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Abstract

The relative influence of geography, oceanography and environment on gene flow within sessile marine species remains an
open question. Detecting subtle genetic differentiation at small scales relevant to marine protected areas is challenging in
benthic populations due to large effective population sizes, general lack of resolution in genetic markers, potential microbial
associations, and because barriers to dispersal often remain elusive. We genotyped the sponge species Suberites diversicolor
using double digest restriction-site associated DNA sequencing (4,826 Single Nucleotide Polymorphisms, SNPs), compared
it to same individuals using single markers (COI and ITS), and used previously published data on the associated microbial
communities from a subset of the same locations. Studying S. diversicolor from marine lakes at different spatial scales (1-1,400
km), along a gradient of connection to the surrounding sea, and with different environmental regimes, we did not detect strong
effects of geographic distance, permeability of seascape barriers or local environments in shaping population genetic structure.
All markers detected two major lineages and geographic clustering over a large spatial scale. However, with the SNP dataset
we provide new evidence of strong population structure even at scales <10km (average FST = 0.56), where previously none was
detected. A lack of congruence between host population structure and microbial community patterns of S. diversicolor from
the same locations was observed, suggesting they are on different eco-evolutionary tracks. Our results call for a reassessment

of poorly dispersing benthic organisms that were previously assumed to be highly connected based on low resolution markers.

Introduction

The spatial and temporal processes that generate and maintain marine biodiversity are not fully understood
(Bowen et al. , 2013; Orsiniet al. , 2013; De Meester et al. , 2016; Costello and Chaudhary, 2017). Marine
populations display diverse patterns of genetic structure, such as isolation-by-distance (Wright, 1943; Chaves-
Fonnegraet al. , 2015; Pérez-Portela, Noyer and Becerro, 2015), regional clustering (Selkoe et al. , 2014;
Brown, Davis and Leys, 2017; Riesgo et al. , 2019), isolation-by-environment (Orsini et al. , 2013; Giles et al.
, 2015), as well as patterns that are not clearly linked to spatial or environmental structuring (Cornwellet al.
, 2016; Miller et al. , 2018; Taboada et al. , 2018). However, barriers to dispersal and isolating mechanisms
over small spatial scales, such as the range of marine protected areas, remain elusive especially for sessile



marine organisms with a dispersive larval stage (Liggins, Treml and Riginos, 2013). Sponges, integral but
often underappreciated assets of benthic communities (Diaz and Riitzler, 2001; Bell, 2008; Bell et al. , 2013;
De Goeij et al. , 2013; Dunn, Leys and Haddock, 2015; Webster and Thomas, 2016), are generally considered
to be poor dispersers as their larvae have limited swimming capacity and are short-lived (Maldonado, 2006).
Sponges are therefore excellent candidates to investigate marine population genetic structure on small scales.
However, despite the recognized relevance of sponges in benthic ecosystems, results are ambiguous on sponge
genetic diversity, degrees of gene flow between populations and drivers of divergence.

Different studies have explored how geography, oceanography and environmental factors may influence gene
flow within sponge species. Due to their restricted dispersal, the spatial scale of sponge gene flow should
be limited. The majority of studies investigating genetic structure in sponges have revealed species com-
plexes with divergence among morphologically cryptic lineages (Oppen, Wérheide and Takabayashi, 2002;
Worheide, Solé-Cava and Hooper, 2005; Uriz and Turon, 2012; Pérez-Portela and Riesgo, 2018). However,
studies investigating within-lineage divergence are scarce. This may be a result of many most studies using
relatively small amounts of genetic data and a single type of genetic marker (Selkoe et al. , 2016; Timm,
2020). An increase in number of molecular markers is expected to advance inferences on demography and
structure (Felsenstein, 2004; Allendorf, Hohenlohe and Luikart, 2010; Kelley et al. , 2016; Pérez-Portela and
Riesgo, 2018). Molecular markers commonly used to assess sponge phylogeography and population structure
include mitochondrial markers (mtDNA) such as Cyochrome ¢ oxidase I (COI ) and ATP6, and nuclear
markers such as introns, internal transcribed spacers (ITS ) and microsatellites (Oppen, Worheide and Ta-
kabayashi, 2002; Worheide, Solé-Cava and Hooper, 2005; Uriz and Turon, 2012; Pérez-Portela and Riesgo,
2018). Though widely used in phylogeographic and population genetic studies (Avise, 2000, 2009), mitochon-
drial markers exhibit low mutation rates in sponges (Worheide, Solé-Cava and Hooper, 2005; Huang et al.
, 2008). As a result, the majority of studies using mtDNA find panmixia among sponge populations across
broad geographic ranges (e.g. Duran, Pascual and Turon, 2004; Whalan et al. , 2008; De Bakker et al. ,
2016; Ekins et al. , 2016). ITS markers can show more structure (Bentlage and Woérheide, 2007; Becking
et al. , 2013; Ekinset al. , 2016), but generally at larger spatial scales and are hampered by intra-genomic
polymorphisms (Frankham, Briscoe and Ballou, 2002). Microsatellites could be reliable and sufficiently va-
riable to detect population structure, yet are time-consuming to design de novo for each species (Frankham,
Briscoe and Ballou, 2002; Pérez-Portela and Riesgo, 2018), and generally relatively few markers have be-
en used per study (<20), again limiting the molecular marker panel. Furthermore, microsatellites can be
confounded by homogenizing forces of evolution, making them less effective in detecting genetic divergence
(Oppen, Worheide and Takabayashi, 2002). Hence, there is a need for increasing genetic resolution in order
to reassess assumptions of panmixia within sponge populations at fine spatial scales.

Recently, there has been an increase in the use of reduced representation genomic methods and Single
Nucleotide Polymorphisms (SNPs) for population studies on non-model organisms (Baird et al. , 2008;
Peterson et al. , 2012; Puritz et al. , 2014; Catchen et al. , 2017). Genome-wide SNP data increases the
number of loci compared to traditional mitochondrial or nuclear markers and a larger marker panel is
expected to small scaled population structure when compared to single marker studies. The effect of an
increased marker panel has been shown for example in mussels (Becking et al. , 2016; Maas et al. , 2018; de
Leeuw et al. , 2020), and fish (Bradbury et al. , 2015; Lemopoulos et al. , 2019; D’Aloia et al. , 2020; Sunde
et al. , 2020). However, high resolution studies on sponges are lagging behind (Pérez-Portela and Riesgo,
2018), with notable exception of Brown et al. (2014), Brown et al. (2017) and Leiva et al. (2019). Using the
SNPs generated by Brown et al. (2014), Brown et al. (2017) genotyped 67 SNPs for the deep-sea glass sponge
Aphrocallistes vastus and found high differentiation between geographic regions (average Fsr= 0.25), but no
structure at distances <275km, indicating connectivity at this scale. Leiva et al. (2019) observed panmixia
for the Antarctic sponge Dendrilla antarctica over 900km when analyzing 389 neutral SNPs. However, 140
SNPs under putative positive selection did show genetic differentiation (global Fgr = 0.20) over 100km.
Potentially the number of SNPs used in these studies are still too low to detect small-scaled population
divergence. Using RADseq techniques such as ddRAD (Petersonet al. , 2012) may increase the number of
retained SNPs to thousands and provide the necessary resolution.



Another challenge to unveiling sponge population genetic patterns is that sponges are considered true holo-
bionts, associations between the host and its microbes (Webster and Thomas, 2016), and may not evolve as
single units. Due to the propensity of sponges to harbor dense communities of microbes, there is a potential
of including associated microbial material in extractions, therefore clouding host specific patterns. Studies
into the sponge holobiont have suggested that microbial communities are highly specific to sponge host
identity (Easson and Thacker, 2014; Reveillaud et al. , 2014), and communities to be stable across gradients
in geography (Taylor et al. , 2005), time (Hardoim and Costa, 2014), and, for tropical reef sponges, depth
(Steinert et al. , 2016). However, these expectations do not always hold true (Swierts, Cleary and de Voogd,
2018; Cleary et al. , 2019; Easson et al. , 2020; Ferreiraet al. , 2020). For example, Easson et al. (2020) conclu-
ded that microbe community structure is influenced by the interplay of geographic, environmental and host
factors, with a potential effect of even small population-level genetic structure. Since patterns of microbial
diversity can differ from sponge host diversity (Noyer and Becerro, 2012), it is important to understand how
microbial community patterns are related to sponge host population genetics.

Islands, and other insular systems, provide ideal models to test factors that underlie population structure
since they are well-defined and are of lower complexity than open areas (Warren et al. , 2015). Marine lakes
are insular systems of bodies of seawater surrounded completely by land that maintaining a connection
with the surrounding sea through caves or porous rock (Holthuis, 1973; Hamner, Gilmer and Hamner, 1982;
Dawson et al. , 2009; Becking et al. , 2011). Clusters of marine lakes are present in the Caribbean, Vietnam,
Palau, and Indonesia, particularly in East Kalimantan and in West Papua (Dawsonet al. , 2009; Becking et al.
, 2011; Becking, de Leeuw and Vogler, 2015). Marine lakes were formed de novo when depressions in karstic
rock were filled with sea water after the Last Glacial Maximum (approximately 20,000 years ago) (Tomascik
and Mah, 1994), and house clearly defined populations (Gotoh et al. , 2011; Itescu, 2018). Sponges are
usually well-represented in marine lakes, having high diversity and abundance (Azzini et al. , 2007; Becking
et al. , 2011, 2013; Cleary et al. , 2013). Having originated roughly at the same time marine lakes represent
relatively controlled biotopes where each lake can be seen as an independent replicate of eco-evolutionary
dynamics over time.

Marine lakes have been used before to study population genetic and microbial community patterns studies
(Becking et al. , 2013; Cleary et al. , 2013; Cleary, Polénia and de Voogd, 2018; Ferreiraet al. , 2020). The
sponge Suberites diversicolor(Porifera, Demospongiae, Suberitidae, Becking and Lim, 2009) has been found
to occur extensively in marine lakes, and also in brackish coastal areas (Becking and Lim, 2009; Cleary
et al. , 2013). UsingCOI and ITS genetic markers, Becking et al. (2013) studied the phylogeography of
S. diversicolor from multiple marine lakes and lagoon populations in the Indo-Pacific. They identified two
distinct genetic lineages and regional structuring yet did not observe subtle levels of structuring at smaller
spatial scales. The lack of structure could be explained by recurrent gene flow among lakes, or by lack of
resolution of genetic markers used by Becking et al.(2013), as they recovered a low number of haplotypes
(4 for ITSand 3 for COI ). Analyzing the microbes of the same S. diversicolor populations, Cleary et al.
(2013) found that the associated microbial community did not differ among sponges sampled from marine
lakes and open sea habitats within one region. Between broad geographic regions (>1,400km) the associated
microbial communities were significantly different (Ferreira et al. , 2020). Clearly, there is a need to further
elucidate population genetic patterns and see how host and microbe patterns contrast.

Studying a priori defined sponge populations from nine marine lakes and two lagoon locations in Indonesia
(Berau, East-Kalimantan and Raja Ampat, West-Papua) and Australia, we aim to assess the population
structure in S. diversicolor and associated drivers. Selecting marine lakes on different spatial scales (1-
1,400km), along a gradient of connection to the surrounding sea and with different environmental regimes
allows the opportunity to assess effects of geographic distance, permeability of barriers and local environments
in shaping genetic structure. In order to assess the effect of level of genetic resolution, we compared results of
our genome-wide sequencing strategy (double-digest restriction-site associated DNA sequencing, (ddRAD,
Peterson et al., 2012)) to previously published results on the same individuals using single markers (COI and
ITS ) (Beckinget al. , 2013). Furthermore, we compare host population structure with previously published
structure from associated microbial communities in S. diversicolor (Cleary et al. , 2013; Ferreira et al. , 2020)



to assess whether sponge host and microbes are on similar evolutionary tracts.
Material and methods
Sample collection and lake profiling

Tissue samples (“lcm3) were collected from 168 individuals of Suberites diversicolor (Fig 1, Table 1). One
lagoon was sampled in Darwin, Australia (DAR), one lagoon and three marine lakes were sampled in Berau
(Bay, B.1, B.2 and B.3), and six marine lakes were sampled in Raja Ampat (P.27, P.30, P.32, P.1, P.4 and
P.5). Of these locations, nine overlap with the sponge phylogeography study of Becking et al. (2013) and five
with the microbial community analysis of Ferreira et al. (2020) (Supplemental Table 1 for corresponding lake
codes between the three studies). Samples were collected between 1-5m depth while snorkeling. Some lakes
had very low densities of S. diversicolor , therefore sample sizes were lower (see Becking et al., 2013 Table
2 for densities). In the field, tissue samples were immediately preserved in 99% ethanol or RNAlater after
excision at 0-4°C (4-8 weeks), and upon returning to the laboratory stored in a -20°C freezer until further
use.

Lake characterization was performed concordant with a protocol published in Maas et al. (2018). In brief,
lake area (m?) was approximated using Google Earth Pro (v. 7.3.2), maximum depth was measured using a
handheld sonar system (Hawkeye), and water parameters (temperature (°C) and salinity (ppt) were measured
with an YSI Professional Plus multimeter at 10 locations per lake at 1m intervals from the surface to 5m
depth. To define connection to the surrounding sea we measured maximum tidal amplitude simultaneously
in the lake and the sea using Hobo water-level loggers. The ratio of maximum tidal amplitude in meters of
the lake compared to the sea was used as a proxy to determine as the degree of physical connection between
the lake and sea (conform to calculations in Maas et al., 2018).

DNA extraction, library preparation and sequencing

DNA was extracted using the DNeasy Blood & Tissue kit (Qiagen), with the only modification from ma-
nufacturer instructions being an extended lysis time (overnight). DNA quality and quantity were assessed
using 1.5% agarose gels and Qubit dsDNA HS assays. Next, ddRAD libraries were prepared following the
protocol of Maas et al ., (2018), adapted from the original protocol of Peterson et al., (2012). We refer to
the extensive protocol included in Maas et al. , (2018) for details, but describe here how we adapted it for S.
diversicolor . In brief, genomic DNA (600ng) was double-digested using enzymes SphI-HF (rare-cutting) and
Mlucl (frequent-cutting) (See Supplementary Information S1 for example of a successful enzyme digestion).
Size distribution of the fragments was assessed with the BioAnalyzer High Sensitivity Chip (Agilent). We
used the spreadsheet provided in Petersonet al. , (2012) ”"Locus count from Bioanalyzer % in region” to
calculate the number of fragments to be expected assuming a genome size of 600Mb (common for sponges
(Jeffery, Jardine and Ryan Gregory, 2013) and various size selections of RAD fragments. This number can
subsequently be used to calculate the expected coverage when generating a known amount (Gb) of sequen-
cing data. Custom-made sample-specific barcodes were ligated to the fragments to allow for the pooling of
21 samples per library, resulting in 8 libraries in total. The Sage Science Pippin Prep was used to size-select
adapter-ligated fragments of length 500-575bp (indicating an insert size of 425-500bp). A trial was run for
8, 10 and 12 polymerase chain reaction cycles (PCR) reactions. In the end ten PCR cycles were chosen as a
balance between DNA output and PCR duplication and were run on each library for enrichment and ligation
of Illumina indices unique to each library pool. Quality and quantity of libraries throughout the process were
checked using BioAnalyzer High Sensitivity chips (Agilent, Supplemental Information S2 for an example).
Libraries were pooled at equimolar volumes and 150bp single-end sequenced on Illumina HiSeq 2500 at the
Vincent J. Coates Genomic Sequencing Facility at UC Berkeley.

Reference assembly, bioinformatic filtering and genotype calling

Custom perl scripts were used for processing the resulting sequences (RADTOOLKIT v. 0.13.10, available
in Dryad Digital Repository). Raw fastq reads were demultiplexed using a maximum of one mismatch and
removed if expected cut sites were not found. Resulting demultiplexed reads were trimmed of [llumina adapter



contaminations and low-quality reads using cutadapt (Martin, 2011) and Trimmomatic (Bolger, Lohse and
Usadel, 2014). Cleaned reads were clustered with CD-HIT (Li and Godzik, 2006; Fu et al. , 2012), with
a minimum support per cluster set at three reads, and representative sequences retained for each cluster.
RepeatMasker (http://repeatmasker.org/) was used to mask putative repetitive elements, low complexity
regions and short repeats using 'Mytilidae’ as a database (Smit, Hubley and Green, 2014). Loci were discarded
if >60% of nucleotides per loci were Ns. The resulting RAD loci were combined for all individuals, and a
reference was built from loci shared by at least 70% of individuals.

Cleaned sequence reads for each individual were aligned to the de movo generated reference separate-
ly using Novoalign (http://www.novocraft.com), and only uniquely mapping reads were retained. Picard
(http://www.picard.sourceforge.net) was used to add read groups, SAMtools (Li et al. , 2009) to generate a
BAM file per individual, and GATK (McKenna et al. , 2010) to perform realignment. SAMtools and BCF-
tools were used to generate a VCF file. Only monoallelic and biallelic sites were retained. Single Nucleotide
Polymorphisms (SNPs) and invariant sites were masked around 10bp of an indel. Sites were removed if the
depth was outside 1st and 99th percentile of the overall coverage. Another custom perl script (SNPcleaner,
github.com/tplinderoth/ngsQC/tree/master /snpCleaner (Biet al. , 2013, 2019)) was implemented for further
filtering of SNPs.

Calling SNPs and genotypes based on allele counts may be highly uncertain if coverage is low (Johnson and
Slatkin, 2008; Lynch, 2008), which subsequently may bias downstream analyses. Therefore, we compared
results from genotype calls and genotype likelihoods. Genotype likelihoods were generated via an empirical
Bayesian framework via Analysis of Next-Generation Sequencing Data (ANGSD) (Korneliussen, Albrechtsen
& Nielsen, 2014). We set genotype posterior probabilities of 0.95 as a threshold in ANGSD to output high-
confidence genotypes for analyses performed in GENODIVE requiring genotype calls (Meirmans and Van
Tienderen, 2004). For downstream analyses based on either genotype likelihoods and genotype calls we tested
the effect of coverage (3X and 10X) and missing data included (max. 30%, 10%, 5% and 1% allowed missing
data).

Microbial filtering and pattern comparison

We screened for loci from putative microbes in three different ways. First, potential bacterial, viral and
human sequence contamination were removed via Blasting to reference sequences from GenBank following
Maas et al., (2018) (see their Supplemental Table 1 for Genbank data used). Next, we ran Kraken (Wood
and Salzberg, 2014), a fast sequence classifier to BLAST (Altschul et al. , 1990) our loci against bacterial
databases with default settings. Finally, we used BlobTools (Laetsch and Blaxter, 2017) to taxonomically
partition reads and cut off loci with >55% GC content, as we expect sponge microbes to have higher GC
content than sponge hosts (Horn et al. , 2016). The identified microbial loci were filtered out using a custom
made perl script (Bi et al. , 2013).

Population genetic patterns of the sponge host were contrasted to sponge microbial community patterns
from five populations as studied by Ferreira et al. , (2020) (B.1, B.2, B.3, P.4, P.5). Two datasets from
filtered 16s amplicon metabarcoding were downloaded from Ferreiraet al. (2020): the abundance of microbial
genera (24 genera total), and the presence/absence of the 35 most abundant operational taxonomic units
(OTUs). We compared three levels of variation among the host genetic dataset and associated microbial
community dataset: (1) among genetic lineages of the host sponge (Lineage A and B, only Lineage B, and
one sub-lineage within Lineage B, as defined by Becking et al. (2013)), (2) among two regions >1,400km
apart (Berau and Raja Ampat), and (3) among lakes within the same region (<250km). We tested whether
microbial community patterns were related to sponge host population structure by running Mantel tests
(Legendre and Legendre, 2012) between the Bray-Curtis dissimilarity matrix of the microbial communities
and the genetic distance (Fgr) matrix of sponge host.

Population genetic analyses

To assess phylogeographic structure, a genetic distance matrix was computed using ngsDist using genotype
likelihoods (Vieira et al. , 2016). Following recommendations of RAxML (Stamatakis, 2014), a bootstrapped



neighbor-joining tree matrix was computed from 1,000 possible trees and visualized as a phylogenetic tree
using FASTME (Lefort, Desper and Gascuel, 2015) and FigTree v.1.4.2 (Rambaut, 2009).

We estimated the within-population genetic diversity of Lineage B using two diversity measures, namely
expected heterozygosity and nucleotide diversity. We calculated expected heterozygosity (H,) using GENO-
DIVE (Meirmans and Van Tienderen, 2004), and overall heterozygosity and nucleotide diversity (n) using
ANGSD (Nei, 1987).

Population structure was identified using three methods. First, we performed a neighbor-joining network
(NeighborNet) analysis using Splitstree (Huson, 1998; Huson and Bryant, 2006). Splitstree does not force a
tree-like structure onto the data and thus can verify the extent to which the data conform to a hierarchical tree
structure. Next, we ran a Principal Component Analysis (PCA) based on a covariance matrix computed
by ngsTools on genotype likelihoods (Fumagalli, Vieira and Linderoth, 2014) and via GENODIVE using
genotype calls. As an unsupervised clustering method, PCA estimates population genetic structure in
an unbiased way. Finally, we explored admixture patterns using ngsAdmix (Skotte, Korneliussen, 2013).
Ancestry of populations was explored through calculating admixture proportions per individual and varying
the estimated number of ancestral populations (K). The most likely K was determined by running 10 replicate
runs of each respective K, calculating the log likelihood value of each, and choosing the value of K where an
addition of an ancestral group did not result in a higher likelihood (Evanno, Regnaut and Goudet, 2005).

Normalized population differentiation was calculated using high confidence genotype calls in GENODIVE.
Normalized fixation index (F’gt) was calculated to eliminate the effect of within-population diversity (Meir-
mans and Hedrick, 2011). Finally, we constructed a migration network using Nei’s Ggr with the threshold
at 0.4 using the DiveRsity package in R (Keenan et al. , 2013), as demonstrated by Sundqvist et al. (2016).

Spatial and environmental association

Next, we used Mantel tests (Mantel, 1967; Legendre and Legendre, 2012) to test significance of correlations
between genetic, geographic, environmental and connection distance matrices. For genetic distances, we used
normalized pairwise genetic differentiation (F’st/(1-F’st) and p-distance. Geographic distance was calcu-
lated as minimum pairwise distances in meters between lakes using lake coordinates as input for thegeosphere
package in R. Using averages of 1-5m measurements of the water quality, environmental distance was calcu-
lated as pairwise Euclidean distances between locations. Connection distance was calculated following the
equations of Maas et al., (2018). Mantel’s tests were run with 10,000 permutations using vegan in R. We
verified the absence of autocorrelation between geographic, connection and environmental distances using
Mantel’s tests. Finally, Spearman correlation tests were performed for within-population diversity indices
with temperature, salinity, connection and lake area. Correlations of r [?] 0.5 were considered strong, and
alpha was set to 0.05.

Results
Lake characterization and read statistics

The physical and environmental profiles of the two lagoons and nine marine lakes are provided in Table
1. In general, we observed higher temperatures (30.8°C £1.22°C) and lower salinities (27.3ppt £2.7ppt) in
lakes than in lagoons (29°C and 33.5ppt). Connection to the surrounding sea varied among lakes, with highly
connected to highly isolated lakes based on tidal amplitudes. For instance, lake P.4 was found to have the
highest connection with tidal amplitude representing 80% of that of the surrounding sea, while lake P.1 was
most isolated, with tidal amplitude only being 7% of the surrounding sea.

After sequencing and demultiplexing we obtained 1,127,497,643 reads from 168 sponges. On average, we
obtained 7,673,269 reads per individual. Individuals with less than 2,000,000 reads were removed from sub-
sequent analyses. Based on the calculation table from Peterson et al.(2012) and on an estimated genome size
of 600Mb and a size selection of 425-500bp, we expected to retain 27,300 RADtags. However, our de novo
reference retained only 14,442 tags when keeping RADtags with at least 3X coverage and tags present in at
least 70% of individuals. Kraken and Blobtools identified 13 out of the 14,442 RADtags as possible bacterial



contamination. The RADtags mapped to Synechococcus sp., a Cyanobacteria genus, and were removed from
the data set.

After filtering we retained 125 sponges with 973,697,804 reads in total, with coverage ranging from 3.1 -
82.2X (average 24.0X). In total, 23,742 SNPs were called over all tags, and after selecting one SNP per
tag we retained 4,826 SNPs for subsequent analyses. Depending on the filtering options (genotype calls or
genotype likelihoods, coverage 3X or 10X, included missing data 30%, 10%, 5% or 1%) the number of SNPs
varied from 56 to 4,826 (Supplemental Table 2).

Lineage divergence

The phylogenetic tree based on pairwise genetic distances showed two divergent lineages (Fig. 2, Supplemental
Table 3). These lineages are concordant with Lineage A and B as defined in Becking et al. (2013). Lineage A
was only represented by individuals of B.3. The remaining populations fell under Lineage B. For this lineage,
two sub-clades could be identified: B-I representing regions in Australia and Berau, and B-II representing
the region Raja Ampat. For the Australia/Berau clade, lagoon populations Bay and DAR appeared to be
ancestral to the lake populations. Within Raja Ampat, lake P.4 was most distant from the other lakes.

The number of genetic markers retained strongly differed depending on the inclusion/exclusion of Lineages.
When including both lineages, 541 SNPs were retained. When only including Lineage B, the number of SNPs
increased almost 9-fold to 4,826. All subsequent analyses were run for Lineage B for 105 individual sponges.

Within-lineage population genetics

Within Lineage B, genetic patterns remained highly similar for all filters (but see supplemental figures
and tables for differences). As conclusions remained the same, all further reported analyses were performed
filtering on 3X coverage and max. 30% missing data, as this retained the most SNPs.

Population genetic diversity varied among lakes (Table 1, Supplemental Table 4). The highest genetic di-
versity was consistently found for the lagoon populations Bay and DAR, as seen for nucleotide diversity ()
(0.0101 and 0.0095, respectively), and for the expected heterozygosity (He) (0.157 and 0.117, respectively).
Lowest genetic diversity was observed in populations P.1 (= = 0.0036, H, = 0.054) and P.27 (= = 0.0037,
H. = 0.038). Population B.3 also showed low heterozygosity (H. = 0.034), but relatively high nucleotide
diversity (= = 0.0074). However, this may be an artefact of low sample size. When estimating heterozygosity
from genotype likelihoods via ANGSD, we found the lowest heterozygosity for the populations P.5 (0.019)
and P.27 (0.021).

The samples clustered per lake and lagoon location (Fig. 3, Supplemental Fig. 1, Supplemental Fig. 2). The
first four Principal Components (PCs) in the Principal Component Analysis (PCA) explained 80.5% of total
variation (Fig. 3A). PC1, explaining 45.6% of the variation, separated populations by geographic region,
with the Raja Ampat lakes being distinct from the lakes in Berau. PC2, explaining 24.4% of variation,
separated lake MISO1 from the other lakes. PC3 and PC4 (explaining 10.5% in total) further separated
lagoon DAR and lakes P.5, and to a lesser extend P.1 and P.30. In the PC1 versus PC2 plot the lagoon
populations (Bay and DAR) clustered towards the center of the graph, indicating them to be ancestral. For
Bay, this continued for the PC3 versus PC4 plot, but not for DAR. Lakes P.27 and P.32 remained closely
associated.

The Admixture analysis further supported the pattern of clustering per lakes (Fig. 3B). Convergence of
likelihood values indicated the number of ancestral populations to be K = 9 (Supplemental Fig. 3, 4).
When putative number of populations was set to 9, all populations were separated apart from B.2, which
consisted of a mix of Bay and B.1 genetic lineages. Some admixture of B.1 genetic diversity into Bay and
DAR populations was observed, indicating some genetic connection between these populations. Setting K
at 7 or 8 indicated some admixture between P.30 and P.5 (K=8) or among P.27 and P.32 with Bay being a
mixture of other populations (K=7). Setting K at 10 separated all populations.

Findings form the phylogenetic network were consistent with patterns found for PCA and Admixture plots



(Fig. 3C, Supplemental Fig. 5). The network showed a high fit (fit = 99.2) and small degree of reticulation
(d = 0.153), thus indicating a tree-like structure. The lagoon populations Bay and DAR showed higher
reticulation than the marine lake populations, indicating higher intra-population diversity.

Pairwise fixation indices (F’st) showed high levels of genetic structuring (0.629 +0.133) (Fig. 3D). The
F’grranged from 0.182 between Bay and B.2 to 0.778 between P.30 and P.32 (Supplemental Fig. 6, Sup-
plemental Table 5). All pairwise comparisons were significant, except for the comparison between P.32 and
B.2, potentially due to sample size (n = 4 and 2, respectively. The migration network among lakes indicated
strongest relative bidirectional migration among lakes in Berau (Fig. 1D). Lagoon population Bay was linked
to some degree to all other populations (relative fraction 0.4-1). Within Raja Ampat, bidirectional migration
above the threshold of 0.4 was observed between P.5 and four other lakes (P.30, P.32, P.1, and P.4). There
was low connectivity among lakes P.27, P.30, P.32 and P.1 in Raja Ampat (>0.4).

Association to drivers

Within-population genetic diversity (nucleotide diversity n and heterozygosity H.) was not influenced by
lake area (m: Spearman’s rho = 0.03, p = 0.95, He: rho = -0.06,p = 0.88), connection (n: tho = 0.43, p =
0.25, He: tho = 0.53, p = 0.15), salinity (n: rho = 0.37, p = 0.33, He: rho = 0.24, p = 0.53) (Supplemental
Table 6, Supplemental Figure 7). However, there appeared to be a trend towards higher nucleotide diversity
with lower water temperatures (rho = -0.61, p = 0.08), but not for heterozygosity (rho = -0.20, p = 0.60).

Mantel tests indicated no correlation between the geographic and genetic distance matrices over all filter
options (Figure 4A, Supplemental Table 7, r = 0.007, p = 0.504). Finding no correlation refutes the isolation-
by-distance hypothesis and indicates other factors might explain the distribution of S. diversicolor genetic
diversity. However, the genetic distance matrix also did not correlate with matrices of environmental distance
(r = 0.002, p = 0.503, Figure 4B) or connection distance (r = 0.041, p = 0.441, Figure 4C).

Comparison host population structure to microbial community patterns

Genetic structure from sponge hosts (Fig 3A) was contrasted to the microbial community dataset of S.
diversicolor from a subset of the same lakes, collected by Ferreira et al 2020 (Supplemental Figure 8).
The microbial community did not appear to cluster between lineages (Lineage A versus Lineage B), not
between subclades within lineage B. As for geographic regions, a clear distinction of broad geographic regions
(Berau versus Raja Ampat, >1,400km) could be observed in microbial community patterns, concordant to
sponge host patterns. However, no clear clustering was seen for microbial communities on smaller spatial
scales (<250km). Mantel tests indicated no significant correlation between host genetic distances (Fgr) and
microbial community dissimilarities based on genus abundance (Mantel r = 0.15, p = 0.37) or on OTUs (r
= 0.01,p = 0.46) (Figure 4D).

Discussion

A major objective of marine molecular ecology is to obtain accurate estimates of subtle genetic structure, as
it can inform efforts to identify units of management and design effective marine protected areas (Kelley et
al. , 2016; Selkoe et al. , 2016). By comparing sponge populations in Indo-Pacific marine lakes and lagoons
at different spatial scales, varying in degree of connection to the sea and differing in local environmental
conditions, we were able to study fine-scaled genetic structure and the drivers of genetic diversity and
differentiation of marine populations. Using a reduced representation genomic approach, we confirmed
broad-scale patterns of structure identified in a prior single-marker study and provided new evidence of
small-scaled structure for sessile species with a short dispersive larval stage. Furthermore, we found no
associations between sponge host population patterns and previously studied microbial community patterns,
suggesting that sponge host and associated microbes may be on different eco-evolutionary tracts. Below,
we discuss our findings on population structure for marine lake sponges, the possible drivers of diversity,
microbe versus host patterns and finally the implications for future phylogeographic and population genetic
studies on sponges.

Population genetics of sponges in marine lakes



The use of thousands of RADseq-based SNPs provided the resolution necessary to reveal genetic patterns
of Suberites diversicolorthat had not previously been captured at finer spatial scales. We observed clear
clustering for the marine lake locations per lake. The lagoon populations Bay and to a lesser extend DAR
showed to hold a basal position in the phylogenetic tree and in PCAs. They also showed links to most
other populations in the migration network. The presence of ancestral polymorphisms in the marine lake
populations could explain this pattern. The observation of finding more structure when using higher numbers
of genetic markers has been shown in other marine organisms as well (Bradbury et al. , 2015; Maas et al.
, 2018; Lemopoulos et al. , 2019; D’Aloia et al. , 2020; Sundeet al. , 2020; Timm, 2020). In a comparison
among three high-throughput genotyping approaches, the RADseq generated markers were found to be the
most sensitive and robust in detecting fine-scaled structure (D’Aloia et al. , 2020). The discrepancy in
observed genetic structure based on a higher number of markers as compared to single markers is important
in interpreting results from other studies for sessile marine organisms using low resolution markers.

While traditional, low-resolution markers have been useful in exposing morphologically cryptic sponge
species, they have often failed to detect within-species diversity (as reviewed in Oppen et al., 2002; Pérez-
Portela & Riesgo, 2018; Uriz & Turon, 2012; Woérheide et al., 2005). Using the high resolution of RAdseq
generated markers allowed us to see clear clustering per lake even on very small spatial scales 1-10km. The
scale at which we find strong structure is smaller compared to studies using microsatellites in the sponges
Crambe crambe(Duran et al. , 2004), Scopalina lophyropoda (Blanquer and Uriz, 2010), Spongia lamella
(Noyer and Becerro, 2012; Pérez-Portela, Noyer and Becerro, 2015), Stylissa carteri (Gileset al. , 2015),
Cliona delitriz (Chaves-Fonnegra et al. , 2015), Xestospongia muta (Richards et al. , 2016), Paraleucilla ma-
gna (Guardiola, Frotscher and Uriz, 2016), Plenaster cragi (Taboada et al. , 2018) and Petrosia ficiformis
(Riesgo et al. , 2019). Even studies using higher resolution markers also little structure at small spatial scales,
with Brown et al. (2017) detecting little structuring for Aphrocallistes vastus in British Colombia at scales
<275km and Leiva et al. (2019) finding panmixia at scales >900km for Dendrilla antarctica . It could be that
these are highly connected populations, possibly through rafting or sperm-mediated gene flow (Maldonado,
2006; DeBiasse, Nelson and Hellberg, 2014). Yet it is also possible that the number of SNPs from Brown et
al. (2017) and Leiva et al. (2019) (67 and 529, respectively) was too low to detect subtle structure at small
scales. Alternatively, the filtering strategy of these studies possibly was not rigorous enough to eliminate
sufficient or all microbial contamination, possibly clouding patterns.

We assessed the effects of several drivers of population diversity and structure. First, we tested to what
extent marine genetic differentiation conforms to the decay of population similarity with geographical di-
stance resulting in a pattern of isolation-by-distance (Wright, 1943) using only Lineage B. We found strong
population structure with clustering per lake, yet no pattern of isolation-by-distance was observed. This
is remarkable, since we sampled at geographical distances of 1km - 1,400km. We also did not detect a
pattern of isolation-by-environment, despite the great environmental variability among lakes (temperature:
29 - 32.4 degC, salinity: 24 - 33.4 ppt). Previous studies using a low number of markers did find a pat-
tern of isolation-by-distance for sponges (Duran et al. , 2004; Blanquer and Uriz, 2010; Noyer and Becerro,
2012; Perez-Portela, Noyer and Becerro, 2015), which is usually expected for species with restricted dispersal
abilities (Worheide, Sole-Cava and Hooper, 2005; Maldonado, 2006). Other studies report an influence of
oceanographic currents (Chaves-Fonnegra et al. , 2015; Richards et al. , 2016; Riesgo et al. , 2019), or
environmental heterogeneity (temperature and productivity) (Giles et al. , 2015) on sponges. Our results
indicate that mechanisms other than only dispersal limitation by geographical distance or local environments
are important in structuring S. diversicolor populations. In addition, the permeability of the landscape bar-
rier surrounding the marine lakes, determining the degree of water flowing in and out of the lakes, did not
seem to influence the population structure or diversity. PerhapsS. diversicolor populations are truly isolated
per lake as their low dispersal ability restricts effective gene flow. Then, populations can become differen-
tiated through genetic drift or via local adaptation to environmental parameters that we have not recorded
(Frankham, Briscoe and Ballou, 2002). Alternatively, founder effects and subsequent priority effects could
explain the pattern (Orsini et al. , 2013; Fukami, 2015; De Meester et al. , 2016).

Priority effects were previously discussed as potential drivers of structure in marine lake organisms by



Maas et al. (2018) and de Leeuw et al. (2020). Depending on spatial scale Maas et al. (2018) found an
effect of geographic distance and connectivity influencing mussel population structure. They argued that
despite founder events stochastically driving alleles to fixation in small populations, ongoing dispersal would
overwhelm this effect (Mayr, 1963; Waters, Fraser and Hewitt, 2013). Mussels have extensive pelagic larval
duration periods, and Maas et al. (2018) hence argued that priority effects mediated by local adaptation
could facilitate the observed patterns of population structure (Orsini et al. , 2013; Fukami, 2015; De Meester
et al. , 2016). Sponges, in contrast, generally have poor dispersal abilities (Maldonado, 2006). As the current
study does not find an effect of connection to the sea in structuring populations, stochastic fixation of alleles
due to genetic drift may be the cause of each population being distinct. Including more lakes with replicates
of local environments and/or connection to the sea may further elucidate drivers of sponge differentiation in
fragmented habitats.

Microbes vs. host patterns

Suberites diversicolor is categorized as a Low Microbial Abundance (LMA) sponge (Weisz, Lindquist and
Martens, 2008; Clearyet al. , 2013). A recent study into prokaryotic communities ofS. diversicolor (5 lakes
overlap with the current study) showed a pattern of distinct broad geographic groups (>1,400km) but no
distinction between host genetic lineages and only some clustering per lake (Ferreira et al. , 2020). When
comparing the microbial patterns observed by Ferreira et al (2020) to genetic structure of S. diversicolor
from the current study, interestingly we find no relationship apart from the broad geographic distinction
(>1,400km). This is consistent with a study by Noyer and Becerro, (2012) that did not find correlations
between host genetic and microbial diversity for the sponge Spongia lamella in the Mediterranean (<500km).
Perhaps microbial communities are evolving separately from their host for some sponges, such as S. diver-
sicolor . Or perhaps the microbial community was not measured extensively enough since there are known
differences between the relatively stable core microbiome and the environmentally variable microbiome (Pita
et al. , 2018).

Changing oceans may shift symbioses of sponge holobiont (Fan et al. , 2013). It is already known that
sponge-associated microbiomes can respond to temperature (Webster, Cobb and Negri, 2008), although
dependent on the extent of the heat stress (Simister et al. , 2012), and pH (Cleary et al. , 2013; Morrow,
Fiore and Lesser, 2016; Coelho et al. , 2018). Responses of microbes may have effects on host persistence
and viability. It is expected that the microbiome can respond more quickly than the host to changing
environments due to shorter generation times (Reshef et al. , 2006; Pita et al. , 2018). However, here,
the opposite seems to be the case, where the sponge host is adjusting to specific marine lake environments
(or genetic drift) while microbes appear to remain stable along the marine lake gradient. Moving on from
16S-amplicon sequencing to whole bacterial genome or gene expression analyses (Liu et al. , 2012) will allow
for a better understanding of microbial community structure and function, and could provide the necessary
depth to move forward in exploring how sponges function as holobionts.

Implications for sponge phylogeography and population genetic studies

The RADseq strategy was effective in detecting two major genetic lineages (Lineage A and B) (Becking et
al. , 2013). When combining both lineages significantly less markers were recovered than when analyzing
lineages separately. Based on our filters requiring a read depth of at least 3X and loci having to be present
in at least 70% of the individuals, we retained 541 SNPs when including both lineages, compared to 4,826
SNPs when analyzing only Lineage B. This is more than a 90% loss of common markers and indicates the
resolution of RADseq generated markers can be less effective when one (unknowingly) includes multiple
lineages. Given that there is a prevalence in morphologically cryptic species in sponges (e.g. Becking, 2013;
Swierts et al. , 2013; Morrow and Cardenas, 2015), it may be advised to first verify broad genetic lineages
using common single markers before starting an extensive sponge population genetic study implementing
high resolution markers. Perhaps the low number of SNPs recovered in the previous two studies on sponges
(Brown, Davis and Leys, 2017; Leiva et al. , 2019) was caused by including different lineages. Further, our
adjustments to the existing low-cost protocol of Peterson et al.(2012) with a step-by-step protocol presented
in Maas et al.(2018) can help to retrieve extensive data for non-model marine organisms in general and
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tropical sponges in particular, thus benefitting future studies. Our strategy for bioinformatically filtering
out possible microbial contamination proved effective since we did not detect congruence between host
population structure and microbial community structure. We further showed that reduced representation
genome sequencing can work for DNA that was extracted for other purposes and stored for long times in
a -20degC freezer before sequencing, or suboptimal removal of contamination before sequencing. Recent
developments with capture based methods such as hyRAD (Suchan et al. , 2016) can further exploit the
potential of older DNA extractions. This gives hope to the wealth of knowledge to be gained from extractions
from past sponge studies across the world.

Assessing genetic connectivity between populations is crucial to determine the scale of marine reserves
(Richards et al. , 2016). Moving on from studying few genetic markers to (reduced representation) genome
sequencing provides the potential to look for genetic basis of adaptation (Catchen et al. , 2017), a major goal
in molecular ecology. As the oceans are changing, it is imperative how sponge host and its associated microbe
community will respond (Pita et al. , 2018). Understanding within- and between population diversity,
demography and connectivity serves to facilitate conservation management decisions. It is important to
ensure connectivity between marine populations where necessary, while also allowing crucial local adaptation,
in view of projected climate change and habitat fragmentation (IPCC, 2019).
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Tables and Figures

Table 1: Overview of sampling in marine lakes and lagoon locations. Recorded are location, site codes,
number of individuals sampled per site and number of individuals retained after filtering, physiographic,
environmental and genetic parameters.

#
Sam- Nucleotic
ples di-
#SamplesA fter Area Depth Fraction Temperat8edinity veristy
Code Location Total filter (m?) (m) (lake/sea)ConnectioffC) (ppt) (m)
DAR Australia 8 7 45,640 Open 0.0095
Bay Berau 5 5 Open 29 33.5 0.0101
B.1 Berau: 29 26 140,000 17 0.51 Medium  29.5 27 0.0050
Maratua
B.2 Berau: 4 2 231,500 0.38 Low 29.5 26 0.0074
Tanah
Banban
B.3 Berau: 32 20 4,900,000 12 0.11 Low 30 23.5
Kakaban
P.27 Papua: 8 5 22,000 2 Medium  29.5 31 0.0037
Wayag
P.30 Papua: 9 8 13,000 4.1 0.75 Medium 324 28.9 0.0045
Wayag
P.32 Papua: 7 4 6,100 5.5 0.45 Medium  31.2 30.7 0.0053
Wayag
P.1 Papua: 20 11 88,530 19 0.07 Low 32.3 24 0.0036
Gam
P.4 Papua: 26 19 13,750 20.4 0.8 High 31.7 25.9 0.0047
Misool
P.5 Papua: 20 18 3,700 4.8 0.26 Low 31.5 28.9 0.0060
Misool
Hosted file
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unidentified-genetic-structure-revealed-for-the-sponge-suberites-diversicolor-
implications-for-sponge-phylogeography-and-population-genetics

Figure 1: Sampling sites of Suberites diversicolor from nine marine lakes and two lagoon locations and associ-
ated relative migration networks. (A) Overview of Indonesia including two geographic regions sampled: Be-
rau and Raja Ampat. Also shows location of Australian lagoon location (DAR). (B) Berau, East-Kalimantan
with locations of three marine lakes (B.1, B.2, B.3) and one lagoon (Bay). (C) Raja Ampat, West-Papua
with locations of six marine lakes (P.27, P.30, P.32, P.1, P4, P.5). (D) Relative migration network of of
individual lakes and lagoons. Fractions of relative migration are displayed. (E) Specimen ofS. diversicolor |
photograph by L.E. Becking.
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Figure 2: Neighbor-Joining tree based on pairwise genetic distances ofSuberites diversicolor populations.
Bootstrap support values are displayed based on 1000 bootstraps. Each branch represents one individual.
Colors and codes correspond to Fig. 1 and Table 1.
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Figure 3: Analyses of population genetic structure for Siberites diversicolor populations. (A) Principal
Component analysis (PCA) based on pairwise covariance. Each dot represents one individual. (B) Bayesian
admixture analysis for most likely putative ancestral populations (K = 9) based on genotype likelihoods via
ngsAdmix. Each bar represents one individual. (C) Neighbor-Joining Network with equal angles computed
in Splitstree based on pairwise genetic distances. (D) Visualization of normalized F’gt in a multidimensional
scaling plot (values in Supplemental Table 4). Colors and codes correspond to Fig. 1 and Table 1.
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Figure 4: Correlational tests (Mantel) between genetic distance matrix (F’ST) versus A) drivers of diversity
geographic distance, environmental distance and connection distance, and B) Microbial community matrices
based on Bray Curtis dissimilarities for genera abundance and OTU presence/absence.
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