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Abstract

Seafloor sediments are inhabited by benthic organisms and accumulate the remains of pelagic
organisms that falls down from the water column. The sediments are therefore a repository of
the whole marine biodiversity comprising benthic and pelagic components. All these organisms
contain DNA that will be incorporated into the sediments thus becoming sedimentary DNA
(sedDNA). This DNA can persist over time as ancient sedimentary DNA (sedaDNA). By
sequencing this sedimentary DNA, it is not only possible to access the current biodiversity but

also to infer biodiversity of the past.

In this thesis I present several case studies that use sedimentary DNA to identify marine
biodiversity and to analyse its variation in time and space. Primary focus of my studies are
foraminifera, single-celled marine organisms, present both on the ocean surface and on the

seabed. Being sensitive to changes in their environment, they are important ecological markers.
This thesis is divided into three parts, each containing two case studies.

The first part focuses on the preservation of ancient sedimentary DNA in the marine
environment. In the first study (Chapter 3), the DNA preservation of benthic and planktonic
foraminifera is compared across subsurface sediments. We found that benthic DNA dominates
over partially degraded planktonic DNA in the first ten cm. Below ten cm, the genetic signal
of both groups stabilizes and planktonic foraminifera DNA exceeds benthic one. Moreover,
this signal reflects the local biogeography of planktonic species, making possible to trace the

cold and warm marine currents and their confluence point.

In the second study, a sediment core spanning the period from Recent to 384 Ka was examined
(Chapter 4). This core collected from the depth of 1893 m at the tropical Bismarck Sea was
stored for fourteen years at 4°C. The poor storage conditions strongly impacted DNA
preservation and caused contamination by modern amoebae and fungi. Nevertheless, by using
specific markers we were able to recover a reliable signal of foraminifera, radiolarian and
terrestrial plants DNA down to the 200 Ka. Our preliminary results comparing protist and
floristic diversity across glacial and interglacial intervals show a multitaxon evidence of a
depletion of terrestrial and marine diversity in the tropics since the last glacial interval (MIS

2).



The second part shows how sedimentary DNA is used to assess deep-sea benthic biodiversity
at a large scale with samples from all oceans (Chapter 5) and at a local scale, focused on the

Clarion-Clipperton zone in the Tropical East Pacific (Chapter 6).

The objective of the first study was to discriminate autochthonous benthic DNA from pelagic
DNA deposited at the deep-sea floor. This was done by comparing the 18S V9 sequences from
the bathyal and abyssal areas to the sequences obtained from the photic and aphotic areas. Thus,
it was determined that about 21% of the sequences found in the deep-sea sediments are of
pelagic origin. The identity of two thirds of the remaining sequences is still unknown,
underlining the great diversity of the deep-sea benthos and gaps in its knowledge. Moreover, it
was also possible to evaluate the flux of particulate organic carbon and to identify previously

unknown taxa that could be at the origin of the biological carbon pump.

The second study in this part deals with unknown sequences, in this case those of deep-sea
foraminifera. In general, the unknown sequences are either removed from ecological analyses
or grouped as "unassigned". In this study, we propose a method to annotate these unassigned
sequences based on their genetic signature. As a result, 61 new foraminiferal lineages grouped
into 27 clades were found in Clarion-Clipperton sediment samples. Many of these lineages
were present in other deep-sea areas, but only a few of them appeared in the coastal datasets,

suggesting that deep-sea benthic fauna is highly endemic.

The last part of my thesis describes the use of sedimentary DNA to characterize the ecological
quality status of a highly polluted coastal marine site, based on surface sediments (chapter 7)
and core sediments covering the last 180 years (chapter 8). The site is located at the Bay of
Bagnoli (near Naples), where an industrial complex, now dismantled, was established during
the 20th century. We first calculated the current ecological status of the site along a distal to
proximal gradient using morphological and sedimentary DNA data from the foraminiferal
communities. Both the morphology and molecular approaches delineated low polluted areas
from high polluted areas. However, the molecular data were found to be more consistent with
the geochemical measurements of the pollution. Reconstruction of the reference conditions
prior to the industrialization was the objective of the second study. The analysis of sedimentary
DNA shows variations in prokaryotic and eukaryotic community composition resulting from
habitat degradation. Prior to the industrialization, the Bay of Bagnoli was covered by a seagrass
meadow with highly diversified fauna. As a result of anthropogenic activities, the Posidonia

seagrass progressively disappeared and eukaryotic community was replaced by dinoflagellates
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and infaunal metazoan species. Sedimentary ancient DNA allows us to follow the past changes

linked to human activities and to recover the reference conditions in pre-industrial times.

Finally, I discuss different challenges encountered when analysing ancient and recent
sedimentary DNA sequences and I conclude by presenting new sequencing technologies and

computational methods that could be used in the future sedimentary DNA research.
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Résumé

Les sédiments des fonds marins sont habités par des organismes benthiques et accumulent les
restes d'organismes pélagiques qui tombent de la colonne d'eau. Les sédiments sont donc un
réservoir de l'ensemble de la biodiversité marine comprenant des composants benthiques et
pélagiques. Tous ces organismes contiennent de I'ADN qui sera incorporé dans les sédiments,
devenant ainsi de I'ADN sédimentaire (sedDNA). Cet ADN peut persister dans le temps sous
forme d'ADN sédimentaire ancien (sedaDNA). En séquengant cet ADN sédimentaire, il est non
seulement possible d'accéder a la biodiversité actuelle mais aussi de déduire la biodiversité¢ du

passé.

Dans cette thése, je présente plusieurs études de cas qui utilisent 'ADN sédimentaire pour
identifier la biodiversité marine et pour analyser sa variation dans le temps et 1'espace. Mes
¢tudes portent principalement sur les foraminiféres, des organismes marins unicellulaires,
présents a la fois a la surface des océans et dans les fonds marins. Sensibles aux changements

de leur environnement, ils sont des marqueurs écologiques importants.
Cette these est divisée en trois parties, chacune contenant deux études de cas.

La premiére partie se concentre sur la préservation de I'ADN sédimentaire ancien dans
I'environnement marin. Dans la premiére étude (Chapitre 3), la préservation de 'ADN des
foraminiféres benthiques et planctoniques est comparée a travers les sédiments de subsurface.
Nous avons constaté que 'ADN benthique domine sur I'ADN planctonique partiellement
dégradé dans les dix premiers centimeétres. En dessous de dix centimétres, le signal génétique
de deux groupes se stabilise et 'ADN des foraminiféres planctoniques dépasse celui des
benthiques. De plus, ce signal refléte la biogéographie locale des espéces planctoniques,

permettant de retracer les courants marins froids et chauds et leur point de confluence.

Dans la deuxiéme étude, une carotte de sédiments couvrant la période allant du récent aux
derniers 384 Ka a été examinée (Chapitre 4). Cette carotte collectée a une profondeur de 1893
m dans la mer tropicale de Bismarck a été stockée pendant quatorze ans a 4°C. Les mauvaises
conditions de stockage ont fortement affecté¢ ' ADN et ont entrainé une contamination par des
amibes et des champignons modernes. Néanmoins, en utilisant des marqueurs spécifiques, nous
avons pu récupérer un signal fiable d'ADN de foraminiferes, de radiolaires et de plantes
terrestres jusqu'a 200 Ka. Nos résultats préliminaires comparant la diversité des protistes et de

la flore a travers les intervalles glaciaires et interglaciaires montrent une preuve
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multitaxonomique d'un appauvrissement de la diversité terrestre et marine dans les tropiques

depuis le dernier intervalle glaciaire (MIS 2).

La deuxié¢me partie montre comment I'"ADN sédimentaire est utilisé pour évaluer la biodiversité
benthique en eaux profondes a grande échelle avec des échantillons provenant de tous les
océans (Chapitre 5) et a une échelle locale, centrée sur la zone de Clarion-Clipperton dans le

Pacifique Est tropical (Chapitre 6).

L'objectif de la premicre étude était de distinguer 'ADN benthique autochtone de 'ADN
pélagique déposé au fond des océans. Pour ce faire, les séquences 18S V9 des zones bathyales
et abyssales ont été comparées aux séquences obtenues dans les zones photiques et aphotiques.
Ainsi, il a été déterminé qu'environ 21% des séquences trouvées dans les sédiments des grands
fonds sont d'origine pélagique. L'identité de deux tiers de séquences restantes est encore
inconnue, soulignant la grande diversité du benthos des grands fonds et les lacunes dans sa
connaissance. Par ailleurs, il a été possible d'évaluer le flux de carbone organique particulaire
et d'identifier des taxons jusqu'alors inconnus qui pourraient étre a l'origine de la pompe a

carbone biologique.

La deuxiéme étude de cette partie traite des séquences inconnues, en l'occurrence celles des
foraminiféres d'eau profonde. En général, les séquences inconnues sont soit retirées des
analyses ¢écologiques, soit regroupées comme "non attribuées". Dans cette étude, nous
proposons une méthode pour annoter ces séquences non attribuées sur la base de leur signature
génétique. En conséquence, 61 nouvelles lignées de foraminiféres regroupées en 27 clades ont
été trouvées dans les échantillons de sédiments de Clarion-Clipperton. Beaucoup de ces lignées
¢taient présentes dans d'autres zones d'eaux profondes, mais seules quelques-unes d'entre elles
sont apparues dans les ensembles de données coticres, ce qui suggere que la faune benthique

des eaux profondes est hautement endémique.

La derniere partie de ma thése décrit 1'utilisation de I'ADN sédimentaire pour caractériser 1'état
de qualité écologique d'un site marin cotier fortement pollué, a partir de sédiments de surface
(Chapitre 7) et de sédiments d’une carotte couvrant les 180 derniéres années (Chapitre 8). Le
site est situé dans la baie de Bagnoli (prés de Naples), ot un complexe industriel, aujourd'hui
démantelé, a été établi au cours du 20éme siécle. Nous avons d'abord calculé le statut
¢cologique actuel du site le long d'un gradient distal a proximal en utilisant les données
morphologiques et d'ADN sédimentaire des communautés de foraminiferes. Les approches

morphologiques et moléculaires ont permis de délimiter les zones faiblement polluées des
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zones fortement polluées. Cependant, les données moléculaires se sont avérées plus cohérentes
avec les mesures géochimiques de la pollution. La reconstruction des conditions de référence
avant l'industrialisation était I'objectif de la deuxieéme étude. L'analyse de I'ADN sédimentaire
montre des variations dans la composition des communautés procaryotiques et eucaryotiques
résultant de la dégradation de l'habitat. Avant l'industrialisation, la baie de Bagnoli était
couverte d'une prairie marine avec une faune trés diversifiée. En raison des activités
anthropogéniques, l'herbier de posidonies a progressivement disparu et la communauté
eucaryote a été remplacée par des dinoflagellés et des espéces métazoaires infauniques. L'ADN
ancien sédimentaire nous permet de suivre les changements passés liés aux activités humaines

et de retrouver les conditions de référence de I'époque préindustrielle.

Finalement, je discute des différents défis rencontrés lors de I'analyse des séquences d'ADN
sédimentaire ancien et récent et je conclus en présentant les nouvelles technologies de
séquencage et les méthodes de calcul qui pourraient étre utilisées dans les futures recherches

sur I'ADN sédimentaire.



Table of Contents

Acknowledgments/ReMEICIEMENTS.......ccceeerrerrrrrrirrsserrrsssssesssssssesssssssssssssssssssssssssssssssssssssssssssnnns ii
01N <1 4 Yot RO PO P OPPPTS v
RESUME ...ttt iirreseneeessee s st ressnnssssssssstnsasnnssssssssssssessnnnsssssssssssesnnnssssssssssnsssnnnnsssnns viii
Chapter 1: 1019 o2 [1 Lot 1 1o o J O 2
1.1. General BackgroUNd..........ccceeiiiieeeiiiiieeiciireenieetrenneereenseerrenssessenssseesensssessenssssssensssssannnes 2
1.2, Sedimentary DNA (sedDNA) and sedimentary ancient DNA (sedaDNA) .........ccccceeennennnes 2
1.3. Sedimentary DNA presServation .........cccccceieeeneeriennieerrensieereenssessensssessensssesssnssssssensssssssnnes 4
1.4. Sedimentary DNA applications.......ccieeeeiiiieenieiiiennieeiiennieeteensiestenssseerensssessenssssssensssssesnnes 5
1.5. Deep-5ea Habitats .....ccvveuiiiiieeiiiiiiieiieieeeereneeetreneseeteensseeteenssseseenssessennssssennssessennssessens 6
1.6. FOraminifera ....ccceeeeeiiiiiiiiiiiiirisccn s reeereness s e e s s e s s snassssssssssssssnnssssssssssnssnnnnssses 7
1.6.1.  Planktonic foraminifera........cccuieeiii i e e e et r e e e e e et eeeaas 8
1.6.2.  Benthic fOraminifera ...t e e e e e s ebare e e e e e e e e aabbeeeeeeeeennnrseeeeeens 8
1.7. OBJECEIVES ..ceeeueeeriienieiieeniitieenneettennsereennseesrennseesrennssessennssesssnnssesssanssesssansssssnnsssssnnsnenees 10
Chapter 2: 1V =14 1 Toe (o] [o o | VAU PPIN 11
2.1. Sedimentary material for eDNA and aDNA (Fig. 2.3 A.)..cceireeeeeeiieeirirreeenmnnnceeeeneeeeenennnes 11
2.2, DNA exXtraction (Fig. 2.3 B.) ceeeuuieeieiiiiereennneieeeetreeeeensssseeseensessssssssessssssssssssssssssessssnnnnnes 14
2.3. Markers gene and primers (Fig. 2.3 €.) cueuurriieeiireeeeemnriieetieeeeeesnsereseeereesssssssssesessssssnnnes 14
2.4, Amplification Pooling, library preparation and sequencing (Fig. 2.3 C. =D.) ...cccceuuueeeeens 15
2.5. Bioinformatic analysis (Fig. 2.3 E. = F.) ceueuuueiieeiiieeeeennniieeeeeeeeenennssesesseeeesssnssssssssesssnsnnnnes 16
2.5.1.  Pre-processing of dataset (Fig. 2.5) ...ccuuriiriiriie ettt ettt st saee e saes 16
2.5.2.  TaXONOMIC @SSISNMMENTS ...eeiiiiuiiiiiiiiiie it ettt et e e sire e s s e s e b et e s s be e e e e saberesesreeesanreeessanreeesannns 18

D T T b T | -1 o = 1 <D ST U PP PURTRRRRPRt 19
2.6. Metabarcoding FOraminifera......ccccccceiieeeeiirieeeniiiieeieiieeeeernennseereennseersenseessenssesssenssesees 19
2.6.1.  FOraminifera PrimersS. ... oo ettt ettt ettt et e s bt sat e e sabe e st e e sabeesabeesbeesbeeesnneenees 19
1.1.1.  ProcesSING raW data ..oc.eeeveeiiieiiieeeie ettt ettt ettt e st e st e st e et e s b e e s bt e s bt e e snee e sareenanee s 22

Chapter 3: Planktonic foraminifera eDNA signature deposited on the seafloor remains

preserved dfter burial in marine SedimeEnts ...............ceeeeeeeeeenrereeenrereeensereeessereensserennssenees 24

3.1. [0 J[=Tot fe [T ol 4]+ 4 1o 1 S PPTRON 24

xi



3.2. Y o 1 = o N 25

3.3. 31 To 11Tt o o o N 25
3.4. Material and Methods.........ccocvceeriiiiiiiiiiinetiiiiiiierre e 28
R 2 o B Y- 11 4T o = S PO PO PSP PO P PP PPPOPPTPPPRRUPTROt 28
3.4.2.  MICrofosSil @NAlYSIS ....cooiiiiiiiiiiiee ettt e sr e s esreenane 29
3.4.3.  EDINA @XEFACTION ..ottt e s st e s e e s e e s st e e e s e e s e nn e e e s raeeeeas 29
3.4.4. PCR amplification and high-throughput seqUENCING........cc.coviiiiiiiiiiii e 30
3.4.5. Sequence data @nalYSis .....cceiiiiiiiiiieee ettt eesreenane 31
3.5. RESUILS c.uueeeeriiiiiiiiiitrecti ittt sas e s s aass s e e e e s s e s aane 32
3.5. 1. IMICIOfOSSIl 0ata....veeeeieiiieeiie ettt sttt e s b e s eenneenane 32
3.5.1.  MetabarCoOdiNg data.......cceceeeiieiiiieiiee ettt ettt st ra e s re e s e enee e 34
3.6. T ol U T N 37
3.6.1.  Planktonic foraminifera eDNA preservation in the sediment .......cc.cccoviiriiiinienniienienceeee 37
3.6.2.  Microfossil vs metabarcoding reCord .........cocuiieieiiiieiiiieee e 40
3.6.3. Spatio-temporal patterns in community COMPOSITION ........eeviiiiiiiriiiiiiieiieeeeee e 42
3.7. 0o 3T {1 o N 44

Chapter 4: Evolution of marine eukaryotes and terrestrial plants over 300’000 inferred

from a marine sedimentary aDNA collected off Papua New Guineaq...............ccceuueevvennenen. 45
4.1. [0 J[=Tot fe [T ol 41+ 4 1o] 1 TR RON 45
4.2. Y T P 46
4.3. L3 1dTo 11Tt o o o PN 46
4.4, Material and methods.........ccoveeiiiiiiiiiiiiiriiicrr e 48

4.4, Study area and the COME ...coomiiiiiiiiee ettt et s b e st e sbe e s e e e saeenane 48
4.4.1.  Sediment SAMPIE COHBCLION ...oouiiiiiiiii et st e s e e sree e 49
4.4.2. Sediment DNA extraction, amplification, and SEQUENCING........cccuerriiiriieiniiienieeeee e 51
4.4.3.  Bioinformatic @NalySis ..ccc.eieiiiiiiiie ettt s b s eesreeeaee 52
4.5. RESUILS c.cueeeeiiiiiiiiiiiitectiiccetrre et sas e s s ans e e e s s s e s aane 52
4.5.1.  SEQUENCE TAtA...ceeueieiutieeiee ettt ettt e st et e st e st e s bt e s bt e e bt e s bt e e bt e e sbe e e he e e s beeeabee s bt e sareeeaneenane 52
4.5.2.  Taxonomic assSiNMENT (FIZ. 4.4) ....eoiuiiiiiiiiie ettt sttt ettt et sttt e s bt e sbeesbeesbeeteeeesaseens 54
4.6. T ol U T N 57
4.6.1. Use of long-time stored sedimentary cores as molecular archives..........ccccccovveerieenienieneneenne 57
4.6.2. Protists DNA assemblages’ evolution during climate changes..........cccoecueeeiienieenieenieenieeeeeae 58

Xii



4.6.3.

4.7.

Evolution of plant biodiversity in PNG ........coooiiiiiiiiiiiiieieeiee et 59

CONCIUSTONS ..eeeieeeireeiieeietieieteeereneereneeetnesetsesstenserensessnsssensssenssssassesansesensssenssssnssernnsens 60

Chapter 5: Patterns of eukaryotic diversity from the surface to the deep-ocean sediment

67

5.1. [0 J[=Tot fle [T ol 41+ 4 1o 1 S TTRTON 67
5.2. Y 3 Vot 68
5.3. QY0 T VoL o N 68
5.4. Materials and Methods ...........ueeuueeuneuuneneaaeeaasasaaaaaaaasaasaaaaaes 70
5.4.1.  DOS SamMPIE COHBCLION . .uiieeiiiiieeee ettt sttt s e e bt e e s beesabeeeneenane 70
5.4.2. Nucleic acid extractions, PCR amplification, and illumina sequeNnCing..........ccccccevveerieerieeenennnne 70
5.4.3.  Public 185-V9 rDNA sequencCing dataSets .......cccceeruerriieriieeniie sttt eiee st esree s e e snee e 72
5.4.4.  ENVIronmMeNntal Variables. ...ttt e et st e e et e e aaa e e e s aaeeaens 73
5.4.5.  Raw Sequencing data PrOCESSING .....c.ceeruieriierieeeiieerttesree et e sre e st e s sbee s beeesabesssteesbeesabeeenneesane 73
5.4.6. Combining the datasets into a single ASV-to-sample table, taxonomic and functional annotations,

L L P ol T L o] o OO PSP RPPPPPPPPPRRPINt 74
5.4.7. Classifying eukaryotic ASVs into pelagic or benthic taxa........cccccevviiiiieiiii e, 75
5.4.8. Eukaryotic community diversity and structural @analysis..........ccocceeeieiiiieniiiiniieeneeeeeee e 76
5.5. Results and diSCUSSION......euuuueueeeuneennnennennnnnnnnnnnnennneenneeennenneeeseessaaasasasssssssssssssssssssssssssnes 80
5.5.1.  Eukaryotic diversity from the ocean surface to the DOS .........cccoeviiiieeiier i 80
5.5.2. Biogeography of deep-ocean benthic eUKaryotes..........ccoceeriiiiiiiniiiinieiieeeeee e 83
5.5.3.  Eukaryotic plankton DNA signature on the DOS ........ccccoeiiiiriieiieeniee et 85
5.5.4. Toward a holistic view of ocean biodiversity and ecosystem processes...........ccecueervveercreeenueennne 89
Chapter 6: Assigning the unassigned: a signature-based classification of rDNA
metabarcodes reveal new foraminiferal lineages specific to the deep-sea........................ 92
6.1. [ oY T=Tot D LTl g1 o 1 Lo o FA P PRON 92
6.2. Y 3 Vot 93
6.3. QY0 T VoL o N 93
6.4. Material and Methods. ... saasssaasaaasans 95
6.4.1. Sediment SAMPIE CORCTION ..coueiieiiiiiieee et eae e 95
6.4.2. Sediment DNA extraction, amplification, and SEQUENCING..........cccervieiiiiiriiiirieeieeeee e 95
6.4.3.  BioinfOrmatiCc @nalySis .....eeeuiiiiiiiiie ettt e sb e s e re e 96
6.4.4.  Pattern identifiCation .....occuiie i e eae e e e s aaeeeeas 97



6.4.5.  PhylOgENEtiC @NAlYSIS .ecoveiieiiiiiiiie ettt sttt ettt e b s eereenane 97

6.5. RESUILS c.cueeeeiiiiiiiiiiittcti ittt sas e s s aans e e e e e s s e s nane 98
6.5.1.  SEOUENCE Aat@..iiuiiieiieiiieeite ettt sttt sttt e b e st e et e st e e st et s be e s b et e s e e e bt e e e bee s beeeaneenane 98
6.5.2.  TaXONOMIC @SSIBNMENT....uuiiiiiiiiieieiiie ettt e e st e e s e et e e srr e e s sne e e e e sbaeessnnneessnenesns 98
6.5.3.  Phylogenetic placement of new lineages: definition of new clades ........ccccccveeiviiiiincieniinneen. 100
6.5.4. Biogeography of NEW lINEAZES ...cccuuiiiiiiiiie et s 101

6.6. Yol U T P PPPPRE 103

Chapter 7:  Assessing the Ecological Quality Status in the highly polluted Bagnoli area

(Tyrrhenian Sea, Italy) using foraminiferal eDNA metabarcoding .................cccueeeeeeeenn.. 109
7.1. [ oY T=Tot A D LTl g1 o 1 Lo o FA 109
7.2, Y 3 - Vot 110
7.3. QYo T Lot o o 110
7.4. TRHE StUAY @rea cc..oiieeeiiiieieiiiieieecreenneereenseereenseesennssesssnsssessenssssssenssssssensssssssnsssssennnns 112
Materials and Methods .........cciiiiiiiiiiiiii s 114

7.4.1.  Sampling and samples treatmMeNnt.........coouiiiiieeiiiieee e 114
742, SediMENT @NAIYSIS..cceieiiiieiii ettt s st b e et e areenaeee s 114
7.4.3.  Benthic fOoraminifera ... et sareeas 116
7.5. L3 LT ] 1 120
7.5.1.  Environmental CharaCterization ..........coocciiiiiiiiiieeeiiee ettt eve e e s are e e e saee e e saaeeas 120
7.5.2.  Benthic foraminifera ... et saaeeas 122
7.6. D T o1 1 T3] ' o N 128
7.6.1.  Environmental characterization of the SIN of Bagnoli........c.cccoeveeniiiiiiiniiiiniiieee e 128
7.6.2.  Foraminiferal metabarcoding vs. Morphology .........ccocuiiiieiiiiiniiiniceeee e 130
7.1. CONCIUSIONS ...uuviiiiiiiiiiiiiiiiiiiiiss s s sssssssssssssssssssssssssssssssssssssnnns 134

Chapter 8:  Encapsulated in sediments: eDNA deciphers the ecosystem history of the one

of the most polluted EUropean Marine Sites..............ceeueeeeeenererenseeeennsessenssessennssnsenssensens 138
8.1. [ oY T=Tot A D LTl g1 o 1 Lo o FA 138
8.2, Y T P 139
8.3. 31 To 1¥ Tt o o o N 140
8.4. MELhOUS ....coeiiiiiiiiitciiiccrrr e 141

8.4.1. Core collection and ProCESSING. ...c.ciiiieiriieiitertee ettt ettt ettt e st e st e e st e s beeesaeeesareesaeee s 141

Xiv



8.4.2.  GraiN SiZ€ @NAIYSES. ..eeiiiiiiiei ettt ettt ettt ettt ettt e b e st e e ae e s b e e e sae e e snreenaeee s 142

8.4.3. Radiometric analyses and ge0ChroNOIOgY.........c.ccovieriiiiiiiiiiiienieeee e 142
8.4.4.  Chemical @NalYSES. ....oiiiiiiiiieiieete ettt ettt ettt s s ae e s bt e e areenanee s 142
T O 1 ¢~ - o (ol 4 -1 £ ST P PP OPP PP 143
8.4.6.  Prokaryotic MetabarCOding ........coouiiiiiiiiie e 143
8.4.7. Eukaryotes, foraminiferal and metazoan metabarcoding.........cccccevveeeieeiciieecee e 144
8.4.8.  Benthic fOraminifera ......oocuoiiiiieiieeee ettt sttt et 145
8.4.9.  FOramM-AMBI ... e s e e s s e e e snnne s 145
8.4.10. MeEtazoan AMBI ..o 145
8.4.11. ) 7= L] 1 ot PO P TP OPPRPTPPPPOR 145
8.5. RESUILS c.uueeeeriiiiiiiiiiettctt ittt aas e e e e ans 151
8.5.1. The geochemical signature of the pollution history at the Bagnoli-Coroglio SIN....................... 151
8.5.2.  Community composition shifts from past t0 Present .........ccoeeveererienienie e 151
8.5.3. Changes in diversity and ecological iNdIiCeS.........ccoviiriiiiiiieiiiieecee e 153
8.6. Ty ol U T PP 154
8.6.1.  Phase | (1827-1851)....cccuireeruieiuieniienieerieeieeteeteetesttesaeesaeesteesaeeaeebeentesatesasesatesaeesaeesseenseenseensenn 154
8.6.2.  Phase Il (1851-1911)...ccuuieiiiieiiienieenieerie et et et ste st e sate st e st e saeebeebeenbesatesatesatesaeesaeesaeeseenseensenn 155
8.6.3.  Phase Il (1911-1950).....cccuuerieruieriienieerieeieeteetestesttesieesaeesaeeseeesaeebeentesasesatesaeesaeesaeesseenseenseensens 156
8.6.4.  Phase IV (1950-1992) .....oeuirieiuieiieieenie ettt eiteste st e sate st e s e e saeeaeebeenteeabesatesatesaeesaeesaeenbeenbeensenn 157
8.6.5.  Phas@ V (1992-2016) ...c.eevuerureruierieenieenieeieeteeeestesatesueesaeesaeesseesseesesntesssesasesasesaeesaeesseensesnsesnsens 158
8.7. L00o T3 T {1 o S 158
Chapter 9: Discussion, challenges and applications ................ceeeeeeeeeeeereeensereveneneennn 172
9.1. LT+ 1 oY o To T 1 1) 2P 172
9.1.1.  Pelagic vs benthic source of sedimentary DNA .........cocuiiiiiiiiieneenieeeee et 172
9.1.2. DNA preservation of soft vs hard shelled organisms ..........coceevieiiriienienience e 173
9.1.3. Sedimentary DNA degradation.........cccueeriiiiiieeiieeeiieeiee ettt ettt sttt st sareesaeee s 174
9.2.  Taxonomic ldentification........cccccceeiiiiiiiiiiieieiiiiiiiiierrc e, 175
S B D T | - | o - 11T OO PO U PP PO PP OPPTOPPTRPP 175
9.2.2.  TaXONOMIC FESOIULION .....tiiiiiiiiieeii ettt ettt et s e st e st e st e e bt e sbeeesaeeesareesaneess 176
9.2.3. Dealing with UNassigNed SEQUENCES. .........eiiiuiiriiiiiieeite ettt s saeee s 177
9.3.  Technical Biases ....cccccvceeeieiiiiiiiiineieiiiiiicierecc s sess e aes 178
9.4. 1Y o o] Lot 1 T o] 3 L3RRS 179
9.4.1.  BiOGIVEISITY SUIVEY .uueeiiiieeieieitieesitt ettt ettt st e sttt e sate e bt e e s abe e sab e e sabeesabeeeseesbeeenaeeesnreennneens 179
9.4.2. Biomonitoring of €COI0ZICal STAtUS.......ceeutiiiiieriiieie et 180

XV



9.4.3. Assessing past anthropogenic and climate impacts. ........ccceviiiriiiniienieneeeeee 181

Chapter 10: : Conclusions and future PerspPectives..............cceeeueeeeveneereveneereenenreneseneens 184
RES@IEINCES. ......ccceuueeeeeeneerereniereeenrereressererasieseressestsnssesessssessenssesssnssssssnssensenssssssnsssnsennsansenn 186
Appendix: Other publications/CONIIDULIONS ...........cceeeeeeeeeeueeerrrrrrsseeserereeeereeeeseeeesssnnnnnns 236

Benthic foraminiferal DNA metabarcodes significantly vary along a gradient from abyssal to hadal

depths and between each side of the Kuril-Kamchatka trench......cccccoeveeirrreeiiirieeicereenncnnees 236

Eukaryotic Biodiversity and Spatial Patterns in the Clarion-Clipperton Zone and Other Abyssal
Regions: Insights From Sediment DNA and RNA Metabarcoding ..........cccovvrieemeeniiiciininneeeneennen. 237

Metabarcoding Reveals High Diversity of Benthic Foraminifera Driven by Atlantification of Coastal

V=] o T T o ISR 239

XVl






Chapter 1: Introduction

1.1. General background

The understanding of a natural ecosystem implies the study of the interactions between living
organisms and their environment. The abundance and diversity of organisms are linked to
variations in physical and biochemical factors. Changes in temperature, salinity, oxygen levels
and major elements such as carbon influence the biodiversity.

To study biodiversity in a given environment, taxonomists first collect, identify and classify
species, thus creating inventories (biological databases). Then, ecologists can relate the
richness and diversity of species in that given habitat. This leads to the elaboration of species
distribution maps according to the characteristics of the environment (biogeography).
Similarly, (micro)palaeontologists study living remains, (micro)fossils, and establish
relationship with the environment adding the temporal dimension.

Determining and compiling the biodiversity of any environment has become increasingly
accessible with advances in molecular technologies, in particular with the advent massive high-
throughput DNA sequencing (HTS). By using HTS to the amplified barcodes it was possible
to simultaneously identify organisms in an environmental sample. This method, called
metabarcoding, is based on PCR amplification, using either universal or specific-taxon markers
(barcodes) and HTS sequencing. It provides a quick and easy overview of the different
organisms (eukaryotes and prokaryotes) in the environment (Taberlet et al. 2018). The same
approach can also be applied to ancient sediments that contain degraded and low-concentration
DNA from diverse organisms that lived in a given environment at a given time. This allows
access to past diversity and inference of past environments from sedimentary DNA (Pedersen
et al. 2015; Capo et al. 2021).

In the following sections I will give some definitions and explanation for better understanding

the sedimentary DNA preservation and applications.

1.2. Sedimentary DNA (sedDNA) and sedimentary ancient DNA
(sedaDNA)

Environmental DNA (eDNA) refers to the total DNA obtained from a given environment, such
as water, air, ice, soil, and sediment (Taberlet et al. 2012). In the latter, in addition to

sedimentary particles (clays, sand), there are also remains of organisms (cells, shells, leaf
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fragments) and DNA released by organisms during their life and decomposition after death.
Although there is some controversy about whether environmental DNA should be
distinguished into organismal and extra-organismal DNA, in the work presented here, sedDNA
refers to all DNA extracted from sediments regardless of size or group of organisms

(Pawlowski et al. 2020, 2021b; Rodriguez-Ezpeleta et al. 2021)
.—". ~ t,— R .' ",.‘._- 3' ":‘w‘,« _". * 1.}‘%—.

Figure 1.1: Seafloor with DNA inputs from allochthonous and autochthonous elements. Allochthonous
elements are mainly remains of pelagic or terrestrial organisms. The autochthonous ones are benthic
organisms, here deep-sea starfish, and foraminifera. The dotted organisms are in the decomposition
phase. Free DNA represents extracellular DNA. Photo of the seafloor taken by the University of
Plymouth's Autonomous Underwater Vehicles (AUV).

Marine sedimentary DNA can be differentiated according to its origin (Fig. 1.1). DNA from
allochthonous organisms, i.e., pelagic organisms that have fallen to the bottom of the sea. These
can decompose during their fall and arrive already degraded. Depending on the depth, they
may also arrive intact, e.g., still with their shells, but will subsequently be degraded on the sea
floor. Near a catchment, it is also possible to have terrestrial components, for example plant
residues, as in the case of lakes that become a collection point for the remains of the flora and
fauna surrounding them (Giguet-Covex et al. 2019; Capo et al. 2022). Finally, the DNA of
benthic organisms, living on or within the sediments, is referred to as autochthonous DNA (Fig.
1.1).

DNA accumulated over geological time becomes ancient sedimentary DNA (sedaDNA). Thus,
sediments become archives of past marine environments (Boere et al. 2011; More et al. 2018;

Armbrecht et al. 2019). Although this DNA is subject to physical-chemical (Ultraviolet
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radiation) and biological (bacterial activity) damage, it is often possible to extract and sequence
it. Coolen and Overmann (2007) obtained 217 ka old prokaryotic DNA from Mediterranean
sapropel, for the first time in the marine environment.

Since the beginning of marine sedimentary DNA research, many sediment samples of all ages
have been analysed with a focus on either prokaryotes or eukaryotes. From the microbiomes
of the Arabian Sea (52 ka) (Orsi et al. 2017), to the planktonic communities of the Black Sea
(11 ka) (Coolen et al. 2013), the Mediterranean Sea (125 ka) (Boere et al. 2011). Sometimes
some groups have been such as diatoms from the Arabian Sea (43 ka) (More et al. 2018) or
from offshore California (11 ka) (Armbrecht et al. 2021b) and foraminifera from deep water
sediments (32 ka) and shallow water in Svalbard (1 ka) (Pawlowska et al. 2014, 2016).

In terms of age, the 1.4 Ma chloroplast DNA is the oldest to date (Kirkpatrick et al. 2016).

1.3. Sedimentary DNA preservation

Under favourable environmental conditions such as low temperature and high pH, the DNA
persists for a long time. Such places are found in cold sites and high latitudes. However, some
studies have shown that DNA can be well preserved in oxic environments (Coolen et al., 2013,
Lejzerowicz et al., 2013) and in tropical sites (lake sediments, Moguel et al. 2021; marine
sediments, More et al. 2018). In Chapter 3.3, sedimentary DNA was recovered from a tropical
warm pool (TWP) where seawater temperature remains high throughout the year (> 28°C, de
Deckker 2016).

In general, DNA will be damaged over time leading to its fragmentation. This is caused by
depurination (Dabney et al. 2013). Thus, sedimentary aDNA is found in small fragments, which
ranges from ~500 bp in 18S rDNA (Boere et al. 2011) to 76 bp in rcbl DNA (Armbrecht et al.
2021a). SedaDNA is also subject to base modification or deamination over time. Cytosine (C)
becomes uracil (U) (Dabney et al. 2013). The rate of deamination and the size of fragments can
discriminate ancient DNA from modern DNA.

In addition to this physico-chemical degradation, there is biological damage due to microbial
activity (Blum et al. 1997). For example, anoxic conditions can limit microbial activity and
favour better preservation. The presence of clays and humic or organic matter (OM) in the
sediment also contributes to DNA preservation. Released DNA rapidly binds to these particles
in marine soils (Blum et al. 1997; Dell’ Anno et al. 2002; Pietramellara et al. 2009; Torti et al.



2015). Thus, sediment mineralogy, and external factors (temperature, bacteria) favour DNA

preservation.
1.4. Sedimentary DNA applications

The main applications of metabarcoding of ancient and recent samples are the monitoring of
polluted sites, biodiversity survey and palaeoecological reconstructions. The monitoring of
sites helps to identify the perturbed areas (chapter 7) by chemical pollutants (heavy metals).
The assessment of resource exploitation impacts, such as oil and gas (Laroche et al. 2016;
Cordier et al. 2019b; Frontalini et al. 2020a) and deep-sea mining (Ramirez-Llodra et al. 2010;
Lins et al. 2021). Industrial exploitation affects deep-sea biodiversity and ecosystem
functioning by destructing the habitats or realising chemical substances (Zeppilli et al. 2016;
Frontalini et al. 2018a, 2020a).

Metabarcoding facilitates the inventory of present environments with limited access, such as
deep-sea (chapters 5 and 6) and past environments having access to temporal changes (chapters
3,4 and 8).

Past environments reconstructions: In the past geological periods the changes had been driven
by climate and in recent past years, since the Anthropocene, ecosystem’s perturbation has been
accentuated by human activities (anthropogenic impact). Metabarcoding enables the possibility
to characterize the biodiversity before the pollution and to make a baseline of pristine
environments accompanying restoration measures (Chapter 8).

SedaDNA, together with other paleo proxies, allows the reconstruction of past oceanographic
conditions, Sea Surface temperatures (SST) (Zimmermann et al., 2021), salinities and
oxic/anoxic variations (More et al. 2019), sea-ice presence (De Schepper et al., 2019;
Pawlowska et al., 2020a; Zimmermann et al., 2021), and even species evolution related to
climate changes (Pawlowska et al. 2020; Armbrecht et al. 2022).

Compared to conventional methods, the main advantage of sedDNA metabarcoding of recent
or past samples is its capacity to retrieve all organisms regardless of size fraction, from
microbes to megafauna, and regardless of their ability to preservation, including soft and hard
bodies organisms. This global character of metabarcoding data gives more complete overview

of present or past ecosystems.



1.5. Deep-sea Habitats

The samples used in this thesis covered mainly the deep-sea benthic habitats. The deep-sea can
be divided in bathyal, abyssal and hadal zones (Fig. 1.2). Their limits are variable, but in
general the bathypelagic zone extends from 1000 m to 4000 m, the abyssal zone from 4000 m
to 6000 m and finally the hadal zone from 6000 m to -11 000 m. The deep-sea is the largest
biome on Earth but is less known. It represents approximately 60% of the lithosphere (Glover
and Smith 2003). The deep-sea cartographies (Wright 1999; Wolfl et al. 2019) reveal a varied
topography with seamounts, hydrothermal vents, and trenches. In such heterogenic
environments, it is predicted to encounter a high number of coexisting species in each area
(Danovaro et al. 2010; Costa et al. 2020; Paulus 2021). Many eDNA studies have demonstrated
the existence of biodiversity hotspots in seamounts and high richness around hydrothermal
vents (Ramirez-Llodra et al. 2010; Consalvey et al. 2010; Ebbe et al. 2010). However, the
knowledge of whole deep-sea biodiversity remains still unknown, and many species new to
science are continuously discovered during scientific expeditions (Danovaro et al. 2010;
Ramirez-Llodra et al. 2010; Goineau and Gooday 2017; Bribiesca-Contreras et al. 2022).
Among the most diverse abyssal zones is the Clarion Clipperton Fracture Zone (CCFZ) which
lies between the tropics in the Pacific Ocean. In 2020, I had the opportunity to go there to
collect surface sediments for eDNA metabarcoding and to sort foraminifera.

This vast zone hosts the greatest concentration of polymetallic nodules, but also a great
biodiversity on all scales (megafauna to microbial). Besides morphological descriptions, eDNA
metabarcoding surveys were also applied to recover biodiversity, confirming the high
biodiversity in CCFZ. Moreover, many sequences could not be assigned to known taxa,
highlighting a gap in knowledge of the biodiversity of the area (Lejzerowicz et al. 2021; Jones
et al. 2021).

Despite recent and abundant investigations, the impacts of deep-sea mining on biodiversity by
disturbing benthic habitats remain poorly understood (Macheriotou et al. 2020; Lins et al. 2021;
Pape et al. 2021).
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Figure 1.2: Vertical zonation of the ocean, in the pelagic and benthic environments. Modified from

(Sayre et al. 2017).
1.6. Foraminifera

Although in my thesis I have analysed various components of marine diversity, my main
interest was in analysing unicellular eukaryotes (protists) with special emphasis on
foraminifera.

Foraminifera are rhizarian protists characterized by a granuloreticulate pseudopodia and
sometimes by a test, a shell, englobing the cytoplasm. The test can be either made of calcium
carbonate (calcareous test) or of external particles cemented to the organic wall (agglutinated

test). Some foraminifera possess soft-walled theca or are naked.

Foraminifera have been classified into three classes according to their test morphology and
molecular phylogeny: Monothalamea, Globothalamea and Tubothalamea (Pawlowski et al.
2013). There are also other taxonomic groups, for which phylogenetic data are lacking such as
Nodosaria (Lagenida).

Monothalamea are single-chambered and constitute a paraphyletic group, which means that
they are at the basis of two other groups. Their test is either agglutinated or organic.
Monothalamea are divided into 28 clades including 8 marine environmental clades ENFOR (1-
8) (Pawlowski et al. 2011), 4 others from freshwater and soil samples FWG (1-4) (Lejzerowicz

et al. 2010), and undetermined monothalamids.



The multichambered foraminifera are Globothalamea with a globular chamber and
Tubothalamea with tubular chambers. Their test is hard-walled, calcareous or agglutinated.
Globothalamea are subdivided into Robertinids, Rotallids and Textularids while Tubothalamea
are classified into Miliolids and Spirillinids.

The latter two classes are well preserved in microfossil register and widely studied by
micropalaeontologists. However, molecular studies have shown a high diversity and richness
of monothalamids, especially in deep-sea samples (Lejzerowicz et al. 2015a; Gooday et al.
2017; Goineau and Gooday 2017; Cordier et al. 2019a).

Foraminifera range size varied from under 63 pum for tiny foraminifera (Rotaliella elatiana,
(Pawlowski and Lee 1991) to several cm for giant ones. Among these, those reaching about 15
cm include the Xenophyophores in the deep-sea (Gooday et al. 2017) and Jullienella foetida in
shallow waters (Langer et al. 2022).

Foraminifera are present in all habitats, but especially in marine environments. They are present
at all depths, from the surface to the bottom of the ocean. They can be divided according to

their vertical distribution on the ocean, into planktonic and benthic (Fig. 1.3).

1.6.1. Planktonic foraminifera

Planktonics float in the upper part of water column (photic zone) in open ocean. They include
nearly 50 extant living morphospecies having several genotypes (Kucera and Darling 2002;
Darling and Wade 2008; André et al. 2014). They belong to the Globothalamea class and
Rotaliid order (Pawlowski et al. 2013). Molecular evidence has shown that planktonics have
evolved from benthics (Schiebel and Hemleben 2017). Extant planktonic foraminifera are
geographically distributed into five provinces according to their sensitivity to sea surface water
temperature: tropical, subtropical, temperate, subpolar, and polar (Kucera 2007; Schiebel et al.
2018). Because of their exceptional preservation in oceanic sediments, they have become
palacoceanographic, paleoclimate and biostratigraphic proxies. Planktonics have been widely
used for the reconstruction of the ecology, oceanic circulation, and climate due to their water
temperature sensitivity (Schmiedl 2019). In addition, their tests record the chemical properties

of the seawater.

1.6.2. Benthic foraminifera

Benthics include about 4000 to 10,000 living species (Murray 2007; Hayward et al. 2022),

counting only hard species. Many more if we consider all the monothalamids and other deep-



sea species. Benthics count for 50% of deep-sea meiofauna and are an important component of
macrofauna. Some also constitute the deep-sea megafauna (Xenophyophores)(Gooday 2019).
They are sediment-dwelling or epifaunal species, i.e., they may live on the seabed or be
attached to the substrate. This substrate can be rocks, polymetallic nodules, as in the case of
xenophyophores, coral reefs and algae/seagrass.

Benthic foraminifera occupy all bathymetric levels, from reefs to hadal zones to abyssal plains.
Environmental factors such as food supply (organic matter), salinity, oxygen, nitrogen, and
currents influence their temporal and spatial distribution (Gooday 2014; Murray 2014).
Species density and composition (assemblages) change in response to chemical and physical
factors (Alve 1999). Thus, benthic species are commonly used as bioindicators for monitoring

of marine environment (Schonfeld et al. 2012).

Figure 1.3: Foraminifera mode of life: Planktonics occurring preferentially in the photic zone and
benthics living either inside the sediment or at its substrate, sometimes attached to hard substrate (such

as xenophyophores on nodules, in dark brown here). Drawings of foraminifera not represented to scale.



1.7. Objectives

In this thesis, I present sedimentary DNA (sedDNA) and sedaDNA studies dealing with
ecological, biodiversity and methodological questions. My thesis is divided in three areas:

Reconstruction of paleoenvironments, diversity survey and biomonitoring (Fig. 1.4)
The main research goals are:

1) to understand how DNA is deposited and preserved in marine sediments.

a. comparison of allochthonous and autochthonous sedimentary DNA
b. preservation of sedaDNA in low latitudes (tropics)

2) to identify and document deep-sea biodiversity:

a. assessing deep-sea benthic diversity at local or global and temporal scale
b. taxonomic assignment of deep-sea linecages

3) to use sedimentary DNA for biomonitoring

a. defining current ecological status of a coastal site
b. inferring preindustrial ecosystem conditions

SedDNA (modern + ancient)

Paleo - Diversity . .
f Biomonitorin
reconstruction survey omonitoring
« Bagnoli bay
+ North Atlantic + Deep-Sea surface
(Chapter 3) (Chapter 5) (Chapter 7)
+ Bismarck « Clarion-Clipperton « Bagnoli bay
(Chapter 4) (Chapter 6) core
(Chapter 8)

X R X o

Figure 1.4:Schematic representation of this thesis. The work is subdivided in three main topics:
Paleoreconstruction, diversity survey and biomonitoring. The time and space icons showed which of

these two factors were involved.
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Chapter 2: Methodology

This chapter summarises the workflow followed to process sedimentary samples for eDNA or
aDNA metabarcoding. Figure 2.3 illustrates all the steps from the recovery of the material to
the analysis of sequenced metabarcodes. Some descriptions will focus mainly on foraminifera

sedimentary DNA.
2.1. Sedimentary material for eDNA and aDNA (Fig. 2.3 A.)

Various types of cores are used to retrieve sediments from the seabed, depending on the purpose
of the study and the water depth. Multicores or box corers are used for recent material and only
the first few centimetres are sub-sampled (Chapters 4.1, 4.2 and 5.1) (fig 2.1). Multicores or
gravity/piston cores (Chapters 3.1, 3.2 and 5.2) are used to retrieve older sediments (1832-
340,000 years).

Subsequently, subsampling is completed to the desired resolution, taking sediment every 1-2
cm and avoiding the core edges and exposed surface. In the case of Chapter 3.2, subsampling
was carried out on a half-core cut lengthwise by selecting specific layers according to the ages
of the core. Certain precautions were taken when collecting sediments for eDNA (Taberlet et
al. 2018; Capo et al. 2021) or sedaDNA (Epp et al. 2019; Armbrecht et al. 2019) studies to
avoid contamination during the whole sampling and sub-sampling process. Single-use and
sterile equipment (gloves, tubes, spoons, syringe, etc.) or equipment previously
decontaminated with bleach (metal spatula, etc.) between two samples are used. After
subsampling, the tubes containing the sediment are either filled with LifeGuard solution or
frozen immediately at 20°C. This is to limit further degradation of the DNA and/or RNA. All
collected sediment was frozen and shipped to the laboratory of the University of Geneva.
Sometimes subsampling could not be completed in situ, so the core was refrigerated or frozen.
This is the case in Chapter 3.2, where subsampling was carried out 14 years after coring retrival.
Half of the core was stored at 4°C in a core repository at CEREGE (Aix-en-Provence, France).
One of the gravity cores (unpublished), it was frozen during the cruise, so subsampling had to
be done in a room at -20°C to avoid freeze-thaw cycles.

The studied sites covered large marine areas from the tropics to the sub-polar regions such as
the Pacific Ocean, the Atlantic Ocean, the Bismarck Sea, and the Tyrrhenian Sea. Sedimentary
cores were retrieved from deep and shallow waters ranging from -9,000 m (Kuril Kamchatka

Trough) to -60 m (Bagnoli Bay) (Fig. 2.2).
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Figure 2.1: A. Box corer being recovered from CCZ area, B. A top view of a box core of Im x Im x Im.

Mud and polymetallic nodules can be seen on the surface.
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Figure 2.2: Location of sampling sites. They are classified according to their bathymetry: Abyssal sites
corresponding to -9000 m to -4000 m, bathyal sites to -4000 m to -1800 m and coastal sites to less than

-100m.
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region in the 18rDNA gene; D. Pooling amplicons, library preparation where adaptors and indexes
are added to each pool and finally sequencing (HTS); E. Bioinformatics steps comprising primer
removal, filtering, trimming reads and removal of chimaeras. Comparison of obtained sequences to
reference database allows their assignment, and; F. Sequences list, species distribution, and ecological

analysis alpha and beta diversity.
2.2. DNA extraction (Fig. 2.3 B.)

DNA was extracted using commercial kits: DNeasy PowerSoil for a small amount of sediment
(0.5g — 1g) and DNeasy PowerMax Soil for samples up to 10g (5-7 ml). In the case of
PowerMax, after the final elution, an additional precipitation step was required to concentrate
the DNA. We add 0.2 m of 5M NaCl and 10.4 ml of cold EtOH (99%) and left overnight at -
20°C. After the centrifugation of the mixture for 30 min, the supernatant was discarded and
resuspended by adding 400 pl of C6 solution when the samples were recent, 300ul when the
samples were older. At least one extraction control was added to each extraction batch per
session. These controls are necessary to ensure the cleanliness of the room and the reagents

and to control contamination.

2.3. Markers gene and primers (Fig. 2.3 C.)

Ribosomal, mitochondrial and chloroplast genetic markers are used depending on the targeted
group of organisms and the purpose of the studies. The small subunit of the ribosomal gene
SSU rRNA or 18S rRNA contains conservative and variable regions (V1-V9) (Hadziavdic et
al. 2014). Genetic differences in those hypervariable regions (e.g., V4 and V7) enable
differentiation of taxa at higher resolution, even at the species level. In the V4 and V9 regions,
universal primers are used to obtain eukaryotic amplicons. The V9 region is smaller than V4
and, therefore, more suitable for amplifying degraded or ancient samples. In addition to the
universal primers, there are specific primers for phyla, such as foraminifera (Pawlowski and
Lecroq 2010), or more specific taxa (e.g., Cephalopoda; de Jonge et al. 2021, nematodes; Floyd
et al. 2005).

Other regions in the mitochondrial cytochrome ¢ oxidase I (COI) gene are used to amplify
metazoans (Leray and Knowlton 2015). Finally, in the chloroplast trnL. gene, primers targeting
the P6 variable region allow amplifying plants (Taberlet et al. 2007).

The choice between numerous primers and targeted genes is based on the purpose of the study.

If the objective is to obtain multiple phyla to assess the whole biodiversity or certain functional
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groups (e.g., planktonic), it is preferable to use universal primers. If the study is focused on a
particular group, or on cryptic species, specific primers will be more appropriate and will avoid

amplification of unwanted taxa.

Taxonomic Gene - Locus fwd name Forward (5™-3) rev name Amplicon Reference
group Reverse (5-3') length
(bp)
Eukaryotes 18SDNA-V9  1389F TTGTACACACCGCCC 1510R ~100-130  (Amaral-Zettler et
CCTTCYGCAGGTTCACCTAC al. 2009)
Foraminifera | 18S rDNA - 37f-  s14F1 AAGGGCACCACAAGAACGC s17 ~280-300  (Pawlowski and
41f CGGTCACGTTCGTTGC Lecroq 2010)
Foraminifera | 18SrDNA-37f  s14F1 AAGGGCACCACAAGAACGC §15.3 ~190-230  (Pawlowski and
CCACCTATCACAYAATCATG Lecroq 2010)
Foraminifera | 18S rDNA-37f  s14F1 AAGGGCACCACAAGAACGC s15rotex ~120-140  (Lejzerowicz et al.
GAAAGGACTAGCATATTTAAC 2013a)
Radiolarian 185 rDNA - S879 CCAGCTCCAATAGCGTATAC s32Jmod ~250-260  (Decelle et al,
Vérad CCACCTATCACAYAATCATG 2012)
radiolaria
Eukaryotes mt COI miCOlintF  GGWACWGGWTGAACWGTWTAYC dgHCO2198  ~310-320  (Leray and
CyCcC Knowlton, 2015)
TAAACTTCAGGGTGACCAAARAAY
CA
Plants trnL - P6 loop g GGGCAATCCTGAGCCAA h ~10-143 (Taberlet et al.
CCATTGAGTCTCTGCACCTATC 2007)

Table 1: The taxonomic groups targeted in this thesis with their respective markers (gene-locus).
Forward (fwd) and reverse (rev) primers with their respective sequence from 5°-3. Markers with their

approximative size.

2.4. Amplification Pooling, library preparation and sequencing (Fig. 2.3
C.-D.)

A tag of eight nucleotides is attached to each 5’ extremities of forward and reverse primers
(Esling et al. 2015a) allowing multiplexing samples (Fig. 2.4). The targeted regions are
amplified by Polymerase Chain Reaction (PCR). The PCR amplification are performed in a
reaction volume of 25ul using Taq polymerase, reaction buffer containing MgCl,, Bovine
Serum Albumin (BSA), and DNA free water. PCR conditions (temperature, time, and number
of cycles) change according to primers characteristics. For modern DNA sample, three PCR
replicates are obtained and for ancient DNA five to eight replicates, pooled and checked on
agarose gel (1.5%). In addition, PCR blanks are performed for each sample. The amplicons are
quantified with a high-resolution capillary electrophoresis with QIAxcel System (QIAGEN).
Based on the quantification, the pools are prepared to get samples with the same DNA
concentration. To remove primer-dimers formed during the PCR amplification, the pools are
purified using the High Pure PCR Product Purification kit (Roche) which removes fragments
under 100bp. In the case of shorter amplicons (<70bp) such TrnL, the purification step is
performed using MinElute PCR purification kit (QIAGEN). The pools are then prepared to be
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sequenced with a using TruSeq® DNA PCR-Free Library Preparation Kit (Illumina) kit. In this
step, adapters and indexes are appended to each amplicon in the library (pool). This ensures
that each library is identified by a label and that multiple libraries can be sequenced per run.
Each library is measured by qPCR using the Kapa Library Quantification kit and loaded
equimolarly onto the Illumina Miseq sequencer. The V2 reagent kit for paired-end sequencing
with 300 cycles sequencing small amplicons (e.g., V9, TrnL, 37F foraminifera) and 500 cycles

for longer amplicons (e.g., COI, diatoms).

primer primer'

ST
LU

tag

Figure 2.4: The 37F amplicon flanked by forward and reverse primers and their own tags at each

extremity.
2.5. Bioinformatic analysis (Fig. 2.3 E. - F.)

2.5.1. Pre-processing of dataset (Fig. 2.5)

The obtained raw reads were analysed using SLIM platform (Dufresne et al. 2019) which
integrates modules with algorithms such VSEARCH (Rognes et al. 2016), DADA?2 (Callahan
et al. 2016). The single pairs of FASTQ files (raw files) were demultiplexed using the sample
tags with the module demultiplexer allowing 0 mismatches. The sequences (reads) not having
the primers and the tags at the extremities were discarded.

After demultiplexing, the sequences were processed using several independent tools (modules).
The aim is to pass quality filters and to keep only good sequences to be identified
taxonomically. The steps to achieve this were the removal of primers and low-quality
sequences, then merging of reads, and the removal of chimeras. After this step, the sequences
were either be grouped into operational taxonomic units (OTUs) or processed with DADA?2 to
obtain amplicon sequence variants (ASVs). The final fasta files contained all the OTU or ASV

sequences and their distribution in samples.
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Since the introduction of the DADA?2 package (Callahan et al. 2016), it has been widely used
in eDNA studies (ref) as it eliminates sequencing errors by generating an error model with the
dataset itself and infers the exact variants of the amplicon. One of the advantages is the
assessment of biodiversity at a finer level (nucleotide-level), a difference of one nucleotide
results in another ASV (Callahan et al. 2017). This can help to identify not only species, but
also subspecies, cryptic species, and polymorphisms. In Pawlowska et al. 2020, the ASV scale
was used to track genetic variation of N.pachyderma over time and in relation to
palacoceanographic changes. Other advantages are reproducibility as the ASV is the smallest
single unit and therefore facilitate the comparison between samples (Callahan et al. 2017)

In studies using OTUs, sequences are generally clustered. Sequences can be regrouped by an
arbitrary similarity threshold typically between 97 — 99 % (Edgar 2018; Xiong and Zhan 2018)
with one of the algorithms such as VSEARCH (Rognes et al. 2016) and USEARCH (Edgar
2010). Another possibility of clustering sequences is by nucleotide distance d (SWARM; Mah¢é
et al. 2015), i.e., by iteratively aggregating sequences according to a network approach. The
clustering aims in general to reduce PCR and sequencing and the number of sequences errors
(Mahé et al. 2015; Rognes et al. 2016; Edgar 2018). Other algorithms such as LULU (Freslev
et al. 2017) help to filter erroneous clusters, created during the PCR amplification and
sequencing, or from intra-individual variability. LULU identifies and merges co-occurring
ASV/OTUs assuming that they are artefacts and considers their abundance in a dataset.

The choice between ASV or OTU depends on the research objective and the desired level of
assignment. There is still much debate about the use of one of the two approaches, with some
authors suggesting combining them (Joos et al. 2020; Brandt et al. 2021) . On the one hand,
some studies show that the ESV/ASV approach should be used rather than the OTU approach
(Callahan et al. 2017; Porter and Hajibabaei 2020) as it allows to detect small variants giving
a full diversity and advantages as previously mentioned. Other studies also point out that both
approaches have similarities in microbial community composition patterns at taxonomic level
of phyla to family (Garcia-Lopez et al. 2021; Kerrigan and D’Hondt 2022). On the other hand,
some authors suggest that neither approach should be chosen, but both ASV and OTU are
complementary and should be combined. Hence, Brandt et al. 2021 propose to cluster ASVs
and then use a LULU curation for metazoans. Similarly, Antich et al. 2021suggest that
denoising (ASV) and clustering (OTU) should be combined in COI metabarcoding. In this way
ASV is equated as haplotype-level proxy and OTU as species-level proxy.
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Figure 2.5: Bioinformatic workflow. From fastq raw sequences to ASV or OTU sequences and finally

to morphospecies annotations.
2.5.2. Taxonomic assignments

Multiple tools are available to assign sequences; some are probabilistic and alignment-based
approach such as VSEARCH (Rognes et al. 2016), Blast (Camacho et al. 2009) that compare
the final sequences to reference sequences from a database. Others include phylogenetic,
machine learning and alignment-based approach such as IDTAXA (Murali et al. 2018).
However, none of these methods assigns all the sequences. Depending on the quality and the

completeness of the reference databases, a part of sequence remains unidentifiable. In chapter
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4.2 we present a method to deal with unassign sequences classifying them in different groups
according to a signature. Thus, these sequences can be included in downstream statistical

analyses.
2.5.3. Database

There are public reference databases curated according to gene and taxa. For example, PR2
(Protist Ribosolaml Reference Database) (Guillou et al. 2013) for 18S, MIDORI2 (Leray et al.
2022) for COI, PFR2 (Morard et al. 2015) for planktonic foraminifera. Customised curated
databases can be constructed from barcoded single-cell specimens (benthic foraminifera from
Pawlowski’s lab) or by regrouping public sequences of selection of taxa from NCBI nucleotide
database, GenBank. There is no complete or extensive database, lack of references can be seen
quickly by the high number of unassigned ASV/OTUs in metabarcoding studies. This occurs
often on unexplored or little-known taxa or sites such as deep-sea as shown in Chapter 4.1

(Cordier et al. 2022).
2.6. Metabarcoding Foraminifera

2.6.1. Foraminifera primers

For the genetic identification of foraminifera, the 3* fragment of ribosomal RNA small subunit
(SSU) gene is widely used. In this gene fragment, six variable regions have been identified:
three appearing only in foraminifera 37/f, 41/f and 47/f, Pawlowski and Lecroq 2010),
characterised by an expansion forming a loop in the RNA helix, and the other three
corresponding to helices 43e, 45¢, 49¢, are common in eukaryotes (Fig. 2.6).

It should also be mentioned that recently another gene, COI (LeraXT foram), has been used to
identify certain forams from rotaliids and miliolids orders (Macher et al. 2021, 2022; Girard et
al. 2022).
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Figure 2.6: Predicted secondary structure of the small subunit (SSU) rRNA of Micrometula

hyalostriata. The orange boxes with “e” marked the eukaryotic helices and those in blue with “'f” the

specific helices for foraminifera. Modified from (Pawlowski and Lecroq 2010).

The highly variable regions allow taxonomic resolution up to the species level and even cryptic
species are identified (G.glutinata 111, III). The entropy profile below shows how variable the

region is and that it is flanked by conserved areas in which primers are designed (Fig 2.7).
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Figure 2.8: The SSU 18s rRNA fragment with the hypervariable regions specific to foraminifera (37F
and 41F). The three primers are showed by half arrows and numbers. The arrows show the direction
and estimated size of amplicons. The first primers amplify mainly calcareous, agglutinated hard-shelled

foraminifera while the second and the third hard and naked soft-shelled foraminifera.

There are two so-called versatile primers for foraminifera, focusing in one short region or in
two regions. The first pair, 14F1-s15, targets only the 37F region (90-170 bp) and the second,
14F1-s17, covers the 37F and 41F regions (190-410 bp). There is also a third pair of primers,
14F1-s15rotex (100-130 bp), that also target the 37F region but preferentially amplify hard-
shelled foraminifera (rotalids and textulariids; Lejzerowicz et al. 2013a) (Fig. 2.9). These later
primers can be used to suit morphological studies.

The short amplicons can be used for very ancient and degraded samples while the long
amplicons can be used to better discriminate between species when clades are short in the

region 37F, such as clade Y or for phylogenetic analysis.
1.1.1. Processing raw data

After obtaining a clustered or denoised sequences, we proceed to inspect the fasta file and apply
some corrections to remove non foraminiferal reads. For the small region 37F, we keep reads
having the beginning of 37 part I “GACAG” and the ending of 37 part II “TAGTCCCTT” or
“TAGTCCTTT”. For long amplicons (37F + 41F), we keep sequences with “GGTGGT”.
Depending on the research questions, for ancient eDNA, we prefer to keep the nucleotide level
(ASV) and for recent eDNA when possible, we cluster the ASV and applied a LULU curation

as recommend in (Brandt et al. 2021).
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Chapter 3: Planktonic  foraminifera eDNA
signature deposited on the seafloor remains

preserved after burial in marine sediments

Ines Barrenechea Angeles, Franck Lejzerowicz, Tristan Cordier, Janin Scheplitz, Michal Kucera,

Daniel Ariztegui, Jan Pawlowski and Raphaél Morard

3.1. Project description

The sediments were collected by Raphaél Morard off the coast of Newfoundland where cold
and warm currents flow and intermingle. We first separated the surface sediments from the
bottom sediments. We wanted to compare the morphological assemblages and see if, despite
their dissimilarity, the surface distribution patterns are preserved. To do this, Janin Sheplitz
and I counted and identified planktonic foraminifera, and I performed metabarcoding. For the
bottom samples, I processed selected cores with both approaches (morphology and
metabarcoding).

In this published paper, we present the data that allowed us to observe a change in the ratio of
planktonic to benthic DNA in the cores and to better understand how planktonic DNA is

preserved on the seabed.

A modified version of this chapter is published in Scientific reports 10(1), 1-12, (2020)
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3.2. Abstract

Environmental DNA (eDNA) metabarcoding of marine sediments has revealed large amounts
of sequences assigned to planktonic taxa. How this planktonic eDNA is delivered on the
seafloor and preserved in the sediment is not well understood. We address these questions by
comparing metabarcoding and microfossil foraminifera assemblages in sediment cores taken
off Newfoundland across a strong ecological gradient. We detected planktonic foraminifera
eDNA down to 30 cm and observed that the planktonic/benthic amplicon ratio changed with
depth. The relative proportion of planktonic foraminiferal amplicons remained low from the
surface down to 10 cm, likely due to the presence of DNA from living benthic foraminifera.
Below 10 cm, the relative proportion of planktonic foraminifera amplicons rocketed, likely
reflecting the higher proportion of planktonic eDNA in the DNA burial flux. In addition, the
microfossil and metabarcoding assemblages showed a congruent pattern indicating that
planktonic foraminifera eDNA is deposited without substantial lateral advection and preserves
regional biogeographical patterns, indicating deposition by a similar mechanism as the
foraminiferal shells. Our study shows that the planktonic eDNA preserved in marine sediments
has the potential to record climatic and biotic changes in the pelagic community with the same

spatial and temporal resolution as microfossils.

3.3. Introduction

Analyses of ancient DNA preserved in various archives have transformed our understanding of
the evolution of species and ecosystems. Whilst earlier studies have concentrated on DNA
extracted from taxonomically constrained samples (such as bones or frozen tissue), advances
in high-throughput sequencing and bioinformatics now allow the analysis of ancient DNA
extracted from sedimentary archives (Pedersen et al. 2015), so called sedaDNA. The
accumulation and preservation of sedaDNA buried in land and lake sediments have been subject
to active research and interpretation (Parducci et al. 2017). However, studying the deposition
of DNA on the ocean floor and its preservation in marine sediments is more complex because
the DNA has to travel through a water column of several kilometers(Armbrecht et al. 2019).
Unlike in the terrestrial environment, with pervasive transport of subfossil biomass from land,
the largest portion of the marine sedaDNA is derived from planktonic community, which is

dominated by microbes and protists (Vargas et al. 2015). After the death of the surface plankton,
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its DNA is subject to a transport through the water column, during which much of the associated
organic matter is known to be consumed and respired (Iversen and Ploug 2010). This transport
could take between 3 to 12 days depending on the size and morphology of test (Takahashi and
Be 1984). However, it remains unclear how exactly the planktonic eDNA, defined as the total
DNA present in the environment after (De Schepper et al. 2019), survives this transport,
whether the degradation or transport are associated with sorting or lateral advection, and finally,
whether the eDNA arriving at the seafloor is preserved in marine sediments without further

distortion of its composition.

Despite the long exposure to degradation under oxic conditions during transport in the water
column, and substantially lower concentration of organic matter on the seafloor, there is
evidence that planktonic eDNA is preserved in marine sediments and contains exploitable
ecological signal (Briggs 2020). Earlier studies have shown sedaDNA preservation in marine
sediments deposited under anoxia with unusually high amounts of organic matter preserved
(Morard et al. 2017), but later investigations indicate that sedaDNA can also be extracted from
normal marine sediments, dominated by clastic or biogenic mineral fractions (Corinaldesi et al.
2007, 2008, 2011). In addition, the low temperature of deep-sea water (0 to 4 °C) ensures a
good preservation of sedaDNA (De Schepper et al. 2019; Briggs 2020). Using planktonic
foraminifera as a “Rosetta Stone”, allowing benchmarking of sedaDNA signatures by co-
occurring fossil tests of these organisms, 9° showed that the fingerprint of plankton eDNA
arriving on the seafloor preserves the ecological signature of these organisms at a large
geographic scale. This indicates that planktonic community eDNA is deposited onto the
seafloor below, together with aggregates, skeletons and other sinking planktonic material. If
this is true, sedaDNA should be able to record signatures of surface ocean hydrography,
affecting the composition of plankton communities, with the same spatial resolution as the
skeletal remains of the plankton. In addition, if the plankton eDNA is arriving on the seafloor
in association with aggregates or shells, it is possible that it withstands the transport through
the water column by fixation onto mineral surfaces. The same mechanism has been proposed
to explain the preservation of sedaDNA in sediments (Corinaldesi et al. 2007, 2008, 2011),
implying that the flux of planktonic eDNA encapsulated in calcite test arriving on the seafloor

is conditioned for preservation upon burial.
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Planktonic foraminifera sedaDNA is an ideal proxy both “horizontally” to assess the spatial
resolution of reconstructing past surface ocean hydrographic features and “vertically”, to
unambiguously track the burial of its signal throughout the sediment column. Indeed, the flux
of planktonic foraminifera eDNA should be proportionate to the flux of dead foraminiferal
shells sinking to the seafloor, allowing independent benchmarking of the eDNA signal. eDNA
is powerful tool to study ecosystem because it does not require direct taxonomic knowledge
thus allowing to gather information on every organism present in a sample. However,
assignment of the eDNA sequences to known organisms is done via comparison with reference
sequences (or barcodes) made available in public repositories or curated databases(Guillou et
al. 2013). The taxonomy of planktonic foraminifera is well understood(Schiebel and Hemleben
2017) and barcodes exist allowing almost complete mapping of eDNA amplicons on the
taxonomy based on foraminiferal test morphology (Morard et al. 2015, 2019). Importantly, the
composition of planktonic foraminifera communities is closely linked to surface hydrography
and this signal is preserved by fossil tests deposited on the seafloor(Rutherford et al. 1999;
Siccha and Kucera 2017). Since foraminiferal eDNA accumulated in the ocean sediment can
be recovered, it could be used to analyze changes in planktonic and benthic communities over
time (Lejzerowicz et al. 2013b; Pawlowska et al. 2014, 2016; Szczucinski et al. 2016).

Here we take advantage of the planktonic foraminifera as a model system to investigate how
planktonic foraminifera eDNA accumulates in sediments and to what extent the regional
hydrographic features affecting the plankton are reflected in sedaDNA. We analyzed
microfossil and molecular planktonic foraminifera assemblages in a series of short sediment
cores, collected in the northwestern Atlantic, around the Grands Banks of Newfoundland, at the
confluence of the cold Labrador and warm Gulf Stream Currents (Fig. 3.1). The southward
Labrador Current (LC) exports cold and low salinity water from the Arctic Ocean in contrast
to the northward Gulf Stream (GS) and North Atlantic Current (NAC) that bring warm and
saline waters from the subtropical areas (Drinkwater 1996), creating a steep and seasonally
stable ecological gradient. The strength of the LC has influenced changes in climate during the
Holocene by slowing down the Atlantic Meridional Overturning Circulation (AMOC) (Sicre et
al. 2014; Sheldon et al. 2015, 2016) which exports warm water masses to the east Atlantic.
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Figure 3.1: A. Location of the analyzed cores. Red ascending arrows represent the Gulf Stream (GS)
and North Atlantic Current (NAC), blue descending arrows the Labrador Current (LC). B. Seasonal
variability in sea-surface temperature observed in the sampling region. The data were extracted from
the WODI13 database (Locarnini et al. 2013). Open symbols represent locations where the cores were
analyzed for micropaleontological and metabarcoding analysis, filled symbols indicate locations where

only the core top was used for micropaleontological analysis.
3.4. Material and Methods
3.4.1. Sampling

The sediment samples were collected along the continental shelf off Newfoundland with
multicorer (MUC) at 16 locations (Fig. 3.1) during the MSM39 cruise(Mulitza et al. 2015). The
MUC allows the recovery of undisturbed sediment surface and the underlying 3-5 decimeters
of the sediment. At each station, one small (0 5.6 cm) core was available for eDNA and
micropaleontological sampling. The core was first gently pushed through the liner until the
surface layer was at the level of the liner. The overlying water was removed using a clean
syringe and the surface sediment was sampled with a sterile spatula and isolated into 1.5 mL
tubes. Five replicates were taken for each MUC sampled. After the surface layer was sampled,
the core was extruded in steps of 2-3 cm, the layer reaching above the liner was cut on the side
and opened without touching the center. A sample from the pristine center of the slice was taken
for DNA analyses with three to five replicates taken per layer using each time a different sterile

spatula. The rest of the slice was used for micropaleontological analyses. The procedure was
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repeated until the bottom of the core was reached. The sediment samples for DNA analyses
were frozen at -80°C after the end of the collection, which took less than half an hour per core.
After each sampling the spatulas were rinsed clean, left for at least 30 minutes in a bath with

diluted H>O; and finally flamed using 100% ethanol before the next collection.

3.4.2. Microfossil analysis

To assess the response of recent foraminifera community to the regional oceanographic settings,
we selected 15 of the 16 locations for micropaleontological analyses of the core top samples.
We subsampled the surface sediments and sieved them through 500, 150 and 63 um size
fractions. The fraction 150-500 pm was analyzed for census count of planktonic foraminifera
of the surface samples. This size fraction was chosen to facilitate comparison with global
datasets on planktonic foraminifera morphospecies abundances in seafloor sediments(Siccha
and Kucera 2017). Based on the assemblage composition observed in the core tops (see results),
we selected ten cores representative of the assemblage variability across the ecological gradient
to perform a comparison between morphological and molecular assemblages buried in the
sediment. In the selected cores, we processed every available layer until the deepest sampled
sediment (42 cm in core GeoB18553). For the 10 cores selected for comparison between
microfossil and metabarcodes analyses, we counted foraminifera in the fraction > 63 pm to
capture compositional changes among small specimens and small morphospecies, in order to

provide data more comparable to the bulk metabarcoding datasets (Morard et al. 2019).

Both sets of samples, the sediment was washed with freshwater and the residue was dried
overnight at 40°C. The dried samples were weighted and split using a microsplitter to obtain a
representative aliquot containing 200-300 foraminifera for census counts. Planktonic
foraminifera tests were identified and counted to morphospecies level following 14 and benthic
foraminifera were counted as well. Metadata regarding the collection, wet and dry sediment

weight processed, and census counts are reported in Table S1.

3.4.3. eDNA extraction

We extracted the eDNA from all slices down to the 10 ¢cm, from the 18-20 ¢cm and 28-30 cm
layers and in the longer core GeoB18553-3 also the layer 38-40 cm. In addition, in the cores
GeoB18532-2 and GeoB18549-2, all available layers were processed, covering over 30 cm in

both cores. We extracted between three to four replicates for the surface layers and between
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one and two replicates for the down core samples, resulting in a total of 167 sediment samples
for metabarcoding analyses from 84 layers of the 10 cores. DNA extractions were carried out
in batches of nine samples and one empty vial acting as a negative control in a clean dedicated
sedaDNA room at the University of Geneva. Approximately 0.5 g of sediment of each
subsample was extracted following the protocol of PowerSoil® DNA Isolation Kit (MoBio) and
the resulting DNA extracts were quantified with a fluorimeter Qubit™ (Invitrogen) and are
reported in Table S2. Gloves and disposable spatulas were changed, and all surfaces were
cleaned with bleach and RNase AWAY® solutions between each sample and quantifications as
well as other steps performed in high molecular load environments were done using single-use

aliquots.

3.44. PCR amplification and high-throughput sequencing

To enrich the foraminiferal signal in the DNA extractions, we carried out a PCR, making use
of the relatively short and highly specific hypervariable region 37f (68-196 bp) (Pawlowski and
Lecroq 2010). The region was targeted using a combination of primers s14F1 (forward) and
s15 (reverse), as previously described (Lejzerowicz et al. 2014a). The primers were tagged with
a unique combination of eight nucleotide identifiers attributed to each sample, allowing
bioinformatic demultiplexing of the amplicons to their sample of origin. The tags’ combinations
correspond to different nucleotides attached to the primers which allow a multiplex of samples
and were designed according to a Latin square matrix(Esling et al. 2015b). To ensure a better
PCR yield from the DNA extracts, we opted for the use of bovine serum albumin (BSA)
(Thermo Scientific™) and a polymerase from AmpliTaq Gold™ 360 Master Mix containing
low-detection, heat-activated polymerase. The PCR mix contained: 15 pl of AmpliTaq Gold™
360 Master Mix, 2 pul of BSA, 3 ul of combined primers at 0.2 M each, 10 ng of extracted DNA
for samples having enough DNA, otherwise we added a maximum of extracted DNA as
possible for those with low concentration, and H>O to complete 30 pl. To avoid contamination
after preparing this mix, extracted DNA was added in a dedicated hood located in a separate
room. For each PCR session 21 samples in duplicate together with 7 controls were processed,
including 5 PCR blanks to ensure that both primers and PCR mix were clean and 2 extraction
blanks to monitor DNA samples contamination in the extraction room. The PCR reaction was
performed as follows: pre-denaturation at 94°C during 1 min, then 60 cycles of denaturation at
94°C for 30 sec, annealing at 52°C for 30 sec and extension at 72°C for 30 sec, subsequently a

final extension at 72°C for 2 min. Aliquots of the PCR products were migrated on a 1.5%
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agarose gel for 20 minutes at 100 Volts, and quantified with Qubit™ fluorimeter (Invitrogen).
The PCR products were pooled in equimolar mix with each duplicate located in a different pool
to reach a total quantity of 100 ng of DNA. Each pool was purified using a High Pure PCR
Cleanup Micro Kit (Roche) and quantified using the Qubit. One library was prepared for each
pool following the instructions of the Illumina Truseq PCR-free® Library Preparation kit. The
resulting eight libraries were quantified by qPCR using KAPA Illumina Library Quantification
and diluted to a final concentration of 4nM. The diluted libraries were then pooled equimolar
and sequenced on an Illumina Miseq® system. The raw sequence data can be downloaded from

the European Nucleotide Archive under BioProject PRINA668798

3.4.5. Sequence data analysis

The raw sequences obtained from the libraries were processed as in (Lejzerowicz et al. 2014a).
The paired-end read pairs were quality-filtered by keeping only pairs having a mean quality
score (phred score) above 30 and assembled with a minimum of 12 bases overlapping without
mismatch. Those sequences were then demultiplexed based on the sequenced inline primer
sequences, allowing a maximum of 2 mismatches to the reference tagged primer combinations.
Chimeras were identified and removed with UCHIME 4.2(Edgar et al. 2011). The remaining
sequences were further de-replicated to generate Individual Sequence Units (ISUs) as in %7, each
ISU was aligned using the Needleman-Wunsch (NW) algorithm against a multiple sequence
alignment of foraminiferal species and assigned to the consensus taxonomy of the sequences
having the highest sequence identity level. ISUs without any alignment above 80% sequence
identity with the reference database (See below) were left unassigned. To form OTUs, ISUs
were pre-clustered based on their short 5'-end 37F hypervariable signatures (resolution
described in Lecroq et al. 2010) and OTUs were delineated by average linkage clustering based
on pairwise NW alignments distances and using thresholds defined for each pre-cluster based

on the taxonomy of the ISUs to cluster.

In order to assign a taxonomy to OTUs, we assembled a custom reference multiple sequence
alignment including planktonic and benthic taxa. We used the PFR? v.1.0 database (Morard et
al. 2015) that includes planktonic foraminifera sequences only and added reference sequences
of small planktonic foraminifera (Morard et al. 2019) that were published after the release of
PFR2. We merged the planktonic foraminifera reference sequences with those of benthic

foraminifera species (Pawlowski and Holzmann 2014) coming from NCBI GenBank. The
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taxonomy was structured into a 6-level hierarchical path that included the relevant level of the
foraminifera taxonomy starting from the superorders (Pawlowski et al. 2013) until the genetic
types for planktonic foraminifera (Darling and Wade 2008; Morard et al. 2016). The resulting

alignment was trimmed to cover only the 37f region.

The OTUs were assigned using the assignment-table-vsearch module of the SLIM v0.4 web-
application(Dufresne et al. 2019) at 95% of similarity against the local reference multiple
sequence alignment. Because of the high specificity of the selected region for foraminifera, all
the recovered OTUs can be considered as derived from foraminifera(Lecroq et al. 2011). OTUs
that could not be assigned to the (almost) complete planktonic reference database was
considered benthic. ISUs attributed to planktonic foraminifera by the assignment method were
manually checked. Representative sequences of each planktonic foraminifera OTU were
aligned with a selection of planktonic foraminifera reference sequences and only OTUs with
clear similarity to the reference sequences were retained. The remaining ISUs were considered
as benthic OTUs lacking close references in the multiple sequence alignment to be attributed

with certainty. The result of the assignment of the ISUs are provided in Table S3.

The difference in number of reads recovered between libraries was normalized using the
cumulative sum scaling method available on the metagenome-Seq Bioconductor
package(Paulson et al. 2013b) in R(R Development Core Team 2014). The cumulative sum
scaling corrects the biases induced by differential sequencing depths and uses a zero-inflated
Gaussian distribution mixture model that accounts for technical zero values resulting from
under-sampling. In order to compare the community composition in both morphological and

molecular data, we used the betadisper function in the vegan package(Oksanen et al. 2007).

3.5. Results

3.5.1. Microfossil data

Sediment samples were collected along the continental shelf off Newfoundland with multicorer
(MUQC) at 16 locations (Fig. 3.1) that allowed the recovery of short sedimentary cores of 24 to
42 centimeters (Fig. 3.2). The cores were sampled to carry out micropaleontological and
metabarcoding analysis in parallel. We carried out first a census count of the size fraction 150-

500 um that is typical for micropaleontological analyses of 15 selected core-tops. Based on the
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obtained results, we carried out a census count of the samples of 10 cores representative of the
compositional diversity at a size fraction in the fraction > 63 pm to capture compositional
changes among small specimens and small species. In all samples, 23 morphospecies of
planktonic foraminifera could be identified, representing a mixture of polar, transitional and
rare sub-tropical species. The five most common morphospecies were Neogloboquadrina
pachyderma (polar), Globigerina bulloides (transitional), Neogloboquadrina incompta
(transitional), Turborotalita quinqueloba (subpolar) and Globorotalia inflata (temperate)
accounting for ~97 % (83-100%) of the assemblages (Fig. 3.2). We also encountered the
microperforate morphospecies Globigerinita glutinata, Globigerinita uvula, Tenuitella
fleisheri and Globigerinita minuta that accounted for ~ 2 % of the assemblages. Finally, we
observed rare occurrences of morphospecies which are normally encountered in temperate to
subtropical areas: Globigerinoides ruber albus, Globorotalia hirsuta, Globorotalia menardii,
Globigerina falconensis, Pulleniatina obliquiloculata, Trilobatus sacculifer, Globigerinoides
conglobatus, Globigerinoides elongatus, Globigerinella calida, Globorotalia truncatulinoides,
Neogloboquadrina dutertrei, Dentigloborotalia anfracta, Globigerinoides ruber ruber and
Globigerinella siphonifera that accounted for ~1% of the assemblages. These morphospecies
were grouped into a category named “WARM?” as they likely represent the advection of non-

resident foraminifera by the Gulf Stream into the local community.
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Figure 3.2: Census counts of planktonic foraminifera in the studied sediment cores (Fig. 1). A. Counts
performed in the surface sediments in the size fraction 150-500 um at 15 locations. B. Counts performed
on the 10 cores selected for parallel census count and metabarcoding analysis. The cores are grouped

according to the faunal signature of the regional hydrography preserved in the sediment.

Sedimentary assemblages record the westward retroflection of the NAC into the Labrador Sea
that brings temperate and tropical species to the north of the Labrador Current (Fig. 3.1).
Analysis of tests census counts in the surface samples of 15 sites (150-500 um) that includes
recent or subrecent specimens revealed that the planktonic foraminifera community at the
sediment surface records the steep oceanographic gradient observed in the region (Figs. 3.2A,
3A). Indeed, we observed a strong polarization of the assemblages mostly driven by the relative
proportion of N. pachyderma, a marker for cold temperatures, opposed to the transitional
morphospecies G. bulloides, T. quinqueloba, G. inflata, G. glutinata, N. incompta and the
WARM group. This compositional gradient largely follows the frontal zone between the NAC
and the LC, including the counter-intuitive inversion of the temperature polarity in the Labrador
Sea with samples collected to the South of Newfoundland having a “cold” signature
(GeoB18530, GeoB18532) whilst samples collected Northeast off Newfoundland having a
“warm” taxonomic composition (GeoB18549, GeoB18550, GeoB18551, GeoB18556,
GeoB18557). This structure was largely conserved in the downcore analysis of the samples
sieved at 63 um (Figs 3.2B, 3.3B, 3.3C). At sites GeoB18551 and GeoB18553 we observe
higher compositional variability downcore (Fig. 3.3 B), indicative of an episodically higher
contribution of the “warm” species to these assemblages in the past, likely reflecting a shift of
the front between the LSW and NAC influence in the past (Fig. 3.1). Surface and down-core
sediments, and from both size fractions, could hence be classified into three zones reflecting a)
polar conditions dominated by N. pachyderma, (LC zone) b) a mixed assemblage with higher
proportion of the transitional species (transition zone) and c) stronger advection of species of

the WARM group due to higher influence of the NAC (NAC zone, Fig. 3.2A).

3.5.1. Metabarcoding data

We successfully amplified foraminifera metabarcodes from 167 samples. The total DNA
extracted from sediment ranged from below the instrument detection limit to ~9 ng.ul™!, and

showed an overall decrease in concentration with depth (Fig. 3.4A). This decrease was mirrored
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by decreasing number of positive amplifications of foraminiferal DNA with increasing depth

in the cores.
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Figure 3.3: Principal coordinates analysis of the census counts of planktonic foraminifera carried out
among A. all surface samples B. all downcore samples with each site treated as a group and C. all
samples grouped by their hydrographic signature. The p value of the associated ANOVA is shown for B

and C only because there is only a single surface sample per locality in A.

In total, 15,460,098 raw DNA amplicon reads were obtained from the 334 sequenced PCR
products (2 replicates per samples) obtained from 167 samples. 8,306,918 reads were retained
after quality filtering and clustered into 2,467 OTUs. Of these, 1,025 OTUs representing
7,908,878 reads occurred in more than three samples and were retained for subsequent analyses.
From those, 10 OTUs accounting for 968,487 reads belonged to planktonic foraminifera and
were assigned to the morphospecies Neogloboquadrina pachyderma, Neogloboquadrina
incompta, Globorotalia inflata, Globorotalia hirsuta, Globigerinita glutinata, Globigerinita
uvula and Tenuitella fleisheri. Three and two OTUs were attributed to the morphospecies G.

uvula and N. pachyderma respectively but were considered as intragenomic variants. No
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sequences of the two spinose planktonic foraminifera commonly encountered in the census

counts Globigerina bulloides and Turborotalita quinqueloba were detected.

The ratio of planktonic to benthic foraminiferal reads changed with depth in the sediment. The
relative proportion of planktonic reads was 3.5 % on average in the top 10 cm of the cores (with
rare outliers) but increased between 10 and 20 cm up to 96 % of the total assemblages. Then, it
dropped below 30 % between 20 and 30 cm but remained higher than for the top 10 cm (Fig.
3.4B).
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Figure 3.4: Results of metabarcoding analyses. A. box plot and jitter plot showing the DNA
concentration in the sediment extract at all depths. B. Proportions of planktonic and benthic
foraminifera reads observed in the metabarcodes. C. Relative proportions of reads assigned to

individual species of planktonic foraminifera detected in the metabarcoding dataset.

In terms of the taxonomic composition, metabarcodes from the first four centimeters in all cores
were dominated by reads assigned to the microperforate morphospecies G. glutinata and G.
uvula (Fig. 3.4C). Further downcore, reads from these morphospecies become rare and the
assemblage was dominated by N. pachyderma and G. inflata. Like in the micropaleontological
samples, molecular assemblages of planktonic foraminifera in core GeoB18549 revealed
substantial downcore variability, which was also present but less clearly developed in molecular

assemblages in core GeoB18532 (Fig. 3.4C). Comparative analysis of microfossil and
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metabarcoding community showed an overall conservation of the same biogeographic patterns
but with a larger degree of overlap in the metabarcoding data (Fig. 3.5). The significant
difference observed between sites with microfossils (Fig. 3.5A1) is not conserved in molecular
assemblages (Fig. 3.5A2). When comparing the composition of assemblages under the
temperate (NAC), transition and polar (LC) currents, the significant difference is also not
conserved overall among the metabarcodes, but the comparison of the sites under the temperate
and polar regimes displayed a significant difference both in microfossil and metabarcoding data
(Figs 3.5B1, 3.5B2). To ensure that this observation was not only due to sampling size, we
limited the comparison between the strength of the separation of the microfossils and
metabarcoding datasets to the cores GeoB18532 (polar) and GeoB18549 (temperate) (Fig.
3.5C). Despite the presence of an overlap in the metabarcode compositional data (Fig. 3.5C2),
compared to the complete exclusion of the assemblages of the two cores observed in the
microfossil assemblages (Fig 3.5C1), the comparison of the distribution of the samples of the
metabarcoding dataset returns a significant difference (p-value=0.0013) indicating that the two

cores have distinct faunas.

3.6. Discussion

3.6.1. Planktonic foraminifera eDNA preservation in the sediment

The observed decrease in total DNA concentration with sediment depth in all cores is consistent
with a model of progressive degradation of sedaDNA over time (Fig. 3.4A). In this model, the
higher concentrations at the surface would reflect the combination of the flux of eDNA from
the plankton and DNA from living, sediment-dwelling organisms, including the benthic
foraminifera, whose population density decreases with sediment depth. As a result, eDNA from
living benthic foraminifera dominates the pool of foraminiferal sedaDNA in the top 10 cm of
the sediment (Fig. 3.4). This 10 cm limit is entirely consistent with direct observations of depth
range of benthic foraminifera in North Atlantic sediments identified as living by vital stains
(Corliss and Emerson 1990), and by the depth of the bioturbated mixed zone in similar
sediments (Loubere 1989). The absence of living benthic foraminifera below 10 cm could also
explain the remarkable sharp increase of the relative proportion of planktonic foraminifera
sedaDNA immediately below this level. In the zone inhabited by living benthic foraminifera,
eDNA from the living organisms is pristine and abundant, and thus more prone to be amplified
and sequenced than the planktonic sedaDNA fraction (Lejzerowicz et al. 2013b). Below the
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inhabited zone, all foraminiferal DNA is environmental, and its amount reflects the flux of the
involved populations. Since the flux of planktonic foraminifera is much higher than that of
benthic foraminifera (as also seen in the concentration of their shells in the sediment with a

ratio ~100:1), the composition of foraminiferal sedaDNA is skewed towards the plankton.
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Figure 3.5: Comparison of principal coordinates analysis performed on the samples for which both

morphological and metabarcoding analyses have been performed. The analyses have been performed
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with each site as a group (A.), each hydrographic signature as a group (B.) and only for the cores
GeoB18532 and GeoB18549 (C.) but without the layers between 0-4 cm that are dominated by
Globigerinita uvula. The p value of the associated ANOVA is provided, and we provide each pairwise
group for the (B2.) analysis to show that the Polar vs Temperate is significant. Maps showing the

position of each core and the currents signature are provided (D.).

To explain the observed pattern of relative abundance of planktonic and benthic reads, we
considered that the benthic foraminifera community had an absolute abundance of 99 (arbitrary
unit) at the surface and follows a linear decrease with depth to reach 1 at 10 cm which is the
bottom of the inhabited zone in the sediment. Next to the living benthic foraminifera DNA, we
considered a pool of planktonic eDNA exported from the surface that follows an exponential

decay:
— —At
N(t) = Nye

where Ny is the initial abundance of planktonic foraminifera eDNA, A is the decay constant and
T the mean lifetime, all set to 1. Below the inhabited zone (10 cm), we considered that there are
no more living benthic foraminifera, and therefore its decay profile follows the same formula
as for the planktonic foraminifera eDNA. However, we considered a lower decay constant for
the benthic foraminifera DNA set to 0.9 because unlike the plankton, the decay profile of
benthic DNA does not have to pass through the water column and is buried in the sediment
directly with their cells. The resulting modeled relative proportions are shown on Fig. 3.6,

indicating that the invoked process can at least theoretically reproduce the observed pattern.

Dead planktonic DNA Live Benthic DNA Dead Benthic DNA Planktonic signal in sediment
o1 d e " Benthic foraminifera , ® 1 1
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Figure 3.6: A conceptual model explaining the process of conservation of planktonic and benthic DNA

with burial in the sediment. The flux of planktonic eDNA starts to degrade directly after the delivery
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onto the seafloor and is in competition with the DNA from living benthic foraminifera inhabiting the
first 10 cm of the sediment. Below the living depth of benthic foraminifera, only their eDNA is preserved
and therefore the relative abundance of planktonic foraminifera amplicons increases. The benthic DNA
degrades at a lower rate than the planktonic DNA that leads to a decrease of relative abundance of

planktonic DNA as observed in Fig 2B. See discussion for detailed explanation of the model.

In the deepest samples, the sedaDNA concentrations are low, in some samples even below the
detection limit of the Qubit fluorometer used to quantify the DNA extract (Fig 3.4A). However,
the slope of both concentration and the relative abundance of benthic and planktonic eDNA
appear to stabilize (Fig 3.4B). The Holocene sedimentation rates on the continental slope off
Newfoundland, including at some of the same locations where the studied cores were taken,
vary between 15 and 25 cm/kyr (Leng et al. 2018), indicating that the age of the oldest layers
of the analyzed cores is likely > 2000 years. The consistent low concentration and consistent
benthic/planktonic ratio in the oldest sedaDNA indicate that below the zone inhabited by the
benthic foraminifera, there is no, or only limited, leakage of genomic DNA downcore, as shown
already by previous studies (Torti et al. 2015, 2018). Since we were able to recover a
taxonomically consistent foraminiferal eDNA signature even in the samples with the lowest
overall DNA concentration, a substantial part of this DNA must be present in amplifiable
strands of at least 100 to 200 nucleotide length (microbarcode and flanking conserved region
length). These results agree with previous studies showing good preservation of foraminiferal
eDNA in a variety of marine sediments (Lejzerowicz et al. 2013b; Pawlowska et al. 2014,
2016). The observation of good preservation of longer DNA fragments is also consistent with
studies of Pleistocene (older than 12,000 years) sedaDNA in marine sediments, which were
based on PCR and sequencing of long barcodes (Coolen et al. 2013; Kirkpatrick et al. 2016; De
Schepper et al. 2019)

3.6.2. Microfossil vs metabarcoding record

The morphospecies composition and relative abundances recorded in the microfossils, both at
the surface and downcore, reflect fauna typical for the region (Siccha and Kucera 2017),
mirroring in its composition remarkably well the steep hydrographic gradient along the
continental margin off Newfoundland (Fig. 3.2). The metabarcoding community shows a
similar geographical structure (Figs. 3.4, 3.5) and contains only taxa that were identified among

the microfossils. This indicates that the sedaDNA both at the surface and downcore does not
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appear contaminated by long-range lateral transport and that no contamination likely occurred
during laboratory handling of the samples. However, compositional composition of the

metabarcoding dataset differs from the census count dataset in two key aspects.

First, we observe systematic differences in the presence/abundance of some taxa that could be
attributed to PCR-induced biases. The most striking is the absence in metabarcoding
community of the spinose Globigerinidae (Weiner et al. 2016; Morard et al. 2017) such as G.
bulloides and T. quinqueloba that are common among the microfossils in the studied material.
This is due to a 1-3 nucleotide difference in the forward primer region between the spinose
clade and other foraminifera. As a result, the recovered metabarcoding community contained
no amplicons that could be assigned to spinose morphospecies. Considering the rapid evolution
of the SSU rDNA gene in planktonic foraminifera (Darling et al. 1997), it is difficult to design
universal planktonic foraminifera primers for the hypervariable region 37F, which we deemed
was the ideal target for studying ancient DNA because of its short length. Other foraminiferal
metabarcoding studies also showed a primer bias but were able to target all planktonic
morphospecies (Morard et al. 2018, 2019) using a longer 18S fragment, that we judged likely
more difficult to amplify in sedaDNA samples.

Another PCR-related bias concerns the difference in species abundances between
metabarcoding and microfossil data. This type of biases is due to either preferential PCR
amplification or differences in gene copy number among species(Weber and Pawlowski 2013;
André et al. 2014). In our study this is best seen in the disproportionally high abundance of
amplicons from the large G. inflata (Fig. 3.4), where we speculate that the species may have
more gene copies per cell, since nothing indicates that the species should be preferentially
amplified. Other than PCR biases or differential gene copy number see no evidence for
systematic bias in sedaDNA preservation due to different sizes, shapes or thicknesses of the
shells with which the DNA is likely associated. The most abundant amplicons were derived
from OTUs assigned to the thick-walled medium-sized N. pachyderma, but many of the
samples were dominated by amplicons from OTUs representing the thin-walled and tiny G.
uvula and T. fleisheri (Fig 3.4). The second aspect in which the metabarcoding community
composition differs substantially from the co-deposited microfossils is the high abundance of

G. uvula in samples from the top 4 cm of the sediment (Fig. 3.4). We rule out primer and other
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sequence-related biases, that would result in a systematic preferential enrichment of this

particular taxon at all depths.

It is also unlikely that this morphospecies, which has a broad ecological and geographic
distribution, was not recorded consistently in microfossils samples. The species is small, but its
shells have been recovered at all depths, albeit at smaller quantities. Therefore, we retain the
possibility that the high abundance of this species in surface metabarcoding datasets reflects a
genuine signal. Indeed, it has been shown that the ongoing climate warming induces large
latitudinal shifts in planktonic foraminifera communities globally (Jonkers et al. 2019), and
higher abundance of G. uvula in recent plankton samples from the North Atlantic has been
noted by two independent studies(Schiebel et al. 2017; Meilland et al. 2019). We speculate that
a potential recent increase of G. uvula in the studied region due to ongoing global change could
in theory indeed be first observed in the eDNA on the sea floor. This is because the eDNA
delivered during the last few years is the “freshest” and should amplify preferentially over older
eDNA at the sediment surface. The most recent aDNA is likely completely mixed on short time
scales over a few cm, explaining the abundance of G. uvula reads down to about 4 cm. Given
the sedimentation rates reported in the region(Leng et al. 2018), the top 4 cm of the studied
sediments should represent the average deposition over ~ 200 years. This layer would be still
numerically completely dominated by shells deposited before the recent plankton shift, but the
aDNA in this layer would be biased towards the most recent signal. In this scenario, sedaDNA
would act as a more sensitive recorder of recent changes in plankton flux than the fossil

assemblage.

3.6.3. Spatio-temporal patterns in community composition

Besides the two key differences described above and ascribed to PCR biases and bias due to
amplification of the signal of a recent community shift, the composition of the metabarcoding
community shows similar patterns of spatial and temporal variability as recorded by than of the
fossil assemblage. Due to the lack of amplicons from spinose morphospecies, the difference
between “warm” assemblages influenced by North Atlantic Current and “cold” assemblages
deposited underneath the Labrador Currents are expressed more strongly in microfossil than
metabarcoding data, but the spatial ordination of the sediment samples (surface and downcore)
is similar (Fig 3.5). The ANOVA performed on the microfossil assemblages returned highly
significant values. The same analysis performed on the metabarcoding assemblages showed a
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larger degree of overlap between sites, but the pairwise ANOVA comparing metabarcoding and
microfossil composition was still significant, showing essentially the same spatial ordination

of the communities, irrespective of whether represented by microfossil counts or metabarcodes.

Importantly, these spatial patterns clearly remain preserved during burial. This is shown by the
analyses of microfossil and metabarcode compositions in downcore samples from cores
GeoB18532 and GeoB18549, representing deposition under colder and warmer conditions
(Figs 3.2, 3.4). Samples from both cores are clearly separated with respect to their microfossil
assemblages and this separation remains preserved in the metabarcoding data, despite the lack
of spinose amplicons (Fig. 3.4). Moreover, the downcore records also show similarities in the
amount of compositional variance within each core between the microfossil and metabarcoding
data. The microfossil community in the “cold” core GeoB18532 is strongly dominated by N.
pachyderma (Fig. 3.2) and the metabarcoding data in this core is also dominated by this
morphospecies (Fig. 3.4).

We selected the cores Geob18532 (Polar) and GeoB18549 (temperate) were selected for
metabarcoding analysis on their entire length specifically because the microfossil assemblage
polarity is opposite to the overall latitudinal gradient, with warmer fauna found to the North of
Newfoundland, reflecting the NAC retroflection (Figs. 3.1, 3.2). The fact that the microfossil
and metabarcoding communities both preserved the inverted regional features implies that both
signals are congruent. Whereas foraminifera shells, made of calcite, sink to the seafloor within
days, the DNA could, in theory, reside among the dissolved organic pool and its deposition
could be delayed, allowing long-range mixing and advection. The fact that we observe highly
congruent patterns, retrievable despite various sources of bias identified in the metabarcoding
community, implies that the sedaDNA likely represents molecules delivered and preserved in
association with the flux of planktonic foraminifera tests. Thus, ssdaDNA preserved in marine
sediments deposited under normal, oxic conditions, has the potential to record climatic and
biotic changes in the pelagic community above the site of deposition with the same spatial and
temporal resolution as microfossils. This conclusion certainly applies to the planktonic
foraminifera but can be likely extended to other planktonic taxa producing skeletal remains as

well as those whose remains are deposited in the form of aggregates.
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3.7. Conclusion

The pool of sedaDNA can be considered as a reliable source of information that not only
contains genomic remains, but also records paleoceanographic changes. We show that
sedaDNA retains the fine scale regional oceanographic features, and we speculate that
sedaDNA could detect rapid changes such as the recent oceanographic warming not yet
recorded in the morphological samples. The same approach that we used for foraminifera could
be applied to any group of plankton, even those that do not leave fossil remains and without
requiring taxonomic expertise, provided that reference databases are complete enough to assign
sedaDNA metabarcodes to known taxa. However, the metabarcoding approach has major
pitfalls, since the PCR step can bias the community composition, and as it is shown in our case,
omit an entire clade that is abundant in the samples. The careful design of primers is thus a
prerequisite and when possible, a parallel validation with fossil content of the samples should

be mandatory.

Supplementary Material is accessible online under:

https://www.nature.com/articles/s41598-020-77179-8

Table S1. List, processing details and taxonomic counts of the selected samples of the study

for morphologic analyses.

Table S2. List and processing details of the selected samples of the study for metabarcoding

analyses.

Table S3. Taxonomic assignment of the ISU for the 334 PCR products
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Chapter 4: Evolution of marine eukaryotes and
terrestrial plants over 300’000 inferred from a
marine sedimentary aDNA collected off Papua

New Guinea

4.1. Project description:

A marine sedimentary core from the Bismarck Sea off Papua New Guinea stored for 14 years
was provided by Luc Beaufort from the CEREGE. The core was previously dated and record
more than 340 Ka, showing interval of warm and cold periods.

Two major challenges:

o Amplify ancient sediments DNA from a tropical core with a potential less preservation of
DNA due to SST of 25°C or 30°C or UV radiation on tropics
o Work with a long-time stored core at 4°C, deal with contaminants during sampling and the

storage.
Goal of this study were:

o Evaluate the possibility of the use of sedimentary cores stored in many repositories
o How far in the past an ancient eDNA can be recover in a good preservation

o Which organisms can be targeted.

I present here a compilation of the results of metabarcoding of foraminifera, radiolarians,
eukaryotes, and plants. This project is not yet complete, and we plan to include morphological
assemblages of foraminifera, radiolarians and coccoliths to support our findings with the

sedaDNA approach.

In prep.

45



4.2. Abstract

Over the past 15 years, sedimentary ancient DNA (sedaDNA) has become a new proxy for
paleoenvironmental studies that provide information on a wide range of fossilised and non-
fossilised taxa. In general, the sedaDNA studies focus on temperate or polar regions, rather
than on tropical environments as they are exposed to DNA damaging factors such as high
temperature or UV radiation. Moreover, sediment samples for ancient eDNA studies are
usually frozen immediately after collection. However, many marine sediment cores were
collected years before the advent of palacogenomics and are kept cold at 4°C in core
repositories around the world. Here, we test the limits of sedaDNA preservation by analysing
a core retrieved from the Bismarck Sea, off New Papua Guinea, where the mean annual
temperature is about 29°C and stored at 4°C for 14 years. We analysed 20 samples at glacial to
interglacial intervals identified by isotopic measures of 0'%0 of benthic foraminifera and
spanning the past 385’000 years. We applied a metabarcoding approach using specific 18S
rRNA gene primers for eukaryotes, foraminifera, radiolarians and TrnL primers for vascular
plants. The data obtained by using universal eukaryotic marker (V9) show that the samples are
strongly contaminated by fungal and amoeba DNA, probably originating from collection or
storage. However, the results obtained using specific foraminifera, radiolaria or plants markers
showed the presence of typical tropical communities. Even if the number of DNA declines
down the core, the patterns of successional changes in species communities of these taxonomic
groups are well archived at least until 200 Ka. Our study indicates the decrease of terrestrial
and marine plankton diversity since the latest glacial period. However, the preservation of
sedaDNA in the refrigerated core was insufficient to follow the plankton and plant community

evolution during the previous glacial and interglacial periods.

4.3. Introduction

Marine and lake cores are commonly used as archives of past climate and biodiversity
(Tzedakis et al. 1997; Westerhold et al. 2020; Morlock et al. 2021). Usually, one half of the
core is used for geochemical and micropaleontological studies and the other half remains intact
and is stored as an archive at 4°C in temperature-controlled rooms. Thousands of sediment

cores have been collected for several decades and are available in cores repositories.
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The micropalaeontological records consist of the hard remains of organisms that may have
fossilised. The most common microfossils are foraminifera, diatoms, radiolarians, and pollen.
They are used to reconstruct the climate and biodiversity of the past. However, this approach
only reflects the evolution of a fraction of biodiversity at a given time (Yasuhara et al. 2017,
Frenzel 2019). The soft-bodied, non-fossilized species are excluded, thus missing a large
proportion of living organisms from paleoecological studies. Another disadvantage of using
only fossils is the partial compilation of past biodiversity when hard shells are dissolved or

fragmented or too small and not considered.

To complement micropaleontological proxies, ancient sedimentary DNA (sedaDNA) has been
used for more than 15 years, giving access to more complete overview of past biodiversity.
The sedimentary DNA record often includes bacteria, viruses, archaea, and eukaryotes (soft
and non-soft bodies) (Pedersen et al. 2015; Thomsen and Willerslev 2015; Capo et al. 2021).
So far, climate and biodiversity changes have been assessed with this tool mainly in high
latitudes. Temperate and especially polar regions offer ideal conditions for DNA preservation,
such as low temperatures and little UV radiation. For example, the vegetation history of
Scandinavia has been reconstructed using ancient DNA (Rijal et al. 2021; Nota et al. 2022),

diatom assemblages in Siberia lakes (Dulias et al. 2017).

Few sedimentary DNA studies have been conducted in tropical sites, which are known to be
the most faunistically and floristically diverse regions of the world. Seven studies have been
conducted in tropical African and Mexican lakes or swamps. In Ethiopia, eukaryotes were
targeted (Krueger et al. 2021), in Uganda prokaryotes and eukaryotes (Dommain et al. 2020)
and plants (Boessenkool et al. 2014), in Kenya rotifers (Epp et al. 2010) and diatoms (Stoof-
Leichsenring et al. 2012) and in Benin plants (Bremond et al. 2017). In Mexico prokaryotes
and eukaryotes were sequenced (Moguel et al. 2021). To our knowledge, one tropical marine
core has been used for sedaDNA studies in the Arabian sea (More et al. 2018). Protists
communities’ changes over 43ka due to variations of oxygen minimum zone (OMZ) were
reported. There is also a reef core in Australia to know the communities inhabited in the coral
reef the past 750 years (del Carmen Gomez Cabrera et al. 2019), which could be consider as

sediment core too.
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Those cores were collected for sedaDNA analysis, which was not the cases for cores with a
geological analysis purpose. However, a recent study reported successful recovery of ancient
metagenomes from a core after several years of storage (Selway et al. 2022).

Here, we conducted for the first time the paleogenomic analysis of a marine sediment core
collected in a tropical area, in the Bismarck Sea, off the coast of New Papua-Guinea where the
sea surface temperature (SST) is around 29°C. The core has been stored at 4°C for 14 years at
the CEREGE core depot in Aix-en-Provence, France. Dating shows that it has recorded the last
385 000 years (Tachikawa et al. 2011). In addition, isotopic measurements of 0180 from
benthic foraminifera identified glacial to interglacial intervals. To evaluate whether sedaDNA
can be recovered from such a long-stored core and to gain insight into the evolution of marine
organism and plant diversity during interglacial and glacial cycles, we used metabarcoding
approach targeting small fragments of ribosomal (18S rRNA) and chloroplast (TrnL) genes.
We obtained the metabarcoding data for marine eukaryotes, radiolarians, foraminifera, and

vascular plants and we analysed their evolution across the past 300°000 years.
4.4. Material and methods

4.4.1. Study area and the core

The core MD05-2920 was collected during the MD148 IMAGES XII PECTEN cruise in 2005.
The core collection site is about 100 km off Papua New Guinea (PNG), in the Bismarck Sea,
(2°51'488S, 144°32'04E) at a water depth of 1843 m (Beaufort et al. 2005) (Fig. 4.1). Two main
rivers, Sepik and Ramu, after passing through highlands, lowlands and swamps discharge
terrigenous sediments into the sea. Tachikawa et al. 2011 confirmed the terrestrial origin of the
sediment particles and calculated the sedimentation rate, which varies between 6 and 13 cm/ka.
The core was dated using '*C AMS on planktonic foraminifera (G. ruber) and d130 on benthic
foraminifera (C. wuellestorfi and U. peregrina). The 35 m long core recorded the last 384 kyr.
Benthic foraminiferal d'®O values permitted the identification of interglacial and glacial

periods to corresponding to eleven Marine Isotopic Stage (MIS) (Fig. 4.2).
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Figure 4.1: Core MD05-2920 location (2°51'48S, 144°32'04E). The core was collected in Bismarck

Sea at -1843 m depth, off Papua New Guinea. The purple box shows the location of Papua New Guinea.

4.4.1. Sediment sample collection

The archive half core (lengthwise split) was preserved intact at 4°C at the CEREGE core
repository. In 2019, based on chronostratigraphy of the core, twenty layers were selected at the
interglacial and glacial periods (Tachikawa et al. 2011).With a spatula, the thin surface at the
subsampling sites were scrapped and sediment was collected in a 15ml tube with a sterile spoon
avoiding the edges of the core. Two samples of approximatively 5g were taken per layer. To
reduce DNA/RNA damage, the tubes of sediments were filled with 10ml of Lifeguard buffer.
Patches of mold were visible to the naked eye on the tops of some cores, we were aware not to

touched them cores during the subsampling.
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Figure 4.2: MD05-2920 time series of MIS, which are here in roman numbers (I-XI). The blue line
shows the 6 50 benthic foraminiferal values obtained from U. peregrina and C. wuellerstorfi over the
core. In red line, the Mg/Ca ratio of G. ruber used to reconstruct sea surface temperatures (SST).
MDO05-2920 MIS time series, which are here in Roman numerals (I-X1). The blue line shows the 6 180
values of benthic foraminifera obtained from U. peregrina and C. wuellerstorfi over the last 384 ka.
The red line shows the Mg/Ca ratio of G. ruber used to reconstruct sea surface temperatures (SST).
The numbers correspond to the twenty layers that were subsampled in the core. The schematic drawing

of the core on the right shows these layers with their respective ages.



4.4.2. Sediment DNA extraction, amplification, and sequencing

For each sample about 5g of sediments was extracted using DNeasy PowerMax Soil kit
following the manufacturers instruction. The final elution was concentrated and precipitated
with 0.2 ml of 5M NaCl and 10.4 ml of cold EtOH and finally resuspended in 400 pl of elution
solution. Extractions were done in batches of 4 samples (two layers) to which two extraction
blanks were added to control risks of contamination. These extraction blanks were

subsequently processed in the same way as the other samples.

We wanted to get an overview of the eukaryotes that can be obtained after such a long storage
time of the core but also specific planktonic taxa and plants. As the DNA was several 100ky
old, it was appropriate to use primers that amplify small fragments. Therefore, we selected
those targeting the 18S RNA and chloroplastic genes. The 18S V9 hypervariable region (~100-
130 bp) was amplified to generate eukaryotes amplicons using 1389F and 1510R primers
(Amaral-Zettler et al. 2009). Similarly, for radiolarians we amplified the V4 region (~ 250 bp),
using the specific primers S879 (forward) and modified s32Jmod reverse after (Decelle et al.
2012a) to obtain both spumellarians and acantharians. For foraminifera, the 18S 37F
hypervariable region (90 - 120 bp) was amplified using for s14F1 and s15 primers (Pawlowski
and Lecroq 2010). Finally, for plants we used TrnL-g and TrnL-h primers (Taberlet et al. 2007)
to amplify the TrnL P6 loop locus (~ 39 — 77 bp).

The PCR reactions for V9, radiolarians and plants were performed in three replicates and for
diatoms and foraminifera in eight replicates. The forward and reverse primers were tagged with
eight unique nucleotides at 5’ extremities to enable the multiplexing of samples (Esling et al.
2015). Per each couple of reverse and forward tagged primers, a blank PCR was also included
in the amplification. All the replicates were pooled and quantified with QIAxcel system
(Qiagen, a high-resolution capillary electrophoresis. Based on the quantification, two 1.5ml
tubes were prepared per marker with samples mixed equimolarly and purified to remove
dimers. We used the High Pure PCR product Purification kit (Roche) removing under 100bp
for 18S amplicons and for plants the MinElute PCR Purification kit which removed under 70
bp. The two libraries per marker were prepared using TruSeq DNA PCR-Free Library
Preparation Kit (Illumina) and quantified by qPCR using the Kapa library quantification kit
(Roche). The sequencing was achieved on a MiSeq system (Illumina) using paired-end

sequencing with 300 cycles for V9, foraminifera, radiolarians, and plants libraries.
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4.4.3. Bioinformatic analysis

All bioinformatics analyses were performed using the SLIM platform (Dufresne et al. 2019),
which has a set of tools for generating Amplicon Sequences Variant (ASV) data. Briefly, the
raw data was demultiplexed and then analysed with DADA2 which removes primers, merges
sequences, and removes chimeras. The generated ASVs, were then taxonomic assigned at 95%
of identity using Vsearch and PR2 database for V9-eukaryotes, and radiolarians. For
foraminifera we used a customised database containing more than 4100 reference benthic
sequences and PFR? (Morard et al. 2015), a planktonic foraminifera reference database. For
plants, we first created a TrnL reference database by collecting sequences from NCBI and we

used blast+ to assign the sequences.

Additional filtering steps were conducted to get curated table and sequences. The non-targeted
taxa were removed from all datasets (e.g., Bacteria and Archaea in V9). For plants, cultivated
plants were eliminated and only sequences referring to plants endemic to Papua New Guinea
or the surrounding islands were retained. To determine which plants are endemic we used a list
published by Céamara-Leret et al. 2020 and Plants of the World Online (POWO). Sequences
present in extraction controls were suppressed with microdecon (McKnight et al. 2019) or
manually. Moreover, sequences with less than 1000 reads were removed. This is to ensure that

the sequences obtained are real, not just a trace or an artefact of PCR or sequencing.

All datasets were normalized before alpha and beta analysis. In some cases, due to the low

sequencing depth, some samples were removed from the dataset.

4.5. Results

4.5.1. Sequence data

After all filtering steps, we observed good DNA preservation in all markers up to 200 Ka,
where the average number of reads per sediment layer varied between markers from 139’003
to 928°440. Below 200 Ka, a few taxa were sporadically amplified (Fig. 4.3). The average
number of reads per layer ranged from 25’187 to 467°005 reads.
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Figure 4.3: Number of reads variation throughout the core per marker: 18S-V9 for eukaryotes, 18S-
V4-rad for radiolarians, 18S-37F for foraminifera and TrnL P6 loop for vascular plants
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4.5.2. Taxonomic assignment (Fig. 4.4)

4.5.2.1. V9- eukaryotic marker

After removal of reads appearing in controls 336 ASVs. The V9 dataset was dominated by the
sequences assigned to an amoebozoan Acanthamoeba sp (Fig. 4.5 A.). Fungi AVSs were also
present along the core. Neither amoebozoan nor fungal sequences were present in the blanks
suggesting that they represent a contamination of the core rather than acquired during its
processing. We supposed that the fungal ASV could come from mould patches observed on
the top of some. All these sequences were removed from taxonomic and composition analysis.
After excluding Fungi and Amoebozoa, the V9 dataset was composed of Alveolata,
Archaeplastida, Excavata, Opisthokonta (mainly metazoans), Rhizaria and Stramenopiles (fig.
2) until 359 Ka (MIS11) (Fig. 4.5 B.). After 200 Ka (MIS1-6), one or two phyla dominate all
the layer’s composition, probably due to poor DNA conservation. Before 200 Ka, all phyla
were represented, and we observed variation between glacial and interglacial layers. For
instance, the proportion of Alveolata decreased after each glacial period, while those from
Rhizaria increased. The alpha diversity indexes (Fig. 4.5 C.) showed higher values in glacial
samples following the interglacial for observed and Shannon and Simpson indexes. The
multidimensional scaling (MDS) and hierarchical clustering (HC) (Fig. 4.5 D.-E.) indicated
groups with similar compositions during glacial or interglacial periods. However, it was also
observed some samples at the boundary of these periods still maintain a composition close to

the previous period, as if it was a slow transition.
4.5.2.2. Radiolarians marker

We could amplify radiolarian with a high sequencing depth down to 289 Ka (MIS 8). The mean
number of reads per sample was 179’311 corresponding to 1465 ASV. At species taxonomic
level, 30 species (29 genera) could be identified (Fig. 4.6 A.). The radiolarian class
Polycystinea tended to dominate throughout the core. Acantharea and Rad-A were mostly
present in glacial samples. Spumellarida-Group I, a genus from Polycystinea class was the most
common species across all layers (>70% per sample).

Interestingly, glacial (e.g., MIS2, MIS4) samples exhibited a higher diversity than those from
interglacial period (e.g., MIS1) (Fig. 4.6 B.). The MIS2 have the greatest diversity. However,
Simpson index showed an evenness of diversity between MIS1 to MIS4 and less difference in

diversity with older samples (Fig. 4.6 B.). The MDS plot displayed three groups, samples from
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MIS1 to MIS4 were regrouped but glacial and interglacial samples were slightly different in
composition (Fig. 4.6 D.). The hierarchical clustering separated the samples into two main
groups, curiously those from MIS 6-8 are together except samples at 137 Ka and those from
MIS 1-5 form another group. The first group did not display any community variation
accordingly with the dendrogram (Fig. 4.6 D.). The average SST of this group was 26°C in
contrast to the second group where the average SST was 27°C (Fig. 4.2).

4.5.2.3. Foraminifera marker
4.5.2.3.1. Planktonics

After a dataset curation, we kept 809 ASV, including the unassigned ASV as they presented
the characteristics of foraminifera 37f amplicons. 190 ASV belonged to the group of planktonic
foraminifera, which represented 13 species (Fig. 4.4), and some cryptic species were also
identified such as N. dutertrei 1., G. glutinata I1l, G. uvula I, G. scitula I, P. obliquiloculata I,
Ila and I1b. The planktonics were identified in all layers except in those under 352Ka. Knowing
that planktonics have a specific niche related to sea surface temperature, the identified species
were categorized as either restricted to temperate or warm or living in both regions. As expected
in glacial periods, warm species (e.g., C. nitida, N. dutertrei, P. obliquiloculata, G.
conglomerata, G. tumida, S. deshicens and G. vivans) had to share the area with temperate and
warm-temperate species (e.g., G. uvula, G. glutinata, G. minuta, G. hirsuta, G. scitula and T.
iota) (Fig. 4.7A-B.).

Alpha diversity indices indicated again variations between samples from MIS1 - MIS4 and
between MISS5 - MIS8. The first group showed a higher diversity as with other markers. MIS3,
an interglacial period had the highest observed number of species but according to the Shannon
and Simpson values it was not the most diverse period (Fig. 4.7 C.). The MDS and dendrogram
regrouped periods into 3 groups, here again glacial and interglacial periods were mingled (Fig.
4.7 D-E.).

4.5.2.3.2. Benthics

The remaining 619 ASV were ascribed to benthic foraminifera. Among them 408 ASV were
unassigned and 216 ASV belonged to Globothalamea, Monothalamea and Tubothalamea (Fig.

4.8 A.). Within globothalamids, rotaliids and textulariids were encountered in all layers until

217 Ka. Textulariids showed a higher proportion in MIS2 and MIS6 (glacial periods). In
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monothalamids, Clades BM, V and Y were present across the core, and together with some
unassigned detected also in the oldest layers. Miliolids were detected only at 50 Ka. As it was
shown in Fig. 4.4 these unknown foraminifera were detected in almost all layers and in some
of them, they were the most abundant (>25%). Usually, as they do not have any ecological
meaning they are removed from dataset. However here, we kept the five most abundant
unassigned ASVs (ASV5, ASVS8, ASV16, ASV19 and ASV21) as they account for more than
15% of all benthic reads.

Alpha diversity indexes showed again higher diversity in samples from MIS1 to MIS4 and
glacial periods were characterized by higher diversity than the preceded interglacial periods
(Fig. 4.8 B.). The MDS and dendrogram plot showed three groups. Samples belonging to
MIS10 - MIS 5 were regrouped, with the exception 384.57 Ka and 242.48 Ka. The younger
samples from MIS1 - MIS4 displayed the third group (Fig. 4.8 C-D.).

4.5.2.4. Vascular plants marker

The three classes of plants Magnoliopsida, Pinopsida and Polypodiopsida were amplified with
the TrnL. marker down to 359 Ka (MIS 11). We excluded plants reads of plants considered as
food and cultivated plants. The Magnoliopsida were the most abundant across the core (> 87%)
(Fig. 4.4). A total of 66 species (90/400 ASV, 1,713,471 reads) were considered as endemic to
PNG, while 111 (178/400 ASV) genus and one (1/400 ASV) family were reported as native to
surroundings islands of PNG (Fig. 4.9 A.). In further analysis we kept only the endemic ones.
We regrouped the plants accordingly to their functional groups into climber, epiphyte, fern,
herb, and woody (tree and shrubs). Climber plants were more abundant during glacial periods
except at 299 Ka corresponding to the interglacial MIS9 where more reads were detected.
Epiphytes were present in small proportion only in glacial periods. Ferns had a peak of
abundance (>15%) at 137 Ka (MIS6). Herbs found in glacial and interglacial samples. The
peak abundance was in the oldest sample at 359 Ka (MIS 11) and in more younger layers it
was at 123 Ka (MIS5). Woody (bushes and trees) type had a maximum abundance at 248 Ka
(MIS 8), but in younger samples the peak was at 11.8 Ka (MIS1).

To summarize, we noticed that during glacial periods, vascular plants from any type had higher
proportion that during interglacial periods. Likewise, in the classification of plants by biomes,
there was a significative presence of subtropical plants, more than 25% at 137 Ka (MIS6). The
alpha indexes confirmed again a greater diversity during glacial periods. The MDS and HC

displayed a spatial layout of glacial samples having similar composition except for sample at
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50 Ka (MIS3) and 299 Ka (MIS9). These two exceptions are at the boundaries of glacial-

interglacial.

4.6. Discussion

4.6.1. Use of long-time stored sedimentary cores as molecular archives

Many cores have been deposited in repositories after their collection by oceanographic
campaigns, usually a half lengthwise core is still stored intact as archived core. This represent
a material that can be used even though the sampling and subsampling for ancient eDNA rules
were not applied. The cold storage temperature of 4°C could limit the DNA damage as it
corresponds to bottom water temperature. Studies reported successfully metabarcoding and
shotgun sequencing on such cores where the subsampling was done at least 5 years after
collection (Clarke et al. 2020; Selway et al. 2022).

In our case, despite 14 years storage, we were able to amplify from the youngest to the oldest
layers ranging from 1.6 Ka to 384 Ka. We excepted a low DNA concentration in oldest layers
due to sampling conditions and above all the storage time, which was long enough for microbial

and fungal growth.

In addition to bacteria or fungal DNA, we found those of Acanthamoebas. Their presence in
seawater in free-living form or as cysts is rather common (Hussain et al. 2022); we could
assume that their DNA is contemporary to the sedimentation, but we cannot exclude
contamination during core recovery as the blank extraction samples were free of them. It is
well known that modern DNA can compete with ancient DNA during PCR amplification
(Webster et al. 2003; Giguet-Covex et al. 2019). So, if the Acanthamoebas were introduced
during the coring, their fresh DNA diluted the ancient ones which explains such a large amount
of reads not only in eukaryotes but also in the foraminiferal and radiolarian datasets.

To avoid dealing with exogenous taxa, we opted for taxon-specific primers as we assumed that
targeting planktonics and tropical plants allows to control external contamination.

Since the older is the sample, the more the DNA is fragmented, these markers targeting short
gene fragments (<300 bp) are preferential for. From our results and those of Armbrecht et al.
2020, 2021, we conclude that only primers amplifying less than 150 bp are suitable for ancient

eDNA studies and are short enough to expect to amplify the maximum number of species.
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However, even with short primers, it must be considered that the taxonomic resolution is not
necessarily very high and not all short markers gave high sequencing depths in oldest samples
either.

There exist other techniques such as shotgun sequencing allowing the ancient DNA
authentication by size selection, but here again bacteria or fungi will overcome other taxa.
Probably hybrid capture, used more and more (Murchie et al. 2021; Armbrecht et al. 2021a) to
enrich for specific taxa like plants (Nota et al. 2021) in old samples would be ideal in the case
of long-time stored cores. With metabarcoding, another possibility would be to considerably
increase the number of PCRs per sample and sequence them separately, as proposed by Ficetola

etal. 2015.
4.6.2. Protists DNA assemblages’ evolution during climate changes

Planktonic composition reflects sea surface conditions and therefore SST is usually calculated
based on planktonic foraminiferal tests. Knowing the glacial and non-glacial intervals recorded
in the core with temperature variations up to 5°C, changes in the planktonic community were
expected. Radiolarians are known to have a specific niche from tropics to poles. According to
Boltovskoy and Correa 2017 and Hernandez-Almeida et al. 2017, the distribution of modern
species is highly influenced by SST and reach species richness in the tropics.
In the past, during the Neogene (5 Ma) a remarkable cooling led to the migration of temperate
and polar species to the tropics (Trubovitz et al. 2020). This may explain the greater diversity
in cold periods (MIS 2,4,6) following warm periods. In the case of a global increase in
temperature, the radiolarian niche only enlarges, the richness may increase but not the diversity.
In our core, the 4°C -5°C variation between warm and cold periods in was significative to lead
change the diversity of radiolarians. This result can be extrapolated to the current and future
warming.
During cold periods, planktonic foraminifera communities had to share their niche with
subtropical and temperate species. The shifts towards the tropics of the latter increments the
diversity in term of species. On other hand the variation of SST across the time contributed to
diversify planktonic foraminifera in the past. In fact, some species adapted rapidly to their
environments giving new species or cryptic species. For instance, P. obliquiloculata species
had three cryptic species which we were able to identify: P. obliquiloculata I, P.
obliquiloculata Ila and P. obliquiloculata I1b. P. obliquiloculata I is a tropical species globally
distributed and diverged around 3.1 Ma. Types Ila and IIh diverged around 1.4 Ma. The Ila
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habitat is in more warmer temperatures (25°C —29°C) while /b in a larger range of temperature
(13°C — 29°C) (Ujiié and Ishitani 2016; Pearson and Penny 2021). Those small changes on
DNA sequence were also reported in polar areas in Pawtowska et al. 2020 where potentially
subspecies of N. pachyderma were identified across the time.

Benthic foraminiferal communities changed between glacial and interglacial periods. Their
diversity values were higher in cold periods as were those of planktonic protists. The
parameters controlling the abundance and diversity of benthic foraminifera are food availability
and oxygen variations (Thomas and Gooday 1996; Gooday 2001). We suppose that the
decrease in diversity during interglacial periods is due to the decrease in primary productivity.
All markers considered; the observations were the same: diversity was greater during cold
periods. This finding differs from studies in the high latitudes where marine and terrestrial
species could only colonise and develop after the ice caps had retreated (Pedersen et al. 2016;
Nota et al. 2022). It seems that in tropical areas, a higher temperature in the sea or on land is

not favourable to biodiversity.
4.6.3. Evolution of plant biodiversity in PNG

The choice of use plant markers for a marine core was based on the presence of freshwater
foraminifera and streptophyta in eukaryote markers indicating a high input of terrigenous
sediments in the core. Moreover, the Tachikawa et al. 2011; Savranskaia et al. 2021 confirmed
the origin of the sedimentary particles by the concentrations of ratio Ti/Ca and '’Be/’Be. We
assumed that plant remains (a piece of leaf, a root) could also be transported, and thus that plant
DNA could be preserved in the same way as the remains of marine organisms.

After (Camara-Leret et al. 2020) over 13'000 plant species have been recorded recently in PNG,
the majority of which were identified as endemic. The number of species obtained in our study
identified as endemic is close to 90 species. This is higher than in the Northern Hemisphere
metabarcoding studies (Parducci et al. 2015; Clarke et al. 2019; Rijal et al. 2021) and even than
studies conducted in the tropics (Bremond et al. 2017). The high number of species confirms
by eDNA that the island has a very high diversity and presumably also in the past.

Since not all species in the catalogue have been sequenced, for 59% of genera found in PNG
(Camara-Leret et al. 2020). It can be assumed that the additional 150 species (111 genera)
identified as native to the surrounding areas, i.e., northern Australia or the islands of

Indonesian-Malesia, could exist on PNG or at least species from the same genus.

59



We found greater diversity during glacial intervals, which is contrary to studies in temperate
and polar zones, where a recolonization of land was observed during postglacial period
(Tollefsrud et al. 2008; Tsuda et al. 2016; Nota et al. 2022). As few plants ancient eDNA studies
have been carried out in the tropics (Boessenkool et al. 2014; Dommain et al. 2020), we can
speculate from our data that a few degrees less in the lowlands tropics favors the growth of
some plants. It should be remembered that during these glacial and intergalactic periods, the
SST varied by 4 to 5 degrees (i.e., from 24°C to 30°C), so same variation in the ambient
temperature on the island at least in the lowlands could be expected. A review on effects of
warming in humid tropical alpine, mentioned the biodiversity could suffer as some species
cannot adapt to changing conditions due to rainfall, soils, and CO2 storage changes (Buytaert
et al. 2011). Nevertheless, in highlands PNG the glaciers extension during last glacial
maximum (LGM) was until 3400 m (Prentice et al. 2005). Pollen data on Hogayaku lake PNG
cores documented the evolution of vegetation between an interglacial (MIS1) and glacial
(MIS2) periods (Prentice et al. 2005). As the temperature increased, alpine vegetation was
gradually replaced by subalpine vegetation and other plant types. In the highlands, the
vegetation was more diverse during the interglacial, due to retreat of glaciers. This change

follows more the pattern of vegetation changes in temperate regions.

4.7. Conclusions

In conclusion, in our study we have shown the potential of using a long-stored tropical core to
assess past biodiversity. The specific primers used prevent the amplification of modern and
exogenous DNA (modern contaminants). Our metabarcoding data show a high preservation of
DNA up to 200 Ka, enough to follow some glacial and interglacial stages. The global
biodiversity on land and sea was higher during cold periods in the tropics.

Apart from the challenges associated with core storage, its tropical location, we note a lack of

database in tropical regions, at least in plants.
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Chapter 5:  Patterns of eukaryotic diversity

from the surface to the deep-ocean sediment

Tristan Cordier, Inés Barrenechea Angeles, Nicolas Henry, Franck Lejzerowicz, Cédric Berney,
Raphaél Morard, Angelika Brandt, Marie-Anne Cambon-Bonavita, Lionel Guidi, Fabien
Lombard, Pedro Martinez Arbizu, Ramon Massana, Covadonga Orejas, Julie Poulain, Craig R.
Smith, Patrick Wincker, Sophie Arnaud-Haond, Andrew J. Gooday, Colomban de Vargas, Jan

Pawlowski

5.1. Project description

This project started when I completed the sequencing of 18S V9 fragments from samples
collected in many deep-sea locations, mainly by Franck Lejzerowicz. Tristan Cordier, Jan
Pawlowski and I realised that, as in the previous studies (chapters 3.1 and 3.2), many planktonic
sequences were detected in deep-sea sediments. To distinguish between pelagic and benthic
sequences, we needed V9 amplicons. We first contacted members of the TARA expeditions
(from Vargas) to obtain their sequences. This later turned into a global study, with the
participation of many groups from 15 expeditions that have conducted metabarcoding studies

in surface waters and deep sediments in recent years.

A modified version was published in Sciences Advances 8(5), eabj9309.
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5.2. Abstract

Remote deep-ocean sediment (DOS) ecosystems are among the least explored biomes on Earth.
Genomic assessments of their biodiversity have failed to separate indigenous benthic
organisms from sinking plankton. Here, we compare global-scale eukaryotic DNA
metabarcoding datasets (18S5-V9) from abyssal and lower bathyal surficial sediments and
euphotic and aphotic ocean pelagic layers to distinguish plankton from benthic diversity in
sediment material. Based on 1685 samples collected throughout the world ocean, we show that
DOS diversity is at least threefold that in pelagic realms, with nearly two-thirds represented by
abundant yet unknown eukaryotes. These benthic communities are spatially structured by
ocean basins and particulate organic carbon (POC) flux from the upper ocean. Plankton DNA
reaching the DOS originates from abundant species, with maximal deposition at high latitudes.
Its seafloor DNA signature predicts variations in POC export from the surface and reveals

previously overlooked taxa that may drive the biological carbon pump.

5.3. Introduction

Deep-ocean sediment (DOS) ecosystems cover more than half of Earth’s surface and remain
one of the least explored ecosystems on the planet. This vast and heterogeneous environment
provides habitats for diverse biological communities that support fundamental ecological
processes and services, such as nutrient recycling for the healthy functioning of ocean
ecosystems and carbon sequestration for the regulation of Earth’s climate over geological time
scales (Thurber et al. 2014). The DOS is exposed to growing anthropogenic pressures, notably
from climate change (Levin and Bris 2015; Breitburg et al. 2018), deep-sea mining (Smith et
al. 2020), oil and gas exploitation, and bottom trawling (Pusceddu et al. 2014), making a
scientifically informed protection of its biodiversity a matter of the highest importance (Barbier

et al. 2014; Mengerink et al. 2014; Levin et al. 2020).

For more than 50 years, a considerable effort has been devoted to understanding the diversity
and biogeography of benthic organisms thriving in the DOS (Rex and Etter 2010). However,
the enormous extent of this habitat and its remote location under several kilometers of water
means that only a minute proportion has ever been sampled. Most previous studies have
focused on morphological analyses of the macro- and mega-fauna, which typically show high

levels of a diversity and small-scale faunal patchiness (Grassle and Morse-Porteous 1987; Rex
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and Etter 2010; McClain and Rex 2015), and have recently been proposed as biological
indicators for deep-ocean monitoring and conservation (Danovaro et al. 2020a). Less attention
has been paid to the microbial and meiofaunal organisms that numerically dominate DOS
communities (Gooday et al. 2020; Ingels et al. 2020) but can hardly be identified using classical
morphotaxonomic approaches. Studying planktonic organisms sinking to DOS is hampered by
similar technical limitations related to great depths (resulting in poor spatial coverage of
sinking plankton datasets) and limited morphological identification (but for shell-building taxa
that can keep distinctive features once in the sediment). Their study is hence often approached
indirectly, using sediment traps to capture the sinking flux of taxa over time that contribute
most to the biologically driven carbon sequestration in the deep ocean before they reach the
sediment (Thiel et al.; Billett et al. 1983; Silver and Gowing 1991).

The development of high-throughput environmental genomics has begun to fill these gaps in
knowledge, revealing substantial unknown diversity among viruses (Zheng et al. 2021) and
prokaryotes (Bienhold et al. 2016; Danovaro et al. 2016; Shulse et al. 2017; Hoshino et al.
2020) from DOS. Yet, the use of genomics to explore DOS eukaryotes has been limited and
focused mostly on particular taxonomic groups (Lecroq et al. 2011; Lejzerowicz et al. 2014;
Sinniger et al. 2016a) or geographic regions [(Danovaro et al. 2010; Shulse et al. 2017; Fonseca
et al. 2017), but see (Lejzerowicz et al. 2021)]. One major challenge in interpreting molecular
data from DOS is to distinguish DNA reads that belong to indigenous benthic eukaryotes from
those originating from pelagic organisms that sink through the water column and leave their
DNA traces in the sediments (Pawlowski et al. 2011; Morard et al. 2017; Lindh et al. 2017;
Laroche et al. 2020).

Here, we tackle these problems by comparing a newly generated, global-scale DNA
metabarcoding dataset of total eukaryotic diversity from deep oceanic surficial sediments (418
samples collected during 15 oceanographic cruises from 2010 to 2016; table S1) to comparable
published datasets from euphotic (1160 samples from the Tara Oceans expeditions) (de Vargas
etal. 2015; Ibarbalz et al. 2019) and aphotic (138 samples from the 7ara Oceans and Malaspina
expeditions) (Obiol et al. 2020) zones across the world ocean. Together, these represent the
first consistent molecular meta-dataset spanning the three main open-ocean realms (pelagic
euphotic, pelagic aphotic, DOS) at a global scale across 447 sampling sites (Fig. 5.1A). We
assembled ~2.42 billion DNA reads (table S2), produced by polymerase chain reaction (PCR)
amplification of the V9 region of the 18S ribosomal RNA gene, and processed them using the
DADA2 workflow to infer amplicon sequence variants (ASVs). On the basis of taxonomic

annotations of ASVs using the SILVA and PR? sequence databases and on the occurrence of a
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highly conserved DNA sequence motif across eukaryotes, we discarded prokaryotic, plastidic,
and mitochondrial ASVs, as well as technical artifacts, allowing us to focus on eukaryotic

diversity.

5.4. Materials and methods

54.1. DOS sample collection

DOSs have been collected during two main projects (deep sea and eDNAbyss). For the
deep_sea project, sediment samples were collected at abyssal depths during eight expeditions
to the Arctic, Atlantic, Southern, and Pacific Oceans (table S1). We used disposable sterile
spoons to subsample the top surface sediment centimeter (c.a. 2 g from 0 to 1 cm) following a
nested sampling design: up to three pseudo-replicates per core, up to two cores per deployment
(multicorer), and up to three deployments per station (detailed list in table S7). Sediment
samples were placed in sterile falcon tubes with (VEMA, SYSTCOII, KuramBio I,
MANGAN’16, ABYSSLINE) and without (MSM39, DIVA3, and BIONOD) 6 ml of
Lifeguard Preservation Solution (QIAGEN) before being frozen onboard at —20°C. The
samples were shipped within —20°C containers to the University of Geneva (Switzerland).
Upon arrival, sediment samples were stored at —80°C until extraction of nucleic acids.

For the eDNADbyss project, lower bathyal and abyssal sediments were collected in the
Mediterranean Sea, North Atlantic, and Arctic Oceans during five cruises (Arctic: MarMine;
North Atlantic: MEDWAVES; Mediterranean: PEACETIME, CANHROV, and ESSNAUT;
table S1). For each station, triplicate cores (10 cm in diameter) were collected with a multicorer
or with a remotely operated vehicle. Surface sediment (0 to 1 cm) was collected using metallic
spatulas previously sterilized with bleach or DNA Exitus, rinsed with ethanol 96° and then
nanopure water, and transferred into sterile zip-locked bags, homogenized by mixing and
flattened to be stored at —80°C until DNA extraction. When possible, other layers (1 to 3, 3 to
5,5to 10, and 10 to 15 cm) were also collected from sediment cores. An empty zip lock bag
from the stock used served as a blank sampling and extraction control in several stations along

each cruise.
5.4.2. Nucleic acid extractions, PCR amplification, and illumina sequencing

For each of the 320 surface sediment samples collected in abyssal plains of the deep sea
project, we extracted the total RNA and DNA contents of c.a. 2 g of material as in (Lejzerowicz

et al. 2015), and we generated cDNA from deoxyribonuclease-treated RNA as in (Pawlowski
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et al. 2014a). We controlled that no carried-over DNA molecules remained in the RNA extracts
based on the absence of PCR products after 60 cycles. We amplified by PCR the V9
hypervariable region of the ribosomal 18S gene with the following primer pair: the forward
1389F (5'-TTGTACACACCGCCC-3") and the reverse 1510R (5'-
CCTTCYGCAGGTTCACCTAC-3') as designed in (Amaral-Zettler et al. 2009). Tag-encoded
versions of the primers (a unique 8-nt sequence was added in the 5’ end of each primer) were
used to multiplex up to 40 samples per sequencing library. Each sample was amplified in
duplicate PCR reactions, and each PCR was performed in a total volume of 25 ul as follows:
19.4 ul of H>O, 2.5 pl buffer (FastStart, Roche), 0.5 pl of bovine serum albumin (20 mg/ml;
Invitrogen Ultrapure), 0.5 pl of 10 mM dNTPs (deoxyribonucleotide triphosphate) (Roche),
0.1 pl of FastStart DNA Polymerase (5 U/ul; FastStart, Roche), 0.5 pl of forward and reverse
primers at 10 mM, and lastly, 1 pl of DNA or RNA template (or 1.5 pl for some samples that
did not amplify with 1 pl). All DNA and RNA samples were measured using the double-
stranded DNA (dsDNA) High-Sensitivity Assay Kit and the RNA High-Sensitivity Assay Kit
on the Qubit 4 fluorometer (Thermo Fisher Scientific) and diluted at 7 ng/ul prior PCR
amplification. The PCR reaction conditions were as follows: predenaturation step at 94°C for
3 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 57°C for 1 min,
extension at 72°C for 1.5 min, and a final extension at 72°C for 2 min. A PCR-negative control
for each unique combination of tag-encoded primers was verified by agarose gel
electrophoresis. The two PCR replicates for each sample were combined and quantified using
high-resolution capillary electrophoresis (QIAxcel System, QIAGEN). The PCR products were
pooled in equimolar concentration within each multiplexed library. Each pool of PCR products
was purified using a High Pure PCR Product Purification kit (Roche), following the
manufacturer’s instructions. The sequencing libraries were prepared using the TruSeq DNA
PCR-Free Library Preparation Kit (Illumina), following the manufacturer’s instructions. The
libraries were quantified by quantitative PCR (qPCR) using the Kapa Library Quantification
Kit for [1lumina Platforms (Kapa Biosystems) and sequenced on a MiSeq instrument (Illumina)
using paired-end sequencing for 300 cycles with kit v2.

Within the project eDNAbyss, DNA extractions were performed on about 10 g of sediment
using the PowerMax Soil DNA Isolation Kit (QIAGEN, Hilden, Germany), following the
manufacturer protocol, except for the last step where incubation of the elution buffer was
prolonged 10 min on the spin filter membrane to increase the DNA yield. The first solution of
the kit was poured into empty field control ziplock bags, before being extracted along with

sediment samples, following the exact same protocol. All DNA extracts were then stored at
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—80°C (and transported to Genoscope on dry ice) until PCR amplifications. The V9
hypervariable region of the 185 ribosomal RNA (rRNA) gene was amplified by PCR using the
same primer pair (1389F and 1510R). Each sample was amplified in triplicates, and each PCR
reaction was performed in a total volume of 25 pl with the Phusion High-Fidelity PCR Master
Mix with GC buffer (Thermo Fisher Scientific), 0.4 uM final concentration of each primer, 3%
of dimethyl sulfoxide, 1x Phusion Master Mix, and 2.5 ng of template DNA (less for few
extracts with very low DNA concentration). The PCR reaction conditions were as follows:
predenaturation step at 98°C for 30 s, followed by 25 cycles of denaturation at 98°C for 10 s,
annealing at 57°C for 30 s, extension at 72°C for 30 s, and a final extension at 72°C for 10 min.
PCR products were purified using 1.8x AMPure XP beads cleanup (Beckmann Coulter
Genomics). Aliquots of purified amplicons were then run on an Agilent Bioanalyzer using the
DNA High Sensitivity LabChip kit to check their lengths and quantified with a Qubit
Fluorometer to check their quality and concentration. Amplicons generated were then used for
preparation of sequencing libraries. Amplicons (100 ng) were directly end-repaired, A-tailed,
and ligated to Illumina adapters on a Biomek FX Laboratory Automation Workstation. Library
amplification was then performed using a Kapa Hifi HotStart NGS library Amplification kit
with the same cycling conditions applied for previous steps and cleaned up by AMPure XP
purification (1 to 1 volume). All libraries were then quantified first by Quant-it dSDNA HS
(high-sensitivity) assay using a Fluoroskan Ascent instrument (Thermo Fisher Scientific) and
then by qPCR with the KAPA Library Quantification Kit for Illumina Libraries (Kapa
Biosystems) on an MXPro instrument (Agilent Technologies). Library profiles were checked
using high-throughput microfluidic capillary electrophoresis system (LabChip GX,
PerkinElmer, Waltham, MA). Libraries were then normalized to 10 nM by addition of 10 mM
tris-Cl (pH 8.5) and applied to cluster generation according to the Illumina Cbot User Guide
(part no. 15006165). PhiX DNA spike-in was adapted for some libraries (20% instead of 1%)
to minimize the loss of data due to low nucleotide diversity at the beginning of the sequencing
run. Libraries were sequenced on HiSeq4000 or HiSeq2500 instruments (Illumina) on a paired-
end mode. The raw sediment sequencing data have been deposited to the European Nucleotide
Archive (ENA) under project accessions PRJEB33873 (eDNAbyss) and PRJEB48517
(deep_sea).

5.4.3. Public 185-V9 rDNA sequencing datasets

We gathered published datasets (table S2) targeting the V9 hypervariable region of the
eukaryotic 18S rRNA gene and using the same PCR primers pair (1389F and 1510R) used here
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for the DOS samples. These datasets were produced by studies sampling the euphotic/aphotic
zones (Lie et al. 2014; de Vargas et al. 2015; Xu et al. 2017; Ibarbalz et al. 2019; Obiol et al.
2020; Vargas et al. 2020) and the DOS (Pawlowski et al. 2011; Lie et al. 2014).

5.4.4. Environmental variables

Although some environmental variables and sediment descriptors were collected during the
oceanic expeditions from which we collected sediment samples, their heterogeneity led us to
extract more homogeneous environmental layers from the Global Marine Environment

Datasets (http://gmed.auckland.ac.nz) to standardize our concatenated dataset across multiple

studies. These variables included the surface calcite (calcite, in mole per cubic meter), surface
nitrate (nitrate, in micromole per liter), surface silicate (silicate, in micromole per liter), surface
phosphate (phosphate, in micromole per liter), average photosynthetically active radiation
(PAR mean, in Einstein per square meter per day), surface pH, average sea surface temperature
(sst_mean, in celcius), variation in sea surface temperature (sst range, in celsius), average
surface currents strength (srf_current, in meter per second), primary production (primprod, in
mgC-m?/day/cell), average stock of particulate inorganic carbon (PIC_mean, in mole per cubic
meter), average stock of POC (POC_mean, in mole per cubic meter), total suspended matter
(tsm_mean, in grams per cubic meter), seabed slope (slope, degree), seabed nitrate (sb_nitrate,
in micromole per liter), seabed silicate (sb_silicate, in micromole per liter), seabed-dissolved
oxygen (sb_o2dissolve, in milliliter per liter), seabed-utilized oxygen (sb_o2utilized, in
milliliter per liter), seabed temperature (sb_temp, in celsius), seabed salinity [sb_salinity,
practical salinity scale (PSS)], and average temperature in the water column (wat_col temp, in
celsius). We also extracted the estimated POC export at 100 m depth below the surface
(POC _export, g Corg/m? per year) (Henson et al. 2011) and the POC fraction reaching the
seafloor (POC_seafloor, g Core/m? per year) (Lutz et al. 2007; Sweetman et al. 2017). The
values of each environmental variable for each sample analyzed in this study were extracted
from the environmental layers with their Global Positioning System (GPS) coordinates (table

S7).
5.4.5. Raw sequencing data processing

For the deep sea dataset, the sequencing libraries were demultiplexed using Double Tag

Demultiplexer (DTD) software (https://github.com/yoann-dufresne/DoubleTagDemultiplexer)

to screen the R1 and R2 files of each library and retrieve unique tag-encoded primer

combinations associated to each sample (allowing no mismatches). We thus produced pairs of
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fastq files for each sample. For all other illumina datasets (see table S2), we obtained at least
one pair of fastq files (paired-end) per sample (some samples were sequenced several times to
obtain enough reads that were subsequently merged before statistical analysis). For the datasets
produced with the 454 sequencing technology, we obtained one fastq file per sample. We used
two R scripts (for paired-end illumina datasets and for 454 dataset, see the
“rds_pipeline illumina.R” and “rds_pipeline 454.R” scripts) to process all the fastq files by
batch of 10 samples per job on a High-Performance Computing cluster (Baobab, University of
Geneva). The R scripts implemented the key steps of the DADA2 workflow (Callahan et al.
2016) and additional quality filtering steps (see below). The scripts performed the quality
filtering with the filterAndTrim function of the DADA2 v1.12.1 R package with default
settings, the trimming of primers using the cutadapt v2.4 software (Martin 2011), the filtering
of any read that still contain traces of primers (fastqFilterPrimersMatchs function in the
fastqUtils.R script), the filtering of any read below 20 bp (fastqFilter Width function in the
fastqUtils.R script), the training of errors models using the learnErrors function of DADA2
with default settings, the inference of ASVs using the dada function with default settings (but
for the 454 data, for which we used the HOMOPOLYMER GAP PENALTY = -1,
BAND_ SIZE = 32 options, as recommended by the DADA?2 package developing team), and
the merging for the overlapping paired-end reads using the mergePairs function with the
option “trimOverhang.” Last, we exported the output of the DADA2 workflow, i.e., the “.rds”
files that contain all the ASV sequences and their counts for each sample. We also collected
summary statistics on each processing step, the trained errors models, and processing time for

each sample.

5.4.6. Combining the datasets into a single ASV-to-sample table, taxonomic and

functional annotations, matrix curation

We reimported the rds files into R to build an ASV-to-sample table. We first produced an ASV
table per dataset, filtered chimeric ASVs with the option “consensus” within each dataset, and
aggregated the replicated libraries per biological sample for the deep_sea, tara, and tara_polar
datasets. We also aggregated the reads obtained from DNA and RNA libraries generated for
each deep sea sediment samples, since a comparative analysis revealed that the diversity and
biogeographic patterns of eukaryotic communities are mostly similar between DNA and RNA
[fig. S12; in line with (Guardiola et al. 2016; Lejzerowicz et al. 2021)]. We filtered the ASVs
detected in the negative controls of the eDNAbyss dataset across the eDNAbyss ASV table.

Last, we concatenated each dataset-based ASV-to-sample table into a single one and exported
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all the ASV sequences into a fasta file for taxonomic annotations. We used the “assignment-
fasta-vsearch” module of the SLIM v0.6 software (Dufresne et al. 2019) that wraps the vsearch
v2.2.2 software (Rognes et al. 2016). The ASVs were compared to a custom version of PR? (de
Vargas et al. 2015) that focus on the 185 V9 region and that include functional annotations

(available at https://doi.org/10.5281/zenodo.3768950) and with the SILVA v138 database

(Quast et al. 2013). Taxonomic annotations were the consensus among up to three candidate
reference sequences that are above 85% similarity with the query or directly assigned to the
reference sequence if the query had a similarity of at least 99%. We also performed another
search without restricting a minimum similarity threshold to match an entry reference sequence
in the custom V9 version of PR?, to identify non-18S V9 sequences. We focused our analysis
on the eukaryotic diversity by discarding any prokaryotic, plastidic ASVs, or any other
artifactual ASV. We used taxonomic annotations obtained with the SILVA database to discard
prokaryotic ASVs and the annotations obtained with PR? to discard organelle-derived ASVs.
All ASVs that only loosely match any V9 reference sequence (i.e., <20% similarity) were
considered as non-18S V9 sequence and were discarded. We also filtered ASVs that did not
contain the “GTCG” motif in the first four nucleotides in the 5’ end. This motif is widely
conserved across eukaryotes, whereas prokaryotes have a “GTCA” motif highly conserved in
those positions. We lastly used the length distribution of eukaryotic and prokaryotic ASVs to
discard any possible prokaryotic unassigned ASVs (filter set at 116 bp; fig. S13). For
downstream taxonomic analyses, we used PR?-based annotations using the 85% minimum
similarity threshold. We also inferred the trophic mode of pelagic ASVs
(phototrophic/photosymbiotic/parasitic/heterotrophic ~ protists and  zooplankton/other
metazoan) based on the matching candidate reference sequences in PR? (up to three candidates
per queried ASV). We ascribed our ASVs to functional groups only if the functional attributes
across candidates above 95% similarity were unambiguous, i.e., all the candidates for
taxonomic assignment share similar functional attributes. We also used the different size
fractions of the Tara Oceans samples to infer the size of pelagic ASVs, by using a weighted
average of relative abundances across the size fractions of plankton samples (using the lowest
mesh size, e.g., from the 20- to 180-um size fraction, we used 20 pum in our calculation for this

size fraction).
5.4.7. Classifying eukaryotic ASVs into pelagic or benthic taxa

We considered the ASVs being detected in pelagic samples as planktonic (or nektic), the ASVs

detected exclusively in sediment samples as benthic, and the ASVs detected in both pelagic
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and sediment datasets as sinking plankton [although 29 vertebrates ASVs, comprising most of
the nekton, represented ~1.29% of the sequences detected in both pelagic and sediment samples
(table S3), we hereafter refer only to sinking plankton]. However, because multiple benthic
groups have meroplanktonic larvae and hence could be detected in pelagic samples, we
manually curated the ASVs assigned to metazoans within the sinking plankton fraction, based
on their known lifestyles. This was, for instance, the case for some polychaetes, molluscs,
echinoderms, or harpacticoid copepods that were “forced” into benthic diversity but not for
pteropods that were left in the sinking plankton. Of the 546 metazoan ASVs in the sinking
plankton fraction, 224 were curated as benthic (see table S8 for the details of this manual

curation).
5.4.8. Eukaryotic community diversity and structural analysis

For a and b diversity analyses, we used functions of the vegan R package v2.5-3 (Oksanen et
al. 2007), unless specified differently. Because the size fractionation of the pelagic samples
from the Tara Oceans datasets has a strong effect on a and b diversity measures, we compared
eukaryotic diversity patterns across pelagic and benthic realms by considering only the richest
nano- (3 to 20 um) and pico- (0.2 to 5 um) size fractions of pelagic samples. The eukaryotic
ASV accumulation curves as a function of sampling effort were computed with
the specaccum function with the “random” method. We calculated the Shannon diversity for
each sample and compared the distribution of sample diversity across both pelagic euphotic
and aphotic with the strictly benthic diversity using the stat compare means function of the
ggpubr R package v0.2.5 (Kassambara A. 2020) with default settings. For b diversity analysis,
we removed samples with less than 1000 reads and discarded ASVs represented by less than
100 reads throughout the dataset. We then normalized the ASV-to-sample matrix with the
cumulative sum scaling (CSS) method (Paulson et al. 2013a) and computed a Bray-Curtis
dissimilarity matrix between pairs of samples. The dissimilarity matrix was used to perform a
nonmetric multidimensional scaling (NMDS) ordination on two axes. Sampling depth and
absolute latitude variables were fit to the NMDS as smooth surfaces using
the ordisurf function. The dissimilarity matrix was also used as input of the adonis function for
PERMANOVA models testing for differences between eukaryotic compositional structure
between realms (pelagic euphotic, pelagic aphotic, and sediment) and along a gradient of
absolute latitude (nested in type of realm and restricting permutations within type of realm with
the “strata” option), using 999 permutations. Last, we measured the b diversity dispersion

within each realm using the betadisper function and compared the distances distribution to
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group centroids between realms using the stat compare means function of the ggpubr R
package.

For a diversity and b diversity analyses of the deep-ocean benthic communities, we focused on
oceanic samples only, i.e., we did not consider the samples from the Mediterranean Sea nor the
ones from the Gulf of California, to avoid potential effects from coastal ecosystems. We
calculated the normalized ASV richness per sample for the overall benthic communities and
for selected benthic groups (nematodes, foraminifera, platyhelminths, polychaetes, molluscs,
and ciliates) by rarefying each benthic sample at the lowest remaining sequencing depth (after
removing planktonic ASVs and after focusing on a given benthic taxonomic group). We used
generalized additive models (GAMs) to investigate the possible nonlinear variation of richness
and Shannon diversity along gradients of latitude, primary production, and POC export from
the surface and reaching the seafloor using the gam function of the mgcv R package

(https://cran.r-project.org/web/packages/mgcv/) and the smoothing parameter set to 3. For b

diversity analyses, we used a similar approach than detailed above (CSS-normalized and Bray-
Curtis dissimilarity matrix), although here, we did not filter rare ASVs. We used
the pcoa function of the ape R package (Paradis and Schliep 2019) to perform a principal
coordinate analysis of the Bray-Curtis dissimilarity matrix and calculate the structural variation
explained by the first two axis of the ordination. We used the ordisurf and envfit functions to
respectively fit the absolute latitude and a selection of environmental variables (seabed
variables: salinity, temperature, silicate, nitrate, dissolved oxygen, POC reaching the seafloor,
and pelagic variables that connect the surface to the DOS, namely, the primary productivity
and the POC export from the surface) to the ordination. PERMANOVA models were used to
test for differences in benthic composition between abyssal postulated biogeographic provinces
(Watling et al. 2013) and along a gradient of absolute latitude using 999 permutations. Then,
we used the selected environmental variables in a stepwise model building for constrained
ordination (distance-based redundancy analysis) using the ordiZstep function in a forward
direction and using 999 permutations, to explain the observed benthic community structure.
We calculated the proportion of shared ASVs between pairs of benthic samples to investigate
the decrease of shared ASV proportion as a function of increasing spatial distance (calculated
from GPS coordinates, see the “companionFunctions.R” script). We also calculated key
distance-decay parameters as in (Soininen et al. 2007), i.e., the initial similarities (Serensen
similarities between pairs of samples distant to each other by less than a kilometer), the slope
of distance-decay relationship (here in a log-linear regression form), and the halving distances,

i.e., the spatial distance after which the initial similarities are halved. We calculated these
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parameters on an average Serensen dissimilarity matrix calculated over 10 rarefaction draws
at the minimum sequencing depth possible (the sequencing depth of the sample with the lowest
number of reads) and by considering the full benthic community or by focusing on selected
benthic groups only, e.g., polychaetes, molluscs, or platyhelminths (macrofaunal size classes);
nematodes or foraminifera (meiofauna); and amoebae or ciliates (microbes). We used
the mantel function to test for correlation between spatial distance and community
dissimilarities using 999 permutations. We used the betadisper function to calculate the b
dispersion of benthic communities at increasing sampling spatial scale (between replicates
samples of a sediment core, between cores of the same deployment, between deployments at a
given station, and within a given abyssal basin). Last, we aggregated all samples at the station
scale and fitted neutral community assembly models as in (Sloan et al. 2007) to investigate
whether the distribution of ASVs within the pelagic and benthic realms are less or more
geographically widespread than expected by neutral models.

We compared the inferred functional attributes (size and trophic mode) of sinking pelagic
ASVs with their nonsinking counterparts to explore whether these traits could explain their
transfer to the DOS. We also explored the variation of functional groups and size classes of the
sinking planktonic communities in the sediment along the gradient of latitude. We investigated
the spatial pattern of planktonic abundance on the seafloor by fitting a GAM on the proportion
of planktonic DNA reads in the sediment as function of latitude (with smoothing parameter set
to 3). Then, we aggregated the planktonic DNA reads of all sediment samples at the station
scale and used random forest models to predict the POC export from the surface and the POC
reaching the seafloor in a leave-one-out cross-validation approach. We used
the ranger function of the ranger R package (Wright and Ziegler 2017)in a regression mode,
growing 300 trees and setting the “mtry” parameter at one-third of the total number of features
(number of sinking pelagic ASVs). Linear models were used to measure the performance of
predictive models. Last, we used a sparse partial least square regression [mixOmics R package
(Rohart et al. 2017)] to identify the pelagic ASVs detected in the sediment that are best
correlated with the variation of POC export and POC reaching the seafloor and with primary
productivity and latitudes. We then focused on the pelagic ASVs that were reported with a
correlation coefficient above 0.3 with POC export and POC reaching the seafloor and presented

them in a clustered heatmap.
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Figure 5.1: Eukaryotic ribosomal DNA diversity in the pelagic euphotic and aphotic zones, and on
the deep ocean floor. A) Geographic distribution of the stations (n = 447) from which the samples (n
= 1,685) analyzed in this study were collected. The color of the sediment sampling stations tags
indicates approximate correspondence with Abyssal Provinces (Watling et al. 2013), and the names of
deep-sea cruises is indicated in bold or within text boxes. The bottom left inset represents the depth
distribution (in meters) of the samples. B) Number of eukaryotic 18S V9 rDNA reads and of Amplicon
Sequence Variants (ASVs) for the three sampled realms. A Venn diagram represents the distribution
of ASVs richness and their proportions within and across the three realms. The intersection of the
pelagic and sediment datasets is used here to separate the indigenous benthic organisms from the
sinking plankton. C) ASV accumulation curves as a function of sampling effort for the pelagic
euphotic, pelagic aphotic, sinking plankton and for the benthic eukaryotes. For pelagic realms, we
calculated the curves by focusing only on the nano and pico planktonic size fractions (see methods).
The bottom right inset indicates the distribution of Shannon diversity for pelagic and benthic
communities. The red dots and bars within violin plots represent means and standard deviations and
horizontal black bars indicate significant differences (Wilcoxon tests, **: p < 0.01, ****: p <
0.0001). D) Non-metric Multidimensional Scaling analysis of the Bray-Curtis dissimilarity matrix
computed from the pelagic (only the nano and pico fractions) and sediment datasets normalized with

the Cumulative Sum Scaling method. The red and black lines on the ordination represent respectively
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the absolute latitude and depth as fitted surfaces to the ordination. The stress value of the NMDS is
indicated on the plot. The bottom right inset represent the community dispersion within each realm
(i.e. distribution of Bray-Curtis distances to the group centroid, higher values indicate more
compositional variation). The red dots and bars within violin plots represent means and standard

deviations and no significant differences between realms were detected (Wilcoxon tests, p > 0.05).

5.5. Results and discussion

5.5.1. Eukaryotic diversity from the ocean surface to the DOS

We obtained a total of 242,465 eukaryotic ASVs represented by ~1.95 billion DNA reads (Fig.
5.1 B). Only 3806 (1.6%) of these ASVs were detected in all three realms, while 6382 pelagic
ASVs were detected in DOS. These ASVs were assumed to correspond to sinking pelagic
organisms, mainly plankton, although 29 ASVs (representing 1.29% of the reads of these
ASVs) could be ascribed to nekton (e.g., dead vertebrates), which also contribute to the
downward flux of organic matter. From the metazoan fraction of sinking pelagic organisms,
we curated benthic animals with known meroplanktonic larvae (224 ASVs; see Materials and
Methods). The number of ASVs found exclusively in DOS, here assumed to correspond to
indigenous deep-sea benthic organisms, was comparable to that found in the pelagic realms,
although there were 25 times more pelagic DNA reads in our meta-dataset (Fig. 5.1 B). To
account for this variation in sequencing effort, we subsampled each aggregated dataset per
realm 1000 times at identical sequencing depths (1 Mio reads) and analyzed the diversity of
ASV, together with their distribution and abundances within and across the pelagic (euphotic
and aphotic zones) and DOS (sinking pelagic and benthic organisms; fig. S1) realms. This
indicated that, although nearly half of eukaryotic DNA reads represent sinking planktonic
ASVs, the ASV richness in the DOS could be more than three times higher than in pelagic
habitats, with more than 60% of ASVs being exclusively benthic.

The unique size fractionation of the pelagic samples from the Tara Oceans dataset has a strong
effect on a diversity (richness and evenness) and b diversity (compositional variation) measures
(fig. S2) (de Vargas et al. 2015). The samples from the micro- (20 to 180 um) and meso- (180
to 2000 pum) plankton collected by 20- and 180-um net tows concentrate mostly on copepods
and collodarians that lower a diversity and inflate b diversity measures when compared to other
pelagic samples. Since these taxa were also detected in the lower plankton size fractions, we

confined our analyses to the richest nano- (3 to 20 um) and pico- (0.2 to 5 pm) plankton
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fractions to compare a and b diversity patterns across Tara Oceans, Malaspina, and DOS
samples.

Both the ASV accumulation curves as a function of sampling effort and Shannon diversity
values confirmed that benthic eukaryotic diversity is much higher than that in the water column
(Fig. 5.1 C). The benthic accumulation curve is similar to that obtained for the pelagic aphotic
zone, which may indicate that diversity in aphotic waters is also very high and largely
undersampled [but see (Pernice et al. 2015)]. Clustering of eukaryotic communities by their
compositional similarity revealed a clear separation of the pelagic and DOS realms and changes
along a gradient of absolute latitude (Fig. 5.1 D and fig. S3). This was confirmed by
permutational multivariate analysis of variance (PERMANOVA), both for type of realm (R? =
0.144, P < 0.001) and for absolute latitude (R* = 0.031, P < 0.001). The degree of eukaryotic
community differentiation (b diversity dispersion) within each realm was similar (Wilcoxon
test, P> 0.05; Fig. 5.1 D). Our results therefore indicate that eukaryotic communities of the
DOS are both more diverse and sharply different compared to those of pelagic realms.

The taxonomic compositions of eukaryotic assemblages were clearly different in the pelagic
euphotic, pelagic aphotic, and DOS realms (Fig. 5.2 A; see fig. S4 for relative abundances and
table S3 for details). While diversity in the euphotic zone is dominated taxonomically by
Alveolata (30.8%), notably dinoflagellates (Dinophyceae, 19.4%), the aphotic zone is
extremely rich in Diplonemea [46.5%; see (Lara et al. 2009; Morgan-Smith et al. 2013;
Flegontova et al. 2016)], mainly heterotrophic nanoflagellates in the family Eupelagonemidae
(46.2%). The taxonomic composition of the deep, exclusively benthic, eukaryotic assemblage
is very different, comprising various groups that do not occur or rarely occur in the water
column (fig. S5 and table S3), e.g., Dactylopodida amoebae (6.5%), Chromadoria nematodes
(5.3%), Monothalamid foraminifera (4.4%), and Oligohymenophorea ciliates (3.7%). Nearly
two-thirds (60.1%) of the benthic eukaryotic ASVs (representing 47.8% of the reads) could not
be taxonomically annotated using current reference taxonomic databases and a similarity cutoff
of 85%, and many of them matched a reference sequence with less than 80% similarity (Fig.
5.2 B). By comparison, the proportion of unassigned ASVs in the pelagic samples is 24.7%
(2.6% of the reads) in the euphotic zone and 13.9% (4.1% of the reads) in the aphotic zone
(Fig. 5.2 C and table S3).
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Figure 5.2: Taxonomic composition of eukaryotes (ASV's richness) in the pelagic euphotic, pelagic
aphotic and deep-ocean floor (sinking plankton and benthic communities) realms. A) ASVs richness
of eukaryotic groups (see figure S4 for relative abundances and Table S3 for details). The number of
ASVs and their relative abundance in the sediment is shown for ASVs of pelagic origin, as well as
those derived from indigenous benthic taxa. B) Number of ASVs (represented as density) as a function
of similarity with the best hit with a reference sequence in the PR’ database. The peaks in density for
each realm are highlighted on the plot and the corresponding similarity level with reference
sequences is indicated. C) Cumulative proportion of ASVs and reads abundance as a function of
similarity with best hit with a reference sequence in PR’. The vertical red lines indicate the similarity

cutoff (85%) for taxonomic annotation used in this study.

82



To better characterize the taxonomic breadth of the unknown eukaryotic diversity in the ocean,
we clustered all unassigned eukaryotic ASVs into operational taxonomic units (OTUs) at
decreasing similarity thresholds (fig. S6). This revealed that more than 10,000 benthic OTUs
are formed with a 90% similarity cutoff, well below the species/genus threshold levels (Forster
et al. 2019). These results indicate that previously unknown high-rank eukaryotic groups with
diverse and abundant sublineages likely make up most of the diversity thriving in DOS. A
similar number of 90% cutoff OTUs is formed in the pelagic euphotic zone, but their relative
abundance (2.6% of the reads) is much lower than for benthic diversity (47.8% of the reads).
Many of these unassigned pelagic ASVs may thus correspond to rare unknown eukaryotes or
rare intraspecific/intragenomic variants of known eukaryotes with unusually high
polymorphism (Zhao et al. 2019). Among the known taxa (39.9% of benthic ASVs and 52.2%
of benthic reads), our data for selected typical deep benthic macrofaunal and meiofaunal groups
show that some are relatively well represented in the current databases (e.g., polychaetes and
nemerteans; fig. S7), while others remain poorly represented (e.g., foraminifera and

nematodes).

5.5.2. Biogeography of deep-ocean benthic eukaryotes

Analysis of the strictly benthic eukaryotic diversity revealed global biogeographic patterns
among DOS communities. The overall richness of benthic ASVs tends to decrease with
increasing latitude (fig. S8). Benthic richness follows a bell-shaped trend with increasing
export flux of particulate organic carbon (POC) from the surface and particularly with
increasing POC reaching the seafloor (the latter explaining up to 10.7% of the variation in
overall benthic richness). This pattern is not consistent across benthic groups, with nematodes,
foraminifera, and molluscs being notably more diverse at higher latitudes and at sites with
higher POC flux reaching the seafloor (fig. S8). The compositional structure of deep benthic
communities is in broad agreement with abyssal biogeographic provinces (Watling et al. 2013)
(PERMANOVA R?>=0.136, P <0.001) and somewhat structured along a gradient of absolute
latitude at a global scale (R? = 0.051, P < 0.001), although polar regions are separated on the
ordination (Fig. 5.3 A). We used a selection of environmental parameters (see Materials and
Methods) in a stepwise model building for constrained ordination to explain the observed
pattern. The model explained up to 15.1% of the benthic compositional variation, with seabed

nitrate, POC export from the surface, and POC reaching the seafloor together explaining 11.2%
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(table S4), in line with previous findings on the role of POC export in shaping benthic

prokaryotic communities (Danovaro et al. 2016).
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Figure 5.3: Biogeography of the deep ocean benthic eukaryotic communities. A) Principal
Coordinates Analysis of the Bray-Curtis dissimilarity matrix computed from the reads counts of
indigenous benthic ASVs normalized with the Cumulative Sum Scaling method. The proportion of
variance explained by the first two axes is indicated on the plot. The grey lines and numbers indicate
the absolute latitude as a fitted smooth surface on the ordination, and the red arrows are fitted
environmental parameters to the ordination. Colors and symbols indicate location of sampling sites in
the abyssal biogeographic provinces (AB1 — AB13) postulated by (Watling et al. 2013). B) Proportion
of shared benthic ASVs as a function of increasing distance between pairs of samples. The proportion
of shared ASVs was computed only within the same oceanic basins. C) Variation in beta diversity, i.e.,
distribution of samples distances to group centroids, as a function of increasing spatial sampling scale.
Higher values indicate higher compositional variation. Orange dots and bars represent means and

standards deviation.

The average proportion of shared ASVs between pairs of samples as a function of their
geographical distance was relatively stable up to 10 km, after which it decreased steadily (Fig
5.3 B), possibly indicating dispersal limitation among benthic taxa or shifts in environmental
drivers. We calculated key distance-decay parameters for selected benthic groups (table S5),
i.e., the rate of decrease in their community similarity with increasing spatial separation. The
initial similarities (i.e., similarity at 1 km distance that provides a measure of the local

presence/absence patchiness) indicate that benthic macrofaunal groups (molluscs and
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polychaetes) tend to have a stronger local turnover than meiofaunal or protistan groups
(nematodes, foraminifera, and amoebae). The former also generally have a steeper distance-
decay, as indicated by the greater slope of linear models and lower halving distances, i.e., the
distance after which the initial similarity is halved (table S5). These results indicate that
dispersal limitation or environmental filtering (or a combination of both) may be stronger for
macrofaunal benthic organisms than for meiofaunal or microbial eukaryotes, although
macrofaunal taxa are usually thought not to be limited in their dispersion, owing to their
common planktonic larval phases (McClain and Rex 2015).

We lastly compared spatial structures and distance-decay parameters for whole benthic
eukaryotic communities with those for water column communities (table S5). Overall, benthic
communities are more spatially structured (mantel: »= 0.454, P < 0.001) than pelagic
communities (euphotic: r = 0.147, P < 0.001; aphotic: » = 0.228, P < 0.001) and have lower
initial similarity, steeper distance-decay, and smaller halving distances (table S5 and fig. S9),
consistent with previous findings for benthic compared to pelagic communities of bacteria in
the world ocean (Zinger et al. 2011). This was also shown by fitting neutral community
assembly models to each realm dataset, indicating that taxonomic groups of the pelagic
euphotic zone tend to be more geographically widespread, while benthic groups tend to be less
widespread than expected by neutral models (fig. S10). The importance of benthic community
patchiness at local scales is reinforced by the variation of b diversity as a function of increasing
sampling scale (Fig. 5.3 C). The compositional variations within single sediment cores (8 to 10
cm in diameter) and between sediment cores collected from the same multicorer deployment
(30 cm to 1 m apart) were comparable to that between deployments at a single station. This
confirms the high degree of deep benthic community variation at local scales observed before
in the case of selected groups of macro- and meiofauna by both morphological (Zeppilli et al.

2016) and DNA-based (Lejzerowicz et al. 2014) studies.
5.5.3. Eukaryotic plankton DNA signature on the DOS

Our study provides the first DNA-based insight into the qualitative and semiquantitative
importance of the eukaryotic plankton diversity reaching the DOS at a global scale and thus
driving the biological transfer of atmospheric carbon to the seafloor. The taxonomic
composition of the 6382 planktonic eukaryotes in the DOS is roughly similar to that in the
pelagic euphotic and aphotic zones (Fig. 5.2). In terms of relative abundance, however,
planktonic DNA reads from sediment samples are mainly distributed among diatoms (15.4%)

and various groups of rhizarians (26.9%) but include relatively few copepods (1.3%) and
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dinoflagellates (4.7%), which numerically dominate the plankton in upper ocean layers (fig.
S4 and table S3). Plankton DNA on the DOS also include abundant ASVs assigned to the
diplonemids (2.3%) and fungi (4.2%) that are common in the aphotic zone, supporting previous
findings that the DOS accumulates DNA from organisms occurring throughout the entire water

column (Laroche et al. 2020).
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Figure 5.4: Abundance and functional attributes of the sinking plankton compared to their
nonsinking counterparts and the taxonomic and functional abundance breakdown of plankton DNA
in DOSs Comparison of the DNA-based log-transformed read abundance (A), the inferred size
distribution (C), and the functional breakdown (E) of pelagic ASV sinking to the DOS with their
nonsinking counterparts in pelagic realms (euphotic and aphotic datasets have been combined). Results
of Wilcoxon tests in (4) and (C) are indicated as follows: ****P < 0.0001, not significant (ns), P >
0.05. Breakdown of taxonomic (B), inferred size classes (D), and functional (F) relative abundances of

plankton DNA in DOS as a function of latitudinal bins.

The pelagic ASVs reaching the DOS are generally among the most abundant planktonic
eukaryotes in the water column (together representing 75.8% of the reads in the euphotic and
79.3% of the reads in the aphotic), although not all abundant pelagic ASVs are present in the
DOS (Fig. 5.4 A). We explored whether their occurrence in the DOS could be explained by
their size distribution and by their trophic modes. We found no evidence that larger planktonic
taxa are more likely to reach the DOS than smaller taxa (Fig. 5.4 C), reinforcing the idea that
most sinking plankton is transferred to the sediment through organic aggregates and not as
individual organisms. However, the relative abundance of large planktonic taxa was higher in

high-latitude sediments, especially in the Arctic (Fig. 5.4 D), consistent with the trend of
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increasing sea-surface plankton size with increasing latitude and nutrient content (Barton et al.
2013; Acevedo-Trejos et al. 2018). Notably, the proportion of parasitic protists among sinking
pelagic ASVs (13.7%) is greater than among nonsinking pelagic ASVs (2.9%; Fig. 5.4 E),
indicating that pelagic parasites are more likely to reach the DOS. Their relatively higher
abundance in temperate and tropical latitude sediments suggests their ecological importance at
these latitudes (Fig. 5.4 F). Greater transfer of parasites to the DOS could reflect their ability
to infect and kill larger hosts and/or the massive amounts of resistant and relatively dense
propagules that they typically release after host infection and that could persist in sinking

aggregates (Guidi et al. 2016; Boeuf et al. 2019; Preston et al. 2020; Poff et al. 2021).
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of POC export and POC reaching the seafloor from the composition of plankton DNA on the DOF (POC export
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and POC seafloor are expressed in g Corg /m*/year). Random forest regressions were used in a Leave-One-Out
Cross Validation (LOOCYV) approach at the station scale. Correlation coefficients of linear models are reported
on the plots. Blue lines represent linear models (both with p < 0.001) and shades represent 95% confidence
intervals. C) Sinking planktonic ASVs associated with the POC export and POC reaching the seafloor identified
with a sparse partial least square regression. Pelagic ASVs strongly associated (correlation > (.3) with POC

export and POC reaching the seafloor are detailed on the clustered heatmap (details in Table S6).

Comparison of the DNA-based log-transformed read abundance (A), the inferred size
distribution (C), and the functional breakdown (E) of pelagic ASV sinking to the DOS with
their nonsinking counterparts in pelagic realms (euphotic and aphotic datasets have been
combined). Results of Wilcoxon tests in (A) and (C) are indicated as follows: ****P < (0.0001;
not significant (ns), P> 0.05. Breakdown of taxonomic (B), inferred size classes (D), and
functional (F) relative abundances of plankton DNA in DOS as a function of latitudinal bins.

We aggregated our data for each entire realm to investigate whether the most abundant sinking
pelagic ASVs in the water column are also the most abundant among sinking pelagic ASVs
detected in the sediment, providing insight into their overall taphonomy (fig. S11). Similar
abundance profiles would indicate that the structure of sinking plankton assemblages is overall
preserved in surface sediment, whereas dissimilar profiles would indicate that sinking
assemblages are consumed or repackaged during their downward transfer in a nonrandom
manner. For instance, the abundance profiles of sinking pelagic ASVs of copepods,
dinoflagellates, diatoms, acanthareans, eupelagonemids, hydrozoans, and spumellarians in
both the euphotic and aphotic zones are similar to their abundance profiles in the DOS (fig.
S11), suggesting that their structure in pelagic ecosystems is preserved on the seafloor. Their
profiles in the DOS better mirrored those in the aphotic zone (higher R? of linear models),
suggesting that the transformation of sinking material occurs mostly in the upper oceanic layer.
However, this was not the case for diatoms and collodarians, for which the abundance profiles
in the euphotic and aphotic layer were similarly preserved in the DOS, likely because of their
higher propensity to sink and form aggregates (Agusti et al. 2015; Biard et al. 2017). Although
plankton DNA transfer to sediment has yet to be investigated [but see (Kirkpatrick et al. 2016;
Barrenechea Angeles et al. 2020; Armbrecht et al. 2021a)], notably by accounting for physical
processes (e.g., deep waters currents and vertical mixing) that interact with biological and
ecological processes in the deposition of sinking material, our study reinforces the significance
of'the DOS as a DNA archive of upper-ocean biodiversity and ecology and a source of potential

new proxies to document past environmental changes (de Schepper et al. 2019).
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Last, we attempted to correlate our global DOS plankton biodiversity dataset to yearly average
POC export from the surface and the fraction of it reaching the DOS, as estimated, respectively,
by thorium-derived export measurements, modeled at a global scale (Henson et al. 2011), and
by evaluating the efficiency of POC transfer through the water column based on sediment trap
POC flux data, net primary production estimates, and sea surface temperatures (Lutz et al.
2007). Overall, the pelagic ASVs detected in the DOS represent 21.4% of the DNA reads
obtained from sediment samples. The proportion of DNA reads of pelagic origin in the
sediment follows an increasing trend from low to high latitudes (Fig. 5.5 A). This proportion
also broadly approximates POC export from the surface (R?>= 0.23, P < 0.001), despite the
higher remineralization rates at productive high latitudes (Guidi et al. 2015). Furthermore, the
composition of plankton DNA in the DOS can predict up to 58% of the variation in POC export
from the surface and 57% of the POC reaching the seafloor using cross-validated random forest
regressions (Fig. 5.5 B). We used a multivariate regression method to identify the sinking
pelagic ASVs that best explain the variation of POC export and POC reaching the seafloor
(Fig. 5.5 C). Not unexpectedly, diatoms and dinoflagellates (Billett et al. 1983; Agusti et al.
2015) were important contributors, but we also identified some previously overlooked taxa that
are not usually considered to contribute to POC export, such as alveolate parasites (MALV-II),
cercozoans, chrysophytes, and several unknown eukaryotes [see also (Guidi et al. 2016)]. Our
time-integrated data from the DOS therefore highlight previously underappreciated taxa that

may be keystone drivers of the biological carbon pump.
5.54. Toward a holistic view of ocean biodiversity and ecosystem processes

Our global molecular meta-dataset from the ocean surface to the DOS provides the first unified
vision of eukaryotic biodiversity patterns across the three dimensions of the world ocean (Fig.
5.1). It shows that the DOS is an extremely rich and unique realm with a strong connection to
the water masses above that is reflected in the pelagic DNA signature (Figs. 5.1, 5.4, and 5.5
and fig. S11). Although focused on smaller-sized organisms (eukaryotic microbes and
meiofauna), these DNA-based results are broadly consistent with morphological evidence from
larger animals for high deep-sea benthic a diversities and small-scale patchiness (high local
species turnover) (Grassle and Morse-Porteous 1987; Rex and Etter 2010; McClain et al. 2011).
The DOS appears to be much more diverse than oceanic waters (Fig. 5.1 and fig. S1) and is
composed of communities of mostly unknown eukaryotes (Fig. 5.2) that display clear
biogeographic patterns at global scales and considerable patchiness at local scales (Fig. 5.3).

These patterns are likely driven by the flux of sinking organic aggregates and fecal pellets (Fig.
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5.3, table S4, and fig. S8) (Smith et al. 2008; Steinberg and Landry 2017). Our data also show
that the DNA-based plankton abundance profiles are broadly preserved in the DOS and that
the transformation of sinking material appears to occur mostly between the euphotic and
aphotic layers (fig. S11). The deposition of eukaryotic plankton is maximal at productive high
latitudes (Fig. 5.5), and the plankton contribution to time-integrated sedimentary DNA broadly
approximates the yearly average POC export from the surface. Moreover, the taxonomic
composition of planktonic assemblages in the DOS is an even better predictor of the variation
of POC export from the surface and the fraction of it reaching the seafloor (Fig. 5.5), indicating
that biodiversity is key for ocean carbon export and burial. These DOS assemblages comprise
not only taxa that are known to be important drivers of the biological carbon pump but also
several taxonomic and functional groups that have been overlooked in what is arguably one of
the most fundamental ecological processes of the world ocean.

Together, our results highlight the DOS as one of Earth’s richest modern ecosystems and fossil
archives. They underline the need for concerted international efforts to further understand DOS
biodiversity and its ecological role in planetary biogeochemical cycles. Our study, together
with recent evidence that plankton DNA signal can be preserved in subseafloor sediments
(Kirkpatrick et al. 2016; de Schepper et al. 2019; Barrenechea Angeles et al. 2020; Armbrecht
et al. 2021a), paves the way for using sedimentary planktonic DNA to complement the
microfossil-based proxies currently used to reconstruct ancient oceans, including their
biological carbon sequestration processes. We hope it will also provide the basis for a more
informed and effective stewardship strategy for protecting unique and relatively pristine deep-

ocean ecosystems as the exploitation of seabed resources gathers pace.
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Supplementary Material is accessible online under:

https://www.science.org/doi/10.1126/sciadv.abj9309

Figs. S1to S13
Tables S1, S4
Captions for Data S2, S3, S5, S6, S7, S8

Other Supplementary Materials for this manuscript include the following:

Data S2, S3, S5, S6, S7, S8
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Chapter 6: Assigning the unassigned: a
signature-based  classification of rDNA
metabarcodes reveal new  foraminiferal

lineages specific to the deep-sea.

Barrenechea Angeles, |., Nguyen Ngoc-Loi, Greco Mattia, Koh Siang Tan, and Pawlowski, J.

6.1. Project Description

In 2020 I had the opportunity to join the Abyss2020 expedition with the Koh Siang group,
where I collected sediments for eDNA metabarcoding and foraminiferal specimens. The
metabarcoding data was added to previous data from the same region collected in recent years
by several members of the Pawlowski’s laboratory.

This project addresses a problem already observed in previous studies, the amount of abundant
unassigned sequences and the lack of solution to integrate them in ecological analyses. We
propose a signature-based assignment to regroup the unidentified sequences and we compare
the presence of new lineages and clades in other bathyal and shallow-water sediment
collections. I performed the molecular analysis, and the phylogeny analysis were done by

Ngoc-Loi Nguyen.

A version of this chapter is ready to be submitted to Molecular Ecology
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6.2. Abstract

Environmental DNA metabarcoding reveals a vast genetic diversity of marine organisms. Yet,
most of the metabarcoding data remain unassigned due to the paucity of reference databases.
This is particularly true for the deep-sea meiofauna and microbiota, whose hidden diversity is
largely unexplored. Here, we tackle this issue by classifying unknown deep-sea foraminifera
metabarcodes based on unique DNA signatures in the hypervariable region of the 18S rRNA
gene. In our study, we analyzed metabarcoding data obtained from 311 deep-sea sediment
DNA samples collected in the CCFZ zone of the Eastern Pacific Ocean. Using the signatures,
we were able to classify 802 unassigned metabarcodes (OTUs) into 61 novel lineages, which
have been placed in 27 phylogenetic clades. The comparison of CCFZ metabarcodes with other
foraminiferal metabarcoding datasets shows that most novel lineages are widely distributed in
the deep-sea. Five lineages are also present in the shallow-water datasets, particularly from the
Arctic Ocean, but the phylogenetic analysis of OTUs in these lineages separate the deep-sea
and shallow-water metabarcodes in all but one case. While the signature-based classification
does not solve the problem of gaps in reference databases, grouping the unassigned
metabarcodes provide precious information about their distribution and ecology, which could

be very useful in future applications of metabarcoding for environmental biomonitoring.

6.3. Introduction

The past decade has seen metabarcoding become a common tool to assess biodiversity, with
the capacity to overcome the limitations of traditional morphology-based methods. Yet, the
taxonomic assignment of metabarcoding data remains problematic mainly due to the paucity
of reference databases (Gold et al., 2021; Hestetun et al., 2020). The problem is particularly
important in the case of microbial surveys, which are dominated by unknown taxa, also called
“microbial dark matter” (Rinke et al., 2013). Unassigned sequences also prevail among protist
and meiofaunal communities (de Vargas et al., 2015; Forster et al., 2016; Logares et al., 2014).
These sequences are commonly lumped into an assemblage of unassigned or unknown
metabarcodes, which are generally overlooked in further analyses.

Different strategies have been proposed to overcome this problem. A recent study showed that
simple taxonomic assignment approaches based on sequence similarity and composition
outperformed more complex phylogenetic and probabilistic methods (Hleap et al., 2021).

Nevertheless, the accuracy of taxonomic assignment based on percentage similarity in the case
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of usually very short metabarcodes is generally low. Alternatively, a network approach was
proposed to characterize unknown species and elucidate their relationships (Zamkovaya et al.,
2021).

Here, we tackle this issue by classifying the unassigned metabarcodes into higher-level
taxonomic units using discrete DNA signatures. Although the signature approach to detect and
identify microorganisms has been proposed already some time ago (Albuquerque et al., 2009;
Phillippy et al., 2007), its use in current prokaryotic taxonomy is relatively limited (Hugenholtz
et al., 2021). Among eukaryotes, distinctive molecular characters are generally used to resolve
the taxonomy of closely related species (Zielske and Haase, 2015) or to analyze geographic
patterns (Ganser et al., 2021). A recent study demonstrated the usefulness of DNA signatures
to facilitate the taxonomic identification of ciliated protists (Ganser et al., 2022).

In our study, we applied the DNA signature approach to the taxonomic diagnosis of deep-sea
benthos. It has been shown that this diversity is huge and far exceeds that of organisms living
in surface waters (Cordier et al., 2022). However, due to the limited reference database, most
eukaryotic metabarcodes could be classified into large supergroups only. Similarly, in the
metabarcoding studies of deep-sea metazoans, the majority of meiofaunal sequences could not
be assigned to the lower taxonomic level (Sinniger et al., 2016). This is the main reason why
microbial and meiofaunal metabarcoding studies usually report the community composition at
a higher taxonomic level, which makes its ecological relevance very limited.

We focused on foraminifera, which comprises a significant fraction of deep-sea benthic
diversity (Gooday, 2019; Gooday et al., 2021), and represents more than 50% of the total
biomass in some areas (Gooday, 2019). It has been suggested that at least some deep-sea
foraminiferal species are distributed globally based on DNA barcodes of isolated specimens
(Pawlowski and Holzmann, 2014; Pawlowski and Lecroq, 2010). This has been confirmed by
studies reporting several cosmopolitan foraminiferal amplicon sequence variants (ASVs) or
operating taxonomic units (OTUs) in deep-sea metabarcoding data (Lecroq et al., 2011;
Lejzerowicz et al., 2021). Yet, most of these globally distributed metabarcodes could not be
assigned or have only been assigned at the class level. The proportion of unassigned sequences
in the deep-sea foraminiferal datasets exceeds 50% (Lecroq et al., 2011; Lejzerowicz et al.,
2021).

The material for this study comes from the Eastern Pacific Clarion-Clipperton Fracture Zone
(CCFZ), an area of potential polymetallic nodule exploitation. The biological community of
CCFZ was targeted by several biodiversity monitoring studies (Glover et al., 2018; Jones et al.,
2021; Washburn et al., 2021). The foraminiferal assemblage of CCFZ was shown to be
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dominated by monothalamous taxa, most of which remained morphologically and genetically
unidentified (Goineau and Gooday, 2017; Gooday et al., 2021, 2017; Lejzerowicz et al., 2021).
We performed a metabarcoding analysis on sediments across different areas of CCFZ from
four concessions (BGR, IFREMER, UK-1 and OMS) and characterized the foraminiferal
metabarcodes, focusing on those that were unassigned. We classified them into 61 new
lineages, each defined by specific signatures in the hypervariable region of the 18S rRNA gene.
We then compared the lineages from CCFZ with other deep-sea basins and shallow-water
regions. The taxonomy of the new lineages and their potential use for environmental

monitoring of deep-sea resources are discussed.

6.4. Material and methods

6.4.1. Sediment sample collection

In this study, 36 samples were added to those already included in Lejzerowicz et al. 2021 from
the Clarion Clipperton Fracture Zone (CCFZ), which encompassed the license areas of BGR,
IFREMER, UK-1 and OMS. The additional samples were collected in 2020 using boxcores
during RESOURCE Cruise 01 (OMS license area). At each station, three replicates were taken
with a sterile syringe that was inserted into the sediment and pushed into a plastic cup where
the last few centimeters were discarded. Only the first 2-3 centimeters were placed into a tube
with 10 ml of LifeGuard Preservation solution. Samples were frozen on board, shipped frozen

to the University of Geneva, and stored at -20°C until their extraction.
6.4.2. Sediment DNA extraction, amplification, and sequencing

Sediments from the RESOURCE cruise were extracted using the manufacturer’s guidelines of
the DNeasy® PowerMax® Soil Kit (QIAGEN). To target foraminifera eDNA, the 37F
hypervariable region of nuclear 18S rRNA gene (68-196 bp), was PCR amplified using specific
primers (Pawlowski and Lecroq, 2010). To allow multiplexing of samples in a single library,
the forward sl14F1 5-AAGGGCACCACAAGAACGC-3" and reverse sl5 5°-
CCACCTATCACAYAATCATG -3’ primers were tagged with unique 8nt added at 5” ends of
the primers (Esling et al., 2015). Three PCR replicates were amplified and pooled for each
surface sample before being quantified using high-resolution capillary electrophoresis
(QIAxcel System, QIAGEN). The amplicons were pooled into one tube according to their
equimolar concentration. The short amplicons (<100bp) were then removed from the pool

using the High Pure PCR Product Purification kit (Roche). The library was prepared using
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TruSeq® DNA PCR-Free Library Preparation Kit (Illumina), and its concentration was
quantified using Kapa Library Quantification Kit for Illumina Platforms (Kapa Biosystems).
Finally, the library was sequenced with a MiSeq instrument using paired-end sequencing for

300 cycles with a v2 kit.
6.4.3. Bioinformatic analysis

We combined the obtained sequence dataset with the published CCFZ and other deep-sea
foraminifera datasets obtained from samples recovered between -4000 and -9000 meters of
water depth from North Atlantic, Mid Atlantic, South Atlantic, Southern Ocean and Northwest
Pacific (Cordier et al., 2019a; Lejzerowicz et al., 2021) (see table S1; fig. S1), and available
from ENA under PRIEB44134, PRINAS554310 and PRINA899048. We also added the shallow
water foraminifera datasets from the Tyrrhenian Sea (Cavaliere et al., 2021), Adriatic Sea
(Cordier et al., 2019b; Frontalini et al., 2018; Greco et al., 2022), Persian Gulf (Al-Enezi et al.,
2022) and around Svalbard (Nguyen et al., 2022) (see fig. S1), available under PRINA723313,
PRINA897836, PRINA813562, PRIEB29469, and PRINA768352.

The new datasets were demultiplexed using the module DTD from the SLIM software
(Dufresne et al. 2019). The fastq files pairs from all datasets were combined and processed
using the module DADA2 implemented in SLIM with pseudo-pool parameters. DADA2
(Callahan et al., 2016) filtered good quality reads, trimmed primers, merged overlapping
paired-end reads and removed chimaeras. We then clustered the ASV sequences at 97%
similarity and continued with a LULU curation (Freslev et al., 2017) as recommended in
Brandt et al. 2021. The clustering was done using the DECIPHER R package and the curation
with the LULU R package with the default parameters. We referred to the clustered ASVs as
OTUs.

To retain only foraminifera sequences, we removed manually sequences not having
“GACAG”, a pattern located in the conservative region 37, adjacent to the foraminiferal-
specific hypervariable region 37F (Pawlowski and Lecroq, 2010). Sequences lacking the
“TAGTCCTTT” and “TAGTCCCTT” patterns at the end of the 37 conservative region were
also deleted. The remaining sequences were then filtered by their size. We retained sequences
with > 70bp and > 100 reads.

We wused three probabilistic approaches to assign the sequences taxonomically:
VSEARCH(Rognes et al., 2016) at 95% similarity, IDTAXA (Murali et al., 2018) at 60% of
confidence and BLAST+ (Camacho et al., 2009) at 95% similarity and 100 - 99% of coverage.
We used our local database of benthic foraminifera and the PFR2 (Morard et al., 2015) database
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to identify planktonic foraminifera. Our local database contained 4602 reference sequences
representing foraminiferal classes of Globothalamea, Tubothalamea and Monothalamea. The
latter comprised the well-defined clades (e.g., Clade A, Pawlowski et al. 2013), the groups
consisting of environmental sequences from previous metabarcoding studies obtained through
cloning and Sanger sequencing (e.g. ENFOR1, Pawlowski et al. 2011), and/or poorly defined
clades (e.g. Monothalamea X or undet. Monothalamea), mainly comprising so-called squatter

sequences (Gooday et al., 2013; Moodley, 1990).
6.4.4. Pattern identification

We prepared a subset of the CCFZ dataset including 2,245 OTUs that could not be
assigned by VSEARCH as well as those that VSEARCH assigned to ENFOR (environmental
sequences) or Monothalamea X. All sequences with more than 2-3 deletions, insertions, or
ambiguities in the conserved regions located before the highly variable region 37F were
removed. Sequences having similar molecular signatures at the beginning or at the end of 37F
region were regrouped into lineages. They were validated if the number of reads was superior
to 5000 reads and the lineages comprised at least 2 OTUs. The retained lineages were compared
with the annotations made previously. Lineages were not considered if the same signature was
present in the database, except if they were assigned to an environmental sequence or a
Monothalamea X. After these restrictive filters, only 693 OTUs were used to define the
patterns. We produced an R script, available on GitHub
(https://github.com/MatGreco90/ForamSignature), with the Biostrings package, which
allowed identifying the patterns without a mismatch in CCFZ, deep-sea and shallow water

datasets.

6.4.5. Phylogenetic analysis

The phylogenetic trees specific to new lineages were constructed - covering the entire
Monothalamids class to assign taxonomy and resolve undescribed clades. In total, 693 OTUs
of new lineages, 388 well-described monothalamid reference sequences, and two type material
sequences of non-foraminiferal rhizarians (Cercomonas longicauda and Gromia oviformis)
were used as outgroups in constructing the phylogenetic trees. We aligned our sequences using
the E-INS-i iterative refinement method in MAFFT v7 (Katoh et al., 2019). Trees were built
using the IQ-TREE maximum likelihood method (Nguyen et al., 2015; Trifinopoulos et al.,
2016). Ultra-fast bootstrapping (Hoang et al., 2018) was used to generate branch support values

with 1000 bootstrap replicates. Phylogenetic tree visualization and annotation were done using
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the R package ggtree version 1.12.7 (Yu et al., 2017). Default alignment parameters were used

to align and generate a phylogenetic tree.

6.5. Results

6.5.1. Sequence data

After the clustering, LULU curation, removal of non-foraminiferal sequences and a filter of
rare ASV (< 100 reads) the CCFZ dataset contained 37,127,019 reads and 2,382 OTUs, the
deep-sea dataset 48,559,807 corresponding to 4,148 OTUs and the shallow water dataset
comprised 26,349,529 reads and 3,745 OTUs. Details of reads removals at each step and for

each basin are detailed in table S1.
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Figure 6.1: Positions of signatures in the foraminiferal 18S rRNA gene. A. entropy plot;, B.
foraminiferal regions from 33 to 37 after Pawlowski and Lecroq 2010, C. Position and length of

lineages.

6.5.2. Taxonomic assignment

At first, the OTUs were assigned using the three standard methods, i.e., VSEARCH, BLAST
and IDTAXA. All three methods recognized the main classes of foraminifera (Globothalamea,
Tubothalamea and Monothalamea) but assigned less than 50% of OTUs. VSEARCH returned
the greatest fractions of sequences (46.2%), followed by BLAST (24.1%) and IDTAXA

(10.2%). The monothalamids, including environmental sequences (ENFOR) and
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Monothalamea X (undetermined Monothalamea), were the most abundant class of foraminifera
(Fig. S2, more details in table S3). Globothalamids and tubothalamids were the minority in
the three assignments. According to the VSEARCH assignment, monothalamids (including
ENFOR and Monothalamea X (undet. Monothalamea)) represented 41.2 % of reads,
globothalamids and tubothalamids about 5% of reads and unassigned OTUs accounted for
53%.

In the second part of this study, based on the alignment of 693 selected OTUs, we identified
61 different signatures corresponding to the unique pattern of nucleotide sequences. Each
signature defined a lineage, named by the letter L and a number (e.g., L1, L43). A letter was
added after the number (e.g., L2A, L2B) to differentiate similar patterns sharing most of the
nucleotides. The length of signatures varied between 12 and 53 nucleotides (Table S4). Most
of them (51) was located at the beginning of the 37F variable region, comprising the six
conservative nucleotides “GACAGG” at the end of the 37 (I) helix (Fig. 1). Seven signatures
started in the 35 or 36 regions and finished in the 37F variable region. We also used the end of
37F and 37 (II) regions to discriminate three lineages (Fig. 1).

“ . Globothalamea
. Monothalamea
ENFOR

. Undet. Monothalamea

Tubothalamea

Unassigned
l . Assigned by signature

Figure 6.2: The nested pie chart shows the proportion of new lineages (in purple) before and after

including the new lineages in unassigned, monothalamids, ENFOR and Undet. monothalamids. The
inner pie chart represents the proportion using VSEARCH assignments and the outer ring a combined

assignment using the new lineages.

With the R script, we could identify 109 additional OTUs containing the signatures without a
mismatch, i.e., with 100% of similarity (see Table S5). In total, 802 OTUs (corresponding to
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34% of total number of OTUs and 62% of total number of reads) were assigned to novel
lineages. Compared to VSEARCH, our approach allowed us to reduce the number of
unassigned OTUs from more than 50% to 21% (Fig. 2). The signatures were also found in
many sequences already identified with VSEARCH at 95% similarity. The largest proportion
of OTUs included in new lineages (82%) was found among the environmental ENFOR clades.
We also found large proportion of OTUs assigned to novel lineages among the monothalamids
(34%) and the undetermined monothalamids (Monothalamea X, 54%). One of the novel
lincages was assigned to Tubothalamea, but this requires confirmation by single-cell

sequencing. No signature was found among the globothalamids.
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Figure 6.3: Phylogenetic diversity and novelty of foraminiferal OTUs based on signal identification.
Phylogenetic analysis of selected OTUs revealed signatures (as new lineages) and representation of
reference sequences of monothalamids from Clade A to Clade Y and some freshwater clades. Tree
branches are coloured at the Order level. All sequences were aligned with MAFFT, and trees were
constructed with IQ-TREE, based on the GTR+F0 model of evolution with 1000 bootstrap replicates.
Bold branches indicate strong support (>70% bootstrap support). Scale bars are in units of
substitutions per site. The rings indicate clusters based on phylogenetic position (inner ring) and

signatures (outer ring).
6.5.3. Phylogenetic placement of new lineages: definition of new clades

To evaluate the taxonomic assignment of the signature-based approach, we constructed a
phylogenetic tree from the 693 OTUs containing the signature with reference monothalamid

sequences. A simplified version of the tree is presented in Fig. 3 with a more detailed version
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provided in Fig. S3. We regrouped the 43 lineages clustered together in 27 higher-rank groups
(e.g., CCZ1) to provide the appropriate degree of phylogenetic specificity for each signature
(Table S4). Most of the new lineages formed monophyletic groups. They belonged to the
previously established clades of monothalamids (e.g., Clade C, Clade M, Clade I, Clade V) and
environmental DNA-derived foraminiferal sequences (ENFOR clades).

The phylogenetic analysis indicated that signatures assigned lineages were more similar to each
other than to those of distant ones. Most of the new lineages were placed on the tree at the
specific clades, which indicated a general agreement between their signature assignment and
phylogenetic positions. Interestingly, some new lineages were found in specific groups that are
highly related to other CCFZ sequences from the database (i.e., L14, L19, L21, L23B, L28A,
and L42A). The OTUs of one lineage (L17) form a group on their own, with no closest

reference-related sequences.
6.5.4. Biogeography of new lineages

The comparison of metabarcoding datasets within CCFZ and with other deep-sea and shallow-
water sites showed clear patterns of distribution of the newly defined lineages (Fig. 4). Within
the CCFZ, the OMS and UK regions shared all the lineages whereas in BGR the lineage L29C
was not found. The IFREMER area, located in the westernmost part of CFFZ, has the lowest
number of lineages (49) shared with the eastern part of CCFZ. Compared to other deep-sea
sites, most of the lineages (85%) were present in at least 4 out of 5 regions. Only five lincages
were endemic to CCFZ (absent in all other areas). Besides those lineages, all others were
present in the Northwest Pacific. In the Southern Ocean, we found 53 lineages, while 50 were
found in all three regions of Atlantic Ocean. One lineage (L4) was present in the North and
mid-Atlantic whereas two lineages (L8 and L17A) were found in the mid and south Atlantic.
Lineages 28A and 29C only occurred in North Atlantic and the mid-Atlantic, respectively.

Compared to the deep-sea, 30 out of 61 lineages were also present in shallow water sites. 26
lineages were present in the Arctic fjords (Svalbard), while 10 were found in the two
Mediterranean Sea sites. Only five lineages were present globally, including the Persian Gulf.
Two of them (L21, L43) were most abundant and had in common with the other three

cosmopolitan lineages a very short signature.
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Figure 6.4: Heatmap showing the proportions of 43 lineages and signatures present in all regions from

CCFZ, Deep-Sea (non-CCFZ), and Shallow Water (<200 m depth, see section 2.3). The calculations

were made by taking only the reads assigned to one of the lineages. Unassigned and previously assigned
reads were excluded. The blue gradient shows the relative abundance of lineages per area. The darker

the colour, the more abundant the lineage is in each area. Grey areas indicate the absence of lineages.

To better understand the biogeography of the five cosmopolitan lineages (L21, L31, L34, L35
and L43), we analyzed the distribution of OTUs composing these lineages. The highest

diversity in terms of the number of OTUs retrieved was observed in L21, which counted a total
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of 162 OTUs. Most of them were characteristic of deep-sea sites (71), with 41 OTUs exclusive
to CCFZ sites, while 29 were shared between them (Fig. 5). Within this lineage only a single
OTU occurring in the shallow-water datasets was also observed in the deep-sea.

The lineages L31 and L34 presented an overall lower diversity (38 and 26 OTUs respectively),
with the majority of the OTUs retrieved uniquely from shallow water samples. Along with L43,
L31 and L34 were the only three lineages presenting OTUs with a distribution encompassing
all the ecosystems analyzed. In particular, the overall diversity of L43 constituted 63 % of
OTUs occurring in all the datasets. In contrast, L35 mainly presented OTUs with habitat-
specific distributions with only 5 OTUs shared between CCFZ and deep-sea sites.

6.6. Discussion

Despite the advances in biological diversity assessment introduced by metabarcoding,
taxonomically unassigned sequences remain a nightmare for researchers interested in
organismal ecology. As shown by our study, about half of the deep-sea foraminifera
metabarcodes could not be assigned. This proportion is even higher if we also consider as
unassigned, the metabarcodes that were classified only at the highest taxonomic level (i.e.,
Foraminifera, Monothalamea, ENFOR). Indeed, the assignment at such a high level provides
no information about the biology of organisms represented by given sequences, ASVs or
OTUs, hampering any attempt of their ecological interpretation.

By using diagnostic 18S rDNA signatures, we were able to increase the number of assigned
reads from 54% when using conventional bioinformatics tools (VSEARCH, IDTAXA and
BLAST) to 80% using signature-based approach (Fig. 2). In total, 61 new foraminiferal
lineages have been defined based on DNA signatures. Unsurprisingly, most of these lineages
belong to the class Monothalamea, a paraphyletic assemblage of early evolved single-
chambered foraminifera (Pawlowski et al., 2013). They are characterized by soft-walled or
naked cells, which are generally overlooked in conventional foraminiferal surveys (Pawlowski
et al., 2003). Our study has expanded our knowledge of this group and contributed to its
classification.

Besides this taxonomic aspect, our approach has also contributed to our understanding of the
ecology and geographic distribution of monothalamous foraminifera. This information is
generally lost by lumping together all unassigned foraminiferal sequences. Some authors
analyzed metabarcoding data at the level of ASV or OTU, for example, in the study of

patchiness of deep-sea foraminifera (Lejzerowicz et al., 2014) or their distribution along the
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gradient of depths (Cordier et al., 2019a). Yet, the ASV or OTUs represent a very low
taxonomic level, corresponding to species or intraspecific variants. Inferring general patterns
of distributions and ecological adaptations based on foraminiferal ASVs or OTUs might be
difficult, especially given the presence of intragenomic polymorphism in this group (Weber
and Pawlowski 2014). Our approach provides new information at an intermediary level, which
groups the ASV/OTUs into higher taxonomic units that might be easier to correlate with
environmental variables.

The outcomes of this approach are well illustrated by the results of our investigation on the
distribution of deep-sea foraminifera. Previous studies suggested that some deep-sea species
are globally distributed (Lecroq et al., 2011; Pawlowski et al., 2007). However, the species
targeted by these studies (e.g., Epistominella exigua) represented genera that are widely
distributed in the coastal environment, and the deep-sea species were considered as possessing
special adaptations to this particular environment. Our study suggests that the numerous
foraminiferal lineages are specifically deep-sea. For a specialist of deep-sea biodiversity, this
might not come as a surprise. The Xenophyophorea are a highly diverse group of giant
monothalamous foraminifera occurring exclusively on abyssal plains (Gooday et al., 2017).
Nevertheless, according to our study, the taxonomic range of foraminiferal lineages adapted to
the deep-sea might be much wider than expected.

Admittedly, the signature-based approach does not allow us to exactly determine the taxonomic
status of the new lineages. We expect that at least some of them correspond to the genus or
species level. This could be the case of lineages specific to CCFZ (L17D, E, F), characterized
by a long signature. Our approach is based on the observation that the variability increases
progressively at the end of 37 helix and at the beginning of 37F variable region (Esling et al.,
2015; Pawlowski et al., 2014). Thus, the longer signatures might better define the lower
taxonomic level. However, any inference of taxonomic status from a single variable region
needs to be treated with caution, given the high variability of evolutionary rates in foraminiferal
ribosomal genes (Pawlowski et al., 1997). This can be solved by increasing the number of
sequences of each species to assess the divergence within a taxonomic group. Once a
comprehensive molecular database for foraminifera is established, one would have to develop

a further signature-based approach to make it useful for taxonomical and ecological studies.
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A practical advantage of our approach is its technical simplicity and unambiguity. As the
signature patterns are defined at 100% similarity, there is no place for any ambiguity regarding
lineage identification. This aspect seems particularly important in the case of short (<100
nucleotides) metabarcodes, where one SNP equals 1% divergence. The shortcoming of such
an approach is that the slightest variation in the signature, even one base change, prevents us
from including a given OTU in the lineage. However, if we do not apply this rule, the signatures
rapidly lose their specificity. Here, we preferred to create two or more lineages (e.g., A and B)
that differ by an SNP, rather than accept one SNP change. Nevertheless, well-defined
ambiguities could be accepted in the future, especially if their presence is confirmed by intra-
genomic polymorphism analysis.

To conclude, we view our approach as an inclusive tool that allows expanding the information
inferred from metabarcoding data to the currently “useless” unassigned metabarcodes. We do
not view the signature-based classification as a panacea to fill the gaps in the reference database
for particular habitats or taxa. There is no doubt that building a comprehensive reference
database is essential for biodiversity surveys. Yet, in certain circumstances, this task might be
unrealistic. We are convinced that our approach can be very useful in metabarcoding studies
dealing with overlooked taxonomic groups, such as monothalamous foraminifera, and/or
poorly explored habitats, such as in the deep-sea. We view it as a practical way to uncover
hidden ecological information present in hitherto unassigned metabarcoding data. Our
approach can be mainly useful in the case of environmental monitoring that targets particular
groups of bioindicators or paleo-metabarcoding analysis of environmental changes. Its
efficiency will certainly increase if the metabarcoding data are combined with single-cell high-

throughput barcoding.

106



Supplementary figures:

Longitude
-150 -100 -50 0 50 100 150

o
To)
[}
©
2 o
©
-
o ®CCFZ
Ltl') ®Deep-Sea

|~ ©Shallow-water

Figure S§6.1 Location of basins from which the samples were collected. All the Clarion Clipperton
Fracture Zone (CCFZ) sites are shown in blue circles, other the deep-sea sites in purple circles and the

shallow water sites in orange circles.

50%

25%

Assigned

Class

. Globothalamea

. Monothalamea

| ENFOR

. Undet. Monothalamea
. Tubothalamea

. Unassigned

oY 100 N U S

25%

50%

Unassigned

75%

Vsearch IDTAXA Blast
Methods

Figure S6.2 Taxonomic composition at class level and relative abundance of assigned and unassigned

sequences using the three common methods: VSEARCH, IDTAXA and Blast. All monothalamids

107



sequences, including the environmental sequences (ENFOR) and sequences not regrouped in a clade
that are grouped into undetermined monothalamea (Undet. Monothalamea) are coloured in shades of

orange. More details in table S3.
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Chapter 7:  Assessing the Ecological Quality
Status in the highly polluted Bagnoli area
(Tyrrhenian Sea, Italy) using foraminiferal

eDNA metabarcoding

Cavaliere, M., Barrenechea Angeles, |., Montresor M., Bucci, C., Brocani, L., Balassi, E.,

Margiotta, F., Francescangeli, F., Bouchet, V.M.P., Pawlowski, J. and Frontalini, F.

7.1. Project Description

At the end of 2019 with Jan Pawlowski, we joined the group of Frontalini and Montresor to
collect samples in the bay of Bagnoli, in front of the old industrial area. The samples were
collected following transect from inner side of the bay towards outer side. For this project,
Frontalini and Montresor's group did the morphology and geochemistry part. I did the
laboratory work and the analysis of the molecular data as well as some statistical analysis.
These data allowed us to assess the ecological quality of Bagnoli Bay and to determine that the

sites close to the former complex are still highly polluted.

A version of this chapter is published in Science of The Total Environment 790, 147871.
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7.2. Abstract

Morphology-based benthic foraminifera indices are increasingly used worldwide for
biomonitoring the ecological quality of marine sediment. Recent development of foraminiferal
eDNA metabarcoding offers a reliable, time- and cost-effective alternative to the morphology-
based foraminiferal biomonitoring. However, the practical applications of these new tools are
still very limited. In the present study, we evaluate the response of benthic foraminifera and
define the Ecological Quality Status (EcoQS) in the Bagnoli area (Tyrrhenian Sea, Italy) based
on traditional morphology-based approach and eDNA metabarcoding. Geochemical data show
that several sites in front of the former industrial plant contain higher concentrations of
potentially toxic elements than the Effect Range Median and are characterized by the highest
total organic carbon (TOC) content, whereas the distantly located sites can be considered
relatively low- to unpolluted. Significant differences (i.e., diversity and assemblages’
composition) in both morphological and molecular datasets are found between the relatively
low- to unpolluted and the most polluted areas. Similarly, the selected ecological indices of
both morphological and molecular datasets strikingly and congruently result in a clear
separation following the environmental stress gradient. The molecular indices (i.e., g-exp
(H’vc), g-Foram AMBI and g-Foram AMBI-MOTUs) reliably identify poor to bad EcoQS in
the polluted area in front of the former industrial plant. On the other hand, the Foram-AMBI
based on morphology well identifies an overall trend but seems to overestimate the EcoQS if
the traditional class boundaries are considered. The congruent and complementary trends
between morphological and metabarcoding data observed in the case of Bagnoli site further
support the application of foraminiferal metabarcoding in routine biomonitoring to assess the

environmental impacts of heavily polluted marine areas.

7.3. Introduction

In recent years, the implementation of several marine legislations has emphasized the need to
characterize the worldwide increasing degree of marine pollution of coastal environments (Lu
et al., 2018). Coastal marine sediments act as the final sink of contamination (Salomons et al.,
1987) posing a high anthropogenic stress of marine habitats and species living therein. In this
context, several areas marked by strong anthropogenic impact were recognized in Italy and
defined as Sites of National Interest (SINs), some of which are marine sites such as Bagnoli

(NW sector of Naples, Italy) (Ausili et al. 2020).
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Bagnoli was the former second largest steel factory of Italy (Trifuoggi et al. 2017); an area
where intensive industrial activities widely operated until 1992. The former-industrial plant
hosted steel, asbestos and concrete industries on a wide territory facing the sea. In 2000, the
area has been declared a SIN and the first remediation programmes were planned. Today,
Bagnoli is now a large brownfield area whose marine sediments are still intensively impacted
as shown by several ecological and geochemical surveys (Romano et al. 2004, 2018; Sprovieri
et al. 2020). Although the area has been largely investigated, the assessment of its ecological
quality is crucial to highlight potential changes in the anthropogenic stress on the aquatic biota
of the area. The evaluation of the impact is commonly carried out through geochemical
analyses aimed at recognizing pollutants whose concentrations could trigger serious
imbalances within the aquatic ecosystem. However, chemical analyses are not directly related
to the ecological status of an ecosystem. The ecological quality is instead more linked to the
biota living therein. Indeed, the detection of unforeseen impacts can be achieved through
biological monitoring, (i.e., bioindicators). In this context, European Union has implemented
the Water Framework Directive (WFD, 2000/60/EC) to protect, maintain and restore the
environmental quality of water bodies and sustainable use of water and the Marine Strategy
Framework Directive (MSFD, 2008/56/EC) to identify strategies to achieve a Good
Environmental Status also through the consideration of biological elements. Among the
numerous biological groups used to assess the health of marine ecosystems, benthic
foraminifera, single-cell organisms with a test (i.e., shell), are increasingly applied as proxies
of the environmental conditions (Alve 1995; Francescangeli et al. 2020) and, more recently, in
environmental biomonitoring to evaluate the Ecological Quality Status (EcoQS) (e.g., (Alve et
al. 2009, 2019; Bouchet et al. 2012, 2018, 2021; Francescangeli et al. 2016; el Kateb et al.
2020).

Morphology-based taxonomy is still the preferred approach used for evaluating changes in
benthic foraminiferal species and assemblages’ composition in response to stress conditions.
Recently, environmental DNA (eDNA) metabarcoding has been successfully applied to
characterize benthic foraminiferal community (Pawlowski et al. 2014a). This innovative and
effective methodology has been applied for investigating the response of benthic foraminifera
to different human-related activities and stress such as fish farms (Pawlowski et al. 2014a; He
et al. 2019), oil and gas platforms (Laroche et al. 2016, 2018; Cordier et al. 2019¢c; Frontalini
et al. 2020b). Compared to the classic morphology-based approach, eDNA metabarcoding

allows to process rapidly and accurately larger number of samples and data (Pawlowski et al.
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2014a). However, only a limited number of studies has simultaneously evaluated and compared
the performance and congruence of the traditional morphology-based biomonitoring with the
eDNA metabarcoding (Frontalini et al. 2020b). Furthermore, foraminiferal biotic indices are
still to be implemented on eDNA-based datasets.

The aims of the present paper are therefore: 1) to provide an environmental characterization of
Bagnoli area highlighting the spatial variations of the anthropogenic impact on the marine
ecosystem; 2) to test foraminiferal biotic indices on eDNA datasets and 3) to assess and
compare the EcoQS based on both molecular- and morphology-based benthic foraminiferal

communities.
7.4. The study area

The Bagnoli area is located in the NW metropolitan territory of Naples (Campania Region,
Southern Italy), along the coastline of the Pozzuoli Gulf (Tyrrhenian Sea) (Fig. 7.1a, b). The
area of Bagnoli is part of the Campi Flegrei caldera, a large territory influenced by active
volcanism and hydrothermal activity that modify the chemical composition of local
groundwater (Celico et al., 2000).

The first industrial activities started at the beginning of the 20" century, and in the first decades
of 1900, large plants of steel (ILVA-Italsider), asbestos (Eternit) and concrete (Cementir) were
operating, reaching their development peak in the late 1960’s. For stimulating productivity, the
natural landscape of the territory has also been deeply modified. In 1920, two piers were built
to permit the access to the factory of large ships carrying fossil coal, iron ores and limestone,
while in 1935 the Island of Nisida was connected to the mainland by the construction of a long
strip of land, changing the water circulation system in the gulf. High concentrations of heavy
metals (i.e., Cu, Fe, Hg, Mn, Pb and Zn) and hydrocarbons, particularly polycyclic aromatic
hydrocarbons (PAHs) occur in marine sediments in front of the former plants area (Damiani et
al. 1987; Romano et al. 2009; Arienzo et al. 2017). Contamination is particularly high between
the two long piers, where, in 1960-62, large amount of polluted materials was disposed to
expand the plant operating area. The industrial production ceased in the 90s and the industrial
facilities were completely dismantled in early 2000s (Romano et al., 2004; Ausili et al., 2020).
In 2000, Bagnoli-Coroglio site was listed among the Italian SINs. These SINs are areas where
a threat to human health occurs, and a recovery programme must be implemented. In the last
years, the brownfield site has been the object of a governmental remediation project aimed at

environmental restoration. Different remediation strategies have been proposed. In particular,
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marine sediments from Bagnoli should be treated as special waste and physically removed from
the site, although this technique is invasive and may seriously impact the environment.

Several studies have accurately addressed the response of benthic foraminifera to pollution in
the Bagnoli area (Bergamin et al. 2003, 2005; Romano et al. 2008, 2009). On overall, these
studies have evidenced from an absence to a very low abundance of living foraminifera near
the plant, particularly between the two piers; given that the total assemblages were always
considered (Bergamin et al. 2003; Romano et al. 2008). Additionally, several species have been
either identified as tolerant (i.e., H. germanica, Miliolinella subrotunda, and Quinqueloculina
parvula) or sensitive (L. lobatula, A. mamilla and R. bradyi, Elphidium macellum and

Miliolinella dilatata) to pollution (Bergamin et al. 2003, 2005; Romano et al. 2008, 2009).
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Figure 7.1: Study area: a) location of Campania Region in Southern Italy; b) location of Bagnoli area
in the Campania region, c) sampling locations and relative water depth within the Pozzuoli Gulf.

Geographical coordinates are referred to World Geodetic System 1984 (WGS-84).
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Materials and Methods

7.4.1. Sampling and samples treatment

The superficial marine sediment samples were collected at 12 sites with a box corer along 4
transects (B1, B2, B3, and B4) at different water depths (10 m, 20 m, and 40 m) in the Bagnoli
area (Fig. 7.1c). The transects B3 and B4 are placed in the axis of the two piers within the
internal area so they would reflect the most impacted areas, whereas B1 and B2 are about 2.5
km away from the ex-industrial plant and would therefore represent a lower level of
contamination.

Sediments were collected in three replicates for both morphological and molecular benthic
foraminiferal analyses, by independent deployments of the box-corer. The sediments from the
only first deployment were sub-sampled for geochemical and grain-size analyses. Only the
uppermost part of the sediment (1 cm) was sampled and used for morphological, molecular,
grain-size and geochemical analyses. Once collected, samples (50 c¢cm?) for foraminiferal
morphological analyses were immediately stained with a rose Bengal solution (2 g/L) for the
identification of living stained foraminifera. Samples (~10 g) for eDNA metabarcoding were
immersed in 10 mL of Life Guard™ Soil Preservation Solution (Qiagen), stored on ice during
transportation to the laboratory, and then frozen (—20°C) until processing. All manipulations
have been carried out with sterile gloves and spoons. Samples were then delivered to the
University of Geneva (Switzerland). Sediments for geochemical analyses (i.e., organic matter
and trace element) were stored on ice, while another aliquot for grain-size was preserved at

room temperature.
7.4.2. Sediment analysis

7.4.2.1. Grain-size

For grain-size analysis, samples (~50 g) were dried and weighted. They were then wet sieved
on a 63-pum mesh sieve and a 2-mm mesh sieve, re-dried and weighted. The relative proportions

of gravel, sand and mud were then calculated.
7.4.2.2. Organic matter characterization

Sediment samples were thawed out at room temperature and dried in an oven at 60°C. Later
they were grinded and homogenized. Sub-samples were then weighed (~10-20 mg) in silver

capsules and treated with 1 M HCI (three/four times) in order to completely remove carbonates.
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Total Organic Carbon (TOC) and Total Nitrogen (TN) were analysed using a Thermo Electron
Flash Elemental Analyzer (EA 1112) calibrated with acetanilide (CsH9ON, elemental
composition: 71.09% carbon and 10.36% nitrogen) standards. The C/N ratios were calculated

to investigate the origin of sedimentary organic matter (Meyers 1994).
7.4.2.3. Inorganic geochemistry

One aliquot of sediment was used for geochemical analysis by the certified laboratory Bureau
Veritas (Canada). Sediments were digested in aqua regia (1:1:1 HNO3:HCI:H>O) in order to
better understand the bioavailability. Chemical analyses were performed on the fine (<63 pm)
fraction as the potential toxic elements (PTEs) (i.e., trace elements) are commonly adsorbed in
the organic matter, which predominantly occurs in the finest sediments fractions (Baran et al.,
2019). The concentrations of PTEs were analysed by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS). Quality control involving the use of replicate and reference materials
was also performed. To potentially identify anthropic contributions, selected pollution
indicators were computed: Enrichment Factor (EF), Contamination Factor (Cf), Modified
Degree of Contamination index (mCy) and Pollution Load Index (PLI).

The EF defines the contamination level by minimizing the grain-size effect through the
normalization of one metal concentration respect to the concentration of a reference element.
The EF was calculated for each of the nine selected PTEs (i.e., As, Cd, Co, Cr, Cu, Hg, Ni, Pb,
and Zn) using Al as reference element. Aluminium is adopted by many authors in marine
assessments (Francescangeli et al. 2020) since it is not normally influenced by anthropogenic
processes. The EF was calculated as follow (1):

[Xil/[AL]

EF = Gol/lato]

(D
where X; and A4/; are the concentrations of the element X and Al, respectively in the sample i;
Xo and Aly are the local geochemical background concentrations of the element X and Al,
respectively. The background values are based on different studies carried out nearby the
Bagnoli area (Damiani et al. 1987; Cicchella et al. 2005; de Vivo and Lima 2008) (Table S1).
The EF levels were assigned using the classes proposed by Miiller (1979) (Table S2).

The Cfrepresents the degree of sediment contamination by a single element and was calculated

for the nine selected PTEs following the equation:
Cf= @)

The mCy represents the sum of all Cfs of the considered elements. It was obtained as follow

3):

[element]i

element]|background
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mC, = 2= 3)

where n is the number of analysed elements and =i element. The categories of mCy, from
Hakanson (1980), are reported in Table S2.

The PLI represents a synthetic parameter to evaluate the degree of contamination (Tomlinson
et al., 1980). It was calculated following the equation (4):

PLI="JCf, Cf, ...Cfn 4)

where n is the number of potentially contaminant elements, and Cfi is the Cf of the element.

To define the environmental quality of marine sediment, chemical concentrations of PTEs have
been compared with different Sediment Quality Guidelines (Burton, 2002 for a review) (Table
S1). The Effect Range median (ERM) that expresses values above which effects are frequently
observed (Long and Morgan, 1990; Long et al., 1995), and the Effect Range Low (ERL)
indicating low concentrations of pollutants (O’Connor, 2004) (that is roughly related to

toxicity) have been considered.
7.4.3. Benthic foraminifera

7.4.3.1. Morphological analysis

Benthic foraminiferal analyses were performed following the FOBIMO protocol (Schonfeld et
al. 2012). Samples were gently washed through a 63 pm sieve in order to eliminate mud
particles and excess stain. Residues were then oven dried at 40°C overnight. As the number of
living specimens was low in the >125 pum fraction, the picking was also extended to the 63-
125 pm fraction. Replicates were independently processed, and the resulting picked specimens
were pooled before statistical analyses. The taxonomical classification was carried out through
microscopic observation following comparisons with Cimerman and Langer (1991), Sgarella
and Zei (1993 )and (Milker and Schmiedl 2012). The World Register of Marine Species
(Hayward et al. 2022) was followed for the systematic classification of the benthic

foraminiferal species.
7.4.3.2. eDNA metabarcoding

The extraction of sedimentary eDNA was performed with DNeasy® PowerMax® Soil Kit
(QIAGEN). The eDNA extracts were concentrated with 10.4 ml of ethanol and 200 pl of NaCl
as in the manufacturer’s guidelines and resuspended in 400 pl elution buffer. The eDNA

extracts were then stored at -20°C. The 37f-41f region of the 18S rRNA gene was amplified
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using the primer 14F1: 5— AAGGGCACCACAAGAACGC -3 and S17: 5° —
CGGTCACGTTCGTTGC — 3’. To enable the multiplexing of Polymerase Chain Reactions
(PCR) products in sequencing libraries, we used tagged primers bearing 8 nucleotides attached
at each primer's 5'-extremity (Esling et al. 2015a). PCR program is detailed in S1. Per each
extracted sample, three PCR replicates and one PCR-negative control were amplified. Then,
the PCR products were verified through agarose gel electrophoresis. The total volume of three
PCR replicates were combined to be quantified using a high-resolution capillary
electrophoresis (QIAxcel System, QIAGEN). The combined PCR products were pooled in
equimolar concentrations and then purified using the Purification High Pure PCR Product
Purification kit (Roche).

The library was prepared using TruSeq® DNA PCR-Free Library Preparation Kit (Illumina).
It was then quantified using Kapa Library Quantification Kit for Illumina Platforms (Kapa
Biosystems). Finally, the library was sequenced on a MiSeq instrument using paired-end
sequencing for 2*250 cycles with kit v2.

The raw data was analysed using the SLIM v0.4 web application (Dufresne et al. 2019). The
sequences were demultiplexed with no mismatch allowed in the tagged primers (module
demultiplexer). The paired-end reads were merged using the VSEARCH toolkit (Rognes et al.
2016), with a minimum overlap of 16 base pairs and 5 mismatches allowed (module mergepair-
vsearch). Potential chimeras were removed using the UCHIME de novo algorithm (Edgar et al.
2011). All sequences with ambiguous bases were removed (module chimera-vsearch). Then
the sequences were clustered into Molecular Operational Taxonomic Units (MOTU) using the
VSEARCH algorithm (Rognes et al. 2016) with 97% of similarity threshold (module out-
vsearch). A MOTUs table was generated, and the representative sequences were compared to
our local database using the VSEARCH toolkit and annotated if the minimum similarity
between the reference and a sequence was 95%.

The raw data was submitted to the SRA public database under the accession number

PRINA723313.
7.4.3.3. Diversity and biotic indices

For both morphological and the eDNA dataset, the richness (S), the dominance (D), the
Shannon Weaver (H) and the equitability (J) were calculated using Past 4.0 (Hammer et al.
2001).
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Four biotic indices were calculated to evaluate the EcoQS based on the morphological and the
eDNA data: 1) the quality index based on diversity exp(H’yc) i.e. effective number of species
(Bouchet et al. 2012 for details); 2) the Foram Stress Index (FSI) based on the relative
percentages of two ecological groups according to their tolerance/sensitivity to organic matter
enrichment (Dimiza et al. 2016 ; 3) the Tolerant Species index (% TSst) based on the relative
proportion of stress-tolerant taxa normalized for the grain size (<63 um) (Barras et al. 2014;
and 4) the Foram-AMBI, an adaptation of the macrofauna AMBI (Borja et al. 2000) to benthic
foraminifera, where foraminiferal species are classified in five Ecological Groups (EGs) in
relation to their response to organic matter enrichment (Alve et al. 2016; Jorissen et al. 2018;
Bouchet et al. 2021). The categorizations to assess the EcoQS are reported in Table 1.

For the eDNA data, exp(H’vc) and Foram-AMBI are called g-exp(H’vc), and g-Foram-AMBI,
respectively. The EcoQS class boundaries have not been defined yet for the g-exp(H’vc). As
molecular diversity is much higher than morphological one, class boundaries developed for
morphological datasets (Schonfeld et al. 2012) cannot be applied. Therefore, an attempt has
been made using the Ecological Quality Ratio (EQR) as suggested in the WFD (WFD,
2000/60/EC). The EQR is the ratio between the value of a biological metrics such as g-
exp(H’bc) and the expected value under reference conditions (van de Bund and Solimini,
2007). The EQR varies therefore between 0 (i.e., bad EcoQS) and 1 (i.e., high EcoQS). Local-
specific reference conditions are the anchor point to calculate the EQR, here we use the sites
(B1-20 and B2-20) with lowest deviance from reference conditions to define the boundaries
for the five classes of EcoQS (Table 1).

Since not all the MOTUs could be identified at species level and/or only 70 MOTUs are
assigned to an ecological group, in the present study we compute the g-Foram-AMBI by
assigning MOTUs to EGs following the method proposed by Bouchet et al. (2021).
Specifically, the weighted averaging (WA) optimum and tolerance to TOC content were
calculated for each MOTUs using the R Software Analogue package (Simpson Gavin et al.
2021). The estimated optimum provides an effective evaluation of the MOTUs environmental
requirements. According to Birks et al. (1990), the WA optimum method is rapid, easy, and
reliable tool to define the species-specific (i.e., MOTUs) indicative values. Afterwards,
MOTUs assignment to EGs was done as follows: if a MOTU had an optimum in the TOC range
0-2%, it was assigned to EGI; in the range 2-2.5%, 2.5-3.4%, 3.4-4.1%, and above 4.1%, it was
assigned to EGII, EGIII, EGIV and EGV, respectively (see more details in (Bouchet et al.
2021).
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To compare the agreement/disagreement among biotic indices in assessing EcoQS, two EcoQS
i.e. ‘“Acceptable’ or ‘Not acceptable’ are considered following (Blanchet et al. 2008). The
‘Acceptable’ results from High or Good EcoQS and scores as 1, whereas ‘Not acceptable’ from
Moderate, Poor or Bad EcoQS and scores as 0 (Blanchet et al. 2008; Bouchet and Sauriau
2008). Then, the scores are summed for any station that reflect the level of
agreement/disagreement of the biotic indices and categorized (i.e., full agreement 0/7 or 7/7,

partial agreement 1/7, 2/7, 5/7 or 6/7, and disagreement 4/7).
7.4.3.4. Statistical analyses and spatial distributional maps

Before performing statistical analyses, the three replicates of each station were pooled for both
morphological and molecular datasets. For the morphological dataset, only species with
relative abundance > 5% in at least one sample were considered for multivariate statistical
purpose. The molecular dataset was filtered considering only MOTUs represented by > 100
reads, in at least one sample.

A chord Diagram was plotted to show the variations in the foraminiferal taxonomic
composition among the stations for both morphological and molecular datasets. Chord
Diagram was computing using the R software and the package circlize (Gu et al. 2014). A
Mantel’s test (999 permutations) was performed to test the significance of Spearman’s
correlation between the relative abundances of morphological foraminiferal species and eDNA
MOTUs dissimilarity matrices (Bray-Curtis) using the R Package Vegan (Oksanen et al. 2007).
In order to observe the capability of foraminiferal-based biotic indices to reflect the ecological
quality, a Spearman’s rho matrix of correlation was computed considering PLI, TOC, and
biotic indices (for both morphological and molecular datasets), using the R package
PerformanceAnalytics (Prentice et al. 2005). Prior to statistical analyses all biotic and abiotic
data were log-normalized. A Q-mode cluster analysis (CA), based on environmental variables
and geochemical indices (i.e., EFs, TOC, C/N, mud, PLI and mCy) using the Ward’s linkage
method and the Euclidean distance, was carried out. Principal Component Analyses (PCAs)
were also performed considering environmental variables and geochemical indices as primary
variables and the foraminiferal relative abundance from both morphological datasets and
molecular (unassigned and assigned MOTUSs) as secondary variables. The PCA as well as the
CA were performed using the software STATISTICA 13.5.

The distributional maps were generated using the software ArcMap 10.5 (Esri). For plotting
the abiotic factors and the geochemical indices, the Inverse Distance Weighted (IDW) method
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was used for interpolating the data. This method is fast and easy to compute and to interpret(Lu
and Wong 2008). IDW interpolation method was also adopted for creating maps showing the

spatial distribution of the biotic indices.

7.5. Results

7.5.1. Environmental characterization
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Figure 7.2: Spatial plots of: a) mud content (%); b) sand content (%), c) Total Organic Carbon (TOC)
(%); and d) C/N ratio.

The grain-size analysis reveals that in the study area most of the sea bottom is composed by
sand. The sandy fraction varies from 71.7 to 95.5%, whereas the mud content (<63 um) ranges
from 0.10 to 27.2% (Fig. 7.2a, b, Tables S3-4). A clear increase of the mud fraction is found
seaward with all stations at 40 m exhibiting the highest values, particularly in transects B3 and
B4 (Fig. 7.2a). This trend is more evident along transects B3 and B4 in front of the former
industrial plant. Indeed, these transects show higher values of mud than transects B1 and B2.
The TOC content ranges between 0.1 and 20.3%. The highest percentages of TOC are found
in transect B3, particularly at 20 and 40 metres depth (Fig. 7.2¢, Table S3). In the external area,
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the TOC values strongly decrease compared to B3 stations and ranges from 0.1 to 0.7%. The
C/N ratios varies from 5 to 52.5 with the highest values associated with the area in front of the

ex-industrial plant (Fig. 7.2d).
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Figure 7.3: Spatial plots of: a) Enrichment Factor of As; b) Enrichment Factor of Hg ¢) Enrichment
Factor of Pb; d) Enrichment Factor of Zn; e) Modified Contamination Degree (mCy); and f) Pollution
Load Index (PLI).

The concentrations of PTEs vary greatly in the study area (Fig. 7.3a-d, Table S3). In particular,
Pb and Zn range between 31 and 322 mg/kg and 102 and 795 mg/kg, respectively. The highest
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values of As (19—84 mg/kg) and Hg (41-728 ng/kg) are found at stations along transects B3
and B4. The EFs of Pb (0.55-7.27) and Zn (0.69-5.79) are constantly higher than 4 at stations
in front of the former industrial area (Fig. 7.3c, d). A similar trend has been observed for the

EFs of As (0.58-3.17) and Hg (0.18-3.07) (Fig. 7.3a, b).

In Bagnoli, the detected concentrations of selected elements (i.e., As, Hg, Pb and Zn) are above
the ERM and the ERL in several stations. In particular, As and Hg concentrations are higher
than the ERL at 8 stations (Table S1), whereas Pb shows concentrations up to 3 times higher
than the ERM in the whole internal area (B3 and B4 transects; 6 stations) and above the ERL
at the other 5 stations (Table S1). The concentration of Zn is two times higher than the ERM
at 6 stations along the transects B3 and B4, and higher than the ERL at the other 4 stations
(Table S1).

The mC,; shows very low values along transect B1 and B2, whereas the highest values are found
along transects B3 and B4 (3.98 and 4.14, respectively) at 40 m depth (Fig. 7.3¢). The PLI
varies from 0.61 to 1.22 (Fig. 7.3f). All stations along transects B3 and B4 show PLI values
greater than 1 and the highest values are associated to the deepest stations. Based on the Q-
mode CA, two main clusters (I and II) and two subclusters (Ila and IIb) could be identified
(Fig. S1). Cluster I is represented by stations along transects B1 and B2, whereas Cluster 11
groups stations belonging to transects B3 and B4. Sub-cluster Ila includes all shallower stations

(i.e., 10 and 20 m water depth), whereas sub-cluster IIb only stations at 40 m.
7.5.2. Benthic foraminifera

7.5.2.1. Morphological dataset

On overall, 57 species (4 agglutinated, 6 porcelaneous and 47 hyaline) belonging to thirty-six
genera are identified. The specific richness (S) values range between 11 and 30 (18.4, on
average) with relatively higher values along external transects B1-B2 (19.7, on average) than
along B3-B4 (17.1, on average). The H values (1.66-2.76) shows a clear difference between
transects B1-B2 and B3-B4; in particular, the lowest values of H are recorded in stations along
transects B3 and B4 (Table S5).

The most abundant (%) species are Bolivina striatula (14.2% on average), Haynesina
depressula (12.3% on average), Rectuvigerina phlegeri (9.3% on average), Cibicidoides
refulgens (9.0% on average), Discorbinella berthelotiana (7.2% on average), Elphidium

advenum (5.6% on average), Bolivina variabilis (5.4% on average), Bulimina elongata (4.9%
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on average), Elphidium crispum (4.9% on average), Hopkinsina pacifica (3.5% on average),
Bolivina spathulata (2.7% on average), Haynesina germanica (2.6% on average), Gavelinopsis
praegeri (2.3% on average), Rosalina bradyi (2.2% on average), Nonionoides turgida (1.6%
on average) and Asterigerinata mamilla (1.5% on average). Some taxa, namely B. striatula, H.
depressula, E. advenum, B. elongata, H. pacifica, and H. germanica exhibit a higher abundance
at stations along transects B3 and B4 compared to those of B1 and B2, whereas an opposite
trend is found for C. refulgens, D. berthelotiana, E. crispum, G. praegeri, R. bradyi and A.
mamilla (Fig. 7.4a).

7.5.2.2. eDNA dataset

The total number of raw sequences is 17,857,602, from which 5,112,227 are retained in the
downstream analysis after stringent quality filtering. Overall, 12,400 MOTUs are produced by
the VSEARCH clustering algorithm. This number has been reduced to 1134 by removing
MOTUs represented by less than 100 reads and combining the MOTUs assigned to the same
morphospecies. Among them, 1061 are unassigned whereas, 44 MOTUs are represented by the
multichambered calcareous or agglutinated Globothalamea, 27 MOTUs by single-chambered,
organic-walled or agglutinated Monothalamea and only two MOTUs by Tubothalamea. The
number of reads per sample (i.e., the pooled replicates per station) varies from 320178 to
597844. The richness (S) ranges between 426 and 751 (567, on average), with higher values
along external sites (583, on average) than along transects B3 and B4 (552, on average) (Table
S5). The Shannon-Weaver (H; 3.1-4.8) shows a clear difference between transects B1-B2
(4.45) and B3-B4 (3.89). The highest values of D and the lowest values of H and J are
associated with stations along transects B3 and B4 transects.

The assigned MOTUs are mostly represented by monothalamous taxa. The most common
monothalamous species are Bathysiphon sp., Micrometula sp., Vellaria sp., Bathysiphon,
Psammophaga sp., and Cylindrogullmia alba, whereas the most common MOTUSs assigned to
Globothalamea are Bulimina elongata, Bulimina sp., Liebusella goesi, Reophax sp.,
Planorbulinella sp., Spiroplectammina sp., Buliminella elegantissima, Leptohalysis scotti,
Epistominella spp., Cibicidoides and Rosalina sp (Fig. 7.4b). The most abundant (>1 %)
unassigned MOTUs, in order of decreasing reads, are 0, 1, 2,4, 7,5, 6, 8, 3, 39, 34, 33 and 15.
The change in diversity indices values with respect to the transects B1-B2 and B3-B4 is also
reflected in the taxonomic composition of foraminiferal assemblages in terms of MOTUs.

Accordingly, the transects B1-B2 show higher relative abundance (5.7% B1-B2 vs. 4% B3-B4)
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of MOTUs assigned to Textulariida, whereas those belonging to Monothalamea exhibit higher
relative abundance (1.4% B1-B2 vs. 3.5% B3-B4) along transects B3-B4 located in front of the
former industrial site (Fig. 7.4b). MOTUs assigned to Globothalamea do not exhibit significant
changes across transect but a clear increasing in their abundance has been related to depth (Fig.
7.4¢). Indeed, some MOTUEs (i.e., Bathysiphon sp., B. elongata, Micrometula sp., Reophax sp.,
Spiroplectammina sp., Vellaria sp., L. scottii, Psammophaga sp., C. alba, Eggerelloides, and
Monothalamea Clade A) show higher number of reads in stations at transects B3 and B4,
whereas an opposite trend is found for Textulariida, Rotaliida, L. goesi, Planorbulinella sp.,

Rosalina sp., B. elegantissima, Cibicidoides, Glabratellina sp. (Fig. 7.4 c¢,d).
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Figure 7.4: Chord diagram based on a) Morphospecies and the eDNA dataset: b) Molecular classes;
b) Globothalamea, and d) Monothalamea-Tubothalamea; -The top part shows the stations, while the

lower part refers to morphospecies and MOTUs. The complete list of abbreviations is reported in Table

S9.

7.5.2.3. Relationship between environmental parameters and benthic foraminifera
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Figure 7.5: PCA diagram based on environmental parameters and a) morphospecies, b) unassigned
OTUs > 5%, c) assigned Monothalamea, and d) assigned Globothalamea. Secondary variables are

marked with an *.

Mantel’s test shows a significant positive correlation (r = 0.7; p value < 0.001) between the
molecular and morphological dissimilarity matrices. In the PCA, the first two axes explain

~90.6% of the total variance (Fig. 7.5). The environmental parameters and geochemical indices
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are strongly related to axis 1. On the basis of the PCAs, the considered environmental
parameters, namely PLI, mCq, TOC, C/N, and mud are strongly related to the first axis that can
be therefore interpreted as the environmental stress (ES) component.

By projecting the morphospecies (Fig. 7.5a) and the MOTUs (Fig. 7.5 b-d) on the PCA plane,
an increase in the relative abundances of some morphospecies and MOTUs towards negative
values of the first component can be observed. In particular, some morphospecies (i.c., B.
elongata, N. turgida, H. pacifica, B. spathulata, A. parkinsoniana, R. phlegeri and E. advenum)
are negatively related to this axis (Fig. 7.5a). An opposite trend is found for E. crispum, C.
refulgens, A. mammilla, C. variabilis, R. bradyi, and G. praegeri. The unassigned MOTU s (i.e.,
7,25, 34, 20, 39, 1, 6 and 33) and MOTUs assigned to Monothalamea (i.e., Tinogullmia sp.,
Micrometula sp., C. alba, Vellaria sp., Psammophaga sp., Bathysiphon sp. and Clade V) and
Globothalamea (i.e., L. scottii, Reophax, B. elongata, Eggerelloides sp., Nonionoides sp., and
Stainforthia sp.) are negatively related to the first component (Fig. 7.5b-d). On the other hand,
the unassigned MOTU s (i.e., 52, 62, 28, 48, 27 and 22) and MOTUs assigned to Monothalamea
(i.e., Clade B, Clade G, Globipelorhiza sublittoralis, Shepheardella sp., and Bathysiphon
argenteus), Tubothalamea (Hauerinidae) and Globothalamea (i.e., L. goesi, Textulariida, O.
umbonatus, Rosalina sp., Epistominella sp., Cibicidoides and Cibicides sp.) are positively

related with the first component (Fig. 7.5b-d).
7.5.2.4. Biotic indices

The exp(H’vc) based on morphospecies varies from 26.7 (station B1-20) to 8.2 (station B1-10)
(Table 2). EcoQS ranges between excellent and poor, without showing a clear trend in the study
area. For FSI, %TSs4 and Foram-AMBI the percentage of assigned species to EGs was higher
than 80%. The FSI values vary from 2 to 9.1 with higher values at stations along transects B1-
B2 (5.9 +£2.0%) then the ones along B3-B4 transects (2.9 + 0.6%). EcoQS varies from excellent
and moderate in transects B1-B2 and from moderate to poor in B3-B4 (Table 2). The values of
%TSswa vary from 9.6 to 84.5% with markedly higher values (75.4 + 7.8%) along the transects
B3 and B4 than the transects B1 and B2 (42 + 21%) (Table 2). EcoQS varies from good to poor
along the transects B1 and B2, while it is persistently bad along the transects B3 and B4. The
Foram-AMBI ranges from 0.35 to 2.4 with a similar trend of TSsw. The relative EcoQS ranges
between excellent and good in transects B1-B2 and good in B3-B4 (Table 2). As this result
overestimates the EcoQS in the study area, the new boundary classes (Foram-AMBI*)

proposed by Parent (2019) are here considered (Table 1). On the basis of the new boundary
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classes definition, EcoQS ranges from excellent to good along the transects B1 and B2 and
from good to moderate along transects B3 and B4 (Table 2).

The g-exp(H’vc) (i.€., based on eDNA) varies from 21.8 (station B3-40) to 121.9 (station B2-
10) with comparatively much higher values in transects B1-B2 (88.8 + 27) than B3-B4 (53.1 +
21) (Table 2). EcoQS varies from excellent and moderate in transects B1-B2 and from
moderate to bad in transects B3-B4. Two g-Foram-AMBI were calculated: the first is based on
only assigned MOTUs (g-Foram-AMBI), whereas the second one (g-Foram-AMBI-MOTUs)
considers all MOTUs regardless their assignment (Tables S7-8). The g-Foram-AMBI and g-
Foram-AMBI-MOTUs vary between 1.5 (station B2-10) and 5.6 (stations B3-20 and B4-10)
and 0.4 (station B2-10) and 5.5 (station B3-40) (Table 2). For g-Foram-AMBI, EcoQS varies
from good and bad in transects B1-B2 and is from poor to bad in transects B3-B4. For g-Foram-
AMBI-MOTUs, EcoQS varies from excellent to moderate in transects B1-B2 and from
moderate to bad in B3-B4 (Table 2). These two indices are significantly and positively
correlated (r= 0.92, p value < 0.001). They show a clear trend towards higher values in all sites
in front of the former industrial plant, where values are constantly higher than 3.7 and 4.9 for

g-Foram-AMBI and g-Foram-AMBI-MOTUs, respectively.

0 5 10 15 20 23456789 22 26 30 12 3 4 5
T I B I T I B | I R I I Y N B |

le 7Y Hekk *k *k *k - *k % [ o
Xq 0.85 0.76 -0.74 0.78 051 0.83 0.73 [
8 : o K] TOC Hhk kK Hhk *% Hkk Hkk °
2 4 \ 0.87 -0.90 0.87 - -0.74 0.97 0.91
) Uo 9 ° F-AMBI ;_ Kk Fokk * Fkk *kk |-
A -0.99 0.99 073 0.86 089 [~

/« FSI - *k ok o
-0.98 om 0.75 -0.87 -0.88

2 4 6 8
[
o

-0.69

\
Q
8
0o
P . .
> o > n
exp(H’oc]
o o o
° ° ° o ° o asss o
o
o o
o
°
o o
o 9% o9
o
o
8
o
o
o
° o
5
°
o,

o

BN

3

o

@

g
o
©
o

*

*

*
o
o]
a

*

*

*

T T T
20 60

22 26 30
Li11
o q °
o o
Q
o
o

00 5 5 o 0© g- EXp(H’bc}'\ o « L@

0% o 8 o 0% o -0.76 -0.70 -
o of o \ Lo
Q [ =1
8

*kk

0.92

o
o
o
o
o
o
o\o
o
o
o
o o
°
2
o
o
o
d ©°o580
o
-“
?.

o
o
o
B T B Lo}
o ° ° o o °o o ) gF-AMBI Fow
° o o (MOTUs) /\_ <
= |-
o o o ° L
o o o o o o 9l %0 o© ~
T

L B B B T T T T T T T T T T T T T T
04 0.8 12 05 10 15 20 20 40 60 80 35 40 45 2 3 4 5

127



Figure 7.6: Spearman’s rho matrix of correlation between environmental parameters (i.e., PLI and
TOC) and biotic indices (i.e., Foram-AMBI, FSI, TSuq, exp(H bc), g-exp(H bc), g-Foram-AMBI and g-
Foram-AMBI MOTUs). The distribution (histogram) of each variable is shown on the diagonal. On the
bottom of the diagonal: the bivariate scatter plots with a fitted line are displayed. On the top of the
diagonal: the Rho values and the relative p-values are displayed. Significance level are reported as

stars: 0.001, 0.01, 0.05, 0.1, ] <=> ‘oxskr ) coeen wokrdom

The Spearman’s rho matrix of correlation highlights significant correlations between PLI and
all ecological indices, except for exp(H’n.) (Fig. 7.6). Similarly, TOC has a significant
correlation with all different indices except for exp(H’vc). In particular, the Foram-AMBI,
%TSsd, g-Foram-AMBI and g-Foram-AMBI-MOTUs are positively correlated with the PLI
(r=0.76, 0.78, 0.83, 0.78, respectively) and the TOC (r= 0.87, 0.87, 0.97, 0.91, respectively).
On the other hand, FSI and g-exp(H’yc) are negatively correlated to PLI (r=-0.74 and -0.51,
respectively) and TOC (r= -0.90 and -0.74, respectively) (Fig. 7.6). Indeed, the ecological
indices were plotted and correlated to the ES (Fig. 7.7 and Table 7.2). All ecological indices,
except exp(H’ve), are significantly correlated to the ES. The highest correlations were found
between the ES and g-Foram-AMBI (r=-0.95) and g-Foram-AMBI-MOTUs (r=-0.86) (Table
2).

Indexes BI_10 B1_20 BI_40 I B2_10 | B2.20 B2_40 B3_10 B3 20 B3_40 B4_10 B4_20 B4_40 Spearman's rho correlation to ES | p. level

exp(H'be) 128 142 8.2 8.7 104 9.8 1.0 9.0 112 0.05 0.880
Foram Stress Index 42 4.6 39 3.0 2.0 3.1 22 33 3.6 0.83 0.001
% TSstd 63.1 23.5 55.8 444 55.9 ©0.83 0.001
Foram-AMBI ©0.82 0.001
Foram-AMBI* 2.1 22 2.1 24 18 082 0.001
g-exp(H'bo)* 80.8 515 61.7 56.5 37.1 58.5 63.7 81.1 0.69 0.013
-Foram-AMBI* 19 4.1 22 4.9 086 0.000

g-Foram-AMBI-MOTUs* 1.9 1.8 2.8 3.1 49 48 38 4.5 0.95 0.000
Sum of 4/7 37 7 6/7 4/7 | o | o o/7 o7 | | am | Full: 4/12 - Partial: 5/12 3/12

Interpretation | di | partial | partial | | partial | fal | wn___| full | full | partisl | partisl |  Full:33.3%- Partial: 41.7%- Dissgreement: 25%

Table 7-1 Ecological Quality Status calculated on the selected indices (see Table 1 for categorization).
Spearman’s rho correlation coefficients between indices and environmental stress (ES that is the scores
of PCAI) are also reported. Bold values p. <0.05. The sum of the score agreement (Acceptable: High
or Good EcoQS scored as 1 and Not acceptable: Moderate to Bad EcoQS scored as 0) is reported with
the interpretation of the agreement (i.e., Full 0/7 or 7/7, Partial 1/7, 2/7, 5/7 or 6/7, and disagreement
4/7).

7.6. Discussion

7.6.1. Environmental characterization of the SIN of Bagnoli

On the basis of our geochemical analyses very high concentrations of several PTEs (i.e., As,
Hg, Pb and Zn) have been identified in Bagnoli area, particularly in front of the former

industrial plant. The spatial distribution of As, Hg, Pb and Zn matches well with previous
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assessments in the area (Romano et al. 2009; Trifuoggi et al. 2017; Sprovieri et al. 2020). The
distribution of PLI values indicates low level of pollution in the area corresponding to the
transects B1 and B2 (Fig. 7.2). Values above 1 are constantly found along the transects B3 and
B4, defining the area as polluted (Jahan and Strezov 2019). The mC; distribution highlights a
clear separation between the northern area (transects B1 and B2), where a low degree of
contamination occurs and the stations along the B3 and B4 characterized by a low to high (B4
at 40 m) mCy. The separation is also supported by the Q-mode CA. The pollution level appears
to be influenced by the distance from the ex-industrial area and depth (i.e., increasing toward
the deeper stations). This increase can be ascribed to the sediment characteristics such as mud
and organic matter contents (Savvides et al. 1995). In fact, the highest values of mCy and PLI
recorded at 40 m of depth, between the two piers, are probably linked to the higher content of
mud and organic matter that are capable to adsorb PTEs. The C/N ratio is commonly used as a
proxy to distinguish the source of organic matter in marine environments (Gordon and Goni
2003), where values higher than 20 are likely associated to a terrestrial source of organic matter
(Meyers 1994). In the study area, the C/N ratio is extremely high in the marine sediments,
particularly in all stations along transects B3 and B4 40 m depth in front of Bagnoli ex-
industrial area (B3 and B4 transects), suggesting a probable terrestrial carbon input and/or a
significant contamination by hydrocarbons (with a highly unbalanced C/N ratios).

Following the PCA score plot representing the ES (Fig. 7.7a), it is clear that the most stressful
conditions occur in the area in front of the former industrial plant (i.e., B3 and B4 transects)
and the stations that result as the most polluted are B3-20 m, and B3-40 m and B4-40 m. On
the other hand, the lowest ES is found in the northern area (B1 and B2) with the highest score
values at shallower stations (i.e., 10 and 20 m). The marine sediments along the transects B3
and B4 are affected by the continental source of pollution from the former plant area. Indeed,
the trace elements are mobilized from the Bagnoli plain (i.e., ex-plant soils) and transported
westward toward the deeper sea sediments along an axe that is parallel to the northern pier
(Trifuoggi et al. 2017; Sprovieri et al. 2020). The morphological features of the sea bottom
coupled with the marine currents could be responsible of the sedimentary dispersal mechanism
from the inshore-contaminated area toward the deeper environments (Trifuoggi et al. 2017).
This ultimately promotes the accumulation of PTEs at 40 m water depth stations at transects
B3 and B4. Although the northern area (transects B1 and B2) has been identified as relatively
low to not polluted, minor contamination input may affect the marine sediments due to a

secondary current circulation from the former plant toward NW (Sprovieri et al. 2020).
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According to this model, sediments of the transects B1 and B2 at 40 m of depth could be also

affected by the same source of contamination of transects B3 and B4, but at lower extent.
7.6.2. Foraminiferal metabarcoding vs. morphology

7.6.2.1. Congruent trend of diversity metrics

The clear separation between B1-B2 transects (low- to unpolluted) and B3-B4 ones (highly
polluted) based on environmental parameters (Fig. S1) is also reflected in benthic foraminiferal
assemblages of both the molecular and morphological datasets. Accordingly, lower values of
diversity (i.e., H and S) are recorded in front of the former industrial site that results as the most
polluted area. A decrease in morphospecies foraminiferal diversity is commonly associated to
stress conditions (i.e., unstable physico-chemical parameters of water, oxygen deficiency,
pollution) (Alve 1995). Similarly, a lowering of MOTUs diversity has been associated to
deteriorating environmental quality in response to fish farming (Pawlowski et al. 2014a;
Pochon et al. 2015), gas and oil drilling activities (Laroche et al. 2016, 2018) and gas platforms
(Cordier et al. 2019c; Frontalini et al. 2020b). In our study, the decrease in diversity values
identified in the morphological dataset is also recognized in the molecular one that it is also
more evident. In particular, the more pronounced reduction of diversity (i.e., exp (H’nc)) in the
molecular dataset can be ascribed to the higher number of MOTUs compared to the number of
morphospecies in the morphological one. In fact, the molecular dataset includes soft-shelled
(i.e., naked monothalamids) species that are commonly neglected in the traditional
morphological approach as well as small-size taxa (i.e., <63 pum) that are mostly overlooked

(Pawlowski et al. 2014a).

7.6.2.2. Foraminifera as bioindicators

Similar to previous studies in the area (Bergamin et al. 2003, 2005; Romano et al. 2008, 2009)
a limited number of living specimens has been found and most of them in the finer fraction
(i.e., 63-125 um). This can be likely ascribed to the prevailing high pollution conditions. It is
worth to mention that differently from the previous studies (based on total assemblages), the
present investigation is only based on living specimens, providing reliable information about
local ecological conditions at the moment of the sampling.

The relative abundances of some morphospecies and assigned and unassigned MOTUs vary

in relation to the pollution gradient. In fact, some morphospecies (i.e., B. elongata, N. turgida,
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H. pacifica, B. spathulata, A. parkinsoniana, R. phlegeri, and E. advenum) appear to be tolerant
to environmental stress. All these taxa except A. parkinsoniana and E. advenum have been
identified as opportunist (i.e., from first to third order) (Jorissen et al. 2018). On the other hand,
some taxa (i.e., E. crispum, C. refulgens, A. mammilla, C. variabilis, and R. bradyi) show a
more sensitive behaviour in accordance with their assignment to the sensitive ecological group
in Jorissen et al. (2018)

Monothalamea appears to be more abundant at the more polluted stations, whereas an opposite
trend is observed for Globothalamea, particularly for Textulariida (Fig. 7.4b). Some
Monothalamea (i.e., Tinogullmia sp., Micrometula sp., C. alba, Vellaria sp., Psammophaga
sp., Bathysiphon sp. and Clade V) and Globothalamea (i.e., L. scottii, Reophax, B. elongata,
Eggerelloides sp., Nonionoides sp., and Stainforthia sp.) are positively related to the stress
gradient and have been therefore identified as tolerant species (Fig. 7.5). The MOTU assigned
to Leptohalysis scotti has been found to be well adapted to impacted conditions (i.e., enriched
sediment) of fish farming (Pawlowski et al. 2014a; Pochon et al. 2015). The same MOTU has
been revealed to be related to finer sediment fractions (i.e., silt, clay and mud) (Frontalini et
al., 2020) where likely oxygen levels are lower. Moreover, even in the traditional
morphological approach, L. scotti has been included in the first- (Jorissen et al. 2018), second-
(Bouchet et al., 2018b) and third-order opportunist (Parent et al. 2021). Similarly, the MOTU
assigned to Vellaria sp. has been reported to be well adapted to impacted conditions
(Pawlowski et al., 2014a; Pochon et al., 2015) and high concentration of Hg (Frontalini et al.,
2018). Higher abundance of the MOTU assigned to Psammophaga sp. has been documented
near fish farms (i.e., Pawlowski et al., 2014) and associated to moderately organic-enriched
sediment (Pochon et al., 2015). Higher read numbers of the MOTU assigned to Bathysiphon
sp. have been found close to an oil drilling site (Laroche et al., 2016). The MOTU assigned to
Micrometula sp. has been associated to lower organic enrichment and with a preference to oxic
conditions (Pawlowski et al., 2014a; Pochon et al., 2015). Similarly, the morphospecies
Micrometula hyalostriata has been found in sites with low TOC and high bottom-water oxygen
concentrations and this species has been therefore identified as sensitive (Bouchet et al.,
2018b). On the contrary, in the morphological approach, Micrometula spp. including M.
hyalostriata and Micrometula sp. has been assigned to the first-order opportunists (group V)
(Fossile et al., 2021). The morphospecies Bulimina elongata has also been identified as an

opportunistic taxon (Jorissen et al., 2018). The morphospecies Cylindrogullmia alba is reported
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in environments with high to low TOC and bottom-water oxygen concentrations and identified
as indifferent species (Bouchet et al., 2018b).

Other MOTUs belonging to Monothalamea (i.e., Clade B, Clade G, G. sublittoralis,
Shepheardella sp., and B. argenteus), Tubothalamea (Hauerinidae) and Globothalamea (i.e., L.
goesi, O. umbonatus, Rosalina sp., Epistominella sp., Cibicidoides and Cibicides sp.) show a
more sensitive behavior. Most of these taxa have been rarely found in previous eDNA
metabarcoding studies and a comparison of their ecology and driving factors is therefore
limited. Interestingly, the MOTU assigned to Epistominella spp. has been found to be more
prevalent at the high-flow (sandy) site (Pochon et al., 2015) so it matches well with its higher
abundance at B1 and B2 transects that present, comparatively, coarser grain-size and lower
organic enrichment. On the other hand, the MOTU assigned to B. argenteus has been found as
more common at moderately impacted low-flow sites (Pochon et al., 2015). Given that, the
ecological behavior of these MOTUs has been compared to the morphospecies and it is also
worth to mention that most of the morphospecies belonging to Rosalina and Cibicides genera
have been regarded as sensitive species and therefore assigned to group I (Jorissen et al., 2018).
Liebusella goesi has been recognized as tolerant taxon (Bouchet et al., 2018Db).

Despite the different taxonomic composition of the metabarcoding and morphology
assemblages, some congruent trends can be identified (Fig. 7.5). This is supported by the
significant positive correlation (i.e., Mantel’s test) between the molecular and morphological
datasets suggesting a clear and similar shift in the two dissimilarity matrices (i.e., foraminiferal
turnover) in the study area. In particular, B. elongata is placed in the same PCA position (i.e.,
negative values of PCA1) suggesting a clear match in its ecological behaviour in the
morphological and molecular dataset. Nonionoides turgida (morphological dataset) and
Nonionoides (molecular dataset) show a very similar trend as well as at some extent R. phlegeri.
Moreover, R. bradyi, C. refulgens, C. variabilis (morphological dataset) and Cibicides,
Cibicidoides, and Rosalina sp. (molecular dataset) show a very congruent pattern towards

positive value of PCAL.

7.6.2.3. Assessing the Ecological Quality Status of Bagnoli based on benthic

foraminiferal biotic indices

All the biotic indices computed for both morphological and molecular datasets show congruent
trends with the ES (Fig. 7.7a and Table 7.2). In fact, lower EcoQS values are found in the area
in front of the former industrial site (i.e., stations along B3 and B4 transects) (Fig. 7b-e). All
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these indices except exp(H’bc) exhibit a significant Spearman’s rho correlation to PLI, TOC
and the ES (Fig. 7.6 and Table 2). The diversity-based index exp(H’vc) has been successfully
applied to assess the EcoQS in different marine settings (Bouchet et al. 2012, 2018;
Francescangeli et al. 2016; Dijkstra et al. 2017; S. dos S. de Jesus et al. 2020). However, it also
provided controversial results in previous environmental characterizations (el Kateb et al.
2020). On the contrary, the g-exp(H’v) based on foraminiferal eDNA shows a significant
negative correlation to PLI, TOC and ES. This can be ascribed by the higher number of taxa
(i.e., MOTUs) and “specimens” (i.e., reads) compared to the morphological dataset. Indeed,
naked and small-size foraminifera that are commonly overlooked in the dry-picked
morphology-based assessment are retained in the eDNA approach (Pawlowski et al., 2014).
The application of metabarcoding provides a more holistic view of foraminiferal diversity (He
et al., 2019: Frontalini et al., 2020).

The recent advances in the foraminiferal morphospecies’ assignments to ecological groups
(EGs) (Alve et al., 2016; Bouchet et al., 2021; Jorissen et al., 2018) significantly facilitate the
implementation of the sensitive-based indices (FSI, %TSsq, Foram-AMBI). The Foram-AMBI
may indeed suffer of a lacking of foraminiferal assignments to EGs invalidating its proper
effectiveness, when the percentage of assigned species is lower than 80% (Borja and Muxika
2005). For instance, in the Gulf of Gabes (Tunsia) (El Kateb et al., 2020) and in the Gulf of
Manfredonia (Italy) (Fossile et al. 2021), the assessment of the species was often under this
threshold. On the contrary, in our study, the percentage of unassigned species for FSI, %TSsw
and Foram-AMBI is always > 80%, providing reliable ecological quality assessments.

For evaluating the EcoQS, one of the key aspects is not only the choice of the metrics as well
as the definition of proper class boundaries (i.e., categories) for each metrics. Boundary setting
is one of the most critical step in the design of assessment methods as it defines the target
values for environmental management (Birk et al., 2012).The EcoQS based on g-exp(H’v¢) fits
very well with the ES in the area (Fig. 7.7) as well as with the categorization for the definition
of the EcoQS. The class boundaries of Foram-AMBI have been derived from the AMBI, a
well-known biotic index based on macrofauna (Borja et al., 2003), Table 1). However, if the
same macrofaunal categories are applied, the EcoQS of the study area results from excellent
(i.e., in the area away from the industrial plant) to good (in correspondence of the former plant)
(Fig. 7.7). Similar controversial results have been reported in the assessment of the EcoQS in
the Gulf of Manfredonia (Italy) (Fossile et al., 2021). It is evident that a redefinition of

boundaries is urgently required in order to optimize the application of Foram-AMBI in
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biomonitoring. In light of it, we follow the new categorization of Parent (2019) (Tables 1 and
2). On the basis of the new categorization, the EcoQS varies from moderate to high (Fig. 7.7).
In particular, the area in front of the former industrial plant exhibits an EcoQS ranging from
good to moderate that matches much better with those computed from %TSs as well as of the
molecular dataset (i.e., g-exp(H’nc), g-Foram-AMBI and g-Foram-AMBI-MOTUs). The g-
Foram-AMBI and g-Foram-AMBI-MOTUs evidence critical ecological conditions (poor-bad)
in the stations with the highest degrees of pollution (Fig. 7.7) that also match well with the
EcoQS derived from g-exp(H’nc). The comparison of EcoQS (acceptable or not acceptable)
resulting from the different biotic indices suggests the lowest percentages of agreement for
Foram-AMBI with the traditional classes and all other ecological indices, whereas the highest
agreement has been found between g-Foram-AMBI and all the other indices. When, the Foram-
AMBI with the traditional classes is removed, EcoQS of the stations results with full agreement
in 4 out of 12 stations (about 33%) and partial agreement in 5 out of 12 stations (ca. 42%)
(Table 2).

7.1.Conclusions

The innovative foraminiferal eDNA metabarcoding has been used to assess the EcoQS in the
highly polluted SIN of Bagnoli and compared to the more traditional morphology-based
biomonitoring. Geochemical and statistical analyses identify the area, in front of the former
industrial plant, as the most polluted. Significant changes in both morphological and molecular
datasets are associated to environmental stress (i.e., high trace element and TOC levels) and
are well spatially defined (i.e., in front vs. away from the former industrial plant). Similarly,
the selected ecological indices inferred from both morphological and molecular datasets
strikingly and congruently resulted in a clear separation following the environmental stress
gradient. The molecular indices (i.e., g-exp(H’vc), g-Foram-AMBI and g-Foram-AMBI-
MOTUs) reliably identify moderate to bad EcoQS in the polluted area and good to high EcoQS
in the area more distant to the former plant, particularly those sites at shallower water depth
(i.e., 10 and 20 m). The morphology-based Foram-AMBI seems to well register the overall
trends of EcoQS but at the same time it seems to overestimate the EcoQS if the traditional class
boundaries are considered. The congruent and complementary trend between morphological
and molecular biotic indices further support the application of foraminiferal metabarcoding in

routine biomonitoring to assess the environmental impacts of heavily polluted marine areas.
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Figure 7.7: Spatial plots of a) Environmental stress (ES) based on PCA first axis scores, b) Foram
Stress Index, ¢) %TSstd, d) Foram-AMBI, e) g-exp(H '), f) g-Foram-AMBI and d) g-Foram-AMBI
MOTUs. The Ecological Quality status categorizations are also reported following Table 1. Two
categorizations I and Il are provided for Foram-AMBI based on Borja et al. (2003) and Parent (2019),

respectively.
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Table 7-2: Indices categorization to assess the Ecological Quality status: %TSstd (Barras et al., 2014;

Index

exp(H'be)

Foram Stress Index

%TSstd

Foram-AMBI

Foram-AMBI*and
g-Foram-AMBI*

g-exp(H'bc)*

Ecological Quality Status

Moderate Poor
10-15 5-10
2-5.5 2-1
16-36 36-64
3.343 4.3-5.5
1.8-3.2 3.2-5
88-65 65-35

Parentetal., 2021), exp(H bc) (Bouchet et al., 2012), Foram Stress Index (Dimiza et al., 2016), Foram-
AMBI (Borja et al., 2003) *Foram-AMBI and *g-Foram-AMBI (Parent, 2019) and *g-exp(H bc)

(present paper).
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Supplementary materials are accessible online under:

S1. Polymerase Chain Reactions program and reagents.

Table S1. PTEs concentrations (ppm), references values: Effect Range Median (ERM); Effect
Range Low (ERL), background (ppm), Pollution Load Index (PLI).

Table S2. Categories of different geochemical indices: Enrichment factor (EF) after Miiller
(1979), Contamination index (mCy) after mCy Hakanson (1980) and Pollution Load Index
(PLI).

Table S3. Raw data of C/N, TN (%), TOC (%) and mud (%).

Table S4. Basic statistic of grain-size (%), organic matter content (%) and PTEs concentrations
(ppm).

Table S5. Benthic foraminiferal morphological data.

Table S6. Benthic foraminiferal molecular data.

Table S7. Assigned MOTUs and Ecological Group.

Table S8. Unassigned MOTUs and Ecological Group.

Table S9. Abbreviation of morphospecies and MOTUs as reported in Figure 7.4.

Figure S1. Q-mode cluster analysis based on the selected environmental parameters.
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Chapter 8: Encapsulated in sediments: eDNA
deciphers the ecosystem history of the one of

the most polluted European marine sites

Barrenechea Angeles, |., Romero-Martinez, M.L., Cavaliere, M., Varrella, S., Francescangeli, F.,
Piredda, R., Mazzocchi, M.G., Montresor, M., Schirone, A., Delbono, |., Margiotta, F.,
Corinaldesi, C., Chiavarini, S., Montereali M.R., Rimauro, J., Parrella, L. Musco, L., Dell’Anno,

A., Tangherlini, M.3, Pawlowski, J., and Frontalini, F.

8.1. Project Description

This project is part of an environmental restoration plan in the Bay of Bagnoli-Coroli. A core
sample was taken in front of the former industrial site. The core analyzed here records the last
180 years, i.e., before industrialization up to the present day. Each team processed the core with
its own expertise, ranging from geochemistry to metabarcoding of various groups such as
prokaryotes, eukaryotes, metazoans, and foraminifera. For this project, I performed laboratory
work and analysis of molecular data as well as some statistical analysis. Our data allowed to

reconstruct the variations of the biodiversity under anthropogenic stress.

A version of this chapter is in revision in Environment International
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8.2. Abstract

The Anthropocene is characterized by dramatic ecosystem changes in the environment driven
by human activities. The impact of these activities can be assessed by different geochemical
and paleontological proxies. However, each of these proxies provides only a fragmentary
insight into the effects of anthropogenic impacts. It is highly challenging to reconstruct, with a
holistic view, the state of the ecosystems from the preindustrial period to the present day,
encompassing all biological components, from prokaryotes to multicellular eukaryotes. Here,
we used sedimentary ancient DNA (sedaDNA) archives encompassing all trophic levels of
biodiversity to reconstruct the two century-natural history in Bagnoli-Coroglio (Gulf of
Pozzuoli, Tyrrhenian Sea) one of the most polluted marine-coastal sites in Europe. The site was
characterized by seagrass meadows and high eukaryotic diversity until the beginning of the 20
century. Then, the ecosystem changed totally, with seagrasses and associated fauna as well as
diverse groups of planktonic and benthic protists being replaced by low diversity biota
dominated by dinophyceans and infaunal metazoan species. The sedaDNA analysis revealed a
five-phase evolution of the area, where changes appear as the result of a multi-level cascade
effect of impacts associated with industrial activities, urbanization, water circulation and land-
use changes. The sedaDNA allowed to infer reference conditions that must be considered when

restoration actions are implemented.
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8.3. Introduction

The increasing human impacts and the concurrent threat on the environmental resources at both
global (i.e., climate change) and local (e.g., pollution, overexploitation) scales have led to
defining the current Epoch as the Anthropocene (Lewis and Maslin 2015). The deterioration of
environmental conditions is widespread in marine environments, particularly in coastal
ecosystems that represent the main global economic assets in terms of ecological services
(Costanza et al. 1997; Keyes et al. 2021). The impact on coastal marine ecosystems has
pervasive consequences by leading to species extinction (Barnosky et al. 2011; Dirzo et al.
2014), impairing the ecological functions (Obura et al. 2021), and ecosystem goods (Worm et
al. 2006). In the light of it, the monitoring of marine biodiversity changes at different spatio-
temporal scales is becoming a priority tool for planning conservation strategies at the
international level (Dornelas et al. 2014; Danovaro et al. 2020b).

The emerging omics technologies (e.g., metagenomics) have recently offered a new perspective
for understanding the impact of anthropogenic activities on biodiversity (Carraro et al. 2020).
The environmental DNA (eDNA) has revolutionized the detection of species and found
applications in biodiversity assessment and biomonitoring (Kelly et al. 2014; Cordier et al.
2018). Specifically, the application of eDNA metabarcoding improves the capability to
simultaneously capture various biological components encompassing multiple trophic levels
(Djurhuus et al. 2020). Indeed, the analysis of ancient eDNA preserved in sediment (sedaDNA)
enables the reconstruction of the present-day to past biological communities and paleo-
environmental conditions (Corinaldesi et al. 2011; Monchamp et al. 2017; Keck et al. 2020;
Fordham et al. 2020; Siano et al. 2021). This allows for the comprehension of the effects of
human activities on biodiversity over time and the definition of reference conditions (e.g.,
baseline or pre-industrial) (Jonkers et al. 2019). The emerging opportunity of sedaDNA has,
however, scarcely applied to recent marine sedimentary records and has been mainly focused
on a single marker that altogether prevents a holistic comprehension of community shifts or
diversity changes and hampers the observation of their potential interactions.

In this work, we investigated changes in biodiversity and community composition spanning
from prokaryotes to multicellular organisms, through a metabarcoding approach based on
multi-markers, in relation to different historical anthropogenic impacts that occurred in one of
the most polluted European (Sprovieri et al. 2020), likely worldwide, marine sites of Bagnoli-

Coroglio (Gulf of Pozzuoli, Tyrrhenian Sea, Italy; Supplementary Fig.1). The bay and
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hinterland area of Bagnoli-Coroglio have a long-lasting legacy of environmental impacts
emerging from a complex interplay of anthropogenic activities (i.e., urbanization, industry,
polluted-sediment disposal, land-use, coastline, and water-circulation changes) (Bertocci et al.
2019). The first industrial activities started to develop in the first decades of 1900 and reached
their production peak in the late 1960s-early 1970s (Cavaliere et al. 2021). The site hosted the
second-largest Italian steel factory (Ilva/Italsider), active till the early '90s (Trifuoggi et al.,
2017), as well as asbestos (Eternit) and concrete (Cementir) factories. Due to the concentrations
and hazardousness of pollutants, and their impacts on the ecosystem and human health, the area
was declared a contaminated Site of National Interest (SIN) in 2000 (Law 388/2000). Today,
Bagnoli-Coroglio is a large brownfield area, with marine sediments and benthic assemblages
still intensively impacted by metals and polycyclic aromatic hydrocarbons (PAHs) (Gambi et
al. 2020; Ausili et al. 2020; Tangherlini et al. 2020).

Here, we provide evidence that human activities have profoundly altered marine biodiversity
and community composition, triggering a cascade effect on the ecosystem and its functioning
during the last two centuries. We unveil the strong interconnection among multiple functional
groups and their changes driven by the impacts of human-related activities. Our sedaDNA
multimarker data reveal consistently a five-phase variation of the paleo-community that
perfectly matches with the anthropogenically-induced environmental changes as supported by

the historical archives and geochronology.

8.4. Methods

8.4.1. Core collection and processing.

The ABO1 sediment core (110 cm in length) was collected at 55 m water depth in the Bay of
Bagnoli (Gulf of Pozzuoli, Tyrrhenian Sea; 40° 48.150"' N, 14° 08.913' E) (Supplementary Fig.
8.1) on December 5th, 2018, with an SW-104 corer Carma®, equipped with a liner of 10.4 cm
in diameter. After collection, the core was transported to the laboratory, sliced through extruder
equipment at 1 cm resolution discarding the outermost centimeter in contact with the liner, to
avoid smearing effects downcore. Sediment layers were sliced using sterile spatulas,
photographed, weighed and the color was scored following Munsell Soil Chart. For the first 41
cm and starting from the top layer (0-1 cm= layer #1), odd layers were used for grain size and
chemical analyses, while even layers were used for biological analyses and organic matter

characterization. Samples for DNA extraction for metabarcoding of eukaryotes and prokaryotes
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were collected by cutting the central portion of each layer with a disposable, sterile petri dish
(diameter 5 cm) and placed in 5 ml cryovials (2 for eukaryotes, 2 for prokaryotes), frozen in

liquid nitrogen and stored at -80°C.
8.4.2. Grain size analyses.

Each core sediment sub-sample (odd layers) was washed with deionized water, then
disaggregated using 1% sodium metaphosphate, and analyzed by a laser particle size analyzer
(Helos KF SympaTEC). Grain size results from the top core to 40-41 cm sediment layer are
reported as a volume percentage of sand, silt, and clay against the correspondent age (Fig. S8.6),

accordingly to the sediment core dating described below.
8.4.3. Radiometric analyses and geochronology.

Gamma spectrometry analyses were performed on 20 g geometry of slightly ground sediment
samples to determine 2'°Pb and 2?°Ra activities. Calibration, quality checks, and measurement
procedures have been described elsewhere (Delbono et al. 2016). The excess 2!°Pb (>!°Pbey)
activity is calculated as the difference between the total 2!°Pb and the fraction in equilibrium
with the parent radionuclide >*°Ra. Mass depth (g cm) was used to account for the compaction
of the sediment layers. The Constant Rate of Supply (CRS) model (Appleby and Oldfield 1978)
was applied to determine the age of each layer of the sediment core, assuming a CRS of
unsupported 2!°Pb. The 2'°Pb dating was validated and extended over several centuries using
information taken from 2°Ra activities. In fact, the ejected sediments by Vesuvius volcanic
activities are marked by a high 2*Ra concentration (Voltaggio et al. 2004), and its recent
historical activity (1631-1944) is well-known and continuous (Scandone et al. 2008) giving a
series of well-recognized time-markers: in the ABOl sediment core, ?2°Ra peaks due to

Vesuvius eruptions in 1944, 1906 and 1822 were identified (Armiento et al. 2022).
8.4.4. Chemical analyses.

Sediment samples were transferred to the laboratory in PEHD containers at a temperature of
4°C, where the phases of pre-treatment and analysis for metals and polycyclic aromatic
hydrocarbons (PAHs) were performed. A detailed description of analytical procedures is
reported in (Armiento et al. 2020). Briefly, after extraction by microwave-assisted acid
digestion of the samples, metals (Cd, Cu, Cr, Hg, Pb, and Zn) analytical determinations were

carried out, according to the EPA 6020b method, by inductively coupled plasma-mass
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spectrometry (ICP-MS, Agilent 7800) except for Hg that was analyzed by atomic absorption
spectrometer (AMA-254) according to EPA 7473 method. PAHs were extracted by an
Accelerated Solvent Extractor (ASE 200 Dionex) and the analytical determination was carried

out according to EPA 8270D method with the Agilent 7890A-5975C GC-MS system.
8.4.5. Organic matter

Sediment samples were dried in an oven (60°C) and subsequently ground and homogenized.
Sub-samples were then weighed (~10-20 mg) in silver capsules and treated with increasing
HCI concentration solutions (v/v 8%, 18%, and 25%) to remove the inorganic carbon fraction
(carbonates) completely. Total organic carbon (TOC) and total nitrogen (TN) were analyzed

using a Thermo Electron Flash Elemental Analyzer (EA 1112).
8.4.6. Prokaryotic metabarcoding

Total DNA was extracted in two replicates from 1 g of selected sediment layer (i.e., 1-2, 5-6,
9-10, 13-14, 17-18, 25-26, 27-28, 53-54) by using the DNeasy PowerSoil Kit (Qiagen)
following manufacturer's instructions. The amount of DNA isolated was estimated by the
absorbance at 260 nm and the purity by 260/280 and 260/230 nm ratios, by a NanoDrop
spectrophotometer (ND-1000 UV-Vis Spectrophotometer; NanoDrop Technologies,
Wilmington, DE, USA). Libraries were prepared from each replicate and sequencing was
performed with all libraries on a single Illumina MiSeq flow cell by LGC Genomics GmbH
(Berlin, Germany) using the 16S rRNA primers targeting V4-V5 regions (Parada et al. 2016).
The raw reads were filtered low-quality base calls (<30 Phred score) using the QIIME II
(Bolyen et al. 2019). Primer sequences used in the first PCR were discarded using Cutadapt
(Martin 2011). Sequence reads were error-corrected, merged and amplicon sequence variants
(ASVs) were identified using DADA2 (Callahan et al., 2016). ASVs were taxonomically
classified using VSEARCH against the SILVA database (release 138) created trimming to the
region amplified by the primers pairs used in the PCR step (Rognes et al. 2016) Taxonomic
information was used to remove eukaryotic, chloroplast and mitochondrial-related sequences
before subsequent analyses. To reduce analytical biases due to different sequencing depths
among samples, the ASV table was randomly subsampled to the same number of sequences
(13600). This normalized table was subsequently converted to a phyloseq class object in R to
analyze and visualize the alpha and beta diversity (McMurdie and Holmes 2013). The raw data
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is available from the Sequence Read Archive public database under the accession

PRINAS822883.
8.4.7. Eukaryotes, foraminiferal and metazoan metabarcoding

For each sediment layer, 5 g of sediment was extracted using the DNeasy® PowerMax® Soil
kit (QIAGENO, Diisseldorf, Germany) following the manufacturer's instructions. All eDNA
extractions and manipulations were performed to avoid cross-contamination between samples
or modern eDNA. Three genetic markers, commonly used in biodiversity surveys (Frontalini
et al. 2020b; Lanzén et al. 2021; Pawlowski et al. 2021a), were used to obtain a wide range of
marine organisms. Eukaryotes, foraminifera, and metazoan were targeted by amplifying the V9
region of 18S rRNA with 1389F - 1510R primers (Amaral-Zettler et al. 2009), 37F region of
18S rRNA with s14F1- s15 primers (Pawlowski and Lecroq 2010), and mitochondrial
cytochrome oxidase 1 gene with modified COI primers (Leray et al. 2013),respectively. Eight
nucleotides were attached to the 5' extremity of primers to allow the multiplexing of samples
(Esling et al., 2015). Primer sequences and PCR programs are detailed in Supplementary Table
5. Per sediment sample, three replicates and one control were performed and were checked on
1.5% agarose gels. The triplicates were merged, and the amount of DNA was quantified using
high-resolution capillary electrophoresis with the QIAxcel system (QIAGEN®©, Diisseldorf,
Germany). The PCR products were equimolarly pooled into one 1.5 ml tube per marker and
were purified using the High Pure PCR Product Purification kit (Roche Molecular Systems©,
Basel, Switzerland). The final DNA concentration of pools was quantified using QubitTM HS
dsDNA (Invitrogen, Thermo Fisher Scientific, Massachusetts, U.S.) kit. The libraries were
prepared using the TruSeq® DNA PCR-Free Library Preparation Kit (Illumina©, California,
U.S.) and then quantified by qPCR using the Kapa library quantification kit (Kapa Biosystems,
Massachusetts, U.S.) for [llumina platform. Paired-end sequencing was performed on a MiSeq
instrument (I1lumina©, California, U.S.). We used the v2 kit with 300 cycles for V9 and
foraminifera amplicons and the v3 with 500 cycles for COI amplicons. The raw data (i.e.,
forams, COI and V9) are available from the Sequence Read Archive public database under
PRINAS824838. The bioinformatic analysis was performed using SLIM software (Dufresne et
al. 2019). The raw sequencing data were demultiplexed with the module DTD. We performed
DADAZ2 (Callahan et al., 2016) with the pseudo-pool option to filter the low-quality sequences,
trim the primers, merge the paired-end reads and remove the chimeras. This dada2 module

produced ASV sequences and ASV count tables. We applied a LULU (Freslev et al., 2017)
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curation on all markers datasets to filter PCR and sequencing errors or intra-individual
variability as recommended in Brandt et al. (2021). Taxonomic assignments for the
representative ASV-LULU V9 sequences were performed using standalone blast in the blast +
suite (Altschul et al., 1990; Camacho et al., 2009) against PR2 database version 4.14.0 (Guillou
et al.,, 2013) integrated with some private references sequences from diatoms strains.
Assignments with a similarity of <90% and query coverage >90 bp were removed and
assignments at the species level were manually checked. Taxonomic assignments for ASV-
LULU foraminifera sequences were done using Vsearch (Rognes et al., 2016) at 95% similarity
against our local database. The ASV-LULU COI sequences were taxonomically assigned using

blast+ against the NCBI database with 95% similarity and a query coverage of >230 bp.
8.4.8. Benthic foraminifera

Benthic foraminifera were analyzed from 20 samples in the sediment fraction > 125 um, where
possible at least 300 specimens were picked. The taxonomical identification followed
Cimerman and Langer (1991), Sgarella and Moncharmont Zei (1993) and Milker and Schmiedl
(2012).

8.4.9. Foram-AMBI

For evaluating the Pale-EcoQS, the Foram-AMBI (Bouchet et al., 2012), an adaptation of the

macrofauna AMBI (Borja et al., 2000) to benthic foraminifera, was calculated.
8.4.10. Metazoan AMBI

The AMBI values were calculated using AMBI Index Software v6.0 (Borja et al. 2012 ;

http://ambi.azti.es; Species List v. Dec2020) with the following reference conditions: the

highest observed diversity and richness and lowest AMBI values across all the samples.
8.4.11. Statistics

For each group, the species relative abundances were grouped using a constrained hierarchical
clustering analysis (HCA) along the core depth (i.e., years). A similarity tree was produced
using the Euclidian distance. Coniss (Grimm 1987) was used as the clustering method. The
analysis was performed using the package vegan (Oksanen et al. 2007) and rioja ( Juggins 2020)
in RStudio. Based on the prokaryotic taxa encountered in the different sediment layers, the

microgAMBI was calculated following Aylagas et al. (2017). Putative indicator taxa of the
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ecological quality were identified based on their relationships with the pollution index as the
probability of toxicity m-ERM-q (Long et al. 2000; Kowalska et al. 2018) by linear model

regression analysis (Im) performed in R (R Core Team, 2013).
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Figure 8.1: Geochemical, historical, and biological archives. Plot of selected geochemical proxies (PLI: Pollution Load Index; PAHs: Polycyclic Aromatic
Hydrocarbons, TOC: Total Organic Carbon; C/N: carbon-nitrogen ratio). Classification of PLI after Zhang et al. (2011) with modification, sediment quality guidelines
for PAHs (TEL: threshold effect level; ERL: effects range low; ERM: effect range median; CB-MEC: Consensus Based - midrange effect concentration) after Burton
(2002) and TOC after Bouchet et al. (2018). Historical archives with significant human-induced changes and activities. Hierarchical Cluster Analyses (HCAs) based
on prokaryotes, protists, dinoflagellates, diatoms, benthic foraminifera (molecular and morphological) and metazoa. The colour-shaded areas over HCAs denote the
stepwise temporal phases along the ABOI core in the Bagnoli-Coroglio SIN (Gulf of Pozzuoli, Tyrrhenian Sea), namely 1: Pre-industrial (1827-1851; blue), II: Initial
industrial phase & land-use change (1851-1911; green), Ill: Industrial phase (1911-1950; yellow), 1V: Industrial peak and productivity expansion (1950-1992; red)
and V: Post-industrial/partial decommission (1992-2016, orange).
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Figure 8.2:Paleo-community composition shift. Eukaryotes, protists, metazoa, and benthic foraminifera (molecular and morphological) composition changes along the
ABO1 core in the Bagnoli-Coroglio SIN (Gulf of Pozzuoli, Tyrrhenian Sea) inferred from multimarker sedaDNA data from 1827 to 2013. The different colours over the

ages refer to the main phases (I: blue; I1: green; I11: yellow, IV: red and V: orange) as identified in Figure 1.
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Figure 8.3:Changes in diversity and ecological indices. . Diversity (H') plots of prokaryotes, protists, dinoflagellates, diatoms, benthic foraminifera (molecular and

morphological) and metazoa coupled with relative abundance of Posidonia oceanica, land plants, epifaunal and epiphytic foraminifera and encrusting metazoa
percentages. Ecological indices for prokaryotes (microgAMBI, m-ERM-g-HM, and m-ERM-q-PAHs), foraminifera (Foram AMBI) and metazoa (AMBI) are also plotted.

The different colour over the ages refer to the main phases (I: blue; II: green; Il1: yellow; IV: red and V: orange) as identified in Figure 1.
150



8.5. Results

8.5.1. The geochemical signature of the pollution history at the Bagnoli-Coroglio
SIN

The analysis of the ABO1 sediment core provides a high-resolution (4.6 yr cm™), continuous,
complete, and well-constrained (i.e., 2'°Pb and ??°Ra) record for the reconstruction of paleo-
environmental changes in the Bagnoli-Coroglio SIN in the last ~190 years (Fig. 8.1 and
Supplementary Table 1) (Armiento et al. submitted).

The geochemical profiles highlight a progressive increase in the concentrations of inorganic
(i.e., trace elements as underlined by the Pollution Load Index: PLI) and organic (i.e.,
Polycyclic Aromatic Hydrocarbons: PAHs) pollutants as well as in the quantity (i.e., TOC) and
quality (i.e., C/N) of the organic matter (OM) at the very beginning of the 20" century (i.e.,
1901) and a marked peak in the period 1954-1992 (Fig. 8.1, Supplementary Tables 2-3). The
PLI record reveals moderately polluted conditions since 1921 that turned from highly to
extremely highly polluted in 1944 up to 1990. A similar pattern is observed in the total
concentration of PAHs whose origin is mostly pyrogenic (i.e., Ant/Ant+Phe > 0.1, Fig. S8.2).
The TOC trend shows a progressive increase since 1916, with a peak between 1954 and 1992.
Based on the C/N values that are persistently >19, a terrigenous origin of the OM has been
inferred (Meyers et al 1994). However, the significant increase of C/N in the 1960-1987 interval
suggests a higher input of carbon of terrestrial origin, possibly resulting from the "Colmata a
Mare" that corresponds to the disposal of contaminated soil between the two piers in 1962-1967
to enlarge the industrial area and/or from contamination by hydrocarbons (i.e., PAHs with a

highly unbalanced C/N ratio).
8.5.2. Community composition shifts from past to present

The Hierarchical Clustering Analysis (HCAs) based on community changes in multimarker
sedaDNA datasets and foraminiferal morphospecies consistently identified five main groups
corresponding to different time intervals related to the development and exploitation of the area
based on historical archives (Fig. 8.1). These stepwise temporal phases were defined as pre-
industrial (1827-1851), initial industrial phase and land-use change (1851-1911), developing
industrial phase (1911-1950), maximal industrial expansion (1950-1992), and post-
industrial/partial decommission (1992-2016) (Fig. 8.1). The detailed analysis of community

changes for different taxa along the vertical profile of the sediment is presented below.
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The prokaryotic metabarcoding analysis showed that the Amplicon Sequence Variants (ASVs)
belonging to Bathyarchaeia accounted on average for 13.5% of the prokaryotic assemblage,
followed by Anaerolineaceae (on average, 7.9%), and Aminicenantales (on average 4.8%).
However, the relative abundance of these main prokaryotic taxa changed in relation to the
analyzed sediment layer (Fig. S8.3). In particular, Bathyarchaeia accounted for one-fifth of the
assemblage in the deepest sediment layer (the oldest one), but its relative abundance
progressively decreased towards the top of the sediment core (up to ca. 3% in the surface layer).
At the same time, ASVs belonging to Thermoanaerobaculaceae and Flavobacteriaceae
accounted for a very low fraction in the oldest sediment layers, while they were present to a
major extent in 2013 (Fig. S8.3). ASVs related to Desulfosarcinaceae showed a hump shape
pattern along with the sediment profile with the highest contribution in sediment layers dated
from 1967 to 2003.

The eukaryotic metabarcoding data revealed clear temporal faunal turnover when considering
the major groups of multi- and unicellular organisms (Fig. 8.2). The eukaryotic assemblage is
dominated by seagrasses (Posidonia oceanica) in the oldest layers (1832-1851). A clear DNA
signature of P. oceanica persisted until the beginning of the industrial phase (up to 1911). A
similar temporal trend was also detected for terrestrial plants, whose signature almost
disappeared after 1911 (Fig. 8.2). The plant DNA signatures were progressively replaced by
those of microbial eukaryotes (protists) from 1860 to 2003 and metazoans from 2007 to 2013.

The dramatic shift in the paleo-community composition observed at the beginning of the
industrial period (i.e., after 1911) was also detected within protists (Fig. 8.2). Before 1911, the
protist assemblage was highly beta-diverse, represented by free-living dinoflagellates
(Dinophyceae), parasitic dinoflagellates (Syndiniales), Apicomplexa, ciliates, diatoms, and
Rhizaria (Radiolaria, Foraminifera, and Cercozoa). A remarkable decrease in the abundance of
cercozoans and radiolarians (dominated by planktonic spumellarians and nassellarians), as well
as Apicomplexa, was observed after 1911 (Fig. 8.2). From 1921, the protist community was
dominated by Dinophyceae, mainly including genera known to produce resting stages (e.g.,
Protoperidinium, Scrippsiella and other taxa belonging to the family Thoracosphaeraceae,
Gymnodinium) (Fig. S8.4). Among other groups, diatoms represented a rather constant
percentage of the protist assemblage. They were markedly dominated by planktonic taxa that
produce resting stages, among which the genus Chaetoceros was retrieved all along with the

core, while Biddulphia, Skeletonema and Thalassiosira became abundant after the main
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industrialization (i.e., after 1954) (Fig. S8.5). From 1967, an increasing abundance of ciliates
was also detected.

A community composition shift after 1911 was also observed in benthic foraminifera analyzed
with both molecular and morphological approaches (Fig. 8.2). Before 1911, the assemblages
inferred by SedaDNA were dominated by monothalamids and representatives of taxonomically
non-identified environmental clades. In 1911, a small number of reads corresponding almost to
only one ASV was identified. Since 1967, buliminids and other calcareous globothalaminids
were continuously present. In the morphological dataset, the most abundant species were
Valvulineria bradyana, Cassidulina carinata, Rosalina bradyi, Ammonia parkinsoniana,
Gavelinopsis praegeri, and Lobatula lobatula. The abundance of C. carinata showed a marked
increase between 1911 and 1921 (from 8 to 20%) that was associated with a lower abundance
of A. parkinsoniana (1880-1997), Textularia pala (1911-1990), L. lobatula (1921-2001) and
Cibicides refulgens (1901-2013), Nonionella turgida (1954-2013). Bulimina elongata exhibited
a significant increase after 1954 (Fig. 8.2, Supplementary Table 4).

Similar changes were also observed in the metazoan community, although their timing was
slightly different. Encrusting metazoans (ascidians, sponges) were constantly observed until
1911, with the only exception in 1939. After 1911, the encrusting and colonial ascidians were
replaced by epibenthic and solitarian ascidiaceans that also disappeared after 1954 (Fig. 8.2).
The sequences of mainly planktonic Hydrozoa decreased throughout the core and almost
disappeared in 1939. The most recent layers (i.e., 1997-2013) were mainly dominated by burial
polychaetes (Annelida), whereas Crustacea were dominant in the phase of heavy

industrialization (1967-1990).
8.5.3. Changes in diversity and ecological indices

The faunal turnovers were accompanied by changes in the alpha-diversity and ecological
indices (Fig. 8.3 and Supplementary Table 4). From 1832 to 1921, relatively higher diversity
values were identified for protists and dinoflagellates, and morphospecies of foraminifera. A
similar trend between 1954 and 1967 was observed for metazoan diversity, while the opposite
was instead found for prokaryotes, diatoms, and foraminifera. Posidonia oceanica, coming
from the nearby meadows, was consistently identified from 1832 to 1911 when it substantially
disappeared along with terrestrial plants. This dramatic event was associated with a clear shift
in foraminiferal assemblage dominated by epiphytic species and replaced by infaunal ones after

1911 (Fig. 8.2 and Supplementary Table 4). Encrusting metazoans follow a similar trend
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showing higher percentages in the pre-industrial and partly in the early industrial phases, except
in 1939.

The microgAMBI values increased progressively from the oldest sediment layer to the recent
ones with the highest values (3.5) corresponding to the period from 1967 to 1990 and then
slightly decreased. These values allowed us to classify ecological quality status (EcoQS)
conditions from good/moderate in 1901 to mostly poor in 1967-1990 (Fig. 8.3 and
Supplementary Table 4). A similar trend was found for the probability of toxicity (i.e., m-ERM-
q) with a marked peak in 1967. Foram AMBI showed a clear increasing trend from 1911-1922
to 1982-1990 and a shift from good-moderate to moderate EcoQS. A similar trend was also
found for gAMBI values based on macroinvertebrate molecular data with two relevant peaks
pointing to bad EcoQS in 1921 and 1967. Overall, the gAMBI mostly classified the EcoQS as
excellent up to 1901 and moderate-to-bad afterwards (Fig. 8.3 and Supplementary Table 4).

8.6. Discussion

The fluctuations of geochemical proxies, the sedaDNA records, and the alpha-diversity and
ecological indices observed in the ABO1 sediment core over two centuries reflect the ecosystem
changes in the contamination history of the area resulting from anthropogenic activities. The
HCAs multimarker sedaDNA records consistently reveal a five-phase evolution of the area that
perfectly matches with the anthropogenically induced environmental changes as supported by
historical archives and other sources (Figs. 8.1 and 8.2). The environmental changes have not
only resulted from contamination of the site but also from the geomorphological changes
resulting from the expansion of the production site (i.e., reclaiming the area between the two
piers "Colmata a Mare") and those that modified water circulation and sediment deposition
(e.g., Lazzaretto and Nisida linking, piers' construction) (Fig. 8.1). Taken together, these
anthropogenic activities led to a concurrent modification of the biological communities from
prokaryotes and unicellular eukaryotes to higher plants and metazoans, impacting their

diversity and ecological indices.
8.6.1.  Phase I (1827-1851)

Until the Industrial Revolution, the Bagnoli-Coroglio plain was a marshy back-barrier as
supported by geomorphological evidence and the presence of palustrine sediments (Ascione et
al. 2021) (Fig. 8.1-b). Agriculture was the main activity and the whole area was characterized

by a few residential constructions and some touristic resorts along the beach, where thermal
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springs were just discovered. The lowest values of both organic and inorganic contaminants are
recorded in this phase together with the highest beta-diversity values of different biological
communities (i.e., protists, dinoflagellates, foraminifera, metazoa). All ecological indices (e.g.,
AMBIs and m-ERM-q) inferred excellent and good conditions. This finding indicates pristine
environmental conditions, the ecosystem baseline with insignificant anthropogenic impacts.
The most evident signature in our records is the very high relative abundance in this phase of

higher plants and more importantly of the seagrass P. oceanica (Fig. 8.2).
8.6.2.  Phase II (1851-1911).

From the mid-1800 to the beginning of the 20" century, a long sequence of anthropogenic
interventions has deeply modified the natural landscape of the area. The initial projects for
settling the industrial district at Bagnoli plain date back to 1852, when the glasswork Melchiorre
- Bournique and the chemicals plant Lefevre went into operation (Cirillo et al. 2022) (Fig. 8.1-
b). In 1907, the tuff reef of Lazaretto was linked to the Island of Nisida (Fig. 8.1-b). In 1905,
the Ilva/Italsider company set up the construction of one of the largest Italian steel plants that
started its production in 1911.

The environmental parameters and paleo-community records do not show any substantial
change during phase II still reflecting good environmental conditions with minor variations
imputable to early urbanization and land-use changes. These data match well the information
deriving from the historical archives and the mapping of benthic community where P. oceanica
meadows were indeed recorded between 10 and 30 m depth up to the first decade of the pre-
industrial period (1910) in front of the Bagnoli-Coroglio industrial area (Porzio et al. 2020).
However, the signature of P. oceanica decreased in this period paralleled by a reduction of
terrestrial plants, whose signature almost disappeared after 1911 (Figs. 8.2 and 8.3). This was
probably due to a change in land use of the area where orchards were progressively replaced by
buildings for workers (ca. 2000 people in 1910 and 4000 in 1918 at Ilva/Italsider) in the
expanding industrial area (Selvaggio, 2015). This phase, as compared to the subsequent ones,
was characterized by higher abundances of parasitic taxa, mainly Syndiniales (parasites of
dinoflagellates, radiolarians, ciliates) and Apicomplexa (parasites of metazoans) (Fig. 8.2),
which may be related to the presence of specific hosts and further indicates a marked change of

the community structure in the area.
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8.6.3.  Phase ITI (1911-1950)

This period marks the beginning of the industrial phase. In 1927, a factory for the production
of blast furnace cement was built, and three years later, a pier was constructed for loading
finished products and receiving coal and iron ores from vessels (Fig. 8.1-b). In 1936, the Island
of Nisida was completely linked to the mainland by a 700-m-long strip of land that modified
water circulation dynamics and the sedimentological pattern in the Gulf of Pozzuoli (Fig. 8.1-
b). In 1936, a plant for the production of asbestos (Eternit) started its activity and in 1940 a
northern jetty was built. The enlargement of the factory continued till 1943, when the Second
World War interrupted plant operations up to 1946. In this period, a marked contamination
started with an overall increase of mostly inorganic chemicals (i.e., PLI) pointing to moderately-
to-highly polluted conditions. PAHs started to increase with concentrations higher than the
Effect Range-Low (ER-L) and, at the end of the Phase III, even higher than Effect Range-
Median (ER-M). The extreme concentrations of PAHs (up to 87,000 pg g ! d.w.) and their
predominantly pyrogenic origin were also reported along with short cores in the beaches
surrounding the former industrial plant (Passaro et al. 2020).

These changes are accompanied by radical paleo-community shifts in sedaDNA archives,
namely the disappearance of P. oceanica, and important turnovers in the communities of
protists and metazoans. Posidonia oceanica is an ecosystem engineer species endemic to the
Mediterranean Sea that forms dense meadows in areas characterized by clean and clear waters
(Marba et al. 2014). The disappearance of this habitat-forming species was accompanied by a
drastic decrease of epiphytic (i.e., plant-dwelling) foraminiferal taxa as well as of encrusting
animals such as ascidians (Botryllius sp.) and sponges (Fig. 8.2). It can be reasonably
hypothesized that the disappearance of P. oceanica was related to the construction of the
connection between Lazaretto and the mainland in 1906 that altered the hydrodynamics of the
area markedly and led to the deposition of finer sediments (silt and clay) leading to higher water
turbidity and ultimately to reduced photosynthetic activity. However, grain-size data of ABO1
sediment core show only minor variations in the sediment fine fractions (silt and clay) after
1906 (Fig. S8.6). According to Porzio et al. (2020), the massive hydrocarbons (PAHs) released
in this area could also contribute to their disappearance. The changes in water circulation could
also explain a remarkable decrease of planktonic radiolarians, while the modification of the
seabed could have led to the replacement of encrusting and colonial ascidian by epibenthic and
solitarian ascidiaceans after 1911. In phase III, considerable changes are also observed in the

protist community, with a decrease in diversity (Fig. 8.3) and a shift in its composition. Lower
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relative abundances of parasitic dinoflagellates (Syndiniales), Apicomplexa, Radiolaria, and
Cercozoa were compensated by a marked dominance of Dinophyceae, mainly including taxa
known to produce resting cysts (Figs. 8.2, 8.3 and Fig. S8.4).

Many of these changes reflect a worsening of the environmental conditions triggered by the
beginning of industrial activities. Overall, a reduction in diversity of eukaryotes, protists and
foraminifera is associated with the beginning of the industrial activities in 1911 and becomes
particularly evident during the maximum expansion of the industrial phase (i.e., 1920-1980)
(Fig. 8.3). The increase in Foram-AMBI and microgAMBI, proxies for estimating the EcoQS,
is associated with the increase of OM (i.e., TOC and C/N) and reliably follows its patterns.
Indeed, this shift in the quantity (i.e., TOC) and possibly the quality (i.e., C/N) of OM strongly
matches with the decrease of epiphytic foraminiferal species that are affected by the enhanced
OM availability (i.e., higher TOC) with a more refractory origin (i.e., higher C/N). On the other
hand, the concurrent increase of infaunal (i.e., organisms living within the sediment) taxa

perfectly reflects the enhanced OM availability at the seafloor.
8.6.4. Phase IV (1950-1992)

In 1952, the Cementir started its production of concrete and the '60s marked the production
peak of steel reaching up to 2x10° tons yr! and involved ca. 5400 workers at Ilva/Italsider. This
period defines the peak of the industrial phase and is mainly reflected by the highest level of
contamination with highly-to-extremely highly polluted conditions based on PLI (Fig. 8.1-a).
Between 1962 and 1964, a large amount of contaminated soil from the industrial area was used
to enlarge the industrial area by filling the gap between the two piers and creating the so-called
"Colmata a mare". In the '70s with 7698 workers at Ilva/Italsider, the steel production started
to decrease, in 1985 the Eternit ceased its asbestos production and the steel factory permanently
closed in 1992 (Fig. 8.1-b). The highest level of contamination (i.e., PLI and PAHs) was
recorded between 1960 and 1987. The ecological indices associated with prokaryotes, namely
m-ERM-q-HM and -PAHs, clearly evidence an increasing trend and a marked peak in 1967
(Fig. 8.3). The Phase IV is also characterized by the worst EcoQS equally indicated by AMBI
of prokaryotes, foraminifera, and metazoans, with a marked peak in 1967, in response to the
enhanced OM availability. Despite the increase in C/N ratio suggesting a terrestrial origin of
OM, the absence of higher plants record based on sedaDNA suggests an overall decrease over
time of terrestrial inputs that implies a strong contribution of PAHs to the increase of C/N values

(Meyers, 1994; Rumolo et al., 2011). In Phase IV, the protist community is still characterized
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by the marked dominance of cyst forming dinoflagellates as in Phase III (Fig. 8.2). The
remarkable abundance of these free-living heterotrophic and mixotrophic dinoflagellates can
reflect a change in the trophic structure of the community. Alternatively, it could indicate a
specific response of these unicellular organisms to the high concentration of pollutants in the
sediments and the overlying water column. The transition between free-living motile stages to
non-motile resting cysts occurs in the deeper layers of the water column, close to the sediments
(Brosnahan et al. 2017) and it has been shown that high concentrations of heavy metals and
PAHs are related to an increase of cyst production (Horner et al. 2011; Triki et al. 2017). Phase
IV was characterized by a marked reduction of metazoan diversity starting from 1954 (Fig. 8.3).
The delayed response of metazoans compared to planktonic protists might be associated with
the higher sensitivity behaviour of the latter to water chemical and physical variations that allow
them to respond to changes rapidly. It might be speculated that the time lag response of

metazoans is also linked to their higher position in the marine trophic web.
8.6.5. Phase V (1992-2016)

After the dismantling of the site started between 1994 and 2000 the Bagnoli-Coroglio area was
included in the SIN list by the Italian Government, highlighting the threat to human health and
the need to apply a remediation program (Ausili et al. 2020; Morroni et al. 2020).In the early
2000s, the first remediation projects were planned but the complete remediation has not been
completed (Fig. 8.1-b). This post-industrial phase shows an overall reduction of contamination,
though PLI and PAHs still remain high, and a concurrent increase of diversity indices values.
Metazoans dominated in the most recent layers (2013 and 2007) and were mainly represented
by polychaetes that are currently abundant in the sandy bottom of the Bay of Bagnoli-Coroglio
(Fasciglione et al. 2016; Morroni et al. 2020).

8.7. Conclusion

The present study provides the first holistic insight into the ecosystem changes that occurred in
one of the most polluted marine coastal areas during the last two centuries. In the absence of
long-term ecological studies of coastal communities, paleogenomics offers a unique
opportunity to reconstruct past changes in biodiversity by linking them to environmental change
and increased anthropogenic pressure. The investigation of sedaDNA allows us to
retrospectively identify a five-stage stepwise evolution in the prokaryotic and eukaryotic

communities, demonstrating how the industrial pollution and land-use changes have deeply
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modified their natural equilibrium. The sedaDNA approach also enables to disentangle the
multi-level cascade effects of industrialization, bringing to light the pre-industrial reference
conditions and showing that after 20 years of decommissioning, the good ecological conditions
have not fully recovered yet. As shown by our study, paleogenomics serves not only as a tool
for recording past ecosystems but might also help in assessing the recovery of degraded coastal

marine ecosystems.
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Supplementary materials

Layer Year u(Year) Layer Year u(Year)

cm a a cm a a

0-1 2016 1 19-20 1929 3
1-2 2013 1 20-21 1925 3
2-3 2010 1 21-22 1921 3
3-4 2007 1 22-23 1916 3
4-5 2005 1 23-24 1911 3
5-6 2003 1 24-25 1906 3
6-7 2001 1 25-26 1901 3
7-8 1997 2 26-27 1895 3
8-9 1993 2 27-28 1890 3
9-10 1990 2 28-29 1885 3
10-11 1987 2 29-30 1880 4
11-12 1982 2 30-31 1875 4
12-13 1975 3 31-32 1870 4
13-14 1967 4 32-33 1865 4
14-15 1960 4 33-34 1860 4
15-16 1954 5 34-35 1856 4
16-17 1944 3 35-36 1851 4
17-18 1939 3 36-37 1846 4
18-19 1934 3 37-38 1842 3
19-20 1929 3 38-39 1837 3
20-21 1925 3 39-40 1832 3
21-22 1921 3 40-41 1827 3

Table 8 S.1 : ABOI sediment core chronology. For every layer, ages and age uncertainties are presented.

Age
2016
2010
2005
2001
1993
1987
1975
1960

PLI

PAHs
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1944
1934
1925
1916
1906
1895
1885
1875
1865
1856
1846
1837
1827

PLI class

moderately to  highly

3-4
polluted
4-5 highly polluted
PAHs limits and threshold mg/kg
Threshold Effect Limit 0.87
(TEL)
Effects Range Low (ERL) 3.5 ERL-ERM
Effects Range Median 23.58
SQGs
(ERM) ERM-CB

Consensus Based- 100
Midrange Effect
Concentration (CB_ME)

Cd Cr Cu Hg Pb Zn
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SITE SPECIFIC

ppm

ppm

ppm

ppm

ppm

ppm

BACKGROUND
by Armiento et

al. 2022

0.29

23

26.9

0.45

85

80

Table 8 S.2: ABOI sediment core a) Pollution Load Index (PLI) values and classes; b) Polycyclic

Aromatic Hydrocarbons (PAHs) and thresholds; c) site specific background concentration of trace

elements.
Age TN TOC C/N
% %

2013 0.12 37.2
2007 0.07 30.9
2003 0.08 3.61 434
1997 0.08 297 37.4
1990 0.09 3.02 33.7
1982 0.11

1967 0.09 3.89 43.6
1954 0.07 34.4
1939 0.06 30.4
1929 0.07 25.9
1921 0.07 27.6
1911 0.06 21.2
1901 0.06 20.1
1890 0.06 20.5
1880 0.05 21.3
1870 0.05 22.2
1860 0.05 225
1851 0.05 22.7
1842 0.06 21.3
1832 0.06 19.0

TOC

%

3.4-4.1
2.5-34

Table 8 S.3: ABOI sediment core Total Nitrogen (TN), Total Organic Carbon (TOC) and C/N values.

Age

Foraminifera

Metazoa Mean
AMBI

Posidonia
oceanica

Terrestrial
plants
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Foram-AMBI Infaunal % Epiphytic%
2013 2.5 60.1 30.28 0.00 0.06 1.5
2007 2.3 55.5 38.33 0.01 0.52 n.a.
2003 2.1 50.3 40.22 0.11 0.99 1.7
1997 2.0 51.3 36.18 0.31 4.81 n.a.
1990 2.0 50.3 40.22 0.24 1.98 1.5
1982 2.6 59.5 36.36 0.25 1.90 1.9
1967 2.7 62.2 29.67 0.45 2.18 2.9
1954 2.5 62.4 32.07 0.24 4.44 n.a.
1939 2.2 52.6 41.11 3.75 1.55 0.0
1929 2.4 53.5 38.16 0.06 0.19 n.a.
1921 2.6 57.6 31.60 0.92 3.59 3.0
1911 2.0 43.9 48.13 18.61 20.57 n.a.
1901 1.8 38.5 44.39 4.19 7.70 n.a.
1890 1.9 42.4 46.29 2.66 15.82 0.0
1880 2.3 44.4 43.52 2.56 29.34 n.a.
1870 1.7 37.4 44.68 0.79 20.45 n.a.
1860 1.8 39.9 45.96 0.96 12.17 0.0
1851 1.8 40.9 44.68 9.64 48.14 0.0
1842 2.0 49.2 36.27 1.02 64.68 0.0
1832 2.0 56.7 31.34 28.74 30.61 1.5
m-ERM-Q- m-ERM-Q-

Age PAH HM microgAMBI

2013 6.48 0.79 3.28

2013 6.48 0.79 3.38

2003 6.42 1.01 3.54

2003 6.42 1.01 3.40

1990 5.63 1.10 3.50

1990 5.63 1.10 3.50

1967 8.99 1.39 3.59

1967 8.99 1.39 3.40

1939 2.37 1.12 3.28

1939 2.37 1.12 3.32

1901 0.29 0.43 2.80

1901 0.29 0.43 2.11

1890 0.16 0.37 2.47

1890 0.16 0.37 2.65

Table 8 S.4: Diversity and ecological indices.

Genetic markers used for this study
primers

Organism

region

name

forward sequence (5'-3')

reverse sequence (5'-3')

ref
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515F-Y
Prokaryotes  V4-V5 926R
nc 185 1389F -
Eukaryotes V9 1510R
nc 185 sl1l4F1 -
Foraminifera 37F s15R
mICOlintF -
dgHCO0219
Metazoan mtCOl 8
Program PCR :
V9
94°C 3
94° 30"
57° 60" 30X
72° 90"
72°C 10"
col
95°C 5
94°C 10"
62-47°C 30" | 16 cycles
72°C 1'
95°C 10"
46°C 30" | 35 cycles
72°C 1'
72°C 2'
Foraminifera
94°C 5'
30
94° :
30
52° : 50 cycles
30
72° '
72° 2'

GTGYCAGCMGCCGCGGT
AA

TTGTACACACCGCCC
AAGGGCACCACAAGAAC
GC

GGWACWGGWTGAACW
GTWTAYCCYCC

CCGYCAATTYMTTTRAGT
T
CCTTCYGCAGGTTCACCT
AC
CCACCTATCACAYAATCAT
G

TAAACTTCAGGGTGACCA
AARAAYCA

Parada et al., 2016

Amaral-Zettler, et al., 2009

Pawlowski and Lecroq, 2010

Leray et al., 2013

Table 8 S.5: Genetic markers and PCR programs used for eukaryotes, metazoan and foraminifera
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Figure S8. 1: Location of the Bagnoli-Coroglio SIN in the Pozzuoli Gulf (Tyrrhenian Sea) and position
of the ABOI sediment core (55m water depth).
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Figure §8.2: Plot of Anthracene/(Anthracene + Phenanthrene) along the ABOI sediment core.
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Figure §8.3: Bar-plot showing the taxonomic composition of the bacterial assemblages along the AB01
sediment core at the lowest taxonomic level in terms of sequence contribution to each bacterial taxon.
Taxa contributing less than 1% were summed and indicated as "Other". Taxa names are preceded by a

letter according to the maximum depth of taxonomic assignment: "d" for domain, "c" for class, "o" for

order and "f" for family.
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P_2013
P_2007
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P_1997
P_1990
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P_1954
P_1939
P_1929
P_1921
P_1911
P_1901
P_1890
P_1880
P_1870
P_1860
P_1851
P_1842
P_1832

Dinoflagellates

0% 20% 40% 60%

80%

100%

Prorocentrum (a)

B Gymnodinium (a)

M other Gymnodiniales
(a+h)

W Fragilidium (a)

m other Gonyalacales (a)

W Scrippsiella (a)

W other
Toracosphaeraceae (a)
other Peridiniales (a)

B Protoperidinium (h)

B other heterotrophic
Peridiniales (h)

m other Dinophyceae
Syndiniales - group |
Syndiniales group Il

m Syndiniales group IlI-V

M Unidentified
Dinophyceae

Figure S8. 4: Dinoflagellates in the sediment layers of the ABO1 core inferred by metabarcoding of V9

18S rDNA from sedimentary DNA. Taxa are expressed as relative abundance of reads from the

normalized dataset. (a) = taxa with chloroplasts; (h) = heterotrophic taxa.
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Figure 88. 5: Diatoms in the sediment layers of the ABO1 core inferred by metabarcoding of V9 18S

rDNA from sedimentary DNA. Taxa are expressed as relative abundance of reads from the normalized

dataset.
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Figure §8. 6: ABO1 sediment core grain-size plot: volume percentage of sand, silt and clay (on x axe)

vs ages (on y axe) of each odd sediment layer (1 cm resolution) as derived from the geochronology (see

Supplementary Table 1).
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Chapter 9:  Discussion, challenges and

applications

In the previous chapters, the analyses of sedimentary DNA, regardless of its age (recent or
ancient) or origin (pelagic, benthic), were presented with the main objective: identifying
biodiversity. All these studies have raised many questions. Here, I would like to discuss some
of them, highlighting strengths and weaknesses of sedimentary DNA approach. First, the issues
related to the impact of taphonomic processes on the composition of sedimentary DNA, then
those raised by the taxonomy identification of sedDNA sequences, and technical biases. Finally,
the issues associated with the practical applications of past and present sedimentary DNA

analyses are discussed.
9.1. Taphonomy

Taphonomic processes refer to the source of sedimentary DNA, to its transfer from organisms
living in sediments or deposited and buried there, and its preservation in sediments over time
(Giguet-Covex et al. 2019; Jia et al. 2022). These processes are key for the interpretation of
modern and ancient sedDNA data, but they are poorly understood. In this section, I will discuss

some issues related to the DNA taphonomy that have been raised during my study.
9.1.1. Pelagic vs benthic source of sedimentary DNA

Sediments are a DNA repository of benthic (autochthonous) and pelagic organisms
(allochthonous). So, any interpretation of sedimentary DNA requires a discrimination between
planktonic and benthic sequences. This has been done in chapter 5, where amplicons from Tara
Oceans surface samples were used to separate the true deep-sea benthic species from planktonic
ones. This study shows that nearly % of the ASVs detected in deep-sea sediments belong to
pelagic species, revealing a trend towards the increase of the proportion of pelagic ASVs in

sediments from low to high latitudes.

At the same time, chapter 3 shows a variation between planktonic and benthic foraminiferal
DNA in the surface sediments (< 10 cm). The DNA of both groups competes during the PCR

amplification and sequencing. On the surface, benthic DNA being native and recent, amplifies
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preferentially. Below 10 cm, both groups become "ancient", and the proportion of pelagic vs

benthic DNA reflects the flux of planktonic foraminifera in sediments.

The question is to which extend sedimentary DNA record reflects the diversity at the sea
surface. According to chapters 3 and 5, pelagic DNA transfer occurs vertically from the surface
to the bottom, probably by the aggregation of organic particles (Cordier et al. 2022). This has
been confirmed by other studies showing that sedimentary DNA preserves patterns of
planktonic foraminifera macroecology (Morard et al. 2017). However, pelagic DNA as well as
the organisms’ skeletons during their gravitational sinking may encounter underwater currents
and turbulences. In Chapter 3, we show that foraminiferal community in sedDNA samples can
be differentiated between a cold current (the Labrador Current), a warm current (the North
Atlantic Current), or a mixture of currents. These results confirm that sedimentary DNA can be
used to reconstruct spatial and temporal changes in marine habitats as it provides indirect access

to pelagic diversity.

Another question concerns the DNA leaching through the sediment. Studies of terrestrial sites
known to have hosted animals at one time (zoos and former farms in Greenland) show no trace
of DNA in the sediment layers before animal occupation (Hebsgaard et al. 2009; Andersen et
al. 2012). Similarly, in the sub-Antarctic islands, rabbit DNA only appears in sediments in the
layers corresponding to their introduction (Ficetola et al. 2018) .To our knowledge, there are
no studies on leaching DNA in marine environment. It is reasonable to assume that there is
some vertical transfer in surface sediments linked to the bioturbation. However, the impact of
this transfer on DNA stratification might not be so important. As illustrated in chapters 4 and
8, there is a clear difference between foraminiferal communities in surface and lower layers
(below 20 cm). None of our studies show evidence of DNA percolation in the marine sediments.
This is in concordance with studies in lake sediments showing that large molecules such as
DNA are immobilized in sediments particles (Smol 2009). In marine sites it is also possible that
once attached to a sediment particle, the free DNA or cellular debris does not move and settles

with sedimentation. Evidently, more studies are needed on this subject.
9.1.2. DNA preservation of soft vs hard shelled organisms

In contrast to the fossil record, the sedimentary DNA preserves genetic signal from both soft-
walled and hard-shelled organisms. In consequence, the morphological and molecular
assemblages are not precisely the same. This is especially visible in the case of soft-walled

monothalamous foraminifera, which are abundantly present in sesdDNA studies, while they are
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almost non-existent in the fossil record. This is also the case of acantharia, a group of
radiolarians whose strontium skeletons dissolve after their death, and thus acantharia are never
found in fossilized form (Decelle et al. 2012b). Indeed, the metabarcoding datasets of
radiolarians are often composed mainly of acantharia (Lejzerowicz et al. 2013), yet this may
also depend on primer specificity (chapter 4). As illustrated by several studies, many clades of
foraminifera and radiolaria are only known from environmental samples, often from extreme
environments such as abyssal plains, hydrothermal vents or high-latitude ecosystems
(Pawlowski et al. 2011; Biard 2022). There is growing evidence, at least for benthic
foraminifera, that many of these clades represent non-skeletonized soft-walled organisms
(Holzmann et al. 2022). Sedimentary DNA studies are therefore complementary to microfossil

data providing a global vision of biodiversity without selecting species having skeletons or not.

The question is whether the taxonomic composition of sedDNA assemblages could be biased
towards non-skeletonized taxa, which DNA would be easier to isolate. It has been suggested
that the macroinvertebrates taxa with heavily sclerotized exoskeleton are less represented in
metabarcoding datasets (Martins et al. 2021). There is no comparable data regarding
foraminifera or radiolaria. Yet, it has been shown that pre-processing (sieving) of sediment
samples could enhance the proportion of hard-shelled calcareous foraminifera (Nguyen et al.
2022). If this is confirmed by further studies, it might suggest that the high proportion of soft-
walled or naked monothalamous foraminifera in metabarcoding data is caused by their

overabundance in small sediment fractions rather than the lack of skeleton.
9.1.3. Sedimentary DNA degradation

Sedimentary DNA degradation could also play a role in taphonomic processes. The DNA
fragmentation can be caused by different abiotic and biotic processes. Theoretically, sites with
low temperatures (polar regions), anoxia, less ultraviolet (UV) and low microbial activity are
more suitable for DNA preservation. The preservation of DNA can also depend on sediment
mineralogy. It is known that DNA that bound to fine-grained sediment such as clay minerals
will be better preserved (Kanbar et al. 2020). However, some studies show a DNA preservation
in coarser sediments as sand, but with high salt concentrations (Lorenz and Wackernagel 1987,
Naviaux et al. 2005). The DNA can also bound to humic acids (Crecchio and Stotzky 1998).
Yet, the humic acids act as inhibitors during DNA isolation and during PCR amplification, and
therefore their presence is not suitable for metabarcoding studies (Boere et al. 2011). Besides

mineralogy, the pH values can also influence the DNA bindings properties, for example by
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decreasing its adsorption capacities in acidic conditions (Jia et al. 2022). In anoxic
environments the microbial activity is reduced and favours DNA preservation. However,
several studies (including chapter 4) demonstrate that ancient DNA can also be isolated from

sediments deposited under oxygenated conditions (Lejzerowicz et al. 2013; More et al. 2018).

Even in most favourable conditions, DNA in sediments tends to degrade and to fragmentize
over time. It is assumed that the DNA degradation affects all organisms in the same way.
However, to my knowledge there are no studies that thoroughly examine the relation between

specific cellular features and DNA degradation.

On the other hand, a well-documented aspect is the competition between DNA of living
organisms and more or less degraded DNA of dead organisms buried in the sediments. In
general, targeting small fragments such as V9 in 18S for eukaryotes (<120 bp) promote
amplification of degraded sedaDNA, which are known to be in the size range of 500 bp (Boere
etal. 2011) to 40 bp (Armbrecht et al. 2020, 2021b). However, there is no guarantee of avoiding
preferential amplification of better-preserved recent DNA, especially derived from organisms
grown after the coring (Selway et al., 2022). In this case, specific primers can be used to amplify
targeted DNA and avoid unwanted contaminants or taxa (Chapter 4). Another option could be
the use of metagenomics tools that enable the separation of targeted DNA in silico through a

bioinformatic process.

9.2. Taxonomic Identification

An important problem in sedimentary DNA metabarcoding studies is the taxonomic assignment
of sequences (ASV or OTU). Naming sequences is necessary when inventorying biodiversity
or when using sequence data to infer biotic indices based on ecological values or categories
assigned to morphospecies. In most of studies, the unassigned sequences are simply removed

from analyses.
9.2.1. Database

The incompleteness of reference databases is the key factor limiting taxonomic assignments.
Although curated taxonomic databases, such as the PR2 - Protist Ribosomal Reference database
or PFR2 — Planktonic Foraminifera Ribosomal Reference database, have been developed and
are continuously updated, these databases include only a small part of diversity corresponding

to the species that can be isolated and sometimes cultivated. Many environmental sequences
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remain undetermined, especially in poorly explored extreme environments such as hadal
regions (Cordier et al. 2019a; Jazdzewska and Mamos 2019) or polar regions (Habura et al.
2004; Nguyen et al. 2022). There are important gaps in regional barcoding databases, as
illustrated by our analysis of vascular plants from Papua New Guinea, which DNA was
identified in marine sediments (Chapter 4). Only 41 % of morphologically identified species
appear in NCBI GenBank, leaving unassigned many plant sequences present in metabarcoding
data. Furthermore, the databases can be complete for one of the markers only and include
preferentially some taxonomic groups. Thus, mitochondrial COI sequences in Barcode of Life
Data (BOLD) have a very good coverage for terrestrial biodiversity (especially insects) but
contain limited number of sequences of marine species (Ratnasingham and Hebert 2007; Kvist
2013; Gibson et al. 2015). Indeed, some groups such marine nematodes are underrepresent in
databases as shown in (Holovachov et al. 2017). Some phyla could also be better represented
in reference databases that others because they live in more accessible environments (coastal
waters) and because their size is larger (benthic macrofauna vs microeukaryotes). Furthermore,
gap analysis studies reveal some misidentifications or incomplete sequences in large

repositories as BOLD or NCBI Genbank (Weigand et al. 2019; Paz and Rinkevich 2021).
9.2.2. Taxonomic resolution

Taxonomic identification also largely depends on the taxonomic resolution of used marker.
Some markers can be more resolutive for some taxa. For instance, the mitochondrial COI
markers discriminate better metazoan species than the ribosomal 18S, because of its higher
evolution rate (Leray et al. 2013). It seems that 18S underestimates metazoan diversity (Tang
et al. 2012; Leray and Knowlton 2016). However, the opposite is observed in the case of
foraminifera, where the 18S marker is well known to have a high taxonomic resolution
(Pawlowski and Lecroq 2010), while the resolution of COI marker is limited (Macher et al.
2022). In foraminifera, the 18S marker identifies even cryptic planktonic species and
polymorphism in some species (Pillet et al. 2012; Weber and Pawlowski 2014). However, its
use in metabarcoding can be limited by the specificity of primers that do not recognize such
taxa as spinose planktonics (chapter 3), lagenids and some species of miliolids. In the latter
case, the short region in COI marker seems more efficient (Girard et al. 2022). Thus, the use of
multiple markers could be recommended to better asses the biodiversity, instead of having false

negatives, especially if some taxa are reluctant to be amplified by specific primers.
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The choice of markers, especially for sedaDNA studies, is a compromise between taxonomic
resolution and size of amplified fragment. A longer marker would be more resolutive but could
be more difficult to amplify. This is the case of the shorter region of P6 loop in chloroplast trnL.
(Taberlet et al. 2007) and long and high resolutive rbcL. (Newmaster et al. 2006). The TrnL
marker works better with degraded samples and for this reason, it is preferred for the detection
of vascular plants in ancient samples (Clarke et al. 2020; Rijal et al. 2021). In foraminifera also
the longer 18S marker including two variable regions (37f and 41F) provides a better resolution.
Yet, the shorter 37F region that discriminates most of species is more suitable for degraded

samples (Lejzerowicz et al. 2013; Pawlowska et al. 2016).

Specific markers will have higher taxonomic resolution than universal ones as it is designed for
targeting specific phyla. For instance, 18S-V9 and 18S-V4, a highly variable region is target
for eukaryotic markers. Nonetheless, inside these regions, primers are designed to better target
a specific group such as radiolarians in V4 (Decelle et al. 2012a) or ciliates in V9 (Xu et al.

2014).

The capacity of a marker to provide a higher resolution level is necessary in some applications
such as in biomonitoring where a species is associated to an ecological value. In this case higher
level taxonomic assignment (family or genus) might be misleading as species having different
disturbance sensitivities to their environment could be regroup under the same value and distort

the ecological status of a given sample/site.
9.2.3. Dealing with unassigned sequences

Metabarcoding data comprise often a significant proportion of unassigned sequences depending
on the used marker, targeted taxa, or studied ecosystems (Cordier et al., 2019, 2022). The
proportion of unassigned sequences can be particularly high if the taxonomic resolution of the
marker is high (e.g., COI) and the database is poor. This is also the case when the sediment
samples come from poorly explored extreme environments know to bear high biodiversity (e.g.,
2/3 of benthic sequences from abyssal plains were not assigned, Cordier et al. 2022).
Unassigned sequences are often interpreted as rare species, chimaeras created during
amplification (PCR) or tag jumping (Caron and Countway, 2009; Pedrds-Ali6, 2007), or other
type of artefacts (Brown et al., 2015c¢). They are usually removed because they do not provide

any information about species ecology or functional groups.
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Many approaches have been proposed to conduct taxonomic assignment. These include the
alignment-based methods comparing the percentage of similarity of the sequence with the
reference, such as Blast (Camacho et al. 2009), probabilistic/algorithm-based methods such as
usearch (Edgar 2010) or vsearch (Rognes et al. 2016), machine-learning based methods which
train the reference database, such as IDTAXA (Murali et al. 2018), and phylogeny-based
methods, which place the sequence in a phylogenetic tree of the whole gene (e.g. 18S) such as
HmmUFOtu (Zheng et al. 2018). Some authors combine several methods to assign their

sequences and cross-validate the taxonomic assignments (Lejzerowicz et al. 2021).

However, when the diversity is very high and database is poor, none of these methods can
efficiently reduce the number of unassigned sequences. Chapter 6 introduces an alternative
solution classifying the unassigned deep-sea foraminiferal sequences into lineages and clades
based on their genetic signature. As shown by our case study, this method provides some
information about the ecology and biogeography of unassigned metabarcodes enabling their

use in broader biodiversity studies.

9.3. Technical biases

The sedimentary DNA metabarcoding analyses are subject to many technical biases regardless
of the sediment age. Here I will briefly discuss those related to quantitative aspects such as the
number of replicates, the volume or weight of extracted sediments, the number of PCR

replicates, the sequencing depth, and finally, filtering thresholds.

When sampling for sedimentary DNA, the key question is how many samples (replicates) are
needed to achieve the best resolution. Many samples and replicates per core are often required
for better temporal and spatial resolution. When species occurrence depends on seasonal
activity, samples should be taken in different seasons. Otherwise, the composition would be

erroneous or valid for a given season only (Buxton et al. 2018).

Different protocols, reagents, and commercial kits have been compared for sedimentary DNA
extraction, showing variation in the species identified and their abundance (reviewed in
Armbrecht et al. 2019, 2020, Pawlowski et al. 2021). The volume of sediment used for
metabarcoding studies is of particular concern. In some studies, 1 g is suggested to be sufficient
for meiofauna, but not for macrofauna, for which 10 g would be needed (Penton et al. 2016;
Nascimento et al. 2018; Kang et al. 2021). Still, other authors prefer several technical replicates

to compensate for the heterogeneity of the DNA in the sediment samples (Hestetun et al. 2021).
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The number of PCRs can influence how rare sequences are amplified. To reliable estimate the
presence or absence of a species, simulations recommend at least 8 PCRs (Ficetola et al. 2015).
If the species appears in several PCR replicates, it is considered an existing species. However,
other experimental studies have shown that three replicates are sufficient (van den Bulcke et al.

2021).

Regarding the sequencing depth, i.e., number of reads obtained for a given sample, it can
strongly impact the detection of rare taxa. Recent advances in HTS technologies allows to
obtain one million of reads per sample using Novaseq (Singer et al. 2019), instead of commonly

used 100'000 reads per sample with Miseq (Cordier et al. 2021)

After sequencing, the way the data is processed will also influence the results depending on the
filtering thresholds applied. When clustering, 97% or 99% thresholds will give a different total
number of sequences (Alberdi et al. 2018). Eliminating singletons or retaining sequences that
occur >10, >100 or >1000 times will influence rare taxa. The number of reads can increase if
some species have multiple copies of the amplified gene and are overrepresented. Bailet et al.
(2020) compared pipelines used by six laboratories to illustrate bioinformatics' bias. They
showed the differences between the numbers of assigned/unassigned reads and hence the

discrepancies in the biotic indices inferred from these assignments.
9.4. Applications

In this section, I point out three most common applications of sedimentary DNA, including
biodiversity surveys, biomonitoring and bioassessment of present and past environmental

impacts.
9.4.1. Biodiversity survey

One of the main applications of sedimentary DNA metabarcoding is to inventory benthic
diversity. We show the power of this tool in the case of deep ocean floor diversity. Thanks to
metabarcoding surveys, higher diversity has been detected in deep-sea sediments (Cordier et al.
2019a; Lejzerowicz et al. 2021). In those studies, many sequences remain unassigned, meaning
a large part of deep-sea diversity still needs to be identified. The sediment DNA reveals the
presence of taxa that are either too small or too fragile (i.e, soft-bodied) to be preserved and
identify using conventional methods. The existence of a hidden diversity in deep-sea sediments

was shown in chapters 5 and 6, confirming numerous other studies detecting species new to
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science in almost all deep-sea biodiversity surveys (Danovaro et al. 2010; Goineau and Gooday

2017).

Besides revealing new species, sedimentary DNA metabarcoding can also be used to detect
endangered or invasive species. The sensitivity of eDNA-based approaches allows to early
detect the presence of non-indigenous species in marine environment (Holman et al. 2019; van
den Heuvel-Greve et al. 2021). With such studies a baseline record of those species could be
done, providing a basis for further spatial and temporal monitoring of their distribution.
However, as mentioned previously, the detection efficacy depends on the marker and primer
specificity, which can be responsible for false negatives and erroneous appreciation of species

occurrence.

We must keep in mind that metabarcoding data gives semi-quantitative rather than quantitative
values. The number of reads cannot be assimilated to number of specimens or species. It might
depend on the biomass of different taxa, especially in the case of macrofauna (Patricio et al.
2012). In addition, multiple copies of genes of some species might also increase the number of
reads, as illustrated in some foraminifera (Weber and Pawlowski 2014). Metabarcoding data
give more reliable information on the presence/absence of taxa. Nevertheless, the relative
proportion of species in metabarcoding data allows us to estimate whether a species is abundant

or rare.
9.4.2. Biomonitoring of ecological status

Metabarcoding of sedDNA allow to rapidly characterize benthic marine community and can be
used to determine the ecological quality status (EcoQS) of disturbed and undisturbed sites
(Taberlet et al. 2018; Pawlowski et al. 2021a). Conventional biotic indices are based on species
presence/absence or community composition with species assigned to ecological values or
categories depending on their response to different types of stressors (Pawlowski et al. 2018).
There are selected taxonomic groups that serve as bioindicators, and biotic indices are
calculated based on these groups. Among them, the most commonly used is the Azti Marine
Biotic Index (AMBI; (Borja et al. 2000) that currently listed over 11,000 taxa with assigned
ecological values. Foraminifera are used in the Foram-AMBI comprising the list of indicator
species classified into five ecological quality groups and for each type of environment (i.e.,

coastal, arctic, tropical, etc.) (Jorissen et al. 2018).
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Similarly, to morphology-based biomonitoring, metabarcoding data generated from
unpolluted/polluted sites can be correlated to physicochemical factors, such as TOC,
temperature, pH and can be used to infer de novo biotic indices. Thus, bacterial assemblages
were used to propose a new biotic index (microgAMBI) for coastal environments (Ban and
Alder 2008; Aylagas et al. 2017; Borja 2018), while eukaryotic assemblages were used to infer
a new index for assessing the impact of offshore oil and gas platforms (Mauffrey et al. 2021).
Benthic foraminifera community composition was also integrated in environmental impact
studies of fish farms (Pawlowski et al. 2014), or oil and gas platforms (Laroche et al. 2016;
Frontalini et al. 2020b).

Following the same idea of using metabarcoding data to infer biotic indices, in chapter 7 we
used g-Foram-AMBI index including Foram-Ambi species only and g-Foram-Motus including
all the molecular dataset. By associating TOC concentration with metabarcoding assemblages
it was possible to deduce and define EcoQS values and to classify the proximal sites as poor to
bad. The results were consistent with geochemical values of heavy metals pollution confirming
the usefulness of this approach. However, only a small portion of sequences assigned to level
species could be used in our studies because of the lack of indicator values for most of
metabarcodes. To solve this problem, one solution would be to identify the potential
bioindicators in molecular assemblages. This could be done for instance by conducting
mesocosm experiments, such as the studies analysing the impact of chromium and mercury
pollution on foraminifera (Frontalini et al. 2018b; Greco et al. 2022). Alternative solution would
be to assign the ecological status to a training metabarcoding dataset, including all sequences
and to further use it for predicting ecological status of other samples. Several studies show the
efficiency of such approach based on supervised machine learning (Cordier et al. 2018;

Apothéloz-Perret-Gentil et al. 2021).
9.4.3. Assessing past anthropogenic and climate impacts.

As the biodiversity changes through time are registered in sediments, the sedimentary DNA
provides an overview of past ecosystems. Short-term and long-term changes can be assessed
using sedimentary DNA. Most of shorter events are related to human activities, while long-term

events are mainly related to climate changes.

Short-term events include the period of industrialization, during which the development of ports
or industrial complexes in coastal areas has disturbed the benthic habitats. The sediments are

loaded with heavy metals and other pollutants, which affect benthic habitats, impacting the
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diversity and richness of benthic communities. The chapter 8 presents the biological history of
one of the most polluted sites in Europe (Bagnoli Bay) from the pre-industrial period up to the
present day. As shown by our study the development of the industrial complex was followed
by the decrease of some groups of protists and disappearance of marine plants (Posidonia
oceanica). Protists (dinoflagellates and stramenopiles) shifts during pollution peaks were also
reported in the Brest Bay, in relation to heavy metals pollution accumulated during the World
War II (Siano et al. 2021). SedaDNA analysis offers the possibility of assessing biodiversity
before the alteration of habitats by human activities (i.e., the industrial period) and provides

reference conditions. Hence, this type of study could help in the renaturation of a polluted area.

Long-term records exceed thousands of years and in this case, most often the change in the
habitat is related to the climate. In continental environments (i.e lakes), floral or faunal changes
linked to deglaciation or glaciation periods were recorded (Parducci et al. 2012; Clarke et al.
2020). In marine environments, the fact that pelagic organisms are also deposited in the
sediments, their signal allows to reconstruct past environments related to the sea surface. The
sea-ice changes could be followed in Arctic using eukaryotic ancient DNA (de Schepper et al.
2019). Similarly, diatom shifts from sea-ice species to open-ocean species in Antarctic were
found (Armbrecht et al. 2022). So, sedaDNA could evaluate the sea-ice transitions and also the
paleo-productivity at a given time. In those studies, the molecular assemblages are coherent
with reconstructed physical-chemical conditions of sea-surface (i.e Temperature). Thus, in
Zimmermann et al. 2021 the diatoms assemblages are well correlated with the SST (sea surface
temperatures) and salinity. So, there is a possibility to infer paleo-SST and salinity through
sedDNA and palaeoceanographic changes in general as in chapter 3, the downcore planktonic

signal correspond to the different ocean currents on the surface.

Using sedimentary ancient DNA, it is possible not only to reconstruct past climates, but also to
study how communities and particular species have responded to climate changes. In
Pawlowska et al. 2020, a planktonic foraminifer, N. pachyderma, shows a different occurrence
and abundance of genetic types between glacial and interglacial periods. In chapter 4 of this
thesis, Shannon indices of marine protists and plants show high diversity in the glacial periods
in the tropical site. Today, the tropical basins are still warming, and a further loss of biodiversity
can be expected. Access to such periods allows us to extrapolate or correlate with current and

future warming.
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Chapter 10: Conclusions and  future

perspectives

In this thesis, I attempted to show that the DNA metabarcoding is a powerful tool for assessing
biodiversity in recent and ancient sediments. This was done through the paleo-metabarcoding
studies focusing on DNA preservation of planktonic and benthic foraminifera in subsurface
sediments, as well as on reconstructing the diversity of marine protists and terrestrial flora over
a broad time scale covering several glacial and interglacial intervals. Subsequently, we
discriminate between pelagic and benthic sequences in surface sediments and proposed a way
to deal with the unknown sequences that dominate benthic diversity. And finally, we used
sediment DNA metabarcoding to assess ecological status of one of the most polluted marine
sites in Europe and to infer its reference conditions prior to industrialization.

After discussing in the previous sections some of the challenges related to sedimentary DNA
metabarcoding, I would like to point out here some new technologies and approaches that may
help to solve the current challenges and open new avenues for wider applications of sedimentary
DNA studies.

First, it is very likely that metabarcoding will be soon replaced or at least complemented by
metagenomics based on shotgun sequencing and capture hybridisation. Contrary to
metabarcoding, which targets selected taxa through PCR amplification, the metagenomics
allows sequencing all DNA fragments present in the sample. In the case of paleogenomics, the
shotgun sequencing allows authentication of ancient DNA by size selection, as only the shortest
fragments would correspond to ancient DNA. As taxa of interest may sometimes be under-
represented in the sample, hybridisation capture has recently been introduced (Gasc and Peyret
2018; Giinther et al. 2021). This technique enables enrichment prior to sequencing with targeted
taxa 'captured' by magnetic baits (probes). So far, many studies have shown that several taxa
can be enriched at once. It is likely that hybridisation capture will become a commonly used
method as it avoids the bias of PCR and solves the problem of DNA concentration (Schulte et
al. 2021; Armbrecht et al. 2021a).

Second, the continuous advances in high-throughput sequencing technologies are
revolutionizing the domain, by enabling generation of sequencing data in real time and
incredibly high number. The Oxford Nanopore MinlON now offers the option of sequencing
sedimentary DNA or RNA on site (Millan-Aguifiaga et al. 2019; Tennant et al. 2022), bypassing
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the problems of contamination, transport, storage, and making the data available
instantaneously (Tennant et al. 2022). Although the MinION reads are long, so not applicable
to very old sediments, and the error rate remains relatively high (7-14%) compared to Illumina
platforms (<0.1%), it is foreseen that the sequence quality will be improved very soon
(Maggiori et al. 2021). Now it is also possible to increase the sequencing depth with such
platforms as Illumina's Novaseq. For example, with Novaseq 6000 it is possible to obtain 20
billion unique reads per run instead of 15 million with Miseq. The greater the sequencing depth,
the greater the number of taxa will be detected. Consequently, more diversity can be detected
(40% more metazoans according to (Singer et al. 2019)) and the detectability in low-yielding
DNA samples can also be improved.

Finally, as in other disciplines, machine learning can help applying sedimentary DNA data in
environmental impact assessment and biomonitoring (Vacher et al. 2016; Cordier et al. 2018;
Frithe et al. 2021). Machine learning can be used to identify new bioindicators, but more
importantly, to overcome the incompleteness of databases by integrating all sequences,
including those not assigned to ecological values. This would provide more complete predictive
models and better prediction of ecological status on new samples. Future developments of
environmental genomics using machine learning could thus help in the discovery and
monitoring of interactions between species and their environment.

To conclude, it should be also mentioned that working with ancient and recent sedimentary
DNA implies an integration of multidisciplinary fields and experts. Taxonomists are needed to
identify species for DNA barcoding, ecologists to understand how the species responds to
changes in its environment, sedimentologists and paleoecologists to understand sedimentation,
sediment origin and paleoecological changes and finally molecular biologists and
bioinformaticians to process the huge data generated by HTS and to implement various analytic
tools. Although many aspects of sediment DNA analyses could be automated, the collaborative
efforts from all these experts are necessary to generate high-quality data and ensure their

accurate interpretation.
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Appendix: Other publications/contributions

Benthic foraminiferal DNA metabarcodes significantly vary along a
gradient from abyssal to hadal depths and between each side of the Kuril-

Kamchatka trench

Cordier, T., Barrenechea, 1., Lejzerowicz, F., Reo, E., & Pawlowski, J.

Published in: Progress in Oceanography 178, 102175 (2019).

Abstract

Foraminiferal assemblages are a ubiquitous and abundant component of the deep-sea benthos,
even in the deepest ocean trenches. While their distribution seems not constrained over large
geographical distance, the current knowledge of foraminifera in trench is solely based on
morphological observations. In this study, we document the first DNA metabarcoding dataset
from a deep-sea trench focusing specifically on benthic foraminifera. Here we show that,
consistent with previous molecular studies of abyssal fauna, trench foraminifera include
diverse sequences of yet unknown species captured only by their molecular traces in the
sediment. The molecular assemblages of foraminifera significantly differed along a depth
gradient of almost 5000 m in the Kuril-Kamchatka trench. The deepest stations at nearly
9500 m were composed of unique phylotypes that were not identified in shallower stations,
which means that these assemblages are unlikely the result of a sinking effect from shallower
depths. Finally, both sides of the trench harbored very different communities, which could
imply that the trench constitutes a physical barrier for the dispersion of some deep-sea

foraminiferal species.
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Eukaryotic Biodiversity and Spatial Patterns in the Clarion-Clipperton Zone
and Other Abyssal Regions: Insights From Sediment DNA and RNA
Metabarcoding

Franck Lejzerowicz, Andrew John Gooday, Inés Barrenechea Angeles, Tristan Cordier,

Raphaél Morard, Laure Apothéloz-Perret-Gentil, Lidia Lins, Lenaick Menot, Angelika
Brandtl, Lisa Ann Levin, Pedro Martinez Arbizu, Craig Randall Smith and Jan Pawlowski

Published in: Frontiers in Frontiers in Marine Science 8, 671033 (2021).

Abstract

The abyssal seafloor is a mosaic of highly diverse habitats that represent the least known marine
ecosystems on Earth. Some regions enriched in natural resources, such as polymetallic nodules
in the Clarion-Clipperton Zone (CCZ), attract much interest because of their huge commercial
potential. Since nodule mining will be destructive, baseline data are necessary to measure its
impact on benthic communities. Hence, we conducted an environmental DNA and RNA
metabarcoding survey of CCZ biodiversity targeting microbial and meiofaunal eukaryotes that
are the least known component of the deep-sea benthos. We analyzed two 18S rRNA gene
regions targeting eukaryotes with a focus on Foraminifera (37F) and metazoans (V1V2),
sequenced from 310 surface-sediment samples from the CCZ and other abyssal regions. Our
results confirm huge unknown deep-sea biodiversity. Over 60% of benthic foraminiferal and
almost a third of eukaryotic operational taxonomic units (OTUs) could not be assigned to a
known taxon. Benthic Foraminifera are more common in CCZ samples than metazoans and
dominated by clades that are only known from environmental surveys. The most striking results
are the uniqueness of CCZ areas, both datasets being characterized by a high number of OTUs
exclusive to the CCZ, as well as greater beta diversity compared to other abyssal regions. The
alpha diversity in the CCZ is high and correlated with water depth and terrain complexity.
Topography was important at a local scale, with communities at CCZ stations located in
depressions more diverse and heterogeneous than those located on slopes. This could result
from eDNA accumulation, justifying the interim use of eRNA for more accurate biomonitoring
surveys. Our descriptions not only support previous findings and consolidate our general

understanding of deep-sea ecosystems, but also provide a data resource inviting further taxon-
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specific and large-scale modeling studies. We foresee that metabarcoding will be useful for
deep-sea biomonitoring efforts to consider the diversity of small taxa, but it must be validated

based on ground truthing data or experimental studies.
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Abstract

Arctic marine biodiversity is undergoing rapid changes due to global warming and
modifications of oceanic water masses circulation. These changes have been demonstrated in
the case of mega- and macrofauna, but much less is known about their impact on the
biodiversity of smaller size organisms, such as foraminifera that represents a main component
of meiofauna in the Arctic. Several studies analysed the distribution and diversity of Arctic
foraminifera. However, all these studies are based exclusively on the morphological
identification of specimens sorted from sediment samples. Here, we present the first
assessment of Arctic foraminifera diversity based on metabarcoding of sediment DNA
samples collected in fjords and open sea areas in Svalbard Archipelago. We obtained a total
of 5,968,786 reads that represented 1,384 ASVs. More than half of the ASVs (51.7%) could
not be assigned to any group in the reference database suggesting a high genetic novelty of
Svalbard foraminifera. The sieved and unsieved samples resolved comparable communities,
sharing 1023 ASVs, comprising over 97% of reads. Our analyses show that the foraminiferal
assemblage differs between the localities, with communities distinctly separated between
fjord and open sea stations. Each locality was characterized by a specific assemblage, with
only a small overlap in the case of open sea areas. Our study demonstrates a clear pattern of
the influence of water masses on the structure of foraminiferal communities. The stations
situated on the western coast of Svalbard that is strongly influenced by warm and salty
Atlantic Water (AW) are characterized by much higher diversity than stations in the northern
and eastern part, where the impact of AW is less pronounced. This high diversity and
specificity of Svalbard foraminifera associated with water mass distribution indicate that the
foraminiferal metabarcoding data can be a very useful tool for inferring present and past

environmental conditions in the Arctic.
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