Community structure of deep -sea

nematodes: a metabarcoding approach

Lara Macheriotou
Supervisor: Prof. Dr. Ann Vanreusel

Cosupervisor: Dr. Sofie Derycke

Academic Year: 2012020

Thesis submitted in partial fulfilment for the requirements for the degree

Doctor of Science: Marine Science

GFNT \\’ FAC U LTY f Research Foundation
UNIVERSITY ((—y_ OF SCIENCES W o gl;?:ncilr?;snew horizons



Supervisor
Prof. Dr. Ann Vanreusel

Cosupervisor
Dr. Sofie Derycke

Committee Members

Prof. Dr. Koen Sabbe
Ghent University

Prof. Dr. Tom Moens
Ghent University

Prof. Dr. Pedro MartinezArbizu
Deutsche Zentrum fur Marine Biodiversitatsforschung

Prof. Dr. Isa Schon
Royal Belgianinstitute for Natural Sciences

Dr. Ellen Pape
Ghent University

Dr. Daniela Zeppilli
Institut Francais de Recherche pour I'Exploitation déa Mer

Public Thesis Defence: December 2019
Funding: This thesis was supported by the Research Foundation Flanders
(FWO) PhD Aspirah Fellowship (Grant #: 3F0155))



Contents

o3 (0 017/ 11 T PSPPSR PPN
ACKNOWIEAGEMENTS......ciiiiiiiieiii i cmmmmmmmms ettt e e e e e s smmmmmmmns ettt e e e s emmmmmmmms e e e e e e s el
SUMMIATY .ccettiiieeeieiii e s senmmms e e e e e eebe e s smmmemmms s e e e s eesssn s s smmmmnmmms s e e e s eesssnss s smmmmmnmmsseeeseesssnalOhas
SAMENVALING ....eeeeeeieeiieeee e emmmmmmmms e e e e s emmmmmmmms bbb e e e e s smmmmmmmms s s s 1111 s LD

1 General INtrOUCTION. .. ....cueee e et e e e e s emmmmmmme s e e e en e ense s ammmmmmmme e e enneeneen Lt

1.1 Life inthe @DYSS.......cooiiiiiie e e e e e e LD
1.2 Community assembly: Processes and patterns................eeviccceeeeeeeeeinnnnnnne 17...
1.3 Assessment of meiofaunal biodiversity: past and future.....................cceeeeeeee 20

1.4 Ecology and distribution patterns of nematodes.................c.ccsiceemeeeee v 20..

1.5 Identification of nematode species: from morphology to molecules............. 21.

1.5.1 Bioinformatic analysis of HTS data: Clustering and denoising algorithms24

1.5.2 Bioinformatic analysis of HTS data: Taxonomic assignment methods.....25
1.6 STUAY GrEaAS....cciiiiiiiiiiii i ccmmeememr ettt e e e e e e e e e smmmmmmmns et e e e e e s emmmmmmmms e s e DD

1.6.1 The ClarionClipperton Fracture ZONe...............ccooeevveeecmeeemrvvvevnnnnnnen s smmmenn 20
1.6.2 The Mozambique Channel (MC)..........c..uuiiiiiiicccc e 2o

1.7  Thesis AIMS and OULINE........couvieieee s ecemeeme et ssmmmmmemms e e e n e e s rmmmmeee 2D

2 Metabarcoding freeliving marine nematodes using curated 18S and COL1 reference

sequence databases for species level taxonomic assignmentS........c.ooovvvv e een 320

D T Y o 1= 1 - Vo3 AP P U OP. 122
P 01170 1o [UTe3 {0 o [N RO, 2
2.3 Materials and MeEthOAS........c.ienie ettt e et e e e e e s rmmmmmmn e e 3D

2R TR S Y- T To [T a0 = - WSS PP PPPRPPRPRPRRE: Lo O
2.3.2 MOCK COMMUNITIES .....uviiieiiiiiiiie s emmmmmmnme ettt ammmmmmmme e vmmmmmmmms s 30
2.3.3 HTS library preparation..............ooooiueiiemmmmeemreeeeeeeee e e e smmmmmmemseeeeeeeeeee e e s smmmma3 D
2.3.4 BiOINfOMALICS .....eeiiiiiiiiiiie e iemmeeme st emmmmmm et e e Do

2.3.5 Environmental Sample...........cooeviiiiiiiimimiiee e a3 D
2.4 RESUIS......ooie e e e e e ammmmmnnnr 0 DD

2.4.1 Sanger data reference d@base...............cccuvvieeeemmemeeee e e vmmeeeeeneeeeeee . 39,
2.4.2 BiOINfOIMALICS .......uvveiiiiiiiieiesimmmmmmm e emmmmmmmms s e AOLL
2.4.3 Equimolar vs isovolumetric pooling...........cccuvvveiieiimmmcccce e emmeeeee . 43

2.4.4 Environmental Sample.........ccooooiiioiiiio e e e A3



A T o T (= UOUOUS PP (o1
2.6 TADIES ..o e e e e e e 11 a3

D A B 1= ox U =] o o Vo 1

2.7.1 Species level identification using curated 18S and CO1 Sanger sequence data
54

2.7.2 Clustering openreference,denovo, or notat all............cccoeeivii i, 54,

2.7.3 Effect of training sets on taxonomic assignment with RDP.................... 56...

2.7.4 Moving forward in marine nematode netabarcoding........................cc.......B6

2.8  CONCIUSIONS... ...ttt e e e e e e e e e emmmiDWl s
2.9  ACKNOWIEAQEMENIS......euiiiiiiiiiiieimmmmmmmme e e eeeeee e e e e s emmmmeeees s se s smmmmmmmm e e e e e e s D
2.10  Data ACCESSIDINTY.......co i e e DO,
2. 11 APPENAIX ittt e e e DD

3 Phylogenetic clustering and rarity imply high risk of local species extinction in

prospective degp-sea mining areas of the ClarioiClipperton Fracture Zone............ccccovvvvvieenn 70

G 2 RO 1Y o 1= 1 - o3 A PP OOTOPRPRPRY 4 O
ICJZ A 1 01 1 {0 1o 16 (o1 1] o 1N TP Af I
3.3 Material and MethOdS.......c..ooeeiieiii e et e e e e e e e e 1D

3.3.1 Sample COIECHION.........ccciiiiiiit e e e vmmmmmenne e e DD
3.3.2 DNA extraction and HTS library preparation............ccccceeeevimmmmmmmeeeeeeeeeenee. 13...
3.3.3 Sequence Data ANAIYSIS...........ooiiiuuiiimmemmmmneeeeeee e e e cmmmemmmmreeeee e e e e e e e e s emmmnn LA
3.3.4 DiIversity ANaAlYSES......coooiiiiiiii e D
3.3.5 Community Structure ANAlYSES............cooviiiiiiieeeeememreiieeee e e e e e e s emmmmmmmmeeeeeeeens LD

I o LYo U || OO RUTR SRR 47 4

3.4.1 Nematode assemblages............coooviiiimmmmmmmmeeeeeeeeeee e s s smmmmmmmmseeeeeeeeeeeeesemmmnndo
3.4.2 Patterns Of COOCCUITENCE. ... ..cun e eeeme et e e e e e et amemmmmn e e e eeeneneen e 1.8

3.4.3 Phylogenetic community StrUCIUre.............cceooiiiiiieeee e vmmmmmeeee . 1.8

3.5 FIQUIES. ..ttt et st e e e e e e e e smmmmmnnns s OO

I T B 1Yol U1 o o PR UPRROPTR - ¥ 4

3.6.1 Taxon caeoccurrence, phylogenetic community structure and diversity....87
3.6.2 Rality iNthe CCFZ.......ccccoiiiiiiie s ccmmmeeee e eeee e s vmmwmmmms e e e e mmmmmmmmn e 39

3.6.3 Metabarcoding nematode assemblages...............ccuvviemeccccce e eiceiiiieeeen 91

G T A O o1 T3 [ 170 o E= PR © X

3.8  ACKNOWIEAEMENTS......uuuiiiiiiiiiiiis im0 D20



GRS T Y o] 011 T [ GO © K |

4 Deepsea nematodes of the Mozambique Channel: evidence of random community

asembly dynamics in seep SEAIMENLS.........ieiiiiii it i eeemmmmms s e e e e e e e e e e e smmmmmmmme e 109

g Y 1N 01 1 = Y o PP 10 ||
N 1011 (o Yo [ o 1T ) o TR I 1 I
4.3 Material and MethodsS.........oveveeiiei e semmmmmmme s e e e e e e smmmmmmeme L1 L

4.3.1 Sample COECHON.........uiiiiiii i it eeeemmmms e e s e e e e e e e e e smmmmmmmmn e L LD
4.3.2 Sequence Data ANAlYSIS.........cccooviiiiimmmmmmmmreeeeeeeeeeeesssmmmmmmmmsseseeeeeeeeseeeeeel 12
4.3.3 Diversity ANalySes.........ccooiiiiiiiiimmmmemene e e e e vmmmmmmmmee e e e e e e e e e smmmmmmme s L2
4.3.4 Community Structure ANalySes..............ooovvvvvieeeeeeemreceieesese e e e s smmmmmmmmneeenn L 13

R o LY 1 | £ 17

4.4.1 Nematode assemblages: Alpha and beta diversity.................cccceeeee.. 114
4.4.2 Patterns of COOCCUITENCE..........cuuuvvrvurernmmmmmmmmseeeeeeeeeeessssmmmmmmmmreeessseeennnnnn L LB

4.4.3 Phylogenetic community StruCtUre.................ooooevieceeeeemrvvvvvnnnnnsss s sommmmeenn. L16

A5 FIQUIBS....ciiiiiiiiiiiiiiteememmeme ettt e e e e e e e s s s smmmmmmmns s se et eeeeeeessmmmmmmmms s ssnnsssneeesssmmmmmmmms DL T
4.6 DISCUSSION...ccuuieenieeeniees e s emmemmmt e eeeseet s s smmmmmmmt e s e eanssenn s s smmmmmmmme e seennseennse el 20

4.6.1 Pockmark, reference and abyssal ASVs comparison................c.eeeeeee. 126

4.6.2 Phylogenetic community structure and CEOCCUITENCE................cceeeer e 127

O A o V][ 1= (o o LRSS 242
4.8  ACKNOWIEAgEMENTS......ciiiiiii it emmmmmmm e e e e e e e e e e e e s smmmmmmmme e e e s L 2D
TS T AN o] o1=] 0T | PP PO PP PP POPPPPPPPPPPPPN 1 10

5 Phylogeography of the three deepsea nematode genera Acantholaimus
(Chromadoridae), Desmoscolex(Desmoscolecidae) andHalalaimus (Oxystominidae) using

[gaTS] ¥z 1o T= T oT0 Lo 1] o T TR SO U P PP PP RPPPPPPRPRPPNY K1 1

LT R Y o 1 1 - o3 APPSR 1o 1° |
LYV 1 01 1 {0 1o 1§ (o1 1 ] o [N OO PTPRPRRRR 1 » 10
5.3  Material and Methods..........ooouiiei et e e e e e e e e 1O

5.3.1 Sample COlIECHION...........uuuiiiiiiiii it e LD L
5.3.2 Sequence Data ANalysSiS..........ccoeveeiimiimmmmmmmmeaeeee e ee e e e eeeeeeeeeeeeeee 181
5.3.3 Phylogenetic ANAlySeS..........ccooeviiiiiimmmmeemiiiiieeeee e s emmmmmmmmieeneneeeee e el B

LT S = YoYU | | = OO | o 72

5.4.1 ACANTNOIAIMUS. . ..o e e e e e s emmmmmme e e 1D2

5.4.2 DESIMOSCOIEX. . euieniieeeee e ecmmmmee et eee st a s s ommmmmmms s e e s ensesn s mmmmmmnne s ensesnsess LO2.



oY R o P £ F= 1T 1 LU L= PO

5.5 FIQUIES ...ttt e ek mmmmmmme et e e e 4o et emmmmmnnnr ettt e e e e e

LT T =1 o 1 =

LT A B 1Yo 113 (0] T OO

LIRS T O 0] 13 [ U= T E= TR

5.9 ACKNOWIEAQEMENIS.....uuiiiiiiiiiiee st e e e eeeemmmes e e e emmmmmmmme e
5.10  APPENAIX. ittt s emmmmmmm s emmmam s et

O GENETAI DISCUSSION . ...uiiruiiirneies s immmmemmees s eesseen s mmmmm————eea st ea s een s s mmmmm————e e s enneeans

6.1 Community ecology of deepsea nematodes.............oovveeevvieeeeecemennnnnnnnn

6.1.1 Biotic processes: Capetitive iNteractions ...........ccccceeeevssimmmmmmmeeevene.

6.1.2 Abiotic processes: Environmental filtering..........cccccoevvviiimmceeemevvnnene.

6.2 The Theory of Ecological COMMUNILIES.........ceeiieiiiiii et eemeenems

B.2.1 DISPEISAL....cceviiiiiiiiiiiiimmmmmmmmeeeeeeeeeee e e e e emmmmeeeer s s st smmmmmm——— e e e e e eeeeeeees

0.2.3 S B CHION. e et et e ettt e ettt s mmm———— e e nn

B.2.4  SPECIALION.....cccei i i e v e e et mm———————— s

6.3 Evolutionary dynamics in the deePSEa...........cceeeviiiiiiimmmmeeemeieieeeeee e
6.4 Is everything really eVeryWhere?..........cooooiiiiiiiiceeeeeeecee s e

6.5 Nematoda as an indicator taxon of diStUrbDaANCE..........oeeuveuiien e

6.6 Assessment of the Metabarcoding methodology for deegeanematodes

6.6.1 SIrENQGINS.....oeiiiiiiiiiiii e immmmmeer et e e

B.6.2  WWBAKNESSES. ... eeee et e et e e emmmmmmt ettt e ettt s s e e enn

6.6.3 Unassignal ASV: definition and Utility?........cccooeeiiiiiiiimmeeee e

6.6.4 FULUIE PEISPECTIVES. ....uuiiiiiiiiiieee et immcmmmmme ettt e e s e bbb e

A 1 (=] = LU (3 o1 1 (=] ORI

162.

164
173

174

175,
176
177

189..

A189.

190..
191.

192

193.

193
194.
195..

196
197
198.
200

-200.

201.

202

203

205



Acronyms

Acronyms

ASV: Amplicon Sequence Variants

CCFZ: Clarion Clipperton Fracture Zone

MC: Mozambique Channel

PD: Phylogenetic Diversity (Faith, 2000)

MNTD: Mean Nearest Taxon Distand&/ebb, 2000)
MPD: Mean Pairwise DistancBNebb, 2000)



Acknowledgements

Acknowledgements

And so a5-year journey comes to its end. On the evef submitting this work, appreciating and
reflecting is due. | will do my best to keep it short, sweet and in no rational or meaningful order
i 2A001 OPAAOGEOATI Uh EM@BO FORAADOOERNOOQ EAOA EAEIT AA

Appreci ating

Even though | will be the only one occupying the stage to communicate the findings of this thesis
ET A x A A BaOdnev@rbbeeA hn islandluring the process. Whether through sharing of
knowledge, ordering of materials, d&aumorous and friendly chat during lunch, without exception,
every migrantand resident species at theJGentMarine Biology Research Group has added some

non-trivial contribution to the pages herein.

Ann

How do | even begin to thank you? You were the one to hand me my Masteiglaima back in

2014, and from that moment on, you have guided me through to the next step on the academic

ladder. Iwill never forget the interview; me: a postgraduation emotional wreck, you still mildly

sedated from a (far too early) dentists appointmety we both had/have short hair; a match made

in heavenJ

Soon enough | was thrown in to the deep end of deegea sampling, as you managed to secure a

spot for me on the aiFrenchODAAEET ¢ OAOAAOAE OAOOAI 0O,6 ! OA1 Al
at sea.Mon Francais perhaps not quite up to the challenge, but | got to discover that my attitude

definitely was. | could not have foreseen how rewarding, immersive, exciting and fun such an
experience would be. Fast forward to 2015 and the moment you decided jmn SO239. By then |

definitely knew getting along was not going to be a problem, nonetheless, the thought of 2 months

under supervisor supervision (after going solo the first time) did make me cringe perhaps a little.

I could not have been more wrong.flonly everyone could be so lucky as to have that mix of

personal and professional time with their supervisors. | had so much fun with you Ann, you are a

damn good dancer, you give people room to be themselves, always up for a joke, and always down

to getinto the mud for science. You are full of empathy and compassion, and | have always felt

that things will be ok after talking with you. The breadth of your knowledge, brain capacity and

birds-eye view on things | find truly impressive. An ideal to aim foy 08 O AAAT AT ET 11T (

pleasure. Thank you for everything.



Acknowledgements

Sofie

)y 06 E£AEO O1 OAU OEAOGA uv UAAOO x1T OI A 110 -EAOGA E
COAAOAOGETT AT 1 AZOOCETTh UT O OEITA A TECEO AT A EAT
Al O OEEO68 31 ) AEAh AAAAOOA AU OEAT ) ETAx OEA

attentiveness meant that you were well aware of my scientific interests and so put me in the first

line of opportunity, and its been a lifechanging experence.

) 6 <aid it before and) &ay it again, | hit the jackpot when it comes to supervisors. All the way

back since the Masters thesis we have been a team and you have been the most motivating,

calming and engaging force throughout. | could barely bielve it when you agreed to supervision

of Lara 2.0; how many times did | mess up that experimental setup again?? There for the lows and

the highs, always with a smile and undefeatable positivity. How do you do it Sofie? | have learned

so much from brainstaming sessions with you; not just facts but also how to think critically,

which questions to ask, what to anticipate in return, how to feel my way out of a scientific maze.

111 OEA xEEI Ah UIT O O1TiAET x OAAAI 1 ET C adaih,@dv AAOAEI

do you do it Sofie? You have made me a better scientist, thank you for sticking around.

Pedro

Fahrtleiter extraordinaire, the most memorable Principal Investigator, so full of energy,

enthusiasm, interested in anything and everything, inquisive, hands down hilarious, so

incredibly sharp-minded with a Ferrari (was it?) replica mouse that lights up when you click.

Amazing. SO239 was what it was because of you Pedro; | am not the only participant to have said
OOEAO0B80 OEA AARAOE ADRORLHBALOE ARAITPAEQIS 7A EAOA EAA (
the yearsjithasAAAT OOAE A DI AAOOOA Al 11 AAOGEI ¢ ,OE@8 &1 Ol .

do that again sometime]

Isolde

You make all the things happen, with patience to spare. Alwagsailable and willing to help. None

of this would have been achievable without you. Thank you.

Guy
Plant whisperer and generous donor, office mate for 5 years and the first MarBiol hug after

January 2018. Thank you.



Acknowledgements

Annick
Jolly, friendly and patient Always available and willing to help with a positive and smiley attitude.

None of this would have been possible without your contribution. Thank you.

Annelien

A molecular magician, seriabaviour of my PhD and dance partner extraordinaire. You have just
the best hint of crazy in you, such a refreshing person to be around. So organized and skilled and
as invested in my work; you have taught me everything | know. | could not have done this without
you, and it would have been a lot less fun as well. Thésa victory for us both dudeJ

Siel

Where do | even start when it comes to you pumpkin? | could not have foreseen the friendship
we would come to build when you reappeared on the radar 2 years ago. | knew from Faro that
you had this refreshing kind of speial about you, though circumstances limited our contact time.
4EAU OAU Ui O OEI Ol AT60 EAOA AT U OACOAOO ET 1 EZ&AN
our joint year in Portugal is one for me. You are such a wonderful person Siel, your tenacitypsg
independent character, passion for all kinds of lifeforms, adventure, lamination, good food and
various arts & crafts, an endless source of fun and hilariousness. Thanks to you | have seen more
nature, laughed more, sportsdisked more, eaten the beshocolate mousse there is, felt like | was

in the right place at the right time. My first responder when life hit the hardest, a loyal, caring
AOEAT A8 ) EI DA Uil 608 0A CAQ§éasiEéE @mdadiniedsiats BtiyoQralsdd O 1T £ C
countless visits to the GalapagosYou are the bespumpkin; ) 8sb glad you we get to be this kind

of friends finally.

Nene

Nene the nomadic Hawaiian goose. You are wise well beyond your years, with a feeling for
humour that just cracks me up. Quiet at first, buin time Siel and | have had the pleasure of
experiencing you in your natural ways and habitat. NATURE! Driven, patient, immensely silly and
sweet. | can talk with you forever, like a little sister | never had. You are a special one dude, the
only one to soexcitedly call me in to look at an oversized Pycnogonidecausd mean, sea spiders,

come on, right?

Pieter-Jan
Our local eelman, we started this journey together 5 years ago, remember how young and foolish
we were? Oh Pietefian, the dude with the mos positive outlook on life. PhD drinks VIP, you are

always up for a laugh and an inappropriate joke. Watching you become the scientist you are today

4



Acknowledgements

has been inspiring. Your level of dedication, investment of time and energy, involvement in
science communcation and easy of doing so whilst sporting a big ol smile on your fade,is
Oi i AGEET ¢ O AEI A&l 08 7A80A Eykds;) Biddkikg fquadiod AT T OA

the ones to come. Thank you dude.

The Monterey Bay crew: Lisa, Ellen, Freija

Each one of you are special in your own right, grouped here by our shared Californian experience,

which for me goes down in history as the best conference attendance ever.

Lisa: Gosh, the fun times had with you | could talk about forever. We have sharechsp on
numerous occasions, always with laughs, always generating some silly inside joke, always with a
side note of profundity. You are awesome. Toothpaste lake, ding ding ding! Hanging out with you

is a piece of cake, | wish you were around for more of it

Ellen: You are such a kind and funny soul Ellen, | have really enjoyed getting to know you outside

of the lab as well. | love your nebulls*** attitude, your scientific meticulousness, notetaking

skills, inquisitiveness and thirst to understand al,k e E1 A AT xAUO | AEET ¢ OEA OE|
ui 66 AT A O OAAIT T U 1EOOAT 8 4EATE Ul 08

Freija: My qirl Freija, what a pleasure it has been with you through the years. Such a beaming
personality, incredible flair for fashion, funny as can be, silly, sweet, geime, sharp, biostatistics
bombshell. | have learned so much from you, we have had such greanhversations;they could

goon forever, your door always open, a kindred spirit. Thank you.

Ulrike

You arepretty darn awesome Ulrike. @ring, calm and genuinelLunch breaks are exponentially

better when you are there. Thank you.

Renata

My perpendicular friend, how | miss you and wish you were here. | remember meeting you way

back when in 2014, upon first contact already open to help me out with a serious l|dlieg

AEAT 1T AT cCA8 ) AT OI A OAI1T &EOTi OEAO DPIET O Al OAAAL
neighbour at work and at home. The smoothies, time spent on the floor, extraordinary words

shared, laundry talk. Such a calm energy, patient and swetinny. In short, again, | miss you.



Acknowledgements

Nils & Michael

My favourite men of Ghent, we go waaaay back. Renata, literally the missing link, (like, literally)
AT1T1TAAOAA OO Ail OET OA UAAOO Acih AT A &£0Ti1 EEOOC
link at all, cause | felt comfortable with you right from the start. On youcouch,| have always

found aplace where | belonga place to make inappropriate jokes, to vent, to debate, to watch

David Attenborough.With me through thick and thin, no questionsasked.Just the most inclusive,

sweet and funny couple the best You were the first to make Ghent feel like home. Thank you.

Dora

-U AAOO ~ZOEAT A OET AA ¢ UAAOO 11 A8 3DPAAEO Al O E
plasma. Esi ke ego, céies gia mia zoi Dora mou. Sta efkola ke sta diskola, ta video chat updates

ke sporadika visitations, full of laughter and depth, have always resulted in me feeling refreshed

and recharged on life. Na se kala je thank you.

Xatzis

A special one since we @re 12. Our relationship has aged like a fine wine Xatzi mu, | parusia sto
Ghent jino ton ena xrono, the insane amounts of comic relief, xorkathkio, ta quasgular

tilefonimata, you have always been there. A special one indeed. Thank you.

Michael (Puby)
My swimmer friend for life, my Lord of the Rings Marathon partner. Every time | segu, E Gad O

familiar again. And man how | wish we could hang out more often.

Shmaylor and Jamie

My far away wives, meeting you and living with you has made me whain today. Such beautiful,
driven, highly intelligent and successful women. du ladies set the standard. \Wat | would not

give to diminish the distances. | miss you all the time.

Francesca

One crazy ltalian a day keepsthe d@&xi O Ax AUh AT 1?8 BourfdEdd don@dted byO E A O
the tough times, you have always made me feel like | can hide under your wing If need be.
Inclusive and enthusiastic, talking with you has softened the blow many times overcannot

thank you enough bella.



Acknowledgements

Janie

DuuuuudeJ You have gotten me through it all. Light, love and laughter that you arBearer of

adventure, hysterical laughing, walking on fire, bules back in town, Scotland awesomeness time

and time again, Spanish wild boar (you smelled them out),-iour long short cuts, Codi in the

snow, Codi with a stone, Codi with a stick, kebab kingdom, bloody bog, countless blind

O00i il EOO8OT OPAAEAI Ui O AOA *ATEAR TU 1100 AOANO

wait for the next round.

Raf

My forever sunshine, my swetest surprise. So much laughter, stoicism, silliness, intellectual
sparring, top lobsters, sportsdisking, walking, times in concert, times in natureg summertime
meerscoot Wednesday. Since 20]1ou have been the place where | could find peace of minid;
time, you becamea piece of me. Such a beautiful person, full of life and humour, genuine and
honest, supportive, patient, compassionate, caring and sweet, constantly evolving and just the
silliest of gooses (redbreasted, my personal favourite)My ultimate sked;l love beingthe worst

with you.

Papaki & Carmen, Cypriot & Dutch family

Papaki, aderfi ke mana, papphalla ke teteleste. We made it! You have, literally, been there since
day one, my biggest fans, my life support, my kin, my heart and my hontéow do | thank you?
Den iparxun logia. | apostasi en to pio diskolo, ke makari na itan aliosou have carvedne into

who | am andl@n always missing you, agapo sas.

So much thanks and love to my family back home in Cyprus, my auntie Nitsa without whoione

of this would have been possible, o thkios mu o Kostas to aidoni, my favourite J#vel buddy

Iffy (*cough* jimase?), o cool Alexis, o cool Marios and the hilarious George. Also of course to the
Dutch contingency, a home away from home, full of gre&ate night conversations with grappa
and Wilhemina mints, my hilarious cousins Bart and Sil, and their lovely ladies Marije and Clara.
Duizend maal dank voor het family gevoel dat ik al te vaak miste in Gent en zo makkelijk is te

vinden bij jullie.

Of course, an extra special token of appreciation goes to the members of the committee: Tom
Moens, Koen Sabbésa Schoén and Daniela Zeppilll;am so grateful for the time and energy you

have invested in improving the pages that follow. Thank you.



Acknowledgements

Finally: Anna-Maria Vafeiadou, Frederik Leliaert Katja Guillini,Sofie D'hondt Thibaud Mascart,

Jens Boyen, Christophe Brandily, Karine Olu, Eve Arsenault, J&aude CapraisMarleen De
Troch, Luana Monteiro, Tim DeprezDan Jones for POC flux dathlele De Mester, Christoph
Mensens, Carl van Colen, Dirk Van Gansbeke, , Tania Bezerra, Marleen Roelofs, Eezin Ong, Thomas
Kerkhove, Veerle Rogge, Elise Toussaint, Ellen Vlaminck, Mirta Zupan, Jan Vanaverbeke, Helena
Voet, Evelyn Paredes, Ivan Alamdplien GoossensRodgee GuderBruno Vlaeminck, Tim TKkint,

Lidia Lins, , Yana Deschutter, AB | /EE A 3ide Bavélob<e

In one way or another, you have had a net positive effect on me over the last 5 years. Thank you.

ydi OOOA ) 6i A& OCAOO this ig beCdude Ay drak s frikdd ADT 1 T CEAON
Thank you, bedankt, merciR 2 ? | m1 Az 2 8

Lara.



Acknowledgements

Reflecting
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As you set out for Ithaka
hope your road is a long one,
full of adventure, full of discovery.
Laistrygonians, Cyclops,
angry Poseidom AT 160 AA AEOAEA 1
ur 6611 1TAOGAO EET A OEET CO |
as long as you keep your thoughts raised high,
as long as a rare excitement
stirs your spirit and your body.
Laistrygonians, Cyclops,
wild Poseidom UT O x1 160 AT AT O1 OA
unless you bring them along inside your soul,
unless your soul sets them up in front of you.
Hope your road is a long one.
May there be many summer mornings when,
with what pleasure, whatjoy,
Uulr 6 AT GAO EAOAT OO Uil 686 OA O,
may you stop at Phoenician trading stations
to buy fine things,
mother of pearl and coral, amber and ebony,
sensual perfume of every kind
as many sensual perfumes as you can;
and may you visit manyEgyptian cities
to learn and go on learning from their scholars.
Keep Ithaka always in your mind.
| OOEOET C OEAOA EO xE
"00 ATT180 EOOOU OE
Better if it lasts for years,
Ol Ul O680A T1 A AU OEA OE
x AAl OEU xEOE Al1l Ul 0668C
not expecting Ithaka to make you rich.
Ithaka gave you the marvelous journey.
Without her you wouldn't have set out.
She has nothing left to give you now.
'TA EZAZ UI O EETA EAO PITOh )«
Wise as you will have become, so full of experience,
Ul 6811 EAOGA O1T AAOGOGOTT A AU ¢
Voor moesje.
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Summary

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

community ecology. More specifically, community assembly involves the study of tipeocesses
that allow taxa to colonise, and becomestablished at a given locality (HilleRiLambers et al.,
2012). The persistence of a taxon is thought to be mediated by three nomutually exclusive
processes: 1)neutral dynamics that assume ecological equivalence between tax®, historical
patterns of occurrencethat dominate over current localdynamicsand 3) niche-related processes
in which different taxa exhibit varying degrees of fitness (CavendeBares et al., 2009). Although
initially restricted to observational data, the scope of community ecologhas been broadened
following the widespread application of DNAbased methods and the resulting availability of
comprehensive phylogenies (Weblet al, 2002). Assembly processes are expected to manifest in
community phylogenetic structure because taxa imract via their phenotypes, which are non
randomly distribute d across the phylogeny (Vamosi et al2009). Nematodes represent the most
abundant metazoans, dominating deejgea sedimentary habités across the globe (Vanreusel et
al, 2010b). Their ubiquity, large population sizes andinability to escape disturbancedue to
limited vagility, render this microscopic phylum anideal group for monitoring the impacts, and
recovery from, disturbance (Bongers & Ferris, 1999). Concurrently, the morphological
identifi cation of nematodes is taxonomically and practically challengingeven for the few
specialistsin this field, due to phenotypic plasicity of diagnostic characers, cryptic species (i.e.
morphologically similar but genetically distinct taxa) and physical fragility (Creer et al., 201Q
Derycke et al., 2010Derycke et al., 200% Resultantly, biodiversity surveys are increasingly
looking to molecular methods such asbarcoding and metabarcoding as an alternative to
morphological assessments (Biket al.,2012a; Bik et al., 201d; Brannock & Halanych, 2015;
$AT 16! 12015.A0 Al 8h

The ClarionClipperton Fracture Zone (CCFZjs an abyssal aredocated between two
oceanic fractures in the oligotrophic tropical waters of theeastern Pacific Ocean. Although most
abyssal plainscan belargely featureless, the CCFZeabedis littered with polymetallic nodules,
rock concretions made almost exclusively of manganese, while also containing small amounts of
commercially important metals such as nickel, copper and cobaltHgin et al, 2013). Located
about 10 000 km away, the Mzambique Channel (MC)is enclosed bylandmassesto the East
(Madagascar) and West (continental Africa), and is characterized by complex oceanographic
regimes, making it one of the most turbulent aream the world (Ternon et al., 2014). Geological
remnants of its formation, such as fluid emissions of methane and reducsdiphur canbe found

in the MC (Mahanjane, 2014), resulting in topographic depressions (pockmarks). The entire MC
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Summary

has been designateésan Ecologically or Biologically Significant Area (EBSA), owing to the high
marine biodiversity found in shallower depths and the presence of near pristine biotopes.

In this dissertation, we study the community ecology ofree-living deep-seanematode
assemblages irthe CCFZ and M@ith the objective of gaining an understanding of the processes
involved in community assembly, and whether this tends to be driven by competitive interactions
or other (a)biotic factors. We investigated the community structue (i.e. relatedness and co
occurrence patterns) of nematodes inthese two distinct regions, as well as phylogeographic
patterns of the three most abundant geera found thereinusing metabarcoding. Though different
in many ways (e.g. surface primary produdtity, depth range, oceanographic regime), what the
deep-sea ecosystems of the CCFZ and MC share is the impending threat of anthropogenic impacts
resulting from mining of polymetallic nodules and hydrocarbon extraction, respectively. With this
in mind, we provide an assessment of the utility of the metabarcoding methodology as a Rapid
Biodiversity Assessment ToolAs a first step, weoptimised our bioinformatic pipeline (Chapter
2); ribosomal (18S) and mitochondrial (COlpequences from nematode specimensiéntified to
species level were compiled to empirically derive intraand interspecific similarity thresholds for
the designation ofOperational Taxonomic Units (OTUs), whose performance was compared to
that of Amplicon Sequence Variants (ASVs). Artificidinock) communities were created using
DNA extracts from the aforementioned nematode spetiens, and sequenced using High
Throughput Sequencing (HTS). The known identity of mock species in this way providing a direct
comparison between sample and sequenceath. We also assessed the effect of reference
sequence databases of different size and composition on the resulting taxonomical
identifications. The best performing pipeline wasthen applied to the CCFAand MCsamples
(Chapters 3,4, respectively) for which we focused on ribosomal 188 ata exclusively.Finally, in
Chapter 5the aforementioned datasets were combined to conduet phylogeographic analysi®f
Acantholaimus Desmoscoleand Halalaimus ASVsto examine the degree of sharing/uniqueness
between theCCFZ and MC.

In addition to classical measures oASVbiodiversity (i.e. alpha and beta diversity), we
investigated patterns of phylogenetic community structure and cabccurrence to determine the
strength of environmental filtering and competitive interactions, respectively, h shaping
nematode assemblagesNematoda ASVs were predominantly clustered (i.e. exhibiting higher
relatedness than expected by chance) in both the CCFZ and MC, suggesting that environatent
filtering (i.e. when the abiotic and/or biotic environment defines the local assemblage)s
selecting for ecologically similar taxan these deepsea ecosystems. ASVs of timeost abundant
genera Acantholaimus Desmoscole)xand Halalaimus were less congruentbetween areaswith

respect to phylogenett community structure and were frequently random, especially in the MC
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pockmark fauna, an indication of the influencef neutral dynamics in this extreme environment
or the succes®nal stage at time of sampling. @erdispersion (i.e. relatedness lower than
expected by chance) was extremely rare. ASV-oocurrences produced analogous patterns, with
assemblages typically exhibiting cabccurrences that were higher than expected by chance
pointing to affinity for similar habitats, facilitation and/or sympatric speciation. Rarity was very
high throughout with most ASVs being highly localised, typically occurring in just a single
replicate. Concurrently, a very small fraction of ASVs were shared by distant ocean basins,
pointing to past events of longrange dispeasal, the evidence of which has yet to be erased by a
balance between genetic drift ad gene flow. Overall, metabarcoding wasuccessful in identifying
nematode assemblages congruent to that of morphological assessmentsonetheless, the
methodology was na without imperfections as shortcomingsat the molecular and bioinformatic
level did result in the absence olpecific genera in both the CCFZ and M&mples It has been
suggested that ommunity assembly can be viewed in light of four ecological processesamely
dispersal, drift, selection and speciation. In botlthe CCFZ andMC,we found evidence of overall
limited dispersal, slow-acting drift, and environmental selection and (tentative) sympatric
speciation. Finally, we conclude that metabarcoding repigents an attractive methodology for
rapid biodiversity assessment in the context ofdetecting the impacts of anthropogenic

disturbance.
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Samenvatting

Sameavatting

Patronen van gemeenschapssamenstelling en diversiteit wordeanderzocht binnen het
gebied van gemeenschaecologie. Specifieker, gemeenschpsecologie omvat de studie van
processendie aan de basis liggen van kolonisatie en verspreiding van tagdilleRisLambers et
al., 2012).Men gaat er van uit datle persistentie van een taxon wordt gemedieerd door drie nte
wederzijds exclusieve processen: neutrale dynamieken die ecologische gelijkheid
veronderstellen tussen taxa, historische patronen die de huidige lokale dynamiek domineren, en
niche-gerelateerde processen waarin verschillende taxa verschillende mate vaingss vertonen
(CavenderBares et al., 2009). Hoewel aanvankelijk beperkt tot observatiegegevemngrtoonde
onderzoek naargemeenschapsecologieen verbredingdoor het toenemende gebruikvan op DNA
gebaseerde methoden erdaardoor een grotere beschikbaarhed van uitgebreide fylogenieén
(Webb et al, 2002). Men gaat er van uit datassemblageprocessen zich manifesteren in de
fylogenetische structuur van de gemeenschapmwille van interacties tussen taxavia hun
fenotypes, die nietwillekeurig verdeeld zijn over de fylogenie (Vamosi et a).2009). Nematoden
vertegenwoordigen globaal de meest voorkomende metazoans, isedimentaire habitatsvan de
diepzee (Vanreusel et al, 2010b). Hun populatiegrootte, onvermogen om te ontsnappen aan
verstoring en hun alomtegenwoordigheid, maakt dit microscopischetaxon een ideale groep voor
het monitoren van de effecten en herstahaverstoring (Bongers & Ferris, 1999). Tegelijkertijd is
de morfologische identificatie van nematoden zelfs voor specialisten een taxonomisch en
praktische uitdaging vanwege fenotypische plasticiteit van diagnostischieenmerken (Derycke et
al., 2010), cryptische speciatie (Derycke et al., 2005) éin fragiele karakter(Creer et al., 2010).
Als gevolg hiervanis biodiversiteitsonderzoek steeds vakergebaseerd opmoleculaire methoden
zoals metabarcodering als alternatieffoor morfologische identificaties (Bik et al.,2012a; Bik et
al., 2012; Brannock & Halanych, 2015; Dell 'Annet al.,2015).

In dit proefschrift hebben we de gemeenschapsstructuur vanvrijlevende diepzee
nematoden in twee verschillende regio's onderzocht, de Clarie@lipperton Fracture Zone (CCFZ,
Hoofdstuk 3) ende straat vanMozambique (MC, Hoofdstuk 4), evenals fylogeografische patronen
van de drie meest voorkomende genera die daariworden gevonden (Hoofdstuk 5) met behulp
van metabarcodering. Hoewelbeide diepzee systemen in de CCFZ en MC op vele vlakken
verschillen is de dreiging van antropogene effecten die voortvloeien uitrespectievelijk, de
winning van polymetalische nodules en koolwaterstofwinning gemeenschappelijk.In deze
context werd eenmetabarcoderingsmethodetoegepast ter evaluatie van zijn bruikbaarheid als
Ul CAT ARakEAMA "GET AEOAOOEQU | OOAOOI AT 68 1 AGET AA

De CCFZ is eeabyssaalgebied ingesloten tussen twee oculae breuken in de oligotrofe

tropische wateren van de westelijke Stille Oceaan. Hoewel de mézabyssale viakten eerder een
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homogeen substraat vertonenis de CCF¥lakte bezaaid met polymetallische nodulesninerale
concreties die bijna uitsluitend uit mangaan bestaan terwijl ze ook kleine hoeveelheden
commercieel belangrijke metalen bevatten zoals nikkel, koper en kobalt (Heit al.,2013). Het
MC ligt op ongeveer 10.000 km afstandan de CCF£n is omgeven door landmassa's naar het
oosten (Madagaskar)en naar het westen (continentaal Afrika), en wordt gekenmerkt door
complexe oceanografische regimesvaardoor het éérvan de meest turbulenteoceaanbodemger
wereld is (Ternon et al., 2014).Geologische overblijfselen van hetvormingsproces zoals
vloeistofemissies van methaan erezwavelconcentraties, kunnen worden gevonden in de MC
(Mahanjane, 2014), wat resulteert inokale topografische depressies (pockmarks). De gehele MC
is geidentificeerdals ecologisch of biologisch significant gebied (EBSA), vanwetghoge mariene
biodiversiteit in ondiepere zonesen de aanwezigheid van bijna ongerepte biotopen zoals de "lles
Eparses".

Als eerste stap hebben we onze bioinformatische pijplijn gedefinieerd (Hoofdstuk 2);
sequenties van nematodenverden tot op soortniveau gebracht ergecompileerd om empiriscle
intra- en interspecifieke karaktersitieken van overeenkomst af te leiden voor Operational
Taxonomic Units (OTU's), waarvan de prestaties werden vergeleken met die van Amplicon
Sequence Variants (ASV'sYogenaamded | | fehéenschappen werden gecreéerd met behulp
van DNAextracten van de bovengenemde nematodensalen, engesequeneerdmet behulp van
High-throughput Sequencing (HTS). Degekende identiteit vanA A OICIAA B AT BdofeA D 6
biedt op deze manier eemogelijkheid tot directe vergelijking tussen staal en sequentiegegevens.
We hebben ook het effect van referentiereeksdatabases van verschillende grootte en
samenstelling op de resulterende taxonomische identificaties beoordeeld. De best presterende
pijplijn w erd vervolgens toegepast op de CCFZ en MC stalen.

Naast klassieke metingen van biodiversiteit (bijv. Alfaen bétadiversiteit), hebben we
patronen van fylogenetische gemeenschapsstructuur efmet samenvallenvan ASVs onderzocht
om de sterkte van filtering dor de omgeving en competitieve interacties bij het vormen van
nematodenassemblages te bepalenNematode ASVs waren overwegend geclusterd (d.w.z.
vertonen een grotere verwantschap damloor toeval) in zowel de CCFZ als MC, wat suggereert dat
omgevingsfiltering, abiotisch en/of biotisch, bepaalt welkeecologisch vergelijkbare taxa in deze
diepzee-ecosystemervoorkomen. ASVsvan dedominante generaAcantholaimus Desmoscolegn
Halalaimuswaren minder congruent tussen gebieden en waren vaker willekeurig gestatureerd,
vooral in de MCpockmark-fauna, een indicatie van de dominantie van neutrale dynamiek in
deze extreme omgeving, aihogelijks de aanwezigheid van een succesfse op het moment van
bemonstering; overdispersie (d.w.z. verwantschap lager dan toallig verwacht) was uiterst

zeldzaam Het samenvoorkomenvan ASVs produceerden analoge patronen, waarbij assemblages
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doorgaans meer overlap in voorkomen vertoonden dan verwacht op basis van toeval De
zeldzaamheid was heel hoog en de meeste ASVs waren kitgelokaliseerd, meestal in slechts één
replica. Tegelijkertiid werd een zeer kleine fractie van ASVs gedeeld door vafgelegen
oceaanbekkens, wat wijst op gebeurtenissevan verspreiding in het verleden over lange afstand,
waarvan het bewijs nog moet woden uitgebalanceerd door genetische drift en genstroom.
Metabarcoding was grotendeels succesvol in het identificeren van nematodenassemblages die
congruent waren met die van morfologische beoordelingen, hoewel methodologische artefacten
zowel op moleculairals bioinformatisch niveau resulteerden in de afwezigheid van dominante
generain zowel de CCFZ als MC.

Gemeenschapssamenstellinkan worden bekeken in het licht van vier ecologische
processen verspreiding, drift, selectie en speciatie. In zowel CCFZ aMC vonden we
aanwijzingen voor eenin het algemeen beperkte verspreiding, langzaam werkende drift,
omgevingsselectie en sympatrische speciatie. Ten slotte concluderen we dat metabarcodering
eenbruikbare methode is voor snelle biodiversiteitsbeoordeling n de context van antropogene

verstoring.
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Chapter I Life in the abyss

Chapter 1

1 General Introduction

1.1 Life in the abyss
While dredging in the Aegean Sedhe famed naturalist Edward Forbes recognised that
OOEA 1 0i AARO T &£ OPAAEAOG AT A ET AEOEAOAdoGNn teE| ET EOF
AEOOOEAOGOEIT T &£ ATEI AT TEEA ACEAUAE 00100 AGDRAGA AGEBA
EUPI OEAOEOS ET pytth OOCCAOOEI C A Aiipi AOGA AAOAIT
(approx. 550 m), which remained undisputed for almosta quarter of a century (Anderson & Rice,
2006; Forbes, 1844). Subsequent research expeditions such as that of the HB@llengerin the
late 19th century, gathered ample evidence to falsify Forbes theory, designating the deep sea as
a distinct and integrd component of the biosphere. Defined as marine areas exceeding 200 m
depth (Gage & Tyler, 1991), this ecosystem encompasses over 90% of the global ocean (Wabb
al., 2010) and is characterised by topographic features such as oceanic ridges, seamounts and
trenches, while approximately half consists of seeminglfeatureless abyssal plainsThe latter
coverv T b T £ OE AaceoSayd& Byler, 1090)afd aharacterized by fine sediments,
cold (typically -0.5 °Cz 3.0 °C), weHoxygenated waters and dack of in situ primary production,
excluding chemosynthetic systems such as hydrothermal vents and cold seeps (Snsthal.,
2008). Furthermore, abyssal plains are considered food limited and strongly dependent on the
AT 1T OET 61 66 AAIT E O Aaauibr eph@metal ofgénie infuts @dmithe éuphotic zone
to the benthos (e.g. whale carcasses and wood falls).
The establishment of abyssal plains as some of the most biodiverse ecosystems on Earth
was initiated by a macrofaunal study in the North Atlanticin which the authors concluded that
OOEA AEOAOOEOU 1T &£ AAT OEEA ET OAOOAAOAOAO ET OEA
water, benthic communities and is actually comparable to that found in shallow water, tropical
AT 11 01 EOQEAOO eAlltdclely ifGre theCiadsically held notion of a depauperate
deepOAA EAOT A8d j (AOGOI AO O 3AT AAOOh pesamplgB ! 1 OEI
shallow water and/or coastal habitats and the notoriously undersampled deep sea are inherently
imbalanced and pehaps lacking in robustness (Mc@in & Schlacher, 2015), nonetheless, there is
currently no doubt that abyssal plains harbour unique, highly diverse biota, the bulk of which
remains undiscovered (Moraet al.,2011). One of their most enigmatic chacteristics is species
turnover that tends to be very high at both large and small spatial scales, with samples taken
adjacent to one another being only marginally more likelyo host comparable assemblages than
those distant to one another (Danovarcet d., 2009; McClainet al.,2011). Concurrently, major

abiotic features such as temperature, pressure and salinity are largely homogenous at these
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depths (RamirezLlodra et al., 2010), raising the question of what processes are enhancing and/or
maintaining such levels of biodiversity. A number of hypotheses have been put forth to account

for this apparent paradox, generally falling into norequilibrium or equilibrium theories

(Snelgrove & Smith, 2002). The latter propose that environmental stability, and thus
DOAAEAOAAEI EOUh AZ£AOT OO0 EIT AORADEE Q paivEi @OEDOUN 3
large number of ceexisting species in the deep sea to the unchanging local conditions which have

enabled the specialization of fauna into noerous complemertary niches (Sanders, 1968).
Alternatively, non-equilibrium theories suggest that dynamic rather than static processes allow

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

01 OAT 1 & AE OA Odbeedus gliseduiikiul O A£IUDG OER OEOd | #$(q | 2 E.
pwxnq xAO OO &£ OOE AO Al Agbl ATAGEITT & O OEA (
richness of phytoplanktonic communities in the isotropic pelagic realm (Hichinson, 1961).

Accordingto (DHOAO AT U 11T A OEIi Ah T AT U DPAOGAEAO 1T £ xAOAC

Al i bAOEOGEOA AAOAT OACA OREAOCBOAAOROOEAOCORAGBAAOA [
permit a considerable degree of patchiness to occur in phytoplankton, but are ofgrated
AOANOAT 61 U AT 1T OCE OF DOAOGAT O OEA AgAl OOGEOA 1T AA
3EI EIl AOIl Uhi OEBAOPADAELI AOOOEAOOAO EECE AEOAOOEOL
OA OPAOGEAI i T OAEAG xEEAE ORNANAGIJAIOA OEQOHAG TAAGMA 143G
(Grassle & Sanders, 1973)Indeed, suchsmall-scale (md O O halfitht h&efpgeneity is

increasingly being recognised as one of the main drivers of high biodiversity in deegga

ecosystems Singh et al.,, 2016Zeppilli et al., 2016). Albeit antithetic, equilibrium and non

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

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

As the find frontier of marine biological exploration, deepsea life continues to astound and

amaze scientists on every visit; from the discovery of the first ever chemosyntheticalsupported

communities at hydrothermal vents df the Galapagos islands in 197% such bizarre creatures

as thex | Ol déepedt dwelling fish (Pseudoliparis swiréifound in the Mariana Trench lacking

scales and featuring unique drsal and anal fin combinations.

1.2 Community assembly: Processes and patterns

Community ecology involves thestudy of patterns of species abundance, diversity and
composition, as well as the processes generating those patterns. The persistence of a taxon in a
particular locality is thought to be mediated by (i niche-related processes which follow
fundamental as?& | A1 U OO0OI AO6 ABbkiEd ehvirondant, (D) Beltral prodedses

which assume ectogical equivalence among taxa(iii) historical patterns of speciation and
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dispersal which supersede local processe(CavenderBares et al, 2009;Diamond, 1975; Hubbel,

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

OOEA TOO0ATIT A T/&2# A 177¢ch 1TAOOOAT PAasBtdnoefobdth 06 OEA
contemporary ecology as well as the slowvorking cumulative effects of evolutionary history

(Ackerly, 2009).

Based on observations of bird species enccurrence in the Bismarck Archipelago, the
famed ecologist and author Jared M. Diamond formulated several community assembly rules in
1975, including that ofso-A A 1 forhidder(species combinationsh T O OAEAAEAOAT AOA b
he concluded were evidence of competitive exclusion via interspecific competition (Diamond,
1975). When compared to random simulations, assemblagesan thus be aggregated or
segregated (i.e. higher or lower ceoccurrences than exgcted by chance, respectively). The
presence of nomrandomness in ecological communities can be explained through two
contrasting lines of thought in which the importance of competition in defining thdocal species
assemblagevaries. When competition is fundamental to community composition, Darwinian
reasoning would maintain that such interactions would be strongest between ecologically similar
taxa, leading to the coexistence of dissimilar species anderdispersion of traits. Contrastingly,
when the effect of competition is reduced, community assembly will be defined by the particular
environmental (biotic and/or abiotic) characteristics of the locality, resulting in clustering of
traits (Tofts & Silvertown, 2000). Beyond classical occurrence data, the widespread application
of DNA sequencing and the availability of sophisticated phylogenetic trees have allowed for an
evolutionary perspective into the forces defining community assembly (Weblet al., 2002). A
fundamental observation of evolutionary ecology is that closely related species tend to be more
similar than distantly related ones due to their shared ancestry exhibiting similarities in
morphology, ecology, physiology, life history and their ecolgical niche, broadly defined as the set
of environmental and biological conditions allowing persistencef a taxon (Cooper et al., 2010;
Harvey & Pagel 1991Holt, 2009). One must bear in mind that, as is almost always the case in a
biological context, noone observation will beuniversally true, given phenomena such asapid
divergence,convergent evolution (e.g.evolution of wings in birds, mammals and invertebrate}
and the fact that thestrength of the phylogenetic signal ofany particular trait can vay (Cadotte
et al., 2019; Ackerly, 2009). The validity of the a priori assumption of correlation between
ecological similarity and phylogenetic relatedness across the tree of life appears to be
idiosyncratic (reviewed in Losos 2008),requiring the collection of relevant ecological datain
order to interpret patterns of phylogenetic community structure;regrettably this is not always
possible dependingon the ecosystem being studied. Nonetheless, providedat the ecological

niche of an organism is the manéstation of inherited traits and ecologically similar taxa are more
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closely related, the phylogenetic composition of an assemblage will, at least partially, represent
community structuring mechanisms due to the fact that organisms interact via their phengpes,
which are nonrandomly distributed with respect to phylogeny (Figure 1.1, Vamosiet al.,2009).
Random structure points to neutral community assembly while phylogenetic clustering and
overdispersion (i.e. indviduals being more and les<losely related thanexpected by chance,
respectively) is thought to result from environmental filtering (i.e. when theabiotic and/or biotic
environment defines the local assemblagegnd competitive exclusion, respectively, attough the
latter as also been linked to clusteringKraft et al.,2007, Mayfield et al., 2010). Defining the
OAT OEOT T 1 AT Gnétibeenmtitholt AddtéovesyA Bwas originally intended to describe
O E Abiotig factors that prevent the establishment or persistence of species in a particular
locationd j + OA /EO ; Hodevek o increqsing undgrstanding of the ubiquity and function
of the microbial world has challenged the concept of a strictly abiotic filter (Aguilafrigueros et
al., 2017).Through this perspective, Thakur & Wright(2017) advocate the distinction of the

Clustering Random Overdispersion

Figure 1.1: Signatures of phylogenetic clustering, random struare and overdispersion in the distribution
of taxa in an assemblage. From Cooper et al 2008.

abiotic macroenvironment and the biotic microenvironment. Concurrently, AguilarTrigueros et
Al 8 jcmpxq OOCCAOO O dbdckyhundinGronGoEwhichxbiotid teréctised OA O 6
occuroto best describe this interdependenceBeyond the challenge of defining the term, it has
also beensuggested that competitive interactions can generate similar phylogenetic patterns as
an environmentalfilter; t he two often beingindistinguishable when working with observational
data (Cadotte & Tucker 2017; Mayfield & Levine, 2010. Deep-sea communities being shaped by
niche-related processes under the stabilitytime hypothesis could account for their high diversity
due to the speialization of taxa to countless niches afforded by lonaterm environmental
stability. Concurrently, the patchmosaic model would also lead to increased diversity as the
existence of spatietemporal habitat heterogeneity also results in the creation of diinct niches
available for exploitation. Most importantly perhaps, an improved understanding of the
processesgoverning community assembly can be applied to assess lesef local extinction risk

in the face of anthropogenic impacts.
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1.3 Assessment of meiofanal biodiversity: past and future

Whether aimed at unravelling ecological processes, assessing conservation priorities or
the study of evolutionary dynamics, virtually all biological investigations begin with the
cataloguing of species richness and ideryi. In order to elucidate complex spatial and/or
temporal trends of marine biodiversity one is inevitably required to gather data pertaining to the
most basic of questions; what is found where? This can be relatively straightforward to answer
on a global sale in the case of macroscopic animals (Tittensor et al., 2010), yet becomes
increasingly problematic with decreasing size of the organism; concurrently, smaltiodied
eukaryotes become increasingly dominant with depth (Rex et al., 2008).- AE T £A Olisdd AT | BC
group over 20 phyla adapted to living in the interstitial matrix of marine sedimentstetained on
32t [ andpassing through al mm sieve (Giere, 2009). Despite their small size, collectively they
dominate the benthic component of metazoanst times occurring in extreme densities of up to
11000 individuals/ cm2 (Van Gaeveeet al.,2006). The study of meioduna flourished from chance
AAOAOEDOEITO T &£ EOI 1 AOCAA OAoA ET OEA T EA pymrs
i O AET AAT OET 1T cueq AAT 6O A AAT OOOU 1 AGAO8 4EA x|
1976) in this respect was highly influential; not aly was he the first to utilize a finemeshed net
for sampling microscopic taxa, but more importantly, for his conviction that meiofauna was not
OEi PI U AT ETATEAOAT O AiT11AAQGEIT 1T &£ ATEI Al Oh AOO
numberandi AAOOOAT AAnh AOO AiI O ET AEAOAAOAOEOOEAO I £
development of sophisticated sampling gears and Remotely Operated Vehicles (ROVs), the
ubiquity and intricacy of meiobenthic communities is beginning to be revealed even the oceans

greatest depths.

1.4 Ecology and distribution patterns ofnematodes

Nematodes comprise80% of all multicellular animals with free-living representatives
typically beingthe most numerous meiofaunal taxon, occurring in all sedimentary environmest
and dominating the abyssal benthos in terms of abundance and biomass (Bongers & Ferris, 1999;
Rex et al.2006; Vanreusel et al., 2016). In fact, nematode species richness and diversity peak at
depths exceeding 200 m (Boucher & Lambshead, 1993yematodes tend to aggregate in the
upper sediment layers in response to higher food and oxygen concentrations although sub
surface maxima have been documented in cold seep environments and contineintslopes
(Hauquier et al., 2011; Van Gaever at al., 200@anreusel et al., 1995)Food sources rangdrom
other metazoans (including nematodes) to fungi, Bacteria, Archaea, protists, and particulate or
dissolved organic matter (Moens et al., 2014More specifically, fatty acid analysis of deepea

nematodes in the Sathern Oceanindicated a planktonicbased diet (Lins et al., 2015) while at
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Chapter 1 Identification of nematode species: from morphology to molecules

Mediterranean seep sites stable isotope analysis suggested their diet includdibtrophic carbon
through the consumption of sulphuroxidising bacteria (Pape et al., 2011Based m observations
on buccal cavity size andhe presence ofteeth, denticles or other sclerotized structures Wieser
(1953) differentiated the phylum into four feeding types:1A, 1B that lack buccal armature thus
being selective and norselective deposit feelers, respectively; and 2A, 2B representing
epistratum feeders and predators, respectively. Concurrently, recent research hsisown that the
microbiomes of nematode species do not exhibit correlative patterns in association with different
feeding types, maophology or ocean region, suggesting that generalist feeding may be more
prevalent in this phylum than previously recognised (Schuelkest al.,2018). Moreover, food
availability has been shown to be positively correlated with nematode diversity/abundanceral

is one of the key community structurirg factors (Lins et al., 2017). Notable exceptions include
chemosynthetic ecosystems that have been shown to harbour higrabundant, yetlow diversity
communities, at times dominated bythousands of individuals ofa single species (Van Gaever et
al., 2006). In addition, the existence of Rbitat heterogeneity in the form of sedimentary
characteristics, the patchiness of food resourceand topographic complexity(e.g. hard substrata
such as polymetallic nodules, furrovg, pockmarks) results in the increase of nematode
biodiversity (Singh et al., 2016Zeppilli et al.,2012; Zeppilli et al., 2016).

Nematode dispersal cpacity is assumed to be limited as they are microscopic, infaunal,
non-swimming, rheotropic and of resticted vagility (Lambshead & Boucher, 2003).
Concurrently, meta-analysis of several distinct deepsea habitats (e.g. cold seeps, seamounts,
trenches, polymetallic nodule fields, abyssal plains) has demonstrated that a sizeable fraction of
nematode generaand even speciesgo-occur across ocean basins, suggesting cosmopolitanism
and longrange dispersal may bea prominent feature of this phylum (Miljutin et al., 2010;
Vanreusel et al., 201B). The latter coud be achieved passively viaafting, ship ballastwater,
hydrodynamics after resuspension from the sediment, marine snow or tranrt by other, larger
organisms (Boeckneret al.,2009; Derycke et al.,2008; Shanks & Edmondson, 1990; Shanks &
Walters, 1997). That being said, @e must keep in mind thatsuch inferences should be viewed
conservatively as theyare mainly based on morphologicaassessments thatby definition, cannot

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

1.5 Identification of nematode species: fom morphology to molecules

Nematodes have traditionally been identifiedtaxonomically with the use of compound
microscopy, focusing on diagnostienorphological characteristics such as buccal cavity, cuticle
patterns, amphid shape, and reproductive organsiowever, speciedevel resolution using these

features is challenging even for skilled taxonomists due to the small size and fragility of the
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organisms; moreover, the sheer magnitude ohematode population densities up to 108
individuals/m 2 (Lambshead, 2@4) itself can impede comprehensive ecological assessments,
which are commonly restricted to genuslevel and a few hundred dentified specimens per
sample. Even though such extreme densities are atypical for the deegea, in abyssal systems
specifically, gnera such asMonhystrella Thalassomonhysteraare highly abundant and
particularly challenging to identify to species level due to a lack of distinctive morphological
features. Moreover, this phylum is characterised by a high degree of phenotypic plastigi
(Kiontke & Fitch, 2010;Miljutin & Miljutina, 201 6) as well as cryptic speciesfurther complicating
accurate identification (Derycke et al., 2010; Derycke et al.,, 2005; Hauquiegt al., 2017).
Approximately 7000 free-living marine species have curreny been described while the vast
majority, potentially numbering in the hundreds of thousands, remain undisavered (Appeltans
et al., 2012;Lambshead & Boucher, 2003).

The first step toward addressing the challenge of nematode identification was made with
OEA AAGAT T PIATO T &£ O0%.! AAOAT AET cé68 "U OEA
characterisation of the diversity of life exclusively by taxonomic means was constrained in four
ways. First, morphologically similar but genetically distinct taxa (i.e. cyptic species) are
overlooked. Second, as morphological keys are frequently only relevant to a specific life stage or
sex, some norrivial fraction of the assemblage cannot be identified. Third, variability in
morphological features can result in erroneas identifications and fourth, even the use of modern
identifications keys can require a high level of expertise (Hebedt al.,2003). AlImost two decades
earlier, the development of the Polymerase Chain Reaction (PCR) (Mullis et al., 1986) had
revolutioni sed the field of molecular biology by allowing locuspecific amplification of DNA
sequences, the utility of which in the context of biodiversity assessment could not be overstated.
Given that genetic variation of a particular locus between species (intguecific) exceeds that
within them (intraspecific), one could discriminate taxa based on their DNA, which functions as a
barcode similar to that of retail products. Briefly, the workflow consists of DNA extraction from
individual organisms, PCR amplificatia of the barcode locus, Sanger sequencing of the PCR
product and crossreferencing with publically available sequences linked to taxonomically
identified specimens Hebert et al.,2003). The crucial link between DNA barcode and a species is
thus achieved ly taxonomically identifying voucher specimens prior to sequencing thenin order
to generate a reference library By 2008, initiatives such as the International Barcode of Life
(IBOL) had been established, aimed at compiling 2.5 million species referencegences by 2025.
The originally proposed barcode was the Cytochrome Oxidase 1 gene (COdhile several
ribosomal loci (e.g. 18S5/28S and 16S/23S in eukaryotes and prokaryotes, respectively) have been

adopted in more recent years (Blaxter, 2004). Althoughhe maternally-inherited CO1 gene can

22

A‘



Chapter 1 Identification of nematode species: from morphology tanolecules

provide specieslevel resolution and ecological insights within nematode populations (Derycke
et al., 2006; Deryckeet al., 2010; Van Campenhout et al2014), its amplification can be
problematic for typical deepsea taxa (Miljutin & Miljutina, 2016). As a result, nematode
barcoding assays have mainly focused atfnie ribosomal 18S locus (Floyd et al2002), which
comprises the vast majority of publically available reference sequences.

O- A OA A A OFgurd1R) reflécts he transition from targeting single specimens using
traditional Sanger sequencing to Highrhroughput Sequencing (HTS) technologies which achieve
multispecies identification from bulk environmental samples (Deimr et al., 2017; Taberletet al.,
2012). With respect to the extraction of DNA, one can chose to do so directly from the sediment
(environmental or eDNA) or to manipulate the sample in some way in order to target a specific
taxonomic group and/or size clas. The former approach offers a more holistic view into the
assemblage albeit at the cost of the inevitable inclusion of extellular and/or degraded
material whose source may be exogenous and temporally irrelevant (Creer et al., 2016). Due to
the orders of magnitude difference between biomass and sediment or water volume, fréiging
nematodesare typically extracted from their substrate (Creer et al., 2010) and molecular assays
thereof using the small ribosomal subunit gene (18)avebeen highly succeasful in a number of
ecosystemssuch as the deegsea, shallow tropical seas and the AntarctiB@rannock & Halanych,
2015; Fonseca et al., 2017; Porazinska et al., 2009). Moreover, such studies have led to major
insights into the phylum-specific attributes of this marker, such as the presence of neidentical
repeats within the genome of a single individual, whose number may be conserved within species,
as well as identical sequenceim different species for the ca. 400 bp fragment of this locus (Bt
al., 2012b; Bik et al, 2010; Porazinskaet al., 2010). Metabarcoding deepsea nematodes
specifically has revealed that while the majority of taxa are restricted regionally, a substantial
amount exhibit eurybathic ranges and cosmopolitanism. Genetic divergenbetweenindividuals
from geographically disparate deepsea areas is generally low, indicative of shorter coalescence
times and/or slower evolutionary rates in this ecosystem (Bilet al., 2012). The ability to explore
such infrequently visited ecosystemswith HTS methodologies has highlighted the paucity of
publically available reference sequences of deegea taxa, evidenced by the large fraction of reads
Ol xEEAE A OA@iTIiT I EA |1 AAAtal.2818) 110 AA APDPI EAA
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Concurrently, the effect of he chosen molecular marker cannot be dismissed as some
fraction of taxa may fail to amplify. Nonetheless, the absence of taxonomy need not preclude
ecological interpretation, as the information afforded by HTS data goes beyondethaxonomic
label given toeach sequenceébecauseit includes the identity of nucleotides contained therein.
With respect to environmental monitoring for example, the response variable can be defined at
the level of change in the assemblage identity as a whole, rather than at lowaxtnomic levels
of a specific group. The former can be described by exclusively phylogenetic metrics and has been
successfully applied to detect shifts in meiofaunal communities before and after dramatic
environmental impacts such as the Deepwater Horizowil spill in 2010 (Bik et al., 2012a).
Altogether, HTS technologies present a tool that has revolutionised the exploration of biedrsity
in remote and difficult-to sample ecosystems while simultaneously aiding in the understanding

of community processeswithin them as well as the monitoring of impacts inflcted upon them.

Extract
environmental
DNA

Amplify 18S rRNA genes

High-throughput
seauencina

Figure 1.2: The Metabarcoding workflow. Beginning at top left: sediment containing meiofauna are sampled, theiNB
is extracted and amplified with PCR. The products are then sequenced on High Throughput Sequencing platform:
the resulting data are used to conduct various diversity analyses. From Bik et al. 2012.

1.5.1 Bioinformatic analysis of HTS data: Clustering and denoising algorithms

The starting point in the analysis of HTS data are millions of sequence reads per sample,
which are passed througha quality filtering step first, followed by the truncation of non
informative regions (i.e. primers, adapters). Subsequently, one can choose how to generate the
units that will ultimately represent proxies to taxa in the dataset; these can result from reh
clustering or denoising (i.e. Operational Taxonomic Units [OTUs], or Amplicon Sequence Variants
[ASVs], respectively). Clustering algorithms can be hierarchical (e.g. Esprit), modesed (e.g.
Crop) or heuristic (e.g. UClust), with the latter being thenost commonly used due to their
decreased computational demand (Edgar, 2010; Hao, Jiang, & Chen, 2011; Sun et al., 2009).

Heuristic clustering groups sequence reads based on similarity to either (i) a collection of
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reference sequences (closedeference), (i) the reads present in the sample itself de novg or
(i) a combination of both (open-reference). Ideally, the chosen similarity threshold should
represent the limit of intraspecific sequence divergence for the relevant marker gene in order to
function at specieslevel resolution (Cristescu, 2014); nonetheless, 97% similarity is routinely
used in eukaryotic assays despite its derivation from prokaryotic data (Brannock & Halanych,
2015; Creer et al., 2010; Drancourt et al., 2000). Alternatively, one cahose to denoise rather
than cluster sequence reads, a relatively new method with significant improvementggarding
reproducibility and comprehensiveness compared to OTUs (Callahat al.,2017). Essentially,
these two strategies differ in how they addres errors generated during sequencing: clustering
does this by grouping reads within a specified similarity, while denoising applies corrections to
the raw read data itself (Callahan et al., 2016; Edgar, 201@dditionally, while a single nucleotide
difference between two sequences will generate distinct ASVs, these woulddreuped together
within the same OTU; thus the former could potentially overestimate diversity due to the
aforementioned intragenomic variation in nematodes, while the latter may be merunduly

conservative.

1.5.2 Bioinformatic analysis of HTS data: Taxonomic assignment methods
Following the derivation of OTUs or ASVs, one can choose to determine their taxonomic
identity by comparing these to publically available reference sequences such &os$e compiled

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

Herein lies the complementarity of barcoding and metabarcodingin order for the latter
methodology to be maximally informative requires it to capitalise on the output of the formerin

that voucher specimen reference sequences are required to arrive at reliable taxonomic
assignments of HTS datéCristescu, 2014). Thanatching of an OTU/ASV to a reference sequence
can be alignment, tree, phylogeny or probabiliybased, the choice of which can have a marked
influence on the resulting taxonomy (Holovachoset al.,2017). The Ribosomal Database Project
taxonomic classifier (RDP) applies Bayesiarinference and has been recommended for large
ribosomal datasets (Liuet al.,2008). In addition to taxonomic assignment approach, the number
and length of the available reference sequences can also affect how many and which taxa are
identified (Ritari et al.,2015; Werner et al., 2012).

1.6 Studyareas
Two areas were visited during gparate campaignsn 2014 and 2015 inthe context of
exploration of pristine and unexploreddeep-sea ecosystem$o characterisethe local biodiversity,

as well aswithin the framework of future anthropogenic exploitation and its impacts.
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1.6.1 The ClarionClipperton Fracture Zone
Aside from countless biological discoveries, the aforementioned HMEhallenger
AZGPAAEOEIT xAO OEA AEEO0O0O o@ibodeOwhiciCwer® Cofnfnded Al DAAC
Al T 100 POOA 1T AT CATAOGA 1T EAAG A&OT I OEA 1TAAAT AAPO
(Figure 1.3) are highly abundant in the abyssal plains of the Clarie@lipperton Fracture Zone
(CCFZFigure 3.1) in the eastern Pacific Ocean, Central Indian Ocean Basin and the Peru Basin.
They form around a nucleus via the precipitation of metals from the surrounding seawater
(hydrogenetic) or from sediment pore water (diagenic), growing at a rate of 1 cm over several
million years, one of the slowest of all geological phenomena (International Seabed Authority,
2010b). Composed mainly of manganese (Mn, 28%), iron (Fe, 6%) and silicon (Si, 5% t
nodules also contain a number of commercially important metals such as nickel (Ni, 1.3%),
copper (Cu, 1.1%), cobalt (Co, 0.2%), molybdenum (Mo, 0.059%) and rare earth elements (REE,
0.081%) (Hein et al., 2013; Miller et al., 2018). The abundance of CCF#@odules has been
estimated at 21100 million metric tonnes (International Seabed Authority, 2010a); moreover, the
amount of Mn, Ni, and Co contained therein far exceeds that of global terrestrial reserves (Hein
et al., 2013). A natural resource of such magude inevitably sparked industrial interest to
harvest polymetallic nodules for metal extraction.
The nodule fields of the CCFZpan a depth range of & km and are overlaid by
oligotrophic waters (1.63-1.26 g G,gm-2yr-1, (Lutz et al.,2007)). Surface circulation (down to 500
m) in the CCFZ is dominated by the souttvesterly flow of low salinity Antarctic Intermediate
Water (AAIW); the upper deep layerg2000-3000 m) by the North Pacific Deep Water (NPDW)
flowing to the south-east while Lower Circumpdar Deep Water (LCDW)moves in a southerly
direction in the lower deep layers(4000-5000 m) (Kawabe & Shinzou, 2010)Although flow
OPAAA AO AAUOOAI AAPOEO EO OUDPEAAI T U 1171 xhn i AOT OA
influence the seabed, resuihg in a fivefold increase in energy input and the resuspension of
sediments (Aleynik et al., 2017).
The entire arealies outside the 200 nautical mile Exclusive Economic Zone of national
jurisdi ction, thus falling into international waters/seabed/subsoil AT A OEA OAT i 111 EAO
i AT EET A6 O1T AAO OEA 51T EOAA . ACETT #11O0ATOETT T
responsibility of management of activities in the area have thus been appointed to the
International Seabed Authority (ISA), an autonomous interational organization established in
1994. To date, the ISA has granted 16 contraab$ 15 years for the prospection andexploration
of polymetallic nodules. Concurrently, the wider community of deesea research has identified
the urgency to complement basline work conducted by each contractor in their respective area,

by large scale studies of the CCFZ fauna (Vanreustlal, 2016). For this reason, the Joint
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001 COAiI T A0 )Y)TEOEAOEOA (AAI OEU AT A 001 AGAOGEOGA /A
DeepOAA -ETEIT Co6 AAOQOETI T h AOOAT ATET C AT ET OAOT AGEIT I
gathering baseline information of the area, assessing rapid biodiversity identification
methodologies and predicating the ecological impacts of deegea mining. My suprvisor Prof. Dr.

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

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

the German Research Vessel Sonne from 11/B9/04 2015. During this time, sediment cores

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

und Rohstoffe, IOM.C: InterOcean é¢bl-Control, GSR: Global Sea Minefdksources, IFREMER;

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

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

S

ROV KIEL6000 201

Figure 1.3: Polymetallic nodules in the abyssal plains of the Clarie@lipperton Fracture Zone.

1.6.2 The Mozambique Channel (MC)

The Mozambique Channe{Figure 1.4) is situated between the islandof Madagascar to
the East and Mozambique to the Wesits formation resulting from the separation of Antarctica
and Africa approximately 165 Ma ago (Leinweber & Jokat, 2012)he waters overlaying the MC
are considred mesotrophic ranging from 21.611.8 gCog m-2yr-1 at depths less than 1 km and
2.151.94 g Ggm-2yr-1 at depths exceeding 3 km (Lutz et al., 2007J.he MC is characterized by
complex oceanographic dynamics due to the influence of various bodies of water at different
depths; the MozambiqueCurrent in surface waters, the South Indian Central Water from 26600

m, Red Sea Water and Antarctic Intermediate Water at intermediate depths, North Atlantic Deep
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Water below 1200 m, and Antarctic Bottom Water beyond 3500 m (Ridderinkhof et al., 2010;
Ullgren et al.,2012; Van Akernet al.,2004). Furthermore, the MC contributes substantially to the
seasonality of the climatologically important Agulhas current (Biastochet al, 1999), while
simultaneously facilitating inter-ocean connectivity due to its mteraction with the Atlantic and
Indian Oceans (Ternon et al., 2014 Htuated within the EEZ of both countries, management of
exploitative activities in the MC is defined by theelevant governing bodies of Mozambique and
MadagascarTheentire channelhas been designated as an Ecologically or Biologically Significant
Marine Area (EBSA) with several sudlivisions therein such as the biogeographically unique
Northern MoUAT AENOA #EATT Al AT A OEA O3AAOOAOAA )OI AT A
coral islands, atolls and reefs Despite being relatively well described oceanographically,
information on pelagic biota are limited (Ternon et al., 2014), and entirely absent with respect to
the deepsea benthos (Fontanier et al., 2016). Tectonic and volcarfgatures, such as sgaounts

and cold fluid emissionsresulting from its evolution can be found in the Channel, including
multiple basins fostering hydrocarbon reserves (Mahanjane, 2014). Moreover, topographic
depressions (pockmarks) resulting from the disbarged methane and reduced sulphur are
common in the MC. Oil and gas exploration has been ongoing since the 1950s but has only in
recent years attracted largescale investment in extraction and processing infrastructure (Obura

et al, 2015).Practically the entire MC coast is currently lined with concessioblocks thatin some
cases overlap substantially with designated EBSAs and Marine Protected Areas (MPAS) (Obura et
al., 2018; WWF, 2018).

The Passive Margins Exploration Laboratories (PAMELA) project fded by the Institut
Francais de Recherche pour I'Exploitation de la Mer (IFREMER) and the Total Foundation is
aimed, among others, at investigating the biodiversity of ecosystems associated with fluid
seepage from the benthos in the Mozambique Channel sifally. In 2014, | had the opportunity
to partake on the first campaign of the Project (Pamelozambique01) on board the French
2A0AAOAE 6AO0O0AT O,-DDM0ad\doliadt edindent 46¢ek from suchfetosystems

as well as the abyssal plains @ghe Channel.
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Figure 1.4: Surface circulation in the Mozambique Channel. From Ternon et al. 2014

1.7 Thesis Aims and Outline

With this dissertation, we aim to characterise the biodiversity of free-living marine
nematodeshy applying a metabarcoding approachin two largely undescribed andcontrasting
deep-sea environments threatened by impending anthropogenic impacts the polymetallic
nodule fields of the abyssal plains in the Clarielipperton Fracture Zone and an area extending
from the upper slope to the abyss including a pockmark site in the Mozambique Channi&side
from a classical decription of these communities wesought to investigate theprocesses defining
community assembly by examining the ceoccurrence of taxa (i.e. segregated, random or
aggregated) as well as phylogenetic community structure (i.e. clustered, random or
overdispersed). Based on the existingody of literature pointing to the fundamental role of the
environment in shaping deep-sea nematode assemblagesand the generally low population
densities, we hypothesise that competitive interactions will have an overall redied effectin the
CCFz and MCConcurrently, we sought to (in)validate the utility of metabarcoding as a rapid
biodiversity assessment tool.

First, methodological aspects of the bioiformatic analysis of metabarcodingdata were
thoroughly assessed in Chapr 2; we compiled 438 ribosomal and 290 mitochondrial species
specific DNA reference sequences collected by numerous researchers over many years of
nematode barcoding at Marine Biology Research Group (Ghent Universitwhich were used to

identify specieslevel genetic distance thresblds for each marker gene. #ificial (mock)
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nematode communities were created using extracts of the same barcoded specimens, the known

identity of which providing a direct comparison of sample and the resulting sequence dafhese,

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

of several steps in the bioinformatic pipeline were assessed (read merging, taxonomic
assignment) as well as the accuracy of clustering versus denoising @fghms (i.e. OTUs versus
136008 4EA OAOCOI 60O 1T &£ #EAPOAO ¢ EAIDAg makdl DOAI
nematodes using curated 18S and COL1 reference sequence databases for spéeiet taxonomic

AOOCECGT I AT 60006 j - AAEA OBez&iad, Tytgat B, Dith] Nglyén T+Xuan4TAiT EAh
Nguyen Pgt al.,Ecology and Evolution 2019;(9):121%26).

In Chapter 3, the processes shaping nematode communities in the CCFZ are discussed.
Samples wee collected spanning 100s of knas well as the decreagag Particulate Organic Carbon
(POC) gradient observed in the area. The nematofauna were identifisth metabarcodingand
compared along this gradient while ceoccurrence and phylogenetic metrics were applied to
determine the dominance of abiotic versus Hlitic (competitive exclusion) community structuring
processes in these pristine polymetallic nodule fields. These results have been submitted for
DOAI EAAOQEIT 1  Ohyldgkretic Slustaringant Gdrith im@ly high risk of local species
extinction in prospective deepsea mining areas of the Clariot | EPDAOOT T & OAAOOC
ET 00T Al Goa AEAAET QA1 31 redsddyersich subniitied on Kdvelnbar O E N
15th 2019.

In Chapter 4 a similar suite of analyses were applied to the MGmples. In this instance
samples were collected at the northern end of the channel, inside a topographic depression
(pockmark) resulting from methane and reduced sulphur seepage from the benthpareference
site (~30 km away from the pockmark), as well adrom abyssal stes in the south, up to 1100 km
away.

In Chapter 5, we take a biogeographical perspective focusing on three widespread and
abundant deepsea genera, namelhAcantholaimusDesmoscoleand Halalaimus We compiled the
metabarcoding data from Chapters 3 &4, barcoded specimens from the UGent database
MoMentuM as well as publically available sequences from GenBank to construct phylogenetic
trees and quantify sequence similarity.

Finally, in Chapter 6we discuss the utility of nematodes as a fat taxon for monitoring
anthropogenic disturbanceand recovery therefrom, we provide an assessment of metabarcoding
as a Raj Biodiversity Assessmentool, and review the processes defining community assembly
of free-living marine nematodes in these deep-sea ecosystems in the context of the four

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

2 Metabarcoding freeliving marine nematodes using curated 18S and CO1 reference

seqguence databases for species level taxonomic assignments

2.1 Abstract

High-throughput sequencing has the potentl to describe biological communities with
high efficiency yet comprehensive assessment of diversity with specidsvel resolution remains
one of the most challenging aspects of metabarcoding studies. We investigated the utility of
curated ribosomal and mtochondrial nematode reference sequence databases for determining
phylum-specific speciedevel clustering thresholds. We compiled 438 ribosomal18S) and 290
mitochondrial (CO1) sequences thatidentified 99% and 94% as the specieslelineation
clustering threshold respectively. These thresholds were evaluated in HTS data from mock
communities containing 39 nematode species as well as environmental samples from Vietnam.
We compared the taxonomic description of the mocks generated by two readerging and two
clustering algorithms and the clusterfree Dada2 pipeline. Taxonomic assignment with the RDP
classifier was assessed under different training sets. Our results showed that 36/39 mock
nematode species were identified across the molecular markers (18S: 3B2J 19, JB3: 21) in
UClust refOTUs at their respective clustering thresholds, outperforming UParséenovaand the
commonly used 97% similarity. Dada2 generated the most realistic number of ASVs (18S: 83, JB2:
75, JB3: 82), collectively identifying 30/39 nock species. The ribosomal marker outperformed
the mitochondrial markers in terms of species and genukevel detections for both OTUs and
ASVs. The number of taxonomic assignments of OTUs/ASVs was highest when the smallest
reference database containing ol nematode sequences was used and when sequences were
truncated to the respective amplicon length. Overall, OTUs generated more speciegel
detections, which were however associated with higher error rates compared to ASVs. Genus
level assignments usingASVs exhibited higher accuracy and lower error rates compared to
specieslevel assignments, suggesting that this is the most reliable pipeline for rapid assessment

of alpha diversity from environmental samples.

2.2 Introduction

Species identification is an idispensable part of ecological studies and the most basic
form of biological data. Traditionally this has been achieved through the meticulous study of
morphological features, a timeconsuming process demanding expert taxonomical knowledge.
Currently, metabarcoding using High Throughput Sequencing (HTS) allows for the acquisition of

large volumes of sequence data from multiple bulk samples containing numerous individuals,

32



Chapter 2 Introduction

offering a costeffective, efficient and rapid way of assessing the diversity of comgt
communities. DNA barcode sequences stored in digital repositories (e.g. GenBank, SILVA, BoLD)
coupled to morphologically identified voucher specimens expedite species identification by
serving as taxonomically assigned references (Hebest al.,2006).

Operational Taxonomic Units (OTUs) are most commonly used as a proxy for species in
HTS data. OTUs can be generated by heuristic (e.g. UParse, UClust), hierarchical (e.g. Dotur,
Esprit) and/or model-based (e.g. Crop) clustering of sequence reads in theegence or absence
of a userdefined similarity percentage (Edgar, 2010, 2013; Hacet al., 2011; Schloss &
Handelsman, 2005; Sun et al., 2009). Clusters are formbdsed onsimilarity to a collection of
reference sequences (referencéased), the assemblagef reads present in the sample (denovo)
or a combination of both (openreference) (Schloss & Westcott, 2011). Heuristic algorithms
which implement clustering thresholds are typically preferred over computationally demanding
hierarchical methods, with UClusand UParse being two bthe most commonly used (Chen et al.
2013). Ideally, clustering thresholds should correspond to inter and intraspecific sequence
divergence data in order for OTUSs to function as a proxy for speci@g,pically, sequence similarity
is set to 97% based on bacterial species delineation via DNINA hybridization (Stackebrandt &
Goebe] 1994) yet has been shown to differ between taxonomic groups and/or molecular markers
(Behnke et al., 2011). Recently, clusterinffee approaches such a®Dada2 and Deblur are
becoming increasingly popular, the former being the recommended strategy in Qiime2 (Amir et
Al 8h cmpxn #AI1AEAT AO Al 8h cmpoqQs8 $AAAc AEEAA

OANOAT AAOG AU A b-Bware Eriodgl oflllunthll GraglidérO etrors and sample
composition is inferred by dividing amplicon reads into partitions consistent with the error
iTAAT 6 j#A11 AEAT AO Aish ¢mpoeqgqn OEA DAOAE Oi AT A
eukaryotes has yet to be addressed.akonomy can be assigned to each OTU/ASV using several
methods (e.g. alignment, tree or probabilitypased), all of which require reference datasets. The
accuracy of taxonomic assignment is thus strongly dependent upon the availability of reference
sequencescoupled to credible morphological species identifications as well as the algorithm of
choice (Holovachov, 2016; Holovachoet al.,2017; Somervuo et al., 2017). In this respect, the
Naive Bayesian Ribosomal Database Project classifier (RDP) has been shtwyield increased
taxonomic assignments and is currently the recommended strategy by Qiime developers (Navas
Molina et al., 2013; Ritariet al.,2015).

Freelliving marine nematodes are found in almost every sedimentary environment
(Vanreusel et al., 200b) where they are typically the most numerous meiofaunal taxon and
essential to ecosystem functioning by facilitating mineralization, nutrient cycling as well as the

provision of a high-quality food source (Bonagliaet al., 2014; Leduc, 2009). Morphologial
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identification of nematodes demands the timeconsuming process of compound microscopy
while the existing taxonomical knowledge is insufficient for species level identification as the
majority are undescribed (Appeltans et al., 2012). A high degree of ghotypic plasticity and

cryptic speciation further complicate the delineation of species using morphological
characteristics exclsively (De Ley et al., 2005Derycke et al., 2005, 2008). Resultantly,
metabarcoding is being adopted to assess nematode dislly using the ribosomal 18S locus
which generally provides resolution to genus and higher taxonomic levels but often fails to
distinguish between congeneric specieArmenteros et al., 2014; Bik et al., 2012 Carugati et al.,

2015; Deryckeet al., 2010;Porazinskaet al., 2010). Variability in repeat copy number as well as

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

AAOT AAT O /1450 AlTT¢ xEOE A |1 AaAE] AT IDADORRITIQhT

confounding estimates of diversity (Biket al., 2012; Porazinskaet al.,2010). The mitochondrial
Cytochrome Oxidase 1 (CO1) has hitherto not been applied for nematode metabarcoding, despite
its capacity for speciedevel resdution in marine nematodes Derycke et al., 2005).

Using nematode mock communities ouobjectives were to 1/ evaluate the utility of OTUs
as a proxy to species by calculating markespecific clustering thresholds derived from inter and
intraspecific p-distance values from curated Sarey sequences, 2/ compare the efficacy of the 18S
ribosomal and mitochondrial COI molecular markers in nematode metabarcoding, 3/ compare
two read-merging strategies for generating OTUs (Pear/Fastq_mergepairs; the former evaluates
all possible pairedend read overlaps without requiring the target fragment size as inpuand
implements a statistical test br minimizing false-positive results while the latter computes the
optimal ungapped alignment of the overlapping region of the forward and the reverse
complemented reverse sequence), 4/ compare opereference and denovo heuristic clustering
algorithms (UCust_ref/lUParse) as wdl as the clusteringfree Dada2 pipeline at describing
species diversity, and 5/ determine the effect of reference sequence databasedifferent size,
amplicon length and taxonomic coveragen OTU clustering and taxonomic assignment with RDP.
We expectedthe ribosomal data to yield an inflated number of OTUs due to the aforementioned
OEAGBGAE]T 6 DAOOA& A&, J0m) whike thEritecBoAdrial data to yield speciedevel
taxonomic resolution. Finally, the analysis pipelinghat generated the most accurate description
of the mock communities was applied to an environmental sediment sample from Vietham in

which nematode species haw been identified morphologically.
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2.3 Materials and Methods
2.3.1 Sanger data

We generated 18S and CO1 sequences from nematodes sampled in the equatorial North
Pacific, Cuba, Italy (Panarea Island), Papua New Guinea, the Netherlands, Tunisia and Vietham.
All nematodes were vouchered and identified by taxonomic experts prior to molecular
manipulation. Individual specimens were picked from a plastic counting tray using a metal
needle, washed three times in sterileMilli-Q water, mounted on temporary glass slides and
assigned to the lowest taxonomic level using a camefeguipped microscope while
simultaneously photographing morphological features (specimens from Cuba were processed as
described in Armenteroset al.,2014). Genomic DNA was extracted from all samples aslldws:
each specimen was placed in a 0.5 mL Eppendorf tube with 20 uL Worm Lysis Buffer (50 mM KCl,
10 mM Tris pH 8.3, 2,5 mM Mggl 0,45 % NP 40 (Tergitol Sigma), 0,45 % Tween 20). DNA
extractions were completed by adding 1pL proteinase K [10 mg/mL] anHeating to 65 °C for 60
min followed by 95 °C for 10 min. Samples were then centrifuged at maximum speed for 1 min
and lysates stored at20 °C. DNA extracts were used to amplify a ca. 800 bp 18S ribosomal-(V1
V2) and ca. 396 bp CO1 mitochondrial fragmei@t3-M11) with primers SSU_F_04R and JB3JB5
respectively; when these failed we amplified shorter fragments of the same loci, ca. 360 bp and
340 bp for 18S and CO1 using primers SSU_F38U 22 R and JBB5GED (Armenteros et al.,
2014; Blaxter et al., 198; Derycke et al., 2005, 2007). Sequences coupled to a voucher specimen
with reliable species identification were used to calculated intraand interspecific p-distances:
top AT A cwmnm OANOAT AAOG A1 O py3 AT A #/p jOAES" O
maximum eight and 22 specimens respeately. Sequences were aligned using Muscle and default
settings in Geneious® v.9.1.6 (Edgar, 2004; Kearse et al., 2012). Stop codons were manually
removed from the CO1 alignment. The software Gblocks®© v.0.91b (Ca&stana Lab, 2002) was
used to remove poorly aligned positions and divergent regions of 18S sequences (minimum
number of sequences for conserved position: 50%, minimum number of sequences for flank
position: 50%, maximum number of contiguous norconserved psitions: 8, minimum length of
block: 5, gap tolerance: with half). Rlistances were calculated in Mega7.0.18 using default
settings and pairwise deletion of gaps/missing data (Kumaet al,, 2016). The resulting similarity
matrix was imported to ExCaliBarv1.0.0.0 (Ferdowsi University of Mashad, Iran) for sorting the
data into intra- and interspecific distances and visualized as histograms in GraphPad Prism v6
(GraphPad Software, La Jolla California USA). Intraspecific values greater than 0.05 were used as
an indication of potential cryptic species (Deryckeet al, 2010). In these instances, the relevant
voucher specimens were doublehecked to verify taxonomic identity and cryptic speciation

confirmed when the following three conditions were met: 1/ the pdistance was high for both
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CO1 and 18s to rule out random sequence divergence of either locus, 2/ the relevant specimens
came from different regions (divergence through isolation), and 3/ the glistances showed
consistent patterns that divided specimens im clear groups, i.e. low values within and high
between groups. Cryptic species were indicated as such by appending a letter to the label. Finally,
species delimitation distance thresholds were obtained using the ad hoc package in RStudio©
v0.99.878, witha maximum relative error (RE) of 0.05 and ambiguous identifications treated as
correct (Sonet et al., 2013). This could not be completed for the 18S data as a whole due to the
overlap of inter- and intra-specific distances; we therefore performed all afor@mentioned steps
separately on two families from the three best represented orders; Chromadoridae (n=27),
Cyatholaimidae (n=38), Oncholaimidae (n=29), Oxystominidae (n=16), Sphaerolaimidae (n=15)
and Xyalidae (n=49). A threshold value within 5% RE could ndte derived for Chromadoridae,
Oncholaimidae and Xyalidae; for these families, the interval coupled to the lowest possible RE

was provided.

2.3.2 Mock communities

DNA extracts from vouchered nematode specimens were pooled treate two replicate
mock communitiesfor two experimental treatments: equimolar (A/B) and isovolumetric at 1 pL
DNA extract per specimen (C/D). The A/B mocks consisted of 53 DNA extracts representing 39
nematode species Appendix Table2.1). A refererce sequencdor 18S and CO1 was not available
for four DNA extracts and thus were not included in mocks C/D as well as the specimen
Spilophorella_aberrans_64H6K12 (insufficient extract). A mitochondrial sequence for specimen
Halalaimus sp_BEL_4 was not aNable. As such, DNA extracts from 53nd 48 specimens

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

2.3.3 HTS library preparation
The DNA extract concentrations were measured using the Qubit® dsDNA High Sensitivity
Assay Kit (ThrermoFisher Scientific, U.S.A.) and equimolarpooled for mocks A/B. The CO1 and
18S loci were amplified using primers JBJB5GED (JB2), JBIB5 (JB3) and SSU_F-88U 22 R
(18S) respectively; these were constructed with lllumina overhang adapters asdeseA AA ET  Op ¢ 3
-RAROACATTT EA 3ANOAT AET ¢C , EAOAOU O0OAPAOAOEITT068 4I1
multiple PCR cycles toward the most abundant taxa (Suzuki & Giovannoni, 1996), we chose two
cycling conditions; 30 and 12 cycles. The four samplesene amplified in triplicates with the
following PCR conditions: 18S: 95°C 2 min, 12/30x(95 °C 1 min, 57 °C 45 sec, 72 °C 1 min), 72 °C
10 min; CO1: 95 °C 2 min, 12/30x(95 °C 1 min, 50 °C 45 sec, 72 °C 3 min), 72 °C 10 min. The mix
AT T OEOOAA lgmdeyi8q, 4 ylRhusior#Biffer, 4 uL Dye, @ uL dNTP [10 mM], 1 pL
£l OxAOA AT A OAOAOOA DPOEIAO frpm t-Yh m8¢ A, O0EOOF
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England BioLabs, U.S.A.). The products were run on a 1% agarose electrophoresis gel to confirm
fragment length. The 30 cycle libraries wee purified using E' A1 © 3 EUA3 A1 AAOA ! CAO
(ThermoFisher Scientific, U.S.A.) and the 12 cycle with Agencourt AMPure XP beads (Beackm
Coulter, U.S.A)). The 12 and 30 cycle products were run on the Bioanalyzer 2100 Fghsitivity

and 7500 DNA Kitrespectively to assess the size distribution of PCR fragments. Triplicates were
pooled, resulting in24 libraries, i.e. 2 cycling conditions x 3 primer pairs x 2 mock communities x

2 replicates. Library indexing wascompleted using the FC1341002 NexeraXT Index Kit
(lumina, U.S.A.) following the aforementioned lllumina protocol, purified using Agencourt
AMPure XP beads, run on 2100 Bioanalyzer DNA 7500 Kit and quantified using Qubit® dsDNA
High Sensitivity Assay Kit. All libraries were pooledt a 10 nMconcentration. For eight of the low
cycle libraries we were unable to obtain a Qubit reading; these were pooled at 5 yL per library.
Mock libraries as well as libraries of the same loci from three Vietnamese field samples (A2, A3,
A4) were seqenced at Ethburgh Genomics on one Illlumina MiSeq3 2x300bp paired-end reads

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

2.3.4 Bioinformatics

We compared two readmerging, two clustering algorithms, the Dada2 pipeline and
assessed the aagacy of taxonomic assignment with the RDP classifier (Wared al.,2007) given
reference databases differing in the number, amplicon length and taxonomic coverage of
sequences Appendix Figure2.1). Raw data in fag] format were delivered demultiplexed. The
12-cycle PCRsamples failed to yield sufficient reads and were not analysed. Reads were
processed separately for 18S, JB2 and JB3 with the exception of chimera detection in which the
JB2/JB3 datasets were combirgt Forward and reverse reads were merged and quality filtered
using two algorithms: 1/ Paired-End reAd mergeR (PEAR v0.9.1&Zhang et al., 2014); and 2/
Fastq_mergepairs in USearch9 [v9.2.64 i86linux32, (Edgar, 2010)]. Gemecific adapter
AEOOOI U OOEIiiT ETC OEA uvd AAADPOAO j AT AET OAAQ Al 111
untrimmed sequences discarded. Chimeric sequences were removed with the USearch6l
algorithms Uchime_ref and Uchime_denovo in Qiimel, retaining reads only if they were flagged
as nonchimeric by both with the Silva99 refDB_mock and refDB_mock databases for ribosomal
and mitochondrial reads respectively. Stop codons were removed from theOQ data using
custom scripts. Reads were clustered using the cluster_otus command in UParse and
pick_open_reference_otus.py in Qiimel. We compared five reference databases for UClust_ref

clustering and taxonomic assignment of OTUs and ASVs with RDP:
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1. Mok: Sanger reference sequences of the mock specimens (18S: n=49, CO1: n=47; mix
of short and long fragments for both markers).

2. refDB_mock: Sanger sequence data used in theliptance calculations as well as the
mock specimens (18S: n=458, CO1: n=311;x0f short and long fragments for both markers).

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

4. Silva99 refDB_mock: 20201 eukaryotic 18S sequences extracted from the Silva
database (99% OTUs, release 123 for Qiimel) plus refDB_rk@equences trimmed to the short
amplicon region.

5. Silva99_refDB_mock Nematoda: 2161 18S nematode sequences extracted from Silva99
plus refDB_mock trimmed to the short amplicon region.

The latter two databases contain a mix of sagences clustered at 99%(Silva) and our
Sanger data (unclustered). Ideally, Silva should be dereplicated, the available files, however, are
80%, 90%, 94%, 97% or 99% OTUs. Wedted the effect of clustering our Sanger sequences at
99% as well as dereplication and then merging wit Silva; in both cases valuable taxonomic
information was lost as 458 sequences yielded just 86 OTUs that inevitably carried ambiguous
labels. Dereplicdion [FaBox (1.41) haplotype collapself yielded 381 haplotypes, which also
resulted in loss of information. As such, we expected that taxonomissignment with the latter
two databases would result in more accurate identifications than clustering/dereplicating our
Sanger sequence data. Databasesglivere tested in UClust_ref while all five were used as traing
sets in RDP with a confidence estimatof 0.80 to test the efct of sequence abundance, amplicon
length and taxonomic specificity, i.e. inclusion or exclusion of nemematode sequences.
Moreover, we quantified the accuracy (% Mock taxa identified) andrror rate (% non-Mock taxa
identified) of these assignments as &unction of database sizeReadsfom each primer dataset
were clustered at 80% and 90%99% similarity in 1% intervals with singletons discarded. Data
were rarefied to the lowest number of T AOAOOAOQET T O -diverkity meliGsA E 1
(Shannon/Simpson  indices, observed OTUs) using the single_ rarefaction.pyand
alpha_rarefaction.py scripts in Qiime1l for the 94%, 97% and 99% clustering threshold. The effect
of experimental treatment (equimolar vsisovolumetric) was tested for statistical significance
[distance metric: weighted UniFrac (Lozupone& Knight, 2005), method: PERMANOVA, 999
permutations] using the beta_diversity_though_plots.py and compare_categories.py scripts in
Qiimel at 94% and 99% snilarity. The UniFrac distance equals the pairwise fraction dhe sum
of unshared phylogenetic branchiength over the sum of the total brancHength; ranging from 0
(all taxa shared) to 1 (no shared taxa).

For the Dadaz2 pipeline, geneapecific adapter £quences were removed from forward and

reverse reads using Cutadapt as previously described (not anchored), fed into RStudio (Version
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1.1.423) and processed following the suggested tutorial
(https://benjjneb.g ithub.io/dada2/tutorial.html) with the exceptio n of the quality filter
parameters which were: maxN=0, maxEE=c(2,5), rm.phix=TRUE, truncQ=2. Taxonomic
assignment with RDP was completed in Qiimel; all results were graphed in GraphPad;
bioinformatic commands are provided in SE1. Neighbour-joining trees of the 18S refDB
sequences were made in MegaX (model:gistance) based on a Muscle alignment in Geneious
with default parameters. Trees were vsualised in Interactive Tree Of Life (iTOL) v4(Letunic &
Bork, 2019).

2.3.5 Environmental sample

The bioinformatic pipeline that generated the closest resemblance to the taxonomic
diversity present in the mock community was applied to three environmental samps (A2-A4)
from the intertidal flat of the Can Gio Biosphere Reserve in southern Vietnam, whiis part of a
different study investigating nematodediversity in relation to anthropogenic disturbance. These
samples were identified morphologically, thus preiding an optimal trial of our pipeline.
Sediment was collected using a 10 cm? core of which the top 2 cm were pooled from three
replicate cores, homogenized and again divided into three parts kept frozen in liquid nitrogen,
formalin or DESS. Nematodes wer extracted from DESSusing Ludox density gradient
centrifugation (Burgess, 2001) and preserved in DESS (Yoder et al., 2006). Samples were poured
over a 38 um sieve and wased with water before DNA extraction. The collected wasbff was
centrifuged at 3000 rpm for 15 minutes, after which the supernatant wasremoved. DNA
extraction was performed using the CTAB protocol as described iDérycke et al.2012). Library
preparation, sequencing and bioinformatic analyses were completed as described above for the
mock communities. For each formalin fixed sample, nematodes were counted. Morphological
identification was performed for 200 specimens, after whichihe obtained species counts were

used for the per sample nematode species abundances.

2.4 Results

2.4.1 Sanger data réerence database

The database consisted of 438 ribosomal and 290 mitochondrial sequences, collectively
representing 9 out of 25 nematode orders included in the World Register of Marine Species
(WoRMS), 116 genera and 274 species (18S: 244 spp., CO1: 154;smngenerics with igntical
sequences included inSE2). The alignment length was 654 bp and 426 bp for 18S and CO1
containing 16 and tiree indels respectively. The 18S interspecific-distances were distributed
between 0-0.381 and overlapped with intraspecific pdistances, which ranged from €0.199. The

mitochondrial data were more segregated than the 18S data; intraspecific distancesged from
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0-0.288 and interspecific between 60.546 (Figure 2.1). SpeciedMicrolaimus honestuand Robbea
porosumwere characterized by high intraspecific diversity with rdistance values exceeding 0.20
and 0.25 repectively. Within the intraspecific fraction, 65% and 69% of values were equal to zero
for 18S and CO1 respectively. The ad hoc species delineation threshold for CO1 was 0.0664, which
was approximated to 94% similarity while the average threshold for theig families in 18S was
0.0148, approximated to OTU clustering at 99% (the median was used in the case of interyals
Table2.1). Instances of interspecific pdistances less than 0.01 and 0.06, were typically assocalt

with cryptic species complexes (Appendix Figure2.5, Appendix Figure2.6).

2.4.2 Bioinformatics

2.4.2.1 Read assembly, quality check and similarity thresholds

Pear and Fastqg_mergepairassembled 98% and 59% of reads across the three primer
pairs, of which 69% and 88% were retained by the Fastq_filter respectively. Forward and reverse
primers were removed in 68% and 53% of reads for Pear and Fastq_mergepairs. The two
chimera-checking al@rithms flagged 9.92% and 14.47% of reads in the 18S data for Pear and
Fastq_mergepairs. The JB2 and JB3 data combined contained fewer chimeras than 18S: 0.12% in
Pear reads and 0.11% in Fastq_mergepairs while 3% of CO1 reads were removed for Pear and
Fastg_mergepairs due to the presence of stop codons. Overall, 67% and 46% of 18S reads, 66%
and 55% of COl reads were retained when assembled using Pear and Fastq_mergepairs
respectively. Despite a lower percentage of assembled reads, UClust_ref 18S OTUsthegditom
Fastq_mergepairs were assigned to five and two additional species compared to Pear at 97% and
99% similarity respectively (Figure 2.2, left); thus further testing of clustering databases and RDP
training sets were focused on the Fastq_mergepairs datasets. In the Dada2 pipeline, 48%, 63%
and 56% of reads passed the quality filter for 18S, JB2 and JB3 respectively; of these 87%, 100%
and 99% were merged. Chimeras accounted for 19%, 13% and 0.3% of reads; @ieB4%, 54%
and 55% of reads passed the pipeline to be assigned to ASVs for 18S, JB2 and JB3 respectively.
Stop codons were found in 3/78 and 29/111 ASVs in JB2 and JB3 datasets.

Similarity threshold strongly influenced the number of species assignmentsith RDP in
both UClust_ref and UParse 18S OTUSdure 2.2, right); six additional species were detected in
the former at 99% compared to 97%. The reverse was true for UParse in which one species less
was assignedat 99%; overall UParse OTUs resulted in the least number of assignments and were

thus excluded from further taxonomic comparisons.

2.4.2.2 OTU picking and AVs
The two clustering algorithms generated distinct results in the 18S data that differed only

in magnitude between Pear and Fastq_mergepair readBigure 2.3, top). UClust_ref exhibited an
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intuitive pattern with number of OTUs increasing with clustering threshold; this was gradual up

to 97%, after which point the increase was exponential Appendix Figure2.2). The number of
UClust_ref OTUs was largely similar across reference databases, generating an average of 6212
and 3617 OTUs for Pear and Fastq_mergepair reads at 99% respeely. Clustering at 97%
resulted in an average of 1263 and 878 OTUs for Pear and Fastq_mergepair reads.
Counterintuitively, UParse generated the highest number of OTUs at the lowest clustering
similarity, decreasing substantially thereafter to reach a mimum at 97% (Pear=245,
Fastq_mergepairs=228), followed by a slight increase at 99% similarity (Pear=303,
Fastq_mergepairs=275). Dada2 generated the most realistic estimate of species richness with 83
ASVs.

The CO1 data differed from 18%s results were stongly similar between the two
clustering and read assembly algorithms, and across clustering thresholds excluding 99%. At
99% the number of JB2 and JB3 UClust_ref OTUs increased dramatically yet remained virtually
unchanged in UParseKigure 2.3, middle/bottom). JB2 reads at 94% produced 32 OTUs with
UParse (Pear=Fastq_mergepairs); UClust_ref resulted in 34 (Pear) and 32 (Fastq_mergepairs)
OTUs irrespective of reference database. The JB2 dataset yielded fewer OTpitke having over
twice as many reads as JB3. At 94%, JB3 generated 52 OTUs in UParse (Pear=Fastq_mergepairs);
UClust_ref OTUs numbered 55, 53 with the mock reference database and 54, 52 using refDB_mock
for Pear and Fastq_mergepair reads respectively. Tlmda2 pipeline resulted in 75 and 82 ASVs
for JB2 and JB3 respectively.

2.4.2.3 Influence of training sets on RDP classifier performance

The RDP classifier was tested with progressively larger training sets; taxonomic
assignment of the ribosomal data with the mok training set yielded the highest number of genera
and species identifications (30/35, 86%; 32/39, 82% respectively) in Fastq_mergepairs reads
and UClust_ref OTUs at a clustering threshold of 99%igure 2.4, Appendix Figure2.4). ASVs
were assigned to 23/39 (59%) species. Taxonomic diversity represented in the training set
strongly influenced the performance of RDP; regardless of clustering reference database or
clustering threshold (97%/99%) used for UClust_ref OTUs, the smallest taxespecific training
set (mock) yielded the highest number of genus and species identifications throughout. The
Silva99_refDB_mock training set containing 20201 eukaryotic sequences of which 21@re
nematodes resulted in the least number of genera and species identified at both 97% and 99%
similarity as well as the ASVs. The exclusion of nerematode sequences (i.e.
Silva99_refDB_mock_Nematoda) recovered one additional species at both 97% and©99

similarity compared to the Silva99 refDB_mock training set. Apart from taxonomic composition,
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trimming reference sequences to the shorter amplicon improved taxonomic assignment by RDP,
detecting 4-6 additional species compared to fullength sequences atboth 97% and 99%
similarity OTUs and ASVSs.

The number of species and genera detected in JB2 mitochondrial OTUs and ASVs was
comparable between algorithms and identical across training sets at 94% and 97% similarity
(Figure 2.4, Appendix Figure2.4). Similarly, the JB3 OTU assignments were identical at 94% and
97%, with the mock training set gaining one additional species over refDB_mock. Species
detections were equal betweertraining sets for JB2 OTUs (19/39, 49%) with 18 shared species
while Oncholaimus spand Meyersia spwere exclusive to mock and refDB_mock training sets
respectively; JB3 OTUs were assigned to a maximum of 21/39 (54%) species with the mock
training set detecting one additional speciesAdoncholaimus sp) compared to refDB_mock. The
ASVs detected a similar number of species as the OTUs; 18/39 (46%) and 16/39 (41%) for JB2
and JB3 reads respectively with the mock training set. Assignments with refDB_mock reve
strikingly reduced with just two and three species for JB2 and JB3 ASVs.

Genuslevel assignments were on average more accurate and less enmione compared
to species identifications Table 2.2). UClust_ref OTE combined with a small reference database
exhibited the highest accuracy for the latter; this was however coupled to an increased error rate

compared to ASVs.

2.4.2.4 Taxonomic assigment of OTUs/ASVs across markers

The combined taxonomic assignment of UClust_réfTUs across the three loci successfully
detected 33/35 (94%) genera and 36/40 (92%) species, of which 23 genera and 25 species were
shared between 18S and either mitochondrial datasetF{gure 2.5). Independently, 8S OTUs
were assigned to 30/35 genera, 32/39 species and JB2/JB3 OTUs were assigned to 26/35 genera,
29/40 species respectively. Within the mitochondrial dataset, nine genera and 10 species were
detected in the JB3 OTUs exclusively while five genera andjlei species were specific to JB2.
Detection of the specimensSphaerotheristus spandDorylaimopsis tumidawas exclusive to the
JB2 and JB3 OTUs respectively while seven speci@systomina spMeyersia spLitinium sp-nov.,
Halalaimussp.,Epacanthion g.,Enoploides spDeontolaimus sp were only detected in 18S OTUs.

The 18S, JB2 and JB3 ASVs collectively detected 29/35 (83%) genera and 30/39 (77%)
species of which seven @ncholaimus sp Micoletzkyia sp, Siphonolaimus sp Sphaerolaimus
maeoticus Sphaerolaimus maeoticusBCampylaimus gerlachi Spilophorella aberrany were
shared. Six unique species were detected in ribosomal AS\Epacanthion sp Oxystomina sp.

Daptonema sp.Halalaimus sp., Steineria vietnamica Enoploides sp, three in JB2 [faliplectus
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dorsalis Dichromadora simplexSphaerotheristus sp) while Dorylaimopsis tumidawas exclusive
to JB3.

2.4.2.5 Taxon abundance

The number of OTUs per species was variable in the 18S datasetxystomina sp
Micoletzkyia sp andOncholaimus spwere overepresented with an average of 225, 151 and 149
OTUs per mock respectivelyKigure 2.6). These taxa were assigned to two to five highly abundant
OTUs (100069000 reads) and several hundred rare OTUs (<800 reads)h& ASVs exhibited a
similar pattern, most evident for Oxystomina spwhich was assigned to 16 ASVs, four of which
represented between 2005000 reads, while the remaining 12 consisted of less than 2Figure
2.7). Interestingly, dominance in terms of OTUs/ASVs was not mirrored in reads for Oxystomina
sp., which on average represented ca. 2% of reads.

OTU abundance in the mitochondrial datasets was concordant with the known
composition of the mocks yet variable in ASVSThe maximum number of OTUs per species was
three for JB2 Gphaerolaimus maeoticugBand six for JB3 Micoletzkyia sp., while nine
(Parasphaerolaimus spParamonohystera megacephaland 18 (Cephalanticoma sp ASVs were
found in JB2 and JB3 respectivel Similar to the 18S data, the majority of mitochondrial ASVs per
species were very rare; the four most abundant ASVs represented over 98% of reads for
Parasphaerolaimus spParamonohystera megacephaknd Cephalanticoma spin JB2 and JB3. The
most abundant species in terms of reads were Parasphaerolaimus sp. in JB2 and Micoletzkyia sp.
in JB3 OTUs and ASVEifQure 2.6, Figure 2.7).

2.4.3 Equimolar vs isovolumetric pooling

The taxonomic assignment of OTUs was comparable between equimolar or isovolumetric
libraries with no statistically significant differences using weighted UniFrac distance @alues:
18S:.0.342; JB2: 0.330; JB3: 0.657). Equimolar pooling did result in slightliglmer diversity
estimates for 18S and JB3Appendix Figure2.3). Rarefaction indicated that the number of OTUs
in the 18S dataset was far from saturated, while these plateaued in the mitochondrial datasets.
Indices of diversity in the 18S dataset closely resembled that of the mock community, where
MockA (5.36) slightly exceeded and MockB (5.15) reached 98% of the true Shannon value. The
CO1 data were consistently less diverse with Shannon and Simpson indices remagnioelow 2.80
and 0.82 respectively for both JB2 and JB3 reads.

2.4.4 Environmental sample
Thirty -six nematode species were identified morphologically across all three samples.

Reads were merged with Fastq_mergepairs and clusteredt 99% and 94% using the
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Silva®_refDB_mock and refDB_mock databases for 18S and JB2/JB3 respectively. UClust_ref
generated 15872, 405, 186 OTUs and Dada2 264, 283 and 282 ASVs for 18S, JB2 and JB3
respectively. Two ASVs in the JB3 dataset contained stopdons. OTUs were assigned to a
maximum of 41, 12 and 12 nematode species while ASVs to 21, 10 and 8 for 18S, JB2 and JB3
respectively. Morphological and molecular specietevel identifications were nearly mutually
exclusive in all instances Figure 2.8); 1 species was shared between morphology and
mitochondrial OTUs or ASVs, while three and one species was shared between 18S OTUs or ASVs
and morphology, respectively. A maximum of 16 and seven genera were shared between
ribosomal and mitochondrial OTUs and morphology; 11 and five genera were shared between
18S and JB2, JB3 ASVs and morphology. In contrast to 18S mock OTUs/ASVs, using the smallest
training set for taxonomic assignment generated the fewest species detections (OTUs: 11, ASVs:
13) while Silva99_refDB_Nematoda and Silva99_refDB_mock identified the highest number of
nematode species (OTUs: 41, ASVs: 21 respectively). A larger training set detedtetiveen one

and three additional species for JB2 and JB3 OTUs/ASVSs.
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Figure 2.1 Frequency and distribution of pdistance values derived from the ribosomal (top) and mitochondrie
(bottom) reference sequence databases used in this study. 18S: interspecifig(d381], mean =0.121, SD = 0.045
intraspecific [0z0.199], mean = 0.007, SD = 0.021; COL1: interspecifiz(0546], mean = 0.324, SD = 0.06:
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Figure 2.8 Venn diagrams of morphologically identified nematode species and best performing RDP train
sets for 18S, JB2, and JB3 OTUs (top) and ASVs (bottom).
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2.6 Tables

Table 2.1: Threshold distance and relative erro by Family for 18S reference sequences, median value in

brackets

Family Threshold Distance Relative error
Chromadoridae 0.0023 0.2000
Cyatholaimidae 0.0002 0.0500
Oncholaimidae 0.0051 - 0.0120 (0.0085) 0.0869
Oxystominidae 0.0051 0.0500

Sphaerolaimidae 0.0619 0.0500
Xyalidae 0.0089-0.0133 (0.0111) 0.1143

Table 2.2: Accuracy (% Mock taxa detected) and error rates (% neklock taxa detected) of species and
genuslevel RDP taxonomic assignments to 18S ad@2, JB3 UClust_ref OTUs (99% and 94% respectively)
as well as Dada2 ASVs.

Species
Accuracy | Error rate
Reference database size
Small (458/311) | Medium (2161) Large (20201) Small (458/311) Medium (2161) Large (20201)
UClust 18S 58.97 46.15 43.59 23.33 51.35 48.48
Dada? 18S 43.59 35.90 33.33 15.00 41.67 38.10
UClust JB2 48.72 9.52
Dada2 JB2 7.69 84.21
UClust JB3 51.28 20.00
Dada2 JB3 5.13 88.89
Genus
Accuracy | Error rate
Reference database size
Small (458/311) | Medium (2161) Large (20201) Small (458/311) | Medium (2161) Large (20201)

UClust 18S 77.14 62.86 60.00 6.90 33.33 30.00
Dada2 18S 60.00 51.43 54.29 0.00 21.74 9.52
UClust JB2 51.43 5.26
Dada2 JB2 20.00 58.82
UClust JB3 51.43 5.26
Dada2 JB3 20.00 53.33
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2.7 Discussion

2.7.1 Species level identification using curated 18S and CCBanger sequence data

The reference sequence databases identified 99% and 94% as the clustering threshold for
nematode species delimitation for 18S and CO1 data respectively. For 18S, 99% similarity has
independently been shown to be the most appropriate threshold for identifying nematode
AT 11 01 EOGEA et pl$ 215t Boratiriskaet al., 2010) as well as other small marine
metazoans (Brownet al, 2015). Taxonomic assignment of the 99% OTUs resultéd the most
accurate speciedevel taxonomic representation of the mock community. For the mitochondrial
OTUs, species detections were equivalent between 94% and 97% similarity. Moreover, species
level assignments in 18S OTUs were more abundant than for Cdespite limitations of the former
marker due to the absewe of a definite barcoding gagArmenteros et al., 2014;Derycke et al.,
2010). This likely reflects the higher variability at the primer locations ofCO1, whichhampers
amplification of the fragment across the whole phylum (De Ley et al., 2005). Determining species
delineation thresholds is challenging given overlapping intrdinter -specific distances within
diverse and insufficiently described groups (Meyer & Paulay, 2005); nonetheless, the cabtion
of empirically-derived taxon-specific clustering thresholds should be adopted over the use of
standardized parameters (Alberdiet al.,2018). Our results show that the use of gistances from
curated reference sequence databases is a promising appobeto determine these thresholds and
that future metabarcoding studies could benefit greatly from adopting taxorspecific clustering

thresholds as illustrated in the present study as well aby Brown et al.,(2015).

2.7.2 Clustering openreference, denovo, or ot at all

Clustering threshold is one of the most important factors influencing OTU composition in
heuristic algorithms such as UParse and UCIlust_ref/UClust_denovo (Schmalt al., 2015).
UClust_ref and UParse produced contrasting OTU abundance patternshie ribosomal reads; the
number of OTUs in the former increased with clustering threshold whereas in the latter these
followed a decreasing trend from maximum at 80% to minimum at 97%. The number of UParse
OTUs was approximately five times higher than thexa included in the mocks, yet over an order
of magnitude less than UClust_ref OTUs. UParse applies denovo chimera detection concurrent to
OTU picking, which effectively alters the collection of reads being clustered at any given threshold
(Schmidt et al, 2015). The inflated estimation of OTU abundance with UClust_ref only in the 18S
AAOA AAT OEOO AA EOOOEAZEAA ET OxOPIXRAQ®JOEODIOAA
(Schmidt et al., 2015), and this is likely to be true also for UClust_re¥gn that the two differ only
with respect to what collection of sequences reads are being compared to; second, when looking
at OTUs assigned to a particular species, these typically consist of one or few abundant OTUs
OAPOAOAT OET ¢ OEA AAKI QEAUAT E DAAEDH ADEI AAOGET I
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AT 1 OAETET ¢ OAOU Z£Ax OAAAOG 10 OEITCIAOITO j OOAEI] @
variation associated with ribosomal tandenrepeats thatare largely responsible for inflated OTU

abundane and can be speciespecific (Porazinskaet al., 2010). The number &€ OOAEI-6 [/ 450
480) was considerably higher than the 28 range reported in Porazinskaet al., (2010) while

ASVs were more similar with 216 per species. A large number of OTUs need rm# reflected in

the respective amount of reads, as the vast majority would be rare. A strong disagreement in

relative abundance of OTUs and reads was observed @xystomina sp suggesting this species
AGEEAEOO ET AOAAOCAA ET OGALRIN G | EAO OAQIE ADED T ZA @ EIAA G
where just three species contained more than one OTU. Moreover, the total number of OTUs per

species was substantially reduced (&), suggesting that intraindividual variation is much lower

for CO1,; given theoprotein encoding function of the gene this may be the consequence of purifying

selection.

Heuristics such as UParse and UClust_ref have been shown to outperform hierarchical
methods due to reduced computational requirements; UParse in particular has been
recommended due to increased accuracy in OThhsed diversity estimates (Flynnet al.,2015).
Moreover, denovo clustering as applied in UParse has been advised over referebased
clustering due to improved OTU stability (Westcott & Schloss, 2015), whileetet al., (2015)
concluded that this is inherent to both hierarchical and heuristic methods, regardless of whether
denovo or referencebased is implemented in the latter. Concurrently, it may be possible to
circumvent a lack of congruence across differeninethods and algorithms by thorough and
stringent quality filtering prior to OTU-picking (May et al.,2014). Identification of 92% of mock
species across primers in UClust_ref OTUs in conjunction with the fact that no taxonomic
assignments could be made tthe 18S chimeras suggests our quality filtering was indeed effective
and that any dissimilarities to UParse must be attributable to the algorithm itself.

The detection of nematode species was greatly improved using UClust_ref in combination
with a high quality reference database compared to UParsdrigure 2.2). Furthermore, open
reference clustering links sequence reads to known biologicaintities does not discard any data
and requires reduced computational capacit (NavasMolina et al,2013). The diversity and taxon
specificity of reference database sequences had a negligible effect on the number of ribosomal
and mitochondrial OTUs generated by UClust_ref and subsequent taxonomic assignment was
strongly similar between the different OTU sets for both markers. Ultimately,
Silva99_refDB_mock yielded the most accurate taxonomic description of the mock community
suggesting that one should seek the largest and most diverse reference database for epen
reference-based OTUpicking.

The clusterfree Dada2 pipeline produced the most realistic estimates of species richness

yet taxonomic assignment of ASVs in both ribosomal and mitochondrial datasets were reduced
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compared to UCIlust_ref OTUs, collectively detecting 6/39 (15%)ewver species. These
assignments, however, were far less redundant across markers with just seven species shared
between ribosomal and mitochondrial ASVs compared to 25 in OTUs. Moreover, given their
inherent reproducibility, comparability across datasets Callahanet al., 2017) and ease of

executing the pipeline, ASVs provide a competitive alternative to OTUs.

2.7.3 Effect of training sets on taxonomic assignment with RDP

The number of taxonomic assignments in ribosomal OTUs differed substantially between
traini ng sets and highlighted the influence of sequence homology as well as diversity. Similar to
16S bacterial data (Werner et al., 2012), trimming sequences to the shorter amplicon, and thus
increasing sequence homology, improved the performance of RDP in rdémmal OTUs and Dada2
ASVs. Taxonomic assignment of OTUs and ASVs was substantially improved with the smallest
nematode-exclusive training set 18S_mock (<50 sequences) compared to a larger one such as
Silva99_refDB_mock (ca. 2100 sequences) or the most exdize training set Silva99_refDB_mock
(>20000 sequences) including representatives across the eukaryotic domain. Concurrently,
diverse, taxonspecific training sets such as Silva99_refDB_mock and
Silva99_refDB_mock_Nematoda detected the most nematode specin the Vietham sample
suggesting that similarity between sample and training set in terms of diversity is an important
factor influencing the accuracy of the RDP classifier. The use of arbitrarily large databases has
been shown to hinder resolution to gnus/species level due to increased competition in the
search space (Ritari et al.,, 2015). This effect was most prominent in RDP assignments to
mitochondrial ASVs with the refDB_mock training set, presumably indicating a shortcoming of
ASVs in highly varidle functional gene loci. The inclusion of superfluous sequences was more
impactful than that of non-homologous regions, indicating that in order to maximize the accurate
identification of diversity, RDP training sets should be taxon and region specific thisequences
truncated to the length of the amplified fragment of interest. Overall, OTUs exhibited highest
accuracy at the expense, however, of elevated error rates while the inverse was true for ASVs;
thus it may be preferable to adopt the latter when imestigating eukaryotic diversity in
undescribed systems given the reduced error rates associated with ASVs when using large

reference databases.

2.7.4 Moving forward in marine nematode metabarcoding
Although a 1:1 correspondence between OTUs and number of taxas been reported in
some mock communities (Brown et al., 2015), the expectation thereof may be unrealistic when
investigating biological samples with the 18S gene specifically. Taxonomic assignment of OTUs is
I DOET T Al AT A OI OEI A écfeiioh wénOnetDetess fird & OMgANKERDO S A E

component of the bioinformatic pipeline and necessary for the ecological interpretation of HTS
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data in environmental samples. Given that OTUs clustered at different similarities are not
comparable, ther abundance being variable by several orders of magnitude across different
methods and the promising alternative of clusteringfree algorithms (e.g. DADA2), taxonomic
assignment can be a normalizing factor to divergent outputs (Callahan et al., 2016). Altlgh a
large proportion of species detections were shared between ribosomal and mitochondrial OTUSs,
the reverse was true for ASVs demonstrating the benefits of a mulbcus approach to
metabarcoding. Community composition did not differ statistically betveen equimolar and
isovolumetric DNA pooling, suggesting these to be effectively equivalent. Some caution is
nonetheless warranted given the limited replication in our data (n=2). In view of the slightly

higher alpha diversity estimates obtained with equimdar pooling, we recommend this approach.

2.8 Conclusions

The importance of reference sequences coupled to reliable taxonomic labels cannot be
overstated, as this information is essential for linking taxa present in a sample to the wealth of
relevant biologicd knowledge. Although identification at higher taxonomic levels is relatively
straightforward and commonplace (Brannock & Halanych, 2015; Capra et al., 2016; Cowart et al.,
2015; Khripounoff et al.,2006; Leray & Knowlton, 2015; Sinniger et al., 2016) sp&s-level
resolution is hindered by the combined effect of incomplete databases, inaccurate designations
as well as the restricted amount of information contained in short sequences generated by HTS
platforms (Somervuoet al.,2017). The establishment of HS technologies in the realm of biology
and associated complications for reliable species identification, highlight the urgency of creating
high quality taxon-specific reference sequence databases such as was implemented in the current
study. We have shownthat the current state of our database can significantly aid diversity
estimates of marine nematodes. The scant availability of nematode reference sequences from
diverse habitats such as the deepea, seagrass beds and tropical coral reefs however, hindex
comprehensive characterization of novel ecosystems. As such, investing in barcoding initiatives
for understudied environments in particular will always be necessary to expand database

coverage.
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reference databases and Gontran Sonet for valuable help in generating adhoc threshold values for
the 18S dataset.

2.10 Data Accessibility

Sanger data CO1: GenBank accession numbers MG659883659594

Sanger data 18S: GenBank accession numbers MG669a9%670092

HTS reads: NIH Sequence Read Archive BioProject PRINA420028: Nematoda mock community

metabarcodng
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2.11 Appendix

Appendix Table2.1: Mock community composition and specimen source location. *No reference sequence

available + not included in C/D, **not included in C/D (insufficient extract), ***no COL1 reference sequence.

Voucher code AllgS—Mcng ACI:I(B) LMOg/(D Location Zone

Adoncholaimus_sp2A16111 X X X X Netherlands Intertidal
Anoplostoma_sp4C9B12 X X Netherlands Intertidal
Anoplostoma_sunderbanad 07H6K12 X X X X Southern Vietnam Intertidal
Anoplostoma_sunderbana®0H6K12 X X X X Southern Vietnam Intertidal
Anoplostoma_sunderbanaeB6H6K12 X X X X Southern Vietnam Intertidal
Asymmelaimus_vietnamicud 2H6K12 X X X X Southern Vietnam Intertidal
Asymmelaimus_vietnamicud 38H6K12 X X X X Southern Vietnam Intertidal
Bathylaimus_spBEL_2 X X X X Equatorial North Pacific Abyssal
Campylaimus_gerlachb8H6K12 X X X X Southern Vietnam Intertidal
Cephalanticoma_s@BEL_16 X X X X Equatorial North Pacific Abyssal
Comesa_vitial32H6K12 X X X X Southern Vietnam Intertidal
Crenopharynx_spOMR_175 X X X X Equatorial North Pacific Abyssal
Daptonema_spFRA_259 X X X X Equatorial North Pacific Abyssal
Deontolaimus_spFRA_393 X X X X Equatorial North Pacific Abyssal
Desmoscolexkoloensis112H6K12 X X X X Southern Vietnam Intertidal
Dichromadora_simplex80H6K12 X X X X Sauthern Vietnam Intertidal
Dorylaimopsis_tumida23H6K12 X X X X Southern Vietnam Intertidal
Enoploides_sm@BA1F12 X X X X Netherlands Intertidal
Epacanthion_spBEL_131 X X X X Equatorial North Pacific Abyssal
Gomphionema_parvanB9H6K12 X X X X Southern Metnam Intertidal
Halalaimus sp BEL_% X X X X Equatorial North Pacific Abyssal
Haliplectus_dorsalis102H6K12 X X X X Southern Vietnam Intertidal
Haliplectus_floridanus103H6K12 X X X X Southern Vietnam Intertidal
Litinium_spnov_10H6K12 X X X X Southern Vietnam Intertidal
Litinium_spnov_19H6K12 X X X X Southern Vietnam Intertidal
Longicyatholaimus_tchesunovR6H6K12 X X X X Southern Vietnam Intertidal
Meyersia_spGERRA_135 X X X X Equatorial North Pacific Abyssal
Micoletzkyia_sp97H6K12 X X X X Southern Vietnam Intertidal
Micoletzkyia spGERRA_128 X X X X Equatorial North Pacific Abyssal
Nemanema_spOMR_3 X X X X Equatorial North Pacific Abyssal
Odontophora_sp8C10B12 X X Netherlands Intertidal
Oncholaimus_spBEL_141 X X X X Equatorial North Pacific Abyssal
Oncholaimus_spGERPA_21 X X X X Equatorial North Pacific Abyssal
Non-nematode (Fungi) X X X X | e e
Oxystomina_affinis11H6K12 X X X X Southern Vietnam Intertidal
Oxystomina_affinis84H6K12 X X X X SouthernVietnam Intertidal
Oxystomina_spOMR_196 X X X X Equatorial North Pacific Abyssal
Paramonohystera_megacephald5H6K12 X X X X Southern Vietnam Intertidal
Paramonohystera_megacephal2H6K12 X X X X Southern Vietnam Intertidal
Parasphaerolaimus_s@B5H&K12 X X X X Southern Vietnam Intertidal
Phanodermopsis_sisERRA_114 X X X X Equatorial North Pacific Abyssal
Siphonolaimus_spAPEI3_ 410 X X X X Equatorial North Pacific Abyssal
Sphaerolaimus_maeoticud 6H6K12 X X X X Southern Vietnam Intertidal
Sphaeplaimus_maeoticus1H6K12 X X X X Southern Vietnam Intertidal
Sphaerolaimus_maeoticusB4H6K12 X X X X Southern Vietnam Intertidal
Sphaerolaimus_maeoticusB9H6K12 X X X X Southern Vietnam Intertidal
Sphaerolaimus_splC9B12 X X Netherlands Intertidal
Sphaerotheristus_sbH6K12 X X X X Southern Vietnam Intertidal
Spilophorella_aberrans64H6K12 X --- X --- Southern Vietnam Intertidal
Spirinia_sp 15C13B12 X --- X --- Netherlands Intertidal
Steineria_vietnamica70H6K12 X X X X Southern Vietnam Intertidal
Thalassolaimus_sdOMR_193 X X X X Equatorial North Pacific Abyssal
Meyersia_splOMI_17 X X X X Equatorial North Pacific Abyssal

Total DNA extracts 53 48 53 48

Total Nematoda species 39 35 39 35

Total reference sequences 49 48 47 47
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Merge reads

(1) pear
(2) fastq_mergepairs

Quality filter

fastq_filter

Remove primers

Cutadapt

Retain read if flagged amon-chimeric
by BOTH algorithms
18S_ref=18S_Silva99_refDB_mock
CO1_ref=CO1_refDB_mock

Remove chimeras

UChime_ref (1) pear_no_chimeras

UChime_denovo (2) fastg_mergepairs_no_chimeras

18S ‘ lcoj_

(1) JB2_pear_framel_noSC
(2) JB3_pear_framel_noSC
(3) JB2_fastq_mergepairs_framel_noS

Set in Framel
Remove stop codons

(@ @)

(4) JB3_fastq_mergepairs_framel_noS

FastaFrameSetter.py

‘ findstopcodons.py

v
Clustering UParse

Clustering UClust

| Pick_open_reference_otus.py|
Ref=mock
Ref=refDB_mock
Ref=18S_Silva99_refDB_mock

— Dada2 (RStudio)

| Amplicon Sequence Variants

18S
JB2|

~—~ -~
A A D
o o1 oo

Ou Ou Ou Qu

ooOo00o

AART T OI

1T AEjB2iB3
AES 1T Ads—»
3El OAww |OAES "

OA ES$ "

(5) JB2_ASV[*
(6) JB3_AS

Assign taxonomy RDP

Assign_taxonomy.py |<—

Ref=mock

Ref=refDB_mock } JB21JB3

{ RefArgfDB_mock_trimmed
Ref=Silva99_refDB_mock
Ref=Silva99_refDB_mock Nematod

|

| Alpha_rarefaction.py| 94%, 97%, 99%

18S

| Beta_diversity.py |

| Compare_categories.py| 94%, 99%

JBSJ

Appendix Figure2.1: Bioinformatic analysis pipeline.
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Bio-informatic analysis scripts

Read Assembly

pear zf
/media/sf_G_DRIVE/NGS_Mock_data/Mocks/Run2_16_12_16/JB3_A/161216_M01270_0259_00
0000000-ARU1U_1 NR7-004_NXP5-006_1.fastqgr
/media/sf_G_DRIVE/NGS_Mock_data/Mocks/Run2_16 12 16/JB3 A/161216 M012269 00
0000000-ARU1U_1 NR7-004_NXP5-006_2.fastqzo
/media/sf_G_DRIVE/NGS_Mock_data/Mocks/Run2_16_12 16/JB3_A/Pear_merged_PE_quality_fi
Iter/JB3_A-m 600-n 50-t 200-g 30-u 0

usearch9-fastq_mergepairs
/media/sf_G_DRIVE/Mock _MiSeg/Run2_16 12 16/CO1/RadB3_ A/*Rl.fastqfastqout
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12_ 16/CO1/Usearch9_fastq_mergepairs/JB3_A_me
rged.fastg-fastq_minmergelen 50-fastq_maxdiffs 10-fastq_maxmergelen 600Gfastq_minovlen

10

Quality filter

usearch9-fastq_filter
/media/sf_G_DRIVEBMock_MiSeq/Run2_16 12 16/CO1/Pear/JB3_A.assembled.fastastqout
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16_ 12 16/CO1/usearch9_fastq_filter/JB3_A.assembled
_filtered.fastqg-fastqout_discarded
/media/sf_G_DRIVE/Mock _MiSeg/Run2_16 12 16/CO1/usearch9 fastq_fildidcarded/JB3_A.
assembled_discarded.fastefastq_maxee 0.5fastq_minlen 300-fastq_maxns 1

Primer removal

|cutadapt-g JB3="TGGGCATCCTGAGGTTTAT
/media/sf_G_DRIVE/Mock _MiSeg/Run2_16 12 16/CO1/Usearch9 fastq_filter/fastq_mergepair
s/JB3_A merged_filtered.fag zo

/media/sf_G_DRIVE/Mock_MiSeg/Run2_16_12_ 16/CO1/Cutadapt/run4d_mergepairs_filter/IJB3 _
A_f.fasta-untrimmed-output
/media/sf_G_DRIVE/Mock _MiSeg/Run2_16 12 16/CO1/Cutadapt/run4_mergepairs_filter/untr
immed/JB3_A_f untrimmed.fastaO 5-e 0.1-m 1

cutadapt-a JB5=CATTTTCATTATGTTTTAAGTTTAGGTGCT$
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16 12 16/CO1/Cutadapt/run4d_mergepairs_filter/JB3
A_f.fastazo
/media/sf_G_DRIVE/Mock _MiSeg/Run2_16 12 16/CO1/Cutadapt/run4_mergepairs_filter/JB3
A_f r.fasta-untrimmed-output
/media/sf_G_DRIVE/Mock_MiSeq/Run2_16 12 16/CO1/Cutadapt/run4_mergepairs_filter/untr
immed/JB3_A f r_untrimmed.fasteO 5-e 0.1-m 1

Chimeric sequences removal

identify_chimeric_seqs.py

Zi /media/sf_G_DRIVE/Mock_MiSeq/Run2_16_12 16/CO1/CO1_all_seqgs_pear_fdstafo
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16 12 16/CO1/Qiime/id_chimeric_seqs_usearch61_de
novo_ref/pear -m usearch61--non_chimeras_retention intersectiorgr
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16_12_16/CO1/CO1_refDB_mock.fasta

filter_fasta.pyzf
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16 12 16/C0O1/CO1_all_seqs_pear_filter.fasta
/media/st_G_DRIVE/Mock_MiSeq/Run2_16_12 16/CO1/Qiime/id_chimeric_seqs_usearch61_de
novo_ref/pear/CO1_pear_filter_no_chimeras.fasta
/media/st_G_DRIVE/Mock_MiSeg/Run2_16_12_16/CO1/Qiimié/_chimeric_seqs_usearch61_de
novo_ref/pear/chimeras.txt zn
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Add labels

add_qiime_labels.pyi

/media/sf_G_DRIVE/Mock_MiSeqg/Run2_16_12_ 16/CO1/Cutadapt/mergepairs_filtemn
/media/sf_G_DRIVE/Mock _MiSeg/Run2_16 12 16/CO1/CO1_mock mapping_filectxt
InputFileName-o
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16_12_16/CO1/CO1_all_seqs_mergepairs_filtemfria

Stop Codon Removal

https://docs.google.com/document/d/IHoaXzXTIxSn--
sleBxcfSn9wmsBP_jI6sHEmMfP7_Du8/edit?usp=sharing

OTU-picking

pick_open_reference_otus.gi
/media/sf_G_DRIVE/Mock _MiSeg/Run2_16 12 16/CO1/JB3_mergepairs_filter_no_chimeras_inF
ramel _no_SC.fasta
/media/sf_G_DRIVE/Mock_MiSeqg/Run2_16_126/CO1/Qiime/uclust/mock/mergepairs/IJB3_8

0%/ -f-m uclust-s 0.01-r
/media/sf_G_DRIVE/Mock _MiSeg/Run2_16 12 16/CO1/Mock _CO1 A B unaligned_48:fasta
suppress_align_and_treg
/media/sf_G_DRIVE/Mock_MiSeq/Scripts_results/Qiime/parameters/mock/uclust_pareneters
_CO1_mock_80%.txt

usearch9-cluster_otus

/media/sf_G_DRIVE/Mock MiSeg/Run2_16 12 16/C0O1/JB3_uniques_pear_filter _no_chimeras_i
nFramel _no_SC.fastatu_radius_pct 20.Gminsize 2-otus
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16_12 16/CO1/Usearch9_otus/JB3amdilter_otus_80
%.fazuparseout

/media/sf_G_DRIVE/Mock MiSeg/Run2_16 12 16/CO1/Usearch9 otus/JB3 pear_filter_otus 80
%.up

Alpha rarefaction

biom summarize-table zi
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16 12 16/18S/Qiime/uclust/Silva99_refDB_mock_tri
mmed/mergepairs/97%/otu_table_mc2_12x_filtered_w_tax.biom

alpha_rarefaction.pyzi
/media/sf_G_DRIVE/Mock MiSeg/Run2_16 12 16/18S/Qiime/uclust/Silva99_ refDB_mock _tri
mmed/mergepairs/97%/otu_table_mc2_12x_filtered_w_tax.biomgm
/media/sf_G_DRIVE/Mock_MiSeg/Run2_16_126/18S/18S_mock_mapping_file.txt -p
/media/sf_G_DRIVE/Mock_MiSeq/Scripts_results/Qiime/parameters/alpha_rarefaction_param
eters.txt zo
/media/sf_G_DRIVE/Mock_MiSeqg/Run2_16 12 16/18S/Qiime/uclust/Silva99_refDB_mock_tri
mmed/mergepairs/97%/ -f-e 108864

Beta diversity

beta_diversity_through_plots.pyi
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16 12 16/18S/Qiime/uclust/Silva99 refDB_mock
_trimmed/mergepairs/99%/otu_table_mc2_12x_filtered_w_tax_rarefied.biorm
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16 12 16/18S/18%®ck_mapping_file.txto
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16 12 16/18S/Qiime/uclust/Silva99 refDB_mock
_trimmed/mergepairs/99%/beta_diversity --color_by all_fieldsp
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Scripts_results/Qiime/parameters/beta_diversity para
meters_18S_99%.txt
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Statistical testing

compare_categories.pyi

/media/sf F_DRIVE/Mock _MiSeq_NGS/Run2_16 12 16/18S/Qiime/uclust/Silva99 refDB_mock
_trimmed/mergepairs/99%/beta_diversity/dm/unweighted_unifrac_dm.txt --method
permanova-m

/media/sf F_DRIVE/Mak_MiSeq_NGS/Run2_16_ 12 16/18S/18S_mock_mapping_filectxt
Treatment zo
/media/sf_F_DRIVE/Mock_MiSeq_NGS/Run2_16 12 16/18S/Qiime/uclust/Silva99_refDB_mock
_trimmed/mergepairs/99%/permanova/

Detailed read statistics
https://docs.google.com/spreadsheets/d/1Hs_cYDqPbMvI7Zfzzb3yG_iOg6&hIMRdmyFe2U1
gU/edit?usp=shar
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Appendix Figure2.2: Number of Dada2 ASVs and OTUs for 18S (top), JB2 (middle), JB3 (bottom) reads me
with Pear and Fastq_mergepairs at 80% and 90%9% similarity with UClust_ref and UParse. UClust_|
databases 18S: mock, refDB_mock, Silva99 refDB_mock, JB2/JB3: mock, refDB_mock. Horizontal bar in
number of nematode species included in the mock community (n=39).
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Appendix Figure2.3: Shannon (top), Simpson (middle) indices of diversity and number of observed UClust_ref OTU's (bottom) for rarefied reads&s h
99% (A-C) and JB2 (EF), JB3(E) at 94% similarity. Error bars indicate standard deviation of 10 iterations.



Chapter 2 Appendix

A
o G
5.6
5.2
54 5.2 5
5.2 5.0
5o 48 4.8
4.8 4.6 4.6
4.6 4.4 4.4
42 42 4.2
4.0
4.2 4.0
4.0 a8 3.8
3.8 3.6
3.6 3.6 3.4
3.4 3.4 3.2
3.2 3.2 3.0
3.0 3.0 2.8
2.8 2.8 2.6
2.8 2.6 - — 2.4
2.4 24 2.2
;; ® MockA 2.2 20
1.8 ®* Mocks 2.0 18
1.6 ® MockC 1.8 1.6
1.4 ® MockD 1.6 1.4
1.2 * Mock_A_B 1.4 1.2
1.0
1.0 1.2
o & vﬂ’% ’\"’Q K RO oV »"Pb %Qu @”ﬁ g;«; Qqh m“« K o S %f
o o o° »c“ W o > K3 "> K o A @ ° K K
8 #reads E #reads " #reads
1.00 1.00 00
0.95 0.95 95
0.90 0.90 90
0.85 0.85 85
0.80 0.80 80
0.75 0.75 75
0.70 0.70 70
0.65 0.65 65
0.60 0.60 60
0.55 0.55 55
0.50 0.50 50
0.45 0.45 45
0.40 0.40 40
K K K K o o K o K K o° N 2 K3 20
° o N o" » 2° »° ® ©” N oY o~ o° ~°
“ © ° 5 S 2 2 » 5
c #reads 3 #reads | #reads
1700 50 50
1600
1500 45 45
1400
40 40
1300
1200 35 35
1100
1000 30 30
900
25 25
800
700 20 20
600
500 15 15
400
10 10
300
200 s s
100
P 0 4
5 %@Q »“"b ~° > ;;" N«" e““ BC‘ Q»" an’ w«“ v«f Q'f’
K > o K W B N Ko o> K3 B A @ ° 0

Hraade

sraade

Hraade
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(C) and 97% similarity (D), JB3 at 94% (E) and 97% (F) similarity. Mock AB: true mock composition. Above bars: UClust_reflat, Xaxis: RDP training set.
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Chapter 3 Abstract

Chapter 3

3 Phylogenetic clustering and rarity imply high risk oflocal species extinction in

prospective deepsea mining areas of the ClarioiClipperton Fracture Zone

3.1 Abstract

An understanding of the forces controlling community structure in the deep sea is
essential at a time when its pristineness is threatened by polymetallic nodule mining. Because
abiotically-defined communities are more sensitive to environmental ltange, we applied
occurrence and phylogenybased metrics to determine the importance of biotic versus abiotic
structuring processes in nematodes, the most abundant invertebrate taxon of the Clarion
Clipperton Fracture Zone (CCFZ), an area targeted for nmg. We investigated the prevalence of
rarity and the explanatory power of environmental parameters with respect to phylogenetic
diversity (PD). We found evidence for aggregation and phylogenetic clustering in hematode
Amplicon Sequence Variants (ASVs) artlde highly abundantgenusAcantholaimus indicating the
influence of environmental filtering, sympatric speciation, affinity for overlapping habitats and
facilitation for community structure. PD was associated with abiotic variables such as total
OrganicCarbon, Chloroplastic Pigments Equivalents and/or % mud, explaining up to 64% of the
observed variability and providing further support of the prominence of environmental
structuring forces. Rarity was high throughout, ranging from 6475% unique ASVs. Comonities
defined by environmental filtering with a prevalence of rarity in the CCFZ suggest taxa of these
nodule-bearing abyssal plains will be especially vulnerable to the risk of extinction brought about
by the efforts to extract them.
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3.2 Introduction

The ayssal plains of the ClariorClipperton Fracture Zone (CCFZ) in thélorth-eastern
Equatorial Pacific Figure 3.1) contain the densest known aggregation of polymetallic nodules,
mineral concretions abundant in commecially important metals (e.g. Ni, Cu, Co). Due to the
increasing global demandor them, geopolitical matters potentially limiting their availability and
the depletion of large, highgrade ore deposits, deefsea mining of polymetallic nodules in the
CCFZs emerging as an alternative to landbased extraction(Kratschell et al., 2016) Spanning 4.5
million km 2 between Mexico and the Hawaiian islands, this vast deegga ecosystem (~45 km
depth) is oligotrophic with an eastward increasingseafloorParticulate Organic Carbon (PO)ux
gradient (Vanreusel et al., 2016)and remains largely unexplored with most biological studies
limited to a single licence arede.g.Lambshead et al., 2003; Miljutiret al.,2015; Papeet al.,2017;
RenaudMornant & Gourbault, 190). Concurrently, the mechanisms underlying community
assembly in the CCFZ are all the more elusive as investigations of phylogenetic structure have
rarely been applied to the deep se@Ashford et al., 2018; Lindhet al.,2018; Quattrini et al,2017).

The establishment of species in a community is thought to be mediated by (i) neutral
forces in which taxa are ecologically equivalent and thus persistence is governed by stochastic
processes (e.g. dispersalmortality), (ii) historical factors (i.e. starting conditions of the
environment and historical patterns of speciation and dispersgl which predominate over local
dynamics and (iii) nicherelated processes(CavenderBares et al.,2009; Emerson & Gillespie,
2008). Species pairs exhibit positive associatiamwhen they ceoccur more often than expected
Au AEAT AAR &I OIl ET ¢ OACCOACAOEI 1068 #1711 OAOOAI Uh
found to co-occur less than expected by chance. These deviations from randomness are thought
to be the result of comptitive exclusion, affinity to dissimilar habitats or allopatric speciation
(Diamond, 1975; Gotelli & McCabe, 2002Moreover, competition is expected to be strongest
between closely related and thus ecologically similar taxa, limiting their coccurrence,termed
OEA OAT FCRA BN TTA O Cakillebal. Q@d O&vim 1859). Concurrently, the
presupposition of ecological similarity implying phylogenetic relatednessshould not be
considered universally true (Losos et al., 2008)The inclusion of phylogenetic data enables the
exploration of the nature of species interactionsand how these affect the& ecological am
evolutionary dynamics because under the condition thathe ecological niche of an organism is
the manifestation of inheritedtraits, the phylogenetic composition of an assemblage wilgt least
in part, represent community structuring mechanisms due to the fact that organisms interact via
their phenotypes, which are nomrandomly distributed with respect to phylogeny. From a
phylogenetic perspective, ceoccurring species being more closely related than would be
expected by chance (clustering) results from environmental filtering due to one or more shared

conserved trait(s), which allow them to persist in that locality in the absence ofesource
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limitation and associated competitive interactions Concurrently, it has been suggested that the

outcome of competition between taxa may be indistinguishable from environmental filtering

(Cadotte & Tucker, 2007Mayfield & Levine, 20108 4 EAOTQATAOEDS ET OEEO ET 00
of the set of abiotic (e.g. elevation, grain size, temperatureland biotic factors (excluding

competitors) that an organism must tolerate in order tgpersist, and the relevant traits conferring

persistence in that particdar locality (Emerson & Gillespie, 2008) Alternatively, locally co

occurring species being less closely related to each other thaexpected by chance
(overdispersion) results from competitive exclusion of conserved traits and/or convergent

evolution of the traits defined by the environmental filter. Random structuring is thought to arise

via local exclusion of convergent traitand/or neutral dynamics (Webb et al.,2002).

Rare species, which are inherently at a higher risk of extinctio(Naeem, 1998) are
common in morphological assessments of deepea infaunal taxa, elevating biodiversity
estimates and contributing substantially to variability in community composition(Bianchelli et
al.,2010; Miljutina et al.,2010; Pape et al., 2017)Given the predictedextent of deepsea mining
impacts on the CCFZ biotdLevin et al.,, 2016) the prevalence of rare taxa, and the (mostly
undescribed) high species richness of abyssal invertebrates in general, it becomes crucial to
understand community assembly processes ahhow these contribute to the maintenance of
diversity in the context of mining mitigation. Here we focus on frediving marine nematodes that
are found in deepsea marine sediments worldwide(Vanreusel et al., 2010) and constitute the
most abundant benttic invertebrate phylum in the CCFZHauquier et al., 2018; Pape et al., 2017,
Radziejewska, 2002; Renaudlornant & Gourbault, 1990). Morphological assessments have
shown that polymetallic nodule fields harbour nematode assemblageshat are distinct from
nodule-free abyssal areasas well asnodule-free areas within thenodule-bearing abyss(Singh et
al., 2016), typically exhibiting increased diversity due to the smakcale habitat heterogeneity
provided by the presence of nodulegalthough seeMiljutina et al., 2010) Morever, while most
genera typical to abyssal depthare shared between areas with and without nodulegVanreusel
et al., 201(), someexhibit strong area-specific associations (Singh et al., 20)8ere, we apply a
metabarcoding approach to gin insights regarding the following questions:

1 Is the distribution of deep-sea nematodes in theeastern CCFZ norrandom with respect
to co-occurrence (aggregation/segregation) and phylogeny (clustering/overdispersion)?

If so, what are the tentative mechaisms defining community structure?

1 How does plylogenetic diversity vary in the eastern CCFZ? Are the observed patterns
attributable to environmental characteristics (e.gseafloor POCHlux gradient)?

91 Is rarity a dominant feature of CCFZ nematode assenalgies with respect to genetic
variability (ASVs)?
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3.3 Material and Methods

3.3.1 Sample collection

Sediment cores were collected during the EcoResponse campaign (Assessing the Ecology,
Connectivity and Resilience of Polymetallic Nodule Field Systems) aboard the GemResearch
Vessel SONNE from 11/080/04/2015. Four license areas across 1300 kms were targeted
Figure 3.1, BGR: Bundesanstalt fir Geowissenschaften und Rohstoffe, IOM.C: InterOcean Metal
Control, GSR: Global Sedineral Resources, IFREMER: Institut Francais de Recherche pour
I'Exploitation de la Mer), and one Area of Particular Environmental Interest (APEI3Wwhere no
mining will take place. The BGR area was sampled attwos@bA CET T 6N OEA 02 AEAOAI]
00 AR OEOA AOAAG6 j"' 2821 d 1 EIEOCAA TETEITCh "'280!

Samples were collected using the Octopus multicorer (inner diameter: 94 mm) at 23
stations (Appendix Table3.1). Replicates of eaclareawere retrieved from separate multicorer
deployments (1 core/deployment, BGR.PA: n=5, BGR.RA: n=4, IOM.C: n=2, GSR: n=4, IFREMER:
n=5, APEI3: n=3). The top 5cm of each core wetellectedand frozen in sealed plastic bags at
20°C. Meiofauna was extracted fronhalf of the sediment into sterile Mill-Q water by density
gradient centrifugation (3x12 min, 1905 rcf) with the colloidal silica polymer Ludox® H&40 as a
flotation medium (specific density 1.18 g/cm). Cores for environmental variables were sliced {0
1 cmand 1-5 cm) and stored at-20 °C;1 mL was subsampled from the €bcm layer and stored at
-80 °C for pigment analysis (chlorophyHa, phaeopigments). Extraction was completed using 90%
acetone and concentrations were measured fluorometrically using the Tdgy® Laboratory
Fluorometer at the Max Planck Institute for Marine MicrobiologyGermany). Grain size analysis
was completed using laser diffraction (Malvern Mastersizer hydro 2000 G). Total Organic Carbon
(TOC) and Total Nitrogen (TN) was quantified byambustion of freezedried samples with the

Flash 2000 NC Sediment Analyseafter being acidified with 1% HCI to remove inorganic carbon

3.3.2 DNA extraction and HTS library preparation

Genomic DNA was extracted by adding 6 uL proteinage[10mg/mL] and centrifuged 5
min at 14000 rpm (Room Temperature, RT). The pellet was ground, bedgaten for 2 min at 30
cycles/second and incubated at 60C for 1 hour. Ammoniumacetate (250 yL, 7.5 M) was added
and tubes centrifuged for 10 min at 14000 rpm (RT). The supernatarf750 uL) was transferred
into a new sterile tube; 750 L of cold 80% isopropanol was added, mixed, incubated for 30 min
at RT, and centrifuged for 15 min at 14000 rpm (4°C). The supernatant was removed, 1 mL
washing buffer (76% EtOH 10mM ammonium acetajewas added, tubes were incubated for 30
min on ice (to remove salts) and centrifuged for 5 min at 14000 rpm (4°C). Finally, the

supernatant was removed, and 20 uL of sterile water was added.
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The 18S (V1V2 region) ribosomal locus was amplified using therimers SSU_F 04
SSU/22_R (GCTTGTCTCAAAGATTAAGCC, TCCAAGGAAGGCAGCAGGC respectively) which were
AT1 OOOOAOAA xEOE )11 O0IETA 1TOAOEAT ¢ AAAPOAOO AO
, EAOAOU O0OAPAOAOEIT T 08 %AAE OAI blloding ®@RxondifioBsl E /£E A A
95°C 2 min, 30x(95 °C 1 min, 57 °C 45 sec, 72°C 1 min), 72°C 10 mini TEBed AT 1T OEOOAA | £
PCRgrade HO, 4 pL Phusion Buffer, 4 uL Dye, 0.4 yL dNTP [10 mM], 1 uL forward and reverse
DOEI AO fpm t-Yh m8¢ A, OEOOEIT (106 30A00 )) (EC
U.S.A) and 1 uL DNA template (diluted 1/10). line event of failed amplification, DNA templates
were diluted 1/50 in PCRgrade HO and/or 2 uL template were used. PCR products were run on
a 1% agarose electrophoresis gel, triplicates were pooled, purified using Agencourt AMPure XP
beads and run on Bioaalyzer 2100 High Sensitivity to confirm length and size distribution of the
PCR fragments. Library indexing was completed using the FC13002 NexteraXT Index Kit
(lumina, U.S.A.) and Kapa High Fidelity PCR kit (Kapa Biosystems, U.S.A.). The mix cedsift
pp8c¢u -pgrade B@, 5 UL Buffer, 0.75 uL dNTP [10 mM], 2.5 uL Index1 and Index2, 0.5 pL
Kapa Hot Start High Fidelity Polymerase and 2.5 uL PCR product. These were then purified using
Agencourt AMPure XP beads and 11 randomly chosen samples weus ion Bioanalyzer 2100
High Sensitivity to confirm successful indexing. DNA was quantified using Qubit® dsDNA High
Sensitivity Assay Kit in all samples for pooling. Finally, biological replicates were distributed over
three pooled libraries and sequenced taEdinburgh Genomics on three lllumina MiSeq3

2x300bp paired-end read runs (https://genomics.ed.ac.uk/).

3.3.3 Sequence Data Analysis

GeneODAAEAZEA AAADPOAO OANOAT AAOG xAOA OOOT AAOGAA
Cutadapt(Martin, 2014) (v1.12,SE3). Ribosomal (18S)Amplicon Sequence Variants (ASVs) were
generated with DADA2(Callahan et al., 2016)under default settings with the exception of
truncation of forward and reverse reads at 225 and 250 bp, respectively5£4). Taxonomic
assignmentof ASVs was completed in QIIMECapora et al., 2010)assign_taxonomy.py) with
the Naive Bayesian RDPWang et al., 2007)classifier (confidence estimate: 0.80) in two steps:
first, a large eukaryotic reference training set was used (Silva release 123 for QIIME1, 99% OTUs
and UGent nematode &hger sequences; n=20201). Second, all ASVs that received a Al AOT AAd
label were extracted andaxonomywasre-assignedto them using a smaller, nematodesxclusive
training set (2178 sequences, 27 Orders)omposed of sequences from Silva and the local UGe
database MoMentuM folecular and Morphological diversity assessment of MeiofaupaSamples
were rarefied to the lowest sequence count (n=25258) for subsequent analyses (QIIMEL,

alpha_rarefaction.py). ASVs lacking a taxonomic assignment beyond Nematodaevincluded in
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our analyses to investigate whether these (presumably) unknown taxa exhibit patterns similar to

those identified at genuslevel.

3.3.4 Diversity Analyses

Normality and homoscedasticity of the number of genera assigned to Nematoda ASVs
were assesed with the ShapiroWilk and Levene test respectively while statistically significant
differences were determined via Analysis of Variance (ANOVA). Normality could not &ealuated
for IOM.C due to insufficient replication(n=2). Lhique and shared Nematoda ASV plots were
generated with the R packaged 5 B 3 ACOmway et al.,2017). Phylogenetic betadiversity was
assessed with the unweighted UniFra¢Lozupone & Knight, 2005)distance in Nematoda ASVs

and visualised by means of Principal Coordinates AnalygiBCoA).

3.3.5  Community Structure Analyses

We tested for norrandom co-occurrence patterns at the regional (CCFZ) and local (Area)
level in Nematoda ASVs @enusassigned +unassigned n=1981) and within the ASVs of thehree
most abundant genera:Acantholaimus(n=234), Desmoscolexn=286) and Halalaimus (n=142).

To check for the effect of ingér-replicate variation, analyseswere completed with replicates
pooled and unpooledwhenever possible

CCFZ.Replicates: data matrix includes afeas, replicates not pooéd (i.e. 23 columns)
CCFZ.Areas: data matrix includes alteas, replicates pooled byarea (i.e. six columns)

Local: data matrix includes replicates of eaclarea separately (i.e. six data matrices, analysis
cannot be completed with replicates pooled)

The rnumber of checkerboard Pair (CPs) and &core (Stone & Roberts, 1990)were
compared against a null model (sim2, 10000 replicates) ithe R packaged %A | 3 Eotedlidet
al., 2015). The sim2 algorithm randomizes a preseneabsence matrix by reshuffling elemsts
within each row equiprobably. The Gscore quantifies the average number of CPs across all
possible paired combinations; in a matrix with sites as columns and taxa as rows, for each unique
pair, the CGscore is equal to ¢&=(R-S)(R-S) where Rand R are row sums of taxa i, j and S is the
number of shared sites in which both i and j are present. Thus, for any particular species pair, the
C-score is a numerical index that ranges from a minimum of zero (maximally aggregated) to a
maximum of R x R (maximally segregated with no shared sites). Departures from randomly €o
occurring assemblages were assessed via the standardized effect size (ses, see below) as well as
upper- and lower-tail one-sample ttests. An assemblage that is structured mainly by compétie
interactions (segregation) is expected to have more CPs and highers€res than would be
expected by chance (i.e. ses¥QGotelli & McCabe, 2002).

Reads were aligned witithe software O $ %# ) 0({1¢Bt,2016) using a chained guide

tree; alignments were subsequently adjusted with the adjust.alignment command.he software

75



Chapter 3 Material and Methods

O-1T AATLAOPSAOOEAA AO Al 8h ¢mpwq xAO OOAA Oi
evolution for tree construction for each ASV set. In all instances the General TimevBwsible
(GTR) model was selected as one of the bestoring models according to the either the Bayesian
or the Akaike Information Criterion. Approximately-maximum-likelihood phylogenetic trees
were constructed using FastTre€Price et al., 2010under the GTR+CAT model; midpoint rooting
xAO AT 1 bl AOAA 6x kE GEA EQ BEHe®IWelie Gapaps€l innteractive Tree Of Life
(iTOL) v4 (Letunic & Bork, 2019).PD (see below) and ses of the following phylogenetic metrics
were calculated for Nematoda, genus-assigned (n=978),unassigned(n=1003), Acantholaimus
Desmoscoleand HalalaimusASVs usingth(RkD AAE A CA  (@mdb & A.l2@8)o

1 Phylogenetic Diversity (PD(Faith, 1992)): sum of branch lengths between the root and &l
species in a sample phyglgeny providing an indication of genetic variability

1 Mean Pairwise Distance (MPOWebb, 2000: mean pairwise phylogenetic distance
between all taxa in a local assemblagproviding an indication of overall relatedness
throughout the phylogenetic tree (basal

1 Mean Nearest Taxon Distance (MNTDWebb, 2000): mean phylogenetic distance
between each taxon andks nearest neighbour on the phylogenetic tree with which it ce
occurs in the local assemblagproviding an indication of overall relatedness toward the

branch tips (terminal)

The observed metric (obsMetric) was compared to that obtained from 999
randomizations (nullMetric) of the assemblage generated using all null models (i.e. taxa.labels,
richness, frequency, sample.pool, phylogeny.pool, independentswalpialswap, see Appendix
Table 3.12 for full description). The ses was calculated as follows:

OAO8- AOCOEAEPIT ACABOBEGT OOAAOG8T Oi I - AOOEA
where stdev equals the standard deviation; negative ses values indiegbhylogenetic clustering

while positive values suggest phylogenetic overdispersion(CarvajatEndaraet al., 2017).

30A0OEOOEAAI T U OECI EXZEAAT O AAPAOOOOAOG &EOT I A

were tested using a onesample two-tailed t-test when normally distributed as determined by the
Shapiro-Wilk test. Alternatively and in the event of fewer than three replicates pearea(i.e. IOM.C
and DesmoscoleXdASVs for APEI3), the Wilcoxon signed rank test was used. These metrics have
commonly been $sed to reveal phylogenetic structure in bacterial, protist, plant, bird and
mammal assemblagegCarvajalEndara et al., 2017; Coopeet al.,2008; Grahamet al.,2009;
Pontarp et al.,2012; Singer et al., 2018; Webb, 2000)

A Distancebased linear model DistLM, stepwise procedure, adjusted Rcriterion, 9999
permutations, PERMANOVARANderson et al., 2008) was carried out to perform permutational

regression between PD and environmental variables (%Total Organic Carbon [%TOC], %Total
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Nitrogen [%TN], %Mud <4 pm] %Silt[4 pume o Al Yh #EI 1T O1 b1 AOOEA O0ECI Al
chlorophyll-a + phaeopigments]) for Nematodagenusassigned, unassigned Acantholaimus
Desmoscolexand Halalaimus ASVs.Correlations between the environmental variables were

visually checked with Draftsman plots.Unless indicated otherwise, all analyses were completed

in RStudia® v1.1.456. A diagram of our sampling design and analysis is provided Appendix

Figure 3.1.

3.4 Results

The 23 rarefied sanples generated 5574 ASVs of which a large fraction (41%) were
Qinassigned h pwywp xAOA AOOECT AA O1 O. Al AOT BAvdth § cuv P Qh
each of the remaining 32ohyla being represented by <2% relative abundanceAppendix Figure
3.2). Within the assigned ASVs,he most abundant nematode genera weréDesmoscolex
Acantholaimusand Halalaimuswith 286, 234 and 142 ASVs respectively while the remaining 44
were represented by <40 ASVs eachFigure 3.2). These three genera were also the most
widespread with Acantholaimushighly abundant (relative abundance >5%) in all 23 samples,
Desmoscolein 22 andHalalaimusin 21. One ASV assigned #scantholaimus spin particular was
virtually ubiquitous throughout the CCFZ, occurring in all but one replicate. Only 12 nematode
genera in total were restricted to a singlearea (2-4 per area), while 13 (28%) were common to

all six.

3.4.1 Nematode assemblages

Generic richness ofjenusassigned ASVs differed significantly betweemreas (p=0.0001)
and was lowest in APEI3 (9.00+£3.61) and highest in BGR.PA (20.60+2.0Figlre 3.2, Appendix
Table 3.2, Appendix Table 3.3). Pairwise comparisons indicated APEI3 had significantly fewer
nematode genera than IOM.C, BGR.RA, BGR.PA while IFREMER had significantly fewer genera
than BGR.RA, BGR.PAfpendix Table3.4). Over 63% of Nematoda ASVs were restricted to one
area, with APEI3 exhibiting over 75% unique ASVsHgure 3.3). Just two Nematoda ASVs were
ubiquitous in the CCFZ Acantholaimussp, Daptonena_sp while the two areas nearest to each
other (BGR.RA, BRA.PA) shared the largest number of ASVs (n=43). Notably, five ASVs were
shared between the most distanareas APEI3 and BGR.PA.

PD was consistently lowest in APEI3 and increased gradually to maxim values in IOM.C
(Figure 3.4, Appendix Table3.5), exhibiting statistically significant differences betweenareas
(p=0.0039,Appendix Table3.6). Pairwise comparisons indicated APEI3 had lower PD than IOM.C,
BGR.RA and BGR.PApendix Table3.7). Unassigned ASVs had the greatest contribution to total
PD. At the generic levelDesmoscolexexhibited the highest PD (0.733+£0.230) followed by
Halalaimus(0.377+0.095) andAcantholaimus(0.281+0.072).
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The DistLM sequential tests indicated a differential importance of environmental
variables in explaining PD within each ASV setAppendix Table 3.8). Within Nematoda and
unassignedASVs, % TOC was the only significant variable (p<0.05), accounting for 39% and 43%
of the observed variability, respectively. CPE and %Mud were both significant fgenus-assigned
ASVscollectively explaining 64% of the variation in PD. CPE and %Mud accounted for 40% and
32% of PD variability inDesmoscoleand HalalaimusASVs, respectively. PD withidcantholaimus
could not be attributed to any of the measured variables.

The topology of the UniFracbased PCoA approximately matchedhe geographic
distribution of the different areas in the CCF4Figure 3.5). The more easternareas (BGR.PA,
BGR.RA, IOM.C, GSR) exhibited a high degree of overlap ti¢ghtwo BGRareas being virtually
superimposed. Contrastingly, the westerrareas IFREMER and APEI3 were most segregated. No

statistical testing could be completed on this metric (PERMDISP<0.05).

3.4.2 Patterns of ceoccurrence

The number of CPs andhe Gscore for Nematoda ASVs were lower than expected by
chance at both theregional and local level for all areas excluding IOM.C and BGR.RA, the latter
two exhibiting random co-occurrences and an excess of CPs (segregation), respectiveétig(ire
3.6, Appendix Table3.9). Moreover, patterns were consistent whether replicates were pooled or
not. Ceoccurrence patterns within the generaAcantholaimusand Desmoscolexvere nearly
identical, exhibiting fewer CPs and lower &cores than expected by chance, which was observed
at theregional (CCFZ.Replicates, CCRZeas) andlocal level in 3-4 out of sixareas. Ceoccurrence
in HalalaimusASVs was idiosyncratic; at theegional level (CCFZ.Reptates) CPs and Score did
not differ from the null model, yet both metrics indicated higher than expected coccurrences
when replicates were pooled byarea Within eacharea, the number of CPs and-€core in GSR and

BGR.RA were higher than expected bypance, while the remainingareas were random.

3.4.3 Phylogenetic community structure

The vast majority of ses.PD, ses.MNTD and ses.MPD were negative pointing to an
increased tendency toward phylogenetic clustering Kigure 3.7). Nematoda ASVs exhibited the
most clustering acrossareas, as well as the highest consistency between the three metrics
(Appendix Table 3.10). The strongest signal came from ses.MPD where alieas but IOM.C
differed significantly from zero, followed by ses.MNTD in which a#ireas excluding GSR and IOM.C
exhibited clustering, and finally, ses.PD in which IFREMER, and BGR.RA, BGR.PA were clustered.
In genusassigned ASVs, APEI3, IFREMER and IOM.C exhibitedqgepietic clustering in ses.PD
and ses.MNTD whildor ses.MPD assemblages did not differ from the null model. Clustering in
unassigned ASVs was restricted to BGR.RA, BGR.PA (ses.PD/ses.MNTD) and BGR.RA with

ses.MPD. Clustering was discordant between genefgsmoscoleXASVs did not differ from a
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randomly structured assemblage in allareas and for all metrics while Halalaimus exhibited
clustering only in APEI3 with ses.MPD whiléAcantholaimusASVs were clustered in albreas
excluding IOM.C, BGR.RA (ses.MPID)APEI3, GSR, BGR.PA (ses.MNTD) and in IFREMER, GSR
(ses.PD).
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3.5 Figures
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Figure 3.1: Areas sampled in the Clarion Clipperton Fracture Zone BGR: Bundesanstalt fi
Geowissenschaften und Rohstoffe RA/PA: Reference/Prospective Area respectively IOM.C
InterOcean MetalControl, GSR: Global Sééineral Resources, IFREMER: Institut Francais de Recher
pour I'Exploitation de la Mer, APEI3: Area of Particular Environmental Interest 3). Circles indice
sampling location within each Area.

80



Chapter 3 Figures

APEI3

IFREMER

GSR

IOM.C

BGR.RA BGR.PA

250

200

1501

1004

Number of ASVs

202 206 207

154 155 164 168 176

145

Acantholaimus
. Achromadora
. Aegialoalaimus

. Anticoma

. Astomonema
. Bathyeurystomina

APEI3

IFREMER

Calomicrolaimus

Frequency of ASVs

Ceramonema

Chromadorita

. Desmoscolex
. Diplolaimelioides
[ Diptopettula
202 206 207 154 155 164 168 176 125 145 . Doliolaimus
;g_ . Enoplolaimus
20 . Eucephalobus
© 184 . Eumonhystera
% 164 . Halalaimus
Q 141 . Halichoanolaimus
G 121
E . Halomonhystera
8 10+
£ ]
Z 64
44
24
0-

APEI3

IFREMER

GSR

IOM.C

BGR.RA BGR.PA

Leptolaimus
Litinium
Manganonema
Metoncholaimus
Molgolaimus
Monhystrella
Onchium
Oxystomina
Paramphimonhystrella
Pellioditis
FPhanodermopsis

Prismatolaimus

H
|

|
¢
:
:

Siphonolaimus
. Sphaerolaimus
. Subsphaerolaimus
. Syringolaimus
Tarvaia
Thalassoalaimus
Theristus
Tripyloides
Unassigned

Viscosia

Figure 3.2: Taxonomic assignments and generic richness of Nematoda ASVs. Topteenpanel: absolute/relative abundance ofgenus-level taxonomic
assignments of rarefiedNematoda ASVs for each replicate sampled in tlBGR.PA, BGR.RA, IOM.C, GSR, IFREMER and AR} bottom panel: generi
richness of ASVs in each Area, error bars regsent standard deviation.
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Figure 3.4: Phylogenetic Diversity (PD) of Nematoda ASVs (composed of Gerassigned (light grey) and unassigned (dark grey), topanel), Acantholaimus
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Figure 3.7: Standard effect size (ses) of Phylogenetic Diversity (ses.PD), Mean Nearest Taxon Distance (ses.MNTD) and Mean PairwisacBigtes.MPD) (
Nematoda, Genusassigned, unassignedicantholaimus Desmoscoleand Halalaimus ASVs in theBGR.PA, BGR.RA, IOM.C, GSR, IFREMER and APEI33ynedml<
represent outcome of the relevant {test: squares, asterisk indicate statistically significant clustering and random phylogenetic structureespectively.
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