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I have never been big on poetry. But there is this one poem that has magnified in its relevance 

ÁÎÄ ÂÅÁÕÔÙ ÆÏÒ ÍÅ ÏÖÅÒ ÔÈÅ ÙÅÁÒÓȟ ÏÎÅ ÔÈÁÔ ) ÈÁÖÅ ËÎÏ×Î ÓÉÎÃÅ ÈÉÇÈ ÓÃÈÏÏÌȢ -ÁÙÂÅ ÉÔȭÓ ÔÈÅ ÍÁÒÉÎÅ 

thing, or the Greek mythology ÔÈÉÎÇȟ ÏÒ ÍÁÙÂÅ ÉÔȭÓ because I get it now. This is the finish line, 

finally. Although ÉÔȭÓ great to have reached it, it is but a fleeting moment. It is not about the finish 

ÌÉÎÅȟ ÉÔȭÓ ÁÂÏÕÔ ÔÈÅ ÊÏÕÒÎÅÙȠ ÁÎÄ ÉÔȭÓ ÁÌ×ÁÙÓ ÂÅÅÎ ÁÂÏÕÔ ÔÈÅ ÊÏÕÒÎÅÙȢ 4ÉÍÅ ÔÏ ÓÁÉÌ on to the next.  

Voor moesje.  

  

ɣȢɩȢ ɣɻɼʗʒʂʏȟ ͼɢʃʗʆʂͼ 
 

ɫɻ ɼɾʀʅʏ ʎʐʋʉ ʌʂɾɻʅʈʝ ɾʅɻ ʐʂʉ ɢʃʗʆʂȟ 
ʉɻ ʀʞʔʀʎɻʅ ʉɻ ͻʉɻʅ ʈɻʆʍʞʏ ʋ ɿʍʝʈʋʏȟ 
ɾʀʈʗʐʋʏ ʌʀʍʅʌʘʐʀʅʀʏȟ ɾʀʈʗʐʋʏ ɾʉʡʎʀʅʏȢ 
ɬʋʑʏ ɤɻʅʎʐʍʑɾʝʉɻʏ ʆɻʅ ʐʋʑʏ ɣʞʆʇʖʌɻʏȟ 
ʐʋʉ ʃʑʈʖʈʘʉʋ ɩʋʎʀʅɿʡʉɻ ʈʂ ʒʋɼʗʎɻʅȟ 

ʐʘʐʋʅɻ ʎʐʋʉ ɿʍʝʈʋ ʎʋʑ ʌʋʐʘ ʎʋʑ ɿʀʉ ʃɻ ɼʍʀʅʏȟ 
ɻʉ ʈʘʉͻ ʂ ʎʆʘʕʅʏ ʎʋʑ ʑʕʂʇʙȟ ɻʉ ʀʆʇʀʆʐʙ 

ʎʑɾʆʚʉʂʎʅʏ ʐʋ ʌʉʀʞʈɻ ʆɻʅ ʐʋ ʎʡʈɻ ʎʋʑ ɻɾɾʚʁʀʅȢ 
ɬʋʑʏ ɤɻʅʎʐʍʑɾʝʉɻʏ ʆɻʅ ʐʋʑʏ ɣʞʆʇʖʌɻʏȟ 
ʐʋʉ ʗɾʍʅʋ ɩʋʎʀʅɿʡʉɻ ɿʀʉ ʃɻ ʎʑʉɻʉʐʙʎʀʅʏȟ 
ɻʉ ɿʀʉ ʐʋʑʏ ʆʋʑɼɻʉʀʚʏ ʈʀʏ ʎʐʂʉ ʕʑʔʙ ʎʋʑȟ 
ɻʉ ʂ ʕʑʔʙ ʎʋʑ ɿʀʉ ʐʋʑʏ ʎʐʙʉʀʅ ʀʈʌʍʝʏ ʎʋʑȢ 
ɦɻ ʀʞʔʀʎɻʅ ʉɻ ͻʉɻʅ ʈɻʆʍʞʏ ʋ ɿʍʝʈʋʏȢ 
ɩʋʇʇʗ ʐɻ ʆɻʇʋʆɻʅʍʅʉʗ ʌʍʖʅʗ ʉɻ ʀʚʉɻʅ 
ʌʋʑ ʈʀ ʐʅ ʀʑʔɻʍʚʎʐʂʎʂȟ ʈʀ ʐʅ ʔɻʍʗ 

ʃɻ ʈʌɻʚʉʀʅʏ ʎʀ ʇʅʈʘʉɻʏ ʌʍʖʐʋʛɿʖʈʘʉʋʑʏɇ 
ʉɻ ʎʐɻʈɻʐʙʎʀʅʏ ʎͻ ʀʈʌʋʍʀʚɻ ɮʋʅʉʅʆʅʆʗȟ 
ʆɻʅ ʐʀʏ ʆɻʇʘʏ ʌʍɻɾʈʗʐʀʅʀʏ ʉͻ ɻʌʋʆʐʙʎʀʅʏȟ 

ʎʀʉʐʘʒʅɻ ʆɻʅ ʆʋʍʗʇʇʅɻȟ ʆʀʔʍʅʈʌʗʍʅɻ ʆʅ ʘɼʀʉʋʑʏȟ 
ʆɻʅ ʂɿʋʉʅʆʗ ʈʑʍʖɿʅʆʗ ʆʗʃʀ ʇʋɾʙʏȟ 

ʝʎʋ ʈʌʋʍʀʚʏ ʌʅʋ ʗʒʃʋʉɻ ʂɿʋʉʅʆʗ ʈʑʍʖɿʅʆʗɇ 
ʎʀ ʌʝʇʀʅʏ ɚʅɾʑʌʐʅɻʆʘʏ ʌʋʇʇʘʏ ʉɻ ʌɻʏȟ 

ʉɻ ʈʗʃʀʅʏ ʆɻʅ ʉɻ ʈʗʃʀʅʏ ɻʌͻ ʐʋʑʏ ʎʌʋʑɿɻʎʈʘʉʋʑʏȢ 
ɩʗʉʐɻ ʎʐʋʉ ʉʋʑ ʎʋʑ ʉɻ ͻʔʀʅʏ ʐʂʉ ɢʃʗʆʂȢ 
ɬʋ ʒʃʗʎʅʈʋʉ ʀʆʀʚ ʀʚʉͻ ʋ ʌʍʋʋʍʅʎʈʝʏ ʎʋʑȢ 
ɚʇʇʗ ʈʂ ɼʅʗʁʀʅʏ ʐʋ ʐɻʊʚɿʅ ɿʅʝʇʋʑȢ 

ɣɻʇʞʐʀʍɻ ʔʍʝʉʅɻ ʌʋʇʇʗ ʉɻ ɿʅɻʍʆʘʎʀʅɇ 
ʆɻʅ ɾʘʍʋʏ ʌʅɻ ʉͻ ɻʍʗʊʀʅʏ ʎʐʋ ʉʂʎʚȟ 

ʌʇʋʞʎʅʋʏ ʈʀ ʝʎɻ ʆʘʍɿʅʎʀʏ ʎʐʋʉ ɿʍʝʈʋȟ 
ʈʂ ʌʍʋʎɿʋʆʡʉʐɻʏ ʌʇʋʞʐʂ ʉɻ ʎʀ ɿʡʎʀʅ ʂ ɢʃʗʆʂȢ 

ɠ ɢʃʗʆʂ ʎͻ ʘɿʖʎʀ ʐͻ ʖʍɻʚʋ ʐɻʊʚɿʅȢ 
ɯʖʍʚʏ ɻʑʐʙʉ ɿʀʉ ʃɻ ͻɼɾɻʅʉʀʏ ʎʐʋʉ ɿʍʝʈʋȢ 

ɲʇʇɻ ɿʀʉ ʘʔʀʅ ʉɻ ʎʀ ɿʡʎʀʅ ʌʅɻȢ 
ɣʅ ɻʉ ʌʐʖʔʅʆʙ ʐʂʉ ɼʍʀʅʏȟ ʂ ɢʃʗʆʂ ɿʀʉ ʎʀ ɾʘʇɻʎʀȢ 
ɳʐʎʅ ʎʋʒʝʏ ʌʋʑ ʘɾʅʉʀʏȟ ʈʀ ʐʝʎʂ ʌʀʚʍɻȟ 

ʙɿʂ ʃɻ ʐʋ ʆɻʐʗʇɻɼʀʏ ʋʅ ɢʃʗʆʀʏ ʐʅ ʎʂʈɻʚʉʋʑʉȢ 

#Ȣ 0Ȣ #ÁÖÁÆÙȟ Ȱ)ÔÈÁËÁȱ ȿ Translated By Edmund Keeley 
 

As you set out for Ithaka 
hope your road is a long one, 

full of adventure, full of discovery. 
Laistrygonians, Cyclops, 

angry PoseidonɂÄÏÎȭÔ ÂÅ ÁÆÒÁÉÄ ÏÆ ÔÈÅÍȡ 
ÙÏÕȭÌÌ ÎÅÖÅÒ ÆÉÎÄ ÔÈÉÎÇÓ ÌÉËÅ ÔÈÁÔ ÏÎ ÙÏÕÒ ×ÁÙ 

as long as you keep your thoughts raised high, 
as long as a rare excitement 

stirs your spirit and your body. 
Laistrygonians, Cyclops, 

wild PoseidonɂÙÏÕ ×ÏÎȭÔ ÅÎÃÏÕÎÔÅÒ ÔÈÅÍ 
unless you bring them along inside your soul, 
unless your soul sets them up in front of you. 

Hope your road is a long one. 
May there be many summer mornings when, 

with what pleasure, what joy, 
ÙÏÕ ÅÎÔÅÒ ÈÁÒÂÏÒÓ ÙÏÕȭÒÅ ÓÅÅÉÎÇ ÆÏÒ ÔÈÅ ÆÉÒÓÔ ÔÉÍÅȠ 

may you stop at Phoenician trading stations 
to buy fine things, 

mother of pearl and coral, amber and ebony, 
sensual perfume of every kindɂ 

as many sensual perfumes as you can; 
and may you visit many Egyptian cities 

to learn and go on learning from their scholars. 
Keep Ithaka always in your mind. 

!ÒÒÉÖÉÎÇ ÔÈÅÒÅ ÉÓ ×ÈÁÔ ÙÏÕȭÒÅ ÄÅÓÔÉÎÅÄ ÆÏÒȢ 
"ÕÔ ÄÏÎȭÔ ÈÕÒÒÙ ÔÈÅ ÊÏÕÒÎÅÙ ÁÔ ÁÌÌȢ 

Better if it lasts for years, 
ÓÏ ÙÏÕȭÒÅ ÏÌÄ ÂÙ ÔÈÅ ÔÉÍÅ ÙÏÕ ÒÅÁÃÈ ÔÈÅ ÉÓÌÁÎÄȟ 
×ÅÁÌÔÈÙ ×ÉÔÈ ÁÌÌ ÙÏÕȭÖÅ ÇÁÉÎÅÄ ÏÎ ÔÈÅ ×ÁÙȟ 

not expecting Ithaka to make you rich. 
Ithaka gave you the marvelous journey. 
Without her you wouldn't have set out. 
She has nothing left to give you now. 

!ÎÄ ÉÆ ÙÏÕ ÆÉÎÄ ÈÅÒ ÐÏÏÒȟ )ÔÈÁËÁ ×ÏÎȭÔ ÈÁÖÅ ÆÏÏÌÅÄ ÙÏÕȢ 
Wise as you will have become, so full of experience, 

ÙÏÕȭÌÌ ÈÁÖÅ ÕÎÄÅÒÓÔÏÏÄ ÂÙ ÔÈÅÎ ×ÈÁÔ ÔÈÅÓÅ )ÔÈÁËÁÓ ÍÅÁÎȢ 
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Summary 

Patterns of community composition and diversity are addressed within the field of 

community ecology. More specifically, community assembly involves the study of the processes 

that allow taxa to colonise, and become established at a given locality (HilleRisLambers et al., 

2012). The persistence of a taxon is thought to be mediated by three non-mutually exclusive 

processes: 1) neutral dynamics that assume ecological equivalence between taxa, 2) historical 

patterns of occurrence that dominate over current local dynamics and 3) niche-related processes 

in which different taxa exhibit varying degrees of fitness (Cavender-Bares et al., 2009). Although 

initially restricted to observational data, the scope of community ecology has been broadened 

following the widespread application of DNA-based methods and the resulting availability of 

comprehensive phylogenies (Webb et al., 2002). Assembly processes are expected to manifest in 

community phylogenetic structure because taxa interact via their phenotypes, which are non-

randomly distribute d across the phylogeny (Vamosi et al., 2009). Nematodes represent the most 

abundant metazoans, dominating deep-sea sedimentary habitats across the globe (Vanreusel et 

al., 2010b). Their ubiquity, large population sizes and inability to escape disturbance due to 

limited vagility, render this microscopic phylum an ideal group for monitoring the impacts, and 

recovery from, disturbance (Bongers & Ferris, 1999). Concurrently, the morphological 

identifi cation of nematodes is taxonomically and practically challenging, even for the few 

specialists in this field, due to phenotypic plasticity of diagnostic characters, cryptic species (i.e. 

morphologically similar but genetically distinct  taxa) and physical fragility (Creer et al., 2010, 

Derycke et al., 2010, Derycke et al., 2005). Resultantly, biodiversity surveys are increasingly 

looking to molecular methods such as barcoding and metabarcoding as an alternative to 

morphological assessments (Bik et al., 2012a; Bik et al., 2012b; Brannock & Halanych, 2015; 

$ÅÌÌȭ!ÎÎÏ ÅÔ ÁÌȢȟ 2015).  

The Clarion-Clipperton Fracture Zone (CCFZ) is an abyssal area located between two 

oceanic fractures in the oligotrophic tropical waters of the eastern Pacific Ocean. Although most 

abyssal plains can be largely featureless, the CCFZ seabed is littered with polymetallic nodules, 

rock concretions made almost exclusively of manganese, while also containing small amounts of 

commercially important metals such as nickel, copper and cobalt (Hein et al., 2013). Located 

about 10 000 km away, the Mozambique Channel (MC) is enclosed by landmasses to the East 

(Madagascar) and West (continental Africa), and is characterized by complex oceanographic 

regimes, making it one of the most turbulent areas in the world (Ternon et al., 2014). Geological 

remnants of its formation, such as fluid emissions of methane and reduced sulphur can be found 

in the MC (Mahanjane, 2014), resulting in topographic depressions (pockmarks). The entire MC 
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has been designated as an Ecologically or Biologically Significant Area (EBSA), owing to the high 

marine biodiversity found in shallower depths and the presence of near pristine biotopes.  

In this dissertation, we study the community ecology of free-living deep-sea nematode 

assemblages in the CCFZ and MC with the objective of gaining an understanding of the processes 

involved in community assembly, and whether this tends to be driven by competitive interactions 

or other (a)biotic factors. We investigated the community structure (i.e. relatedness and co-

occurrence patterns) of nematodes in these two distinct regions, as well as phylogeographic 

patterns of the three most abundant genera found therein using metabarcoding. Though different 

in many ways (e.g. surface primary productivity, depth range, oceanographic regime), what the 

deep-sea ecosystems of the CCFZ and MC share is the impending threat of anthropogenic impacts 

resulting from mining of polymetallic nodules and hydrocarbon extraction, respectively. With this 

in mind, we provide an assessment of the utility of the metabarcoding methodology as a Rapid 

Biodiversity Assessment Tool. As a first step, we optimised our bioinformatic pipeline (Chapter 

2); ribosomal (18S) and mitochondrial (CO1) sequences from nematode specimens identified to 

species level were compiled to empirically derive intra- and interspecific similarity thresholds for 

the designation of Operational Taxonomic Units (OTUs), whose performance was compared to 

that of Amplicon Sequence Variants (ASVs). Artificial (mock) communities were created using 

DNA extracts from the aforementioned nematode specimens, and sequenced using High-

Throughput Sequencing (HTS). The known identity of mock species in this way providing a direct 

comparison between sample and sequence data. We also assessed the effect of reference 

sequence databases of different size and composition on the resulting taxonomical 

identifications. The best performing pipeline was then applied to the CCFZ and MC samples 

(Chapters 3, 4, respectively) for which we focused on ribosomal 18S data exclusively. Finally, in 

Chapter 5, the aforementioned datasets were combined to conduct a phylogeographic analysis of 

Acantholaimus, Desmoscolex and Halalaimus ASVs to examine the degree of sharing/uniqueness 

between the CCFZ and MC.  

In addition to classical measures of ASV biodiversity (i.e. alpha and beta diversity), we 

investigated patterns of phylogenetic community structure and co-occurrence to determine the 

strength of environmental filtering and competitive interactions, respectively, in shaping 

nematode assemblages. Nematoda ASVs were predominantly clustered (i.e. exhibiting higher 

relatedness than expected by chance) in both the CCFZ and MC, suggesting that environmental 

filtering  (i.e. when the abiotic and/or bi otic environment defines the local assemblage) is 

selecting for ecologically similar taxa in these deep-sea ecosystems. ASVs of the most abundant 

genera Acantholaimus, Desmoscolex and Halalaimus were less congruent between areas with 

respect to phylogenetic community structure and were frequently random, especially in the MC 
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pockmark fauna, an indication of the influence of neutral dynamics in this extreme environment 

or the successional stage at time of sampling. Overdispersion (i.e. relatedness lower than 

expected by chance) was extremely rare. ASV co-occurrences produced analogous patterns, with 

assemblages typically exhibiting co-occurrences that were higher than expected by chance, 

pointing to affinity for similar habitats, facilitation and/or sympatric  speciation. Rarity was very 

high throughout with most ASVs being highly localised, typically occurring in just a single 

replicate. Concurrently, a very small fraction of ASVs were shared by distant ocean basins, 

pointing to past events of long-range dispersal, the evidence of which has yet to be erased by a 

balance between genetic drift and gene flow. Overall, metabarcoding was successful in identifying 

nematode assemblages congruent to that of morphological assessments; nonetheless, the 

methodology was not without imperfections as shortcomings at the molecular and bioinformatic 

level did result in the absence of specific genera in both the CCFZ and MC samples. It has been 

suggested that community assembly can be viewed in light of four ecological processes, namely 

dispersal, drift, selection and speciation. In both the CCFZ and MC, we found evidence of overall 

limited dispersal, slow-acting drift, and environmental selection and (tentative) sympatric 

speciation. Finally, we conclude that metabarcoding represents an attractive methodology for 

rapid biodiversity assessment in the context of detecting the impacts of anthropogenic 

disturbance.   
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Samenvatting 

Patronen van gemeenschapssamenstelling en diversiteit worden onderzocht binnen het 

gebied van gemeenschapsecologie. Specifieker, gemeenschapsecologie omvat de studie van 

processen die aan de basis liggen van kolonisatie en verspreiding van taxa (HilleRisLambers et 

al., 2012). Men gaat er van uit dat de persistentie van een taxon wordt gemedieerd door drie niet-

wederzijds exclusieve processen: neutrale dynamieken die ecologische gelijkheid 

veronderstellen tussen taxa, historische patronen die de huidige lokale dynamiek domineren, en 

niche-gerelateerde processen waarin verschillende taxa verschillende mate van fitness vertonen 

(Cavender-Bares et al., 2009). Hoewel aanvankelijk beperkt tot observatiegegevens, vertoonde 

onderzoek naar gemeenschapsecologie een verbreding door het toenemende gebruik van op DNA 

gebaseerde methoden en daardoor een grotere beschikbaarheid van uitgebreide fylogenieën 

(Webb et al., 2002). Men gaat er van uit dat assemblageprocessen zich manifesteren in de 

fylogenetische structuur van de gemeenschap omwille van interacties tussen taxa via hun 

fenotypes, die niet-willekeurig verdeeld zijn over de fylogenie (Vamosi et al., 2009). Nematoden 

vertegenwoordigen globaal de meest voorkomende metazoans, in sedimentaire habitats van de 

diepzee (Vanreusel et al., 2010b). Hun populatiegrootte, onvermogen om te ontsnappen aan 

verstoring en hun alomtegenwoordigheid, maakt dit  microscopische taxon een ideale groep voor 

het monitoren van de effecten en herstel na verstoring (Bongers & Ferris, 1999). Tegelijkertijd is 

de morfologische identificatie van nematoden, zelfs voor specialisten, een taxonomisch en 

praktische uitdaging vanwege fenotypische plasticiteit van diagnostische kenmerken (Derycke et 

al., 2010), cryptische speciatie (Derycke et al., 2005) en hun fragiele karakter (Creer et al., 2010). 

Als gevolg hiervan is biodiversiteitsonderzoek steeds vaker gebaseerd op moleculaire methoden 

zoals metabarcodering als alternatief voor morfologische identificaties (Bik et al., 2012a; Bik et 

al., 2012b; Brannock & Halanych, 2015; Dell 'Anno et al., 2015). 

In dit proefschrift hebben we de gemeenschapsstructuur van vrijlevende diepzee 

nematoden in twee verschillende regio's onderzocht, de Clarion-Clipperton Fracture Zone (CCFZ, 

Hoofdstuk 3) en de straat van Mozambique (MC, Hoofdstuk 4), evenals fylogeografische patronen 

van de drie meest voorkomende genera die daarin worden gevonden (Hoofdstuk 5) met behulp 

van metabarcodering. Hoewel beide diepzee systemen in de CCFZ en MC op vele vlakken 

verschillen is de dreiging van antropogene effecten die voortvloeien uit, respectievelijk, de 

winning van polymetallische nodules en koolwaterstofwinning gemeenschappelijk. In deze 

context werd een metabarcoderingsmethode toegepast ter evaluatie van zijn bruikbaarheid als 

ÚÏÇÅÎÁÁÍÄÅ ȬRapÉÄ "ÉÏÄÉÖÅÒÓÉÔÙ !ÓÓÅÓÓÍÅÎÔȭ ÍÅÔÈÏÄÅ  

De CCFZ is een abyssaal gebied ingesloten tussen twee oculaire breuken in de oligotrofe 

tropische wateren van de westelijke Stille Oceaan. Hoewel de meeste abyssale vlakten eerder een 
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homogeen substraat vertonen, is de CCFZ vlakte bezaaid met polymetallische nodules, minerale 

concreties die bijna uitsluitend uit  mangaan bestaan, terwijl ze ook kleine hoeveelheden 

commercieel belangrijke metalen bevatten zoals nikkel, koper en kobalt (Hein et al., 2013). Het 

MC ligt op ongeveer 10.000 km afstand van de CCFZ en is omgeven door landmassa's naar het 

oosten (Madagaskar) en naar het westen (continentaal Afrika), en wordt gekenmerkt door 

complexe oceanografische regimes, waardoor het één van de meest turbulente oceaanbodems ter 

wereld is (Ternon et al., 2014). Geologische overblijfselen van het vormingsproces, zoals 

vloeistofemissies van methaan en zwavelconcentraties, kunnen worden gevonden in de MC 

(Mahanjane, 2014), wat resulteert in lokale topografische depressies (pockmarks). De gehele MC 

is geïdentificeerd als ecologisch of biologisch significant gebied (EBSA), vanwege de hoge mariene 

biodiversiteit in ondiepere zones en de aanwezigheid van bijna ongerepte biotopen zoals de "Iles 

Eparses". 

Als eerste stap hebben we onze bioinformatische pijplijn gedefinieerd (Hoofdstuk 2); 

sequenties van nematoden werden tot op soortniveau gebracht en gecompileerd om empirische 

intra - en interspecifieke karaktersitieken van overeenkomst af te leiden voor Operational 

Taxonomic Units (OTU's), waarvan de prestaties werden vergeleken met die van Amplicon 

Sequence Variants (ASV's). Zogenaamde ȬÍÏÃËȭ gemeenschappen werden gecreëerd met behulp 

van DNA-extracten van de bovengenoemde nematodenstalen, en gesequeneerd met behulp van 

High-throughput Sequencing (HTS). De gekende identiteit van ÄÅ ȬÍÏÃË-ÇÅÍÅÅÎÓÃÈÁÐȭ soorten 

biedt op deze manier een mogelijkheid tot directe vergelijking tussen staal en sequentiegegevens. 

We hebben ook het effect van referentiereeksdatabases van verschillende grootte en 

samenstelling op de resulterende taxonomische identificaties beoordeeld. De best presterende 

pijplijn w erd vervolgens toegepast op de CCFZ en MC stalen. 

Naast klassieke metingen van biodiversiteit (bijv. Alfa- en bètadiversiteit), hebben we 

patronen van fylogenetische gemeenschapsstructuur en het samenvallen van ASVs onderzocht 

om de sterkte van filtering door de omgeving en competitieve interacties bij het vormen van 

nematodenassemblages te bepalen. Nematode ASVs waren overwegend geclusterd (d.w.z. 

vertonen een grotere verwantschap dan door toeval) in zowel de CCFZ als MC, wat suggereert dat 

omgevingsfiltering, abiotisch en/of biotisch, bepaalt welke ecologisch vergelijkbare taxa in deze 

diepzee-ecosystemen voorkomen. ASVs van de dominante genera Acantholaimus, Desmoscolex en 

Halalaimus waren minder congruent tussen gebieden en waren vaker willekeurig gestructureerd, 

vooral in de MC pockmark-fauna, een indicatie van de dominantie van neutrale dynamieken in 

deze extreme omgeving, of mogelijks de aanwezigheid van een successiefase op het moment van 

bemonstering; overdispersie (d.w.z. verwantschap lager dan toevallig verwacht) was uiterst 

zeldzaam. Het samenvoorkomen van ASVs produceerden analoge patronen, waarbij assemblages 
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doorgaans meer overlap in voorkomen vertoonden dan verwacht op basis van toeval. De 

zeldzaamheid was heel hoog en de meeste ASVs waren sterk gelokaliseerd, meestal in slechts één 

replica. Tegelijkertijd werd een zeer kleine fractie van ASVs gedeeld door ver afgelegen 

oceaanbekkens, wat wijst op gebeurtenissen van verspreiding in het verleden over lange afstand, 

waarvan het bewijs nog moet worden uitgebalanceerd door genetische drift en genstroom. 

Metabarcoding was grotendeels succesvol in het identificeren van nematodenassemblages die 

congruent waren met die van morfologische beoordelingen, hoewel methodologische artefacten 

zowel op moleculair als bioinformatisch niveau resulteerden in de afwezigheid van dominante 

genera in zowel de CCFZ als MC. 

Gemeenschapssamenstelling kan worden bekeken in het licht van vier ecologische 

processen: verspreiding, drift, selectie en speciatie. In zowel CCFZ als MC vonden we 

aanwijzingen voor een in het algemeen beperkte verspreiding, langzaam werkende drift, 

omgevingsselectie en sympatrische speciatie. Ten slotte concluderen we dat metabarcodering 

een bruikbare methode is voor snelle biodiversiteitsbeoordeling in de context van antropogene 

verstoring. 
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Chapter 1 

1 General Introduction 

1.1 Life in the abyss 

While dredging in the Aegean Sea, the famed naturalist Edward Forbes recognised that 

ȰÔÈÅ ÎÕÍÂÅÒ ÏÆ ÓÐÅÃÉÅÓ ÁÎÄ ÉÎÄÉÖÉÄÕÁÌÓ ÄÉÍÉÎÉÓÈÅÓ ÁÓ ×Å ÄÅÓÃÅÎÄȟ ÐÏÉÎÔÉÎÇ ÔÏ Á Úero in the 

ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ÁÎÉÍÁÌ ÌÉÆÅ ÁÓ ÙÅÔ ÕÎÖÉÓÉÔÅÄȱȢ "ÁÓÅÄ ÏÎ ÔÈÉÓ ÅÖÉÄÅÎÃÅ, ÈÅ ÆÏÒÍÕÌÁÔÅÄ ÔÈÅ Ȱ!ÚÏÉÃ 

ÈÙÐÏÔÈÅÓÉÓȱ ÉÎ ρψττȟ ÓÕÇÇÅÓÔÉÎÇ Á ÃÏÍÐÌÅÔÅ ÁÂÓÅÎÃÅ ÏÆ ÍÁÒÉÎÅ ÌÉÆÅ ÂÅÙÏÎÄ Á ÄÅÐÔÈ ÏÆ σππ ÆÁÔÈÏÍÓ 

(approx. 550 m), which remained undisputed for almost a quarter of a century (Anderson & Rice, 

2006; Forbes, 1844). Subsequent research expeditions such as that of the HMS Challenger in the 

late 19th century, gathered ample evidence to falsify Forbes theory, designating the deep sea as 

a distinct and integral component of the biosphere. Defined as marine areas exceeding 200 m 

depth (Gage & Tyler, 1991), this ecosystem encompasses over 90% of the global ocean (Webb et 

al., 2010) and is characterised by topographic features such as oceanic ridges, seamounts and 

trenches, while approximately half consists of seemingly featureless abyssal plains. The latter 

cover υτϷ ÏÆ ÔÈÅ %ÁÒÔÈȭÓ ÓÕÒÆace (Gage & Tyler, 1991), and are characterized by fine sediments, 

cold (typically -0.5 °C ɀ 3.0 °C), well-oxygenated waters and a lack of in situ primary production, 

excluding chemosynthetic systems such as hydrothermal vents and cold seeps (Smith et al., 

2008). Furthermore, abyssal plains are considered food limited and strongly dependent on the 

ÃÏÎÔÉÎÕÏÕÓ ÄÅÌÉÖÅÒÙ ÏÆ ȰÍÁÒÉÎÅ ÓÎÏ×ȱ and/or ephemeral organic inputs from the euphotic zone 

to the benthos (e.g. whale carcasses and wood falls).  

The establishment of abyssal plains as some of the most biodiverse ecosystems on Earth 

was initiated by a macrofaunal study in the North Atlantic, in which the authors concluded that 

ȰÔÈÅ ÄÉÖÅÒÓÉÔÙ ÏÆ ÂÅÎÔÈÉÃ ÉÎÖÅÒÔÅÂÒÁÔÅÓ ÉÎ ÔÈÅ ÄÅÅÐ ÓÅÁ ×ÅÌÌ ÅØÃÅÅÄÓ ÔÈÁÔ ÏÆ ÔÅÍÐÅÒÁÔÅȟ ÓÈÁÌÌÏ× 

water, benthic communities and is actually comparable to that found in shallow water, tropical 

ÃÏÍÍÕÎÉÔÉÅÓȱ ÁÎÄ ÔÈÁÔ ȰÔÈÅÓe data clearly refute the classically held notion of a depauperate 

deep-ÓÅÁ ÆÁÕÎÁȢȱ ɉ(ÅÓÓÌÅÒ Ǫ 3ÁÎÄÅÒÓȟ ρωφχɊȢ !ÌÔÈÏÕÇÈ ÃÏÍÐÁÒÉÓÏÎÓ ÂÅÔ×ÅÅÎ ×ÅÌÌ-sampled 

shallow water and/or coastal habitats and the notoriously undersampled deep sea are inherently 

imbalanced and perhaps lacking in robustness (McClain & Schlacher, 2015), nonetheless, there is 

currently no doubt that abyssal plains harbour unique, highly diverse biota, the bulk of which 

remains undiscovered (Mora et al., 2011). One of their most enigmatic characteristics is species 

turnover that  tends to be very high at both large and small spatial scales, with samples taken 

adjacent to one another being only marginally more likely to host comparable assemblages than 

those distant to one another (Danovaro et al., 2009; McClain et al., 2011). Concurrently, major 

abiotic features such as temperature, pressure and salinity are largely homogenous at these 
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depths (Ramirez-Llodra et al., 2010), raising the question of what processes are enhancing and/or 

maintaining such levels of biodiversity. A number of hypotheses have been put forth to account 

for this apparent paradox, generally falling into non-equilibrium or equilibrium theories 

(Snelgrove & Smith, 2002). The latter propose that environmental stability, and thus, 

ÐÒÅÄÉÃÔÁÂÉÌÉÔÙȟ ÆÁÖÏÕÒÓ ÉÎÃÒÅÁÓÉÎÇ ÄÉÖÅÒÓÉÔÙȠ 3ÁÎÄÅÒÓ ȰÓÔÁÂÉÌÉÔÙ-ÔÉÍÅ ÈÙÐÏÔÈÅÓÉÓȱ attributes the 

large number of co-existing species in the deep sea to the unchanging local conditions which have 

enabled the specialization of fauna into numerous complementary niches (Sanders, 1968). 

Alternatively, non-equilibrium theories suggest that dynamic rather than static processes allow 

the coexistence of competitively inferior taxa with competitively superior taxa, elevating the sum 

ÔÏÔÁÌ ÏÆ ÄÉÖÅÒÓÉÔÙȢ 4ÈÅ ȰÃÏÎÔÅÍÐoraneous disequilibriuÍ ÈÙÐÏÔÈÅÓÉÓȱ ɉ#$(Ɋ ɉ2ÉÃÈÅÒÓÏÎ ÅÔ ÁÌȢȟ 

ρωχπɊ ×ÁÓ ÐÕÔ ÆÏÒÔÈ ÁÓ ÁÎ ÅØÐÌÁÎÁÔÉÏÎ ÆÏÒ ÔÈÅ Ȱ0ÁÒÁÄÏØ ÏÆ ÔÈÅ 0ÌÁÎËÔÏÎȱȟ ÉȢÅȢ ÔÈÅ ÈÉÇÈ ÓÐÅÃÉÅÓ 

richness of phytoplanktonic communities in the isotropic pelagic realm (Hutchinson, 1961). 

According to CDH ȰÁÔ ÁÎÙ ÏÎÅ ÔÉÍÅȟ ÍÁÎÙ ÐÁÔÃÈÅÓ ÏÆ ×ÁÔÅÒ ÅØÉÓÔ ÉÎ ×ÈÉÃÈ ÏÎÅ ÓÐÅÃÉÅÓ ÉÓ ÁÔ Á 

ÃÏÍÐÅÔÉÔÉÖÅ ÁÄÖÁÎÔÁÇÅ ÒÅÌÁÔÉÖÅ ÔÏ ÔÈÅ ÏÔÈÅÒÓȱ ÁÎÄ ȰÔÈÅÓÅ ×ÁÔÅÒ ÍÁÓÓÅÓ ÁÒÅ ÓÔÁÂÌÅ ÅÎÏÕÇÈ ÔÏ 

permit a considerable degree of patchiness to occur in phytoplankton, but are obliterated 

ÆÒÅÑÕÅÎÔÌÙ ÅÎÏÕÇÈ ÔÏ ÐÒÅÖÅÎÔ ÔÈÅ ÅØÃÌÕÓÉÖÅ ÏÃÃÕÐÁÔÉÏÎ ÏÆ ÅÁÃÈ ÎÉÃÈÅ ÂÙ Á ÓÉÎÇÌÅ ÓÐÅÃÉÅÓȱȢ 

3ÉÍÉÌÁÒÌÙȟ ÔÈÅ ȰÐÁÔÃÈ-ÍÏÓÁÉÃȱ ÍÏÄÅÌ ÁÔÔÒÉÂÕÔÅÓ ÈÉÇÈ ÄÉÖÅÒÓÉÔÙ ÉÎ ÁÂÙÓÓÁÌ ÐÌÁÉÎÓ ÔÏ ÔÈÅ ÅØÉÓÔÅÎÃÅ ÏÆ 

ȰÁ ÓÐÁÔÉÁÌ ÍÏÓÁÉÃȱ ×ÈÉÃÈ ȰÅÍÅÒÇÅÓ ÆÒÏÍ ÌÏÃÁÌ ÓÕÃÃÅÓÓÉÏÎÁÌ ÓÅÑÕÅÎÃÅÓ ÔÈÁÔ ÁÒÅ ÏÕÔ ÏÆ ÐÈÁÓÅȱ 

(Grassle & Sanders, 1973). Indeed, such small-scale (mȭÓ ÔÏ ÃÍȭÓɊ habitat heterogeneity is 

increasingly being recognised as one of the main drivers of high biodiversity in deep-sea 

ecosystems (Singh et al., 2016, Zeppilli et al., 2016). Albeit antithetic, equilibri um and non-

equilibrium hypotheses are not mutually exclusive; it would be naïve to assume that a single 

attribute or process of the deep sea can account for its high diversity (Snelgrove & Smith, 2002). 

As the final frontier of marine biological exploration, deep-sea life continues to astound and 

amaze scientists on every visit; from the discovery of the first ever chemosynthetically-supported 

communities at hydrothermal vents off the Galapagos islands in 1977 to such bizarre creatures 

as the ×ÏÒÌÄȭÓ deepest dwelling fish (Pseudoliparis swirei) found in the Mariana Trench, lacking 

scales and featuring unique dorsal and anal fin combinations.  

1.2 Community assembly: Processes and patterns  

Community ecology involves the study of patterns of species abundance, diversity and 

composition, as well as the processes generating those patterns. The persistence of a taxon in a 

particular locality  is thought to be mediated by (i) niche-related processes which follow 

fundamental assÅÍÂÌÙ ȰÒÕÌÅÓȱ ÄÅÆÉÎÅÄ ÂÙ ÔÈÅ ÌÏÃÁÌ (a)biotic environment, (ii) neutral processes 

which assume ecological equivalence among taxa, (iii) historical patterns of speciation and 
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dispersal which supersede local processes (Cavender-Bares et al., 2009; Diamond, 1975; Hubbel, 

2001; Ricklefs, 1987; Qian & Jiang, 2014). Collectively, these three perspectives can shed light on 

ȰÔÈÅ ÏÕÔÃÏÍÅ ÏÆ Á ÌÏÎÇȟ ÎÁÔÕÒÁÌ ÅØÐÅÒÉÍÅÎÔȱ ÔÈÁÔ ÉÓ ÅÁÃÈ ÓÐÅÃÉÅÓȟ Ï×ÉÎÇ ÉÔÓ persistence to both 

contemporary ecology as well as the slow-working  cumulative effects of evolutionary history 

(Ackerly, 2009).  

Based on observations of bird species co-occurrence in the Bismarck Archipelago, the 

famed ecologist and author Jared M. Diamond formulated several community assembly rules in 

1975, including that of so-ÃÁÌÌÅÄ Ȱforbidden species combinationsȱȟ ÏÒ ȰÃÈÅÃËÅÒÂÏÁÒÄ ÐÁÉÒÓȱ ×ÈÉÃÈ 

he concluded were evidence of competitive exclusion via interspecific competition (Diamond, 

1975). When compared to random simulations, assemblages can thus be aggregated or 

segregated (i.e. higher or lower co-occurrences than expected by chance, respectively). The 

presence of non-randomness in ecological communities can be explained through two 

contrasting lines of thought in which the importance of competition in defining the local species 

assemblage varies. When competition is fundamental to community composition, Darwinian 

reasoning would maintain that such interactions would be strongest between ecologically similar 

taxa, leading to the coexistence of dissimilar species and overdispersion of traits. Contrastingly, 

when the effect of competition is reduced, community assembly will be defined by the particular 

environmental (biotic and/or abiotic) characteristics of the locality, resulting in clustering of 

traits (Tofts & Silvertown, 2000). Beyond classical occurrence data, the widespread application 

of DNA sequencing and the availability of sophisticated phylogenetic trees have allowed for an 

evolutionary perspective into the forces defining community assembly (Webb et al., 2002). A 

fundamental observation of evolutionary ecology is that closely related species tend to be more 

similar than distantly related ones due to their shared ancestry, exhibiting similarities in 

morphology, ecology, physiology, life history and their ecological niche, broadly defined as the set 

of environmental and biological conditions allowing persistence of a taxon (Cooper et al., 2010; 

Harvey & Pagel 1991; Holt, 2009). One must bear in mind that, as is almost always the case in a 

biological context, no one observation will be universally true, given phenomena such as rapid 

divergence, convergent evolution (e.g. evolution of wings in birds, mammals and invertebrates), 

and the fact that the strength of the phylogenetic signal of any particular trait can vary (Cadotte 

et al., 2019; Ackerly, 2009). The validity of the a priori assumption of correlation between 

ecological similarity and phylogenetic relatedness across the tree of life appears to be 

idiosyncratic (reviewed in Losos 2008), requiring the collection of relevant ecological data in 

order to interpret  patterns of phylogenetic community structure; regrettably this is not always 

possible depending on the ecosystem being studied. Nonetheless, provided that the ecological 

niche of an organism is the manifestation of inherited traits and ecologically similar taxa are more 
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closely related, the phylogenetic composition of an assemblage will, at least partially, represent 

community structuring mechanisms due to the fact that organisms interact via their phenotypes, 

which are non-randomly distributed with respect to phylogeny (Figure 1.1, Vamosi et al., 2009). 

Random structure points to neutral community assembly while phylogenetic clustering and 

overdispersion (i.e. individuals being more and less closely related than expected by chance, 

respectively) is thought to result from environmental filtering (i.e. when the abiotic and/or biotic 

environment defines the local assemblage) and competitive exclusion, respectively, although the 

latter as also been linked to clustering (Kraft et al., 2007, Mayfield et al., 2010). Defining the 

ȰÅÎÖÉÒÏÎÍÅÎÔÁÌ ÆÉÌÔÅÒȱ ÈÁÓ not been without controversy. It was originally intended to describe 

ÔÈÅ Ȱabiotic factors that prevent the establishment or persistence of species in a particular 

locationȱ ɉ+ÒÁÆÔ ÅÔ ÁÌȢȟ ςπρυɊ; however, our increasing understanding of the ubiquity and function 

of the microbial world has challenged the concept of a strictly abiotic filter (Aguilar-Trigueros et 

al., 2017). Through this perspective, Thakur & Wright (2017) advocate the distinction of the 

abiotic macroenvironment and the biotic microenvironment. Concurrently, Aguilar-Trigueros et 

ÁÌȢ ɉςπρχɊ ÓÕÇÇÅÓÔ ÒÅÐÌÁÃÉÎÇ ÔÈÅ ×ÏÒÄ ȰÆÉÌÔÅÒȱ ÔÏ Ȱa background in front of which biotic interactions 

occurȱ to best describe this interdependence. Beyond the challenge of defining the term, it has 

also been suggested that competitive interactions can generate similar phylogenetic patterns as 

an environmental filter; t he two often being indistinguishable when working with observational 

data (Cadotte & Tucker, 2017; Mayfield & Levine, 2010). Deep-sea communities being shaped by 

niche-related processes under the stability-time hypothesis could account for their high diversity 

due to the specialization of taxa to countless niches afforded by long-term environmental 

stability. Concurrently, the patch-mosaic model would also lead to increased diversity as the 

existence of spatio-temporal habitat heterogeneity also results in the creation of distinct niches 

available for exploitation. Most importantly perhaps, an improved understanding of the 

processes governing community assembly can be applied to assess levels of local extinction risk 

in the face of anthropogenic impacts.  

Random  Overdispersion  Clustering  

Figure 1.1: Signatures of phylogenetic clustering, random structure and overdispersion in the distribution 
of taxa in an assemblage. From Cooper et al 2008.  
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1.3 Assessment of meiofaunal biodiversity: past and future 

Whether aimed at unravelling ecological processes, assessing conservation priorities or 

the study of evolutionary dynamics, virtually all biological investigations begin with the 

cataloguing of species richness and identity. In order to elucidate complex spatial and/or 

temporal trends of marine biodiversity one is inevitably required to gather data pertaining to the 

most basic of questions; what is found where? This can be relatively straightforward to answer 

on a global scale in the case of macroscopic animals (Tittensor et al., 2010), yet becomes 

increasingly problematic with decreasing size of the organism; concurrently, small-bodied 

eukaryotes become increasingly dominant with depth (Rex et al., 2006). Ȱ-ÅÉÏÆÁÕÎÁȱ ÃÏÍÐÒise a 

group over 20 phyla adapted to living in the interstitial matrix of marine sediments, retained on 

32 ʈÍ and passing through a 1 mm sieve (Giere, 2009). Despite their small size, collectively they 

dominate the benthic component of metazoans, at times occurring in extreme densities of up to 

11000 individuals/ cm2 (Van Gaever et al., 2006). The study of meiofauna flourished from chance 

ÄÅÓÃÒÉÐÔÉÏÎÓ ÏÆ ÉÓÏÌÁÔÅÄ ÔÁØÁ ÉÎ ÔÈÅ ÍÉÄ ρψππȭÓ ÔÏ Á ÓÃÉÅÎÔÉÆÉÃ ÆÉÅÌÄ ÉÎ ÉÔÓ Ï×Î ÒÉÇÈÔ 

ɉȰÍÅÉÏÂÅÎÔÈÏÌÏÇÙȱɊ ÁÂÏÕÔ Á ÃÅÎÔÕÒÙ ÌÁÔÅÒȢ 4ÈÅ ×ÏÒË ÏÆ 'ÅÒÍÁÎ ÚÏÏÌÏÇÉÓÔ !ÄÏÌÆ 2ÅÍÁÎÅ ɉρψωψ-

1976) in this respect was highly influential; not only was he the first to utilize a fine-meshed net 

for sampling microscopic taxa, but more importantly, for his conviction that meiofauna was not 

ÓÉÍÐÌÙ ÁÎ ÉÎÃÏÈÅÒÅÎÔ ÃÏÌÌÅÃÔÉÏÎ ÏÆ ÁÎÉÍÁÌÓȟ ÂÕÔ ÒÁÔÈÅÒ ȰÁ ÂÉÏÃÏÅÎÏÓÉÓ ÄÉÆÆÅÒÅÎÔ ÎÏÔ ÏÎÌÙ ÉÎ ÓÐÅÃÉÅÓ 

number and ÏÃÃÕÒÒÅÎÃÅȟ ÂÕÔ ÁÌÓÏ ÉÎ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÆÏÒÍ ÁÎÄ ÆÕÎÃÔÉÏÎȱ ɉ'ÉÅÒÅȟ ςππωɊȢ 7ÉÔÈ ÔÈÅ 

development of sophisticated sampling gears and Remotely Operated Vehicles (ROVs), the 

ubiquity and intricacy of meiobenthic communities is beginning to be revealed even in the oceans 

greatest depths.  

1.4 Ecology and distribution patterns of nematodes 

Nematodes comprise 80% of all multicellular animals with free-living representatives 

typically being the most numerous meiofaunal taxon, occurring in all sedimentary environments 

and dominating the abyssal benthos in terms of abundance and biomass (Bongers & Ferris, 1999; 

Rex et al., 2006; Vanreusel et al., 2010b). In fact, nematode species richness and diversity peak at 

depths exceeding 200 m (Boucher & Lambshead, 1995). Nematodes tend to aggregate in the 

upper sediment layers in response to higher food and oxygen concentrations although sub-

surface maxima have been documented in cold seep environments and continental slopes 

(Hauquier et al., 2011; Van Gaever at al., 2009; Vanreusel et al., 1995). Food sources range from 

other metazoans (including nematodes) to fungi, Bacteria, Archaea, protists, and particulate or 

dissolved organic matter (Moens et al., 2014). More specifically, fatty acid analysis of deep-sea 

nematodes in the Southern Ocean indicated a planktonic-based diet (Lins et al., 2015) while at 
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Mediterranean seep sites stable isotope analysis suggested their diet included thiotrophic carbon 

through the consumption of sulphur-oxidising bacteria (Pape et al., 2011). Based on observations 

on buccal cavity size and the presence of teeth, denticles or other sclerotized structures, Wieser 

(1953) differentiated the phylum into four feeding types: 1A, 1B that lack buccal armature, thus 

being selective and non-selective deposit feeders, respectively; and 2A, 2B representing 

epistratum feeders and predators, respectively. Concurrently, recent research has shown that the 

microbiomes of nematode species do not exhibit correlative patterns in association with different 

feeding types, morphology or ocean region, suggesting that generalist feeding may be more 

prevalent in this phylum than previously recognised (Schuelke et al., 2018). Moreover, food 

availability has been shown to be positively correlated with nematode diversity/abundance and 

is one of the key community structuring factors (Lins et al., 2017). Notable exceptions include 

chemosynthetic ecosystems that have been shown to harbour highly abundant, yet low diversity 

communities, at times dominated by thousands of individuals of a single species (Van Gaever et 

al., 2006). In addition, the existence of habitat heterogeneity in the form of sedimentary 

characteristics, the patchiness of food resources and topographic complexity (e.g. hard substrata 

such as polymetallic nodules, furrows, pockmarks) results in the increase of nematode 

biodiversity  (Singh et al., 2016; Zeppilli et al., 2012; Zeppilli et al., 2016).  

Nematode dispersal capacity is assumed to be limited as they are microscopic, infaunal, 

non-swimming, rheotropic and of restricted vagility (Lambshead & Boucher, 2003). 

Concurrently, meta-analysis of several distinct deep-sea habitats (e.g. cold seeps, seamounts, 

trenches, polymetallic nodule fields, abyssal plains) has demonstrated that a sizeable fraction of 

nematode genera, and even species, co-occur across ocean basins, suggesting cosmopolitanism 

and long-range dispersal may be a prominent feature of this phylum (Miljutin et al., 2010; 

Vanreusel et al., 2010b). The latter could be achieved passively via rafting, ship ballast water, 

hydrodynamics after resuspension from the sediment, marine snow or transport by other, larger 

organisms (Boeckner et al., 2009; Derycke et al., 2008; Shanks & Edmondson, 1990; Shanks & 

Walters, 1997). That being said, one must keep in mind that such inferences should be viewed 

conservatively as they are mainly based on morphological assessments that, by definition, cannot 

discriminate cryptic species (i.e. morphologically similar but genetically distinct  taxa).  

1.5 Identification of nematode species: from morphology to molecules 

Nematodes have traditionally been identified taxonomically with the use of compound 

microscopy, focusing on diagnostic morphological characteristics such as buccal cavity, cuticle 

patterns, amphid shape, and reproductive organs. However, species-level resolution using these 

features is challenging even for skilled taxonomists due to the small size and fragility of the 
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organisms; moreover, the sheer magnitude of nematode population densities up to 108 

individuals/m 2 (Lambshead, 2004) itself can impede comprehensive ecological assessments, 

which are commonly restricted to genus-level and a few hundred identified specimens per 

sample. Even though such extreme densities are atypical for the deep-sea, in abyssal systems 

specifically, genera such as Monhystrella, Thalassomonhystera are highly abundant and 

particularly challenging to identify to species level due to a lack of distinctive morphological 

features. Moreover, this phylum is characterised by a high degree of phenotypic plasticity 

(Kiontke & Fitch, 2010; Miljutin & Miljutina, 201 6) as well as cryptic species, further complicating 

accurate identification (Derycke et al., 2010; Derycke et al., 2005; Hauquier et al., 2017). 

Approximately 7000 free-living marine species have currently been described while the vast 

majority, potentially numbering in the hundreds of thousands, remain undiscovered (Appeltans 

et al., 2012; Lambshead & Boucher, 2003).  

The first step toward addressing the challenge of nematode identification was made with 

ÔÈÅ ÄÅÖÅÌÏÐÍÅÎÔ ÏÆ Ȱ$.! ÂÁÒÃÏÄÉÎÇȱȢ "Ù ÔÈÅ ÅÁÒÌÙ ςπππÓȟ ÂÉÏÌÏÇÉÓÔÓ ÒÅÁÌÉÓÅÄ ÔÈÁÔ ÔÈÅ 

characterisation of the diversity of life exclusively by taxonomic means was constrained in four 

ways. First, morphologically similar but genetically distinct  taxa (i.e. cryptic species) are 

overlooked. Second, as morphological keys are frequently only relevant to a specific life stage or 

sex, some non-trivial fraction of the assemblage cannot be identified. Third, variability in 

morphological features can result in erroneous identifications and fourth, even the use of modern 

identifications keys can require a high level of expertise (Hebert et al., 2003). Almost two decades 

earlier, the development of the Polymerase Chain Reaction (PCR) (Mullis et al., 1986) had 

revolutioni sed the field of molecular biology by allowing locus-specific amplification of DNA 

sequences, the utility of which in the context of biodiversity assessment could not be overstated. 

Given that genetic variation of a particular locus between species (interspecific) exceeds that 

within them (intraspecific), one could discriminate taxa based on their DNA, which functions as a 

barcode similar to that of retail products. Briefly, the workflow consists of DNA extraction from 

individual organisms, PCR amplification of the barcode locus, Sanger sequencing of the PCR 

product and cross-referencing with publically available sequences linked to taxonomically 

identified specimens (Hebert et al., 2003). The crucial link between DNA barcode and a species is 

thus achieved by taxonomically identifying voucher specimens prior to sequencing them in order 

to generate a reference library. By 2008, initiatives such as the International Barcode of Life 

(IBOL) had been established, aimed at compiling 2.5 million species reference sequences by 2025. 

The originally proposed barcode was the Cytochrome Oxidase 1 gene (CO1), while several 

ribosomal loci (e.g. 18S/28S and 16S/23S in eukaryotes and prokaryotes, respectively) have been 

adopted in more recent years (Blaxter, 2004). Although the maternally-inherited CO1 gene can 
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provide species-level resolution and ecological insights within nematode populations (Derycke 

et al., 2006; Derycke et al., 2010; Van Campenhout et al., 2014), its amplification can be 

problematic for typical deep-sea taxa (Miljutin & Miljutina, 2016). As a result, nematode 

barcoding assays have mainly focused on the ribosomal 18S locus (Floyd et al., 2002), which 

comprises the vast majority of publically available reference sequences.  

Ȱ-ÅÔÁÂÁÒÃÏÄÉÎÇȱ ɉFigure 1.2) reflects the transition from targeting single specimens using 

traditional Sanger sequencing to High-Throughput Sequencing (HTS) technologies which achieve 

multispecies identification from bulk environmental samples (Deiner et al., 2017; Taberlet, et al., 

2012). With respect to the extraction of DNA, one can chose to do so directly from the sediment 

(environmental or eDNA) or to manipulate the sample in some way in order to target a specific 

taxonomic group and/or size class. The former approach offers a more holistic view into the 

assemblage albeit at the cost of the inevitable inclusion of extra-cellular and/or degraded 

material whose source may be exogenous and temporally irrelevant (Creer et al., 2016). Due to 

the orders of magnitude difference between biomass and sediment or water volume, free-living 

nematodes are typically extracted from their substrate (Creer et al., 2010) and molecular assays 

thereof using the small ribosomal subunit gene (18S) have been highly successful in a number of 

ecosystems such as the deep-sea, shallow tropical seas and the Antarctic (Brannock & Halanych, 

2015; Fonseca et al., 2017; Porazinska et al., 2009). Moreover, such studies have led to major 

insights into the phylum-specific attributes of this marker, such as the presence of non-identical 

repeats within the genome of a single individual, whose number may be conserved within species, 

as well as identical sequences in different species for the ca. 400 bp fragment of this locus (Bik et 

al., 2012b; Bik et al., 2010; Porazinska et al., 2010). Metabarcoding deep-sea nematodes 

specifically has revealed that while the majority of taxa are restricted regionally, a substantial 

amount exhibit eurybathic ranges and cosmopolitanism. Genetic divergence between individuals 

from geographically disparate deep-sea areas is generally low, indicative of shorter coalescence 

times and/or slower evolutionary rates in this ecosystem (Bik et al., 2012c). The ability to explore 

such infrequently visited ecosystems with HTS methodologies has highlighted the paucity of 

publically available reference sequences of deep-sea taxa, evidenced by the large fraction of reads 

ÔÏ ×ÈÉÃÈ Á ÔÁØÏÎÏÍÉÃ ÌÁÂÅÌ ÃÁÎÎÏÔ ÂÅ ÁÐÐÌÉÅÄ ɉ$ÅÌÌȭ!ÎÎÏ et al., 2015). 
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 Concurrently, the effect of the chosen molecular marker cannot be dismissed as some 

fraction of taxa may fail to amplify. Nonetheless, the absence of taxonomy need not preclude 

ecological interpretation, as the information afforded by HTS data goes beyond the taxonomic 

label given to each sequence because it includes the identity of nucleotides contained therein. 

With respect to environmental monitoring for example, the response variable can be defined at 

the level of change in the assemblage identity as a whole, rather than at lower taxonomic levels 

of a specific group. The former can be described by exclusively phylogenetic metrics and has been 

successfully applied to detect shifts in meiofaunal communities before and after dramatic 

environmental impacts such as the Deepwater Horizon oil spill in 2010 (Bik et al., 2012a). 

Altogether, HTS technologies present a tool that has revolutionised the exploration of biodiversity 

in remote and difficult-to sample ecosystems while simultaneously aiding in the understanding 

of community processes within them as well as the monitoring of impacts inflicted upon them. 

1.5.1 Bioinformatic analysis of HTS data: Clustering and denoising algorithms 

The starting point in the analysis of HTS data are millions of sequence reads per sample, 

which are passed through a quality filtering step first, followed by the truncation of non-

informative regions (i.e. primers, adapters). Subsequently, one can choose how to generate the 

units that will ultimately represent proxies to taxa in the dataset; these can result from read 

clustering or denoising (i.e. Operational Taxonomic Units [OTUs], or Amplicon Sequence Variants 

[ASVs], respectively). Clustering algorithms can be hierarchical (e.g. Esprit), model-based (e.g. 

Crop) or heuristic (e.g. UClust), with the latter being the most commonly used due to their 

decreased computational demand (Edgar, 2010; Hao, Jiang, & Chen, 2011; Sun et al., 2009). 

Heuristic clustering groups sequence reads based on similarity to either (i) a collection of 

Figure 1.2: The Metabarcoding workflow. Beginning at top left: sediment containing meiofauna are sampled, their DNA 
is extracted and amplified with PCR. The products are then sequenced on High Throughput Sequencing platforms and 
the resulting data are used to conduct various diversity analyses. From Bik et al. 2012. 
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reference sequences (closed-reference), (ii) the reads present in the sample itself (de novo) or 

(iii) a combination of both (open-reference). Ideally, the chosen similarity threshold should 

represent the limit of intraspecific sequence divergence for the relevant marker gene in order to 

function at species-level resolution (Cristescu, 2014); nonetheless, 97% similarity is routinely 

used in eukaryotic assays despite its derivation from prokaryotic data (Brannock & Halanych, 

2015; Creer et al., 2010; Drancourt et al., 2000). Alternatively, one can chose to denoise rather 

than cluster sequence reads, a relatively new method with significant improvements regarding 

reproducibility and comprehensiveness compared to OTUs (Callahan et al., 2017). Essentially, 

these two strategies differ in how they address errors generated during sequencing: clustering 

does this by grouping reads within a specified similarity, while denoising applies corrections to 

the raw read data itself (Callahan et al., 2016; Edgar, 2010). Additionally, while a single nucleotide 

difference between two sequences will generate distinct ASVs, these would be grouped together 

within the same OTU; thus the former could potentially overestimate diversity due to the 

aforementioned intragenomic variation in nematodes, while the latter may be more unduly 

conservative.  

1.5.2 Bioinformatic analysis of HTS data: Taxonomic assignment methods 

Following the derivation of OTUs or ASVs, one can choose to determine their taxonomic 

identity by comparing these to publically available reference sequences such as those compiled 

in the Barcode of Life Database (http://boldsystems.org ) and Silva (https://www.arb -silva.de/). 

Herein lies the complementarity of barcoding and metabarcoding; in order for the latter 

methodology to be maximally informative requires it to capitalise on the output of the former in 

that voucher specimen reference sequences are required to arrive at reliable taxonomic 

assignments of HTS data (Cristescu, 2014). The matching of an OTU/ASV to a reference sequence 

can be alignment, tree, phylogeny or probability-based, the choice of which can have a marked 

influence on the resulting taxonomy (Holovachov et al., 2017). The Ribosomal Database Project 

taxonomic classifier (RDP) applies Bayesian inference and has been recommended for large 

ribosomal datasets (Liu et al., 2008). In addition to taxonomic assignment approach, the number 

and length of the available reference sequences can also affect how many and which taxa are 

identified (Ritari  et al., 2015; Werner et al., 2012).  

1.6 Study areas 

Two areas were visited during separate campaigns in 2014 and 2015 in the context of 

exploration of pristine and unexplored deep-sea ecosystems to characterise the local biodiversity , 

as well as within the framework of future anthropogenic exploitation and its impacts.  

http://boldsystems.org/
https://www.arb-silva.de/


Chapter 1: Study areas 

 
26 

 

1.6.1 The Clarion-Clipperton Fracture Zone 

Aside from countless biological discoveries, the aforementioned HMS Challenger 

ÅØÐÅÄÉÔÉÏÎ ×ÁÓ ÔÈÅ ÆÉÒÓÔ ÔÏ ÂÒÉÎÇ ȰÓÅÖÅÒÁÌ ÐÅÃÕÌÉÁÒ ÂÌÁÃË oval bodies which were composed of 

ÁÌÍÏÓÔ ÐÕÒÅ ÍÁÎÇÁÎÅÓÅ ÏØÉÄÅȱ ÆÒÏÍ ÔÈÅ ÏÃÅÁÎ ÄÅÐÔÈÓ ÔÏ ÔÈÅ ÓÕÒÆÁÃÅȢ 4ÈÅÓÅ ȰÐÏÌÙÍÅÔÁÌÌÉÃ ÎÏÄÕÌÅÓȱ 

(Figure 1.3) are highly abundant in the abyssal plains of the Clarion-Clipperton Fracture Zone 

(CCFZ, Figure 3.1) in the eastern Pacific Ocean, Central Indian Ocean Basin and the Peru Basin. 

They form around a nucleus via the precipitation of metals from the surrounding seawater 

(hydrogenetic) or from sediment pore water (diagenic), growing at a rate of 1 cm over several 

million years, one of the slowest of all geological phenomena (International Seabed Authority, 

2010b). Composed mainly of manganese (Mn, 28%), iron (Fe, 6%) and silicon (Si, 5%), the 

nodules also contain a number of commercially important metals such as nickel (Ni, 1.3%), 

copper (Cu, 1.1%), cobalt (Co, 0.2%), molybdenum (Mo, 0.059%) and rare earth elements (REE, 

0.081%) (Hein et al., 2013; Miller et al., 2018). The abundance of CCFZ nodules has been 

estimated at 21100 million metric tonnes (International Seabed Authority, 2010a); moreover, the 

amount of Mn, Ni, and Co contained therein far exceeds that of global terrestrial reserves (Hein 

et al., 2013). A natural resource of such magnitude inevitably sparked industrial interest to 

harvest polymetallic nodules for metal extraction.  

The nodule fields of the CCFZ span a depth range of 4-5 km and are overlaid by 

oligotrophic waters (1.63-1.26 g Corg m-2 yr -1, (Lutz et al., 2007)). Surface circulation (down to 500 

m) in the CCFZ is dominated by the south-westerly flow of low salinity Antarctic Intermediate 

Water (AAIW); the upper deep layers (2000-3000 m) by the North Pacific Deep Water (NPDW) 

flowing to the south-east while Lower Circumpolar Deep Water (LCDW) moves in a southerly 

direction in the lower deep layers (4000-5000 m) (Kawabe & Shinzou, 2010). Although flow 

ÓÐÅÅÄ ÁÔ ÁÂÙÓÓÁÌ ÄÅÐÔÈÓ ÉÓ ÔÙÐÉÃÁÌÌÙ ÌÏ×ȟ ÍÅÓÏÓÃÁÌÅ ÅÄÄÉÅÓ ÇÅÎÅÒÁÔÅÄ ÔÈÏÕÓÁÎÄÓ ÏÆ ËÍȭÓ Á×ÁÙ can 

influence the seabed, resulting in a five-fold increase in energy input and the resuspension of 

sediments (Aleynik et al., 2017).  

 The entire area lies outside the 200 nautical mile Exclusive Economic Zone of national 

jurisdi ction, thus falling into international waters/seabed/subsoil  ÁÎÄ ÔÈÅ ȰÃÏÍÍÏÎ ÈÅÒÉÔÁÇÅ ÏÆ 

ÍÁÎËÉÎÄȱ ÕÎÄÅÒ ÔÈÅ 5ÎÉÔÅÄ .ÁÔÉÏÎ #ÏÎÖÅÎÔÉÏÎ ÏÎ ÔÈÅ ,Á× ÏÆ ÔÈÅ 3ÅÁ ɉ5.#,/3ɊȢ 4ÈÅ 

responsibility of management of activities in the area have thus been appointed to the 

International Seabed Authority (ISA), an autonomous international organization established in 

1994. To date, the ISA has granted 16 contracts of 15 years for the prospection and exploration 

of polymetallic nodules. Concurrently, the wider community of deep-sea research has identified 

the urgency to complement baseline work conducted by each contractor in their respective area, 

by large scale studies of the CCFZ fauna (Vanreusel et al., 2016). For this reason, the Joint 
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0ÒÏÇÒÁÍÍÅÓ )ÎÉÔÉÁÔÉÖÅ (ÅÁÌÔÈÙ ÁÎÄ 0ÒÏÄÕÃÔÉÖÅ /ÃÅÁÎÓ ɉ*0)/Ɋ ÆÕÎÄÅÄ ÔÈÅ Ȱ%ÃÏÌÏÇÉÃÁÌ )ÍÐÁÃÔ ÏÆ 

Deep-ÓÅÁ -ÉÎÉÎÇȱ ÁÃÔÉÏÎȟ ÁÓÓÅÍÂÌÉÎÇ ÁÎ ÉÎÔÅÒÎÁÔÉÏÎÁÌ ×ÏÒËÆÏÒÃÅ ÏÆ ÍÁÒÉÎÅ ÓÃÉÅÎÔÉÓÔÓ ÁÉÍÅÄ ÁÔ 

gathering baseline information of the area, assessing rapid biodiversity identification 

methodologies and predicating the ecological impacts of deep-sea mining. My supervisor Prof. Dr. 

Ann Vanreusel and I were fortunate enough to participate in the EcoResponse (Assessing the 

Ecology, Connectivity and Resilience of Polymetallic Nodule Field Systems) campaign on board 

the German Research Vessel Sonne from 11/03-30/04 2015 . During this time, sediment cores 

were collected from four prospective mining areas (BGR: Bundesanstalt für Geowissenschaften 

und Rohstoffe, IOM.C: InterOcean Metal-Control, GSR: Global Sea Mineral Resources, IFREMER: 

Institut Français de Recherche pour l'Exploitation de la Mer) and the Area of Particular 

Environmental Interest #3 (APEI3) where no mining will take place.  

1.6.2 The Mozambique Channel (MC) 

The Mozambique Channel (Figure 1.4) is situated between the island of Madagascar to 

the East and Mozambique to the West, its formation resulting from the separation of Antarctica 

and Africa approximately 165 Ma ago (Leinweber & Jokat, 2012). The waters overlaying the MC 

are considred mesotrophic ranging from 21.0-11.8 g Corg m-2 yr -1 at depths less than 1 km and 

2.15-1.94 g Corg m-2 yr -1 at depths exceeding 3 km (Lutz et al., 2007). The MC is characterized by 

complex oceanographic dynamics due to the influence of various bodies of water at different 

depths; the Mozambique Current in surface waters, the South Indian Central Water from 200-600 

m, Red Sea Water and Antarctic Intermediate Water at intermediate depths, North Atlantic Deep 

Figure 1.3: Polymetallic nodules in the abyssal plains of the Clarion-Clipperton Fracture Zone.  
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Water below 1200 m, and Antarctic Bottom Water beyond 3500 m (Ridderinkhof et al., 2010; 

Ullgren et al., 2012; Van Aken et al., 2004). Furthermore, the MC contributes substantially to the 

seasonality of the climatologically important Agulhas current (Biastoch et al., 1999), while 

simultaneously facilitating inter-ocean connectivity due to its interaction with the Atlantic and 

Indian Oceans (Ternon et al., 2014). Situated within the EEZ of both countries, management of 

exploitative activities in the MC is defined by the relevant governing bodies of Mozambique and 

Madagascar. The entire channel has been designated as an Ecologically or Biologically Significant 

Marine Area (EBSA) with several sub-divisions therein such as the biogeographically unique 

Northern MoÚÁÍÂÉÑÕÅ #ÈÁÎÎÅÌ ÁÎÄ ÔÈÅ Ȱ3ÃÁÔÔÅÒÅÄ )ÓÌÁÎÄÓȱȟ Á ÃÏÌÌÅÃÔÉÏÎ ÏÆ ÐÒÉÓÔÉÎÅȟ ÕÎÉÎÈÁÂÉÔÅÄ 

coral islands, atolls and reefs. Despite being relatively well described oceanographically, 

information on pelagic biota are limited (Ternon et al., 2014), and entirely absent with respect to 

the deep-sea benthos (Fontanier et al., 2016). Tectonic and volcanic features, such as seamounts 

and cold fluid emissions resulting from its evolution can be found in the Channel, including 

multiple basins fostering hydrocarbon reserves (Mahanjane, 2014). Moreover, topographic 

depressions (pockmarks) resulting from the discharged methane and reduced sulphur are 

common in the MC. Oil and gas exploration has been ongoing since the 1950s but has only in 

recent years attracted large-scale investment in extraction and processing infrastructure (Obura 

et al., 2015). Practically the entire MC coast is currently lined with concession blocks that in some 

cases overlap substantially with designated EBSAs and Marine Protected Areas (MPAs) (Obura et 

al., 2018; WWF, 2018).  

The Passive Margins Exploration Laboratories (PAMELA) project funded by the Institut 

Français de Recherche pour l'Exploitation de la Mer (IFREMER) and the Total Foundation is 

aimed, among others, at investigating the biodiversity of ecosystems associated with fluid 

seepage from the benthos in the Mozambique Channel specifically. In 2014, I had the opportunity 

to partake on the first campaign of the Project (Pamela-Mozambique01) on board the French 

2ÅÓÅÁÒÃÈ 6ÅÓÓÅÌ Ȱ,ȭ!ÔÁÌÁÎÔÅȱ ÆÒÏÍ ςυȾπω-29/10 to collect sediment cores from such ecosystems 

as well as the abyssal plains of the Channel.  
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1.7 Thesis Aims and Outline 

With this dissertation, we aim to characterise the biodiversity of free-living marine 

nematodes by applying a metabarcoding approach in two largely undescribed and contrasting 

deep-sea environments threatened by impending anthropogenic impacts: the polymetallic 

nodule fields of the abyssal plains in the Clarion-Clipperton Fracture Zone and an area extending 

from the upper slope to the abyss including a pockmark site in the Mozambique Channel. Aside 

from a classical description of these communities we sought to investigate the processes defining 

community assembly by examining the co-occurrence of taxa (i.e. segregated, random or 

aggregated) as well as phylogenetic community structure (i.e. clustered, random or 

overdispersed). Based on the existing body of literature pointing to the fundamental role of the 

environment in shaping deep-sea nematode assemblages and the generally low population 

densities, we hypothesise that competitive interactions will have an overall reduced effect in the 

CCFZ and MC. Concurrently, we sought to (in)validate the utility of metabarcoding as a rapid 

biodiversity assessment tool.  

First, methodological aspects of the bioinformatic analysis of metabarcoding data were 

thoroughly assessed in Chapter 2; we compiled 438 ribosomal and 290 mitochondrial species-

specific DNA reference sequences collected by numerous researchers over many years of 

nematode barcoding at Marine Biology Research Group (Ghent University), which were used to 

identify species-level genetic distance thresholds for each marker gene. Artificial (mock) 

Figure 1.4: Surface circulation in the Mozambique Channel. From Ternon et al. 2014. 
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nematode communities were created using extracts of the same barcoded specimens, the known 

identity of which providing a direct comparison of sample and the resulting sequence data. These, 

as well as an environmental sediment sample, were then sequenced using HTS. The performance 

of several steps in the bioinformatic pipeline were assessed (read merging, taxonomic 

assignment) as well as the accuracy of clustering versus denoising algorithms (i.e. OTUs versus 

!36ÓɊȢ 4ÈÅ ÒÅÓÕÌÔÓ ÏÆ #ÈÁÐÔÅÒ ς ÈÁÖÅ ÂÅÅÎ ÐÕÂÌÉÓÈÅÄ ÁÓȡ Ȱ-ÅÔÁÂÁÒÃÏÄÉÎÇ ÆÒÅÅ-living marine 

nematodes using curated 18S and CO1 reference sequence databases for species-level taxonomic 

ÁÓÓÉÇÎÍÅÎÔÓȱ ɉ-ÁÃÈÅÒÉÏÔÏÕ ,ȟ 'ÕÉÌÉÎÉ +ȟ 4ÁÎÉÁȟ Bezerra N, Tytgat B, Dinh, Nguyen T, Xuan, Thi 

Nguyen P, et al., Ecology and Evolution 2019;(9):1211ɀ26).  

In Chapter 3, the processes shaping nematode communities in the CCFZ are discussed. 

Samples were collected spanning 100s of km as well as the decreasing Particulate Organic Carbon 

(POC) gradient observed in the area. The nematofauna were identified via metabarcoding and 

compared along this gradient while co-occurrence and phylogenetic metrics were applied to 

determine the dominance of abiotic versus biotic (competitive exclusion) community structuring 

processes in these pristine polymetallic nodule fields. These results have been submitted for 

ÐÕÂÌÉÃÁÔÉÏÎ ÕÎÄÅÒ ÔÈÅ ÔÉÔÌÅ ȰPhylogenetic clustering and rarity imply high risk of local species 

extinction in prospective deep-sea mining areas of the Clarion-#ÌÉÐÐÅÒÔÏÎ &ÒÁÃÔÕÒÅ :ÏÎÅȱ ÉÎ ÔÈÅ 

ÊÏÕÒÎÁÌ Ȱ0ÒÏÃÅÅÄÉÎÇs ÏÆ ÔÈÅ 2ÏÙÁÌ 3ÏÃÉÅÔÙ "ȱ ÏÎ *ÕÎÅ τÔÈȠ revised version submitted on November 

15th 2019.  

In Chapter 4, a similar suite of analyses were applied to the MC samples. In this instance 

samples were collected at the northern end of the channel, inside a topographic depression 

(pockmark) resulting from methane and reduced sulphur seepage from the benthos, a reference 

site (~30 km  away from the pockmark), as well as from abyssal sites in the south, up to 1100 km 

away.  

In Chapter 5, we take a biogeographical perspective focusing on three widespread and 

abundant deep-sea genera, namely Acantholaimus, Desmoscolex and Halalaimus. We compiled the 

metabarcoding data from Chapters 3 & 4, barcoded specimens from the UGent database 

MoMentuM as well as publically available sequences from GenBank to construct phylogenetic 

trees and quantify sequence similarity.  

Finally, in Chapter 6 we discuss the utility of nematodes as a focal taxon for monitoring  

anthropogenic disturbance and recovery therefrom, we provide an assessment of metabarcoding 

as a Rapid Biodiversity Assessment tool, and review the processes defining community assembly 

of free-living marine nematodes in these deep-sea ecosystems in the context of the four 

fundamental ecological forces, i.e. dispersal, speciation, selection and drift. 
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Chapter 2 

2 Metabarcoding free-living marine nematodes using curated 18S and CO1 reference 

sequence databases for species level taxonomic assignments 

2.1 Abstract 

High-throughput sequencing has the potential to describe biological communities with 

high efficiency yet comprehensive assessment of diversity with species-level resolution remains 

one of the most challenging aspects of metabarcoding studies. We investigated the utility of 

curated ribosomal and mitochondrial nematode reference sequence databases for determining 

phylum-specific species-level clustering thresholds. We compiled 438 ribosomal (18S) and 290 

mitochondrial  (CO1) sequences that identified 99% and 94% as the species-delineation 

clustering threshold respectively. These thresholds were evaluated in HTS data from mock 

communities containing 39 nematode species as well as environmental samples from Vietnam. 

We compared the taxonomic description of the mocks generated by two read-merging and two 

clustering algorithms and the cluster-free Dada2 pipeline. Taxonomic assignment with the RDP 

classifier was assessed under different training sets. Our results showed that 36/39 mock 

nematode species were identified across the molecular markers (18S: 32, JB2: 19, JB3: 21) in 

UClust_ref OTUs at their respective clustering thresholds, outperforming UParse_denovo and the 

commonly used 97% similarity. Dada2 generated the most realistic number of ASVs (18S: 83, JB2: 

75, JB3: 82), collectively identifying 30/39 mock species. The ribosomal marker outperformed 

the mitochondrial markers in terms of species and genus-level detections for both OTUs and 

ASVs. The number of taxonomic assignments of OTUs/ASVs was highest when the smallest 

reference database containing only nematode sequences was used and when sequences were 

truncated to the respective amplicon length. Overall, OTUs generated more species-level 

detections, which were however associated with higher error rates compared to ASVs. Genus-

level assignments using ASVs exhibited higher accuracy and lower error rates compared to 

species-level assignments, suggesting that this is the most reliable pipeline for rapid assessment 

of alpha diversity from environmental samples.  

2.2 Introduction  

Species identification is an indispensable part of ecological studies and the most basic 

form of biological data. Traditionally this has been achieved through the meticulous study of 

morphological features, a time-consuming process demanding expert taxonomical knowledge. 

Currently, metabarcoding using High Throughput Sequencing (HTS) allows for the acquisition of 

large volumes of sequence data from multiple bulk samples containing numerous individuals, 
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offering a cost-effective, efficient and rapid way of assessing the diversity of complex 

communities. DNA barcode sequences stored in digital repositories (e.g. GenBank, SILVA, BoLD) 

coupled to morphologically identified voucher specimens expedite species identification by 

serving as taxonomically assigned references (Hebert et al., 2006).  

Operational Taxonomic Units (OTUs) are most commonly used as a proxy for species in 

HTS data. OTUs can be generated by heuristic (e.g. UParse, UClust), hierarchical (e.g. Dotur, 

Esprit) and/or model -based (e.g. Crop) clustering of sequence reads in the presence or absence 

of a user-defined similarity percentage (Edgar, 2010, 2013; Hao et al., 2011; Schloss & 

Handelsman, 2005; Sun et al., 2009). Clusters are formed based on similarity to a collection of 

reference sequences (reference-based), the assemblage of reads present in the sample (denovo) 

or a combination of both (open-reference) (Schloss & Westcott, 2011). Heuristic algorithms 

which implement clustering thresholds are typically preferred over computationally demanding 

hierarchical methods, with UClust and UParse being two of the most commonly used (Chen et al., 

2013). Ideally, clustering thresholds should correspond to inter- and intraspecific sequence 

divergence data in order for OTUs to function as a proxy for species. Typically, sequence similarity 

is set to 97% based on bacterial species delineation via DNA-DNA hybridization (Stackebrandt & 

Goebel, 1994) yet has been shown to differ between taxonomic groups and/or molecular markers 

(Behnke et al., 2011). Recently, clustering-free approaches such as Dada2 and Deblur are 

becoming increasingly popular, the former being the recommended strategy in Qiime2 (Amir et 

ÁÌȢȟ ςπρχȠ #ÁÌÌÁÈÁÎ ÅÔ ÁÌȢȟ ςπρφɊȢ $ÁÄÁς ÅÆÆÅÃÔÉÖÅÌÙ ȰÃÏÒÒÅÃÔÓȱ ÒÅÁÄÓ ÔÏ ÙÉÅÌÄ ÔÒÕÅ ÂÉÏÌÏÇÉÃÁÌ 

ÓÅÑÕÅÎÃÅÓ ÂÙ ÁÐÐÌÙÉÎÇ Á ȰÑÕÁÌÉÔÙ-aware model of Illumina amplicon errors and sample 

composition is inferred by dividing amplicon reads into partitions consistent with the error 

ÍÏÄÅÌȱ ɉ#ÁÌÌÁÈÁÎ ÅÔ ÁÌȢȟ ςπρφɊȠ ÔÈÅ ÐÅÒÆÏÒÍÁÎÃÅ ÏÆ !ÍÐÌÉÃÏÎ 3ÅÑÕÅÎÃÅ 6ÁÒÉÁÎÔÓ ɉ!36ÓɊ ÆÏÒ 

eukaryotes has yet to be addressed. Taxonomy can be assigned to each OTU/ASV using several 

methods (e.g. alignment, tree or probability-based), all of which require reference datasets. The 

accuracy of taxonomic assignment is thus strongly dependent upon the availability of reference 

sequences coupled to credible morphological species identifications as well as the algorithm of 

choice (Holovachov, 2016; Holovachov et al., 2017; Somervuo et al., 2017). In this respect, the 

Naïve Bayesian Ribosomal Database Project classifier (RDP) has been shown to yield increased 

taxonomic assignments and is currently the recommended strategy by Qiime developers (Navas-

Molina et al., 2013; Ritari et al., 2015).  

Free-living marine nematodes are found in almost every sedimentary environment 

(Vanreusel et al., 2010b) where they are typically the most numerous meiofaunal taxon and 

essential to ecosystem functioning by facilitating mineralization, nutrient cycling as well as the 

provision of a high-quality food source (Bonaglia et al., 2014; Leduc, 2009). Morphological 
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identification of nematodes demands the time-consuming process of compound microscopy 

while the existing taxonomical knowledge is insufficient for species level identification as the 

majority are undescribed (Appeltans et al., 2012). A high degree of phenotypic plasticity and 

cryptic speciation further complicate the delineation of species using morphological 

characteristics exclusively (De Ley et al., 2005; Derycke et al., 2005, 2008). Resultantly, 

metabarcoding is being adopted to assess nematode diversity using the ribosomal 18S locus 

which generally provides resolution to genus and higher taxonomic levels but often fails to 

distinguish between congeneric species (Armenteros et al., 2014; Bik et al., 2012b; Carugati et al., 

2015; Derycke et al., 2010; Porazinska et al., 2010). Variability in repeat copy number as well as 

intragenomic variation generate a consistent pattern with each species containing a few highly 

ÁÂÕÎÄÁÎÔ /45Ó ÁÌÏÎÇ ×ÉÔÈ Á ÌÁÒÇÅ ÃÏÌÌÅÃÔÉÏÎ ÏÆ ÒÁÒÅ /45Ó ɉȰÈÅÁÄ-ÔÁÉÌȱ ÐÁÔÔÅÒÎɊȟ ÔÈÅÒÅÂÙ 

confounding estimates of diversity (Bik et al., 2012b; Porazinska et al., 2010). The mitochondrial 

Cytochrome Oxidase 1 (CO1) has hitherto not been applied for nematode metabarcoding, despite 

its capacity for species-level resolution in marine nematodes (Derycke et al., 2005).  

Using nematode mock communities our objectives were to 1/ evaluate the utility of OTUs 

as a proxy to species by calculating marker-specific clustering thresholds derived from inter- and 

intraspecific p-distance values from curated Sanger sequences, 2/ compare the efficacy of the 18S 

ribosomal and mitochondrial COI molecular markers in nematode metabarcoding, 3/ compare 

two read-merging strategies for generating OTUs (Pear/Fastq_mergepairs; the former evaluates 

all possible paired-end read overlaps without requiring the target fragment size as input and 

implements a statistical test for minimizing false-positive results while the latter computes the 

optimal ungapped alignment of the overlapping region of the forward and the reverse-

complemented reverse sequence), 4/ compare open-reference and denovo heuristic clustering 

algorithms (UClust_ref/UParse) as well as the clustering-free Dada2 pipeline at describing 

species diversity, and 5/ determine the effect of reference sequence databases of different size, 

amplicon length and taxonomic coverage on OTU clustering and taxonomic assignment with RDP. 

We expected the ribosomal data to yield an inflated number of OTUs due to the aforementioned 

ȰÈÅÁÄ-ÔÁÉÌȱ ÐÁÔÔÅÒÎ ɉ0ÏÒÁÚÉÎÓËÁ et al., 2010) while the mitochondrial data to yield species-level 

taxonomic resolution. Finally, the analysis pipeline that generated the most accurate description 

of the mock communities was applied to an environmental sediment sample from Vietnam in 

which nematode species have been identified morphologically. 
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2.3 Materials and Methods 

2.3.1 Sanger data 

We generated 18S and CO1 sequences from nematodes sampled in the equatorial North 

Pacific, Cuba, Italy (Panarea Island), Papua New Guinea, the Netherlands, Tunisia and Vietnam. 

All nematodes were vouchered and identified by taxonomic experts prior to molecular 

manipulation. Individual specimens were picked from a plastic counting tray using a metal 

needle, washed three times in sterile Milli -Q water, mounted on temporary glass slides and 

assigned to the lowest taxonomic level using a camera-equipped microscope while 

simultaneously photographing morphological features (specimens from Cuba were processed as 

described in Armenteros et al., 2014). Genomic DNA was extracted from all samples as follows: 

each specimen was placed in a 0.5 mL Eppendorf tube with 20 µL Worm Lysis Buffer (50 mM KCl, 

10 mM Tris pH 8.3, 2,5 mM MgCl2, 0,45 % NP 40 (Tergitol Sigma), 0,45 % Tween 20). DNA 

extractions were completed by adding 1µL proteinase K [10 mg/mL] and heating to 65 °C for 60 

min followed by 95 °C for 10 min. Samples were then centrifuged at maximum speed for 1 min 

and lysates stored at -20 °C. DNA extracts were used to amplify a ca. 800 bp 18S ribosomal (V1-

V2) and ca. 396 bp CO1 mitochondrial fragment (I3-M11) with primers SSU_F_04-4R and JB3-JB5 

respectively; when these failed we amplified shorter fragments of the same loci, ca. 360 bp and 

340 bp for 18S and CO1 using primers SSU_F_04-SSU_22_R and JB2-JB5GED (Armenteros et al., 

2014; Blaxter et al., 1998; Derycke et al., 2005, 2007). Sequences coupled to a voucher specimen 

with reliable species identification were used to calculated intra- and interspecific p-distances: 

τσψ ÁÎÄ ςωπ ÓÅÑÕÅÎÃÅÓ ÆÏÒ ρψ3 ÁÎÄ #/ρ ɉȰÒÅÆ$"ÓȱɊ ×ÉÔÈ ÅÁÃÈ ÓÐÅÃÉÅÓ ÂÅÉÎÇ ÒÅÐÒÅÓÅÎÔÅÄ by 

maximum eight and 22 specimens respectively. Sequences were aligned using Muscle and default 

settings in Geneious® v.9.1.6 (Edgar, 2004; Kearse et al., 2012). Stop codons were manually 

removed from the CO1 alignment. The software Gblocks© v.0.91b (Castresana Lab, 2002) was 

used to remove poorly aligned positions and divergent regions of 18S sequences (minimum 

number of sequences for conserved position: 50%, minimum number of sequences for flank 

position: 50%, maximum number of contiguous non-conserved positions: 8, minimum length of 

block: 5, gap tolerance: with half). P-distances were calculated in Mega7.0.18 using default 

settings and pairwise deletion of gaps/missing data (Kumar et al., 2016). The resulting similarity 

matrix was imported to ExCaliBar v1.0.0.0 (Ferdowsi University of Mashad, Iran) for sorting the 

data into intra- and interspecific distances and visualized as histograms in GraphPad Prism v6 

(GraphPad Software, La Jolla California USA). Intraspecific values greater than 0.05 were used as 

an indication of potential cryptic species (Derycke et al., 2010). In these instances, the relevant 

voucher specimens were double-checked to verify taxonomic identity and cryptic speciation 

confirmed when the following three conditions were met: 1/ the p-distance was high for both 
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CO1 and 18S to rule out random sequence divergence of either locus, 2/ the relevant specimens 

came from different regions (divergence through isolation), and 3/ the p-distances showed 

consistent patterns that divided specimens into clear groups, i.e. low values within and high 

between groups. Cryptic species were indicated as such by appending a letter to the label. Finally, 

species delimitation distance thresholds were obtained using the ad hoc package in RStudio© 

v0.99.878, with a maximum relative error (RE) of 0.05 and ambiguous identifications treated as 

correct (Sonet et al., 2013). This could not be completed for the 18S data as a whole due to the 

overlap of inter- and intra-specific distances; we therefore performed all aforementioned steps 

separately on two families from the three best represented orders; Chromadoridae (n=27), 

Cyatholaimidae (n=38), Oncholaimidae (n=29), Oxystominidae (n=16), Sphaerolaimidae (n=15) 

and Xyalidae (n=49). A threshold value within 5% RE could not be derived for Chromadoridae, 

Oncholaimidae and Xyalidae; for these families, the interval coupled to the lowest possible RE 

was provided. 

2.3.2 Mock communities 

DNA extracts from vouchered nematode specimens were pooled to create two replicate 

mock communities for two experimental treatments: equimolar (A/B) and isovolumetric at 1 µL 

DNA extract per specimen (C/D). The A/B mocks consisted of 53 DNA extracts representing 39 

nematode species (Appendix Table 2.1). A reference sequence for 18S and CO1 was not available 

for four DNA extracts and thus were not included in mocks C/D as well as the specimen 

Spilophorella_aberrans_64H6K12 (insufficient extract). A mitochondrial sequence for specimen 

Halalaimus_sp_BEL_4 was not available. As such, DNA extracts from 53 and 48 specimens 

belonging to 39 and 35 species were present in mocks A/B and C/D respectively. 

2.3.3 HTS library preparation 

The DNA extract concentrations were measured using the Qubit® dsDNA High Sensitivity 

Assay Kit (ThermoFisher Scientific, U.S.A.) and equimolarly pooled for mocks A/B. The CO1 and 

18S loci were amplified using primers JB2-JB5GED (JB2), JB3-JB5 (JB3) and SSU_F_04-SSU_22_R 

(18S) respectively; these were constructed with Illumina overhang adapters as descrÉÂÅÄ ÉÎ Ȱρφ3 

-ÅÔÁÇÅÎÏÍÉÃ 3ÅÑÕÅÎÃÉÎÇ ,ÉÂÒÁÒÙ 0ÒÅÐÁÒÁÔÉÏÎȱȢ 4Ï ÍÉÎÉÍÉÚÅ ÁÎÄ ÔÅÓÔ ÆÏÒ ÔÈÅ ÂÉÁÓ ÇÅÎÅÒÁÔÅÄ ÂÙ 

multiple PCR cycles toward the most abundant taxa (Suzuki & Giovannoni, 1996), we chose two 

cycling conditions; 30 and 12 cycles. The four samples were amplified in triplicates with the 

following PCR conditions: 18S: 95°C 2 min, 12/30x(95 °C 1 min, 57 °C 45 sec, 72 °C 1 min), 72 °C 

10 min; CO1: 95 °C 2 min, 12/30x(95 °C 1 min, 50 °C 45 sec, 72 °C 3 min), 72 °C 10 min. The mix 

ÃÏÎÓÉÓÔÅÄ ÏÆ ψȢτ ʈ, 0#2-grade H2O, 4 µL Phusion Buffer, 4 µL Dye, 0.4 µL dNTP [10 mM], 1 µL 

ÆÏÒ×ÁÒÄ ÁÎÄ ÒÅÖÅÒÓÅ ÐÒÉÍÅÒ ɍρπ ʈ-Ɏȟ πȢς А, 0ÈÕÓÉÏÎ (ÏÔ 3ÔÁÒÔ )) (ÉÇÈ &ÉÄÅÌÉÔÙ 0ÏÌÙÍÅÒÁÓÅ ɉ.Å× 
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England BioLabs, U.S.A.). The products were run on a 1% agarose electrophoresis gel to confirm 

fragment length. The 30 cycle libraries were purifi ed using E-'ÅÌ΅ 3ÉÚÅ3ÅÌÅÃÔΆ !ÇÁÒÏÓÅ 'ÅÌ ςϷ 

(ThermoFisher Scientific, U.S.A.) and the 12 cycle with Agencourt AMPure XP beads (Beckman 

Coulter, U.S.A.). The 12 and 30 cycle products were run on the Bioanalyzer 2100 High Sensitivity 

and 7500 DNA Kit respectively to assess the size distribution of PCR fragments. Triplicates were 

pooled, resulting in 24 libraries, i.e. 2 cycling conditions x 3 primer pairs x 2 mock communities x 

2 replicates. Library indexing was completed using the FC131-1002 NexteraXT Index Kit 

(Illumina, U.S.A.) following the aforementioned Illumina protocol, purified using Agencourt 

AMPure XP beads, run on 2100 Bioanalyzer DNA 7500 Kit and quantified using Qubit® dsDNA 

High Sensitivity Assay Kit. All libraries were pooled at a 10 nM concentration. For eight of the low 

cycle libraries we were unable to obtain a Qubit reading; these were pooled at 5 µL per library. 

Mock libraries as well as libraries of the same loci from three Vietnamese field samples (A2, A3, 

A4) were sequenced at Edinburgh Genomics on one Illumina MiSeq-v3 2x300bp paired-end reads 

run (https://genomics.ed.ac.uk/). 

2.3.4 Bioinformatics 

We compared two read-merging, two clustering algorithms, the Dada2 pipeline and 

assessed the accuracy of taxonomic assignment with the RDP classifier (Wang et al., 2007) given 

reference databases differing in the number, amplicon length and taxonomic coverage of 

sequences (Appendix Figure 2.1). Raw data in fastq format were delivered demultiplexed. The 

12-cycle PCR samples failed to yield sufficient reads and were not analysed. Reads were 

processed separately for 18S, JB2 and JB3 with the exception of chimera detection in which the 

JB2/JB3 datasets were combined. Forward and reverse reads were merged and quality filtered 

using two algorithms: 1/ Paired-End reAd mergeR (PEAR v0.9.10, Zhang et al., 2014); and 2/ 

Fastq_mergepairs in USearch9 [v9.2.64_i86linux32, (Edgar, 2010)]. Gene-specific adapter 

sequences were ÔÒÕÎÃÁÔÅÄ ÆÒÏÍ ÔÈÅ υȭ ÁÎÄ σȭ ÒÅÁÄ ÅÎÄÓ ÕÓÉÎÇ #ÕÔÁÄÁÐÔ ÖρȢρς (Martin, 2011) by 

ÆÉÒÓÔÌÙ ÔÒÉÍÍÉÎÇ ÔÈÅ υȭ ÁÄÁÐÔÅÒ ɉÁÎÃÈÏÒÅÄɊ ÆÏÌÌÏ×ÅÄ ÂÙ ÔÒÉÍÍÉÎÇ ÔÈÅ σȭ ÁÄÁÐÔÅÒ ɉÁÎÃÈÏÒÅÄɊ ×ÉÔÈ 

untrimmed sequences discarded. Chimeric sequences were removed with the USearch61 

algorithms Uchime_ref and Uchime_denovo in Qiime1, retaining reads only if they were flagged 

as non-chimeric by both with the Silva99_refDB_mock and refDB_mock databases for ribosomal 

and mitochondrial reads respectively. Stop codons were removed from the CO1 data using 

custom scripts. Reads were clustered using the cluster_otus command in UParse and 

pick_open_reference_otus.py in Qiime1. We compared five reference databases for UClust_ref 

clustering and taxonomic assignment of OTUs and ASVs with RDP: 

https://genomics.ed.ac.uk/
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1. Mock: Sanger reference sequences of the mock specimens (18S: n=49, CO1: n=47; mix 

of short and long fragments for both markers).  

2. refDB_mock: Sanger sequence data used in the p-distance calculations as well as the 

mock specimens (18S: n=458, CO1: n=311; mix of short and long fragments for both markers).  

3. refDB_mock_trimmed: 18S_refDB_mock trimmed to the short amplicon. 

4. Silva99_refDB_mock: 20201 eukaryotic 18S sequences extracted from the Silva 

database (99% OTUs, release 123 for Qiime1) plus refDB_mock sequences trimmed to the short 

amplicon region. 

5. Silva99_refDB_mock_Nematoda: 2161 18S nematode sequences extracted from Silva99 

plus refDB_mock trimmed to the short amplicon region. 

The latter two databases contain a mix of sequences clustered at 99% (Silva) and our 

Sanger data (unclustered). Ideally, Silva should be dereplicated, the available files, however, are 

80%, 90%, 94%, 97% or 99% OTUs. We tested the effect of clustering our Sanger sequences at 

99% as well as dereplication and then merging with Silva; in both cases valuable taxonomic 

information was lost as 458 sequences yielded just 86 OTUs that inevitably carried ambiguous 

labels. Dereplication [FaBox (1.41) haplotype collapser] yielded 381 haplotypes, which also 

resulted in loss of information. As such, we expected that taxonomic assignment with the latter 

two databases would result in more accurate identifications than clustering/dereplicating our 

Sanger sequence data. Databases 1-4 were tested in UClust_ref while all five were used as training 

sets in RDP with a confidence estimate of 0.80 to test the effect of sequence abundance, amplicon 

length and taxonomic specificity, i.e. inclusion or exclusion of non-nematode sequences. 

Moreover, we quantified the accuracy (% Mock taxa identified) and error rate (% non-Mock taxa 

identified) of these assignments as a function of database size. Reads from each primer dataset 

were clustered at 80% and 90%-99% similarity in 1% intervals with singletons discarded. Data 

were rarefied to the lowest number of ÏÂÓÅÒÖÁÔÉÏÎÓ ÔÏ ÏÂÔÁÉÎ ɻ-diversity metrics 

(Shannon/Simpson indices, observed OTUs) using the single_rarefaction.py and 

alpha_rarefaction.py scripts in Qiime1 for the 94%, 97% and 99% clustering threshold. The effect 

of experimental treatment (equimolar vs isovolumetric) was tested for statistical significance 

[distance metric: weighted UniFrac (Lozupone & Knight, 2005), method: PERMANOVA, 999 

permutations] using the beta_diversity_though_plots.py and compare_categories.py scripts in 

Qiime1 at 94% and 99% similarity. The UniFrac distance equals the pairwise fraction of the sum 

of unshared phylogenetic branch length over the sum of the total branch length; ranging from 0 

(all taxa shared) to 1 (no shared taxa).  

For the Dada2 pipeline, gene-specific adapter sequences were removed from forward and 

reverse reads using Cutadapt as previously described (not anchored), fed into RStudio (Version 
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1.1.423) and processed following the suggested tutorial 

(https://benjjneb.g ithub.io/dada2/tutorial.html) with the exceptio n of the quality filter 

parameters which were: maxN=0, maxEE=c(2,5), rm.phix=TRUE, truncQ=2. Taxonomic 

assignment with RDP was completed in Qiime1; all results were graphed in GraphPad; 

bioinformatic commands are provided in SI-1. Neighbour-joining trees of the 18S refDB 

sequences were made in MegaX (model: p-distance) based on a Muscle alignment in Geneious 

with default parameters. Trees were visualised in Interactive Tree Of Life (iTOL) v4 (Letunic & 

Bork, 2019).  

2.3.5 Environmental sample 

The bioinformatic pipeline that generated the closest resemblance to the taxonomic 

diversity present in the mock community was applied to three environmental samples (A2-A4) 

from the intertidal flat of the Can Gio Biosphere Reserve in southern Vietnam, which is part of a 

different study investigating nematode diversity in relation to anthropogenic disturbance. These 

samples were identified morphologically, thus providing an optimal trial of our pipeline. 

Sediment was collected using a 10 cm² core of which the top 2 cm were pooled from three 

replicate cores, homogenized and again divided into three parts kept frozen in liquid nitrogen, 

formalin or DESS. Nematodes were extracted from DESS using Ludox density gradient 

centrifugation (Burgess, 2001) and preserved in DESS (Yoder et al., 2006). Samples were poured 

over a 38 µm sieve and washed with water before DNA extraction. The collected wash-off was 

centrifuged at 3000 rpm for 15 minutes, after which the supernatant was removed. DNA 

extraction was performed using the CTAB protocol as described in (Derycke et al., 2012). Library 

preparation, sequencing and bioinformatic analyses were completed as described above for the 

mock communities. For each formalin fixed sample, nematodes were counted. Morphological 

identi fication was performed for 200 specimens, after which the obtained species counts were 

used for the per sample nematode species abundances. 

2.4 Results 

2.4.1 Sanger data reference database 

The database consisted of 438 ribosomal and 290 mitochondrial sequences, collectively 

representing 9 out of 25 nematode orders included in the World Register of Marine Species 

(WoRMS), 116 genera and 274 species (18S: 244 spp., CO1: 154 spp.; congenerics with identical 

sequences included in SI-2). The alignment length was 654 bp and 426 bp for 18S and CO1 

containing 16 and three indels respectively. The 18S interspecific p-distances were distributed 

between 0-0.381 and overlapped with intraspecific p-distances, which ranged from 0-0.199. The 

mitochondrial data were more segregated than the 18S data; intraspecific distances ranged from 

https://docs.google.com/document/d/1KanRnY-ohYFgQge-Clr_3xIzzOnELSd2eonYfOwFhQo/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1Hs_cYDqPbMvI7Zfzzb3yG_iOg6k6GLIMRdmyFe2U1gU/edit?usp=sharing
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0-0.288 and interspecific between 0-0.546 (Figure 2.1). Species Microlaimus honestus and Robbea 

porosum were characterized by high intraspecific diversity with pɀdistance values exceeding 0.20 

and 0.25 respectively. Within the intraspecific fraction, 65% and 69% of values were equal to zero 

for 18S and CO1 respectively. The ad hoc species delineation threshold for CO1 was 0.0664, which 

was approximated to 94% similarity while the average threshold for the six families in 18S was 

0.0148, approximated to OTU clustering at 99% (the median was used in the case of intervals, 

Table 2.1). Instances of interspecific p-distances less than 0.01 and 0.06, were typically associated 

with cryptic species complexes (Appendix Figure 2.5, Appendix Figure 2.6).  

2.4.2 Bioinformatics 

2.4.2.1 Read assembly, quality check and similarity thresholds 

Pear and Fastq_mergepairs assembled 98% and 59% of reads across the three primer 

pairs, of which 69% and 88% were retained by the Fastq_filter respectively. Forward and reverse 

primers were removed in 68% and 53% of reads for Pear and Fastq_mergepairs. The two 

chimera-checking algorithms flagged 9.92% and 14.47% of reads in the 18S data for Pear and 

Fastq_mergepairs. The JB2 and JB3 data combined contained fewer chimeras than 18S: 0.12% in 

Pear reads and 0.11% in Fastq_mergepairs while 3% of CO1 reads were removed for Pear and 

Fastq_mergepairs due to the presence of stop codons. Overall, 67% and 46% of 18S reads, 66% 

and 55% of CO1 reads were retained when assembled using Pear and Fastq_mergepairs 

respectively. Despite a lower percentage of assembled reads, UClust_ref 18S OTUs resulting from 

Fastq_mergepairs were assigned to five and two additional species compared to Pear at 97% and 

99% similarity respectively (Figure 2.2, left); thus further testing of clustering databases and RDP 

training sets were focused on the Fastq_mergepairs datasets. In the Dada2 pipeline, 48%, 63% 

and 56% of reads passed the quality filter for 18S, JB2 and JB3 respectively; of these 87%, 100% 

and 99% were merged. Chimeras accounted for 19%, 13% and 0.3% of reads; overall 34%, 54% 

and 55% of reads passed the pipeline to be assigned to ASVs for 18S, JB2 and JB3 respectively. 

Stop codons were found in 3/78 and 29/111 ASVs in JB2 and JB3 datasets.  

Similarity threshold strongly influenced the number of species assignments with RDP in 

both UClust_ref and UParse 18S OTUs (Figure 2.2, right); six additional species were detected in 

the former at 99% compared to 97%. The reverse was true for UParse in which one species less 

was assigned at 99%; overall UParse OTUs resulted in the least number of assignments and were 

thus excluded from further taxonomic comparisons.  

2.4.2.2 OTU picking and ASVs 

The two clustering algorithms generated distinct results in the 18S data that differed only 

in magnitude between Pear and Fastq_mergepair reads (Figure 2.3, top). UClust_ref exhibited an 
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intuitive pattern with number of OTUs increasing with clustering threshold; this was gradual up 

to 97%, after which point the increase was exponential (Appendix Figure 2.2). The number of 

UClust_ref OTUs was largely similar across reference databases, generating an average of 6212 

and 3617 OTUs for Pear and Fastq_mergepair reads at 99% respectively. Clustering at 97% 

resulted in an average of 1263 and 878 OTUs for Pear and Fastq_mergepair reads. 

Counterintuitively, UParse generated the highest number of OTUs at the lowest clustering 

similarity, decreasing substantially thereafter to reach a minimum at 97% (Pear=245, 

Fastq_mergepairs=228), followed by a slight increase at 99% similarity (Pear=303, 

Fastq_mergepairs=275). Dada2 generated the most realistic estimate of species richness with 83 

ASVs.  

The CO1 data differed from 18S as results were strongly similar between the two 

clustering and read assembly algorithms, and across clustering thresholds excluding 99%. At 

99% the number of JB2 and JB3 UClust_ref OTUs increased dramatically yet remained virtually 

unchanged in UParse (Figure 2.3, middle/bottom). JB2 reads at 94% produced 32 OTUs with 

UParse (Pear=Fastq_mergepairs); UClust_ref resulted in 34 (Pear) and 32 (Fastq_mergepairs) 

OTUs irrespective of reference database. The JB2 dataset yielded fewer OTUs despite having over 

twice as many reads as JB3. At 94%, JB3 generated 52 OTUs in UParse (Pear=Fastq_mergepairs); 

UClust_ref OTUs numbered 55, 53 with the mock reference database and 54, 52 using refDB_mock 

for Pear and Fastq_mergepair reads respectively. The Dada2 pipeline resulted in 75 and 82 ASVs 

for JB2 and JB3 respectively.  

2.4.2.3 Influence of training sets on RDP classifier performance 

The RDP classifier was tested with progressively larger training sets; taxonomic 

assignment of the ribosomal data with the mock training set yielded the highest number of genera 

and species identifications (30/35, 86%; 32/39, 82% respectively) in Fastq_mergepairs reads 

and UClust_ref OTUs at a clustering threshold of 99% (Figure 2.4, Appendix Figure 2.4). ASVs 

were assigned to 23/39 (59%) species. Taxonomic diversity represented in the training set 

strongly influenced the performance of RDP; regardless of clustering reference database or 

clustering threshold (97%/99%) used for UClust_ref OTUs, the smallest taxon-specific training 

set (mock) yielded the highest number of genus and species identifications throughout. The 

Silva99_refDB_mock training set containing 20201 eukaryotic sequences of which 2161 are 

nematodes resulted in the least number of genera and species identified at both 97% and 99% 

similarity as well as the ASVs. The exclusion of non-nematode sequences (i.e. 

Silva99_refDB_mock_Nematoda) recovered one additional species at both 97% and 99% 

similarity compared to the Silva99_refDB_mock training set. Apart from taxonomic composition, 
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trimming reference sequences to the shorter amplicon improved taxonomic assignment by RDP, 

detecting 4-6 additional species compared to full-length sequences at both 97% and 99% 

similarity OTUs and ASVs.  

The number of species and genera detected in JB2 mitochondrial OTUs and ASVs was 

comparable between algorithms and identical across training sets at 94% and 97% similarity 

(Figure 2.4, Appendix Figure 2.4). Similarly, the JB3 OTU assignments were identical at 94% and 

97%, with the mock training set gaining one additional species over refDB_mock. Species 

detections were equal between training sets for JB2 OTUs (19/39, 49%) with 18 shared species 

while Oncholaimus sp. and Meyersia sp. were exclusive to mock and refDB_mock training sets 

respectively; JB3 OTUs were assigned to a maximum of 21/39 (54%) species with the mock 

training set detecting one additional species (Adoncholaimus sp.) compared to refDB_mock. The 

ASVs detected a similar number of species as the OTUs; 18/39 (46%) and 16/39 (41%) for JB2 

and JB3 reads respectively with the mock training set. Assignments with refDB_mock were 

strikingly reduced with just two and three species for JB2 and JB3 ASVs.  

Genus-level assignments were on average more accurate and less error-prone compared 

to species identifications (Table 2.2). UClust_ref OTUs combined with a small reference database 

exhibited the highest accuracy for the latter; this was however coupled to an increased error rate 

compared to ASVs. 

2.4.2.4 Taxonomic assignment of OTUs/ASVs across markers 

The combined taxonomic assignment of UClust_ref OTUs across the three loci successfully 

detected 33/35 (94%) genera and 36/40 (92%) species, of which 23 genera and 25 species were 

shared between 18S and either mitochondrial dataset (Figure 2.5). Independently, 18S OTUs 

were assigned to 30/35 genera, 32/39 species and JB2/JB3 OTUs were assigned to 26/35 genera, 

29/40 species respectively. Within the mitochondrial dataset, nine genera and 10 species were 

detected in the JB3 OTUs exclusively while five genera and eight species were specific to JB2. 

Detection of the specimens Sphaerotheristus sp. and Dorylaimopsis tumida was exclusive to the 

JB2 and JB3 OTUs respectively while seven species (Oxystomina sp., Meyersia sp., Litinium sp-nov., 

Halalaimus sp., Epacanthion sp., Enoploides sp., Deontolaimus sp.) were only detected in 18S OTUs.  

The 18S, JB2 and JB3 ASVs collectively detected 29/35 (83%) genera and 30/39 (77%) 

species of which seven (Oncholaimus sp., Micoletzkyia sp., Siphonolaimus sp., Sphaerolaimus 

maeoticus, Sphaerolaimus maeoticusB, Campylaimus gerlachi, Spilophorella aberrans) were 

shared. Six unique species were detected in ribosomal ASVs (Epacanthion sp., Oxystomina sp., 

Daptonema sp., Halalaimus sp., Steineria vietnamica, Enoploides sp.), three in JB2 (Haliplectus 
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dorsalis, Dichromadora simplex, Sphaerotheristus sp.) while Dorylaimopsis tumida was exclusive 

to JB3.  

2.4.2.5 Taxon abundance 

The number of OTUs per species was variable in the 18S dataset; Oxystomina sp., 

Micoletzkyia sp. and Oncholaimus sp. were overrepresented with an average of 225, 151 and 149 

OTUs per mock respectively (Figure 2.6). These taxa were assigned to two to five highly abundant 

OTUs (1000-69000 reads) and several hundred rare OTUs (<800 reads). The ASVs exhibited a 

similar pattern, most evident for Oxystomina sp. which was assigned to 16 ASVs, four of which 

represented between 200-5000 reads, while the remaining 12 consisted of less than 20 (Figure 

2.7). Interestingly, dominance in terms of OTUs/ASVs was not mirrored in reads for Oxystomina 

sp., which on average represented ca. 2% of reads. 

OTU abundance in the mitochondrial datasets was concordant with the known 

composition of the mocks yet variable in ASVs. The maximum number of OTUs per species was 

three for JB2 (Sphaerolaimus maeoticusB) and six for JB3 (Micoletzkyia sp.), while nine 

(Parasphaerolaimus sp., Paramonohystera megacephala) and 18 (Cephalanticoma sp.) ASVs were 

found in JB2 and JB3 respectively. Similar to the 18S data, the majority of mitochondrial ASVs per 

species were very rare; the four most abundant ASVs represented over 98% of reads for 

Parasphaerolaimus sp., Paramonohystera megacephala and Cephalanticoma sp. in JB2 and JB3. The 

most abundant species in terms of reads were Parasphaerolaimus sp. in JB2 and Micoletzkyia sp. 

in JB3 OTUs and ASVs (Figure 2.6, Figure 2.7).  

2.4.3 Equimolar vs isovolumetric pooling 

The taxonomic assignment of OTUs was comparable between equimolar or isovolumetric 

libraries with no statistically significant differences using weighted UniFrac distance (p-values: 

18S:.0.342; JB2: 0.330; JB3: 0.657). Equimolar pooling did result in slightly higher diversity 

estimates for 18S and JB3 (Appendix Figure 2.3). Rarefaction indicated that the number of OTUs 

in the 18S dataset was far from saturated, while these plateaued in the mitochondrial datasets. 

Indices of diversity in the 18S dataset closely resembled that of the mock community, where 

MockA (5.36) slightly exceeded and MockB (5.15) reached 98% of the true Shannon value. The 

CO1 data were consistently less diverse with Shannon and Simpson indices remaining below 2.80 

and 0.82 respectively for both JB2 and JB3 reads.  

2.4.4 Environmental sample 

Thirty -six nematode species were identified morphologically across all three samples. 

Reads were merged with Fastq_mergepairs and clustered at 99% and 94% using the 
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Silva99_refDB_mock and refDB_mock databases for 18S and JB2/JB3 respectively. UClust_ref 

generated 15872, 405, 186 OTUs and Dada2 264, 283 and 282 ASVs for 18S, JB2 and JB3 

respectively. Two ASVs in the JB3 dataset contained stop codons. OTUs were assigned to a 

maximum of 41, 12 and 12 nematode species while ASVs to 21, 10 and 8 for 18S, JB2 and JB3 

respectively. Morphological and molecular species-level identifications were nearly mutually 

exclusive in all instances (Figure 2.8); 1 species was shared between morphology and 

mitochondrial OTUs or ASVs, while three and one species was shared between 18S OTUs or ASVs 

and morphology, respectively. A maximum of 16 and seven genera were shared between 

ribosomal and mitochondrial OTUs and morphology; 11 and five genera were shared between 

18S and JB2, JB3 ASVs and morphology. In contrast to 18S mock OTUs/ASVs, using the smallest 

training set for taxonomic assignment generated the fewest species detections (OTUs: 11, ASVs: 

13) while Silva99_refDB_Nematoda and Silva99_refDB_mock identified the highest number of 

nematode species (OTUs: 41, ASVs: 21 respectively). A larger training set detected between one 

and three additional species for JB2 and JB3 OTUs/ASVs.   
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2.5 Figures 

Figure 2.1 Frequency and distribution of p-distance values derived from the ribosomal (top) and mitochondrial 
(bottom) reference sequence databases used in this study. 18S: interspecific [0ɀ0.381], mean = 0.121, SD = 0.045 | 
intraspecific [0ɀ0.199], mean = 0.007, SD = 0.021; CO1: interspecific [0ɀ0.546], mean = 0.324, SD = 0.062 | 
intraspecific [0ɀ0.288], mean = 0.018, SD = 0.048 
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Figure 2.2: Impact of read-merging strategy, clustering algorithms, and similarity threshold on taxonomic 
composition. Left: UClust_ref OTUs for Pear and Fastq_mergepairs reads; right: UClust_ref and UParse OTUs 
for Fastq_mergepairs reads at 97% and 99% similarity. RDP training set: mock, UClust_ ref database: 
Silva99_refDB_mock, and Mock_AB: true mock composition. 
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Figure 2.3 Number of Dada2 ASVs and OTUs for 18S (top), JB2 (middle), JB3 (bottom) reads merged with 
Pear and Fastq_ mergepairs at 80%, 94%, 97%, and 99% similarity with UClust_ref and UParse. UClust_ref 
databases 18S: mock, refDB_mock, Silva99_refDB_mock, JB2/JB3: mock, refDB_mock. Horizontal bar 
indicates number of nematode species included in the mock community (n = 39). 
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Figure 2.4: Species taxonomy assigned with the RDP classifier to Dada2 ASVs and UClust_ref OTUs. Top: 18S at 99% (a) and 97% similarity (b); bottom: 
JB2 at 94% (c) and 97% similarity (d), JB3 at 94% (e) and 97% (f) similarity. Mock_AB: true mock composition. Above bars: UClust_ref database, X-axis: 
RDP training set. 
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Figure 2.5: Species taxonomy of UClust_ref OTUs with the RDP classifier for 18S at 99% (dark grey) and JB2/JB3 (light grey/chequered) at 94% (left). Species order 
based on neighbour-joining tree of the 18S mock sequences (right; model: p-distance, bootstraps: 100). RDP training set: mock, UClust_ref database 18S: 
Silva99_refDB_mock; JB2/JB3: refDB_mock. 
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Figure 2.6 Species taxonomy with the RDP classifier to UClust_ref OTUs (top) and percent reads (bottom) for 18S (a,d), JB2 (b,e), and JB3 (c,f). RDP training 
set: mock, UClust_ref database 18S: Silva99_refDB_mock, JB2/JB3: refDB_mock, NA = no assignment to species level. Mock_AB: true mock composition. 
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Figure 2.7: Species taxonomy with the RDP classifier to Dada2 ASVs (top) and percent reads (bottom) for 18S (a,d), JB2 (b,e), and JB3 (c,f). RDP training set: mock, 
NA = no assignment to species level. Mock_AB: true mock composition 
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Figure 2.8 Venn diagrams of morphologically identified nematode species and best performing RDP training 
sets for 18S, JB2, and JB3 OTUs (top) and ASVs (bottom). 
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2.6 Tables 

Table 2.1: Threshold distance and relative error by Family for 18S reference sequences, median value in 
brackets 

Family  Threshold Distance  Relative error  

Chromadoridae 0.0023 0.2000 

Cyatholaimidae 0.0002 0.0500 

Oncholaimidae 0.0051 - 0.0120 (0.0085) 0.0869 

Oxystominidae 0.0051 0.0500 

Sphaerolaimidae 0.0619 0.0500 

Xyalidae 0.0089-0.0133 (0.0111) 0.1143 

 

Table 2.2: Accuracy (% Mock taxa detected) and error rates (% non-Mock taxa detected) of species and 
genus-level RDP taxonomic assignments to 18S and JB2, JB3 UClust_ref OTUs (99% and 94% respectively) 
as well as Dada2 ASVs. 

Species 

 
Accuracy Error rate  

Reference database size 

Small (458/311) Medium (2161) Large (20201) Small (458/311) Medium (2161) Large (20201) 

UClust 18S 58.97 46.15 43.59 23.33 51.35 48.48 
Dada2 18S 43.59 35.90 33.33 15.00 41.67 38.10 
UClust JB2 48.72 

 

9.52 

 Dada2 JB2 7.69 84.21 
UClust JB3 51.28 20.00 
Dada2 JB3 5.13 88.89 

Genus 

 
Accuracy  Error rate  

Reference database size 
Small (458/311) Medium (2161) Large (20201) Small (458/311) Medium (2161) Large (20201) 

UClust 18S 77.14 62.86 60.00 6.90 33.33 30.00 
Dada2 18S 60.00 51.43 54.29 0.00 21.74 9.52 
UClust JB2 51.43 

 

5.26 

 
Dada2 JB2 20.00 58.82 
UClust JB3 51.43 5.26 
Dada2 JB3 20.00 53.33 
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2.7 Discussion 

2.7.1 Species level identification using curated 18S and CO1 Sanger sequence data 

The reference sequence databases identified 99% and 94% as the clustering threshold for 

nematode species delimitation for 18S and CO1 data respectively. For 18S, 99% similarity has 

independently been shown to be the most appropriate threshold for identifying nematode 

ÃÏÍÍÕÎÉÔÉÅÓ ɉ$ÅÌÌȭ!ÎÎÏ et al., 2015; Porazinska et al., 2010) as well as other small marine 

metazoans (Brown et al., 2015). Taxonomic assignment of the 99% OTUs resulted in the most 

accurate species-level taxonomic representation of the mock community. For the mitochondrial 

OTUs, species detections were equivalent between 94% and 97% similarity. Moreover, species-

level assignments in 18S OTUs were more abundant than for CO1 despite limitations of the former 

marker due to the absence of a definite barcoding gap (Armenteros et al., 2014; Derycke et al., 

2010). This likely reflects the higher variability at the primer locations of CO1, which hampers 

amplification of the fragment across the whole phylum (De Ley et al., 2005). Determining species 

delineation thresholds is challenging given overlapping intra-/inter -specific distances within 

diverse and insufficiently described groups (Meyer & Paulay, 2005); nonetheless, the calculation 

of empirically-derived taxon-specific clustering thresholds should be adopted over the use of 

standardized parameters (Alberdi et al., 2018). Our results show that the use of p-distances from 

curated reference sequence databases is a promising approach to determine these thresholds and 

that future metabarcoding studies could benefit greatly from adopting taxon-specific clustering 

thresholds as illustrated in the present study as well as by Brown et al., (2015).  

2.7.2 Clustering open-reference, denovo, or not at all 

Clustering threshold is one of the most important factors influencing OTU composition in 

heuristic algorithms such as UParse and UClust_ref/UClust_denovo (Schmidt et al., 2015). 

UClust_ref and UParse produced contrasting OTU abundance patterns in the ribosomal reads; the 

number of OTUs in the former increased with clustering threshold whereas in the latter these 

followed a decreasing trend from maximum at 80% to minimum at 97%. The number of UParse 

OTUs was approximately five times higher than the taxa included in the mocks, yet over an order 

of magnitude less than UClust_ref OTUs. UParse applies denovo chimera detection concurrent to 

OTU picking, which effectively alters the collection of reads being clustered at any given threshold 

(Schmidt et al., 2015). The inflated estimation of OTU abundance with UClust_ref only in the 18S 

ÄÁÔÁ ÃÁÎ ÔÈÕÓ ÂÅ ÊÕÓÔÉÆÉÅÄ ÉÎ Ô×Ï ×ÁÙÓȡ ÆÉÒÓÔȟ 5#ÌÕÓÔͺÄÅÎÏÖÏ ÔÅÎÄÓ ÔÏ ȰÏÖÅÒ-ÓÐÌÉÔȱ ÓÅÑÕÅÎÃÅ ÄÁÔÁ 

(Schmidt et al., 2015), and this is likely to be true also for UClust_ref given that the two differ only 

with respect to what collection of sequences reads are being compared to; second, when looking 

at OTUs assigned to a particular species, these typically consist of one or few abundant OTUs 

ÒÅÐÒÅÓÅÎÔÉÎÇ ÔÈÅ ÍÁÊÏÒÉÔÙ ÏÆ ÒÅÁÄÓ ɉȰÈÅÁÄȱɊ ÁÎÄ Á ÌÁÒÇÅ ÃÏÌÌÅÃÔÉÏÎ ÏÆ ÒÁÒÅ ÖÁÒÉÁÎÔÓ ÔÙÐÉÃÁÌÌÙ 
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ÃÏÎÔÁÉÎÉÎÇ ÖÅÒÙ ÆÅ× ÒÅÁÄÓ ÏÒ ÓÉÎÇÌÅÔÏÎÓ ɉȰÔÁÉÌȱɊȢ 4ÈÅÓÅ ÁÒÅ ÔÈÏÕÇÈÔ ÔÏ ÒÅÐÒÅÓÅÎÔ ÉÎÔÒÁÓÐÅÃÉÆÉÃ 

variation associated with ribosomal tandem repeats that are largely responsible for inflated OTU 

abundance and can be species-specific (Porazinska et al., 2010). The number oÆ ȰÔÁÉÌȱ /45Ó ɉρ-

480) was considerably higher than the 3-28 range reported in Porazinska et al., (2010) while 

ASVs were more similar with 1-16 per species. A large number of OTUs need not be reflected in 

the respective amount of reads, as the vast majority would be rare. A strong disagreement in 

relative abundance of OTUs and reads was observed in Oxystomina sp., suggesting this species 

ÅØÈÉÂÉÔÓ ÉÎÃÒÅÁÓÅÄ ÉÎÔÒÁÇÅÎÏÍÉÃ ÖÁÒÉÁÔÉÏÎȢ 4ÈÅ ȰÈÅÁÄ-ÔÁÉÌȱ ÐÁÔÔÅÒÎ ×ÁÓ ÆÁÒ ÌÅÓÓ ÐÒÅÖÁÌÅÎÔ ÆÏÒ #/ρȟ 

where just three species contained more than one OTU. Moreover, the total number of OTUs per 

species was substantially reduced (3-6), suggesting that intra-individual variation is much lower 

for CO1; given the protein encoding function of the gene this may be the consequence of purifying 

selection.  

Heuristics such as UParse and UClust_ref have been shown to outperform hierarchical 

methods due to reduced computational requirements; UParse in particular has been 

recommended due to increased accuracy in OTU-based diversity estimates (Flynn et al., 2015). 

Moreover, denovo clustering as applied in UParse has been advised over reference-based 

clustering due to improved OTU stability (Westcott & Schloss, 2015), while He et al., (2015) 

concluded that this is inherent to both hierarchical and heuristic methods, regardless of whether 

denovo or reference-based is implemented in the latter. Concurrently, it may be possible to 

circumvent a lack of congruence across different methods and algorithms by thorough and 

stringent quality filtering prior to OTU-picking (May et al., 2014). Identification of 92% of mock 

species across primers in UClust_ref OTUs in conjunction with the fact that no taxonomic 

assignments could be made to the 18S chimeras suggests our quality filtering was indeed effective 

and that any dissimilarities to UParse must be attributable to the algorithm itself.  

The detection of nematode species was greatly improved using UClust_ref in combination 

with a high quality reference database compared to UParse (Figure 2.2). Furthermore, open-

reference clustering links sequence reads to known biological entities does not discard any data 

and requires reduced computational capacity (Navas-Molina et al., 2013). The diversity and taxon 

specificity of reference database sequences had a negligible effect on the number of ribosomal 

and mitochondrial OTUs generated by UClust_ref and subsequent taxonomic assignment was 

strongly similar between the different OTU sets for both markers. Ultimately, 

Silva99_refDB_mock yielded the most accurate taxonomic description of the mock community 

suggesting that one should seek the largest and most diverse reference database for open-

reference-based OTU-picking.  

The cluster-free Dada2 pipeline produced the most realistic estimates of species richness 

yet taxonomic assignment of ASVs in both ribosomal and mitochondrial datasets were reduced 
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compared to UClust_ref OTUs, collectively detecting 6/39 (15%) fewer species. These 

assignments, however, were far less redundant across markers with just seven species shared 

between ribosomal and mitochondrial ASVs compared to 25 in OTUs. Moreover, given their 

inherent reproducibility, comparability across datasets (Callahan et al., 2017) and ease of 

executing the pipeline, ASVs provide a competitive alternative to OTUs.  

2.7.3 Effect of training sets on taxonomic assignment with RDP 

The number of taxonomic assignments in ribosomal OTUs differed substantially between 

traini ng sets and highlighted the influence of sequence homology as well as diversity. Similar to 

16S bacterial data (Werner et al., 2012), trimming sequences to the shorter amplicon, and thus 

increasing sequence homology, improved the performance of RDP in ribosomal OTUs and Dada2 

ASVs. Taxonomic assignment of OTUs and ASVs was substantially improved with the smallest 

nematode-exclusive training set 18S_mock (<50 sequences) compared to a larger one such as 

Silva99_refDB_mock (ca. 2100 sequences) or the most extensive training set Silva99_refDB_mock 

(>20000 sequences) including representatives across the eukaryotic domain. Concurrently, 

diverse, taxon-specific training sets such as Silva99_refDB_mock and 

Silva99_refDB_mock_Nematoda detected the most nematode species in the Vietnam sample 

suggesting that similarity between sample and training set in terms of diversity is an important 

factor influencing the accuracy of the RDP classifier. The use of arbitrarily large databases has 

been shown to hinder resolution to genus/species level due to increased competition in the 

search space (Ritari et al., 2015). This effect was most prominent in RDP assignments to 

mitochondrial ASVs with the refDB_mock training set, presumably indicating a shortcoming of 

ASVs in highly variable functional gene loci. The inclusion of superfluous sequences was more 

impactful than that of non-homologous regions, indicating that in order to maximize the accurate 

identification of diversity, RDP training sets should be taxon and region specific with sequences 

truncated to the length of the amplified fragment of interest. Overall, OTUs exhibited highest 

accuracy at the expense, however, of elevated error rates while the inverse was true for ASVs; 

thus it may be preferable to adopt the latter when investigating eukaryotic diversity in 

undescribed systems given the reduced error rates associated with ASVs when using large 

reference databases.  

2.7.4 Moving forward in marine nematode metabarcoding 

Although a 1:1 correspondence between OTUs and number of taxa has been reported in 

some mock communities (Brown et al., 2015), the expectation thereof may be unrealistic when 

investigating biological samples with the 18S gene specifically. Taxonomic assignment of OTUs is 

ÏÐÔÉÏÎÁÌ ÁÎÄ ÕÌÔÉÍÁÔÅÌÙ ÁÔ ÔÈÅ ÒÅÓÅÁÒÃÈÅÒÓȭ ÄÉscretion, we nonetheless find it a highly informative 

component of the bioinformatic pipeline and necessary for the ecological interpretation of HTS 



Chapter 2: Conclusions 

 
57 

data in environmental samples. Given that OTUs clustered at different similarities are not 

comparable, their abundance being variable by several orders of magnitude across different 

methods and the promising alternative of clustering-free algorithms (e.g. DADA2), taxonomic 

assignment can be a normalizing factor to divergent outputs (Callahan et al., 2016). Although a 

large proportion of species detections were shared between ribosomal and mitochondrial OTUs, 

the reverse was true for ASVs demonstrating the benefits of a multi-locus approach to 

metabarcoding. Community composition did not differ statistically between equimolar and 

isovolumetric DNA pooling, suggesting these to be effectively equivalent. Some caution is 

nonetheless warranted given the limited replication in our data (n=2). In view of the slightly 

higher alpha diversity estimates obtained with equimolar pooling, we recommend this approach.  

2.8 Conclusions 

The importance of reference sequences coupled to reliable taxonomic labels cannot be 

overstated, as this information is essential for linking taxa present in a sample to the wealth of 

relevant biological knowledge. Although identification at higher taxonomic levels is relatively 

straightforward and commonplace (Brannock & Halanych, 2015; Capra et al., 2016; Cowart et al., 

2015; Khripounoff et al., 2006; Leray & Knowlton, 2015; Sinniger et al., 2016) species-level 

resolution is hindered by the combined effect of incomplete databases, inaccurate designations 

as well as the restricted amount of information contained in short sequences generated by HTS 

platforms (Somervuo et al., 2017). The establishment of HTS technologies in the realm of biology 

and associated complications for reliable species identification, highlight the urgency of creating 

high quality taxon-specific reference sequence databases such as was implemented in the current 

study. We have shown that the current state of our database can significantly aid diversity 

estimates of marine nematodes. The scant availability of nematode reference sequences from 

diverse habitats such as the deep-sea, seagrass beds and tropical coral reefs however, hinders a 

comprehensive characterization of novel ecosystems. As such, investing in barcoding initiatives 

for understudied environments in particular will always be necessary to expand database 

coverage. 
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2.10 Data Accessibility 
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HTS reads: NIH Sequence Read Archive BioProject PRJNA420028: Nematoda mock community 

metabarcoding  
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2.11 Appendix 

Appendix Table 2.1: Mock community composition and specimen source location. *No reference sequence 
available + not included in C/D, **not included in C/D (insufficient extract), ***no CO1 reference sequence. 

Voucher code 
18S_Mock CO1_Mock 

Location  Zone 
A/B  C/D A/B  C/D 

Adoncholaimus_sp_2A16I11 x x x x Netherlands Intertidal  
Anoplostoma_sp_4C9B12* x --- x --- Netherlands Intertidal  

Anoplostoma_sunderbanae_107H6K12 x x x x Southern Vietnam Intertidal  
Anoplostoma_sunderbanae_60H6K12 x x x x Southern Vietnam Intertidal  

Anoplostoma_sunderbanaeB_66H6K12 x x x x Southern Vietnam Intertidal  
Asymmelaimus_vietnamicus_12H6K12 x x x x Southern Vietnam Intertidal  

Asymmelaimus_vietnamicus_138H6K12 x x x x Southern Vietnam Intertidal  
Bathylaimus_sp_BEL_2 x x x x Equatorial North Pacific Abyssal 

Campylaimus_gerlachi_58H6K12 x x x x Southern Vietnam Intertidal  
Cephalanticoma_sp_BEL_16 x x x x Equatorial North Pacific Abyssal 

Comesa_vitia_132H6K12 x x x x Southern Vietnam Intertidal  
Crenopharynx_sp_IOM-R_175 x x x x Equatorial North Pacific Abyssal 

Daptonema_sp_FRA_259 x x x x Equatorial North Pacific Abyssal 
Deontolaimus_sp_FRA_393 x x x x Equatorial North Pacific Abyssal 

Desmoscolex_koloensis_112H6K12 x x x x Southern Vietnam Intertidal  
Dichromadora_simplex_80H6K12 x x x x Southern Vietnam Intertidal  
Dorylaimopsis_tumida_23H6K12 x x x x Southern Vietnam Intertidal  

Enoploides_sp_3A1F12 x x x x Netherlands Intertidal  
Epacanthion_sp_BEL_131 x x x x Equatorial North Pacific Abyssal 

Gomphionema_parvam_89H6K12 x x x x Southern Vietnam Intertidal  
Halalaimus_sp_BEL_4** x x x x Equatorial North Pacific Abyssal 

Haliplectus_dorsalis_102H6K12 x x x x Southern Vietnam Intertidal  
Haliplectus_floridanus_103H6K12 x x x x Southern Vietnam Intertidal  

Litinium_sp-nov_10H6K12 x x x x Southern Vietnam Intertidal  
Litinium_sp-nov_19H6K12 x x x x Southern Vietnam Intertidal  

Longicyatholaimus_tchesunovi_26H6K12 x x x x Southern Vietnam Intertidal  
Meyersia_sp_GER-RA_135 x x x x Equatorial North Pacific Abyssal 
Micoletzkyia_sp_97H6K12 x x x x Southern Vietnam Intertidal  

Micoletzkyia_sp_GER-RA_128 x x x x Equatorial North Pacific Abyssal 
Nemanema_sp_IOM-R_3 x x x x Equatorial North Pacific Abyssal 

Odontophora_sp_8C10B12* x --- x --- Netherlands Intertidal  
Oncholaimus_sp_BEL_141 x x x x Equatorial North Pacific Abyssal 

Oncholaimus_sp_GER-PA_21 x x x x Equatorial North Pacific Abyssal 
Non-nematode (Fungi) x x x x ---------- ---------- 

Oxystomina_affinis_11H6K12 x x x x Southern Vietnam Intertidal  
Oxystomina_affinis_84H6K12 x x x x Southern Vietnam Intertidal  
Oxystomina_sp_IOM-R_196 x x x x Equatorial North Pacific Abyssal 

Paramonohystera_megacephala_15H6K12 x x x x Southern Vietnam Intertidal  
Paramonohystera_megacephala_2H6K12 x x x x Southern Vietnam Intertidal  

Parasphaerolaimus_sp_85H6K12 x x x x Southern Vietnam Intertidal  
Phanodermopsis_sp_GER-RA_114 x x x x Equatorial North Pacific Abyssal 

Siphonolaimus_sp_APEI3_410 x x x x Equatorial North Pacific Abyssal 
Sphaerolaimus_maeoticus_16H6K12 x x x x Southern Vietnam Intertidal  
Sphaerolaimus_maeoticus_1H6K12 x x x x Southern Vietnam Intertidal  

Sphaerolaimus_maeoticusB_24H6K12 x x x x Southern Vietnam Intertidal  
Sphaerolaimus_maeoticusB_29H6K12 x x x x Southern Vietnam Intertidal  

Sphaerolaimus_sp_1C9B12* x --- x --- Netherlands Inter tidal 
Sphaerotheristus_sp_5H6K12 x x x x Southern Vietnam Intertidal  

Spilophorella_aberrans_64H6K12* x --- x --- Southern Vietnam Intertidal  
Spirinia_sp_15C13B12* x --- x --- Netherlands Intertidal  

Steineria_vietnamica_70H6K12 x x x x Southern Vietnam Intertidal  
Thalassolaimus_sp_IOM-R_193 x x x x Equatorial North Pacific Abyssal 

Meyersia_sp_IOM-I_17 x x x x Equatorial North Pacific Abyssal 
Total DNA extracts  53 48 53 48 

 Total Nematoda species  39 35 39 35 
Total reference sequences  49 48 47 47 
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Figure S2: Bio-informatic analysis pipeline
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Bio-informatic analysis scripts 

Read Assembly 
pear ɀf 
/media/sf_G_DRIVE/NGS_Mock_data/Mocks/Run2_16_12_16/JB3_A/161216_M01270_0259_00
0000000-ARU1U_1_NX-P7-004_NX-P5-006_1.fastq ɀr 
/media/sf_G_DRIVE/NGS_Mock_data/Mocks/Run2_16_12_16/JB3_A/161216_M01270_0259_00
0000000-ARU1U_1_NX-P7-004_NX-P5-006_2.fastq ɀo 
/media/sf_G_DRIVE/NGS_Mock_data/Mocks/Run2_16_12_16/JB3_A/Pear_merged_PE_quality_fi
lter/JB3_A -m 600 -n 50 -t 200 -q 30 -u 0 

usearch9 -fastq_mergepairs 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Raw/JB3_A/*R1.fastq ɀfastqout 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Usearch9_fastq_mergepairs/JB3_A_me
rged.fastq -fastq_minmergelen 50 -fastq_maxdiffs 10 -fastq_maxmergelen 600 -fastq_minovlen 
10 

Quality filter  
usearch9 -fastq_filter 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Pear/JB3_A.assembled.fastq -fastqout 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/usearch9_fastq_filter/JB3_A.assembled
_filtered.fastq -fastqout_discarded 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/usearch9_fastq_filter/discarded/JB3_A.
assembled_discarded.fastq -fastq_maxee 0.5 -fastq_minlen 300 -fastq_maxns 1 

Primer removal  
|cutadapt -g JB3=^TGGGCATCCTGAGGTTTAT 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Usearch9_fastq_filter/fastq_mergepair
s/JB3_A_merged_filtered.fastq ɀo 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Cutadapt/run4_mergepairs_filter/JB3_
A_f.fasta --untrimmed-output 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Cutadapt/run4_mergepairs_filter/untr
immed/JB3_A_f_untrimmed.fasta -O 5 -e 0.1 -m 1 

cutadapt -a JB5=CATTTTCATTATGTTTTAAGTTTAGGTGCT$ 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Cutadapt/run4_mergepairs_filter/JB3_
A_f.fasta ɀo 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Cutadapt/run4_mergepairs_filter/JB3_
A_f_r.fasta --untrimmed-output 
/media /sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Cutadapt/run4_mergepairs_filter/untr
immed/JB3_A_f_r_untrimmed.fasta -O 5 -e 0.1 -m 1 

Chimeric sequences removal  
identify_chimeric_seqs.py  
ɀi /media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/CO1_all_seqs_pear_filter.fasta -o 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Qiime/id_chimeric_seqs_usearch61_de
novo_ref/pear -m usearch61 --non_chimeras_retention intersection ɀr 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/CO1_refDB_mock.fasta 

filter_fasta.py ɀf 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/CO1_all_seqs_pear_filter.fasta -o 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Qiime/id_chimeric_seqs_usearch61_de
novo_ref/pear/CO1_pear_filter_no_chimeras.fasta -s 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Qiime/id_chimeric_seqs_usearch61_de
novo_ref/pear/chimeras.txt ɀn 
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Add labels  
add_qiime_labels.py -i 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Cutadapt/mergepairs_filter/ -m 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/CO1_mock_mapping_file.txt -c 
InputFileName -o 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/CO1_all_seqs_mergepairs_filter.fna -n 1 

Stop Codon Removal 

https://docs.google.com/document/d/1HoaXzXTIxSn--
sleBxcfSn9wmsBP_jl6sHFmfP7_Du8/edit?usp=sharing 

OTU-picking  
pick_open_reference_otus.py ɀi 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/JB3_mergepairs_filter_no_chimeras_inF
rame1_no_SC.fasta -o 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Qiime/uclust/mock/mergepairs/JB3_8
0%/ -f -m uclust -s 0.01 -r 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Mock_CO1_A_B_unaligned_48.fasta --
suppress_align_and_tree -p 
/media/sf_G_DRIVE/Mock_MiSeq/Scripts_results/Qiime/parameters/mock/uclust_parameters
_CO1_mock_80%.txt 

usearch9 -cluster_otus 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/JB3_uniques_pear_filter_no_chimeras_i
nFrame1_no_SC.fasta -otu_radius_pct 20.0 -minsize 2 -otus 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Usearch9_otus/JB3_pear_filter_otus_80
%.fa ɀuparseout 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/CO1/Usearch9_otus/JB3_pear_filter_otus_80
%.up 

Alpha rarefaction  

biom summarize-table ɀi 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/18S/Qiime/uclust/Silva99_refDB_mock_tri
mmed/mergepairs/97%/otu_table_mc2_12x_filtered_w_tax.biom 

alpha_rarefaction.py ɀi 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/18S/Qiime/uclust/Silva99_refDB_mock_tri
mmed/mergepairs/97%/otu_table_mc2_12x_filtered_w_tax.biom ɀm 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/18S/18S_mock_mapping_file.txt \  -p 
/media/sf_G_DRIVE/Mock_MiSeq/Scripts_results/Qiime/parameters/alpha_rarefaction_param
eters.txt ɀo 
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_16/18S/Qiime/uclust/Silva99_refDB_mock_tri
mmed/mergepairs/97%/ -f -e 108864 

Beta diversity  

beta_diversity_through_plots.py ɀi 
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16_12_16/18S/Qiime/uclust/Silva99_refDB_mock
_trimmed/mergepairs/99%/otu_table_mc2_12x_filtered_w_tax_rarefied.biom -m 
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16_12_16/18S/18S_mock_mapping_file.txt -o 
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16_12_16/18S/Qiime/uclust/Silva99_refDB_mock
_trimmed/mergepairs/99%/beta_diversity --color_by_all_fields -p 
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Scripts_results/Qiime/parameters/beta_diversity_para
meters_18S_99%.txt 

https://docs.google.com/document/d/1HoaXzXTIxSn--sleBxcfSn9wmsBP_jl6sHFmfP7_Du8/edit?usp=sharing
https://docs.google.com/document/d/1HoaXzXTIxSn--sleBxcfSn9wmsBP_jl6sHFmfP7_Du8/edit?usp=sharing
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Statistical testing  

compare_categories.py -i 
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16_12_16/18S/Qiime/uclust/Silva99_refDB_mock
_trimmed/mergepairs/99%/beta_diversity/dm/unweighted_unifrac_dm.txt --method 
permanova -m 
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16_12_16/18S/18S_mock_mapping_file.txt -c 
Treatment ɀo 
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16_12_16/18S/Qiime/uclust/Silva99_refDB_mock
_trimmed/mergepairs/99%/permanova/  

Detailed read statistics 
https://docs.google.com/spreadsheets/d/1Hs_cYDqPbMvI7Zfzzb3yG_iOg6k6GLIMRdmyFe2U1
gU/edit?usp=shar
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C l u s t e r i n g  t h r e s h o l d
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6 5 0 0
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8 0 0 0
1 8 S
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C l u s t e r i n g  t h r e s h o l d

#
 
O

T
U
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A

S
V

s
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U C l u s t _ r e f D B _ m o c k _ P e a r

U C l u s t _ r e f D B _ m o c k _ F a s t q _ m e r g e p a i r s

D a d a 2

L e g e n d

C l u s t e r i n g  t h r e s h o l d

#
 
O

T
U

s
/
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S
V

s

8 0 % 8 5 % 9 0 % 9 1 % 9 2 % 9 3 % 9 4 % 9 5 % 9 6 % 9 7 % 9 8 % 9 9 %

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

4 0 0

4 5 0

5 0 0

5 5 0

6 0 0
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U P a r s e _ P e a r

U P a r s e _ F a s t q _ m e r g e p a i r s

U C l u s t _ m o c k _ P e a r

U C l u s t _ m o c k _ F a s t q _ m e r g e p a i r s

U C l u s t _ r e f D B _ m o c k _ P e a r

U C l u s t _ r e f D B _ m o c k _ F a s t q _ m e r g e p a i r s

D a d a 2

F i g u r e  S 5 :  N u m b e r  o f  D a d a 2  A S V s  a n d  O T U s  f o r  1 8 S  ( t o p ) ,  J B 2  ( m i d d l e ) ,  J B 3  ( b o t t o m )  r e a d s  m e r g e d  w i t h

P e a r  a n d  F a s t q _ m e r g e p a i r s  a t  8 0 %  a n d  9 0 % - 9 9 %  s i m i l a r i t y   w i t h  U C l u s t _ r e f  a n d  U P a r s e .  U C lu s t _ r e f

d a t a b a s e s  1 8 S :  m o c k ,  r e f D B _ m o c k ,  S i l v a 9 9 _ r e f D B _ m o c k ,  J B 2 / J B 3 :  m o c k ,  r e f D B _ m o c k .  H o r i z o n t a l  b a r

i n d i c a t e s  n u m b e r  o f  n e m a t o d e  s p e c i e s  i n l c u d e d  i n  t h e  m o c k  c o m m u n i t y  ( n = 3 9 ) .

Appendix Figure 2.2: Number of Dada2 ASVs and OTUs for 18S (top), JB2 (middle), JB3 (bottom) reads merged 
with Pear and Fastq_mergepairs at 80% and 90%-99% similarity  with UClust_ref and UParse. UClust_ref 
databases 18S: mock, refDB_mock, Silva99_refDB_mock, JB2/JB3: mock, refDB_mock. Horizontal bar indicates 
number of nematode species included in the mock community (n=39). 
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Appendix Figure 2.3: Shannon (top), Simpson (middle) indices of diversity and number of observed UClust_ref OTU's (bottom) for rarefied reads of 18S at 
99% (A-C) and JB2 (D-F), JB3(G-I) at 94% similarity. Error bars indicate standard deviation of 10 iterations. 
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Appendix Figure 2.4: Genus taxonomy assigned with the RDP classifier to Dada2 ASVs and Uclust_ref OTUs. Top: 18S at 99% (A) and 97% similarity (B); bottom: JB2 at 94% 
(C) and 97% similarity (D), JB3 at 94% (E) and 97% (F) similarity. Mock_AB: true mock composition. Above bars: UClust_ref databse, X-axis: RDP training set. 
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Appendix Figure 2.5: 18S_refDB Neighbor-joining tree 



Chapter 2: Appendix 

 
68 

 

Appendix Figure 2.6: CO1_refDB Neighbor-joining tree 
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Chapter 3 

3 Phylogenetic clustering and rarity imply high risk of local species extinction in 

prospective deep-sea mining areas of the Clarion-Clipperton Fracture Zone 

3.1 Abstract 

An understanding of the forces controlling community structure in the deep sea is 

essential at a time when its pristineness is threatened by polymetallic nodule mining. Because 

abiotically-defined communities are more sensitive to environmental change, we applied 

occurrence- and phylogeny-based metrics to determine the importance of biotic versus abiotic 

structuring processes in nematodes, the most abundant invertebrate taxon of the Clarion 

Clipperton Fracture Zone (CCFZ), an area targeted for mining. We investigated the prevalence of 

rarity and the explanatory power of environmental parameters with respect to phylogenetic 

diversity (PD). We found evidence for aggregation and phylogenetic clustering in nematode 

Amplicon Sequence Variants (ASVs) and the highly abundant genus Acantholaimus, indicating the 

influence of environmental filtering, sympatric speciation, affinity for overlapping habitats and 

facilitation for community structure. PD was associated with abiotic variables such as total 

Organic Carbon, Chloroplastic Pigments Equivalents and/or % mud, explaining up to 64% of the 

observed variability and providing further support of the prominence of environmental 

structuring forces. Rarity was high throughout, ranging from 64-75% unique ASVs. Communities 

defined by environmental filtering with a prevalence of rarity in the CCFZ suggest taxa of these 

nodule-bearing abyssal plains will be especially vulnerable to the risk of extinction brought about 

by the efforts to extract them.  
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3.2 Introducti on 

The abyssal plains of the Clarion-Clipperton Fracture Zone (CCFZ) in the North-eastern 

Equatorial Pacific (Figure 3.1) contain the densest known aggregation of polymetallic nodules, 

mineral concretions abundant in commercially important metals (e.g. Ni, Cu, Co). Due to the 

increasing global demand for them, geopolitical matters potentially limiting their availability and 

the depletion of large, high-grade ore deposits, deep-sea mining of polymetallic nodules in the 

CCFZ is emerging as an alternative to land-based extraction (Krätschell et al., 2016). Spanning 4.5 

million km 2 between Mexico and the Hawaiian islands, this vast deep-sea ecosystem (~4-5 km 

depth) is oligotrophic with an eastward increasing seafloor Particulate Organic Carbon (POC) flux 

gradient (Vanreusel et al., 2016) and remains largely unexplored with most biological studies 

limited to a single licence area (e.g. Lambshead et al., 2003; Miljutin et al., 2015; Pape et al., 2017; 

Renaud-Mornant & Gourbault, 1990). Concurrently, the mechanisms underlying community 

assembly in the CCFZ are all the more elusive as investigations of phylogenetic structure have 

rarely been applied to the deep sea (Ashford et al., 2018; Lindh et al., 2018; Quattrini et al, 2017).  

The establishment of species in a community is thought to be mediated by (i) neutral 

forces in which taxa are ecologically equivalent and thus persistence is governed by stochastic 

processes (e.g. dispersal, mortality), (ii) historical factors (i.e. starting conditions of the 

environment and historical patterns of speciation and dispersal) which predominate over local 

dynamics and (iii) niche-related processes (Cavender-Bares et al., 2009; Emerson & Gillespie, 

2008). Species pairs exhibit positive associations when they co-occur more often than expected 

ÂÙ ÃÈÁÎÃÅȟ ÆÏÒÍÉÎÇ ȰÁÇÇÒÅÇÁÔÉÏÎÓȱȢ #ÏÎÖÅÒÓÅÌÙȟ ȰÓÅÇÒÅÇÁÔÉÏÎÓȱ ÄÅÖÅÌÏÐ ×ÈÅÎ ÓÐÅÃÉÅÓ ÐÁÉÒÓ ÁÒÅ 

found to co-occur less than expected by chance. These deviations from randomness are thought 

to be the result of competitive exclusion, affinity to dissimilar habitats or allopatric speciation 

(Diamond, 1975; Gotelli & McCabe, 2002). Moreover, competition is expected to be strongest 

between closely related and thus ecologically similar taxa, limiting their co-occurrence, termed 

ÔÈÅ ȰÃÏÍÐÅÔÉÔÉÏÎ-ÒÅÌÁÔÅÄÎÅÓÓ ÈÙÐÏÔÈÅÓÉÓȱ (Cahill et al., 2008; Darwin, 1859). Concurrently, the 

presupposition of ecological similarity implying phylogenetic relatedness should not be 

considered universally true (Losos et al., 2008). The inclusion of phylogenetic data enables the 

exploration of the nature of species interactions and how these affect their  ecological and 

evolutionary dynamics because under the condition that the ecological niche of an organism is 

the manifestation of inherited traits , the phylogenetic composition of an assemblage will, at least 

in part, represent community structuring mechanisms due to the fact that organisms interact via 

their phenotypes, which are non-randomly distributed with respect to phylogeny. From a 

phylogenetic perspective, co-occurring species being more closely related than would be 

expected by chance (clustering) results from environmental filtering due to one or more shared 

conserved trait(s), which allow them to persist in that locality in the absence of resource 
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limitation and associated competitive interactions. Concurrently, it has been suggested that the 

outcome of competition between taxa may be indistinguishable from environmental filtering 

(Cadotte & Tucker, 2007; Mayfield & Levine, 2010)Ȣ 4ÈÅ ȰÅÎÖÉÒÏÎÍÅÎÔȱ ÉÎ ÔÈÉÓ ÉÎÓÔÁÎÃÅ ÃÏÎÓÉÓÔÓ 

of the set of abiotic (e.g. elevation, grain size, temperature) and biotic factors (excluding 

competitors) that an organism must tolerate in order to persist, and the relevant traits conferring 

persistence in that particular locality (Emerson & Gillespie, 2008). Alternatively, locally co-

occurring species being less closely related to each other than expected by chance 

(overdispersion) results from competitive exclusion of conserved traits and/or convergent 

evolution of the traits defined by the environmental filter. Random structuring is thought to arise 

via local exclusion of convergent traits and/or neutral dynamics (Webb et al., 2002). 

Rare species, which are inherently at a higher risk of extinction (Naeem, 1998), are 

common in morphological assessments of deep-sea infaunal taxa, elevating biodiversity 

estimates and contributing substantially to variability in community composition (Bianchelli et 

al., 2010; Miljutina et al., 2010; Pape et al., 2017). Given the predicted extent of deep-sea mining 

impacts on the CCFZ biota (Levin et al., 2016), the prevalence of rare taxa, and the (mostly 

undescribed) high species richness of abyssal invertebrates in general, it becomes crucial to 

understand community assembly processes and how these contribute to the maintenance of 

diversity in the context of mining mitigation. Here we focus on free-living marine nematodes that 

are found in deep-sea marine sediments worldwide (Vanreusel et al., 2010b) and constitute the 

most abundant benthic invertebrate phylum in the CCFZ (Hauquier et al., 2018; Pape et al., 2017; 

Radziejewska, 2002; Renaud-Mornant & Gourbault, 1990). Morphological assessments have 

shown that polymetallic nodule fields harbour nematode assemblages that are distinct from 

nodule-free abyssal areas, as well as nodule-free areas within the nodule-bearing abyss (Singh et 

al., 2016), typically exhibiting increased diversity due to the small-scale habitat heterogeneity 

provided by the presence of nodules (although see Miljutina et  al., 2010). Morever, while most 

genera typical to abyssal depths are shared between areas with and without nodules (Vanreusel 

et al., 2010b), some exhibit strong area-specific associations (Singh et al., 2016). Here, we apply a 

metabarcoding approach to gain insights regarding the following questions:  

¶ Is the distribution of deep-sea nematodes in the eastern CCFZ non-random with respect 

to co-occurrence (aggregation/segregation) and phylogeny (clustering/overdispersion)? 

If so, what are the tentative mechanisms defining community structure?  

¶ How does phylogenetic diversity vary in the eastern CCFZ? Are the observed patterns 

attributable to environmental characteristics (e.g. seafloor POC flux gradient)?  

¶ Is rarity a dominant feature of CCFZ nematode assemblages with respect to genetic 

variability (ASVs)? 
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3.3 Material and Methods 

3.3.1 Sample collection 

Sediment cores were collected during the EcoResponse campaign (Assessing the Ecology, 

Connectivity and Resilience of Polymetallic Nodule Field Systems) aboard the German Research 

Vessel SONNE from 11/03-30/04/2015. Four license areas across 1300 kms were targeted 

Figure 3.1, BGR: Bundesanstalt für Geowissenschaften und Rohstoffe, IOM.C: InterOcean Metal-

Control, GSR: Global Sea Mineral Resources, IFREMER: Institut Français de Recherche pour 

l'Exploitation de la Mer), and one Area of Particular Environmental Interest (APEI3), where no 

mining will take place. The BGR area was sampled at two sub-ÒÅÇÉÏÎÓȠ ÔÈÅ Ȱ2ÅÆÅÒÅÎÃÅ !ÒÅÁȱ ÁÎÄ 

Ȱ0ÒÏÓÐÅÃÔÉÖÅ ÁÒÅÁȱ ɉ"'2Ȣ2!ȡ ÌÉÍÉÔÅÄ ÍÉÎÉÎÇȟ "'2Ȣ0!ȡ ÉÎÔÅÎÓÉÖÅ ÆÕÔÕÒÅ ÍÉÎÉÎÇɊȢ  

Samples were collected using the Octopus multicorer (inner diameter: 94 mm) at 23 

stations (Appendix Table 3.1). Replicates of each area were retrieved from separate multicorer 

deployments (1 core/deployment, BGR.PA: n=5, BGR.RA: n=4, IOM.C: n=2, GSR: n=4, IFREMER: 

n=5, APEI3: n=3). The top 5cm of each core were collected and frozen in sealed plastic bags at -

20°C. Meiofauna was extracted from half of the sediment into sterile Milli-Q water by density-

gradient centrifugation (3x12 min, 1905 rcf) with the colloidal silica polymer Ludox® HS-40 as a 

flotation medium (specific density 1.18 g/cm). Cores for environmental variables were sliced (0-

1 cm and 1-5 cm) and stored at -20 °C; 1 mL was subsampled from the 0-1cm layer and stored at 

-80 °C for pigment analysis (chlorophyll-a, phaeopigments). Extraction was completed using 90% 

acetone and concentrations were measured fluorometrically using the Trilogy® Laboratory 

Fluorometer at the Max Planck Institute for Marine Microbiology (Germany). Grain size analysis 

was completed using laser diffraction (Malvern Mastersizer hydro 2000 G). Total Organic Carbon 

(TOC) and Total Nitrogen (TN) was quantified by combustion of freeze-dried samples with the 

Flash 2000 NC Sediment Analyser after being acidified with 1% HCl to remove inorganic carbon.  

3.3.2 DNA extraction and HTS library preparation 

Genomic DNA was extracted by adding 6 µL proteinase-K [10mg/mL] and centrifuged 5 

min at 14000 rpm (Room Temperature, RT). The pellet was ground, bead-beaten for 2 min at 30 

cycles/second and incubated at 60 °C for 1 hour. Ammoniumacetate (250 µL, 7.5 M) was added 

and tubes centrifuged for 10 min at 14000 rpm (RT). The supernatant (750 µL) was transferred 

into a new sterile tube; 750 µL of cold 80% isopropanol was added, mixed, incubated for 30 min 

at RT, and centrifuged for 15 min at 14000 rpm (4°C). The supernatant was removed, 1 mL 

washing buffer (76% EtOH 10mM ammonium acetate) was added, tubes were incubated for 30 

min on ice (to remove salts) and centrifuged for 5 min at 14000 rpm (4°C). Finally, the 

supernatant was removed, and 20 µL of sterile water was added.  
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The 18S (V1-V2 region) ribosomal locus was amplified using the primers SSU_F_04-

SSU/22_R (GCTTGTCTCAAAGATTAAGCC, TCCAAGGAAGGCAGCAGGC respectively) which were 

ÃÏÎÓÔÒÕÃÔÅÄ ×ÉÔÈ )ÌÌÕÍÉÎÁ ÏÖÅÒÈÁÎÇ ÁÄÁÐÔÅÒÓ ÁÓ ÄÅÓÃÒÉÂÅÄ ÉÎ Ȱρφ3 -ÅÔÁÇÅÎÏÍÉÃ 3ÅÑÕÅÎÃÉÎÇ 

,ÉÂÒÁÒÙ 0ÒÅÐÁÒÁÔÉÏÎȱȢ %ÁÃÈ ÓÁÍÐÌÅ ×ÁÓ ÁÍÐÌÉÆÉÅÄ ÉÎ ÔÒÉÐÌÉÃÁÔÅ ×ÉÔÈ ÔÈÅ ÆÏllowing PCR conditions: 

95°C 2 min, 30x(95 °C 1 min, 57 °C 45 sec, 72 °C 1 min), 72 °C 10 min. The ÍÉØ ÃÏÎÓÉÓÔÅÄ ÏÆ ψȢτ ʈ, 

PCR-grade H2O, 4 µL Phusion Buffer, 4 µL Dye, 0.4 µL dNTP [10 mM], 1 µL forward and reverse 

ÐÒÉÍÅÒ ɍρπ ʈ-Ɏȟ πȢς А, 0ÈÕÓÉÏÎ (ÏÔ 3ÔÁÒÔ )) (ÉÇÈ &ÉÄÅÌÉÔÙ 0ÏÌÙÍÅÒÁÓÅ ɉ.Å× %ÎÇÌÁÎÄ "ÉÏ,ÁÂÓȟ 

U.S.A.) and 1 µL DNA template (diluted 1/10). In the event of failed amplification, DNA templates 

were diluted 1/50 in PCR-grade H2O and/or 2 µL template were used. PCR products were run on 

a 1% agarose electrophoresis gel, triplicates were pooled, purified using Agencourt AMPure XP 

beads and run on Bioanalyzer 2100 High Sensitivity to confirm length and size distribution of the 

PCR fragments. Library indexing was completed using the FC131-1002 NexteraXT Index Kit 

(Illumina, U.S.A.) and Kapa High Fidelity PCR kit (Kapa Biosystems, U.S.A.). The mix consisted of 

ρρȢςυ ʈ, 0#2-grade H2O, 5 µL Buffer, 0.75 µL dNTP [10 mM], 2.5 µL Index1 and Index2, 0.5 µL 

Kapa Hot Start High Fidelity Polymerase and 2.5 µL PCR product. These were then purified using 

Agencourt AMPure XP beads and 11 randomly chosen samples were run on Bioanalyzer 2100 

High Sensitivity to confirm successful indexing. DNA was quantified using Qubit® dsDNA High 

Sensitivity Assay Kit in all samples for pooling. Finally, biological replicates were distributed over 

three pooled libraries and sequenced at Edinburgh Genomics on three Illumina MiSeq-v3 

2x300bp paired-end read runs (https://genomics.ed.ac.uk/). 

3.3.3 Sequence Data Analysis 

Gene-ÓÐÅÃÉÆÉÃ ÁÄÁÐÔÅÒ ÓÅÑÕÅÎÃÅÓ ×ÅÒÅ ÔÒÕÎÃÁÔÅÄ ÆÒÏÍ ÔÈÅ υȭ ÁÎÄ σȭ ÒÅÁÄ ÅÎÄÓ ÕÓÉÎÇ 

Cutadapt (Martin, 2014) (v1.12, SI-3). Ribosomal (18S) Amplicon Sequence Variants (ASVs) were 

generated with DADA2 (Callahan et al., 2016) under default settings with the exception of 

tr uncation of forward and reverse reads at 225 and 250 bp, respectively (SI-4). Taxonomic 

assignment of ASVs was completed in QIIME1 (Caporaso et al., 2010) (assign_taxonomy.py) with 

the Naive Bayesian RDP (Wang et al., 2007) classifier (confidence estimate: 0.80) in two steps: 

first, a large eukaryotic reference training set was used (Silva release 123 for QIIME1, 99% OTUs 

and UGent nematode Sanger sequences; n=20201). Second, all ASVs that received a Ȱ.ÅÍÁÔÏÄÁȱ 

label were extracted and taxonomy was re-assigned to them using a smaller, nematode-exclusive 

training set (2178 sequences, 27 Orders) composed of sequences from Silva and the local UGent 

database MoMentuM (Molecular and Morphological diversity assessment of Meiofauna). Samples 

were rarefied to the lowest sequence count (n=25258) for subsequent analyses (QIIME1, 

alpha_rarefaction.py). ASVs lacking a taxonomic assignment beyond Nematoda were included in 

https://docs.google.com/document/d/1u63B_CG6IK26GtulgaNHgTE784dzMkWOc85FtE9uaYA/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1fQ023DApDg_9nKFYZnHHtx3llcqF2TBw0L5ivOcIbiE/edit#gid=0
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our analyses to investigate whether these (presumably) unknown taxa exhibit patterns similar to 

those identified at genus-level. 

3.3.4 Diversity Analyses 

Normality and homoscedasticity of the number of genera assigned to Nematoda ASVs 

were assessed with the Shapiro-Wilk and Levene test respectively while statistically significant 

differences were determined via Analysis of Variance (ANOVA). Normality could not be evaluated 

for IOM.C due to insufficient replication (n=2). Unique and shared Nematoda ASV plots were 

generated with the R package Ȱ5Ð3ÅÔ2ȱ (Conway et al., 2017). Phylogenetic beta-diversity was 

assessed with the unweighted UniFrac (Lozupone & Knight, 2005) distance in Nematoda ASVs 

and visualised by means of Principal Coordinates Analysis (PCoA).  

3.3.5 Community Structure Analyses 

We tested for non-random co-occurrence patterns at the regional (CCFZ) and local (Area) 

level in Nematoda ASVs (=genus-assigned + unassigned, n=1981) and within the ASVs of the three 

most abundant genera: Acantholaimus (n=234), Desmoscolex (n=286) and Halalaimus (n=142). 

To check for the effect of inter-replicate variation, analyses were completed with replicates 

pooled and unpooled whenever possible:  

CCFZ.Replicates: data matrix includes all areas, replicates not pooled (i.e. 23 columns) 

CCFZ.Areas: data matrix includes all areas, replicates pooled by area (i.e. six columns) 

Local: data matrix includes replicates of each area separately (i.e. six data matrices, analysis 

cannot be completed with replicates pooled) 

The number of checkerboard Pair (CPs) and C-score (Stone & Roberts, 1990) were 

compared against a null model (sim2, 10000 replicates) in the R package Ȱ%ÃÏ3ÉÍ2ȱ (Gotelli et 

al., 2015). The sim2 algorithm randomizes a presence-absence matrix by reshuffling elements 

within each row equiprobably. The C-score quantifies the average number of CPs across all 

possible paired combinations; in a matrix with sites as columns and taxa as rows, for each unique 

pair, the C-score is equal to Cij=(Ri-S)(Rj-S) where Ri and Rj are row sums of taxa i, j and S is the 

number of shared sites in which both i and j are present. Thus, for any particular species pair, the 

C-score is a numerical index that ranges from a minimum of zero (maximally aggregated) to a 

maximum of Ri x Rj (maximally segregated with no shared sites). Departures from randomly co-

occurring assemblages were assessed via the standardized effect size (ses, see below) as well as 

upper- and lower-tail one-sample t-tests. An assemblage that is structured mainly by competitive 

interactions (segregation) is expected to have more CPs and higher C-scores than would be 

expected by chance (i.e. ses>0) (Gotelli & McCabe, 2002). 

Reads were aligned with the software Ȱ$%#)0(%2ȱ (Wright, 2016) using a chained guide 

tree; alignments were subsequently adjusted with the adjust.alignment command. The software 
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Ȱ-ÏÄÅÌ4ÅÓÔ-ÎÇȱ ɉ$ÁÒÒÉÂÁ ÅÔ ÁÌȢȟ ςπρωɊ ×ÁÓ ÕÓÅÄ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÁÐÐÒÏÐÒÉÁÔÅ ÍÏÄÅÌ ÏÆ ÎÕÃÌÅÏÔÉÄÅ 

evolution for tree construction for each ASV set. In all instances the General Time Reversible 

(GTR) model was selected as one of the best-scoring models according to the either the Bayesian 

or the Akaike Information Criterion. Approximately-maximum-likelihood phylogenetic trees 

were constructed using FastTree (Price et al., 2010) under the GTR+CAT model; midpoint rooting 

×ÁÓ ÃÏÍÐÌÅÔÅÄ ×ÉÔÈ ȰÐÈÁÎÇÏÒÎȱ ɉ3ÃÈÌÉÅÐȟ ςπρρɊ. Trees were visualised in Interactive Tree Of Life 

(iTOL) v4 (Letunic & Bork, 2019). PD (see below) and ses of the following phylogenetic metrics 

were calculated for Nematoda, genus-assigned (n=978), unassigned (n=1003), Acantholaimus, 

Desmoscolex and Halalaimus ASVs using the R ÐÁÃËÁÇÅ ȰÐÉÃÁÎÔÅȱ (Webb et al., 2010). 

¶ Phylogenetic Diversity (PD (Faith, 1992)): sum of branch lengths between the root and all 

species in a sample phylogeny providing an indication of genetic variability 

¶ Mean Pairwise Distance (MPD (Webb, 2000): mean pairwise phylogenetic distance 

between all taxa in a local assemblage providing an indication of overall relatedness 

throughout the phylogenetic tree (basal) 

¶ Mean Nearest Taxon Distance (MNTD (Webb, 2000)): mean phylogenetic distance 

between each taxon and its nearest neighbour on the phylogenetic tree with which it co-

occurs in the local assemblage providing an indication of overall relatedness toward the 

branch tips (terminal) 

The observed metric (obsMetric) was compared to that obtained from 999 

randomizations (nullMetric) of the assemblage generated using all null models (i.e. taxa.labels, 

richness, frequency, sample.pool, phylogeny.pool, independentswap, trialswap, see Appendix 

Table 3.12 for full description). The ses was calculated as follows: 

ÓÅÓȢ-ÅÔÒÉÃЀɉÏÂÓ-ÅÔÒÉÃȤÎÕÌÌ-ÅÔÒÉÃɊȾÓÔÄÅÖȢÎÕÌÌ-ÅÔÒÉÃ  

where stdev equals the standard deviation; negative ses values indicate phylogenetic clustering 

while positive values suggest phylogenetic overdispersion (Carvajal-Endaraet al., 2017). 

3ÔÁÔÉÓÔÉÃÁÌÌÙ ÓÉÇÎÉÆÉÃÁÎÔ ÄÅÐÁÒÔÕÒÅÓ ÆÒÏÍ Á ÚÅÒÏ ÍÅÁÎ ÆÏÒ ÓÅÓȢ0$ȾÓÅÓȢ-0$ȾÓÅÓȢ-.4$ ÁÔ ɻЀπȢπυ 

were tested using a one-sample two-tailed t-test when normally distributed as determined by the 

Shapiro-Wilk test. Alternatively and in the event of fewer than three replicates per area (i.e. IOM.C 

and Desmoscolex ASVs for APEI3), the Wilcoxon signed rank test was used. These metrics have 

commonly been used to reveal phylogenetic structure in bacterial, protist, plant, bird and 

mammal assemblages (Carvajal-Endara et al., 2017; Cooper et al., 2008; Graham et al., 2009; 

Pontarp et al., 2012; Singer et al., 2018; Webb, 2000).  

A Distance-based linear model (DistLM, stepwise procedure, adjusted R2 criterion, 9999 

permutations, PERMANOVA+(Anderson et al., 2008)) was carried out to perform permutational 

regression between PD and environmental variables (%Total Organic Carbon [%TOC], %Total 
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Nitrogen [%TN], %Mud [<4 µm] %Silt [4 µm-φσ АÍɎȟ #ÈÌÏÒÏÐÌÁÓÔÉÃ 0ÉÇÍÅÎÔ %ÑÕÉÖÁÌÅÎÔ ɍ#0%ȟ ɫ 

chlorophyll -a + phaeopigments]) for Nematoda, genus-assigned, unassigned, Acantholaimus, 

Desmoscolex and Halalaimus ASVs. Correlations between the environmental variables were 

visually checked with Draftsman plots. Unless indicated otherwise, all analyses were completed 

in RStudio© v1.1.456. A diagram of our sampling design and analysis is provided in Appendix 

Figure 3.1.  

3.4 Results 

The 23 rarefied samples generated 5574 ASVs of which a large fraction (41%) were 

Ȱunassignedȱȟ ρωψρ ×ÅÒÅ ÁÓÓÉÇÎÅÄ ÔÏ Ȱ.ÅÍÁÔÏÄÁȱ ɉσυϷɊȟ ÆÏÌÌÏ×ÅÄ ÂÙ Ȱ!ÒÔÈÒÏÐÏÄÁȱ ɉρς%) with 

each of the remaining 32 phyla being represented by <2% relative abundance (Appendix Figure 

3.2). Within the assigned ASVs, the most abundant nematode genera were Desmoscolex, 

Acantholaimus and Halalaimus with 286, 234 and 142 ASVs respectively while the remaining 44 

were represented by <40 ASVs each (Figure 3.2). These three genera were also the most 

widespread with Acantholaimus highly abundant (relative abundance >5%) in all 23 samples, 

Desmoscolex in 22 and Halalaimus in 21. One ASV assigned to Acantholaimus_sp in particular  was 

virtually ubiquitous throughout the CCFZ, occurring in all but one replicate. Only 12 nematode 

genera in total were restricted to a single area (2-4 per area), while 13 (28%) were common to 

all six. 

3.4.1 Nematode assemblages 

Generic richness of genus-assigned ASVs differed significantly between areas (p=0.0001) 

and was lowest in APEI3 (9.00±3.61) and highest in BGR.PA (20.60±2.07) (Figure 3.2, Appendix 

Table 3.2, Appendix Table 3.3). Pairwise comparisons indicated APEI3 had significantly fewer 

nematode genera than IOM.C, BGR.RA, BGR.PA while IFREMER had significantly fewer genera 

than BGR.RA, BGR.PA (Appendix Table 3.4). Over 63% of Nematoda ASVs were restricted to one 

area, with APEI3 exhibiting over 75% unique ASVs (Figure 3.3). Just two Nematoda ASVs were 

ubiquitous in the CCFZ (Acantholaimus_sp, Daptonema_sp) while the two areas nearest to each 

other (BGR.RA, BRA.PA) shared the largest number of ASVs (n=43). Notably, five ASVs were 

shared between the most distant areas APEI3 and BGR.PA.  

PD was consistently lowest in APEI3 and increased gradually to maximum values in IOM.C 

(Figure 3.4, Appendix Table 3.5), exhibiting statistically significant differences between areas 

(p=0.0039, Appendix Table 3.6). Pairwise comparisons indicated APEI3 had lower PD than IOM.C, 

BGR.RA and BGR.PA (Appendix Table 3.7). Unassigned ASVs had the greatest contribution to total 

PD. At the generic level, Desmoscolex exhibited the highest PD (0.733±0.230) followed by 

Halalaimus (0.377±0.095) and Acantholaimus (0.281±0.072).  
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The DistLM sequential tests indicated a differential importance of environmental 

variables in explaining PD within each ASV set (Appendix Table 3.8). Within Nematoda and 

unassigned ASVs, %TOC was the only significant variable (p<0.05), accounting for 39% and 43% 

of the observed variability, respectively. CPE and %Mud were both significant for genus-assigned 

ASVs, collectively explaining 64% of the variation in PD. CPE and %Mud accounted for 40% and 

32% of PD variability in Desmoscolex and Halalaimus ASVs, respectively. PD within Acantholaimus 

could not be attributed to any of the measured variables. 

The topology of the UniFrac-based PCoA approximately matched the geographic 

distribution of the different areas in the CCFZ (Figure 3.5). The more eastern areas (BGR.PA, 

BGR.RA, IOM.C, GSR) exhibited a high degree of overlap with the two BGR areas being virtually 

superimposed. Contrastingly, the western areas IFREMER and APEI3 were most segregated. No 

statistical testing could be completed on this metric (PERMDISP<0.05).  

3.4.2 Patterns of co-occurrence 

The number of CPs and the C-score for Nematoda ASVs were lower than expected by 

chance at both the regional and local level for all areas excluding IOM.C and BGR.RA, the latter 

two exhibiting random co-occurrences and an excess of CPs (segregation), respectively (Figure 

3.6, Appendix Table 3.9). Moreover, patterns were consistent whether replicates were pooled or 

not. Co-occurrence patterns within the genera Acantholaimus and Desmoscolex were nearly 

identical, exhibiting fewer CPs and lower C-scores than expected by chance, which was observed 

at the regional (CCFZ.Replicates, CCFZ.Areas) and local level in 3-4 out of six areas. Co-occurrence 

in Halalaimus ASVs was idiosyncratic; at the regional level (CCFZ.Replicates) CPs and C-score did 

not differ from the null model, yet both metrics indicated higher than expected co-occurrences 

when replicates were pooled by area. Within each area, the number of CPs and C-score in GSR and 

BGR.RA were higher than expected by chance, while the remaining areas were random.  

3.4.3 Phylogenetic community structure 

The vast majority of ses.PD, ses.MNTD and ses.MPD were negative pointing to an 

increased tendency toward phylogenetic clustering (Figure 3.7). Nematoda ASVs exhibited the 

most clustering across areas, as well as the highest consistency between the three metrics 

(Appendix Table 3.10). The strongest signal came from ses.MPD where all areas but IOM.C 

differed significantly from zero, followed by ses.MNTD in which all areas excluding GSR and IOM.C 

exhibited clustering, and finally, ses.PD in which IFREMER, and BGR.RA, BGR.PA were clustered. 

In genus-assigned ASVs, APEI3, IFREMER and IOM.C exhibited phylogenetic clustering in ses.PD 

and ses.MNTD while for ses.MPD assemblages did not differ from the null model. Clustering in 

unassigned ASVs was restricted to BGR.RA, BGR.PA (ses.PD/ses.MNTD) and BGR.RA with 

ses.MPD. Clustering was discordant between genera; Desmoscolex ASVs did not differ from a 
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randomly structured assemblage in all areas and for all metrics while Halalaimus exhibited 

clustering only in APEI3 with ses.MPD while Acantholaimus ASVs were clustered in all areas 

excluding IOM.C, BGR.RA (ses.MPD), in APEI3, GSR, BGR.PA (ses.MNTD) and in IFREMER, GSR 

(ses.PD).   
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3.5 Figures 

 

Figure 3.1: Areas sampled in the Clarion Clipperton Fracture Zone (BGR: Bundesanstalt für 
Geowissenschaften und Rohstoffe; RA/PA: Reference/Prospective Area respectively, IOM.C: 
InterOcean Metal-Control, GSR: Global Sea Mineral Resources, IFREMER: Institut Français de Recherche 
pour l'Exploitation de la Mer, APEI3: Area of Particular Environmental Interest 3). Circles indicate 
sampling location within each Area. 
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Figure 3.2: Taxonomic assignments and generic richness of Nematoda ASVs. Top/center panel: absolute/relative abundance of genus-level taxonomic 
assignments of rarefied Nematoda ASVs for each replicate sampled in the BGR.PA, BGR.RA, IOM.C, GSR, IFREMER and APEI3 Areas; bottom panel: generic 
richness of ASVs in each Area, error bars represent standard deviation. 
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Figure 3.3: Unique and shared Nematoda ASVs. Main panel: number above bars indicate number of Nematoda ASVs found in Areas marked by filled circles; bottom 
left graph: total number of Nematoda ASVs in the BGR.PA, BGR.RA, IOM.C, GSR, IFREMER and APEI3 Areas. 
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Figure 3.4: Phylogenetic Diversity (PD) of Nematoda ASVs (composed of Genus-assigned (light grey) and unassigned (dark grey), top panel), Acantholaimus, 
Desmoscolex and Halalaimus ASVs (bottom panel) in the BGR.PA, BGR.RA, IOM.C, GSR, IFREMER and APEI3 Areas. Circles and error bars represent mean and standard 
deviation, respectively. 
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Figure 3.5: Principal Coordinates Analysis (PCoA) of unweighted UniFrac distance of Nematoda ASVs in the BGR.PA (light blue), BGR.RA (dark blue), IOM.C (yellow), 
GSR (green), IFREMER (red) and APEI3 (purple) Areas. 
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Figure 3.6: Standard effect size (ses) of Checkerboard Pairs (ses.CPs) and C-score (ses.C-score) of Nematoda, Acantholaimus, Desmoscolex and Halalaimus ASVs at the 
regional (CCFZ.Replicates, CCFZ.Areas; replicates not pooled and pooled by Area, respectively) and local level (BGR.PA, BGR.RA, IOM.C, GSR, IFREMER, APEI3; 
replicates not pooled). Symbols represent outcome of the relevant t-test; asterisk, triangle, square indicate statistically significant aggregation, segregation and 
random co-occurrences respectively. 
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Figure 3.7: Standard effect size (ses) of Phylogenetic Diversity (ses.PD), Mean Nearest Taxon Distance (ses.MNTD) and Mean Pairwise Distance (ses.MPD) of 
Nematoda, Genus-assigned, unassigned, Acantholaimus, Desmoscolex and Halalaimus ASVs in the BGR.PA, BGR.RA, IOM.C, GSR, IFREMER and APEI3 Areas. Symbols 
represent outcome of the relevant t-test: squares, asterisk indicate statistically significant clustering and random phylogenetic structure, respectively. 
















































































































































































































































