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Highlights

» Fan-shaped sponges display panmixia at three toatn the Cantabrian Sea. Subtle
sponge population genetic and pronounced microbitierences were observed
between a canyon and bank location lying < 100 garta

» Lagrangian modelling reveals variable inter-annc@hnectivity via ocean currents
between the sampling regions.

* Interdisciplinary approaches, such as the hereepted combination of sponge
taxonomy, genetics, microbiology, and particle khag modelling, can help to
improve understanding about connectivity in thepdeea. This is particularly crucial

for key organisms like sponges and the ecosystkaysform.
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Abstract

Connectivity is a fundamental process driving teesgstence of marine populations and their
adaptation potential in response to environmentange. In this study, we analysed the
population genetics of two morphologically highiyngar deep-sea sponge clad&hékellia
hirondellei and the TopsentiaandPetromica clade, (hereafter refered to as ‘TaP clade’)) at
three locations in the Cantabrian Sea and simuiaslg assessed the corresponding host
microbiome byl6SrRNA gene sequencing. A virtual particle trackaggproach (Lagrangian
modelling) was applied to assess oceanographicentinity in the study area. We observed
overall genetic uniformity for both sponge cladBetably, subtle genetic differences were
observed for sponges of the TaP clade and alsortheiobiomes between a canyon and bank
location, < 100 km apart and with the same deptigea The Lagrangian model output
suggests a strong retention of larvae in the studg with variable inter-annual connectivity
via currents between the three sampling regions. &teclude that geologic features
(canyons) and the prevailing ocean currents matatgicsponge holobiont connectivity and
that differentiation can emerge even on small apatales.
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1. Introduction
The ocean is the largest interconnected habitgtlamet Earth (Ramirez-Llodrt al, 2011).
At the same time, it is a highly dynamic systemvaing natural fluctuations, but also discrete
responses to human impacts. Connectivity studies igportant for our understanding
regarding the resilience of ecosystems to changitepnic conditions, as well as for an
evaluation of population vulnerability to environm& change and anthropogenic stressors
(Fox et al., 2016; Kenchingtoret al., 2019). Understanding population- and ecosystem-
connectivity in the ocean is crucial for the desa@nappropriate conservation measures, in
particular for the design of marine protected afe®A) networks (Whiteet al., 2014;
Gallegoet al.,2017; Andrelloet al.,2017; Kenchingtoret al., 2019). Many marine benthic
organisms have pelagic larvae that ensure the amgnte of genetic diversity and allow for a
colonization of new habitats (e.g. review by LeviQ06; Cowen and Sponaugle, 2009).
Larval dispersal is difficult to observe directly the field and in particular in the deep-sea.
Therefore, indirect methods such as molecular marked virtual particle tracking are
commonly applied to analyse genetic connectivityMeen organisms (e.g. review by Cowen
and Sponaugle, 2009; Baltazar-Soaetal, 2014; Breusingt al, 2016)). To conduct virtual
particle tracking, biophysical models based on graagian approach (i.e. individual particle
tracking in space and time; Cowen and Sponaugl@9)2are powerful tools. As the term
‘biophysical’ implies, in these approaches biolagiparameters (e.g. time point of larval
release and pelagic larval duration) are integratéd a physical framework (i.e. ocean
current models) to acquire large ensembles of paskift trajectories, which represent larval
dispersal (Breusingt al., 2016). Information about the biology of the stulierganism,
including its reproductive cycle, is crucial to ditune respective models, but this kind of
information is generally not available for the demgean. Along these lines, the number of
population genetic studies addressing connectisitstill very small (Taylor and Roterman,
2017). Previous studies suggest that the offspingessile benthic invertebrates is typically
transported 10-100 km distance away from the pargftalumbi, 2004). However,
identification and exploration of biophysical barg, which may inhibit gene flow, is
fundamental to understanding population connegtiVithile depth is commonly known to be
a main factor related to species and populatiarcgire (e.g. Van Soest and de Voogd, 2015;
Taylor and Roterman, 2017; Indraningedal.,2019), the barriers separating regions within a
similar depth range are less understood.

The geology of the seafloor is relevant for thenfation and maintenance of

biophysical barriers on different spatial scales.|@ge spatial scales, massive features such
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as shelf breaks, trenches and ridges direct majearo currents. On regional scales, the
seafloor may lead to up- or downwelling, or cir¢ats water flows. Seamounts and banks are
prominent elevated geologic features on the red¢iiscae. These settings are often habitats
for diverse macroorganisms (Moratbal, 2010) and microorganisms (Busehal., 2020a),
which frequently are endemic to that location (@edeset al, 2000). Submarine canyons are
prominent plunging geologic structures which repngéscrucial connections between
productive shelf waters and the deep open oceartifMs al, 2006) but may also potentially
lead to retention of organic matter (Hicketyal, 1986).

Around the northern shores of Spain, the contireshalf is comparably narrow
(Gomez-Ballesterost al, 2014) Figure 1) and streaked with numerous submarine canyons.
The Avilés Canyon System, which is located in froftthe Asturian coast, is one of the
largest submarine canyons in Europe (Rumin-Capatrés, 2016). Overall, the seafloor on
the Cantrabrian shelf has a high structural comiylewith elevated topography (e.g. banks)
occurring in close proximity to plunging geologieatures (e.g. canyons). Along these lines,
the Le Danois Bank (Spanish nang#:Cachuch® is found within a few kilometers distance
next to the Avilés Canyon Systerfigure 1). Le Danois Bank is a designated Marine
Protected Area (MPA) and the Avilés Canyon Systemaidesignated Special Area of
Conservation (SAC), as both areas harbor a greatddiy of benthic organisms (Sancleiz
al., 2008; Sancheet al, 2014).

euphotic (0-200m) Depth [m]
M mesopelagic (200-1500m) - - -
M bathypelagic (>1500m) 4 Le Danois Bank
zone 2 410 2 CAUTeIE
C

North Atlantic
Ocean

IR ———
iOTaP clade
iQP. hirondellei

Figure 1 Combined bathymetric maps of the study area shoaimgverview of the study area in the Asturias
region on the Spanish continental margin and aeelgsof the three focus regions at the Avilés Canggstem
(A: ‘Canyon’) and the Le Danois Bank (B: ‘West-Baakd C: ‘East-Bank’). The colored circles belove tmap
indicate the spatial distribution of the fan-shappdnge samples included in this study.

Sponges are prominent and abundant benthic organisrthe deep North Atlantic
Ocean (Klitgaardet al, 1997; Klitgaard and Tendal, 2004; Murilet al, 2012). Dense

aggregations of sponges in the deep-sea are comymefdred to as ‘sponge grounds’.
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Sponge grounds are often characterized as VulreeMhatine Ecosystems (FAO 2009; FAO
2016) as they can be affected by anthropogenivites such as bottom trawling (Kazanidis
et al.,2019; Busctet al.,2020b) and oil and gas exploitation (\Vetdal, 2018). These threats
stand opposed to the high ecological value of degpsponge grounds. The ecological value
of deep-sea sponge grounds includes enhancemkabbiodiversity (Beazlegt al, 2013),
formation of biomass hot-spots, and representati@acrucial role in biogeochemical cylcing
(Cathalotet al.,2015).

Sponges live in close association with dense anersie symbiotic microbial consortia
(Easson and Thacker, 2014; Hentsatall, 2012; Thomast al, 2016). The microbiomes of
sponges are represented by diverse bacterial @hdeal clades with > 63 prokaryotic phyla
having been identified so far (Thomasal, 2016; Moitinho-Silvaet al, 2017a). Microbial
symbionts were shown to contribute to the metabolis the sponge, i.e., via carbon and
nitrogen cycling as well as vitamin production asefense (reviewed in Pitt al, 2018).
Sponges and their associated microbial communitieseafter termed ‘holobionts’) are
considered fine-tuned entities where both partiaeestailored to function together. At the
population-level, previous studies found sponget population genetics and location to be
related with the structure of the associated miomles at variable degrees, depending on the
level of gene flow between the hosts (Griffittsal.,2019; Diez-Vivest al.,2020; Eassoet
al., 2020).

The present study aimed to explore the host germetit microbial connectivity of
sponge holobionts on a small geographic gradied0& km. We focused on fan-shaped
sponges that are commonly found at the Avilés Carfygstem and the Le Danois Bank of
the Cantabrian SeaFigure 1). These sponges of th@dpsentiaandPetromica clade
(hereafter referred to as ‘TaP clade’) aRdakellia hirondelleiare morphologically very
similar even to the expert eye, but belong to dififé sponge orders. We sought to address
whether genetic diversification can be resolvediéep-sea sponge holobionts sampled less
than 100 km apart and what effect the geologidainge(canyon versus bank) might have on
population structure. In addition, oceanographionaetivity in the Cantabrian Sea was
assessed by a virtual larvae tracking approacherGikat the continental shelf is comparably
narrow in the study area, we were particularlyreséed to evaluate whether virtual sponge
larvae would travel along the bathymetry. The pne=# findings contribute - in the long run -
to a better management and preservation of vulleeralrine ecosystems.

2. Material and Methods



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

2.1 Field work

42 fan-shaped sponge specimens were collected avithck dredge onboarBV Angeles
Alvariiio from the area of the Avilés Canyon System (~ 48196.0 °W) and the Le Danois
Bank (~ 44.1 °N; 5.0 °W) in June 2017 during theexition SponGES0617n addition, 15
full depth CTD casts were performed at the respeand additional sampling stations. The
focus of this study was on three sampling regigagion A (‘Canyon’), region B (‘West-
Bank’), and region C (‘East-Bank’)F{gure 1). Sampling at all three sampling regions was
conducted within a similar depth range (region 85 &n, region B: 653 m, and region C: 541
m). Bathymetric data of the study area were ex@chtitom the Bathymetry Data Portal of the
European Marine Observation and Data Network (EM&@PrSamples of different sponge
species were collected in the same grab. The sadepédls, corresponding (meta-) data and
raw sequence NCBI-accession numbers for all metbgaml approaches of all seawater and
sponge samples presented in this study were dedositthe PANGAEA data repository
(https://doi.org/10.1594/PANGAEA.923271).

After collection, sponge specimens were rinseth Witsh seawater and photographed.
Tissue subsamples were taken for microbial work amstantly flash-frozen. Sponge
fragments of each specimen (1-3°pwere preserved in 96 % EtOH for molecular analysi
(see below), and immediately kept at -20 °C; EtOHsweplaced once after one day
preservation. Small sponge fragments were alsobated in sodium hypochlorite solution
(Panreac 5 % w/v technical grade) and kept at reonperature until the end of the cruise for
spicule analysis (see below). The remainder ofgecimens not used for molecular and
morphological analyses was preserved in 80 % Et@¢ kept at room temperature in the
reference collection at the Oceanographic Cent@ijdih (IEO, Spain). Seawater samples (2
L) for microbial community analyses were derivednfreach CTD casts’ bottom depth (~ 5
m above seafloor), filtered onto PVDF filter memiea (pore size = 0.22 um and @ = 47 mm)
and stored at -80 °C until further processing.

2.2 Sponge mor phological analyses

For spicule preparation, soft sponge tissue waestigl with sodium hypochlorite solution
(Panreac 5 % w/v technical grad.). The remainingusgs were soaked 3 x 1 h with distilled
water in a water bath at room temperature which reasoved by repeated centrifugation (1
min at 12000 rpm). Finally, absolute ethanol wadeald A few drops of ethanol and spicules

were placed on a slide which was then flamed férydeation. A few drops of Durcupdh

7



211 ACM embedding mixture for microscopy (Sigma-Aldiicivere placed on the coverslip
212 which was then kept in the oven at 36 °C for 24effote visualisation of spicules was
213 performed using a microscope Nikon Eclipse 50i.

214

215 2.3 Sponge bar coding and phylogenetic analyses

216 DNA of all sponge specimens was extracted usingdiNeasy Power Soil Kit (Qiagen) with
217 approximately 0.25 g sponge tissue. The quality guodntity of resulting extracts were
218 checked with a NanoDrop spectrophotometer. Fraggnaeinthel8SrDNA (189 gene were
219 amplified for all sponges using the primer pair 8&3-SP18gR (SP18aF: 5'-
220 CCTGCCAGTAGTCATATGCTT-3"; SP18gR: 5 -CCTTGTTACGACTTACTTCCTC-
221  3"; Redmondet al, 2013). The polymerase chain reaction (PCR) pragiar 18Swas 95
222 °C/2 min - (95 °C/2 min - 57 °C/45 sec - 72 °C/860)s 30 cycles - 72 °C/3 min. For the
223  amplification of a fragment of the cytochromexidase subunit I§OI), we used two sets of
224 primers: Pcant-COIF (5-TTTGCAGGGATGATCGGAAC-3’) dn Pcant-COIR (5'-
225 CCCGGGGCCCTCATATTTAA-3) to obtain a fragment of Fbase pairs (for more details
226 see Taboadat al. (in review) for P. hirondelleiand LCO1490 and HC0O2198 (Folnwdral,

227  1994) to obtain 685 bp. The PCR program@&@I was 94 °C/5 min - (94 °C/30 s - 58 °C/30 s
228 - 72°C/30 s) x 35 cycles - 72 °C/10 min. Amplifioa of both18SandCOI was performed
229 in 12.5uL reactions, using 10.5L of VWR Red Taq DNA Polymerase 1.1x Master Mix
230 (VWR International bvba/sprl, Belgium), Ouk of the forward and reverse primers, angll
231 of DNA template. PCR products were verified by @éctrophoresis on 1 % agarose.
232 Sequencing was conducted with the primers mentioakdve, using (dideoxy chain
233 termination / cycle sequencing) on an ABI 3730XL ®Mnalyser (Applied Biosystems,
234  USA) by Eurofins Genomics fdr8Sand at the Molecular Core Labs (Sequencing Fgcoit
235 the Natural History Museum of London (NHM) fGOlI.

236 Overlapping sequence fragments 18S and COl were assembled and trimmed
237 separately into consensus sequences using theaseft&eneious v.10.1.3 (Kearse al,
238  2012). Occasionally only forward or reverse seqasngere used due to the poor quality of
239  one of the fragments (for allBSand threeCOI sequences). Consensus sequences were then
240 checked for contamination using BLAST (Altschet al, 1990), aligned with MAFFT
241 v.7.309 (Katoh and Standley, 2013) using sequeatetosely related species, and used to
242 construct a phylogenetic hypothesis with Maximunkelihood using RAxML 8.1.22
243  (Stamatakis, 2014). The evolutionary model wascseteusing jModelTest (Darribet al,
244  2012), resulting in GAMMAGTR (GTR+G) for both marke Phylogenetic analyses fb8S

8
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and COI were run separately ten times, with 100 replicdtesbootstrap recovery. Our
taxonomic distinction between species is then basetBS and COIl phylogenetic analyses
(see below) and spicule confirmation. This proceduof combining classical sponge
taxonomy with molecular sequencing, left us with @iambigiously identified sponge
specimens for the present study, which are conmpgell TaP clade individuals and PO

hirondelleiindividuals.

2.4 Sponge reproductive state analyses

An assessment of the sponge reproductive stateavafucted as biological ground-truthing
for the biophysical particle tracking model. Ourimaim of this analysis was to derive a
reasonable timepoint of larval release into theewablumn. For the assessment, small pieces
(5 mnT) of five TaP clade individuals and thrBe hirondelleiwere fixed in a solution of 2.5
% glutaraldehyde, 0.4M PBS and 0.34 NaCl onboaml stored at 4 °C (modified after
Koutsouveliet al, 2018). In the home laboratory, samples were dinlseee times with buffer
(0.4 M PBS-0.6 M NaCl) and then postfixed in 2 %nasn tetroxide for two hours at 4 °C.
After rinsing the sample pieces three additiomaks (with an incubation time of 15 min per
washing step, at 4 °C), partial dehydration wasdooted with an ascending ethanol series
(2x 30 %- 1x 50 %- 1x 70 %). In the next step, gopieces were submerged in 5 %
hydrofluoricacid overnight to remove any silica remnants frowirtskeleton. Subsequently,
samples were washed carefully (8x 70 % EtOH) anuydi®tion was continued with an
increasing gradient of ethanol (1x 90 %- 2x 100 @hce dehydrated, samples were
embedded in LR-White (LWR) resin, using a gradieht RW/EtOH (1x 70/30— 1x 50/50—
1x 30/70— 2x 100). Afterwards, samples were transteinto fresh LWR and polymerized
inside embedding capsules in an oven (57 °C) fordays. Blocks of LWR were cut using a
Reichert Ultracut ultramicrotome equipped with andond knife (DIATOME, Switzerland) at
0.5-2um (semi-thin sections) and 70-90 nm (ultrathin ises) respectively. The semi-thin
sections were stained with toluidine blue or Ridisan solution (latter prepared as described
in (Mulisch and Welsch, 2015)), while the ultrarthsections for transmission electron
microscopy (TEM) were contrasted with uranyl acettd Reynold’s lead citrate. Ultra-thin
sections were visualised with a Hitachi Transmisdtdectron Microscope TEM (H-7650)
and a Tecnai G2 Spirit Bio Twin TEM (FEI Company)9%® kV. Semi-thin sections were
visualised with an Axio Observer.Z1 microscope §8eiGermany).

2.5 Sponge population genetic analysis
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ddRADseq libraries were performed for a total ofidividuals: 11 TaP clade specimens and
10 P. hirondellei Library preparation was conducted following (Peba et al, 2012) with
the following modifications by (Comboseéh al, 2017). Double-stranded genomic DNA (500
ng) was digested using the high-fidelity restriotienzymes Sbfl and EcoRl (New England
Biolabs). Resulting digested fragments were cledmgdnanual pipetting using Agencourt
AMPure beads (1.5X volume ratio; Beckham Coultang were subsequently quantified with
a Qubit dsDNA HS assay (Life Technologies). In tlext step, resulting fragments were
ligated to custom-made P1 and P2 adapters congagample-specific barcodes and primer
annealing sites. Barcoded individuals were poahtd libraries, cleaned by manual pipetting
using AMPure beads (1.5X volume ratio), and sideesed (range sizes 200—-400 bp) using a
Blue Pippin Prep (Sage Science). Each library wa@R-amplified using Phusion polymerase
(Thermo Scientific) and a different set of PCR i with barcodes in order to create
multiplex libraries. The PCR program used was 980G — (98 °C/10 s — 65 °C/30 s — 72
°C/1.5 min) x 12 cycles — 72 °C/10 min. ResultifgRPproducts were cleaned by manual
pipetting using Agencourt AMPure beads (1.5X voluna¢io), quantified with a Qubit
dsDNA HS assay, and quality-checked on a Tapenta?®00 (Agilent Technologies).
Libraries were pooled normalizing their concentmatiand pooled together with RNA-seq
libraries in the same flow cell. Libraries pair-esefjuenced (150 bp) were run on an Illlumina
HiSeq 4000 (lllumina) at Macrogen Inc. (South Kgrea

Quality filtering of reads and locus assembly wasducted with the Stacks pipeline,
v2.4.1 (Catchemrt al, 2013). RAD-tags (DNA fragments with the two apprate restriction
enzyme cut sites that were selected, amplified, aequenced) were processed using
process_radtagswhere raw reads were quality-trimmed to remowe ¢uality reads, reads
with uncalled bases, and reads without a completeodde or restriction cut site. The
process_radtagsescue feature (-r) was used to recover minimaiyerged barcodes and
RAD-tags (--barcode_dist 3; --adapter_mm 2). preress_radtaggimming feature (-t) was
used to trim remaining reads to 120 bp, in ordeintwease confidence in single-nucleotide
polymorphism (SNP) calling. After performing thefiléering steps inprocess_radtagswe
retained a total of 74,442,388 reads from theahitD2,673,760 raw reads (72.5 % of the total
reads retained), with an average of 3,544,876 rpadsample.

Preliminary tests were carried out following (Jie et al, 2016) and (Parist al,
2017) in order to identify optimal Stacks paramet@ncluding m, M, and n) for our dataset.
Briefly, tests were carried out for 5 sets of 3d@amly chosen individuals and, for each test,

all non-test parameters were kept as default. ThekSpopulationsmodule was run to filter
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data with r = 0.8 for each test, and the numbesseémbled loci, number of polymorphic loci,
number of SNPs, and coverage was compared betlWwedrdts. Final parameter values were
as follows:ustacks M = 2, m = 3;cstacksn = 1. Mean locus coverage among all samples
was 47.1+£13.0, ranging from 15.8 to 99.5.

The Stackspopulationsmodule was used to conduct a first filtering of tihata,
retaining those SNPs present in at least 70 %eointhividuals (r = 0.7), and just retaining the
first SNP from each RAD-tag using “--write_singl&NS’ in order to reduce the linkage
disequilibrium among loci. A subsequent more adeufdtering was performed using the
adegeneR package (Jombart, 2008; R Development Core Tea08; Jombart and Ahmed,
2011), assessing SNP distributions across indiVidaaples and sampling regions, and
testing different filtering thresholds in order teaximise the number of retained SNPs and
minimise missing data. This approach provides &ant help in defining final thresholds in
comparison with the Stacksopulationsmodule. The resulting assessment resulted in no
further filtering of samples.

Given the known presence of symbiotic bacteriallnsponges, the resulting set of
sequences containing variable SNPs obtained afitenimg populationswere filtered for
bacterial hits. This was done usirfjlastn comparing the aforementioned set of sequences
against a nr database for bacteria extracted fr@BINaccessioned on the 17/06/2018), using
a e-value of 1e-6 or lower. This filtering of batkeresulted in 0 being removed in both the
hirondelleiand TaP clade datasets. That said, only polymoipNies were used.

We calculated population genetic diversity and dgraphic statistics separately for
TaP clade specimens aril hirondellei by grouping the samples per sampling region.
Expected Kle) and observedHp) heterozygosities, and inbreeding coefficierig)(were
calculated per each sponge clade per samplingmegimg Genodive v.3.02 (Meirmans and
Van Tienderen, 2004). To assess global inbreedinthirv sampling regions and
differentiation among them, we also calculated glabbreeding coefficierf;s in Genodive.

We assessed the population structure for eachgspolade separately using three
different methods: STRUCTURE v.2.3 (Pritchatdal, 2000); the functiorsnapclustin the
adegenetR package (Beugiret al, 2018); and the discriminant analysis of principal
components (DAPC) as implemented in #tiegeneR package (Jombaet al, 2010). We
ran STRUCTURE with 50,000 MCMC iterations using tdmixture model, with a burn-in
of 20,000 iterations, setting the putatikefrom 1 to 4 with 10 replicates for each run. We
used STRUCTURE HARVESTER (Earl and vonHoldt, 20i#)d CLUMPP v.1.1.2

(Jakobsson and Rosenberg, 2007) to determine tls¢ kely number of clusters and to
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average each individual’'s membership coefficiembse theK value replicates, respectively.
We used the Akaike Information Criterion (AIC) tdentify the optimal number of clusters in
snapclust.choose.knd then initial memberships femapclustvere chosen using the k-means
algorithm (pop.ini = “kmeans”), allowing a maximukh (number of clusters) of 12 (max =
12), and a n.start.kmeans of 100 (n.start.kmeaf€¥. For the DAPC analysis we grouped
samples by sampling region, and retained the nuwibgiincipal components analysis (PCA)
axes and eigen values using the cross-validati@Dapc function from theadegenetR
package. Finally, Pairwisést values were estimated to measure the differentidietween
pairs of sampling regions using Genodive v.3.02i(Mans and Van Tienderen, 2004) with

20,000 permutations.

2.6 Sponge-associated microbial community analyses

DNA extraction of all fan-shaped sponges was peréar using the DNeasy Power Soil Kit
(Qiagen) with approximately 0.25 g sponge tissudalf a seawater filter (for 46 seawater
samples in total) used as input material. The cmnggon of resulting DNA extracts was
checked with a NanoDrop spectrophotometer and theility assessed by gel electrophoresis
after a polymerase chain reaction (PCR) with thivareal 16 rRNA gene primers 27F and
1492R. After the quality check, a one-step PCR @@tes: 98 °C/30 s - 98 °C/9 s - 55 °C/1
min - 72 °C/1.30 min - 72 °C/10 min - hold at 4%gs conducted on the extracts to amplify
the V3 to V4 variable regions of the6S rRNA gene (using the primer pair 341F 5'-
CCTACGGGAGGCAGCAG-3 (Muyzer et al, 1993) &  806R 5'-
GGACTACHVGGGTWTCTAAT-3' (Caporaseet al, 2011) in a dual-barcoding approach
(Kozich et al, 2013)). The amplicon libraries were quality chextkby gel electrophoresis,
normalised with the SequalPrep Normalization PIie (ThermoFisher Scientific) and
pooled equimolarily. Sequencing was performed diSeq platform (MiSeqFGx, Illlumina)
using v3 chemistry and in subsequent demultipleXdngnismatches were allowed in the
barcode sequences.

Sequences were processed using QIIME2 (versio8.20]1 (Bolyenet al, 2018),
similar to the methods described in Busahal., (2020c). Briefly, the DADA2 algorithm
(Callahan et al. 2016) was applied on forward r€adscated to 270nt) to generate Amplicon
Sequence Variants (ASVs), which in turn were ugsechiculate phylogenetic ASV trees with
the FastTree2 plugin. Classification of represergafSV sequences (on the genus, family,
order, class and phylum level) was performed byriengr-specific trained Naive Bayes
taxonomic classifier, using the Silva 132 99% OTl8Sdatabase (Quast al, 2013).
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Statistical analyses of the microbial communityrev@erformed on all 21 sponge
individuals, including eight TaP clade individudtem region A (‘Canyon’), six individuals
from region B (‘West-Bank’) (comprised of three Telede individuals + threB. hirondellei
individuals), and seveR. hirondelleispecimens from region C (‘East-Bank’). Furtheneni
seawater samples were included in the statistitallyaes (three samples from each region).
Alpha diversity indices (among others Shannon ifdes well as beta diversity metrices
(among others weighted UniFrac distances) wereulzkd. Non-metric multidimensional
scaling (nMDS) was performed on weighted UniFratatices to evaluate sample separation
in ordination space. To assess if groups of samgiiésred significantly from each other,
permutational multivariate analyses of variance RRRANOVA) were conducted in a
pairwise manner on weighted UniFrac distances.&tijtering significantly between sample
groups were determined and ranked using the Limescriminant Analysis Effect Size
(LEfSe) algorithm (Segatat al, 2011). We applied a significance levelasf 0.05 for all
statistical analyses throughout this study. Plgttivas performed with R (version 3.0.2, (R
Development Core Team, 2008)) and further finerignof visualisations conducted using
Inkscape (version 0.92.3; (Harrington and Team520@nd/or GIMP (version 2.8).

2.7 Larval Dispersal Modeling and Oceanographic Observations

Before running the virtual particle tracking modemulations, the following steps were
performed (i) validation of technical input paraerst (number of released particles), (ii)
further validation of biological input parametetsnepoint of larval release), (iii) comparison

of model output (TS data) wiih situ measurements.

2.7.1 Validationswith biological and physical oceanographic observations

To further validate the timepoint of larval reled@s® the water column (as determined by the
sponge reproductive state analyses), we conduatadsessment of pelagic productivity. This
seemed reasonable as several previous studieslhagrbed a strong link between pulses of
primary productivity and the larval release of eniorganisms (e.g. Highfielet al., 2010).
We assessed productivity by two means: (a) basedinorsitu biological data of
bacterioplankton and chlorophyll-a concentratiosizapshot in time, relying on sampling in
June 2017); and (b) based on remote sensing (asseissf temporal varitions within the year
2017). The latter was performed with the help dbljly available resources, as we derived
monthly chlorophyll-a concentrations of the yead2Grom satellite data accessed via the

GlobColor web portal (provided by the European $paAgency, ESA)In situ productivity
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data was retrieved by flow cytometry using a Beckr@aulter Gallios machine. Samples for
flow cytometry were derived in triplicates from bwh depths of all 15 performed CTD casts.
Subsamples (4 mL seawater) were fixed with 200 |utagaldehyde (GDA, 25 %). Sample-
containing tubes were stored in vertical positibr28 °C until processing. For measurement
of bacterial cell numbers, the samples were thawesfjltered (syringe filters with 50 pm
pore size), and sample aliquots of 400 pL were chixeh 10uL of a SYBR Green stock
solution (10,000x concentrate in DMSO). Fluoresbiiuorescence microspheres with a
diameter of 1 um were added, followed by a prodacubation time of 15 min. For
measurements of phytoplankton concentrations, aioisg was performed, but detection of
autofluorescence conducted instead.

To validate our physical model output with situ physical measurements (of TS
data), and to get a better understanding of priegaWater mass properties, we perfornied
situ sensing using a Seabird 37 CTD sensor systembatigymetry map was created with
QGIS (version 3.4.4; (QGIS Development Team, 201C))D data and satellite data were
visualised with Python (version 3.7.3).

2.7.2 Biophysical modelling

We applied a Lagrangian modelling framework usihg patrticle tracking toolbox Parcels
(version 2.0.0.beta2, Delandmeter and Van Selfi(4,9) with three-dimensional velocity
data from an Atlantic model based on the NucleusBoropean Modelling of the Ocean
(NEMO v3.6, Madec, 2016) system. VIKING20X is a sessor of the Ocean General
Circulation Model (OGCM) VIKING20 (Boninget al, 2016) and combines an eddy-rich
(1/20°) grid of the whole Atlantic (69 °N - 33.5);3wo-way nested into a global 1/4° ocean-
sea-ice configuration (ORCA025), forced by the JBAI® atmospheric forcing data set of
the past decades (Tsujinet al, 2018). In this study we used the experiment
VIKING20X.L46-KKG36107B. VIKING20X has 46 z-levels the vertical, for which the
layer thickness increases from 6 m at the suri@@50 m in the deep ocean. At the depths of
the simulated regions (i.e. 628 m), the layer theds is 94 m. The bathymetry in the model is
based on the 2-minute ETOPO2 bathymetric databaderepresented by partial steps.
Simulated velocities are stored as daily three-dsianal averages (to allow releases on an
everyday basis to assure equal integration lengifi®d VIKING20 model itself has been
intensively validated in previous studies (e.g. denfelderet al, 2017) and used for
dispersal studies (Baltazar-Soaet¢sal, 2014; Breusinget al, 2016). To further demonstrate

the reliability of the model simulations in our aref interest, we compareih situ
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temperature and salinity data derived from the férly mentioned full ocean depth CTD
casts in June 2017, with modelled data from VIKING&Zrespective data are shown in the
Supplementary Material and discussed further in Results section 3.4). Lagrangian
simulations were performed on ~ 90,000 particlesotal (1,000 particles per release region
and release day), which were released from threase regions (covering four model grid
boxes each) during the assumed natural spawningdpier June (1st of June - 30th of June).
The coordinates of the three virtual release regiarere covering the actual sampling
locations in 2017 at region A (‘Canyon’), region(‘B/est-Bank’) and region C (‘East-Bank’)
(consider the Supplementary Material for furthesights into the representation of regions in
model topography as well as model velocities). tmmber of particles was determined based
on the saturation plateau of computed rarefraactimves (respective data are shown in the
Supplementary Material and discussed further irRésults section 3.4). In our study, release
positions of sponge larvae were close to the saafia detail a larval release was performed
in the vertical centre of the last gridbox above biottom). After release, virtual larvae were
allowed to drift passively at any depth with thee#rdimensional time-varying ocean
velocities, and no assumptions about mortality weesle at any time of the simulations. A
typical pelagic larval duration of 14 days was assd and dispersal probabilities were
computed as described previously (van Sebkiilal, 2018). To consider temporal fluctuations
in current patterns, we modeled releases and dispewer a period of 10 years (between
2009 and 2018). In-depth analyses on seasonaditg performed for one year, in which case
we chose the year of the conducted expeditionZD&7). For plotting larval trajectories and
probabilities of dispersal, all particle positiodseper than 2000 m (determined by a depth
tracer) were flagged particularly. Those particlésch, on drifting day 14 (i.e. the last day of
the typical pelagic larval duration phase) werenfibin areas where the seafloor lies below
2000 m, were considered as ‘lost’ to the open ockmathis study we present ‘100 % -areas’
and ‘95 %- areas’ of larval drift. In the latterseathe area covered by the larvae drift refers to
the area including 95 % of all observed particlsifians within 14 days when positions are
binned in boxes of 5 km x 5 km onto a geographid. gdue to the chosen bin size the number
of particle positions considered to calculate #rsa is, however, up to 0.6 % lower than 95
%. The connectivity matrix shows the probabilitatla particle is present at least once in one
of the three regions during the last seven dayss afrift relative to the number of all particles
released. All oceanographic modelling and visuagisivas performed within Python (version

3.7.3) running (inside Jupyter notebooks; Kluygeal, 2016) on an Unix system.
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3. Reaults

3.1 Sponge taxonomy

Phakellia hirondelleiand the TaP clade individuals are morphologicedlyy similar in their
external appearance and can be difficult to disisty even to the expert eye. Although
similar, the spicule content of both lineages dédteslightly: TaP clade individuals possessed
two types of strongyles and two sizes of styleg] Bn hirondellei contained one type of
strongyles, two sizes of oxeas and one size oést@upplementary Table S1). Only two
individuals within P. hirondellei showed small differences in the spicule conteatk(lof
strongyles Supplementary Table S1). The molecular markers8Sand COI were then used
to investigate their phylogenetic placement andcdafirm their taxonomic assignment in
combination with traditional spicule analyses. hme tCOIl analysis, the ten individuals
identified based on the spicule contenPasirondellei(Topsent, 1890; Bubarida order) were
grouped in a monophyletic clade showing relativelpderate supportSgpplementary
Material S1B), with Phakellia robustaas sister cladeSupplementary Material S1B).
However, these same individuals were grouped tegetha clade withP. robustabased on
the phylogenetic analysis dI8S (Supplementary Material S1A) because of the low
resolution power of this marker for sponge phylogett species level. Despite multiple
sequencing attempts, generation of clean host segadurned out to be difficult for the two
sponge groups. Working with one single sequencectian for 18§ we observed a few
nucleotide mismatches within species, which coutlbe properly checked, but most likely
do not reflect a true variation of the marker (asauded based on the combination of the
four different approaches used to decipher spoagenbmy). The spicule analysis for all
these ten individualsSgpplementary Material S1C) supported the assignation ®.
hirondellei despite small differences in the spicule contntwo individuals. Within the
same clade aB. hirondelleiand P. robusta we found other species which are assigned to
either the order Axinellida or Bubarid&upplementary Material S1B). The other 11 sponge
individuals were classified as belonging to the TéRle. 18S sequencing suggested that this
clade includedr opsentiaandPetromicaspecies Supplementary Material S1A). In the COI
analysis,the robustly supported TaP clade appeared as s$tanother clade containing
Petromica Cymbastelaand Ciocalypta (Supplementary Material S1B). The remaining 21
sponges could not be unambigiously taxonomicakgsfied, which is why we discarded the

respective samples from further analyses of conngct
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3.2 Sponge microbial community composition

The microbiomes of TaP clade specimandP. hirondelleiclustered apart from seawater in
a non-metric multidimensional scaling plot of wemgh UniFrac distancedigure 2A). In
addition, microbiomes of TaP clade individuals dad hirondellei fell into two distinct
clusters based on weighted UniFrac distances. Algivarsity indices were highest in
seawater, intermediate in TaP clade specimenscavekt inP. hirondellei(Figure 2A, small
insert). Further, the microbial community compasitiwas significantly different on ASV-
level between TaP clade specimens &dhirondellej and also different from seawater
(PERMANOVA, p=0.001,Table 1). Notably, the seawater reference microbiomesndit
differ between the three sampling regions in teahdiversity and community composition
(Supplementary Material S2A-B).

Table 1 Overview of pairwise-comparisons (PERMANOVAS) basedweighted UniFrac matrixes of microbial
communities between sponge clades (TaP cladd’ahdondelle) and sample types (TaP clade,hirondellej
seawater).

Sample Per-
Group 1 Group 2 size mutations pseudo-F  p-value
TaP clade Phakellia hirondellei 21 999 107.04 0.001
TaP clade Seawater 20 999 26.56 0.001
Phakellia hirondellei Seawater 19 999 94.13 0.001

In terms of bacterial abundance and compositioa,ntiicrobiomes of the TaP clade
specimens anB. hirondelleiwere characteristic of low microbial abundance A)Mponges
(according to Hentschadt al, 2006; Gloeckneet al, 2014; Moitinho-Silvaet al, 2017b)
with dominant Gammaproteobacteria and Bacteroid@agire 2B). However, the relative
abundances of these microbial phyla differed betw@@P clade specimens arfel
hirondellei While the phylum Nitrospirae was significantlyrighed inP. hirondellej TaP
clade individuals showed a significant enrichmeinAlphaproteobacteria and Bacteroidetes

(Supplementary Material S3).
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542 Figure 2 Microbial community composition and richness of f@iént sample types. A) Non-metric
543 multidimensional scaling plot on weighted UniFrastances. Each marker is one microbial communitiyh w
544  colors indicating sample type (the TaP cladehirondelleiand seawater). Data of 21 sponge individuals and
545 seawater samples from 15 stations are presenteall 8ot inside Fig 3A presents Shannon indiceSaf clade
546 individuals,P.hirondelleiand seawater. Dots show means and whiskers repraadard deviations. In Fig.3B
547  the microbial community composition is shown on piglum level across all three sampling sites (Angon’,

548 B:'West-Bank’, C:'‘East-Bank’) for the TaP clade, hirondelleiand seawater.

549

550 In a nMDS approach, we observed a substructuring’al® clademicrobiomes
551 between region A (‘Canyon’) and region B (‘West-Ban(Figure 3A), which was
552  statistically significant (PERMANOVA, p=0.011,Table 2). Phakellia hirondellei
553  microbiomes showed no significant spatial diffeesbetween region B (‘West-Bank’) and
554 region C (‘East-Bank’)Kigure 3B). In terms of alpha diversity indices (Shannonexidthe
555 TaP clade andP. hirondelleidid not show any spatial differences between sampkgion

556  (Figures 3A-B, small inserts).
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Figure 3 Microbial community composition of the TaP cladedd”. hirondellei across the three sampling
regions (A:'‘Canyon’, B:'West-Bank’, C:‘East-Bank’Non-metric multidimensional scaling (Figs 3 A-B) i
based on weighted UniFrac distances (ASV-level) symdbols indicate the respective sampling regidie
violin plots presented within Figs. 3A-B show mddnt) and standard deviation (whiskers) of Shanndices
for the two sponge clades across sites.

Table 2 Overview of pairwise-comparisons (PERMANOVASs) basedweighted UniFrac matrixes of microbial
communities between sampling regions (A:‘Canyon'West-Bank’, C:‘East-Bank’) for the TaP clade aRd
hirondellei

Sample Per - pseudo-
Group 1 Group 2 size mutations F p-value
TaP clade TaP clade
(RegionA) (RegionB) 11 999 3.59 0.011
Phakellia hirondellei Phakellia hirondellei 999
(RegionB) (RegionC) 10 1.61 0.144
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3.3 Sponge population genetics

For population structure and connectivity (SNP<sllyses a total of 3,408 and 2,119 SNPs
were obtained for th®. hirondelleiand TaP clade datasets, respectively. Populatinatige
statistics for the two sponge clades are givehable 3. Overall, the expected heterozygosity
(He), generally considered as a measure of genetarsity, was slightly lower for TaP clade
specimens (0.369) than fé. hirondellei(0.400). Within sampling regions,clfanged from
0.366 (A:*Canyon’) to 0.381 (B:'West-Bank’) for TaBlade specimens, and from 0.394
(C:'East-Bank’) to 0.408 (B:'West-Bank’) forP. hirondellei (Table 3). Observed
heterozygosity () was again lower for th€aP clade (0.535) than f&. hirondellei(0.601).
Within sampling regions, gliranged from 0.532 (A:‘Canyon’) to 0.557 (B:'West+Bd) for
TaP clade specimens, and from 0.597 (B:'West-Ban&’)0.603 (C:‘East-Bank’) forP.
hirondellei (Table 3). All values for the inbreeding coefficient §f were negative and
significant for the two sponge clades and the diffié regions analyzed, indicating an excess

of observed heterozygoteBable 3).

Table 3 Population genetic statistics for the TaP cladi&Rrhirondellei,grouping samples per sampling region.
The abbreviations are as follows: n (number of das)p Ho (‘observed heterozygosity’), He (‘expected
heterozyogosity’) (= genetic diversity), Fis (‘idading coefficient’). Significant values are depétin bold.

Sponge clade/ Sampling region 11 Ho He Fi<
TaP clade

A: ‘Canyot 8 0.532 0.366 -0.454
B: ‘West-Bank 3 0.557 0.381 -0.463
Total 11 0.535 0.369 -0.452

Phakellia hirondellei
B: ‘West-Bank 3 0.597 0.408 -0.465
C: ‘East-Bank 7 0.603 0.394 -0.531
Total 10  0.601 0.400 -0.504

The results of th6 TRUCTUREandadegenetinalyses revealed no significant genetic
structure among the samples for the two spongeesladm the different region&igure 4A-
B). This was also corroborated by therFalues for the pairwise comparisons between
regions, which was 0.023 for the comparison betwis# clade regiongp4{value = 0.06) and
0.015 for the comparison betweBn hirondelleiregions p-value = 0.169). Interestingly, the
DAPC analysis for which samples were grouped perpéag region, did detect differences
across sampling regions for the TaP clade, whidwsk a subtle separation between regions
A (‘Canyon’) and B (‘West-Bank’),Kigure 4C; note that DAPC analyses are generally more
sensitive than STRUCTURE and adegenet analysesgoritrast, foP. hirondellej we did
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available for this speciefigure 4D).
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Figure 4 Sponge population genetics based on individuabtype assignments of TaP clade &hcdhirondellei
individuals to clusters (K) as inferred by STRUCTEIRFig. 4A-B). Spatial structure of the two sporagdes
across the three sampling regions (A:'Canyon’, B2&¥Bank’, C:'East-Bank’), as inferred by DAPC (&idC-
D).

3.4 Validation of oceanographic modelling setup

In order to link population genetic data with ocegwaphic connectivity, VIKING20X was
chosen as our model to simulate drifting of spolageae. The optimal number of particles to
be released was determined as 1000 particles pkebgx and day based on the saturation
plateau of computed rarefraction curv&sifplementary Material $4). When determining
the optimal model starting date, we observed thateat direction and velocities seemed to

be governed by mesoscale processes over the wbateSupplementary Material S5). We
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chose June as the starting month to release vspaige larvae into the water column; and
due to strong temporal variability we performeckasles over 10 different years. The month
of June was chosen because it is two months dfeemtain phytoplankton bloom in 2017
(Supplementary Material S6) and it is during a period when ripe reproductstages were
found in both, TaP cladendP. hirondelleiindividuals. In this month, thi@ situ chlorophyll

a concentrations were comparably low at all thomations Supplementary Material S7A-

B) and corresponded well to the satellite data. Bo"dP clade members aid hirondellei
were found to contain mature gametes in mid-Jurenwthey were collected. In TaP clade
individuals, vitellogenic oocytes of ~ 40-@@ were found close to the canals, indicating that
they were relatively mature and almost ready to rbkeased in the water column
(Supplementary Material S8A). The oocytes were full of nutrients of proteinaige origin
(Supplementary Material S8B-C) and heterogenous yolk, a mix of lipid and protein
(Supplementary Material S8B, D). In P. hirondellei, similar vitellogenic oocytes were
observed (~ 50um), probably mature and ready to be released inwhe&r column
(Supplementary Material S8E). In contrast to TaP clade individuals, P hirondelleithe
nutrient reserves within the oocytes seemed to draolgeneous yolk comprised only by
protein platelets{ 500 nm) Supplementary Material S8E-F).

The three release and sampling regions (A (‘Canyd®’(‘West-Bank’), C (‘East-
Bank’)), lay within a similar depth rang&pplementary Material S7) and sampling at all
three regions occurred within the same waterm@spplementary Material S9A). In situ
temperature and salinity measurements fitted olvexa&ll to the data extracted from
VIKING20X in terms of their vertical profile upplementary Material S9A) and their
rough characteristics at the bottom depths of tA® Gampling sites Supplementary
Material SOB). However, we noted a slight shift to lower sdles in the VIKING20X data
in comparison to tha situ measurements. On a different note, VIKING20X doefsresolve
hydrodynamics inside canyons and further does inailate important small-scale properties
(such as tides), which could lead to an overestomaif connectivity between the individual
regions. In our experiments we released virtualdarat the ‘opening’ of the canyon (but at
the depth level that corresponds to thesitu sampling depths). For our similuations we
considered particles drifting on day 14 in regiovigere the seafloor is below 2,000 m water
depth, as ‘lost’ to the open ocean. This configaratrests upon the evidence-based
assumption that fan-shaped sponge abundance istullg area is very low below 2,000 m
water depth: With the aid of a photogrammetic seed®OTV Politolana), fan-shaped

sponges at the study area were recorded partigwlathin the mesopelagic zone (Sancle¢z
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al., 2017), especially in a depth range between 428-13, with highest densities between
450-550 m.

3.5 Larvaedrift modd
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Figure 5 Output of the Lagrangian simulations showing péetigrobabilities in space (in % relative to all
particles released) after a 14 days drifting time a daily release of larvae over a period of 3gsda June
2017 (which was determined as suitable model gtainit during model validation procedure) for theeth
regions (A:'*Canyon’, B:'West-Bank’, C:'East-Bank’Bathymetry contours are shown by black lines dred t
Spanish coastline is indicated by the black areeamMmonthly current velocities for the analysedqokare
indicated by grey arrows.

For all three regions a considerable fraction & tkleased particles stayed within their
release region for all analysed years and inteienad) connectivity was low. Passive-particle
drift trajectories showed a preferential retentidrsimulated larvae within the study area (for
a particular year sekigure 5 and Supplementary Material S10; for multi-year data see

Supplementary Material S11). Most virtual particles travelled along the battetry and
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were strongly influenced by the mesoscale varighilie. the existence and direction of ocean
eddies. Across all years and sampling regions itindrday 14, on average 44.2 + SE 5.7 %
of all particles were found in areas where thelseafis located below 2,000 m, but 0 % of
the particles were actually drifting at water deplbielow 2,000 m. We observed strong inter-
annual variations (between 2009 and 2018) in thegm@ghic location of eddies
(Supplementary Material S12), as well as in the average larval drift distan@esl in the
100 % -areas and 95 %- areas of larval d6fipplementary Material S13). These inter-
annual variations were observed at all three saigpkgions. To assess inter-annual patterns
of connectivity, we computed a connectivity matffsigure 6). Throughout the ten analysed
years region A (‘Canyon’) and region C (‘East-Bankere never connected. In less than half
of the analysed years, region B (‘West-Bank’) reediparticles from the other two regions.
Only in two years (2009 and 2011) particles fromiga B were transported to another region
(only region C (‘East-Bank’)).

Release from:
Region A to Region B to Region C to
A B C A B C A B C

2018
2017
2016
2015
2014
2013
2012
2011
2010
2009

Particle probability [% relative to all particles released]

0 10 20 30 40 50 60

Figure 6 Connectivity matrix showing the probability thaparticle is present at least once in one of theeth
regions (A:'Canyon’, B:'West-Bank’, C:‘East-Bank@uring the last seven days of its drift relative the
number of all particles released. The inter-annwaiablilty across the ten analysed years (2008204
illustrated.

4. Discussion
Almost two-thirds of the Earth are considered dsep; which is also the least explored
habitat on Earth (Costellet al, 2010; Ramirez-Llodrat al, 2010;Ramirez-Llodraet al,

2011). Designing population genetic studies in surotherstudied regions can be challenging.
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In the present study half of all originally colledtsponge specimens could not be used for
population genetic evaluation, because the taxonassignment remained ambigious despite
considerable efforts using both molecul&Q(, 18S, 165and classical taxonomic markers
(spicules). Further, even for specimens identiisdoelonging to the same species, it can be
difficult to assign a taxonomic name. Indeed, smongystematics and phylogenic
reconstructions continue to be difficult using ttihal spicule analyses and/or molecular
techniques (Erpenbeot al, 2006; Philippeet al, 2011). While in our study individuals
belonging to the TaP clade were identified as lgglanto the same species basedGil,
183 and spicule analyses, their assignment to a ibeskcorder remains wanting. In order to
be able to provide an official taxonomic name, anptete review of the orders to which
TopsentiaandPetromica(and other groups) belong will need to be accosheld.

Although the encountered difficulties in taxonorndentification led to a considerable
reduction of our sampled dataset, we emphasize dhatitical re-evaluation of sponge
taxonomy needs to be at the basis of every populaenetic analysis, as morphologically
very similar specimens (i.e. specimens with a siméxternal body shape) may belong to
different sponge orders. The microbial communitynposition based o@6Samplicon data
was identified as a helpful tool to support spoteg@nomy since the microbiomes were host-
specific. Indeed, for many organisms phylogenetlatedness of the host can strongly affect
the associated microbial community composition iéeed in Moranet al, 2019). For
sponges, species-specific prokaryotic communities ammmonly found (e.g. Easson and
Thacker, 2014; Thomaet al, 2016; Steinerét al, 2017). Besides host-specific microbiomes,
both, TaP clade individuals arl hirondelleishowed microbial signatures typical for Low
Microbial Abundance (LMA) sponges, as describedMoitinho-Silvaet al, 2017b), which
differed in terms of relative abundances of micabphyla. Results of our study further imply
that on a subspecies level (genotypes obtained) &W\Ps), the sponge microbiome seems to
be a sensitive parameter for evaluating emergirgn@mic structures of sponge holobionts,
and particularly so when the ASV — level is consedefor microbial analyses.

Choosing the appropriate spatial scale to idemtiftential genetic structures of deep-
sea sponges can be difficult since knowledge orulatipn genetics/genomics of deep-sea
organisms is sparse. In order to cover a maximuogmhic range, the population genetic
pattens the fan-shaped spondesrobustaand P. hirondellei are examined over a few
thousand kilometers in a complementary paper byoddaet al. (in review), while the
present study focussed on distances of < 100 km.dEep-sea organisms, generally low

genetic structuring is reported when organisms ioatsimilar depths (McClain and Hardy,
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2010; Taylor and Roterman, 2017), while other ssdhighlight the importance of
biophysical barriers with respect to inhibition géne flow. A recent meta-analysis on
meiofaunal biodiversity covering 21 canyons togethigh reference stations on the adjacent
slopes, observed a high dissimilarity in taxonooomposition between canyons and slopes
(Bianchelli and Danovaro, 2019). At a populationngc level, the red gorgonian
Paramuricea clavatashowed a strong genetic differentiation among faimns in different
submarine canyons in the Mediterranean Sea, prddyrdae to limited effective dispersal
(Pérez-Porteleet al, 2016). Similarly, another recent study found giendifferentiation
among cold-water coral populations across sitethénnear neighbourhood (Boaviga al.,
2019).

In the present study, we mostly observed genéticalell-connected sponge
populations for both, the TaP clade, @dhirondellei This result was consistent across the
STRUCTURE analysisHigure 4 A-B), adegenetanalysis, and Fst values. Interestingly,
individuals belonging to the TaP clade showed dlsigeparation between sampling regions
A (‘Canyon’) and B (‘West-Bank’) in the DAPC analyqFigure 4 C), despite the analysis
detected an overall single panmictic populationmitirly, we observed a significant
difference of TaP cladmicrobiomes between sampling regions A (‘Canyonq & (‘West-
Bank’) in terms of weighted UniFrac distances. Saawmicrobiomes did however not differ
between the sampling regions. This supports ouaramgraphian situ observations (TS data)
that sampling at all three sampling regions occuméhin the same watermass and under
similar environmental conditions. We thus conclddat slight but distinct substructure in
host population genetics and microbial communitynposition occur concomitantly. We
further conclude that although gene flow generaltgurs between both examined geologic
features (the Avilés Canyon System and the Le BaBaink), the exchange may be low
enough to promote subtle genetic differentiatioh. id quite remarkable that slight
differentiation can even be found on scales bel6@ Km distance, and interestingly on both,
the host and microbiome level. Fd?. hirondellej we did not observe a regional
differentiation, but samples of the canyon regioagion A) were not available for this
species. Our results are overall consistent wphe&ious lack in strong genetic structuring in
deep-sea organisms occurring at similar depths (MoCand Hardy, 2010; Taylor and
Roterman, 2017).

Our performed simulations of Lagrangian connegtivstiggest that virtual sponge
larvae stay in the study area and ocean currenisrgty allow local gene flow events,

despite inter-annual variations in the connectiigtween the three regions. For sessile
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invertebrates, 10—100 km distance is the typicadeawithin which the majority of off-spring

is transported away from its parents (Palumbi, 20@4rticle trajectories calculated within
our study reveal a similar range for TaP cladevigdials andP. hirondellei Larval drifting
occurred in swirled patterns and exhibited a védeiatrength across different years, as the
major circulation patterns seemed to be governednbgoscale processes. Overall, ocean
currents seem to promote virtual larvae to drifingl the bathymetry in the study area. Our
results thus suggest that, although the continestialf is comparably narrow around the
northern shores of Spain, ocean circulation mayeprethe loss of sponge larvae towards the
open ocean. Whether this will still be the caseeurfdture climate scenarios remains to be
tested in future studies. Interestingly, in a récsndy by Foxet al., (2016) trajectories of
cold-water coral larvae were found to be stronglyrelated to the North Atlantic Oscillation.
The authors of that study conclude that the coiwigctof the existing MPA network is
vulnerable to atmospheric-driven changes in oc@&anlation.

Besides the need of further studies on the vartplof the physical settings, also
further biological data is urgently needed to inyeraunderstanding of connectivity in the
deep-sea, especially for key organisms like spoagdshe ecosystems they form. As current
understanding of deep-sea larval behavior is exhgrimited (in general) to non-existant
(for deep-sea sponges), our particle trajectorgutalions are based on the assumption of
passive dispersal only. However, recent studieg lshown that active larval movements can
have an order of magnitude impact on dispersaly@tal.,2020). It will therefore be crucial
for future studies to gather more information oe #rcology and behaviour of deep-sea
sponge larvae.

In summary, we show that canyons can promotetsfighetic divergence of sponges
and also of their microbiomes, although more datalds be needed to provide further
statistical support for this observation. We furtbenclude that the specific prevailing ocean
currents of the Cantabrian Sea dictate sponge dmmsttics by promoting a settlement in
suitable areas within kilometers from their parepbnges and consequently allowing gene
flow. However oceanographic connectivity showed iatimct variability between the
simulated years. While genetic uniformity would wca times of connectivity between the
Avilés Canyon and the Le Danois Bank, genetic déffidiation might happen in years of
disconnection, when the deep-water currents prouhaiteng of larvae in different directions.
These findings contribute to a better understandihgonnectivity, genetic and microbial
variability of deep-sea organisms. Our results ymplat a design of ecologically coherent

networks of MPAs is no trivial task for deep-searsge holobionts. We conclude for our
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study site (on scales < 100 km) that (i) physicadreectivity between close-by sites via ocean
currents has a strong temporal component, andithdtfferences between close-by sites are
stronger reflected in the sponge-associated miatatdmmunity than in the concomitant
sponge-host genetics. These points reveal that important for a design of ecologically
coherent networks of MPAS, to consider the natyraiisting variability of connectivity (e.g.
physical data from multiple years) and to consitlee occurring microbial diversity in
addition to the macrobial diversity.
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Highlights

Fan-shaped sponges display panmixia at three locations in the Cantabrian Sea. Subtle
sponge population genetic and pronounced microbia differences were observed between
acanyon and bank location lying < 100 km apart.

Lagrangian modelling reveals variable inter-annua connectivity via ocean currents
between the sampling regions.

Interdisciplinary approaches, such as the here presented combination of sponge
taxonomy, genetics, microbiology, and particle tracking modelling, can help to improve
understanding about connectivity in the deep-sea. This is particularly crucial for key

organisms like sponges and the ecosystems they form.
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