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Eindelijk, ik ben er geraakt. De laatste, maar misschien wel de leukste opdracht van een 

doctoraatsthesis: het dankwoord.  

Mijn carrière ging van start als assisterend academisch personeel aan de vakgroep 

biologie. Ik, een biotechnoloog/biochemicus, kwam terecht in een biologisch marien labo. 

Een biotechnoloog in een biologisch labo, wat een monstruositeit, zou je dan denken. 

Maar, ik werd warm ontvangen door alle collega’s en kwam terecht in een zeer leuke 

groep van doctoraatstudenten, postdocs, professoren en technisch personeel.  

In de eerste plaats wil mijn promotor en de grote baas Ann V bedanken. Waar moet ik 

beginnen? We kenden mekaar uiteraard al een klein beetje van toen ik de stap wou 

maken naar de mariene biologie. Maar wist ik veel wat het diepste punt van de oceanen 

was of laat staan dat ik maar enige notie had van wat een cold seep was. En hoe in 

godsnaam heb je mij ervan overtuigd om nematoden als onderzoeksonderwerp te 

kiezen? Toch ben ik blij dat je mij jouw gedrevenheid en passie voor wetenschappelijk 

onderzoek hebt doorgegeven. Bovendien kon ik steeds op jou rekenen voor advies en je 

hebt me altijd het gevoel gegeven dat ik goed bezig was. Misschien dat ik af en toe eens 

je bureau binnenviel de laatste weken van mijn doctoraat met soms een kleine 

paniekaanval, toch wist je me te kalmeren. Bedankt voor de wetenswaardige 

benaderingen die je tijdens onze gesprekken er soms casual uitgooide. Ook al was de 

technische component van sommige projecten niet altijd ‘your cup of tea’, toch was jouw 

bijdrage een substantiële meerwaarde. Bedankt om mij een kans te geven en om steeds 

in mij te blijven geloven.  

Sofie D, wat voor een trip hebben wij samen afgelegd. Ik had soms gekke maar ook veel 

te ambitieuze ideeën die jij dan mooi wist te kanaliseren in een afgelijnd project. Jij hebt 

een grote kennis waar men nog boeken over zal schrijven en die je met mij hebt 

gedeeld. Ik ben ontzettend blij voor jou dat je je draai hebt gevonden op het KBIN en 

hoop dat er in de toekomst ergens een mooie ZAP positie vrijkomt zodat je nog meer je 

eigen ideeën kan uitwerken. Als er iemand is die het verdient dan ben jij het. Ik wens je 

dan ook ontzettend veel succes in je verdere carrière. Bedankt voor al onze gesprekken 

en discussies die we samen hebben gevoerd en voor het verbeteren van al mijn 

manuscripten inclusief deze thesis. Je deed dit met passie maar ook op een zeer kritische 

manier wat de publicaties zeker naar een hoger niveau heeft getild. Ik heb altijd het 

gevoel gehad dat ik steeds op jou kon rekenen zonder dat er daarvoor iets in de plaats 

stond.  

Tom M, jou wil ik ontzettend hard bedanken voor al de interessante gesprekken die we 

hebben gevoerd. Bedankt om jouw kennis met mij te delen. Het feit dat je mij betrekt in 

het werk van andere doctoraatstudenten vind ik een vorm van vertrouwen en respect 

naar mij toe en dat apprecieer ik ten zeerste.  

Bedankt aan alle juryleden voor hun opmerkingen, kleine aanpassingen en discussies die 

deze thesis alleen maar hebben verbeterd. 

Thank you Alexei T for your cooperation in describing two nematode species. Special 

thanks to Antje B and Dirk DB, as well as the technical staff of MPI Bremen and the 

whole crew of the Maria S. Merian for their help during the campaign and allowing me to 

join. 
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Steven VB, bedankt om jouw ideeën en inzichten met mij te delen alsook voor het 

schrijven van allerhande scripts die mijn werk aanzienlijk hebben verlicht. Ook jij Andy V, 

bedankt voor je hulpvaardigheid met het opzuiveren van RNA, server problemen en 

ondersteuning voor de analyses van mijn genetische data. 

Bedankt aan al het technisch personeel. Waarom? Jullie staan altijd voor iedereen klaar 

op het moment dat we vaak onberedeneerd en met ons hoofd in het zand, in het labo 

rondlopen. Bedankt Annick VK en Isolde DG voor al jullie hulp. Isolde, ik weet dat ik tot 

op heden op jou kon rekenen maar gelukkig kon ik af en toe eens iets terugdoen zoals 

jou aanleren hoe je een Brompton fiets op correcte wijze moet opplooien zonder zelf 

tussen de spaken te belanden. Guy, meermaals zijn we samen op campagne geweest en 

dat blijven onvergetelijke tijden, een dikke merci daarvoor. Dirk VG, ik mag jou zeker 

niet vergeten. De manier waarop jij het voortouw nam bij de analyse van mijn 

vetzuurstalen en de leuke gesprekken die daaruit voortvloeiden zullen me altijd bij 

blijven. 

Bedankt aan alle collega’s die samen met mij de practica hebben begeleid. Een speciaal 

bedankje voor Nele DM. Jouw motivatie en organisatorisch talent zal ik me nog lang 

herinneren. Dank ook aan Jeroen I, Jan R, Pieterjan V, Delphine C en Yana D om de 

Oceans and Lakes campagnes samen met mij te begeleiden en er zo ook een pleziervaart 

van te maken. Nogmaals een extra dikke merci aan Jeroen I en Guy DS om mijn eerste 

Belgica campagne tot de beste te maken waar ik tot op heden deel van heb uitgemaakt. 

Dank u David VR om een poging te wagen om mijn interesse te wekken voor de geologie. 

Echter het zinnetje ‘Geology is not a science’ van een zekere Sheldon Cooper zal ik altijd 

met jou blijven associëren. Koen DR, een speciaal bedankje voor jou. We hebben 

verschillende campagnes samen meegemaakt, en altijd leuke conversaties kunnen 

voeren. Ook jou zal ik niet zo snel vergeten, zeker niet wanneer je een Britse helikopter 

inschakelt om jou naar België te vervoeren, het ga je goed. 

Mijn bureaumaatjes Francesca P en Annelies DG. Francesca, jij bent de wildste Italiaanse 

wervelvind die mijn pad heeft gekruist. Je bent gepassioneerd door je werk en bent een 

openhartig persoon. Annelies, ik moet concluderen dat jouw vriendschap ervoor gezorgd 

heeft dat dit doctoraat is afgewerkt. Ik kon altijd met jou lachen en op jou rekenen in 

tijden van falen en hoop dat we nog lang contact kunnen houden, bedankt.  

Ellen, er moet toch een ook een groot dankwoord naar jou gaan. Je bent een 

schitterende wetenschapster met een gezonde portie hartelijkheid. Ik ben blij dat ik jou 

als vriend mag beschouwen. Jij was en bent nog steeds iemand waarmee ik mijn 

frustraties en successen kon delen. Ook onze lunchdates blijven in mijn geheugen 

gegrift, merci.  

Maar wat is een doctoraat zonder een beetje ontspanning. Pieter, ik heb je leren kennen 

tijdens onze eerste dag dat we samen op de universitaire schoolbanken plaats namen. 

Jou onmiddellijk aanspreken was toch wel één van mijn betere beslissingen ooit. Ik ga de 

maandelijkse game avondjes missen. Je bent een vriend voor het leven en ik wil jou 

bedanken voor de vriendschap van het afgelopen decennium. Ik hoop nog veel met jou 

te kunnen filosoferen over het leven.  

Bedankt papa en mama, om mij altijd te steunen in alles wat ik onderneem. Bedankt ook 

om mij de vrijheid te geven om mijn eigen keuzes te maken, maar mij toch met raad bij 

te staan. Ik geloof dat ik nog steeds niet ten volle besef wat jullie allemaal voor mij 
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jaren van elkaars gezelschap mogen genieten. Bedankt aan de schoonfamilie voor hun 

opmerkelijke interesse in mijn doctoraat en hun steun tijdens de drukkere momenten. 
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reflecteren over de belangrijkste gebeurtenissen van de afgelopen zes jaar. Er glijden 

allerlei belevenissen door mijn hoofd maar er is maar één gebeurtenis die met een beitel 

in mijn geheugen staat gegrift en dat was toen ik jou ontmoette Carolien Grammen. Ik 

weet niet hoe ik je kan bedanken voor de prachtige jaren die we reeds samen achter de 

rug hebben en de decennia die we nog samen gaan delen, als jij willend bent natuurlijk. 

Bedankt dat je altijd klaarstaat voor mij, jij geeft me zoveel steun zonder dat je het zelf 

beseft. Jouw frivoliteit en levensvreugde maken mij uitermate gelukkig en alleen al jouw 

aanwezigheid is voldoende voor de gemoedsrust van mijn ziel. Ik krijg zelfs een krop in 

mijn keel bij het schrijven van dit kort stukje tekst. Ik zou nog pagina’s willen 

neerpennen over al de redenen waarom ik jou als levenspartner heb uitgekozen en 

waarvoor ik je nog allemaal wil bedanken, maar dat is dan maar voor een volgend 

doctoraat. Kortom, er is niemand waarmee ik dit alles liever zou willen delen dan met 
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De diepzee, één van de grootste en meest diverse ecosystemen bestrijkt ongeveer 70% 

van het aardoppervlak. Uit empirisch onderzoek blijkt dat sommige diepzeesoorten 

afkomstig zijn van ondiepe ecosystemen, wat werd gevolgd door adaptieve radiatie in de 

diepzee. Het gebruik van innovatieve technologieën toonden aan dat de diepzeebodem 

zeer heterogeen is, en leidde tot de ontdekking van gereduceerde milieus zoals 

hydrothermale bronnen en koude bronnen (verder aangeduid met ‘cold seeps’). Cold 

seeps worden vaak geassocieerd met geologisch actieve en passieve continentale randen 

en worden gekenmerkt door het opborrelen van methaanrijk water doorheen het 

sediment, een hoge biomassa maar lage biodiversiteit. In tegenstelling tot abyssale 

vlaktes, waarvoor fotosynthetisch afgeleid voedsel noodzakelijk is, zijn cold seeps 

afhankelijk van het lokale chemosynthetische voedselweb. Echter, informatie inzake de 

adaptieve evolutie van cold seep organismen is nog steeds zeer beperkt. 

De Håkon Mosby moddervulkaan (HMMV) is een actieve, methaan bubbelende en modder 

uitstotende vulkaan op de Noorse continentale helling (Barent Zee) op een diepte van 

1280 m. Anaerobe oxidatie van methaan, gekoppeld aan sulfaatreductie, resulteert in 

hoge concentraties aan waterstofsulfide. Sulfide wordt vervolgens gebruikt door de 

zwaveloxiderende bacterie Beggiatoa die uitgebreide microbiële matten vormen wat 

gepaard gaat met snel afnemende zuurstofconcentraties. De Meiofauna gemeenschappen 

die in deze bacteriële matten voorkomen worden sterk gedomineerd door één enkele 

vrijlevende mariene nematode (tot 11.000 specimens per 10 cm2), morfologisch 

geïdentificeerd als Halomonhystera disjuncta (HD-HMMV) (Van Gaever et al., 2006). 

Halomonhystera disjuncta (voorheen bekend als Geomonhystera disjuncta) werd tevens 

waargenomen in intertidale (Westerschelde estuarium) en kustgebieden (Noordzee). 

Intertidale gebieden vertonen een zekere gelijkenis in omgevingsvariabelen met cold 

seeps zoals lage zuurstofconcentraties en hogere sulphide concentraties in diepere 

sedimentlagen. Moleculaire data heeft aangetoond dat het Halomonhystera morfotype 

van de kustzone eigenlijk bestaat uit vijf cryptische soorten (GD1-5), en dat HD-HMMV 

een extra cryptische soort is van het ondiepe H. disjuncta soortencomplex. Echter, de 

correcte fylogenetische verwantschappen tussen de diepzee en ondiepe cryptische 

soorten konden niet worden uitgeklaard en de morfologie van de diepzeesoort werd nog 

niet in detail geanalyseerd. 

In de huidige studie werd er onderzocht wat de verschillende aanpassingen zijn in HD-

HMMV, in vergelijking met kust en intertidale soorten, als gevolg van een cold-seep 

milieu. Hiervoor werden morfologische, ecologische, biochemische en genexpressie 

patronen tussen beide soorten onderzocht.  

In de eerste plaats werd de correcte identiteit van HD-HMMV bepaald door een 

gecombineerde aanpak. Discrete morfologische en morfometrische verschillen tussen de 

diepzee en ondiepe soorten omvatten een langere farynx, de aanwezigheid van een 

progaster en een bredere mondholte in HD-HMMV, in vergelijking met GD1-5. Deze 

verschillen zijn allemaal betrokken bij de verwerking en/of opname van voedsel, en zijn 

mogelijks een aanpassing aan het filamenteuze Beggiatoa dieet van HD-HMMV. Uit de 

fylogenetische analyse bleek dat HD-HMMV een endemische diepzeesoort is op basis van 

mitochondriale (cytochroom c oxidase subunit I) en nucleaire [internal transcribed spacer 

(ITS), 18S en 28S D2D3 regio] genetische data. De nucleaire genetische data toonden 
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bovendien aan dat HD-HMMV ingebed zit in het ondiep H. disjuncta soortencomplex en 

het meest nauw verwant is aan GD1 en GD4. Dit wordt hier als bewijs gezien voor een 

diepzee-invasie door nematoden vanuit ondiepe ecosystemen. Op basis van deze 

resultaten werd er geconcludeerd dat de diepzeevorm een nieuwe soort is die een 

homogene populatie vormt in de HMMV, en dat ‘gene flow’ tussen de HMMV en het 

Westerschelde estuarium afwezig is. De geografische afstand en het verschil in diepte 

tussen beide omgevingen werden beschouwd als belangrijkste kenmerken die 

soortvorming heeft gemedieerd. De nieuwe soort, Halomonhystera hermesi, werd 

taxonomisch beschreven door Tchesunov et al. (2014). 

De nauwe fylogenetische relatie tussen GD1 en H. hermesi geeft aan dat ze een recente 

gemeenschappelijke voorouder hebben en biedt de mogelijkheid om de tolerantie van 

intertidale soorten voor een cold-seep milieu te onderzoeken. Daarom werd een volledig 

gekruist experiment uitgevoerd waarin drie cryptische soorten (GD1-3) werden 

blootgesteld aan veranderende abiotische factoren (temperatuur, zoutgehalte en sulfide). 

Deze studie toonde aan dat GD1 een grotere tolerantie had voor gesimuleerde cold-seep 

condities dan GD2-3. Bovendien bleek dat GD1-3 anders reageerden op veranderingen in 

abiotische factoren ondanks het feit dat ze gedijen in vergelijkbare intertidale milieus. Dit 

duidt erop dat ze niet ecologisch gelijkwaardig zijn en dat deze verschillen hen 

vermoedelijk toelaten om naast elkaar in één milieu voor te komen. 

Vervolgens werd er onderzocht of GD1 en H. hermesi de mogelijkheid hebben om hun 

biotoop, waarin ze gedijen, te kiezen. Daartoe werden twee ex-situ experimenten 

uitgevoerd met meiofauna afkomstig van (1) macrowieren uit de Paulinapolder van het 

Westerschelde estuarium en (2) van de zwavelrijke bacteriële matten van de HMMV. 

Meiofauna organismen werden bovenop een waterkolom van 0,5 meter gebracht met vijf 

verschillende behandelingen (treatments) op de bodem. Uit beide experimenten bleek 

dat zowel H. disjuncta (afkomstig vanop macroalgen) en H. hermesi (HMMV) kozen voor 

de treatment met specifieke kenmerken van hun eigen biotoop. Het was niet zozeer de 

voedselbron maar eerder een indirect signaal, zoals een hoge sulfide concentratie voor H. 

hermesi en macroalgen voor GD1, waar de bacterivore nematoden selectief naar toe 

bewogen. Er werd tevens aangetoond dat (1) verschillende nematodensoorten hetzelfde 

patroon volgden, (2) en dat ook voor nauplius larven en roeipootkreeftjes dezelfde 

indirecte signalen belangrijk zijn voor selectie. Kortom, deze resultaten tonen aan dat, in 

de afwezigheid van stroming, de meest dominante meiofauna groepen een vergelijkbare 

capaciteit hebben om de treatment te selecteren die eigenschappen vertoonden van het 

biotoop waarin ze gedijen. De mogelijkheid om treatments te selecteren kan het 

resultaat zijn van associatief leergedrag, een leerproces waarbij het gedrag van een 

organisme geassocieerd wordt met bepaalde stimuli uit hun milieu, of van een verhoogde 

affiniteit voor signalen van hun biotoop. Onze resultaten toonden aan dat nematode en 

andere meiofauna taxa beschikken over, op zijn minst, een korte termijn geheugen. 

Selectie van een treatment kan belangrijk zijn wanneer de waterstroom of 

getijdenstromingen zeer laag zijn, of in intertidale poeltjes. 

Om inzicht te verwerven in de moleculaire mechanismen achter het succes van H. 

hermesi in een cold-seep milieu en GD1 in een intertidaal milieu, werden de 

transcriptomen van zowel H. hermesi en GD1 vergeleken door middel van de RNA-seq 

methode. Slechts drie genen vertoonden een signaal dat natuurlijke selectie mogelijks 

betrokken is in hun evolutie, wat een indicatie kan zijn dat genen sterk functioneel 

beperkt zijn. Dit suggereert bovendien dat fenotypische plasticiteit mogelijks een rol 
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heeft gespeeld in de initiële kolonisatie van de HMMV. De meeste pathways waren actief 

in beide omgevingen maar er werden niettegenstaande veel genen gevonden die uniek 

tot expressie kwamen in één van de twee milieus. De resultaten toonden aan dat de 

oxidatieve fosforylatie is opgereguleerd in H. hermesi, waarschijnlijk een gevolg van de 

hoge sulfide concentraties en/of een laag zuurstofgehalte. Bovendien blijkt dat het 

vetzuurelongatiemetabolisme belangrijker is in een cold-seep milieu dan in een 

intertidaal milieu. De genen, die coderen voor proteïnes, van H. hermesi hadden tevens 

een hoger GC-gehalte, wat samenging met het gebruik van GC rijke codons en hogere 

aminozuurproporties met GC rijke codons. Deze hogere GC gehaltes zijn mogelijks de 

oorzaak van een verschillende factoren die het GC gehalte van soorten beïnvloeden maar 

momenteel kunnen we geen sterke conclusies trekken. Bovendien waren de 

aminozuurproporties van arginine en alanine hoger in H. hermesi. Beide aminozuren 

werden eerder verondersteld belangrijk te zijn voor een leven onder hoge druk. In GD1 

daarentegen, waren transcriptiefactoren en signalisatie activiteit van receptoren 

oververtegenwoordigd. Beide aspecten zijn belangrijk om omgevingsveranderingen 

gemakkelijk te detecteren in een meer dynamisch intertidaal milieu in vergelijking met 

een tamelijk stabiel cold-seep milieu, en laat een snelle herprogrammering van 

genexpressie toe.  

Omdat verlenging van vetzuren belangrijker bleek te zijn in de diepzee dan in een 

intertidaal milieu, werd de vetzuursamenstelling van H. hermesi vergeleken met deze 

van GD1 op een biochemisch niveau. De resultaten toonden hogere concentraties van de 

‘highly unsaturated fatty acids’ (HUFAs) in H. hermesi aan, wat veroorzaakt werd door 

hogere eicosapentaeenzuur (EPA - C20:5ω3) concentraties en de aanwezigheid van 

docosahexaeenzuur (DHA - C22:6ω3). Beide HUFA’s waren niet aanwezig in H. hermesi’s 

voedselbron (Beggiatoa) wat aantoont dat H. hermesi de mogelijkheid heeft om deze 

HUFA's te synthetiseren. Daarenboven werd een lager gehalte aan verzadigde vetzuren 

waargenomen in H. hermesi. Voor een beter begrip van de individuele effecten van 

abiotische factoren op de vetzuursamenstelling werd een experiment uitgevoerd waarin 

GD1 nematoden werden onderworpen aan veranderingen in temperatuur (16 °C en 4 

°C), zoutgehalte (25 en 34) en sulfide concentraties (0 of 1 mM). Lage temperaturen 

resulteerden in een minder verzadigde vetzuren wat suggereert dat de koude 

temperatuur de belangrijkste oorzaak is voor het lage verzadigingsniveau van vetzuren in 

H. hermesi in vergelijking met sulfide en zoutgehaltes. HUFAs, daarentegen, waren 

aanwezig in zeer lage concentraties in alle behandelingen en werden niet beïnvloed door 

de geteste abiotische factoren. Dit geeft aan dat de aanwezigheid van HUFAs in H. 

hermesi een aanpassing is aan andere factoren dan temperatuur, zoutgehalte en sulfiden 

zoals bijvoorbeeld hydrostatische druk en was in lijn met de overrepresentatie van het 

vetzuurelongatie metabolisme in H. hermesi. 

Samenvattend, experimentele gegevens en veld data toonden aan dat fenotypische 

plasticiteit zeer waarschijnlijk een belangrijke eigenschap is die GD1 toe laat om in een 

veranderende omgeving te overleven. Een hoge plasticiteit, alsook een zekere niveau van 

pre-adaptatie aan specifieke omgevingsvariabelen die gedeeld zijn tussen intertidale en 

cold-seep milieus, kunnen belangrijk geweest zijn voor een succesvolle evolutie naar een 

diepzeepopulatie na dispersie. De verschillende milieus van H. hermesi en GD1 hebben 

wel geresulteerd in discrete morfologische verschillen, specifieke vetzuurcomposities, 

verschillen in genexpressie en de capaciteit om signalen, afkomstig uit hun origineel 

biotoop, te herkennen. Dit toont duidelijk aan dat het milieu ook een duidelijk effect 

heeft op verschillende levensaspecten van nauwverwante Halomonhystera soorten.  
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The deep sea, one of the largest biome on Earth covering ~70% of its surface, is known 

to be one of the most diverse biomes on Earth. Empirical evidence revealed that some 

deep-sea species originated in shallow-water ecosystems. The use of innovating 

technology disclosed the high heterogeneity of the deep-sea floor and led to the 

discovery of reduced environments such as hydrothermal vents and cold seeps. Cold 

seeps are often associated with geologically active and passive continental margins and 

are characterized by seepage of methane-rich water through the sediment, high faunal 

biomass but a low biodiversity. In contrast to abyssal planes, which rely on 

photosynthetically derived food, cold-seep environments depend on the local 

chemosynthetic food web. However, information on adaptive evolution of cold-seep 

organisms is still very scant.  

The Håkon Mosby mud volcano (HMMV) is a methane-seeping, mud-oozing volcano 

situated at the Norwegian continental slope (Barent Sea) at a depth of ca. 1280 m. 

Anaerobic oxidization of methane, coupled to sulphate reduction, results in high 

hydrogen sulphide concentrations employed by the sulphur-oxidizing bacteria Beggiatoa 

which create extensive microbial mats accompanied with rapidly decreasing oxygen 

concentrations. Meiofauna communities in these bacterial mats are highly dominated by 

a single free-living marine nematode (up to 11.000 individuals per 10 cm2), 

morphologically identified as Halomonhystera disjuncta (HD-HMMV). This morphospecies 

(formerly known as Geomonhystera disjuncta) has been identified in intertidal and 

coastal habitats as well. Intertidal areas and cold seeps display a certain similarity in 

several environmental features like reduced oxygen concentration and high sulphide 

concentrations in deeper sediment layers. Molecular data have shown that the coastal 

morphospecies is actually a complex of five cryptic species (GD1-5), and that HD-HMMV 

is an additional cryptic species of the shallow-water H. disjuncta species complex. 

However, phylogenetic relationships among the shallow and deep-sea cryptic species 

have not been resolved and no detailed morphological analysis of HD-HMMV was 

performed.  

In the present study, we have investigated environmental adaptations of HD-HMMV in 

relation to its shallow-water relatives. To this end, we compared morphological, 

phylogenetic, ecological (selective settlement), transcriptomic (gene expression) and 

biochemical (fatty acids) patterns between both habitats. 

First, true species identity of HD-HMMV was determined using an integrative approach. 

Discrete morphological and morphometric differences between the deep-sea and shallow-

water relatives included a longer pharynx length, the presence of progaster and a wider 

buccal cavity in HD-HMMV compared to GD1-5. These features are all involved in feeding 

and might be an adaptation to the proposed filamentous Beggiatoa diet of HD-HMMV. 

The phylogenetic analysis revealed that HD-HMMV is an endemic deep-sea lineage based 

upon mitochondrial (cytochrome oxidase c subunit I) and nuclear [internal transcribed 

spacer region (ITS), 18S and the D2D3 region of 28S] genetic data. Nuclear genetic data 

additionally showed that HD-HMMV is embedded within the shallow-water H. disjuncta 

species complex and is most closely related to GD1 and GD4, providing proof for a deep-

sea invasion by shallow-water nematodes. Based on these results we concluded that the 

deep-sea form was a new species which forms a homogenous population at the HMMV, 

and that gene flow between the HMMV and the Western Scheldt estuary is absent. The 

geographic distance and bathymetrical depth between both environments were 

considered as main drivers mediating the speciation process. A proper taxonomic 
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description of HD-HMMV along with a scientific name, Halomonhystera hermesi, is 

provided by Tchesunov et al. (2014).  

The close phylogenetic relation between GD1 and H. hermesi indicates that they share a 

recent common ancestor and provides opportunities to investigate the tolerance of 

intertidal species to bathyal cold-seep conditions. Therefore, we composed a fully-crossed 

experiment in which three cryptic species (GD1-3) were subjected to changing abiotic 

factors (temperature, salinity and sulphide). We disclosed that GD1 had a higher 

tolerance to simulated cold-seep conditions than GD2-3. Even though GD1-3 thrive in 

similar intertidal habitats, our experiment revealed that they differentially responded to 

changes in abiotic factors, indicating that they are not ecological equivalent which might 

mediate their coexistence. 

Next, we investigated whether both GD1 and H. hermesi have the ability to select their 

native environment. To this end, two ex-situ settling experiments were conducted with 

meiofauna isolated from (1) macroalgae from an intertidal salt marsh and (2) sulfidic 

bacterial mats sediments from the HMMV. Meiofaunal organisms were poured on top of a 

water column of 0.5 meter with five different treatments on the bottom. Both 

experiments revealed that H. disjuncta (macroalgae-associated) and H. hermesi (HMMV) 

selectively settled on the treatment with specific features from their native habitat. 

Interestingly, not the food source but an indirect cue, such as a high sulphide 

concentration for H. hermesi and macroalgae for GD1, appeared to be the main driver for 

selective settlement. We additionally disclosed that (1) different nematode species 

followed the same pattern, (2) nauplius larvae and copepods also favoured the same 

indirect cues for selective settlement. Overall, these findings indicated that the most 

dominant meiofaunal groups have similar abilities in selecting certain treatments under 

no-flow conditions. The ability to selectively settle might be the result of (1) associative 

learning, in which an animal’s behavioural response becomes associated with a particular 

environmental stimulus or (2) increased affinity for cues from their native environment 

as a result of adaptation. Our result indicate that nematodes and other meiofauna taxa 

have, at least, a short-term memory. Selective settlement might be of high importance 

when currents are low such as at slack tide or in intertidal pools. 

To understand the molecular mechanisms behind the success of H. hermesi in a cold-

seep habitat and GD1 in an intertidal habitat, we compared the transcriptomes of both H. 

hermesi and GD1 using a RNA-seq approach. We uncovered only three genes with a 

signal that natural selection has most likely played a role in their evolution which is an 

indicator that genes might be functionally constrained. These observations further 

suggest that phenotypic plasticity might have played an additional important role in the 

initial establishment of a HMMV Halomonhystera population and could thus have allowed 

synonymous mutations to accumulate. In addition, while most pathways were present in 

both species, many genes were uniquely expressed in one of both environments. We 

disclosed that oxidative phosphorylation is upregulated in H. hermesi, most likely a result 

of high sulphide concentrations and/or low oxygen levels. Additionally, fatty acid 

elongation seems to be more important in a cold-seep environment compared to an 

intertidal habitat. Halomonhystera hermesi’s coding genes had a higher GC content which 

coincided with more GC rich codons and higher amino acids proportions with GC rich 

codons. Such a high GC content might be caused by a variety of factors influencing the 

GC content of species, but to date we cannot draw firm conclusions. Furthermore, we 

observed higher amounts of arginine and alanine, two amino acids hypothesized to be 
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important in a piezophilic lifestyle. Meanwhile, transcription factors and signalling 

receptor activity was overrepresented in GD1 which might be essential to readily detect 

environmental changes in a more dynamic environment, compared to a rather stable 

cold-seep environment, and allow fast transcriptional reprogramming. 

Guided by the overrepresentation of the fatty acid elongation metabolism in H. hermesi, 

we compared total fatty acid (FA) composition of both GD1 and H. hermesi at a 

biochemical level. We observed higher proportions of highly unsaturated FAs (HUFAs) in 

H. hermesi due to higher eicosapentaenoic acid (EPA - C20:5ω3) proportions and the 

presence of docosahexaenoic acid (DHA – C22:6ω3). Because both HUFAs were not 

present in H. hermesi’s food source (Beggiatoa), our data indicated that H. hermesi has 

the ability to synthesize HUFAs. We additionally observed lower saturated FA proportions 

in H. hermesi. For a better understanding of the effect of a single abiotic factor on FA 

composition we have performed an experiment in which GD1 microcosms were subjected 

to changes in temperature (16 °C and 4 °C), salinity (25 and 34) and sulphides (0 or 1 

mM). We only observed an effect of low temperatures on saturation levels suggesting 

that the cold temperature of the HMMV is more important in generating the low 

saturation levels observed in H. hermesi than sulphide concentrations and different 

salinities. Interestingly, HUFAs were nearly absent in all treatments and were not 

affected by abiotic factors which indicates that HUFAs are possibly a response to other 

factors than temperature, salinity and sulphides such as pressure and was in line with the 

overrepresentation of the FA elongation metabolism in H. hermesi. 

In conclusion, both experimental and field data revealed that phenotypic plasticity is 

important in allowing GD1 to survive environmental changes. A high plasticity, as well as 

a certain level of pre-adaptation to specific environmental features that are shared 

between cold seeps and intertidal habitats, could have improved the success of the initial 

establishment of a deep-sea population after dispersion, followed by speciation. However, 

the different habitat of both H. hermesi and GD1 clearly resulted in discrete 

morphological differences, specific fatty acid compositions, differences in gene expression 

and ability to recognize cues from their environment indicating that the environment has 

a distinct effect on different life aspects of closely related Halomonhystera species. 
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1. Unraveling Earth’s biodiversity  

The curiosity of biologists has always been driven towards the discovery and description 

of our planet’s unrecognized biodiversity, essential to create a reference point for 

ongoing and future biodiversity losses especially as a result of anthropogenic activities 

(Mora et al., 2011). While taxonomic experts have estimated a range between 2 and 100 

million eukaryotic species (May, 1988), recent assessments have shown that eukaryote 

species estimates are more likely within the lower end of this range (Chapman, 2009, 

Mora et al., 2011, Appeltans et al., 2012, Costello et al., 2013). The current 

approximation of the total number of eukaryotic species on Earth is ca. 8.7 million (± 1.3 

million SE) (Mora et al., 2011). Costello et al., (2012) observed an increased species 

description rate of both marine and terrestrial species since 1955, and the relative rate of 

marine species descriptions has never been greater illustrating that the last decade has 

been a fruitful period for marine species discovery. This increase is even more extreme 

for small benthic animals (< 1 mm) such as nematodes compared to the Animalia in 

general (Figure 1). The boost in species descriptions may be due to a combination of 

increased taxonomic efforts, exploration of less accessible geographic areas and habitats, 

the use of new technologies and molecular methods for species delineation. Currently a 

range between 0.3 - 2.2 million marine species is predicted (Mora et al., 2011, Appeltans 

et al., 2012, Costello et al., 2012). Information on all marine species, and some of their 

freshwater and terrestrial relatives is stored in the online database ‘World Register of 

Marine Species’ (WoRMS), hosted at the Belgian Institute of Marine Science (VLIZ). 

Present-day catalogues are, however, predominantly biased towards eye-catching 

species with large abundances, body sizes and geographical ranges (Stork, 1993, Zapata 

and Robertson, 2007).  

During the previous century, species were most often identified and described based 

upon morphological and ecological characteristics. Throughout the last decades, the use 

of molecular techniques like the polymerase chain reaction (PCR) and DNA sequencing 

have revolutionized species identification and delineation. Such molecular techniques are, 

however, responsible for a considerable increase in sequence data in Genbank. These 

sequences not only originated from described species but also from not yet identified 

species as a result of DNA barcoding1 projects; these ‘species’ are known as “dark taxa” 

(Page, 2011). But even without barcoding projects, dark taxa have been steadily 

increasing in numbers in recent years. The speed at which new species are discovered, 

based on sequence data, is exceeding our ability to put names on taxa. Moreover, it 

remains to be determined whether these dark taxa represent newly discovered taxa, or 

taxa which were already known but lack any genetic marker information (Nagy et al., 

2011).  

A second effect of the use of molecular techniques is the discovery of species which were 

originally classified as a single nominal species based upon morphological criteria, but 

that appeared to be genetically distinct and are hence defined as cryptic species 

(Pfenninger and Schwenk, 2007). Unfortunately, previous assessments of Earth’s 

biodiversity have either completely neglected the issue of cryptic species or have referred 

to it as a minor impediment (Adams et al., 2014), thereby underestimating its 

significance. Adams and colleagues (2014) revealed that the previously well-defined fish 

species Galaxias olidus actually consisted of 15 cryptic species. As such, they argued that 

the presence of unknown substantial cryptic diversity leads to and underestimation of 

1
DNA Barcoding is a taxonomic method that relies on linking species to a short genetic marker, most 

often cytochrome c oxidase I for eukaryotes, that can consequently be used for identification (Hebert et 

al., 2003a). 
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global biodiversity. While the true extent of cryptic species diversity in nature, and 

estimates on their effect on biodiversity estimates, remains largely unexplored, their 

proportions seems to be comparable across major metazoan taxa and biogeographical 

realms (Pfenninger and Schwenk, 2007). The existence of cryptic species could have 

major implications for understanding ecological interactions, conservation efforts, species 

distributions and evolution (Bickford et al., 2007, Pfenninger and Schwenk, 2007), as 

they can transform the perception of a widespread species into distinct clades with more 

restricted geographical ranges. 

Present-day, most unknown species might be concentrated in less explored and often 

more inaccessible habitats and geographic areas such as the deep ocean, known to be 

the largest biome on Earth covering ~70% of the world’s surface. Sampling the deep sea 

is very difficult as it relies on expensive gear and time-consuming sampling techniques, 

and is further complicated by great depths (ca. ~50% of the world’s surface lies below 

3000 m). Therefore, we still have limited knowledge about the deep-sea’s true 

biodiversity, the extent of cryptic diversity and the biology and evolution of deep-sea 

species.  

 

Figure 1: Cumulative number of described marine Nematoda- (A) and Animalia (B) species 

according to World Register of Marine Species (WoRMS). http://www.marinespecies.org, accessed 
on 24/05/2015. 

 

2. The deep ocean, a rich and heterogeneous environment  

The deep sea was once believed to be inhospitable due to low temperatures (~2 °C), 

high pressure (increases with ca. one atmosphere every ten metres of water depth), high 

salinities of ~34-35, absence of light below ~200 m, and low food availability, and was 

believed to be incapable of supporting life below 600 m, known as the “Azoic Theory” 

(Forbes, 1844). Consequently, until the 1950s and early 1960s it was generally believed 
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that the deep sea had very few species (reviewed in Koslow, 2007). In addition, the 

seafloor, covered with soft sediments ranging from sandy planes to fine mud, was long 

believed to be homogeneous relative to the shallow parts of the ocean. 

2.1 Species diversity of the deep-sea floor 

With the development of better bottom samplers such as the box-corer, multi-corer and 

epibenthic sledge, it was shown that deep-sea floors support a much higher species 

diversity than was previously believed (Hessler and Sanders, 1967, Grassle and Sanders, 

1973, Grassle, 1977, Sanders, 1979). Within the last few decades, quantitative samples, 

and especially the use of fine mesh sieves in the 1960s, have further confirmed that 

deep-sea sediments are in fact brimming with a high diversity of tiny benthic 

invertebrates only few millimetres in size, and that the deep sea is among the species-

richest on earth (e.g. Hessler and Sanders, 1967, Sanders, 1969, Grassle and Maciolek, 

1992, Etter and Mullineaux, 2001, Smith and Snelgrove, 2002). In terms of densities, 

polychaetes are generally the most dominant macrofaunal taxon (Galeron et al., 2001), 

followed by gastropods and small crustaceans (Cosson et al., 1997). Nematodes are the 

most successful metazoa of the meiofauna fraction, often representing 90-99% of deep-

sea communities and with increasing depth they become increasingly abundant with 

regard to species richness and relative abundance (Vincx et al., 1994, Soltwedel, 2000).  

Since the year 2000, global projects such as Continental Margin Ecosystems (COMARGE) 

and Census of Diversity of Abyssal Marine Life (CeDAMar) as part of the Census of Marine 

life network, and the European project Hotspot Ecosystem Research on the Margins of 

European Seas (HERMES), were designed to gain new insights into the biodiversity, 

species distribution and abundance, structure, functioning and dynamics of the deep 

ocean and consequently have greatly improved our knowledge on deep-sea’s 

biodiversity. 

Many deep-sea taxa were assumed (and to a certain extent still are) to have a 

cosmopolitan distribution as a result of the supposed lack of isolating barriers and the 

worldwide homogeneity of the environment (Madsen, 1961). Up until the 1990’s 

information and delineation of deep-sea species has been almost entirely based on the 

morphology of organisms. However, the use of DNA sequencing has added a genetic 

aspect to our understanding of deep-sea biodiversity and has made it possible to 

examine population genetic structure of species. Several studies reported population 

genetic structure within different abyssal basins, separated by 100 – 200 km, between 

populations of bivalves and amphipods (France, 1994, Chase et al., 1998). In addition, 

population divergence large enough to speak of cryptic species are frequent in the deep 

sea, and has been associated with hydrographic features (Stepien et al., 2000, Le Goff-

Vitry et al., 2004), vicariance (Kojima et al., 2001, Aboim et al., 2005, Stefanni and 

Knutsen, 2007), distance (France, 1994, Knutsen et al., 2012), topography (Iguchi, 

2007, Etter et al., 2011), environmental heterogeneity (Etter et al., 2005) and depth 

(France and Kocher, 1996, Etter et al., 2005, Glazier and Etter, 2014). Cryptic species in 

the deep sea were first discovered in Vesicomydae (Mollusca) by Vrijenhoek et al. 

(1994), and the presence of genetically distinct lineages in a single morphospecies might 

result in the overestimation of species overlap at large geographic scales and 

underestimation of species diversity at small scales (Matabos et al., 2011).  
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2.2 Heterogeneity of the deep-sea floor 

The use of remotely operated vehicles (ROV’s), automated unmanned vehicles (AUV’s), 

manned submarines and hull-mounted or towed side-scan sonars for high resolution 

bathymetry mapping, during more intensive sampling of continental margins and abyssal 

planes, revealed that the deep-ocean floor is a heterogeneous landscape with scattered 

geological features including seamounts (Rogers, 1994), mid-ocean ridges, canyons, 

faults and trenches, cold-water coral reefs, cold seeps, whale and wood falls and 

hydrothermal vents (Van Dover, 2000, Levin, 2005), supporting unique benthic 

communities which differ from those in surrounding areas (Wefer, 2003). Especially the 

last three are ecosystems typically chemosynthetically driven and harbor organisms that 

are adapted to specific conditions (§4). 

Sun light, and especially, red light only penetrates to ~200 m depth in the ocean, never 

reaching deep-sea ecosystems (Thistle, 2003). Even so, most deep-sea ecosystems are 

heterotrophic and depend on the flux of organic matter produced in well-lit layers of the 

water column through photosynthesis. However, most of the surface production is 

recycled within the euphotic zone and only ~1% reaches the deep-sea floor (Lampitt et 

al., 1995, Fischer et al., 2000, Lampitt et al., 2001). While organic matter descends 

towards the deep-sea floor, it aggregates and is mineralized (Fowler and Knauer, 1986, 

Alldredge and Silver, 1988), resulting in low energy input for benthic deep-sea 

communities (Smith et al., 2008) accompanied with low faunal biomass, but still a high 

biodiversity has been observed (Rex et al., 2006, Rowe et al., 2008).  

In contrast, in some ecosystems, defined as “extreme environments” (e.g. hydrothermal 

vents and cold seeps), biodiversity is low, but the number of individuals and biomass far 

exceeds that of surrounding deep-sea sediments; the communities are dominated by a 

few species which are most often absent in surrounding sediments (Ramirez-Llodra et al., 

2010, Vanreusel et al., 2010a). Hydrothermal vents mostly appear in mid-ocean ridges 

and back-arc basins, while cold seeps are often associated to geologically active and 

passive continental margins (Van Dover, 2000, Levin, 2005). As was mentioned before, 

both ecosystems are mainly driven by chemosynthetic derived energy and are, therefore, 

not directly reliant on photosynthesis. Energy inputs are, thus, much higher compared to 

the remaining deep-sea floor (Vanreusel et al., 2010a).  

Cold seeps were first discovered in the Gulf of Mexico in 1984 (Paull et al., 1984). They 

are the most geologically diverse extreme environments due to the high heterogeneity of 

continental margins at which they occur (Levin, 2005, Menot et al., 2011). They are 

categorized as pockmarks, mud domes and mud volcanoes depending on the geological 

structure and activity of venting (Levin, 2005). Cold seeps are characterized by seepage 

of highly methane-enriched cold fluids through the sediment. This methane may originate 

from either decaying (microbial activity) or thermogenic degradation of organic matter in 

deeper sediment layers (Figure 2a), forms gas hydrates (Figure 2b) and provides the 

energy and carbon source for microorganisms (Sibuet and Olu, 1998, Tunnicliffe et al., 

2003, Levin, 2005). In cold seeps, a key biogeochemical process is the anaerobic 

oxidation of methane (AOM, Figure 2c), coupled to sulphate reduction by a consortium of 

anaerobic methanothropic archaea and bacteria, and sulphate-reducing bacteria (Figure 

2d) (Elvert et al., 2000, Boetius and Wenzhofer, 2013). AOM yields high concentrations 

of hydrogen sulphide employed by symbiotic and free-living sulphide-oxidizing bacteria 

(Figure 2e-g) from common genera such as Beggiatoa, Thioploca, and Thiomargarita to 
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generate energy. These filamentous bacteria will typically create large bacterial mats 

(Figure 2f) covering the surface of sediments with high rates of AOM (de Beer et al., 

2006) and is a food source for microbe-feeding fauna (Figure 2h). Because sulphide 

oxidation requires oxygen, the sediment underneath these bacterial mats are mostly 

anoxic (Tryon and Brown, 2001).  

 

 

Figure 2: Schematic representation illustrating the transfer and changes of inorganic substrates 
such as methane, the carbon source in chemosynthetically driven cold seeps. (picture has been 
modified from geomar.de) 

 

As in vents, the reduced compounds are used by both symbiotic and free-living 

chemoautotrophic microorganisms to produce organic matter (Ramirez-Llodra et al., 

2010). Higher Eukaryotic taxonomic levels such as genus and family are very similar 

between cold seeps and hydrothermal vents (Sibuet and Olu, 1998, Tunnicliffe et al., 

1998). Cold-seep macrofauna mostly consist of bivalves (mytilids, vesicomyids, lucinids 

and thyasirids), siboglinid tube worms, decapod crustaceans, cladorhizid sponges and 

gastropods (reviewed in Levin, 2005). Cold seeps have higher densities of benthic 

meiofauna (Levin, 2005), but lower abundances of epizoic meiofauna, compared to 

nearby control sediments (Bright et al., 2010, Gollner et al., 2010). Similar to other 

deep-sea sediments, meiofauna communities in cold seeps are most often dominated by 

nematodes (reviewed in Levin, 2005). Nematode densities vary greatly and occasionally 

reach several thousands of individuals of a single species per 10 cm2 (Olu et al., 1997, 

Van Gaever et al., 2006, Van Gaever et al., 2009a, Van Gaever et al., 2009c, Vanreusel 

et al., 2010a, Hauquier et al., 2011), illustrating that nematodes might take advantage of 

increased bacterial productions at cold seeps by augmenting in numbers. Nematode 

genus compositions from seeps and hydrothermal vents are different compared to the 

shelf, slope and abyssal plains, indicating that habitat heterogeneity influences nematode 

communities (Vanreusel et al., 2010b).  

Our knowledge of deep-sea biodiversity and biogeography remains limited, even for 

faunal communities that have been subject to numerous studies during the last decades 
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such as those inhabiting extreme environments (Johnson et al., 2015). Although several 

genera from cold seeps are believed to be widely distributed, specific cold-seep species 

might be more restricted to a single cold seep and/or a group of cold seeps in close 

proximity (Sibuet and Olu, 1998). Vent communities, for example, share 10–15% of 

species between basins and regions (Desbruyeres et al., 2006). Cryptic species with a 

more restricted geographical range frequently occur among invertebrate taxa inhabiting 

extreme environments (Vrijenhoek, 2009), suggesting that specific cryptic species are 

adapted to certain environmental differences between different extreme habitats.  

2.3 On the origin of deep-sea taxa 

In deep-sea soft-sediments, a very diverse but highly endemic benthic fauna has been 

observed which has, for the most part, an unknown origin and age (Hessler and Sanders, 

1967, Brandt et al., 2007b). Fossil evidence suggests that modern benthic marine 

organisms, that are now restricted to outer-shelf, slope and deep-sea habitats, 

previously occupied coastal systems and displaced earlier forms thriving in the deep sea 

(Jablonski et al., 1983, Jablonski and Bottjer, 1988, Jablonski and Bottjer, 1990, 

Jablonski and Bottjer, 1991, Sepkoski, 1991), known as the onshore-offshore hypothesis 

(Jablonski and Bottjer, 1988). Colonization and replacement may have been strongly 

influenced by periodic anoxic/dysoxic conditions in the deep sea which would have halted 

or slowed down invasion (Rex and Etter, 2010). Meanwhile, increased seasonal organic 

carbon fluxes, due to higher food availability, and high predation in shallow waters may 

have resulted in increased deep-sea colonization (Vermeij, 1993, Smith and Stockley, 

2005).  

Interestingly, migration of foraminifers is believed to have happened in both directions, 

suggesting that shallow-water and deep-sea species have evolved in both environments 

(Lipps and Hickman, 1982, Hayward, 2001). In addition, fossil evidence from Holasteroid 

echinoderms indicated that deep-sea species are most ancient as the oldest fossils were 

retrieved from the deep sea; the current intertidal lineages are, additionally, embedded 

within present deep-sea lineages and are not at the base of the evolutionary tree (Smith, 

2004). The same phylogenetic pattern has been observed for fresh water eels (Inoue et 

al., 2010) and Stylasteridae corals (Lindner et al., 2008). Lindner and co-authors (2008) 

further indicated that, based on morphology, defensive innovations in stylasterid corals 

evolved in the deep sea. In addition, Scleractinia corals are more diverse on slopes and 

are believed to have colonized nearshore habitats but did not become specialized in 

onshore distributions (Hoeksema, 2012a, Hoeksema, 2012b). Moreover, phylogeny of 

isopods revealed that deep-sea communities are a mixture of both shallow-water and 

deep-sea species indicating ongoing adaptations to deep-sea conditions of recently 

dispersed taxa (Wilson, 1998, Raupach et al., 2009). In contrast, the geographic 

distribution and the taxonomy of molluscs suggests that deep-sea species are the result 

of invasion of shallow-water species from adjacent regions (Clarke, 1962, Allen, 1979). 

Evidence for a shallow-water origin of deep-sea species has additionally been reported 

for a variety of invertebrates, ranging from Hydrozoa (Moura et al., 2008), Foraminifera 

(Pawlowski et al., 2007b), Polychaeta (Nygren et al., 2010), Gastrotricha (Kieneke et al., 

2012), corals (Hoeksema, 2012b), Annelida (Wiklund et al., 2012), Porifera (Reveillaud 

et al., 2010) and Nematoda (Bik et al., 2010). At several occasions, phylogenetic related 

deep-sea and shallow-water species were assigned as cryptic species.  



CHAPTER 1 

 

16 

 

Recently, the dominant nematode at the Håkon Mosby mud volcano (Barents Sea, 1280 

m) was identified as Halomonhystera disjuncta based upon its morphology (Van Gaever 

et al., 2006), a species known from several marine and estuarine regions (Heip et al., 

1985, Derycke et al., 2007a). The H. disjuncta morphospecies (formerly known as 

Geomonhystera disjuncta) in the Western Scheldt revealed high levels of molecular 

diversity and is actually composed of five cryptic species (GD1-5; Derycke et al., 2007a) 

with only modest morphometric variations (Fonseca et al., 2008). Based upon genetic 

data, the HMMV dominant species was hypothesized to be an additional cryptic species of 

the shallow-water H. disjuncta species complex hinting at its shallow-water origin (Van 

Gaever et al., 2009c). However, true phylogenetic relationships has not been resolved 

and no morphometric analysis had been performed raising questions on the true identity 

of the dominant HMMV nematode. 

2.4 Evolution and speciation of taxa in marine (extreme) environments 

In extreme environments such as cold seeps and hydrothermal vents, several studies 

have emphasized the high endemism of species up to ~70% (Wolff, 2005, Desbruyeres 

et al., 2006, Baker et al., 2010). Both hydrothermal vents and cold seeps often harbor 

common sister species and genera, hinting at a shared colonization history during the 

establishment of fauna communities in these habitats (Hecker, 1985, McLean, 1985), 

which suggests that these endemic species are true specialists to such extreme 

environments. By contrast, other species/genera/families such as the shrimp caridean 

families (Martin and Haney, 2005, Desbruyeres et al., 2006), spionid polychaetes (Van 

Dover, 2000) and Amphinomidae (Gebruk et al., 2003) are considered to be 

opportunistic as they are not solely restricted to extreme environments. Such an 

opportunistic life history allows rapid colonization of organically enriched and/or disturbed 

habitats. In reducing environments, massive bacterial mats detoxify sulphide and provide 

high food supplies which most likely attracts these opportunistic invertebrates and even 

attracts fishes dwelling in adjacent deep-sea sediments (Jannasch and Wirsen, 1981, 

Gallardo and Espinoza, 2007). These species, thus, most likely have the ability to tolerate 

high sulphide concentrations and low oxygen concentrations, as has been seen for 

several opportunistic polychaete families (reviewed in Levin, 2005). However, two main 

questions still remain: to what extent do opportunistic species display a tolerance to such 

extreme environments, and has the extreme environment resulted in specific 

adaptations?  

To better comprehend evolution of species from extreme environments it is essential to 

gain more knowledge on connectivity and dispersion between extreme habitats. Given 

the heterogeneity of the deep sea, colonization of new suitable habitats relies on the 

presence of dispersing organisms and their ability to easily move through the landscape 

(Kindlmann and Burel, 2008). If individuals are able to disperse, survive and reproduce 

in the new habitat, the concept of population connectivity emerges. Dispersal and 

connectivity are of paramount importance for persistence of species and communities, 

and regulate their recovery rate after disturbance (Fahrig, 1992, Briers, 2002, Cowen et 

al., 2007). Many marine benthic species have complex life cycles that include a pelagic 

larval stage and sessile/sedentary adults (Thorson, 1964). Palaeontological evidence for 

molluscs revealed narrower distributions in species with non−pelagic development 

compared to species with a pelagic larval stage, which are comparatively good dispersers 

with often large distributions and less susceptible to extinction events (Jablonski and 

Roy, 2003). Consequently, connectivity between spatially isolated habitats most likely 
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relies on larval transport. Moreover, high estimated gene flow rates among different 

deep-sea populations of numerous species (Jollivet, 1996, Vrijenhoek, 1997, Won et al., 

2003) and genetic similarity between widely distributed vent and seep endemic taxa 

(Peek et al., 2000, Van Dover, 2000) suggest high dispersal capacities within and 

possibly among vents and seeps. However, dispersal of taxa without a pelagic larval 

phase, such as nematodes, is believed to be limited (Winston, 2012, Derycke et al., 

2013) and evidence of connectivity between and within extreme environments of these 

taxa is still absent.  

Genetic connectivity between cold seeps and/or vents has been shown for species with a 

pelagic larval stage such as Lamellibrachia tube worms, Bathymodiolus mussels, 

Alvinocaris muricola and the tube worm Escarpia spicata (Black et al., 1997, Cordes et 

al., 2007, Olu et al., 2009, Watanabe et al., 2010). Empirical evidence from tube worms 

suggests that geographical distance between cold seeps is the main factor driving 

population genetic structure (McMullin et al., 2010). Isolation by distance (IBD), that is 

genetic distance as a function of the geographic distance between habitats, has also been 

proposed as one of the factors explaining population genetic structure in non-extreme 

environments such as abyssal planes. However, most studies which have calculated IBD 

have shown mixed results (Summarized in Rex and Etter, 2010). One of the most 

extreme examples is the lack of IBD among populations of the protobranch bivalve 

Deminucula atecellana separated by 12,000 km (Zardus et al., 2006), while several other 

studies had revealed strong genetic variation over small distances (e.g. Quattro et al., 

2001, Howell et al., 2004, Etter et al., 2005, Iguchi et al., 2007, Havermans et al., 

2013). Interestingly, the observed degree of divergence appeared not to be directly 

related to the geographic distance separating populations, indicating that other barriers 

are at play. Most often, observed divergence in the previous studies between 

geographically distant populations could be associated with depth. Bathymetrical 

distances of approximately 1 km have been shown to result in reproductive isolation in 

echinoderms (Howell et al., 2004) which could lead to speciation, known as the depth-

differentiation hypothesis (reviewed in Rex and Etter, 2010). Hydrography might also 

play a key role in the evolution and speciation of marine organism because currents drive 

directional movement of larvae and adults and consequently influence levels of 

connectivity among populations (Palumbi, 1994, Pineda et al., 2007). Moreover, the 

interaction between inshore waters and coastal currents may establish a considerable 

ecological barrier to larval displacement (Tilburg et al., 2012). Divergence of rockfishes 

along the northern Pacific continental slopes and Dover sole along the west coast of 

North America, have been attributed to larval retention due to deep-water currents 

(Stepien, 1999, Stepien et al., 2000). Similarly to hydrography, topographic features 

such as mountain chains, canyons, etc. might also act as barriers for dispersal (Menzel et 

al., 2011) and potentially lead to population differentiation and speciation.  

The above studies highlight the importance of marine barriers for population genetic 

structuring. Such barriers can result in the geographical separation of populations and 

species, and are thus essential for allopatric speciation. However, for more than a 

decade, speciation under sympatric conditions has been proven theoretically possible 

(Dieckmann and Doebeli, 1999, Higashi et al., 1999, Kondrashov and Kondrashov, 1999, 

Dieckmann, 2004, Gavrilets, 2004). Sympatric speciation is the development of new 

species from a common ancestor in geographically overlapping populations (BOX 1). In 

marine environments there has only been evidence for sympatric speciation in Gobiodon 

and in Hexagrammos reef fishes (Munday et al., 2004, Crow et al., 2010). However, 
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many biologist believe it will be extremely difficult to explain which factors are 

responsible for divergence between two population in the same area which are able to 

exchange genes (Coyne and Orr, 2004).  

 

 

BOX 1 

Sympatric speciation can occur when divergent natural selection2 on traits between 

populations leads (in)directly to the evolution of reproductive isolation (Schluter, 

2001), without resulting in a population that becomes monomorphic for one of the 

favoured phenotypes (Doebeli and Dieckmann, 2000). Consider a single fish species 

with a red shrimp food source (Figure I). When a new food source becomes available 

(blue shrimp), at some point, some fish begin to prefer blue shrimps. If interactions 

between both groups is limited and each member starts exclusively mating with other 

members of their new group, than genetic differences between both groups will 

accumulate. Over a long period of time, a new species may develop when they 

become sexually isolated. 

 

Figure I: Illustration on how divergent natural selection can result in sympatric speciation of 
fishes when more than one food source is present.  

 
Even though, empirical evidence of sympatric speciation is much more limited 

compared to evidence of allopatric speciation, sympatric speciation as a result of 

disruptive natural selection has been suggested to be more likely than other 

speciation mechanisms, for example in lake cichlid fish (Barluenga et al., 2006), 

African indigobirds (Sorenson et al., 2003) and Heliconiinae butterflies (Rosser et al., 

2015).  

Sympatric speciation can occur rapidly when divergent natural selection acts 

immediately on sex-related genes and would result in for example mating preference 

as a result of different coloration of species (Lande et al., 2001). Sympatric speciation 

can also occur very rapidly through polyploidy, in which an offspring will be produced 

with twice (or more) the normal number of chromosomes. These polyploid individuals 

cannot interbreed with their diploid progenitors, resulting in reproductive isolation 

and eventually in speciation. This process is much more common in plants as many 

plant species have the ability to self-fertilize (Mable, 2004). Nevertheless, genome 

and gene duplication has been essential in the evolutionary history of both animals 

and plants (Crow and Wagner, 2006, Magadum et al., 2013).  

 

2
Natural selection is the process by which the environment selects for those individuals from a 

population that are best adapted to the prevailing environmental conditions, i.e. selection for individuals 
with a higher fitness. 
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The vast size of the abyssal plane still raises questions which other factors might be 

involved in speciation and population genetic structure in the deep ocean. Next to being 

able to reach deep-sea habitats, which might be more difficult for species lacking a free-

living life stage such as nematodes, the harsh environment of the deep sea raises 

questions on how organisms, that are hypothesized to have originated in coastal 

environments, did adapt to such extreme environments. Interestingly, similar to cold 

seeps, in shallow coastal sediments oxygen is generally limited to the first few 

millimetres, as a result of microbial degradation of organic matter (Jørgensen, 1983), 

and is known to affect vertical distribution patterns of nematode fauna (Hendelberg and 

Jensen, 1993). Bacterial activity can further result in formation of hydrogen sulphide 

(Jørgensen, 1977). As such, species from coastal areas might already be adapted to 

similar conditions, or at least have a tolerance for low oxygen and high sulphide levels 

which might have facilitated the colonisation of extreme deep-sea habitats. 

The fauna thriving at hydrothermal vents and cold seeps is believed to represents an 

exceptional but hardly understood case of adaptive radiation (the diversification of a 

species or single ancestral type into several forms that are each adaptively specialized to 

a specific environmental niche). Such specific adaptations observed in both cold-seep- 

and hydrothermal-vents might be essential to survive under extreme conditions and can, 

in part, explain the large proportion of endemicity in both environments (Tunnicliffe, 

1991). Populations which have colonized extreme environments might be subjected to 

different ecological features compared to the source population and possibly experience 

natural selection of organisms with a higher fitness (Darwin, 1859) which can, perhaps 

incidentally, lead to speciation (Nosil, 2012).  

3. Adaptive evolution in species 

Adaptive evolution is generally considered to be mediated by natural selection which acts 

on the heritable traits of a population: selecting for advantageous alleles resulting in 

increased adaptive allele frequencies in the population, while selecting against 

deleterious alleles and, thereby, decreasing their frequency. Alleles that are favoured by 

natural selection are termed ‘adaptive’ or ‘beneficial’ alleles. 

The adaptive process of a population to its environment can be visualized as an individual 

or population that moves along an ‘adaptive’ 

or ‘fitness’ landscape (Figure 3), first 

introduced by Wright (1931, 1932). In short, 

a population will increase their fitness as a 

result of adaptive evolution, resulting in 

adaptive walks on the fitness landscape. The 

higher the fitness of the population, the closer 

they will get to the global optimum. 

Alternatively, a population can arrive at a 

local optimum, corresponding to sub-optimal 

fitness (Figure 3). 

 

Figure 3: Visualization of a fitness landscape. A population can follow different paths to reach the 
global optimum (highest fitness) or a local optimum (sub-optimal fitness) as a result of natural 
selection. Picture by Randy Olson. 
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3.1 Where do these adaptive alleles come from? 

An allele that is favoured by natural selection may arise from a new mutation (Smith and 

Haigh, 1974). A mutation is a random change in DNA, the hereditary material of life. 

Mutations in gene coding regions can give rise to allelic variants with a changed protein 

amino acid sequences, which, in turn, can alter the morphology and/or physiology of an 

organism (Fares, 2015). Some allelic variants have detrimental effects in an organism 

(lower fitness), and purifying selection keeps them at low frequencies (Lewontin, 1974). 

In contrast, an allelic variant which gives a fitness advantage to the individual will 

increase in frequency in a population, as a result of natural selection, and eventually 

reach fixation. Consequently, the frequency of the ‘old’ allelic variant will be reduced or 

the ‘old’ allelic variant might be eliminated from the population (also known as selective 

sweep, Figure 4a), giving rise to adaptive genetic variation (Fisher and Bennett, 1930). 

While adaptive genetic variation can be the result from de novo mutations, this process is 

considered to be slow because mutation rates can be slow, new alleles have a low initial 

frequency and are, consequently, easily lost by chance even if they are favoured by 

natural selection (Hedrick, 2013).  

 

 

Figure 4: A beneficial allelic variant (increased fitness for the organism) can, over time, increase in frequency 
and will approach fixation. This allele (a) can arise by a new mutation or (b) was already present in the 
population (standing variation). (c) A more subtle increase in frequency of different beneficial allelic variants on 
different chromosome, which together control a single phenotype. Figure originated from Scheinfeldt and 
Tishkoff (2013) and was used with the consent of the first author and journal. 

 

Alternatively, natural selection can act faster on a pre-existing allele already present in 

the population (= standing genetic variation, Figure 4b). A pre-existing neutral or mildly 
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deleterious allele can drift3 to intermediate frequencies. When selection pressure 

changes, this allelic variant can become advantageous (Olson-Manning et al., 2012), and 

its frequency can increase much faster in the population compared to adaptive allelic 

variants that arose from de novo mutation. Additionally, such pre-existing alleles are 

most likely present in different genetic backgrounds and might have ‘hitchhiked’ to 

higher frequency with other favoured alleles (Smith and Haigh, 1974). In summary, 

standing genetic variation can allow faster adaptive evolution than de novo mutations 

(Barrett and Schluter, 2008).  

Thirdly, introgression (also known as introgressive hybridization) of an allele from closely 

related species can be an important source of new adaptive alleles (Arnold, 2007), but 

remains underappreciated (Olson-Manning et al., 2012). Introgressive hybridization 

requires an initial interspecific hybridization event, followed by the repeated backcrossing 

with only one of its parent species (Dowling et al., 1997). For instance, genome data 

revealed introgression of loci involved in mimicry in Heliconius butterflies (Dasmahapatra 

et al., 2012). The allelic variant of the melanocortin 1 receptor responsible for the black 

colour of domestic dogs, has introgressed in wolves and risen in frequency in forested 

areas but not in wolves from Tundra habitats, were the grey colour is suggested to be 

more advantageous (Anderson et al., 2009). These observation highlight that 

introgression can play an important role in adaptive evolution. 

Phenotypes are often controlled by multiple loci (quantitative trait loci) with small effects 

(polygenic model, Lynch and Walsh, 1998). Generally, the higher the amount of loci, the 

lower their individual effect on the phenotype (Crow and Kimura, 2009). As such, many 

adaptive alleles can be lost due to genetic drift. Moreover, natural selection will most 

often result in a more subtle frequency increase of multiple adaptive alleles from different 

loci (Figure 4c).  

Adaptive evolution is influenced by a variety of factors. The rate of adaptive evolution 

appears to be positively correlated with population effect size (Gossmann et al., 2012). 

Larger populations harbour more possible adaptive alleles and experience more 

mutations than small populations. In addition, rare beneficial mutation are less likely to 

be lost by genetic drift in large populations. However, genetic drift can also be of high 

importance in small populations. After the colonization of a new habitat such as seeps or 

vents, genetic drift in such small populations is faster, and rare but beneficial mutations 

are rapidly assimilated in the founder population (known as the founder effect, 

Templeton, 1980). Adaptive evolution also depends on the position of a gene product in 

its biochemical or regulatory network (Wright and Rausher, 2010), the amount of genes 

controlled by a transcription factor (Jenkins and Stekel, 2010), the centrality of a protein 

in a protein network (Yu et al., 2007), pleiotropy4 (Ohta, 1973), epistasis5 (Lenski et al., 

1991), gene flow (Nosil and Crespi, 2004), recombination (Charlesworth, 2012), 

gene/genome duplications (Connallon and Clark, 2010), and chromosome 

rearrangements (Perez-Ortin et al., 2002, Kirkpatrick and Barton, 2006). Logically, 

adaptive evolution is also influenced by the selective environment, a major component 

shaping the course of adaptive evolution. 

 

 

 

3Genetic drift: random changes in the frequency of alleles in a gene pool. 
4Pleiotropy: a single gene influencing two or more phenotypes 
5Epistasis: the interaction between two or more genes to control a single phenotype 
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3.2 Genomic signatures of adaptive evolution 

Because natural selection is a significant force that shapes the genome, it leaves a 

genetic signature which can provide insights into the evolutionary adaptation of species. 

During recent decades, the use of next generation sequencing (NGS) technology has 

allowed full genome and transcriptome analysis in any organism, thereby revolutionizing 

evolutionary biology (Stapley et al., 2010). Comparative genomics/transcriptomics 

permits characterization of fundamental evolutionary processes causing genomic 

variation and evolution, and allows identification of quantitative trait loci, genes and gene 

regions which have been subject to frequent adaptive evolution, positive selection, 

and/or conservation (e.g. Clark et al., 2007, Hu et al., 2011, Ryu et al., 2012). NGS 

made it possible to screen genomes and transcriptomes between ecotypes, phenotypes 

or populations to identify loci with extreme levels of differentiation (outlier loci) (Stapley 

et al., 2010). Using this technique, it has been estimated that natural selection might 

affect 5-10% of the genome (Nosil et al., 2009), but a high uncertainty remains. 

Molecular data and more particular gene-coding sequences have been of great value for 

studying positive selection for decades. Synonymous nucleotide substitution are generally 

free of selection while non-synonymous nucleotides are on average subject to selection 

as they result in amino acid changes, and their ratio is generally employed to identify 

genes under positive selection (Fares, 2015). Since 2005, there is an increased 

awareness that also variation in non-coding DNA constitutes a major evolutionary 

element involved in adaptive evolution (Andolfatto, 2005). 

3.3 The role of phenotypic plasticity in adaptive evolution  

As species are often subjected to environmental changes, they need to have a certain 

flexibility allowing them to respond to environmental changes to survive under harsh 

conditions. The modulation of gene expression is essential in dealing with changing 

environmental conditions (Lopez-Maury et al., 2008), thereby generating different 

phenotypes under different conditions and is inherent to an organism (Travis, 1994). This 

response is essential for the perseverance of a species and is commonly known as 

phenotypic plasticity, the phenomenon that a single genotype can produce noticeably 

different phenotypes. While a remodelling of the transcriptome allows species to 

acclimatize6 to new environmental conditions, it has often been dismissed as unimportant 

in adaptive evolution (e.g. Wright, 1931, Simpson, 1953). It has even been suggested to 

shield the genotype from the effects of natural selection by generating a phenotype that 

matches the environment to near perfection (e.g. Grant, 1977, Falconer, 1981, Levin, 

1988).  

In contrast, attention has been paid to the importance of phenotypic plasticity in adaptive 

evolution (e.g. West-Eberhard, 2003, Pigliucci, 2005, Ghalambor et al., 2007). It is 

known that phenotypic plasticity can reduce the cost of directional selection (e.g. 

Haldane, 1957) and allow species to establish a population in new habitat with different 

environmental conditions. As such, plasticity can be considered as adaptive because 

individuals that show a plastic response, generally have a higher fitness than those that 

do not when environmental conditions are changing (Price et al., 2003). By definition, a 

plastic trait that results in an increased fitness in new environments, will be 

advantageous and can act as a phenotypic inducer (Ghalambor et al., 2007). In addition, 

adaptive plasticity would allow populations to move more easily from and adaptive peak 

to another (e.g. Price et al., 2003, West-Eberhard, 2003).  

6Acclimation is here defined as a short term but easily reversible response to new environmental 
conditions. Phenotypic plasticity, on the other hand, is here seen as an extension of acclimation, 
particularly when the new environmental conditions are sustained over a period of time spanning filial 
generations of a species. 
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Adaptive plasticity can contribute to adaptive genetic differentiation in two ways. At first, 

if there is a maintenance cost of plasticity (DeWitt et al., 1998, Ancel, 2000, Sultan and 

Spencer, 2002, Auld et al., 2010), plasticity will be lost in a constant environment 

without selection to maintain plasticity. Even if in this way the cost of plasticity 

contributes to genetic differentiation, it is unlikely to be the only, or even major, cause 

(Price et al., 2003). Secondly, if the plastic response would result in a sub-optimal 

phenotype to the new environment (population does not reach the global optimum, 

Figure 3), than directional selection will favour extreme phenotypes and most often 

plasticity will be reduced (Price et al., 2003). Thus, environmentally induced phenotypes 

can be fixed through genetic assimilation, i.e. the environmental signal for expression is 

no longer required to maintain the phenotype, resulting in canalization7 (robustness) of a 

phenotype (Waddington, 1942). Therefore, it is believed that phenotypic plasticity is prior 

to and creates the settings for an adaptive genetic response (West-Eberhard, 2005). 

In the last two decades, it has been extensively shown that gene expression can be 

regulated by (1) DNA methylation (e.g. Smith, 2000, Goll and Bestor, 2005) and (2) 

acetylation, phosphorylation, methylation, and ubiquitination of histone tails which will 

define how tightly DNA is packed as chromatin which is, in turn, related to gene 

expression levels (Watson et al., 2013). These DNA and protein modifications are known 

as epigenetic modifications which result in heritable changes in gene expression, without 

alterations in DNA sequences (Surani et al., 1993, Cubas et al., 1999, Chong and 

Whitelaw, 2004, Bird, 2007, Goldberg et al., 2007). As such, they can in principle also 

affect adaptation (Jablonka and Raz, 2009, Bonduriansky, 2012) and theoretical models 

have shown that when natural selection acts on both epigenetic and genetic variation, 

adapted phenotypes can show up faster than in cases where natural selection acts only 

on genetic variation (Klironomos et al., 2013).  

Following the rationale that heritable traits might influence adaptive evolution, other 

kinds of non-genetic heritable traits such as behavioural, ecological and cultural 

inheritance have the potential to influence the fitness of an individual or a population, the 

nature of adaptive phenotypes and the pattern of genetic changes that eventually 

underlies adaptive evolution (Danchin et al., 2011, Bonduriansky et al., 2012). There is a 

growing awareness that it is maybe time to start rethinking and/or adjusting the current 

evolutionary theory (Pighucci, 2009, Wray et al., 2014), a topic that is still open for 

debate. 

3.4 The study of gene expression levels 

Because gene expression in an organism is tightly controlled and specific genes are 

activated in response to various environmental conditions, it can, thereby, reflect how 

gene expression changes in response to the environments (Lopez-Maury et al., 2008). 

Currently, most studies use RNA-Seq, a technique to study gene expression in which the 

whole or an enriched part of the RNA content of the cell is sequenced (Wang et al., 

2009b). The technique is of great value as it does not rely upon expressed sequence tag 

cloning, hybridization of microarrays or the presence of a reference genome and allows 

screening of gene expression levels based upon the coverage of a transcript (Wang et al., 

2009b). RNA-Seq facilitates the study of mutations in coding regions, splicing variants, 

and differences in gene expression and regulatory changes underpinning adaptation 

(Stapley et al., 2010). The method is, therefore, of high importance to study both the 

effect of environmental features on gene expression and natural selection on sequences. 

7Canalization is genetic buffering that has evolved under natural selection in order to stabilize the 
phenotype and decreases its variability 
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Additionally, the expression of individual genes can easily be monitored by using 

quantitative PCR, a technique that has been used for decades but is still of great value. 

4. Adaptation to extreme environments in the deep sea  

Adaptation of an organism to its environment can result in morphological, behavioural, 

physiological or developmental differences between species. The deep sea is a dark 

biome. Visual adaptation is closely linked to the environment showing that natural 

selection has played a key role in the establishment of different phenotypes (Walls, 1942, 

Archer, 1999). Blue light is able to penetrate the deep sea up to ca. 1000 m and is the 

main driver for positive selection on genes encoding visual pigments in deep-sea fish 

leading to a 20 nm shift towards blue light in absorption values compared to shallow-

water orthologs (Yokoyama and Tada, 2000). In the presence of bioluminescent light, 

visual pigments in fish are also adapted to perceive such light (O'Day and Fernandez, 

1974, Kenaley et al., 2014).  

The deep sea is further characterized by a high hydrostatic pressure and low 

temperatures to which all deep-sea species are adapted. Both temperature and pressure 

affect protein conformation and composition of intracellular osmolyte pools is known to 

aid in retaining protein conformation (Yancey et al., 2002). In addition, amino acid 

changes can actively alter pressure sensitivity of proteins (Somero, 2003, Brindley et al., 

2008, Morita, 2008, Morita, 2010) but information remains limited and no consensus 

could be determined. To balance out the effect of high hydrostatic pressure and low 

temperature, organisms tend to incorporate more “fluid” lipids in their cellular 

membranes (Hochachka and Somero, 1984). Studies on fatty acid compositions revealed 

lower saturation levels and higher proportions of highly unsaturated fatty acids compared 

to shallow-water species (e.g. Yano et al., 1997, Pond et al., 2014).  

Information on genetic adaptive variation and phenotypic plasticity in the deep sea is 

very scant. In deep-sea fishes there is evidence for local adaptation at the DNA level in 

the Heat shock protein 70 (Hemmer-Hansen et al., 2007). Further, evidence from an 

abyssal sea urchin’s genome indicated positive selection for genes involved in immunity, 

development and cell-cell communication in comparison to shallow-water relatives (Oliver 

et al., 2010), whereas divergence of amphipods species in the North Atlantic was 

believed to be a result of adaptive evolution promoted by ecological opportunities in the 

deep sea (Corrigan et al., 2014). Meanwhile, phenotypic plasticity at the level of 

physiological plasticity, such as tissue expansion and polyp proliferation, has been 

experimentally observed in the cosmopolitan deep-sea coral Eguchipsammia fistula (Roik 

et al., 2015). 

Conditions in cold seeps and hydrothermal vents are even more extreme. Metazoa from 

extreme environments rely on chemosynthetic primary production by actively feeding on 

the large numbers of free-living bacteria. In cold seeps, for instance, the gill tissue of 

mytilid mussels contained large amounts of group-specific methanotrophic biomarkers 

(Jahnke et al., 1995), while unusually high amounts of ω4 polyunsaturated fatty acids 

were observed in a cold-seep bivalve (Saito and Osako, 2007). Both observations were 

attributed to the assimilation of fatty acids from their symbiotic bacteria as was also 

observed in vent tube worms and mussels (Phleger et al., 2005). However, information 

on symbiont-lacking species in hydrothermal vents is scarce. The fatty acid composition 

and light carbon isotope signature of the nematode H. disjuncta disclosed that 
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chemosynthetically derived carbon constitutes the main of its diet (Van Gaever et al., 

2009b). However, we have no idea on the difference in fatty acid composition between 

closely related invertebrates from shallow waters and cold seeps, and which fatty acids 

are essential in cold seep adaptation. 

Hydrothermal vents differ from cold seeps due to the presence of extremely warm fluids 

(up to 400 °C) and vent animals may occasionally come into contact with warm waters 

up to 100 °C and more (Chevaldonne et al., 1992, Cary et al., 1998). Such species 

exhibit a high thermotolerance (Lee, 2003). Alvinellids (polychaetes) avoid contact with 

hot fluids by building their tubes on a 2 mm thick layer of FeS (Juniper and Martineu, 

1995) or pump ambient water in their tubes allowing them to cool down (Chevaldonné et 

al., 1991). 

Both cold seeps and hydrothermal vents are highly reduced environments containing 

often high levels of sulphide. Because high sulphide concentrations are extremely toxic to 

most animals even at low concentrations (Somero et al., 1989) by blocking the 

cytochrome oxidase c of the respiratory chain (Bagarinao, 1992) and, therefore, disrupt 

aerobic metabolism (Grieshaber and Volkel, 1998), it has been the focus of most studies 

on adaptations in Metazoa from cold seeps for many years (reviewed in McMullin et al., 

2000, Levin, 2005). One of the most common adaptations to high sulphide 

concentrations is the symbiotic relationship between invertebrates such as tube worms, 

mytilid mussels and vesicomyid clams, and sulphide-oxidizing symbionts (Fialamedioni et 

al., 1993), methanotrophic symbionts (Childress et al., 1986) or both (Fisher et al., 

1993). The hosts often lack a digestive tract and symbiotic bacteria are their food source 

(Dubilier et al., 2008). In turn, the host provides the symbionts with sulphide and oxygen 

by binding to blood components. As oxygen is often limited in extreme environments to a 

few millimetres/centimetres of the sediment surface, adaptations resulting in 

physiological changes have been seen in organisms from extreme environments to 

improve oxygen uptake and transport: diminished diffusion distances from the external 

body surface to the blood, increased gill surface areas for gas exchange and improved 

ventilation flow (Hourdez and Jouin-Toulmond, 1998), the presence of respiratory 

pigments and a well-developed circulatory and capillary system (reviewed in Van Dover, 

2000). The bacteria, on the other hand, chemosynthetically remove sulphide to produce 

energy or sulphide crystals with excess sulphide thereby lowering sulphide concentrations 

for the host (Eichinger et al., 2014). In nematodes, noticeable body elongation and the 

accompanying increase in surface-volume ratio was proposed to be an adaptive feature 

to low oxygen levels in the East Flower Garden Brine seep (Jensen et al., 1992). 

Interestingly, low oxygen concentrations improved tolerance to hydrogen sulphide in the 

nematode Oncholaimus campylocercoides (Thiermann et al., 2000). 

Invertebrates without symbionts feed upon free-living sulphide-oxidizing bacteria and 

may switch from aerobic to anaerobic metabolism to avoid that the electron transport 

chain is poisoning by high sulphide concentrations (Grieshaber and Volkel, 1998). Many 

of them also have the ability to oxidize sulphide to less toxic sulphur compounds with a 

concomitant ATP synthesis (Grieshaber and Volkel, 1998). Other adaptations to sulphides 

include the reversible binding of sulphide to blood components and sulphide-insensitive 

haemoglobin. Thierman et al. (2000) reported the production of drop-like crystals in the 

nematode Oncholaimus campylocercoides, dominant in a shallow-water hydrothermal 

vent off Milos (Greece), allowing this species to survive elevated sulphide conditions (400 

µM). Such crystals were not regarded as a proper detoxification system, and are far from 
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universal in nematodes from sulphide-rich environments. In the nematode H. disjuncta, 

successful in the HMMV (hydrogen sulphide concentration up to 4 mM), such crystals 

were not present and, the species did not have endo- or ectosymbionts based upon 

Fluorescent In-Situ Hybridization (Van Gaever et al., 2009b). This raises questions on the 

molecular mechanisms behind the success of species inhabiting extreme deep-sea 

environments. 

In extreme environments, haemoglobins are the most studied; increased haemoglobin 

affinities for O2 and even sulphides have most likely evolved multiple times as an 

adaptation to low oxygen levels and the need to transfer oxygen and hydrogen sulphide 

to symbionts (Hourdez and Weber, 2005). The symbiotic relationship between 

invertebrates and bacteria resulted in genome reductions in endosymbionts (specifically 

the lack of DNA-repair genes) and selection pressure in these bacteria has been 

postulated as the cause (reviewed in Minic, 2009). High morphological plasticity, but an 

absence of genetic divergence has been observed in tube worms (Southward et al., 

1995, Tunnicliffe et al., 1998), Bathymodiolus species (Jones et al., 2006, Miyazaki et al., 

2008) and the hydrozoan species Turritopsis dohrnii (Miglietta and Lessios, 2009). 

Currently, the transcriptome of the deep-sea hydrothermal vent mussel Bathymodiolus 

azoricus (Bettencourt et al., 2010) is the only metazoan transcriptome from an extreme 

environment (hydrothermal vent). This transcriptome has been employed to study 

immune responses (Egas et al., 2012) but did not include the analysis of natural 

selection as a result of abiotic factors, despite the fact that RNA-Seq showed great 

promise in other deep-sea organisms to identify genes under positive selection in relation 

to the environment (e.g. Oliver et al., 2010). However, information on adaptive genetic 

variations as a result of natural selection and the molecular mechanisms of phenotypic 

plasticity in vent- and cold seep species is still lacking.  

5. The research model 

In cold seeps, nematode biodiversity is low suggesting that either few species are 

adapted to such extreme environments and/or the high food supply favours opportunistic 

fast growing species. Moreover, dominant morphospecies in seep ecosystems have been 

observed in shallow-water environments (Vanreusel et al., 2010a) hinting at their 

shallow-water origin. The marine free-living nematode Halomonhystera disjuncta (Figure 

5A) has been reported from the bacterial mats of the HMMV in unusually high densities 

(11 000 ind./10 cm2), especially in the upper three centimetres of the sediment, 

accounting for >98% and >99% of the total meiofauna and nematode community, 

respectively, and, additionally, occurred in high densities at the Nyegga pockmarks 

(Portnova et al., 2010). Halomonhystera disjuncta Andrássy 2006 (formerly known as 

Monhystera- and Geomonhystera disjuncta) has also been identified from marine 

sediments and organic detritus from different geographical locations of the North Sea and 

adjacent Western Scheldt estuary (Figure 5B) (Heip et al., 1985, Derycke et al., 2007a), 

south of Norway (Vranken et al., 1988a), the Baltic Sea (Grzelak and Kotwicki) and the 

White Sea (Mokievsky et al., 2005).  

The marine Halomonhystera genus belongs to the Monhysteridae and is distinct from 

Geomonhystera Andrássy, 1981 by its very short cephalic setae, minute labial sensory 

organs, a gubernaculum with caudal process, and a short oesophagus and rectum. Most 

noticeable is the posterior position of the vulva (at 75-80% of the body length) (Andrássy 

2006). Halomonhystera disjuncta is a small (0.77 – 1.2 mm) bacterivorous species with a 
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short generation time of ca. nine days and a high reproductive capacity (up to 500 eggs 

per female under optimal conditions) capable of reproducing at bacterial cell densities as 

low as 107 cells/ml (Vranken et al., 1988a), making it an ideal test species. Derycke et 

al., (2007) revealed spatial and temporal patterns within the cryptic species complex 

(GD1-5) from the Western Scheldt estuary and Belgian coast line.  

 

 

Figure 5: Microscopic photograph of (A) the dominant Halomonhystera disjuncta nematode from 
the HMMV, and of (B) GD1, a cryptic species of the shallow-water H. disjuncta species complex. 

 

Interestingly, H. disjuncta from the HMMV did not develop any obvious morphological 

adaptations compared to its shallow-water relatives except for an ovoviviparous 

reproduction strategy (Figure 5A) (Van Gaever et al., 2006). This ovoviviparous 

reproduction strategy has previously been seen as an adaption to changes in 

environment (Boffé, 1985) and can be a response to a stressful or toxic environment 

(Walker and Tsui, 1968, Luc et al., 1979, Chen and Caswell-Chen, 2003), environmental 

disturbance (Tahseen, 2012) or extreme temperature conditions (Gerlach and Schrage, 

1971). As oxygen is a perquisite for embryonic development, a parental caring 

reproduction strategy may guarantee a better oxygen supply to eggs if the adult 

migrates in and out anoxic zones. Moreover, newly released mobile juveniles can 

immediately migrate out anoxic zones. An ovoviviparous reproduction method was also 

observed in shallow-water species but was facultative. It is currently unknown what the 

main environmental features are that could induce an ovoviviparous reproduction 

strategy in intertidal nematodes but several have been postulated. Chitwood and Murphy 

(1964) noted age–dependent modifications in females as well as a tendency to 

ovoviviparity in bigger–sized females. Gerlach and Schrage (1971) found a transfer to 

ovoviviparity by culturing H. disjuncta at very low temperatures of –3 to –5 °C. In 

addition, oxygen might play an important role as was evidenced from the intertidal 
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nematode Metachromadora vivipara, which has an ovoviviparous reproduction mode, 

occurs in deeper anoxic sediment layers (down to 5 cm or deeper), and reached their 

highest densities in an anoxic/sulphidic treatment compared to oxygenated treatments 

(Steyaert et al., 2007).  

Remarkably, no sulphur detoxification methods such as endo- or ectosymbionts and 

sulphur inclusions were observed (Van Gaever et al., 2006), suggesting that molecular 

mechanisms may be mediating their tolerance for anoxic and/or sulphidic conditions. 

Halomonhystera disjuncta has been the subject of several toxicological and ecological 

studies revealing its high tolerance to temperature changes, especially to low 

temperatures, and its ability to successfully reproduce in the presence of high heavy 

metal concentrations (Vranken et al., 1985, Vranken et al., 1988b, Vranken et al., 1989). 

Halomonhystera disjuncta is known as a fast colonizer in shallow waters, fruitfully 

profiting from intertidal organically enriched sediments (Heip et al., 1985) or 

decomposing macroalgae (Derycke et al., 2007b). Both features can explain its presence 

in different environments (cold seep and shallow water), but the molecular and 

biochemical mechanisms allowing species to survive under different conditions remain 

unknown. 

6. Aims and thesis outline 

The overall aim of this thesis was to gain insights in the evolution of Halomonhystera 

disjuncta from the Håkon Mosby mud volcano (HMMV) compared to its shallow-water 

relatives. We tackle this problem by using a multidimensional set of techniques allowing 

us to compare morphological, phylogenetic, ecological (selective settlement), 

transcriptomic (gene expression) and biochemical (fatty acids) patterns between both 

habitats. 

We first focused on adequately describing the morphological, morphometric and genetic 

divergence between the HMMV dominant nematode in comparison with the five 

Halomonhystera disjuncta cryptic species, GD1-5, from the Western Scheldt estuary. A 

previous study suggested that the HMMV H. disjuncta species might be a new species 

based upon phylogenetic relationships (Van Gaever et al., 2009c). In chapter two, we, 

therefore, investigated phylogenetic relationships using four genetic markers and 

investigated morphological and morphometric characters in a large number of specimens 

from three different areas in the HMMV cold seep, one of which (the North) was recently 

colonized (observations by Dirk De Beer and Antje Boetius). Additionally, we analysed 

variability in the mitochondrial cytochrome oxidase c subunit I sequences in species 

sampled from three different locations within the HMMV. These findings will yield 

information about connectivity within the HMMV and on the ability of H. disjuncta species 

to successfully colonize new extreme habitats.  

The close phylogenetic relationship suggested by Van Gaever et al. (2009) between 

deep-sea and shallow-water relatives raises questions on the capability of shallow-water 

H. disjuncta species to survive extreme conditions. While the nematode is known to be 

tolerant to heavy metals (Vranken et al., 1984, Vranken et al., 1985, Vranken et al., 

1989), these studies did not take the existence of cryptic species into account as they 

were not yet discovered. Therefore, we wanted to know whether different cryptic species 

showed the same or different ecological responses to changing abiotic factors. To this 

purpose, we analysed life-history traits of three different cryptic species subjected to 
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different conditions of salinity, temperature and sulphide concentration in a fully factorial 

design (chapter 3). This data allows inferring their tolerance to conditions relevant for 

extreme deep-sea environments.  

The bacterivorous nematodes GD1-5 are most often observed on macroalgae while their 

deep-sea relative thrives in the bacterial mats of the HMMV. We wanted to investigate 

whether both deep-sea and shallow-water species can preferentially select a treatment 

that show characteristics of their preferred habitat. To this purpose (Chapter 4), whole 

meiofauna communities from both the HMMV bacterial mats and macroalgae from the 

Westerschelde estuary were allowed to settle in no-flow water conditions with different 

treatments at the bottom (two separate experiments). These data provide information on 

the ability of meiofaunal taxa and related shallow-water and deep-sea H. disjuncta 

species to detect their native environment d.  

While the previous chapters give information on the biology of H. disjuncta it does not 

give any information on the molecular underpinnings of previously defined differences 

between both species. Therefore, in chapter 5, we investigated the transcriptome from 

both the deep-sea form and the phylogenetically closest related intertidal species (GD1). 

Because a transcriptome is a dynamic regulatory network that is influenced by and 

interacts with the environment, comparison of both transcriptomes will allow 

identification of specific genes and pathways which are of higher importance in the deep-

sea- or intertidal environments. Moreover, these analyses will give valuable information 

on which genes have experienced natural selection and give the first indication whether 

phenotypic plasticity might have played a role in the evolutionary history of 

Halomonhystera species. 

Transcriptomics gives a large amount of valuable information, but is restricted to gene 

expression in the sense that posttranscriptional regulation can prevent the production of 

proteins. Therefore, it is essential to also look at differences in biochemical features such 

as fatty acids. In Chapter 6 we have analysed the fatty acid content of both GD1 and the 

HMMV H. disjuncta from the same replicate samples used in chapter 5. These data will 

yield information about which fatty acids are essentially different and of importance in 

each respective environment. Furthermore, the results of this chapter can be linked to 

the transcriptome dataset allowing us to investigate the assumed effects of gene 

expression differences at a biochemical level. In addition we present an experiment in 

which we tested the effect on the fatty acid content in GD1 of the same abiotic factors 

(low temperature, high salinities and high sulphide concentrations) used in chapter 3, to 

elucidate which abiotic factors predominantly affect fatty acid content. 

In the final chapter 7, general conclusions of this thesis are summarized and discussed, 

and perspectives for future research will be addressed. 
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Abstract 

The deep sea has a high biodiversity, except in reduced environments such as 

hydrothermal vents and cold seeps, and has a characteristic bathyal fauna. Earlier 

evidence suggested that at least some shallow-water species invaded the deep sea 

followed by radiation leading to endemic deep-sea lineages with a genetic and/or 

morphological similarity to their shallow-water counterparts. The nematode 

Halomonhystera disjuncta has been reported from shallow-water habitats and the deep 

sea [Håkon Mosby mud volcano (HMMV)], but the morphological features and the 

phylogenetic relationships between deep-sea and shallow-water representatives remain 

largely unknown. Furthermore, nothing is known about the genetic structure of the H. 

disjuncta population within the HMMV. This study is the first integrative approach in 

which the morphology and phylogenetic relationships between a deep-sea and shallow-

water free-living nematode species is investigated. To elucidate the phylogenetic 

relations, we analysed the mitochondrial gene cytochrome oxidase c subunit I (COI) and 

three nuclear ribosomal genes (internal transcribed spacer region (ITS), 18S and the 

D2D3 region of 28S). Our results show that deep-sea nematodes encompass an endemic 

lineage compared to the shallow-water representatives with different morphometric 

features. COI genetic divergence between the deep-sea and shallow-water specimens 

ranges between 19.1 and 25.2%. Taking these findings into account we concluded that 

the deep-sea form is a distinct species. AMOVA revealed no genetic structure across the 

HMMV, suggesting that nematodes are able to disperse efficiently in the mud volcano. 
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Introduction 

The deep sea represents the largest biome on earth and supports a high species diversity 

(Hessler and Sanders, 1967), except in reduced environments such as cold seeps and 

hydrothermal vents (Van Dover, 2000, Levin, 2005), which however remains to date 

largely uninvestigated (Levin and Sibuet, 2012). Identifying and understanding this 

hidden component of biodiversity is one of the major challenges for deep-sea biologists. 

Fossil evidence (Hessler and Thistle, 1975, Jablonski and Bottjer, 1988, Sepkoski, 1991) 

suggests that shallow-water echinoderms and isopods have dispersed to the deep sea 

followed by adaptive radiation and retreat from shallow-water habitats resulting in 

strictly deep-sea ‘endemic’ lineages. In addition, evidence from isopods shows that deep-

sea populations are a mixture of old and recently dispersed taxa as a result of multiple 

independent colonizations of the deep sea (Wilson, 1998, Brandt et al., 2007b). The 

initial step in speciation between intertidal and deep-sea populations is a geographical 

separation that interrupts gene flow between both populations. This separation can then 

be followed by ecological adaptations to local environmental conditions and/or the rapid 

evolution of genes linked to mate recognition (Taylor and Hellberg, 2005). 

Morphologically and/or genetically closely related representatives from deep-sea and 

shallow-water habitats have been reported for a variety of invertebrates, ranging from 

Hydrozoa (Moura et al., 2012), Foraminifera (Pawlowski et al., 2007a), Polychaeta 

(Nygren et al., 2010), Gastrotricha (Kieneke et al., 2012), Porifera (Reveillaud et al., 

2010) and Nematoda (Bik et al., 2010).  

Nematodes are one of the most abundant and arguably the most diverse metazoan 

phylum in terms of species richness in the animal kingdom (Lambshead, 2004). Many 

nematode species have a worldwide distribution, despite an endobenthic life style, a lack 

of pelagic larvae and supposedly limited dispersal capacity (Palmer, 1988). However, 

transoceanic distribution of Litoditis marina suggests that effective long distance 

dispersal can occur (Derycke et al., 2008b). The widespread distribution of species may 

further be complicated by the presence of cryptic species, i.e. morphologically similar but 

genetically distinct species. The occurrence of cryptic species can transform what was 

previously thought to be a generalist species with widespread distribution into several 

specialist species with more restricted distributions. Cryptic species have been reported 

in marine nematodes belonging to different orders (Derycke et al., 2005, Derycke et al., 

2007a, Derycke et al., 2008a, Derycke et al., 2010a), illustrating that knowledge of their 

presence is important for correctly interpreting biodiversity patterns in different habitats. 

Interestingly, most marine nematode genera and also several species have been 

identified as occurring in shallow-water environments as well as in deep-sea habitats 

(Heip et al., 1985, Muthumbi et al., 2004, Fonseca et al., 2007, Van Gaever et al., 

2009c, Vanreusel et al., 2010b). Repeated and recent interchanges between the deep-

sea and intertidal zone have been observed (Bik et al., 2010), supporting the idea that 

habitat transitions are frequent and common amongst nematodes (Holterman et al., 

2008). In contrast, the evolutionary relationships and connectivity patterns between 

deep-sea and shallow-water populations of a single species remain unstudied.  

The genus Halomonhystera belongs to the Monhysteridae, a common family of 

nematodes often highly represented in both shallow as deep-water environments. 
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Andrássy (1981) initially included Monhystera disjuncta with related species in the genus 

Geomonhystera Andrássy, 1981. Later Andrássy (2006) divided the genus 

Geomonhystera into two morphologically and ecologically distinct groups and placed G. 

disjuncta and related marine and brackish species into the newly created genus 

Halomonhystera Andrássy, 2006. Species from this genus also inhabit sulphidic 

environments in the deep sea such as vents and seeps (Van Gaever et al., 2006, Zekely 

et al., 2006b, Copley et al., 2007, Gollner et al., 2007). In this study we focus on the 

free-living marine bacterivorous species Halomonhystera disjuncta known from shallow 

and deep-sea environments. Halomonystera disjuncta can be distinguished from the 

other six marine species from this genus by differences in body size, position of the 

vulva, shape and length of the tail, mode of reproduction (oviparity or viviparity), and 

shape and number of eggs (Stekhoven et al., 1931, Hopper, 1969). Halomonhystera 

disjuncta is further known for its high tolerance to temperature changes and high heavy 

metal concentrations (Vranken et al., 1985, Vranken et al., 1988b, Vranken et al., 1989). 

In addition, it is a fast colonizer in shallow waters, successfully exploiting organically 

enriched substrata such as sediments from estuarine mudflats (Heip et al., 1985) or 

decomposing algal thalli (Derycke et al., 2007b). Both features could explain the 

occurrence of H. disjuncta in different environments (deep sea and shallow water). In 

addition, it is abundant on decomposing macroalgae which can be transported over large 

distances and could explain in part the occurrence of H. disjuncta over a large 

geographical area. Halomonhystera disjuncta has been reported from different 

geographical areas including Western Canada (Trotter and Webster, 1983), the White 

Sea in Northern Russia (Mokievsky et al., 2005), the North Sea South of Norway 

(Vranken et al., 1988a) and along the coast of Belgium and the South Western part of 

The Netherlands (Derycke et al., 2007a). A recent study showed that H. disjuncta from 

the southern part of the North Sea the Western Scheldt estuary actually consists of five 

cryptic species (Derycke et al., 2007a) with subtle morphometric differences (Fonseca et 

al., 2008). Up to three of these species co-occurred in a single location and genetic 

structuring was low when populations were compared within an estuary (Derycke et al., 

2007b). Interestingly, H. disjuncta has also been reported in unusually high densities (11 

000 ind./10 cm–2) at the Håkon Mosby mud volcano (HMMV) at a depth of 1280 m in the 

Barents Sea (Van Gaever et al., 2006) and occurred in high densities at the Nyegga 

pockmarks (Portnova et al., 2010). However, it remains unclear how this deep-sea H. 

disjuncta population is related to the shallow-water species complex. Such information is, 

however, critical in assessing whether the same species can occur in both shallow and 

deep-sea environments.  

We investigated nematode population structure at the HMMV. The HMMV is an active 

mud-expelling and methane-venting volcano located on the South West Barents Sea 

slope (72° 00.25´N / 14° 43.50´E) discovered in 1999 (Vogt et al., 1999). The cake-

shaped caldera is 1 km in diameter and has an 8-10 m rise from the foot. The central 

zone of the caldera is about 200 m in diameter and characterized by strongly reduced 

conditions; methane concentration in the surface sediment layer and in the water just 

above the sediment reaches here 12.5 ml/l and 6 ml/l respectively (Sauter et al., 2006). 

The HMMV incorporates several habitats that differ in microbial and megafaunal 

community composition (Niemann et al., 2006) such as: (1) the active central zone with 

a high mud flow, (2) the zone covered with Beggiatoa mats and with highly sulphidic 

sediments (Pimenov et al., 2000, Lichtschlag et al., 2010) and (3) the Siboglinidae fields 

(Vogt et al., 1997, Gebruk et al., 2003, Losekann et al., 2008). Halomonhystera 
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disjuncta thrives with unusually high densities in the whitish bacterial Beggiatoa mats of 

the HMMV that cover the sediment around the central zone and which form an important 

food source for H. disjuncta (Van Gaever et al., 2009b). Observations in 2009 and 2010 

revealed that just north of the centre, new Beggiatoa mats colonized the previously bare 

sediment which was then followed by a colonization of nematodes. The source origin of 

the nematodes in the newly colonized area and the connectivity of populations within the 

HMMV are however unknown.  

Here, we investigated how the Halomonhystera disjuncta specimens from the sulphidic 

bacteria mat-covered zone of the HMMV are related to the intertidal cryptic species. For 

this, we amplified one mitochondrial and three nuclear genes to infer species identity and 

phylogenetic relationships. The phylogenetic species concept (Adams, 1998) was used to 

delineate species. Subsequently, a detailed morphological analysis was conducted to 

investigate whether morphological differences accompanied the molecular phylogenetic 

clades. Finally, the population genetic structure of H. disjuncta within the HMMV was 

investigated using cytochrome oxidase c subunit I (COI) to reveal colonization patterns 

and connectivity in these remote and highly reduced deep-sea sediments. 
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Material and methods 

1. Study area 

We investigated specimens identified earlier as Halomonhystera disjuncta (Van Gaever et 

al., 2006, Portnova, 2009) from the active methane seeping Håkon Mosby mud volcano 

(HMMV, Figure 1), situated west of the Barents Sea (72.1°N 14.73°E) at an average 

water depth of 1280 m. We studied three locations within the HMMV characterized by 

thiotrophic bacterial mat cover, the North (N, 72° 0.29’ N 14° 43.61’ E, Station MSM16-

2_841-1), South East (SE, 72° 0.17’ N, 14° 43.88’ E, Station MSM16-2_802-1) and 

South West (SW, 72° 0.14’ N, 14° 43.21’ E, Station MSM16-2_857-1). The distance 

between N-SE, SE-SW and SW-N are 270, 387 and 360 metres respectively.  

 

 

 

 

 

 

 

 

 

 

Figure 1: Sampling points on the bathymetrical map of the Håkon Mosby mud volcano. We have 
sampled the North (N, 72° 0.29’ N 14° 43.61’ E, Station MSM16-2_841-1), South East (SE, 72° 
0.17’ N, 14° 43.88’ E, Station MSM16-2_802-1) and South West (SW, 72° 0.14’ N, 14° 43.21’ E, 
Station MSM16-2_857-1). (Adapted from Foucher et al. 2010) 

2. Sampling strategy  

Sediment samples were collected in the North (N), South East (SE) and South West (SW) 

of the HMMV (Figure 1) during the Maria S. Merian cruise 2010 (MSM 16/2). Utilizing a 

TV-guided multi-corer (TV-muc), we were able to aim for bacterial mats, the preferred 

habitat of H. disjuncta. Samples for both morphological and molecular purposes were 

immediately sliced from 0-10 cm with a one cm interval. Samples for molecular analysis 

were frozen in liquid nitrogen onboard and stored at -80 °C. Other samples were fixed in 
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4% buffered formaldehyde. Three replicates were sampled in each region and processed 

according to the same protocol.  

3. Sequence data 

Halomonhystera disjuncta has very high densities in the top centimetres of the HMMV 

bacterial mat sediments (Van Gaever et al., 2006). Therefore, DNA was extracted, 

following the procedure of Derycke et al. (2005), from 155 specimens from the first 

centimetre of the three different geographical locations in the HMMV (51 specimens from 

the South East, 50 specimens form the North and 54 specimens from the South West). 

After DNA preparation, we amplified 425 base pairs (bp) of the mitochondrial cytochrome 

oxidase c subunit I (COI) gene with the primers JB2 (5’-

ATGTTTTGATTTTACCWGCWTTYGGTGT-3’) and JB5GED (5’-

AGCACCTAAACTTAAAACATARTGRAARTG-3’) from Derycke et al. (2007a) yielding 

sequence fragments for two individuals from each of the three locations (Table 1). Based 

on these sequences, new primers were developed to increase the amount of successful 

amplifications: JB2_HD_HMMV (5’-TGAGGCATTCTATTATATATATGTCGG-3’; 30 bp 

downstream of JB2) and JB5_HD_HMMV (5’-AGCAACAACATA-GTAAGTATCGTG-3’; 30 bp 

upstream of JB5GED). Using these primers, we amplified a 365 bp region of the COI gene 

of an additional 45, 46 and 51 nematodes from the SE, N and SW, respectively, of the 

HMMV. After removal of the primers and checking for insertions and deletions we ended 

up with a fragment of 314 bp. Haplotypes were inferred from good sequence spectra, i.e. 

without any ambiguous nucleotide positions, from 25, 32 and 33 nematodes from the SE, 

N and SW respectively (accession numbers: HF572956, HF572957, HF572959, 

HF572960, and HF572966). Sequences showing ambiguous positions were removed from 

the dataset. Standard PCR amplifications were conducted in 25 μl volumes for 40 cycles, 

each consisting of a 30 s denaturation at 94 °C, 30 s annealing at 54 °C, and 30 s 

extension at 72 °C, with an initial denaturation step of 5 minutes at 94 °C and a final 

extension step of 10 minutes at 72 °C. We loaded 4 μl of each PCR product onto a 1% 

agarose gel to determine the size of the amplified product.  

In addition, ca. 1700 bp of the ribosomal 18S gene were amplified with primers G18S4 

(5’-GCTTGTCTCAAAGATTAAGCC-3’) and 18P (5’-TGATCCWMCRGCAG-GTTCAC-3’) for 5 

nematodes from each of the three sampling locations on the HMMV (Table 1). PCR 

conditions were the same to those for amplification of the COI fragment except for the 

extension step in which the time was increased to 120 s. 

The internal transcribed spacer region (ITS) was amplified (accession number: 

HF572967) using primers Vrain2F (5’-CTTTGTACACACCGCCCGTCGCT-3’) and Vrain2R 

(5’-TTTCACTCGCCGTTACTAAGGGAATC-3’). PCR conditions were the same to those 

described above except for the extension step in which the time was set at 60 s. For ITS, 

we were able to retrieve sequences of ca. 900 bp for 10 individuals from each of the 

three sampling locations (Table 1).  

A third nuclear fragment, the D2D3 region (ca. 300 bp) of the ribosomal 28S gene, was 

amplified using D2/F1 (5’-TTCGACCCGTCTTGAAACACG-3’) and D3b (5’-

TCCTCGGAAGGAACCAGCTACTA-3’), and yielded sequence fragments for 5 individuals 

from each of the three sampling regions (Table 1, accession number: HF572953). PCR 

conditions were the same to those previously described, only the extension time was set 

at 45 s. 
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Table 1: Sequence identity and accession numbers for each specimen used for amplification of 
nuclear markers (18S rDNA gene, D2D3 region of 28S rDNA and internal transcribed spacer region 
(ITS) and mitochondrial marker (cytochrome oxidase c subunit I (COI). The 18S, ITS and D2D3 
nuclear marker sequences were amplified with respective primer combinations: G18S4 - 18P, 

Vrain2F - Vrain2R and D2/F1 - D3b. The COI gene fragment of six individuals (*) was amplified 
with JB2 - JB5GED. All other COI sequence markers were amplified with JB2_HD_HMMV - 
JB5_HD_HMMV. Specimen codes consist of the location within the HMMV, South East (SE), North 
(N) and South West (SW) followed by the number of the specimen. 

 
Marker 

sequence 

Haplotypes Accession 

numbers 

South East 

(SE) 

North (N) South West (SW) 

18S / HF572952 SE1-5 N9, N10, N18, 

N19, N21 

SW5, SW10, SW13, 

SW14, SW18 

ITS / HF572967 SE1-6, SE8-11 N9, N10, N18, 

N19, N21, N24, 

N25, N28, N29, 

N30 

SW5, SW10, SW13, 

SW14, SW18, SW21, 

SW22, SW25, SW26, 

SW29 

D2D3 / HF572953 SE1-5 N9, N10, N18, 

N19, N21 

SW5, SW10, SW13, 

SW14, SW18 

COI Haplotype A HF572956 SE11 / SW5* 

Haplotype B HF572957 SE3, SE14, 

SE26 

/ SW16, SW22 

Haplotype C HF572966 SE2, SE4, SE5, 

SE8, SE9, SE19, 

SE21, SE29, 

SE31*, SE33*, 

SE35, SE39, 

SE40, SE48 

N9*, N10*, N16, 

N18, N19, N25, 

N26, N27, N31, 

N32, N36, N39, 

N43, N44, N45, 

N47, N48, N49, 

N50 

SW8, SW10*, SW18, 

SW21, SW24, SW25, 

SW26, SW29, SW35, 

SW36, SW39, SW41, 

SW43, SW46, SW49, 

SW50, SW53, SW54, 

Haplotype D HF572959 SE7, SE24, 

SE25, SE34, 

SE37 

N2, N6, N11, 

N12, N15, N21, 

N23, N24, N30, 

N42 

SW9, SW11, SW14, 

SW17, SW30, SW33, 

SW37, SW47 

Haplotype E HF572960 SE6,SE43 N28, N29, N38 SW13, SW40, SW45, 

SW55 

 

All gene fragments were Sanger sequenced by Macrogen Inc. 

(http://www.macrogen.com). COI, ITS and D2D3 gene fragments were bidirectionally 

sequenced with the above described primers. The 5’ region of the 18S rDNA gene was 

sequenced with the primers G18S4, 9Fx (5’-AAGTCTGGTGCCAGCAGCCGC-3’), 4R (5’-

GTATCTGATCGCCKTCGAWC-3’) and 23R (TCTCGCTCGTTATCGGAAT-3’) for 5 individuals 

from each of the three locations because the 18S sequences of GD1-5 were limited to the 

first 700-900 bp. In addition, 6 individuals in total (2 from each location) were sequenced 

completely with additional primers 18P, 4F (5’-CAAGGACGAWAGTTWGAGG-3’) and 23F 

(5’-ATTCCGATAACGAGCGAGA-3’) to obtain a 1726 bp long sequence for GenBank 

submission (accession number: HF572952). 

4. Morphometric data  

Formaldehyde fixed samples from the first centimetre were washed over a 32 µm-mesh 

sieve and nematodes were extracted by density gradient centrifugation, using Ludox (a 

colloidal silica polymer; specific gravity 1.18) as a flotation medium (Heip et al., 1985). 

The extracted nematodes were stained with Rose Bengal in a 4% buffered formaldehyde 

solution. Nematodes were sorted using a binocular microscope and were placed into 
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embryo dishes containing Seinhorst solution (70 parts of distilled water, 29 parts 95% 

ethanol and 1 part of glycerin) (Seinhorst, 1959). Specimens were then mounted into 

permanent glycerin slides with a paraffin ring. 

Using a Leica MM AF NX microscope, we measured 12 different parameters for 

Halomonhystera disjuncta specimens from the South East part of the HMMV (HD-HMMV) 

location: length (L), pharynx length (PL), amphid-anterior distance (A-A), head diameter 

(Hdia), anus-anterior length (AL), maximum body width (W), vulva-anus distance (V-A) 

or spicule length (SL), anal body diameter (ABD), tail length (TL, from anus till the end of 

the tail), progaster diameter (PD) and the progaster corresponding body diameter 

(PCBD). In addition, the same parameters were measured in specimens belonging to the 

five cryptic species from the Western Scheldt estuary and coastal environments. These 

specimens were retrieved from a previous study (Derycke et al., 2007a, Fonseca et al., 

2008) and have been preserved and transferred into glycerin slides according to the 

same protocols. 

5. Data processing 

5.1 Sequence Data  

Contigs of individual fragments (18S, ITS, D2D3 and COI) were created using seqman 

(lasergene® DNASTAR). Forward and reverse primers were removed, and sequences 

were blasted against known sequences of H. disjuncta and GenBank. The newly retrieved 

sequences were analysed together with published sequences of the five intertidal cryptic 

species (Derycke et al., 2007a). Finally, a Diplolaimelloides meyli (AM748759.1) 

sequence was added to the COI alignment as an outgroup. All nuclear phylogenetic 

analysis were performed in the absence of an outgroup. Consequently, trees were mid-

point rooted.  

All four datasets (18S, ITS, D2D3 and COI) were aligned in ClustalX v1.74 (Thompson et 

al., 1997) using default alignment parameters (gap opening/gap extension costs of 

15/6.66). The alignment ends were cropped to remove parts where only some sequences 

had data. The aligned sequences were used for further phylogenetic analysis in PAUP*4.0 

beta 10 (Swofford, 1998). Prior to phylogenetic tree construction, Modeltest 3.7 (Posada 

and Crandall, 1998) using the Akaike Information Criterion (Posada and Buckley, 2004) 

was used to determine the evolutionary model for constructing Neighbor Joining (NJ) - 

and Maximum Likelihood (ML) phylogenetic trees. The models selected for 18S, ITS, 

D2D3 and COI were GTR + I (Tavaré, 1986), GTR + G, HKY + I (Hasegawa et al., 1985) 

and TrN + I + G (Tamura and Nei, 1993) respectively. The best model for Bayesian 

analysis (BA) was determined with MrModeltest 2.2 (Nylander, 2004) using the Akaike 

Information Criterion. The selected models for BA were GTR + I, GTR + G, HKY + I and 

HKY + I + G for 18S, ITS, D2D3 and COI respectively. 

Maximum Parsimony (MP), NJ and ML trees were calculated in PAUP using heuristic 

searches and a tree-bisection-reconnection branch swapping algorithm (10 000 

rearrangements), and a random stepwise addition of sequences in 100 replicate trials. 

Indels were pairwise deleted. One tree was held at each step. Bootstrap values for MP, 

NJ and ML were inferred from 1000, 1000 and 100 replicates respectively. In addition, a 

Bayesian analysis (BA) was performed in MrBayes v3.2 (Ronquist et al., 2012). Four 

independent Markov chains were run for 500,000 generations, with a tree saved every 
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100th generation. The first 1,000 trees were discarded as burn-in. Bayesian posterior 

probabilities were multiplied by 100. 

We subsequently performed an incongruence length difference (ILD) test (Mickevich and 

Farris, 1981) in PAUP, to investigate whether the different nuclear gene fragments could 

be combined in one analysis. Because we lacked 18S sequences for several GD 

nematodes for which we had both ITS and D2D3 sequences, we did not add the 18S 

sequence to the concatenated dataset. Consequently, the 18S gene marker was analysed 

separately. The combined dataset (ITS + D2D3) was used to construct MP, NJ, ML and 

BA trees, based on the GRT + G model, calculated as described above. Trees were mid-

point rooted. 

Pairwise uncorrected p-distances between HD-HMMV and GD1-5 were computed using 

MEGA 5.05 (Tamura et al., 2011). Insertions and deletions were pairwise deleted. 

5.2 Morphometric data  

The clades recovered in the phylogenetic analyses were used to group specimens for 

further morphometric analyses. All statistical analyses were performed using the 

STATISTICA 7.0 software package (STATSOFT 2001). The morphological data was 

thoroughly checked for outliers but no measurements had to be removed. To minimize 

effects of body length differences between nematodes, the continuous variables were 

divided by the total body length of the nematode followed by a log transformation. 

Afterwards, each parameter was tested for homogeneity of variances/covariances 

(Levene’s test) and correlations between means and variances (visual assessment). The 

maximum body width (W) was removed from the dataset because of a significant 

Levene’s test (p = 0.000002). We also performed a pairwise correlation between the 

length (L) normalized morphometric parameters. The anus-anterior length (AL) was 

correlated (R > 0.90) with both pharynx – (PL) and tail length (TL) and was, therefore, 

removed prior to further analysis. 

Univariate analysis of variance (ANOVA) was performed, in case of homogeneity of 

variances (Levene’s test) and normal distribution (Shapiro-Wilks normality test), to test 

whether the different species showed significant differences in morphometric 

measurements. In cases where homogeneity of variances was violated, even after log 

transformation of the raw data, a non-parametric test was used (Kruskal-Wallis). Both 

female and male datasets (without anus-anterior length and maximum body width due to 

violation of homogeneity of variances) were subjected to a backward stepwise 

discriminant function analysis (DFA; Klecka, 1980, Garson, 2008) DFA finds linear 

combinations of variables (roots) that maximize differences among a priori defined 

groups (in this case species). The classification success rate was evaluated based on the 

percentage of individuals correctly classified in the original sample. 

5.3 Population genetic structure 

The COI sequences obtained from 90 specimens from three locations in the HMMV (25, 

32, 33 specimens from the SE, N and SW respectively) were used to assess the genetic 

diversity and structure in this highly specialized deep-sea habitat. Nucleotide (π) and 

haplotype diversity (h) and their standard deviation were calculated with Arlequin v.3.0 

(Excoffier et al., 2005). Analysis of molecular variance (AMOVA) applying Tamura–Nei 
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distances (Tamura and Nei, 1993) was used to investigate the percentage of variation 

within and between locations. Significance levels were determined with 1000 

permutations. Population pairwise ΦST values were calculated using Tamura–Nei 

distances. A minimum spanning network was created using TCS1.21 (Clement et al., 

2000) and was adapted to incorporate the haplotype frequencies using Excel and 

PowerPoint. 
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Results 

1. Sequence data: phylogenetic analysis of COI from HMMV and 

shallow-water specimens 

A total of 314 bp of the COI gene were screened from 25, 32 and 33 HD-HMMV 

individuals from the South East, the North and the South West respectively. In total, four 

variable sites were observed that resulted in five different haplotypes (A-E). After 

combining the five observed HD-HMMV COI haplotypes with the published sequences of 

the five intertidal cryptic species GD1 - GD5 (Derycke et al., 2007a), the alignment used 

for phylogenetic analysis consisted of 49 sequences and was 343 bp long. At the 5’ and 

3’ end, HD-HMMV sequences were respectively 29 bp shorter and 32 bp longer compared 

to GD1-5 sequences. The alignment contained 153 variable sites, of which 124 were 

parsimony informative. Not all substitutions were synonymous, and the amino acid 

alignment (114 amino acids long) yielded 32 variable sites. No start/stop codons and 

insertions/deletions (indels) were observed. The alignment was subjected to four 

different methods for phylogenetic tree construction: Maximum Parsimony (MP), 

Neighbor Joining (NJ), Maximum Likelihood (ML) and Bayesian analysis (BA). The MP 

consensus tree was inferred from 35 most-parsimonious trees of length 384. The 

consistency index (CI) was 0.6328 and the retention index (RI) was 0.9250. The optimal 

NJ phylogenetic tree (tree length = 395) had a CI of 0.6152 and a RI of 0.9191. Negative 

ln likelihood values for ML and BA phylogenetic trees were 2094.29 and 2163.19 

respectively.  

All methods used (MP, NJ, ML and BA) showed six distinct clades (Figure 2, Figure S1-3). 

Even though GD1 and GD4 were always observed close together (bootstrap values and 

BA posterior probability: 83 - 100), as well as GD2 and GD5 (bootstrap values and BA 

posterior probability: 73 - 100), the clustering was not highly supported in the NJ and MP 

analysis. Furthermore, the position of GD3 and HD-HMMV remained ambiguous. Based 

on our COI data, HD-HMMV is clearly differentiated from individual intertidal clades 

(GD1-5) with divergences ranging between 19.1 and 25.2%. The presence of GD4 

haplotype G61 resulted in a maximum interspecific uncorrected p-distance of 10.9% 

within the GD4 lineages. Leaving haplotype G61 out of the dataset revealed that 

divergence ranges were much lower within lineages (0.3 - 2.9%) than between lineages 

(13.3 - 25.7%, Table 2).  

 

Table 2: Intra- (diagonally) and interspecific minimum-maximum of uncorrected p-distances (%) 
between cytochrome oxidase c subunit I (COI) sequences of five intertidal Halomonhystera 

disjuncta species (GD1-5) and Halomonhystera disjuncta nematodes from the Håkon Mosby mud 
volcano (HD-HMMV). 

 
Species GD1 GD2 GD3 GD4 GD5 HD-HMMV 

GD1 0.3-2.9      
GD2 17.7-20.6 0.3-2.3     
GD3 23.5-25.4 20.6-23.2 0.3-1.9    
GD4 17.4-19.3 21.2-25.7 21.9-25.4 0.3-10.9   
GD5 22.0-23.5 13.3-16.1 22.3-25.7 21.2-25.1 0.3-2.3  
HD-HMMV 19.9-22.0 19.1-20.6 22.7-25.2 22.7-24.1 20.4-22.0 0.3-1.0 
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Figure 2: Maximum Likelihood tree of a heuristic analysis of the mitochondrial cytochrome oxidase 
c subunit I (COI) gene of shallow-water (Halomonhystera disjuncta 1-5 (GD1-5)) and deep-sea 
(HD-HMMV) nematodes. Bootstrap values correspond to Maximum Likelihood, Maximum Parsimony 
and Neighbor Joining, and to Bayesian analysis posterior probabilities (multiplied by 100). A slash 
indicates the absence of a branch in the respective analysis. The outgroup AM748759.1 is 

Diplolaimelloides meyli. 

 

2. Sequence data: phylogenetic analysis of 18S, D2D3 and ITS from 
HMMV and shallow-water specimens 

The alignments used for phylogenetic tree construction of the three nuclear sequences 

(18S, D2D3 and ITS) had a length of 760 bp, 299 bp, 909 bp respectively. The 18S 

alignment contained 175 variable sites, of which 168 were parsimony informative. Seven 

indel positions were observed ranging from 1-2 bp in length. The D2D3 alignment 

contained 29 variable sites, of which 28 were parsimony informative. No insertions and 

deletions were observed. The average length of the last nuclear fragment (ITS) used in 

the alignment was 800 bp over all sequences. Because of 41 different insertions and 

deletions, ranging from 1-28 bp in length, the total length of the alignment increased to 

909 bp. The ITS alignment contained 286 variable positions, of which 270 were 

parsimony informative. When analyzing the ITS nuclear marker prior to concatenation 

(Figure S4), GD1 and GD4 (bootstrap values and BA posterior probability = 100), and 
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GD2 and GD5 (bootstrap values and BA posterior probability = 100) pooled together as 

was also observed in the COI-tree. HD-HMMV now showed a closer relation to the GD1 

and GD4 clade (bootstrap values: 97, 99 and 67 for ML, MP and NJ respectively, BA 

posterior probability: 100) while the position of GD3 remained ambiguous. The D2D3 

sequences of GD1 and GD4, and GD2 and GD5 were identical. Furthermore, HD-HMMV 

was positioned close to GD1/4 (bootstrap values: 87, 64 and 92 for ML, MP and BA 

respectively, BA posterior probability: 98, Figure S5). The position of the GD3 clade 

remained unresolved. Even though the position of HD-HMMV and especially of GD3 

between the different methods of phylogenetic tree construction remained unresolved, 

the ILD tests (P = 1) allowed us to combine ITS and D2D3 into a single dataset. The 

concatenated alignment was 1208 bp long with 314 variable sites of which 297 were 

parsimony informative. The combined nuclear tree yielded the same topology for all four 

methods (MP, NJ, ML and BA, Figure 3A). The MP tree (inferred from 5 optimal trees) had 

a tree length of 387. The CI and RI were 0.9121 and 0.9664 respectively. The NJ tree 

had a length of 389 and a CI and RI of 0.9075 and 0.9644 respectively. Negative ln 

likelihood values for ML and BA phylogenetic trees were 3498.24 and 3517.67 

respectively. The clustering of GD1 and GD4, and GD2 and GD5 was confirmed with 

bootstrap values and BA posterior probabilities of 100 for both clades in all four analyses. 

The close relation of HD-HMMV with GD1 and GD4 was strengthened and highly 

supported in most methods (96, 99, 74 and 100 for ML, MP, NJ and BA respectively). The 

position of GD3 remained unresolved. Divergences between species ranged between 0.5 

- 18.1% (Table 3).  

The 18S phylogenetic trees all showed the same topology. The MP tree (inferred from 17 

optimal trees) and NJ tree had a length of 192. The CI = 0.9792 and the RI = 0.9916 

were the same for both trees. Negative ln likelihood values for ML and BA phylogenetic 

trees were 1891.27 and 1918.96 respectively. All methods revealed that the relationships 

between GD1/4 on the one hand, and between GD2/GD5 clades on the other hand were 

highly supported (Figure 3B). Furthermore, HD-HMMV was positioned close to the GD1/4 

(65, 100, 83 and 78 for ML, MP, NJ and BA respectively) but with less support compared 

to the concatenated tree. The relationships of GD3 with the other clades was again 

unresolved (Figure 3B). Divergences between species ranged between 0.0 - 23.2%. 

 

Table 3: Interspecific minimum-maximum of uncorrected p-distances (%) between intertidal 
Halomonhystera disjuncta species (GD1-5) and Halomonhystera disjuncta nematodes from the 

Håkon Mosby mud volcano (HD-HMMV) of the concatenated nuclear genes (ITS-D2D3) under the 
diagonal and 18S above the diagonal. The diagonal contains the intraspecific minimum-maximum 
of uncorrected p-distances (%) of both 18S (*) and ITS-D2D3 (**). 

 
Species GD1 GD2 GD3 GD4 GD5 HD-HMMV 

GD1 0.0-0.4* 
0.1-0.1** 

15.7-16.5 8.7-9.1 0.0-0.4 18.7-19.0 2.4-2.9 

GD2 12.9-14.5 0.0-0.2* 
0.3-0.3** 

18.5-19.6 15.7-16.3 0.2-0.2 16.3-16.8 

GD3 12.7-15.0 16.9-17.7 0.0-0.0* 
1.6-1.6** 

8.7-8.9 22.7-23.2 8.9-9.1 

GD4 0.5-0.8 14.4-14.6 13.9-14.8 0.0-0.0* 

0.0-0.3** 

18.6-18.9 2.4-2.5 

GD5 12.7-14.8 2.2-2.4 17.4-18.1 14.7-14.9 0.0-0.0* 
0.2-0.2** 

19.3-19.3 

HD-HMMV 9.5-9.5 14.2-14.3 14.8-15.5 9.3-9.4 14.0-14.0 0.0-0.0* 
0.0-0.0** 
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Figure 3: Maximum Likelihood tree of a heuristic analysis of the concatenated nuclear genes 
internal Transcribed Spacer region and D2D3 region of 28S rDNA (A), and of the 18S rDNA (B) of 
shallow-water (Halomonhystera disjuncta 1-5 (GD1-5)) and deep-sea (HD-HMMV) nematodes.  

 

Bootstrap values correspond to Maximum Likelihood, Maximum Parsimony and Neighbor Joining, 

and to Bayesian analysis posterior probabilities (multiplied by 100). Trees are mid-point rooted. 

In view of the distinct clade formed by the HMMV specimens in both mitochondrial and 

nuclear datasets, this clade is treated as a separate species throughout the rest of this 

work. 

3. Morphometric data 

The most pronounced morphological difference between the HD-HMMV and the shallow-

water specimens, observed with a light microscope was the presence of a progaster. The 

progaster is a narrowing after the first four secretory cells of the intestine (Figure 4).  

Scoring absence and presence of this progaster revealed that it is not a unique 

characteristic. This progaster was exhibited by both HD-HMMV (98%) and shallow-water 

nematodes (5%). In addition to scoring on absence and presence, we have also 

measured the progaster diameter and divided it by the corresponding body diameter 

(Figure 4). Statistical analysis of the ratio of all six groups revealed a significant 

difference (ANOVA, p < 0.05) between deep-sea and shallow-water nematodes (Figure 

5). These measurements were used in the morphometric analysis that follows. 

The morphometric analysis was carried out on the male and female dataset 

(measurements are summarized in Table S1, all measurements can be found in Table S2 

and S3, supporting information) separately using the six groups observed in the 

molecular analysis. There was a significant difference in length between the six different 

nematode species for both females (Kruskal-Wallis chi-squared = 23.985, df = 5, p-value 

= 0.0002) and males (Kruskal-Wallis chi-squared= 30.3274, df = 5, p-value = 1.27E-

05). The HD-HMMV nematodes were significantly smaller compared to all five intertidal 

A B 
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species (ANOVA, p < 0.05) while pairwise comparisons within the GD1-5 group yielded 

no significant differences.  

 

 

Figure 4: Microscopic photograph of the progaster in shallow-water (A) and deep-sea nematodes 

(B). During following analysis we measured the progaster diameter (PD) and the progaster 
corresponding body diameter (PCBD) as is shown on the figure above.  

 

 

 

Figure 5: Plot of the average progaster diameter/corresponding intestine diameter (PD/PCBD) with 
standard deviations for shallow-water (GD1-5) and deep-sea nematodes (HD-HMMV). 
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The backward stepwise DFA on the female dataset revealed that all but two (amphid-

anterior distance and tail length) of the morphometric characters contributed significantly 

to the multivariate discrimination between HD-HMMV and GD1-5 (Table 4). Wilks’ 

Lambda was 0.01392 and highly significant (approx. F40.543 = 22.267; p < 0.0001). The 

cross-validation test using the discriminant functions derived from the morphometric 

features showed that 100% of HD-HMMV-F of the a priori grouped cases is classified 

correctly. For GD1-5-F these percentages range between 100% (GD3-F) and 41% (GD1-

F). Root 2 separates GD1-5-F to a certain extent and reveals a high variance within the 

HD-HMMV-F population. The differences along root 2 were mostly caused by differences 

in length between vulva and anus.  

 

Table 4: Summary of the discriminant function analysis on the morphometric features of female 
HD-HMMV and female GD1-5. No. of variables in model: 8; 6 groups, Wilks’ Lambda: 0.01392, 
approx. F40.543 = 22.267; p < 0.0001.  

 
Morphometric 
feature 

Wilks' 
Lambda 

Partial 
Lambda 

F-remove 
(11.198) 

p-level Toler. 1-Toler. 

PL 0.01963 0.70923 10.00345 <E-6 0.69856 0.30144 
A-A 0.01501 0.92704 1.92030 0.09572 0.72738 0.27262 
Hdia 0.02379 0.58501 17.30882 <E-6 0.72599 0.27401 

V-A 0.02278 0.61100 15.53430 <E-6 0.82679 0.17321 
ABD 0.01599 0.87045 3.63160 0.00426 0.68217 0.31783 
TL 0.01593 0.87367 3.52810 0.00516 0.79860 0.20140 
PD 0.02700 0.51559 22.92452 <E-6 0.49399 0.50601 
PCBD 0.01884 0.73890 8.62187 <E-6 0.40191 0.59809 
Abbreviations: PL, pharynx length; A-A, amphid anterior distance; Hdia, head diameter; V-A, distance between vulva and anus 

(females); ABD, anal body diameter; TL, tail length (starts from the anus up to posterior end of the tail); PD, progaster 

diameter; PCBD, progaster corresponding diameter. 

 

A clear separation of the HD-HMMV-F population and GD1-5-F could be observed along 

root 1 and accounted for 86.53% of the explained variance (Figure 6A). The segregation 

along root 1 was mainly caused by differences in the pharynx length, head diameter, 

progaster diameter and progaster corresponding body diameter as evidenced by the high 

correlation of these morphometric characteristics and the canonical Root (Table 5).  

 

Table 5: Structure matrix of discriminant loadings for each morphometric variable for Root 1 and 

2. Left = females, Right = males. SL = spicule length (other abbreviations as explained in Table 4). 

 
Morphometric 
feature 

Females  Males 
Root 1 Root 2  Root 1 Root 2 

PL -11.1064 -9.3934  -12.2058 -5.2670 
A-A -3.4138 -1.2342  -8.9834 -3.1978 
Hdia -13.0000 -6.0534  -17.3690 -3.2824 
V-A or SL -3.5563 -15.8004  -1.5043 -1.3382 
ABD -2.8719 -8.0373  -5.4302 -16.7224 
TL -2.3187 -7.5270  -4.3070 -17.0851 
PD -16.9927 -0.7826  -5.2990 -4.6488 
PCBD -11.5991 -10.1090  -5.9494 -9.0158 
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Figure 6: Canonical scatterplot of the discriminant function analysis scores along the first and 

second root for the morphometric features of Halomonhystera disjuncta which have been mounted 
in glycerin slides. The deep-sea nematode (HD-HMMV) lineages are represented as a plus sign for 
both females (left) and males (right). 

 

The DFA analysis on the male dataset also showed a highly significant model (Table 6). 

Wilks’ Lambda was 0.02673 and was highly significant (approx. F40.299 = 9.6895; p < 

0.0001). Compared to our female DFA only three morphometric parameters are 

significant in our model namely pharynx length (PL), amphid-anterior distance (A-A), and 

the head diameter (Hdia). These three morphometric features capture 96.93% of the 

variation within the proposed model. It is clear that the HD-HMMV-M population is 

separated from GD1-5-M along root 1 (Figure 6B). As expected, PL, A-A and Hdia showed 

the highest correlation with root 1 (Table 5). Very similar to the female DFA, males of the 

GD1-5 species are separated along root 2 but this distinction is not as obvious. The 

predicted classification compared to the observed of HD-HMMV-M is 100% whilst for 

GD1-5-M it ranges between 25% (GD5) and 80.95% (GD3). Even though the observed 

classification GD1-5-M is not perfect, none of the intertidal nematodes were classified 

within the HD-HMMV-M group. 

 

Table 6: Summary of the discriminant function analysis on the morphometric features of male HD-
HMMV and male GD1-5. No. of variables in model: 8; 6 groups, Wilks’ Lambda: 0.02673, approx. 
F40.299 = 9.6895; p < 0.0001. (abbreviations as explained in Table 4 -5)  

 
Morphometric 
feature 

Wilks'  
Lambda 

Partial 
 Lambda 

F-remove 
(11.198) 

p-level Toler. 1-Toler. 

PL 0.03545 0.75404 4.43621 0.00148 0.61263 0.38738 
A-A 0.03340 0.80046 3.39019 0.00857 0.55919 0.44081 
Hdia 0.05522 0.48415 14.49042 0.00000 0.59165 0.40836 
SL 0.02816 0.94952 0.72300 0.60848 0.88352 0.11648 
ABD 0.03079 0.86819 2.06474 0.08053 0.46835 0.53165 
TL 0.03073 0.86990 2.03399 0.08475 0.58861 0.41139 
PD 0.02871 0.93107 1.00683 0.42052 0.59086 0.40914 
PCBD 0.02958 0.90373 1.44873 0.21823 0.29029 0.70971 
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4. Population genetic structure of HMMV specimens 

AMOVA did not reveal significant differences between the three locations (ΦST = -

0.02659, p = 0.93). Pairwise ΦST values ranged between -0.02222 and -0.03252 but 

were all not significantly different from zero (p-values > 0.65). The haplotype network 

(Figure 7) shows that haplotypes C (56.67%) and D (25.56%) were the most common 

and accounted for 82.23% of the observed haplotypes. All haplotypes were present in 

the South West and South East but haplotypes A and B were not encountered in the 

North (Figure 7).  

 

Figure 7: Minimum spanning network of the five cytochrome oxidase c subunit I (COI) haplotypes 
(A-E) of H. disjuncta from the South East (white), the North (gray) and the South West (black) of 
the HMMV. The surface area of each haplotype corresponds with the frequency of the haplotypes in 

the total Håkon Mosby mud volcano sample. Branch length has no meaning.  
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Discussion 

1. Is HD-HMMV conspecific to shallow-water nematodes?  

The extensive application of molecular tools in systematic studies has revealed that the 

number of described morphospecies tends to be an underestimation of the real biological 

diversity in marine taxa (Knowlton, 1993, Meyer and Paulay, 2005, Malay and Paulay, 

2010). Using sequence information for several genes allowed us to identify six different 

species within the H. disjuncta morphotype, five of which were previously recognized by 

Derycke et al.(2007a). The mitochondrial and nuclear data reported in this paper clearly 

show that HD-HMMV, earlier identified as H. disjuncta (Van Gaever et al., 2006, 

Portnova, 2009), forms a distinct clade which is in accordance with previous studies (Van 

Gaever et al., 2009c) and thus has a distinct evolutionary trajectory and is a different 

species according to the phylogenetic species concept (Adams, 1998). The genetic 

divergences observed in the COI gene within clades (< 2.9%, except for GD4) is in 

agreement with the proposed threshold level of interspecific divergence (5%) for marine 

nematodes (Derycke et al., 2010b). Divergences between HD-HMMV and GD1-5 range 

from 19.1 to 25.2%. These divergences are comparable to those observed between 

different species (Derycke et al., 2010b).  

The morphological data also showed clear differences between HD-HMMV and the five 

shallow-water species. The DFA analysis using the six molecular clades as groups 

revealed a clear separation of HD-HMMV from the GD1-5 complex for both males and 

females. The pharynx length, head diameter (through buccal cavity) and the presence of 

a progaster explained most of the difference between deep-sea and shallow-water 

species. Previous studies have suggested that the length of the pharynx could be an 

adaptation to the diet of nematodes (Roggen, 1970, Roggen, 1973). In addition, the 

buccal cavity (and also the head diameter) of HD-HMMV is 25 - 40% larger than that of 

GD1-5 and is also known to be a good indicator for the diet (Jensen, 1987, Jensen, 

1992). Halomonhystera disjuncta from the shallow water is a bacterivorous opportunistic 

species surviving in the presence of a high food diversity (Vranken et al., 1988a, Moens 

and Vincx, 2000b). In contrast, the bacterial mats at HMMV are dominated by Beggiatoa 

(Losekann et al., 2007). The larger buccal cavity of the deep-sea HMMV could be an 

adaptation to the suggested Beggiatoa diet (Van Gaever et al., 2009c), which occur in 

filaments making it harder to eat and digest. The most anterior midgut cells forming the 

progaster of monhysterids function as secretory cells producing digestive enzymes 

(Deutsch, 1977) which may also aid in the breaking down of these Beggiatoa filaments. 

Even though linking buccal cavity size with diet is tempting, we lack direct observations 

of feeding behaviour and gut contents which are necessary to draw firm conclusions of 

dietary effects on the morphology of HD-HMMV. The progaster has been previously 

observed in nematodes (Steiner, 1958a, Chitwood and Murphy, 1964), even in deep-sea 

nematodes (Jensen, 1991). Our results show that the deep-sea habitat favours 

nematodes with a progaster. This may be caused either by selection or by phenotypic 

plasticity. Regardless of the evolutionary process leading to the presence of the 

progaster, it was not exclusively associated with the deep-sea form and is, therefore, not 

a diagnostic morphological character to discriminate the deep-sea from the shallow-water 

form. Furthermore, other morphometric features are significantly different between the 

deep-sea and intertidal species, indicating that feeding strategy alone cannot be 
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responsible for the observed differences. Whatever the driving force behind the 

morphological differences may be, our data showed that the previously assumed 

widespread distribution of a single species in quite distinct habitats (deep sea vs. 

intertidal) actually turns out to be a disjunct distribution of cryptic species. A proper 

taxonomic description of HD-HMMV along with a scientific name, Halomonhystera 

hermesi1, is provided by (Tchesunov et al., 2014).  

Our results further confirm that an integrative approach aids in species discovery and 

identification of nematodes (De Ley and Blaxter, 2002, Holterman et al., 2006, Meldal et 

al., 2007, Derycke et al., 2010a) and highlights that morphometric features like the 

progaster, vulva-anus distance, the anal body diameter and the amphid anterior distance 

are suitable for discriminating HD-HMMV from their shallow-water relatives. 

2. Phylogenetic relationship between HD- HMMV and the shallow-
water species 

Our nuclear sequence data further reveal that HD-HMMV is more closely related to GD1 

and GD4 than to the three remaining cryptic species GD2/GD3/GD5 (Table 3). The 

evolution of the rDNA genes is slower than that of COI and is influenced by factors such 

as functional and structural constraints, unequal crossing over and gene conversion, 

which all reduce intraspecific variation (Hillis and Dixon, 1991). Furthermore, 

mitochondrial genes have higher mutation rates and a fourfold smaller effective size, so 

that they consequently evolve more rapidly than nuclear genes (Avise, 1995). Saturation 

of the COI gene may, therefore, blur the deeper phylogenetic relationships. In addition, 

the length of the 18S (760 bp) and ITS-D2D3 concatenated alignment (1208 bp) was 

much larger than the COI alignment used for analysis (343 bp). The differences in 

evolutionary rate and length of the fragment explain the fact that the relationships 

between HD-HMMV and its shallow-water relatives are better resolved in the nuclear 

trees compared to the mitochondrial tree. The topology of the nuclear trees showed that 

HD-HMMV is an integral part of the shallow-water species complex and suggests an 

invasion of the deep sea by shallow-water species. If the opposite was true, an invasion 

of shallow-water habitats from the deep sea, we would expect all five shallow-water 

species to cluster together with HD-HMMV being the ancestral nematode from which the 

shallow-water relatives have evolved, which is not the case. Continued invasion of the 

deep-sea and shallow-water habitats was also inferred from the tree topology of Enoplid 

marine nematodes (Bik et al., 2010). Similar observations were made for the Nemertesia 

hydroids where the tree topology also showed an interwoven pattern of shallow-water 

and deep-sea species (Moura et al., 2012).  

A successful invasion of deep-sea habitats from shallow waters can be related to the 

biology of the nematode. Halomonhystera disjuncta species from intertidal habitats has a 

higher temperature resistance when compared with brackish water species from the 

same region (Vranken, 1987). In addition, H. disjuncta is an early colonizer (Derycke et 

al., 2007b) and has a large tolerance for heavy metals (Vranken et al., 1988b). Recent 

experimental data also reveal a tolerance for wide ranges in sulphur concentrations and 

salinities (Van Campenhout et al., 2014). Halomonhystera disjuncta is a small nematode 

(~1 mm) with a short generation time of ca. 9 days and a high reproductive output, ca. 

200-500 eggs female-1 (Vranken et al., 1988a). As all non-secernentean nematodes, H. 

disjuncta does not produce dauerlarvae but exhibits a facultative ovoviviparous 

reproduction strategy (Boffé, 1985, Van Gaever et al., 2006, Steyaert et al., 2007), 

1
Solely in this chapter we used ‘HD-HMMV’ to identify the dominant Halomonhystera species at the 

HMMV. During the rest of the thesis we consistently used the most recent nomenclature 
(Halomonhystera hermesi).  
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which is an important adaptation allowing nematodes to secure survival and early 

development of their offspring. This ovoviviparous reproduction strategy has previously 

been seen as an adaption to changes in environment (Boffé, 1985). These features 

together with the high food supply at the HMMV could thus have facilitated the successful 

colonization of the deep sea. 

The transfer from shallow water to the deep sea requires dispersal over substantial 

geographical scales, which is thought to be highly limited for nematodes because they do 

not have pelagic larvae and eggs are generally deposited in situ. Phylogeographic and 

population genetic studies in marine nematodes have revealed that dispersal is 

substantial at geographical scales of 10 – 100 km, but highly restricted at larger 

geographical scales (Derycke et al., 2013). Generally, the lack of a free swimming life 

stage or pelagic larval phase limits long-distance dispersal, but given enough offspring 

and time, some animals will be able to colonize new habitats at long distances from the 

parental population (Leese et al., 2010). Such infrequent long distance dispersal has 

been observed for the rhabditid nematode Litoditis marina (Derycke et al., 2008b), which 

has a short generation time, high reproductive output and strong colonization ability 

comparable to H. disjuncta from the shallow water. 

The dispersal of marine animals without a pelagic larval phase has different modes: (1) 

autonomous drifting, (2) creeping, (3) hopping or intergenerational stepping-stone 

dispersal (4) hitchhiking and (5) rafting (reviewed in Winston, 2012). The occurrence of 

HD-HMMV was hypothetically explained by means of rafting on macroalgae after the 

observation of decaying Fucus at the HMMV (Van Gaever et al., 2009c). Moreover, 

observations were made of nematodes rafting on algae (Thiel and Gutow, 2005, Derycke 

et al., 2008b), indicating long distance dispersal capacities of nematodes despite the lack 

of pelagic larvae. The occurrence of Halomonhystera disjuncta on macroalgae makes 

rafting a likely hypothesis. However, different modes of dispersal remain possible. 

Because H. disjuncta has no dauerlarvae and eggs are generally deposited in situ, 

autonomous drifting over large distances without any food source seems the most 

unlikely. Autonomous drifting can be more successful if favourable sedimentary 

microhabitats are present along its way (hopping). Halomonhystera disjuncta is also 

present at the Nyegga pockmark (64°N 5°E) offshore mid-Norway (Portnova et al., 

2010). This pockmark could be a stepping stone for dispersal from shallow water to the 

HMMV. Unfortunately we do not have any genetic information for nematodes from this 

location. In addition, H. disjuncta also occurs in marine sediments (Heip et al., 1985, 

Vranken, 1987). Consequently, creeping in the sediment from shallow to the deep-sea 

waters is not implausible. As long as a food source is available nematodes may also be 

hitchhikers carried in the ballast water of ships to a new region along a coast or over an 

ocean. Because H. disjuncta has a broad geographical distribution in shallow-water areas 

(along the coast of Belgium and the South Western part of The Netherlands, Western 

Canada, the White Sea in Northern Russia and the North Sea South of Norway), and we 

so far only have data from the North Sea area, we cannot infer the area from which the 

original dispersal has occurred. Nevertheless, the absence of shared haplotypes and the 

deep phylogenetic divergences between our shallow-water and deep-sea nematodes 

results in a deep-sea species that is geographically isolated from the studied shallow-

water nematodes. The long distances between suitable habitats can form insurmountable 

barriers (i.e. ‘isolation by distance’, Wright, 1943) even in homogeneous habitats like the 

abyssal plains (Zardus et al., 2006). Dispersal can also be limited by bathymetrical 

distances: morphotypes of the echinoderm Zoroaster fulgens are reproductively isolated 
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over bathymetrical distances of approximately one kilometre (Howell et al., 2004). The 

bathymetrical difference (ca. 1280 m) and a distance of ca. 2500 km between the 

intertidal and deep-sea area are, therefore, likely to have facilitated the separation of the 

Halomonhystera populations between both areas.  

3. Population genetic structure within the Håkon Mosby mud 

volcano 

The HMMV is a small geographical area of ca. 1 km². We have sampled three locations 

within the HMMV, separated by only several hundreds of metres. The high number of 

shared haplotypes among the three locations and the low number of mutations between 

haplotypes indicate that there is substantial gene flow between all three areas. The 

nematodes at the mud volcano can thus be seen as a homogeneous population. Earlier 

studies have shown that nematodes are able to disperse up to metres (Gingold et al., 

2011, Thomas and Lana, 2011) and even kilometres (Derycke et al., 2007b). Active 

dispersal has also been observed in the deep sea (Gallucci et al., 2008, Guilini et al., 

2011). Furthermore, in the mud volcano, mud flows and local methane bubbling can 

force nematodes into the water column and promote dispersal. The North area was 

colonized by bacterial mats between 2009 and 2010, which has most likely been followed 

by a recolonisation of nematodes from other parts of the mud volcano. This is supported 

by the lower number of haplotypes and by the absence of unique haplotypes in the North 

area, a pattern typical of founder effects (Boileau et al., 1992, De Meester et al., 2002). 

Conclusion 

In this paper, an integrative approach clearly revealed that the deep-sea form of the 

originally identified Halomonhystera disjuncta is genetically and morphologically distinct 

from its shallow-water counterparts and should be described as a new species. We 

supplied morphometric features to discriminate HD-HMMV from the intertidal species. 

Our nuclear sequence data revealed that HD-HMMV is embedded within the GD1-5 

species complex providing proof for a deep-sea invasion by shallow-water nematodes. 

The large geographic distance and bathymetrical depth between both locations may 

explain the genetic distance between lineages. However other dispersal constraints like 

currents need to be considered. Within the HMMV we did not observe a genetic structure 

indicating substantial gene flow at this small geographical scale.  
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Abstract 

The discovery of morphologically very similar but genetically distinct species complicates 

a proper understanding of the link between biodiversity and ecosystem functioning. 

Cryptic species have been frequently observed to co-occur and thus believed to be 

ecologically equivalent according to the unified neutral theory of biodiversity (see also 

BOX 1). The marine nematode Halomonhystera disjuncta contains five cryptic species 

(GD1-5) that co-occur in the Westerschelde estuary. In this study, we investigated the 

effect of three abiotic factors (salinity, temperature and sulphide) on life-history traits of 

three cryptic H. disjuncta species (GD1-3). Our results show that temperature had the 

most profound influence on all life-cycle parameters while the effect of salinity was much 

smaller. Life-history traits of closely related cryptic species were differentially affected by 

temperature, salinity and presence of sulphides which shows that cryptic H. disjuncta 

species are not ecologically equivalent. Our results further revealed that GD1, which is 

phylogenetically most closest to H. hermesi, had the highest tolerance to a combination 

of sulphides, high salinities and low temperatures (bathyal cold seep conditions). 

Differential life-history responses to environmental changes among cryptic species may 

have crucial consequences for our perception on ecosystem functioning and coexistence 

of cryptic species.  

 

 

BOX 1 

Ecological equivalence is here defined from the key assumption of the unified neutral 

theory of biodiversity (UNTB), i.e. that all individuals in a community are strictly 

equivalent regarding their growth rates, death rates, dispersal rates and speciation 

rates. According to the UNTB, equalizing mechanisms, which tend to reduce average 

fitness differences between species and slow-down competitive exclusion (Chesson, 

2000), need not just reduce interspecific variation in fitness, but almost perfectly 

remove it (Purves and Turnbull, 2010), while niche-based stabilizing processes are 

completely absent. The UNTB can, therefore, be considered as a special case of an 

equalization mechanism.  
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Introduction 

DNA sequencing of multiple independently evolving gene regions revealed that distinct 

taxonomic units, previously classified as single species due to a similar morphology, can 

be distinguished based on nuclear and mitochondrial sequence markers (Bickford et al., 

2007, Pfenninger and Schwenk, 2007). Such cryptic diversity is almost evenly distributed 

among major metazoan taxa and biogeographical regions (Pfenninger and Schwenk, 

2007). However, it has been suggested that cryptic diversity is more common in marine 

environments because many marine species rely on chemical cues for mate recognition 

(Stanhope et al., 1992, Palumbi, 1994, Lonsdale et al., 1998).  

The co-occurrence of species with highly similar morphologies has been frequently 

observed (Knowlton, 2000, Gomez et al., 2002, Derycke et al., 2008b). Following the 

rationale of the UNTB (BOX 1) coexisting species are suggested to be similarly adapted to 

ecologically similar environments. Similarities in body size and life histories of cryptic 

species may form important equalizing mechanisms which can minimize average fitness 

differences between species and, consequently, slow down competitive exclusion 

(Chesson, 2000). However, these equalizing mechanisms are unlikely to lead to stable 

coexistence (Chesson, 2000, Hubbell, 2006). Stable coexistence of species can only exist 

if not only equalizing mechanisms but also stabilizing mechanisms, such as fitness 

differences (Chesson, 2000, Adler et al., 2007), niche differentiation and/or density-

dependent life history adjustments (Zhang and Hanski, 1998, Montero-Pau and Serra, 

2011), are present (Leibold and McPeek, 2006). Even then, the effectiveness of both 

equalizing and stabilizing mechanisms highly depends on the species composition and the 

strength of each individual mechanism (Chesson, 2000). To date, ecological 

characterization of cryptic invertebrate species has focused on nutritional (Gabaldon et 

al., 2013) and habitat preferences (Ortells et al., 2003, Wellborn and Cothran, 2007). 

However, susceptibility to predation (Wellborn and Cothran, 2007, Cothran et al., 2013), 

response to abiotic factors (Montero-Pau et al., 2011) and species-specific symbioses 

(Cunning et al., 2013) are additional examples of stabilizing mechanisms which may also 

contribute to stable coexistence of cryptic species. Whether and to what extent this 

implies that cryptic species are ecologically equivalent remains unknown.  

In marine sediments, nematodes are usually the most abundant and diverse Metazoa 

(Heip et al., 1985, Lambshead and Boucher, 2003). Cryptic diversity has been reported 

in marine nematodes belonging to different orders (Derycke et al., 2005, Derycke et al., 

2007a, De Oliveira et al., 2012). These cryptic species can exhibit differential dispersal 

capacities (De Meester et al., 2012) and differential resource use, and environmental 

factors such as salinity and temperature may slow down competitive exclusion when they 

co-occur (De Meester et al., 2011). However, at this point, we lack any information on 

and how life-history traits of cryptic nematode species differ in response to changes in 

abiotic factors. Such information is, however, important to understand mechanisms 

driving the coexistence cryptic species, which in turn is crucial to correctly understand 

the biodiversity and ecosystem functioning relationship (Bik et al., 2012). 

In this study, we focus on the marine nematode Halomonhystera disjuncta (previously 

named Geomonhystera disjuncta), a representative of a genus which has a widespread 
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geographical distribution and which has been reported both in shallow-water (Trotter and 

Webster, 1983, Vranken et al., 1988a, Mokievsky et al., 2005, Derycke et al., 2007a) 

and in deep-sea environments (Van Gaever et al., 2006, Portnova et al., 2010). In the 

Westerschelde estuary (located in the Southwestern part of The Netherlands), five cryptic 

species (GD1-5) of H. disjuncta have been reported based on nuclear and mitochondrial 

sequence data; these five species exhibit subtle morphometric differences (Derycke et 

al., 2007a, Fonseca et al., 2008). Halomonhystera disjuncta has most often been isolated 

from macroalgal holdfasts and wrack deposits, but has also been frequently observed in 

the sediment, successfully exploiting organically enriched substrata (Heip et al., 1985, 

Moens, 1999a, Derycke et al., 2007b). In the Westerschelde estuary, the five cryptic 

species (GD1-5) show sympatric distributions (Derycke et al., 2007a), yet it remains to 

be determined whether these communities can be considered as stable. In view of their 

mainly intertidal occurrence, these species are subjected to strong physical, chemical and 

biological gradients. Ecological and physiological responses of H. disjuncta from the 

intertidal zone to changes in salinity, temperature, food quality, food density and heavy 

metals have been investigated (Gerlach and Schrage, 1971, Vranken et al., 1984, Heip et 

al., 1985, Vranken et al., 1985, Vranken, 1987, Vranken et al., 1988b, Vranken et al., 

1989). However, it is unknown whether the observed broad tolerance to e.g. 

temperature and heavy metals is the same for different cryptic species.  

Halomonhystera is also the dominant nematode genus in the sulphide rich bacterial mats 

of the Nyegga pockmark (Nordic Norwegian margin) (Portnova et al., 2010) and the 

Håkon Mosby mud volcano (HMMV, Barents Sea slope) (Van Gaever et al., 2006), 

situated at depths of 730 m and 1280 m, respectively. At both locations, fluids escape 

from the deep-sea floor at lower temperatures and flow rates compared to mid-oceanic 

ridges, and are, therefore, called cold seeps. The Halomonhystera from both 

environments were originally identified as H. disjuncta, but the Halomonhystera from the 

HMMV has morphological and genetic differences compared to the shallow-water H. 

disjuncta species GD1-5, and has been described as a new species, Halomonhystera 

hermesi (Tchesunov et al., 2014). Phylogenetic analysis revealed five intertidal clades 

which can be grouped into three clusters (GD1 and GD4, GD3, GD2 and GD5) and one 

deep-sea clade Halomonhystera hermesi (Van Campenhout et al., 2013) and showed that 

H. hermesi is more closely related to GD1 and GD4 than to the other species. A deep-sea 

invasion from shallow-water regions has hence been hypothesized (Van Campenhout et 

al., 2013). Nordic seep colonization from intertidal regions implies that early colonizers 

had to adapt to low temperatures, higher salinities and the presence of high 

concentrations of sulphides. If cryptic species of H. disjuncta differ in their tolerance to 

one or more of these environmental differences, then we could expect that the species 

with the highest degree of tolerance to bathyal cold seep conditions is phylogenetically 

closest related to H. hermesi. 

Here we investigate the effect of three abiotic factors (salinity, temperature and 

sulphide) on life-history traits of three cryptic H. disjuncta species (GD1, 2 and 3). Each 

of the three abiotic factors varied from control conditions (salinity of 25, 16 °C and no 

sulphide) to environmental conditions representative of the HMMV (salinity of 34-35, -0.9 

°C and hydrogen sulphide concentrations of ca. 1 mM) (Sauter et al., 2006, Van Gaever 

et al., 2009b) in a fully crossed factorial design with three salinity levels (25, 29.5 and 

34), three temperatures (16, 10 and 4 °C) and two sulphide treatments (no sulphide vs. 

1 mM). Because these three cryptic species co-occur in the Westerschelde estuary 

(Derycke et al., 2007a), are morphological almost identical (Fonseca et al., 2008), and 
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were isolated from the same species of macroalgae (Fucus vesiculosus), they are 

expected to show a high degree of ecological equivalence with respect to abiotic 

environmental factors. In contrast, if differences in life history traits would be observed, 

does GD1, which is phylogenetically more closely related to H. hermesi compared to 

GD2-3, better tolerates bathyal cold seep conditions than GD2 and GD3.  
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Material and methods 

1. Nematode cultures 

Halomonhystera disjuncta species GD1 and GD3 were retrieved from decaying Fucus 

vesiculosus from the Paulina tidal flat in the Western Scheldt estuary (The Netherlands, 

51° 20' 56.79" N, 3° 43' 29.56" E), while GD2 was isolated from the same decaying 

macroalgae species from a different location (Kruispolderhaven, 51° 21' 34.35" N, 4° 5' 

52.02" E) in the same estuary. All species were collected in April 2012. Permission for the 

field work was issued by the Provincie Zeeland, the Netherlands (Directie Ruimte, Milieu 

en Water). Pieces of algae were inoculated on Petri dishes filled with 0.8% nutrient:bacto 

agar (ratio of 1/7) prepared in artificial seawater (Moens and Vincx, 1998) with a salinity 

of 25 and placed at a constant temperature of 16 °C. These conditions were chosen 

based on the temperature and salinity values observed in the field locations from where 

the species were isolated and are perfectly suited for cultivation of H. disjuncta species. 

Monospecific cultures were established by transferring a single gravid female to a new 

Petri dish (5.5 cm inner diameter) containing the same agar medium. By doing so, we 

reduced population variation, which was necessary to ensure monospecific status of the 

cultures. This, however, implies that differences observed here between cryptic species 

may partly reflect individual and/or population level differences, for instance resulting 

from environmental differences between sampling sites, rather than consistent 

differences between species. However, the monospecific cultures were maintained for ca. 

two years at the same temperature (16 °C) and a salinity of 25 with frozen-and-thawed 

Escherichia coli K12 as a food source. Difference as a result of sampling location can thus 

be expected to be reduced. Species identity and monospecificity of the cultures was 

confirmed by PCR and sequencing the ITS gene of ten nematodes per culture. Primers, 

thermo-cycling conditions and GenBank accession numbers can be found in (Derycke et 

al., 2007a). Nematodes for the experiment were harvested from the stock cultures.  

2. Experimental design 

To test the effect of three abiotic factors (salinity, temperature and sulphide) between 

cryptic species, a fully crossed design with four factors: salinity (25, 29.5 and 34), 

temperature (16, 10 and 4 °C), species (GD1, GD2 and GD3) and sulphide (0 mM or 1 

mM) was set up. For each treatment x species combination, four replicates were 

prepared, resulting in 216 microcosms. The experiment was conducted on experimental 

microcosms which consisted of Petri dishes (3.5 cm i.d.) containing 1.5 ml 0.8% 

nutrient:bacto agar (1/7). Because stock cultures are maintained at a salinity of 25 and 

16 °C, these conditions served as a control. The sulphidic media were prepared from the 

same agar medium as above, but to which we added sodium thiosulphate (Na2S2O3) and 

sodium sulphide (Na2S) in a final concentration of 1 mM for both reagents. Lastly, to 

each microcosm 350 µl E. coli K12 (ca. 7.6 x 108 cells/ml) was added as a food source, 

which is sufficient for the duration of the experiment. 

Each replicate microcosm received 10 nematodes. We randomly picked out six female 

and four male nematodes, in accordance with the sex ratio in the stock cultures. 
Nematodes were considered adult when all parts of the reproductive system were clearly 

visible. Only nematodes which had just reached adulthood were randomly selected. 
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Immediately after addition of the nematodes to the Petri dishes, we checked them 

carefully for specimens which died, were injured or immobilized during manipulation. 

These were replaced by new specimens of the same sex. The Petri dishes were then 

closed with parafilm, maintained in temperature-controlled incubators without light, and 

the experiment was started. 

3. Data collection and analysis 

The numbers of eggs, juveniles and adults were counted daily. In addition, we observed 

mortality of inoculated nematodes. Young F1-adults are easily distinguishable from F0-

adults, up to a few days after they reached adulthood, because of their smaller body size. 

Therefore, the experiment was stopped before F1-adults started to deposit eggs and/or 

when we were no longer able to distinguish new adults from the inoculated nematodes. 

This was after ca. 13, 18 and 38 days at 16 °C, 10 °C and 4 °C, respectively. Hence, our 

results encompassed a single nematode generation. 

Four response variables were used for statistical analysis: (1) minimum time until first 

egg(s) deposition (MEGD) is the minimum time (in days) from the inoculation of the 

nematodes until we observed the first egg(s); (2) the minimum time for embryonic 

development (MEMD) was calculated by subtracting MEGD from the time at which we 

observed the first juvenile; (3) the minimum time for the development of juveniles into 

adults (MJD) was calculated by subtracting the time at which the first juvenile was 

observed from the time at which the first F1 adult was detected; (4) the minimum 

generation time (MGT) was recorded as the time from the start of the experiment 

(parental generation) until the first new adult (filial generation) was observed.  

In addition, fertility was approximated by summing the counts of eggs, juveniles and new 

adults at the end of the incubation. Fertility was expressed per parental female by 

dividing total offspring (eggs, juveniles and new adults) of a microcosm, by the number 

of inoculated females. Furthermore, mortality of the inoculated nematodes was 

monitored. We, therefore, created an additional variable, the minimum adult lifespan 

(MALS), which corresponds to the day at which we observed the death of at least one 

inoculated adult nematode. It must be noted that the experiment for some treatments 

was stopped before any mortality of inoculated nematodes was observed. Small standard 

deviations and visual inspection of our data revealed that MALS was not importantly 

influenced by stochasticity, i.e. the incidental death of an inoculated individual in random 

replicates and treatments. 

Because our data did not meet the assumptions for parametric variance analysis, even 

after transformation, a Permutational Based Multivariate Analysis of Variance (Anderson 

et al., 2008), on the basis of Euclidean distances with 9999 permutations, was used. In 

comparison to ANOVA/MANOVA, both assuming normal distributions and, implicitly, 

Euclidean distance, PERMANOVA works with any distance measure that is appropriate to 

the data, and uses permutations to make it distribution free (Anderson et al., 2008). 

Each analysis was performed using a fully crossed PERMANOVA design with four fixed 

factors (salinity, temperature, sulphide presence and species). All analyses were 

performed within PRIMER v6 with PERMANOVA+ add-on software (Anderson et al., 

2008). Because of the relatively limited level of replication (4 or 3, the latter in few cases 

where we observed agar dehydration as a result of an imperfect Petri dish closure), a 

Monte Carlo test was performed. The components of variation, estimated by 
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PERMANOVA, were used to attribute the amount of variation to different factors and 

interaction terms (Schmidt et al., 2012). A high component value corresponds with a 

high relative importance of the respective term in the model (Anderson et al., 2008). 

Pairwise comparisons were performed on the full dataset and p-values can be found in 

the supplementary information. If the four-way interaction was significant, we were 

unable to reliably interpret two-way and three-way interaction terms. In these cases we 

selected subsets of our data for which only two or three factors varied. However, we 

tested these two- and three-way interaction effects for all levels and combinations of the 

factor(s) that were kept constant. PERMDISP (Anderson, 2004) was executed to test the 

homogeneity of multivariate dispersions in order to discriminate between real location or 

factor effects and effects explained by differences in dispersion for the significant factors. 

Figures were made with Graphpad prism 5. 



CHAPTER 3 

63 

 

Results 

1. Minimum generation time (MGT) 

MGT is the sum of the minimum time until first egg(s) deposition (MEGD), the minimum 

time for embryonic development (MEMD) and the minimum time for the development of 

juveniles into adults (MJD). A significant four-way interaction effect on MGT was found 

(PERMANOVA; p = 0.0001, Table 1) which was not caused by differences in multivariate 

dispersion (F43, 109 = 0.408, p = 0.9994). The estimation of the components of variation 

showed that temperature was the most important factor influencing MGT (Table 2).  

MGT increased with decreasing temperature (T) for all species (Sp; Table 3). When 

species are compared in presence and absence of sulphide (S), GD2 generally had the 

shortest MGT at 16 °C and at 4 °C. Except at cold seep conditions (at a temperature of 4 

°C, a salinity of 34 and in the presence of sulphide), GD1 had a significantly shorter MGT 

than GD2 (p = 0.0156, Table S1). A significant shorter MGT for GD1, in comparison to 

GD2-3, was also observed at 10 °C (all p-values < 0.0018, Table S1). The difference in 

MGT between species in relation to temperature was underlined by a significant Sp x T 

interaction (all p-values = 0.0001, Table 1) independent of salinity and sulphide addition 

Increasing the salinity (Sal) resulted in an increase of MGT. The response to higher 

salinities is more pronounced for GD3 (2-10 days) than for GD1-2 (0-6 days; Table 3), in 

the absence of sulphide. This observation was supported by a significant Sp x Sal 

interaction at all temperatures (all p-values < 0.0468, Table 1). The effect of adding 

sulphide to the cultures resulted in the death of all inoculated GD3 nematodes during the 

first two minutes and no life-history traits could, therefore, be determined. The addition 

of sulphide resulted in a significant increase in MGT of 1-10 days for GD1 and GD2 at 10 

°C and 4 °C (all p-values < 0.0138, Table S2) at all salinity levels (Table 3).  

2. Minimum time until first egg(s) deposition (MEGD) 

GD3 was the only species showing an ovoviviparous reproduction strategy throughout 

the whole experiment. Therefore, we did not include GD3 in the MEGD dataset. For the 

two other species, abiotic factors significantly affected MEGD (four-way PERMANOVA; p = 

0.0065, Table 1). Homogeneity of multivariate dispersions was observed (F35, 89 = 0.736, 

p = 0.8453). The estimation of the components of variation revealed that temperature is 

the most import factor influencing MEGD (Table 2).  
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Table 1: P-values of a PERMANOVA test on all possible interaction. A Permutational Based 
Multivariate Analysis of Variance (Euclidean distances, 9999 permutations), was used to 
statistically test two-way, three-way and four-way interaction terms (column 3). Each interaction 

component (two-way and three-way) was tested for all possible combinations of the factor(s) that 
were kept constant (column 1-2). Significant p-values are indicated with an asterisk. 
 

Stable 
Factor 1 

Stable 
Factor 2 

Interaction 
tested 

MGT MEGD MEMD MJD MALS OS 

No S GD1 T x Sal 0.0003* 0.0026* 0.0219* 0.9134 0.0007* 0.6495 
No S GD2 T x Sal 0.0006* 0.0001* 0.0071* 0.5990 0.0345* 0.0001* 
No S GD3 T x Sal 0.0001* / / 0.0180* 0.1420 0.0001* 
S GD1 T x Sal 0.0001* 0.0001* 0.9742 0.1448 0.0001* 0.9725 
S GD2 T x Sal 0.0001* 0.0001* 0.0162* 0.0001* 0.0034* 0.1032 
No S 16 °C Sp x Sal 0.0468* 0.6952 0.1942 0.0909 0.0067* 0.0079* 
No S 10 °C Sp x Sal 0.0001* 0.0455* 0.0113* 0.0004* 0.0700 0.0001* 
No S 4 °C Sp x Sal 0.0001* 0.0017* 0.0108* 0.0645 0.2617 0.0489* 
S 16 °C Sp x Sal 0.0074* / 0.8087 0.0129* 0.4497 0.3492 
S 10 °C Sp x Sal 0.1938 0.1040 0.5424 0.0861 0.4497 0.4837 
S 4 °C Sp x Sal 0.0001* 0.5787 0.0420* 0.0409* 0.4390 0.1006 
No S 25 Sp x T 0.0001* 0.0003* 0.001* 0.0002* 0.0001* 0.0001* 
No S 29.5 Sp x T 0.0001* 0.0694 0.0001* 0.0002* 0.0001* 0.0001* 
No S 34 Sp x T 0.0001* 0.0024* 0.0001* 0.0001* 0.0002* 0.0001* 
S 25 Sp x T 0.0001* 0.2228 0.0001* 0.0001* 0.0002* 0.0001* 
S 29.5 Sp x T 0.0001* 0.1190 0.0001* 0.0001* 0.0001* 0.0001* 
S 34 Sp x T 0.0001* 0.6028 0.0003* 0.0003* 0.0001* 0.0001* 
16 °C 25 S x Sp / / 0.1121 0.6600 / 0.0797 
16 °C 29.5 S x Sp 0.0593 0.0383* 0.0237* 0.0327* 0.0946 0.4270 
16 °C 34 S x Sp 0.0707 0.0155* 0.0009* 0.0090* 0.0006* 0.0009* 
10 °C 25 S x Sp 0.1231 0.0201* 0.4999 0.0049* 0.2640 0.0001* 
10 °C 29.5 S x Sp 0.7980 0.8596 0.1066 0.0624 0.8394 0.0001* 
10 °C 34 S x Sp 1 0.2908 0.3875 0.2098 1 0.0001* 
4 °C 25 S x Sp 1 0.0182* 0.0257* 0.6736 0.3305 0.7430 
4 °C 29.5 S x Sp 0.3984 0.3390 0.4784 0.7818 0.0462* 0.6679 
4 °C 34 S x Sp 0.0001* / 0.0023* 0.0079* 0.2772 0.0013* 
GD1 16 °C S x Sal 0.6674 0.4896 0.4436 0.8028 0.0834 0.3377 
GD1 10 °C S x Sal 0.7077 0.2439 0.2491 0.9511 0.2970 0.5969 
GD1 4 °C S x Sal 0.0093* 0.0128* 0.4725 0.2240 0.0088 0.9318 
GD2 16 °C S x Sal 0.0091* 0.6131 0.7348 0.0201* 0.0001 0.0539 
GD2 10 °C S x Sal 0.5374 0.3693 0.5552 0.1469 0.8020 0.0001* 
GD2 4 °C S x Sal 0.0001* 0.0184* 0.0001* 0.0005* 0.4469 0.0186* 
GD1 25 S x T 0.0007* 0.0002* 0.1599 0.7149 0.8802 0.0003* 

GD1 29.5 S x T 0.0001* 0.0002* 0.6982 0.0574 0.0038* 0.005* 
GD1 34 S x T 0.0001* 0.0001* 0.0311* 0.0895 0.0975 0.0001* 
GD2 25 S x T 0.0003* 0.0001* 0.1905 0.0154* 0.8404 0.0001* 
GD2 29.5 S x T 0.0001* 0.0003* 0.0266* 0.7216 0.1859 0.0007* 
GD2 34 S x T 0.0001* 0.0001* 0.0005* 0.0005* 0.0004* 0.0150* 
GD1  S x T x Sal 0.2698 0.0017* 0.2798 0.8041 0.1377 0.8175 
GD2  S x T x Sal 0.0001* 0.0184* 0.0004* 0.0001* 0.0628 0.0001* 
25  S x Sp x T 0.4376 0.0002* 0.0732 0.1945 0.8810 0.0001* 
29.5  S x Sp x T 0.6984 0.4486 0.1112 0.1344 0.0276* 0.0002* 
34  S x Sp x T 0.0001* 0.0196* 0.0001* 0.2219 0.0012* 0.0001* 
No S  Sp x T x Sal 0.0001* 0.0008* 0.0002* 0.0823 0.1520 0.0001* 
S  Sp x T x Sal 0.0001* 0.1830 0.1730 0.0029* 0.4053 0.2825 
16 °C  S x Sp x Sal 0.3157 0.6495 0.4232 0.1867 0.0037* 0.0151* 
10 °C  S x Sp x Sal 0.4492 0.1358 0.2546 0.2737 0.6765 0.0001* 
4 °C  S x Sp x Sal 0.0001* 0.0326* 0.001* 0.0133* 0.0795 0.0528 
  S x Sp x T x Sal 0.0001* 0.0065* 0.0002* 0.0433* 0.3177 0.0001* 

Abbreviations: No S, absence of sulphide; S, presence sulphide; T, temperature (16, 10 and 4 °C); Sal, salinity (25, 29.5 and 

34); Sp, cryptic Halomonhystera disjuncta species GD1 – 3 (previously named Geomonhystera disjuncta); MGT, minimum 

generation time; MEGD, minimum time until first egg(s) deposition; MEMD, minimum time for embryonic development; MJD, 

minimum time for the development of juveniles into adults; MALS, minimum adult life span; OS, offspring per female at the 

end of the experiment; /, no test available.  
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Table 2: Estimates of components of variation results of the four-way PERMANOVA on single 
factors and interaction terms for all analysed variables. The components of variation was estimated 
by PERMANOVA (Euclidean distances, 9999 permutations) for MGT, minimum generation time; 

MEGD, minimum time until first egg(s) deposition; MEMD, minimum time for embryonic 
development; MJD, minimum time for the development of juveniles into adults; MALS, minimum 
adult life span; OS, offspring per female at the end of the experiment. High values correspond to a 
high relative importance of the respective factor. 
 

Single factor and/or 

interaction terms  

MGT MEGD MEMD MJD MALS OS 

S 2.893 0.526 -0.004 0.870 0.637 183.480 

Sp 7.217 0.002 0.311 0.748 3.776 452.880 

T 169.230 25.561 10.500 14.894 124.740 93.748 

Sal 9.277 1.634 0.106 0.455 0.230 71.800 

T x Sal 0.223 0.005 0.046 0.371 0.080 30.517 

Sp x Sal 3.163 1.484 0.039 0.197 0.201 25.923 

Sp x T 0.384 0.010 0.050 0.101 0.144 3.972 

S x Sp 5.498 0.039 2.793 1.826 12.950 160.550 

S x Sal 1.744 0.020 0.016 0.214 0.090 13.748 

S x T 1.931 0.768 0.005 0.061 0.482 12.609 

S x T x Sal 0.139 0.126 0.213 -0.031 0.474 142.200 

S x Sp x T 0.210 -0.007 0.026 0.072 0.176 7.579 

Sp x T x Sal 0.790 0.090 0.021 0.189 0.082 13.487 

S x Sp x Sal 0.232 0.070 0.073 0.151 0.077 20.431 

S x Sp x T x Sal 0.696 0.130 0.550 0.197 0.024 44.797 

V(Res) 0.269 0.157 0.356 0.432 0.451 20.371 

Abbreviations: S, absence/presence of sulphide; T, temperature (16, 10 and 4 °C); Sp, cryptic Halomonhystera disjuncta 

species GD1 – 3 (previously named Geomonhystera disjuncta); Sal, salinity (25, 29.5 and 34). 

 

Table 3: Minimum generation time of GD1-3 under changing environmental conditions. Minimum 
generation time (mean ± standard deviation) of H. disjuncta cryptic species (GD1-3) in the 
absence (No S) and presence of sulphide (S) at different temperatures (16, 10 and 4 °C) and 
salinity (25, 29.5 and 34). No results were obtained for GD3 in the presence of sulphide because 

these nematodes died within the two first minutes after adding Su. The minimum generation time 
was depicted from the day we observed the first adult. 
 

Temperature Salinity  GD1 – No S GD2 - No S GD3 - No S GD1 - S GD2 - S 

16 °C  25 9.3 ± 0.6 7.3 ± 0.6 10.3 ± 0.6 9.0 ± 0.0 7.0 ± 0.0 

 29.5 9.3 ± 0.6 8.0 ± 0.0 12.0 ± 0.0 9.5 ± 0.6 9.0 ± 0.0 

 34 11.25 ± 0.5 9.3 ± 0.5 / 11.3 ± 0.5 10.3 ± 0.4 

10 °C 25 10.3 ± 0.6 13.7 ± 0.6 13.5 ± 0.6 11.7 ± 0.6 16.0 ± 0.0 

 29.5 10.5 ± 0.6 15.7 ± 0.6 19.3 ± 0.6 12.3 ± 0.6 17.7 ± 0.5 

 34 12.8 ± 0.5 17.3 ± 0.5 24.3 ± 0.5 14.5 ± 0.6 19.0 ± 0.0 

4 °C 25 28.3 ± 0.6 25.5 ± 0.6 33.0 ± 0.8 31.3 ± 0.6 28.5 ± 0.5 

 29.5 29.7 ± 0.6 28.3 ± 0.5 38.3 ± 0.5 34.3 ± 0.5 33.3 ± 0.5 

 34 34.3 ± 0.5 30.3 ± 0.6 43.3 ± 0.6 39.3 ± 0.5 40.5 ± 0.5 

Abbreviations: No S, absence of sulphide; S, presence sulphide; GD1-3, cryptic Halomonhystera disjuncta species 1 – 3 

(previously named Geomonhystera disjuncta). 

 
 
 
 

A strong significant increase in MEGD from 10 °C to 4 °C (all p-values < 0.0003, Table 

S3) was observed for both species (Figure 1). This increase was observed at all salinity 

levels and in presence/absence of sulphide. Increasing salinity usually resulted in a 

significant increase in MEGD for both species (p-values in Table S4) and was most 

pronounced at 4 °C for both species, supported by a significant T x Sal interaction term 

(all p-values < 0.0026, Table 1).  
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Figure 1: Minimum time until first egg(s) deposition of GD1 and GD2 under changing 
environmental conditions. Minimum time until first egg(s) deposition in relation to temperature and 

salinity of cryptic Halomonhystera disjuncta species: GD1 (A, C) and GD2 (B, D), in the absence 
(No S; A, B) and presence (S; C, D) of sulphide. The minimum egg deposition time corresponds to 
the day after the start of the experiment on which the first egg was observed within the 
experimental microcosms. Data shown are mean values ± 1stdev of 3 or 4 replicates per 
treatment.  

 

The effects of sulphide were heavily dependent on temperature for both species 

(significant S x T interaction term, all p-values < 0.0003 at all salinity levels, Table 1). 

Addition of sulphide resulted in a significant decrease (all p-values < 0.0031, Table S2) in 

MEGD of GD1 at 16 °C, (Figure 1A, 1C) but not of GD2 (Figure 1B, 1C). The observed 

difference between species was corroborated by significant S x Sp interaction term 16 °C 

at all salinity levels (p-values < 0.0383, Table 1). At 10 °C, adding sulphide resulted in a 

significant increase in MEGD of GD1 (all p-values < 0.0429, table S2) but not for GD2. At 

the lowest temperature (4 °C), adding sulphide resulted in an increase in MEGD for both 

species (all p-values < 0.0134, Table S2).  

 

3. Minimum time for embryonic development (MEMD) 

Due to GD3’s ovoviviparous reproduction strategy we were unable to estimate MEMD for 

this species. Similar to the MEGD, a significant four-way interaction (p = 0.0002, Table 

1) and homogeneity of multivariate dispersions were found (F1,123 = 0.042, p = 0.8381). 

The estimates of components of variation revealed that temperature and the interaction 

term Sp x T were the most important effects (Table 2).  
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Figure 2: Minimum time for embryonic development of GD1 and GD2 under changing 
environmental conditions. Minimum time for embryonic development in relation to temperature and 
salinity of cryptic Halomonhystera disjuncta species: GD1 (A, C) and GD2 (B, D), in the absence 

(No S; A, B) and presence (S; C, D) of sulphide. The minimum time for embryonic development 
was calculated by subtracting the day we observed the first egg from the day we observed the first 
juvenile within the experimental microcosms. Data shown are mean values ± 1stdev of 3 or 4 

replicates per treatment. 

 

Comparable with MEGD, lowering the temperature increased MEMD (Figure 2A-D). Both 

GD1 and GD2 had a stable MEMD between 16 °C and 10 °C, while a significant increase 

was observed at 4 °C (all p-values < 0.0124, Table S3). This increase was much more 

pronounced for GD1 than for GD2, underlined by a significant Sp x T interaction effect 

(all p-values < 0.001, Table 1) independent of salinity and sulphide. Increasing the 

salinity had no significant effect on MEMD for GD1, but had an opposite effect on MEMD 

for GD2 at 4 °C between different sulphide treatments (Figure 2B, 2D). This observation 

is supported by a significant S x Sp x Sal interaction component at 4 °C (p-value = 

0.001, Table 1). The addition of sulphide had no further consistent or opposing effects on 

MEMD. Interestingly, at bathyal cold seep conditions, GD2 had a significantly shorter 

MEMD than GD1 (p < 0.0029, Table S1).  

 

4. Minimum time for the development of juveniles into adults (MJD) 

MJD showed a significant four-way interaction effect (p = 0.0433, Table 1) and 

homogeneity of multivariate dispersions was found (F43,109 = 0.870, p = 0.6917). 

According to the estimates of components of variation, temperature affects MJD the most 

(Table 2). 
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Figure 3: Minimum time for the development of juveniles into adults of GD1-3 under changing 
environmental conditions. Minimum time for the development of juveniles into adults in relation to 
temperature and salinity of cryptic Halomonhystera disjuncta species: GD1 (A, D), GD2 (B, E) and 
GD3 (C), in the absence (No S; A-C) and presence (S; D-E) of sulphide. The minimum time for 

embryonic development was calculated by subtracting the day we observe the first juvenile from 

the day we observed the first adult within the experimental microcosms. Data shown are mean 
values ± 1stdev of 3 or 4 replicates per treatment. No results were obtained for GD3 in the 
presence of sulphide because inoculated nematodes died within the first 1-2 minutes after adding 
Su.  

 

Lowering temperature resulted in a significant increase in MJD (Figure 3A-E) for both 

GD2 and GD3 independent of other factors (all p-values < 0.0189, Table S3). GD1 also 

showed a significant increase in MJD from 10 °C and 16 °C to 4 °C (all p-values < 

0.0024, Table S3; Figure 3A, 3B) but not between 16 °C to 10 °C (all p-values > 0.1092, 

Table S3). This differential effect of temperature changes on species was confirmed by a 

significant Sp x T interaction effects at all salinity and sulphide levels (all p-values < 

0.0003, Table 1). Interestingly, GD3 did not produce offspring at 16 °C and a salinity of 

34. Even though female nematodes had eggs inside the uterus, which developed into 

juveniles, they were never deposited.  

Our data also shows that at 4 °C the effect of salinity interacted with the addition of 

sulphide and was more pronounced for GD2 than for GD1 (significant S x Sp x Sal 

interaction term, p = 0.0133, Table 1). In addition, at bathyal cold seep conditions GD1 

had a significantly shorter MJD compared to GD2 (p = 0.0009, Table S1).  

5. Minimum adult life span (MALS) 

The four-way interaction of MALS was not significant (p = 0.3177, Table 1) and 

homogeneity of multivariate dispersions (F41, 99 = 1.085, p = 0.3638) was observed. 

Some data points are missing because in some treatments we stopped the experiment 

before any mortality of inoculated nematodes occurred.  
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A decrease in temperature generally resulted in a significant increase in MALS for all 

species (Figure 4). However, no significant increase was observed for GD1 from 16 °C to 

10 °C (all p-values > 0.1167, Table S3), in contrast with GD2 and GD3 (all p-values < 

0.0010, Table S3). At 4 °C, in the absence of sulphide, GD2 and GD3 had the shortest 

and largest MALS, respectively. This difference between species was supported by a 

significant Sp x T interaction effect at all salinity and sulphide levels (all p-values < 

0.0002, Table 1). 

 

 

Figure 4: Minimum adult life span under changing environmental conditions. Minimum adult life 

span in relation to temperature and salinity of cryptic Halomonhystera disjuncta species: GD1 (A, 
D), GD2 (B, E) and GD3 (C), in the absence (No S; A-C) and presence (S; D-E) of sulphide. The 
minimum adult life span corresponds to the day after the start of the experiment on which the first 
inoculated nematode died. Data shown are mean values ± 1stdev of 3 or 4 replicates per 

treatment. No results were obtained for GD3 in the presence of sulphide because inoculated 
nematodes died within the first 1-2 minutes after adding Su. Some data points are missing because 
the experiment was stopped before the death of any of the inoculated nematodes.  

 

Addition of sulphide resulted in the death of all inoculated GD3 nematodes within 

minutes. For both other species the addition of sulphide commonly decreased MALS. At 4 

°C and at bathyal cold seep conditions, GD1 had a higher MALS than GD2 (all p-values < 

0.0023, Table S1, Figure 4D-E). Sulphide-induced mortality decreased with decreasing 

temperature: in the presence of sulphide and at a temperature of 16 °C, ca. 99% of both 

inoculated and new adults of GD1 and GD2 died after one generation. However, this high 

mortality rate was decreased to ca. 50% at 10 °C and was negligible at 4 °C. 
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6. Offspring per female (OS) 

Variances were homogeneous (F44, 112 = 0.526, p = 0.9931) and a significant four-way 

interaction effect was found (p = 0.0001, Table 1). Estimates of components of variation 

revealed that most factors and interactions had an effect on the OS (Table 2) with 

temperature being the most important one. Consequently, sub-datasets were analysed to 

better understand effects of single factors and their two- and three-way interactions.  

 

Figure 5: Offspring per female of GD1-3 under changing environmental conditions. Offspring per 
female in relation to temperature and salinity of cryptic Halomonhystera disjuncta species: GD1 (A, 
D), GD2 (B, E) and GD3 (C), in the absence (No S; A-C) and presence (S; D-E) of sulphide. The 

offspring corresponds to the amount of eggs, juveniles and new adults at the end of the 

experiment, averaged across six females. Data shown are mean values ± 1stdev of 3 or 4 
replicates per treatment. No results were obtained for GD3 in the presence of sulphide because 
inoculated nematodes died within the first 1-2 minutes after adding sulphide. 

 

All cryptic species had the highest OS at 16 °C in the absence of sulphide and at a 

salinity of 25 (except for GD2, Figure 5), and the lowest OS at 4 °C in the presence of 

sulphide and at a salinity of 34. A reduction in OS was observed for all species with 

decreasing temperature, increasing salinity and addition of sulphide. However, the 

declination in OS for GD2 was clearly more influenced by temperature than for GD1 and 

GD3 as was supported by a significant Sp x T interaction component (all p-values = 

0.0001, Table 1). Variation in OS, caused by temperature and salinity, was much lower in 

GD3 in the absence of sulphide (p-value Sp x T x Sal = 0.0001, Table 1), compared to the 

two other species. However, no offspring was observed at 16 °C and a salinity of 34. 

Generally, adding sulphide resulted in a reduction in OS for both GD1 and GD2. 
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Furthermore, GD1 produced significantly more OS than GD2 at bathyal cold seep 

conditions (p = 0.006, Table S1). 
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Discussion 

The success of nematodes in marine environments relates to their ability to adapt to 

changing environmental conditions (Levins, 1968, Tahseen, 2012). Because the three 

cryptic H. disjuncta species commonly occur on decaying macroalgae in the high 

intertidal, they are regularly exposed to short- and long-term fluctuations in abiotic 

factors such as salinity and temperature. Moreover, they can be exposed to hydrogen 

sulphide produced by sulphate reducing bacteria thriving on rotting macroalgae (Bottcher 

et al., 2000). In summary, the three species were expected to show wide tolerances to 

the abiotic factors tested in this study. In our experiments, temperature had the 

strongest impact on life-history traits of all cryptic species. The minimum generation time 

and adult life span increased with decreasing temperature, which is most likely caused by 

lower metabolic rates at lower temperatures (Ferris et al., 1995). Faster generation times 

at higher temperatures shorten the vulnerable period of the embryo, thus preventing 

embryonic deformities and/or arrest (Tahseen, 2012), and allow species to rapidly 

increase in numbers during favourable episodes, a common feature of opportunistic 

species (Levinton, 1970). Halomonhystera disjuncta is indeed an opportunistic species 

capable of quickly colonizing suitable patches such as new algal deposits (Derycke et al., 

2007b). Salinity, on the other hand, had a relatively minor impact on the life-history 

traits studied here. The salinity and temperature ranges tested in our study reflect 

fluctuations in their natural habitat and indicate a strong capacity for adaptation to 

natural fluctuations, which is consistent with previous studies on other marine nematodes 

from very similar intertidal habitats (Moens and Vincx, 2000a, Moens and Vincx, 2000b).  

1. Cryptic H. disjuncta species are not ecologically equivalent  

Co-occurrence of cryptic species raises questions regarding their ecological similarity and 

the mechanisms influencing their coexistence (Montero-Pau et al., 2011, Gabaldon et al., 

2013). The three cryptic species studied here have a very similar morphology, have 

sympatric occurrences and all thrive on the same habitat, i.e. decaying macroalgae in the 

Westerschelde estuary. We may, therefore, expect that they have evolved comparable 

adaptations to similar environmental conditions (equalizing mechanism). The general 

response to temperature and salinity, i.e. an increase in time for life-history traits and a 

decrease in number of offspring with lower temperatures and higher salinities, was 

indeed similar in all cryptic species and points towards ecological equivalence. However, 

our results also uncovered specific life-history responses to different abiotic factors. Life-

history traits of GD1 were more stable in the temperature interval between 10 °C and 16 

°C than those of GD2. Interestingly, GD3 did not survive in the presence of sulphides, 

whereas GD1 and GD2 not only survived but also reproduced and developed normal 

offspring for at least one generation. These results reveal that cryptic species are not 

completely ecologically equivalent. Our results might be partly biased because a single 

gravid female was used to generate the monospecific cultures. Nevertheless, the 

observed differential effects of abiotic factors on life-history traits, may provide important 

stabilizing mechanisms facilitating the coexistence of cryptic species (Chesson, 2000). 

In addition to its sensitivity to sulphides, the most obvious difference between GD3 and 

the other two cryptic species was its ovoviviparous reproduction strategy. Intrauterine 

egg hatching (ovoviviparity) allows a more secure survival and early development of 
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offspring and can be an adaptation strategy in toxic environmental conditions (Boffé, 

1985). The low number of GD3 offspring compared to GD1 and GD2 suggests a trade-off 

between the reproduction strategy and fecundity. This is further supported by the 

observation that the fecundity of GD3 was less affected by changes in salinity and 

temperature than that of GD1 and GD2. In addition, the minimum adult life span was 

always the highest for GD3 at all temperatures. The comparatively smaller impact of 

temperature on GD3 could also in part explain its occurrence throughout the year and its 

high relative abundance in winter in the Westerschelde estuary (Derycke et al., 2007a). 

In contrast to GD3, GD2 was often absent in winter but had the highest relative 

abundance in spring (Derycke et al., 2007a). Our experimental data revealed that GD2 

had the fastest minimum generation time at 16 °C and the highest number of offspring 

at 10 °C and 16 °C. In spite of this, its number of offspring was more sensitive to 

temperature changes. These observations may explain the high relative abundance of 

GD2 in spring and its disappearance in winter.  

Differential responses of nematodes to abiotic factors can also affect interspecific 

interactions (Lowe et al., 2007, De Meester et al., 2011) and dispersal capacities (De 

Meester et al., 2012), which could in turn facilitate coexistence. Recently, significant 

differences in resource use among sympatric cryptic nematode species have been 

demonstrated, and other potentially discriminating biotic/abiotic factors, such as 

differential susceptibility to predation and competitive interaction with other taxa, should 

be taken into account to fully grasp the coexistence and spatial/temporal distribution 

patterns of these cryptic species because the small morphological differences between 

GD1-3 (Fonseca et al., 2008) may not be sufficient to predict ecological segregation 

(Nicholls and Racey, 2006). 

2. GD1 is most tolerant to bathyal cold seep conditions 

It is often suggested that current deep-sea biodiversity has largely resulted from 

recurrent invasions from bathyal and abyssal depths followed by speciation (Smith and 

Thatje, 2012). The existence of morphologically and/or genetically close relatives from 

intertidal and deep-sea environments (Bik et al., 2010) tends to support this contention. 

In an evolutionary context, understanding the adaptations which have allowed deep-sea 

colonization is an important prerequisite. GD1 and GD4 is phylogenetically most closely 

related to the Nordic seep nematode Halomonhystera hermesi (Van Campenhout et al., 

2013) and, therefore, shares the most recent common ancestor with H. hermesi 

compared to GD2, GD3 and GD5.  

In the reduced environment of the Håkon Mosby mud volcano (HMMV), organisms 

encounter stress levels which selectively favour sulphide tolerant species (Bernardino et 

al., 2012). In view of the 100% mortality of GD3 in the sulphide treatments, it is very 

unlikely that this species successfully colonized the HMMV. It must, however, be 

mentioned that GD3 did survive under lower concentrations of sodium thiosulphate and 

sodium sulphide (up to 0.25 mM) in a preliminary test. Such a mild exposure could 

increase resistance to subsequent higher doses (hormesis) of the same or different 

stressors (Zhao and Wang, 2012). Nevertheless, GD3 was unable to cope with high 

concentrations of sulphides. GD1 and GD2, by contrast, survive and produce offspring at 

the sulphide concentrations tested here. Such a high sulphide tolerance may be an 

advantage for colonizing reduced environments (Bernardino et al., 2012). Species living 

in sulphidic environments often have ecto- or endosymbionts which could either serve as 
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a food source and/or play a role in sulphur detoxification (Ott et al., 2004, Levin, 2005). 

In addition, sulphur inclusions could temporarily reduce the toxic effect of H2S 

(Thiermann et al., 2000). However, no signs of bacterial symbionts in H. hermesi were 

detected (Van Gaever et al., 2009b), and we did not observe sulphur inclusions in GD1-

2. Interestingly, however, low temperature had a positive effect on the survival of GD1 

and GD2 (but not GD3) under sulphide exposure. Similarly, low temperatures reduced 

the mortality rate of H. disjuncta subjected to toxic chromium concentrations (Vranken et 

al., 1989). Hence, the low temperatures in the deep sea may have been an important 

factor enabling Halomonhystera to cope with otherwise toxic sulphide concentrations. 

Our results further reveal that GD1 had a higher number of offspring at bathyal cold seep 

conditions (salinity of 34 – temperature of 4 °C – presence of sulphides) than GD2. In 

addition, GD1 had the fastest minimum generation time and a longer minimum life span 

than GD2 at these conditions. This implies that GD1 is more resistant to a combination of 

sulphides, low temperature and higher salinities and supports the idea that it could have 

successfully colonized Nordic seeps.  

Conclusion 

We have shown that life-histories of cryptic were differentially affected by changes in 

temperature, salinity and presence of sulphides. These observed differences imply that 

closely related cryptic H. disjuncta species are not necessarily ecologically equivalent and 

that abiotic factors can strongly impact their life-history traits, which in turn can affect 

their coexistence. Interestingly, GD1, which is more closely related to the Nordic seep 

nematode Halomonhystera hermesi compared to GD2 and GD3, appears to be more 

resistant to bathyal seep conditions compared to other cryptic species. The observed 

limited ecological equivalence among cryptic species may have important repercussions 

for our understanding of the link between biodiversity and ecosystem functioning 

(Westram et al., 2013).  

Acknowledgements 

The data analysis of this research has benefitted from a statistical consult with Ghent 

University FIRE (Fostering Innovative Research based on Evidence). The authors would 

like to thank Marti Anderson (Department of Statistics, University of Auckland, New 

Zealand) and Jan Vanaverbeke (Research Group Marine Biology, Biology Department, 

Ghent University, Belgium) for statistical guidance in the use of PERMANOVA. S.D. 

acknowledges a postdoctoral fellowship from the Flemish Fund for Scientific Research 

(F.W.O).  

 



 

1
The first two authors share the first-authorship. 

CHAPTER 4 

 

 

 

 

 

Experimental evidence for selective settlement of 

meiofauna from two distinct environments after 

sediment suspension 

 

 

 

 

 

 

 

 

Modified from the manuscript submitted as: 

Mevenkamp L1, Van Campenhout J1 & Vanreusel A (2013) Experimental evidence for selective 
settlement of meiofauna from two distinct environments after sediment suspension. Journal of 
experimental biology and ecology 



CHAPTER 4 
 

76 

 

Abstract 

The cosmopolitan distribution of many meiofauna organisms raises questions about their 

dispersal. The small size and the lack of a planktonic life stage of most meiofauna taxa 

including free-living nematodes suggest that passive dispersal is a main factor 

determining their distribution. This study investigates the settling behaviour of meiofauna 

in no-flow water conditions. Two ex-situ settling experiments were conducted with (1) 

macrophyte associated meiofauna from an intertidal salt marsh and (2) meiofauna of 

sulphidic sediments associated with bacterial mats from the deep-sea Håkon Mosby mud 

volcano. Round containers filled with sieved seawater were used as settling chambers 

and five different substrates, placed on the bottom of the containers, were offered to the 

descending meiofauna assemblage. The substrates used in experiment 1 were agar with 

bacteria, agar with Fucus spiralis, sulphidic agar medium, bare agar and an empty Petri 

dish. For experiment 2 azoic sediment with algae, azoic sediment with bacteria, a 

sulphidic medium, bare azoic sediment and an empty Petri dish were used. The intertidal 

experiment revealed that nematodes and nauplius larvae showed four- to tenfold higher 

densities in the Fucus treatment compared to the controls whereas deep-sea nematode 

and harpacticoid copepod densities in the sulphide treatment were more than three times 

higher compared to all other treatments. In both experiments nematode composition did 

not differ from the reference samples whereas proportions of harpacticoid copepods were 

increased in the treatments of the deep-sea experiment compared to the reference 

sample suggesting a more efficient settlement than nematodes. In both experiments 

meiofauna abundance was highest in substrates with similar characteristics as their 

original habitat. These findings indicate that some meiofauna organisms can actively 

contribute to their dispersal, at least under no flow conditions. 
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Introduction 

Successful colonization of new suitable habitats and connectivity between populations 

strongly depend on a species’ dispersal capacities. Benthic meiofauna organisms lacking 

a planktonic larval stage depend on resuspension from the sediment in order to disperse 

over larger distances by passive dispersal mechanisms (Palmer, 1988, Giere, 2009, 

Winston, 2012). Harpacticoid copepods and meiofauna polychaetes can actively leave the 

sediment (Palmer, 1986, Commito and Tita, 2002, Boeckner et al., 2009) facilitating their 

dispersion considerably and allowing organisms to choose the time of dispersal while 

most other meiofauna organisms depend on hydrodynamic forces or other external 

disturbances for resuspension into the water column. Large scale dispersal (metres to 

kilometres) of meiofauna is mostly ascribed to the movement of water masses (Eckman, 

1983, Commito and Tita, 2002) and rafting on objects and organisms (Olafsson et al., 

2001, Thiel and Gutow, 2004). Small scale dispersal (millimetres to centimetres) on the 

other hand works through a combination of suspension into the water column by 

sediment erosion (through hydrodynamic forces or other physical or biological 

disturbances) (Fleeger et al., 1984) and active processes of the organisms themselves 

(Armonies, 1994, Fleeger et al., 1995). Recent studies provide evidence that nematodes, 

the most abundant metazoan meiobenthos taxon lacking a pelagic larval stage, can 

actively contribute to an enhanced dispersal on a small scale in addition to advection 

(Ullberg and Olafsson, 2003, Thomas and Lana, 2008, Lins et al., 2013). 

Dispersal further depends on the availability of suitable habitats. These habitats can be 

very remote in the case of isolated and scattered sites which differ largely from the 

surrounding seafloor such as deep-sea chemosynthetic environments. These 

chemosynthetically driven habitats are often characterized by high biomass and low 

diversity of specific metazoan organisms as a result of high food availability provided by 

chemosynthetic microorganisms (Levin, 2005, Vanreusel et al., 2010a). In many cases 

this is accompanied by a dominance of just few species which are not present in the 

surrounding non-chemosynthetic sediments (Vanreusel et al., 2010a). As cold seeps are 

distinct and isolated features in the deep sea, the question arises how these habitats 

were colonized and how populations interact with each other on local and regional scales.  

Genetic studies suggest a repeated colonization of the deep sea from shallow water biota 

followed by several extinction events (Wilson, 1998, Brandt et al., 2007a). Fossil 

evidence hypothesized that deep-sea colonization was followed by ecological adaptations 

to local environmental conditions resulting in strictly deep-sea ‘endemic’ lineages 

(Hessler and Thistle, 1975, Bottjer and Jablonski, 1988, Sepkoski, 1991) while 

maintaining a phylogenetic relationship with their shallow-water counterparts. 

The marine nematodes Halomonhystera disjuncta and H. hermesi Tchesunov 2014 are 

known to be phylogenetically related (Van Gaever et al., 2009c, Van Campenhout et al., 

2013). Halomonhystera disjuncta has been identified as a cryptic species complex from 

the Western Scheldt estuary in the south-west part of the Netherlands and the 

Belgian/Dutch part of the North Sea (Derycke et al., 2007a) its deep-sea sister species 

H. hermesi is dominant in the sulphide rich bacterial mats at the Håkon Mosby mud 

volcano (HMMV) and Nyegga pockmarks (Van Gaever et al., 2006, Portnova et al., 

2010). Phylogenetic analysis revealed that H. hermesi from the HMMV forms a clade 
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within the cryptic species complex (Van Campenhout et al., 2013). The observation of 

high abundances of a shallow-water related species in a sulphidic environment has raised 

questions on past connectivity between both environments (Van Campenhout et al., 

2013, Van Campenhout et al., 2014).  

Few studies on marine nematodes have already investigated the potential of nematodes 

to selectively disperse through the water column (Ullberg and Olafsson, 2003, Lins et al., 

2013). Based on their results and experimental design we want to assess the settling 

behaviour of meiofauna from two different marine environments, intertidal (Paulina 

polder tidal flat, Western Scheldt, the Netherlands) and deep-sea (HMMV, Barents Sea, 

1280 m), in two similar ex-situ experiments. With these experiments we seek to answer 

the following questions:  

 Is there differential settlement behaviour between meiofauna taxa originating 

from the same source environment? 

 Do meiofauna taxa and different nematode species preferentially or even 

exclusively select for the same treatment with characteristics from their native 

habitat?  

Understanding the active settling behaviour of meiofauna and nematodes in particular 

may give new insights into the capacity and efficiency of these organisms to colonize new 

habitats, especially in patchy and low-energy environments like the Håkon Mosby mud 

volcano but also as a response to high environmental dynamics as those present in 

intertidal ecosystems.  
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Material and methods 

1. Study area and sampling 

1.1 Intertidal 

The studied intertidal mudflat (Paulina polder) is situated in the polyhaline part of the 

Western Scheldt estuary in the south-west Netherlands (at 51° 20' 56"N, 3° 43' 29"E). It 

covers an area of about 2 km² and is characterized by a high variability in sediment 

characteristics with a tidal range of approximately 4.1 metres. The high heterogeneity at 

the site offers a variety of microhabitats for meiofauna organisms (Moens et al., 1999). 

At the Paulina polder, H. disjuncta is present in organically enriched substrata such as 

vegetated sediments from salt marshes (Heip et al., 1985) or decomposing algal thalli 

(Derycke et al., 2007b). In order to obtain a high quantity of macroalgae-associated 

meiofauna, a litterbag (mesh size 200 µm) was filled with Fucus spiralis and left at the 

site for one week. After retrieval the Fucus was washed twice in sieved (38 µm) seawater 

obtained from the sampling site and removed. The water was sieved through two stacked 

sieves with mesh sizes of 1000 µm (top sieve) and 38 µm (bottom sieve) in order to 

remove macrofaunal organisms and capture meiofauna. The fraction from the 38 µm 

sieve was retained in three liters of sieved seawater. 

1.2 Deep-sea 

The HMMV is a methane venting cold seep located at the continental slope of the 

Southwest Barents Sea (72°00.3′N and 14°44.0′E) at 1280 m depth (Jerosch et al., 

2007). The nematode Halomonhystera hermesi is found in high densities (up to 11 000 

ind. 10 cm-2) at bacterial mat sites at the HMMV (Van Gaever et al., 2006). 

Deep-sea samples were collected during R/V “Maria S. Merian” campaign (MSM 16/2) on 

25.09.2010 at Station MSM16-2_802-1 (72°0.17’ N, 14°43.88’ E). A TV-guided 

multicorer was used to obtain samples from the white Beggiatoa mats at the mud 

volcano. The sediment used in the experiment was acquired from one core (MUC A1) of a 

single multicorer deployment and sieved over two stacked sieves with mesh sizes of 

1000 µm and 38 µm, respectively. The meiofauna fraction, retained on the 38 µm sieve, 

was used for the experiment. An additional sediment core (A5) of the same multicorer 

deployment (MUC A) was analysed, per cm, to serve as a reference sample. 

2. Experimental set-up 

2.1 Intertidal 

Three round containers (bottom diameter: 35 cm, height: 55 cm, top diameter: 45 cm) 

were filled with sieved (38 µm) seawater obtained from the sampling site up to a water 

height of 50 cm corresponding with a volume of approximately 126 litres. Temperature 

and salinity were 8 °C and 25, respectively, according to field conditions at times of 

sampling. A perforated disc containing five equally spaced Petri dishes was positioned on 

the bottom (Figure 1). Petri dishes contained different substrates: agar with bacteria 

(Ba), agar with Fucus spiralis (Fu), sulphidic agar medium (Su) as well as two controls. 
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To incorporate the possible effect of agar on the settlement of the animals, one control 

consisted of bare agar (Ag) while the other was a completely empty Petri dish (Co).  

 

Figure 1: Schematic drawing of the experiment setup. 

 

Agar was prepared with one litre of artificial seawater (salinity 25), following Moens and 

Vincx (1998), to which 20 g of bactoagar (BD BactoTM Agar, Becon, Dickinson and 

Company) was added. The high density medium (2%) minimized agar penetration by 

meiofauna organisms. The bacteria treatment contained a fine layer of Escherichia coli 

bacteria cultured in the lab. Bacteria were lyophilisated to determine the dry weight (3.6 

mg/ml) and 1 ml was added on top of the agar. The Fucus treatment consisted of 

defaunated F. spiralis (72 hours at 60 °C) that was rehydrated in artificial seawater 

(salinity 25) for two days and subsequently added to the agar. The sulphidic agar 

medium was made by adding of sodium thiosulphate (Na2S2O3) and sodium sulphide 

(Na2S) in a final concentration of 1 mM for both reagents to the same agar medium 

described above. After filling the containers with seawater, the treatments were first 

closed with a lit, slowly lowered into the water column and after one hour the lit was 

carefully removed to avoid disturbance and resuspension of the sediment into the water 

column. 

The three litres of water containing the meiofauna fraction were homogenized and split in 

three identical subsamples (one litre per subsample). One half (0.5 L) of each subsample 

was sieved over a 38 µm sieve, in order to reduce the volume and fixed in 4% 

formaldehyde to serve as a reference sample. The remaining subsamples were 

homogenized once again and subsequently poured gently and evenly across the entire 
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water surface of the three containers. Gentle bubbling air stones were placed in the 

upper water column (at a depth of ca. 10 cm) to prevent anoxia in the containers during 

the length of the experiment and a cover was placed on the container. After twelve hours 

the water was carefully siphoned off and the disc with the Petri dishes was retrieved. The 

total content of each Petri dish (including the agar fraction) was washed on a 38 µm 

sieve and fixed in 4% formaldehyde. To examine the fraction of meiofauna that fell next 

to the treatments we also sieved and preserved the water on the bottom of the 

container.  

A side experiment was conducted with intertidal F. spiralis-associated meiofauna placed 

on one Petri dish surrounded by similar treatments in a water column. After a time period 

of twelve hours no animals were found on the treatments. Therefore, post-settlement 

dispersal across Petri dishes is very unlikely and can be excluded as an interfering factor. 

2.2 Deep sea 

The experiment was conducted in three round containers (31 cm bottom diameter, 150 

litre) serving as settling chambers and were filled with sieved seawater from the 

sampling site up to a water height of 50 cm. Salinity (34) and temperature (4 °C) were 

kept as close to the sample site conditions as possible. Except for some differences in 

treatments, the experiment setup was the same as described above. The treatments 

were selected based on previously used treatments by Lins et al. (2013): azoic sediment 

with algae (A), azoic sediment with bacteria (Ba), a sulphidic medium (Su), bare azoic 

sediment (Se) and an empty Petri dish (Co). The two latter ones served as controls. 

The algae treatment contained a fine layer of azoic sediment covered with 1.6 g (dry-

weight) freeze-dried Tetraselmis suecica, a dark-green microalgae, previously used as a 

food source for deep-sea experiments (Lins et al., 2013). The algae had a cell size of 10-

15 µm and a cell density of 2-5 x 109 cells per gram dry weight. The microalgae were 

mixed in with the sediment to minimize diffusion in the water column. Therefore, a 

higher amount of microalgae was used compared to the bacterial treatment. The bacteria 

treatment comprised azoic sediment (72 hours at 400 °C) and 20 ml of bacteria solution 

of unidentified strains (1.537 mg / 1.5 ml dry weight). The bacteria used were derived 

from tidal mud samples and cultivated in ‘rich broth’ consisting of 0.4 g l-1 bactobeef and 

0.66 g l-1 bactopeptone and deposited on top of the sediment before positioning the Petri 

dish on the bottom of the container. The sulphidic medium was prepared in the same 

way as described for the intertidal sample. The choice for a sulphidic medium was based 

on the high sulphide concentrations [up to 4 mM (de Beer et al., 2006)] at the HMMV 

bacterial mats. To avoid ship movement effects or other effects that could possibly affect 

the settlement of the nematodes, the Petri dishes were positioned randomly on the discs 

and positioned on the bottom as was previously described. Moreover, (Lins et al., 2013) 

conducted a side experiment on board where nematodes on a Petri dish were surrounded 

by the same treatments for the duration of the main experiment. They found no 

nematodes in the treatments implying that there was no resuspension or active 

movement of nematodes between Petri dishes for the duration of the experiment.  

Because we only had two cores from the multicorer deployment (MucA), we decided to 

sieve the sediment from one core (MucA1) over a 32 µm sieve. The fauna retained on the 

sieve was added to 1,5 L of filtered seawater, split into three equal parts and evenly 

poured across the water surface of the containers by a gentle stirring motion. The second 
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core (MucA5) was used as a reference sample. To prevent anoxia in the settling 

chamber, gentle bubbling air stones were placed in the upper part of the water column as 

described before. After twelve hours the water was carefully drained off and the Petri 

dishes were retrieved. The content was sieved over a 38 µm sieve and fixed in 4% 

formaldehyde. Further analysis occurred in the lab. Unfortunately one replicate of the 

deep-sea experiment was lost due to procedural mistakes on board of the Maria S. 

Merian with no means to retake the experiment.  

3. Meiofauna and nematode analysis 

Fixed samples were washed on a 1 mm and 38 µm sieve and the meiofauna fraction was 

extracted by density gradient centrifugation (RPM = 3000) with colloidal silica gel LUDOX 

HS40 Dupont (specific gravity 1.18) as a flotation medium (Heip et al., 1985). In order to 

remove organic debris the intertidal samples were centrifuged twice with LUDOX and 

once with magnesium sulphate (MgSO4, specific gravity 1.28) while deep-sea samples 

were centrifuged three times with LUDOX. After extraction, the meiofauna sample was 

stained overnight with Rose Bengal and analysed under a stereo microscope. Meiofauna 

groups were counted and identified to higher taxonomic level following (Higgins and 

Thiel, 1988). In case of the intertidal experiment either all (samples containing less than 

150 nematodes) or up to 150 nematodes were picked out and transferred gradually to 

glycerin following the protocol of De Grisse (1969). Due to the low abundances in the 

deep-sea experiment all nematodes were picked out for all treatments. Subsequently, 

nematodes were mounted on permanent paraffin-ring glass slides and identified down to 

genus level following a pictorial key (Warwick et al., 1998) and the NeMys database 

(Vanaverbeke et al., 2014) using a Leica MM AF NX (10x 100x magnification) 

microscope.  

4. Data Analysis 

4.1 Intertidal 

The abundances of intertidal meiofauna taxa were standardized to the total number of 

organisms in the reference samples of the respective replicate. A Permutational Based 

Multivariate Analysis of Variance (PERMANOVA, Anderson et al., 2008) was used to 

investigate differences in meiofauna abundances between different samples. A two-way 

PERMANOVA randomized block design with five fixed treatment levels (Control = empty 

Petri dish, bare agar, Fucus spiralis, bacteria and sulphidic agar medium) and three 

random replicates was used. PERMANOVA was performed on the standardized and 

square-root transformed data based on a Bray-Curtis resemblance matrix with 9999 

permutations. A Monte Carlo (MC) test was applied to obtain more reliable p-values. 

Additionally, treatments were pair-wise compared and univariate tests were performed in 

PERMANOVA using Euclidean distances and 9999 permutations. Results were visualized 

by non-metric multidimensional (nMDS) scaling and clustered based on similarity by 

applying a cluster analysis (group average). A SIMPER analysis was performed to gain 

knowledge about the contribution of the different taxa to the dissimilarities between 

treatments. Diversity indices (Pielou’s eveness index (J’) and Shannon-Wiener diversity 

index (H’)) were calculated based on standardized but non-transformed abundance data. 

Meiofauna composition was determined by dividing absolute abundances for each 

meiofauna taxon through the total amount of meiofauna organism, present in the 
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respective replicate. Similarly, we calculated nematode genera composition for each 

replicate by dividing absolute genera counts by the total amount of nematodes present in 

the respective replicate. Both dataset were analysed with PERMANOVA as described 

above to assess differences in meiofauna and nematode composition. A 5% significance 

level was selected for all statistical tests. Multi- and univariate analyses, and diversity 

indices were calculated in Primer version 6.1.11 and the add-on software PERMANOVA+ 

version 1.0.1 (Anderson et al., 2008). 

4.2 Deep sea 

Meiofauna abundances were standardized to the total number of organisms in the 

reference sample. The standardized data was used to determine diversity indices. Non-

metric multidimensional (nMDS) scaling, cluster analysis and a SIMPER test were 

performed as described above. The restricted number of replicates hampered further 

statistical analyses with respect to meeting the assumptions.  
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Results 

1. Intertidal 

Summed over all treatments, a total of 8 meiofauna taxa were identified. Nematoda and 

nauplius larvae1 were the two most abundant groups and accounted for 68.84% - 

76.05% of the similarity between replicates of treatments (Table 1). Other taxa, 

including Copepods, Acarina, Oligochaetes, Polychaetes, Tardigrada and Ostracoda were 

present in much lower abundances (Figure 2) and each taxon did not contribute for more 

than 16.27% to the similarity between replicates (Table 1). As Tardigrada were only 

observed in one replicate of the Agar, Bacteria and Fucus treatment, its contribution 

equaled zero.  

 

Table 1: Contribution (%) of Nematodes, Nauplii, Acarina, Copepods, Polychaetes, Oligochaetes, 
Tardigrada and Ostracoda to the similarity between replicates of each intertidal treatment (SIMPER 
analysis). 
 

Taxa/group Control Agar Bacteria Sulphide Fucus 

Nematodes 41.63 37.25 39.65 41.48 41.89 

Nauplii1 34.42 31.59 32.48 30.27 30.12 

Acarina 12.93 16.25 16.27 12.39 9.70 

Copepods 5.45 7.61 10.21 8.26 11.41 

Polychaetes 3.20 2.31 0 3.48 3.48 

Oligochaetes 2.38 4.99 0 4.12 3.39 

Tardigrada 0 0 0 0 0 

Ostracoda 0 0 1.39 0 0 

 

Meiofauna abundances were significantly different between treatments (p = 0.0001). The 

Fucus treatment had the highest meiofauna abundance (Figure 2) which was significantly 

different from all other treatments (p-values < 0.05, Table 2). The bacteria and sulphide 

treatment had higher meiofauna abundances compared to bare agar (p = 0.0235 and p 

= 0.0147, respectively) but not to the control (p = 0.0574 and p = 0.0531, respectively). 

Meiofauna abundances were similar between the Control and Agar treatment, and 

between the Sulphide and Bacteria treatment. Significant differences in abundances 

between treatments were found for nematodes (p = 0.001), nauplius larvae (p = 

0.0031) and copepods (p = 0.0004). Abundances of other taxa did not vary among 

treatments.  

Similar to meiofauna abundances, nematode abundances were significantly higher in the 

Fucus samples (p-values < 0.05, Table 2) compared to the controls (~9 times, Figure 2) 

and Bacteria-Sulphide group (~3.5 times, Figure 2). The bacteria and sulphide treatment 

had significantly higher (p-values < 0.05, Table 2) nematode abundances compared to 

the controls (Figure 2). On average, the Fucus treatment contained ~6 times more 

nauplius larvae compared to both controls (Figure 2, p-values < 0.05) and ~2.5 times 

more than the bacteria and sulphide treatment. Copepod abundances were always 

significantly higher in the Fucus treatment (p-values < 0.05, Table 2). Of all individuals 

1
Nauplius larvae are the first, free-swimming life stage of most marine crustaceans. Here, we did not 

make any distinction between different larval stages or larvae from different organisms. All Nauplii were 
counted and sorted into one group. This can lead to an underestimation of the ostracods and copepods. 
In addition, the larva could also have originated from other crustaceans than those identified in this 
chapter. 
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that were brought on top of the water column, 47.5% (± 11.9) was retrieved from the 

treatments, whilst most other individuals were retrieved from the bottom.  

 

Table 2: Results (p-values) of a multivariate (total meiofauna) and univariate (Nematodes, Nauplii 
and Copepods) pairwise comparison test. Significant p-values on a 95% confidence level are 

indicated with an asterisk. 
 

Treatment combination Total meiofauna Nematodes Nauplii Copepods 

Control – Agar 0.6293 0.4078 0.3194 0.9842 

Control – Bacteria 0.0566 0.011* 0.0366* 0.3922 

Control – Sulphide 0.0540 0.0022* 0.0222* 0.4138 

Control – Fucus 0.0054* 0.0054* 0.0038* 0.0223* 

Agar – Bacteria 0.0215* 0.0055* 0.0693 0.0602 

Agar – Fucus 0.0007* 0.0051* 0.0059* 0.0011* 

Agar – Sulphide 0.0146* 0.0001* 0.0397* 0.1467 

Bacteria – Fucus 0.0113* 0.0165* 0.0420* 0.0012* 

Bacteria – Sulphide 0.4182 0.2738 0.5431 0.9381 

Sulphide – Fucus 0.0086* 0.0201* 0.0166* 0.0081* 

 

Based on the cluster analysis the treatments could be divided into three significantly 

different groups (SIMPROF, p = 0.001): (1) Agar - Control with lowest abundances, (2) 

Bacteria - Sulphide with intermediate abundances and (3) Fucus (Fu) with highest 

abundances (Figure 3). Intergroup specific similarity was 78.89%. Due to very low 

abundances and absence of some taxa, one control replicate (Co1) falls out of the 60% 

similarity level (Figure 3). 

Meiofauna composition between treatments and the reference was not significantly 

different (p = 0.0689). Accordingly, Shannon-Wiener diversity index and Pielou’s 

evenness index were similar (Table 3).  

 

 

 
Figure 2: Average densities of meiofauna organisms for each treatment after standardization to 

the reference samples. Error bars indicate the standard error. 
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Table 3: Average diversity indices and standard error (SE) for all treatments and the reference 
sample of the Intertidal experiment results. 
 

Treatment Shannon Wiener diversity index Pielou's evenness index 

 Mean SE Mean SE 

Control 1.133 0.056 0.696 0.051 

Agar 1.166 0.021 0.640 0.030 

Bacteria 1.072 0.020 0.627 0.030 

Sulphide 1.064 0.053 0.580 0.042 

Fucus 0.983 0.032 0.508 0.010 

Reference 1.047 0.040 0.528 0.011 

 

A total of 44 nematode genera were identified in the intertidal samples. Combining all 

samples the most abundant nematode genera were Halomonhystera (35%), Daptonema 

(16.94%), Theristus (9.36%), Ptycholaimellus (4.11%) and Litoditis (3.76%). These five 

genera comprised 69.16% of the total nematode assemblage. The relative nematode 

composition did not differ between treatments and reference samples (p = 0.1252). 

 

 

Figure 3: Non-metric multidimensional scaling plot of all intertidal samples based on Bray-Curtis 
similarities of square root transformed and standardized meiofauna abundances. Contours show 

the similarities based on the cluster analysis. 
 

2. Deep sea 

Nine different meiofauna groups were identified in all deep-sea samples. The most 

abundant taxa were nematodes and harpacticoid copepods, and the nauplius larvae 

(Table 4). Polychaeta, Oligochaeta, Turbellaria, Ostracoda, Acarina and Gastropoda were 

present in very low numbers. The reference sample was analysed per centimetre layer of 

sediment. Of all meiofauna organisms, 92% was found within the first centimetre of 

sediment. Treatments of the experiment exhibited a much higher taxon diversity and 

evenness (Shannon-Wiener index (H’) ranging between 0.58 and 0.98, Pielou’s evenness 
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index (J’) ranging between 0.41 and 0.64) compared to the reference sample where a 

clear dominance of nematodes was present (Shannon-Wiener index H’=0.10 and Pielou’s 

evenness index J’=0.05). 

 

Table 4: Contribution (%) of Nematodes, Harpacticoids and Nauplii to the similarity between 
replicates of each deep-sea treatment (SIMPER analysis). 
 

Meiofauna 

taxa/group 

Control Sediment Algae Bacteria Sulphide 

Nematodes 54.42 57.34 49.02 61.31 52.79 

Harpacticoids 18.91 24.29 27.14 24.53 26.95 

Nauplii 12.38 9.18 17.61 14.16 11.49 

Cumulative 85.71 90.81 93.77 100 91.23 

 

In both replicates, nematode and harpacticoid copepod abundances were ca.3-4 times 

higher in the sulphide treatment compared to all other treatments (Figure 4). Nauplius 

larvae did not show this trend. Multivariate analysis (PERMANOVA) revealed significant 

differences in abundance between the sulphide treatment compared to control (p = 

0.036), sediment (p = 0.0474), algae (p = 0.0178) and bacteria (p = 0.0312) samples 

which is also visualized in the nMDS plot (Figure 5). However, the statistical analysis 

should be approached with caution as only two replicates are present. The cluster 

analysis revealed the presence of two groups with a similarity of 62.21%: group 1 

contains only the sulfide treatment, group 2 contains all other treatments (Figure 5). The 

assumption for homogenous dispersion among groups could, however, not be tested due 

to the restricted number of replicates. The amount of organisms that were retrieved from 

the treatments was only 2.34% (± 0.13) of the total amount of organisms from the 

reference sample. 

 

 

Figure 4: Densities of the three most abundant meiofauna taxa per sample of the deep-sea 
experiment relative to the reference sample. 
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A total of 12 nematode genera were found with Halomonhystera being the most 

abundant one, accounting for an average of 93.25% of the nematode community 

combining all treatments. Thalassomonhystera was the second most abundant genus 

accounting for 2.10%. The relative densities of other genera did not exceed 1%. The 

nematode assemblage of the treatments reflects that of the reference sample where 

Halomonhystera was by far the most dominant genus (98.23%).  

 

 

Figure 5: Non-metric multidimensional scaling plot of all standardized samples from the deep-sea 
experiment based on Bray-Curtis similarities of square root transformed meiofauna abundances. 
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Discussion 

1. Meiofauna taxa are able to influence their settling direction in a 

no-flow water conditions 

Both experiments, deep-sea and shallow-water, clearly revealed that certain meiofauna 

taxa such as nematodes and copepods, but also the nauplius larvae, were able to direct 

their settling towards specific treatments while descending in no-flow water condition, 

confirming previous studies which found evidence for an active settlement behaviour of 

meiofauna organisms (Jensen, 1981, Fleeger et al., 1995, Ullberg and Olafsson, 2003, 

Lins et al., 2013). Due to a high microscale heterogeneity of benthic habitats (Fleeger et 

al., 1990, Moens et al., 1999), active settlement on a small scale can be highly 

advantageous for meiofauna organisms in order to find suitable habitat patches. But also 

in deep-sea benthic habitats where food distribution is scarce and patchy and currents 

are generally weak, active settlement might play a major role in the distribution of taxa. 

While the composition of the intertidal meiofauna assemblage was similar in all 

treatments, we could clearly see an increase in evenness in the deep-sea experiment 

caused by an increase in relative copepod abundances in the treatments compared to the 

reference sample.  

In the deep-sea experiment the amount of organisms that selectively settled (2,34% ± 

0,13) was much lower compared to the intertidal experiment (47.5% ± 11.9). For the 

deep-sea experiment we used another core to standardise our data instead of using part 

of the sample that was poured on top of the water column, as was performed for the 

intertidal experiment. The HMMV is a very patchy environment and the core used for 

standardisation was most likely obtained from a sediment patch containing much more 

organisms compared to the core used for the experiment, thereby resulting in very low 

percentages of individuals retrieved from the treatments. Meanwhile, the amount of 

intertidal organisms that selectively settled was just below 50% indicating that selective 

settlement for meiofauna organisms is not highly efficient. Even though only a part of the 

organisms present in the settling chambers was retrieved from the treatments we do not 

have information on the spatial distribution of organisms that landed next to the 

treatments. It is possible that, due to low swimming abilities, organisms did not reach 

the treatment dish but landed in its close vicinity. Moreover, we lack any information on 

individuals that did not yet settle and remained in the water column. Nonetheless, clear 

differences in abundances between treatments were seen in the fraction of organisms 

that did reach the Petri dishes. 

Like other crustaceans, copepods strongly rely on mechanical (pressure waves) and 

chemical signals to gain information about their environment (Laverack, 1963, Jackson 

and Kiørboe, 2004, Derby and Sorensen, 2008). Copepods use chemical signalling for 

different purposes such as reproduction (e.g. attraction of a suitable mate), social 

behaviour or food detection (Lonsdale et al., 1998, Fechter et al., 2004, Derby and 

Sorensen, 2008). Although most studies have been performed on calanoid copepods, 

there is some evidence that also harpacticoid copepods show evidence of chemical 

sensing. Some examples include the choice of mating partner (Kelly et al., 1998), 

directed swimming behaviour even against water flow (Fechter et al., 2004), and active 

emergence from the sediment (Armonies, 1988b, Armonies, 1988a, Armonies, 1994). 
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The high mobility in combination with well-developed chemical sensing makes copepods 

good dispersers after active emergence or resuspension into the water column (Palmer, 

1988, Fleeger et al., 1995), which became visible in shifted proportions of harpacticoids 

between treatments and reference sample in case of the deep-sea experiment.  

Little is known about the ecology and physiology of the crustacean’s larval stage, the 

nauplius larvae. Nauplius larvae are known to have well developed mechanoreceptors for 

predator avoidance (Titelman, 2001) but responses depend on the species and size of the 

larvae (Titelman and Kiorboe, 2003). It is, therefore, possible that other nauplii or even 

organisms of other taxa produced certain mechanical signals and thereby attracted the 

nauplii in our experiments.  

Despite their benthic nature, nematodes are often found in the water column (Boeckner 

et al., 2009). These authors showed that nematodes are able to effectively colonize new 

habitats in low-energy coastal environments, suggesting that even low currents are 

sufficient to resuspend nematodes into higher parts of the water column. Ullberg and 

Ólafsson (2003) and Lins et. al (2013) were the first to report selective settlement of 

nematodes in no-flow water conditions. Based on this experimental design our results 

confirm these findings. In contrast, Depatra and Levin (1989) suggested that nematodes 

settle as passive particles in the water column. However, these experiments were 

performed in the presence of water flow. Therefore, additional research is necessary to 

elucidate the maximal flow rates by which nematodes and other meiofauna are still able 

to influence their settling direction. Such a behaviour might be more important in the 

presence of very low water flow rates, and at slack tide or in tide pool ecosystems where 

water flow rates are minimal or even absent. 

Because nematode genus composition did not significantly change between treatments or 

the reference, we can assume that all observed nematode genera in our experiment were 

equally successful in their settling behaviour and consequently favoured the same 

treatment. Thus, our findings are not in agreement with the results of other studies 

reporting a genus or species specific response of nematodes in experiments dealing with 

active dispersal: nematodes of the genera Sabatieria and Leptolaimus were shown to be 

efficient colonizers in two different studies conducted on arctic deep-sea meiofauna 

(Gallucci et al., 2008, Guilini et al., 2011). Furthermore, Chromadorita is shown to be 

capable of active emergence and swimming behaviour (Jensen, 1981) and similar 

observations were made for Viscosia and Thalassomonhystera (Thomas and Lana, 2011). 

Above mentioned experiments do, however, demonstrate the high mobility of 

nematodes. 

Although being one of the more dominant taxa, Acarina did not show differential 

settlement. Acarina in our samples belonged to the superfamily Halacaroidea, marine 

mites. Animals of this taxon have been reported to be unable to swim, yet by stretching 

their legs they are able to reduce their sinking rate (Bartsch, 1989, Bartsch, 2004).  

2. Meiofauna show preference for treatments characterizing their 

native habitat 

Deep-sea animals highly favoured the sulphide treatment which resembled sulphide 

concentrations at the white Beggiatoa mats at the HMMV while all other treatments 

received equally lower numbers. While we tested the effect of bare agar on the 
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settlement of intertidal individuals by including it as a control, which indicated that agar 

did not influence their settlement behaviour, we did not analyse its effect on selective 

settlement of deep-sea meiofauna. As such it remains unknown to what extent bare agar 

could have influenced selective settlement of deep-sea individuals. Intertidal organisms, 

on the other hand, preferred the Fucus spiralis treatment, the macro-algae from which 

the animals were sampled. Interestingly, intertidal animals also favoured the bacteria 

and sulphide treatments, but to a lesser extent, while they avoided the control. However, 

it remains to be investigated to what extent the bacteria in the bacterial treatment 

remained at the agar/sediment surface. It is possible that the bacterial food source got 

resuspended in the water column after removing the Petri dishes’ covers and could have, 

consequently, influenced our results. In addition, we have used bacteria grown from 

intertidal mud flat sediments which might have influenced the settlement of deep-sea 

meiofauna.  

Intertidal sediments possess a high microscale heterogeneity created by patches of 

sunken organic matter creating microhabitats for different types of microbial and 

meiofauna organisms (Fleeger et al., 1990, Moens et al., 1999). It is possible that this 

high patchiness has led to a dispersal strategy of meiofauna from intertidal environments 

towards different microhabitats. Overall, these findings indicate that meiofauna taxa do 

not select treatments in which food is easily available but are more attracted to an 

indirect cue, such as macroalgae and sulphide concentration, that could be associated 

with their native habitat. Macroalgae might also provide protection for meiofauna taxa 

against predators.  

Knowledge about the physiology of marine nematodes is scarce and we can only 

hypothesize about the underlying mechanisms of the observed selection pattern. 

Chemotaxis, the directed movement towards chemical cues in the environment, could be 

one possible mechanism explaining our findings. It is well described that the free-living 

soil nematode Caenorhabditis elegans is able to direct its movement along a chemical 

gradient through controlled body movements (Appleby, 2012). Additionally, studies on 

marine nematodes found a similar response to chemical cues in the water column 

(Jensen, 1981, Thomas and Lana, 2011). The chemotactic response can be modulated 

through repeated exposure to chemical cues which are paired with the presence or 

absence of food (Saeki et al., 2001, Kimura et al., 2004, Miller et al., 2005, Stetak et al., 

2009), in other words, C. elegans is capable of associative learning. The fact that H. 

hermesi originated from a sulphidic environment where food availability is high 

(chemosynthetic bacteria) (Van Gaever et al., 2006) could have induced a heightened 

sensitivity and attraction towards sulphides as a result of associative learning. In 

agreement with our results, Lins et al. (2013) observed that Astomonema 

southwardorum, a species associated with chemosynthetic endosymbiotic bacteria, was 

correlated with the sulphide treatment and not with a bacteria food source indicating its 

attraction to an indirect food source. Associative learning does require that nematodes 

are repeatedly exposed to chemical cues that are associated with a food source. At the 

HMMV, migration into deeper sulphide rich sediments might have resulted in an 

association between sulphide and a food source. Similarly, in a intertidal setting, 

nematodes might become resuspended in the water column, as a result of tides, and 

may come repeatedly into contact with decaying Fucus. Even though, it is difficult to 

provide solid evidence for the involvedness of associative learning in selective settlement, 

our results do indicate that nematodes, and also other taxa and nauplius larvae, have, at 
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least, a short-term memory allowing them to recognize cues from the habitat they have 

been sampled from. 

Chemosenstation in nematodes depends on the presence of chemosensory neurons in the 

amphid, phasmid and inner labial organs (Ward et al., 1975, Ware et al., 1975). Outside 

signals are sensed by G protein-coupled receptors which transfer the perceived signal to 

the nucleus via sensory pathways resulting in changes in gene expression with a change 

in behaviour, if needed, as a consequence (reviewed in Bargmann, 2006). However, little 

is known on the evolution of chemotaxis during the radiation of nematodes (Rasmann et 

al., 2012). Chemotaxis is suggested to be the most important driver for interaction 

between parasitic nematodes and their preferred host (Reynolds et al., 2011). In 

addition, marine nematodes revealed species-specific responses to different bacterial 

strains (Moens, 1999b), suggesting that food specialization may have occurred combined 

with a specific chemotactic response. In addition to associative learning, both deep-sea 

and intertidal nematodes are most likely adapted to their respective habitat which can 

have resulted in an increased responsiveness for cues from their preferred habitat. 

3. Closely related Halomonhystera species favoured their native 
environment 

Our two experiments further enabled us to compare the settling behaviour and treatment 

preference of two phylogenetically closely related nematode species from distinct 

habitats. One of the closest genetically related species to H. hermesi is GD1 and 

experiments on life-history traits showed that this cryptic species is very tolerant against 

high temperature, salinity and sulphide concentrations in the substrate (Van Campenhout 

et al., 2014). H. hermesi clearly preferentially settled on a sulphidic substrate while H. 

disjuncta showed higher abundances in the Fucus treatment, both substrates can be 

linked to the native environment.  

Conclusion 

The results of our study clearly show that settlement in no-flow water conditions occurs 

in an active way for certain meiofauna taxa. Taxa showing active settling behaviour 

included intertidal nematodes and nauplius larvae, and deep-sea nematodes and 

harpacticoid copepods. In our experiment, animals moved towards treatments reflecting 

their native habitat. This can be the result of either some kind of associative learning 

process or adaptation to environmental cues from their native environment. Nematodes 

in particular showed no genus specific response in their active settlement behaviour 

indicating that several nematode genera possess the ability of active movement and are 

equally efficient in their settlement behaviour. Therefore, species specific responses 

found in previous studies could not be confirmed. Our findings can have important 

implications in understanding the general mechanisms determining dispersal and 

interaction of meiofauna with their environment on a small scale. Furthermore, they can 

shed light on the mechanisms determining large scale dispersal and colonization of 

chemosynthetic deep-sea habitats by meiofauna organisms.  
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Abstract 

Bathyal cold seeps have been identified as isolated, extreme environments where species 

diversity in sulphidic habitats is low while biomass can be high. The Håkon Mosby mud 

volcano (HMMV, Barents Sea, 1280 m) is a rather stable chemosynthetic driven habitat 

characterized by prominent surface bacterial mats with high sulphide concentrations and 

low oxygen levels. Here, Halomonhystera hermesi thrives in high abundances (11,000 

ind. 10 cm-2). Halomonhystera hermesi is a member of the H. disjuncta species complex 

which consists of five cryptic species (GD1-5) that occur in intertidal habitats which are 

characterized by strong fluctuations in its environment. Halomonhystera hermesi is most 

closely related to GD1 and colonization of HMMV by shallow-water species followed by 

adaptive evolution has been suggested. In this study we compared the transcriptomes of 

both H. hermesi and GD1. We revealed that oxidative phosphorylation is upregulated in 

H. hermesi which could in part be attributed to high sulphide concentrations and low 

oxygen levels. In addition, fatty acid elongation was also upregulated in H. hermesi in 

line with the importance of highly unsaturated fatty acids in this species. Transcription 

factors and signalling receptor activity were overrepresented in GD1. Both features allow 

fast signalling and transcriptional reprogramming which can mediate survival in dynamic 

intertidal environments. In addition, more active pathways and genes were observed in 

GD1’s transcriptome. We only uncovered three genes, 20S proteasome subunit beta 3, 

myosin heavy chain and splicing factor U2AF 65kDA subunit, which show a signal of 

possibly having experienced natural selection. GC content was ca. 8% higher in H. 

hermesi coding unigenes and resulted in differential codon usage between both species 

and higher amino acids proportions with GC rich codons in H. hermesi. In general our 

results showed that most pathways were active in both environments, only few genes 

have experienced selection and many genes were uniquely expressed. This indicates that 

also plasticity should be taken in consideration in the evolutionary history of 

Halomonhystera species. Such plasticity, as well as possible pre-adaptation to low 

oxygen and high sulphide levels might have played an important role in the 

establishment of a cold-seep Halomonhystera population.  
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Introduction 

One of the most important goals in evolutionary biology is to comprehend how and why 

living organisms diversify (Pfennig et al., 2010). Dispersal allows organisms to colonize 

new suitable habitats and found new populations. Speciation in the new habitat often has 

its origin in the establishment of reproductive barriers between source and founder 

population (Coyne and Orr, 2004). While gene flow between populations is often 

considered as a homogenizing evolutionary force that can prevent conspecific populations 

from diverging (Walsh and Mena, 2013), ecological selection can also initiate speciation 

in the presence of gene flow (Seehausen et al., 2014). Therefore, restriction of gene flow 

and ecological differentiation between habitats are two drivers which can mediate 

speciation, thereby, paving the way for adaptive evolution of newly founded populations 

(Mayr, 1963).  

Adaptive evolution is the process in which natural selection will select for advantageous 

alleles and selects against deleterious alleles, thereby change allele frequencies in a 

population. Consequently, individuals with a higher fitness, as a result of the presence of 

adaptive alleles, or larger phenotypic plasticity (see further), will be favoured. Adaptive 

evolution, at the level of the increase in adaptive allele frequencies, is influenced by 

mutation rate, recombination, genetic drift, etc. (reviewed in Olson-Manning et al., 

2012), and can leave a genetic signal, allowing us to gain insights in adaptive evolution 

for sequence data. In contrast, individuals will respond to changes in their environment 

by remodelling their transcriptome, allowing individuals to quickly respond to 

environmental conditions, referred to as phenotypic plasticity (one genotype can produce 

multiple phenotypes). While some studies define phenotypic plasticity as non-heritable 

(Ellner et al., 2011), gene expression can also be regulated by epigenetic modifications 

which are heritable (Surani et al., 1993, Cubas et al., 1999, Chong and Whitelaw, 2004, 

Bird, 2007, Goldberg et al., 2007). In the case of cryptic species, i.e. morphologically 

identical but genetically distinct species, the degree of plasticity in morphological traits is 

suggested to be more limited, despite the fact that cryptic species can be found in quite 

distinct habitats (Vrijenhoek, 2009). Understanding the biology of cryptic and/or sister 

species in different environments requires information on adaptive evolution and the 

degree of plasticity in other traits than morphology (Gittenberger and Gittenberger, 

2011).  

Cryptic diversity is common in marine environments, which may be attributed to the use 

of chemical cues for mate recognition (Stanhope et al., 1992, Palumbi, 1994, Lonsdale et 

al., 1998). The existence of cryptic species has been described in different orders of 

marine nematodes (Derycke et al., 2005, Derycke et al., 2007a, Derycke et al., 2010a), 

usually the most abundant and diverse Metazoa in marine benthic communities (Heip et 

al., 1985, Lambshead and Boucher, 2003). In this work, we focus on the genus 

Halomonhystera Andrássy 2006 which has a widespread geographical distribution and 

has been identified from deep-sea (Van Gaever et al., 2006, Portnova et al., 2010) and 

intertidal regions (Vranken et al., 1988a, Mokievsky et al., 2005, Derycke et al., 2007a). 

Nuclear and mitochondrial sequence data led to the discovery of five cryptic H. disjuncta 

species (GD1-5) with only limited morphometric differences in the Western Scheldt 

estuary (Trotter and Webster, 1983, Derycke et al., 2007a, Fonseca et al., 2008). 
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Halomonhystera was also reported as the dominant nematode genus in the sulphide-rich 

bacterial mats of the Nyegga pockmark (Nordic Norwegian margin, 730 m, Portnova et 

al., 2010) and the Håkon Mosby mud volcano (HMMV, 1280 m, Barents Sea slope, Van 

Gaever et al., 2006). However, a recent study revealed subtle morphological and clear 

genetic differences between the HMMV and intertidal Halomonhystera species (Van 

Campenhout et al., 2013). The HMMV Halomonhystera has consequently been described 

as a new species, H. hermesi (Tchesunov et al., 2014). Phylogenetic analysis revealed a 

close relationship between H. hermesi and both GD1 and GD4 (Van Campenhout et al., 

2013). For Halomonhystera, a deep-sea invasion from intertidal regions has been 

hypothesized followed by adaptive evolution as a result of absence of gene flow between 

both environments (Van Campenhout et al., 2013) and strong selective forces in the 

deep-sea habitat. GD1 and GD4 are hypothesized to share the most recent ancestor with 

H. hermesi (Van Campenhout et al., 2013). GD1 has further been seen to be more 

resistant to bathyal seep conditions compared to GD2-3 (Van Campenhout et al., 2014). 

In addition, previous studies have revealed a high tolerance of H. disjuncta to low food- 

and high heavy metal concentrations (Vranken et al., 1985, Vranken et al., 1988b, 

Vranken et al., 1989). These studies clearly highlight that in addition to the genetic 

differences between GD1 and H. hermesi, the intertidal species also have the plasticity to 

survive extreme conditions. Halomonhystera hermesi thrives at the HMMV, a cold, stable 

chemosynthetically based deep-sea environment (Van Gaever et al., 2006). The 

microbial mats, the habitat of H. hermesi, are characterized by limited oxygen 

penetration (~1 mm) and high sulphide concentrations (up to 4 mM) (de Beer et al., 

2006, Van Gaever et al., 2006). Despite episodic events such as extensive methane 

venting and mud flows, the upflow velocity in the bacterial mats is limited to 0.3 – 1.0 m 

yr-1 (de Beer, et al. 2006). In contrast, GD1 thrives on decaying algae in the Western 

Scheldt, an ephemeral habitat with daily fluctuations in temperature, light, salinity and 

frequent inundation due to tidal activity. We, therefore, consider the HMMV to be more 

stable compared to GD1’s habitat.  

The detailed knowledge on the biology and phylogenetic relationships of these two 

species, together with their occurrence in well characterized and distinct habitats, render 

them an excellent system to study the molecular mechanisms allowing species to thrive 

in different habitats. To this end, we compared the transcriptome between the intertidal 

(GD1) and deep-sea nematode (H. hermesi) sister species. Evaluation of gene expression 

will contribute to our understanding of which pathways are important in both species with 

respect to their environment. Additionally, testing for genes which show a signal that 

natural selection might have played a role in their evolution, will contribute to our 

understanding of adaptive evolution of both species. Moreover, the intertidal occurrence 

of GD1 subjects this nematode species to strong physical, chemical and biological 

gradients indicating that it can rapidly adjust to environmental changes. Organisms in 

fluctuating environments must constantly sense and adapt to environmental changes and 

must be able to quickly respond to these changes. This may be achieved by 

transcriptional regulation (Kussell and Leibler, 2005). In contrast, stable environments 

generally favour specialist species adapted to that specific niche (Miner, 2005). In view of 

the clear differences in environmental conditions in both habitats, we expected to find 

substantial differences in the molecular pathways activated in both habitats. More 

specifically, we expected to find 1/ more genes expressed and more active pathways in 

the intertidal than in the deep-sea habitat, 2/ an overrepresentation of pathways 

involved in transcription and environmental information processing in the intertidal GD1 

species.  
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Material and methods 

1. Sample collection  

Deep-sea sediment samples were collected, using a TV-guided multicorer, from the 

active methane seeping Håkon Mosby mud volcano (HMMV; situated west of the Barents 

Sea (72.1°N 14.73°E) at an average water depth of 1280 m) during the Maria S. Merian 

cruise 2010 (MSM 16/2). Core samples were immediately sliced from 0-10 cm (with a 

one cm interval), instantly frozen in liquid nitrogen on board and stored at -80 °C.  

Intertidal monospecific GD1 nematodes reared in the lab were transferred to rehydrated 

(salinity of 25) defaunated macroalgae (Fucus vesiculosus) and allowed to grow for ca. 

four weeks in three litter bags (mesh size 200 µm) at 8 °C and a salinity of 25. Following 

this period, litter bags were positioned in the Paulina salt marsh (Western Scheldt, The 

Netherlands, at 51° 20.9' N, 3° 43.5' E) allowing nematodes to acclimatize to the 

environment for 72 hours before retrieval. Macroalgae were washed over 2 stacked 

sieves (top sieve: 1 mm, bottom sieve: 32 µm) with sieved (32 µm) seawater and fauna 

was retained on the 32 µm sieve. Meiofauna from the sieve was then collected with 

sterile artificial seawater (25) and replicate samples were immediately frozen in liquid 

nitrogen and stored at -80 °C. 

2. Nematode retrieval and RNA isolation 

The frozen first deep-sea sediment slice (0-1cm) of three locations (Station MSM16-

2_802-1, 72° 0.17’ N 14° 43.88’ E; Station MSM16-2_829-1, 72° 0.16’ N, 14° 43.94’ E; 

Station MSM16-2_831-1, 72° 0.14’ N 14° 43.94’ E) and all intertidal samples were 

washed separately over a 32 µm-mesh sieve. Halomonhystera nematodes were extracted 

by density gradient centrifugation at 4 °C and 3000 g, using Ludox (a colloidal silica 

polymer; specific gravity 1.18) as a flotation medium (Heip et al., 1985). β-

mercaptoethanol, in a final concentration of 0.143 M, was added to avoid RNA 

breakdown. Nematodes were captured on a 32 µm sieve after centrifugation and washed 

again with a sterile formamide-β-mercaptoethanol (0.143 M) solution and finally retained 

in the same solution. Replicate samples of both deep-sea and intertidal samples 

contained ca. 1500-2000 nematodes. Approximately 1500-1750 adult H. hermesi and 

GD1 nematodes of each replicate were morphologically identified and manually picked 

out using a binocular microscope in a 4 °C climate room. Nematodes from each replicate 

were pooled, prior to RNA extraction, into 50 µl RLT buffer (RNeasy Mini kit, Qiagen Inc., 

Düsseldorf, Germany) to which we added β-mercaptoethanol in a final concentration of 

0.143 M. Each sample (deep sea and intertidal) contained ca. 5000 nematodes and such 

pooling of replicates was a necessary practical consideration to obtain sufficient RNA.  

Both samples were bead-beaded (1 minute at 5000 rpm) to disrupt the cuticle and cell 

membranes. Total RNA was extracted using the RNeasy Mini kit (Qiagen Inc., Düsseldorf, 

Germany) according to the manufacturer's instructions. Genomic DNA was removed by 

on-column digest with DNase I. RNA was quantified by measuring the absorbance at 260 

nm using a NanoDrop spectrophotometer (2000 UV-Vis, Thermo Fisher Scientific, Inc.). 
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RNA purity was assessed at an absorbance ratio of OD260/280 and OD260/230. RNA integrity 

was analysed on a 1% agarose gel stained with ethidium bromide.  

3. cDNA library construction, Illumina sequencing and quality 

filtering 

Samples were sent to Bio S&T Inc. (Canada) to perform cDNA synthesis and 

normalization. Briefly, the cDNA library was constructed with about 8 µg of total RNA 

using a modified Clonetech SMARTTM cDNA Library Construction kit using oligo(dt) 

primers. Double stranded cDNAs were obtained by primer extension and purified. To 

increase the ability to sequence low expressed transcripts, cDNAs were normalized, re-

amplified and purified (Bio S&T, Canada). Further library construction and sequencing 

were performed by Genomics Core, UZ Leuven, Belgium. Briefly, the cDNA was sheared 

using the Covaris M220 machine (fragment length of 800bp). cDNA libraries were end 

repaired, and NEXTflexTM adaptors from BIOO Scientific were ligated using the SPRIworks 

robot (Beckman) followed by an AMPure bead purification to remove adaptor dimers. 

Libraries were amplified using a 12 cycle PCR step with NEXTflex primer mix. An 

additional AMPure bead purification was performed. The resulting cDNA libraries were 

pooled and paired-end sequenced on a single Illumina MiSeq 2*250bp lane. Because of a 

low read diversity within deep-sea reads (troubling for the nucleotide incorporation 

imaging software), this cDNA library was mixed in with other samples and sequenced on 

the same Illumina MiSeq 2*250 bp machine. Data from both runs were pooled.  

Low quality read ends (< Q20) were trimmed with FastX0.0.13 (Fastx-toolkit., 2010). 

MiSeq adapters were trimmed only at the end (at least 10 bp overlap and 90% match) 

with cutadapt 1.0 (Martin, 2011). Using FastX0.0.13 and ShortRead 1.14.4 (Morgan et 

al., 2009), short reads (length < 50 bp), poly A-reads (more than 90% of the bases 

equal A), ambiguous reads (containing N), low quality reads (more than 50% of the 

bases < Q25) and artifact reads (all but 3 bases in the read equal one base type) were 

removed in succession. Using bowtie 2.0.0-beta5 (Langmead et al., 2009), reads that 

align to PhiX (an adapter-ligated library used as a control for Illumina sequencing runs) 

or human hg19 were identified and removed. Because of quality drop for all reverse 

reads after 150 bp, these reads were all cut after 150 bp. Finally, cDNA primers were 

removed using the CLC Genomics Workbench 6.0.3 trim sequences tool. The raw 

sequencing reads were deposited under bioproject SRP050898 at the Short Read Archive 

of the National Centre for Biotechnology Information (NCBI). 

4. De novo assembly and blast 

De novo assembly was conducted using the CLC Genomics Workbench 6.0.3 de novo 

assembly tool according to the manufacturer preset features. Contigs shorter than 200 

bp were removed. To remove redundant transcripts and retain a set of contigs each 

representing a putatively unique isoform (unigenes), the open-source program CD-HIT-

EST (Li and Godzik, 2006) was used to cluster contigs at a 95% sequence identity. The 

largest contig of each cluster was retained in the dataset. The coding sequences (CDS) 

were predicted using the open reading frame (ORF)-predictor server (Min et al., 2005) 

with a 200 bp coding sequence (CDS) cut-off.  

BLAST+ (Camacho et al., 2009) was used to subject the remaining unigenes to a 

similarity search against NCBI’s non-redundant (nr) database (standard genetic code- 
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using the BLASTx algorithm (Altschul et al., 1990), with a cut-off e-value of ≤ 10-3 and a 

maximum of 20 blast hits. The top BLASTx hit was used to assign taxonomy to each 

unigene using a custom perl script. Unigenes classified as Nematoda were selected for 

further analysis.  

5. Functional annotation and pathway reconstruction 

Prediction of pathways expressed in both datasets was done by using known metabolic 

and signalling pathways previously found in Eukaryotes and nematodes using the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) automated Annotation Server (KAAS) 

(Moriya et al., 2007). Unigenes were submitted to KAAS with the preset Eukaryotes. 

Caenorhabditis briggsae, Brugia malayi, Loa loa and Trichinella spiralis were added as 

additional sequence templates; the option ‘basis of single-best hit (SBH)’ was selected. 

KAAS annotates transcripts with KEGG orthology (KO) identifiers representing an 

orthologous group of genes linked to an object in the KEGG pathways and BRITE 

hierarchy (Mao et al., 2005, Moriya et al., 2007). Unigenes from both transcriptomes 

with the same KO identifier, i.e. functional annotation, were considered to be shared 

between both species.  

The KO identifiers were mapped against KEGG pathways to reconstruct pathways 

(http://www.genome.jp/kegg/mapper.html). KEGG pathways involved in human diseases 

were not taken into further consideration. KO identifiers were additionally mapped 

against BRITE hierarchical classifications of protein families. 

To extract pathways that are over- and underrepresented in the deep-sea and intertidal 

habitats, respectively, KEGG pathways and protein families of unique unigenes from each 

transcriptome were determined separately using the Cytoscape (Shannon et al., 2003) 

plugin BINGO (Maere et al., 2005) with both transcriptomes combined as a reference set. 

P-values were FDR-corrected.  

6. Functional gene ontology annotation  

To retrieve Gene Ontology (GO) terms describing biological processes, molecular 

functions, and cellular components (Ashburner et al., 2000), the publicly available 

Blast2GO-platform (Conesa et al., 2005) was used. Annotations were conducted for 

unigenes with default parameters (e-value ≥ 10-6, Annotation cutoff ≥ 55 and a GO 

weight of 5). Blast2GO was also used to retrieve InterPro (conserved patterns in 

sequences) annotations and merged with GO terms for a wide functional range cover in 

annotation.  

Because some unigenes without KO annotation displayed a GO annotation, the following 

step was taken to increase the amount of previously defined shared unigenes (based on 

KO identifier). Unigenes without KO identifier but with a GO annotation and a CDS of at 

least 200 bp from one transcriptome were aligned against both the shared unigenes and 

unigenes without KEGG annotation of the other transcriptome using the PROmer pipeline 

of the MUMmer 3.0 software (Kurtz et al., 2004) with default parameters. Unigenes with 

and in-frame PROmer hit, minimum similarity of 75% and an alignment length of 

minimum 300 bp were additionally considered as shared. Determining overrepresented 

GO-terms in unique unigenes was performed as described before.  
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7. Signal for selection, amino acid composition and codon usage of 

H. hermesi and GD1 orthologs 

Orthologous between both transcriptomes were determined by selecting unigenes with a 

CDS of minimally 200 bp which were then aligned and compared using the PROmer 

pipeline with default parameters. We only retained in-frame PROmer hits (similarity ≥ 

75% and an alignment length of 300 bp) that matched the same KO identifier. The full 

length CDS of filtered ortologous gene pairs were then aligned using clustalW (Thompson 

et al., 1994), with default parameters, provided in the Molecular Evolutionary Genetics 

Analysis version 6.0 (MEGA6) software package (Tamura et al., 2013). 

Genes under selection was inferred from the ratios of the rates of non-synonymous 

substitutions per non-synonymous sites (Ka) to the number of synonymous substitutions 

per synonymous site (Ks) using KaKs_Calculator 2.0 (Wang et al., 2010) with the γ-MYN 

model (Wang et al., 2009a).  

The alignment of orthologous gene pairs was also used to analyse GC content, amino 

acid (AA) composition and codon usage. Amino acid frequencies were determined by 

summing the occurrence of each AA per translated CDS (tCDS) and dividing it through 

the total amount of AA present for each tCDS. Codon frequencies per AA were obtained 

by summing the occurrence of each single codon per tCDS and dividing it through the 

respective AA count of the tCDS. GC content, AA composition and codon frequencies per 

gene were determined using a custom perl script and averaged over all unigenes. To 

investigate whether significant differences were present between deep-sea and intertidal 

transcriptomes, mean values of both H. hermesi and GD1 corresponding orthologous 

unigenes were subtracted. The H. hermesi and GD1 datasets were then pooled and 

randomly permuted into two equal groups after which GC content, AA- and codon 

frequencies were calculated and subtracted from each other. This was repeated 100,000 

times with a custom R-script in R version 3.0.2 (R Core Team, 2013) and the obtained 

values were seen as a null distribution for the GC content, codon and AA frequencies. The 

p-value is the fraction of how many times the permuted difference is equal or more 

extreme than the observed difference and was FDR-corrected. If the observed difference 

fell outside the range of the null distribution, no p-values could be calculated and p-

values were considered to be <E-6. 

8. Differential gene expression between shared unigenes 

Deep-sea and intertidal contigs with a nematode top-blast hit were selected and used to 

generate a single new assembly using the de novo assembly tool in CLC Genomics 

Workbench 6.0.3. The assembly was treated in the same manner as described above 

(CD-HIT-EST clustering, blasted (blastx) and functional annotation). Cleaned deep-sea 

and intertidal reads were mapped against the full assembly using the RNA-Seq tool in 

CLC Genomics Workbench 6.0.3. (minimum length fraction = 0.9 and minimum similarity 

fraction = 0.8). Values for relative expression were based on mean RPKM (Reads Per 

Kilo-base of exon model per Million mapped reads) values. A statistical analysis on 

proportions (Kal’s test) was performed and p-values were FDR-corrected. The RNA-Seq 

analysis resulted in 5 datasets: (1) uniquely expressed genes in H. hermesi, (2) uniquely 

expressed genes in GD1, (3) shared unigenes similarly expressed in both species, (4) 

differentially overexpressed unigenes in H. hermesi, (5) differentially overexpressed 

unigenes in GD1. Dataset 1 and 2 were not analysed further as this was already 
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performed for the complete transcriptome. To increase the validity of the three other 

RNA-Seq datasets, only unigenes with a KO identifier which was present in both original 

nematode transcriptomes and present in only one RNA-Seq dataset were retained. Over- 

and underrepresented KEGG pathways, protein families and GO annotations of 

differentially expressed genes were determined as described above.  
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Results 

1. Sequencing results 

Illumina MiSeq 2*250 bp cDNA sequencing generated a total of 3.47 and 2.47 Gb for the 

deep-sea and intertidal samples respectively (Table S1). After quality assessment and 

data filtering, 4,605,081 and 3,105,224 pair-end reads remained for deep-sea and 

intertidal samples respectively (Table S1). De novo assembly yielded a lower amount of 

deep-sea contigs (57,636) than intertidal contigs (72,678). In terms of unigenes, 54,767 

deep-sea- and 68,537 intertidal unigenes with a respective N50 of 933 and 720 bp were 

found. The size of the deep-sea unigenes ranged from 200 bp to 149,303 bp with a mean 

length of 750, while the intertidal unigenes ranged from 200 bp to 8,783 bp with a mean 

length of 618 bp (Table S1). Open reading frame prediction (>200 bp coding sequence in 

length) was very similar for deep-sea- (81.45%) and intertidal (83.47%) unigenes. 

2. Blast results and classification 

Blastx results showed that 33,079 (60.40%) deep-sea and 42,409 (61.89%) intertidal 

unigenes had at least one blast result with an e-value ≥ 10-3. A substantial portion of the 

unigenes did not give a nematode top-blast hit. Instead, most deep-sea unigenes 

classified as Bacteria (61.01%) while intertidal unigenes were mostly classified as 

Eukaryotes (92.52%) (Figure 1A). Of the intertidal unigenes that were classified as 

Eukaryota, only 49.45% could be assigned to the Metazoa (Figure 1B). The remaining 

part mainly belonged to Viridiplantae (40.31%). In contrast, the deep-sea eukaryote 

unigenes were nearly all assigned to the Metazoa (93%; Figure 1B). Within the Metazoa, 

the composition of both datasets was highly similar: 67.99% deep-sea- and 68.15% 

intertidal unigenes could be assigned to the Ecdysozoa, 16.02% and 18.19% deep-sea- 

and intertidal unigenes were assigned to the Chordata, and 8.95% deep-sea- and 7.80% 

intertidal unigenes were designated as Lophotrochozoa (Figure 1C). The majority of the 

Ecdysozoa unigenes were classified as nematodes: 5,498 (79.95%) unigenes for the 

deep-sea- and 8,588 (64.96%) for the intertidal dataset (Figure 1D). Overall, 16.62% 

and 20.28% of the deep-sea- and intertidal unigenes, respectively, were assigned to 

nematodes.  
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Figure 1: Top blast classification of Håkon Mosby mud volcano (HMMV) and intertidal unigenes 
resulting from the de novo transcriptome assembly. Classification was based on the top-blast hit 
(blastx) after removal of redundant and non-ORF contigs. (A) Kingdom classification, (B) Eukaryota 
classification, (C) Metazoa classification, (D) Ecdysozoa classification. Taxonomic groups containing 
< 1% of the total amount of unigenes were combined with unigenes without a classification and/or 

an environmental classification, and plotted under unclassified (A) or others (B-D). 

3. Nematode assembly  

Based on their nematode top-blast hit 5,498 deep-sea- (H. hermesi) and 8,588 intertidal 

(GD1) unigenes were retained for further analysis. H. hermesi unigenes had a maximum 

length of 7,235 bp and an average length of 943.07 bp. This was comparable to GD1 

unigenes which had a maximum length of 8,783 bp and an average length of 837.39 bp 

(Table 1). The amount of unigenes with a coding sequence longer than 200 bp was lower 

for H. hermesi (5,227) than for GD1 (8,102). GC content of the H. hermesi unigenes was 

higher than that of the GD1 unigenes (56.11% versus 48.71%, respectively). 
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Table 1: Summary of blast results, assembly statistics, open reading frame prediction and 
annotation of unigenes with a nematode top blast hit of two targeted locations and species: Håkon 
Mosby mud volcano (deep sea, Halomonhystera hermesi) and Western Scheldt (intertidal, GD1).  

 
Stage   Deep sea  Intertidal Total 

Blast result Unigenes with at least one blast result 33,079 42,409 75,429 

Nematode 

assembly 

Contigs with nematode top blast hit (unigenes) 5,498 8,588 14,086 

 N50 length (bp) 1,378 1,169  

 Max length (bp) 7,253 8,783  

 Average length (bp) 943.07 837.39  

 Average coverage per base 14.07 20.43  

 GC content unigenes (%) 56.11% 48.71%  

ORF prediction Unigenes with predicted ORF (CDS ≥ 200bp)  5,227 8,102 13,329 

KEGG annotation Unigenes assigned to KO identifier 2,985 4,548 7,533 

 Unique KO identifiers 1,648 1,246 2,894 

Go annotation Mapped to GO terms 5,014 7,822 12,836 

 Unigenes annotated with GO terms 3,657 5,636 9,293 

Abbreviations: ORF, Open reading frame; CDS, coding sequence. 

 

4. Functional annotation of the full transcriptomes 

Using the KEGG Automated Annotation Server (KAAS), 2,985 H. hermesi unigenes 

(54.29%) were assigned to 1,648 KEGG orthologous (KO) identifiers, while 4,548 GD1 

unigenes (52.96%) were assigned to 2,166 KO identifiers. Both transcriptomes shared 

1,246 KO identifiers corresponding to 2,499 H. hermesi- and 3,244 GD1 unigenes. In 

addition, 402 KO identifiers were uniquely found in H. hermesi (corresponding to 487 

unigenes), and 920 KO identifiers were uniquely found in GD1 (corresponding to 1,304 

unigenes). The KO identifiers were mapped to 245 shared pathways, and to three and 

ten unique pathways for H. hermesi and GD1, respectively (full dataset in Table S2). 

However, only 1-3 unigenes were mapped to these unique pathways. The same three 

pathways were most represented in deep-sea and intertidal nematodes: protein 

processing in endoplasmic reticulum, endocytosis and spliceosome (Table 2). Of all 

shared pathways, 40 had a higher amount of unigenes mapped for H. hermesi than for 

GD1 (Table S2). Oxidative phosphorylation was the pathway with the highest differences 

in mapped proteins, i.e. 8 additional H. hermesi unigenes were mapped against this 

pathway compared to GD1. A higher amount of GD1 unigenes were mapped to 156 

pathways compared to H. hermesi. The highest amount of additional GD1 unigenes (i.e. 

23) mapped against the Neuroactive ligand-receptor interaction pathway. Equal amounts 

of GD1 and H. hermesi unigenes were mapped against 49 pathways (Table S2). At the 

level of protein families (full data in Table S3), enzymes was by far the most abundant 

category for both species (Table 2).  
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Table 2: Top 20 selected KEGG metabolic pathways of putative proteins mapped using KEGG 
database. Data of the full nematode transcriptome, the unique unigenes, equally(EE)- and 
overexpressed (OE) RNA-Seq unigenes for Halomonhystera hermesi and GD1 is represented.  

 

    
Full 

transcriptome 
Unique unigenes RNA-Seq unigenes 

    H. hermesi GD1 H. hermesi GD1 
OE in H. 

hermesi 

OE in 

GD1 
EE 

KEGG pathways Protein processing in endoplasmic reticulum  52 60 11 19 9 10 0 

 Endocytosis  46 60 10 24 4 2 1 

 Spliceosome  44 54 9 19 5 2 0 

 Oxidative phosphorylation  43 35 17 9 6 3 1 

 Rap1 signalling pathway  41 52 7 18 6 1 0 

 Purine metabolism  38 53 8 23 2 0 1 

 Focal adhesion  38 41 7 10 3 1 0 

 MAPK signalling pathway  37 45 11 19 4 3 0 

 Carbon metabolism  37 39 8 10 9 2 3 

 Lysosome  37 37 5 5 1 1 1 

 Regulation of actin cytoskeleton  36 46 5 15 5 2 1 

 PI3K-Akt signalling pathway  35 50 5 20 3 4 1 

 cAMP signalling pathway  35 43 3 11 4 2 0 

 Oxytocin signalling pathway  34 38 4 8 3 2 0 

 RNA transport  33 42 10 19 0 2 1 

 Ras signalling pathway  32 42 9 19 0 3 1 

 AMPK signalling pathway  32 33 7 8 3 4 0 

 cGMP - PKG signalling pathway  31 35 3 7 2 4 0 

 Insulin signalling pathway  29 41 5 17 8 1 0 

  Adrenergic signalling in cardiomyocytes  28 26 3 1 3 3 0 

Protein families Enzymes  708 901 161 354 59 44 14 

 Exosome  160 188 22 50 12 21 9 

 Transporters  123 144 22 43 7 6 0 

 Protein kinases  111 139 19 47 10 12 3 

 Chromosome  105 157 27 79 3 10 3 

 Spliceosome  93 118 21 46 12 6 0 

 Peptidases  91 111 20 40 8 6 1 

 Protein phosphatases and associated proteins  75 95 17 37 4 4 0 

 Mitochondrial biogenesis  65 77 21 33 8 4 1 

 Ubiquitin system  65 102 22 59 3 2 0 

 Ribosome biogenesis  59 78 16 35 11 10 0 

 Transcription machinery  57 74 10 27 2 5 2 

 Chaperones and folding catalysts  51 54 12 15 7 10 0 

 

5. Over/underrepresentation of KEGG pathways and protein families 
in uniquely annotated H. hermesi and GD1 unigenes  

Unigenes that were uniquely found in H. hermesi or GD1 were considered to be 

characteristic of the deep-sea and intertidal environment, respectively, and were used to 

investigate pathways that were over/underrepresented in a particular habitat. Six KEGG 

pathways: oxidative phosphorylation, ubiquinone and other terpenoid-quinone 

biosynthesis, benzoate degradation, terpenoid backbone biosynthesis, biosynthesis of 

ansamycins and fatty acid elongation were significantly overrepresented in H. hermesi 

unique unigenes (p-values < 0.05), all belonging to the metabolism category (Figure 2A). 

The unique unigenes were most enriched in the oxidative phosphorylation (p = 2.92E-3) 

belonging to the overrepresented energy metabolism class (p = 4.01E-3; Figure 2A). A 

closer inspection of our data revealed that the observed overrepresentation was due to 

NADH dehydrogenase (ubiquinone) 1 alpha/beta subcomplex subunits, several F- and V- 

type ATPase subunits and succinate dehydrogenase, involved in the electron transport 

chain at the inner mitochondrial membrane. Three KEGG pathways were significantly 

underrepresented: tight junction, circadian entrainment and salivary secretion. For GD1, 

over- and underrepresented pathways in which unique unigenes were involved belonged 
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to a wider spectrum of molecular pathways compared to the deep-sea transcriptome 

(Figure 2B). The most significant overrepresented pathway in GD1 uniquely annotated 

unigenes belonged to the neuroactive ligand-receptor interaction pathway (p = 2.24E-7; 

Figure 2B) and was mostly the result of G-protein coupled receptors in the GD1 

transcriptome which were not expressed in H. hermesi. Six other overrepresented 

pathways were tropane, piperidine and pyridine alkaloid biosynthesis, signalling 

pathways regulating pluripotency of stem cells, ribosome, sulphur relay system, ubiquitin 

mediated proteolysis and mismatch repair. Many more pathways were underrepresented 

in GD1 compared to underrepresented H. hermesi pathways (Table S4). The top 3 were 

Fatty acid metabolism (p = 1.07E-4), tight junction (p = 3.54E-4) and fatty acid 

biosynthesis (p = 7.01E-4). 

 

 

Figure 2: Visualization of overrepresented KEGG pathways in unique H. hermesi (A) and GD1 (B) 
unigenes. Each hexagon represents either a KEGG pathway or higher order category according to 
BRITE hierarchy. White hexagons are not significant categories while coloured ones represent the 
False-discovery rate p-values.  

 

Only protein families involved in genetic information processing were significantly (p = 

4.42E-5) overrepresented in H. hermesi unique genes as a result of overrepresented 

unique unigenes involved in transcription factors, proteasome, t-RNA biogenesis and 

Ribosome biogenesis (Figure 3A), while exosome involved proteins were 

underrepresented. The two most overrepresented protein families in GD1 unique 

unigenes were G-protein-coupled receptors (p = 5.26E-16) and transcription factors (p = 

3.32E-9; Figure 3B). Except for the overrepresentation of prenyltransferases all other 

overrepresented protein families are involved in genetic information processing (p = 

3.43E-11). 
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Figure 3: Overrepresented protein families (BRITE mapping) in unique H. hermesi (A) and GD1 
(B) unigenes. Parent-child relations are represented by arrows between hexagons. Hexagons’ 
colours represent False-discovery rate p-values from white, being not significant, to red, being 
highly significant.  

 

6. Gene Ontology (GO) classification of the full transcriptomes  

GO terms were assigned to 3,657 (72.94%) H. hermesi and 5,636 (72.05%) GD1 

unigenes which could be classified into three categories: cellular component, molecular 

function and biological process (Figure 4). GO annotation was highly similar between 

intertidal and deep-sea samples and reflected very well annotation patterns observed in 

the nematode C. elegans (depicted from geneontology.org). GO-annotation yielded 6,108 

H. hermesi- and 9,591 GD1 GO cellular component annotations, 5,086 H. hermesi and 

7,417 GD1 molecular function annotations, and 15,981 H. hermesi and 23,692 GD1 GO 

annotations for biological process. Within the cellular component category 32.95% and 

32.69% of GD1 and H. hermesi unigenes were assigned to “Cell”, followed by “Organelle” 

(22.48% and 21.45%), “Membrane” (19.78% and 20.95%) and “Macromolecular 

Complex” (13.43% and 12.45%) (Figure 4). GO term assignment of H. hermesi- and 

GD1 unigenes, respectively, within the molecular function category, was dominated by 

“Binding” (40.59% and 40.61%) and “Catalytic activity” (35.40% and 33.39%) (Figure 

4). “Receptor activity” and “nucleic acid binding transcription factor activity” were 

significantly overrepresented in GD1 unique unigenes (p-values = 3.18E-5 and 1.80E-6 
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respectively). Finally, within the biological process category 12 GO-terms captured more 

than 90% of the assignments of which “Single-Organism Process”, “Cellular Process” and 

“Metabolic Process” were the three largest classes for both transcriptomes (Figure 4). 

 

 

Figure 4: Gene ontology annotation (Level 2) based on transcriptomic data of H. hermesi, GD1 
and C. elegans. Unigenes were classified into three categories: cellular components, molecular 
functions and biological processes. C. elegans data was inferred from geneontology.org. 
 

7. Overrepresentation of GO terms in unique unigenes 

The addition of selected PROmer hits resulted into 2,492 H. hermesi- and 4,752 GD1 

unique unigenes. H. hermesi unique unigenes only showed overrepresented GO terms 

from the molecular function category (p-values in Table 3) related to “enzyme inhibitor- 

and peptidase regulator activity” (Figure S1). Much more overrepresented GO terms in 

GD1 unique unigenes were found (Table 3). Several GO terms involved in transcription, 

e.g. transcription factor complex (cellular component, Figure S2), sequence-specific DNA 

binding (molecular function, Figure S3) and regulation of transcription (biological 

process, Figure S4), were overrepresented in GD1 (p-values in Table 3). Moreover, 

overrepresented GO terms dealing with signalling pathways, e.g. receptor- and kinase 

activity were prominent in both the molecular function and biological process category for 

GD1. 
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Table 3: Significantly overrepresented GO terms of unique H. hermesi and GD1 unigenes in 
comparison to the whole transcriptome of both species. 
 

GO category Species GO-ID FDR corrected p-value Description 

Cellular component GD1  GO:0005667 1.2165E-2 transcription factor complex 

Molecular function H. hermesi GO:0030414 5.2388E-5 peptidase inhibitor activity 

  GO:0004857 8.0869E-5 enzyme inhibitor activity 

  GO:0004866 1.1168E-4 endopeptidase inhibitor activity 

  GO:0061134 1.3406E-4 peptidase regulator activity 

  GO:0061135 1.4138E-4 endopeptidase regulator activity 

  GO:0004867 2.5001E-4 serine-type endopeptidase inhibitor activity 

 GD1 GO:0004930 1.2256E-15 G-protein coupled receptor activity 

  GO:0043565 2.0797E-7 sequence-specific DNA binding 

  GO:0038023 1.4593E-6 signalling receptor activity 

  GO:0004872 3.9906E-6 receptor activity 

  GO:0004888 5.1755E-6 transmembrane signalling receptor activity 

  GO:0001071 2.2160E-5 nucleic acid binding transcription factor activity 

  GO:0003700 2.2160E-5 sequence-specific DNA binding transcription factor activity 

  GO:0005272 6.6765E-5 sodium channel activity 

  GO:0009022 2.8690E-4 tRNA nucleotidyltransferase activity 

  GO:0042302 3.0103E-4 structural constituent of cuticle 

  GO:0004871 4.5351E-4 signal transducer activity 

  GO:0060089 4.5351E-4 molecular transducer activity 

  GO:0030971 4.5661E-4 receptor tyrosine kinase binding 

Biological process GD1 GO:0051171 4.4070E-3 regulation of nitrogen compound metabolic process 

  GO:0019219 4.4070E-3 regulation of nucleobase-containing compound metabolic process 

  GO:0008033 1.0951E-2 tRNA processing 

  GO:1903506 1.0951E-2 regulation of nucleic acid-templated transcription 

  GO:0006355 1.0951E-2 regulation of transcription, DNA-templated 

  GO:2001141 1.0951E-2 regulation of RNA biosynthetic process 

  GO:0043628 1.0951E-2 ncRNA 3'-end processing 

  GO:0007186 1.4586E-2 G-protein coupled receptor signalling pathway 

 

8. Selection, amino acid composition and codon usage 

Filtering PROmer hits based on similarity (≥75%) and alignment length (≥300 bp) 

resulted into 1,053 hits with the same functional annotation in both datasets. GC content 

of H. hermesi unigenes (58.97%) was significantly higher (p<E-6) compared to 

corresponding GD1 sequences (50.96%). Mean values of Ka, Ks and Ka/Ks ratio (Figure 

5A) were 0.125, 3.266 and 0.0453, respectively. Of the orthologous pairs only 3 had a 

Ka/Ks ≥ 1 which mapped to three different KEGG pathways: proteasome (20S 

proteasome subunit beta 3), Spliceosome (splicing factor U2AF 65kDa subunit) and tight 

junctions (Myosin heavy chain).  

In both transcriptomes, GC rich codons were more frequently used, but this was 

especially true for the deep-sea transcriptome (Figure 5B). All codon differences were 

significant (Table S6). The frequency of amino acids (AAs) with GC-rich codons (Alanine, 

and Arginine) was significantly higher (both p-values = 0.00105) in H. hermesi (Figure 

5B). In contrast, GD1 had significantly higher frequency of AAs with AU-rich codons 

(Figure 5C) such as Isoleucine (p=0.00105), Lysine (p = 0.00672) and Asparagine (p < 

E-6). In addition, GD1 had higher frequencies of Threonine (p = 0.01467), while 

frequencies of Valine (p = 0.00544), Histidine (p = 0.0117) and Leucine (p = 0.0129) 

were higher in H. hermesi. Summary statistics of the null distribution and p-values can 

be found in Table S7. 
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Figure 5: Alignment of H. hermesi and GD1 orthologous pairs were used to determine (A) Ka, Ks 
and Ka/Ks ratio, (B) amino acid frequencies and (C) codon frequencies. Difference between amino 
acid frequencies which were considered outliers based on Z-scores under the null distribution are 
indicated with an asterisk. Codon frequency differences were always considered as outliers. 
 

9. Differential expression of shared genes between intertidal and 

deep-sea nematodes  

The de novo assembly, based on H. hermesi- and GD1 unigenes collectively, resulted in 

3,345 unigenes with a CDS larger 200 bp. We identified 740 and 1,693 unigenes 

exclusive to H. hermesi and GD1, respectively, and 1,014 unigenes expressed in both 

species of which 845 were significantly differentially expressed (Kal’s Z-test). After 
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applying the KO filtering on the 1,014 unigenes, we retained 142 and 118 unigenes that 

were differentially overexpressed in H. hermesi and GD1, respectively, while 90 were 

equally expressed. 

 

 

Figure 6: Expressed unigenes involved in oxidative phosphorylation for H. hermesi and GD1. 
Significant differences (p < 0.05) are indicated with an asterisk.  
 
Abbreviations: SDHB, succinate dehydrogenase (ubiquinone) iron-sulphur subunit; CYC1, ubiquinol-cytochrome c reductase 

cytochrome c1 subunit; QCR2, ubiquinol-cytochrome c reductase core subunit 2; ATPeV1C, V-type H+-transporting ATPase 

subunit C; COX1, cytochrome c oxidase subunit 1; NDUFA10, NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 

10; ATPeF1A, F-type H+-transporting ATPase subunit alpha; ATPeV1H, V-type H+-transporting ATPase subunit H; NDUFV1, 

NADH dehydrogenase (ubiquinone) flavoprotein 1; NDUFB10, NADH dehydrogenase (ubiquinone) 1 beta subcomplex subunit 

10. 

 

We further focus on those genes that are involved in KEGG pathways and protein families 

that were shown to be over/underrepresented, allowing us to now compare gene 

expression levels of shared genes in these categories. Seven shared unigenes that are 

involved in transcription had a significantly higher gene expression for GD1 compared to 

four H. hermesi overexpressed unigenes. Out of nine shared unigenes involved in 

oxidative phosphorylation, six revealed to have higher gene expression levels for H. 

hermesi (Figure 6). We observed very high gene expression differences for cytochrome c 

oxidase subunit I (COX1) between both species. Moreover, two subunits of the electron 

transport chain complex III, ubiquinol-cytochrome c reductase cytochrome c1 subunit 

(CYC1) and ubiquinol-cytochrome c reductase core subunit 2 (QCR2) had significantly 

higher gene expression values in H. hermesi.  
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Discussion 

Halomonhystera hermesi and GD1, both members of the H. disjuncta cryptic species 

complex, have a very similar morphology, but were considered different species based on 

their genetic differentiation at mitochondrial and nuclear loci in addition to some minor 

morphological differences (Van Campenhout et al., 2013). The phylogenetic position of H. 

hermesi amidst the intertidal species suggests that H. hermesi has originated from 

shallow-water relatives followed by adaptive evolution in the deep sea. However, no 

typical cold seep adaptations such as ecto- and/or endosymbionts or sulphur crystal were 

observed (Van Gaever et al., 2006, Van Gaever et al., 2009b), which suggests that 

adaptations are situated at the molecular level. Our results revealed that both species 

use the same molecular pathways to cope and survive in their distinct environment. 

Nevertheless, we found a higher amount of unigenes and active pathways in GD1, and 

most shared unigenes were differentially expressed between both species. Our results 

revealed that different pathways were overrepresented in each species. As gene 

expression can be influenced by environmental factors (Lobo, 2008), these pathways 

might be of high importance for survival in the respective environment. 

1. Transcription and signalling receptor activity are upregulated in 

intertidal environments 

Our data disclosed a higher amount of unigenes, more overrepresented GO terms and a 

wider spectrum of molecular overrepresented pathways in GD1. Transcription factors 

were clearly more overrepresented in GD1: 71 transcription factors, based on BRITE 

protein families, and 20 basal transcription factors, based on KEGG pathways, were 

found in GD1 whereas 43 transcription factors (protein families) and 11 basal 

transcription factors were detected in H. hermesi. Moreover, of the shared genes most 

unigenes involved in transcription had higher gene expression values for GD1 compared 

to H. hermesi. This suggests that the activation and expression of transcription factors is 

much more prominent in species that inhabit fluctuating environments. Intertidal 

mudflats, the preferred habitat for GD1, are highly dynamic systems that are 

characterized by rapid changes in environmental variables (de Brouwer et al., 2006). 

Organisms in fluctuating environments must constantly adapt their behaviour to survive 

(Kussell and Leibler, 2005) and can perform faster transcriptional reprogramming (New 

et al., 2014). The ability to rapidly respond to changing environmental features further 

relies on sensing these changes (Lopez-Maury et al., 2008). Other prominent 

overrepresented GO terms in GD1 nematodes were the G protein-coupled receptors 

(GPCRs). Moreover, more than three times more GPCRs were identified in GD1 compared 

to H. hermesi. The high amount of GPCRs further resulted in an enrichment of the 

neuroactive ligand-receptor interaction class (environmental information processing). 

GPCRs consist of chemosensory receptors which mediate most cellular responses to 

hormones and neurotransmitters and are able to detect extracellular chemical stimuli 

converting them to intracellular responses (Mombaerts, 1999). The enrichment in GPCRs 

is a clear indication of a heightened sensorial and neural activity of GD1 compared to H. 

hermesi. This, and the higher amount of transcription factors and higher gene expression 

values of shared genes in GD1 illustrates the importance of species to swiftly detect and 
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respond to environmental changes essential to be able to survive in variable 

environments.  

2. Oxidative phosphorylation and fatty acid metabolism are 

upregulated in deep-sea environments 

Oxidative phosphorylation is the mitochondrial process in which the energy released by 

the transfer of electrons over electron transport carriers is used to establish a proton 

gradient which in turn is employed to produce energy under the form of ATP (Voet et al., 

2006). Our results show that this process is upregulated in H. hermesi and 43 H. hermesi 

unigenes were mapped against the oxidative phosphorylation compared to 35 mapped 

GD1 unigenes. Interestingly, we have identified a number of overexpressed genes, part 

of complex III (electron transport chain) in H. hermesi. The HMMV, the habitat of H. 

hermesi, is a chemosynthetic environment characterized by high hydrogen sulphide 

concentrations (Van Gaever et al., 2006). Hydrogen sulphide is a toxin that is capable of 

impairing biological processes in Metazoa. The toxicity of sulphide is mainly a result of 

inhibition of aerobic respiration by inhibition of cytochrome c oxidase (Council et al., 

1979) and thus interfering with cellular respiration (Somero et al., 1989, Vismann, 

1991). Interestingly, the most overexpressed gene in H. hermesi involved in oxidative 

phosphorylation was cytochrome c oxidase c subunit I which might be a countermeasure 

to overcome sulphide poisoning. Sulphide can also be oxidized in the mitochondria and 

electrons can be incorporated into the electron transport chain by ubiquinone or 

ubiquinol-cytochrome c oxidoreductase (complex III) (Powell and Somero, 1986, Russell 

et al., 1989, Völkel and Grieshaber, 1996). Overexpression of specific complex III genes 

and ubiquinone and other terpenoid-quinone biosynthesis might, therefore, be an 

important adaptation to sulphidic environments. However, oxidative phosphorylation is 

also influenced by a variety of other abiotic factors such as temperature (Toffaletti et al., 

2003), pressure (Theron et al., 2000), salinity (Li et al., 2014) and oxygen levels 

(Mustroph et al., 2010). Oxygen levels rapidly deplete beneath 1 mm sediment depth at 

the HMMV (de Beer et al., 2006) while H. hermesi was identified up to 10 cm sediment 

depth. The effect of low oxygen levels include the induction of fermentation and 

glycolysis (Mustroph et al., 2010), influence mitochondria fusion (Tondera et al., 2009), 

mitochondrial biogenesis (Qin et al., 2014) and mitochondrial organelle number and 

volume (Gupta, 2002), which implies that mitochondria are key players in the adaptation 

to low oxygen concentrations. Furthermore, the AMP-activated protein kinase signalling 

pathway, which is rapidly induced by low oxygen levels (Laderoute et al., 2006) was 

underrepresented in GD1 suggesting that oxygen levels are important. In summary, our 

results indicate that sulphide- and oxygen concentrations are presumably the most 

import environmental features explaining overrepresentation of genes involved in 

oxidative phosphorylation in H. hermesi unigenes. 

The bathyal cold-seep species further showed a clear response in fatty acid elongation 

compared to GD1. We observed an overrepresentation of the fatty acid elongation 

pathway while the fatty acid metabolism was underrepresented in GD1 both in KEGG and 

GO annotations. A recent study revealed that H. hermesi has higher proportions of highly 

unsaturated fatty acids (HUFAs, chain length ≥ 20 carbons and ≥ 3 double bond) due to 

increased proportions of eicosapentaenoic acid (EPA - C20:5ω3) and the presence of 

docosahexaenoic acid (DHA – C22:6ω3) which was absent in GD1 (Van Campenhout et 

al., submitted). These HUFAs have been suggested to be important for deep-sea 
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adaptation (Yano et al., 1997, Pond et al., 2014). Given the absence of these HUFAs in 

the food source of H. hermesi (Van Gaever et al., 2009b), synthesis of EPA and DHA is 

probably essential in a deep-sea environment which is in line with our results. 

3. GC content, amino acid composition and codon usage differs 
between deep-sea and intertidal species 

Our results revealed a higher GC content in H. hermesi than in GD1 orthologous pairs. To 

date, many hypothesis such as directional mutation pressure (Sueoka, 1988), 

metabolism (Martin, 1995), coding sequence length (Oliver and Marin, 1996), nitrogen 

fixation, genome size (Musto et al., 2006), DNA polymerase III subunit alpha (Zhao et 

al., 2007) and environmental pressure (Foerstner et al., 2005) have been postulated to 

explain varying GC contents. The GC content of both Halomonhystera species is 

correlated with codon usage bias, especially at the third codon position and with amino 

acid content, a pattern that has been frequently observed (Bernardi, 1985, Wilquet and 

Van de Casteele, 1999, Basak et al., 2004, Foerstner et al., 2005). Furthermore, 

nucleotide bias can have a dramatic effect on the amino acid composition of encoded 

proteins (Lobry, 1997, Singer and Hickey, 2000) and it is currently believed that amino 

acid composition is more correlated to GC-content of the genome than to environment 

(Moura et al., 2013). In addition, the amino acids arginine and alanine have been 

postulated as the “most piezophilic amino acids”1, playing a role in adaptation to the 

piezophilic lifestyle in organisms (Di Giulio, 2005, Jun et al., 2011, Pradel et al., 2013). It 

has been suggested that the GC content of a species is correlated with ATP synthesis cost 

(Rocha and Danchin, 2002) and amino acid biosynthetic costs (Seligmann, 2003). Both 

aspects might, therefore, additionally be an important factor influencing GC content in 

both species. Whatever the driving force behind the GC content differences might be, it is 

clear that the different environments indirectly result in different codon usage with 

relatively small significant differences in amino acid abundances.  

4. Few gene were under selection while many genes were uniquely 
expressed  

Adaptation depends on the natural selection of individuals with higher fitness thereby 

increasing their chance to produce more viable offspring (Darwin, 1859). We could detect 

three genes which show a signal that natural selection might have been involved in their 

evolution. The 20S proteasome subunit beta 3 is part of the large 20S proteasome (28 

subunits) the barrel shaped cylindrical core of the 26S proteasome, which degrades 

ubiquitinated proteins in an ATP-dependent process (Voet et al., 2006). This subunit has 

no catalytic activity (Jung et al., 2009) and its exact role in deep-sea or intertidal 

adaptation remains unknown. The splicing factor U2AF 65kDA subunit is part of the U2 

auxiliary factor important in mRNA splicing by recognizing the polypyrimidine tract at the 

3’ end of introns (Wahl et al., 2009). U2AF65 preferentially binds on uridine-rich sites 

with frequent interruptions by cytidine residues but variation in the tract sequences and 

length affects the efficiency of splice site recognition (Singh et al., 1995). H. hermesi has 

a higher GC content which might constrain the presence of uridine rich tracts in mRNA 

impairing the U2AF65 binding efficiency. The observed signal for natural selection of 

U2AF65 might, therefore, be an indirect result of environmental factors acting on GC 

content in either H. hermesi or GD1, and can be essential to better recognize splice sites. 

In addition, mechanisms such as alternative splicing are known to be a response to 

1Piezophilic amino acids are amino acids that are present in higher frequencies in proteins from 
species that thrive in environments with a high hydrostatic pressure. 
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external stimuli and play an important role in gene function diversification and regulation 

(Stamm, 2002, Ramani et al., 2011) but knowledge on its true role in evolutionary 

adaptation remains scant. The myosin heavy chain is involved in tight junctions and its 

amino acid composition can adaptively alter its pressure sensitivity (Morita, 2008, Morita, 

2010). Tight junctions, underrepresented in GD1, establish physiological barriers that 

regulate the movement of ions, small solutes, and fluid between tissue compartments 

(Gonzalez-Mariscal et al., 2003). Both osmotic pressure and hydrostatic pressure are 

known to effect tight junctions (Tokuda et al., 2009, Gunzel and Yu, 2013), suggesting 

that pressure and salinity may be important drivers for the adaptive changes in both 

species.  

In contrast to the low number of genes detected to be under selection, we observed a 

high rate of synonymous substitutions for those genes that were identified in both 

species. This highlights that new mutations which give rise to amino acid changes are 

removed from the populations by purifying selection, and that these genes are under 

high functional constraint. The low amount of genes under selection can be the result of 

several possibilities. First, increase in synonymous substitution rates may obscure 

detection of genes under positive selection (Erixon and Oxelman, 2008). Second, it has 

been suggested that also synonymous sites are subject of non-neutral evolution 

(Chamary et al., 2006), but our analysis did not accounted for this. Third, the molecular 

basis of evolutionary adaptation is not only restricted to coding sequences but also 

includes non-coding regulatory sequences, e.g. promoters (Lopez-Maury et al., 2008) 

and enhancers (Kamachi et al., 2009). As such, natural selection has been hypothesized 

to also act on functionally important non-translated sequences (Andolfatto, 2005). 

However, we currently lack information on these regulatory sequences because we have 

no genomic data and further research is required. Fourth, we lack any information on 

adaptive evolution of uniquely expressed genes which might be under selection. Fifth, 

under the hypothesis that H. hermesi has an intertidal ancestor, this ancestor might have 

been pre-adapted to certain deep-sea conditions. Intertidal sediments, as well as 

decaying macroalgae, show similar environmental characteristics as a cold-seep 

environment such as hypoxic/anoxic conditions and high sulphide concentration as well 

as low temperatures in the winter and temporary high salinity levels are not out of the 

ordinary. As such, several genes might have been pre adapted allowing synonymous 

mutations to accumulate. 

While only few genes showed a signal that natural selection might have played a role in 

their evolution, many genes were uniquely expressed in both species. However, caution 

is required for the correct interpretation of our results as we here compared two species 

(without genomic data available) from two different environments and sampled only a 

single point in time. As such, it remains to be investigated whether the uniquely 

expressed genes are the result of adaptive evolution of, for example, regulatory 

sequences, or are in fact the result of environmental signals acting at the level of gene 

expression regulation at the time of sampling. Our results, combined with the tolerance 

of GD1 for bathyal cold seep conditions (Van Campenhout et al., 2014), does suggests 

that plasticity should be taken into account. It remains to be determined to what extent 

plasticity or pre-adaptation of intertidal nematodes played a role in adaptive evolution of 

cold-seep nematodes. 
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Nevertheless, our approach remains the most viable way of studying the effect of a cold-

seep environments on gene expression and adaptive evolution in sister species, and can 

direct further research. 

Conclusion 

In our study, the transcriptomes of two phylogenetically closely related marine nematode 

species from contrasting environments (deep sea and intertidal) have been compared. 

We revealed that most pathways are shared between both habitats, but several 

pathways and genes were upregulated in different habitats. Oxidative phosphorylation 

and fatty acid metabolism/elongation appeared to be of higher importance in the deep 

sea. In addition, we observed a higher GC content in H. hermesi resulting in higher 

amino acid frequencies with GC-rich codons affecting codon usage between H. hermesi 

and GD1 orthologous pairs. Meanwhile the dynamic feature of the GD1’s habitat was 

reflected in higher amounts of transcription factors, upregulated signalling receptor 

activity and a higher amount of active pathways and genes. Our results also show that 

many genes were uniquely expressed but only few genes show a signal that natural 

selection has been involved in their evolution. This indicates that Halomonhystera species 

might be pre-adapted to specific environmental conditions such as low oxygen levels and 

high sulphide concentrations. In addition we should include plasticity as a possible driver 

in the evolutionary history of Halomonhystera species as it can further aid in the 

successful colonization of a new environment. In addition, species in dynamic 

environments will benefit from a high phenotypic plasticity and might more relevant than 

previously believed for the cosmopolitan distribution of nematode species.  
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Abstract 

The deep-sea free-living nematode Halomonhystera hermesi, dominant in the sulphidic 

sediments of bacterial mats at the Håkon Mosby mud volcano (1280 m, Barents Sea 

slope), is part of the H. disjuncta species complex known from the North Sea and the 

Western Scheldt estuary which consist of five cryptic species (GD1-GD5). 

Halomonhystera hermesi is most closely related to GD1 and GD4. The objective of this 

study is to analyse the total fatty acid (FA) composition of H. hermesi and GD1. We 

further investigated the effect of a temperature reduction, salinity increase and the 

addition of sulphides on the FA composition of GD1 in experimental microcosms. Because 

nematodes are expected to have low amounts of storage FA, the total FA composition 

most likely reflect FA composition of cellular membranes. The deep-sea nematode H. 

hermesi had significantly lower saturated FA proportions and higher unsaturated FA 

proportions, a common response to low temperatures and/or high pressure. Highly 

unsaturated fatty acid proportions were also elevated in H. hermesi due to the presence 

of docosahexaenoic acid (DHA – C22:6ω3) and higher eicosapentaenoic acid (EPA - 

C20:5ω3) proportions, common FAs under deep-sea conditions. These HUFAs were not 

present in H. hermesi’s food source suggesting that this nematode species has the ability 

to synthesize EPA and DHA and that these HUFAs are essential in a deep-sea 

environment. Our experimental data revealed that only a decrease in temperature 

resulted in lower saturated fatty acids proportions. This indicates that the low saturation 

levels of H. hermesi is most likely a response to temperature but not to sulphides or 

differences in salinity. Finally, the absence of DHA and low proportions of EPA in 

experimental nematodes indicate that the presence of HUFAs in the deep sea might be a 

response to other factors than temperature, salinity and sulphides. 
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Introduction  

Organisms require adaptive responses when presented to changes within their 

environment to survive and reproduce successfully when selection pressure changes. 

Environmental adaptation can result in morphological, physiological, behavioural or 

developmental differences between species. It is known that environmental changes can 

alter cell membrane fluidity, which could impede membrane function and stability, and 

performance of membrane-associated enzymes (Sinensky, 1974). Cellular membranes 

function as a physiological barrier with a limited permeability and mainly consist of 

phospholipids, of which fatty acids are the most variable part (Kreps, 1981). It is, 

therefore, essential that the liquid-crystalline structure of the membrane is maintained by 

regulation of the FA composition to acclimatize cells to changing environmental 

conditions, as is evidenced from temperature adaptation in poikilotherms (Guschina and 

Harwood, 2006). Alterations in the composition of membrane phospholipids in response 

to environmental changes is of critical importance for the function and integrity of cell 

membranes, and is a general phenomenon in animals, known as “homeoviscous 

adaptation” (HVA) or “homeophasic adaptation” (Sinensky, 1974, Hazel and Williams, 

1990, Koštál, 2010).  

Nematodes, one of the most numerous of all Metazoa in terms of species richness 

(Lambshead, 2004), exist in all habitats that can support life and demonstrate 

remarkable abilities to withstand stress and adverse conditions (Levins, 1968, Tahseen, 

2012). It has been suggested that marine nematodes do not accumulate lipids for energy 

storage (Guilini et al., 2013)1 indicating that nematode fatty acid composition reflects 

membrane fatty acid composition, however, information remains scant. In this study we 

will focus on the marine free-living nematode Halomonhystera disjuncta (formerly known 

as Geomonhystera disjuncta), which is known for its high resistance to environmental 

stress, especially to heavy metals and temperature changes (Gerlach and Schrage, 1971, 

Vranken et al., 1985, Vranken et al., 1988b, Vranken et al., 1989). Halomonhystera 

disjuncta and their sister species H. hermesi and H. socialis have been reported both in 

shallow-water (Vranken et al., 1988a, Mokievsky et al., 2005, Derycke et al., 2007a) and 

in deep-sea environments (Van Gaever et al., 2006, Portnova et al., 2010). Mitochondrial 

and nuclear DNA sequences as well as morphometric analysis revealed that H. disjuncta 

from the Western Scheldt and the North Sea actually consist of five cryptic species (GD1-

GD5, Derycke et al., 2007a) with nearly imperceptible morphometric differences 

(Fonseca et al., 2008). The same marine nematode has been morphologically identified 

as the dominant nematode species at the sulphide rich bacterial mats of two methane 

cold seeps: the Nyegga pockmarks (Nordic Norwegian margin, 730 m water depth, 

Portnova et al., 2010) and Håkon Mosby mud volcano (HMMV, Barents Sea slope,1280 m 

water depth, Van Gaever et al., 2006). The HMMV relative is closely related to the 

intertidal Halomonhystera cryptic species complex but can be distinguished from its 

shallow-water relatives both morphometrically and with the use of genetic markers (Van 

Campenhout et al., 2013), and was, therefore, described as a new species named H. 

hermesi (Tchesunov et al., 2014). Phylogenetic relationships showed that H. hermesi is 

most closely related to GD1 and GD4. Interestingly, GD1 appeared to be more resistant 

to simulated cold seep conditions compared to GD2-3 (Van Campenhout et al., 2014). 

However, lack of any information on the biochemical resources (e.g. FA composition) 

1
Also see Danovaro R et al. (1999) Seasonal variation in the biochemical composition of deep-sea 

nematodes: bioenergetic and methodological considerations. Marine Ecology-Progress Series, 179:273-
283. 



CHAPTER 6  

122 

 

hampers our understanding of the unique biology of closely related species in different 

environments and of their adaptations to natural environments. 

The deep sea is a relatively harsh environment with constantly low ambient temperatures 

(~2° C), high water pressure and absence of light (reviewed in McMullin et al., 2000). 

Furthermore, cold seeps are characterized by methane seepage through sediment and 

rely on chemosynthetically derived energy. They often have high concentrations of 

sulphides, as a result of microbial sulphate reduction coupled to anaerobic oxidation of 

methane (Levin, 2005). Most studies on adaptive changes of the FA composition to deep-

sea conditions have been performed on barotolerant bacteria under different 

experimental conditions and have revealed increased proportions of mono- and poly 

unsaturated FAs in response to increased pressure and/or reduced temperature (DeLong 

and Yayanos, 1985, Yano et al., 1998, Valentine and Valentine, 2004). Consistent with 

bacterial responses, a comparison of mitochondrial membranes isolated from shallow and 

deep-sea fish species has identified similar changes in unsaturation levels (Cossins and 

Macdonald, 1986, Vettier et al., 2006). Moreover, highly unsaturated FAs (HUFA) are 

believed to be essential in piezophilic adaptation of cellular membranes (Yano et al., 

1997) and docosahexaenoic acid (DHA – C22:6ω3) was hypothesized to be the key to 

homeoviscous adaptations to depth and temperature changes in vertically migrating 

planktonic copepods (Pond et al., 2014). As such, we expect higher proportions of 

unsaturated fatty acids and HUFAs in H. hermesi compared to GD1. 

The second part of this study consists of a comparison of the FA composition of GD1 

nematodes under simulated estuarine and bathyal seep conditions. We investigated the 

effect of three abiotic factors salinity, temperature and sulphide on total fatty acid 

composition. Each of the three abiotic factors varied from control conditions (salinity of 

25, 16 °C and no sulphide) to environmental conditions representative of the HMMV 

(salinity of 34-35, -0.9 °C and hydrogen sulphide concentrations up to 1 mM) (Sauter et 

al., 2006, Van Gaever et al., 2009b). As previously mentioned, temperature has a clear 

effect on the FA composition in cellular membranes resulting in an increase in the 

unsaturated fatty acid proportions. Such a response is uniform and we, therefore, 

anticipate similar outcomes. The effect of increased salinity, however, is an increase of 

saturated FA levels and decreased proportions of unsaturated FAs as described for the 

bacteria Shewanella (Nichols et al., 2000) and Halomonas species (Kaye and Baross, 

2004), and several plant species from the Ephedra genus (Alqarawi et al., 2014), but 

information remains scant. Moreover, salinity effects were also found to be opposite 

between different plant varieties of the same species (Javed et al., 2014). Lastly, no 

information on the effects of sulphides on FA composition currently exists. We can, 

however, consider sulphides to be a toxic compound because H. disjuncta is unable to 

survive concentrations higher than 1.5 mM (personal observations). In the presence of a 

toxic compound in sublethal concentrations, cells start to decrease membrane fluidity by 

increasing the degree of FA saturation (Sikkema et al., 1995, Mrozik et al., 2004, 

Duldhardt et al., 2010). The experimental data, discussed within this paper, allows to 

investigate the individual effects of environmental factors on FA composition. In addition, 

it can aid in the correct interpretation of observed differences in FA composition between 

H. hermesi and GD1 sampled from the HMMV and Western Scheldt estuary, respectively. 
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Material and methods 

1. Intertidal GD1 nematode cultures 

Decaying Fucus vesiculosus was collected from the Paulina tidal flat, located along the 

southern shore of the polyhaline zone of the Western Scheldt estuary (southwestern part 

of The Netherlands). Macroalgal pieces were transferred to petridishes containing 0.8% 

nutrient:bacto agar (ratio of 1/7) prepared in artificial seawater (Moens and Vincx, 1998) 

with a salinity of 25 and placed at a constant temperature of 16 °C. Two weeks after 

inoculation, one single gravid female was transferred to a new petridish (5.5 cm inner 

diameter), containing the same agar medium, to establish monospecific GD1 cultures. 

Frozen-and-thawed Escherichia coli K12 was added as a food source and cultures were 

placed at a constant temperature of 16 °C. Monospecificity and species identity were 

verified, shortly after inoculation, by PCR and sequencing the ITS gene. Primers and 

thermal-cycling conditions can be found in Derycke et al. (2007a).  

2. Sample collection  

Intertidal GD1 nematodes were harvested from the monospecific cultures and transferred 

to rehydrated (salinity of 25), defaunated Fucus vesiculosus (48 hours at 60 °C). They 

were allowed to grow for ca. four weeks in three litterbags (mesh size 200 µm) at 8 °C 

and a salinity of 25. Litterbags were then placed at the Paulina tidal flat (Western Scheldt 

estuary, 51° 20' 56.79"N, 3° 43' 29.56"E) for 72 hours. Following this period, 

macroalgae were washed over two stacked sieves (top sieve: 1 mm, bottom sieve: 32 

µm) and fauna was retained on the bottom sieve. The sieve was rinsed with sieved 

seawater (32 µm) and replicate samples were frozen in liquid nitrogen and stored at -80 

°C awaiting further analysis. Throughout the rest of the study, GD1 samples extracted 

from the Paulina tidal flat, will be referred to as GD1P. 

Deep-sea sediment samples were collected at the Håkon Mosby mud volcano during the 

Maria S. Merian cruise 2010 using a TV-guided multi-corer. The microbial mats, the 

preferred habitat of H. hermesi, were selected and sampled from three locations (Station 

MSM16-2_802-1, 72° 0.17’ N 14° 43.88’ E; Station MSM16-2_829-1, 72° 0.16’ N, 14° 

43.94’ E; Station MSM16-2_831-1, 72° 0.14’ N 14° 43.94’ E). Cores from these locations 

were immediately sliced on board from 0-10 cm with a one cm interval and samples for 

fatty acid composition were stored at -80 °C.  

3. Nematode extraction 

The top cm of three deep-sea samples and part of the three intertidal samples, were 

thawed and nematodes were extracted by density gradient centrifugation, using Ludox (a 

colloidal silica polymer; specific gravity 1.18) as a flotation medium (Heip et al., 1985). 

For each replicate, ca. 333 nematodes of each sex (male and female) and 333 juveniles 

were manually picked out using a binocular microscope to easily select Halomonhystera 

species based on their morphology. Per replicate, juveniles and adults (both sexes) were 

pooled to include all life stages and sexes present in the population. Nematodes were 

then rinsed twice in sterile Mili-Q for at least one hour to remove most adhering bacteria 
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and transferred to glass 5 ml GC vials in sterile Mili-Q and stored at -80 °C prior to fatty 

acid extraction. 

4. GD1 experimental set up 

The effect of three abiotic factors (salinity, temperature and sulphide presence/absence) 

on fatty acid composition was tested by a replicated fully crossed design with three 

factors: a salinity of 25 and 34, temperatures of 16 °C and 4 °C and presence or absence 

of sulphide (0 mM and 1 mM). Because simulated cold deep-sea temperatures resulted in 

occasional crystallization of the agar medium, a temperature of 4 °C was used. 

Experimental control conditions were 16 °C and a salinity of 25 because stock cultures 

are maintained at these conditions. The experiment was conducted on experimental 

microcosms which consisted of Petri dishes (5.5 cm i.d.) containing 1.5 ml 0.8% 

nutrient:bacto agar (1/7). The sulphidic medium consisted of the same agar as described 

above to which we added sodium thiosulphate (Na2S2O3) and sodium sulphide (Na2S) in a 

final concentration of 1 mM for both reagents; 350 µl E. coli K12 (ca. 8 x 108 cells/ml) 

was added as a food source, sufficient for the duration of the experiment. In addition, 

350 µl of the E. coli food source was also stored at -80 °C for further fatty acid analysis. 

The experiment was started by manually picking out 60 females and 40 males (F0) from 

the monospecific GD1 stock cultures which were deposited in the microcosms. Petri 

dishes were closed with parafilm and maintained in temperature-controlled incubators 

without light for the whole length of the experiment. Two days after the minimum 

generation times, (9-11, 10-15 and 28-39 days at 16 °C, 10 °C and 4 °C, respectively, 

Van Campenhout et al., 2014), 333 F1 nematodes (111 juveniles, males and females) 

from each replicate were manually picked out and washed as described above. Because 

we required 1000 nematodes for further analysis and microcosms did not yield many 

nematodes, the replicate samples were pooled, frozen in 5 ml GC vials and stored at -

80°C. 

5. Analytic techniques and data treatment 

Deep-sea, intertidal and experimental GD1 samples, and the E. coli food source were 

lyophilized for 24h before extraction. Extraction and esterification of fatty acids was 

performed according to a modified one-step method of Abdulkadir and Tsuchiya (2008). 

Briefly, samples were mixed with 700 µl of a 2.5% H2SO4-methanol solution in a capped 

tube and heated at 80°C for 90 minutes. After cooling to room temperature, 350 µl 

hexane and 350 µl of a 0.95% NaCl solution were added. After stirring, samples were 

centrifuged for 10 minutes at 1000 rpm (650 g). Of the two phases which formed, the 

upper hexane layer, containing the fatty acid methyl esters (FAMEs), was transferred to a 

capped vial to be injected into the gas chromatographer (GC) for FAME analysis. 5 µl of 

the FAMEs solution was injected on a HP88 column (Agilent J&W) at a temperature of 

250°C and separated using gas chromatography (Hewlett Packard 6890N) coupled to a 

mass spectrometer (HP 5973) to obtain ion profiles for identifications. Oven 

temperatures were the same as described in De Troch et al. (2012). 

FAMEs identification was based on the comparison of the mass spectral fragmentation 

spectra and retention times to authentic standards and mass spectral libraries (WILEY 

and in-house libraries) using the MSD ChemStation software (Agilent Technologies). 

Linear regression of peak areas of external standards (Supelco #47885, Sigma-Aldrich) 
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in known concentrations ranging from 5 to 250 µg ml-1 were used for FAME 

quantification. The slope of the linear regression of the external standards and amount of 

hexane is employed to quantify each individual FAME according to De Troch et al. (2012). 

Ratios between individual FAME and C16:0 peak areas were determined and ratios less 

than 0.02 were deemed unreliable and, therefore, removed (see Drijber et al., 2000). In 

addition, unassigned peaks were removed from the dataset. The nomenclature of the 

fatty acids follows the universal X:YωZ form, were X represents the number of carbon 

atoms, Y equals the number of double bonds and Z gives the position of the double bond 

counting from the terminal methyl group (Guckert et al., 1985). Because we were unable 

to reliably distinguish isoforms and anteisoforms, these peaks, of each respective FA, 

were summed and “(ante)iso” was added to the universal X:YωZ form throughout the 

rest of this paper. FAME concentrations were standardized to the total amount of 

nematodes added, resulting in pico grams per nematode. Because organisms have the 

ability for a genotype to match their phenotype to different environments which can 

influence the total amount of FAs under different experimental conditions, relative 

proportions of each quantified FAME to the total amount of pg fatty acids were 

determined. Similarly, relative FA proportions of the E. coli food source (added to 

experimental microcosms) were determined as described above. 

6. Statistical analysis on Halomonhystera hermesi and GD1P  

To test the difference in relative fatty composition between Halomonhystera hermesi and 

GD1P, a one factor Permutational Based Multivariate Analysis of Variance (Anderson et 

al., 2008), on the basis of Bray-Curtis similarity with 9999 permutations, was performed. 

The results were visualized by non-metric multidimensional scaling (MDS). Samples were 

clustered based on group average and a SIMPER analysis was used to identify which fatty 

acid accounted for the observed dissimilarity between species. PERMDISP (Anderson, 

2004) was executed to test the homogeneity of multivariate dispersions. Because of the 

limited level of replication, a Monte Carlo test was performed at all times and all p-values 

in this study have been FDR-corrected in R version 3.0.2 (R Core Team, 2013). 

Comparing relative proportions of FAs based upon the total fatty acid content between 

species might not truly reflect the composition of SFAs, MUFAs and PUFAs. Therefore, 

fatty acids were divided into three classes based on the saturation level: saturated fatty 

acids (SFAs), mono-unsaturated fatty acids (MUFAs) and poly-unsaturated fatty acids 

(PUFAs). The total values for each class are the sum of values for the following major 

components: SFAs (C12:0, C13:0, C14:0, (ante)isoC15:0, C15:0, (ante)isoC16:0, C16:0, 

(ante)isoC17:0, C17:0, C18:0, C20:0 and C22:0), MUFAs (C14:1ω5, C15:1ω5, C16:1ω7, 

C17:1ω7, C18:1ω12, C18:1ω9, C18:1ω7, C20:1ω9, C22:1ω9 and C24:1ω9) and PUFAs 

[C16:2ω6, C18:2ω6, C18:3ω3, C18:3ω6, C20:2ω6, C20:3ω6, C20:4ω6, c20:5ω3 (EPA) 

and C22:6ω3 (DHA)]. Relative values of each FA were determined based upon the total 

sum of its respective FA class. The difference in SFA-, MUFA- and PUFA composition, was 

statistically analysed as described above (Bray-Curtis similarity). The difference between 

both species of each FA proportion per class was determined using Euclidean distances 

with 9999 permutations and a PERMANOVA was performed. 

In addition, PUFAs with a chain length ≥ 20 carbons and ≥ 3 double bonds, known as 

highly unsaturated FAs (HUFAs), were summed, SFA/UFA ratio (with UFA defined as the 

sum of MUFA and PUFA) and the unsaturation index were determined. The unsaturation 

index is the sum of MUFA and PUFA proportions multiplied by the respective amount of 
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unsaturated bonds of each respective FA. To test the difference between SFA/UFA ratios, 

unsaturation indices and HUFA proportions, Euclidean distances was used in 

PERMANOVA. All analyses were performed within PRIMER v6 with PERMANOVA+ add-on 

software (Anderson et al., 2008). 

7. Statistical analysis of the experiment (GD1) 

Relative proportions of FAs were determined in the same way as described above and the 

same parameters were calculated. We have performed a fully crossed PERMANOVA 

design with three fixed factors (on all parameters separately: total FA-, SFA-, MUFA-, 

PUFA- and HUFA composition, SFA/UFA ratios and unsaturation indices). The three 

factors were temperature (16 °C and 4 °C), salinity (25 and 34) and sulphide (0 and 1 

mM). Because we lack proper replication, we cannot reliably estimate factor interaction 

effects and, therefore, pooled the two-way and three-way interaction terms, thereby 

overestimating the true residual. This statistical test allowed us to reliably investigate the 

effect of each individual factor.  
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Results 

1. FA composition of GD1P and H. hermesi 

The total fatty acid composition was significantly different between both species (p = 

0.0054), and homogeneity of multivariate dispersions was found (p = 0.1044). Relative 

values for all FAs, based upon the total FA content can be found in Table 1. Replicate 

samples from H. hermesi clustered together with a similarity of >90% and GD1P 

replicates clustered together with a similarity >80% (Figure 1). Total FA composition 

between both species was 68.65% similar. SIMPER revealed that mono-unsaturated fatty 

acid (MUFA) C16:1ω7 was present in significantly higher proportions (p = 0.0032) in H. 

hermesi (23.56%) compared to GD1 (9.07%) and was most important in explaining the 

dissimilarity (23.11%) between both species. This analysis further revealed that a total of 

17 FAs contributed to explain >90% of the dissimilarity (Table 2).  

 

 

Figure 1: Non-metric multidimensional scaling plot of all replicates of GD1P and H. hermesi based 
on Bray-Curtis similarities of relative proportions of all fatty acids. Contours show the similarities 

based on the cluster analysis. GD1P was sampled from the Western Scheldt estuary (intertidal), 

while H. hermesi was sampled from the Håkon Mosby mud volcano (HMMV). 

 

Classifying each FA into their respective group (SFAs, MUFAs and PUFAs) showed that 

MUFAs were the most abundant class for both species followed by PUFAs and SFAs 

(Figure 2). SFAs C13:0 and ante(iso)C17:0, and MUFA C15:1ω5 were only observed in 

GD1P (Table 1, Figure 3A). However, C13:0 was only identified in one GD1p sample in 

very low proportions (0.13%). SFA C22:0, MUFAs C14:1ω5 and C18:1ω12, and PUFAs 

C16:2ω6, C18:3ω6, C20:3ω6 and C22:6ω3 (DHA) were exclusively observed in H. 

hermesi (Figure 3B, 3C). Of these uniquely observed FAs, DHA had the highest relative 

proportion (4.23%) of the total fatty acid content (Figure 3C). The unsaturation index 

and SFA/UFA ratio of GD1p was respectively lower (p = 0.0021) and higher (p = 0.0032) 

in GD1P compared to H. hermesi (Table 3).  
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Table 2: Contribution (%) of fatty acids to the total fatty acid content dissimilarity (up to 90%) 
between GD1P and H. hermesi. 
 

Fatty acid Contribution (%) Cumulative (%) 

C16:1ω7 23.11 23.11 

C16:0 8.55 31.65 

C18:1ω9 7.20 38.85 

(ante)isoC15:0 6.92 45.77 

C22:6ω3 (DHA) 6.75 52.52 

C14:0 6.60 59.12 

C18:2ω6 5.87 65.00 

(ante)isoC17:0 4.98 69.97 

C20:5ω3 (EPA) 4.15 74.13 

C18:1ω7 3.66 77.79 

C18:3ω6 2.74 80.53 

C17:1ω7 2.50 83.04 

C16:2ω6 1.82 84.86 

C18:3ω3 1.77 86.63 

C22:1ω9 1.66 88.29 

C18:0 1.65 89.95 

C20:1 ω9 1.35 91.29 

 

The relative amount of SFAs for H. hermesi (8.85%) was significantly lower than the 

28.43% for GD1P (p = 0. 0023). C16:0 was the dominant SFA (Figure 3A) in both GD1P 

(31.0%) and H. hermesi (42.5%). In addition, SFA composition was significantly different 

between both species (p = 0.0017). Except for C13:0 (p = 0.40557), C15:0 (p = 

0.26365) and ante(iso)C16:0 (p = 0.05720) all SFAs were significantly different between 

both species (p-values < 0.05, Table S1). C14:0- (p = 0.0102) and ante(iso)C15:0 

proportions (p = 0.0023) were significantly higher in GD1P, while C16:0 (p = 0.0031), 

C17:0 (p = 0.0293), C18:0 (p = 0.0028) and C20:0 (p = 0.0017) were significantly 

higher in H. hermesi (Figure 3A).  

 

Table 3: SFA/UFA ratio, unsaturation index and HUFA proportion of GD1 (GD1P) and H. hermesi 
sampled from their native environment, GD1 under different conditions of salinity (25 and 34) 
temperature (16 °C and 4 °C), and presence of sulphide (NoS = absent and S = presence), and of 
the Escherichia coli food source.  

 
Treatment - species SFA/UFA Unsaturation index HUFA 

GD1P 0.40 (± 0.06) 1.12 (± 0.07) 4.28 (± 0.16) 

H. hermesi 0.10 (± 0.02) 1.68 (± 0.03) 11.78 (± 0.88) 

GD1 (25 - 16 °C - NoS) 0.50 0.97 8.52 

GD1 (25 - 4 °C - NoS) 0.29 1.28 12.30 

GD1 (25 – 16 °C S) 0.40 1.14 7.97 

GD1 (25 – 4 °C S) 0.23 1.31 9.17 

GD1 (34 - 16 °C - NoS) 0.44 1.02 11.02 

GD1 (34 - 4 °C - NoS) 0.19 1.36 8.31 

GD1 (34 – 16 °C S) 0.23 1.32 8.37 

GD1 (34 – 4 °C S) 0.19 1.33 5.22 

E. coli 14.41 0.06 0 

Abbreviations: SFA, proportion of saturated fatty acid; UFA, proportion of unsaturated fatty acids, HUFA, proportion of highly 

unsaturated fatty acids defined as unsaturated fatty acids with a chain length ≥ 20 carbon atoms and ≥ 3 double bonds. 
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The low relative SFA proportion in H. hermesi was compensated by significantly higher 

MUFA- (11.83%, p = 0.0030) and PUFA (7.75%, p = 0.0392) proportions in comparison 

to GD1P (Figure 2). The MUFA composition in both species was dominated by C16:1ω7 

and C18:1ω9 (Figure 3B) which were responsible for 67.1% and 79.9% of the total MUFA 

composition of GD1P and H. hermesi, respectively. The MUFA composition was 

significantly different between both species (p = 0.0387). MUFAs C18:1ω9 (p = 0.3377), 

C18:1ω7 (p = 0.3335), C20:1ω9 (p = 0.8963), C24:1ω9 (p = 0.6068) were not 

significantly different, while all other MUFAs were significantly different between both 

species (p-values < 0.05, Table S1). The MUFA composition of H. hermesi consisted of 

circa two times higher proportions of C16:1ω7 (p = 0.0102) compared to GD1P (Figure 

3B), and was responsible for 40.2% of the MUFA dissimilarity between both species. 

 

 

Figure 2: Relative proportions of saturated- (SFA), monounsaturated- (MUFA), and 
polyunsaturated (PFA) fatty acid to the total amount of fatty acids of GD1P and H. hermesi. Mean 
values are shown and error bars correspond to the standard deviation. 

 

PUFA compositions were also significantly different between both species (p = 0.0023) 

and were dominated by C18:2ω6 (Figure 3C), responsible for 40.14% of the dissimilarity. 

The PUFA composition of H. hermesi showed a tendency towards highly unsaturated FAs 

(HUFAs, ≥ 20 carbons, ≥ 3 double bonds) as was indicated by significantly higher HUFA 

values (p = 0.0032) for H. hermesi (Table 3). This was a result of higher 

eicosapentaenoic acid (C20:5ω3 – EPA; p = 0.0017) proportions and the presence of 

docosahexaenoic acid (C22:6ω3 - DHA), a HUFA that was absent in GD1P (Figure 3C, 

Table 1). EPA and DHA were responsible for 11.72% and 9.29% of the PUFA dissimilarity 

between both species. 
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Figure 3: Proportions of each identified fatty acid of GD1P and H. hermesi relative to the total 
amount of fatty acids of their respective class. (A) Saturated fatty acid composition, (B) mono-
unsaturated fatty acid composition, (C) poly-unsaturated fatty acids. Mean values are plotted with 
error bars corresponding to the standard deviation. Significant differences between both species 
are indicated with an asterisk.  
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2. FA composition of GD1 under different experimental conditions 

Similar to GD1P, SFAs had the lowest proportions in all experimental microcosms (Figure 

4, Table 1). SFA proportions were significantly affected by temperature (p = 0.0368) 

resulting in 9.9% - 14.6% lower SFA proportions at 4 °C compared to 16 °C (Figure 4). 

Similar increases in UFA proportions were observed (Figure 4) when temperature 

decreased (p = 0.0069). Thus, the SFA/UFA ratio always significantly decreased (p = 

0.0074) with decreasing temperatures while the unsaturation index showed an inverse 

response (p = 0.0444, Table 3). Increasing the salinity and adding sulphides did not 

have a significant effect on SFA proportions.  

 

Figure 4: Relative proportions of saturated- (SFA), monounsaturated- (MUFA), and 
polyunsaturated (PFA) fatty acid to the total amount of fatty acids of GD1 under experimental 

conditions and the E. coli food source. GD1 labels consist of the salinity (25 or 34), temperature (4 
°C and 16 °C) and presence of sulphides which is indicate by NoS (absence of sulphide) or S 
(presence of sulphide).  

 

Saturated fatty acids mainly consisted of (ante)isoform FAs and odd chain length FAs like 

C15:0 and C17:0 (Figure 5A) and the most abundant MUFAs were C16:1ω7 and C18:1ω7 

(Figure 5B). The effect of varying abiotic factors did not reveal any discernible trend in 

SFA and MUFA composition. PUFA compositions were very similar and highly dominated 

by C18:2ω6 (71.5% - 80.7%) which is similar to GD1P (67.4%) and H. hermesi (59.3%). 

The PUFA composition (Figure 5C) of experimental nematodes lacked C18:3ω3, 

compared to GD1P, DHA was not observed in the experimental nematodes and only trace 

amounts of EPA (<1%) were present.  
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Figure 5: Composition of monounsaturated fatty acids (A), mono-unsaturated fatty acids (B), 

poly-unsaturated fatty acids (C) of GD1 under varying experimental conditions and Escherichia coli. 
GD1 labels are the same as in figure 4.  
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3. FA composition of E. coli  

The most abundant fatty acids for the E. coli food source were SFAs (93.5%) and no 

PUFAs could be identified (Table 1). SFA composition was similar to experimental 

nematodes (Figure 5A) and was dominated by (ante)isoC15:0 (37.3%) and C16:0 

(29.4%). Meanwhile, the composition of the MUFAs was very different from experimental 

GD1 nematodes (Figure 5B) and consisted of C16:1ω7 (32.0%), C18:1ω9 (51.1%) and 

C18:1ω7 (16.8%). 
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Discussion 

1. Fatty acid compositions of H. hermesi and GD1P indicate an 

adaptive response to the deep-sea environment  

Survival and successful reproduction of organisms relies on the ability to respond and 

adapt to the often varying conditions imposed by their environment. Fatty acid 

composition is known to rapidly (24-72 hours) respond to changes in diet (Turner and 

Rooker, 2005) and even daily/hourly fluctuations in FA composition have been observed 

previously (Dumm et al., 1984, Fozo and Quivey, 2004). The barrier function of the 

cytoplasmic membrane is known to depend critically on the physical state of lipid bilayers 

(Cronan et al., 1987), making it susceptible to environmental changes. The deep sea is a 

constant cold environment. When biological membranes are sufficiently cooled many 

biochemical reactions may be impaired which results in a decreased fluidity of lipids, a 

factor of primary importance to cell membrane function (Hazel and Williams, 1990, 

Hochachka and Somero, 2001). Increased monounsaturated fatty acid (MUFA) 

proportions are most commonly reported as the agents involved in maintaining 

membrane order, with the addition of further double bonds having little effect on the 

phase transition properties and hence fluidity of the lipids (Hazel, 1995). Higher 16:1ω7 

proportions in H. hermesi could, therefore, be important in homeoviscous adaptation to 

low temperatures. However, the high 16:1ω7 proportions could also have originated from 

the deep-sea HMMV bacteria Beggiatoa sp., the proposed food source for H. hermesi 

which is rich in 16:1ω7 (Van Gaever et al., 2009b). This MUFA has formerly been 

reported in Beggiatoa species from other cold seeps (Elvert et al., 2003), suggesting that 

high 16:1ω7 proportions might be important in homeoviscous adaptation for Beggiatoa, 

and organisms feeding on the bacteria, to cold-seep environments. Low temperatures 

can also result in an increase in polyunsaturated FA (PUFA) proportions in nematodes 

(Tanaka et al., 1996), which can explain the increase in PUFA proportion observed in H. 

hermesi. 

High hydrostatic pressure can have similar effect on FA composition as low temperatures, 

i.e. reduction in SFA proportion and an increase of UFA proportion (DeLong and Yayanos, 

1985, DeLong and Yayanos, 1986, Yayanos and DeLong, 1987, Bartlett, 2002). Lipids are 

known to be more compressible than proteins and are, therefore, in comparison more 

sensitive to pressure effects (Weber and Drickamer, 1983). Accordingly, many deep-sea 

organisms modulate their membrane fluidity and composition in response to pressure 

(Bartlett, 2002). Comparison of deep-sea and shallow-water fish revealed increased 

proportions of membrane fluidizing unsaturated fatty acids (Cossins and Macdonald, 

1989). An increase in MUFAs and PUFAs and decrease in saturated fatty acids (SFAs) was 

also observed in vertically migrating marine planktonic copepods with increasing depth 

(Pond et al., 2014). Our results revealed very similar effects in FA proportions, i.e. the 

proportion of saturated FAs in the deep-sea nematode H. hermesi is nearly 20% lower 

compared to its intertidal relative GD1P, which is compensated by higher amounts of 

MUFAs and PUFAs.  

Fatty acid proportions of H. hermesi revealed the presence of the highly unsaturated 

fatty acid (HUFA) docosahexaenoic acid (DHA - C22:6ω3), which was absent in GD1P, 

and higher concentrations of the HUFA eicosapentaenoic acid (EPA - C20:5ω3). Marine 
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animals are known to contain high levels of these long-chain ω3 PUFAs (Ackman, 1989, 

Tocher, 2003) and recent data suggest that also marine nematodes are rich in HUFAs 

(Leduc and Probert, 2009) as was observed for H. hermesi. Highly unsaturated fatty 

acids are essential for normal functioning of cell membranes and membrane-bound 

enzyme systems, crucial regulators for animal cell membrane physiology (Brett and 

Müller-Navarra, 1997). Moreover, these HUFAs were hypothesized to important in 

homeoviscous adaptation to high pressure and low temperatures (Yano et al., 1997). 

DHA proportions also increased with depth in vertically migrating copepods suggesting its 

key role in maintaining membrane order in cold, high pressure conditions in the deep sea 

(Pond et al., 2014). The absence of DHA in GDP, contrasting to its presence in H. 

hermesi, therefore, suggests that DHA might be essential in homeoviscous adaptation to 

a deep sea environment. Moreover, interaction between temperature and pressure on 

DHA proportions, consistent with homeoviscous adaption, has been recently reported 

(Pond et al., 2014). 

Because both species are bacterivorous, one could expect DHA and EPA to originate from 

their respective food source. Even though DHA is uncommon in most bacteria, it is 

present in deep-sea bacteria, as is EPA (DeLong and Yayanos, 1986, Yazawa, 1996). 

Studies on deep-sea bacteria (DeLong and Yayanos, 1985, Yano et al., 1997, Nogi et al., 

1998) and growth experiments of bacterial cultures under high pressure (Kamimura et 

al., 1993) revealed the importance of increased proportions of the highly unsaturated 

fatty acid (HUFA) eicosapentaenoic acid (EPA - C20:5ω3) under high pressure, which is in 

agreement with our results. However, a trophoecolocigal study on fatty acid compositions 

of Beggiatoa sps, the proposed food source of H. hermesi, revealed that HUFAs were 

absent (Van Gaever et al., 2009b). Unlike most metazoans, nematodes are, however, 

able to biosynthesize HUFAs from acetate (Rothstein and Gotz, 1968, Bolla, 1980) and 

from shorter fatty acid precursors (Hutzell and Krusberg, 1982). Interestingly, a 

transcriptome comparison between GD1P and H. hermesi (Van Campenhout et al., in 

preparation) disclosed an overrepresentation of the KEGG pathway “Fatty acid 

elongation” in H. hermesi. Given the lack of EPA and DHA in the food source for H. 

hermesi, both the transcriptomic data and our results indicate the need and ability for H. 

hermesi to synthesize both HUFAs. 

It must be noted that other environmental differences might influence the FA composition 

of membranes. High salinities, for example, have an opposite effect on FA composition 

compared to high pressure and a low temperature (Nichols et al., 2000, Kaye et al., 

2004, Alqarawi et al., 2014). A recent study revealed that increased salinities can also 

result in increased DHA and EPA proportions (Fonseca-Madrigal et al., 2012). Moreover, 

synchronous effects of temperature, hydrostatic pressure, and salinity on FA composition 

have been previously observed (Kaye and Baross, 2004). Given the different (a)biotic 

features between both environments and the similar effect of temperature and pressure 

on the FA composition it is difficult to assess which abiotic factor is most responsible for 

the higher UFA proportion in H. hermesi. Therefore, we have experimentally tested the 

effect of different factors (temperature, salinity and sulphides) on the FA composition of 

GD1 to elucidate which factors significantly affected UFA proportions.  
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2. FA composition of GD1 is affected by temperature, but not by 

salinity or sulphide changes  

Our results revealed that reduced growth temperatures result in greater proportions of 

unsaturated fatty acids, which is in accordance with previously observed temperature 

effects in nematodes (Jagdale and Gordon, 1997). However, no effect of salinity and 

sulphide was observed. This indicates that temperature is most likely the main factor 

responsible for the difference in UFA proportions between GD1P and H. hermesi, while 

salinity and sulphides are of lesser importance. Our results further revealed that DHA 

was absent in all our experimental nematodes and only trace amounts of EPA have been 

found. This suggests that the high HUFA proportions of H. hermesi, in comparison to 

GD1P, is most likely a response to other factors such as pressure and less the result of 

differences in temperature, sulphides and salinities between both environments.  

Our experimental data further showed high proportions of C15:0 and C17:0, and 

especially high (ante)isoform proportions of several FAs. Metazoa almost exclusively 

synthesize even-chain fatty acids (Fulco, 1983) while bacteria are able to synthesize odd 

chain length, ante- and isoforms of FAs, and branched fatty acids (Kaneda, 1991). The 

presence of C17:0 and C15:0 has been previously observed in bacterivorous nematodes, 

be it in low amounts (Hutzell and Krusberg, 1982), in agreement with our study. It is, 

however, well established that the fatty acid composition of an organism most often 

reflect their diet (MacAvoy et al., 2002, Ruess et al., 2002, Van Gaever et al., 2009b). 

Meanwhile, transfer up the food chain of C15:0 and C17:0 have been seen in copepods 

feeding on bacterivorous ciliates (Ederington et al., 1995) and an unusually high amount 

(up to 50%) of odd chain length FAs have been observed in the amphipod Pontoporeia 

femorata (Paradis and Ackman, 1976). Both observations suggest that an organism is 

able to incorporate bacterial FAs. Odd chain length FAs and ante(iso) FAs are indeed 

present in the E. coli food source for GD1 and reflect the SFA composition of GD1 

suggesting that the latter incorporates fatty acids from its food source to use in its 

membranes. In addition, absence of PUFAs in E. coli does clearly indicate and confirm 

that nematodes are able to biosynthesize long unsaturated fatty acids from shorter chain 

fatty acids as has previously been observed (Schlechtriem et al., 2004). 

Conclusion 

In this study we have shown that the fatty acid composition of closely related deep-sea 

and intertidal nematodes (GD1P) clearly differs. The deep-sea nematode H. hermesi had 

higher unsaturated fatty acid proportions which could be attributed to the cold deep-sea 

environment. In addition, the saturated-, monounsaturated-, and polyunsaturated fatty 

acid composition of both species is different. H. hermesi showed significantly higher 

16:1ω7 proportions, which might be important in homeoviscous adaptation to cold-seep 

environments. The deep-sea nematode had elevated highly unsaturated fatty acids such 

as EPA and DHA, suggesting that these HUFAs are important in homeoviscous adaptation 

to the cold deep-sea environment as was previously reported for other deep-sea 

organisms. Moreover, the lack of DHA and trace amounts of EPA in our experimental 

microcosms suggest that these HUFAs are a response to factors like pressure and not a 

consequence of differences in temperature, salinity and sulphide concentrations. 
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Subjecting GD1 to changing abiotic factors such as temperature, salinity and sulphides, 

revealed that only temperature significantly increased the unsaturated fatty acid 

proportions. This indicates that temperature is important in explaining differences in UFA 

proportions between GD1P and H. hermesi. Finally, we were able to show that nematodes 

have the ability to synthesize polyunsaturated fatty acids which are not present in their 

food source.  
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General discussion 

This thesis compared different aspects of possible environmental adaptation (molecular, 

ecological, morphological and biochemical) between the deep-sea nematode 

Halomonhystera hermesi and its intertidal Halomonhystera disjuncta relatives with a 

more detailed focus on GD1, one of H. hermesi’s phylogenetically closest related species. 

Previous studies on sister species never highlighted so many different aspects of the 

effect of an environment on the biology of morphologically similar species. In this final 

chapter we will discuss our results in light of some key topics such as plasticity, 

opportunistic behaviour and cosmopolitan distribution, environmental adaptation, cryptic 

and specialist species.  

1. Plasticity as one of the main factors in deep-sea colonization?  

In the second chapter of this thesis, we have shown that the H. hermesi, dominant at the 

bacterial mats of the Håkon Mosby mud volcano (HMMV), and intertidal H. disjuncta 

species (GD1-5) are phylogenetically related. Nuclear genetic data revealed that H. 

hermesi was more closely related to GD1 and GD4 indicating that they have a more 

recent common ancestor compared to other cryptic species. Moreover, the nuclear 

genetic data showed that H. hermesi is embedded in the intertidal cryptic species 

complex (here defined as the GD1-5 cryptic species). This indicates that H. hermesi has 

its origin in shallow waters which is compliant with the suggested origin of deep-sea 

nematodes (Bik et al., 2010) and with several observations of other deep-sea taxa 

(summarized in Brown and Thatje, 2014). The close relationship between GD1 and GD4 

and H. hermesi make these species ideal subjects to investigate biological changes 

necessary to thrive at cold seeps and intertidal environments. Because we were able to 

cultivate GD1 but not GD4, even after numerous attempts, we selected this close relative 

for further research. In general, our results revealed a certain plasticity1 for GD1 under 

bathyal cold seep conditions (chapter 3), which resulted in few significant changes in 

fatty acid content (chapter 6), and hinted at GD1’s ability to readily change gene 

expression and detect environmental changes (chapter 5), while maintaining the 

capability of selecting for their native habitat (chapter 4).  

This study showed that GD1 has the ability to withstand simulated deep-sea conditions 

better compared to GD2-3. Interestingly, except for the presence of GD3 in one coastal 

location, no members of the intertidal cryptic species complex were detected in the 

Western Scheldt estuary and coastal environments during summer (Derycke et al., 

2007a), suggesting that they either favour cold temperatures or are better equipped to 

deal with low temperatures compared to other organisms giving the species an 

advantage in colder seasons. Gerlach and Schrage (1971) further reported that H. 

disjuncta has the ability to successfully reproduce at temperatures of -1 °C but no egg 

development was observed at temperatures of 26 °C or higher. Moreover, H. disjuncta 

has a short generation time and high reproductive output (Vranken et al., 1988a). 

Additionally, we showed that low temperatures had a positive effect on the survival of 

nematodes when encountered with high sulphide concentrations (chapter 3), and clearly 

decreased fatty acids saturation levels (chapter 6). Recently, it was revealed that GD1 

also has the ability to survive under high pressure (100 atm ≈ 1000 m of depth) 

(Mevenkamp personal communication). However, environmental conditions at the HMMV 

1Plasticity is in this discussion defined at the level of a species. Species with a large plasticity are here 
suggested to be more tolerant to and have the ability to reproduce in a variety of environmental 
conditions. 
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are even more extreme than at the abyssal plane and include high sulphide 

concentrations and low oxygen levels (de Beer et al., 2006, Sauter et al., 2006, Van 

Gaever et al., 2006). Hydrogen sulphide is toxic for Metazoa, mainly as a result of its 

inhibiting effect on cellular respiration (Somero et al., 1989, Vismann, 1991). Most 

Metazoa can cope with these high sulphide concentrations by interacting with ecto- 

and/or endosymbiotic bacteria (Levin, 2005). Intriguingly, both GD1 and GD2 have the 

ability to survive in the presence of high sulphide concentrations and produce viable 

offspring (chapter 3) without the need for such symbiotic interactions, suggesting that 

they can circumvent sulphide toxicity by changing their gene expression, or that they are 

pre-adapted to high sulphide concentrations. One of the more likely pathways involved in 

this response is the oxidative phosphorylation, essential for aerobic ATP production, 

which was overrepresented in H. hermesi’s transcriptome indicating its importance in a 

cold-seep environment (more detailed discussion in chapter 5).  

Our data, combined with all previously obtained results, indicate that H. disjuncta has a 

large plasticity to a variety of environmental conditions including high sulphide 

concentrations, a high salinity, low temperature, high heavy metal concentrations and 

high hydrostatic pressure. Not taking dispersal capacities into account (see further), such 

plasticity could allow persistence of the species in the deep sea after initial colonisation 

and increases its chances to establish a new population (Brown and Thatje, 2014), which 

could eventually result in speciation.  

Successful colonization and establishment of a new population in a distinct habitat not 

only depends on whether the dispersing species has a high level of flexibility to swiftly 

respond to new environmental conditions but will also depend on whether the species 

shows characteristics of being pre-adapted (West-Eberhard, 2003). While we have 

highlighted that a large plasticity might result in increasing odds to establish a cold-seep 

population, which could eventually lead to speciation, plasticity alone might not be 

sufficient. Species inhabiting extreme deep-sea environments such as cold seeps and 

that are believed to have originated from coastal species, might be pre-adapted to 

certain extreme conditions such as low oxygen levels and high sulphide concentrations. 

In the upper centimetres of coastal sediments, oxidative decomposition of settled organic 

matter by bacteria is accompanied by reduction of oxygen concentrations. If excess 

organic matter is present in coastal and intertidal sediments, its decay will deplete 

oxygen levels faster than can be resupplied from the sediment surface resulting in 

hypoxic or anoxic conditions (Jørgensen, 1982). Intertidal nematode species have 

different tolerances under deteriorated oxygen conditions. Generally, species dwelling in 

upper sediment layers were more sensitive, while species dwelling in deeper more anoxic 

sediments were less sensitive or even profited from hypoxic and anoxic conditions such 

as Metachromadora vivipara (Steyaert et al., 2007). Moreover, hypoxic and anoxic 

conditions are known to affect nematode assemblages and their vertical distribution 

(Hendelberg and Jensen, 1993, Armenteros et al., 2009).  

Under hypoxic/anoxic conditions, microbes will switch to the use of other compounds 

such as nitrate (rapidly exhausted) and sulphate, to continue the degradation of organic 

matter. The anaerobic decomposition of organic matter by sulphate-reducing bacteria, 

which accounts for up to 50% of oganic carbon mineralization in marine sediments 

(Jørgensen, 1982), will result in the production of hydrogen sulphide. Stilbonematinae 

nematodes benefitted from ecto-symbiotic sulphur-oxidizing bacteria covering their 

cuticle which serves as a sulphide detoxification mechanism (Schiemer et al., 1990, Ott, 
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1997), while sulphide tolerance (4 days at 1 mM) has been reported in Oncholaimus 

campylocercoides (Thiermann et al., 2000). At least two members of the intertidal 

Halomonhystera species complex (GD1 and GD2), have a high tolerance to high sulphide 

concentrations (chapter 3) which appears to be larger than for Oncholaimus 

campylocercoides. Halomonhystera disjuncta is also attracted to black spots (low oxygen, 

high sulphide concentrations) that arose during the decay of animals (Olafsson, 1992), 

indicating that intertidal Halomonhystera species already have a large tolerance to 

conditions similar to cold-seep environments.  

2. The success of Halomonhystera morphospecies as a near 

cosmopolitan  

Knowledge on the distribution of a species is still one of the main concerns in ecology 

(Krebs, 1972). Even though discrete morphological differences between H. hermesi and 

GD1-5 exist, their morphology is still very similar (chapter 2). The similar morphology of 

all H. disjuncta species and their sister species can be the result of (1) a low 

morphological plasticity in relation to environmental differences, or (2) its morphotype 

might be beneficial in different environments and it is the opposite of polyphenism, the 

phenomenon where noticeably different phenotypes are generated from one single 

genotype. The belief that evolution of cryptic species is so recent that morphological 

traits have not yet resulted in distinguishable diagnostic features appears to be invalid 

(Bickford et al., 2007). A mitogenomic study of coexisting cryptic Litoditis marina species 

uncovered evidence for long evolutionary histories of cryptic species (Grosemans et al., 

submitted). As such, there must be other features that explain the similar morphology 

(morphological stasis). Schönrogge and colleagues (2002) reasoned that cryptic 

speciation might evolve in species subjected to strong selection for non-morphological 

adaptations such as physiological characters. In addition, it has been suggested that 

organism can only adapt to environmental extremes in a limited number of ways (Nevo, 

2001). 

The morphotype of H. disjuncta has, additionally, been observed in a large geographical 

range and the morphospecies is, therefore, believed to be nearly cosmopolitan. Data on 

geographical records of the species complex have been summarized by Gerlach and 

Riemann (1973), Jacobs (1987), Andrássy (2006) and Tchesunov et al. (2014). Briefly, 

in the Northern hemisphere, the species was identified along the coasts of the North 

Atlantic (e.g., North Sea, Baltic Sea, Norway Sea, English Channel, Nova Scotia, St. 

Lawrence), North Pacific (Japan, California to Washington) and Arctic seas (Iceland, Jan 

Mayen, Svalbard). Halomonhystera disjuncta morphospecies have also been recorded in 

the Southern hemisphere and more specifically in the South Atlantic (Fuegian 

Archipelago, Falkland Islands, South Georgia, Patagonia), South Pacific (Chile, Campbell 

Island) and South Indian Ocean (Kerguelen Archipelago). In summary, the H. disjuncta 

morphospecies was identified from cool- and cold-water zones of both Northern 

Hemisphere and Southern Hemisphere but was not registered within the tropical belt 

except for one very brief mention on its occurrence in the Bay of Bengal. The large 

geographical range of the morphospecies indicates that the morphology is most likely 

very beneficial in a wide range of environmental conditions or that more important 

phenotypes are under natural selection. Plasticity of H. disjuncta is arguably one of the 

important aspects of its genotype which have allowed a near cosmopolitan distribution, 

yet the nematode still favours cold and temperate environments.  
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Given the similar morphology of cryptic species and their close phylogenetic relations, 

they are believed to have retained comparable environmental needs (Webb, 2000, Violle 

et al., 2011). We observed that life-histories of sympatric cryptic species responded to 

different extents to changing abiotic factors (chapter 3), indicating that they have 

different levels of plasticity or pre-adaptive genes. Abiotic factors such as temperature 

and salinity were also shown to affect interspecific interactions in Litoditis marina which 

may facilitate the co-occurrence of cryptic species (De Meester et al., 2011, De Meester 

et al., 2015). Our results can, therefore, aid in understanding the spatiotemporal 

patterns observed in the Western Scheldt estuary and coastal North Sea habitats 

(Derycke et al., 2007a).  

It is hypothesized that highly plastic individuals can easily take advantage of a novel 

environment by readily developing a new phenotype, which can accelerate evolution 

(Price et al., 2003, Yeh and Price, 2004). This hypothesis relies on the assumption that 

natural selection favours more plastic individuals over non-plastic ones. In addition, 

theoretical studies revealed that plasticity is beneficial in more heterogeneous and rapidly 

changing environments (Ancel, 1999, de Jong, 2005, Lande, 2009). As such, plasticity 

may be more beneficial in varying environments, such as estuaries, and may increase 

species’ fitness because organisms have more possibilities to harmonize their phenotype 

with the environment. Consequently, plasticity is favoured by natural selection under 

environmental heterogeneity which are similar conditions that maintain gene flow and 

standing genetic variation among (sub)populations (Sultan and Spencer, 2002), and, as 

first noted by Baldwin (1896), the persistence of a species and establishment of a new 

population might highly depend on its plasticity. However, since the use of molecular 

techniques in species delimitation, the statement that most marine species have a broad 

geographical distribution is being questioned. Molecular evidence revealed that previously 

believed nominal species actually consist of cryptic species (Knowlton, 1993, Palumbi, 

1994, Bickford et al., 2007). Our study, therefore, adds to the accumulating evidence 

that the geographical ranges of many marine species might be more restricted than 

previously believed (e.g. Derycke et al., 2005, Derycke et al., 2006).  

Even though the observed plasticity and similar morphology between species can aid in 

our understanding of the distribution of H. disjuncta’s morphotype over large distances, 

both deep-sea and shallow-water relatives were able to detect the environment in which 

they currently thrive (chapter 4). This can be highly beneficial after small scale 

disturbance events or when new opportunities (new but similar habitats) present 

themselves, allowing the species to select for very similar habitat to which they are 

currently adapted, as was suggested for the colonization of the new bare sediment in the 

North of the HMMV (chapter 2), and which can partially explain its colonization of 

decomposing algae (Derycke et al., 2007b). Yet, more research is required to establish 

the limits of this response in relation to water-flow conditions. 

3. Implication of the extent of plasticity on the geographical 

distribution of nematodes 

Nematologists have always been baffled by the large geographical distributions of 

nematodes. Their widespread distribution is, however, in contradiction with their limited 

dispersal abilities. Nematodes do not have a pelagic larval stage or any other free 

swimming life stage. Such a pelagic larval stage is capable of traversing long-distances 

up to hundreds of kilometres (Kinlan and Gaines, 2003). Successful dispersal, 
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colonization and a large geographical range depends on the larvae’s tolerance to physical 

properties of water masses in which they move (Nunes et al., 2011) and is amongst 

other things governed by several other features of the larvae such as life history traits, 

morphology, food availability and buoyancy of embryos (e.g. Brooke and Young, 2009, 

Young et al., 2012, Hilário et al., 2015). By contrast, long-distance dispersal in marine 

organisms lacking a pelagic larval phase, is more restricted and follows modes such as 

rafting, hitchhiking, creeping and hopping (Winston, 2012). Dispersal and successful 

colonization of a habitat are further influenced by body morphology (Thomas and Lana, 

2011), feeding ecology (Commito and Tita, 2002), behaviour (Ullberg and Olafsson, 

2003), their presence in the water column, dynamics of the native environment 

(hydrodynamics), life-history traits, habitat and historical events (the latter three have 

been reviewed in Derycke et al., 2013).  

Nevertheless, the wide geographic distribution of several nematode species indicates that 

nematodes can disperse over long distances and successfully colonize distinct habitats 

(Bhadury et al., 2008, Derycke et al., 2008b, Bik et al., 2010). Derycke et al. (2008), for 

example, found evidence for infrequent long-distance dispersal of Litoditis marina. 

Because long-distance dispersal of nematodes might happen irregularly, a high plasticity 

might be even more essential in the establishment of a new nematode population 

compared to species with a larval phase for which long-distance dispersal is more 

common. It has been previously pointed out that plasticity of genes involved in the host-

parasite interface of the parasitic nematode Meloidogyne incognita explain the wide host-

range as well as its geographic distribution (Abad et al., 2008), further providing 

evidence for the importance of plasticity in the geographical distribution of nematodes. 

Moreover, species with a high plasticity are more successful in colonization of new 

habitats than species with a low plasticity (Lande, 2015). A high plasticity has also been 

observed in invasive species and can even result in replacement of resident fauna in a 

new habitat (Davidson et al., 2011). If the new habitat is considerably different from the 

original one, adaptive evolution may be essential to avoid extinction. As a matter of fact, 

environmentally related differences have been identified between H. hermesi and GD1 

have been at different levels (chapter 4-6). These analysis yield insights in which 

environmental conditions might affect certain genetic or biochemical features in different 

environments.  

4. Connectivity between cryptic H. disjuncta populations  

Halomonhystera hermesi is different from its shallow-water relatives according to the 

phylogenetic species concept (according to mitochondrial and nuclear markers, chapter 

2) and ecological species concept (chapter 4-6) and to a lesser extent according to the 

morphological species concept (chapter 2). A common feature of all speciation concepts 

is the end result: reproductive isolation. While the absence of gene flow (chapter 2) 

suggests that H. hermesi is reproductively isolated, we could not unequivocally prove 

that H. hermesi is not able to produce viable offspring with its shallow-water relatives 

because we did not manage to cultivate H. hermesi and experiment. Moreover, it is 

frequently impractical to obtain sufficient biological and ecological information from deep-

sea species suggesting that a combined phylogenetic and morphological/morphometric 

approach (chapter 2), as we have performed here, is the best solution to delineate 

species (Fonseca et al., 2008, Herrera et al., 2012). In the deep sea, the shelf, 

continental slope and abyssal plain faunas are clearly distinct indicating that bathymetry 
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is of high importance in the establishment and diversification of new species (Carney, 

2005, Menot et al., 2011). In addition, we did observe environmentally related difference 

between H. hermesi and GD1 (chapter 4-6). Environmental differences might additionally 

be involved in speciation known as ecological speciation, defined as the evolution of 

reproductive isolation between populations through divergent ecologically-based natural 

selection. While it is difficult to assess which speciation mechanism is the main cause of 

the formation of H. hermesi our results revealed absence of gene flow between both 

environments (chapter 2). Allopatric in combination with ecological speciation 

(bathymetry) is believed to be the most likely method of speciation between deep-sea 

and coastal systems.  

Recently, the H. disjuncta morphospecies from the White Sea was described as H. 

socialis (Tchesunov et al., 2014). Interestingly, H. socialis and H. hermesi were 

positioned outside the intertidal species complex, based on COI data, with very high 

support (Tchesunov et al., 2014). This observation raises questions on whether both 

species should be considered as a separate species complex based on COI data. 

However, Tchesunov et al. (2014) included multiple H. socialis COI sequences with 

unassigned base pairs (N) which could have confounded the analysis. Therefore, we 

performed the same analysis but excluded these sequences from the alignment, while 

two additional Monhysteridae sequences were added. In addition, the 18S phylogenetic 

relationships were re-examined by adding multiple other Monhysteridae sequences. The 

18S phylogenetic tree is very similar to the tree reported by Tchesunov et al. (2014); H. 

socialis remains very closely related to GD1 and GD4 while H. hermesi is closely related 

to GD1, GD4 and H. socialis and remains embedded within the intertidal species complex 

(Figure 1). The nuclear genetic markers of H. socialis were (almost) the same as GD1 

(uncorrected p-distances = 0 – 0.6%) compared to H. hermesi (1.9 – 8.5%). Meanwhile, 

the COI phylogenetic tree revealed that both H. socialis and H. hermesi are again 

embedded within the intertidal species complex which is in discordance with Tchesunov 

et al. (2014), but the topology is not highly supported. Our results indicate that the COI 

tree of Tchesunov et al. (2014) might have been influenced by the large amount of H. 

socialis sequences. The mitochondrial genetic marker cytochrome oxidase c subunit I of 

H. socialis was very similar to H. hermesi (uncorrected p-distances = 0 – 1.0%) 

compared to GD1-5 (19.0 – 26.4%).  

A discordance between mitochondrial DNA and nuclear rDNA based phylogenetic trees 

can be the result of different mutation rates (Avise, 1995), and a different marker length 

between the smaller COI segment and larger 18S genetic marker. In addition, COI codes 

for a protein and might be under different constraints compared to ribosomal DNA. 

Second, there is the possibility of polyphyly or incomplete lineage sorting (Funk and 

Omland, 2003), which could complicate the correct delineation of species. Third, 

introgression, as a result of hybridization, between different Halomonhystera species 

could blur deeper phylogenetic relations (Chase et al., 2005) and can even result in 

complete mitochondrial DNA replacement (Nevado et al., 2009). As such, either H. 

hermesi or H. socialis might be hybrid species, but no conclusions can be drawn.  

Because the COI phylogenetic tree remains unresolved, it is be better to further 

investigate the phylogeny relationships based on additional markers such as β-tubulin 

(Demeler et al., 2013) or microsatellites, which are simple short repeats of 1-6 base 

nucleotide sequences that are repeated in tandem. In addition, it remains to be 
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investigated whether different population of the H. disjuncta morphotype along the 

North-West European coast are connected (see future perspectives). 

 

 

 
Figure 1: Heuristic Maximum Likelihood tree of the nuclear 18S rDNA gene (left) and part of the 

mitochondrial cytochrome oxidase c subunit I gene (right) of Halomonhystera disjuncta 1-5 (GD1-

5), H. hermesi, H. socialis and other Monhysteridae nematodes. Bootstrap values correspond to 
Maximum Likelihood, Maximum Parsimony and Neighbor Joining, and to Bayesian analysis posterior 
probabilities (multiplied by 100).  

 

5. From opportunistic species to specialist 

Although the morphology between H. hermesi and H. disjuncta cryptic species is very 

similar, we did observe some discrete differences involved, to a certain extent, in feeding 

(chapter 2). The food source of H. hermesi is also one of the determining factors in the 

total fatty acid composition (chapter 6). Interestingly, H. hermesi almost exclusively 

selected the sulphide treatment while descending under no flow conditions (chapter 4). 

These findings create the base for the hypothesis that H. hermesi might be more of an 

ecological specialist compared to H. disjuncta which is considered to be a generalist 

(opportunistic), here attributed to its plasticity. The degree of plasticity between 

phylogenetically closely related species might differ (Sultan, 2003), thereby, influencing 

their ability to persevere in distinct environments. Moreover, geographical ranges of 

specialist species, which exploit a more narrow ecological niche, are believed to be 

smaller (Brown, 1995). The hypothesis of H. hermesi being a specialist species is further 

supported by (1) its absence in deep-sea control sites (outside the HMMV), the outer rim 

and Pogonophora fields in the Håkon Mosby mud volcano (Van Gaever et al., 2006), and 

(2) the inability for H. hermesi to survive culture conditions as close to its original 

environment as was possible. Moreover, the plasticity of some intertidal H. disjuncta 

species to cold-seep conditions might also explain the possible occurrence of the 

Halomonhystera disjuncta morphospecies (H. hermesi?) in the Nyegga pockmarks 

(Portnova et al., 2010). But the identity of this species has not yet been studied in detail. 
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It is interesting to point out that data on bacterial specialists revealed a loss of specific 

gene(s) and genome reductions that resulted in adapted genomes limiting the niche of a 

given lineage (Lee and Marx, 2012). Furthermore, the major driving force behind 

genome reduction is a selective process favouring the adaptation of organisms to their 

rather constant environment (Dufresne et al., 2005), resulting in specialist species. While 

our results revealed that fewer genes were expressed in H. hermesi we can only 

speculate on whether gene loss and genome reduction of H. hermesi, attributed to 

adaptation to a stable environment, has in fact happened and further research is 

essential to draw any conclusions.  

6. Adding a new dimension to the study of cryptic species 

Our study clearly indicates that H. hermesi should be considered as a different species in 

comparison to intertidal H. disjuncta species with phenotypes specialized to its habitats. 

The new niche of H. hermesi is reflected at the level of selective settlement (chapter 4) 

and fatty acid composition (chapter 6). Moreover, our transcriptomic data highlighted 

some pathways and molecular mechanisms that are most likely more important in an 

intertidal and/or deep-sea environment (chapter 5). RNA-seq allowed us to uncover 

several interesting pathways and genes that might be involved in ecological 

differentiation between GD1 and H. hermesi. RNA-seq has proved to be of tremendous 

value in studying evolutionary transcriptomics by facilitating the comparison of gene 

expression between closely related species for which no genome was available. However, 

gene expression is not the ‘holy grail’. While transcriptomics can uncover specific gene 

expression patterns (chapter 5), gene expression or protein function can be modulated at 

several points (Figure 2). At the RNA level, gene expression can be regulated by the 

interference of small RNAs which can modulate mRNA levels. In addition, gene 

expression is governed by alternative splicing and specific RNA editing (insertion or 

deletion of base pairs) which can create different protein forms with different functions 

(Watson et al., 2013). Moreover, protein modification such as phosphorylation, 

glycosylation, etc. can modify their activity and epigenetic modification can control gene 

expression levels. Therefore, transcriptomics alone is insufficient to fully comprehend the 

effect of an environment on the biology of a species but is a good starting point to direct 

further research. 

 

Figure 2: Representation of the different ways in which gene expression, translation and activity 
of proteins can be modulated. ©Copyright 2000 Elsevier, Banks et al. (2000). 
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As our transcriptomic results showed an overrepresentation of the “fatty acid elongation” 

pathway in H. hermesi (chapter 5), we tested this hypothesis by comparing the fatty acid 

composition. Interestingly, we observed elevated proportions of highly unsaturated fatty 

acids in H. hermesi which were the longest fatty acids observed and were present in very 

low concentrations or even absent in GD1 (chapter 6). This clearly indicates that 

transcriptomics can focus further research, and in our case both gene expression and 

biochemical data were in accordance.  

Tools such as RNA-seq and qPCR are essential to estimate (1) how many genes are 

associated with environmental changes and (2) to what extent a given gene/pathway 

responds to a specific abiotic factor. Currently, the study of real-time gene expression in 

deep-sea species is still in its infancy due to the problems in cultivating deep-sea animals 

and is establishing reliable methods for fixation of animals in their native habitat. Our 

results give a first indication of which pathways and genes might be of high importance 

for survival in cold-seep and intertidal environments. Moreover, we revealed that few 

genes showed a signal of having experienced natural selection (chapter 5), indicating 

that the ability for survival in a cold-seep environment might already present in shallow-

water species which is in accordance with the observed plasticity of GD1 (chapter 3). We, 

here, argue to not restrict the investigation of cryptic species to traditional ecological, 

morphological and phylogenetic analysis but to add additional analysis such as 

biochemical and gene expression studies to better comprehend the nature of cryptic and 

sister species and elucidate how the environment can differentially influence species (see 

future perspectives).  

Future perspectives 

The use of detailed morphometrics and especially the application of molecular methods to 

species delimitation, casts doubt on the status of many cosmopolitan species. Previously, 

we highlighted that the morphospecies H. disjuncta species complex is considered to be 

nearly cosmopolitan. However, the true extent of the distribution of different 

Halomonhystera populations and species can only be inferred after reevaluating true 

species identity of all previously described populations, that have not yet been analysed 

in depth, by means of a more detailed morphometric and genetic approach. A 

phylogeographic study on the marine nematode Litoditis marina revealed that some 

cryptic species have a narrow distribution range while others appeared to have a more 

wide-spread distribution (Derycke et al., 2008b). A phylogeographic study of H. disjuncta 

along the Northwest European coast is needed to investigate true population genetic 

structure of cryptic Halomonhystera populations and assess the extent of gene flow and 

connectivity.  

While our RNA-seq results highlighted several pathways and genes which are of high 

importance in different environments, it is difficult to assess whether the same molecular 

pathways are important in other species, because we only compared two sister species at 

a single point in time and from two different environments. Therefore, similar analysis 

should be performed with more cryptic and/or sister species even including the dominant 
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Halomonhystera species at the Nyegga pockmarks. It would, additionally, be essential to 

investigate environmental adaptations in other (nematode) species which have been 

observed both in cold seeps and shallow-water ecosystems. Sabatieria mortenseni is a 

likely candidate, as it is the dominant species in the REGAB cold seep (Gulf of Guinea, 

4800 m depth) (Van Gaever et al., 2009a) and has been observed from several shallow-

water habitats (e.g. Ditlevsen, 1921, Warwick and Gee, 1984, Vincx, 1986, Soetaert and 

Heip, 1995). In addition, transcriptomic data can direct research towards more specific 

pathways or genes by, for instance, testing ecological and evolutionary hypotheses and 

manipulation of these genes (Schmitt et al., 1999). For example, it has been postulated 

that numerous gene expression alterations in honeybees are essential to generate 

specific phenotypic changes allowing individuals to deal with environmental challenges 

(Whitfield et al., 2003, Whitfield et al., 2006). Future research should also include the 

study of epigenetic changes such as DNA methylation and histone modification, 

interference by small RNAs, protein posttranslational modifications and specific protein 

levels which are all involved in the manifestation of a phenotype (Gilbert, 2005, Suzuki 

and Nijhout, 2008). In short, uncovering all parts of the molecular machinery that 

interfaces the genotype and environment, is essential to fully grasp which deep-sea 

abiotic factors are most important in determining the deep-sea phenotype of species and 

will aid in our understanding of deep-sea speciation and adaptation. Moreover, we should 

not be blind-sided by a single technique but try to highlight several different biological 

features of species as we have performed in this thesis. 

Several studies have previously reported cryptic nematode species living in sympatry 

(e.g. Derycke et al., 2006, Derycke et al., 2007a, Ristau et al., 2013). Sympatric cryptic 

nematode species have additionally displayed differential dispersal capacities affected by 

inter- and intraspecific competition (De Meester et al., 2012, De Meester et al., 2014) 

and differential resource use. Moreover, their competitive interactions are affected by 

abiotic conditions (De Meester et al., 2011). Unravelling ecological and life-history 

differences between stable coexisting cryptic species has gained more attention during 

the last decade in both the animal and plant kingdom revealing that differences in life-

histories, biochemical strategies to deal with soil condition, niche differentiation, different 

resource use, competitive interactions and response to abiotic factors are essential to 

allow coexistence of cryptic species (e.g. Wellborn and Cothran, 2007, Montero-Pau et 

al., 2011, Cothran et al., 2013, Gabaldon et al., 2013, Pillon et al., 2014, Gabaldon et 

al., 2015). We currently lack any information on which molecular mechanisms mediate 

the coexistence of cryptic species. Therefore, using a transcriptomic as well as genomic 

approach can be a good starting point to direct additional research. 

Lastly, one of the current hot topics is the effect of anthropogenic stressors, including 

climate change, on abiotic features of marine ecosystems and their resulting effects on 

marine species and ecosystems. High-throughput gene-expression profiling such as 

transcriptomics can provide an additional view on molecular changes as a result of 

environmental stressors and is, therefore, a powerful tool to investigate species’ 

physiology (Gracey, 2007). Transcriptomics or metatranscriptomics can be used to define 

gene expression patterns to diagnose the sensitivity of an organism or ecosystem, 

respectively, to changes in abiotic factors (Kultz, 2005). Thereby, allowing scientists to 

readily assess species fitness in an environment or the health of the ecosystem. 

Moreover, such methods can allow the development of genetic biomarkers for specific 

abiotic factors, predict mortality and define plasticity of species and ecosystems 

(reviewed in Evans and Hofmann, 2012). In addition, fatty acids and sterols are seen as 
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important predictors for ecosystem health and stability (Parrish, 2013). Such information 

is crucial for marine conservation plans and future research should, therefore, be directed 

towards a combination of multiple ‘markers’ which provide information about the 

sustainability and health of marine ecosystems, which could lead to better conservation 

management plans.  

Concluding remarks 

In this thesis we have studied environmental adaptations in closely related deep-sea and 

intertidal nematodes. The main findings of this study are that several cryptic intertidal H. 

disjuncta species, more particularly GD1, have a large plasticity at the level of ecology, 

molecular mechanisms and biochemical features (fatty acids). Organisms are constantly 

exposed to environmental changes which might be even more prevalent in intertidal 

environments. A large phenotypic plasticity, as we insinuated for GD1, permits the 

species to present different phenotypes from a single genotype during its lifetime in 

response to environmental fluctuations which allows successful survival and reproduction 

in a heterogeneous intertidal environment. While plasticity might result in morphological 

changes, this was not very apparent in intertidal H. disjuncta species as all members of 

the species complex as well as H. hermesi have very similar morphology suggesting that 

the Halomonhystera morphotype is advantageous in multiple environments. Moreover, 

phenotypic plasticity is most likely very beneficial during initial colonization of the deep-

sea allowing an organism to cope with new environmental conditions and aids in the 

establishment of a new population, which could eventually lead to speciation. H. hermesi 

was here suggested to be of intertidal origin but did reveal to have several specific 

differences compared GD1 that could be attributed to its presence in a cold-seep 

environment. Finally, many nematode genera and species, such as H. disjuncta, have 

been postulated to have a (near to) world-wide distribution and, at least to a certain 

extent, a high phenotypic plasticity is most likely one of the key players in the 

cosmopolitan distribution of nematode. 
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Abstract 

Morphological descriptions of two Halomonhystera species (Nematoda, Monhysterida) are 

presented (Halomonhystera hermesi and Halomonhystera socialis). Halomonhystera 

hermesi sp. n. occurs in a dense monospecific and homogeneous population on bacterial 

mats in the Håkon Mosby mud volcano in the Barents Sea at a depth of 1280 m. The 

species is an endemic lineage distinctly separated from other shallow–water cryptotaxa 

of the Halomonhystera disjucta species complex on the base of the mitochondrial gene 

Cytochrome oxidase subunit I (genetic divergence 19.6–23.8%) and nuclear genetic 

markers, and on the base of morphometrics by Van Campenhout et al. (2013). 

Halomonhystera socialis (Bütschli, 1874) is redescribed on the basis of White Sea 

specimens. This species dwells in mass on the detached kelp accumulation in the upper 

sublittoral. H. socialis is differentiated from other species of the Halomonhystera 

disjuncta complex morphometrically by a larger body size and by genetic divergence in 

nuclear markers. The genus Halomonhystera Andrássy 2006 is redefined and its 

morphospecies list is reviewed. Species H. bathislandica (Riemann, 1995) comb. n., H. 

fisheri (Zekely et al., 2006a) comb. n., H. islandica (de Coninck, 1943) comb. n., and H. 

vandoverae (Zekely et al., 2006a) comb. n. are transferred to Halomonhystera from 

Thalassomonhystera; H. paradisjuncta (de Coninck, 1943) comb. n., H. rotundicapitata 

(Filipjev, 1922) comb. n. and H. taurica (Tsalolikhin, 2007) comb. n. transferred to 

Halomonhystera from Geomonhystera. Halomonhystera ambiguoides (Bütschli, 1874) is 

considered as species inquirendae because of incompleteness of their diagnoses. 

 

Abbreviations 

a – body length divided by maximum body diameter; 

b – body length divided by length of the pharynx; 

c – body length divided by tail length; 

c' – tail length divided by anal body diameter; 

C.V. – coefficient of variation; 

calc – ratio calculated from a drawing of original publication; 

c.b.d. – corresponding body diameter; 

L – body length, μm; 

n – number of specimens measured; 

S.D. – standard deviation 

V – distance of vulva from anterior end as percentage of body length, %; 
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Introduction 

Species of Halomonhystera Andrássy 2006 are mostly well distinguishable by the position 

of the vulva shifted posteriad close to the anal opening. The type species H. disjuncta 

(Bastian, 1865) is one of the most well-known marine nematodes. As a model species, H. 

disjuncta (then under generic names Monhystera and Geomonhystera) has been subject 

of previous studies on morphology and ultrastructure (Geraert et al., 1981, van de Velde 

and Coomans, 1987, Vandevelde and Coomans, 1989, Vandevelde and Coomans, 1991, 

Vandevelde and Coomans, 1992), demography, physiology and energetics (Chitwood and 

Murphy, 1964, Herman et al., 1984, Herman and Vranken, 1988, Vranken et al., 1988a), 

impact of temperature and salinity on life cycle (Gerlach and Schrage, 1971); Vranken 

and Heip 1986), and toxicology (Vranken et al., 1984, Vranken et al., 1985, Vranken et 

al., 1988b, Vranken et al., 1989). 

Data on geographical records of H. disjuncta and related species have been summarised 

by Gerlach & Riemann (1973), Jacobs (1987) and in some subsequent publications 

thereafter. The species occurs very frequently along the coasts of the North Atlantic (e.g. 

North Sea, Baltic Sea, Norway Sea, English Channel, Nova Scotia, St. Lawrence), North 

Pacific (Japan, California to Washington) and Arctic (Iceland, Jan Mayen, Svalbard) seas 

of temperate and cold zones. Species of H. disjuncta complex have also been recorded in 

the South Atlantic (Fuegian Archipelago, Falkland Islands, South Georgia, Patagonia), 

South Pacific (Chile, Campbell Island) and South Indian Ocean (Kerguelen Archipelago) 

(Records are summarized in Gerlach and Riemann, 1973, Jacobs, 1987; see also 

following later publications below in References). Thus, mapped localities of H. disjuncta 

species complex are indicated on shelves in cool– and coldwater zones of both North and 

South hemispheres. The species were not registered within the tropical belt except for 

one very brief mention on its occurrence in the Bay of Bengal. The species complex could 

not be considered as a true cosmopolitan but has a wide tropical gap in between two 

huge areas of cooler water. Yet, some Halomonhystera species have been found at low 

latitudes but are restricted to deep sea environments (e.g. in Angola Basin, SW Atlantic, 

depth of about 5500 m, personal data of the first author). 

Halomonhystera species are often found in mass, especially in sites enriched with 

dissolved and particulate organic matter, e.g. on living macrophytes (e.g. Kito, 1982, 

Trotter and Webster, 1983), in piles of detached dying and dead decaying macrophytes 

(e.g. Riemann, 1968, Mokievsky et al., 2005) but also on live macroinvertebrates (e.g. 

on mouth parts and in the intestine of some decapod and mysidacean crustaceans – 

Steiner 1958; in body cavity of sandy beach amphipods - Poinar 2010, within the body of 

a starfish – personal observation of the first author). While dwelling in biotopes with high 

organic contents, H. exgr disjuncta is often the most dominant or the single nematode 

species present. Like any other bacterivorous species, H. disjuncta and related species 

depend on the density of bacteria in the environment. Vranken et al. (1988a) showed 

that threshold concentration of bacteria allowing normal existence and development of H. 

disjuncta population is 107 cells/ml; if bacterial cell densities are lower, nematodes 

mostly do not reach puberty, show retard development at juvenile stages and eventually 

die. 
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Until 1981, the species of Halomonhystera disjuncta complex (Bastian, 1865) belonged 

to the large genus Monhystera Bastian 1865 comprising marine, limnic, brackish and soil 

species. Andrássy (1981) revised the non–marine part of the Monhysteridae family and 

established new genera to accommodate some limnic–terrestrial species of Monhystera. 

In particular, Andrássy (1981) erected a new genus named Geomonhystera Andrássy 

1981, which is characterized by a very posterior position of vulva (at 80% of the body 

length) and a long, heavily muscular rectum. The genus included a few terrestrial species 

often dwelling in moss and under bark. Jacobs (1987), in frame of his new and 

comprehensive revision of Monhysteridae, created the new genus Thalassomonhystera 

Jacobs 1987 for the majority of marine Monhystera species. However, some marine 

monhysterid species with a far posterior position of the vulva, i.e. Monhystera disjuncta 

and related species M. ambiguoides, M. antarctica, M. chitwoodi, M. paradisjuncta, M. 

socialis and M. uniformis have been transferred by Jacobs (1987) to the genus 

Geomonhystera. Diagnosis of Geomonhystera was thus expanded. Further, Andrássy 

(2006) established a separate genus Halomonhystera Andrássy 2006 to accommodate 

allied marine and brackish species, with the type species Halomonhystera disjuncta 

(Bastian, 1865) (= Monhystera disjuncta Bastian 1865). In addition, the morphological 

and ecological unity of the genus Geomonhystera was restored. This state was also 

supported in the revision of Monhysteridae made by Fonseca and Decraemer (2008). 

Halomonhystera disjuncta s. str. was often described by many authors from various sites 

of World Ocean – see registrations summarized by Gerlach and Riemann (1973) and 

Jacobs (1987). But specimens described from different sites may differ from one another 

mainly in morphometrics. Thus, body length of adults varies in different descriptions 

between 532–1520 µm in males and 706–2920 µm in females. Indices of de Man "a" and 

"b" vary in adult males within 17–46 and 4.0–10.3, and in adult females 15–62 and 4.4–

15, respectively. Organ sizes such as cephalic setae, amphideal fovea width, distance 

from the apex to the amphideal fovea and the length of spicules vary less. Hopper 

(1969) suggested that environmental factors can influence the body size and shape of 

marine nematodes, particularly for widely distributed species such as H. disjuncta. 

Chitwood and Murphy (1964) also discuss morphological modifications along growth and 

maturing of adult specimens. Presumably, body sizes and ratios also depend upon 

temperature as well as nutritional conditions. Vranken et al. (1988a) showed that the 

adult size of H. disjuncta, expressed in raw weight, is directly connected with the density 

of bacterial cells i.e. with food supply. Adult specimens at a density of 1011 bacterial 

cells/ml come out seven times bigger in raw weight than at the threshold density of 107 

cells/ml that still supports succesfull survival of the nematodes. 

Different ways of reproduction were recorded for different populations of H. disjuncta: 

oviparity (Paramonov, 1929, de Coninck et al., 1933, Bresslau and Stekhoven, 1940) and 

junction ovi– and ovoviviparity (Hopper, 1969). The latter author described a population 

of H. disjuncta with oviparous and ovoviviparous females as well as females laying eggs 

at various stages of egg cleavage and embryonic development. Chitwood and Murphy 

(1964) noted age–dependent modifications in females as well as a tendency to 

ovoviviparity in bigger–sized females. Gerlach and Schrage (1971) found a transfer to 

ovoviviparity by culturing H. disjuncta at very low temperatures –3 to –5 °C. Extremely 

wide morphometric variability and multiplicity of reproduction modes creates taxonomic 

problems with validity of related species and synonymy of H. disjuncta species complex. 

Further below, we denote the species for whom free juveniles or even embryos in the 
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uteri are depicted as viviparous and those species having eggs but not embryos in the 

uteri as oviparous. 

Some authors (Floyd et al., 2002, De Ley et al., 2005, Bhadury et al., 2006) suggested 

that identification of nematodes based on morphology alone may not be enough for 

correct species identification. Fonseca et al. (2008) defined an "integrative taxonomy" 

approach for marine nematology which combines interbreeding experiments and 

molecular phylogenetic- and morphometric analysis to delineate boundaries within 

species complexes. Last years, molecular methods are more often used for taxonomic 

classification of free–living nematodes (e.g. De Ley et al., 2005, Bhadury et al., 2008). 

Studies on nematode populations revealed cryptic species (morphologically close or 

nearly identical but genetically distinct) among marine free–living nematodes as well as 

among many other sea animals. Derycke et al. (2005) showed that, based on 

mitochondrial (COI) and nuclear (ITS and D2D3) genetic data, the widespread 

morphospecies Litoditis marina (Rhabditida) actually consist of four cryptic lineages 

within a 100 km range. Similarly, recent population genetic and taxonomic studies 

discovered complex population genetic structures and cryptospecies of what was believed 

to be morphospecies within a limited area – Halomonhystera disjuncta (Monhysterida) 

along the coast of Belgium and the Netherlands (Derycke et al., 2007a) and 

Thoracostoma trachygaster (Enoplida) in the Californian Bight (Derycke et al., 2010a). 

Derycke et al. (2007a) isolated five Halomonhystera disjuncta lineages (GD1–GD5) from 

the Westerschelde estuary and a short part of the coastline of the North Sea. These 

lineages show low intraspecific genetic- (<3%) and high interspecific genetic divergences 

(>14%). Derycke et al. (2010b) also established a threshold for interspecific divergence 

of 5%. Drawings of specimens of all genetic lineages GD1–GD5 were also presented 

(Fonseca et al., 2008) and discrete morphological differences between lineages were 

observed. Discovery of cryptic species can replace an idea of a widespread variable 

generalist species by a conception of species complex including several more specialized 

species with more restricted distribution. 

Subject of this paper is the description of two species related to Halomonhystera 

disjuncta which thrive in high abundances in two different habitats. The first habitat is 

the Håkon Mosby mud volcano (HMMV) in the Barents Sea at a depth 1280 m. The 

dominant species forms a dense monospecific and homogeneous population at the 

bacterial mats close to the central zone of the caldera. In a previous work on HMMV 

meiobenthos, the species has been denoted as Geomonhystera disjuncta (Van Gaever et 

al., 2006) or Halomonhystera disjuncta (Portnova et al., 2011). The species became a 

subject of a comprehensive study involving molecular phylogenetic analysis (based on 

four molecular markers, one mitochondrial gene COI and three nuclear ribosomal genes 

ITS, 18S and the D2D3 region of 28S), and morphometrics (Van Campenhout et al., 

2013). The results were: 1) the HMMV nematode is an endemic lineage compared to the 

shallow–water relatives with different morphometric features; 2) HMMV nematode is 

embedded within the shallow–water complex revealed by Derycke et al. (2007a) 

providing evidence for a deep-sea invasion of nematodes from shallow water regions; 3) 

COI genetic divergence between HMMV and shallow–water nematodes ranges between 

19.1% and 25.2% showing that the dominant HMMV nematode is a distinct new species. 

In this connection, one of the goals of this work is to provide a taxonomic morphological 

diagnosis of HMMV nematode as a new species. 
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The second habitat is a huge accumulation of detached kelp at a depth 15-18 m in the 

White Sea, North Russia (Tzetlin et al., 1997, Mokievsky et al., 2005). Subsurface layer 

of the accumulation is infested with nematodes belonging to the Halomonhystera 

disjuncta complex which are distinguishable by greater body size. These nematodes were 

studied with light and SEM microscopy. In addition a molecular phylogenetic analysis 

based on the same markers as for the HMMV nematodes was performed. Here, we 

provide a morphological and molecular-genetical survey of this population. 

The paper further consists of an analysis of described morphospecies of Halomonhystera 

with a revision of diagnoses and species composition of the genus. 

Material and methods 

1. Nematode isolation, preparation, light and SEM microscopic 

observation 

Samples have been taken at the Håkon Mosby Mud Volcano (HMMV), Barents Sea during 

Arctic Ocean Expedition ARK XVIII/1 with the German research ice–breaker R/V 

POLARSTERN in summer 2002 (Soltwedel et al., 2005) (Station PS62/263a, date 

20.08.2002, latitude 72°00.048΄ N, longitude 14°43.504´ E (southern rim of the 

volcano), depth 1288 m, oxygen concentration 300.1 µmol O2 l–1, bacterial mat). 

Nematodes of the top centimeter (0–1 cm) were used in further analysis. Sediment 

samples were fixed in 7% formalin on board. For counting and picking up meiofauna, 

sediment samples were stained with Rose Bengal and washed through a set of sieves 

with mesh sizes of 500, 250, 125, 65 and 32 µm. 

Samples from the detached kelp accumulation in the White Sea (66º33′ N and 33º06′ E) 

were taken in July 1996 by divers. At the surface, the samples of the algal debris were 

fixed with 4% formalin and in a few hours washed through a sieve with a mesh size of 

about 90 µm. 

Extracted nematodes were placed in vials with Seinhorst solution (70 parts distilled 

water, 29 parts 95% ethanol and 1 part glycerin) and gradually proceeded to pure 

glycerin by slow evaporation of alcohol and water in a thermostat at 40 °C. The 

specimens were then mounted into permanent glycerin slides with glass beads as spacers 

and sealed with beewax–paraffin. Observations, measuring, drawing and taking pictures 

were done with a Leica DM 5000 microscope. Specimens for scanning electron 

microscopy were processed with a critical point dryer, covered with a mixture of platinum 

and palladium and studied with the scanning microscope Hitachi S-405 (Tokyo, Japan) at 

15 kV voltage. 

2. DNA sequence data 

Samples from the HMMV for molecular analysis were frozen in liquid nitrogen onboard 

and stored at -80 °C. DNA was extracted from 30 specimens from each of the three 

different geographical sites within the HMMV. All the procedures and results are 

described by Van Campenhout et al. (2013) in detail. Genbank accession numbers: for 



 

158 

 

COI: HF572956, HF572957, HF572959, HF572960, and HF572966; for ribosomal 18S 

gene: HF572952; for ITS: HF572967 and for D2D3: HF572953. 

Nematodes from the White Sea have been isolated from algal debris and stored in 

ethanol (95%). Thirty individuals were manually picked out and their DNA was extracted 

following the procedure of Derycke et al. (2005). After DNA preparation we successfully 

amplified 365 bp of the mitochondrial Cytochrome oxidase I (COI) gene with primers 

JB2_HD_HMMV and JB25_HD_HMMV for 20 WS specimens. In addition, three nuclear 

sequences, the Internal transcribed spacer (ITS) and the D2D3 region of 28S from the 

four specimens and the first ca. 900 bp of 18S from three specimens for which we had 

both ITS and D2D3 sequence fragments, were amplified. The ITS fragment (ca. 900 bp) 

was amplified with primers Vrain2F and Vrain2R whereas the D2D3 (ca. 300 bp) 

sequence fragment was amplified with primers D2/F1 and D3b. Finally, the 18S sequence 

fragment was amplified with primers G18S4 and 4R. Primer sequences and thermocycling 

conditions were the same as described in Van Campenhout et al. (2013). All gene 

fragments were bidirectionally Sanger sequenced by Macrogen Inc. 

(http://www.macrogen.com) with the above described primers. Genbank accession 

numbers of WS species are: KF846532 – KF846536 

3. Sequence data processing 

Sequence chromatograms from all four gene fragments were analyzed with Seqman 

(lasergene® DNASTAR) followed by removal of the primer part. Published COI, ITS, 

D2D3 and 18S sequences from the dominant HMMV nematode (Van Campenhout et al., 

2013) and from the five cryptic Westerschelde species revealed within Halomonhystera 

disjuncta morphospecies (Derycke et al., 2007a) were added to the respective dataset 

before alignment with ClustalX v1.74 (Thompson et al., 1997). Furthermore, a 

Diplolaimelloides meyli (AM748759.1) sequence was added to the COI alignment. The 

incongruence length difference (ILD) test (Mickevich and Farris, 1981) was used to 

investigate whether the different nuclear gene fragments could be combined in one 

analysis. Because we lacked 18S sequences for several Halomonhystera disjuncta 

nematodes for which we had both ITS and D2D3 sequences, we did not add the 18S 

sequence to the concatenated dataset (ITS-D2D3) and was therefore analyzed 

separately. G-blocks (Castresana, 2000) was used to investigate the reliability of variable 

positions within the 18S and the concatenated (ITS-D2D3) alignment.  

Prior to phylogenetic tree construction, Modeltest 3.7 (Posada and Crandall, 1998) using 

the Akaike Information Criterion (Posada and Buckley, 2004) was used to determine the 

evolutionary models for phylogenetic tree constructions. The models selected for COI, 

ITS-D2D3 and 18S were TrN + I + G (Tamura and Nei, 1993), GTR + G (Tavaré, 1986) 

and GTR + I respectively. Maximum parsimony (MP), neighbor joining (NJ) and 

maximum likelihood (ML) phylogenetic trees were calculated in PAUP4*b10 (Swofford, 

1998) using heuristic searches and a tree-bisection-reconnection branch swapping 

algorithm (10 000 rearrangements), and a random stepwise addition of sequences in 100 

replicate trials. One tree was held at each step. Bootstrap values for MP, NJ and ML were 

inferred from 1000, 1000 and 100 replicates respectively. In addition to MP, NJ and ML 

phylogenetic tree methods, a Bayesian analysis (BA) was performed in MrBayes v3.2 

(Ronquist et al., 2012). Four independent Markov chains were run for 500,000 

generations, with a tree saved every 100th generation. The first 1,000 trees were 

discarded as burn-in. The best model for Bayesian analysis (BA) was determined with 
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MrModeltest 2.2 (Nylander, 2004) the Akaike Information Criterion. The selected models 

for COI, ITS-D2D3 and 18S were HKY + I + G, GTR+G and GTR + I. 

Maximum and minimum pairwise uncorrected p-distances were calculated using MEGA 

5.1 (Tamura et al., 2011). Insertions and deletions were pairwise deleted. 

Taxonomy 

Order MONHYSTERIDA Filipjev 1929 

Family MONHYSTERIDAE de Man 1876 

In the recent version of Monhysteridae classification (Jacobs, 1987, Fonseca and 

Decraemer, 2008), two subfamilies were established: the Monhysterinae, including 

species with a funnel-shaped buccal cavity, and Diplolaimellinae, comprising of species 

possessing a double buccal cavity. The subfamily Diplolaimellinae is further divided into 

two tribes, Diplolaimellini and Geomonhysterini. Andrássy (2006) has not discussed the 

Monhysteridae classification of Jacobs (1987) and not specified the position of 

Halomonhystera within a tribe or subfamily. Fonseca and Decraemer (2008) have placed 

Halomonhystera into the tribe Geomonhysterini together with other marine and brackish 

genera Cryonema Tchesunov and Riemann 1995, Hieminema Tchesunov and Portnova 

2005, Monhystrella Cobb 1918. They also provided a list of eleven known species of 

Halomonhystera and a dichotomous key for their identification. 

The most evident feature for Halomonhystera characterization is the position of the vulva 

which is far posterior to the midbody and very close to the anus. Halomonhystera species 

also share other morphological traits such as very short outer labial and cephalic setae, 

the presence of lateral postamphideal setae, a sclerotized cylindro-conical buccal cavity, 

a distinct renette cell and a ventral pore close to the cephalic apex, differentiation of the 

anteriormost portion of the midgut as a progaster, a conical tail, a sclerotized hind wall of 

the vagina, relatively short arcuate knobbed spicules and gubernaculum with a short 

dorso-caudally directed apophysis. Some monhysterid species, mostly designated as 

Thalassomonhystera, meet all described Halomonhystera features except for the position 

of the vulva which can be located more anteriorly in respect to the anus. The last 

character state can be in conflict with a number of other character states cited above. 

Because of that and because the position of the vulva can vary gradually from one 

species to another, those species are here transferred to the genus Halomonhystera. 

Emended diagnosis of the genus Halomonhystera and species list are presented below. 

Halomonhystera Andrássy 2006 

Monhysterinae. Body stout to slender. Cuticle thin and optically smooth. Labial region not 

set off. Inner labial sensilla as papillae, outer labial and cephalic sensilla as very short 

setae. Amphideal fovea circular relatively small to moderate and situated from less than 

one to three labial diameters from the cephalic apex. One to three lateral cervical setae 

situated at some distance posterior to the amphideal fovea; other somatic setae sparse, 

short and inconspicuous. Pharyngostoma cup- to funnel-shaped, small, with sclerotized 
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walls. Pharynx cylindroid, evenly muscular throughout its length. Anteriormost stomach-

like portion of the intestine (progaster) composed of four cells set off from posterior 

intestine by a constriction. Ventral pore at labial region if discernible; ventral gland cell 

body large and situated at anterior intestine. Female ovary long, outstretched and 

located to the right of the intestine; vulva often but not always located close to the anus; 

posterior cuticular wall of the vagina thickened and sclerotized (pars refringens vaginae) 

closer to the vulva. Uterus of ripe females normally filled with numerous eggs and 

embryos; possibly most species ovoviviparous. Male gonad long, outstretched and 

located to the right of the intestine. Spicules slender and arcuate, slightly knobbed 

posteriorly. Gubernaculum with a short dorso-caudal apophysis. One midventral preanal 

papilla close to the cloacal opening and two or three pair of subventral papillae on the 

posterior half of the tail present. Three caudal glands present, two of them very 

conspicuous; terminal conical spinneret with and internal funnel-like structure. 

Type species: Halomonhystera disjuncta (Bastian, 1865) Andrássy 2006. 

Annotated list of Halomonhystera morphospecies (valid species in bold print) 

1. Halomonhystera ambiguoides (Bütschli, 1874) sp. inq. Bütschli 1874: 27–28, Figure 7 

(Monhystera ambiguoides); Baltic Sea, Kiel Bight, Strandanwurf. De Man 1988: 8 (as 

synonym of Monhystera ambigua). Gerlach and Riemann, 1973: 150 (as synonym of 

Monhystera disjuncta). Jacobs 1987: 99–100 (as Geomonhystera ambiguoides). 

Andrássy 2006: 13, 14 (Halomonhystera ambiguoides). Original description is based on a 

single female and provided with one picture of anterior body but lacks some necessary 

details (buccal cavity looks rather as that of Monhystera s.str. type) and dimensions 

(such as length of anterior setae, width of amphideal fovea, distance from head apex to 

amphideal fovea). The species was considered by de Man (1888) as a possible synonym 

of Monhystera ambigua and by Gerlach and Riemann (1973) as a synonym of 

Monhystera disjuncta. However, Andrássy (2006) and then Fonseca and Decraemer 

(2008) regarded the species as valid. Andrássy (2006) summarized the description of 

Bütschli (1874) and indicated that Halomonhystera ambiguoides is similar to H. cameroni 

in position of the amphideal fovea at a distance of three labial diameters from the 

anterior end and by relatively long anterior setae (about 1/4 of the labial width, 

according to Figure 7 in Bütschli (1874)). We consider this species as species inquirenda 

because of an incomplete original diagnosis (lack of males) and the absence of 

redescriptions from the type locality. 

2. Halomonhystera antarctica (Cobb, 1914). Cobb 1914: 21, Figure (Monhystera 

antarctica); Antarctica, Cape Royds. Wieser 1956: 99, 104 – junior synonym of 

Monhystera parva. Jacobs 1987: 100 (as Geomonhystera antarctica). Andrássy 2006: 14 

(Halomonhystera antarctica). The species was originally described on the base of one 

female and one male. Andrássy (2006) and then Fonseca and Decraemer (2008) 

considered this species valid. Andrássy (2006) mentioned distinctive features of the 

species such as exceedingly short and fine anterior setae, relatively large (1/3 c.b.d.) 

amphideal fovea fairly close to the cephalic apex and the very short tail. 

3. Halomonhystera bathislandica (Riemann 1995) comb. n. Riemann 1995: 717–

723, figures 1–4 (Thalassomonhystera bathislandica); north–eastern Atlantic, depth 

about 4000 m, in gelatinous phytodetritus aggregates above bottom surface. 
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4. Halomonhystera cameroni (Steiner, 1958b). Steiner 1958: 269–278, figures 1–

14, Table I (Monhystera cameroni); collected on maxillipeds and mandibles of 

mysidacean and decapod crustaceans in the Gulf of St. Lawrence. Jacobs 1987: 103 – as 

synonym of Geomonhystera disjuncta. Andrássy 2006: 14 (Halomonhystera cameroni). 

5. Halomonhystera chitwoodi (Steiner 1958). Chitwood 1951: 653, Figure 11 e–f 

(Monhystera socialis, nec M. socialis sensu Bütschli 1874); Gulf of Mexico (Texas, in 

Sargassum). Jacobs 1987: 100. Andrássy 2006: 15 (Halomonhystera chitwoodi). 

6. Halomonhystera continentalis Andrássy 2006. Andrássy 2006: 20–23, figures A–

F; Antarctica, Highway Lake, semi–saline lake of marine origin, microbial mat. 

7. Halomonhystera disjuncta (Bastian, 1865). Records and synonymy of this often 

cited species are summarized in Gerlach and Riemann (1973), Jacobs (1987) and 

Andrássy (2006). 

8. Halomonhystera fisheri (Zekely, Sørensen and Bright 2006) comb. n. Zekely et 

al. (2006a): 31–35, figures 4, 5A–L, 6A–L, Table 1 (Thalassomonhystera fisheri); East 

Pacific Rise, Tica hydrothermal site, 2500 m, associated with vestimentiferans Riftia 

pachyptila. 

9. Halomonhystera glaciei (Blome and Riemann, 1999). Blome and Riemann 1999: 

16–19, figures 1,2 (Geomonhystera glaciei); Antarctica, Bellingshausen Sea, sea ice). 

Andrássy 2006: 16 (Halomonhystera glaciei). 

10. Halomonhystera halophila Andrássy 2006. Andrássy 2006: 17–20, figures 1A–

D, 2A–C; Antarctica, Princess Elizabeth Land, Vestfold Hills, Ace Lake, a saline lake of 

marine origin, microbial mat. 

11. Halomonhystera hermesi sp. n. Present paper. 

12. Halomonhystera hickeyi Zekely, Sørensen and Bright 2006. Zekely et al. 

(2006a): 36–40, figures 7, 8A–L, 9A–J; Pacific Ocean, East Pacific Rise, Riftia field, 2500 

m, associated with vestimentiferans Riftia pachyptila. 

13. Halomonhystera islandica (de Coninck, 1943) comb. n. De Coninck 1943: 207–

208, figures 18–20 (Monhystera islandica); Iceland, brackish, wet and warm soil at the 

Cape Reykjanes. Lorenzen 1969: 213–214, Abb. 13 a–e (Monhystera islandica); North 

Sea coast, salt marsh. Jacobs 1987: 78 (as Thalassomonhystera islandica, list of 

records). 

14. Halomonhystera paradisjuncta (de Coninck, 1943) comb. n. De Coninck 1943: 

204–206, figures 14–17 (Monhystera paradisjuncta); Iceland, small rocky basin with 

warm brackish water at the Cape Reykjanes. Chitwood and Murphy, 1964 (Monhystera 

paradisjuncta, discussion of diagnostic characters). Jacobs 1987: 98 (as Geomonhystera 

paradisjuncta). Andrássy 2006: 15 (as synonym of Halomonhystera disjuncta). The 

species was described on the base of a single male and a few juveniles. 

15. Halomonhystera parasitica Poinar, Duarte and Santos 2010. Poinar et al. 

2010: 54–58, figures 2–9; Portugal, Aveiro Estuary, associated with intertidal amphipod 

crustaceans Talorchestia brito (in haemocoel and under the dorsal body-plates). 
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16. Halomonhystera rotundicapitata (Filipjev 1922) comb. n. Filipjev 1922: 170-

171, figures 32 a-c (Monhystera rotundicapitata); Black Sea, large stones overgrown by 

brown algae Cystoseira. Jacobs 1987: 21 (Thalassomonhystera rotundicapitata). 

Tsalolikhin 2007: 1285 (Geomonhystera rotundicapitata). This species was referred to 

Halomonhystera neither by Andrássy (2006), nor by Fonseca and Decraemer (2008). 

However, this species evidently relates to Halomonhystera because of short outer labial 

and cephalic setae, small amphideal fovea, conical tail, position of vulva close anus (V 

76%), similar spicules. 

17. Halomonhystera socialis (Bütschli 1874). Bütschli 1874: 28–29, Figure 8 a–d 

(Monhystera socialis); West Baltic Sea, Kiel Bay, in decaying algae at coastal line. Allgén 

1935: 122–123, Figure 56 (Monhystera socialis); Baltic Sea, Ӧresund, Helsingör. Kreis, 

1963; 7–10, Figure 4A–B (Monhystera socialis); Iceland, Eyjafjördur. Jacobs 1987: 105 

(as Geomonhystera socialis). Andrássy 2006: 16 (Halomonhystera socialis). Despite the 

rather poor original description, the species is set apart all the other Halomonhystera 

species by an evident size hiatus. Original description was performed largely on a female; 

the male was mentioned but not measured, and male structures were not depicted 

except a tail and spicules. Subsequent redescriptions and mentions are mostly brief and 

add little to conception of the species. The most evident feature permitting to 

discriminate this species from the others is the significantly larger body size as was noted 

also by Steiner (1958). 

18. Halomonhystera tangaroa Leduc 2014. Leduc 2014: 48-53, Figure 1-3, Table 1; 

Southwest Pacific, summit of Tangaroa Seamount on the southern Kermadec Arc, 680 m 

water depth, byssus threads of hydrothermal vent mussels Gigantidas gladius. 

19. Halomonhystera taurica (Tsalolikhin 2007) comb. n. Tsalolikhin 2007: 1283–

1289, Figure (Geomonhystera taurica); Black Sea, Crimea Peninsula, vicinity of 

Sebastopol, Khersonesskoje Lake, salinity 35‰. 

20. Halomonhystera uniformis (Cobb 1914). Cobb 1914: 18–19, Figure (Monhystera 

uniformis); Antarctica, Cape Royds. Jacobs 1987: 98 (as Geomonhystera uniformis). 

Andrássy 2006: 17 (Halomonhystera uniformis). The species is poorly illustrated and 

measured, and there is little hope to recognize the species if found somewhere. The 

almost only feature indicating a relation to Halomonhystera is the position of vulva close 

to anus (V = 83%). Andrássy (2006) considered the species can be distinguished from 

other Halomonhystera species by body length (440–460 µm, the smallest species within 

the genus), relatively long spicules (2.5 anal diameters long) and long tail (c' = 6.5). 

Andrássy (2006) assumed Monhystera barentsi Steiner 1916 described on the base of a 

sole female as a junior synonym of Halomonhystera uniformis. 

21. Halomonhystera vandoverae (Zekely, Sørensen and Bright 2006) comb. n. 

Zekely et al. (2006a): 27–31, figures 1, 2A–O, 3A–K, Table 1 (Thalassomonhystera 

vandoverae); Mid–Atlantic Ridge, Snake Pit hydrothermal vent field, associated with 

Bathymodiolus puteoserpentis mussel aggregations. 
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Halomonhystera hermesi sp.n. 

Material. One holotype male, eight paratype males, 21 paratype females and 24 

juveniles. Type specimens as permanent glycerin slides are partly deposited in the 

Museum of Gent University (Gent, Belgium) and are partly kept in Nematological 

collection of the Center of Parasitology of the A.N.Severtsov Institute of Ecology and 

Evolution of the Russian Academy of Sciences, Moscow, Russia. The Gent part of the 

collection consists of seven males, seven adult females and 24 juveniles. Gent specimens 

are distributed in four slides: Slide 5/48 (ARK XVIII, HM 263A, B1 500–125) – two 

paratype males and four paratype adult females (accession number UGMD104274); slide 

5/72 (ARK XVIII, HM 263A, B3 500–125) – one holotype male, one allotype female, one 

paratype female and three paratype juveniles (accession number UGMD104275); slide 

5/80 (ARK XVIII, HM 263A, C1 500–125) – two paratype males, one paratype female, 

nine paratype juveniles (accession number UGMD104276); slide 5/81 (ARK XVIII, HM 

263A, C1 500–125) – two paratype males and twelve paratype juveniles (accession 

number UGMD104277). 

Locality and biotope. The Håkon Mosby Mud Volcano (HMMV) is an active mud–oozing 

and methane–venting seep located on the south–west Barents Sea slope 

(72°00.25´N/14°43.50´E) at a water depth about 1280 m (Figure 1A, B). The cake–

shaped caldera has 1 km in diameter and 8–10 m height from the foot. The central zone 

of the caldera is about 200 m in diameter and characterized by strong reduced condition 

with methane concentration in the surface sediment layer reaching 12.5 ml/l (Soltwedel 

et al., 2005). The water just above the sediment surface is also enriched by methane (6 

ml/l) (Lein et al., 2000). Temperature within the sediment at a depth of 2 m is over 15 

°C and at a depth 30 cm 11 °C that may suppose a strong thermal gradient at the 

sediment–water interface (Soltwedel et al., 2005). The free methane in sediments beside 

the central zone is replaced by gas hydrates: their content may exceed 25% of sediment 

(Soltwedel et al., 2005). Whitish bacterial mats (Figure 1B) cover up to 80% of the 

bottom outside the central zone (Soltwedel et al., 2005). Halomonhystera hermesi 

thrives in very high densities at these bacterial mats (Van Gaever et al., 2006). 

Sample site. Arctic Ocean Expedition ARK XVIII/1 with the German research ice–

breaker R/V POLARSTERN. (Station PS62/263a, date 20.08.2002, latitude 72°00.048 N, 

longitude 14°43.504´E (southern rim of the volcano), depth 1288 m, oxygen 

concentration 300.1 µmol O2 l–1, bacterial mat). Nematodes were abundant in bacterial 

mats reaching density of 2529 individuals/10 cm2 for the 0–1 cm and 2798 ind./10 cm2 

for 0–5 ind./10 cm2 (Soltwedel et al., 2005). 

Etymology. The species name hermesi is linked to HERMES, the name of the research 

project devoted to all–round study of the Håkon Mosby phenomenon. 

Description. Body rather short and stout, cylindrical to spindle–shaped (Figure 2). 

Cuticle smooth. Body often covered with fungi, bacteria and sticked foreign particles, 

very densely on perianal region where they form a fluffy muff, and sparsely on the rest of 

the body (Figure 5A). 
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Figure 1: Localities and habitats of two Halomonhystera species. A: position of Håkon Mosbi, site 
of H. hermesi sp. n. (1) and White Sea, site of H. socialis (2); B: area with whitish bacterial mat in 
the caldera of Håkon Mosbi, habitat of H. hermesi sp. n.; C: accumulation of detached kelp in the 

White Sea, habitat of H. socialis. 

 

Anterior end truncated. Inner labial papillae minute and hardly discernible. Outer labial 

and cephalic sensilla jointed in one crown of ten nearly equally short setae (1.3–2.2 µm 

long in both males and females, 9–18% c.b.d. in males and 9–16% c.b.d. in females). 

Amphideal fovea in most specimens relatively small, circular, with distinct uninterrupted 

cuticular rim. But in a few specimens the fovea observed as cryptospiral with a slight 

posterodorsal projection; such foveas may be described as comma–like (ventrally coiled). 

Amphideal fovea situated posterior to the level of the buccal cavity. One or two short 

successive lateral cervical setae situated posterior to the amphideal fovea at a distance 

from the cephalic apex 28–36 µm in males and 28–44.5 µm in females (Figure 3A, B). 

Somatic cuticle thickened apically. Cheilostoma short and wide, with weakly sclerotized 

walls. Pharyngostoma very distinct, conoid, its walls with three equal thick and solid 

rhabdions (Figure 3A, B). Pharynx rather strong and wide, evenly muscular throughout 

its length, cylindroid and gradually widening to the posterior end. Cardia conical to 

spindle–shaped, enveloped by intestinal tissue. Nerve ring poorly discernible, located 

slightly posterior to the middle of the pharynx (Figure 3C, D). Intestinal cells with coarse 

brownish granules. Ventricular region of intestine set off by a narrowing thus shaping a 

progaster (Figure 3D). Midgut diameter at the progaster 1.4–1.8 times greater than the 
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midgut giameter at the narrowing just posterior to the progaster. Two anteriormost cells 

of the progaster, dorsal and ventral, differ from all other intestinal cells by finer 

granularity and paleness of their cytoplasm. Distinct and thick layer of glycocalyx in the 

intestinal lumen. 

 

 

Figure 2: Halomonhystera hermesi sp. n., paratypes, entire. A: male; B: female. Scale bars: 100 
µm. 
 
 

Ampulla of the ventral gland situated at the level of the amphideal fovea. A very thin 

canal extended from the ampulla to the labial region; ventral pore visible at the edge of 

the apex, nearly at the level of outer labial and cephalic setae crown (Figure 3A, C). Cell 

body of the ventral gland presumably at the level of the anterior intestine but poorly 

discernible. 

Single female genital branch situated at the right side of the midgut in all females 

observed. Female gonad consisting of terminal germinal zone with a few rows of small 

transparent cells with relatively big nuclei, and growth zone with one row of three to five 

oocytes with granular cytoplasm and well–discernible nuclei. Posterior to the oocytes, the 

female branch narrowed abruptly by constriction from the oviduct shaped as a truncated 

cone transversally plicate; there is possibly a circular sphincter in this region. The 
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following region is a long uterus with a sequence of developing eggs and shelled embryos 

(Figure 5B–F). Spherical fertilized eggs in the uterus about 23–38 µm in diameter. One 

uterus can contain up to ten fertilized eggs and embryos still in egg shell, and usually 

three to five hatched juveniles. Vagina situated close to the anal opening, oblique, with 

slightly sclerotized posterior side (Figure 4D). No vulvar glands visible. 

 

 

 

Figure 3: Halomonhystera hermesi sp. n., anterior body structures and copulatory apparatus. A: 
holotype male, head region; B: paratype female, head region; C: paratype male, anterior body; D: 

paratype male, posterior pharynx, cardia and progaster; E–G: pericloacal region and copulatory 
apparatus of holotype male (E), paratype males (F, G). Scale bars: A, B, E–G 10 µm; C 50 µm; D 
20 µm. 

 

Single male genital branch situated to the right side of the midgut in all males observed. 

Spermatozoa as tiny globular beads. Seven to eight ejaculatory gland cell bodies at 

either right of left side of the ejaculatory duct. Spicules slender, arcuate, anteriorly 

slightly cephalated, posteriorly pointed. Gubernaculum with a short dorso–caudal 

apophysis and lateral curved funnel–shaped pieces (Figure 5H). A few pre– and postanal 

subventral tiny setae may be visible. A small midventral papilla just anterior to the 

cloacal opening (Figure 3E–G, 4 A–C). 
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Tail conical, terminal cone (spinneret) 3–5 µm long with an internal slightly curved 

funnel–like cuticular structure within the spinneret (Figure 4E). A minute seta can be 

present at the base of the spinneret. In males, there are three pairs of small conical 

subventral papillae located very close to one another on the posterior third of the tail. 

 

 

Figure 4: Halomonhystera hermesi sp. n., posterior body structures. A–D: tail region and 

copulatory apparatus of holotype male (A) and paratype males (B, C) and tail region in paratype 
female (D); E: tail tip of a paratype male. Scale bars: A–D 50 µm; E 10 µm. 

 

Content of the alimentary tract. Almost all specimens contain some granular material 

and spherical drops in lumen of the midgut (Figure 5G). Some specimens have lumps of 

granular material in the buccal cavity. 
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Figure 5: Halomonhystera hermesi sp. n., details. A: posterior body densely covered with foreign 
particles (SEM); B: anterior tip of the ovary; C: posterior ovary and oviduct; D: ripest oocyte, 
oviduct and cleaved egg; E: fertilized eggs in the uterus; F: embryos still with egg–shells; G: 

content in the midgut; H: copulatory apparatus. Scale bars: 20 µm. 
 

Diagnosis. Halomonhystera. Body length 635–1082 µm, body length divided by 

maximum body diameter 18–39, body length divided by length of the pharynx 4–6, body 

length divided by tail length 7.9–10, tail length divided by anal body diameter 3–4.2 in 

males and 3.2–7 in females, distance of vulva from anterior end as percentage of body 

length 76.9–90.6%, tail length divided by distance vulva–anus 2–3.5. Body rather 

cylindrical, stout; cephalic end wide and truncate. Amphideal fovea width 20–24% of 

corresponding body diameter in males and 16–30% in females. Lateral postamphideal 

setae very short and hardly discernible. Pharyngostoma well defined, conical, with 

sclerotized walls. Viviparous. Male with a small midventral preanal papilla and three 

successive pairs of minute subventral papillae close together on posterior half of the tail. 

Spicules 38–50 µm long. Gubernaculum with short dorso-caudal apoiphysis. 
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Table 1: Morphometrics of the type specimens Halomonhystera hermesi sp. n. Measures in µm 
except for ratios. 

 

Character Holotype 
male 

Paratype 
males (n=8) 

Paratype 
females 
(n=21) 

L 781 688–1038 635–1082 
a 28.5 23.2–39.3 17.9–27.2 
b 4.91 3.99–6.19 4.06–5.93 
c 8.31 7.86–10.6 8.42–11.3 
c' 3.32 3.00–4.18 4.55–5.48 
V – – 84.9–89.3 
distance from vulva to anus – – 19.0–30.4 

distance from vulva to anus divided by tail length – – 0.23–0.39 
distance from vulva to anus divided by anal body 
diameter 

– – 1.14–1.81 

body diameter at the level of cephalic setae 13.5 11.5–15.8 11.5–17.4 
body diameter at the level of amphideal foveas 16.5 14.6–18.2 14.8–20.0 
body diameter at level of nerve ring 20.7 20.7–23.4 23.3–28.0 
body diameter at level of cardia 23.3 21.4–29.0 24.2–30.4 
midbody diameter 27.4 23.0–41.7 32.8–50.0 
anal body diameter 28.3 21.9–32.7 16.0–19.8 
width of amphideal fovea 3.6 3.0–4.2 3.3–4.0 
width of the amphideal fovea, as percentage of 
c.b.d., % 

21.8 19.8–24.1 17.0–27.5 

distance from cephalic apex to anterior rim of 
amphideal fovea 

12.1 10.2–17.6 10.0–14.6 

distance from cephalic apex to anterior rim of 
amphideal fovea divided by body diameter at level 
of cephalic setae 

0.90 0.73–1.43 0.71–0.96 

total stoma length 7.50 6.4–8.5 6.4–8.0 
maximal stoma width 3.60 3.4–6.0 4.5–7.0 
spicule’s length along chord 34.5 31.8–36.7 – 
spicule’s length along arch 43.2 38.7–50.0 – 
length of apophysis of the gubernaculum 11.0 4.8–11.0 – 
length of the vagina – – 16.8–26.0 
length of the rectum – – 13.0–20.0 

 



 

 

 

Table 2: Comparison of Halomonhystera species (males)* 
 

Species Characters 

L a b c c' width of the 

amphideal fovea, 

as percentage of 

c.b.d., % 

distance from 

cephalic apex to 

anterior rim of 

amphideal fovea, 

μm 

distance from cephalic apex 

to anterior rim of amphideal 

fovea divided by body 

diameter at level of cephalic 

setae 

total 

stoma 

length, 

μm 

spicule’s 

length, μm 

antarctica 900 33 7.5 11 3.6 (33) ? 1.3–1.4 ? 34–40 

bathislandica 572–684 36–39 5.3–6.2 7.4–7.5 5.5–6 4.3(45) 15 2 6 22 

cameroni 1054 40 7.3 11 3.3–3.6 (25) ? 2–3 8 38 

chitwoodi 1450 34 9.8 9.8 4.4 (25) 11 1 ? 42 

continentalis 420–560 20–23 5–5.6 10–11 2.1–2.5 (33) 9–12 1.2–1.8 4–6 26–30 

disjuncta 800–1500 24–35 6.2–10 11–20 2–3 (25) ? <2 ? 27–42 

fisheri 680–860 28–41 6.7–7.2 9.1–9.9 4.3–4.8 (50) 12–14 2.14 calc 5 27–29 

glaciei 2200–2500 81–91 7.3–8.2 11–20 6.3 (29) 26 2–2.5 ? 36–40 

halophila 820–1330 29–38 7–10 11–13 2.7–3.6 (25) 22–30 0.8–1.2 10–12 44–53 

hermesi sp. n. 688–1038 23–39 3.9–6.2 7.9–10.6 3–4.2 3–4(20–24) 11–18 0.7–1.4 6.4–8.5 32–50 

hickeyi 605–740 30–34 6.1–6.7 10–11 3.3 (50) 11 1.52 calc ? 25–30 

islandica 380–400 26–29 5.1–5.5 7.7–8 4.3–4.7 (33–35) 9.5–10.3 1.65 calc 3 14–19 

paradisjuncta 600 27 5.4 10 2.8 (20–25) 12–18 1.56 calc 5  

parasitica 900–1100 25–29 4.8–5.7 8–9 4.2 calc 4(22 calc) 18 2 7 41–44 

rotundicapitata 850 26 6 8 4 (22 calc) 14.5 calc 1.16 8 26 

socialis 1875-3590 42-60 6.7-10.6 12-21 3.2-5 4-5.5(21-33.3) 14-23 1.1-1.5 5-11 46-96 

tangaroa 660-817 33-38 6-7 10-12 3-3.8 4(29-33) 11-14 1.18 calc 6 27-34 

taurica 724-979 32-43 6.7-8.3 13-17 2.5-3.5 3-4(25 calc) 13-14 1.36 calc ? 23-30 

uniformis 460 40 5 6.7 6.5 (25) ? 2–2.5 ? 26 

vandoverae 605–760 33–35 6–7 8–10 4 (40) 12–14 ? 5 23–30 

*Character values non–overlapped with those of H. hermesi underlined with single line. Double underline means wide hiatus. 
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Table 3: Comparison of Halomonhystera species (females)* 
 

Species Characters 

L a b c c' V distance from 

vulva to anus 

divided by tail 

length, µm 

distance from 

vulva to anus 

divided by anal 

body diameter 

width of the 

amphideal 

fovea, as 

percentage of 

c.b.d., % 

distance from 

cephalic apex to 

anterior rim of 

amphideal fovea 

divided by body 

diameter at level of 

cephalic setae 

Reproduction 

mode 

antarctica 900 27 7.3 14 2.5 89 0.5 ≥1 33 1.3–1.4 ? 

bathislandica 615–633 24–27 5.4–5.7 7.8–7.9 6.5–7 64–67 1.7–1.9 12 calc 29–31 2.13 calc ?oviparous 

cameroni 760–792 30–38 6.5–7 9–13 4–5 86–88 0.29–0.33 1 25 2–3 oviparous 

chitwoodi 1020 28 7.7 8.2 5 76 1 4–5 25 1 viviparous 

continentalis 520–580 20–24 5.7–5.9 9–11 3.6–4.7 85–87 0.33–0.42 1.2–1.6 33 1.2–1.8 ? 

disjuncta 800–1500 16–37 5.7–10 9–15 3–4 82–92 0.3–0.4 1.5 25 <2 viviparous 

fisheri 700–775 29–36 5.8–6.6 7.8–9.1 5.2 calc 66–68 1.5–1.7 12 calc ? ? viviparous 

glaciei 2028–2420 61–67 7.1–8.1 13–15 6–7 86–87 0.8–1.1 6.6 ? 2.3 oviparous 

halophila 1000–1270 22–32 8.3–10 8.8–12.3 3.8–5.4 85–89 0.29–0.45 1.6–2.3 ≥25 0.8–1.2 viviparous 

hermesi sp. n. 635–1082 18–27 4.1–5.9 8.4–11.3 4.6–5.5 85–89 0.23–0.39 1.1–1.8 17–28 0.7–1 viviparous 

hickeyi 721–780 28–32 6.9–7.4 10–11 4.5 83–86 0.4–0.5 1.71 calc 33.8 1.78 viviparous 

islandica 357–385 24–26 5.1–6.3 6–6.4 5.9–8.4 57–60 1.4–1.7 ? 29 ? ? 

parasitica 930–1120 27–28 5.3–5.9 8–9 4.8 calc 84–86 0.26 calc 1.39 calc 20–27 1.43 calc oviparous 

rotundicapitata 810 25 6 8 4.5 76 0.85 calc 4.2 calc 20 1.5 oviparous 

socialis 1900–2200 40–50 8–9 10–11 3.4–9.3 81-94 0.17–0.25 1.2–1.8 19-28 0.9–1.6 viviparous 

tangaroa 585–909 22–29 6–7 9–11 4.3–5.7 84–86 0.31–0.33 1.4–1.9 20–27 1.1–1.6 oviparous 

taurica 736–882 29–33 6.7–7.5 11–13 4–5 78–90 0.16–0.28 1.14–1.81 17–28 1.5 oviparous 

uniformis 440 38 5 7 6.5 83 0.33 2 25 2–2.5 oviparous 

vandoverae 610–670 32–36 6.4–7.1 8.1–8.4 6.3 calc 67–72 1.5–1.7 10.8 calc ? ? oviparous 

* Character values non–overlapped with those of H. hermesi underlined with single line. Double underline means wide hiatus. 
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Table 4 Comparison of Halomonhystera hermesi (males) with lineages identified by Derycke et al. (2007)* 

 
Species and 

lineages 

Characters 

L a b c c' distance from cephalic apex to 

anterior rim of amphideal fovea 

divided by body diameter at 

level of cephalic setae 

distance from 

vulva to anus 

divided by anal 

body diameter, µm  

precloacal 

supplement 

postcloacal 
supplements 

hermesi 688–1038 23–29 4–6.2 7.9–10.6 3–4.2 0.73–1.4 1.53–1.86 present present 

GD1 969–1069 27.2–33 3.2–3.9 11.5–13.5 2.8–3.5 0.92–1.06 1.17–1.47 present present 

GD2 953–1232 29.7–33.9 3.4–4.3 11.7–13.9 3.4–3.6 0.86–1.2 1.19–1.57 present present 

GD3 775–1213 26.7–30 3.3–3.9 11.2–13.5 3.1–3.4 0.77–0.96 1.4–1.67 absent absent 

GD4 1034–1137 28.9–32.3 3.4–3.6 11.1–11.5 3.4–3.5 0.86–0.93 1.34–1.54 present ? 

GD5 873–1162 25.7–28.5 3.2–3.9 11.7–13.8 3.1–3.5 1.06–1.13 1.66–1.78 absent ? 

*Character values non–overlapped with those of H. hermesi are underlined with a line. 
 
 
Table 5 Comparison of Halomonhystera hermesi (females) with lineages identified by Derycke et al. (2007)* 

 

Species and 

lineages 

Characters 

 L a b c c' distance from cephalic apex to anterior rim of 

amphideal fovea divided by body diameter at level 

of cephalic setae 

distance from vulva to 

anus divided by tail length 

 

hermesi 635–1082 17.9–27.2 4.1–6 8.4–11.3 4.5–5.5 0.7–1 0.23–0.39 

GD1 845–1125 21-25.3 2.6–3.8 9.7–12.7 3.3–3.8 1.22–1.68 0.19–0.48 

GD2 951–1090 25.5–28.6 3.0–3.8 9.8–13.4 4.2–5.3 1.21–1.46 0.26–0.49 

GD3 911–1224 21.3–28.1 2.2–3.3 9.3–11.5 4.3–5.4 1.08–1.49 0.29–0.38 

GD4 826–1151 21.1–26.3 2.8–3.4 9.6–13 3.5–4.7 1.04–1.69 0.17–0.33 

GD5 804–1005 20.7–23.9 2.1–3.2 13.1–15.2 3.1–3.8 1.32–1.92 0.28–0.38 

*Character values non–overlapped with those of H. hermesi are underlined with a line. 
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Molecular data. Nuclear (18S, ITS and D2D3 region of 28S) sequences were obtained 

for 5–10 specimens from three locations within the Håkon Mosby mud volcano (HMMV) 

(North, South East and South West), while mitochondrial sequences Cytochrome oxidase 

subunit I (COI) were obtained for ca. 30 specimens for each of these locations (Van 

Campenhout et al., 2013). The divergence of 18S, ITS-D2D3 gene between lineages 

GD1-5 and Halomonhystera hermesi can be found in Table 7 and Table 8. Phylogenetic 

trees based on the concatenated nuclear markers (ITS and D2D3) as well as 18S 

phylogenetic trees revealed that H. hermesi is genetically more close to shallow-water 

Halomonhystera disjuncta species GD1 and GD4 of Derycke et al. (2007a) (Van 

Campenhout et al., 2013). Concatenated (ITS-D2D3) and 18S nuclear sequences are 

respectively 9.3–9.5% and 2.4–2.9% divergent from those of GD1/GD4, and respectively 

14.0–15.5% and 8.9–19.3% divergent from those of GD2, GD3 and GD5. The close 

genetic relation between Halomonhystera hermesi and GD1/GD4 was well supported 

(Van Campenhout et al., 2013). 

Intraspecific divergence ranges of COI sequences were small (0.3–1.0%) and five 

haplotypes were identified. COI DNA sequences have a divergence of 19.1–25.2% from 

those of GD1–5. A COI based phylogenetic tree could not resolve the phylogenetic 

relations between GD1–5 and Halomonhystera hermesi (Van Campenhout et al., 2013). 

COI accession numbers: HF572956, HF572957, HF572959, HF572960, and HF572966. 

18S accession number: HF572952. ITS accession number: HF572967. D2D3 accession 

number: HF572953. 

 

Discussion. Most significant morphometric characters of Halomonhystera morphospecies 

in comparison with those of H. hermesi are given separately for males and females in 

Tables 2 and 3. Majority of Halomonhystera species (except H. bathislandica, H. 

chitwoodi, H. fisheri, H. islandica, H. rotundicapitata, H. vandoverae) with very posterior 

position of vulva (V>80%) make up the Halomonhystera disjuncta species complex. 

Apart from species with very small (H. continentalis, H. islandica, H. paradisjuncta, H. 

uniformis) and very large (H. glaciei, H. socialis) bodies, other Halomonhystera species 

are very similar to one another but differ in very fine morphometric characters and in 

some qualitative traits concerning copulatory structures in males. Unfortunately, such 

promising trait as number and position of pre- and postcloacal papillae in males is not 

studied in all species. H. hermesi differs from each closely related species in at least one 

non–overlapping mensural character (see Tables 2, 3). H. hermesi fits in greater number 

of characters to H. disjuncta, H. halophila, H. parasitica and H. tangaroa than other 

related species, but differs from them in values of indices b, c, c' and relative distance 

from cephalic apex to the amphideal fovea. Additionally, H. halophila differs from H. 

hermesi in having only one pair subventral papillae close to the tail tip, H. parasitica in 

two widely separated pairs of postcloacal subventral papillae, H. tangaroa in four pairs of 

subventral postcloacal papillae, one pair postcloacal and three pairs near tail tip, versus 

three pairs close to one another. Perspectively, promissory characters for species 

discrimination within Halomonhystera disjuncta species complex may become position of 

the amphideal fovea as a distance from the cephalic apex and position of subventral 

papillae on the male tail which may be not very distinctly visible. 

Thorough morphological comparison with genetic lineages GD1–GD5 revealed by Derycke 

et al. (2007a) and designated as cryptotaxa or cryptospecies is now hardly possible. 

Representatives were depicted and some morphometric data were presented by (Fonseca 
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et al., 2008). Structural differences are not clear or at least not evident between the 

lineages (it is known that some fine structure, e.g. preanal papilla may be clearly visible 

in some individuals and indiscernible in others within the same population). As for 

morphometrics, Halomonhystera hermesi males differ from males of all lineages in 

relatively longer tail length expressed in index "c" and from all lineages, except GD2 

males, in relatively shorter pharynx length (Tables 5). H. hermesi females, but not 

males, also differs from all lineages in relative distance from the cephalic apex to the 

anterior edge of the amphideal fovea expressed in cephalic diameters (Table 6). We 

expect, other fine structural characters differentiating cryptospecies of Halomonhystera 

disjuncta complex may be found later on. Van Campenhout et al. (2013) did however 

supply morphometric features to discriminate H. hermesi from GD1-5. These features 

clearly revealed to be significantly different between H. hermesi and GD1-5. 

Halomonhystera socialis Bütschli 1874 

Locality and biotope. White Sea (Northern Russia), Karelian Coast of the Kandalaksha 

Bay, vicinity of the White Sea Biological Station of Moscow State University, depth 12-15 

m, accumulation of detached decaying kelp, July 1996 (Figure 1A, C). 

The sTable long-term accumulation of detached kelp is situated at the distance 50-100 m 

from the coastline and at a depth of 15-18 m (Tzetlin et al., 1997, Mokievsky et al., 

2005). The accumulation is literally a bar up to 2 m high, 100 m long and 25 m wide. The 

bar slightly fluctuates in size and delineation from year to year and even within a season. 

The bulk of detached seeweeds is composed of brown algae Saccharina latissima with 

addition of Laminaria digitata and Alaria esculenta. Furthermore, some red algae and 

fucoids are also encountered. Average biomass of the detached macrophytes was 

estimated as 90 kg/m2. The accumulation exists since mid 1970s when regular 

underwater observations began. The accumulation consists of three zones (or layers) 

with some fuzzy borders between them in the bulk. The upper layer 0.5-1.5 m wide is 

formed with fresh and even living fronds, and is well aerated (Eh = +45 mV). The middle 

layer of about 20 cm thick, consists of small fragments of algal fronds and is anoxic (Eh 

= -131 to -345). The small black pieces of algae are densely covered here by 

cyanobacteria (seventeen species of them were revealed). The lower layer is anoxic (Eh 

= -345 to -360) with a strong smell of hydrogensulphide. This layer is constituted with 

black semi-liquid organic matter and remains of kelp stalks. Its thickness was difficult to 

define, but in all cases it was more than 0.7 m. Coverage of cyanobacteria is not evident 

in the lower layer. 

Description. Body elongate spindle-shaped to filiform (Figure 6). Cuticle thin and 

smooth. Somatic cuticle slightly but distinctly widened at the bend to the apex. 
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Figure 6: Halomonhystera socialis, entire views and posterior bodies. A: entire male; B: entire 

female; C: male posterior body showing copulatory apparatus; D: female posterior body. Scale 
bars: A, B 500 µm; C, D 50 µm. 

 

Head region continuous with rest of body. Inner labial papillae minute and hardly visible 

(Figure 10 B). Outer labial and cephalic sensilla as short cylindrical setae of nearly equal 

length 1.5-2 µm. Outer labial and cephalic setae inserted on two very close but distinctly 

separated circles 6+4. 

Amphideal fovea small, situated well behind the posterior end of the stoma. Amphideal 

fovea mostly perfectly round, with distinct cuticular rim. In a few specimens, one of the 

two foveas, left or right one, may have a posterodorsal interruption of the rim, because 

of that the fovea looks ventrally coiled in one turn. In males, amphideal fovea 4-5.5 µm 

wide (21-33.33% c.b.d.), the same in females 4-5 µm, 19-27.8% c.b.d., respectively. 
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A group of short cervical setae (three or two setae in males and one or two setae in 

females) situated laterally at a distance of one third of the space between the anterior 

apex and the nerve ring. Further rearward, one lateral seta may be found at a distance of 

two thirds of the same space between the anterior apex and the nerve ring in some 

specimens. 

Buccal cavity with thin and weakly sclerotized walls, small and elongate, consisted of 

short gymnostoma and longer stegostoma surrounded by pharyngeal tissue; no any 

evident armament or cuticular differentiations (Figure 7A-C). In males, buccal cavity 5-

11 µm long and 3-5 µm wide, the same in females 5-9 µm and 3-6 µm, respectively. 

Pharynx strong, cylindroid, evenly muscular throughout its length, slightly widening to 

the posterior end. Cardia elongate cardiform, half-surrounded with intestinal tissue. 

 

 

Figure 7: Halomonhystera socialis, body ends. A: male head region sublateral view; B: male head 
region, lateral view; C: female head region, midventral view; D: tail end of a male. Scale bars: 10 

µm. 
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Body of the ventral gland (renette) cell oval, with light reticulated content and nucleus, 

situated behind the cardia to the right of the intestine. Renette ampoule just posterior to 

the amphidial fovea. A very thin canal stretched from the ampoule to the labial region, 

but the outlet of the canal not seen. 

Anterior ventricular part of intestine set off by a slight constriction; two anteriormost 

intestinal cells differentiated from rest of intestine by light-granular content (Figure 9 A). 

 

Figure 8: Halomonhystera socialis, male posterior structures. A: posterior body region; B: 
pericloacal region. Scale bars: A 50 µm, B 10 µm. 

 

The single anterior testis situated to the right of the intestine. Spermatocytes arranged in 

several rows gradually growing in size and acquiring granulation in the cytoplasm 

(figures 9 B, C). The spermatozoa (or spermatids?) in vas deferens oval-shaped with 

homogeneous content. The later spermatids (or spermatozoa) rather large cells of ovoid 

or pear-like shape with inner vermiculation (Figure 9 D). Walls of the vas deferens thick, 

with fine longitudinal fibrosity. In the middle part, the vas deferens covered laterally with 

three to four large spindle-shaped cells with nuclei and light reticulated cytoplasm. 

Further posteriad, a short part of the vas deferens is made up of large cells with light 
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reticulated content (Figure 9 E). Even more posteriad, cells of the vas deferens become 

smaller and with coarser internal granulation. On both sides, eleven to twelve ejaculatory 

gland cell bodies along posterior part of the vas deferens at each lateral side (Figure 8 A, 

B; 9 F). Spicules slender and arcuate, proximally (anteriorly) with small, slightly 

asymmetrical knobs and distally (posteriorly) pointed. Gubernaculum with a small dorso-

caudal apophysis as an unpaired triangular projection. A small midventral preanal papilla 

just anterior to the cloacal opening (Figure 10C). 

 

 

Figure 9: Halomonhystera socialis, male details. A: posterior pharynx, cardia and ventricular 
region of intestine; B: anterior tip of testis, spermatogonia; C: posterior part of testis, 
spermatocytes; D: vas deferens, spermatids in the lumen; E: vas deferens, zone of light wall cells; 
F: ejaculatory gland cell bodies. Scale bars: 50 µm. 

 

Single female genital branch very long and situated entirely to the right of the intestine 

(Figure 10D). Uterus long and spacious, and containing cleaving ova at successive stages 

of development up to 55 in number, and also up to 23 first stage juveniles hatched in the 

uterus (Figure 10E, F). 
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Tail elongate-conical. Two or three incaudal gland cell bodies visible clearly within the tail 

of females visible and less distinct within the tails of males. Terminal cone with an 

internal curved cuticular funnel within the spinneret (Figure 7D). 

A few irregular lateral and latero-ventral pairs of short setae on the preanal region and 

on the tail. Male with one sometimes indistinct midventral preanal papilla (Figure 10C). 

Male tail with three successive pairs of subventral conical papillae close to one another on 

the posterior half of the tail. 

 

 

Figure 10: Halomonhystera socialis, structures of males and females. A: female head laterally 

(SEM); B: female labial region (SEM); C: male precloacal area (SEM); D: female ovary; E: anterior 

female uterus with embryos and juveniles; F: posterior female uterus with free juveniles. Scale 
bars: A 10 µm; B 2 µm; C 10 µm; D-F 100 µm. 
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Diagnosis. Halomonhystera. Body length 1875–3841 µm, body length divided by 

maximum body diameter 34–60, body length divided by length of the pharynx 6.7–13.3, 

body length divided by tail length 12.2–21, tail length divided by anal body diameter 

3.2–5 in males and 3.4–9.3 in females, distance of vulva from anterior end as 

percentage of body length 81.3–93.8%, tail length divided by distance vulva–anus 4–6. 

Body elongate spindle-shaped to filiform. Amphideal fovea 21–33% of corresponding 

body diameter in males and 19-28% in females, at a distance 13–23 µm from the 

cephalic apex. Two to three lateral setae postamphideal setae present. Pharyngostoma 

conical, with weakly sclerotized walls. Viviparous. Male with a small midventral preanal 

papilla and three successive separated pairs of minute subventral papillae on posterior 

half of the tail. Spicules 46–96 µm (arch). Gubernaculum with short dorso-caudal 

apophysis. 

 

Table 6 Morphometrics of Halomonhystera socialis from the White Sea (detached kelp 
accumulation). Measures in µm except for ratios. 
 

Character Males Females 
 min-max mean S.D. C.V. min-max mean S.D. C.V. 
L 1875-3590 2691 500 18.6 2499-3841 3085 382 12.4 

a 42.5-59.8 51 5.9 11.5 34.2-51.4 44.1 5.14 11.7 

b 6.7-10.6 8.8 1.34 15.3 8.5-13.3 10.4 1.57 15.2 

c 12.3-21 16.4 2.93 17.8 12.2-17.8 14.7 1.57 10.7 

c’ 3.2-5 4.17 0.68 16.4 3.4-9.3 7.27 1.56 21.5 

V % - - - - 81.3-93.8 88.7 2.97 3.35 
distance from vulva to anus - - - - 37-48 44.9 2.82 6.27 

distance from vulva to anus divided 

by tail length 

- - - - 0.17-0.25 0.21 0.03 13.4 

distance from vulva to anus divided 

by anal body diameter 

- - - - 1.20-1.84 1.61 0.20 12.7 

body diameter at level of cephalic 

setae 

11-16 13.5 1.72 12.7 11-15 13.5 1.23 9.14 

body diameter at level of amphideal 

foveas 

15-23 19.1 2.28 12 18-24 20.4 1.58 7.76 

body diameter at level of nerve ring 28-45 31.6 8.82 16 28-42 34.5 3.97 11.5 
body diameter at level of cardia 32-51 39.9 5.45 13.6 37-50 42.6 3.86 9.06 

midbody diameter 39-63 52.8 8.72 16.5 60-80 69.2 6.05 8.75 

anal body diameter 33-45 39.7 4.35 10.9 25-38 28.3 3.51 12.4 

distance from cephalic apex to 

anterior rim of amphideal fovea 

14-23 17.2 2.82 16.4 13-23 17.2 2.74 16.0 

distance from cephalic apex to 

anterior rim of amphideal fovea 

divided by body diameter at level of 

cephalic setae 

1.13-1.44 1.27 0.1 7.58 0.93-1.57 1.27 0.16 12.2 

spicule’s length along chord 45.9-80 54.4 11.24 20.7 - - - - 

spicule’s length along arch 45.9-96 71.5 15.3 21.4 - - - - 

length of apophysis of 

gubernaculum 

3-6 4.89 1.05 21.6 - - - - 

 

Remarks. Original description of Halomonhystera socialis was performed largely on a 

female; the male was mentioned but not measured, and for male only tail and spicules 

were illustrated (Bütschli 1874). Subsequent redescriptions and mentions are mostly 

brief and add little to the differentiation of the species. The most evident feature 

permitting to discriminate this species from the others is the significantly larger body size 

as was also noted by Steiner (1958). 

Our specimens fit well in all dimensional characters to H. socialis and differ sharply from 

all the other Halomonhystera species thus far described. H. socialis had been described 

from decaying algae in the Kiel Bight, a habitat that could be analogous to that of the 

White Sea. 
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Molecular data 

Two out of 20 White Sea (WS) Halomonhystera socialis specimens yielded two additional 

Cytochrome oxidase subunit I (COI) haplotypes compared to previously known deep-sea 

Håkon Mosby mud volcano (HMMV, H. hermesi) and intertidal (GD-5) haplotypes. The 

COI alignment was 343 bp long and contained 153 variable sites of which 125 were 

parsimony informative. The phylogenetic trees revealed six highly distinct clades (Figure 

11). Interestingly, the newly retrieved H. socialis COI sequences belonged to the deep-

sea HMMV H. hermesi clade and will further be referred to as the H. hermesi- H. socialis 

clade. The presence of GD4 haplotype G16 resulted in a maximum interspecific 

uncorrected p-distance of 10.9% within the GD4 lineages. Removing haplotype G16 from 

the dataset revealed that divergence ranges were much lower within the six observed 

lineages (0.3 - 2.9%) than between lineages (13.3 - 26.4%, Table 7). 

 

Table 7: Minimum and maximum uncorrected p–distances (%) of Cytochrome oxidase c subunit I 
(COI) between intertidal Halomonhystera disjuncta 1–5 (GD1–5), Halomonhystera hermesi and 
White Sea Halomonhystera socialis 
 

 GD1 GD2 GD3 GD4 GD5 H. hermesi H. socialis 

GD1 0.3 - 2.9       

GD2 17.7 - 20.6 0.3 - 2.3      

GD3 23.5 - 25.4 20.6 - 23.2 0.3 - 1.9     

GD4 17.4 - 19.3 21.2 - 25.7 21.9 - 25.4 0.3 - 10.9    

GD5 22.0 - 23.5 13.3 - 16.1 22.3 - 25.7 21.2 - 25.1 0.3 - 2.3   

H. hermesi 19.9 - 22.0 19.1 - 20.6 22.7 - 25.2 22.7 - 24.1 20.4 - 22.0 0.3 - 1.0  

H. socialis 19.9 - 22.1 19.0 - 21.0 22.8 - 26.4 22.4 - 25.1 20.5 - 22.5 0.0 - 1.0 0.0 - 0.7 

 

To investigate the observed clades further, we have sequenced the first 900 bp of the 

18S sequence for three WS H. socialis specimens and added those to publically available 

HMMV Halomonhystera hermesi (Van Campenhout et al., 2013) and intertidal (GD1-5) 

sequences (Derycke et al., 2007a). After applying G-blocks, the alignment was 723 bp 

long and contained 166 variable sites of which 164 were parsimony informative. The 

phylogenetic tree now only revealed four clades, GD2/5, GD3, HMMV H. hermesi and 

GD1/4/WS H. socialis (Figure 12). WS H. socialis specimens were now positioned 

together with GD1 and GD4 specimens with strong support (bootstrap values for ML, MP, 

NJ and BA were 97, 99, 95 and 89 respectively). The position of the GD3 and H. hermesi 

clade remained ambiguous. Due to very low uncorrected p-distances as a result of highly 

similar sequences between GD2 and GD5, and between GD1, GD4 and WS H. socialis 

specimens (Table 8) we ended up with a phylogenetic tree with a low resolution within 

two clades. 

 



 

182 

 

 

Figure 11: Maximum Likelihood of a heurystic analysis of the mitochondrial Cytochrome oxidase c 
subunit I (COI) gene of intertidal - (Halomonhystera disjuncta 1-5 (GD1-5)), deep-sea (HD-HMMV, 
H. hermesi) and White Sea (WS, H. socialis) nematodes. Bootstrap values correspond to Maximum 

Likelihood, Maximum Parsimony, Neighbor Joining and Bayesian analysis. A slash indicates the 
absence of a branch in the respective analysis. The outgroup AM748759.1 is Diplolaimelloides 
meyli. 
 
Table 8: Interspecific minimum-maximum of uncorrected p-distances (%) between intertidal 
Halomonhystera disjuncta (GD1-5), Håkon Mosby mud volcano H. hermesi and White Sea H. 

socialis nematodes of the concatenated nuclear genes (ITS-D2D3) under the diagonal and 18S 
above the diagonal. The diagonal contains the intraspecific minimum-maximum of uncorrected p-
distances (%) of both 18S (*) and ITS-D2D3 (**). 

 

 GD1 GD2 GD3 GD4 GD5 H. hermesi H. socialis 

GD1 0.0 - 0.4* 
0.1 - 0.1** 

15.7 - 16.7 8.7 - 9.0 0.0 - 0.4 18.8 - 19.2 2.4 - 2.8 0.0 - 0.4 

GD2 12.4 - 14.0 0.2 - 0.2* 
0.2 - 0.2** 

18.4 - 19.5 15.7 - 16.4 0.2 - 0.2 16.3 - 16.9 15.7 - 16.6 

GD3 12.4 - 14.0 16.0 - 16.8 0.0 - 0.0* 
1.5 - 1.5** 

8.7 - 8.8 22.5 - 23.0 8.9 - 8.9 8.4 - 8.5 

GD4 0.5 - 0.7 14.0 - 14.1 13.0 - 13.9 0.0 - 0.0* 
0.0 - 0.2** 

18.8 - 18.8 2.4 - 2.4 0.0 - 0.0 

GD5 12.3 - 14.3 2.2 - 2.3 16.5 - 17.1 14.3 - 14.4 0.0 - 0.0* 
0.1 - 0.1** 

19.4 - 19.4 18.8 - 18.8 

H. 
hermesi 

8.6 - 9.0 13.9 - 14.0 13.6 - 14.3 8.5 - 8.7 13.6 - 13.6 0.0 - 0.0* 
0.0 - 0.0** 

1.9 - 1.9 

H. 
socialis 

0.4 - 0.6 14.1 - 14.3 13.3 - 14.1 0.6 - 0.8 14.3 - 14.5 8.4 - 8.5 0.0 - 0.0* 
0.0 - 0.0** 
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Figure 12: Maximum Likelihood tree of a heurystic analysis of the 18S r DNA of intertidal 
Halomonhystera disjuncta 1-5 (GD1-5), deep-sea HMMV H. hermesi and White Sea H. socialis. 
Bootstrap values above each branch correspond to Maximum Likelihood, Maximum Parsimony, 
Neighbor Joining and Bayesian analysis. A slash indicates the absence of a branch in the respective 
analysis. Trees are mid-point rooted. 

 

To explore these clades into more detail, two additional nuclear genes (ITS and D2D3) 

were sequenced for four WS H. socialis specimens and subsequently added to published 

HMMV and intertidal nematodes. After concatenation of both sequences (ILD-test p-value 

= 1) and applying G-blocks, the alignment was 1130 bp long and contained 285 variable 

sites of which 272 were parsimony informative. The concatenated phylogenetic tree 

revealed that all intertidal and the WS H. socialis as well as the HMMV H. hermesi 

specimens can be considered as separate clade (Figure 13). However, the WS, GD1 and 

GD4 clades were not highly supported (bootstrap values 46-98, Figure 13). In agreement 

with the 18S phylogenetic tree, the WS H. socialis specimens are again positioned close 

to GD1 and GD4 with high support (bootstrap values for ML, MP, NJ and BA were 99, 

100, 100 and 100 respectively). Furthermore, the position of the H. hermesi clade was 

now resolved and showed a highly supported phylogenetic relationship with the 

GD1/4/WS H. socialis (bootstrap values for ML, MP, NJ and BA were 97, 99, 88 and 100 

respectively). Interspecific divergences between species range from 0.0-23.0% and 0.4-

17.1% for 18S and the concatenated ITS-D2D3 sequence respectively. 
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Figure 13: Maximum Likelihood tree of a heurystic analysis of the concatenated nuclear genes 
Internal Transcribed Spacer region and D2D3 region of 28S rDNA (B) of intertidal - 
(Halomonhystera disjuncta 1-5 (GD1-5)), deep-sea - (HMMV H. hermesi) and White Sea (WS H. 

socialis) nematodes. Bootstrap values above each branch correspond to Maximum Likelihood, 
Maximum Parsimony, Neighbor Joining and Bayesian analysis. A slash indicates the absence of a 
branch in the respective analysis. Trees are mid-point rooted. 

 

Discussion 

Our data show that Håkon Mosby mud volcano (HMMV) and White Sea (WS) nematodes 

are an integral part of the intertidal (GD1-5) cryptic species complex. HMMV nematodes 

from the deep sea were morphologically and genetically different from the intertidal 

species (GD1-5; Van Campenhout et al., 2013). In both the nuclear and mitochondrial 

phylogenetic tree the HMMV nematodes consisted of a separated clade in relation to the 

intertidal species (GD1-5). Consequently, the HMMV nematodes were considered as a 

new species (Van Campenhout et al., 2013) and are described here as Halomonhystera 

hermesi sp. n. Including WS specimens, identified here morphologically and 

morphometrically as Halomonhystera socialis (Bütschli 1874) revealed that the genetic 

distance, based on mitochondrial data, between H. socialis and H. hermesi was very low 

(0.0 - 1.0%) and in the range of intraspecific variability observed for this gene (Derycke 

et al., 2010b). Mitochondrial sequences of both species were however different from the 

five intertidal species, with minimum genetic divergences between the HMMV-WS clade 

and intertidal clades (GD1-5) exceeding the 5% threshold level proposed for marine 

nematodes. 

Using a single-gene library (DNA barcoding), e.g. COI sequences, to identify species has 

gained increasing interest in the last decade (Hebert et al., 2003a, Hebert et al., 2003b, 
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Blaxter, 2004). Even though the use of COI in identifying marine nematode species 

showed great promise (Derycke et al., 2010b), the morphological different species 

Paracanthonchus/Praeacanthonchus did not reveal to have distinct COI sequences which 

is similar to our study (Halomonhystera socialis versus H. hermesi specimens). DNA 

barcoding methods return the species identification problem back to a single-character-

system approach (though each nucleotide may be considered a character) which puts 

new constraints on species identification of morphological different species exhibiting the 

same barcoding sequence (Will et al., 2005). Similar COI sequences in morphological 

different species might be the result of stabilizing selection (Hablutzel et al., 2013). 

However, we are currently unable to identify which (a)biotic factors would play a role. 

Second, there is the possibility of polyphyly or incomplete lineage sorting (Funk and 

Omland, 2003) which could complicate the correct delineation of species. Third, 

introgression between H. socialis and H. hermesi could blur deeper phylogenetic relations 

(Chase et al., 2005). However, H. socialis and H. hermesi are geographically and 

bathymetrically separated by about 1000 sea miles (around Scandinavia and Kola 

Peninsula) and ˃1000 m respectively. Introgression between both species is therefore 

unlikely to have generated the similar COI sequences. 

Even though we are currently in the dark considering the reason why similar COI 

sequences between H. socialis and H. hermesi nematodes were observed, both species 

showed a larger genetic divergence based on nuclear sequences. Our nuclear data show 

that the genetic divergence between H. socialis and H. hermesi nematodes was very low 

for the D2D3 region (1.0 – 1.0%) and the 18S (1.9 – 1.9%) while the genetic divergence 

for the ITS region ranged between 12.2 – 12.3%. In addition to a barcoding approach 

based on COI data, the D2D3 region of the 28S rDNA has been suggested as an 

alternative approach (Pereira et al., 2010). However our results reveal that 

Halomonhystera socialis specimens have the same sequence as GD1 and GD4 implying 

that using molecular data is insufficient for correct species identification. Using barcoding 

based on a single-gene approach might show great promises for species identification, 

using such an approach is insufficient for correct delineation of species. Therefore other 

types of data should be taken into account. It has been suggested that an integrative 

approach is the most solid method for adequate species delineating (Will et al., 2005, 

Bhadury and Annapuma, 2011, Puillandre et al., 2012). Such an integrative approach 

uses, in addition to molecular data, other types of data like morphology, geographical 

distribution, reproduction isolation, etc. 

The Halomonhystera disjuncta complex includes those species of the genus 

Halomonhystera which has vulva situated very close to the anal opening. Level of 

structural differentiation between species of Halomonhystera disjuncta complex is 

however very low. All the characters usually used for intrageneric species discrimination 

in aquatic nematodes such as position of amphideal fovea, shape and size of buccal 

cavity, spicules and gubernaculum, pericloacal specialized sensory organs does not work 

well in the case of H. disjuncta complex. All the species have these structures located in 

similar positions such as e.g. lateral cervical setae posterior to the amphids, midventral 

preanal papilla, pairs of subventral papillae on the male tail, etc. Morphospecies 

established on the base of morphological characters actually differ from one another on 

the ground of body size and ratios an some finer morphometric parameters. Some 

species such as H. socialis are characterized by apparent size chiatus while other species 

are not. The complex consists of cryptospecies, semicryptospecies and species relatively 

easier recognizable on the basis of morphometrics. Anyway, it becomes evident the 
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species of H. disjuncta complex can be idenfied by only using both molecular and 

morphometric methods. 

Taking all the findings: nuclear sequence divergence (especially between White Sea and 

Håkon Mosby mud volcano nematodes), mitochondrial sequence divergences (between 

intertidal and the WS-HMMV clade), geographical separation and 

morphological/morphometric differences between all cryptic species, into account, we 

conclude that both WS and HMMV should be considered as two different species. The 

HMMV species is morphologically distinct from other GD1-5 species as well as from 

known morphospecies of the Halomonhystera disjuncta complex and is described here as 

a formal new species Halomonhystera hermesi sp. n. The WS species being also distinct 

from other GD1-5 species also differs from all morphospecies of the H. disjuncta complex 

except H. socialis (Bütschli 1874) by its much greater body size. WS species fits in 

morphometrics to this distinct but poorly known species. Our results confirm that an 

integrative approach (molecular and morphology) is the most solid method for a correct 

identification of nematodes (De Ley and Blaxter, 2002, Holterman et al., 2006, Meldal et 

al., 2007, Derycke et al., 2010a) and is highly recommended for the discrimination 

between WS and HMMV nematodes. 
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Supporting material – Chapter 2 

 

 
 

Figure S1: Neighbor Joining (NJ) of the mitochondrial cytochrome oxidase c subunit I (COI) gene 
of shallow-water (Halomonhystera disjuncta 1-5 (GD1-5)) and deep-sea (HD-HMMV) nematodes. 
Bootstrap values are indicated at each corresponding branch. Lineages are indicated next to each 
branch. NJ: Tree length = 395, consistency index = 0.6152 and retention index = 0.9191. 

 



 

188 

 

 

Figure S2: Bayesian analysis (BA) tree of the mitochondrial cytochrome oxidase c subunit I (COI) 
gene of shallow-water (Halomonhystera disjuncta 1-5 (GD1-5)) and deep-sea (HD-HMMV) 
nematodes. Posterior probabilities (times 100) are indicated at each corresponding branch. 
Lineages are indicated next to each branch. -ln likelihood = 2163.19. 
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Figure S3: Maximum Parsimony tree of a heuristic analysis of the mitochondrial cytochrome 
oxidase c subunit I (COI) gene of shallow-water (Halomonhystera disjuncta 1-5 (GD1-5)) and 
deep-sea (HD-HMMV) nematodes. Bootstrap values are indicated at each corresponding branch. 

Lineages are indicated next to each branch. MP: Tree length = 384, consistency index = 0.6328 
and retention index = 0.9250. 
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Figure S4: Maximum Likelihood tree of a heuristic analysis of the nuclear internal transcribed 

spacer region (ITS) gene of shallow-water (Halomonhystera disjuncta 1-5 (GD1-5)) and deep-sea 

(HD-HMMV) nematodes. Bootstrap values correspond to Maximum Likelihood, Maximum Parsimony 
and Neighbor Joining, and to Bayesian analysis posterior probabilities (multiplied by 100). 
 

 

Figure S5: Maximum Likelihood tree of a heuristic analysis of the nuclear D2D3 region of 28S 
rDNA (D2D3) gene of shallow-water (Halomonhystera disjuncta 1-5 (GD1-5)) and deep-sea (HD-
HMMV) nematodes. Bootstrap values correspond to Maximum Likelihood, Maximum Parsimony and 
Neighbor Joining, and to Bayesian analysis posterior probabilities (multiplied by 100). 
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Table S1: Minimum-maximum (µm) and mean (µm) ± standard deviation (between brackets) values of 12 morphological measures from the five 
shallow-water Halomonhystera disjuncta cryptic species GD1-5 and the deep-sea nematode HD-HMMV for both females and males. Amount of 
analysed nematodes measured for each species is between brackets under the corresponding lineages.  

 

 Lineages L PL A-A Hdia AL W V-A or SL ABD TL PD PCBD 

F
E
M

A
L
E
S
 

GD1 

(12) 

876-1155 

(1000 ± 102) 

122-138 

(130 ± 5) 

12-16 

(14 ± 1) 

11-13 

(12 ± 1) 

793-1057  

(910 ± 97) 

30-51 

(41 ± 8) 

23-41 

(51 ± 5) 

18-29 

(22 ± 3) 

76-105 

(91 ± 9) 

18-29 

(23 ± 3) 

25-35 

(30 ± 3) 

GD2 

(14) 

818-1152 

(989 ± 96) 

115-149 

(129 ± 10) 

9-14 

(12 ± 2) 

9-11 

(10 ± 1) 

739-1057 

(900 ± 92) 

32-51 

(38 ± 5) 

27-37 

(33 ± 4) 

16-23 

(19 ± 2) 

77-101 

(89 ± 6) 

16-27 

(21 ± 3) 

24-34 

(29 ± 3) 

GD3 

(21) 

799-1223 

(983 ± 129) 

104-134 

(122 ± 9) 

10-16 

(12 ± 1) 

8-11 

(9 ± 1) 

732-1105 

(882 ± 118) 

27-45 

(36 ± 5) 

29-46 

(36 ± 5) 

14-21 

(18 ± 2) 

67-127 

(101 ± 15) 

16-28 

(20 ± 3) 

20-31 

(25 ± 3) 

GD4 

(22) 

798-1287 

(1042 ± 153) 

104-141 

(123 ± 10) 

10-16 

(13 ± 2) 

8-14 

(10 ± 2) 

732-1134 

(915 ± 140) 

27-55 

(38 ± 7) 

29-43 

(34 ± 4) 

14-27 

(19 ± 3) 

67-124 

(97 ± 14) 

16-29 

(21 ± 4) 

20-35 

(26 ± 5) 

GD5 

(23) 

738-1189 

(948 ± 116) 

92-150 

(114 ± 14) 

9-15 

(13 ± 2) 

7-13 

(11 ± 1) 

666-1103 

(868 ± 109) 

28-46 

(40 ± 4) 

20-36 

(26 ± 4) 

17-25 

(20 ± 2) 

64-99 

(80 ± 12) 

16-28 

(21 ± 3) 

23-34 

(28 ± 3) 

HMMV 

(43) 

740-1063 

(889 ± 87) 

113-186 

(166 ± 16) 

8-16 

(13 ± 2) 

12-20 

(16 ± 2) 

657-956 

(795 ± 85) 

21-52 

(37 ± 8) 

19-38 

(29 ± 4) 

15-25 

(19 ± 3) 

52-117 

(93 ± 13) 

9-17 

(12 ± 2) 

21-35 

(28 ± 4) 

M
A
L
E
S

 

GD1 

(6) 

919-1154 

(1048 ± 88) 

117-160 

(137 ± 17) 

12-16 

(14 ± 2) 

8--1 

(10 ± 1) 

842-1062 

(962 ± 82) 

33-37 

(35 ± 2) 

30-34 

(32 ± 2) 

24-27 

(25 ± 1) 

77-91 

(86 ± 6) 

18-23 

(20 ± 2) 

24-31 

(28 ± 3) 

GD2 

(9) 

973-1269 

(1090 ± 111) 

120-147 

(133 ± 9) 

11-16 

(13 ± 2) 

8-11 

(10 ± 1) 

891-1177 

(1007 ± 108) 

30-38 

(33 ± 3) 

31-40 

(35 ± 3) 

23-28 

(25 ± 1) 

74-92 

(83 ± 5) 

16-23 

(19 ± 3) 

23-25 

(24 ± 1) 

GD3 

(21) 

798-1253 

(1003 ± 116) 

90-149 

(124 ± 14) 

10-16 

(13 ± 2) 

7-15 

(10 ± 1) 

725-1162 

(917 ± 111) 

27-41 

(33 ± 4) 

27-40 

(33 ± 3) 

17-30 

(23 ± 3) 

73-107 

(87 ± 10) 

15-27 

(20 ± 3) 

21-32 

(26 ± 3) 

GD4 

(5) 

965-1167 

(1073 ± 84) 

110-132 

(121 ± 8) 

11-14 

(13 ± 1) 

9-12 

(11 ± 1) 

880-1070 

(986 ± 83) 

32-38 

(35 ± 2) 

32-41 

(37 ± 4) 

21-29 

(26 ± 3) 

75-97 

(87 ± 9) 

18-23 

(21 ± 2) 

25-29 

(27 ± 2) 

GD5 

(4) 

867-1184 

(1022 ± 129) 

121-148 

(129 ± 12) 

12-15 

(14 ± 2) 

8-10 

(9 ± 1) 

794-1098 

(945 ± 124) 

31-44 

(36 ± 5) 

30-38 

(34 ± 4) 

22-28 

(25 ± 3) 

73-85 

(78 ± 6) 

15-24 

(20 ± 4) 

24-30 

(26 ± 3) 

HMMV 

(37) 

729-1045 

(897 ± 84) 

122-199 

(166 ± 16) 

9-18 

(13 ± 2) 

14-20 

(18 ± 2) 

641-940 

(798 ± 81) 

23-40 

(32 ± 5) 

26-44 

(34 ± 4) 

21-35 

(30 ± 3) 

84-125 

(99 ± 10) 

9-17 

(14 ± 2) 

18-35 

(28 ± 4) 

 

Abbreviations: L, total body length; PL, pharynx length; A-A, amphid anterior distance; Hdia, head diameter; AL, anus length from anterior part of body; W, maximum width; V-A, distance 

between vulva and anus (females); SL, spicule length (males); ABD, anal body diameter; TL, tail length (starts from the anus up to posterior end of the tail); PD, progaster diameter; PCBD, 

progaster corresponding diameter. 
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Table S2: Morphometric data of 43 female HD-HMMV individuals in µm. 
 

Character F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19 F20 F21 F22 

Nematode length 812 888 762 940 858 994 1034 876 972 898 953 882 928 856 803 790 853 740 856 784 807 808 

Parynx length  167 175 146 167 171 171 182 167 186 156 181 166 113 145 168 181 156 135 164 146 147 159 

Amphid-anterior distance 11 12 12 14 13 12 13 12 11 12 10 11 13 10 15 12 12 12 12 8 11 12 

Head diameter 13 15 16 18 16 17 19 17 17 16 15 16 17 17 12 17 14 15 12 15 13 12 

Anus-anterior length 719 777 679 831 773 906 917 777 858 793 843 791 821 766 701 695 801 657 749 688 704 709 

Maximum width 26 28 28 42 38 42 42 43 42 31 40 39 38 35 25 30 29 27 25 25 26 21 

Vulva-anus distance 24 28 21 29 21 37 33 34 30 29 30 27 38 24 19 22 29 24 31 26 23 26 

Anal body diameter 20 25 21 21 25 25 21 19 24 18 19 18 21 17 18 19 20 15 17 17 16 24 

Tail length 94 111 82 108 85 88 117 99 114 105 110 91 107 91 102 95 52 82 106 96 103 99 

Progaster diameter 12 10 9 15 14 17 13 14 15 10 13 14 17 14 12 12 10 9 12 10 12 12 

Progaster corresponding body 

diameter 
27 27 23 30 27 35 29 28 29 25 27 26 33 26 23 22 26 24 27 21 24 21 

Character F23 F24 F25 F26 F27 F28 F29 F30 F31 F32 F33 F34 F35 F36 F37 F38 F39 F40 F41 F42 F43 

Nematode length 803 813 875 1000 750 938 750 938 1000 1000 1000 875 1063 1031 1000 938 875 938 875 844 813 

Parynx length  153 168 184 184 153 161 168 145 184 184 184 184 184 184 168 168 153 168 184 184 153 

Amphid-anterior distance 14 10 11 16 13 12 12 15 14 14 14 14 16 12 12 15 10 14 15 15 15 

Head diameter 15 14 16 16 14 17 15 17 18 19 20 17 18 17 17 16 14 16 16 14 14 

Anus-anterior length 703 721 783 908 674 846 658 861 908 901 939 783 956 939 908 846 791 846 783 752 736 

Maximum width 28 34 33 34 33 42 33 42 44 51 49 41 52 50 46 51 41 45 40 34 36 

Vulva-anus distance 29 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 

Anal body diameter 18 16 18 19 20 20 17 19 19 21 19 20 15 20 20 18 19 15 16 17 22 

Tail length 100 92 92 92 77 92 92 77 92 100 61 92 107 92 92 92 84 92 92 92 77 

Progaster diameter 14 10 13 13 13 10 13 13 15 13 13 15 13 10 13 13 13 13 15 13 10 

Progaster corresponding body 

diameter 
24 25 28 28 28 28 30 30 30 35 30 30 28 28 28 28 35 30 35 30 28 
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Table S3: Morphometric data of 37 male HD-HMMV individuals in µm. 
 

Character M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17 M18 M19 

Nematode length 938 750 813 969 875 875 813 875 750 875 1031 875 875 875 906 938 1031 1000 1031 

Parynx length  184 145 168 168 122 168 153 153 138 168 153 184 168 167 168 153 184 199 153 

Amphid-anterior distance 16 11 13 11 11 15 14 11 11 15 12 14 13 13 13 13 16 18 12 

Head diameter 20 17 16 17 18 19 17 18 16 18 18 19 20 20 20 19 20 20 18 

Anus-anterior length 830 658 721 862 783 768 721 783 658 768 940 750 783 776 814 830 932 878 940 

Maximum width 36 32 30 26 29 32 27 32 25 38 38 38 34 38 40 40 26 33 38 

Vulva-anus distance 31 31 31 38 31 31 31 31 31 31 38 31 38 38 31 31 38 41 38 

Anal body diameter 33 27 27 28 30 30 28 30 29 31 35 34 30 31 35 31 29 32 35 

Tail length 107 92 92 107 92 107 92 92 92 107 92 125 92 99 92 107 100 122 92 

Progaster diameter 10 13 15 10 15 15 10 13 10 15 15 13 15 13 15 15 15 15 15 

Progaster corresponding 
body diameter 

30 28 28 25 28 28 25 28 28 30 30 33 30 28 35 33 28 30 30 

Character M20 M21 M22 M23 M24 M25 M26 M27 M28 M29 M30 M31 M32 M33 M34 M35 M36 M37 

Nematode length 875 875 875 906 938 1031 929 918 843 790 913 934 983 865 738 912 729 1045 

Parynx length  184 168 167 168 153 184 186 191 182 154 166 167 180 161 148 174 150 160 

Amphid-anterior distance 14 13 13 13 13 16 15 13 10 10 11 11 12 12 11 9 12 15 

Head diameter 19 20 20 20 19 20 18 16 15 14 15 14 15 15 14 15 15 15 

Anus-anterior length 750 783 776 814 830 932 841 812 744 705 825 836 873 769 654 809 641 939 

Maximum width 38 34 38 40 40 26 32 28 28 26 30 34 31 29 24 32 23 34 

Vulva-anus distance 31 38 38 31 31 38 34 36 34 34 36 43 37 36 29 32 26 44 

Anal body diameter 34 30 31 35 31 29 32 28 25 24 30 27 31 25 24 27 21 34 

Tail length 125 92 99 92 107 100 88 107 100 85 89 98 110 97 84 103 87 106 

Progaster diameter 15 15 15 15 15 15 17 15 10 9 14 17 12 14 10 14 10 15 

Progaster corresponding 
body diameter 

35 30 28 35 35 28 28 26 22 20 26 25 27 25 20 25 18 27 
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Table S1: P-values of pairwise comparisons between species with the same treatment. PERMANOVA (Euclidean distances, 9999 
permutations) was used for the pairwise comparisons. The table part between double lines contains the variable factor species (GD1-3) 
on which we performed pairwise comparisons for the variables in column 2. Row 1-2 and column 1 contain fixed factor levels for the 

respective column and row. Significant p-values are indicated with an asterisk. 
 

  

Tempe-

rature 
16 °C 10 °C 4 °C 

  
Salinity 25  29.5  34  25  29.5  34  25  29.5  34  

Presence 

of 

sulphide 

Variable Species GD1 GD2 GD1 GD2 GD1 GD2 GD1 GD2 GD1 GD2 GD1 GD2 GD1 GD2 GD1 GD2 GD1 GD2 

N
o
 S

 

MGT GD2 0.0112* 

 

0.0193* 

 

0.0011*  0.0018* 

 

0.0004* 

 

0.0002* 

 

0.0014* 

 

0.0186* 

 

0.0005* 

 

 

GD3 0.1031 0.0024* 0.0012* / 

 

 0.0012* 0.7208 0.0001* 0.0017* 0.0001* 0.0001* 0.0005* 0.0001* 0.0001* 0.0001* 0.0001* 0.0002* 

MEGD GD2 /  0.1111  0.0292*  0.1171  0.4396  0.0257*  0.0072*  0.2036  0.2081  

MEMD GD2 0.3691  0.3738  0.0042*  /  0.0055*  0.0251*  0.0019*  0.0005*  0.0008*  

MJD GD2 0.0688  0.0994  0.0045*  0.0018* 0.0022*  0.0017*  0.0789  0.0040*  0.7457  

 GD3 0.3688 0.1045 0.0983 0.0140*   0.3484 0.0004* 0.0031* 0.3823 0.0051* 0.6699 0.0777 0.3834 0.0017* 0.1019 0.7525 / 

MALS GD2 /  0.1171  0.0013*  0.0379*  0.0004*  0.0017*  0.0009*  0.0017*  0.0023*  

 GD3 / / 0.0258* 0.0020* 0.1094 0.0010* 0.0249* / 0.0001* 0.0225* 0.0001* 0.0019* / / 0.0001* 0.0001* 0.0001* 0.0002* 

OS GD2 0.0087*  0.0086*  0.0664  0.0002*  0.0001*  0.0004*  0.8821  0.4071  0.2220  

 GD3 0.0005* 0.0001* 0.0010* 0.0004* 0.0002* 0.0001* 0.0006* 0.0001* 0.0011* 0.0001* 0.0010* 0.0002* 0.0003* 0.0003* 0.0004* 0.0006* 0.0015* 0.0005* 

S
 

MGT GD2 /  0.1308  0.0327*  0.0002*  0.0003*  0.0001*  0.0016*  0.0724  0.0156*  

MEGD GD2 /  /  /  0.1117  0.3671  0.2874  0.7223  0.2156  1  

MEMD GD2 0.1177  0.0256*  0.1345  0.5149  0.1041  0.0752  0.0001*  0.0086*  0.0029*  

MJD GD2 0.0155*  0.3565  0.2064  0.0007*  0.0003*  0.0018*  0.0781  0.0043*  0.0009*  

MALS GD2 /  /  0.3603  0.0008*  0.0115*  /  0.0002*  0.0002*  0.0001*  

OS GD2 0.0017*  0.0005*  0.0003*  0.2524  0.2691  0.0109*  0.7759  0.4945  0.006*  

Abbreviations: No S, absence of sulphide; S, presence sulphide; GD1-3, cryptic Halomonhystera disjuncta species 1 – 3 (previously named Geomonhystera disjuncta); MGT, 

minimum generation time; MEGD, minimum time until first egg(s) deposition; MEMD, minimum time for embryonic development; MJD, minimum time for the development of 

juveniles into adults; MALS, minimum adult life span; OS, offspring per female at the end of the experiment; /, no test available. 
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Table S2: P-values of pairwise comparisons between treatments which differ in presence or 
absence of sulphide. PERMANOVA (Euclidean distances, 9999 permutations) was used for the 
pairwise comparisons. The table part between double lines contains the variable factor sulphide 

(sulphide present = S, sulphide absent = No S) on which we performed pairwise comparisons for 
the variables in column 2. Significant p-values are indicated with an asterisk.  
 

  

Temperature 16 °C 10 °C 4 °C 

  

Salinity 25  29.5  34  25  29.5  34  25  29.5  34  

Species Variable 
Presence of 

sulphide 
No S No S No S No S No S No S No S No S No S 

G
D

1
 

MGT S 0.3652 0.7170 / 0.0464* 0.0091* 0.0035* 0.0033* 0.0002* 0.0001* 

MEGD S / / 0.0031* 0.0071* 0.0429* / 0.0134* 0.0035* 0.0001* 

MEMD S 0.1172 0.0555 0.0157* 0.1173 0.7207 0.5317 0.6425 0.5280 0.3538 

MJD S 1.0000 0.3626 1.0000 0.5186 0.3952 0.3868 0.3691 0.0042* 0.0197* 

MALS S / 0.0033* 0.1749 0.0067* 0.0048* 0.0013* 0.0235* 0.8452 0.5348 

OS S 0.0029* 0.0040* 0.0001* 0.2294 0.5641 0.0299* 0.0084* 0.0554 0.0077* 

G
D

2
 

MGT S 0.3748 / 0.0308* 0.0026* 0.0138* 0.0017* 0.0004* 0.0004* 0.0001* 

MEGD S / 0.2868 0.3579 0.3801 / 0.2141 0.0001* 0.0046* 0.0001* 

MEMD S 0.3732 0.2893 0.0248* 0.3736 0.0991 0.5775 0.0056* 0.1522 0.0034* 

MJD S 0.5163 0.0019* 0.0013* 0.0020* / 0.0071* 0.0299* 0.0045* 0.0020* 

MALS S / / 0.0010* 0.1823 0.0548 0.0495* 0.0215* 0.0037* 0.0800 

OS S 0.0154* 0.0066* 0.0173* 0.0005* 0.0002* 0.0018* 0.0179* 0.0871 0.0001* 

Abbreviations: GD1-3, cryptic Halomonhystera disjuncta species 1 – 3 (previously named Geomonhystera disjuncta); MGT, 

minimum generation time; MEGD, minimum time until first egg(s) deposition; MEMD, minimum time for embryonic 

development; MJD, minimum time for the development of juveniles into adults; MALS, minimum adult life span; OS, offspring 

per female at the end of the experiment; /, no test available. 
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Table S3: P-values of pairwise comparisons between treatments which differ in one level of the 
factor temperature PERMANOVA (Euclidean distances, 9999 permutations) was used for the 
pairwise comparisons. The table part between double lines contains the variable factor temperature 

(16, 10 and 4 °C) on which we performed pairwise comparisons for the variables in column 2. 
Significant p-values are indicated with an asterisk. 
 

 

 
Presence of sulphide  No S S 

 

 
Salinity 25  29.5  34  25  29.5  34  

Species Variable Temperature 16 °C 10 °C 16 °C 10 °C 16 °C 10 °C 16 °C 10 °C 16 °C 10 °C 16 °C 10 °C 

G
D

1
 

MGT 10 °C 0.0987 

 

0.0499* 

 

0.0056* 

 

0.0017* 

 

0.0018*  0.0001* 

 

 

4 °C 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 

MEGD 10 °C / 
 

0.0072* 
 

0.0253* 
 

0.0012* 
 

0.0001*  / 
 

 
4 °C 0.0002* 0.0002* 0.0001* 0.0003* 0.0001* 0.0001* 0.0001* 0.0002* 0.0001* 0.0002* 0.0001* 0.0001* 

MEMD 10 °C 0.1115 

 

0.2074 

 

0.5394 

 

0.1193 

 

0.0401* 0.0972 

 

 

4 °C 0.0002* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0005* 0.0006* 0.0001* 0.0001* 0.0001* 0.0001* 

MJD 10 °C 0.6381 

 

0.5370 

 

0.3976 

 

0.1092 

 

0.2157 

 

0.1175 

 

 

4 °C 0.0008* 0.0005* 0.0005* 0.0008* 0.0001* 0.0002* 0.0004* 0.0024* 0.0001* 0.0001* 0.0001* 0.0001* 

MALS 10 °C 0.2186  0.1167  0.2316  0.3667  0.2885  /  

 4 °C 0.0001*  0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 

OS 10 °C 0.0068*  0.0042*  0.0005*  1  0.6834  0.9318  

 4 °C 0.0028* 0.2927 0.0117* 0.9881 0.0002* 0.0917 0.0420* 0.0184* 0.0420* 0.0411* 0.0164* 0.0051* 

G
D

2
 

MGT 10 °C 0.0003* 
 

0.0002* 
 

0.0001* 
 

/ 
 

0.0001*  0.0001* 
 

 

4 °C 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 

MEGD 10 °C 0.0083* 

 

0.0083* 

 

0.0003* 

 

/ 

 

/ 

 

0.0001* 

 

 

4 °C / 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 

MEMD 10 °C 1 

 

0.0463* 

 

0.6180 

 

0.5250 

 

0.0583 

 

0.0650 

 

 

4 °C 0.0010* 0.0001* 0.0011* 0.0124* 0.0016* 0.0084* 0.0003* 0.0008* 0.0005* 0.0093* 0.0001* 0.0001* 

MJD 10 °C 0.0005* 

 

0.0002* 

 

0.0001* 

 

0.0003* 

 

/ 

 

0.0002* 

 

 

4 °C 0.0001* 0.0002* 0.0001* 0.0002* 0.0001* 0.0013* 0.0001* 0.0054* 0.0001* 0.0007* 0.0001* 0.0003* 

MALS 10 °C   0.0001*  0.0001*  0.0002*  0.0009*  0.0001*  

 4 °C  0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0001* 0.0004* 0.0001* 0.0001* 

OS 10 °C 0.0331*  0.1111  0.5801  0.0040*  0.0019*  0.0017*  

 4 °C 0.0003* 0.0001* 0.0002* 0.0003* 0.0002* 0.0004* 0.0002* 0.0132* 0.0005* 0.0141* 0.0001* 0.0002* 

G
D

3
 

MGT 10 °C 0.0005* 

 

0.0001* 

         

 

4 °C 0.0001* 0.0001* 0.0001* 0.0001* 

 

0.0001* 

      

MJD 10 °C 0.0189* 

 

0.0025* 

         

 

4 °C 0.0002* 0.0001* 0.0002* 0.0005* 

 

0.0068* 

      

MALS 10 °C   0.0010*  0.0001*  

       4 °C   0.0001* 0.0001* 0.0001* 0.0001* 

      

OS 10 °C 0.0498*  0.0441*  0.0002*  

       4 °C 0.0114* 0.6197 0.0210* 0.6375 0.0001* 0.0732 
      Abbreviations: No S, absence of sulphide; S, presence sulphide; GD1-3, cryptic Halomonhystera disjuncta species 1 – 3 

(previously named Geomonhystera disjuncta); MGT, minimum generation time; MEGD, minimum time until first egg(s) 
deposition; MEMD, minimum time for embryonic development; MJD, minimum time for the development of juveniles into 

adults; MALS, minimum adult life span; OS, offspring per female at the end of the experiment; /, no test available.  
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Table S4: P-values of pairwise comparisons between treatments which differ in one level of the 
factor salinity. PERMANOVA (Euclidean distances, 9999 permutations) was used for the pairwise 
comparisons. The table part between double lines contains the variable factor salinity (25, 29.5 and 

34 ) on which we performed pairwise comparisons for the variables in column 2. Significant p-
values are indicated with an asterisk. 
 

  

Presence of 

sulphide 
No S S 

  

Temperature 16 °C 10 °C 4 °C 16 °C 10 °C 4 °C 

Species Variable Salinity 25  29.5  25  29.5  25  29.5  25  29.5  25  29.5  25  29.5  

G
D

1
 

MGT 29.5  1 
 

0.7301 
 

0.0491*  0.1986 
 

0.2295 
 

0.0007* 

 

34  0.0059* 0.0042* 0.0022* 0.0007* 0.0001* 0.0001* 0.0007* 0.0037* 0.0017* 0.0051* 0.0002* 0.0001* 

MEGD 29.5  / 

 

0.0093*  0.0473*  / 

 

0.232 

 

0.0181* 

 

34  0.0073* 0.0086* / 0.0232* 0.0005* 0.0108* / / 0.0063* 0.0609 0.0002* 0.0002* 

MEMD 29.5  0.1181 

 

0.2040 

 

0.2310 

 

0.0513 

 

0.5190 

 

0.3554 

 

 

34  0.8438 0.0502 0.2025 1 0.0617 0.2916 0.2111 0.5378 0.3516 0.8423 0.4352 0.6757 

MJD 29.5  0.3760 

 

0.3860 

 

0.2306 

 

0.4399 

 

0.5209 

 

0.2432 

 

 

34  0.3543 0.0780 0.0757 0.0342* 0.0716 0.0209* 0.0538 0.0303* 0.1460 0.0793 0.0096* 0.0040* 

MALS 29.5  0.4943  0.7248  0.0061*  /  /  0.0183*  

 34  0.1538 0.2083 0.0449* 0.0506 0.0008*  / / 0.2836 0.2769 0.0026* 0.00286* 

OS 29.5  0.0613  0.0516  0.1695  0.2171  0.0413*  0.1312  

 34  0.0117* 0.4118 0.0050* 0.1205 0.0016* 0.0282* 0.0048* 0.0177* 0.0009* 0.0034* 0.0003* 0.0025* 

G
D

2
 

MGT 29.5  0.1106 

 

0.0132*  0.0005*  / 

 

0.0074*  0.0001* 

 

34  0.0048* 0.0088* 0.0008* 0.0108* 0.0002* 0.0033* 0.0001* 0.0030* / 0.0160* 0.0001* 0.0001* 

MEGD 29.5  0.3735 

 

0.3691 

 

0.0001*  / 

 

/ 

 

0.0095* 

 

34  0.0114* 0.0726 0.0041* 0.0012* / 0.0021* / / 0.0029* 0.015* 0.0002* 0.0007* 

MEMD 29.5  0.6411 

 

0.0080* 

 

0.0311*  0.0592 

 

0.1045 

 

0.0567 

 

 

34  0.2411 0.3532 0.0886 0.2911 0.0784 0.8459 0.0637 / 0.1034 1 0.0006* 0.1397 

MJD 29.5  / 
 

/ 
 

0.2 
 

0.0063*  0.3812 
 

0.0192* 

 
34  0.8411 0.8473 0.2041 0.2037 0.243 0.6849 0.0109* 0.3532 0.3694 / 0.0003* 0.0047* 

MALS 29.5    0.6736  0.0237*  /  0.2526  0.0037* 

 34   0.0002* 0.2683 0.1288 0.0075* 0.0492* 0.4338 0.3500 0.0069* 0.3835 0.0005* 0.2135 

OS 29.5  0.7435  0.0014*  0.0372*  0.0694  0.1420*  0.1144  

 34  0.0009* 0.0033* 0.0003* 0.0059* 0.0128* 0.3060 0.0023* 0.0222* 0.0458* 0.3085 0.0002* 0.0001* 

G
D

3
 

MGT 29.5  0.0085*  0.0001*  0.0001*  

      

 

34  

  

0.0001* 0.0001* 0.0001* 0.0001*  

     

MJD 29.5  0.1004 

 

0.0010* 

 

0.2320 

       

 
34  

  
0.0019* 0.5358 0.7459 0.4360 

      

MALS 29.5    0.6672    
       34   0.0132* 0.3520 0.2838  0.4674 

      

OS 29.5  0.1128  0.1849  0.1517  

       34  0.0001* 0.0003* 0.5814 0.2235 0.0438* 0.1551 

      Abbreviations: No S, absence of sulphide; S, presence sulphide; GD1-3, cryptic Halomonhystera disjuncta species 1 – 3 

(previously named Geomonhystera disjuncta); MGT, minimum generation time; MEGD, minimum time until first egg(s) 

deposition; MEMD, minimum time for embryonic development; MJD, minimum time for the development of juveniles into 

adults; MALS, minimum adult life span; OS, offspring per female at the end of the experiment; /, no test available. 
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Supporting material – Chapter 5 

 

Figure S1: Visualization of overrepresented molecular function GO annotations in unique H. 
hermesi unigenes. Each hexagon represents a GO annotation according to hierarchical GO levels. 

White hexagons are not significant categories while coloured ones represent the False-discovery 
rate p-values according to the illustrated scale. 

 

Figure S2: Visualization of overrepresented cellular component GO annotations of unique GD1 
unigenes. Each hexagon represents a GO annotation according to hierarchical GO levels. White 

hexagons are not significant categories while coloured ones represent the False-discovery rate p-
values according to the illustrated scale. 
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Figure S3: Overrepresented molecular function GO annotations of unique GD1 unigenes. Each 
hexagon represents either a GO annotation according to hierarchical GO levels. White hexagons are 

not significant categories while coloured ones represent the False-discovery rate p-values according 
to the illustrated scale. 
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Figure S4: Overrepresented biological process GO annotations unique of GD1 unigenes. Each 
hexagon represents either a GO annotation according to hierarchical GO levels. White hexagons are 

not significant categories while coloured ones represent the False-discovery rate p-values according 
to the illustrated scale. 

 

Table S1: Summary of read sequencing and de novo assembly statistics, and CD-HIT-EST and 
Open Reading Frame results/filtering. 

 
Stage   Deep sea (DS) Intertidal Total 

Sequencing Total pair-end raw reads 5,377,449 (DS run 1) 5,019,431 12,091,427 
  1,694,547 (DS run 2)   

 Average read length (bp) 246.57 (DS run 1) 246.45  

  242.71 (DS run 2)   

 Total basepairs (giga bases) 3.47 Gb (DS run 1+2) 2.47 Gb 5.95 Gb 
 Total cleaned pair-end reads  4,605,081 (DS run 1+2) 3,105,224 7,710,305 

 Average read length 202.32 (DS run 1+2) 181.4  

Assembly >= 200bp CLC assembly (contigs) 57,636 72,678 13,0314 
 N50 length contigs (bp) 885 695  
 Max length contigs (bp) 149,303 8,783  
 Mean length contigs (bp) 731.75 600.97  
 GC content contigs (%) 43.08% 45.03%  

CD-HIT-EST filtering Unigenes 54,767 68,537  
 N50 length unigenes (bp) 933 720  
 Max length unigenes (bp) 149,303 8,783  
 Mean length unigenes (bp) 750,29 618.06  
 GC content unigenes (%) 43.24% 45.01%  

ORF filtering Unigenes with predicted ORF 
(CDS ≥ 200bp) 

44,606 57,208 101,814 
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Table S2: Assigned KEGG orthology terms, mapped to KEGG pathways, for the full transcriptome and unique unigenes of both H. hermesi and GD1, as 
well as significantly overexpressed (OE) unigenes in both species and not significantly differentially expressed (not EO) RNA-Seq unigenes. 
 

       Full transcriptome Unique unigenes RNA-Seq unigenes 

        H. hermesi GD1 H. hermesi GD1 OE in H. 

hermesi 

OE in GD1 Not OE 

  ko01100 Metabolic pathways  273 320 73 120 27 15 10 

  ko01110 Biosynthesis of secondary metabolites  83 90 24 31 10 4 4 

    ko01120 Microbial metabolism in diverse environments  57 58 13 14 9 4 2 

Metabolism             

 Overview            

  ko01200 Carbon metabolism  35 37 8 10 8 2 3 
  ko01210 2-Oxocarboxylic acid metabolism  5 8 0 3 0 2 0 

  ko01212 Fatty acid metabolism  16 14 5 3 1 0 0 

   ko01230 Biosynthesis of amino acids  21 27 1 7 3 4 1 

 Carbohydrate metabolism            

  ko00010 Glycolysis / Gluconeogenesis  15 20 1 6 4 1 1 

  ko00020 Citrate cycle (TCA cycle) 16 15 5 4 3 1 0 

  ko00030 Pentose phosphate pathway  8 9 1 2 2 0 2 
  ko00040 Pentose and glucuronate interconversions  4 7 0 3 1 0 0 
  ko00051 Fructose and mannose metabolism  9 10 0 1 2 0 1 
  ko00052 Galactose metabolism  8 12 0 4 2 0 0 
  ko00053 Ascorbate and aldarate metabolism  2 6 0 4 1 0 0 
  ko00500 Starch and sucrose metabolism  12 19 0 7 6 2 0 
  ko00520 Amino sugar and nucleotide sugar metabolism  10 18 0 8 2 1 0 
  ko00620 Pyruvate metabolism  11 15 2 6 2 1 0 
  ko00630 Glyoxylate and dicarboxylate metabolism  8 9 2 3 2 1 0 
  ko00640 Propanoate metabolism  10 9 3 2 1 1 1 
  ko00650 Butanoate metabolism  4 4 2 2 0 0 0 
   ko00562 Inositol phosphate metabolism  15 19 2 6 0 0 1 

 Energy metabolism            
  ko00190 Oxidative phosphorylation  43 35 17 9 6 3 1 
  ko00710 Carbon fixation in photosynthetic organisms  7 8 2 3 1 1 1 
  ko00720 Carbon fixation pathways in prokaryotes  7 6 3 2 2 0 0 
  ko00680 Methane metabolism  8 7 1 0 2 0 1 
  ko00910 Nitrogen metabolism  4 4 0 0 1 1 0 
   ko00920 Sulphur metabolism  4 5 1 2 0 0 0 

 Lipid metabolism            
  ko00061 Fatty acid biosynthesis  3 4 0 1 0 0 0 
  ko00062 Fatty acid elongation  7 5 4 2 0 0 0 
  ko00071 Fatty acid degradation  11 13 3 5 2 0 0 
  ko00072 Synthesis and degradation of ketone bodies  0 1 0 1 0 0 0 
  ko00073 Cutin, suberine and wax biosynthesis  1 1 0 0 0 1 0 
  ko00100 Steroid biosynthesis  3 3 1 1 0 0 0 
  ko00120 Primary bile acid biosynthesis  2 3 0 1 0 0 0 
  ko00140 Steroid hormone biosynthesis  5 3 2 0 1 0 0 
  ko00561 Glycerolipid metabolism  10 21 0 11 0 0 0 
  ko00564 Glycerophospholipid metabolism  22 30 0 8 3 0 0 
  ko00565 Ether lipid metabolism  9 9 1 1 1 0 0 
  ko00600 Sphingolipid metabolism  13 15 2 4 0 0 1 
  ko00590 Arachidonic acid metabolism  6 8 1 3 0 0 0 
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  ko00591 Linoleic acid metabolism  4 4 1 1 0 0 0 
  ko00592 alpha-Linolenic acid metabolism  3 4 0 1 0 0 0 
   ko01040 Biosynthesis of unsaturated fatty acids  6 5 2 1 0 0 0 

 Nucleotide metabolism           
  ko00230 Purine metabolism  38 53 8 23 2 0 1 
   ko00240 Pyrimidine metabolism  21 29 6 14 0 1 1 

 Amino acid metabolism            
  ko00250 Alanine, aspartate and glutamate metabolism  15 15 4 4 1 2 0 
  ko00260 Glycine, serine and threonine metabolism  9 8 3 2 2 0 0 
  ko00270 Cysteine and methionine metabolism  9 11 3 5 1 3 0 
  ko00280 Valine, leucine and isoleucine degradation  14 17 5 8 1 1 2 
  ko00290 Valine, leucine and isoleucine biosynthesis  1 1 0 0 0 1 0 
  ko00300 Lysine biosynthesis  0 1 0 1 0 0 0 
  ko00310 Lysine degradation  12 19 5 12 1 1 1 
  ko00330 Arginine and proline metabolism  10 19 0 9 1 2 0 
  ko00340 Histidine metabolism  3 6 1 4 0 0 0 
  ko00350 Tyrosine metabolism  4 7 2 5 0 0 0 
  ko00360 Phenylalanine metabolism  4 7 1 4 0 0 0 
  ko00380 Tryptophan metabolism  10 15 2 7 1 1 0 
   ko00400 Phenylalanine, tyrosine and tryptophan biosynthesis  1 4 0 3 0 0 0 

 Metabolism of other amino acids          
  ko00410 beta-Alanine metabolism  7 8 2 3 0 2 1 
  ko00430 Taurine and hypotaurine metabolism  2 1 1 0 0 0 0 
  ko00440 Phosphonate and phosphinate metabolism  2 3 0 1 0 0 0 
  ko00450 Selenocompound metabolism  5 5 0 0 0 1 0 
  ko00460 Cyanoamino acid metabolism  2 2 0 0 1 0 0 
  ko00471 D-Glutamine and D-glutamate metabolism  2 2 0 0 1 0 0 
  ko00472 D-Arginine and D-ornithine metabolism  0 1 0 1 0 0 0 
   ko00480 Glutathione metabolism  14 13 3 2 0 3 1 

 Glycan biosynthesis and metabolism           
  ko00510 N-Glycan biosynthesis  12 17 1 6 1 0 0 
  ko00513 Various types of N-glycan biosynthesis  11 15 0 4 0 0 0 
  ko00512 Mucin type O-glycan biosynthesis  1 2 0 1 0 0 0 
  ko00514 Other types of O-glycan biosynthesis  5 7 1 3 0 0 0 
  ko00532 Glycosaminoglycan biosynthesis - chondroitin sulphate / 

dermatan sulphate  

3 6 0 3 0 1 0 

  ko00534 Glycosaminoglycan biosynthesis - heparan sulphate / 

heparin  

5 9 1 5 0 0 0 

  ko00533 Glycosaminoglycan biosynthesis - keratan sulphate  1 2 0 1 0 0 0 
  ko00531 Glycosaminoglycan degradation  3 2 1 0 0 0 0 
  ko00563 Glycosylphosphatidylinositol (GPI)-anchor biosynthesis  4 6 2 4 0 0 1 
  ko00601 Glycosphingolipid biosynthesis - lacto and neolacto series  1 1 0 0 0 0 0 
  ko00603 Glycosphingolipid biosynthesis - globo series  2 2 0 0 0 0 0 
  ko00604 Glycosphingolipid biosynthesis - ganglio series  1 2 0 1 0 0 0 
   ko00511 Other glycan degradation  6 8 0 2 0 0 1 

 Metabolism of cofactors and vitamins           
  ko00730 Thiamine metabolism  0 1 0 1 0 0 0 
  ko00740 Riboflavin metabolism  3 4 1 2 0 0 0 
  ko00760 Nicotinate and nicotinamide metabolism  5 6 2 3 0 0 0 
  ko00770 Pantothenate and CoA biosynthesis  3 5 1 3 0 2 0 
  ko00780 Biotin metabolism  1 1 1 1 0 0 0 
  ko00785 Lipoic acid metabolism  0 2 0 2 0 0 0 



 

 

 

2
0

3
 

  ko00790 Folate biosynthesis  0 2 0 2 0 0 0 
  ko00670 One carbon pool by folate  3 5 0 2 2 1 0 
  ko00830 Retinol metabolism  9 9 3 3 1 0 1 
  ko00860 Porphyrin and chlorophyll metabolism  5 8 1 4 1 0 0 
   ko00130 Ubiquinone and other terpenoid-quinone biosynthesis  4 3 3 2 0 0 0 

 Metabolism of terpenoids and polyketides          
  ko00900 Terpenoid backbone biosynthesis  8 6 4 2 0 0 0 
  ko00908 Zeatin biosynthesis  1 0 1 0 0 0 0 
  ko00903 Limonene and pinene degradation  2 2 0 0 0 0 0 
  ko01051 Biosynthesis of ansamycins  1 0 1 0 0 0 0 
   ko00281 Geraniol degradation  0 1 0 1 0 0 0 

 Biosynthesis of other secondary metabolites          
  ko00940 Phenylpropanoid biosynthesis  1 1 1 1 0 0 0 
  ko00945 Stilbenoid, diarylheptanoid and gingerol biosynthesis  1 1 0 0 0 0 0 
  ko00944 Flavone and flavonol biosynthesis  1 1 0 0 0 0 0 
  ko00901 Indole alkaloid biosynthesis  1 1 0 0 0 0 0 
  ko00950 Isoquinoline alkaloid biosynthesis  2 5 1 4 0 0 0 
  ko00960 Tropane, piperidine and pyridine alkaloid biosynthesis  0 3 0 3 0 0 0 
  ko00232 Caffeine metabolism  1 1 0 0 0 0 0 
  ko00965 Betalain biosynthesis  2 1 1 0 0 0 0 
  ko00311 Penicillin and cephalosporin biosynthesis  0 1 0 1 0 0 0 
  ko00521 Streptomycin biosynthesis  4 4 0 0 2 0 0 
  ko00524 Butirosin and neomycin biosynthesis  1 1 0 0 1 0 0 
  ko00401 Novobiocin biosynthesis  0 1 0 1 0 0 0 
   ko00254 Aflatoxin biosynthesis  1 1 0 0 0 0 0 

 Xenobiotics biodegradation and metabolism           
  ko00362 Benzoate degradation  3 2 2 1 0 0 0 
  ko00627 Aminobenzoate degradation  3 2 1 0 0 0 0 
  ko00625 Chloroalkane and chloroalkene degradation  2 1 1 0 0 0 0 
  ko00643 Styrene degradation  1 0 1 0 0 0 0 
  ko00930 Caprolactam degradation  1 1 1 1 0 0 0 

  ko00363 Bisphenol degradation  2 2 0 0 0 0 0 

  ko00624 Polycyclic aromatic hydrocarbon degradation  1 1 0 0 0 0 0 

  ko00980 Metabolism of xenobiotics by cytochrome P450  3 4 0 1 1 0 0 

  ko00982 Drug metabolism - cytochrome P450  3 3 0 0 1 0 0 

    ko00983 Drug metabolism - other enzymes  7 11 2 6 1 1 0 

Genetic Information Processing           

 Transcription            

  ko03020 RNA polymerase  11 13 2 4 0 0 1 

  ko03022 Basal transcription factors  11 20 0 9 0 3 0 

   ko03040 Spliceosome  44 54 9 19 5 2 0 

 Translation             

  ko03010 Ribosome  26 40 9 23 1 2 0 
  ko00970 Aminoacyl-tRNA biosynthesis  12 14 4 6 1 1 0 

  ko03013 RNA transport  33 42 10 19 0 2 1 

  ko03015 mRNA surveillance pathway  25 28 7 10 2 5 1 
   ko03008 Ribosome biogenesis in eukaryotes  20 30 4 14 2 4 0 

 Folding, sorting and degradation          
  ko03060 Protein export  7 8 1 2 1 1 0 
  ko04141 Protein processing in endoplasmic reticulum  52 60 11 19 9 10 0 
  ko04130 SNARE interactions in vesicular transport  4 6 0 2 0 1 1 
  ko04120 Ubiquitin mediated proteolysis  19 32 7 20 2 0 0 
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  ko04122 Sulphur relay system  2 5 1 4 0 0 0 
  ko03050 Proteasome  26 24 8 6 3 6 0 
   ko03018 RNA degradation  18 27 2 11 1 4 0 

 Replication and repair            
  ko03030 DNA replication  8 10 3 5 1 0 0 
  ko03410 Base excision repair  2 5 1 4 0 0 0 
  ko03420 Nucleotide excision repair  9 14 3 8 0 2 0 
  ko03430 Mismatch repair  2 5 1 4 0 0 0 
  ko03440 Homologous recombination  3 6 0 3 1 0 0 
  ko03450 Non-homologous end-joining  1 2 0 1 0 0 0 

    ko03460 Fanconi anemia pathway  4 9 1 6 0 0 0 

Environmental Information Processing           

 Membrane transport           

  ko02010 ABC transporters  12 12 4 4 0 0 0 

   ko03070 Bacterial secretion system  1 1 0 0 0 0 0 

 Signal transduction            

  ko02020 Two-component system  3 6 0 3 1 1 0 

  ko04014 Ras signalling pathway  32 42 9 19 0 3 1 

  ko04015 Rap1 signalling pathway  41 52 7 18 6 1 0 

  ko04010 MAPK signalling pathway  37 45 11 19 4 3 0 

  ko04013 MAPK signalling pathway - fly  6 7 1 2 0 0 0 
  ko04011 MAPK signalling pathway - yeast  5 6 1 2 0 1 0 

  ko04012 ErbB signalling pathway  16 19 3 6 2 1 0 

  ko04310 Wnt signalling pathway  16 25 4 13 0 2 0 

  ko04330 Notch signalling pathway  8 12 1 5 1 0 0 

  ko04340 Hedgehog signalling pathway  5 12 0 7 1 0 0 
  ko04350 TGF-beta signalling pathway  13 11 5 3 1 2 0 
  ko04390 Hippo signalling pathway  21 24 8 11 3 2 0 
  ko04391 Hippo signalling pathway -fly  18 14 7 3 2 2 0 
  ko04370 VEGF signalling pathway  11 11 1 1 0 1 0 
  ko04630 Jak-STAT signalling pathway  7 7 3 3 0 0 0 
  ko04064 NF-kappa B signalling pathway  5 4 1 0 0 1 0 
  ko04668 TNF signalling pathway  11 10 2 1 1 0 0 
  ko04066 HIF-1 signalling pathway  22 26 1 5 3 0 0 
  ko04068 FoxO signalling pathway  21 26 5 10 2 0 0 
  ko04020 Calcium signalling pathway  27 41 3 17 2 1 0 
  ko04070 Phosphatidylinositol signalling system  17 20 2 5 1 0 0 
  ko04024 cAMP signalling pathway  35 43 3 11 4 2 0 
  ko04022 cGMP - PKG signalling pathway  31 35 3 7 2 4 0 
  ko04151 PI3K-Akt signalling pathway  35 50 5 20 3 4 1 
  ko04152 AMPK signalling pathway  32 33 7 8 3 4 0 
   ko04150 mTOR signalling pathway  15 15 3 3 2 0 0 

 Signalling molecules and interaction          

  ko04080 Neuroactive ligand-receptor interaction  21 44 7 30 0 1 0 

  ko04060 Cytokine-cytokine receptor interaction  5 5 3 3 0 0 0 

  ko04512 ECM-receptor interaction  8 14 0 6 0 0 0 

    ko04514 Cell adhesion molecules (CAMs) 8 12 1 5 1 0 0 

Cellular Processes            

 Transport and catabolism           

  ko04144 Endocytosis  46 60 10 24 4 2 1 

  ko04145 Phagosome  26 23 9 6 2 3 0 

  ko04142 Lysosome  37 37 5 5 1 1 1 
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  ko04146 Peroxisome  22 28 4 10 0 1 3 

   ko04140 Regulation of autophagy  7 5 3 1 0 0 0 

 Cell motility             

   ko04810 Regulation of actin cytoskeleton  36 46 5 15 5 2 1 

 Cell growth and death           

  ko04110 Cell cycle  23 30 7 14 1 1 0 

  ko04111 Cell cycle - yeast  18 17 6 5 1 2 0 

  ko04113 Meiosis - yeast  15 18 2 5 1 1 0 

  ko04114 Oocyte meiosis  18 25 1 8 1 3 0 

  ko04210 Apoptosis  7 7 1 1 1 1 0 
   ko04115 p53 signalling pathway  5 8 2 5 0 0 0 

 Cellular commiunity           
  ko04510 Focal adhesion  38 41 7 10 3 1 0 

  ko04520 Adherens junction  22 21 6 5 3 1 0 

  ko04530 Tight junction  27 32 2 7 4 6 0 

  ko04540 Gap junction  17 27 0 10 1 2 0 

    ko04550 Signalling pathways regulating pluripotency of stem cells  16 20 9 13       

Organismal systems            

 Immune 

system 

           

  ko04640 Hematopoietic cell lineage  1 5 0 4 0 0 0 

  ko04610 Complement and coagulation cascades  2 2 0 0 0 1 0 

  ko04611 Platelet activation  27 27 3 3 4 1 0 
  ko04620 Toll-like receptor signalling pathway  7 4 3 0 0 0 0 
  ko04621 NOD-like receptor signalling pathway  4 3 1 0 1 0 0 
  ko04622 RIG-I-like receptor signalling pathway  6 4 2 0 1 0 0 
  ko04623 Cytosolic DNA-sensing pathway  7 10 1 4 0 0 1 
  ko04650 Natural killer cell mediated cytotoxicity  11 12 1 2 1 2 0 
  ko04612 Antigen processing and presentation  9 8 2 1 1 1 0 
  ko04660 T cell receptor signalling pathway  13 16 1 4 0 2 0 
  ko04662 B cell receptor signalling pathway  8 10 1 3 0 1 0 
  ko04664 Fc epsilon RI signalling pathway  9 9 2 2 0 0 0 
  ko04666 Fc gamma R-mediated phagocytosis  17 19 2 4 1 2 0 
  ko04670 Leukocyte transendothelial migration  22 18 6 2 4 0 0 
   ko04062 Chemokine signalling pathway  25 28 3 6 1 2 2 

 Endocrine system            
  ko04911 Insulin secretion  22 23 3 4 2 1 1 
  ko04910 Insulin signalling pathway  29 41 5 17 8 1 0 
  ko04920 Adipocytokine signalling pathway  12 12 4 4 1 0 0 
  ko03320 PPAR signalling pathway  10 10 1 1 0 0 0 
  ko04912 GnRH signalling pathway  17 24 1 8 1 0 0 
  ko04913 Ovarian Steroidogenesis  8 9 1 2 0 0 0 
  ko04915 Estrogen signalling pathway  20 23 1 4 2 0 0 
  ko04914 Progesterone-mediated oocyte maturation  15 22 4 11 2 0 0 
  ko04917 Prolactin signalling pathway  9 14 2 7 0 0 0 
  ko04921 Oxytocin signalling pathway  34 38 4 8 3 2 0 
  ko04918 Thyroid hormone synthesis  17 18 1 2 4 1 0 
  ko04919 Thyroid hormone signalling pathway  20 30 2 12 2 1 0 
  ko04916 Melanogenesis  16 22 2 8 1 0 0 
   ko04614 Renin-angiotensin system  3 6 0 3 0 0 0 

 Circulatory system            
  ko04260 Cardiac muscle contraction  15 14 3 2 4 1 0 
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  ko04261 Adrenergic signalling in cardiomyocytes  28 26 3 1 3 3 0 
   ko04270 Vascular smooth muscle contraction  21 28 1 8 2 1 0 

 Digestive system           
  ko04970 Salivary secretion  17 20 0 3 2 2 0 
  ko04971 Gastric acid secretion  17 16 3 2 2 1 0 
  ko04972 Pancreatic secretion  23 25 3 5 3 1 0 
  ko04976 Bile secretion  18 18 4 4 1 1 0 
  ko04973 Carbohydrate digestion and absorption  8 9 1 2 3 1 0 
  ko04974 Protein digestion and absorption  17 21 3 7 3 1 0 
  ko04975 Fat digestion and absorption  4 9 2 7 0 0 0 
  ko04977 Vitamin digestion and absorption  5 5 1 1 0 0 0 
   ko04978 Mineral absorption  7 10 0 3 1 1 1 

 Excretory system           
  ko04962 Vasopressin-regulated water reabsorption  9 9 4 4 0 1 0 
  ko04960 Aldosterone-regulated sodium reabsorption  5 9 0 4 1 1 0 
  ko04961 Endocrine and other factor-regulated calcium 

reabsorption  

13 13 2 2 2 1 0 

  ko04964 Proximal tubule bicarbonate reclamation  9 8 1 0 2 1 0 
   ko04966 Collecting duct acid secretion  8 7 2 1 1 0 0 

 Nervous 

system 

            

  ko04724 Glutamatergic synapse  23 31 1 9 1 3 2 
  ko04727 GABAergic synapse  22 22 3 3 0 2 1 
  ko04725 Cholinergic synapse  21 27 3 9 1 1 1 
  ko04728 Dopaminergic synapse  27 30 4 7 1 4 1 
  ko04726 Serotonergic synapse  18 26 0 8 2 1 1 
  ko04720 Long-term potentiation  14 18 1 5 2 1 0 
  ko04730 Long-term depression  12 19 0 7 2 2 0 
  ko04723 Retrograde endocannabinoid signalling  21 25 1 5 1 1 1 
  ko04721 Synaptic vesicle cycle  24 25 5 6 1 1 1 
   ko04722 Neurotrophin signalling pathway  19 25 4 10 2 0 0 

 Sensory 
system 

           

  ko04744 Phototransduction  3 4 0 1 0 0 1 
  ko04745 Phototransduction - fly  10 10 1 1 2 0 1 
  ko04740 Olfactory transduction  4 4 0 0 0 1 0 
  ko04742 Taste transduction  6 9 0 3 0 0 1 
   ko04750 Inflammatory mediator regulation of TRP channels  23 24 2 3 1 1 0 

 Development             

  ko04320 Dorso-ventral axis formation  5 9 0 4 0 0 0 

  ko04360 Axon guidance  22 25 3 6 0 3 0 

   ko04380 Osteoclast differentiation  13 11 3 1 2 1 0 

 Environmental adaptation           

  ko04710 Circadian rhythm  2 4 0 2 1 0 0 

  ko04713 Circadian entrainment  18 23 0 5 2 2 1 
  ko04711 Circadian rhythm - fly  1 1 1 1 0 0 0 

  ko04712 Circadian rhythm - plant  2 1 1 0 0 1 0 

    ko04626 Plant-pathogen interaction  4 5 0 1 1 0 0 
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Table S3: Assigned KEGG orthology terms, mapped to BRITE protein families, for the full transcriptome and unique unigenes of both H. hermesi and 
GD1, as well as significantly overexpressed unigenes in both species and equally expressed RNA-Seq unigenes. Overexpressed = OE 
 

 

      Full transcriptome Unique unigenes RNA-Seq unigenes 

      H. hermesi GD1 H. 

hermesi 

GD1 OE in H. 

hermesi 

OE in 

GD1 

Equally 

expressed 

Protein families: metabolism ko01000 Enzymes  710 902 162 354 60 44 14 

 ko01001 Protein kinases  111 139 19 47 10 12 3 

 ko01009 Protein phosphatases and associated proteins 75 95 17 37 4 4 0 

 ko01002 Peptidases  91 111 20 40 8 6 1 

 ko01003 Glycosyltransferases  27 39 5 17 2 2 1 

 ko01004 Lipid biosynthesis proteins  15 15 3 3 1 0 0 

 ko01006 Prenyltransferases  3 7 2 6 0 0 0 
 ko01007 Amino acid related enzymes  19 20 7 8 1 3 0 

  ko00199 Cytochrome P450  8 12 1 5 0 1 0 

Protein families: genetic information processing ko03000 Transcription factors  43 71 17 45 1 1 0 

 ko03021 Transcription machinery  57 74 10 27 2 5 2 

 ko03019 Messenger RNA biogenesis 64 93 12 41 4 9 2 

 ko03041 Spliceosome  93 118 21 46 12 6 0 

 ko03011 Ribosome  31 55 11 35 1 3 0 

 ko03009 Ribosome biogenesis  59 78 16 35 11 10 0 

 ko03016 Transfer RNA biogenesis  34 46 11 23 1 3 1 

 ko03012 Translation factors  31 32 7 8 1 3 3 

 ko03110 Chaperones and folding catalysts  51 54 12 15 7 10 0 
 ko04131 SNAREs  5 7 0 2 0 1 1 

 ko04121 Ubiquitin system  65 102 22 59 3 2 0 

 ko03051 Proteasome  33 30 10 7 3 7 0 

 ko03032 DNA replication proteins  18 31 6 19 2 1 0 

 ko03036 Chromosome  106 157 27 79 3 10 3 

 ko03400 DNA repair and recombination proteins  36 52 12 28 2 3 1 

  ko03029 Mitochondrial biogenesis  65 77 21 33 8 4 1 

Protein families: signalling and cellular processes ko02000 Transporters  123 144 22 43 7 6 0 

 ko02044 Secretion system  6 7 1 2 0 1 0 

 ko02042 Bacterial toxins  1 0 1 0 0 0 0 

 ko04812 Cytoskeleton proteins  52 68 8 24 5 3 2 
 ko04147 Exosome  160 188 22 50 12 21 9 

 ko04030 G protein-coupled receptors  10 34 3 27 0 0 0 

 ko01020 Enzyme-linked receptors  15 15 5 5 0 0 1 

 ko04050 Cytokine receptors  15 15 5 5 0 0 1 

 ko03310 Nuclear receptors  6 12 0 6 0 0 0 

 ko04040 Ion channels  49 61 14 26 2 0 1 

 ko04031 GTP-binding proteins  31 39 6 14 1 2 1 

 ko04052  Cytokines  1 6 0 5 0 0 0 

 ko04516 Cell adhesion molecules and their ligands  32 48 7 23 1 2 0 

 ko04090 Cellular antigens  15 29 2 16 1 0 0 
 ko00535 Proteoglycans  5 6 1 2 0 0 0 

 ko00536 Heparan sulphate/heparin binding proteins  10 18 2 10 1 0 0 

 ko04091 Lectins  9 13 4 8 1 1 1 
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Table S4: Representation of significantly underrepresented KO terms, mapped to KEGG pathways and protein families, of unique H. hermesi and GD1 
unigenes in comparison to the whole transcriptome of both species. 
 

  KEGG pathways FDR corrected 
p-value 

Protein families FDR corrected p-
value 

H. hermesi underrepresented Organismal systems 9.8447E-3 Protein families: signalling and cellular processes 6.1012E-6 
 Tight junction (ko04530) 4.6713E-2 Exosome (ko04147) 2.6160E-4 
 Endocrine system 4.6715E-2   
 Circadian entrainment (ko04713) 4.6715E-2   
 Signal transduction 4.7225E-2   
 Salivary secretion (ko04970) 4.7225E-2   
GD1 underrepresented Organismal systems 1.7522E-5 Exosome (ko04147) 7.8643E-20 
 Digestive system 3.0708E-5 Protein families: signalling and cellular processes 2.6712E-12 

 Fatty acid metabolism (ko01212) 1.0686E-4 Transporters (ko02000) 2.5306E-7 
 Tight junction (ko04530) 3.5449E-4 Lipid biosynthesis proteins (ko01004) 9.7212E-4 
 Fatty acid biosynthesis (ko00061) 7.0147E-4 Chaperones and folding catalysts (ko03110) 1.9467E-2 
 Overview 7.0147E-4 Cytoskeleton proteins (ko04812) 2.4637E-2 
 Bile secretion (ko04976) 7.0147E-4   

 Lysosome (ko04142) 1.0011E-3   

 AMPK signalling pathway (ko04152) 1.8778E-3   

 Membrane transport 5.4896E-3   

 Insulin secretion (ko04911) 6.0593E-3   

 Focal adhesion (ko04510) 6.0593E-3   

 ABC transporters (ko02010) 6.2258E-3   

 GABAergic synapse (ko04727) 9.1909E-3   

 Glutathione metabolism (ko00480) 1.9010E-2   

 Environmental Information Processing 2.1979E-2   

 cGMP - PKG signalling pathway (ko04022) 2.3490E-2   

 Substance dependence 2.8671E-2   

 Cancers 2.8671E-2   

 PPAR signalling pathway (ko03320) 3.4849E-2   

 Circulatory system 3.8870E-2   

 Signal transduction 4.5918E-2   

 Lipid metabolism 4.9335E-2   

 Oxytocin signalling pathway (ko04921) 4.9335E-2   

 Platelet activation (ko04611) 4.9335E-2   
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Table S5: Representation of significantly underrepresented GO terms (cellular component, 
molecular function and biological process) of unique H. hermesi and GD1 unigenes in comparison 
to the whole transcriptome of both species. 

 
  Cellular component   

  GO-ID FDR corrected p-value Description 

H. hermesi underrepresented GO:0016459 9.9118E-3 myosin complex 

 GO:0005737 3.6343E-2 Cytoplasm 
 GO:0016460 3.6343E-2 myosin II complex 

 GO:0032982 3.6343E-2 myosin filament 

 GO:0005859 3.6343E-2 muscle myosin complex 

 GO:0044446 3.6593E-2 intracellular organelle part 

 GO:0031981 3.6593E-2 nuclear lumen 
 GO:0005863 3.6593E-2 striated muscle myosin thick filament 

 GO:0031974 3.6593E-2 membrane-enclosed lumen 

 GO:0005829 3.6593E-2 Cytosol 

 GO:0043233 4.8016E-2 organelle lumen 
  Molecular function 

  

  

  GO-ID FDR corrected p-value Description 

 GO:0036094 7.5835E-13 small molecule binding 
 GO:0017076 1.0270E-12 purine nucleotide binding 

 GO:0000166 1.9170E-12 nucleotide binding 

 GO:1901265 1.9170E-12 nucleoside phosphate binding 

 GO:0030554 1.9170E-12 adenyl nucleotide binding 

 GO:0032553 2.1972E-12 ribonucleotide binding 
 GO:0001882 2.1972E-12 nucleoside binding 

 GO:0032549 2.1972E-12 ribonucleoside binding 

 GO:0005524 2.1972E-12 ATP binding 

 GO:0043168 2.1972E-12 anion binding 
 GO:0035639 2.2707E-12 purine ribonucleoside triphosphate binding 

 GO:0032559 2.4194E-12 adenyl ribonucleotide binding 

 GO:0032555 2.5271E-12 purine ribonucleotide binding 

 GO:0001883 3.0184E-12 purine nucleoside binding 
 GO:0032550 3.0184E-12 purine ribonucleoside binding 

 GO:0097367 2.2822E-11 carbohydrate derivative binding 

 GO:0043167 2.8745E-8 ion binding 

 GO:0097159 2.7701E-6 organic cyclic compound binding 
 GO:0003774 3.5374E-6 motor activity 

 GO:1901363 6.2490E-6 heterocyclic compound binding 

 GO:0016817 2.1485E-5 hydrolase activity, acting on acid anhydrides 

 GO:0016818 2.1485E-5 hydrolase activity, acting on acid anhydrides, in phosphorus-containing 

anhydrides 
 GO:0016301 2.2486E-5 kinase activity 

 GO:0016462 2.2486E-5 pyrophosphatase activity 

 GO:0016773 3.8802E-5 phosphotransferase activity, alcohol group as acceptor 

 GO:0017111 4.5570E-5 nucleoside-triphosphatase activity 
 GO:0003824 9.1314E-5 catalytic activity 

 GO:0004674 3.4039E-4 protein serine/threonine kinase activity 

 GO:0004672 7.9238E-4 protein kinase activity 

 GO:0022804 8.6883E-4 active transmembrane transporter activity 
 GO:0016798 8.6883E-4 hydrolase activity, acting on glycosyl bonds 

 GO:0016758 1.0192E-3 transferase activity, transferring hexosyl groups 

 GO:0004553 1.1625E-3 hydrolase activity, hydrolyzing O-glycosyl compounds 

 GO:0016772 3.9890E-3 transferase activity, transferring phosphorus-containing groups 

 GO:0016740 5.7353E-3 transferase activity 
 GO:0000146 1.3706E-2 microfilament motor activity 

 GO:0016787 2.3669E-2 hydrolase activity 

 GO:0008307 3.6858E-2 structural constituent of muscle 

 GO:0016757 4.0145E-2 transferase activity, transferring glycosyl groups 
 GO:0005488 4.9599E-2 binding 

  Biological process 

  

  

  GO-ID FDR corrected p-value Description 
 GO:0044710 1.1518E-12 single-organism metabolic process 

 GO:0044763 5.8503E-9 single-organism cellular process 

 GO:0044238 5.8503E-9 primary metabolic process 

 GO:0044237 2.2397E-8 cellular metabolic process 
 GO:0005975 3.1073E-8 carbohydrate metabolic process 

 GO:0044281 1.1665E-7 small molecule metabolic process 

 GO:0071704 4.5137E-7 organic substance metabolic process 

 GO:0009987 6.9119E-7 cellular process 

 GO:0036211 8.6718E-7 protein modification process 
 GO:0006464 8.6718E-7 cellular protein modification process 

 GO:0044723 9.7234E-7 single-organism carbohydrate metabolic process 

 GO:0006793 1.4304E-6 phosphorus metabolic process 

 GO:0006468 2.0266E-6 protein phosphorylation 
 GO:0006082 2.0266E-6 organic acid metabolic process 

 GO:0043436 2.1919E-6 oxoacid metabolic process 

 GO:0016310 2.2757E-6 phosphorylation 

 GO:0006796 2.9644E-6 phosphate-containing compound metabolic process 
 GO:0008152 4.2365E-6 metabolic process 

 GO:0006629 6.3628E-6 lipid metabolic process 

 GO:0019752 1.0755E-5 carboxylic acid metabolic process 

 GO:0043412 2.5510E-5 macromolecule modification 

 GO:0044260 5.9023E-5 cellular macromolecule metabolic process 
 GO:0044267 1.0660E-4 cellular protein metabolic process 

 GO:0009069 1.9757E-4 serine family amino acid metabolic process 

 GO:0006520 2.1899E-4 cellular amino acid metabolic process 

 GO:0044699 2.1941E-4 single-organism process 
 GO:1901564 5.0398E-4 organonitrogen compound metabolic process 

 GO:1901605 6.8487E-4 alpha-amino acid metabolic process 
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 GO:0044255 1.6211E-3 cellular lipid metabolic process 

 GO:0009100 2.1299E-3 glycoprotein metabolic process 

 GO:0009058 2.9000E-3 biosynthetic process 
 GO:0009101 2.9284E-3 glycoprotein biosynthetic process 

 GO:1901576 5.6074E-3 organic substance biosynthetic process 

 GO:0006807 1.0068E-2 nitrogen compound metabolic process 

 GO:0008037 1.0926E-2 cell recognition 

 GO:0065008 1.0926E-2 regulation of biological quality 
 GO:0008038 1.2092E-2 neuron recognition 

 GO:0005996 1.2632E-2 monosaccharide metabolic process 

 GO:0042221 1.6575E-2 response to chemical 

 GO:0005976 1.7241E-2 polysaccharide metabolic process 
 GO:0019538 1.7463E-2 protein metabolic process 

 GO:0044264 1.7463E-2 cellular polysaccharide metabolic process 

 GO:0048017 1.7463E-2 inositol lipid-mediated signalling 

 GO:1901135 1.7463E-2 carbohydrate derivative metabolic process 
 GO:0035556 1.7463E-2 intracellular signal transduction 

 GO:0019318 1.7463E-2 hexose metabolic process 

 GO:0023052 1.7463E-2 signalling 

 GO:0044700 1.7463E-2 single organism signalling 
 GO:0007154 1.7463E-2 cell communication 

 GO:0044249 1.7560E-2 cellular biosynthetic process 

 GO:0006486 1.7560E-2 protein glycosylation 

 GO:0043413 1.7560E-2 macromolecule glycosylation 

 GO:0007399 2.1201E-2 nervous system development 
 GO:0051130 2.4359E-2 positive regulation of cellular component organization 

 GO:0022008 2.6960E-2 neurogenesis 

 GO:0006073 2.7365E-2 cellular glucan metabolic process 

 GO:0044042 2.7365E-2 glucan metabolic process 
 GO:0050794 2.9429E-2 regulation of cellular process 

 GO:0044711 3.3019E-2 single-organism biosynthetic process 

 GO:0007413 3.3019E-2 axonal fasciculation 

 GO:0007165 3.3019E-2 signal transduction 
 GO:0016051 3.4772E-2 carbohydrate biosynthetic process 

 GO:0043170 3.6067E-2 macromolecule metabolic process 

 GO:0010033 3.6140E-2 response to organic substance 

 GO:0051716 3.9885E-2 cellular response to stimulus 

 GO:0050896 4.5166E-2 response to stimulus 
 Cellular 

component 

   

 GO-ID FDR corrected p-value Description 

GD1 underrepresented GO:0044444 1.1176E-16 cytoplasmic part 
 GO:0005737 8.0724E-16 cytoplasm 

 GO:0044424 2.0267E-12 intracellular part 

 GO:0044464 1.2470E-10 cell part 

 GO:0005622 5.7075E-10 intracellular 
 GO:0005623 5.9266E-10 cell 

 GO:0032982 1.6125E-9 myosin filament 

 GO:0005859 1.6125E-9 muscle myosin complex 

 GO:0005863 6.2097E-9 striated muscle myosin thick filament 
 GO:0036379 1.6032E-8 myofilament 

 GO:0016460 2.0224E-8 myosin II complex 

 GO:0015629 7.1441E-8 actin cytoskeleton 

 GO:0032991 1.2081E-7 macromolecular complex 

 GO:0043234 1.3363E-7 protein complex 
 GO:0005835 1.6741E-7 fatty acid synthase complex 

 GO:0030017 4.5867E-7 sarcomere 

 GO:0016459 5.0606E-7 myosin complex 

 GO:0044422 1.1089E-6 organelle part 
 GO:0044446 1.1644E-6 intracellular organelle part 

 GO:0043226 1.2704E-6 organelle 

 GO:0030016 1.2704E-6 myofibril 

 GO:0044445 1.6878E-6 cytosolic part 
 GO:0005884 1.1289E-5 actin filament 

 GO:0005829 1.3004E-5 cytosol 

 GO:0098590 2.6223E-5 plasma membrane region 

 GO:0043229 2.8105E-5 intracellular organelle 

 GO:0031090 6.3363E-5 organelle membrane 
 GO:0044430 9.4581E-5 cytoskeletal part 

 GO:0036477 9.6755E-5 somatodendritic compartment 

 GO:0098589 9.7209E-5 membrane region 

 GO:1902494 1.2204E-4 catalytic complex 
 GO:0098588 3.3647E-4 bounding membrane of organelle 

 GO:0005856 5.3991E-4 cytoskeleton 

 GO:0043292 7.6172E-4 contractile fiber 

 GO:0016324 8.0918E-4 apical plasma membrane 
 GO:0044449 1.1445E-3 contractile fiber part 

 GO:0043025 1.2019E-3 neuronal cell body 

 GO:0044297 1.3101E-3 cell body 

 GO:0045177 4.1609E-3 apical part of cell 
 GO:0016469 6.6406E-3 proton-transporting two-sector ATPase complex 

 GO:0005773 7.9044E-3 vacuole 

 GO:0044437 8.0709E-3 vacuolar part 

 GO:0005774 8.0709E-3 vacuolar membrane 

 GO:0030425 9.7458E-3 dendrite 
 GO:0031234 9.7458E-3 extrinsic component of cytoplasmic side of plasma membrane 

 GO:0016471 1.0903E-2 vacuolar proton-transporting V-type ATPase complex 

 GO:0043228 1.0903E-2 non-membrane-bounded organelle 

 GO:0043232 1.0903E-2 intracellular non-membrane-bounded organelle 
 GO:0005834 1.4545E-2 heterotrimeric G-protein complex 

 GO:0031430 1.5810E-2 M band 

 GO:0031982 1.7463E-2 vesicle 

 GO:0005886 1.8604E-2 plasma membrane 
 GO:0071944 2.1478E-2 cell periphery 

 GO:0031672 2.2047E-2 A band 
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 GO:0031410 2.2261E-2 cytoplasmic vesicle 

 GO:0033177 2.9242E-2 proton-transporting two-sector ATPase complex, proton-transporting 

domain 
 GO:1990204 3.2917E-2 oxidoreductase complex 

 GO:0012505 3.3913E-2 endomembrane system 

 GO:0033179 3.7082E-2 proton-transporting V-type ATPase, V0 domain 

 GO:0031674 4.3388E-2 I band 

 GO:1990234 4.3388E-2 transferase complex 
  Molecular function   

  GO-ID FDR corrected p-value Description 

 GO:0003824 7.9388E-30 catalytic activity 

 GO:0036094 1.2369E-29 small molecule binding 
 GO:0016787 3.4093E-28 hydrolase activity 

 GO:0017111 1.1998E-27 nucleoside-triphosphatase activity 

 GO:0000166 7.0614E-27 nucleotide binding 

 GO:1901265 7.0614E-27 nucleoside phosphate binding 
 GO:0043168 4.0298E-26 anion binding 

 GO:0016817 4.0745E-26 hydrolase activity, acting on acid anhydrides 

 GO:0016818 4.0745E-26 hydrolase activity, acting on acid anhydrides, in phosphorus-containing 

anhydrides 
 GO:0016462 5.6022E-26 pyrophosphatase activity 

 GO:0017076 2.9748E-25 purine nucleotide binding 

 GO:0001882 4.5348E-25 nucleoside binding 

 GO:0032549 4.5348E-25 ribonucleoside binding 

 GO:0032553 4.7430E-25 ribonucleotide binding 
 GO:0032555 4.7430E-25 purine ribonucleotide binding 

 GO:0035639 7.6893E-25 purine ribonucleoside triphosphate binding 

 GO:0001883 8.1170E-25 purine nucleoside binding 

 GO:0032550 8.1170E-25 purine ribonucleoside binding 
 GO:0097367 9.1868E-25 carbohydrate derivative binding 

 GO:0043167 1.5785E-19 ion binding 

 GO:0030554 4.5159E-19 adenyl nucleotide binding 

 GO:0032559 1.6649E-18 adenyl ribonucleotide binding 
 GO:0005524 2.6620E-18 ATP binding 

 GO:0022804 6.2776E-15 active transmembrane transporter activity 

 GO:0016887 1.3084E-11 ATPase activity 

 GO:0042623 2.7915E-10 ATPase activity, coupled 

 GO:1901363 1.6709E-9 heterocyclic compound binding 
 GO:0097159 1.8812E-9 organic cyclic compound binding 

 GO:0003774 2.8656E-8 motor activity 

 GO:0043492 5.0432E-8 ATPase activity, coupled to movement of substances 

 GO:0015405 6.0335E-8 P-P-bond-hydrolysis-driven transmembrane transporter activity 
 GO:0015399 6.0335E-8 primary active transmembrane transporter activity 

 GO:0004312 8.7994E-8 fatty acid synthase activity 

 GO:0016820 8.9706E-8 hydrolase activity, acting on acid anhydrides, catalyzing transmembrane 

movement of substances 
 GO:0042626 8.9706E-8 ATPase activity, coupled to transmembrane movement of substances 

 GO:0015293 2.0698E-7 symporter activity 

 GO:0016297 2.6069E-7 acyl-[acyl-carrier-protein] hydrolase activity 

 GO:0032561 5.5538E-7 guanyl ribonucleotide binding 
 GO:0015291 7.7415E-7 secondary active transmembrane transporter activity 

 GO:0005525 1.1960E-6 GTP binding 

 GO:0003924 1.8076E-6 GTPase activity 

 GO:0019001 2.3395E-6 guanyl nucleotide binding 

 GO:0000146 2.9663E-6 microfilament motor activity 
 GO:0015294 7.0977E-6 solute:cation symporter activity 

 GO:0003779 7.6413E-5 actin binding 

 GO:0008307 9.9986E-5 structural constituent of muscle 

 GO:0004386 9.9986E-5 helicase activity 
 GO:0032403 1.4993E-4 protein complex binding 

 GO:0008509 1.6121E-4 anion transmembrane transporter activity 

 GO:0008233 4.6217E-4 peptidase activity 

 GO:0051015 4.6217E-4 actin filament binding 
 GO:0070011 5.7667E-4 peptidase activity, acting on L-amino acid peptides 

 GO:0016417 7.9543E-4 S-acyltransferase activity 

 GO:0016746 8.7947E-4 transferase activity, transferring acyl groups 

 GO:0016705 1.8321E-3 oxidoreductase activity, acting on paired donors, with incorporation or 

reduction of molecular oxygen 
 GO:0016773 1.9450E-3 phosphotransferase activity, alcohol group as acceptor 

 GO:0016491 2.7248E-3 oxidoreductase activity 

 GO:0016790 4.5754E-3 thiolester hydrolase activity 

 GO:0019829 4.8580E-3 cation-transporting ATPase activity 
 GO:0016301 4.9256E-3 kinase activity 

 GO:0016788 5.8348E-3 hydrolase activity, acting on ester bonds 

 GO:0019842 1.0374E-2 vitamin binding 

 GO:0015370 1.0374E-2 solute:sodium symporter activity 
 GO:0042625 1.2029E-2 ATPase activity, coupled to transmembrane movement of ions 

 GO:0004175 1.3300E-2 endopeptidase activity 

 GO:0015108 1.3837E-2 chloride transmembrane transporter activity 

 GO:0022857 1.6150E-2 transmembrane transporter activity 
 GO:0005215 1.7026E-2 transporter activity 

 GO:0051082 1.7026E-2 unfolded protein binding 

 GO:0022892 1.7026E-2 substrate-specific transporter activity 

 GO:0008135 2.0892E-2 translation factor activity, nucleic acid binding 

 GO:0004889 2.3132E-2 acetylcholine-activated cation-selective channel activity 
 GO:1901681 2.4606E-2 sulphur compound binding 

 GO:0008324 2.8682E-2 cation transmembrane transporter activity 

 GO:0050662 2.8682E-2 coenzyme binding 

 GO:0016747 2.8682E-2 transferase activity, transferring acyl groups other than amino-acyl groups 
 GO:0008376 3.4642E-2 acetylgalactosaminyltransferase activity 

 GO:0050661 3.4642E-2 NADP binding 

 GO:0003724 3.4642E-2 RNA helicase activity 

 GO:0048037 3.4642E-2 cofactor binding 
 GO:0005244 3.5157E-2 voltage-gated ion channel activity 

 GO:0022832 3.5157E-2 voltage-gated channel activity 



 

212 

 

 GO:0070035 3.5614E-2 purine NTP-dependent helicase activity 

 GO:0008026 3.5614E-2 ATP-dependent helicase activity 

 GO:0004672 3.8016E-2 protein kinase activity 
 GO:0015085 3.8662E-2 calcium ion transmembrane transporter activity 

 GO:0005231 3.8787E-2 excitatory extracellular ligand-gated ion channel activity 

 GO:0031543 4.2450E-2 peptidyl-proline dioxygenase activity 

 GO:0031545 4.2450E-2 peptidyl-proline 4-dioxygenase activity 

 GO:0008237 4.4011E-2 metallopeptidase activity 
 GO:0001664 4.8141E-2 G-protein coupled receptor binding 

 GO:0004222 4.9032E-2 metalloendopeptidase activity 

 GO:0015103 4.9649E-2 inorganic anion transmembrane transporter activity 

 Biological process   
 GO-ID FDR corrected p-value Description 

 GO:0002164 1.2147E-14 larval development 

 GO:0002119 1.2147E-14 nematode larval development 

 GO:0009791 2.2372E-13 post-embryonic development 
 GO:0044710 3.0852E-13 single-organism metabolic process 

 GO:0044238 3.4088E-13 primary metabolic process 

 GO:0071704 9.8248E-13 organic substance metabolic process 

 GO:0008152 1.0637E-12 metabolic process 
 GO:0044281 2.0211E-12 small molecule metabolic process 

 GO:0044237 2.4506E-11 cellular metabolic process 

 GO:1901135 6.3430E-11 carbohydrate derivative metabolic process 

 GO:0019693 3.8189E-10 ribose phosphate metabolic process 

 GO:0009205 3.8189E-10 purine ribonucleoside triphosphate metabolic process 
 GO:0009144 3.8189E-10 purine nucleoside triphosphate metabolic process 

 GO:0009150 4.9983E-10 purine ribonucleotide metabolic process 

 GO:0009199 6.0381E-10 ribonucleoside triphosphate metabolic process 

 GO:0009259 6.0381E-10 ribonucleotide metabolic process 
 GO:0042278 1.0586E-9 purine nucleoside metabolic process 

 GO:0046128 1.0586E-9 purine ribonucleoside metabolic process 

 GO:0009141 1.3413E-9 nucleoside triphosphate metabolic process 

 GO:0006163 1.5734E-9 purine nucleotide metabolic process 
 GO:0032787 2.8636E-9 monocarboxylic acid metabolic process 

 GO:0009119 2.9386E-9 ribonucleoside metabolic process 

 GO:1901657 4.1920E-9 glycosyl compound metabolic process 

 GO:0009792 5.2941E-9 embryo development ending in birth or egg hatching 

 GO:0072521 6.2895E-9 purine-containing compound metabolic process 
 GO:0006796 1.1597E-8 phosphate-containing compound metabolic process 

 GO:0006793 2.0684E-8 phosphorus metabolic process 

 GO:0006629 3.0403E-8 lipid metabolic process 

 GO:0044255 3.5017E-8 cellular lipid metabolic process 
 GO:0007631 3.5054E-8 feeding behaviour 

 GO:0019637 3.6512E-8 organophosphate metabolic process 

 GO:0009203 3.8423E-8 ribonucleoside triphosphate catabolic process 

 GO:0009207 3.8423E-8 purine ribonucleoside triphosphate catabolic process 
 GO:0009146 3.8423E-8 purine nucleoside triphosphate catabolic process 

 GO:0019439 3.9615E-8 aromatic compound catabolic process 

 GO:1901136 4.5504E-8 carbohydrate derivative catabolic process 

 GO:0040007 4.6215E-8 growth 
 GO:0072523 4.8799E-8 purine-containing compound catabolic process 

 GO:0044763 6.3427E-8 single-organism cellular process 

 GO:0009116 8.0722E-8 nucleoside metabolic process 

 GO:0044270 8.0722E-8 cellular nitrogen compound catabolic process 

 GO:1901564 9.1518E-8 organonitrogen compound metabolic process 
 GO:0009143 9.5089E-8 nucleoside triphosphate catabolic process 

 GO:0006195 9.5089E-8 purine nucleotide catabolic process 

 GO:0009154 9.5089E-8 purine ribonucleotide catabolic process 

 GO:0009261 9.5089E-8 ribonucleotide catabolic process 
 GO:0034655 1.0538E-7 nucleobase-containing compound catabolic process 

 GO:0046700 1.1091E-7 heterocycle catabolic process 

 GO:0009790 1.1596E-7 embryo development 

 GO:1901361 1.1728E-7 organic cyclic compound catabolic process 
 GO:0006152 1.3134E-7 purine nucleoside catabolic process 

 GO:0046130 1.5929E-7 purine ribonucleoside catabolic process 

 GO:1901565 1.6535E-7 organonitrogen compound catabolic process 

 GO:0009164 1.9016E-7 nucleoside catabolic process 

 GO:0009166 1.9016E-7 nucleotide catabolic process 
 GO:0042755 1.9814E-7 eating behaviour 

 GO:1901658 2.2764E-7 glycosyl compound catabolic process 

 GO:0043050 2.5024E-7 pharyngeal pumping 

 GO:0007275 2.5232E-7 multicellular organismal development 
 GO:0042454 4.0070E-7 ribonucleoside catabolic process 

 GO:1901292 4.8340E-7 nucleoside phosphate catabolic process 

 GO:0044767 6.3360E-7 single-organism developmental process 

 GO:0044712 1.2175E-6 single-organism catabolic process 
 GO:0009987 1.5989E-6 cellular process 

 GO:0046434 2.8130E-6 organophosphate catabolic process 

 GO:0006753 3.0140E-6 nucleoside phosphate metabolic process 

 GO:0009117 3.4551E-6 nucleotide metabolic process 
 GO:0008610 3.8206E-6 lipid biosynthetic process 

 GO:0048017 3.9368E-6 inositol lipid-mediated signalling 

 GO:0044283 4.4540E-6 small molecule biosynthetic process 

 GO:0055086 4.6726E-6 nucleobase-containing small molecule metabolic process 

 GO:0005975 5.0919E-6 carbohydrate metabolic process 
 GO:0032502 5.3757E-6 developmental process 

 GO:0048856 5.5765E-6 anatomical structure development 

 GO:0006633 6.6817E-6 fatty acid biosynthetic process 

 GO:0006631 8.2495E-6 fatty acid metabolic process 
 GO:0055001 8.5688E-6 muscle cell development 

 GO:0006091 1.0889E-5 generation of precursor metabolites and energy 

 GO:0044707 1.3501E-5 single-multicellular organism process 

 GO:0019752 1.4980E-5 carboxylic acid metabolic process 
 GO:0006066 1.9279E-5 alcohol metabolic process 

 GO:0014866 1.9279E-5 skeletal myofibril assembly 
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 GO:0072330 2.0476E-5 monocarboxylic acid biosynthetic process 

 GO:0055002 2.0956E-5 striated muscle cell development 

 GO:0010171 2.1730E-5 body morphogenesis 
 GO:0044711 2.1834E-5 single-organism biosynthetic process 

 GO:0044248 2.3361E-5 cellular catabolic process 

 GO:0043623 3.0367E-5 cellular protein complex assembly 

 GO:0007568 3.5117E-5 aging 

 GO:0046039 3.6717E-5 GTP metabolic process 
 GO:1901575 3.7499E-5 organic substance catabolic process 

 GO:0010927 3.9754E-5 cellular component assembly involved in morphogenesis 

 GO:0006184 5.8474E-5 GTP catabolic process 

 GO:0034622 6.3839E-5 cellular macromolecular complex assembly 
 GO:0009056 6.7535E-5 catabolic process 

 GO:0006082 6.8407E-5 organic acid metabolic process 

 GO:0009653 6.9692E-5 anatomical structure morphogenesis 

 GO:0030241 7.2842E-5 skeletal muscle myosin thick filament assembly 
 GO:0046034 7.3736E-5 ATP metabolic process 

 GO:0043436 7.9904E-5 oxoacid metabolic process 

 GO:0009161 8.4480E-5 ribonucleoside monophosphate metabolic process 

 GO:0009123 8.4480E-5 nucleoside monophosphate metabolic process 
 GO:0016310 1.0319E-4 phosphorylation 

 GO:0070887 1.0319E-4 cellular response to chemical stimulus 

 GO:0030239 1.1013E-4 myofibril assembly 

 GO:0035967 1.1039E-4 cellular response to topologically incorrect protein 

 GO:0070271 1.1572E-4 protein complex biogenesis 
 GO:0006461 1.1572E-4 protein complex assembly 

 GO:0071822 1.2045E-4 protein complex subunit organization 

 GO:0009167 1.2112E-4 purine ribonucleoside monophosphate metabolic process 

 GO:0009126 1.2112E-4 purine nucleoside monophosphate metabolic process 
 GO:0031032 1.2284E-4 actomyosin structure organization 

 GO:0051146 1.7199E-4 striated muscle cell differentiation 

 GO:0034620 1.7951E-4 cellular response to unfolded protein 

 GO:0010259 1.8113E-4 multicellular organismal aging 
 GO:0008340 1.9825E-4 determination of adult lifespan 

 GO:0006807 1.9825E-4 nitrogen compound metabolic process 

 GO:1901576 2.0493E-4 organic substance biosynthetic process 

 GO:0070925 2.1187E-4 organelle assembly 

 GO:0042221 2.1747E-4 response to chemical 
 GO:1901068 2.3661E-4 guanosine-containing compound metabolic process 

 GO:0032501 2.4605E-4 multicellular organismal process 

 GO:0071688 2.5657E-4 striated muscle myosin thick filament assembly 

 GO:0055085 2.6744E-4 transmembrane transport 
 GO:0042692 2.7199E-4 muscle cell differentiation 

 GO:0034641 2.7199E-4 cellular nitrogen compound metabolic process 

 GO:0031034 3.5569E-4 myosin filament assembly 

 GO:0031033 3.5569E-4 myosin filament organization 
 GO:0009058 3.5597E-4 biosynthetic process 

 GO:0030968 3.6310E-4 endoplasmic reticulum unfolded protein response 

 GO:1901069 3.7134E-4 guanosine-containing compound catabolic process 

 GO:0071310 4.5588E-4 cellular response to organic substance 
 GO:0044723 4.6823E-4 single-organism carbohydrate metabolic process 

 GO:0044699 4.9107E-4 single-organism process 

 GO:0040011 5.2172E-4 locomotion 

 GO:1901615 5.2420E-4 organic hydroxy compound metabolic process 

 GO:0010033 5.7385E-4 response to organic substance 
 GO:0046165 6.5863E-4 alcohol biosynthetic process 

 GO:0048646 6.7559E-4 anatomical structure formation involved in morphogenesis 

 GO:0044765 8.1495E-4 single-organism transport 

 GO:0006986 8.1944E-4 response to unfolded protein 
 GO:0006820 8.6231E-4 anion transport 

 GO:0051179 8.6896E-4 localization 

 GO:0006810 8.7128E-4 transport 

 GO:0065003 8.8734E-4 macromolecular complex assembly 
 GO:0008037 9.8515E-4 cell recognition 

 GO:0022607 9.9622E-4 cellular component assembly 

 GO:0016051 1.1200E-3 carbohydrate biosynthetic process 

 GO:0035966 1.1423E-3 response to topologically incorrect protein 

 GO:0007413 1.2017E-3 axonal fasciculation 
 GO:0051234 1.4850E-3 establishment of localization 

 GO:0008038 1.9581E-3 neuron recognition 

 GO:0043170 2.0376E-3 macromolecule metabolic process 

 GO:0016192 2.3147E-3 vesicle-mediated transport 
 GO:0044085 2.3536E-3 cellular component biogenesis 

 GO:0040009 2.6237E-3 regulation of growth rate 

 GO:1902578 2.9277E-3 single-organism localization 

 GO:1901137 2.9290E-3 carbohydrate derivative biosynthetic process 
 GO:0030036 2.9290E-3 actin cytoskeleton organization 

 GO:0044249 3.4170E-3 cellular biosynthetic process 

 GO:0006821 3.4589E-3 chloride transport 

 GO:0000003 3.4763E-3 reproduction 
 GO:0015992 3.5857E-3 proton transport 

 GO:0040010 3.6337E-3 positive regulation of growth rate 

 GO:0006013 4.3867E-3 mannose metabolic process 

 GO:0019538 5.4450E-3 protein metabolic process 

 GO:0006915 5.9418E-3 apoptotic process 
 GO:0015980 5.9418E-3 energy derivation by oxidation of organic compounds 

 GO:0040039 6.6835E-3 inductive cell migration 

 GO:0016053 6.7572E-3 organic acid biosynthetic process 

 GO:0046394 6.7572E-3 carboxylic acid biosynthetic process 
 GO:0006984 7.0941E-3 ER-nucleus signalling pathway 

 GO:0048285 7.1985E-3 organelle fission 

 GO:0006200 7.7349E-3 ATP catabolic process 

 GO:0006139 7.8153E-3 nucleobase-containing compound metabolic process 
 GO:0006996 7.8469E-3 organelle organization 

 GO:1901699 8.1364E-3 cellular response to nitrogen compound 
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 GO:0006818 8.7533E-3 hydrogen transport 

 GO:0000280 9.1059E-3 nuclear division 

 GO:0006508 9.2338E-3 proteolysis 
 GO:0071702 9.3079E-3 organic substance transport 

 GO:0012501 9.3079E-3 programmed cell death 

 GO:0043933 1.1208E-2 macromolecular complex subunit organization 

 GO:0030029 1.2804E-2 actin filament-based process 

 GO:0019751 1.3774E-2 polyol metabolic process 
 GO:0061061 1.5113E-2 muscle structure development 

 GO:0016265 1.5737E-2 death 

 GO:0046364 1.6558E-2 monosaccharide biosynthetic process 

 GO:1901700 1.6813E-2 response to oxygen-containing compound 
 GO:0035556 1.6813E-2 intracellular signal transduction 

 GO:0051301 1.6813E-2 cell division 

 GO:0008219 1.6813E-2 cell death 

 GO:0006486 1.7451E-2 protein glycosylation 
 GO:0043413 1.7451E-2 macromolecule glycosylation 

 GO:0009169 1.8177E-2 purine ribonucleoside monophosphate catabolic process 

 GO:0009158 1.8177E-2 ribonucleoside monophosphate catabolic process 

 GO:0009128 1.8177E-2 purine nucleoside monophosphate catabolic process 
 GO:0009125 1.8177E-2 nucleoside monophosphate catabolic process 

 GO:0019319 1.9164E-2 hexose biosynthetic process 

 GO:0006094 1.9164E-2 gluconeogenesis 

 GO:0032989 1.9164E-2 cellular component morphogenesis 

 GO:0045927 1.9819E-2 positive regulation of growth 
 GO:0015698 2.0455E-2 inorganic anion transport 

 GO:0006090 2.1461E-2 pyruvate metabolic process 

 GO:0016043 2.2582E-2 cellular component organization 

 GO:1901617 2.2901E-2 organic hydroxy compound biosynthetic process 
 GO:0007010 2.4127E-2 cytoskeleton organization 

 GO:1901698 2.4127E-2 response to nitrogen compound 

 GO:0071840 2.4727E-2 cellular component organization or biogenesis 

 GO:0046483 2.5362E-2 heterocycle metabolic process 
 GO:1901360 2.6052E-2 organic cyclic compound metabolic process 

 GO:0006897 2.6316E-2 endocytosis 

 GO:0003012 2.6316E-2 muscle system process 

 GO:0044260 2.6316E-2 cellular macromolecule metabolic process 

 GO:0006725 2.6316E-2 cellular aromatic compound metabolic process 
 GO:0061564 2.7116E-2 axon development 

 GO:0040017 3.0671E-2 positive regulation of locomotion 

 GO:0034976 3.2629E-2 response to endoplasmic reticulum stress 

 GO:0006096 3.2629E-2 glycolytic process 
 GO:0017144 3.5148E-2 drug metabolic process 

 GO:0006006 4.2715E-2 glucose metabolic process 

 GO:0044262 4.3866E-2 cellular carbohydrate metabolic process 

 GO:0071359 4.5546E-2 cellular response to dsRNA 
 GO:0070918 4.5546E-2 production of small RNA involved in gene silencing by RNA 

 GO:0016999 4.5546E-2 antibiotic metabolic process 

 GO:0017000 4.5546E-2 antibiotic biosynthetic process 

 GO:0043331 4.5546E-2 response to dsRNA 
 GO:0031050 4.5546E-2 dsRNA fragmentation 

 GO:0006936 4.5546E-2 muscle contraction 

 GO:0006468 4.7057E-2 protein phosphorylation 

 GO:0006000 4.7585E-2 fructose metabolic process 

 GO:0042439 4.7585E-2 ethanolamine-containing compound metabolic process 
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Table S6: Summary statistics of null distributions per codon. Null distributions were calculated by 
pooling H. hermesi and GD1 orthologous pairs and randomly divide them into two groups (100,000 
permutations). At each iteration step the average codon frequency of codon (per amino acid) was 

determined for both groups and subtracted. After 100,000 permutations, the average difference 
(µ0), standard deviation (σ0), minimum and maximum values, and the range of the distribution for 
each codon was calculated. P-values were FDR-corrected. 
 
Amino Acid Codon Statistic results based upon 100,000 permutations Observed difference 
    µ0 σ0 Maximum Minimum Range µHH-µGD1 P-value 

Alanine (A) GCA -3.33E-05 0.00556 0.02359 -0.02451 0.04810 -0.08849 <E-6 
 GCT 1.62E-05 0.00554 0.02644 -0.02367 0.05011 -0.09287 <E-6 
 GCC -1.91E-05 0.00716 0.03005 -0.03425 0.06429 0.11562 <E-6 
 GCG 3.62E-05 0.00706 0.02949 -0.03022 0.05971 0.06573 <E-6 
Valine (V) GTA -8.53E-06 0.00402 0.01832 -0.01659 0.03491 -0.06548 <E-6 
 GTT -1.86E-05 0.00677 0.02890 -0.03083 0.05973 -0.15370 <E-6 
 GTC 3.47E-05 0.00753 0.03010 -0.03540 0.06550 0.12093 <E-6 
 GTG -7.41E-06 0.00707 0.02963 -0.03211 0.06174 0.09826 <E-6 
Isoleucine (I) ATA -2.80E-05 0.00445 0.01813 -0.01941 0.03754 -0.01484 0.00090 
 ATT 5.96E-05 0.00936 0.04159 -0.03851 0.08010 -0.18963 <E-6 
 ATC -4.61E-05 0.01023 0.04652 -0.04586 0.09238 0.20447 <E-6 
Leucine (L) CTA -2.80E-06 0.00263 0.01147 -0.01126 0.02273 -0.02233 <E-6 
 CTT -8.69E-06 0.00413 0.01706 -0.01721 0.03427 -0.08978 <E-6 
 CTC -2.82E-06 0.00833 0.03526 -0.03711 0.07237 0.20208 <E-6 
 CTG 1.67E-05 0.00493 0.02078 -0.01996 0.04075 0.06607 <E-6 
 TTA 1.33E-06 0.00291 0.01338 -0.01278 0.02616 -0.03745 <E-6 
 TTG -3.77E-06 0.00625 0.02721 -0.02499 0.05220 -0.11859 <E-6 
Phenylalanine (F) TTT 2.93E-05 0.01024 0.04449 -0.04477 0.08926 -0.18407 <E-6 
 TTC -2.54E-05 0.01085 0.04906 -0.04423 0.09329 0.18407 <E-6 
Cysteine (C) TGT -2.83E-05 0.01291 0.06045 -0.06498 0.12542 -0.18360 <E-6 
 TGC 8.14E-06 0.01495 0.06403 -0.06348 0.12750 0.18360 <E-6 
Proline (P) CCA -7.43E-06 0.00896 0.03970 -0.04001 0.07972 -0.16893 <E-6 
 CCT -2.46E-05 0.00582 0.02618 -0.02574 0.05192 -0.05549 <E-6 
 CCC 1.00E-05 0.00890 0.03515 -0.03704 0.07219 0.12786 <E-6 
 CCG 2.87E-05 0.01031 0.04664 -0.04284 0.08949 0.09656 <E-6 
Glycine (G) GGA -8.21E-06 0.00709 0.03489 -0.02802 0.06291 -0.14232 <E-6 
 GGT 9.65E-06 0.00706 0.03225 -0.03568 0.06793 -0.14289 <E-6 
 GGC 9.91E-06 0.00986 0.04395 -0.04593 0.08988 0.25248 <E-6 
 GGG -1.02E-05 0.00408 0.01814 -0.01641 0.03455 0.03273 <E-6 
Aspartic Acid (D) GAT 1.05E-05 0.00977 0.04189 -0.04200 0.08390 -0.26472 <E-6 
 GAC -1.05E-05 0.00977 0.04202 -0.04190 0.08392 0.26472 <E-6 
Glutamic Acid (E) GAA -8.24E-06 0.01105 0.04637 -0.04707 0.09344 -0.24562 <E-6 
 GAG 3.37E-08 0.01110 0.04801 -0.04699 0.09500 0.24562 <E-6 
Histidine (H) CAT 1.85E-05 0.01203 0.05211 -0.05381 0.10592 -0.18007 <E-6 
 CAC -3.88E-05 0.01241 0.05576 -0.05379 0.10955 0.18007 <E-6 
Arginine (R ) CGA 9.78E-06 0.00699 0.03008 -0.02846 0.05854 -0.04709 <E-6 
 CGT -6.14E-07 0.00715 0.02919 -0.03356 0.06275 -0.13126 <E-6 
 CGC 1.85E-05 0.00939 0.04142 -0.03931 0.08073 0.17485 <E-6 
 CGG 7.75E-06 0.00445 0.01965 -0.01785 0.03750 0.02961 <E-6 
 AGA -3.01E-05 0.00503 0.02283 -0.02125 0.04408 -0.04656 <E-6 
 AGG -9.39E-06 0.00430 0.01749 -0.02087 0.03836 0.02045 <E-6 
Lysine (K) AAA -9.41E-06 0.01158 0.04768 -0.05228 0.09995 -0.28820 <E-6 
 AAG 1.62E-05 0.01175 0.05418 -0.04819 0.10237 0.28820 <E-6 
Tyrosine (Y) TAT -1.96E-05 0.01110 0.04507 -0.05132 0.09638 -0.15632 <E-6 
 TAC 9.77E-06 0.01188 0.05227 -0.05505 0.10732 0.15632 <E-6 
Serine (S) TCA 4.16E-06 0.00520 0.02184 -0.02050 0.04234 -0.08786 <E-6 
 TCT -1.67E-05 0.00396 0.01710 -0.01819 0.03529 -0.04460 <E-6 
 TCC -1.34E-05 0.00507 0.02238 -0.02075 0.04313 0.04649 <E-6 
 TCG 9.61E-06 0.00816 0.03214 -0.03631 0.06844 0.08463 <E-6 
 AGT 5.36E-06 0.00476 0.02013 -0.02054 0.04068 -0.06155 <E-6 
 AGC 1.11E-05 0.00584 0.02765 -0.02601 0.05366 0.06289 <E-6 
Glutamine (Q) CAA 3.15E-05 0.01127 0.04788 -0.04809 0.09597 -0.21001 <E-6 
 CAG -1.57E-05 0.01137 0.04990 -0.04972 0.09962 0.21001 <E-6 
Threonine (T) ACA -3.21E-05 0.00709 0.03417 -0.12368 0.15785 -0.15947 <E-6 
 ACT 1.98E-05 0.00608 0.02688 -0.02501 0.05188 -0.09814 <E-6 
 ACC -1.77E-05 0.00650 0.02725 -0.02689 0.05414 0.06872 <E-6 
 ACG 2.87E-05 0.00957 0.04599 -0.04073 0.08671 0.18889 <E-6 
Asparagine (N) AAT 4.00E-05 0.01128 0.04929 -0.04772 0.09701 -0.21940 <E-6 
 AAC -3.54E-05 0.01139 0.04470 -0.04633 0.09103 0.21940 <E-6 
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Table S7: Summary statistics of null distributions per amino acid. Null distributions were 
calculated by pooling H. hermesi and GD1 orthologous pairs and randomly divide them into two 
groups (100,000 permutations). At each iteration step the average amino acid frequency of each 

amino acid was determined for both groups and subtracted. After 100,000 permutations, the 
average difference (µ0), standard deviation (σ0), minimum and maximum values, and the range of 
the distribution for each amino acid was calculated. P-values were FDR-corrected. 
 

Amino Acid Statistic results based upon 100,000 permutations Observed difference 

  µ0 σ0 Maximum Minimum Range µHH-µGD1 P-value 

Alanine -1.46E-06 1.08E-03 0.00483 -0.00424 0.00907 0.00401 0.00105 

Valine -7.50E-07 9.83E-04 0.00408 -0.00399 0.00807 0.00272 0.01813 

Isoleucine -5.85E-06 8.91E-04 0.00393 -0.00405 0.00798 -0.00338 0.00105 

Leucine -2.16E-06 1.13E-03 0.00448 -0.00485 0.00933 0.00282 0.03225 

Methione 1.27E-07 6.10E-04 0.00290 -0.00255 0.00546 -0.00078 0.35732 

Phenylalanine -3.65E-06 8.50E-04 0.00360 -0.00347 0.00707 0.00015 0.85735 

Tryptophane 9.61E-07 4.56E-04 0.00207 -0.00190 0.00397 0.00011 0.85735 

Cysteine 2.65E-06 6.61E-04 0.00291 -0.00291 0.00582 0.00046 0.62440 

Proline 1.64E-06 8.55E-04 0.00400 -0.00355 0.00755 -0.00031 0.79362 

Glycine -4.35E-06 1.03E-03 0.00555 -0.00510 0.01065 0.00043 0.78665 

Aspartic Acid 6.65E-06 8.67E-04 0.00383 -0.00367 0.00750 -0.00085 0.46853 

Glutamic acid 3.12E-06 1.20E-03 0.00534 -0.00546 0.01080 0.00121 0.46853 

Histidine 6.03E-06 6.20E-04 0.00258 -0.00276 0.00534 0.00156 0.03225 

Arginine 8.39E-06 1.02E-03 0.00426 -0.00431 0.00857 0.00391 0.00105 

Lysine -9.21E-06 1.19E-03 0.00471 -0.00574 0.01044 -0.00369 0.00672 

Tyrosine -4.12E-06 7.12E-04 0.00314 -0.00298 0.00612 -0.00089 0.35732 

Serine -2.64E-06 1.00E-03 0.00460 -0.00433 0.00893 0.00067 0.62440 

Glutamine 4.35E-06 8.37E-04 0.00387 -0.00348 0.00735 -0.00180 0.06296 

Threonine -2.08E-06 8.66E-04 0.00383 -0.00397 0.00780 -0.00211 0.03260 

Asparagine 2.34E-06 7.20E-04 0.00316 -0.00295 0.00611 -0.00424 <E-06 
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Supporting material – Chapter 6 

Table S1: FDR-corrected P-values of the relative FA proportions (to each respective FA class) 
between GD1P and H. hermesi 
 

SFAs Pseudo-
F(1,4) 

P-
value 

MUFAs Pseudo-
F(1,4) 

P-
value 

PUFAs Pseudo-
F(1,4) 

P-value 

C13:0 1 0.4056 C14:1ω5 89.46 0.0031 C16:2ω6 80.37 0.0024 

C14:0 28.06 0.0102 C15:1ω5 317.11 0.0017 C18:2ω6 200.62 0.0017 

(ante)isoC15:0 100.64 0.0023 C16:1ω7 25.78 0.0102 C18:3ω3 1.89 0.2803 

C15 1.99 0.2637 C17:1ω7 133.16 0.0017 C18:3ω6 36.36 0.0071 

(ante)isoC16:0 8.00 0.0572 C18:1ω12 68.71 0.0031 C20:2ω6 9.46 0.0496 

C16:0 55.93 0.0031 C18:1ω9 25.62 0.011 C20:3ω6 233.75 0.0017 

(ante)isoC17:0 49.84 0.0045 C18:1ω7 30.91 0,3335 C20:4ω6 0.320 0.6165 

C17 14.07 0.0293 C20:1ω9 0.022 0,8963 C20:5ω3(EPA) 194.07 0.0017 

C18:0 94.67 0.0028 C22:1ω9 73.58 0,0031 C22:6ω3(DHA) 308.85 0.0017 

C20:0 367.71 0.0017 C24:1ω9 0.374 0,6068    

C22:0 24.02 0.0114       
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