 m x 1 m where all sponges 

along the transect were sampled, taken on boat for measurement and weighed, and then 

returned into the sea (Ávila et al., 2015). The belt transect method was also used in some studies 

whether focusing on only one sponge species (Bertin and Callahan, 2008) or multiple sponge 

species (Ramkumar et al., 2013). Other studies were carried out using quadrats placed 

randomly (Bell et al., 2010; Powell et al., 2014) or at monitored distances (Bell and Barnes, 

2000a) at different depths. The quadrats method was also used along line transects to assess 

sponge abundance and species richness (Becking et al., 2013). Overall, there are studies which 

were more focused on the quantitative surveys (optimising the maximum number of new 

species) instead of qualitative surveys (assessing biomass, volume, abundance and species 

richness). The former studies maximised on the sampling of new observed species at a 

particular site under a certain time frame (Thacker et al., 2010; Goodwin and Picton, 2012; 

Lim et al., 2012; Huang et al., 2016). 

In the context of sponge biodiversity surveys, every study and sample methodology has 

its advantages and disadvantages; for instance some are more quantitative (line and belt 

transects & quadrats) whereas others are qualitative (monitoring survey time). Some surveys 
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can be destructive (dredging, sampling the whole specimen, sampling the same specimen along 

the transect) and others less invasive (photographs, sampling only part of the specimen). In 

order to decide on which method to use, it is important to understand the purpose of the survey 

and also the geological characteristics of the study area.   

As described in Chapter One, the sponge phylum comprises of four main classes 

namely the Demospongiae, Homoscleromorpha, Calcarea and Hexactinellida. The class 

Demospongiae comprises of 83% of all sponges described followed by the Calcarea and 

Hexactinellida which makes up to 8% each and with Homoscleromorpha making up for the 

remaining 1% (van Soest et al., 2012).  

 

 

As little information is available on sponge biodiversity in the WIO region and within 

the larger WIO, the aim for this study is to assess the biodiversity of coral reefs sponges in the 

shallow waters of the Mascarene Islands. Consequently, I assessed different methods of 

surveying marine sponges in coral reefs habitats to obtain baseline information on the 

biodiversity of sponges found on each island and each site. 

 

The hypotheses for this chapter are: 

1. The class Demospongiae will be the dominant class at each site and at each island, as 

it the most diverse class representing 84% of sponges identified globally.  

2. The sponge diversity and composition of each island differs, with Rodrigues having the 

lowest diversity due to its smaller size and younger age.  
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2.2 Methodology 

2.2.1 Survey method 

As discussed above, there is no uniform methodology for surveying sponges. Rützler 

(2004) & Wulff (2001) described the importance of evaluating sponge abundance using 

numbers of individuals, volume or percentage cover in different environments. For the purpose 

of this chapter, I decided to use presence/absence of sponge species to determine species 

richness at the different survey sites on all three islands forming the Mascarene archipelago. 

This is because for weight and biomass analyses, sponges need to be removed, which was 

deemed too destructive for a preliminary analysis and was also outside the scope of this thesis. 

Further, my approach also fits the purpose of the study in doing a baseline assessment of sponge 

diversity, on which further studies quantifying habitat and sponge volume for example could 

be based. In addition, I focussed only on sponges inhabiting the surfaces of substrates, given 

the difficulty in locating and assessing buried or excavating sponges. I therefore expect to not 

include smaller, boring and thinly encrusting sponges in the surveys. 

“… we have concluded that all collecting trips to fairly unknown regions should be 

made twice; once to make mistakes and once to correct them.” (Steinbeck and Astro, 1995). 

This quote sums up the methodology I used for this study. I attempted two survey methods; on 

the first survey attempted, I used a triplicate line transect of 20 m at depths of 5 m, 10 m and 

15 m. Sponges were quantified inside 1 m2 quadrats placed along each metre of the line 

transect. However, the methodology was unsuccessful when tested in the field. After several 

field attempts around Rodrigues Island, I realised that sponges in Rodrigues were mainly found 

in passes with steep sides, whereas reef flats, reef slopes and the inside lagoon yielded very 

few sponges (in some cases only one or two sponges could be observed for any one sampling 

dive) using the sampling methodology described above. Moreover, many of the sponge species 

found in passes were found on the reef slope in caves or crevices which is not suitable for 

quadrats and I therefore adapted the methodology for the specific topology of the passes around 

the island. 

The second survey method, and also the one chosen for this study, was to survey all 

sponges observed at each different site from a depth of 0 to 30 m (maximum depth). The dive 

time was kept to one hour for all sites surveyed with two divers, thus standardising the 

methodology for all three islands. All sponges were photographed in situ (close up picture and 

another with surroundings), which allowed me to take a record of the underlying substrate for 

each sponge collected, i.e. coral, rock, sand etc. In addition, a small tissue sample (~ 3-4 cm) 

was cut from each sponge observed; the tissue sample was placed into a labelled tube for 
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morphological taxonomy and DNA extraction respectively. The depths of the collected sponge 

samples were monitored and recorded. GPS positions of each site were taken on boat before 

and after diving. On land, the samples were photographed once more at the cross section and 

surface. Any change in colour, smell, viscosity and any other characteristics were observed and 

monitored. Samples were kept in separate labelled vials and 95% ethanol added to these on the 

same day.  

 

2.2.1.1 Study sites 

The three Mascarene Islands were surveyed during the summer seasons of 2016 and 

2017 as the weather conditions in winter are not favourable for diving. The sites were chosen 

based on the location of the main passes, caves, placement of MPAs and logistical requirements 

such as the availability of boats. 

Rodrigues Island 

In Rodrigues Island, eight sites, all of which are coral dominated are found on the reef 

barrier in passes or cracks. Four of the targeted sites are found inside MPAs (Fig. 6). The south 

western part of the lagoon was not surveyed due to its inaccessibility and poor weather 

conditions, which did not allow for sampling, despite several attempts.   

 

 
              Figure 6: Sampling sites for Rodrigues Island 
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Mauritius Island 

Eight sites were surveyed around Mauritius Island (Fig. 7). The sites were all in coral 

dominated areas having crevices and cracks, which also contain caves with regions of low light 

penetration. The site which is found on the upper north of the island is close to one of the 

various islets around the main island and is also a coral dominated area with caves and crevices. 

The north eastern part was not surveyed due to the poor weather conditions in that region which 

is not appropriate for scientific diving. No MPAs could be surveyed for Mauritius Island due 

to permit restrictions.  

 

 
              Figure 7: Sampling sites for Mauritius Island 
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Reunion Island 

Eight sites were surveyed at Reunion Island, all located on the western and northern 

part of the island, inside and outside of the MPA. Sampling was opportunistic and was led by 

the Reserve Naturel Marine de La Reunion and Vie Oceane for a thematic school on marine 

sponges in the MPA region on Reunion Island and was only conducted at certain sites. The 

sites were chosen (Fig. 8) by them so as to assess the biodiversity of sponges inside and outside 

the MPA in Reunion Island. All sites surveyed are mainly coral and rock dominated areas.  

 

 
Figure 8: Sampling sites for Reunion Island 

 

2.2.2 Sponge taxonomy 

For identification of the collected specimens, spicule and skeletal analyses were 

performed at the Naturalis Biodiversity Center in Leiden under the supervision and 

collaboration of Prof. Nicole de Voogd. Slides were prepared for spicules and skeleton 

observations for each sample. For spicule analyses, a small piece of sponge tissue, preferably 

the upper layer and the middle section, was cut and place in a 1.5 ml Eppendorf tube with 

bleach added. The tubes were left until the sponge tissues were completely dissolved. Once 

dissolved, the tissue was washed with sterile water several times to remove the bleach and then 
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with ethanol. The tissue was mounted on a glass slide and left to dry for 48 hours. For the 

skeleton, a thin section was cut from the skin of the tissue and an intersection of the sponge 

tissue as well. Both cuts were mounted on a slide and left to dry for 48 hours. The slides were 

then observed under a Leica DM5500 microscope and the spicules and skeleton were compared 

to the reference available in publised literature and the World Porifera Database.  

 

2.2.3 Statistical analyses 

The percentage of each different Porifera class (Demospongiae, Calcarea and 

Homoscleromorpha) collected was calculated for every site on each island and then also for 

the Mascarene region to observe the difference, if any, of the sponge composition with regards 

to their respective class on the Mascarene Islands and also across each island. The class 

Hexactinellida is mostly found in deep waters with no species observed in the shallow waters 

of the Mascarene Islands; thus was not included in the analysis. All information was displayed 

on maps using QGIS 3.6.1 to facilitate interpretation of results.  

As not all specimens were identified to species level, I tested two type of curves to 

assess the richness of sponges across sites on all three islands: 

1. Species accumulation curves (only those specimens identified to species were used) 

2. Genus accumulation curves (curves were constructed at genus level) 

By doing so, I was able to evaluate if the number of genera used was enough to assess 

the sponge richness across sites on each island.  Furthermore, the sampling effort (measured as 

number of sampling opportunities versus the number of additional species per sampling effort) 

was also assessed. 
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2.3 Results 

2.3.1 Survey method and taxonomy 

The eight sites chosen on all three islands were mainly coral dominated areas with 

passes, cracks and caves. A total of 413 specimens were obtained from all three islands; 177 

from Rodrigues Island, 155 from Mauritius Island and 81 from Reunion Island. A detailed 

description of all specimens surveyed with photographs, GPS coordinates, depth found and 

substrate below is given in Appendix 1.  

Of the 413 specimens collected, 384 were identified as belonging to the Porifera: 167 

for Rodrigues, 138 for Mauritius and 79 for Reunion Island. The 29 samples that were not 

sponges were identified as ascidians. All the sponge samples were identified to at least level of 

order, with most of them identified to genus (66%) and species (32%) level and the remaining 

2% to family level. The samples for which no definite taxonomic identity could be established, 

are marked with a “?” after their names. At least five of the samples are probably new species 

and are identified by “nov.” in their names. The number of specimens collected, genus and 

species identified and general habitat type for each site is described in Table 1. 

 
Table 1: Number of specimens collected (N), number of specimens identified to genus (G), number of specimens 
identified to species* level (M) with habitat type at each sampling site 

Site N G M Habitat 

Rodrigues 

Site 1 23 9 11 Channel with corals and rocks 

Site 2 32 16 17 Channel with caves and rocks 

Site 3 28 12 14 Caves with corals 

Site 4 42 14 15 Channel with caves and corals 

Site 5 14 3 3 Channel with rocks and high sediment 

Site 6 6 5 15 Channel with corals 

Site 7 9 6 6 Channel with rocks and high sediment 

Site 8 4 2 2 Channel with corals 

Mauritius 

Site 1 25 11 15 Channel with corals 

Site 2 17 15 15 Channel with corals 

Site 3 12 6 6 Channel with corals 

Site 4 21 11 12 Cave with corals 

Site 5 17 10 10 Channel with caves and corals 
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Site 6 19 12 13 Channel with caves and corals 

Site 7 12 8 8 Channel high sediment and rocks 

Site 8 15 10 11 Caves with corals 

Reunion 

Site 1 9 6 7 Corals and sand 

Site 2 7 5 5 Corals and sand 

Site 3 6 5 6 Caves and basaltic rocks 

Site 4 15 10 10 Caves and corals 

Site 5 15 13 14 Caves and basaltic rocks 

Site 6 7 6 7 Sand and corals 

Site 7 11 9 9 Corals 

Site 8 9 9 9 Caves with corals and rocks 
*specimens identified to genus or family were classified as a single species 

 

2.3.2 Statistical analyses 

2.3.2.1 Sponge composition 

Of the 384 sponge specimens collected from the Mascarene Islands, encompassing 315 

demosponges, 42 calcareans and 27 homoscleromorphs; 84 genera and 122 species were 

identified. The definition of species for Chapter Two applies to those specimens which were 

identified to species level. In the context of genus or family level, these may contain several 

species (for example all thirteen Haliclona specimens were counted as a single species). Of the 

122 different species, only eight species were shared between the three islands, eleven were 

shared only between Rodrigues and Mauritius, nine between Mauritius and Reunion, and only 

one species was shared between Rodrigues and Reunion only (Appendix 2). The number of 

specimens obtained from Rodrigues, Mauritius and Reunion are 167, 138 and 79, with the 

number of species identified 37, 56 and 48 respectively. Mauritius has the highest number of 

identified species, with Rodrigues the least (Fig. 9). The percentage of identified species 

differed between islands; only ~22% of sponges were identified to species level in Rodrigues, 

whereas for Reunion ~60% of samples could be identified (Fig. 9).  

 

2.3.2.2 Sponge composition in the Mascarene Islands 

The percentage of Demospongiae, Homoscleromorpha and Calcarea was relatively 

similar in Mauritius and Reunion Islands, with Demospongiae having the highest abundance, 

followed by Homoscleromorpha and the Calcarea (Fig. 9). Rodrigues Island has a different 
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composition, with not only having the lowest numbers of different species identified by 

morphological taxonomy (Fig. 9), but also a higher percentage of Calcarea (22% of all species) 

compared to the other two islands (3% and 2% for Mauritius and Reunion Islands respectively). 

No Hexactinellida were observed from any of the Mascarene Islands. The percentage of 

Homoscleromorpha in Rodrigues is also lower than the other two islands (3% versus 9% and 

13% for Mauritius and Reunion respectively).  

 

 
Figure 9: Percentage of Porifera delineated by class for Mascarene Islands. N = total number of specimens 
collected and M = the number of species identified using morphological taxonomy  

 
2.3.2.3 Sponge composition in Rodrigues Island 

The main habitat at each of the eight sites surveyed in Rodrigues were corals and rocks 

(Fig. 10), with sponges mostly prominent under rocks and in small crevices such as the 

examples shown in Figure 10a and 10d. The number of species sampled at the different sites 

ranged from 2 to 17, with the distribution of sponge diversity not uniform between sites (Fig. 

11). For example, the highest number of species was observed at Site 2 in the north and the 

lowest at Site 8 in the west. The species composition was also different, for example only 

demosponges were observed at Sites 5 & 8. Sites 4 and 7 contained a low percentage of 
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calcareans and many more demosponges, but no homoscleromorphs were sampled at those 

sites.  

 

 
Figure 10: Example of sponges in their habitats in Rodrigues Island. a. Habitat in Site 2 b. Agelas aff. 
cavernosa in Site 2 c. Ircinia sp. in Site 2 d. Habitat in Site 4 e. Ircinia sp. in Site 4 f. Axinella sp. in Site 4 

 

The remaining sites contained all three main classes except for the Hexactinellida. Sites 

2 and 3 in the north of the island and Site 6 in the south contained all three classes in 

respectively good proportions, with Sites 2 and 3 having high numbers of species identified. A 
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higher diversity of sponges is observed in north east and south east of the lagoon than the other 

part of the lagoon where the reef barrier is further to the main island.  

The species Leucetta chagosensis and Ircinia were the most common ones as they were 

observed at six and five different sites respectively. Agelas aff. cavernosa (Fig. 10b) and Agelas 

cf. braekmani were observed in high numbers in all four sites that they were sampled 

(Appendix 3). Two new species were observed at Site 6: Plakinastrella sp.nov. and Ute 

insulagemmae sp.nov.; noting that this region is found inside the demarcated areas of an MPA.  

 

 
Figure 11: Rodrigues Island with percentage of class sampled on each site. N is the number of samples collected 
and M is the number of species identified using morphological taxonomy  
 

2.3.2.4 Sponge composition in Mauritius Island 

The main habitats in Mauritius were coral reef habitats with rocks; and caves and 

crevices found within the reef channels (Figures 12a and 12d). The sponge diversity differed 

across sampling with the highest number of species observed at Sites 1 (15) and 2 (15), and the 

lowest at Site 3 (6). Site 1, in the south of the island, was found to contain only demosponges 

(Fig. 13) but also had the highest number of identified species. No calcareans were observed 

at Sites 3, 5, 6 and 7, which contained mainly demosponges followed by homoscleromorphs. 
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Sites 2, 4 and 8 contained all the three classes except for the Hexactinellida, with 

Homoscleromorpha being generally higher than Calcarea. Two species were observed at most 

sites surveyed: Ircinia sp. at six sites and Plakortis sp. at seven sites. New species were found 

at Sites 4 and 7; Xestospongia sp.nov. and Paratetilla sp.nov. respectively.  

 

 
Figure 12: Example of sponges in their habitats in Mauritius Island. a. Habitat in Site 6 b. Niphatidae sp. in Site 
6 c. Axinella sp. in Site 6 d. Habitat in Site 8 e. Petrosia (Petrosia) sp. in Site 8 f. Amphimedon sp. in Site 8 
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Figure 13: Mauritius Island with percentage of class sampled on each site. N is the number of samples collected 
and M is the number of species identified using morphological taxonomy  

 

2.3.2.5 Sponge composition in Reunion Island 

The habitat at most sites were coral reef habitats with crevices, caves and rocks (Figures 

14a and 14b). As for the other two islands, species diversity varied between sampling sites with 

Site 5 having the highest number of species observed (14) and the lowest at Site 2 (5) (Fig. 15). 

The species composition varied as well, for example, at some sites (1 and 2) I found only 

demosponges (Fig. 15) and Site 7 had no homoscleromorphs. The remaining sites contained 

both demosponges and homoscleromorphs. Interestingly, no sites in Reunion Island were 

found to contain all the classes together. The only species common at most sites is the 

Haliclona sp. (Fig. 14b) which was observed at four sites. One new species, Svenzea sp.nov., 

was found in Site 5.  
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Figure 14: Example of sponges in their habitats in Reunion Island. a. Habitat in Site 4 b. Haliclona sp. in Site 4 
c. Plakortis sp. in Site 4 d. Habitat in Site 7 e. Paratetilla sp. in Site 7 f. Petrosia sp. in Site 7 
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Figure 15: Reunion Island with percentage of class sampled on each site. N is the number of samples collected 
and M is the number of species identified using morphological taxonomy 

 

2.3.2.6 Species accumulation curves  

Based on the taxonomy obtained from the morphology of spicules and skeletal of the 

sponges, genus and species accumulation curves were constructed for each island. As only 32% 

of all specimens could be identified to species level and 66% identified to genus, two curves 

were constructed to assess the sponge richness across sampling sites on each island; one with 

the genera identified and a second with the species (specimens identified to genus and family 

level were counted as a single species as explained earlier).  
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Figure 16: Genus accumulation curves for all three islands 

 

 
Figure 17: Species accumulation curves for all three islands 

 
The genus and species accumulation curves shown in Figures 16 and 17 respectively 

are for Rodrigues (blue), Mauritius (orange) and Reunion (green). There is no significant 

difference between the curves obtained from genera (Fig. 16) and species (Fig. 17). The curve 

for Rodrigues is the only one that shows a tendency to reach asymptote with a plateau of 37 

species reached and 31 genera. The curves for Mauritius and Reunion show a tendency to 

increase even after sampling eight sites, with 56 species and 51 genera described for Mauritius 

and 48 species and 45 genera for Reunion Island.  
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2.4 Discussion 

2.4.1 Sponge diversity in the Mascarene Islands 

2.4.1.1 The Mascarene Islands 

The class composition of Porifera was generally the same for Mauritius and Reunion 

Islands, but differed for Rodrigues. One explanation for this could be the geographical 

proximity of Mauritius and Reunion compared to Rodrigues, which is more isolated (Fig. 1). 

The morphological taxonomy was done generally up to genus level (66%) with only 32% of 

all specimens sampled identified to species level. This has also been reported in other studies 

where identification of Porifera up to species level is complicated and takes time particularly 

for large datasets like the one generated for this study (for example: Wörheide et al., 2007; 

Erpenbeck et al., 2016; Yang et al., 2017).  

There were some interesting differences in the patterns of overall sponge diversity 

between the islands sampled in this study, with the percentage of Demospongiae, 

Homoscleromorpha and Calcarea relatively similar between Mauritius and Reunion Islands, 

with Demospongiae having the highest abundance, followed by Homoscleromorpha and the 

Calcarea (Fig. 9). In contrast, Rodrigues Island showed a different composition, with not only 

having the lowest numbers of different species identified by morphological taxonomy (Fig. 9), 

but also a higher percentage of Calcarea (22% of all species) compared to the other two islands 

(3% and 2% for Mauritius and Reunion Islands respectively). Mauritius Island was found to 

contain the highest number of species identified after morphological taxonomy, followed by 

Reunion Island and then Rodrigues. This is despite the fact that sampling intensity was highest 

in Rodrigues, followed by Mauritius and Reunion Island, where less than half of the total 

number of samples from Reunion was collected compared to Rodrigues (79 versus 167), 

although the sampling methodology was standardised between all islands. Two main reasons 

may explain the difference in number of species observed on the three islands, specifically 

between Rodrigues and the other islands. 

The first reason is the difference in sizes of all three islands. MacArthur and Wilson 

(1967) proposed in their famous publication on “Island Biogeography Theory” that species 

richness should increase with island size. The smallest island of the Mascarenes is Rodrigues 

Island, covering a land surface area of 109 km2 compared to Mauritius and Reunion Islands 

which are both way larger in surface area, 1865 km2 and 2531 km2 respectively. Other studies 

have also shown that marine species richness is highly influenced by the size of islands; for 

instance reef fish diversity in the Indian and Pacific Oceans (Mora et al., 2003), reef fish species 

richness in the Caribbean (Sandin et al., 2008), the macroalgal flora across Macaronesia (Tuya 
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et al., 2009) and also the reef fish, gastropods and seaweed species found on the islands in the 

Atlantic Ocean (Hachich et al., 2015). Yet, research on island biogeography has been 

appreciated mainly in terrestrial systems and with less emphasis on marine systems (Dawson, 

2016; Pinheiro et al., 2017). This is mainly due to the differences between those two systems 

with respect to the geography of islands, geological history and sea level fluctuations (Pinheiro 

et al., 2017). The larger the surface area of an island, more likely it is that there is a broad array 

of habitats available for new colonisers. In contrast, the more isolated an island is from other 

areas, the less chance it will obtain different species to colonise the island. Although all sponges 

were sampled in caves and passes, which superficially resemble each other, it is plausible that 

microhabitats, such as substrate, water flow, sediment and light, all contribute to shaping 

sponge faunas between sampling areas. 

The second reason for the difference in species observed may be due to the different 

ages of the islands, particularly the relatively younger age of Rodrigues Island. Even though 

the Rodrigues ridge is believed to have emerged around 8-10 Mya, the island itself emerged 

only around 1.5 Mya (Bhattacharya and Chaubey, 2001). Mauritius and Reunion Islands are 

much older, they emerged respectively from the deep seas around 8 Mya (Bhattacharya and 

Chaubey, 2001) and 5 Mya (Gillot et al., 1994). The age of islands has also been shown to 

increase species richness as it allows time for speciation to occur as well as migration from 

outside (Whittaker et al., 2008). This for example, has been described for marine species living 

in the shallow waters where the island age has major influence on species richness (Hachich et 

al., 2015). 

 

2.4.1.2 Rodrigues Island 

Not only did this study find inter-island species composition differences, but there were 

also some interesting differences at each island. In Rodrigues, all sites surveyed hosted 

different sponge communities (Fig. 11). For example, Sites 8 and 5 had only Demospongiae 

and also the least number of different species observed. We observed during diving, that these 

sites in particular are rich in suspended sediments, which could negatively impact some of the 

species in the area (Wilkinson and Vacelet, 1979; Roberts and Davis, 2006; Tjensvoll et al., 

2013), in particular calcareans and homoscleromorphs, as has been reported previously 

(Schönberg, 2016). Suspended material could negatively impact on sponges particularly for 

slow growing species (Bell et al., 2015) living in the shallow waters close to coastal 

development (Schönberg, 2016). In contrast, some sponges can thrive in highly sedimented 

areas (Bell et al., 2015; Schönberg, 2016), even though overall diversity and abundance can 
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decrease at such sites (Bell et al., 2015). This was observed at Sites 5, 7 and 8 which were 

heavily sedimented with a generally high sponge cover observed and low diversity recorded 

(Fig. 11).  

In Rodrigues, the sites with the highest number of species are mostly along the north 

east of the island (Sites 1, 2 and 3), which is also the leeward side of the island, where the reef 

is closest to the island. Sponge diversity has been reported in other studies to be influenced by 

wind (Carballo et al., 2008), where regions with higher wind intensity tend to increase 

suspended sediments in the water. In addition, proximity of reef to mainland has also been 

reported to affect sponge diversity with runoff waters rich in nutrients increasing the number 

of different sponges observed (Wilkinson and Cheshire, 1989). Site 4, despite being found in 

the windy part of the island, was also observed to contain a high number of species. This site 

is found in an MPA demarcated area which is an important conservation area with regards to 

its rich biotope and fish diversity (Pasnin et al., 2016). The rich diversity of that region may 

explain the high number of sponge species observed, hinting at processes that benefit 

biodiversity at different taxonomic levels. All sites where high species were observed (Sites 1, 

2, 3 and 4) have also been shown to be regions rich in dense corals (Chapman and Turner, 

2004).  

 

2.4.1.3 Mauritius Island 

The upper region of Mauritius, going from East to West, harbours three main classes 

of Porifera as observed in Figure 13, whereas no calcareans were observed in the southern part. 

This southern region of the island is more elevated, thus creating a slope of agricultural lands 

and forest that goes towards the coastal areas, with water runoff in the lagoon intensified in 

that region (Hunink and Droogers, 2013; Nigel et al., 2015). The same pattern, i.e. the absence 

of calcarean sponges was also observed at Rodrigues Island, where sites that are highly 

impacted with sediments were found to contain lowest percentages of calcarean species. This 

has previously been described for other species (Wilkinson and Vacelet, 1979; Roberts and 

Davis, 2006; Tjensvoll et al., 2013) and reiterates the impact that terrestrial activities can have 

an effect on coastal ecosystems.  

 

2.4.1.4 Reunion Island 

The eight sites sampled in Reunion Island were all clustered in the western region of 

the island (Fig. 15). The main reason for sampling only this region is due to a local NGO 

deciding the sampling sites as their main purpose was to assess the sponge fauna in and around 
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the MPA region. Further, this region was classified by Bourmaud et al. (2005) to be diverse 

with respect to various species studied, including algae, cnidarians, fishes, corals and molluscs. 

As for the other two study islands, the percentage of the different classes of sponges found at 

each sampling site varied from site to site in Reunion. The only sites harbouring only 

demosponges are Sites 1 and 2. Site 1 is a lagoon site, thus may explain why only demosponges 

were found as they are more prevalent in lagoon areas compared to the other classes and also 

due to the fact that lagoons are rich in suspended sediments (Longo et al., 2016). Site 2 is 

known to be an area rich with suspended sediment and is also close to highly urbanised area 

on land (Lagabrielle et al., 2009), which might explain that only demosponges were observed 

in this region with low coral abundance and high runoff waters from urbanised land following 

the same scenarios for Rodrigues and Mauritius Islands.   

 

 

2.5 Conclusion 

The sponge diversity around the three islands has been assessed with Mauritius holding 

the highest species richness followed by Reunion Island and Rodrigues having the lowest. For 

two islands, Mauritius and Reunion, accumulation curves suggest that the biodiversity of 

sponges is undersampled. The main reasons proposed for the low sponge species richness in 

Rodrigues is the young age of the island compared to the other two islands and also the small 

size of the island. Interestingly, sites which are rich in sediments were found to contain only 

Demospongiae, providing some evidence that land-based activities can shape coastal sponge 

communities.   

 

 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za



 - 38 - 

Chapter THREE: Global phylogeny of demosponges 
 
“We know from science that nothing in the universe exists as an isolated or independent 
entity.” Margaret J. Wheatly 
 
3.1 Introduction  

3.1.1 Molecular ecology of marine sponges 

Molecular ecology (within the context of my PhD this includes phylogenetic and 

phylogeographic studies) of sponges is a relatively new discipline; simply defined it is the 

application of molecular tools to have a better understanding on the spatio-temporal 

distribution of sponges, thus providing additional insights into their evolutionary biology and 

relationships and allowing old and new questions to be answered (Uriz and Turon, 2012). At a 

larger scale, it is important to reconstruct the phylogeny of sponges (Porifera) as it is one of 

the remaining challenges for resolving the metazoan Tree of Life (Manuel et al., 2003; 

Dohrmann et al., 2008). At smaller scales, knowledge of biodiversity (richness, endemism, 

spatial distributions) remains poor and there is little information about the spatial patterns of 

genetic variation among sponge populations and the evolutionary relationships between 

species and populations (Wörheide et al., 2005). 

Lévi (1957) published that Porifera could be considered as the last major group of 

Metazoa in which the orders were not yet clearly defined and today, 60 years later, this is still 

largely the case. The major reason for this is the lack of complex morphological characteristics 

in sponges (Wörheide and Erpenbeck, 2007). With their high degree of phenotypic plasticity, 

that does not allow for the easy resolution of relationships, molecular DNA techniques offer 

an alternative in providing insights into their evolutionary relationships and systematic 

classification. Several studies, using different marker types, have attempted to reconstruct parts 

of the evolutionary history of sponges. For example, the phylogeny of sponges from the 

Calcarea class has been studied using combined morphology and 18S rRNA (Manuel et al., 

2003). Another study compared the use of morphological and molecular data for the 

phylogenetic analyses of marine sponges within the order of Verongida (Erwin and Thacker, 

2007). The study clearly shows that molecular data provides a better-resolved and robust 

phylogeny than morphological data alone and additionally, has the power to resolve cryptic 

species. Klautau et al. (1999) studied marine sponge species of the genus Chondrilla from the 

Atlantic and Mediterranean regions using allozyme electrophoresis and spicule dimensions. 

They found evidence for five different lineages when using genetics but no difference was 

observed when using the spicule analysis. Pöppe et al. (2010) used the CO1 marker for the 
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DNA barcoding of selected sponge species of the family Irciniidae and identified several new 

species; but suggested to use the CO1 marker in combination with another marker to obtain 

better supported phylogenies. However, such studies are still scarce and limited to certain 

places around the globe. 

 

3.1.2 Literature review on global sponge phylogeny 

Scientific studies reconstructing sponge phylogenies with a focus on global scales are 

scarce. This is because most studies are dedicated towards specific taxa or families or examine 

species level divergences for specific regions of the world and also it is only recently that 

molecular data on sponges has increased. For instance, few studies have been carried out 

focusing on the molecular phylogeny of the Demospongiae (for example: Borchiellini et al., 

2004; Redmond et al., 2013) which comprises around 82% of all sponges described so far (Van 

Soest et al., 2019), the Calcarea class (Manuel et al., 2003; Voigt and Wörheide, 2016) which 

makes up around 8.7% of total sponges described, and the Hexactinellida (Dohrmann et al., 

2008, 2011) with a total of approximately 7.4% of total sponges described. The new accepted 

class Homoscleromorpha makes up only 1.2% of total sponge diversity , with few studies 

looking at the phylogeny of that particular class (Gazave et al., 2010). There are also studies 

examining the molecular phylogeny of sponge orders such as the Astrophorida (Cárdenas, 

2010), Verongida (Diaz et al., 2013), Haplosclerida (Raleigh et al., 2007; Redmond et al., 

2011) and the subclass Heteroscleromorpha (Morrow et al., 2013), among others. In 2015, 

Morrow & Cárdenas proposed a revised classification for the Demospongiae class based on 

molecular data gathered over the then past ten years. This revised classification had important 

implications in the field of sponge taxonomy as they abandoned five orders, resurrected six 

and created seven new orders. The new classification (Morrow and Cárdenas, 2015) has since 

been used in recent studies on Demospongiae (for example: Erpenbeck et al., 2016).   

The studies cited above have helped researchers to understand the evolutionary history 

of sponges from different taxonomic ranks, as well as contributing towards resolving the 

metazoan Tree of Life. However, it is also important to have a holistic view of sponge 

evolutionary history and with the increasing data freely accessible, new studies are directed at 

a more global approach of sponge evolutionary histories. For example, a study carried out by 

Thacker et al. (2013), utilised  phylogenetic approaches and included data from complete 28S 

sequences of 327 sponge specimens sampled in the waters of the Republic of Panama, 65 from 

GenBank, 57 from Morrow et al. (2012) and 205 from the Porifera Tree of Life. From their 

analyses, the authors regrouped the four main classes of Porifera even with a relatively 
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conservative marker. Moreover, most of the groupings at family level found in all major clades 

were showed to be paraphyletic, with only a few of the families being monophyletic in all four 

classes. This interesting result is important as it demonstrates that the groupings obtained from 

molecular results differ in various ways from traditional classifications.  

A more recent study undertaken by Erpenbeck et al. (2016) assessed the molecular 

biodiversity of demosponges in the Red Sea. From 354 specimens, a total of 253 sequences 

were obtained from the 28S marker and 212 from CO1. Sequences from CO1 and 28S available 

for sponges were downloaded from GenBank and added to those collected to build Maximum 

Likelihood and Bayesian Inference phylogenetic trees. The study had important implications 

for understanding sponge biodiversity as preliminary results indicated, for example, that 

species of the Astrosclera from the Red Sea are divergent from the same species found in South 

China Sea and Tonga, thus providing evidence of geographic differentiation. Moreover, the 

authors suggested that Spheciospongia vagabunda may contain sympatric species, thus 

requiring revision of their classification. In contrast, Stylissa carteri showed no variation from 

the ones found in the Great Barrier Reef and Fiji probing this species may have a wider 

distribution range than suspected. Interestingly, the authors found that the 28S marker was the 

most suitable at detecting differences among samples where the CO1 marker did not. 

Nevertheless, wide-ranging studies like Erpenbeck et al. (2016) are scarce and little is known 

on the evolutionary and biogeographic relationships of sponges across the oceans. One of the 

main reasons for this lack of interest in sponges is due to the difficulty of delineating species 

in the Porifera phylum.  

 

3.1.3 How to delineate a species in the phylum Porifera? 

In 2007, Wörheide et al. asked “What is a species in sponges?” and discussed DNA 

barcoding as a promising tool for identifying sponges to species level. This is due to the 

difficulty and complexity of identifying sponges using traditional morphological methods 

which often leads to incorrect classification (Morrow et al., 2012; Redmond et al., 2013). In 

addition, recent studies, as mentioned above, provide evidence that many species, identified 

using morphological taxonomy, are not cosmopolitan as once believed. This consequently 

leads to sponge diversity being vastly underestimated (Hooper et al., 2013). As various studies 

have revealed that sponges tend to adapt to their local environment with subsequent speciation 

(Muricy et al., 1996; Duran and Rützler, 2006; Blanquer and Uriz, 2007; Xavier et al., 2010), 

this can lead to conflicts with morphological taxonomy. Hence, new studies are using an 

integrative approach of combining morphological taxonomy with phylogenetic trees obtained 
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from various markers (common ones being CO1 and 28S). For example, Yang et al. (2017) 

compared three markers (CO1, 28S and ITS) specifically to test their suitability in sponge 

identification using a structured protocol to identify the sponges from the highest Bit Score 

obtained from the BLAST results. The authors found CO1 and 28S were most suitable at 

classifying sponges at different taxonomic levels and also propose these two markers coupled 

with morphological taxonomy as a more reliable way for identifying sponges. Consequently, 

the use of molecular markers in sponge systematic and taxonomy is crucial for obtaining 

adequate information on their relationship and classification.  

 

3.1.4 Markers used for sponge phylogeny 

The two most widely used molecular markers in sponge molecular studies are 1. a 640 

bp fragment of the mitochondrial cytochrome c oxidase subunit I (CO1) gene (also known as 

the Erpenbeck fragment) and 2. the 5’ end terminal part of the 28S C-Region rRNA gene.  

The CO1 marker, for instance, was successful in providing novel information on 

phylogenetic patterns among 65 demosponges species sampled from the Caribbean Sea 

(Erpenbeck et al., 2007). The study also highlights the complexed phylogenetic pattern of the 

Haplosclerida order which was further supported by Raleigh et al. (2007), suggesting a 

complete revision of this order. Another controversial genus is the Halichondria where its 

polyphyletic properties was reported with CO1 (Erpenbeck et al., 2012a). The CO1 marker 

was also used to unresolve the evolutionary history of the class Hexactinellida which is 

considered as among the most understudied class in the Porifera phylum (Dohrmann et al., 

2011). The results corroborated with previous phylogenies build upon rDNA sequences.  

On the other hand, the 28S marker was used to assess the phylogenetic relationships of 

thirteen demosponge orders where the information obtained provided support for a new revised 

classification of the Demospongiae orders (Borchiellini et al., 2004). In another study,  Thacker 

et al. (2013) used the 28S to reconstruct the phylogenetic relationships of over 300 sequences 

covering all four Poriferan classes, including the four Demospongiae subclasses Keratosa, 

Myxospongiae, Haploscleromorpha and Heteroscleromorpha. The results obtained conflicted 

with the morphological classifcation of sponges, thus providing new insights for sponge 

classification. 

However, the CO1 partition has an extremely slow rate of sequence evolution in 

sponges (Duran et al., 2004a; Wörheide, 2006) and the 28S has been shown to have unequal 

evolutionary rates among taxa for Haplosclorida (Erpenbeck et al., 2004). Erpenbeck et al. 

(2006a) proposed that the problem for the CO1 marker can be resolved if another partition (‘I3-
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M11’) which is located downstream of Folmer’s fragment is used instead. Another solution is 

to use additional markers alongside CO1 to obtain in depth and clearer information on the 

phylogeny of sponges (Erpenbeck et al., 2007). This was also supported by Itskovich et al. 

(2007), Dohrmann et al. (2011) & Setiawan et al. (2016) where they used CO1 in combination 

with other, nuclear and intron markers, to obtain better resolution of the overall phylogeny. 

Even if the CO1 gene and the 5’ end terminal part of the 28S rRNA have been used separately 

in various studies as stated above, recent studies on marine sponges are generally using both 

markers in combination (Cárdenas et al., 2011; Redmond et al., 2013; Morrow et al., 2012, 

2019; Debiasse and Hellberg, 2015; Erpenbeck et al., 2016).  

CO1 and 28S have also been shown in studies to provide more supportive phylogenies 

than the ones produced based solely on morphological characters like those based only on 

spicule analyses. With the use of the CO1 gene and the 5’ end terminal part of the 28S rRNA, 

a study was carried out on a sampled population of 153 sponge specimens from deep and 

shallow waters around the world and a well-resolved tree was obtained suggesting phylogenetic 

relationships between 89 species of the Astrophorida (Sollas, 1887) from nine families of 

sponges (Cárdenas et al., 2011). This study further highlights that molecular analysis revealed 

a more congruent phylogeny than the one based only on spicule analysis. Debiasse and 

Hellberg (2015) further supports the lack of conformity between morphological and molecular 

phylogeny in marine sponges and proposed that it may be the result of biotic and/or abiotic 

factors acting on sponges. In another study done on the molecular phylogeny of the 

Demospongiae using the CO1 and 28S markers, the authors observed congruent phylogenies 

from both markers, but with molecular results conflicting prior morphological classification 

(Morrow et al., 2012). In addition, CO1 and 28S alignments for sponges are available on the 

Sponge Genetree Server (www.spongegenetrees.org) which is presumed to contain the most 

complete alignments of sponge sequences with regards with those two markers (Erpenbeck et 

al., 2008, 2016). 

Compared to other phyla, phylogenetic relationships among the Porifera are largely 

unresolved, even though much emphasis is lately being put on their crucial importance in 

ecosystems. However, not only can phylogenetic approaches tell us more about the 

evolutionary relationships of species (Wiley, 1978), but the use of the cytochrome oxidase I 

gene (CO1) for barcoding purposes has revealed numerous cryptic lineages in many taxonomic 

groups (Landry et al., 2003; Miura et al., 2005; Smith et al., 2006; Murray et al., 2008; Locke 

et al., 2010). Several sponge taxonomists, for example Wörheide & Erpenbeck (2007) and 

Erwin and Thacker (2007) strongly support the importance of DNA barcoding for sponges and 
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argued on the importance of the sponge barcoding project, particularly for taxa with little 

morphological variation. Molecular studies, particularly in sponges, allow an approach of 

testing and comparing the results obtained from traditional morphological systematics (Alvarez 

et al., 2000; Borchiellini et al., 2004). 

 

The studies listed above are important examples, not only about extending regional 

phylogeographic patterns, but also how species in a particular region are related to those further 

away. This provides novel insights in processes such as colonisation and species divergence, 

test theories regarding speciation, and importantly provide additional information that may be 

used in conservation planning. In this regard, the aims of this chapter are to first, include 

additional sponge sequences (mined from GenBank) that represent a global diversity of 

demosponges, with those collected in the Mascarene region, in order to gain better insights 

regarding their evolutionary history within a global context. Second, the morphological 

taxonomy obtained from Chapter Two will be reinforced with the results obtained from the 

global phylogeny of demosponges.  

 

As such, the hypotheses for this chapter are: 

1. The classification of the different orders from the ‘global’ tree will corroborate the 

latest classification of demosponges as proposed by Morrow and Cárdenas (2015). 

2. That some sponge species obtained from the morphological taxonomy in Chapter 

Two will harbour divergent lineages, potentially at the level of species.  

3. The demosponge faunas found in the Mascarene Islands will be generally confined 

to the region due to the isolation of the Mascarene Islands in the middle of the Indian 

Ocean. 
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3.2 Methodology 

3.2.1 DNA extraction and PCR amplification of specimens surveyed in the Mascarenes 

Sponge specimens were collected at several sites using SCUBA diving in the waters of 

Mauritius, Rodrigues and Reunion Islands as described in Chapter Two. All specimens 

observed showing sponge morpho-characteristics were photographed and small pieces (less 

than 1 cm3) of the specimens were cut and place inside separate labelled tubes. The specimens 

were transferred into labelled tubes filled with 95% ethanol on the same day, stored at room 

temperature and transported to the Evolutionary Genomics Group laboratories at Stellenbosch 

University.  

DNA was extracted using both the CTAB protocol (Winnepenninckx et al., 1993) or 

the NucleoSpin® Tissue kit (Machery - Nagel) using the manufacturer’s instructions. DNA 

extracted was eluted in 50 μl elution buffer, labelled and stored at 4°C until further use. DNA 

concentration and quality were tested using a Nanodrop (ND-1000) spectrophotometer and also 

by running 5 μl of DNA solution on a 1% agarose gel stained with ethidium bromide.  

The PCR amplifications were carried out in 20 μl volume reaction containing 2 μl of 1 

x buffer, 2 μl dNTPs (0.1 mM), 1 μl BSA (10 mg/ml), 2 μl MgCl2 (2 mM), 0.1 μl of Super-

Therm BioTaq DNA polymerase (Super-Therm, JMR Holdings, London, United Kingdom), 1 

μl of each primer (0.5 pmol), 2 μl of DNA and distilled water. The amplification profile was 

as follows: initial denaturing step of 94oC for 3 min, 35 cycles (94oC for 30 s, 50oC for 20 s for 

28S / 51oC for 20 s for CO1 and 72oC for 60 s) and a final extension of 72oC for 5min, although 

the annealing temperature was adapted for specimens that were not amplified after the first 

attempt.  

 
Table 2: Molecular markers for sponge barcoding used in this study 

28S  
(Chombard et al., 1998) 

28S-C2-fwd (GAA AAG AAC TTT GRA RAG AGA GT) 
28S-D2-rev (TCC GTG TTT CAA GAC GGG) 
 

CO1 (I3-M11 partition) 
(Meyer et al., 2005) 

dgLCO1490 (GGT CAA CAA ATC ATA AAG AYA TYG 
G) 
dgHCO2198 (TAA ACT TCA GGG TGA CCA AAR AAY 
CA) 

 

All PCR products were run on a 1% agarose gel (BioWhittaker Molecular Applications) 

and gel purification was carried out by carefully extracting the amplified bands from the gels 

using Biospin Gel Extraction Kits following the manufacturer’s instructions. The gel-purified 
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products were sequenced on an ABI 3710 at the Central Analytical Facility at Stellenbosch 

University.  

 

3.2.2 Data generation of specimens from GenBank 

In order to assess the relationship of the sponges sampled from the Mascarenes 

compared to global demosponges, only sequences with same species name (obtained from 

morphological taxonomy in Chapter Two) with known geographic locations from GenBank 

were downloaded. A total of 72 sequences were downloaded for the CO1 marker from the class 

Demospongiae from GenBank; and for the 28S marker 58 sequences were downloaded from 

GenBank. Detailed information of all specimens downloaded for the phylogenetic 

reconstructions are available in Appendix 4. 

 

3.2.3 Genetic distance and species delimitation 

From the CO1 phylogenetic tree constructed (3.3.4 Phylogenetic reconstruction), the 

number of different genetic lineages within the same species were identified. The use of 

barcoding gap and threshold-based species concept has been suggested as being probably 

inappropriate for sponges (Erpenbeck et al., 2016). Consequently careful consideration was 

taken by using the methodologies proposed in recent articles (Yang et al., 2017; Muricy et al., 

2019). I followed two criteria to designate a different lineage: 1. The species from the 

Mascarenes were cross checked with similar species downloaded from GenBank and 2. Only 

species forming a monophyletic cluster were considered as a potentially different lineage and 

were used in the analyses described below.   

The specimens showing different lineages occurring within same species were selected 

and additional sequences from same genera were downloaded from GenBank; all the COI 

sequences were aligned using Muscle 3.8.425 (Edgar, 2004) implemented in Geneious v.11.1.5 

(http://www.geneious.com, Kearse et al., 2012) with default parameters. The alignment was 

imported into MEGA-X with sequences grouped according to their morphological 

classification. Pairwise genetic distances were estimated between groups of species 

(interspecific variation) and within groups (intraspecific variation) using the Kimura 2 

parameter model (K2P). In addition, the Automatic Barcode Gap Discovery (ABGD) method 

was used to delineate the number of species present and identify any potential cryptic species 

present using the differences between the intraspecific and interspecific variation (barcoding 

gap). The alignments for each species group were uploaded separately on the web interface 

http:// wwwabi.snv.jussieu.fr/public/abgd/ and the parameters were set as follows: Pmin 0.01 
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and Pmax 0.1 values, the barcode gap threshold was set to 2.0 and the K2P model was used for 

20 steps (Puillandre et al., 2012). The ABGD analysis has been shown in recent studies (Pons 

et al., 2017; Swierts et al., 2017) to delineate between sponge species. 

 

3.2.4 Phylogenetic reconstruction 

All sequences were aligned using Muscle 3.8.425 (Edgar, 2004) with default 

parameters, manually trimmed and edited in Geneious v11.1.5 (http://www.geneious.com, 

Kearse et al., 2012). The data was grouped into two datasets, one for CO1 and another for 28S.  

For each marker, the best nucleotide evolutionary model was selected with IQ-Tree 

(Kalyaanamoorthy et al., 2017) under the BIC criterion. Four specimens of Plakortis 

(Homoscleromorphs) were used as outgroup for constructing the phylogenetic trees. Maximum 

Likelihood (ML) and Bayesian Inference (BI) trees were constructed respectively using IQ-

Tree (Hoang et al., 2018) with a 1000 ultrafast-bootstrap replicates and MrBayes (Huelsenbeck 

and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) with a chain length (three heated and 

one cold chain) of 1,000,000 and discarding the first 250,000 trees as burn-in. Those two 

phylogenetic reconstruction techniques were chosen to assess two different approaches, with 

ML using the likehood function to obtain the most parsimonious tree and BI making use of the 

probability distributions to describe uncertainty of all unkowns using a rich parameter model 

(Huelsenbeck and Ronquist, 2001).  The ultrafast-bootstrap values for the ML trees were 

assessed with single branch tests (SH-like approximate likelihood ration test) implemented in 

IQ-Tree. The parameters for the Bayesian trees were checked using the Trace output and 

convergence was accepted when values for average standard deviation for split frequencies 

were well below 0.01 and effective sample size values were above 200. All trees were 

visualised and edited using Figtree v1.4.4 (tree.bio.ed.ac.uk/software/figtree/). 
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3.3 Results 

3.3.1 Data generation  

A total of 226 sequences for Demospongiae (including 72 from GenBank) for the CO1 

marker were obtained and 253 sequences for the 28S marker (including 58 from GenBank). 

The low number of sequences available on GenBank are due mainly to two factors: 1. Few 

georeferenced sequences are available on GenBank and 2. Only sequences with same 

taxonomy obtained from the morphological taxonomy (Chapter Two) were used. Moreover, 

the COI and 28S sequences were not available for the same species, therefore no comparison 

of the same set of species was undertaken in a phylogenetic framework.  

For the global CO1 tree, the length of the sequence was 619 bp, the number of invariant 

sites 189, the number of parsimony informative sites 354 and the model used according to the 

Bayesian Information Criterion (BIC) for the ML tree was the TIM3+F+I+G4 and for the BI 

tree GTR+F+I+G4. For the global 28S tree, the length of the sequence was 1151 bp, the number 

of invariant sites 262, the number of parsimony informative sites 759 and the model used 

according to the BIC for the ML tree was the TIM3+F+R5 and for the BI tree GTR+F+R5.  

 

3.3.2 Genetic distance and species delimitation 

The interspecific and intraspecific variation of eight species (Table 3) showing different 

lineages (following criteria described in methodology) were calculated. Genetic divergence 

based on the COI marker was found between all species and ranged from 0.081 (Ircinia spp. 

and Thorectid specimens) to 0.376 (Thorectids and Cinachyrella spp.). For intraspecific 

variation, the genetic distance ranged from 0.050 and 0.180 with three species having high 

genetic distances (≥10%); namely species Ircinia (0.10), Haliclona (0.12) and Niphates (0.18).  

The ABGD analysis was done with the same eight species, each of which showed some 

intra-specific lineage divergence. Only the Thorectid specimens resulted in a single grouping 

occurring whereas the Haliclona sp. showed eight lineages (Table 4). The Cinachyrella genus 

resulted in four lineages and the Petrosia and Xestospongia spp. both showed three lineages 

within the specimens sampled from those genera. The remaining genera (Ircinia, Callyspongia 

and Niphates) formed two lineages each.       
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Table 3: Interspecific and intraspecific distances of the cytochrome c oxidase 1 gene for the eight species groups. Kimura 2-parameter distances are below (in black) the 
diagonal with standard error estimates above the diagonal (in blue). Intraspecific distances are along the diagonal (in bold) for each species-group with the standard error 
estimates after the ± symbol 

Species Ircinia sp. Thorectidae Niphates sp. Cinachyrella sp. Xestospongia sp. Haliclona sp. Petrosia sp. Callyspongia sp. 
Ircinia sp. 0.100±0.01 0.007 0.022 0.027 0.025 0.023 0.024 0.024 
Thorectidae  0.081 0.050±0.01 0.024 0.028 0.026 0.025 0.026 0.026 
Niphates sp. 0.320 0.347 0.180±0.01 0.020 0.015 0.014 0.015 0.016 
Cinachyrella sp. 0.369 0.376 0.297 0.050±0.01 0.020 0.018 0.018 0.020 
Xestospongia sp. 0.316 0.340 0.203 0.249 0.070±0.01 0.011 0.010 0.013 
Haliclona sp. 0.307 0.333 0.198 0.241 0.133 0.120±0.01 0.009 0.009 
Petrosia sp. 0.309 0.335 0.196 0.221 0.104 0.122 0.060±0.01 0.011 
Callyspongia sp. 0.297 0.319 0.216 0.239 0.132 0.103 0.104 0.050±0.01 

  

Table 4: Number of lineages observed for each species as per ABGD analysis 

Species Group 

Ircinia sp. Group 1: M4S6 (Ircinia sp.), M7S10 (Ircinia sp.) & R1S12 (Ircinia sp.) 

Group 2: R2S23 (Ircinia sp.) & R3S5 (Ircinia sp.) 

Callyspongia sp. 
 

Group 1: M2S10 (Callyspongia sp.) RE4S5 (Callyspongia cf.) 

Group 2: S9Q20 (Callyspongia sp.) 

Haliclona sp. Group 1: R2S28 (Haliclona sp.), RE6S2 (Haliclona sp.) & S2Q6 (Haliclona sp.) 

Group 2: RE6S7 (Haliclona sp.) 

Group 3: M6S9 (Haliclona sp.?) 

Group 4: S2c (Haliclona sp. 2) 

Group 5: R2S1 (Haliclona sp.) 

Group 6: M8S7 (Haliclona sp.) 
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Group 7: M1S19 (Haliclona sp.) & RE1S3 (Haliclona sp.) 

Group 8: S2d (Haliclona sp.) & S5Q8 (Haliclona sp.) 

Petrosia sp. Group 1: RE3S6 (Petrosia) & RE7S6 (Petrosia sp.) 

Group 2: M7S13 (Petrosia sp.) & RE4S2 (Petrosia sp.) 

Group 3: RE8S4 (Petrosia sp.), M7S6 (Petrosia (Petrosia) sp.), RE4S1 (Petrosia sp.) & RE5S5 (Petrosia strongylophora) 

Xestospongia sp. Group 1: M5S8 (Xestospongia sp.) & RE7S9 (Xestospongia sp.)  

Group 2: M5S4 (Xestospongia sp.) 

Group 3: M5S14 (Xestospongia sp. nov) 

Cinachyrella sp. Group 1: M6S17 (Cinachyrella sp.) & R2S9 (Cinachyrella sp.) 

Group 2: M2S2 (Cinachyrella sp.) & RE1S6 (Cinachyrella sp.) 

Group 3: M1S15 (Cinachyrella sp.1) 

Group 4: R4S19 (Cinachyrella sp.) & S2Q7 (Cinachyrella sp.) 

Thorectidae  Group 1: M7S5 (Thorectid sp.) & M7S9 (Thorectid sp.) 

Niphates sp. Group 1: M4S8 (family Niphatidae) 

Group 2: R3S16 (Niphates sp.), S5Q11b (family Niphatidae) & R1S6 (Niphates sp.) 
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3.3.3 Phylogenetic reconstruction of demosponges with mtDNA CO1 

The mtDNA COI tree consisted of 12 species from Rodrigues, 30 from Mauritius, 22 

from Reunion and 72 from elsewhere, spanning the global distribution of selected taxa 

(Appendix 4). The overall length of the alignment was 619 bp with the number of invariant 

sites 189 and the number of parsimony informative sites 354.  

 

 
Figure 18a: ML tree of demosponges with CO1 marker. Species name colour: Rodrigues (Red), Mauritius (Blue) 
and Reunion (Green). Clades are highlighted to represent figures (Fig. 18b, 18c & 18d) 

Fig. 18b 

Fig. 18c 

Fig. 18d
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Thirteen orders were obtained from the 226 CO1 sequences analysed (Figure 18a), most 

of these are monophyletic with the exception of the Haplosclerida and Axinellida which were 

respectively observed in two and three distant clusters. The CO1 phylogeny generally 

corroborates the latest classification proposed by Morrow and Cárdenas (2015), except for two 

paraphyletic clusters in Haplosclerida and two of the paraphyletic Axinellida clusters. To help 

with clarity, the phylogenetic tree obtained from the ML analyses was divided into three figures 

(Figs. 18b, 18c & 18d). To better understand and interpret the phylogenetic reconstructions 

(Figs. 18b, 18c & 18d), the results were further divided into two sections: 1. which examines 

the phylogenetic relationships from a taxonomic perspective, specifically the different 

grouping of the specimens with respect to their morphological and molecular classification and 

section 2. that describes the broad-scale, global geographical patterns of sponges sampled in 

the Mascarenes with respect to georeferenced species. 

  

3.3.4.1 Phylogenetic relationships from a taxonomic perspective from Figure 18b 

Three orders were observed from Fig. 18b; Haplosclerida, Chondrillida and Verongida. 

For the Haplosclerida, the phylogenetic relationships were found to be complex, with two 

paraphyletic clusters phylogenetically distant from each other (the other Haplosclerida cluster 

is found in Fig. 18d). Examples of the taxonomical complexity of the Haplosclerida are 

observed for Callyspongia spp., sampled from Rodrigues (S9Q20), Mauritius (M2S10) and 

Reunion (RE4S5), where each specimen falls into separate clades (each with high BS support), 

with the Rodrigues individual the most divergent (100/1). The Haliclona spp. from Rodrigues 

(R2S28) and Reunion (RE6S2) clustered together, whereas all the other Haliclona spp. (S2Q6, 

RE6S7, M6S9, R2S1, S5Q8, S2d, M1S19, RE1S3 & M8S7) clustered separately highly 

supported by the UFB/PP values (100/1); with Haliclona spp. (S5Q8, S2d, M1S19, RE1S3 & 

M8S7) being the most distant. The ABGD analyses (Table 4) also showed the complexity of 

the Haliclona genus with eight lineages obtained. Three clusters of the Petrosia spp. were 

observed: 1. Petrosia spp. (RE4S1 and RE8S4), Petrosia (Petrosia) sp. (M7S6) and Petrosia 

(Strongylophora) (RE5S5) 2. Petrosia spp. (RE4S2 & M7S13) grouping together with 

Xestospongia spp. (M5S4 & M5S14) and 3. Petrosia (Petrosia) microxea (RE3S6) and 

Petrosia sp. (RE7S6). All Xestospongia spp. grouped in a single cluster, except for (M5S4 & 

M5S14). The genetic divergence between the Petrosia and Xestospongia spp. was 10.4% 

(Table 3). The Niphates (R3S16, S5Q11b & R1S6) and Ircinia (R3S5 & R2S23) spp. clustered 

with Haliclona spp. (S5Q8 & S2d). The two Ircinia spp. (R3S5 & R2S23) displaying 

polyphyletic relationships could potentially be cryptic species as they did not group to their 
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respective order, which is Dictyoceratida. The ABGD analyses showed both Ircinia species 

falling into different lineages, with high genetic divergence (10%) obtained from the 

intraspecific variation analysis. Another potential explanation could be that the specimens were 

contaminated from other sponges which were growing close to each other (Appendix 1).  An 

interesting observation is the clustering of two Xestospongia spp. (M5S14 & M5S4) away from 

the main Xestospongia clade (specimens M5S8 & RE7S9 and specimens from GenBank), 

where the specimens in the main clade showed no sequence divergence.   

 

3.3.4.2 Broad-scale geographical patterns of phylogenetic relationships from Figure 18b 

In general, the specimens sampled from the Mascarene Islands tended to not cluster 

with sponges sampled from other geographic areas. For instance, in the Haplosclerida, the 

Petrosia spp. (M7S6, RE5S5, RE4S1, RE8S4, RES2 & M7S13), Haliclona spp. (S2c & R2S1) 

and Xestospongia spp. (M5S14 & M5S4) all clustered separately with high support values 

(100/1). This was also observed with the Niphates spp. (R3S16, S5Q11b & R1S6), Ircinia spp. 

(R3S5 & R2S23), Haliclona spp. (S5Q8, S2d, M1S19 & RE1S3) and Gelliodes sp. (RE5S13) 

all clustering separately in a single cluster again with high support values (100/1), even though 

in this case a Haliclona sp. from the Philippines was found to be phylogenetically close to the 

Gelliodes sp. (RE5S13) from Reunion. Another interesting observation was made with the 

Callyspongia sp. found in Reunion Island (RE4S5) which formed a sister relationship highly 

supported (100/0.94) with the ones found in the USA, the ones from Mauritius (M2S10) being 

phylogenetically closer to the Haliclona sp. from the Red Sea (98/0.74) and the Callyspongia 

found in Rodrigues (S9Q20) clustering with those found in Iran with high support values 

(100/1). The Callyspongia spp. from Reunion and Rodrigues showed no sequence divergence 

from the Callyspongia spp. from USA and Iran respectively. A pattern was also observed with 

the Haliclona spp., with specimens from Mauritius and Rodrigues being more closely related 

to Haliclona from the Philippines, whereas the ones from Reunion Island clustered separately. 

In the order Chondrillida, the Chondrilla sp. from Reunion (RE5S12) shows a sister 

relationship to the ones found in Iran whereas those from Mauritius (M7S11 & M7S15) were 

phylogenetically more distant, with high support values (96/0.98). No observation was made 

with the Verongiida order as no georeferenced specimens were obtained from GenBank for 

that particular order.  
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Figure 18b: ML tree of demosponges with CO1 marker. UFB >60 / PP >0.60 are shown. Species name colour: 
Rodrigues (Red), Mauritius (Blue) and Reunion (Green) 
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3.3.4.3 Phylogenetic relationships from a taxonomic perspective from Figure 18c 

Figure 18c focuses on five orders: Tetractinellida, Scopalinida, Biemnida, Axinellida 

and Agelasida, all are monophyletic except for the Axinellida, which was paraphyletic. The 

biggest order Tetractinellida is sister to the Scopalinida, which is represented by only one 

species (RE5S2). Interestingly, the Cinachyrella spp. (M2S2 & RE1S6) clustered with high 

support values (100/1) with the Paratetilla spp. with no sequence divergence observed. The 

Theonella sp. (RE4S3) also showed no sequence divergence from the Theonella mirabilis from 

Japan, suggesting it may be the same species. This was also observed from the Pleroma spp. 

from Mauritius (M7S7) and Reunion (RE5S8) with highly supported UFB/PP values (100/1) 

obtained. In the Biemnida order, a Biemna tubulata (S1Q10) species showed no genetic 

difference from all the Biemna fistulosa indicating they might be the same species as the other 

Biemna tubulata (M3S5) showed a strong divergence highly supported (100/1). The Biemna 

triraphis (M1S12) is genetically identical to the Biemna sp. (RE4S8). The Axinellida order 

displayed three paraphyletic clusters, with two clusters in Fig. 18c and the last one in Fig. 18d. 

The first Axinellida cluster showed a close relationship to the Biemnida, with the Higginsia sp. 

(M1S26) and Myrmekioderma sp. (M8S10) displaying no genetic differences. The other 

Axinellida cluster, containing only Axinella spp., was closer to the Agelasida order with high 

support values obtained (96/1). In the Agelasida, the Acanthostylotella sp. (M5S13) was 

genetically identical to the Acanthostylotella cornuta (M1S3) with high support values 

obtained (100/1). Another interesting observation made within the Agelasida order was the 

distinction made between the Agelas aff. cavernosa (S1Q8) from the Agelas cf. braekmani 

(S6Q17) with high UFB/PP values obtained (100/1). 

 

3.3.4.4 Broad-scale geographical patterns of phylogenetic relationships from Figure 18c 

The geographical pattern in Fig. 18c was complex, with some species grouping 

distantly from species sampled elsewhere, but there also examples of close phylogenetic 

relationships with specimens sourced from GenBank from other parts of the world. For 

instance, the Cinachyrella spp. from the Mascarenes formed a different lineage from the other 

global Cinerachyrella (with the exception of M2S2 & RE1S6). The Cinachyrella spp. clustered 

in four different lineages with high support values: 1. Cinachyrella spp. from Mauritius 

(M6S17) and Rodrigues (R2S9) (100/0.96), 2. Cinachyrella sp. from Mauritius (M1S15) 

(70/0.75) 3. Cinachyrella spp. from Rodrigues (R4S19 & S2Q7) (100/1) and 4. Cinachyrella 

spp. from Mauritius (M2S2) and Reunion (RE1S6) (100/1) reflecting the different lineages 

observed in Table 4. However, the opposite was shown with other species, for example all the 
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Paratetilla spp. formed a single cluster with high support values (100/1) and the Biemna 

tubulata (S1Q10) and Biemna fistulosa (R1S11) which are both from Rodrigues showed no 

genetic divergence from the Biemna fistulosa from Tanzania and Oman.  

 

 
Figure 18c: continued ML tree of demosponges with CO1 marker. UFB >60 / PP >0.60 are shown. Species name 
colour: Rodrigues (Red), Mauritius (Blue) and Reunion (Green) 
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3.3.4.5 Phylogenetic relationships from a taxonomic perspective from Figure 18d 

Seven orders are displayed in Figure 18d: Dictyoceratida, Chondrosiida, 

Poecilosclerida, Suberita, Clionaida, including the two paraphyletic orders: Axinellida and 

Haplosclerida. The biggest monophyletic order observed in Fig. 18d, Dictyoceratida, showed 

a complex relationship between the Ircinia spp. and Thorectids found in the Mascarenes. First, 

the Ircinia spp. is found in two major clusters, both of which have high support (100/0.97 – 

100/1), with the Ircinia found in the Mascarenes (R1S12, M4S6 & M7S10) observed only in 

the first cluster. Second, the Thorectids (M7S9 & M7S5) were observed in two separate 

clusters, M7S9 clustering with the Ircinia from the Mascarenes and M7S5 showing more 

affinity to the Ircinia specimens obtained from outside the Mascarenes. Interestingly, no 

different lineages were observed for the Thorectid specimens from the ABGD analyses (Table 

4) and the intraspecific variation was only 5% (Table 3). Another interesting observation was 

made with the Luffariella spp. (S9Q12 & M7S16), where the Luffariella aff. variabilis (S9Q12) 

showed a closer relationship with the Spongia spp. (S9Q6a & S9Q19) than the Luffariella sp. 

(M7S16). For COI, some species showed genetically identical specimens samples from within 

the Mascarenes, for instance the Chondrosia spp. (M7S4 & RE5S10) from the Chondrosiida 

order, Iotrochota spp. (M1S5 & RE1S2) from Poecilosclerida, Ectyoplasia spp. (S10Q11b & 

RE5S6) from the paraphyletic Axinellida, Suberites spp. (M1S13 & RE1S9) from Suberitida 

and Spheciospongia spp. (M1S8, M1S16 & M1S9) from Clionaida; with all showing high 

support values (100/1). The Spheciospongia spp. (M1S8, M1S16 & M1S9) were however 

shown to be comprised of three different species from the morphological taxonomy undertaken 

in Chapter Two. The paraphyletic Haplosclerida order in Fig. 18d contained only Haliclona 

spp. downloaded from GenBank.  

 

3.3.4.6 Broad-scale geographical patterns of phylogenetic relationships from Figure 18d 

A complex geographical pattern from the phylogenetic relationships of the seven orders 

observed in Figure 18d was obtained, with some species grouping according to their geographic 

locations and others not. For example, the Ircinia spp. from Rodrigues (R1S12) and Mauritius 

(M4S6 & M7S10) showed a close affinity with Ircinia spp. from Bahamas, Indonesia and Spain 

whereas the Thorectid (M7S5) from Mauritius displayed a sister relationship with the Ircinia 

spp. from Australia and Red Sea with high support values (100/0.97). On the other hand, the 

Ectyoplasia spp. from Rodrigues (S10Q11b) and Reunion (RE5S6) had no affinity to the 

Ectyoplasia spp. from the Red Sea and Bahamas; and also for the Suberita order where the 

Suberites spp. from Mauritius (M1S13) and Reunion (RE1S9 & RE6S3) were found to be 
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phylogenetically distant from the Suberites from USA which was supported by the high 

UFB/PP values obtained (100/1).   

 

 
Figure 18d: continued ML tree of demosponges with CO1 marker. UFB >60 / PP >0.60 are shown. Species name 
colour: Rodrigues (Red), Mauritius (Blue) and Reunion (Green) 
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3.3.4 Phylogenetic reconstruction of demosponges with nuclear 28S 

The 28S phylogeny consisted of 21 species from Rodrigues, 39 from Mauritius, 33 from 

Reunion and 58 from the rest of the world; spanning the global distribution of selected taxa 

(Appendix 4). The overall length of the alignment was 1151 bp with the number of invariant 

sites 262 and the number of parsimony informative sites 759.  

 

 
Figure 19a: ML tree of demosponges with 28S marker. UFB >60 / PP >0.60 are shown. Species name colour: 
Rodrigues (Red), Mauritius (Blue) and Reunion (Green) 

 

Fig. 19b 

Fig. 19c 

Fig. 19d 
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Fifteen orders were obtained from the 253 28S sequences analysed (Figure 19a) with 

most of them displaying monophyletic characteristics with the exception of Suberitida, 

Tetractinellida, Haplosclerida, Chondrillida and Scopalinida. These were all found to split 

across two paraphyletic clusters, with the Axinellida observed in three clusters. As for the CO1 

phylogeny in section 3.3.4, the phylogenetic tree obtained from the ML analyses was broken 

into three figures (Figs. 19b, 19c & 19d) for clarity. To better understand and interpret the 

phylogenetic reconstructions (Figs. 19b, 19c & 19d), the results were also divided into two 

sections as done for the CO1 phylogeny: 1. The phylogenetic relationships from a taxonomic 

perspective which showed the different grouping of the specimens with respect to their 

morphological and molecular classification and 2. The broad-scale geographical patterns of 

phylogenetic relationships of the species sampled in the Mascarenes with respect to similar 

georeferenced species. 

 

3.3.5.1 Phylogenetic relationships from a taxonomic perspective from Figure 19b 

Figure 19b shows ten orders including Clionaida, Suberitida, Poecilosclerida, 

Agelasida, Axinellida, Scopalinida, Haplosclerida, Tetractinellida, Bubarida and Biemnida; 

with Suberitida, Axinellida, Scopalinida and Tetractinellida showing paraphyletic properties 

whereas the remaining six orders were all monophyletic. The paraphyletic clustering of the 

Suberitida, Scopalinida and Tetractinellida orders were not observed in the CO1 phylogenetic 

reconstruction (Fig. 18a), but different specimens were used for the CO1 and 28S phylogenies. 

Interestingly, the 28S marker clearly differentiates between all three Spheciospongia spp. 

(Order: Clionaida), which was not observed with the CO1 marker in Fig. 18d. Two specimens 

clustered within the Suberitida instead of clustering within their respective orders obtained 

from the morphological classification: Lissendendoryx sp. (M2S20) from the Poecilosclerida 

order and Neopetrosia exigua from Palau (Haplosclerida). This may suggest the presence of 

cryptic species. Another potential cryptic species was observed within the Poecilosclerida order 

where the species Haliclona (RE1S3) was found to form a closer relationship with species from 

Poecilosclerida instead of grouping within the Haplosclerida order. Another interesting 

observation was made with the Agelasida where two species of Acanthostylotella cornuta 

(M3S11 & M3S1) were found to be phylogenetically distant which was supported by the high 

UFB/PP values obtained (89/1). On the other hand, no distinction was made between the Agelas 

aff. cavernosa and Agelas cf. braekmani species, whereas the CO1 phylogeny (Fig. 18c) 

showed a distinction between those two species. The only two orders which were found to 

contain specimens showing sister relationships are the Axinellida and Scopalinida; where the 
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Axinella sp. (M7S14) from Axinellida showed a closer relationship to the Stylissa spp. (RE8S6 

& Red Sea) from the Scopalinida order instead of the other Axinella sp. from Israel. 

Interestingly, the Axinessa spp. (R1S9, R4S8 & R2S17) from the paraphyletic order Suberitida 

all formed separate lineages with high support values (100/0.96) and R1S9 being most distant 

(99/1). This was also observed with Disringa spp. (RE4S3, RE4S6 & M7S7; order 

Tetractinellida); all forming different lineages with RE4S6 being most distant with high 

support values (100/1).  

 

3.3.5.2 Broad-scale geographical patterns of phylogenetic relationships from Figure 19b 

One of the first observation made from the phylogenetic relationship obtained from the 

28S marker in Fig. 19b was the distinction of the specimens from the Mascarene Islands from 

those obtained from elsewhere globally. Notably, none of the Mascarene specimens showed 

identical genetic relationships as observed with various specimens from the CO1 phylogeny 

produced in Figure 18a; and really few species showed a close relationship. Furthermore, 

various species found in the Mascarene region showed different lineages with respect to the 

island sampled. This was observed with the Spheciospongia spp. and Crambe spp. where the 

specimens sampled from Rodrigues (red), Mauritius (blue) and Reunion (green) all showed 

respectively different lineage formation. The opposite was also observed with the close 

relationship of certain Mascarene species with the ones found in the Red Sea; for instance the 

Tethya sp. (RE6S5) from Reunion was phylogenetically closer to the Tethya sp. from Red Sea, 

polymorphic Haliclona sp. (RE1S3) from Reunion with the Iotrochota baculifera from Red 

Sea, Axinella sp. (M7S14) from Mauritius and Stylissa sp. (RE8S6) from Reunion with the 

Stylissa carteri from Red Sea and also Ectyoplasia coccinea (M2S7) from Mauritius with 

Ectyoplasia sp. from Red Sea. It should also be noted that even though the mentioned species 

from the Mascarene and Red Sea formed a close relationship, clear distinctions highly 

supported by the UFD/PP values (for example, the Tethya sp. (100/1), Haliclona sp. (RE1S3) 

and Iotrochota baculifera from Red Sea (99/1), Stylissa spp. (100/1) and Ectyoplasia spp. 

(96/0.53)) were observed.  
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Figure 19b: ML tree of demosponges with 28S marker. UFB >60 / PP >0.60 are shown. Species name colour: 
Rodrigues (Red), Mauritius (Blue) and Reunion (Green) 
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3.3.5.3 Phylogenetic relationships from a taxonomic perspective from Figure 19c 

Four main orders are shown in Figure 19c: Haplosclerida, Verongiida, Chondrosiidae 

and Chondrillida. The Haplosclerida and the Chondrillida are paraphyletic, with the 

Chondrillida represented by Halisarca (M2S3), but Paratimea grouping with the 

Haplosclerida. In the Haplosclerida six species are polyphyletic and may display cryptic 

speciation occurring. They are respectively Cinachyrella sp. (S2Q7) (Tetractinellida), Ulosa 

sp. (RE6S7) (Poecilosclerida), Ircinia sp. (RE3S5) (Dictyoceratida), Spheciospongia sp. 

(RE7S8) (Clionaida), Crella/Monanchora sp. (RE8S2) (Poecilosclerida) and Paratimea sp. 

(M6S15) (Axinellida). Another important observation made was the close relationship of 

Haliclona (R3S30) and Neopetrosia (M8S11) spp. with the Petrosia spp. cluster instead of 

grouping respectively within the Haliclona (R2S28, RE6S2 & S2Q6) and Neopetrosia spp. 

clusters. The only species in the Chondrillida, Halisarca sp. (M2S3), was phylogenetically 

close to the Chondrosiidae order with high support values (98/0.73) whereas the CO1 

phylogeny (Fig. 18b) clustered the same species within the monophyletic Chondrosiidae group.  

 

3.3.5.4 Broad-scale geographical patterns of phylogenetic relationships from Figure 19c 

Few georeferenced sequences were available on GenBank for the Haplosclerida, 

Verongiida, Chondrosiidae and Chondrillida; thus restricting the analysis for this group and 

limiting biogeographic inferences. However, a closer phylogenetic relationship was observed 

from certain species found in Mauritius and Reunion Island with Rodrigues being more 

divergent. For instance, Petrosia spp. from Reunion (RE4S11, RE4S1, RE5S5, RE8S4 & 

RE7S3) and Mauritius (M9S3, M7S6, M6S2 & M7S13) were more closely related compared 

to Petrosia from Rodrigues (R4S9). The same observation was made with the Callyspongia 

spp. from Mauritius (M2S10) and Reunion (RE4S5), with the one from Rodrigues (S9Q6b) 

showing a closer affinity to the Red Sea species. Another interesting observation was made 

with the Neopetrosia spp. from Mauritius (M8S11) and Reunion (RE2S1) both diverging with 

high support values (93/1) from the main Neopetrosia cluster grouping species from the Indo-

Pacific. Another important result was the cluster containing all the Xestospongia deweerdtae 

species from Puerto Rico, Panama, Bahamas and Mexico; whereas Xestospongia spp. from 

Mauritius (M5S8), Reunion (RE7S9) and from Indonesia were most distant in the other 

paraphyletic cluster of Haplosclerida found in Fig. 19b.  
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Figure 19c: continued ML tree of demosponges with 28S marker. UFB >60 / PP >0.60 are shown. Species name 
colour: Rodrigues (Red), Mauritius (Blue) and Reunion (Green) 

 

3.3.5.5 Phylogenetic relationships from a taxonomic perspective from Figure 19d 

Only two orders grouped with high support (100/1) in the final part of the phylogenetic 

tree (Fig 19d), Dictyoceratida and Chondrillida. Most specimens in the Dictyoceratida 

clustered accordingly to their genera with few exceptions. For instance, the Luffariella spp. 

(M7S16 & M9S10) were phylogenetically distant from the main Luffariella cluster, with 

M7S16 isolating from the other specimens and M9S10 closer to species of Cacospongia 

(M9S14) and Spirastrella (M7S3). Moreover, the Spirastrella sp. (M7S3), which is from the 

Clionaida order, may represent the only cryptic species observed in Fig. 19c. The other 

Cacospongia sp. (M9S17) was found to form a sister species highly supported (96/1) with a 

Euryspongia sp. (M4S3). The two Thorectids (M7S9 & M7S7) were phylogenetically distant 

with M7S9 clustering with the main Ircinia clade from the Mascarenes and M7S7 showing 

more affinity to two Ircinia spp. from the Red Sea and Iran. For the Condrillida order, the 

Chondrilla sp. (RE5S12) displayed a higher affinity to the Chondrilla australiensis species, 

suggesting it may represent the same species.  
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3.3.5.6 Broad-scale geographical patterns of phylogenetic relationships from Figure 19d 

The geographical pattern observed in the phylogenetic relationship obtained in Fig. 19d 

was limited to the few specimens obtained from GenBank for Dictyoceratida. In contrast, more 

Chondrilla specimens were available. The Hyrtios, Spongia, Ircinia and Dysidea species from 

the Dictyoceratida order all formed separate lineages from the specimens obtained from outside 

the Mascarene Islands. Another interesting observation made was the clustering of the species 

sampled from the different Mascarene Islands in separate lineages, for instance the Luffariella 

spp. from Rodrigues (R4S15, R4S23 & S9Q12) formed a separate lineage from the ones found 

in Mauritius (M7S8, M7S16 & M9S10), with M9S10 being most distant. The same observation 

was made with the Ircinia spp. from Rodrigues (S1Q12b, R2S21, R3S6, R3S14 & S1Q12c), 

Reunion (RE8S9) and Mauritius (M9S19, M4S1, M4S6 & M7S9), all forming separate 

lineages with respect to the island sampled with highly supported UFB/PP values obtained 

(97/1). The Ircinia spp. obtained from GenBank (Red Sea and Iran) were isolated from the 

main Ircinia cluster. From the Chondrillida order, the Chondrilla species from Mauritius 

(M7S11) and Reunion (RE5S12) Islands were both closer to the Chondrilla specimens 

obtained from the Red Sea and Australia with high support values observed (respectively 

99/0.99 & 100/1). 
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Figure 19d: continued ML tree of demosponges with 28S marker. UFB >60 / PP >0.60 are shown. Species 
name colour: Rodrigues (red), Mauritius (Blue) and Reunion (Green)
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3.4 Discussion 

The phylogenetic reconstructions from the mtDNA CO1 and nuclear 28S resolved 

thirteen and fifteen orders respectively, with most of the groups being monophyletic, with good 

support. The exceptions were the Haplosclerida and Axinellida from the CO1 phylogeny, and 

Suberitida, Axinellida, Scopalinida, Haplosclerida, Chondrillida and Tetractinellida from the 

28S phylogeny, which are paraphyletic. The classification and relationships of the orders 

obtained from the phylogenetic reconstruction of mtDNA CO1 and nuclear 28S were shown to 

generally corroborate the classification proposed by Morrow and Cárdenas (2015). Few 

exceptions were observed from the paraphyletic orders; Haplosclerida and Axinellida from 

CO1 phylogeny, and Scopalinida, Suberitida and Chondrollida from 28S phylogeny. No 

comparison between the two markers could be done, as different species were used for both 

reconstructions; some species were easily amplified with CO1 and others with 28S. In addition, 

there is a lack of published data for the same georeferenced specimen for multiple genes, which 

makes direct comparisons difficult. However, a general pattern was observed in the 28S 

phylogenetic tree where the specimens from the Mascarene Islands tended to group separately 

from species sampled elsewhere. This isolation was less frequent in the CO1 phylogenetic tree. 

Still, for COI, genetic distance and ABDG analyses confirm the presence of several cryptic 

lineages for various species identified morphologically. This information is important to 

properly identify sponges as well as demarcating the species boundaries in the Porifera and my 

thesis provides additional evidence that a joint approach, using multiple markers, is required 

to unravel the complex evolutionary histories in the Porifera.  

 

3.4.1 Phylogenetic relationships and diversity from a taxonomic perspective 

In order to unravel the Poriferan taxonomic complexity in the Mascarene region, the 

phylogenetic classification and pattern of the various specimens obtained from the Mascarene 

Islands were compared with those available on GenBank. This is an important step towards 

understanding the biogeographic relationships of sponges and their intraspecific diversity. 

Thirteen orders were observed in the CO1 phylogenetic tree and fifteen in the 28S; with 

Bubarida (Morrow & & Cárdenas, 2015) and Tethyida (Morrow & & Cárdenas, 2015) orders 

observed only in the 28S phylogenetic tree as no sequences were available from the Mascarenes 

for the CO1 marker. The Bubarida order has been shown to be well resolved with the 28S 

marker compared to CO1 (Lim et al., 2017).  

The Haplosclerida (Topsent, 1928) was one of the biggest clusters in both the CO1 

(Figs. 18b & 18d) and 28S (Figs. 19b & 19c) phylogenies, and is also the second largest order 
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in terms of species (Morrow and Cárdenas, 2015). With 19 families under this order, it is one 

of the most diverse demosponge orders (Erpenbeck et al., 2016; van Soest et al., 2019), thus 

making the morphological and molecular taxonomy of that order challenging (Redmond et al., 

2007) and consequently it is a somewhat neglected order (van Soest et al., 2012). Both markers 

showed the Haplosclerida as paraphyletic assemblages, with some species such as Haliclona 

being polyphyletic, this is discussed in more details below. However the 28S phylogenetic 

reconstruction for Haplosclerida should be tackled with care as the 28S marker has been 

reported to have unequal evolutionary rates (Erpenbeck et al., 2004). Another species within 

that order displaying polyphyletic behaviour are the Xestospongia spp. (M5S14 and M5S4) 

which clustered away from the main Xestospongia cluster in the CO1 phylogeny (Fig. 18b), 

clearly showing a different lineage of that species occurring. The Xestospongia sp.nov. 

(M5S14) is a new species as per the morphological taxonomy carried out thus may explain its 

distant relationship from the main Xestospongia cluster. On the other hand, Xestospongia sp. 

(M5S4) has a close affinity to M5S14 but is a different species as shown both in the 

morphological taxonomy done in Chapter Two and the ABGD analyses (Table 4) which 

resulted in two different lineages of the Xestospongia. The Petrosia spp. (RE3S6) and (RE7S6) 

which are both from Reunion Island were also observed to cluster away with high support 

values (97/0.79) from the main Petrosia cluster in both the CO1 and 28S phylogenies (Figs. 

18b & 19d). The intraspecific variation within that genus was 6% and the ABGD analysis 

revealed three lineages of Petrosia sp., with (RE3S6 and RE7S6) forming one lineage. The 

second group is the Petrosia spp. (RE4S2 and M7S13) which clustered with the Xestospongia 

spp. (M5S14 and M5S4) instead of the main Petrosia cluster.  

Another species within the Haplosclerida which was observed to display polyphyletic 

properties in both CO1 and 28S phylogenies is the Haliclona. The clustering of Haliclona spp. 

showed seven potential lineages (Fig. 18b), which was confirmed by the high genetic distance 

(12%) between the specimens and also by the ABGD analysis (Table 4) with eight different 

lineages of that genus occurring. The 28S phylogeny also reinforced the above statements with 

different lineages of Haliclona observed (Figs. 19b & 19c). The diversity of lineages may be 

explained by the fact that Haliclona contains 677 species (van Soest et al., 2019), making this 

a particularly species rich genus. The polyphyletic properties of the Haliclona spp. were also 

shown in other studies (Redmond et al., 2011, 2013) explaining the taxonomical difficulty of 

classifying this species (Weerdt and Soest, 2001), and suggesting a revision of the taxonomic 

classification of that genus. 
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The Poecilosclerida (Topsent, 1928) is considered the largest order in terms of species 

(Morrow and Cárdenas, 2015). However, only two specimens of Iotrochota (M1S5 & RE1S2) 

were obtained for the CO1 phylogeny (Fig. 18d) with both sharing the same cluster with high 

support values (99.9/1) and no sequence divergence observed. This may indicate that it is the 

same species but the 28S phylogeny (Fig. 19b) showed two potential lineages occurring 

supported by the UFB/PP values (69/0.98). The 28S marker picked up differences between 

close lineages which was not found in the CO1 phylogeny, which was also observed by 

Erpenbeck et al. (2016) for the order Poecilosclerida. The Crambe spp. (RE1S4, M6S1 and 

R1S14) were also observed to form different lineages from all three Mascarene Islands in the 

28S phylogeny (Fig. 19b), where different lineages among the Crambe species with restricted 

gene flow and isolation by distance reported in other studies (Duran et al., 2004b).  

In the Dictyoceratida order (Minchin, 1900), Ircinia spp. (R1S12; M4S6 & M7S10) 

were monophyletic (Fig. 18d), whereas Ircinia (R2S23 & R3S5) were found to be polyphyletic 

with high intraspecific variation (10%) obtained from the intraspecific analysis (Table 3). The 

ABGD analysis (Table 4) reinforced the initial observation that the Ircinia spp. are comprised 

of two different lineages which supports the above statement. Another species within that order 

showing polyphyletic characteristics is Hyrtios with (RE5S1) phylogenetically distant from the 

main Hyrtios cluster (RE8S5 & M1S17). The Hyrtios has on several occasions been referred 

for revision due to their polyphyletic characteristics (Erpenbeck et al., 2012b; Redmond et al., 

2013; Erpenbeck et al., 2016). The Dictyoceratida order is particularly challenging in terms of 

morphological taxonomy as it lacks a mineral skeleton which is a commonly used character 

for identifying sponges (Erpenbeck et al., 2016), thus leading to errors with morphological 

taxonomy, as has been shown by molecular phylogenies (Erpenbeck et al., 2012b; Redmond 

et al., 2013). This is important as the order Dictyoceratida has been shown to often outnumber 

other sponge groups (Wilkinson and Cheshire, 1989), which was also the case for Rodrigues 

as described in Chapter Two (Appendix 3) where the Ircinia spp. were observed at most sites 

surveyed. The two markers (CO1 and 28S) can thus be used to properly distinguish between 

the different species in the Dictyoceratida order.   

Another species which taxonomy was resolved with the 28S marker is the 

Spheciospongia from the recently created Clionaida order (Morrow & Cárdenas, 2015). The 

morphological taxonomy of the Spheciospongia distinguished three species: Spheciospongia 

sp. 1, Spheciospongia sp. 2 & Spheciospongia sp. 3 in which the CO1 phylogeny (Fig. 18d) 

clustered all three species into a single clade with high support (100/1); in contrast, a clear 

distinction of all three species was observed in the 28S phylogeny (Fig. 19b). This was also 
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reported in other studies where different samples of Spheciospongia vagabunda from Indonesia 

grouped in different clades with the 28S marker (Erpenbeck et al., 2016) and the authors 

proposed that there is a need for revision for the Spheciospongia species. The Axinella order 

(Lévi, 1953) was shown to form paraphyletic assemblages, with three paraphyletic clusters 

observed in both the CO1 and 28S phylogenies. The paraphyletic nature of that particular order 

is well described in other studies (Gazave et al., 2010; Morrow et al., 2012).  

Overall, the diversity of sponges obtained from the molecular phylogenies was higher 

than the sponge diversity obtained from the morphological taxonomy in Chapter Two. The 

sponge species Ircinia, Niphates, Cinachyrella, Xestospongia, Haliclona, Petrosia and 

Callyspongia all showed different lineages occurring (Table 4) with high intraspecific variation 

observed (Table 3). In addition, both the CO1 and 28S phylogenies were shown to be important 

in resolving the complexity of the taxonomy of sponges. The information obtained is of upmost 

importance in order to assess the diversity of sponges in the Mascarenes. The results support 

the hypotheses that: 1. The sponge classification from the Mascarenes corroborates the revised 

classification of demosponges (Morrow and Cárdenas, 2015) with few paraphyletic orders 

being an exception and 2. The sponge diversity obtained from the phylogenetic reconstructions 

was higher than the sponge diversity obtained from the morphological taxonomy with cryptic 

lineages observed in both CO1 and 28S phylogenies. 

 

3.4.2 Broad-scale geographical patterns of phylogenetic relationships 

An interesting observation made from the phylogenetic reconstructions is that there is 

a general trend in the 28S phylogeny (Fig. 19a) for the specimens obtained from the Mascarenes 

to group separately from the specimens obtained from GenBank, however this trend was less 

obvious in the CO1 phylogeny (Fig. 18a). A good example to showcase the isolation of 

Mascarene sponges and their global phylogenetic relationship with regards to both CO1 and 

28S markers is with the Cinachyrella spp. (Tetractinellida) sampled in Mauritius (M6S17, 

M1S15 & M2S2), Rodrigues (R2S9, R4S19 & S2Q7) and Reunion (RE1S6). In the CO1 

phylogeny, all showed some level of divergence from the other Cinachyrella obtained from 

GenBank (including the Cinachyrella spp. from Red Sea & Tanzania, C. australiensis from 

Australia & Indonesia, C. kuekenthali from Panama, C. apion from Bermuda, USA & Panama, 

C. paterifera from Indonesia and C. alloclada from Indonesia, Panama & Bahamas) with an 

interesting observation made with the Cinachyrella spp. (RE1S6 & M2S2) which were 

phylogenetically closer to the other Paratetilla spp. sampled in Mauritius and Reunion, as well 

as those downloaded from GenBank (Fig. 18c). The results indicate that this particular 
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Cinachyrella spp. (RE1S6 & M2S2) is not only closer to the Paratetilla spp. from the 

Mascarenes, but is also genetically identical to other Paratetilla specimens found from 

Thailand and Australia, instead of the Cinachyrella found in the Mascarenes. The Cinachyrella 

spp. is known for having a worldwide distribution (van Soest et al., 2019), with its non-

monophyletic properties described in other studies (Szitenberg et al., 2013; Morrow and 

Cárdenas, 2015). However, in the 28S phylogenetic tree (Fig. 19b), the Cinachyrella spp. from 

Rodrigues and Reunion grouped separately from each other and also from the other 

Cinachyrella spp. (Panama, USA, Australia, USA & Indonesia), with the Cinachyrella sp. from 

Reunion showing a close affinity to the C. schulzei from Australia.  

The Haliclona spp. (Haplosclerida order) displayed complex phylogenetic relationships 

with both the CO1 and 28S markers. With reference to their geographical locations, the species 

from the Mascarenes were in general observed to be genetically distant from other global 

specimens. With the species showing no pattern in their clustering within the Haplosclerida 

order as well as other orders, it is difficult to interpret the results obtained in both phylogenetic 

reconstructions. The Haliclona genus is known for having the most species in the Porifera 

phylum (Redmond et al., 2013) with over 600 species described to date (van Soest et al., 2019) 

and having a global distribution (de Weerdt, 2002). Even so, analyses of this genus where 

hampered by the limited numbers of specimens. However, the Haliclona tuberifera from the 

Philippines was closely related to Haliclona spp. from the Mascarenes (R2S28 & RE6S2).  

Another genus found in the Haplosclerida order, which showed a curious pattern in its 

biogeographical relationship is Xestospongia. In the CO1 phylogeny, the Xestospongia spp. 

from Mauritius and Reunion showed no sequence divergence from the Xestospongia spp. from 

the Bahamas, USA, Indonesia and Red Sea (Fig. 18b). The opposite was observed in the 28S 

phylogeny with specimens from Mauritius and Reunion clustering with a Xestospongia sp. 

from Indonesia (Fig. 19b) whereas the other species of Xestospongia deweerdtae from Puerto 

Rico, Panama, Bahamas and Mexico were phylogenetically distant from the initial 

Xestospongia cluster. This is likely a result of the different evolutionary mechanisms for COI 

and 28S (Cárdenas et al., 2011; Debiasse and Hellberg, 2015; Erpenbeck et al., 2016; Morrow 

et al., 2019) that drive the patterns observed for both marker types.  

Overall, the sponges found in the Mascarene region were generally isolated from 

sponges found outside the Mascarene region with regards to the 28S marker whereas this 

pattern was less obvious with the CO1 sequences. Most studies agree that sponges tend to adapt 

to their environment (Muricy et al., 1996; Duran and Rützler, 2006; Blanquer and Uriz, 2007; 

Xavier et al., 2010; Swierts et al., 2017) and because of their generally short dispersal stages, 
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they are likely to form unique lineages in different geographic locations. Therefore, my 

findings of geographically constrained lineages are probably reflective of the biological and 

evolutionary characteristics of sponges and it is highly likely that future studies will uncover a 

far greater intra-specific diversity of sponges than currently realised.  In addition, some of the 

inferences around biogeography are difficult to make, given the general lack of georeferenced 

specimens from other marine ecosystems.  

 

 

3.5 Conclusion 

In this chapter, thirteen orders were described for the CO1 phylogeny and fifteen for 

the 28S phylogeny. All three hypotheses were tested and the results showed that the 

classification obtained from both CO1 and 28S phylogenies corroborates the latest 

classification of demosponges proposed by Morrow and Cárdenas (2015) with few exceptions 

from paraphyletic orders. Moreover, cryptic species were observed in certain orders and 

different lineages of the same species were also observed for several species, which eventually 

increases the diversity of sponges obtained from the Mascarenes. This is important as the 

conservative methods used for morphological taxonomy has often been criticized for 

underestimating the sponge diversity. Lastly, the sponges in the Mascarenes have been shown 

to generally confine themselves to their geographic region as they were genetically distant from 

other specimens obtained from outside the Mascarene region. The 28S marker was observed 

as being better suited to discriminate between closely related species. Consequently, the sponge 

faunas found in the Mascarene region should be regarded as unique conservation entities. 
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Chapter FOUR: Phylogeny of sponges of the Mascarene Islands 
 
“Our own genomes carry the story of evolution, written in DNA, the language of molecular 
genetics, and the narrative is unmistakable.” Kenneth R. Miller 
 

4.1 Introduction 

4.1.1 What makes the Western Indian Ocean special? 

The WIO has often been referred as an understudied region (Richmond, 2001; Obura, 

2012; Muths et al., 2015), but holds an exciting biodiversity which is gaining the interest of 

many scientists lately (Visram et al., 2010; Obura, 2012; Crochelet et al., 2013; McClanahan 

et al., 2014; Borsa et al., 2016). For example, the WIO has been shown to contain a higher 

number of endemic reef fish species than the other regions found in the Indian Ocean (Borsa 

et al., 2016). With the East African coast, Madagascar and all the different islands formation 

at different time scales, the WIO provides a natural laboratory for various fields of study.  

The WIO is a unique region as it harbours the East African coast, Madagascar and 

various islands with different geographic formation such as the granitic Seychelles and the 

volcanic Mascarene Islands. Moreover, islands such as Mauritius have recently been proposed 

to contain fragments of continental origin (Ashwal et al., 2017). As such, it provides a diverse 

set of environments where studies on marine biodiversity, phylogeography and phylogenies 

can be carried out to assess and understand the effect of historical and future change on coastal 

regions. Moreover, the current circulation in the WIO (Fig. 20) describes the potential 

connectivity among the different geographical regions (Obura, 2012) and also the delineation 

of biogeographic regions with respect to marine species. This is also the case for the Mascarene 

Islands which are found in the eastern boundaries of the WIO with the South Equatorial Current 

flowing from this region towards Madagascar and Eastern Africa (Fig. 20). 

The circulation of oceanic currents in the WIO is important, as it is the main driver that 

could potentially influence the dispersal of marine species among the coastal regions. Figure 

20 shows the two main currents flow of the Indian Ocean, the South Equatorial Current which 

flows from Australia towards the Mascarene Islands and Madagascar, and the South Equatorial 

Counter Current which flows in the opposite direction. The Somali current flows from the Red 

Sea down towards Madagascar and East Africa whereas the East African Counter Current 

moves in the opposite direction. The oceanography of the region is therefore dynamic and 

complex and its role in shaping marine communities is poorly understood. 
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 Figure 20: Main surface currents in the WIO with major routes for dispersal events in red and minor ones in yellow 

 

The Mascarene Islands are influenced by the main currents described in Figure 20. In 

a publication by Agnarsson and Kuntner (2012), where they proposed the dispersal mechanism 

influencing the biogeography in the WIO, Mauritius Island is the main source of dispersing 

individuals between the three islands, which is primarily due to its placement between 

Rodrigues and Reunion (Fig. 20) as well as its age compared to the other two islands which 

are much younger as explained in Chapter Two (Mauritius ~ 8-9 My, Reunion ~ 2-5 My and 

Rodrigues ~1.5 My). The South Equatorial Current favours the dispersal between Mauritius 

and Reunion, whereas Rodrigues which is further east of Mauritius and also the youngest of 

the Mascarene Islands is less influenced. Furthermore, Agnarsson and Kuntner (2012) also 

proposed that the main dispersal events occurring in the Mascarene region comes from the 

central Indo-Pacific region. All the information elaborated above have important implications 

in understanding the phylogeography of marine species in the region; particularly in the 

Mascarene Islands which was reported as a centre of endemism (Roberts et al., 2002).  
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4.1.2 Review of molecular ecology studies in the Western Indian Ocean 

Some phylogeographic studies being carried out with a focus on the WIO are 

summarised here. Ridgway and Sampayo (2005) carried out an extensive literature search to 

assess the population genetic status of the WIO. With limited number of population genetic 

studies, they found that there is little genetic exchange between the WIO and the Eastern Indian 

Ocean. However, this study was restricted to the few phylogeographic studies in the region at 

that time. Other recent studies have demonstrated high levels of connectivity (using samples 

of the mangrove crab, Neosarmatium meinerti, for the first study and the blue barred parrot 

fish, Scarus ghobban, for the second one) between localities in the WIO (Ragionieri et al., 

2009; Visram et al., 2010). A more recent study was carried out on the coral reef sea star 

Linckia laevigata, which was collected in Kenya, Tanzania and Madagascar and the 

phylogeographic results obtained were compared to information already available in the Indo-

Pacific region (Otwoma and Kochzius, 2016). The main findings of the study support a genetic 

break between the Indian Ocean and the central Indo-Pacific Ocean. However, with the limited 

information available on the phylogeography of marine species in the WIO it can only be 

assumed that there is a genetic break between the Indian Ocean and the central Indo-Pacific 

region and that there is a good connectivity among the marine species found inside the WIO. 

The limited information available on phylogeography in the WIO also affects the 

Mascarene Islands. Few studies include the Mascarenes among their sampling sites with most 

focusing on the phylogeography of fish species. Muths et al. (2012), for instance, assessed the 

genetic connectivity of the reef fish Lutjanus kasmira in the WIO. An interesting result in their 

study was that Mauritius was found to be isolated from the other sampling sites in the WIO 

and even from the two other Mascarene Islands (Rodrigues and Reunion). In another study, 

Gaither et al. (2015) studied the circumtropical glasseye, Heteropriacanthus cruentatus, and 

found that the species in Mauritius is more related to ones from the Indo-Pacific region. Such 

studies are extremely important as they proposed that the different islands along the Mascarene 

plateau are not well connected by the regional oceanography.  

 

There are 9125 valid species accepted in the database of the World Porifera Database 

(van Soest et al., 2019). On the website Barcode Of Life Data Systems (BOLD systems - 

accessed on the 17th April 2019), a quick search for the phylum Porifera showed that there are 

2593 published records from only 757 species. Moreover, the only countries which have been 

sampled in the WIO are South Africa (14 barcodes) and Tanzania (2 barcodes). Therefore there 

is a rather large gap between the number of species with sequences and the number of species 
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identified; and the WIO has been neglected with regard to research of the phylum Porifera. 

Consequently, it is important to establish a baseline genetic information on the sponges living 

in the WIO. With the recent advances in molecular phylogenetic approaches, it is time to help 

plug the ‘biodiversity-gap’ of sponge biodiversity in the WIO. Due to the poor documentation 

available on sponges in the Indian Ocean and around the world and the increasing interest for 

the search of bioactive molecules from sponges, it is crucial to gain more information on the 

molecular phylogeny of marine sponges in the Mascarene Islands and to place their evolution 

into a larger biogeographic context.  

 

The aim for this chapter is to begin to unravel the phylogenetic relationships of the 

sponges on each island from the Mascarene Archipelago. To do this, I used two markers (COI 

and 28S) and focussed on a comparison of diversity within the Mascarene Archipelago, as well 

as focussing on each island separately.  

 

The hypotheses for Chapter Four are: 

1. The sponges found in Mauritius Island will be phylogenetically closer to the ones 

found in Reunion Island due to the proximity of the two islands compared to 

Rodrigues which more distantly situated than the other two islands. Moreover, the 

South Equatorial Current favours the transfer of larvae between Mauritius and 

Reunion. 

2. The diversity of sponges obtained in the phylogenetic trees for each island will be 

higher than the diversity obtained for the morphological taxonomy in Chapter Two, 

as sponges have been shown to contain numerous cryptic species.  
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4.2 Methodology 

4.2.1 DNA extraction and PCR amplification 

The same methodology was used for Chapter Three and Four for the extraction of DNA 

and PCR amplification.  

 

4.2.2 Phylogenetic reconstructions 

All sequences were aligned, manually trimmed and edited in Geneious v11.1.5 

(http://www.geneious.com, Kearse et al., 2012). Further, every sequence was checked against 

the NCBI database using BlastN to check for Poriferan origin before any further analyses was 

performed. To check for the amplification of pseudogenes, all sequences were translated into 

peptide sequences in Geneious v11.1.5 to verify their reading frame and the absence of stop 

codons. The dataset was grouped into two main categories (1. Demospongiae and 2. 

Calcarea/Homoscleromorpha) according to their classes for further analyses. The main reason 

for this is because the phylum Porifera is composed of four main classes with Demospongiae 

being phylogenetically distinct from the Calcarea and Homoscleromorpha, which on the other 

hand are sister groups (Philippe et al., 2009; Pick et al., 2010).  

For the Demospongiae, the sequences of CO1 and 28S were concatenated in Geneious 

v11.1.5 to obtain higher supported phylogenies. Four samples from the Plakortis sp. 

(Homoscleromorphs) were used as outgroup. The best partition scheme and nucleotide 

evolutionary model was selected with IQ-Tree using ModelFinder (Chernomor et al., 2016; 

Kalyaanamoorthy et al., 2017) under the BIC criterion. Maximum Likelihood (ML) and 

Bayesian Inference (BI) trees were constructed respectively using IQ-Tree (Hoang et al., 2018) 

with a 1000 ultrafast-bootstrap replicates and MrBayes (Huelsenbeck and Ronquist, 2001; 

Ronquist and Huelsenbeck, 2003) with a chain length (three heated and one cold chain) of 

5,000,000 and discarding the first 1,250,000 trees (25%) as burn-in. Phylogenetic trees were 

constructed for each island first to assess the phylogenetic relationships of the different species 

across the sampling sites around each island and then for the whole Mascarene region. The 

phylogenetic trees were constructed for each separate marker first and then with the 

concatenated sequences to assess any difference. The ultrafast-bootstrap values for the ML tree 

were assessed with single branch tests (SH-like approximate likelihood ration test) 

implemented in IQ-Tree. The parameters for the Bayesian trees were checked using the Trace 

output and convergence was accepted when values for average standard deviation for split 

frequencies were well below 0.01 and effective sample size values were above 200.  
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For the second group, Calcarea/Homoscleromorpha, phylogenetic trees were 

constructed for the entire Mascarene region only due to the low number of species collected 

from those two classes (Figure 9). As only the 28S marker works with most calcareans, there 

was no need for concatenating sequences for this group. The CO1 marker was not used due to 

the high mitochondrial substitution rate of the calcareans. Four species of the demosponges, 

Hyrtios, were used as outgroup for constructing the phylogenetic trees. The best nucleotide 

evolutionary model was selected with ModelFinder implemented in IQ-Tree (Chernomor et 

al., 2016; Kalyaanamoorthy et al., 2017) under the BIC criterion. Maximum Likelihood (ML) 

and Bayesian Inference (BI) trees were constructed respectively using IQ-Tree (Hoang et al., 

2018) with a 1000 ultrafast-bootstrap replicates and MrBayes (Huelsenbeck and Ronquist, 

2001; Ronquist and Huelsenbeck, 2003) with a chain length (three heated and one cold chain) 

of 5,000,000 and discarding the first 1,250,000 trees (25%) as burn-in. All phylogenetic trees 

were visualised and edited using Figtree v1.4.4 (tree.bio.ed.ac.uk/software/figtree/). 

The phylogenetic reconstruction was done for the demosponges present in the 

Mascarene region first and then another phylogenetic tree was constructed for the calcareans 

and homoscleromorphs. In a second step, phylogenetic trees were built for each island 

separately so as to observe the relationship of the different demosponges collected at the 

different sites.  

In order to delineate species showing different lineages, I used the results obtained from 

Chapter Two (morphological taxonomy) and Chapter Three (molecular taxonomy). Each 

different lineage was cross checked with the morphological taxonomy; and the genetic 

diversity (Table 3) as well as the results obtained from the ABGD analysis (Table 4) were used 

to confirm the presence or not of cryptic lineages. 
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4.3 Results 

4.3.1 DNA extraction & PCR amplification 

A total of 345 specimens were collected from the class Demospongiae and 53 from 

Calcarea and Homoscleromorpha. DNA was successfully extracted from all specimens with 

good quality and yield obtained.  

The total number of demosponges collected and screened with CO1 and 28S are found 

in Table 5. For the calcareans and homoscleromorphs, all samples were successfully screened 

with 28S with a length of 446 bp obtained. Detailed description of the calcareans and 

homoscleromorphs collected and screened are found in Table 6. 

The lengths of the demosponges CO1 sequences were 612 bp for all three islands. For 

28S sequences, the lengths varied for each island (Table 7). The number of invariant sites and 

the number of parsimony informative sites were different for each island and each codon 

position (Table 7). There was a 56% success rate of amplification with the CO1 marker 

compared to a success rate of 67% for 28S for the demosponges.  

 
Table 5: Demosponge samples screened with CO1 and 28S markers 

Region DNA  CO1  28S  Concatenated  

Rodrigues 138 85 94 73 

Mauritius 135 64 85 49 

Reunion 72 43 52 34 

  
Table 6: Number of samples screened with 28S for calcareans and homoscleromorphs 

Region DNA 28S 

Calcarea Homoscleromorpha 

Rodrigues 38 34 4 

Mauritius 15 4 11 

Reunion 9 2 7 
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4.3.2 Phylogenetic reconstruction  

The ML and BI trees were congruent for each marker. The models used for each 

phylogenetic tree produced are described in Table 7. 

 
Table 7: Best model of evolution obtained for Maximum Likelihood and Bayesian Interference analyses for each 
codon position with the number of sites (# Sites), number of parsimony informative sites (# Infor) and the number 
of invariante sites (# Invar) 

Region Best 

Partition  

# 

Sites 

# Invar # Infor Best model for 

ML tree 

Best model for 

BI tree 

Rodrigues 

Demosponges 

Codon 1 207 14 181 TN+F+G4 GTR+F+G4 

Codon 2 206 104 71 K3P+G4 K2P+G4 

Codon 3 206 147 25 F81+F+G4 F81+F+G4 

Non-coding 621 130 429 TN+F+R2 GTR+F+R 

Mauritius 

Demosponges 

Codon 1 207 9 194 TIM3+F+I+G4 GTR+F+I+G4 

Codon 2 206 109 81 TNe+G4 SYM+G4 

 Codon 3 206 169 27 TVM+F+G4 GTR+F+G4 

Non-coding 709 142 481 TIM3+F+I+G4 GTR+F+I+G4 

Reunion 

Demosponges 

Codon 1 207 181 12 K3Pu+F+R2 F81+F+I 

Codon 2 206 14 181 TN+F+I+G4 GTR+F+I+G4 

Codon 3 206 122 59 TIMe+G4 SYM+G4 

Non-coding 690 101 476 K3Pu+F+I+G4 HKY+F+I+G4 

Mascarene 

Demosponges 

Codon 1 204 6 196 TIM3+F+I+G4 GTR+F+I+G4 

Codon 2 204 89 89 TIMe+G4 SYM+G4 

Codon 3 204 130 31 TVM+F+G4 GTR+F+G4 

Non-coding 755 95 556 TIM3+F+R4 GTR+F+R4 

Mascarene 

Calcareans & 

Homoscleromorphs 

- 446 115 319 TIM3+F+G4 GTR+F+G4 

 

4.3.2.1 Phylogenetic relationships of Demospongiae in the Mascarene Islands 

The phylogenetic reconstruction obtained from the demosponges for the Mascarene 

Islands, Figure 21, grouped the different species up to the order level with strong support (UFB 

and PP). Both the ML and BI trees were congruent (Appendix 5) with fourteen orders obtained. 

Only one specimen, Cinachyrella sp. (S2Q7), did not comform to the classification of its 

morphological taxonomy as it clustered in a different order (Fig. 21), which was also observed 

in the 28S phylogenetic tree (Fig. 19c) done in Chapter Three. The Blast results for 

Cinachyrella sp. (S2Q7) with both CO1 and 28S were cross-checked (highest coverage, percent 
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identity and BIT values) with both resulting in a species (CO1 Cinachyrella sp. and 28S 

Penares Sollasi) found in the Tetractinellida order. Other specimens like Niphates sp. (R1S6), 

Petrosia sp.? (R2S2), Niphatidae (M4S8), Paratimea sp.? (M9S15) and Pachastrissa sp. 

(M9S18) showed paraphyletic/polyphyletic properties as they clustered away from their 

respective orders.  

Figures 21 and 22 show that there is generally a clear distinction of the demosponge 

species on each island, with island-specific lineages. Only two orders were observed to cluster 

specimens from all three islands: Tetractinellida (Theonella sp., Lithistida sp., Anaderma sp., 

Cinachyrella sp. & Paratetilla sp.) and Haplosclerida (Petrosia spp., Haliclona sp., 

Callyspongia spp., Xestospongia sp. & Neopetrosia sp.) and only four orders were observed to 

cluster specimens from only Rodrigues and Mauritius: Agelasida, Dictyoratida, Axinellida and 

Biemnida. The orders that were observed to group only specimens from only Reunion and 

Mauritius are Peocilosclerida, Clionaida, Suberitida, Chondrillida and Verongiida. Even 

though there is an affinity between the islands with respect to the orders described, a clear 

distinction was observed between islands. The remaining two orders were respective to one 

island only, with Spongillida and Tethyida found on Reunion Island.  
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Figure 21: ML tree of demosponges with concatenated CO1 and 28S for the Mascarene Islands. UFB >60 / PP 
>0.60 are shown. 
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4.3.2.2 Phylogenetic relationships of Calcarea & Homoscleromorpha for the Mascarenes  

The phylogenetic tree obtained for the calcareans and homoscleromorphs for the 

Mascarene Islands (Figure 22) formed two monophyletic clades, with strong support (100/1). 

The ML and BI trees were congruent (Appendix 6). The specimens were clustered up to family 

level for most clades except for the clade grouping specimens from the order Leucosolenida, 

which grouped different specimens up to order level only. As for the demosponges, most 

lineages appeared to be geographically confined to one island, except for specimens of Ute and 

Plakortis that could be found at multiple localities (Figure 22).  
 

 
Figure 22: ML tree of 28S sequences of Calcareans and Homoscleromorphs obtained from the Mascarene Islands. 
UFB 60 / PP >0.60 are shown 
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4.3.2.3 Phylogenetic relationships of Demospongiae in Rodrigues Island 

Both the ML and BI phylogenetic reconstructions were congruent (Appendix 7), with 

five main clades observed from six orders, all with high UFB and PP values (Figure 23). Five 

major clades and 14 species were resolved. Clade 1 clustered Agelas spp. from six sites around 

the island (thus being the most diverse clade in terms of number of sites), Clade 4 was the most 

diverse in terms of species number. Another interesting observation was the sister relationship 

of the Cinachyrella sp. (S2Q7) with another Cinachyrella sp. (R2S9), whereas in Figure 21, 

ML tree of demosponges with concatenated CO1 and 28S for the Mascarene Islands, S2Q7 was 

the only specimen not clustering with respect to its morphological taxonomy.  

Clade 1 is the largest clade and contains only specimens of Agelas (Order Agelasida). 

Two main species of Agelas were observed in abundance in Rodrigues (as described in Chapter 

Two), namely Agelas cf. braekmani and Agelas aff. cavernosa. The two species are seemed to 

be common around the island, as they were sampled at most sites (Figure 23). The Ircinia and 

Spongia spp., which are both from the order Dictyoceratida, were clustered in Clade 2. The 

Ircinia sp. (S2a) sampled at Site 2 differs to Ircinia sp. found at Sites 1, 4 and 7 with strong 

UFB and PP support values (100/0.90) and the intraspecific variation within that species was 

shown to be 10% (Chapter three, Table 3). Clade 3 is a small clade comprising of the species 

from the subclass Heteroscleromorpha with two orders clustered, Axinellida and 

Haplosclerida. Four species were clustered in Clade 4; namely Cinachyrella spp., Haliclona 

spp., Callyspongia spp. 1 and one Petrosia. All four are from the subclass Heteroscleromorpha, 

and the species Haliclona sp., Callyspongia sp. 1 and Petrosia sp. are from the order 

Haplosclerida; whereas Cinachyrella spp. are from the Tetractinellida. The Cinachyrella spp. 

(R2S9 & S2Q7) both showed different lineages which the ABGD analysis (Table 4) confirmed 

and a 5% genetic variation between the species observed (Table 3). Clade 5 contains only 

Biemna spp. (order Biemnida), with Biemna tubulata (S1Q10) showing a different lineage with 

strong support (100/1). Only the order Haplosclerida was shown to be polymorphic for the 

sponge specimens found in Rodrigues; which was also observed in Chapter Three. From the 

14 species obtained from morphological taxonomy, 16 were obtained when combining the 

molecular (Chapter Three) and morphological (Chapter Two) taxonomy together.  
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Figure 23: ML tree of demosponges with concatenated sequences from CO1 and 28S for Rodrigues Island. 
Ultrafast bootstrap values (UFB) >60 / posterior probabilities (PP) >0.60 are shown. Block colour delineates 
clades with respective orders: Clade 1 (Agelasida), Clade 2 (Dictyoceratida), Clade 3 (Axinellida & 
Haplosclerida), Clade 4 (Haplosclerida & Tetractinellida) & Clade 5 (Biemnida) 

 

4.3.2.4 Phylogenetic relationships of Demospongiae in Mauritius Island 

The phylogenetic tree (Figure 24) reveals seven clades from 28 species comprising of 

twelve orders. Both the ML and BI phylogenetic trees were congruent (Appendix 8). Clade 6 

was observed to cluster specimens sampled from five sites around the island; thus being the 

clade with specimens from the most sites and also the highest number of species. 

The first clade comprises mainly of Acanthostylotella cornuta specimens which were 

found at Sites 1, 3 and 4. The other species in that clade is an Agelas, thus making this clade 

only of specimens from the Agelasida order. The second clade grouped all the Petrosia spp., 

sampled at Sites 5, 7 and 9, and also of one Xestospongia sp. and a Xestospongia sp.nov. which 

were both sampled at Site 4. The Haplosclerida order was clustered in Clade 2. The specimens 

from the Petrosia genus (Clade 2) formed two lineages within the same clade with high support 
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values obtained (95/1); which was also confirmed by the species delimitation analyses done in 

Chapter Three (Tables 3 & 4). Most samples clustering in Clade 3 were collected at Site 1, 

except for one species of Spheciospongia which was found in Site 7. Clade 3 grouped only 

species from the subclass Heteroscleromorpha (Spheciospongia spp., Iotrochota baculifera and 

Suberitus sp.) but from different orders; with the Spheciospongia spp. from the Clionaida order, 

Iotrochota baculifera from Poecilosclerida and Suberitus spp. from Suberitida. Four species 

(Anaderma sp., Ectyoplasia coccinea, Halichondria sp. and Paratetilla sp.nov.) clustered in 

Clade 4, which were collected at different sites around the island, with a potential new species 

Paratetilla sp.nov. found at Site 7. The Paratetilla sp.nov. and Anaderma sp. are from the 

Tetractinellida order, Ectyoplasia coccinea from Axinellida and Halichondria sp. from 

Suberitida. Clade 5 is a monophyletic cluster comprising of two Biemna species, Biemna 

tubulata and Biemna triraphi as sister species, with good UFB/PP support (100/1), with both 

from the Biemnida order. Clade 6 contains five different species which are from the 

Verongimorpha subclass. The Halisarca sp. and the Chondrilla sp. are from the Chondrillida 

order, the Suberea aff. musca and Ianthella sp. are from the Verongiida order, Condrosia spp. 

from Chondrosiida, Paratimea sp. from Axinellida and a species of Niphatidae which is from 

the Haplosclerida. This makes this clade the most diverse one regrouping five different orders. 

Interestingly, the two Chondrilla spp. sampled at Site 6 (M7S11 & M7S15) which formed a 

sister relationship in Fig. 24 were shown to be of two different lineages from both the 28S (Fig. 

19d) and CO1 (Fig. 18b) phylogenetic trees. The last grouping, Clade 7, contains three species 

(Ircinia, Thorectid and Luffariella) all from the Dictyoceratida order. From the 28 species 

obtained from morphological classification, 31 species were observed using the results 

obtained from the species delimitation analysis.  
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Figure 24: ML tree of demosponges with concatenated sequences from CO1 and 28S for Mauritius Island. UFB 
>60 / PP >0.60 are shown. Clade 1 (Agelasida), Clade 2 (Haplosclerida), Clade 3 (Clionaida, Poecilosclerida & 
Suberitida), Clade 4 (Tetractinellida, Axinellida & Suberitida), Clade 5 (Biemnida) & Clade 6 (Chondrillida, 
Verongiida, Chondrosiida, Axinellida & Haplosclerida). 

 

4.3.2.5 Phylogenetic tree of Demospongiae for Reunion Island 

The concatenated COI and 28S phylogenetic tree for specimens sampled from Reunion 

Island recovered eight well supported clades, containing 23 species and 11 orders (Fig. 25). 

Both the ML and BI phylogenetic trees were congruent (Appendix 9). 

Clade 1 contains only Petrosia spp. which were collected at different sites on the west 

coast of the island. The Petrosia spp. separated into two different clades with high support 

values (100/1); with RE3S6 & RE7S6 phylogenetically distant from the main Petrosia cluster. 

Another Petrosia sp. (RE7S3) was also observed to separate from the main Petrosia cluster 

with high support values (100/1); however, no difference was found between RE7S3 and the 

main Petrosia cluster from the species delimitation analyses (Tables 3 & 4) carried out in 

Chapter Three. Clade 2 grouped three species, one Haliclona and two Callyspongia. One of 

the Callyspongia sp. (RE4S5) showed more affinity highly supported (100/1) to a Haliclona 

sp. (RE6S2) than the other Callyspongia sp. (RE6S7); thus showing a different lineage of the 
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Callyspongia occurring. The Haliclona sp. (RE6S2) was shown to form a separate lineage in 

the species delimitation analyses carried out with a high intraspecific variation of 12% obtained 

(Tables 3 & 4). Clade 3 also contains two Petrosia spp. (RE3S6 & RE7S6) clearly indicating 

two lineages of the Petrosia occurring as explained above. One Neopetrosia sp. also grouped 

in Clade 3. Clade 4 contains only one Xestospongiae sp. which was collected at Site 7. All 

species found in Clades 1 to 4 are from the Haplosclerida order. In Clade 5 species collected 

at Sites 5 and 6 were observed: with Placospongia sp. and Spirastrella sp. both from the 

Clionaida order, Ephydatia sp. from the Spongillida order and the Suberites and Prosuberites 

species from the Suberitida. Only samples which were collected in Site 1 clustered in Clade 6; 

two species of Haliclona (Haplosclerida) and one Tedania (Peocilosclerida). Clade 7 comprises 

of the Theonella sp. and Cinachyrella sp. which are from the Tetractinellida order, then 

Lithistida sp. from the order Lithistida and a potentially new Svenzea sp.nov. from Scopalinida. 

Clade 8 grouped one species from Site 1 (A. verongida, order Verongida) and two species 

sampled at Site 5, Chondrilla australiensis from Chondrillida and Timea cf. tethyoides from 

Tethida. From the 23 species identified morphologically in Chapter Two, 28 different lineages 

were observed.  
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Figure 25: ML tree of demosponges with concatenated CO1 and 28S for Reunion Island. UFB >60 / PP >0.60 
are shown and values >90 for UFB and >0.90 for PP are supportive. Clade 1 (Haplosclerida), Clade 2 
(Haplosclerida), Clade 3 (Haplosclerida), Clade 4 (Haplosclerida), Clade 5 (Clionaida, Spongillida & Suberitida), 
Clade 6 (Haplosclerida & Peocilosclerida), Clade 7 (Tetractinellida, Lithistida & Scopalinida) & Clade 8 
(Verongida, Chondrillida & Tethida). 
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4.4 Discussion 

In this Chapter, a regional phylogeny was first constructed to examine the relationships 

of the sponge specimens obtained from the Mascarene Islands. This was done in order to better 

understand the regional phylogenetic relationships between sponges found on each island. The 

first hypothesis was that the sponges sampled from Mauritius would be phylogenetically closer 

to the ones found in Reunion Island, given the proximity of the two islands compared to 

Rodrigues which is geographically more isolated. Broadly, the results showed that each island 

had island-specific sponge lineages, but also that there were some examples of mixing. The 

second hypothesis for this chapter was that the species diversity obtained from the molecular 

data would be higher than the species diversity obtained from the morphological taxonomy. 

The reasoning behind is due to the conservative methods used for morphological taxonomy 

which does not necessarily discriminate between cryptic lineages. Again, my findings support 

this hypothesis, with numerous instances of intra-specific lineages that are as divergent as 

recognised species.   

 

4.4.1 Phylogenetic relationships and patterns of sponges in the Mascarene Islands 

It was interesting to note that the species diversity recovered followed that of the larger 

picture of sponge diversity. For example, the Demospongiae is the biggest class of the system 

Porifera and comprises of nearly 81% of all sponges identified with approximately 7,000 

species (Cárdenas et al., 2012; Morrow and Cárdenas, 2015), with the Haplosclerida and 

Tetractinellida orders, comprising  2,776 and 2,028 species  respectively, described so far (van 

Soest et al., 2019). This could potentially explain not only the high number of orders of 

demosponges recovered in the phylogenetic analyses (Fig. 21), but also that the two largest 

orders were found on all three islands.  

Another interesting observation made was the classification of sponges based on the 

phylogenetic reconstruction which generally corroborates with the morphological 

classification (spicules and skeletal analyses) obtained from Chapter Two. However, the 

opposite was also observed where some specimens did not group into their respective orders; 

for instance, specimens from the Haplosclerida order with Niphates sp. (R1S6), Petrosia sp.? 

(R2S2) and Niphatidae (M4S8). The species Niphates (R1S6) and Niphatidae (M4S8) were 

shown to contain two lineages, each at the species level (Chapter Three, Table 4), with a high 

genetic variance (18%) between the Niphates species obtained. Even though this order is highly 

diverse (Hooper and van Soest, 2002), resolving the Haplosclerida taxonomy and family 

composition remain challenging (Erpenbeck et al., 2016; Redmond et al., 2013) with studies 
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suggesting that this order is polyphyletic (Raleigh et al., 2007). Moreover, demosponges have 

been shown for being prone to convergent evolution (Morrow et al., 2012) and for having 

secondary loss of spicules thus making the morphological taxonomy susceptible to errors 

(Erpenbeck et al., 2006b). Another interesting observation was made with the Dictyoceratida 

order, which is also known for being a challenging group with regards to its taxonomy due to 

the lack of mineral skeleton for most species in that order. All the species from that particular 

order clustered separately with high support values, thus making the molecular taxonomy an 

important method for properly identifying species (Erpenbeck et al., 2012b; Redmond et al., 

2013).  

Only two species in Rodrigues were observed to be phylogenetically distant from the 

specimens grouping in their respective orders, mainly the Ircinia sp. (S2a) and the Cinachyrella 

sp. (S2Q7) (Fig. 23). The Ircinia sp. (S2a) showed strong divergence from the main Ircinia 

cluster. The Cinachyrella sp. (S2Q7), on the other hand, clustered with other Cinachyrella 

species in the CO1 phylogeny, however a strong divergence was noticed in the 28S phylogeny 

for the Mascarenes (Fig. 19d). The 28S marker has also been reported to pick up differences 

between species as explained in Chapter Three. The Cinachyrella and Ircinia species were 

shown to be composed of different lineages when combining both the morphological and 

molecular taxonomy, with cryptic species in the genus Cinachyrella reported in recent 

publications (Carella et al., 2016; Schuster et al., 2017; Santodomingo and Becking, 2018). 

In Mauritius, the Condrilla genus was observed to be composed of two different 

lineages even though they were sampled at the same site (Fig. 24). This genus was also reported 

to be composed of different species in Australia where the traditional taxonomy methods could 

not differentiate between them due to the paucity of phenotypic characters (Usher et al., 2004). 

Strangely, one Thorectid specimen was phylogenetically closer to one Ircinia sp. in Clade 7 

instead of the other Thorectid sampled. This is due to the Thorectid and Ircinia genus, which 

belongs respectively to the Thorectidae and Irciniidae families, being phylogenetically close to 

each other under the Dictyoceratida order (Wörheide et al., 2012) with the Thorectidae family 

still unresolved (Erpenbeck et al., 2012b). The Petrosia genus for Mauritius was shown to form 

two lineages which was also confirmed by the species delimitation analyses (Tables 3 & 4) 

carried out in Chapter Three, thereby increasing the diversity of sponges observed in Mauritius.  

From the eight major clades produced in the phylogenetic reconstruction from the 

demosponges collected in Reunion Island (Fig. 25), two of them (Clade 1 & 3) contained 

Petrosia species with potentially eight different species (Table 4) from the Petrosia genus 

including Petrosia (Strongylophora) and Petrosia (Petrosia) microxea. The Petrosia genus 
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comprises of 120 described species to date (van Soest et al., 2019), which may explain the 

diversity of that genus around the island; with different lineages of Petrosia species reported 

in other studies (Redmond et al., 2011). In a study done by Riesgo et al. (2019), they found 

that the species Petrosia ficiformis revealed high levels of inbreeding and population 

differentiation in the Mediterranean sea.  

The classes Calcarea and Homoscleromorpha were grouped in a single phylogeny 

mainly because they previously have been reported to have a close phylogenetic relationship 

(Philippe et al., 2009; Pick et al., 2010) and also because the mitochondrial marker does not 

amplify most calcareans. The phylogenetic tree (Fig. 22) clearly differentiates with high 

support values (100/1) the specimens obtained from Calcarea and Homoscleromorpha. The 

28S marker was proved useful in generally distinguishing between the species up to family 

level, even though only the family Plakinidae was found on all three islands for the 

Homoscleromorpha. This is explained by the fact that the newly elevated class 

Homoscleromorpha consists of only two families, the Plakinidae and the Oscarellidae (Ruiz et 

al., 2017), with the former comprising of more species described so far (van Soest et al., 2019). 

The 28S marker seems suitable in distinguishing between the Homoscleromorpha order up to 

genus level, which has also been reported in other studies (Gazave et al., 2010).  

Although most of the lineages recovered in this study were constrained to only one of 

the islands, a minority of lineages were shared between them. Within the context of my 

hypothesis, that Reunion and Mauritius have sponge faunas that might be more closely related 

(when using distance and island age as a proxy), the results (Figs. 21 & 22) obtained from this 

chapter reinforced this hypothesis with few lineages being shared between Rodrigues and 

Reunion. This was expected due to the distance separating those two islands, with Mauritius 

being in the middle (Fig. 1) and closer to Reunion Island. Furthermore the results obtained 

reinforced the scenario proposed by Agnarsson and Kuntner (2012), where they suggested that 

dispersal will be strong from Mauritius towards Reunion and less evident from Reunion to 

Rodrigues. 

The phylogenetic tree (Fig. 21) shows only few orders grouping sponge faunas from 

Mauritius and Rodrigues, whereas most of the clades grouped species obtained from Reunion 

and Mauritius Islands and with a general trend for species to cluster accordingly to their 

respective islands. My findings support recent work that demonstrates that sponge species 

which were once believed to be widespread in the Indo-Pacific based on morphological 

taxonomy, in fact consist of cryptic lineages often confined to specific geographic locations 

(Setiawan et al., 2016; Erpenbeck et al., 2017).   
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4.4.2 Diversity of sponges in the Mascarene Islands: potential evidence for cryptic speciation 

The initial hypothesis is that the diversity of sponges obtained in the phylogenetic trees 

will be higher than the diversity obtained from the morphological taxonomy in Chapter Two, 

as sponges have been reported to contain numerous cryptic species (Pöppe et al., 2010; Xavier 

et al., 2010; Núñez Pons et al., 2017; Pearman et al., 2018). A total of 54 species (identified 

using morphological taxonomy) were included in the phylogenetic tree for demosponges, with 

different monophyletic (separating from main grouping in a separate clade/group) lineages 

obtained from the phylogenetic tree with the Ircinia and Cinachyrella spp. from Rodrigues, 

Chondrilla sp. from Mauritius, and Petrosia and Callyspongia spp. from Reunion. Moreover, 

different lineages for species found in Rodrigues (Cinachyrella & Ircinia), Mauritius 

(Petrosia) and Reunion (Petrosia & Haliclona) were confirmed in the species delimitation 

analyses done in Chapter Three (Tables 3 & 4), increasing the number of lineages 

corresponding to species from 54 to at least 64.  This clearly shows that species richness, 

estimated from morphology, was underestimated. Partly this is due to only being able to 

identify some specimens to genus level, but the phylogenetic reconstructions clearly 

demonstrate intra-specific variation that is likely to signal species level divergence.  However, 

given that sponges have been reported to differ in their evolutionary rates (Erpenbeck et al., 

2008), it is difficult to confidently assign all instances of divergence to species and it is not 

unlikely that some of the signals recovered may indicate deep population structure. 

Even though the morphological taxonomy was generally congruent with the results 

obtained from the phylogenetic analyses, divergent lineages were observed among identified 

species. An increasing number of studies are adopting an integrative approach combining 

morphological taxonomy with phylogenetic reconstructions to gain more information on the 

classification of sponges; with results showing a general trend of more lineages obtained from 

the molecular analyses (de Paula et al., 2012; Debiasse and Hellberg, 2015; Uriz et al., 2017; 

Shaffer et al., 2019). 
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4.5 Conclusion 

In general, the morphological taxonomy obtained in Chapter Two reflects the molecular 

taxonomy obtained from the phylogenetic trees, with species clustering to their respective 

families and orders. Using both the morphological taxonomy and phylogenetic reconstructions 

proved useful in differentiating and classifying sponges. The sponges in Mauritius were found 

to be closer to the ones in Reunion Island most probably due to the proximity of the two islands 

compared to Rodrigues which is geographically more isolated. This also reinforced the 

scenario proposed by Agnarsson and Kuntner (2012) suggesting a strong dispersal mechanism 

from Mauritius to Reunion. The phylogenetic tree for demosponges of the Mascarene Islands, 

showed that few clades grouped samples from all three islands and even fewer were shared 

between Rodrigues and Reunion. For all three islands, the diversity of sponges obtained in the 

phylogenetic trees was higher in diversity compared to the morphological taxonomy obtained 

in Chapter Two.  
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Chapter FIVE: Phylogeography of Leucetta chagosensis in the Indo-Pacific 
 
“Our histories cling to us. We are shaped by where we come from.” Chimamanda Ngozi 
Adichie 
 
This chapter has been submitted in a modified form: Pasnin O., O. Voigt, G. Wörheide, A. Murrillio and S. von 
der Heyden. Global Phylogeography of the lemon sponge Leucetta chagosensis: from the Indian to the Pacific 
Oceans.  
 

5.1 Introduction 

5.1.1 Introduction to phylogeography 

The quote above summarises the beauty of chapter five, which aims at understanding 

the history that has shaped the species Leucetta chagosensis (L. chagosensis) across its 

different geographic locations. But before doing so, we need to have an overview of the 

different factors that may have influence the distribution of that particular species and also a 

proper introduction to the term phylogeography. 

 Phylogeography, a termed coined by Avise et al. (1987), is a well-established field that 

looks at the distribution of species of interest across their distribution range and how they are 

related at the genetic level with regards to their spatial distribution. In other words, it enables 

us to understand the evolutionary origins of species and measure their spatial relationships 

using phylogenies produced. This has important implications as it allows scientists to decide 

where to concentrate their effort for the preservation of biodiversity and plan effective 

conservation strategies (von der Heyden, 2009); particularly in a marine environment which is 

highly threatened (Doney et al., 2012) such as the Indian Ocean.  

The Indian Ocean is neglected in terms of biogeographic and phylogeographic studies, 

particularly compared to the rest of the Indo-Pacific region (Wilson and Kirkendale, 2016). 

This lack of information is particularly concerning within the context of anthropogenic 

pressures, including climate change impacts (Chambers et al., 1999; Rao et al., 2012; Rydbeck 

et al., 2017; Zhang et al., 2018)  and over-exploitation (Spencer et al., 2005; Fonteneau et al., 

2008; Sharma et al., 2018). 

 

5.1.2 Phylogeographic studies of Porifera in the Indo-Pacific  

Even though there is an intensive literature on phylogeographical studies undertaken in 

the Indo-Pacific region, it is limited with regards to the phylum Porifera. The demosponge 

Astrosclera ‘willeyana’, which is a coral reef sponge mainly found in the Indo-Pacific region, 

was shown to be composed of two cryptic species, one in the Red Sea and the other on the 
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Great Barrier Reef, using sequences obtained from the ITS region (Wörheide et al., 2000). In 

another study undertaken by Becking et al. (2013), the demosponge Suberites diversicolor, 

sampled from marine lakes found in Indonesia, Singapore and Australia, was screened with 

two mitochondrial and two nuclear markers. The results showed that the population comprised 

of two strongly divergent lineages mainly separating the species found in Australia from the 

other regions. In a more recent study carried out by Swierts et al. (2017), 395 sequences 

obtained from the giant barrel sponge with partial CO1 and ATP6 markers, were used to assess 

any differentiation with the species sampled from the tropical Atlantic and the Indo-Pacific. 

The results showed that even though there is different clustering of lineages of the giant barrel 

sponge from the various biogeographic locations sampled, they do not form separate 

monophyletic lineages. This has important implications as it shows that the various lineages of 

the giant barrel sponge were already formed before any physical separation of the Indo-Pacific 

and tropical Atlantic. Other phylogeographical studies which were carried out in the Indo-

Pacific were focused on the species L. chagosensis and will be discussed into more details later 

in this chapter. The main findings of the studies described above support genetic breaks 

occurring in various geographic regions with regards to sponges. In order to better understand 

those breaks, it is important to look at the current patterns influencing the transfer of larvae in 

the Indo-Pacific region.  

 

5.1.3 Oceanography in the Indo-Pacific  

The Indian Ocean, unlike the Atlantic and Pacific, is surrounded by three continents: 

Africa, Asia and Australia. This ‘closed’ system has enabled a water flow which allows the 

mixing of the surface waters, as can be observed in Figure 26, particularly in the WIO. For the 

purpose of this chapter, only the main currents that might have an influence on the distribution 

of L. chagosensis are described. The South Equatorial Current (SEC) is the dominant current 

flowing east to west across the Indian Ocean and carries waters from the Indonesian region 

westward across the Mascarene Plateau, where Rodrigues Island is found, and continues 

onwards towards Madagascar (Schott and McCreary, 2001). The Somali Current (SC) flows 

downwards the African coast. The South Equatorial Counter Current (SECC) flows in the 

opposite direction of the SEC, thus moving the surface waters of the upper Indian Ocean in an 

eastern direction towards the central Indo-Pacific. The East African coastal current (EACC) 

flows on north of Madagascar up the east African coast.  
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Figure 26: Main surface currents affecting distribution of L. chagosensis. Main currents: SC Somali current, 
EACC East African coastal current, SECC South Equatorial counter current and SEC South Equatorial current, 
NEC North Equatorial current, ECC Equatorial counter current and EAC East Australian current 

 
The Pacific Ocean is the largest ocean and is found between the Australian/Asian and 

American continents. The main currents that may influence the distribution of the L. 

chagosensis in that region are the East Australian Current (EAC), the North Equatorial Current 

(NEC) and the Equatorial Counter Current (ECC) (Fine et al., 1994). The EAC flows from the 

north of Australia and flows along the eastern coast downwards and the NEC flows from east 

to west in the Pacific Ocean and moves up the Asian continent where it merges with the 

Kuroshio Current (KC). The ECC moves in the other direction than the NEC, thus flows from 

west to east, from the Asian to American continent.  

 

5.1.4 Leucetta chagosensis 

The marine sponge Leucetta chagosensis (Order: Clathrinida, Family: Leucettidae) 

which forms part of the class Calcarea, was first reported by Dendy (1913) during an expedition 

in the Indian Ocean where sponge samples of L. chagosensis were collected on the Chagos 

Archipelago. The sponge was later reported in the Indo-Pacific region as well as other places 

of the Indian Ocean (Fig. 27) (Wörheide et al., 2002; Trentin and Massé, 2018; van Soest and 

de Voogd, 2018). Due to its bright lemon-yellow colour, L. chagosensis is also commonly 

known as the lemon sponge (Fig. 28) making it easily distinguishable from other sponge 

species and easily observed on field. 
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Figure 27: Distribution of L. chagosensis across ecoregions classified by Spalding et al. (2007) and the different 

provinces with a colour gradient  
 

The sponge is usually found in shaded areas (Wörheide et al., 2002) at depths below 15 

m (Wörheide et al., 2008). L. chagosensis has recently been observed in Rodrigues (van Soest 

and de Voogd, 2018) and Reunion Island (Trentin and Massé, 2018). It is also assumed to have 

limited dispersal capabilities as other calcareans (Borojevic et al., 2000) and is exclusively 

viviparous (Wörheide et al., 2002). 

 

 
          Figure 28: Pictures of L. chagosensis in its natural habitat (Rodrigues Island) 
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The sponge L. chagosensis is an excellent choice for the phylogeographic study as it 

has been well studied in the Indo-Pacific region with three nuclear DNA marker datasets 

(Wörheide et al., 2002; Wörheide et al., 2008) and one mitochondrial DNA marker dataset 

available (Voigt et al., 2012). Moreover, the species has a good geographical range expanding 

from the Pacific to the Indian Ocean, covering four biogeographic realms, 11 provinces and 19 

ecoregions (Spalding et al., 2007; Spalding et al., 2012) as shown in Figure 27.  

Wörheide et al. (2002, 2008) showed that analyses of nuclear markers for L. 

chagosensis resulted in a complex grouping and suggested potential cryptic lineages, possibly 

driven by short pelagic larval duration (PLD) that would prevent mixing between sponges even 

over short distances. These papers also reported that more samples from the Indian Ocean 

would benefit in better understanding the broader evolutionary history of L. chagosensis, and 

the use of an additional mitochondrial marker alongside the nuclear region would probably 

better resolve the evolutionary relationships.  

 

Consequently, the aims of this chapter are to  

1.) assess if the L. chagosensis found in the Indian Ocean are isolated from the Central 

and East Indo-Pacific region  

2.) unravel the phylogenetic relationships of L. chagosensis using mitochondrial and 

nuclear markers with added samples from the Indian Ocean and test if the geographic breaks 

observed coincide with the marine ecoregions proposed by Spalding et al. (2007, 2012)  

 3.) assess the genetic structure and diversity of L. chagosensis within its known 

biogeographical range.  

 

I hypothesised that: 

 1.) The L. chagosensis found in the Indian Ocean have diverged from the ones found 

in the Pacific Ocean  

2.) L. chagosensis is composed of different cryptic lineages which are evolving 

separately in their different marine biogeographic regions  

and 3.) There is a high level of structure and genetic diversity of L. chagosensis found 

in the Indo-Pacific region. 
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5.2 Methodology 

5.2.1 Data generation 

A total of 25 specimens of L. chagosensis were collected in Rodrigues at various sites 

around the island. L. chagosensis was observed at one site in Reunion Island in a cave in the 

south east of the island but no specimens were collected due to the difficulty of surveying the 

cave. No L. chagosensis were observed in Mauritius. Fourteen specimens were obtained from 

Prof Nicole de Voogd from the Naturalis Biodiversity center and 176 sequences were obtained 

from Dr Oliver Voigt from the Ludwig Maximillian University of Munich. The locations of 

the samples are provided in Figure 29. 

 

 

Figure 29: Locations of L. chagosensis sampling sites with number of specimens 

 

5.2.2 DNA extraction & PCR amplification 

DNA was extracted using both the CTAB protocol (Winnepenninckx et al., 1993) and 

the NucleoSpin® Tissue kit (Machery-Nagel) using the manufacturer’s instructions. DNA 

extracted was eluted in 50 μl elution buffer, labelled and stored at 4°C until further use. DNA 

concentration and quality were tested using a Nanodrop (ND-1000) spectrophotometer and also 

by running 5 μl of DNA solution on a 1% agarose gel stained with ethidium bromide.  
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The two primers used for this study are the mtDNA partial cytochrome oxidase subunit 

III gene (cox3) and the nuclear 28S marker. The PCR amplifications were carried out in 20 μl 

volume reaction containing 2 μl of 1 x buffer, 2 μl dNTPs (0.1 mM), 1 μl BSA (10 mg/ml), 2 

μl MgCl2 (2 mM), 0.1 μl of Super-Therm BioTaq DNA polymerase (Super-Therm, JMR 

Holdings, London, United Kingdom), 1 μl of each primer (0.5 pmol), 2 μl of DNA and distilled 

water. The amplification profile for 28S was as follows: initial denaturing step of 94oC for 3 

min, 35 cycles (94oC for 30 s, 50oC for 20 s and 72oC for 60 s) and a final extension of 72oC 

for 5 min. For partial cytochrome oxidase subunit III gene (cox3), the amplification profile 

was: initial denaturing step of 95oC for 2 min, 35 cycles (95oC for 30 s, 42oC for 30 s and 72oC 

for 30 s) and a final extension of 72oC for 2 min.  

All PCR products were run on a 1% agarose gel (BioWhittaker Molecular Applications) 

and gel purification was carried out by carefully extracting the amplified bands from the gels 

using Biospin Gel Extraction Kits following the manufacturer’s instructions. The gel-purified 

products were sequenced on a ABI 3730 Capillary sequencer with Big Dye terminator 

chemistry at the Central Analytical Facility at Stellenbosch University.  

 

5.2.3 Phylogenetic reconstructions 

All sequences were aligned, and manually trimmed and edited in Geneious v11.1.5 

(http://www.geneious.com, Kearse et al., 2012). Further, every sequence was checked against 

the NCBI database using BlastN to check for species origin before any further analyses were 

performed. To check for the amplification of pseudogenes, every sequence was translated into 

peptide sequences to verify their reading frame and the absence of stop codons. The sequences 

of cox3 and 28S were concatenated in Geneious v11.1.5 and the best partition scheme and 

nucleotide evolutionary model was selected with IQ-Tree (Chernomor et al., 2016; 

Kalyaanamoorthy et al., 2017) under the BIC criterion. Maximum Likelihood (ML) and 

Bayesian Inference (BI) unrooted trees were constructed respectively using IQ-Tree (Hoang et 

al., 2018) with a 2000 ultrafast-bootstrap replicates and MrBayes (Huelsenbeck and Ronquist, 

2001; Ronquist and Huelsenbeck, 2003) with a chain length (three heated and one cold chain) 

of 10,000,000 and discarding the first 2,500,000 trees as burn-in. The trees were done for each 

separate marker first and then with the concatenated sequences to assess any difference. The 

ultrafast-bootstrap values for the ML tree were assessed with single branch tests (SH-like 

approximate likelihood ration test) implemented in IQ-Tree. The parameters for the Bayesian 

trees were checked using the Trace output and convergence was accepted when values for 

average standard deviation for split frequencies were well below 0.01 and effective sample size 
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values were above 200. All trees were visualised and edited using Figtree v1.4.4 

(tree.bio.ed.ac.uk/software/figtree/). 

 

5.2.4 Population structure and genetic diversity  

In order to assess the relationships among haplotypes, a TCS network was constructed 

in Popart 1.7 (Clement et al., 2002). DNAsp v6 (Rozas et al., 2017) was used to calculate the 

number of haplotypes per sampling region, and also the haplotype diversity and nucleotide 

diversity was calculated for each clades obtained in the phylogenetic tree. An AMOVA was 

conducted in Arlequin 3.5 (Excoffier and Lischer, 2010) and the populations were grouped into 

six groups following the different clades observed in the haplotype network and phylogenetic 

tree. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za



 - 102 - 

5.3 RESULTS 

5.3.1 DNA extraction and amplification 

DNA was successfully extracted from all 215 samples. 202 specimens were amplified 

with the 28S marker, 203 with the cox3 marker and 188 specimens were successfully amplified 

with both markers. The length of the fragments obtained were 306 bp for 28S and 412 bp for 

cox3, giving a total length of 718 bp when concatenated.  

 

5.3.2 Phylogenetic reconstruction 

The phylogenetic reconstruction for the cox3 and 28S markers separately (Appendices 

10 & 11) resulted in difference with the cox3 marker having more support from the bootstrap 

and posterior probability values and also showing more resolution in terms of groupings of the 

different samples; for instance, the 28S marker does not group the Philippines samples as a 

separate clade. The ML and BI tree (Appendices 12 & 13) from the concatenated sequences 

were congruent. The best partition scheme and model used for each marker is found in Table 

8 below: 

 
Table 8: Best partition scheme and model of evolution (ML Maximum Likelihood, BI Bayesian Inference) 

Best Partition Best model for ML tree Best model for BI tree 

codon1 (cox3)             TPM2u+F+G4         GTR+F+G4 

codon2+codon3 (cox3)             TPM3+F+G4 HKY+F+G4 

noncoding (cox3)             HKY+F+I+G4          HKY+F+I 

 

The concatenated tree provides evidence for six clades, with most lineages having high 

support values (Fig. 30). Clade 1 grouped most of the specimens from the Australian coast and 

Papua New Guinea. All the specimens from Vanuatu, Fiji, American Samoa and Polynesia 

grouped in Clade 2, clearly defining the east IP region as being geographically distinct. Clade 

3, which is also geographically distinct, clustered all the specimens found in the Indian Ocean, 

namely Red Sea, Maldives and Rodrigues. Clade 4 grouped some of the specimens from the 

Australian coast, found around the Great Barrier Reef region, and also samples from Papua 

New Guinea, Palau, Guam and Taiwan, clearly showing two different groupings from the 

Australian and Papua New Guinea region. Clade 5 comprised of the samples collected in 

Indonesia and Japan, even though the other regions which are found in between such as the 

Philippines and Taiwan grouped separately. Clade 6 is the most divergent clade and clustered 

only the specimens found in the Philippines. 
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Figure 30:  Unrooted ML phylogenetic tree from concatenated cox3 and 28S sequences.  Ultrafast bootstrap values (UBV) above 60 and posterior probabilities (PP) above 
0.60 are shown (UBV/PP). Main currents: SC Somali current, EACC East African coastal current, SECC South Equatorial counter current, SEC South Equatorial current, 
NEC North Equatorial current, ECC Equatorial counter current and EAC East Australian current
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5.3.3 Population structure and genetic diversity 

The haplotype network produced from the cox3 marker showed the same groupings of 

the different lineages as per the phylogenetic tree (Fig. 30) with six major groupings obtained. 

The haplotype network from cox3 is shown below (Fig. 31) as it generated more structure than 

the one obtained from 28S (Appendix 14). The most distinct clade is the one from Philippines 

(Clade 6) with 35 mutational steps obtained. The remaining five clades were also distinct 

showing high structure occurring at the various geographic regions sampled. 

 

 
Figure 31: Haplotype network from cox3 sequences with main clades circles coloured as per the phylogenetic 
tree in Figure 30. The different sampling regions are coloured according to the legend with the size of the circles 
representing the sampling size. The hatch-marks represent the mutational steps. Missing haplotypes are indicated 
by small black circles. 

 

In order to understand the sharing or not of haplotypes at each sampling sites and their 

respective clades, the different haplotypes obtained for each biogeographic region sampled is 

summarised in Table 9.  
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Table 9: Number of haplotypes obtained from cox3 and 28S for each study region with their respective clades 
obtained from the phylogenetic tree  

Study region Clade Haplotypes cox3 Haplotypes 28S 

Australia 1&4 H11(1) H12(1) H16(1) H17(32) 

H18(1) H19(1) H25(1) H26(3) 

H30(1) H31(1) H32(1) H33(3) 

H34(1) H35(4) H36(2) H37(2) 

H38(2) H39(17) H40(2) H41(2) 

H43(1) H44(2) H45 (1) 

H5(1) H11(1) H12(1) H13(1) 

H14(1) H15(1) H17(31) H18(2) 

H19(1) H23(1) H24(1) H25(3) 

H26(3) H30(3) H31(1) H32(1) 

H33(1) H35(6) H36(25) 

Papua New 

Guinea 

1&4 H9(2) H10(1) H15(4) H17(3) 

H39(1) H41(3) H42(2) 

H16(1) H17(9) H26(1) H27(2) 

H28(1) H34(1) H36(1) 

Vanuatu 2 H29(7) H30(1) H2(1) H3(1) H4(1) H5(2) H10(3) 

Polynesia 2 H28(8) H6(1) H7(4) H9(3) 

Fiji 2 H28(2) H1(2) 

American Samoa 2 H28(5) H8(2) H9(3) 

Rodrigues 3 H21(21) H22(1) H22(22) 

Rea Sea  3 H20(5) H21(5) 

Maldives 3 H23(6) H24(1) H7(7) 

Guam 4 H17(3) H17(3) 

Taiwan 4 H17(2) H17(2) 

Palau 4 H13(1) H17(1) 

Indonesia 4&5 H6(1) H7(2) H8(3) H14(2) 

H17(2) 

H17(4) H35(6) 

Japan 5 H5(1) H8(3) H29(4) 

Philippines 6 H1(6) H2(1) H3(1) H4(2) H35(10) 

 

Generally, few of the haplotypes are shared across the geographic regions sampled 

(Table 9, Figure 31). The main regions sharing the same haplotypes are found in Clade 2 with 

Polynesia, Fiji and American Samoa sharing same haplotypes, particularly with the cox3 

marker.  In addition, haplotypes are shared between Clades 1 and 4, where haplotypes from 

Australia and Papua New Guinea are shared. Clade 3, which contains regions from the Indian 

Ocean, are distinct from the other clades with no sharing of haplotypes even between the 

regions sampled (Rodrigues, Maldives and Red Sea), both with the cox3 and 28S markers 

(Table 9, Figure 31). The Maldives share one haplotype with Polynesia with regards to the 28S 

marker. Clade 5 (Japan and Indonesia) shares only one haplotype with the cox3 marker. Clade 

6, which is the most distinct one obtained from the phylogenetic tree (Fig. 30) and the haplotype 

network (Fig. 31), shares one haplotype with Australia and Indonesia with regards to the 28S 

marker (Table 9).  
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The genetic diversity of both markers used with respective to the clades obtained from 

the phylogenetic tree produced (Fig. 30) and the haplotype network (Fig. 31) is summarised in 

Table 10. Nucleotide diversity for both markers in general was low and ranged from 0 to 

0.04678.  Haplotype diversity for both markers was high and ranged from 0 to 0.9145 (Table 

10). 

 
Table 10: Genetic diversity of populations obtained in phylogenetic tree with cox3 and 28S 

 

Grouping 

# 

seq 

# 

haplotypes 

# variable 

sites 

Nucleotide  

diversity 

Haplotype  

diversity 

cox3 28S cox3  28S cox3 28S cox3 28S 

Global 188 45 36 102 26 0.04678 0.00606 0.9145 0.8810 

Clade 1 49 16 16 26 14 0.00580 0.00515 0.8367 0.7134 

Clade 2  23 3 10 3 13 0.00150 0.00614 0.5020 0.8933 

Clade 3 34 5 3 8 2 0.00501 0.00196 0.5811 0.5330 

Clade 4 62 14 8 54 9 0.01224 0.00162 0.5177 0.3443 

Clade 5 10 4 2 3 1 0.00272 0.00175 0.6444 0.5333 

Clade 6 10 4 1 2 - 0.00228 - 0.6444 - 

 

An AMOVA analysis was conducted with the different six clades as major groupings 

to assess the level of population differentiation among the six clades with respect to the markers 

used.  The results were high with a % variation of 86.21% (Fst 0.89 P<0.00) for the cox3 marker 

and a % variation of 47.56% (Fst 0.70 P<0.00) for the 28S marker. The results indicate high 

divergence between the six clades and also a high level of structure occurring at the different 

biogeographic regions.  

 

 

 

 

 

 

 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za



 - 107 - 

5.4 DISCUSSION 

The results provide support for the findings in previous studies (Wörheide et al., 2002, 

2008; Voigt et al., 2012) that L. chagosensis is composed of cryptic lineages, that appear to 

have evolved independently. In order to better disentangle the phylogenetic and 

phylogeographic relationships of L. chagosensis, two different markers were used; that 

previously were shown to differ in their ability to resolve evolutionary histories of sponges 

(Wörheide et al., 2008; Voigt et al., 2012). With the use of concatenated nuclear and 

mitochondrial markers, a higher resolution phylogeny was constructed to understand the 

complexity of L. chagosensis. Given the short pelagic larval dispersal (PLD) of only a few 

days, mixing of larvae across large geographical areas seems unlikely, thus contributing to the 

isolation of lineages even in a relatively open system like the ocean. This is also the case for 

the Indian and Pacific Oceans where previous studies have emphasised on the biogeographic 

break found between those two oceans particularly with regards to the reef species studied; for 

example genetic breaks have been observed between the Indian and Pacific Oceans with reef 

fish species (Ahti et al., 2016; Borsa et al., 2016) and coral reef sea stars (Otwoma and 

Kochzius, 2016). 

 

5.4.1 Phylogeographic relationships of L. chagosensis across the Indo-Pacific region 

The first aim of this study was to assess the differences, if any, of the L. chagosensis 

found in the Indian Ocean from the Pacific Ocean. In previous studies undertaken by Wörheide 

et al., (2008), it has been suggested that the L. chagosensis found in the Indian Ocean are 

different from the ones found in Central Indo-Pacific region and Pacific Ocean as they grouped 

in a separate clade. However, no confirmation was made due to the low sampling of individuals 

obtained from that region and no mitochondrial markers were used in the previous studies. 

With twenty-two new sequences obtained from Rodrigues Island in the Indian Ocean, the 

results further support and confirmed that the L. chagosensis found in the Indian Ocean have 

evolved differently in its various geographic locations sampled and that they formed a separate 

cluster from the other clusters containing samples from the Pacific Ocean. 

The oldest sponge fossil discovered up to now was found to have lived on Earth around 

600 million years ago which is before the Cambrian period (Yin et al., 2015). With the 

Australian and Eurasian plates colliding in the mid Miocene period, the water flow between 

the Pacific and the Indian Oceans was reduced (Kennett et al., 1985). The water level dropped 

drastically during the Pleistocene period due to the glacial formation during that age and the 

Sunda shelf was exposed (Voris, 2000). This has led to the formation of a barrier between the 
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Indian and the Pacific Oceans, restricting gene flow or any asexual propagules and allowing 

genetic divergence to occur between species thus giving rise to speciation (Bowen et al., 2016). 

This can be observed with L. chagosensis where the Indian Ocean samples formed a separate 

clade from the other Indo-Pacific samples clearly showing a different lineage occurring. Those 

studies are important in understanding the evolution of species across the globe and how 

physical barriers and current circulation have shaped their evolution.  

 

5.4.2 Deep divergence and biogeographical overlap in cryptic lineages 

It is common among marine species that PLD influences population structure  (Selkoe 

et al., 2014) and distribution range (Faurby and Barber, 2012). The hypothesis is that L. 

chagosensis is composed of cryptic lineages, confined to different marine ecoregions, with a 

combination of short PLD and geographic distance shaping their distinct evolutionary histories. 

The phylogenetic tree produced (Fig. 30) reinforced this hypothesis and from Figure 32, the 

different clades obtained coincide with the provinces and ecoregions categorised by Spalding 

et al. (2007).  

 

 
Figure 32: Locations of the different clades formed from the phylogenetic tree across the ecoregions of Spalding 

et al. (2007) and the provinces with a colour gradient 
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In order to unravel the complex array of lineages, the six different clades (Figs. 30 & 

32) obtained are discussed below: 

Clade 1 

Clade 1 groups sponge specimens from Australia and Papua New Guinea only, thus 

spanning two ecoregions on the Australian coast and one found in Papua New Guinea; all being 

geographically close to each other (Fig. 32). The relative short distance between these regions 

and also the East Australian current (EAC) (Fig. 30) possibly supporting the transfer of larvae 

and/or buds (asexual fragments) from the eastern part of the Papua New Guinea to north and 

eastern part of Australia may explain the groupings of those two regions in a single clade. This 

clade is closer to Clade 2 which comprises of samples obtained from the Pacific Ocean, thus 

explaining their close affinity due to their proximity compared to other regions.  

Clade 2 

The specimens from Fiji, Polynesia, American Samoa and Vanuatu all clustered 

together in Clade 2 (Fig. 30) that correspond to the Tropical Southwestern Pacific ecoregion 

(Spalding et al., 2007). One probable explanation for this may include oceanographic currents, 

including the EAC and Equatorial Counter Current (ECC) (Fig. 30) which provides a 

mechanism for the transfer of larvae or asexual buds from Papua New Guinea and East 

Australia to the Pacific Ocean region.  

Clade 3 

All specimens obtained from the Indian Ocean grouped in a separate clade, thus 

providing support for our hypothesis that no lineages would be shared between the Indian and 

Pacific Oceans. Other studies also supports a genetic break between the Indian the Pacific 

Ocean, for instance (Gaither et al., 2011) showed that the Indo-Pacific barrier during the low 

sea level glaciation has shaped the evolutionary patterns of the reef fish Cephalopholis argus 

clearly showing two groupings of haplotypes with one for the Indian Ocean and the other the 

Pacific Ocean. The coral reef star Linckia laevigata has also been shown to have limited gene 

flow between those two oceans (Otwoma and Kochzius, 2016).  

Further, specimens from Rodrigues, the Maldives and the Red Sea were all in separate 

groupings with respect to their respective ecoregions (Fig. 32), suggesting that geneflow for L. 

chagosensis in the WIO is restricted. The fact the Red Sea specimens are distinct can be 

explained by physical barriers, such as the Strait of Bab al Mandab, which historically has 

played a major role in separating the Red Sea from the WIO (Siddall et al., 2003). Numerous 

phylogeographic studies have provided evidence for deep genetic divergence of Red Sea 

marine species (Dibattista et al., 2013, 2016; Fernandez-Silva et al., 2015). The L. chagosensis 
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sampled in Rodrigues is more closely related to those from the Red Sea than the Maldives, 

which is geographically closer. A probable explanation for this relationship may be seasonal 

mixing of the Red Sea and the Indian Ocean (Obura, 2012). Further, it has been shown that 

there is a high gene flow for the African Coris (Coris cuvieri) which is found in the Indian 

Ocean (Maldives, Seychelles and South Africa) and the ones found in the Red Sea, where long 

PLD has been suggested (Ahti et al., 2016). However, an appropriate outgroup is required for 

L. chagosensis as for now it is difficult to find a suitable one due to the high divergence of the 

cox3 marker with L. chagosensis (Voigt et al. , 2012). 

Clade 4 

Clade 4 comprises specimens mainly from the north east of Australia, but also including 

specimens from Papua New Guinea, Palau, Guam and Taiwan. This big clade groups most of 

the countries of the Indo-Pacific region and is highly supported both by the ML and BI analyses 

(Fig. 30). It is likely that the North Equatorial Current (NEC) promotes geneflow between these 

sites, in addition to their relative geographical proximity (Fig. 32). This clade has diverged 

significantly from Clade 1, which also contains samples from Australia and Papua New 

Guinea, clearly showing a distinction of two different lineages of L. chagosensis in the same 

biogeographic region.  One potential scenario could be the various glacial cycles occurring 

during Pliocene and Pleistocene period (Lambeck and Chappell, 2001; Lisiecki and Raymo, 

2005) have favoured the formation of two different lineages, particularly with a species living 

in shallow waters below 15 m. During the Pleistocene glacial period, sea level was lower and 

consequently the Torres Straits (Jennings, 1972) which is found between Australia and Papua 

New Guinea was more prominent and may have act as a physical land barrier for the dispersal 

of larvae/or buds between those two regions. This might explain why there are two distant 

lineages of L. chagosensis which have evolved in Australia and Papua New Guinea.  

Clade 5 

The other clade grouping the central Indo-Pacific sponges is Clade 5 where specimens 

from Japan and Indonesia grouped together, which are found in two ecoregions which are close 

to each other (Fig. 32). With the NEC (Fig. 30) providing a mixture of the surface waters from 

Indonesia and Japan, one would expect closely related species between the biogeographic 

regions sampled in the central Indo-Pacific as in Clade 4. However, even though Clades 4 and 

5 are close to each other in the phylogenetic tree compared to other clades, there is a clear 

distinction between them (Fig. 30). With the numerous island formation in that region and the 

glacial minima and maxima, the complexity of speciation occurring on the different islands in 

that region is intensified. This complexity has also been reported in other studies for other 
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species found in the central Indo-Pacific region, e.g. the mangrove species Excoecaria 

agallocha (Guo et al., 2018), the small abalone Haliostis diversicolor (Hsu and Gwo, 2017) 

and the neon damselfish Pomacentrus coelestis (Sorenson et al., 2014). 

Clade 6 

Clade 6 contains only specimens from the Philippines, defining the ecoregion in which 

it is found as being biogeographically distinct; this clade is also the most divergent. As 

suggested by Wörheide et al. (2008), this divergence may be due to a long isolation of the L. 

chagosensis in the Philippines at an early period of time. The complexity of the Philippines 

archipelago has also been described in Payo et al. (2012) where the marine red alga Portiera, 

which the morphological taxonomy described as one species widely distributed in the Indo-

Pacific, has been shown to be composed of 21 species within the Philippines only after DNA-

based species delimitation. Moreover, the fact that this clade is monophyletic may suggest that 

the L. chagosensis found in the Philippines have undergone a long isolation from the nearby 

regions by a physical barrier preventing any mixture of larvae or asexual fragments.  

 

5.4.3 Genetic structure and diversity of L. chagosensis across its range 

This chapter also provided a unique opportunity to assess the genetic structure and 

diversity of this wide-ranging species. The haplotype network based on a single marker (Fig. 

31) clearly retrieves six lineages and showing the high levels of genetic structure, as evidence 

by the relatively large number of mutational steps between clades. High measures of Fst also 

support the hypothesis of highly structured populations. Most of the clades showed a relatively 

high haplotype diversity and a low nucleotide diversity, which may indicate that each clade has 

undergone population expansions (Grant and Bowen, 1998). Clade 6 (Philippines) has no 

values for the nucleotide and haplotype diversities as no variable sites were detected with 

regards to the 28S marker for that particular region. This might suggest a severe bottleneck 

effect occurring but more samples from that region are required to re-enforce this suggestion. 

One scenario is that the L. chagosensis found in that region of the Philippines diverged earlier 

in time and then went through an extreme bottleneck or founder event which reduced the 

population consequently with no mixing of larvae from other regions. Clade 4 (Australia, 

Papua New Guinea, Guam, Palau, Taiwan and Indonesia) was the only clade showing a high 

nucleotide diversity value, with regards to cox3. This region comprises of the Great Barrier 

Reef and also the part of the Coral Triangle. The latter is famous as being a region rich in 

marine biodiversity (Bellwood et al., 2012; Briggs and Bowen, 2013), hypothesised as being 

the centre of overlap between the Indian and Pacific Oceans (Gaither and Rocha, 2013), centre 
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of origin (Briggs, 2000) and centre of survival (Bellwood and Meyer, 2009; Evans et al., 2016). 

With regards to the L. chagosensis found in the Coral Triangle region, four clades were formed, 

with only Clade 4 having a high nucleotide diversity.  

 

 

5.5 Conclusion 

In this chapter, the phylogenetic relationships of L. chagosensis across its known 

biogeographic range was unravelled. The results suggest several lineages emerged which are 

in concordance with the marine ecoregions. The main processes affecting the groupings are 

potentially current circulation and physical barriers. The inclusion of specimens from the 

Indian Ocean provides further evidence of additional divergent lineages, thus reinforcing the 

call for further phylogeographic studies in this region, specifically to better understand the 

evolutionary patterns of connectivity to other parts of the Indo-Pacific Oceans. It is crucial to 

understand the phylogenetic relationships of a species for detecting cryptic lineages and also 

delineating biodiversity regions. By doing so, it is possible to build biodiversity inventories 

against which change can be measured.  
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Chapter SIX: Summary & Conclusion 
 
“You become responsible, forever, for what you have tamed” Antoine de Saint-Exupéry 
 

The overall aim of the PhD was to establish baseline information for sponges in the 

Mascarene region. In order to achieve this, the objectives of this PhD were to: i) assess the 

biodiversity of sponges in the Mascarene Islands using morphological taxonomy ii) confirm 

the morphological taxonomy using global phylogenies and assess the placement of the 

Mascarene sponges on a global scale iii) assess the regional phylogenetic relationship of 

sponges in the Mascarene Islands and iv) use a well distributed sponge species to assess its 

phylogeography in the Indo-Pacific region. Specifically, this information can then be utilised 

for conservation and spatial management of coastal systems in the region. 

Our knowledge of biodiversity is essential for informing the management of marine 

sponges and the reefs they inhabit. A biodiversity survey was therefore undertaken around the 

three Mascarene Islands (Rodrigues, Mauritius and Reunion) to provide baseline biodiversity 

data for the sponge species present. Rodrigues Island was found to be less diverse as 

hypothesised, and the young age of the island as well as its small size compared to the other 

two islands were suggested as main reasons explaining the low diversity observed. The sites 

with rich sediment loading were found to contain only the Demospongiae class of sponges, 

providing some evidence that land-based activities can shape coastal sponge communities. 

Using only morphological taxonomy to assess sponge biodiversity resulted in 36% of the 384 

specimens being identified to species level. In contrast, 10 additional lineages were identified 

when using a combined approach of morphological and molecular taxonomy. This further 

supports the previous use of molecular data coupled with morphological taxonomy for 

obtaining more information on the taxonomy of sponges (Morrow and Cárdenas, 2015; 

Morrow et al., 2019; Shaffer et al., 2019).   

Phylogenetic approaches were utilised to examine the evolutionary diversity of 

Mascarene sponges in a regional and global context, specifically in order to obtain adequate 

information on the classification and relationship of the Mascarene sponges, and also their 

affinity with other sponges all around the world. Global molecular phylogenies were produced 

from 28S and CO1 markers with the molecular classification generally corroborating the 

morphological taxonomy obtained, although some orders displayed paraphyletic 

characteristics. As expected, several cryptic lineages were observed, across several taxonomic 

groups, which provides evidence that current sponge biodiversity is underestimated. These 

observations are a crucial addition to existing knowledge and demonstrate that the data 
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obtained from the morphological taxonomy is an underestimation of the sponge diversity. 

Moreover, the 28S marker was observed to delineate between the sponge faunas on all three 

islands compared to the CO1 marker where the distinction was less obvious. This observation 

is critical for future phylogenetic studies on global sponges as the use of the 28S marker may 

provide more-in depth information on the classification and evolutionary history of sponges, 

which are not observed with the standard CO1 marker alone. From a biogeographic 

perspective, the Mascarene sponges appear broadly confined to their region, as they were in 

general genetically distant from other specimens outside the WIO, although there were some 

examples of genetic similarity with other regions, for instance the Red Sea. In the regional 

phylogenies, there were two main observations made: firstly the sponges found in Mauritius 

showed more affinity to the ones obtained from Reunion and secondly the diversity of sponges 

obtained from the molecular phylogenies was higher than that obtained from the morphological 

taxonomy. Furthermore, understanding the phylogenetic relationship of the Mascarene sponges 

provides a baseline for any conservation plan, and in this case, particular consideration must 

be taken as the Rodriguan sponges were shown to be most isolated, with little of the sponge 

fauna shared with Mauritius and Reunion Islands. This is likely due to Rodrigues’s 

geographical isolation from the other two islands, thereby making the island ideal for 

undertaking phylogeographic studies that includes specimens from elsewhere in the Indo-

Pacific and beyond.  

The sponge, Leucetta chagosensis, was observed abundantly in Rodrigues and with its 

geographical range spanning the whole Indo-Pacific region, it was selected for a 

phylogeographic analysis. The specimens of this species from Rodrigues were compared with 

other specimens obtained from various geographical sites from all other the Indo-Pacific region 

spanning to its known geographical coverage. Six different lineages were observed from the 

phylogenetic tree constructed with the Indian Ocean specimens (Rodrigues, Red Sea and 

Maldives) forming a monophyletic clade. Moreover, a strong divergence was found within the 

geographical regions sampled in the Indian Ocean. A low nucleotide diversity was detected 

within the sampling regions which may indicate a rapid expansion of the populations after a 

period of low population density (Grant and Bowen, 1998). The results suggest several lineages 

emerged which are in concordance with the marine ecoregions proposed by Spalding et al. 

(2007) and are potentially shaped by the current circulation and physical barriers. The 

distinction of the Indian Ocean specimens highlights the importance for further 

phylogeographic studies in this region, specifically to better understand the evolutionary 

patterns of connectivity to other parts of the Indo-Pacific, which may have profound impacts 

Stellenbosch University https://scholar.sun.ac.za



 - 115 - 

on conservation strategies. These observations support for a need for a sustained effort in 

resolving sponge biodiversity globally.  

Overall, global and regional phylogenies were constructed to assess the phylogenetic 

relationship of marine sponges in the WIO region (Mauritius, Rodrigues & Reunion Island). 

Moreover, with the phylogenetic analyses, including ABGD, the morphological taxonomy 

could be cross-checked with sequences available from elsewhere globally. One constraint was 

the limited number of georeferenced sequences for sponges available on GenBank; as such, it 

is crucial that future evolutionary studies of sponges include exact geographical locations, and 

where possible, the environment from which samples were collected. The regional phylogenies 

supported the hypothesis that sponges would be largely confined to a geographical region. This 

PhD thesis provides new insights with regards to sponge biodiversity, phylogeny and 

phylogeography, and the data and information generated will help to strengthen integrated 

conservation planning for marine sponges. Furthermore, the findings provide an example for 

integrating genetic information, particularly for species with difficult taxonomical 

characteristics, into conservation planning for prioritising areas for conservation purposes. 

In summary, this PhD has contributed mainly to the following among other 

achievements: 

• Baseline information on the diversity of sponges in the WIO with special emphasis on 

the Mascarene Islands  

• The first comprehensive phylogenetic analysis of sponges of the Mascarene sponges 

• Discovery of new species and lineages with sequences available for further studies 

• Delineation of cryptic species thus adding to the global marine biodiversity inventory  

• Placing the evolution of marine sponge biodiversity in the Mascarene Islands into a 

larger biogeographic context 

• Unravelling the phylogenetic relationships of L. chagosensis lineages across its known 

biogeographic range  

• Understanding of the phylogenetic and phylogeographic relationships of the Mascarene 

sponges for conservation purposes. 

 

My favourite childhood book was “The little prince” by Antoine de Saint-Exupéry 

(1943), which reminds us of the above quote “You become responsible, forever, for what you 

have tamed”. In the context of the PhD, the final output is to use the information generated in 
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all the different chapters to strengthen conservation practices in the Mascarene region by 

integrating the sponge biodiversity present into the placement of MPAs.  

At a regional perspective, the sponge faunas on each island was compared to assess 

similarities and differences. First, a striking observation was made with the sponge composition 

on each island (Chapter Two, Figure 9). Mauritius and Reunion were found to harbour similar 

sponge composition with demosponges forming around 85-88% of the totality of sponges 

followed by homoscleromorphs 9-13% and the calcareans being the least observed, at only 2-

3% of the total biodiversity. The opposite was observed in Rodrigues with the Calcarea 

representing 13% of the sponges observed and the homoscleromorphs being only 2%. 

Consequently, careful consideration should be taken with regards to conservation of calcareans 

in the Mascarene region particularly with Rodrigues Island harbouring 85% of all calcareans 

observed on all three islands.  

Secondly, the phylogenetic reconstruction showed that sponge faunas were largely 

isolated (Chapter Four, Figure 21) and distinct to their respective islands (although there were 

a few exceptions). Of the 14 orders sampled in the Mascarenes, only two Tetractinellida and 

Haplosclerida were found on all three islands. Furthermore, from the phylogenetic 

reconstruction carried out (Figure 21), two orders were only observed in Reunion Island: 

Scopalinida with the new species Svenzea sp.nov. and Tethyida; and the order Chondrillida 

restricted only to Mauritius. The first take-home message from these findings is the importance 

of an island-based approach to the conservation of sponges in the Mascarene region, instead of 

having a regional conservation plan.  However, in order to develop a conservation approach 

for sponges on each respective island, proper identification of the species is required. 

In this PhD, morphological taxonomy was coupled with molecular information 

obtained from the sponges to obtain better insight on the classification of sponges. This 

approach was proved successful in delineating between species with various lineages of the 

same species observed with the Ircinia, Niphates, Cinachyrella, Xestospongia, Haliclona, 

Petrosia and Callyspongia. One of the limitations of that approach is the different evolutionary 

rates in sponges (Erpenbeck et al., 2008) which makes it difficult to confidently assign all 

instances of divergence to species. However, the findings support that the assessment of sponge 

biodiversity using only the traditional conservative morphological methods is not appropriate. 

The results obtained reflect the underestimation of the sponge species present. With 

approximately 19,000 species still to be described (Appeltans et al., 2012) and only around 

9,000 described so far (van Soest et al., 2019), the use of molecular barcoding alone to identify 

sponge species is not suitable.  Nevertheless, as has been shown in this PhD and which is also 
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the second important take-home message, coupling both morphological and molecular 

information provides novel information for better understanding the classification of sponges 

as well as delineating between species.  

To conclude, even though a holistic approach was undertaken for tackling the sponge 

diversity in the Mascarene region, the findings in this study suggest that each island should be 

regarded as a separate entity to protect and conserve its sponge biodiversity. For each island, 

the diversity was shown to vary from site to site with coastal sites that are highly sedimented, 

having decreased sponge diversity and only harbouring one class of sponge. Consequently, 

those regions may require less attention in terms of sponge conservation due to the limited 

number of sponge classes targeted. For each island, the sponge diversity was observed to be 

most diverse in areas having channels going through the reef with caves present. For all three 

islands, the sites surveyed inside the MPAs and regions nearby have been shown to generally 

harbour a rich diversity of sponges with demosponges, calcareans and homoscleromorphs 

present. Those regions are also rich in coral. Within the context of biodiversity, one constraint 

of my PhD was that the species richness seems to reach asymptote for Rodrigues Island but not 

for the other two islands (Figs. 16 & 17). Therefore, further studies are required for Mauritius 

and Reunion Islands to assess the full array of different sponge species present. Overall, this 

PhD further highlights the call for understanding the global sponge diversity particularly in 

understudied regions like the Western Indian Ocean and the isolated Mascarene Islands. 
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Appendices 

Appendix 1: Pictures of each specimen collected with GPS coordinates, depth and substrate 

below available on following link: 

https://drive.google.com/open?id=14bdQeLJIho7W_UtebhUvLq3AxvKi1zUd 

 

Appendix 2: Information on similar species observed on each island 
 

Legend 
  Similar genera between Rodrigues, Mauritius & Reunion 
  Similar genera between Rodrigues & Mauritius 
  Similar genera between Mauritius & Reunion 
  Similar genera between Rodrigues & Reunion 

Rodrigues Mauritius Reunion 
R3S7 Acanthella? M3S13 Acanthostylotella 

cornuta 
RE7S2 Amphimedon sp. 

R1S4 Agelas sp. M5S9 Agelas sp. RE4S8 Biemna sp. 

S1Q8 Agelas aff. cavernosa M9S13 Amphimedon sp. RE4S5 Callyspongia sp. 

S1Q6 Agelas cf. braekmani M2S19 Anamixilla torresi RE5S12 Chondrilla australiensis? 
S2d Amphimedon sp. M6S5 Axinella sp. RE1S6 Cinachyrella sp. 
R4S14 Axinella sp. M6S11 Axinyssa sp. RE1S5 Cliona sp. 

R1S7 Axinyssa sp. M5S1 Biemna sp. RE1S4 Cliona vagabonda? 

R4S5 Biemna sp. M1S12 Biemna triraphis RE7S4 Corticium sp. 

S1Q10 Biemna tubulata M3S5 Biemna tubulata RE2S4 Crambe sp.? 

S9Q6b Callyspongia sp 1 M9S14 Cacospongia sp.? RE4S13 Crambeidae sp. 

S2Q7 Cinachyrella sp. M2S10 Callyspongia sp. RE5S7 Crella sp. 
R2S5 Clathria sp.? M7S11 Chondrilla sp. RE8S2 Crella monanchora  

R1S8 Clathrina sp. M7S15 Chondrosia sp. RE4S6 Disyringa sp. 

R3S25 Corticium sp. M2S2 Cinachyrella sp. RE2S7 Dysidea sp. 

R1S14 Crambe sp. M1S15 Cinachyrella sp. 1 RE8S1 Ecionemia sp. 
R3S1 Desmanthus sp.? M1S22 Cinachyrella sp. 2 RE5S6 Ectyoplasia sp. 

S10Q11b Ectyoplasia coccinea M2S13 Citronia sp. RE6S5 Ephydatia sp.? 

S5Q10b family Niphatidae M9S9 Clathrina sp. RE7S7 Ernstia sp.? 

S2Q6 Haliclona sp. M1S11 Clionaidae sp. 2 RE6S3 family Suberitidae 
R3S19 Haliclona (Gellius) sp. M6S1 Crambe sp. RE5S13 Gelliodes sp. 

S2c Haliclona sp. 2 M7S7 Disyringa sp.? RE3S3 Haliclona sp. 

S9Q15 Hippospongia sp. M2S17 Dysidea sp. RE2S9 Hymeniacidon sp. 

S1Q2 Ircinia sp. M8S6 Ectyoplasia sp. RE8S5 Hyrtios sp. 
S4Q8c Leucetta chagosensis M2S7 Ectyoplasia coccinea RE4S4 Ianthellidae sp. 

R3S9 Leucetta pyriformis M9S21 Ernstia sp. RE1S2 Iotrochota sp. 

R4S17 Leucetta chagosensis M4S3 Euryspongia sp. RE1S1 Iotrochota baculifera? 
S9Q12 Lufariella aff. 

variabilis 
M9S18 Halichondria sp.? RE5S8  Lithistida or Corallistidae 

sp.? 
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S2b Luffariella sp. M8S7 Haliclona sp. RE3S5 Ircinia sp.  

S4Q8a Mycale (Naviculina) 
cf. flagellifera 

M2S3 Halisarca sp. RE1S7 Lamellodysidea herbacea 

R2S13 Mycale/Carmi sp.? M6S3 Haplosclerida sp. RE1S8 Lamellodysidea or Dysidea 
sp.? 

R4S11 Neofibularia sp.?  M1S26 Higginsia sp. RE7S11 Paraleucilla sp.? 

R1S5 Niphates sp.? M1S17 Hyrtios erectus RE2S1 Neopetrosia sp.? 

R2S2 Petrosia sp.? M5S5 Ianthella sp. RE8S8 Neopetrosia or 
Xestospongia sp.? 

R1S17 Plakinastrella sp. M1S18 Ircinia sp. RE7S5 Paratetilla sp. 
S8c Plakinastrella sp.nov. M2S20 Lissodendoryx sp. RE4S1 Petrosia sp. 
S2Q8 Spheciospongia sp. 1 

aff. vagabunda 
M1S5 Lotrochota baculifera RE3S6 Petrosia (Petrosia) 

microxea 
R2S3 Spirastrella sp.? M7S8 Luffariella sp. RE5S5 Petrosia (Strongylophora) 
S9Q6a Spongia sp. M8S3 Myrmekioderma sp. RE3S2 Placinolopha europae 
R3S27 Svenzea sp. M2S5 Myrmekioderma cf. 

dendyi 
RE5S9 Placospongia sp.? 

S6Q3 Ute insulagemmae 
sp.nov.  

M8S11 Neopetrosia sp. RE3S4 Plakinastrella polysclera? 

R3S15 Ute/Grantia sp.? M5S2 Niphates sp. RE4S10 Plakortis sp.   
M4S8 Niphatidae sp. RE1S9 Protosuberites sp.?   
M2S15 order Verongida RE2S3 Spheciospongia sp.   
M2S4 Oscarella sp.? RE5S11 Spirastrella plus 

Tethytimea?   
M9S7 Pachastrissa sp.? RE8S6 Stylissa sp.   
M3S4 Paratetilla sp. RE5S4 Suberea sp.   
M8S1 Paratetilla sp.nov. RE5S2 Svenzea sp.nov.   
M9S15 Paratimea sp.? RE4S3 Theonella sp.   
M6S14 Petrosia sp. RE8S3 Thorectidae sp.?   
M7S20 Petrosia (Petrosia) sp. RE5S10 Timea cf. tethyoides sp.?   
M5S16 Plakortis sp. RE6S7 Ulosa sp.?   
M3S2 Plakortis aff. copiasa 

  
M7S18 Psammocinia sp. 

  
M8S4 Spheciospongia sp. 

  
  

M1S6 Spheciospongia sp. 1 aff. 
vagabunda 

  

  
M1S9 Spheciospongia sp. 2 

  
  

M1S16 Spheciospongia sp. 3? 
  

  
M6S6 Spirastrella sp. 

  
  

M1S23 Suberea aff. fusca 
  

  
M1S13 Suberitus sp. 

  
  

M7S5 Thorectid sp. 
  

  
M5S12 Ute/Grantia sp. 

  
  

M5S14 Xestospongia sp.nov. 
  

  
M5S4 Xestospongia sp. 
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Appendix 3: List of all species surveyed at each site 

  
Rodrigues ID Class Taxonomy 

Si
te

 1
 

S1Q2 Demospongiae Ircinia sp. 

S1Q6 Demospongiae Agelas cf. braekmani 

S1Q8 Demospongiae Agelas aff. cavernosa 

S1Q9 Demospongiae Agelas cf. braekmani 

S1Q10 Demospongiae Biemna tubulata 

S1Q11 Demospongiae Ircinia sp. 
S1Q12a Demospongiae Agelas cf. braekmani 

S1Q12b Demospongiae Ircinia sp. 

S1Q12c Demospongiae Ircinia sp. 

R1S1 Demospongiae Agelas aff. cavernosa 

R1S2 Demospongiae Ircinia sp. 

R1S3 Calcarea Leucetta chagosensis 

R1S4 Demospongiae Agelas sp. 

R1S5 Demospongiae Niphates sp. 
R1S6 Demospongiae Niphates sp. 

R1S7 Demospongiae Axinyssa sp. 

R1S8 Calcarea Clathrina sp. 

R1S9 Demospongiae Axinyssa sp. 
R1S12 Demospongiae Ircinia sp. 

R1S14 Demospongiae Crambe sp. 

R1S15 Demospongiae Agelas aff. cavernosa 

R1S16 Demospongiae Axinyssa sp. 
R1S17 Homoscleromorpha Plakinastrella sp. 

Si
te

 2
 

S2a Demospongiae Ircinia sp. 

S2b Demospongiae Luffariella sp. 

S2c Demospongiae Haliclona sp. 2 

S2d Demospongiae Amphimedon sp. 

S2Q6 Demospongiae Haliclona sp. 

S2Q7 Demospongiae Cinachyrella sp. 

S2Q8 Demospongiae 
Spheciospongia sp. 1 aff 
vagabunda 

S2Q15 Demospongiae Ircinia sp. 
R2S1 Demospongiae Haliclona sp. 

R2S2 Demospongiae Petrosia sp.? 

R2S3 Demospongiae Spirastrella sp.? 

R2S5 Demospongiae Clathria sp.? 

R2S6 Demospongiae Axinyssa sp. 

R2S7 Calcarea Leucetta chagosensis 

R2S9 Demospongiae Cinachyrella sp. 
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R2S11 Homoscleromorpha Plakinastrella sp. 
R2S12 Calcarea Leucetta chagosensis 

R2S13 Demospongiae Mycale/Carmia sp.? 

R2S14 Demospongiae Agelas aff. cavernosa 

R2S15 Calcarea Leucetta chagosensis 

R2S16 Calcarea Clathrina sp. 

R2S17 Demospongiae Axinyssa sp. 

R2S18 Calcarea Leucetta chagosensis 

R2S20 Calcarea Leucetta chagosensis 

R2S21 Demospongiae Ircinia sp. 

R2S22 Calcarea Leucetta chagosensis 

R2S23 Calcarea Ircinia sp. 

R2S24 Demospongiae Mycale/Carmia sp.? 

R2S25 Demospongiae Niphates sp. 

R2S26 Demospongiae Axinyssa sp. 

R2S27 Calcarea Leucetta chagosensis 

R2S28 Demospongiae Haliclona sp. 

Si
te

 3
 

R3S1 Demospongiae Desmanthus sp.? 

R3S2 Calcarea Leucetta chagosensis 

R3S3 Demospongiae Axinyssa sp. 

R3S4 Demospongiae Niphates sp. 
R3S5 Demospongiae Ircinia sp. 

R3S6 Demospongiae Ircinia sp. 

R3S7 Demospongiae Acanthella sp.? 

R3S8 Calcarea Leucetta chagosensis 

R3S9 Calcarea Leucetta pyriformis 

R3S10 Demospongiae Axinyssa sp. 

R3S12 Calcarea Leucetta chagosensis 

R3S13 Calcarea Leucetta chagosensis 

R3S14 Demospongiae Ircinia sp. 

R3S15 Calcarea Ute/Grantia sp.? 

R3S16 Demospongiae Niphates sp. 

R3S17 Demospongiae Ircinia sp 

R3S18 Demospongiae Biemna tubulata 

R3S19 Demospongiae Haliclona (Gellius) sp 

R3S21 Calcarea Clathrina  

R3S22 Demospongiae Axinyssa 

R3S23 Demospongiae Axinyssa 

R3S24 Calcarea Clathrina? 

R3S25 Homoscleromorpha Corticium 

R3S27 Demospongiae Svenzea 

R3S28 Demospongiae Axinyssa 
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R3S29 Demospongiae Svenzea? 

R3S30 Demospongiae Haliclona sp 

R3S31 Calcarea Leucetta chagosensis 
Si

te
 4

 

S4Q1 Demospongiae Agelas aff cavernosa 

S4Q2 Demospongiae Agelas cf braekmani 

S4Q3a Demospongiae Agelas aff cavernosa 

S4Q3b Demospongiae Agelas aff cavernosa 

S4Q4a Demospongiae Agelas cf braekmani 

S4Q4b Calcarea Leucetta chagosensis 

S4Q4c Demospongiae Agelas cf braekmani 

S4Q5a Calcarea Leucetta chagosensis? 

S4Q5b Demospongiae Ircinia sp 

S4Q5c Demospongiae Agelas cf braekmani 

S4Q8a Demospongiae Mycale (Naviculina) cf.flagellifera 

S4Q8b Demospongiae Ircinia sp 

S4Q8c Calcarea L. chagosensis 

S4Q8d Demospongiae Haliclona (Gellius) sp 

S4Q10 Demospongiae Ircinia sp 

S4Q11 Demospongiae Agelas aff cavernosa 

S4Q12 Demospongiae Agelas cf braekmani 

S4Q16 Demospongiae Agelas cf braekmani 

S4Q19 Demospongiae Agelas cf braekmani 

S4S1 Calcarea L. chagosensis 

R4S1 Demospongiae Axinyssa 

R4S2 Demospongiae Biemna tubulata 

R4S3 Demospongiae Acanthella? 

R4S4 Demospongiae Axinyssa 

R4S5 Demospongiae Biemna 

R4S6 Calcarea Clathrina 

R4S7 Demospongiae Ircinia sp 

R4S8 Demospongiae Axinyssa 

R4S9 Demospongiae Petrosia? 

R4S10 Demospongiae Biemna? 

R4S11 Demospongiae Neofibularia?  

R4S13 Calcarea Leucetta chagosensis 

R4S14 Demospongiae Axinella 

R4S15 Demospongiae Luffariella 

R4S17 Calcarea Leuecetta 

R4S18 Calcarea Leucetta? 

R4S19 Calcarea Leucetta? 

R4S20 Calcarea Leucetta chagosensis 

R4S21 Demospongiae Biemna tubulata 
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R4S22 Calcarea Leucetta chagosensis 

R4S23 Demospongiae Luffariella 

R4S24 Demospongiae Crambe 
Si

te
 5

 

S5Q1 Demospongiae Agelas cf braekmani 

S5Q2 Demospongiae Agelas cf braekmani 

S5Q3 Demospongiae Agelas cf braekmani 

S5Q4 Demospongiae Agelas cf braekmani 

S5Q6a Demospongiae Agelas cf braekmani 

S5Q6b Demospongiae Agelas cf braekmani 

S5Q7 Demospongiae Agelas cf braekmani 

S5Q8 Demospongiae Haliclona sp. 

S5Q9 Demospongiae Agelas cf braekmani 

S5Q10a Demospongiae Agelas cf braekmani 

S5Q10b Demospongiae family Niphatidae 

S5Q11a Demospongiae Agelas cf braekmani 

S5Q11b Demospongiae family Niphatidae 

S5Q14 Demospongiae Agelas cf braekmani 

Si
te

 6
 

S6Q1 Demospongiae Agelas cf braekmani 

S6Q3 Calcarea Ute insulagemmae sp.nov.  

S6Q4a Demospongiae Axinyssa 

S6Q4b Demospongiae Agelas cf braekmani 

S6Q5 Demospongiae Agelas cf braekmani 

S6Q6 Demospongiae Agelas cf braekmani 

S6Q7 Demospongiae Agelas cf braekmani 

S6Q10 Demospongiae Agelas cf braekmani 

S6Q12 Demospongiae Agelas cf braekmani 

S6Q13 Demospongiae Agelas cf braekmani 

S6Q15 Demospongiae Agelas cf braekmani 

S6Q17 Demospongiae Agelas cf braekmani 

S8a Homoscleromorpha Plakinastrella sp 

S8b Calcarea L. chagosensis 

S8c Homoscleromorpha Plakinastrella sp.nov. 

Si
te

 7
 

S9Q6a Demospongiae Spongia sp 

S9Q6b Demospongiae Callyspongia sp 1 

S9Q10 Demospongiae Ircinia sp 

S9Q12 Demospongiae Lufariella aff variabilis 

S9Q15 Demospongiae Hippospongia 

S9Q16 Demospongiae Ircinia sp 

S9Q19 Demospongiae Spongia sp 

S9Q20 Demospongiae Callyspongia sp 1 

S9S1 Calcarea L. chagosensis 

Si
t

e 
8 S10Q1 Demospongiae Agelas aff cavernosa 
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S10Q7 Demospongiae Agelas aff cavernosa 

S10Q11a Demospongiae Agelas aff cavernosa 

S10Q11b Demospongiae Ectyoplasia coccinea+B2:E169 

 

Mauritius ID Class Taxonomy 

Si
te

 1
 

M1S1 Demospongiae  Acanthostylotella cornuta 

M1S2 Demospongiae Cinachyrella sp 1? 

M1S3 Demospongiae  Acanthostylotella cornuta 

M1S4 Demospongiae  Acanthostylotella cornuta 

M1S5 Demospongiae  Lotrochota baculifera 

M1S6 Demospongiae  
Spheciospongia sp 1 aff 
vagabunda 

M1S7 Demospongiae  
Spheciospongia sp 1 aff 
vagabunda 

M1S8 Demospongiae  
Spheciospongia sp 1 aff 
vagabunda 

M1S9 Demospongiae  Spheciospongia sp 2 

M1S10 Demospongiae Haliclona sp. 

M1S11 Demospongiae Clionaidae 2 

M1S12 Demospongiae Biemna triraphis 

M1S13 Demospongiae Suberitus sp 

M1S14 Demospongiae  Acanthostylotella cornuta 

M1S15 Demospongiae Cinachyrella sp 1 

M1S16 Demospongiae  Spheciospongia sp 3? 

M1S17 Demospongiae  Hyrtios erectus 

M1S18 Demospongiae Ircinia sp 

M1S20 Demospongiae Biemna triraphis 

M1S21 Demospongiae Suberitus sp 

M1S22 Demospongiae Cinachyrella sp 2 

M1S23 Demospongiae  Suberea aff fusca 

M1S24 Demospongiae Cinachyrella sp 2 

M1S25 Demospongiae  
Spheciospongia sp 1 aff 
vagabunda 

M1S26 Demospongiae  Higginsia sp 

Si
te

 2
 

M2S2 Demospongiae Cinachyrella sp 

M2S3 Demospongiae Halisarca sp 

M2S4 Homoscleromorpha Oscarella sp? 

M2S5 Demospongiae  Myrmekioderma cf dendyi 

M2S6 Demospongiae Paratetilla? 

M2S7 Demospongiae Ectyoplasia coccinea 

M2S9 Demospongiae Ircinia sp 

M2S10 Demospongiae Callyspongia sp 

M2S11 Demospongiae Ircinia sp 
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M2S13 Demospongiae  Citronia sp 

M2S14 Demospongiae  Hyrtios erectus 

M2S15 Demospongiae order Verongida 

M2S16 Homoscleromorpha Plakortis aff copiosa 

M2S17 Demospongiae  Dysidea sp 

M2S18 Demospongiae  Hyrtios erectus 

M2S19 Calcarea Anamixilla torresi 

M2S20 Demospongiae  Lissodendoryx sp 

Si
te

 3
 

M3S1  Demospongiae  Acanthostylotella cornuta 

M3S2 Homoscleromorpha Plakortis aff copiasa 

M3S3 Demospongiae  Acanthostylotella cornuta 

M3S4 Demospongiae Paratetilla 

M3S5 Demospongiae Biemna tubulata 

M3S6 Demospongiae Ircinia sp 

M3S7 Homoscleromorpha Plakortis aff copiasa 

M3S8 Demospongiae Cinachyrella sp 

M3S9 Demospongiae  Acanthostylotella cornuta 

M3S11 Demospongiae  Acanthostylotella cornuta 

M3S12 Demospongiae  Acanthostylotella cornuta 

M3S13 Demospongiae  Acanthostylotella cornuta 

Si
te

 4
 

M4S1 Demospongiae Ircinia sp 

M4S2 Demospongiae Ircinia sp 

M4S3 Demospongiae  Euryspongia sp 

M4S4 Demospongiae Ircinia sp 

M4S5 Demospongiae Ircinia sp 

M4S6 Demospongiae Ircinia sp 

M4S7 Demospongiae Ircinia sp 

M4S8 Demospongiae  Niphatidae 

M5S1 Demospongiae Biemna sp 

M5S2 Demospongiae Niphates 

M5S4 Demospongiae Xestospongia sp 

M5S5 Demospongiae Ianthella? 

M5S7 Demospongiae Xestospongia sp 

M5S8 Demospongiae Xestospongia sp 

M5S9 Demospongiae Agelas 

M5S11 Demospongiae Xestospongia sp 

M5S12 Calcarea Ute/Grantia 

M5S13 Demospongiae Acanthostylotella 

M5S14 Demospongiae Xestospongia sp.nov. 

M5S15 Homoscleromorpha Plakortis? 

M5S16 Homoscleromorpha Plakortis 

Si
t

e 
5  

M6S1 Demospongiae Crambe 
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M6S2 Demospongiae Haliclona? 

M6S3 Demospongiae Haplosclerida.. 

M6S5 Demospongiae Axinella 

M6S6 Demospongiae Spirastrella 

M6S7 Demospongiae Niphatidae 

M6S8 Demospongiae Niphatidae 

M6S9 Demospongiae Petrosia? 

M6S10 Demospongiae Axinella 

M6S11 Demospongiae Axinyssa sp 

M6S13 Demospongiae Axinella 

M6S14 Demospongiae Petrosia 

M6S15 Demospongiae Spirastrella? 

M6S16 Demospongiae Spirastrella? 

M6S17 Demospongiae Cinachyrella 

M6S19 Demospongiae Axinyssa sp 

M6S20 Homoscleromorpha Plakortis 

Si
te

 6
 

M7S1 Demospongiae Amphimedon sp 

M7S3 Demospongiae Spirastrella 

M7S4 Demospongiae Chondrosia? 

M7S5 Demospongiae Thorectid 

M7S6 Demospongiae Petrosia (Petrosia) sp 

M7S7 Demospongiae Disyringa? 

M7S8 Demospongiae Luffariella sp 

M7S9 Demospongiae Thorectid 

M7S10 Demospongiae Ircinia sp 

M7S11 Demospongiae Chondrilla sp 

M7S12 Homoscleromorpha Plakortis 

M7S13 Demospongiae Petrosia 

M7S14 Demospongiae Axinella? 

M7S15 Demospongiae Chondrosia 

M7S16 Demospongiae Luffariella sp 

M7S17 Demospongiae Chondrosia 

M7S18 Demospongiae Psammocinia sp 

M7S19 Demospongiae Amphimedon sp 

M7S20 Demospongiae Petrosia (Petrosia) sp 

Si
te

 7
 

M8S1 Demospongiae Paratetilla novo spec? 

M8S2 Homoscleromorpha Plakortis 

M8S3 Demospongiae Myrmekioderma  

M8S4 Demospongiae Spheciospongia 

M8S5 Homoscleromorpha Plakortis 

M8S6 Demospongiae Ectyoplasia 

M8S7 Demospongiae Haliclona sp 
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M8S8 Demospongiae Axinyssa sp 

M8S9 Demospongiae Myrmekioderma  

M8S10 Demospongiae Myrmekioderma  

M8S11 Demospongiae Neopetrosia sp 

M8S12 Demospongiae Axinyssa sp 

Si
te

 8
 

M9S2 Homoscleromorpha Plakortis sp 

M9S3 Demospongiae Petrosia (Petrosia) 

M9S6 Demospongiae Ircinia sp 

M9S7 Demospongiae Pachastrissa? 

M9S9 Calcarea Clathrina 

M9S10 Demospongiae Luffariella sp 

M9S12 Homoscleromorpha Plakortis? 

M9S13 Demospongiae Amphimedon 

M9S14 Demospongiae Cacospongia? 

M9S15 Demospongiae Paratimea? 

M9S16 Demospongiae Amphimedon 

M9S17 Demospongiae Cacospongia? 

M9S18 Demospongiae Halichondria sp.? 

M9S19 Demospongiae Ircinia? 

M9S21 Calcarea Ernstia 

 

Reunion ID Class Taxonomy 

Si
te

 1
 

RE1S1 Demospongiae Iotrochota baculifera? 

RE1S2 Demospongiae Iotrochota sp 

RE1S3 Demospongiae Haliclona sp 

RE1S4 Demospongiae Cliona vagabonda? 

RE1S5 Demospongiae Cliona 

RE1S6 Demospongiae Cinachyrella 

RE1S7 Demospongiae Lamellodysidea herbacea 

RE1S8 Demospongiae 
Lamellodysidea or Dysidea 
sp? 

RE1S9 Demospongiae Protosuberites? 

Si
te

 2
 

RE2S1 Demospongiae Neopetrosia? 

RE2S3 Demospongiae Spheciospongia 

RE2S4 Demospongiae Crambe? 

RE2S6 Demospongiae Spheciospongia 

RE2S7 Demospongiae Dysidea sp 

RE2S8 Demospongiae Spheciospongia 

RE2S9 Demospongiae Hymeniacidon 

Si
te

 3
 

RE3S1 Demospongiae Petrosia interesting 

RE3S2 Homoscleromorpha Placinolopha europae 
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RE3S3 Demospongiae Haliclona 

RE3S4 Homoscleromorpha Plakinastrella polysclera? 

RE3S5 Demospongiae Ircinia sp 

RE3S6 Demospongiae Petrosia (Petrosia) microxea 

Si
te

 4
 

RE4S1 Demospongiae Petrosia 

RE4S2 Demospongiae Petrosia? 

RE4S3 Demospongiae Theonella sp 

RE4S4 Demospongiae Ianthellidae 

RE4S5 Demospongiae Callyspongia 

RE4S6 Demospongiae Disyringa? 

RE4S7 Demospongiae Hyrtios  

RE4S8 Demospongiae Biemna sp 

RE4S9 Demospongiae Haliclona sp 

RE4S10 Homoscleromorpha Plakortis 

RE4S11 Demospongiae Petrosia  

RE4S12 Demospongiae Theonella sp 

RE4S13 Demospongiae Crambeidae 

RE4S14 Demospongiae Petrosia sp 

RE4S15 Homoscleromorpha Plakortis?  

Si
te

 5
 

RE5S1 Demospongiae Hyrtios sp? 

RE5S2 Demospongiae Svenzea sp.nov. 

RE5S3 Homoscleromorpha Plakinastrella polysclera? 

RE5S4 Demospongiae Suberea 

RE5S5 Demospongiae Petrosia (Strongylophora) 

RE5S6 Demospongiae Ectyoplasia 

RE5S7 Demospongiae Crella 

RE5S8 Demospongiae  Lithistida or Corallistidae? 

RE5S9 Demospongiae Placospongia? 

RE5S10 Demospongiae Timea cf. tethyoides? 

RE5S11 Demospongiae Spirastrella plus Tethytimea? 

RE5S12 Demospongiae Chondrilla australiensis? 

RE5S13 Demospongiae Gelliodes sp 

RE5S14 Homoscleromorpha Plakinastrella polysclera? 

RE5S15 Homoscleromorpha Plakinastrella polysclera? 

Si
te

 6
 

RE6S1 Demospongiae Spheciospongia sp 

RE6S2 Demospongiae Haliclona sp 

RE6S3 Demospongiae family Suberitidae 

RE6S4 Homoscleromorpha Plakortis? 

RE6S5 Demospongiae Ephydatia? 

RE6S6 Demospongiae Haliclona 

RE6S7 Demospongiae Ulosa sp.? 

Si
t

e 
7  

RE7S1 Demospongiae Ectyoplasia 
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RE7S2 Demospongiae Amphimedon sp 

RE7S3 Demospongiae Petrosia 

RE7S4 Demospongiae Corticium 

RE7S5 Demospongiae Paratetilla sp 

RE7S6 Demospongiae Petrosia sp 

RE7S7 Calcarea Ernstia? 

RE7S8 Demospongiae Spheciospongia 

RE7S9 Demospongiae Ulosa sp.? 

RE7S10 Demospongiae Ectyoplasia 

RE7S11 Calcarea maybe Paraleucilla 

Si
te

 8
 

RE8S1 Demospongiae Ecionemia sp 

RE8S2 Demospongiae Crella, Monanchora 

RE8S3 Demospongiae Thorectidae? 

RE8S4 Demospongiae Petrosia 

RE8S5 Demospongiae Hyrtios 

RE8S6 Demospongiae Stylissa sp 

RE8S7 Homoscleromorpha Plakortis 

RE8S8 Demospongiae Neopetrosia/Xestospongia 

RE8S9 Demospongiae Ircinia sp 
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Appendix 4: Accession numbers of sequences used for global phylogenies 
 

CO1 GenBank sequences 

Name Accession 

Spongia sp.  Portugal  HG816020.1 

Ircinia spiculosa  Thailand  FN552874.1 

Ircinia ramodigitata  Australia  FN552859.1 
Ircinia irregularis  Australia  FN552856.1 

Spongia sp.  Portugal  HG816020.1 

Ircinia felix  Bahamas  JX306085.1 

Ircinia sp.  Indonesia  LN828727.1 
Ircinia dendroides  Portugal  HG816014.1 

Ircinia variabilis  Portugal  HE797934.2 

Ircinia variabilis  Spain  JN655193.1 

Ircinia sp.  Israel  HE591459.1 
Ircinia strobilina  Bahamas  JX306087.1 

Ircinia oros  Spain  JN655186.1 

Haliclona sp.  Iran  LC125933.1 

Haliclona cf. caerulea  Puerto Rico  KT253772.1 
Haliclona cf. caerulea  Virgin Islands  KT253777.1 

Haliclona cf. caerulea  Line Islands  KT253813.1 

Theonella sp.  Australia  LN624209.1 

Theonella swinhoei  Egypt  HM592745.1 
Theonella mirabilis  Japan  LN624208.1 

Cinachyrella kuekenthali  Panama  FJ711646.1 

Cinachyrella australiensis  Australia  HM032743.1 

Cinachyrella schulzei  Australia  HM032745.1 
Paratetilla sp.  Australia  HM032744.1 

Paratetilla bacca  Thailand  JX177900.1 

Cinachyrella apion  Bermuda  AJ843895.1 

Cinachyrella apion  Panama  FJ711645.1 
Cinachyrella apion  USA  HM592667.1 

Cinachyrella sp.  Tanzania  HM032740.1 

Cinachyrella alloclada  Panama  JX177913.2 

Cinachyrella alloclada  Bahamas  HM032738.1 
Cinachyrella paterifera  Indonesia  JX177889.1 

Cinachyrella australiensis  Indonesia  JX177869.1 

Paratetilla bacca  Indonesia  JX177870.1 

Cinachyrella sp.  Red Sea  KU060645.1 
Cinachyrella anomala  Indonesia  JX177884.1 

Chondrosia reniformis  Israel  AM076986.1 

Xestospongia testudinaria  Red Sea  KU060745.1 
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Halisarca sp.  Red Sea  KU060611.1 
Chondrilla caribensis  Mexico  KJ729033.1 

Chondrilla sp.  Iran  LC101796.1 

Chondrilla nucula  Bermuda  AJ843887.1 

Chondrilla aff. nucula  Israel  FR819682.1 
Haliclona sp.  Brazil  JX228947.1 

Agelas oroides  Israel  LN868208.1 

Axinella sp. China  KJ008097.1 

Ectyoplasia ferox  Bahamas  HE591462.1 
Biemna sp.  New Zealand  LN850174.1 

Ectyoplasia sp.  Red Sea  KU060627.1 

Biemna ehrenbergi  Oman  KU060570.1 

Biemna ehrenbergi  Red Sea  KU060586.1 
Biemna fistulosa  Oman  KU060563.1 

Haliclona vansoesti  Brazil  KM203834.1 

Haliclona amboinensis  Philippines  KR707685.1 

Xestospongia muta  USA Florida  HQ452957.1 
Xestospongia proxima  Bahamas  AM076980.1 

Xestospongia testudinaria  Indonesia  HQ452959.1 

Haliclona cf. caerulea  USA Ala Moana  KT253787.1 

Callyspongia vaginalis  USA Florida  GQ415412.1 
Haliclona toxia  Red Sea  KU060674.1 

Callyspongia siphonella  Red Sea  KU060576.1 

Haliclona tubifera  Philippines  KR707690.1 

Callyspongia sp.  Iran  LC126250.1 
Haliclona altera  New Zealand  LN850187.1 

Haliclona implexiformis  Mexico  KJ729034.1 

Callyspongia siphonella  Australia  KJ620407.1 
Haliclona amphioxa  USA 
Massachusetts  AJ843892.1 
Biemna saucia  Australia  JF773146.1 

Biemna fistulosa  Tanzania  AM076982.1 

Axinella polypoides  Israel  LN868209.1 

Axinella sp.  Mexico  MH681879.1 
Suberites ficus  USA Massachusetts  AJ843891.1 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za



 - 164 - 

28S GenBank sequences 

Name Accession 

Mycale sulevoidea  Singapore GU324503.1 

Petrosia lignosa  Australia KJ620393.1 

Haliclona toxia  Saudi Arabia  Red Sea  Duba KU060457.1 

Callyspongia siphonella  Saudi Arabia  Red Sea  Thuwal KU060317.1 
Callyspongia sp.   Saudi Arabia  Red Sea  AlWajh KU060424.1 

Haliclona sp. Bulgaria MH157906.1 

Haliclona sp. Ukraine MH157912.1 

Neopetrosia exigua  Solomon Islands  Coral sea KM030134.1 
Neopetrosia exigua  Australia  Coral sea KM030130.1 

Neopetrosia exigua  Thailand  Southchina Sea KM030137.1 

Neopetrosia exigua  Papua New Guinea  Motupure island KM030128.1 

Neopetrosia chaliniformis  Indonesia  Lembeh strait KM030120.1 
Xestospongia deweerdtae  Bahamas KP081747.1 

Xestospongia deweerdtae  Mexico KP081749.1 

Xestospongia deweerdtae  Puerto Rico KP081750.1 

Xestospongia deweerdtae  Panama KX668510.1 
Dysidea sp. Bulgaria MH157896.1 

Dysidea cf. fragilis Bulgaria MH157910.1 

Hyrtios sp. Saudi Arabia  Red Sea  Thuwal Reefs KU060358.1 

Ircinia sp. Saudi Arabia  Red Sea  AlWajh KU060421.1 
Ircinia sp. Iran LC436871.1 

Spongia sp. Saudi Arabia  Red Sea  AlWajh KU060405.1 

Hyrtios cf. erectus Saudi Arabia  Red Sea  AlWajh KU060388.1 

Biemna ehrenbergi  Oman  Gulf of Oman KU060314.1 
Biemna fistulosa  Oman  Gulf of Oman KU060311.1 

Xestospongia testudinaria  Indonesia  Java Sea KM030145.1 

Ectyoplasia sp. Saudi Arabia  Red Sea  Farasan Islands KU060516.1 

Ectyoplasia sp. Djibouti  Gulf of Aden KU060316.1 
Iotrochota baculifera  Saudi Arabia  Red Sea  Jazan KU060555.1 

Theonella conica  Papua New Guinea HM592818.1 

Theonella mirabilis  Japan LN624184.1 

Theonella sp. 1  Australia LN624185.1 
Theonella swinhoei  Egypt HM592820.1 

Cinachyrella sp. Saudi Arabia  Red Sea  AlWajh KU060432.1 

Cinachyrella schulzei  Australia JX177922.1 

Cinachyrella sp.  Australia JX177931.1 
Cinachyrella anomala  Indonesia JX177933.1 

Cinachyrella alloclada  Panama JX177935.1 

Cinachyrella alloclada  USA  Florida KY652797.1 

Cinachyrella paterifera  Indonesia JX177936.1 
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Cinachyrella apion  USA  Florida HM592753.1 
Axinella sp.  Oman  Gulf of Oman KU060347.1 

Axinella sp.   Israel  Herzliyya KX688746.1 

Axinella damicornis  Israel  Herzliyya KX688743.1 

Stylissa carteri  Saudi Arabia  Red Sea  Thuwal KU060320.1 
Protosuberites denhartogi  Bulgaria MH157909.1 

Halichondria bowerbanki  Bulgaria MH157903.1 

Neopetrosia exigua  Palau  Pacific ocean KM030129.1 

Suberitida sp.  Israel  Herzliyya KX688745.1 
Tethya sp.  Saudi Arabia  Red Sea  Qunfudhah KU060536.1 

Chondrilla sp. 2 Australia  SA  Kangaroo Island AY190190.1 

Chondrilla sp.  Saudi Arabia  Red Sea  Gulf of Aqaba KU060341.1 

Chondrilla australiensis  Iran LC436862.1 
Chondrilla australiensis  Australia  WA  Fremantle AY190191.1 

Chondrilla australiensis  Saudi Arabia  Red Sea  Jazirat Burcan KU060333.1 

Chondrilla sp. Bermuda AY190212.1 

Chondrilla nucula  Italy AY190218.1 
Chondrilla nucula  France AY190219.1 
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Appendix 5: Bayesian Inference tree with concatenated sequences of CO1 and 28S for the 

demosponges in the Mascarene Islands 

 0.2

S9Q10 (Ircinia sp.)

R4S21 (Biemna tubulata)

S2Q7 (Cinachyrella sp.)

M1S8 (Spheciospongia sp. 1 aff. vagabunda)

RE5S5 (Petrosia (Strongylophora))

S9Q20 (Callyspongia sp. 1)

R2S28 (Haliclona sp.?)

RE6S3 (Family Suberitidae)

RE6S5 (Ethydatia sp.?)

S1Q12c (Ircinia sp.)

R2S9 (Cinachyrella sp.?)

RE3S6 (Petrosia (Petrosia) microxea)

RE2S1 (Neopetrosia sp.?)

S2a (Ircinia sp.)

RE4S1 (Petrosia sp.)

M6S2 (Petrosia sp.?)

M5S8 (Xestospongia sp.)

RE4S12 (Theonella sp.)

S9Q16 (Ircinia sp.)

M1S12 (Biemna triraphis)

RE7S9 (Xestospongia sp.?)

M6S14 (Petrosia sp.)

M3S5 (Biemna tubulata)

S10Q11b (Ectyoplasia coccinea)

RE1S1 (A. verongida?)

S2Q6 (Haliclona sp.)

M1S5 (Iotrochota baculifera)

M7S9 (Thorectid sp.)

S9Q19 (Spongia sp.)

RE3S2 (outgroup)

R1S1 (Agelas aff. carvernosa)

M4S6 (Ircinia sp.)

R4S10 (Biemna sp.)

RE6S4 (outgroup)

S6Q17 (Agelas cf.braekmani)

M1S9 (Spheciospongia sp. 2)

RE1S4 (Tedania sp.?)

M5S5 (Ianthella sp.?)

RE7S3 (Petrosia sp.)

R2S14 (Agelas aff. cavernosa)

R2S2 (Petrosia sp.)

RE4S5 (Callyspongia sp.)

M5S14 (Xestospongia sp. nov.)

M5S13 (Acanthostylotella sp.)

R3S18 (Biemna tubulata)

M7S6 (Petrosia (Petrosia) sp.)

M3S11 (Acanthostylotella cornuta)

R1S4 (Agelas sp.)

RE5S12 (Chondrilla australiensis?)

S1Q2 (Ircinia sp.)

M1S23 (Suberea aff. fusca)

RE1S2 (Iotrochota sp.)

S1Q11 (Ircinia sp.)

M7S17 (Chondrosia sp.)

S1Q8 (Agelas aff. cavernosa)

RE6S2 (Haliclona sp.)

RE7S6 (Petrosia sp.)

M2S21 (Halisarca sp.)

RE5S2 (Svenzea sp. nov.)

M8S1 (Paratetilla sp. nov.)

S2b (Agelas aff. cavernosa)

R1S6 (Niphates sp.)

S9Q6a (Spongia sp.)

M2S3 (Halisarca sp.)

M9S15 (Paratimea sp.?)

RE3S5 (Haplosclerida sp.?)

M7S20 (Petrosia (Petrosia) sp.)

R4S11 (Biemna sp.?)

M7S15 (Chondrilla sp.?)

M5S9 (Agelas sp.)

RE5S8 (Lithistida sp.?)

M2S7 (Ectyoplasia coccinea)

RE5S10 (Timea cf. tethyoides?)

S4Q2 (Agelas cf. braekmani)

S6Q13 (Agelas cf. braekmani)

M3S3 (Acanthostylotella cornuta)

RE8S4 (Petrosia sp.)

M6S9 (Petrosia sp.?)

S4Q10 (Ircinia sp.)

S4Q3a (Agelas aff. cavernosa)

S5Q3 (Agelas cf. braekmani)

M7S11 (Chondrilla sp.)

M7S7 (Anaderma sp.?)

M7S16 (Luffariella sp.)

S1Q6 (Agelas cf. braekmani)

S4Q5c (Agelas cf. braekmani)

S1Q12b (Ircinia sp.)

M1S13 (Suberitus sp.)

S10Q7 (Agelas aff. cavernosa)

M4S8 (Niphatidae)

M9S18 (Pachastrissa sp.)

RE4S11 (Petrosia sp.)

S4Q1 (Agelas aff. cavernosa)

M7S4 (Chondrosia sp.?)

RE1S6 (Cinachyrella sp.)

R1S12 (Ircinia sp.)

M1S16 (Spheciospongia sp 3)

M1S3 (Acanthostylotella cornuta)

M1S21 (Suberitus sp.)

M9S3 (Petrosia (Petrosia) sp.)

RE1S3 (Haliclona sp.)

RE4S3 (Theonella sp.)

S9Q6b (Callyspongia sp. 1)

RE1S9 (Protosuberites sp.?)

M7S5 (Thorectid sp.)

RE6S7 (Callyspongia sp.?)

S1Q10 (Biemna tubulata)

RE8S7 (outgroup)

S6Q4b (Agelas cf. braekmani)

M8S4 (Spheciospongia sp.)

S4Q3b (Agelas cf. braekmani)

RE3S1 (Petrosia sp.)

RE4S10 (outgroup)

RE5S9 (Placospongia sp.?)

R1S15 (Agelas aff. cavernosa)

RE5S11 (Spirastrella plus tethytimea?)

S6Q10 (Agelas cf. braekmani)

S5Q11b (Family Niphatidae)

1

1

1

1

1

1

0.65

1

0.98

1

0.99

1

1

1

1

0.71

1

1

1

1

0.89

1

0.99

0.82

1

1

1

0.92

1

1

1

1

0.99

1

0.61

1

1
1

0.84

1

1

0.9

0.96

0.76

0.91

1

1

1

1

1

1

0.68

1

1

1

1

1

1

1

0.93

1

1

0.91

11

1

1

1
0.97

1

0.81

1

1

0.89

1

1

1

0.93

1

1

0.72

0.99

1

1

0.69

1

1
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Appendix 6: Bayesian Inference tree with 28S sequences for the calcareans and 

homoscleromorphs in the Mascarene Islands 

 

 

 

0.2

M9S9 (Clathrina sp.)

M9S21 (Ernstia sp.?)

M3S7 (Plakortis aff. copiasa)

M7S12 (Plakortis sp.)

M2S18 (outgroup)

S4S1 (Leuceutta chagosensis)

RE7S11 (Paraleucilla sp.?)

S8c (Plakinastrella sp. nov.)
RE3S4 (Plakinastrella polysclera?)

R4S13 (Leucetta chagosensis)

M5S15 (Plakortis sp.?)

S9S1 (Leucetta chagosensis)

M2S16 (Plakortis aff. copiosa)

S8b (Leucetta chagosensis)

M5S16 (Plakortis sp.)

RE8S5 (outgroup)

M2S19 (Anamixilla torresi)

R4S6 (Clathrina sp.)

RE3S2 (Placinolopha europae)

S6Q3 (Ute insulagemmae sp. nov.)

R3S8 (Leucetta chagosensis)

R3S21 (Clathrina sp.)

R1S3 (Ute sp.?)

R3S2 (Leucetta chagosensis)

RE8S7 (Plakortis sp.)
M9S12 (Plakortis sp.)

R2S16 (Clathrina sp.)

R2S18 (Leucetta chagosensis)

M1S17 (outgroup)

RE6S4 (Placinolopha sp.)

M8S5 (Plakortis sp.)

S4Q4b (Leucetta chagosensis)

R4S18 (Leucetta sp.)

R3S15 (Ute/Grantia)

RE7S7 (Ernstia sp.?)

RE4S7 (outgroup)

M5S12 (Ute/Grantia)

R1S8 (Clathrina sp.)

S4Q8c (Leucetta chagosensis)

R3S24 (Clathrina sp.?)

RE4S15 (Plakortis sp.?)

R2S12 (Leucetta chagosensis)

0.99

1

1

0.61

1
1

1

0.99

1

0.98

1

1

0.73

1

1

0.98

1

0.67

1

0.87

0.99

1

1
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Appendix 7: Bayesian Inference tree with concatenated sequences of CO1 and 28S for the 

demosponges in the Rodrigues Island 

 

 

 

 

 

 

0.2

R2S14 (Agelas aff. cavernosa)

S4Q5c (Agelas cf. braekmani)

R1S15 (Agelas aff. cavernosa)

S1Q8 (Agelas aff. cavernosa)

R4S11 (Biemna sp.?)

S6Q4b (Agelas cf. braekmani)

S1Q12c (Ircinia sp.)

S2a (Ircinia sp.)

S1Q12b (Ircinia sp.)

R2S2 (Petrosia sp.?)

S1Q11 (Ircinia sp.)

R1S6 (Niphates sp.)

RE4S10 (outgroup)

RE3S2 (outgroup)

R4S21 (Biemna tubulata)

S10Q11b (Ectyoplasia coccninea)

RE8S7 (outgroup)

S5Q11b (family Niphatidae)

S2b (Agelas aff. cavernosa)

R4S10 (Biemna sp.?)

R1S12 (Ircinia sp.)

S9Q6a (Spongia sp.)

S1Q2 (Ircinia sp.)

S4Q2 (Agelas cf. braekmani)

S5Q3 (Agelas cf. braekmani)

S9Q10 (Ircinia sp.)

R2S28 (Haliclona sp.)

S6Q13 (Agelas cf. braekmani)

S6Q10 (Agelas cf. braekmani)

R1S1 (Agelas aff. cavernosa)

S4Q1 (Agelas aff. cavernosa)

S4Q3a (Agelas aff. cavernosa)

R1S4 (Agelas sp.)

S2Q7 (Cinachyrella sp.)

S1Q6 (Agelas cf. braekmani)

S4Q10 (Ircinia sp.)

RE6S4 (outgroup)

R3S18 (Biemna tubulata)

S2Q6 (Haliclona sp.)

S9Q20 (Callyspongia sp. 1)

S9Q19 (Spongia sp.)

S1Q10 (Biemna tubulata)

S4Q3b (Agelas cf. braekmani)

R2S9 (Cinachyrella sp.)

S10Q7 (Agelas aff. cavernosa)

S6Q17 (Agelas cf. braekmani)

S9Q16 (Ircinia sp.)

S9Q6b (Callyspongia sp. 1)

0.86

0.98

0.9

1

1

1

0.9

0.9

1

0.9

1

0.77

1

1

1

0.91

1

0.9

1

0.95

0.62

0.9

0.93

0.73

0.93

0.7

1

0.99

0.9
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Appendix 8: Bayesian Inference tree with concatenated sequences of CO1 and 28S for the 

demosponges in the Mauritius Island 

 

 

 

 

 

 

 

 

0.2

M6S2 (Petrosia sp.?)

M9S15 (Paratimea sp.?)

RE4S10 (outgroup)

M6S9 (Petrosia sp.?)

M1S9 (Spheciospongia sp. 2)

M1S23 (Suberea aff. fusca)

M7S5 (Thorectid sp.)

M5S13 (Acanthostylotella sp.)

M5S9 (Agelas sp.)

RE8S7 (outgroup)

M7S20 (Petrosia (Petrosia) sp.)

M3S11 (Acanthostylotella cornuta)

M2S3 (Halisarca sp.)

M7S17 (Chondrosia sp.)

M1S21 (Suberitus sp.)

M7S16 (Luffariella sp.)

M3S9 (Acanthostylotella cornuta)

M1S8 (Spheciospongia sp. 1 aff. vagabunda)

M3S12 (Acanthostylotella cornuta)

M7S4 (Chondrosia sp.?)

M3S3 (Acanthostylotella cornuta)

M5S8 (Xestospongia sp.)

M5S5 (Ianthella sp.?)

M3S13 (Acanthostylotella cornuta)

M7S9 (Thorectid sp.)

M8S1 (Paratetilla sp. nov.)

M6S14 (Petrosia sp.)

M5S14 (Xestospongia sp. nov.)

M1S12 (Biemna triraphis)

M8S4 (Spheciospongia sp.)

M7S6 (Petrosia (Petrosia) sp.)

M1S4 (Acanthostylotella cornuta)

M2S7 (Ectyoplasia coccinea)

M1S16 (Spheciospongia sp. 3)

M7S7 (Anaderma sp.?)

M7S15 (Chondrilla sp.)

M1S13 (Suberitus sp.)

M7S13 (Petrosia sp.)

M4S8 (Niphatidae)

RE6S4 (outgroup)

M9S3 (Petrosia (Petrosia) sp.)

M4S6 (Ircinia sp.)

M1S3 (Acanthostylotella cornuta)

M3S5 (Biemna tubulata)

M9S18 (Halichondria sp.?)
M1S5 (Iotrochota baculifera)

RE3S2 (outgroup)

M2S21 (Halisarca sp.)
M7S11 (Chondrilla sp.)
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0.94
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0.62
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0.99
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0.71
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Appendix 9: Bayesian Inference tree with concatenated sequences of CO1 and 28S for the 

demosponges in the Reunion Island 

 

 

 

0.1

RE7S3 (Petrosia sp.)

RE4S3 (Theonella sp.)

RE1S6 (Cinachyrella sp.)

RE4S5 (Callyspongia sp.)

RE3S2 (outgroup)

RE5S5 (Petrosia (Strongylophora))

RE2S1 (Neopetrosia sp.?)

RE1S9 (Protosuberites sp.?)

RE5S11 (Spirastrella plus Tethytimea?)

RE4S1 (Petrosia sp.)

RE8S4 (Petrosia sp.)

RE3S5 (Haplosclerida sp.?)

RE6S5 (Ethydatia sp.?)

RE1S2 (Haliclona (Gelius)?)

RE8S7 (outgroup)

RE3S6 (Petrosia (Petrosia) microxea)

RE1S4 (Tedania sp.?)

RE7S6 (Petrosia sp.)

RE3S1 (Petrosia sp.)

RE5S12 (Chondrilla australiensis?)

RE4S11 (Petrosia sp.)

RE7S9 (Xestospongia sp.?)

RE1S3 (Haliclona sp.?)

RE4S12 (Theonella sp.)

RE5S8 (Lithistida sp.?)

RE6S2 (Haliclona sp.?)

RE6S7 (Callyspongia sp.?)

RE5S9 (Placospongia sp.?)

RE6S3 (family Suberitidae)

RE5S10 (Timea cf. tethyoides?)

RE6S4 (outgroup)

RE5S2 (Svenzea sp. nov.)

RE1S1 (A. verongida?)

RE4S10 (outgroup)

1

1

1

1

1

1

1

1

1

1

1

1

1

0.79

1

1

1

1

1

1

1

1

0.97

0.64

1

1

0.91

1

0.8

0.84

1
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Appendix 10: Maximum likelihood tree from cox3 sequences of Leucetta chagosensis with 

SH-aLRT support/ultrafast bootstrap support values 
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Appendix 11: Maximum likelihood tree from 28S sequences of Leucetta chagosensis with 

SH-aLRT support/ultrafast bootstrap support values 
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Appendix 12: Maximum likelihood tree from concatenated sequences of cox3 and 28S 

sequences of Leucetta chagosensis with SH-aLRT support/ultrafast bootstrap support values 
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Appendix 13: Bayesian Inference tree from 28S sequences of Leucetta chagosensis with 

posterior probability values 
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Appendix 14: Haplotype network from 28S sequences of Leucetta chagosensis 
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