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Abstract 

Mitochondrial DNA (mtDNA) gene cytochrome oxidase subunit (CO1) is a barcode 

frequently used across the metazoan tree for species and population level analyses due to its 

mutation rate and resolution. However, in many anthozoan species, this conserved part of 

mtDNA has been argued to not be suitable population studies, due to its low evolution rates 

and high conservancy between conspecifics. The nuclear rRNA 28S region has been 

suggested to provide higher resolution. In this study, partial sequences of mtDNA CO1 

(N=43) and rRNA 28S-region (N=30) of individuals of Halichondria panicea were taken 

from four populations around the North Sea. These were analysed to determine whether 

rRNA can provide more molecular diversity information at a population level, than mtDNA. 

Very low variability was observed in the mtDNA data, identifying only 8 haplotypes, with a 

low nucleotide diversity of 0.0019, whereas rRNA identified 20 haplotypes and had a 

nucleotide diversity of 0.07942 Overall, mtDNA has the capacity to identify species, but 

provides no useful information at a population level due to the very high conservancy 

between populations, even those separated by >2000km. rRNA, on the other hand, was able 

to reveal significant population structure and provide more detailed insight into their genetic 

diversity. Mantel tests revealed no correlation between genetic distance and geographical 

distance, suggesting Halichondria panicea has developed a mechanism that allows for high 

dispersal levels and gene exchange, over large distances. We suggest this rRNA 28S region to 

be more suitable for population studies than the mtDNA CO1 region for Halichondria 

panicea.   
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1. Introduction 

1.1. Ecological Significance of Sponges 

Sponges, of the phylum Porifera, are the oldest extant Metazoan group (Ehrlich et al., 2007; 

Kelly et al., 2009), existing since the pre-Cambrian era, surviving through every mass 

extinction event, even aiding in post-extinction ecosystem recovery (Ritterbush et al., 2014; 

Ritterbush et al., 2015; Botting et al., 2017). Their cosmopolitan distribution and survivability 

can be ascribed to their well-adapted bauplan (Solé-Cava et al., 1991; Manconi & Pronzato, 

2007; Xavier et al., 2010). The ecological significance of the presence of sponges in their 

respective environments has been well described in the literature. They provide a plethora of 

ecosystem services to marine environments (Hogg et al., 2010; Wagner & Kelley, 2017). For 

example, many encrusting species of sponges create a heterogeneous physical environment by 

boring into the substrate (Leung, 2015), benefiting the functional diversity of a benthic 

community, for example, generally creating a more productive ecosystem (Strand et al., 2017). 

Levin et al. (2010) identified a positive correlation between species richness in marine systems 

and the presence of sponge species, a trend observed with many sponge species (Kersken et 

al., 2016). Two significant functions sponge species provide come from filtration and nutrient 

recycling (Olesen & Weeks, 1994; Peterson et al., 2006; Hoffman et al., 2009; Leys et al., 

2011; Maldonado et al., 2011). Sponges are heterotrophic (although some exhibit carnivory) 

and remove organic particles from the water column through filter feeding (Pile et al., 2003; 

Achlatis et al., 2017). Sponges can filter large volumes of water, and through this mechanism 

also uptake suspended sediments and waste that may be harmful to other species. Similarly, 

these filtration methods may allow sponges to remineralise excreted organic matter, to retain 

nutrients within an ecosystem (Strand et al., 2017). Marine systems are typically not so 

productive; however, it has the literature has described the functionality of sponges creating 

more productive and nutrient rich environments. (Angel, 1993; Pasquero et al., 2005). For 

example, the high productivity of coral reefs has proven to be elusive in the past (Rix et al., 

2018). Aspects of this unclear high productivity have been ascribed to many abiotic factors, 

but it has been identified that sponges may be involved in sustaining productivity by 

transforming ingested waste materials into useable nutrients within a system, preventing them 

from being lost. This has been termed the ‘sponge-loop’ (De Geoij et al., 2013).  

 

1.2. Molecular Studies in Sponges 

In molecular ecology, and particularly conservation genetics, studying the population genetics 

of a species is crucial in gaining insight into the mechanisms of evolution, population 
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dynamics, size, and structure (Blaquer & Uriz, 2011). Molecular analyses allow further acumen 

into the ideas and trends identified in ecology. In the conservation biology context, it can be 

essential to delineate populations of endangered species. Parameters such as genetic diversity, 

genetic drift (the mechanisms of evolution characterised by random changes in allele 

frequencies of specific genes), inbreeding depression as a result of inbreeding (reduction of 

survivability of offspring of related individuals), and gene flow (mechanisms of gene transfer 

from one population to another) can be used to assess the health and viability of populations 

(Slatkin, 1985; Charlesworth & Willis, 2009; Masel, 2011).  

 

In sponges, population genetics is commonly used to determine even simple indices such as 

number of individuals. Spatial and temporal processes that typically control and limit terrestrial 

populations do not tend to apply in marine populations, as they often do not fit in with the 

typical spatial or environmental structuring (Maas et al., 2020). This is commonly seen in 

sponge species. They have very limited larval dispersal typically, and the populations tend to 

be cryptic, as they are often morphologically indistinguishable (Boury-Esnault & Solé-Cava, 

2004; Mariani et al., 2006; Park et al., 2007; Blanquer et al., 2009). It is often expected the 

spatial scale of sponge populations is limited, but results of studies investigating this often defy 

the expectation. Delineating sponge populations effectively seems to lie at a nexus between 

geography, larvae energetics, oceanography, and population genetics. Sponge reproduction 

modes are often considered in these studies, as they can successfully sexually and asexually 

reproduce (Ereskovsky, 2018). Sponge tissue has high levels of totipotency, giving high 

regenerative and diversification possibilities (Funayama, 2018). There are sex differences 

observed in sponges, typically in the form that individuals only harbour one type of gamete; 

these sponges are termed gonochoristic (single-sexed). In populations made up of 

gonochoristic individuals, the sex ratio is usually 1:1, but there are frequent examples of an 

over-abundance of ‘female’ sponges (Gaino et al., 2010; Baeza et al., 2016). Contemporaneous 

hermaphroditism occurs more frequently than successive hermaphroditism. In gonochoristic 

populations, there will consistently be a minority of these successive-hermaphroditic 

individuals. Hermaphroditism is a reproduction strategy commonly used by metazoans to 

increase fecundity, and overall reproductive success (Clark, 1978). Sponge species’ apparently 

poor dispersal typically creates kin-structured populations that would suggest there is chance 

for inbreeding if natal dispersal is low. On the contrary, sponge populations are typically 

heterozygous (Blanquer & Uriz, 2011). Despite these mechanisms, and those sponges tend to 

have high clonality within populations, and the philopatric populations rather acts as a way of 
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increasing heterozygosity. Asexual reproduction can act as a mechanism to increase the number 

of rare alleles in a population, and on a rudimentary level just increases the number of breeding 

individuals in a population. Blanquer & Uriz (2011) identified another means for this ‘hidden’ 

heterozygosity, particularly amongst fragmented or isolated populations. In this example, the 

studied populations had low levels of clonality, so the source of the heterozygosity was unclear. 

Blanquer & Uriz (2011) proposed chimerism to be the reason. Sponges are capable of self-

recognition (of own tissue), by distinguishing between conspecifics and heterospecifics using 

a protein complex on the cell surface (Stoddart et al., 1985; Gaino et al., 2009). When two 

conspecifics recognise one another as the same species, they can fuse into one colony, with 

two distinct genomes. Sponge species’ ability of hermaphroditism has been described as a 

mechanism to reduce inbreeding, meaning chimeric sponges (in theory) could exhibit 

hermaphroditism and gonochorism simultaneously. The basics of this idea suggest 

heterozygosity could be misinterpreted dependant on what part of the sponge body a sample 

was taken from, ultimately then underestimating the diversity of the population (and even the 

population number). One final note on chimerism, is it has been found there is no physiological 

or ecological benefit for sponges to form chimeras, other than they have a larger biomass (and 

can self-fertilise).  

 

1.3. Barcoding Applications in Sponge Studies 

It can be said sponge populations are one of the more cryptic marine populations. Many 

molecular techniques can be considered, and in sponges DNA barcoding is typically used in 

delineating phylogenies and populations (Vargas et al., 2012). DNA barcoding acts primarily 

as a system for species identification, with short and standardised loci of the organism’s 

genome performing as a ‘barcode’, with the idea that every species’ barcode is unique to that 

species (Herbert & Gregory, 2005; Valentini et al., 2009). The mitochondrial cytochrome 

oxidase subunit-1 (CO1) of the mitochondrial genome (mtDNA) is typically used in barcoding 

of animal species (Wolstenholme, 1992; Saccone et al., 1999; Gissi et al., 2008). Within the 

mtDNA, there are regions with high conservancy and regions with high mutation rates, and 

there is no recombination seen within the whole mtDNA (Atig et al., 2009). It is shown that 

the evolutionary rate of mtDNA supersedes that of nuclear DNA (nDNA) tenfold (Wallace et 

al., 1987; Allo et al., 2017). The mtDNA CO1 marker is very commonly used in species 

identification, and in population studies. Its use is widespread, making it a trustworthy tool for 

molecular analyses, and comparable across genera. This is not true, however, of species at the 

base of the metazoan evolutionary lineage (sponges, cnidaria, anthozoans). In these species, 
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the evolutionary rate of mtDNA is very low, and this has been shown many times in the 

literature (Shearer et al., 2002; Hellberg, 2005; Erpenbeck et al., 2006; Wörheide, 2006; Huang 

et al., 2008; Yang et al., 2017). This leads to difficulties in population analyses, as these low 

mtDNA evolution rates often lead to completely identical sequences between individuals and 

can be problematic when delineating between closely related species. Duran et al. (2004) 

analysed this by measuring the genetic diversity of populations of a sponge Crambe crambe, 

and found individuals separated by >3000km had identical barcodes. Beyond this, it could 

suggest already constructed phylogenies may misrepresent the true state of the divergence of 

species (Calderón et al., 2007). Despite these discoveries existing in the literature for >15 years, 

CO1 is still used in population studies of anthozoan species, often with critique, but no 

suggestion as what other markers to use. The suitability of many other regions (mtDNA, or 

otherwise) have been studied, but these are often suggestions, and seem to be rarely applied. 

Ribosomal rRNA (rRNA) and nDNA have been explored as alternatives, as it has been shown 

that, in sponges, the evolutionary rate of these regions supersedes mtDNA, and have also been 

proven to be more polymorphic, too. Yet, whilst there are studies outlining how these regions 

could be more suitable, it is rarely applied. The ‘Sponge Barcoding Project’ aims to provide 

tools for the identification of sponge species and dedicates a page on their website listing most 

common and effective barcodes that can be used in studies (Wörheide et al., 2007).  

 

1.4. rRNA Markers 

The rRNA 28S C-region is proposed as a universally suitable region for all sponge classes and 

provides a higher resolution and easier amplification than other PCR methods (Figure 2). DNA 

extraction protocols and PCR protocols are generally well described across the literature for 

sponges, and this rRNA 28S C-region has been optimised for PCR and sequencing reactions. 

However, the rRNA 28S D-region may contain more polymorphisms and is potentially more 

suitable in investigating populations. Voigt & Wörheide (2016) identified in the phylogenies, 

the C-region can provide ‘surprisingly’ resolved phylogenies, as compared to existing markers. 

The Sponge Barcoding Project features the C-region marker on its home page, indicating its 

widespread applications, and it can be applied to specimens with suboptimal DNA 

preservation. The D-region has been similarly applied to several phylogenetic studies, and in 

population studies, too. The C-region has been applied in delineating populations of species, 

as much as the D-region. A reason for this could be that the C-region (which usually 

incorporates sequences across the C1-C2 portions) is smaller than the marker usually used in 

the D-region (D1-D2) (Chombard et al., 1998) (Figure 1). This is identified as a favourable 
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feature of this C-region, however, in terms of capturing as much variation as possible, 

especially in cryptic/conserved genomes of populations, using the larger D-region could 

identify more polymorphisms.     

Figure 2: Overview of the whole 28S rRNA region, including the regions typically included in barcoding, adapted from 

Chombard et al. (1998) 

Figure 1:  Overview of the 28S C-region and D-regions of the rRNA genome, from 

SpongeBarcoding.com, adapted from Voigt & Wörheide (2016) 
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1.5. Study Aims & Objectives 

The main aim of this study is to determine the suitability of the mtDNA CO1 region marker 

for population studies, and simultaneously test if the rRNA 28S D-region is a more suitable 

marker for studying the genetic diversity and population structure of sponge species. 

Halichondria panicea (breadcrumb sponge) is a well-described cosmopolitan species, 

distributed across the northern hemisphere.  

The ocean currents of the North Sea are of particular interest concerning how sponges may 

disperse around this system. The general current moves in a counterclockwise direction: south 

down the English coast, east across mainland Europe to Denmark, north along Danish and 

Norwegian coast, then returning to the English coast from southwestern Norway. There are, 

however, several competing currents: input from Atlantic (which goes against the 

counterclockwise current), from Scotland, the Baltic Sea, and from the English Channel. The 

influence of these currents (if any) on sponge populations has not been studied.  

This study took 4 populations (from Norway, UK, Iceland, and Denmark) of Halichondria 

panicea (which have also never been studied) to evaluate the suitability of the rRNA 28S-D 

region and mtDNA CO1 region for population studies, with the aim to determine the genetic 

diversity on a population level, and overall. Also, it has been found that geographical distance 

of population does not influence gene flow in sponges. Taking this into account, this study 

aims to determine the role of ocean currents and distance in the gene flow and structure of these 

populations.  

The expected outcome of this study is that the rRNA marker is more polymorphic than the 

mtDNA marker and provides higher resolution at a population/individual level. In terms of the 

populations, considering the ocean currents surrounding these locations, it is expected that gene 

flow will be observed between all populations, forming a ring-like transfer, moving counter-

clockwise. Based on the distance of the locations, it is hypothesised that Iceland will be separate 

from all populations, whilst UK, Norway and Denmark will form this ring-like gene flow 

mechanism.  
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2. MATERIALS AND METHODS 

2.1 Sample Collection 

Tissues samples were obtained from 50 individuals of breadcrumb sponge, Halichondria 

panicea. These were obtained for this study from four locations around the North Sea: 4 

individuals from Iceland, 11 from Denmark, 9 from Norway, and 26 from the UK (Figure 3). 

Despite variable depth, all samples were taken from the intertidal zone, so everyone is 

inhabiting the same habitat. For the UK, as tissue samples were harvested, observations on the 

individuals were recorded, relating to the morphology, and surrounding dominant vegetation 

cover.  This was not possible with all sites that samples were collected from, due to missing 

data at time of collection (Iceland samples were collected already in 2014). However, specific 

coordinates of all individuals were recorded by contributors, and depth was recorded where 

possible. Before DNA extraction, the morphology of samples was compared, when possible, 

since some were not intact due to storage method. All samples, except UK, were fixed in (on 

average) 95% ethanol and stored at -18°C. UK samples were not fixed in ethanol (but stored at 

-18°C) and have subsequently been frozen and unfrozen several times, so degradation in DNA 

quality/quantity was expected. Results of the extractions were quantified using NanaDrop™.  

 

2.2 DNA extraction, amplification, and sequencing 

Tissue samples were prepared for extraction by being air-dried at room temperature. After 

weighing, samples were cut using a scalpel into 25mg pieces. DNA was extracted from all 

samples of breadcrumb sponge using QIAGEN DNeasy® Blood & Tissue (QIAGEN, 

Figure 3: All sites of Halichondria panicea included in study 
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Valencia, CA). The standard protocol was followed, except individual samples were ground in 

the lysis buffer to ensure optimal digestion. The extract’s quality and quantity were measured 

using NanoDrop™ 1000 Spectrophotometer (Thermo Fisher, Waltham, MA). For almost all 

samples, extractions were done in triplicate, and from this the highest yield was selected for 

PCR. The yields of extractions were non-consistent; therefore, it was necessary to perform 

these triplicates to obtain an improved yield. Samples obtained in England were harvested in 

2019, but were not fixed in ethanol, rather they were frozen, and have been subsequently 

defrosted and re-frozen several times since then.Samples were dried before weighing to remove 

excess water weight, however if the cut tissue was containing more spicules, for example, the 

weight could be misrepresented. This would potentially impact the yield since spicules contain 

no DNA material. Similarly, the mesohyl contains pores and channels, which reduces available 

extractable material. A DNA yield of >5mg was considered optimum, and a quality of 1.8 – 

2.2 was acceptable when selected the samples for PCR. However, there was emphasis on 

selected quality over yield, as this is more likely to impact amplification.  

 

Developing Primers 

Primers for mtDNA CO1 region (Forward: 5’-CCN CAN TTN KCN GMN AAA AAA CA-

3’, Reverse: 5′-AAN TGN TGN GGR AAR AAN G-3′) developed by Erpenbeck et al. (2006) 

and Misof et al. (2000) and rDNA 28S C-region (Forward: 5’-GAA AAG AAC TTT GRA 

RAG AGA GT-3’ Reverse: 5′-TCC GTG TTT CAA GAC GGG-3′) developed by Chombard 

et al. (1998) were obtained for PCR and sequencing reactions from SpongeBarcoding.org. The 

aim was to amplify and sequence individuals using these obtained primers. However, 

amplification and sequencing failed for both these primers, consistent of results found in 

Lawrence (2020). In order to create Halichondria panicea specific primers, the entire 

Halichondria panicea mitochondrion genome was accessed from NCBI (GenBank: 

MH756603.1). Then using the Needleman-Wunsch Global Alignment function in BLAST, the 

mtDNA CO1 primer was aligned against the whole genome, in order to determine the position 

of the beginning of the CO1 region. Once this was determined, this information was put into 

primer-BLAST function, where the expected size of the region (i.e., the end of the fragment, 

location of the reverse primer) was input. The output gave 10 suitable primer pairs for this 

region, of which three were selected (Table 1) based on product and self-complementary values 

(Table 1). A fourth primer pair (Table 1) was chosen, too, and this was the original primer pair 

corresponding the original location of mtDNA CO1 primers in SpongeBarcoding.org but edited 

to be specific to Halichondria panicea. 
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To develop the rDNA primer, sequence data was taken from a Chombard et al. (1998) paper 

which included information on the 28S rDNA C-region of sponge genomes. From this, the 

SpongeBarcoding.org primer was edited accordingly to be specific to H. panicea. From here 

however, it was decided to extend the product from beyond the C-region, and include the D-

region of 28S rDNA, which supposedly harbours more variation. As the D-region information 

was not available for this species, an estimate was made based on product size, since the 

location of the region in the genome is known, but not specifically for primer design. Beginning 

in the C-region, a product of roughly 600bp should include this D2 portion. This was done 

using the primer-BLAST function on NCBI. This produced four suitable primers, of which all 

were included in the study. All primer information is shown in Table 1. 

All four CO1 and rDNA primer pairs regions developed for this study were tested in PCR, 

following the standard DreamTaq protocol: initial denaturation at 95°C for 3 min, then 30 

cycles of 95°C for 30 s, 53.5°C for 15 s, and 72°C for 1 min, with a final elongation step of 10 

min. These primers were tested using four samples selected based on yield. A high, low, and 

average yield of any sample and the highest yield of a UK sample were selected to test the 

primers. Results of this run were visualised on a 1.5% agarose gel (TBE Buffer), which was 

run at 90V for 45 minutes. The CO1HpanC and rDNAHpanA primers were selected to be used 

to amplify all samples, as they yielded the best results compared to other primers tested. 

 

Table 1: Developed primers used in pilot PCR study 

Primer ID Sequence 5’-3’ Reference 

CO1HpanA F – CCA CAG ATT ATC AGG CTT TAT GT 

R – GGC TTC GGT TGA AAA AAA G 

Erpenbeck et al. (2006) 

Misof et al. (2000) 

CO1HpanB F – GGC TTT ATG TGG TTT AAC CTT TGA 

R – ACG CGG CTA ATA GAG AAA GGA A 

Erpenbeck et al. (2006) 

Misof et al. (2000) 

CO1HpanC F – AGG CTT TAT GTG GTT TAA CCT TTG 

R – CGC GGC TAA TAG AGA AAG GA 

Erpenbeck et al. (2006) 

Misof et al. (2000) 

CO1HpanD F – CAG GCT TTA TGT GGT TTA ACC TTT 

R – GCG GCT AAT AGA GAA AGG AAC TCT 

Erpenbeck et al. (2006) 

Misof et al. (2000) 

rDNAHpanA F – TTG TGG CCG GGA GAG GCA ACT AG 

R – GGT GTT TGA CGG TTT GCT AGA AT 

Chombard et al. (1998) 

Lawrence (2020) 

rDNAHpanB F – GTC AGG GAG TTG TGG CCG 

R – AAG GTG TTT GAC GGT TTG CT 

Chombard et al. (1998) 

Lawrence (2020) 
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rDNAHpanC F – GGG AGT TGT GGC CGG GA 

R – GTG CAG TAT TGC CAC ATG CTA 

Chombard et al. (1998) 

Lawrence (2020) 

rDNAHpanD F – AGG GAG TTG TGG CCG GGA 

R – GGT GCA GTA TTG CCA CAT GCT A 

Chombard et al. (1998) 

Lawrence (2020) 

 

2.2.1. PCR & Sequencing 

PCR amplifications were conducted on a VeritiPro 96-Well Thermal Cycler, using the standard 

DreamTaq protocol, except using, 0.4mM of each primer. For these reactions the rDNAHpanA 

(Forward: 5’-TTG TGG CCG GGA GAG GCA ACT AG-3’, Reverse: 5’- GGT GTT TGA 

CGG TTT GCT AGA AT-3’) and CO1HpanC (Forward: 5’-AGG CTT TAT GTG GTT TAA 

CCT TTG-3’, Reverse: 5’-CGC GGC TAA TAG AGA AAG GA-3’) were selected from the 

previous PCR results, and all samples were run using the following protocol: initial 

denaturation at 95°C for 3 min, then 40 cycles of 95°C for 30 s, 54°C for 30s, and 72°C for 1 

min, then final elongation step of 10 min. Results of this run were visualised on a 1.5% agarose 

gel, which was run at 90V for 45 minutes. The PCR products were purified using a one-step 

purification protocol using 2 µl PCR-product, 0.5 µl FastAP (Thermosensitive Alkaline 

Phosphatase) (1u/ µl ), 0.1 µl Exonuclease I (Exo I) (10u/ml), 0.8 µl  FastAP-buffer (10x) and 

6.6 µl water. This reaction was conducted using a Thermal Cycler: incubated at 37°C for 15 

min, terminated at 85°C for 15 min, and held at 4°C. 2ml of this reaction was used directly for 

each sequencing for the mtDNA CO1 and then for the rRNA 28S-region, using the PCR 

primers and the BigDye Ready-to-Run Reaction Sequencing protocol for a PCR product of 

500-800bp (5.10ml Milli-Q Water, 1.75ml 5xBigDye Dilution Buffer v3.1, 0.5 µl BigDye RR 

mix v3.1, 0.65ml 5mM sequencing primer, 2 µl purified primer). The thermocycling protocol 

for the sequencing reaction was as follows: initial denaturation 96°C for 1 min, 30 cycles of 

96°C for 10 s, 50°C for 5 s, and 60°C for 4 min, and then held at 4°C. The sequencing reaction 

was purified using Sephadexä G-50 Superfine powder to clean up and remove unwanted 

reagents from the sequencing reaction. This was then directly sequenced using an Applied 

Biosystems 48-capillary 3730DNA Analyser.  
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Additional PCR reactions 

Different PCR methodologies were tested in addition to standard protocol. Touchdown PCR 

(TD-PCR) was used to increase PCR product yield and general amplification success. This 

protocol introduces two phases into the standard amplification reaction. It begins with an 

annealing temperature 10°C above the intended (so 65°C in this instance) and is decreased by 

1°C every successive cycle until the true calculated annealing temperature is reached, and this 

is repeated for 10-15 cycles (15 in this case). The second phase follows the typical PCR 

methodology, using the final annealing temperature achieved in the touchdown phase. 2ml of 

this reaction was directly sequenced. 

A third PCR protocol was tested following the standard protocol outlined in 3.2.2., only 

modifying the amount of DNA in the reaction mix from 1ul to 2ul. Similarly in the PCR clean-

up reaction was changed from 2ml to 5ml, and for the sequencing reaction, the PCR product 

volume was increased from 2ml to 5ml.  

 

2.3 Data analysis 

DNA sequence electropherograms were observed and edited in MEGA XI (Kumar et al., 2018). 

Sequences for both mtDNA and rDNA were assembled in MEGA XI and aligned using the 

ClustalW function. All sequences were checked against the GenBank using the BLAST 

function in order to confirm species ID, and similarly check for contamination of samples, 

since sponge species typically host a variety of commensal species and symbionts (Wörheide, 

2006). All following analyses were completed separately for rRNA and mtDNA sequences and 

compared against one another.  

Phylogenetic analysesIn order to assess the phylogeographic structure, a genetic distance 

matrix was computed in MEGA XI using, the Jukes-Cantor substitution model, which was 

determined in MEGA XI also. Following this, a bootstrapped maximum-parsimony tree was 

computed from 1,000 possible tree iterations and including an outgroup of the species 

Mnemiopsis leidyi (for both regions). This was visualised and inferred.  

 

Population Genetics Analyses 

Different molecular diversity indices were identified using three different methods and 

software. Haplotype number (h) gives the number of different haplotypes and haplotype 

diversity (Hd) measure the probability that two randomly sampled alleles are different. A 

haplotype represents polymorphisms that are typically inherited together within a population. 

Using these diversities, it is possible to see how polymorphic the population is overall. This 
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can also be used to compare populations, and identify whether they share any haplotypes, 

which could indicate gene exchange. Nucleotide diversity (p) measures the average pairwise 

nucleotide differences between all pairs of individuals in the sample. It can show the genetic 

variation within a population quite simply. Mutation parameter (q) per site and per sequence 

similarly identifies polymorphic sites in the sequences and overall, from the observed 

nucleotide diversity. It can be inferred also as function of neutral mutation rate and the effective 

population size. Mismatch distribution (and Tajima’s D) in a population genetics context will 

define the state of a population, whether it is expanding, decreasing, or at equilibrium. Tajima’s 

D generally measures what type of selection a population is under, but in this population 

context, when the marker used is considered to be neutral, it similarly measures the size trend, 

and applies a significance value, so it is typically used in adjunction to mismatch distribution. 

All of these parameters were calculated via the software DnaSP (Rozas, & Rozas, 1995). 

Mismatch distribution for all populations was calculated in DnaSP, also. A haplotype network 

was constructed in order to visualise the relationship of the sequences in populations. This 

analysis visualises the relationship between DNA sequences within and between the 

populations. This way it is possible to spatially identify the links between individuals, and it 

can be compared to the phylogenetic analyses to corroborate clustering. This was performed 

using PopART (Leigh et al., 2015). Pairwise fixation indices (FST), intra-population level 

haplotype frequency, and molecular indices per population were estimated in Arlequin. 

(Excoffier, & Lischer, 2010). FST measures the genetic differentiation observed based of 

differences in allele frequencies between populations due to structure and is estimated based 

on polymorphism data, whereas FST takes also into account the genetic distances between 

haplotypes. Mantel test was conducted in Arlequin in order to determine distance-by-isolation 

of all populations per marker. Isolation-by-distance describes patterns of population genetic 

variation that are linked to spatially limited gene flow, i.e., whether geographical distance limits 

gene flow or not.  Finally, gene flow was measured between all populations in Arlequin. 

According to study by Jin et al. (2020), the gene flow (Nm) was categorised as follows: a value 

of 0.000-0.249 was considered low gene flow, value of 0.250-0.999 was medium, and ³1.000 

was considered high gene flow.  

 

 

 

 



13 

 

3. RESULTS 

Individual Observations 

From observations of samples, individuals were the same colour and shape, except for some 

Denmark individuals which were much larger than other tissue samples in the study. A basic 

spicule analysis of most individuals identified all individuals to be Halichondria panicea, 

however H. panicea can bear a similar structure, colour, and shape to other species it shares 

habitat with, such as Halichondria bowerbanki (the ‘sister’ species of H. panicea) and 

Hymeniacidon perlevis (which can look like H. panicea).  

 

DNA Extraction 

DNA was successfully extracted from 49 out of the 50 samples. Despite the triplicate attempts, 

one of the UK samples had to be discarded due to too low yield (0.3ng/ml). Generally, the yield 

of all samples was acceptable. The average yields of DNA from Iceland, Denmark, Norway, 

and the UK were 48.696 ng/ml ± 0.86, 73 ng/ml, 31 ng/ml, and with most UK samples 

representing the lowest yields observed (Appendix 1).  

 

3.1. PCR & Primer Developing  

Results of the first PCR run were visualised on a 1.5% agarose gel (TBE Buffer), which was 

run at 90V for 45 minutes (Figure 4). When deciding which primer pair would be selected, the 

band size (compared to a DNA ladder) was considered. The fragments being amplified were 

~600bp in length. From the gel visualisation, it appeared primer pair CO1c and rDNAa gave 

the most consistent size results, so these were selected for amplification of all samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Results of amplification mtDNA CO1 and rRNA 28S 

regions developed for Halichondria panicea. Each primer 

labelled a-d, and the pink outline identifying which primer was 

selected for each region. Result visualised on 1.5% agarose 

gel (TBE Buffer) 
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mtDNA CO1 PCR and Sequencing 

With primer pair CO1c (which it will be henceforth referred to) being selected as the optimum 

primer, it was used to amplify all individuals. Altogether 41 out of the 49 samples amplified 

(had bands on the gel) (Figure 5). Typically, all sequence reactions worked, and six were 

dropped due to an unclear read or no result at all. (Figure 5 & 6).  All CO1 sequence data was 

used directly in analyses.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Electropherogram of sequence of mtDNA CO1c Halichondria panicea that is representative of all sequences 

included in study (as visualised in MEGA XI). 

 

 
 

 
 

 
 

Figure 5: Successful PCR amplification of mtDNA CO1c primer on all 

individuals of Halichondria panicea visualised on a 1.5% agarose gel (TBE 

buffer) 
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rRNA 28S-Region PCR and Sequencing 

Primer pair rRNAa was selected for amplification and sequencing of samples based on results 

shown in Figure 1. However, the initial standard PCR protocol amplification was less 

successful than the mtDNA CO1c primer amplification (Figure 7). Altogether 24 out of 49 of 

the samples successfully amplified. These were nonetheless directly sequenced; however, this 

was equally as unsuccessful, with even less sequences (22 out of a possible 49) (Figure 8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 7: Partially successful PCR amplification of rRNAa 28S-Region primer on all individuals 

of Halichondria panicea visualised on a 1.5% agarose gel (TBE buffer) 

Figure 8: Electropherogram of failed sequence of rRNAa 28S-Region Halichondria 

panicea that is representative of how the failed sequences looked like (as visualised 

MEGA XI) 
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The rDNAa primer was tested a second time, by slightly modifying the PCR protocol through 

increasing the amount of DNA material in reaction mix (Figure 9). The result of this was similar 

to that of the first attempt (Figure 4), however in this instance there is more non-specific 

binding shown, and generally less successful amplifications as compared to the first run. This 

PCR product was directly sequenced, and it was not successful (Figure 10), though there were 

some successful reads (12 out of a possible 30). Overall, it did not yield usable material.  

Figure 9:Electropherogram of failed sequence of second attempt at sequence reaction of rRNAa 

28S-Region Halichondria panicea that is representative of failed sequences (as visualised in 

MEGA XI). 

Figure 10: Partially successful of second attempt at PCR amplification of rRNAa 28S-Region 

primer on all individuals of Halichondria panicea visualised on a 1.5% agarose gel (TBE buffer) 
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Touchdown PCR (TD-PCR) was tested as an attempt to increased PCR yield. However, there 

was non-specific binding and also strong primer-dimers, was not suitable for this amplification 

(Figure 11). In addition, the sequencing reaction also failed (Figure 12). 

 

 

Figure 11: Partially successful of second attempt at tdPCR primer amplification of rRNAa 28S-Region region on all 

individuals of Halichondria panicea visualised on a 1.5% agarose gel (TBE buffer) 

 

Figure 12: Electropherogram of failed sequence of second attempt at sequence reaction of rRNAa 28S-Region based on 

tdPCR of Halichondria panicea that is representative of failed sequences (as visualised in MEGA XI) 

 

The PCR products from the first attempt (Figure 4) were sequenced again, using the modified 

protocol (increasing volume of PCR product in the sequence reaction) (Figure 13). The 
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electropherogram displayed a better sequence, that could be analysed for the downstream 

analyses alongside the mtDNA CO1 sequence data.  

 

3.2. Phylogenetic Analyses 

Overall, 43 mtDNA CO1 and 30 rRNA 28S sequences were identified and used in downstream 

analyses.  

 

mtDNA CO1 region Analyses  

The average pairwise distance of individuals was 0.019, which shows a low variation between 

individuals. In fact, most distances between individuals were 0.  

The maximum parsimony phylogenetic tree revealed no divergent lineages or significant 

clustering overall (Figure 14). The bootstrap percentage varied significantly across the tree 

from (95 to 35 at the base of the tree). Individuals Iceland1 and Melton3 significantly group 

(bootstrap value of 95). This is not indicative of a clade however since there is no clustering of 

any individuals over the whole tree. Iceland2 & Iceland4 also clustered together, however the 

bootstrap value was low (37).  

Figure 13: Electropherogram of successful rRNAa 28S sequence reaction for Halichondria panicea. This is representative 

of all 30 sequences that amplified and sequenced, and that were included in study (as visualised in MEGA XI). 
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rRNA 28S region Analyses 

The pairwise distance matrix showed the overall distance of individuals form all populations 

to be 0.1669 and showed generally high distance/variation between individuals. Most variation 

was observed between individuals of different populations, but there was also variation 

observed within populations, too, with the highest values being ~0.4.  

The maximum parsimony tree showed three distinct clades within the overall population, and 

two sub-clades in clade 1 (Figure 16). Lineage 3 was made up only of individuals of Norway 

and Denmark, with the average bootstrap value being 85 for the whole clade, which was the 

highest out of the three clades. Lineage 2 consisted of four individuals of Denmark, and one 

Iceland individual, which aligned alone, but within the same cluster. Lineage 1 was the largest 

clade and contained individuals from all populations. Lineage 1 contained two sub-clades, with 

a bootstrap value of 40. Lineage 1 included all populations, and exclusively included the UK 

individuals, showing a distinction form the other clades, over a spatial scale (Figure 15). 

Individuals Denmark8 and Seahouses6 did not cluster within any clades. This was reflected in 

the distance data, as these individuals had some of the higher values compared to other 

individuals from these populations. 

Figure 14: Maximum parsimony analysis including Bootstrap repetitions of populations of 

Halichondria panicea using the mtDNA CO1 marker 
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Figure 15: Maximum parsimony analysis including Bootstrap repetitions of populations of 

Halichondria panicea using the rRNA 28S marker 

Figure 16: Spatial representation of the clades revealed in the maximum parsimony analysis 

of Halichondria panicea using the rRNA 28S marker 



21 

 

3.3. Molecular Diversity Analyses 

The basic molecular diversity indices computed in DnaSP and Arlequin, for each population 

and overall, for each marker are shown in Table 1. Overall, the rRNA 28S marker shows more 

genetic diversity, compared to the mtDNA CO1. For example, the rRNA was able to reveal 

more haplotypes present in the populations (20) from a smaller total sample size (N=30), and 

largely provided more information on diversity within and between populations, whereas 

mtDNA CO1 identified 3 haplotypes from a larger sample size (N=43).  

 

From the CO1 data (Table 2), it was shown that the UK had the most haplotypes overall in the 

population (4 haplotypes, N=19), however Iceland had a higher number of haplotypes per total 

sample size (N=4, haplotype number = 3) and subsequently had the highest nucleotide and 

haplotype diversity, at 0.007 and 0.833, respectively. The Iceland population had the most 

variance within the population, whereas UK and Denmark (N=11) both had similarly low 

nucleotide diversity (0.001 and 0.002). The Norway (N=9) population had a similar haplotype 

diversity to UK and Denmark, though its nucleotide diversity was closer to that of Iceland, at 

0.006. All populations had similar q values, with Norway giving the lowest value at 0.37. 

Tajima’s D results for Norway and Iceland were not significant (P >0.5). However, results for 

all samples, Denmark, and the UK were strongly significant (P<0.05), indicative of population 

expansion in these populations.  

 

With the rRNA data (Table 3), all individuals of each population had a unique haplotype, 

except for the Iceland population (N=3) which had where all individuals expressed a unique 

haplotype. The UK (N=7) and Iceland had similarly low nucleotide diversity (0.055 and 0.004, 

respectively) and q per sequence values (28.0 and 26.9, respectively). Iceland, UK, and 

Denmark (N=11) populations had similar haplotype diversity values of 1, with Denmark being 

slightly lower with 0.94. Norway (N=9) and Denmark populations had similarly high 

nucleotide diversity as compared to the other populations. For all samples, and Norway and 

Denmark, the Tajima’s D values were not significant (0.05 > P > 0.1). However, the UK 

population had a significant result (P < 0.05), corroborating the results for the CO1 result, too. 
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Table 2: Summary of genetic polymorphisms in mtDNA CO1 marker in analysis of Halichondria panicea populations 

** significant result (P < 0.05) 

 

 

Table 3: Summary of genetic polymorphisms in rRNA 28S marker in analysis of Halichondria panicea populations 

Population N Number of 

haplotypes 

Haplotype 

diversity 

Nucleotide 

diversity 

Theta per 

sequence 

Tajima’s D Raggedness 

Iceland  3 1 1 0.055   28.0  NA 0.6667 

UK  7 7  1  0.004  26.9  -1.60943** 0.0408 

Norway  9  9 1  0.192  79.8   0.56374 0.0525 

Denmark  11  9 0.94  0.126  76.12  -1.07829 0.0883 

All samples  30  20 0.910  0.0794  28.52  -1.777 0.0310 

** significant result (P < 0.05) 

NA - could not be computed due to too small sample size 

 

A haplotype network for CO1 revealed 8 haplotypes, with most of these haplotypes existing in 

only a few individuals of different populations. Due to most sequences being identical within 

this analysis, most individuals clustered together (no difference), but with seven individuals 

(out of 43) that expressed a few substitutions from the identical sequences separating from the 

core cluster (Figure 17). No evident structuring is observed, and nothing is revealed in lieu of 

the geographical position/populations, however the shape of the network is indicative of a 

population expansion. For rRNA data (Figure 18), this same shape revealing a population 

expansion can be seen in the core of the network, but this analysis reveals population 

structuring, and shows the Norway and Denmark populations clustering separately from the 

UK and Iceland populations. The structure of this haplotype network gave insight into how 

Population N Number of 

haplotypes 

Haplotype 

diversity 

Nucleotide 

diversity 

Theta  Tajima’s D Raggedness 

Iceland  4  3 0.833   0.007  3.27 -0.31446 0.1944 

UK  19  4 0.298  0.001  1.14 -1.86122** 0.2804 

Norway  9  2 0.22 0.006 0.37 -1.08823 0.3580 

Denmark  11  2  0.182  0.002  2.04 -1.85059** 0.7355 

All samples  43  8 0.302  0.0019  3.70  -2.461** 0.3443 
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these populations exist over a spatial scale, with a clear distinction between Norway/Denmark 

and UK/Iceland. However, there is still linkage between these two clusters, indicating some 

connection between all populations. The haplotype diversity per clade observed in the rRNA 

phylogenetic analysis revealed the Iceland haplotypes to be present in most clades (Figure 19). 

 

Figure 17: Haplotype network of all populations of Halichondria panicea using mtDNA CO1 marker 

Figure 18: Haplotype network of all populations of Halichondria panicea using rRNA 28S marker visualised 

spatially over a map of the North Sea 
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Figure 19: Maximum parsimony analysis of all populations of Halichondria panicea including the haplotype diversity 

observed in each clade 

Population Structure 

For CO1, the mismatch distribution was indicative of population growth. This was 

corroborated against the Tajima’s D value of -2.461, which held a high significant value (P < 

0.01). For rRNA, mismatch distribution showed also results suggestive of population at 

equilibrium (contrary to that of CO1) results of this were not significant, however (Tajima’s 

D = -1.777, 0.10 > P > 0.05) (Figure 20).  

 

Figure 20: Mismatch distribution of Halichondria panicea populations using mtDNA CO1 marker (left) and 

rRNA 28S marker (right) 
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Isolation by distance was investigated for both markers, however Mantel tests indicated no 

correlation between the geographic and genetic distance matrices (P > 0.5).  Pairwise genetic 

distance (FST) using CO1 data showed little distance between populations, except for Iceland 

against Norway, and the UK (Table 3). This data was not significant (P > 0.05); however, 

Iceland and the UK populations were significantly distant (P < 0.05). With rRNA, FST values 

between populations were generally low, too (Table 3). Iceland and Norway populations, and 

Norway and UK populations showed larger distances as compared to the rest, however these 

results were also not significant (P > 0.05). 

 

Table 4: Pairwise genetic distance analysis (Fst) of all populations of Halichondria panicea using the mtDNA CO1 maker 

(top table) and rRNA 28S marker (lower table) 

CO1     

 Denmark Iceland Norway UK 

Denmark -    

Iceland 0.18128 -   

Norway -0.01274 0.24517 -  

UK 0.02107 0.35769** -0.01689 - 

** significant result  (P<0.05)    

rDNA     

 Denmark Iceland Norway UK 

Denmark -    

Iceland 0.8097 -   

Norway 0.00644 0.22356 -  

UK -0.00402 -0.02730 0.21795 - 

** significant result  (P<0.05) 

 

Gene flow was categorised 0-0.249 as no to low gene flow, 0.0250-0.99 as medium gene flow, 

and ³1.0 as high gene flow. Gene flow was observed in all populations from both markers 

(Table 4), with the exception of Denmark x Norway and Norway x UK populations in the CO1 

results. In CO1, notable values were observed between Denmark and UK, with a high value of 

Nm = 24.33, and the lowest gene flow observed between Iceland and the UK populations (Nm 

= 0.90080). Conversely, the rRNA data identified UK and Iceland to have a higher gene flow 

(Nm = 8.974). The highest gene flow value recorded here was between Denmark and Iceland 

(Nm = 11.90). Denmark showed to have the most gene flow between all populations overall. 
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Table 4: Matrix of M values (Nm, gene flow/migration) for all populations of Halichondria panicea using mtDNA CO1 marker 

and rRNA 28S marker 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CO1 

 Denmark Iceland Norway UK 

Denmark -    

Iceland 2.26980 -   

Norway inf 1.53607 -  

UK 24.33291 0.90080 inf - 

   

rRNA     

 Denmark Iceland Norway UK 

Denmark -    

Iceland 11.89729 -   

Norway 10.05722 3.55028 -  

UK 3.46334 8.97438 2.46697 - 
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4. DISCUSSION 

In marine molecular ecology research, a common aim is to delineate the genetic structure of 

populations to learn and identify significant units that can be inferred to design effective 

management plans, specifically relating to conservation of species. Genetic structuring in 

marine populations is often subtle (Maas et al. 2020) and requires more attention and effort 

than that of terrestrial populations. Barcoding species higher up the metazoan tree is less cryptic 

than that of anthozoans, since the characteristics of the mtDNA (evolutionary rate, for example) 

is far more suitable for this in terrestrial species. Similarly, from a practicality point of view, it 

is easier to track migrations, dispersal patterns, and other demographic behaviours in terrestrial 

species. This is especially true of sponge populations (Blanquer & Uriz, 2007; Shaffer et al. 

2021). Individuals of populations, and even other species, can be morphologically 

indistinguishable, and asexual reproduction, clonality, and chimerism can cause population 

diversity to be over or underrepresented (Calderón et al. 2007; Park et al. 2007; Blanquer & 

Uriz, 2011). Therefore, it is important to identify effective and suitable markers for 

demarcating sponge populations. DNA barcodes can effectively identify taxa, distinguishing 

and outlining phylogenies and evolutionary histories, but detection of more nuanced population 

structuring needs markers designed for this purpose (Hubert & Hanner, 2015).  

 

The CO1 region of mtDNA has been used effectively to identify species and delineate 

evolutionary histories in many species, however its effectiveness in anthozoan species has been 

disputed in the literature, as well as how it can be unsuitable for population studies, due to 

conservancy rates between conspecifics (Huang et al. 2008; Bucklin et al. 2011). Despite this, 

it is still used in large scale population studies (Moussa et al. 2022), which may lead to 

misinterpreted population diversity, due its limited power to detect these crucial differences in 

sequences of DNA.  

 

In this study, the aim was to test the suitability of CO1 as a marker in population studies and 

the rRNA 28S-region marker as a potentially improved alternative. By comparing populations 

of Halichondria panicea and the two markers, this study identified rRNA’s ability to detect 

more valuable genetic information than that of mtDNA, where in many cases mtDNA was 

unable to detect any variation in populations. Through comparing sponge populations around 

the North Sea, fine-scale genetic structure of these previously unstudied populations could be 

provided, and some insight into the genetic diversity.  
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4.1. PCR and Sequencing 

The results of amplifying the mtDNA CO1 region and rRNA 28S-region were as expected. 

With some individuals included in the study, based on information given by collaborators who 

donated sponge tissue, it was speculated that they may be sub-species of Halichondria panicea 

or a different species altogether, namely individual 4 from Iceland, and individual 6 from 

Seahouses in the UK population. Despite these morphological differences, it was expected that 

there would be no problem in the CO1 amplification, due to the highly conserved nature of the 

region, even between species, or rather that there would not be enough discrepancy between 

sub-species, and closely related species (such as Halichondria bowerbanki, which can be 

morphologically indistinguishable from H. panicea). Of all samples, 90% were successfully 

amplified, with 95% of the successfully amplified individuals yielded a usable sequence. 

Samples that did not work were from the UK, which was also expected. A reason as to why 

these samples were less successful could have been due to the storage method of these 

particular individuals. All other tissue samples were preserved in 95-100% ethanol, and stored 

at roughly -18°C, whereas all samples (with the exception Scotland samples) of the UK were 

not fixed in ethanol, rather were just frozen in sealed containers. This could have led to 

deterioration of the genetic material, causing fragmentation of DNA which may have been 

more difficult to amplify.  

 

rRNA 28S-region holds more genetic variation and supposedly higher phylogenetic resolution 

of sponges, and since the marker was edited specifically with the H. panicea genome, it was 

expected that if some individuals were different species, there would be less successful PCR 

amplifications. For example, it was expected there would potentially be difficulty in amplifying 

individual 4 from Iceland and individual 6 in the UK Seahouses population, based on 

Seahouses6’s morphological differences, and that the collaborator who donated Iceland4 

noting it is potentially another species. When PCR results were visualised, it was seen these 

individuals did not successfully amplify. However, the PCR was generally less successful than 

for CO1. The majority of failed amplifications were from the UK population (including some 

Scotland samples this time), suggesting that the same issues of storage method and 

deterioration could be affecting the amplifications. Although this was observed with some CO1 

individuals, the effects of it appear stronger with the rRNA samples. The results of this 

amplification were directly sequenced; however, the sequence reactions yielded no useable 

material. PCR was repeated using a slightly modified protocol of increasing the DNA in the 

mix and increasing the PCR product volume in the sequencing reactions. This was similarly 
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not successful. Touchdown PCR (TD-PCR) was attempted to increase the yield, but likely due 

to the variable annealing temperatures in TD-PCR, there was unspecific binding and primer 

dimers present when the results were visualised. This was represented again in the sequence 

reaction, which appeared to have read multiple sequences at once, creating an unreadable 

result. Finally, the first PCR reaction was directly sequenced again, and this time yielded 

readable results for 30 out of 49 of the samples, across all populations (Iceland = 3 out 4, UK 

= 7 out 19, Norway = 7 out of 9, Denmark 11 out of 11). It was unclear why it was successful 

the second time, but likely some issue with the sequencing reaction or error in preparing the 

reaction could have led to it failing the first time.  

 

4.2. Phylogenetic Analyses 

In order to streamline downstream analyses, it is important to construct phylogenies in order to 

determine presence, or absence, or clades or rudimentary clustering present in these 

populations. Beginning with the CO1 analyses, the maximum likelihood analysis created a 

phylogenetic tree with no evident topology. It was expected that, due to the conservancy of this 

region between individuals, the clades produced would be more difficult to determine (since 

many sequences were identical). However, the CO1 marker was unable to determine any 

clades. It is pertinent to note that the bootstrap confidence value decreased towards to the base 

of the tree (from 98, to 70, to 40, then 39). It is likely these higher values were observed between 

individuals which harboured the few substitutions present in all populations (the maximum 

number of differences was 8, based off of the sequences that were identical).  The lower values 

likely occur with the identical sequences, as the individuals (even from different populations) 

could not be distinguished. The low bootstrap values also indicate a poor resolution at an 

individual level for this marker, as it did not differentiate individuals and it does not fit any 

geographical trends of these populations. For example, this analysis does group two Iceland 

individuals, but similarly groups two Iceland and UK individuals, which are separated by 

>1500km, nor are they visibly connected through any ocean currents, an abiotic factor that 

could explain this. Results of this calibre were not unexpected, however. The CO1 marker’s 

inability to identify information at an individual level has been repeatedly reported in the 

literature, and the results of this phylogeny evidence the unsuitability, at least for this species, 

of this marker is identifying subtle population structuring.  

 

The maximum parsimony tree produced for the rRNA marker identified three distinct clades 

within the overall population, with one clade featuring two sub-clades. Generally, the 
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resolution of this tree is good, with bootstrap concert at the individual level and within the 

clades varying between 54 and 99. However, the confidence levels defining the clades are quite 

variable. The values distinguishing clade 1 and clade 2 vary from 40-58, which is much lower 

than what is observed at the individual level. The bootstrap values surrounding clade 3 are 

generally higher, identifying this clade as more likely than the other two. This is not to say the 

other clades are unlikely, but rather that rRNA is weaker at defining overall structure but is 

more scrupulous at an individual level. Nonetheless, the clades themselves seem to cluster with 

a good confidence level, as bootstraps within the clades generally all being >54, with most in 

clade 1 and 3 having values of >75. Before discussing each clades’ structure, it should be noted 

when individuals were identified using BLAST search, they were rarely identified as H. 

panicea, but rather gave non-specific percent IDs for a number of species. Here, it is fortunate 

to have the CO1 data strongly identifying the species, to confirm at least it is the correct species 

for the study, however, this does not necessarily mean rRNA is poor at identifying species, but 

rather that there is a lack of rRNA 28S-region sequences in the available databases, such as 

NCBI.  

There were a number of individuals that, although falling into a clade, did not cluster into the 

core group. In clade 2, which contained only 4 individuals from the Denmark population, there 

was also one individual from Iceland within this clade. Clade 3 only contained individuals from 

Norway and Denmark. Similarly, there were two individuals (Denmark individual 9, and 

Seahouses 6 from UK population) that stemmed from the most recent common ancestor with 

clade 3, however, the value which separates this was >70, suggesting these individuals to lay 

outside the clade is likely. It had been previously identified that there could be some 

subspeciation within this species, and although investigating this goes beyond the scope of the 

project, the individual Seahouses 6 was identified as being morphologically different from 

other samples, which could relate to this fairly large difference.  

Clade 3 was the most expected clade, based on the locations of each sampling site. These 

Norway and Denmark sites were separated by >500km. H. panicea reproduces via broadcast 

spawning, and the oceanic currents typically move in a counterclockwise direction abreast to 

the coastline, making it, in theory, most likely that Norway and Denmark would cluster together 

in a phylogeny. Clade 2 contained two polyphyletic groups of only individuals from the 

Denmark population. This could be explained by the sampling site. The individuals came from 

different locations on Funen Island in Denmark, which has inlets separating it from the other 

two main islands in Denmark. It is possible samples from these locations became isolated 

through local currents retaining sponge larvae within the inlets, creating this localised 
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population. It is unclear how the Iceland individual fits into the clade, and this same pattern is 

seen in Clade 1, also. These geographically distant individuals were expected to cluster 

together; however, they seem to cluster confidently across the tree, mixing with other 

populations. It is possible these populations were once more obviously connected. It is known 

sponges have persisted through every mass extinction/ice age event, and the topology in the 

past may have led to these populations being connected historically, and the results of the most 

recent ice age, for example, are being witnessed in present day (>11,000 years). This analysis 

is beyond the aim of this project, and another reason could simply be the sample size of the 

Iceland population is too small for the true structuring to be revealed. This could only be 

confirmed through repeating the analysis with a larger sample size generally, especially for 

Iceland individuals.  Clade 1 contains the most diversity, containing Norway, Denmark, and 

Iceland individuals, and exclusively containing UK individuals. Though there are evidently 

two subclades within the clade, many different population individuals cluster together, 

suggesting that the UK is a site of admixture amongst these sponge populations.   

 

4.3. Molecular Diversity Analyses & Population Structure 

The applications of the both the rRNA and mtDNA markers are brought into consideration 

based on the results produced by the population structure analyses, and molecular diversity 

findings. Essentially, the two markers create two different images of the same population. It 

could, then, be difficult to determine which is giving the most accurate description of the 

populations. In order to resolve this, it is pertinent to turn to the literature to examine what 

trends are seen. In the literature, the rRNA 6S, 18S, and 28S regions are often suggested as 

markers that could be suitable for delineating sponge species and populations. Particularly the 

ITS region of rRNA is recommended as an effective marker for population studies. Yang et al. 

(2017) discusses the suitability of different markers in sponge identification, and that there is 

no single ideal marker for all sponge species, due to variability within and between species, 

with each marker having its own strengths and limitations. It has been speculated that the 

intragenomic variation of rRNA may affect the results of population studies, in the sense it may 

misguide phylogeny construction. This is often referring to the ITS region, however Krishnan 

& Gibb (2007) say the variation is something to be considered, but is not necessarily such a 

limitation, as long as the results can be standardised using another marker (mtDNA, for 

example). Concerning rRNA, the literature describes its applications, rather than truly applying 

it. There is a paucity of population studies on sponges anyhow, not to mention uses of rRNA.  
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The unsuitability of the mtDNA CO1 region having too poor of a resolution for identifying 

diversity at a population level in sponges has been well explored in the literature.. However, it 

is continually applied to population studies, despite these findings. In this study, this mtDNA 

marker revealed low nucleotide diversity overall (p = 0.0019) and identified 8 haplotypes from 

a population size of 43. (Hd = 0.302).  All populations had low nucleotide diversity, with 

Iceland (N=4) having the highest diversity (p = 0.007), and also the highest haplotype diversity 

(Hd = 0.833). However, it would be prudent to notice how the very low sample size of Iceland 

skew the results. All other population sizes ranged from 9-19, which, while still small, can give 

a more realistic depiction of the diversity. Norway, for example, also had a relatively high of 

0.006, in a sample of 9. Whilst these findings could be taken at face value, it is noteworthy to 

compare values expressed by other species from studies using this mtDNA CO1 region. 

Moussa et al. (2022) studied the genetic diversity of populations of the sponge Chondrosia 

reniformis, using the CO1 gene. From an overall sample size of 70, the average p was 0.0088, 

a similarly low value to that found in this study (as well as a similar Hd = 0.939). Similarly, 

Rua et al. (2011) compared different mtDNA markers across numerous sponge species, and 

found, again, on a population level, the CO1 marker to provide similar values as to that seen is 

many other studies, including this one (p = 0.006, Hd = 0.518). This surely identifies some 

trend within the CO1 region if these values are repeated across multiple genera. The slow 

evolution rates and high conservancy rates have been described numerous times for sponges, 

and other anthozoan species, yet there still seems to be some hesitation on moving away from 

CO1 for population studies. Indeed, as it is still used in population studies. 

 

With rRNA 28S-region marker, although there is little practical data to compare against in lieu 

of identifying trends across genera, the populations of this study are revealed to be relatively 

more diverse, polarising the trends shown in the CO1 analysis. Notably the haplotype diversity 

was threefold higher than that shown with the mtDNA marker (Hd = 0.910), with every 

individual of each population (except Iceland) having its own unique haplotype. This, 

alongside the generally high nucleotide diversity (p = 0.0794, for all populations), made it 

important to consider the aforementioned role intragenomic variation (IGV) can play in 

overrepresenting diversity. Whilst it must be considered, the raw sequence data, despite visibly 

showing all the variation, also detailed conservancy in certain portions of the rRNA barcode 

itself. Whilst there is no way to determine the influence of IGV in this study, the appearance 

of the sequence itself can at least be interpreted that the variation shown is true to that of natural 

diversity between individuals and populations, rather than some external (or rather internal 
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influence). From the literature, it could be pertinent to compare the results of other rRNA 

markers (such as ITS region). Ekins et al. (2015) used CO1 and ITS markers to identify 

population structure and other molecular diversity indices of three sponge species. Their CO1 

data resulted in many identical sequences (which was similarly seen in this study), ergo no 

population structuring or valuable population data. The rRNA ITS region, on the other, 

identified much diversity within and amongst populations (p = 0.127324, Hd = 0.9843), and 

was able to define the structure of populations (same case as this study). At least with this 

comparison, it can be noted a great deal more variation and information are found in the rRNA 

regions and applying these markers in population studies seems far more suitable than CO1. 

As for whether ITS region holds more variation than 28S region is not known, although this 

could fit into future analysis of these Halichondria panicea populations. 

 

Whilst both markers tell a different story of diversity, they both show similar trends concerning 

the population structure. A haplotype network for each marker was created. There were 

numerous identical sequences in the mtDNA analysis, therefore this network does not reveal 

much in the way of structuring. It does however represent a population expansion, with a 

number of individuals from all populations differing by only few substitutions from the core 

identical sequences. This was represented again in the rRNA analysis, that there is a core 

number of identical or similar sequences, and then branching off are several more dissimilar 

individuals. Again, this is indicative of population expansion, but in this instance, there is also 

clustering of a few Denmark and Norway individuals, which are grouped separately to the 

cluster containing all other individuals. This structuring of this haplotype network corroborates 

that of the phylogenetic analysis, with the core cluster of the haplotype network representing 

clades 1 and 2, and clade 3 represented by the Norway and Denmark individuals.  

 

A mismatch distribution for all populations, however, convoluted the population expansion 

theory somewhat. With mtDNA, the distribution was indicative of population expansion, which 

was corroborated by a very significant result (Tajima’s D = -2.461, P<0.01). For each 

population, the UK and Denmark also gave significant results in lieu of population expansion. 

Conversely, the rRNA distribution rather revealed a ragged distribution indicative of 

population structuring, without a significant value Tajima’s D ( -1.777, 0.05>P>0.1). When 

comparing the two distributions however, it seems they both display something indicative of 

population expansion (the same peak is present on both graphs). Perhaps this variation could 

be elucidated by repeating this analysis using a larger data set and ensuring both markers have 
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the same number of individuals. One thing to note from this result is that the UK population 

had a significant Tajima’s D value in both markers. An important note is that the mutation rates 

of the mtDNA and rRNA marker are likely representing the populations at different times in 

the past. Rather that the slow mtDNA rate shows that there was a significant expansion event 

further in the past, and the rRNA (which gives information closer to the present) is 

demonstrating the population reaching equilibrium. 

 

4.4. Gene Flow 

Gene flow describes the transfer of genes from one population to another and can be used to 

determine how populations are connected and infer certain biogeographical mechanisms that 

could link the populations physically. It was necessary to establish the connectedness of 

populations using other methods. Pairwise genetic distance (FST) was calculated for all 

populations using both markers. The results of both analyses were not significant. The rRNA 

28S-region analysis, nonetheless, gave some interesting results, that seemed independent of the 

geographical trends seen between the locations. One of the lowest values were seen between 

Denmark and Norway (FST = 0.00644), which would be expected based on the proximity of 

these populations. This was reflected, again, in the phylogeny since Norway and Denmark 

individuals formed a clade. The lowest values were seen comparing the UK to Denmark, 

Iceland, and Norway, with FST values of -0.00402, -0.02730, and 0.21795, respectively. A 

highest distance values was observed between Denmark and Iceland (FST = 0.8097) which 

contradicted the phylogeny, as these populations created a clade. These results oppose what is 

expected of clusters, as well as the phylogeny. These results were not significant, and this was 

likely due to the relatively small sample size of this study. For the CO1, the results of this 

corroborated the rRNA results (whilst also being non-significant). All values were low, with 

the exceptions of Iceland populations against Norway and the UK (which gave a significant 

result). This would be expected based of the geographical distance of these populations, but 

once again, most results were not significant (except UK x Iceland), reflecting the results of 

the Mantel tests.  

 

Considering the geographical distance appeared to be an essential part of this analyses. 

Halichondria panicea broadcast spawns, meaning it releases its planktonic larvae into the water 

column, which then drift (based on ocean currents) and settle, usually not so far from the 

maternal sponge. However, Mantel tests showed no correlation between the geographical and 

genetic distance matrices (P > 0.5). It has been found that some sponge larvae can avoid 
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mainstream currents, but on what scale they are able to do this has not been fully studied. 

Similarly, there has not been studies concerning the large-scale distribution modes sponges 

may exhibit, or what mechanisms may allow very broad larval dispersal to occur (Maas et al., 

2020). Gene flow was measured between all populations using both markers, and again, the 

data showed no clear association with the geographical distance. Since the CO1 marker had 

many identical sequences, it was not expected that there would be obvious gene flow. All Nm 

values were >0.9, which is indicative of high gene flow. The highest gene flow was recorded 

between Denmark and the UK (Nm = 24.33921), which again apparently corroborates the 

Mantel tests’ finding of no correlation between geographical distance and genetic distance, 

since these populations are separated by ~800km, and several physical geographical barriers. 

The rRNA gene flow values reflected this trend, too. The values were generally lower than that 

of the CO1 results, but were also much less variable, and still presented high gene flow between 

all populations. All results here aligned with that of the phylogeny, and seemingly could give 

some insight into how gene flow is structured between these populations. The observed gene 

flow was not expected. It was expected that haplotypes from each of the populations would be 

present in all clades, potentially forming a larger, panmictic population. This theory was based 

on the dispersal of the H. panicea larvae being dictated by that of the mainstream currents 

around the North Sea. These currents move in a counterclockwise direction, suggesting the 

opportunity for gene flow between all populations along this current (UK, Denmark, Norway, 

for example). It was expected, too, based on this, that Iceland would not be included in this 

gene flow, due to its geographical distance from the other populations. However, the gene flow 

data seemingly displays the opposite of what is expected. Rather that, gene flow is present 

between Iceland and Denmark, then Denmark and Norway, and from these groups, flowing 

into the UK. The absence of UK haplotypes in any other clade than clade 1, suggests that there 

is gene flow into this population, but not out (Figure 21). Rather, there is unidirectional gene 

flow towards the UK, but that between all other populations, due to the presence of haplotypes 

of the other populations. Notably, there is no apparent gene flow between Iceland and Norway, 

although there are some surface level currents moving from northern UK to the central 

Norwegian coast (Winther & Johannessen, 2006). This would align with a large Atlantic 

current moving past Iceland and depositing water into the northern North Sea, which could 

attribute to some gene flow moving from Iceland to the other distant populations.  

 

While this study cannot directly elucidate the movement of larvae or specify how these 

mechanisms work, the gene flow and Mantel test data outline interesting results for the way 
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these populations are connected. The main conclusion to be drawn is that Halichondria panicea 

must exhibit some mechanism which allows it to attain much greater dispersal than may have 

previously been thought. Results like have been observed before, and perhaps further study 

into the energetics of sponge larvae, and how they react to these specific North Sea currents, 

could further elucidate the ways in which the individuals of each location mix.  

 

  

4.5. Summary 

Molecular Analyses 

These populations of Halichondria panicea have not been previously studied. This study (at 

least with the rRNA 28S-region marker analyses) revealed this populations to be quite 

genetically diverse, showing significant structuring between locations, and being considerably 

polymorphic (based on haplotype and nucleotide diversity). The largest limitation with this 

study was the sample size, which may have skewed results, particularly in the case of the 

Iceland population. It could be speculated this population is more isolated, or more mixed, from 

other populations. In order to determine this, repeating this study with a larger number of 

individuals from Iceland (and all populations) could provide better resolution of populations. 

Figure 21: Describing the directional gene flow between all populations, with the red arrows showing unidirectional flow 

and the black arrows showing two-directional flow 
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Similarly, gathering data from populations in between the ones included in this study would 

allow for a more cohesive overview of how these populations are across the North Sea, but 

particularly concerning the gene flow. The gene flow trends were unexpected, based on 

geographical data and oceanic currents, therefore by creating a more continuous sampling 

design, this could have been explained better. Nonetheless, this study has successfully outlined 

the genetic diversity of these populations. This data acts as a baseline for future studies on this 

species, and these populations, by providing the general and basic genetic information.   

 

Markers 

mtDNA’s CO1 region is effectively used in many genetic analyses, especially in delineating 

individuals to a species level, and even used in population studies. Although it has been 

proposed it is not suitable for population studies of anthozoan and sponge species, it is 

continually used. rRNA’s 28S-region has been proposed as an alternative, but it has not truly 

been applied in an explicit population study. The results of this study showed the CO1 

molecular diversity of populations of Halichondria panicea to be comparably low to that of 

population studies of other sponge species using this region to measure diversity. The CO1 

region was able to reveal a certain number of haplotypes (similar to these other studies), but 

generally revealed a many identical sequences, clearly making it unsuitable for application of 

population studies for Halichondria panicea, and even other sponge species. Performing these 

same molecular diversity tests using the rRNA revealed much more genetic information for 

these populations: more haplotypes, obviously structuring and clustering in the phylogeny, and 

more clear nucleotide diversity. From these results, it can be concluded that the rRNA 28S-

region marker is a more suitable polymorphic marker than the mtDNA CO1 region, at least for 

population studies of this species of sponge. The ITS region of rRNA is commonly used as 

well, and it could be important to compare these markers in a practical way, rather than 

theoretically, since ITS has been shown to provide high resolution at a population (but from 

this study, the 28S has shown this too). The takeaway of this study should be that this 28S 

marker should be considered as a tool for delineating these cryptic sponge populations. 

However, it could be pertinent to not discard CO1 completely, but rather use an integrated 

approach, and using many markers in one study, in order to corroborate results. CO1 still works 

efficiently to identify species, and rather than using one marker per analyses (which seems the 

be the current trend), it is better to identify the role that each marker is best suited to, and hence 

use them simultaneously to create a more cohesive result.  
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