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ABSTRACT

Background: Marine sponges are dominant components of Antarctic benthos and
representative of the high endemism that characterizes this environment. All
microbial groups are part of the Antarctic sponge holobionts, but microbial
eukaryotes have been studied less, and their symbiotic role still needs to be better
understood. Here, we characterize the dynamics of microbial eukaryotes associated
with Antarctic sponges, focusing on dinoflagellates over three summer periods to
better understand the members, interannual variations, and trophic and lifestyle
strategies.

Results: The analysis revealed that dinoflagellates dominate microeukaryotic
communities in Antarctic sponges. The results also showed significant differences in
the diversity and composition of dinoflagellate communities associated with sponges
compared to those in seawater. Antarctic sponges were dominated by a single
dinoflagellate family, Syndiniales Dino-Group-I-Clade 1, which was present in high
abundance in Antarctic sponges compared to seawater communities. Despite minor
differences, the top microeukaryotic amplicon sequence variants (ASVs) showed no
significant interannual abundance changes, indicating general temporal stability
within the studied sponge species. Our findings highlight the abundance and
importance of parasitic groups, particularly the classes Coccidiomorphea,
Gregarinomorphea, and Ichthyosporea, with the exclusive dominance of Syndiniales
Dino-Group-I-Clade 1 within sponges.

Conclusions: The present study comprehensively characterizes the microbial
eukaryotes associated with Antarctic sponges, showing a remarkable stability of
parasitic dinoflagellates in Antarctic sponges. These findings underscore the
significant role of parasites in these marine hosts, with implications for population
dynamics of the microeukaryome and the holobiont response to a changing ocean.

Subjects Biodiversity, Ecology, Genomics, Marine Biology, Microbiology
Keywords Eukaryotic microbial communities, Dinoflagellates, Parasitism, Antarctic sponges,
Syndiniales Dino-Group-I-Clade 1, Antarctica, Host-microbe interaction

INTRODUCTION

Marine sponges are fundamental and dominant components of the benthos in Antarctica
(Costa et al., 2023). Through filter-feeding nutrition, these primitive animals play a crucial
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role in marine environments. They act as ecosystem engineers, providing habitat and food
for other organisms while critically involved in nutrient cycling and biogeochemical
processes (McClintock et al., 2005; Bell, 2008). Sponge diversity in Antarctica is lower than
in tropical regions but higher than observed in temperate environments (Vargas et al.,
2015). Due to the isolation of the Antarctic continent by the Polar Front, sponges have high
levels of endemism in this continent (Downey et al., 2012; Kersken, Feldmeyer & Janussen,
2016). The considerable spatial heterogeneity that Antarctic sponges provide for the
colonization of epibionts and the eminently planktivorous diets in an environment marked
by fluctuations in seasonal phytoplankton blooms also characterized these unique and
primitive animals (Cattaneo-Vietti et al., 2000; McClintock et al., 2005).

Sponges are also known for associating with a diverse range of microorganisms, forming
an ecological unit referred to as a sponge holobiont. In this unit, the assemblage of
sponge-associated microorganisms is responsible for various essential functions for the
survival and ecological success of the host (Webster ¢ Thomas, 2016; Pita et al., 2018).
These symbiotic communities engage in various biological interactions, turning the sponge
holobiont into a dynamic system (Pifa et al., 2018). Sponge-associated microorganisms
include viruses, bacteria, archaea, and microbial eukaryotes. Unfortunately, not all
microbial components of the sponge holobiont have been equally studied, and there is a
significant gap in the knowledge regarding sponge-associated microbial eukaryotes, which
is even more pronounced in Antarctica.

The Antarctic sponge holobiont harbors a diverse community of microorganisms where
Proteobacteria (mainly Alphaproteobacteria and Gammaproteobacteria) and
Bacteroidota, as well as the archaeal phylum Thaumarchaeota, are the most abundant
non-eukaryotic groups (Webster et al., 2004; Rodriguez-Marconi et al., 2015; Cdardenas
et al., 2019; Moreno-Pino et al., 2020; Ruocco et al., 2021). Previous studies observed that
the eukaryotic community is dominated by diatoms such as Fragilariopsis and
Thalassiosira; a diversity of fungi, including Geomyces and Penicillium, and other
unicellular organisms like dinoflagellates, cryptophytes, and chlorophytes (Cerrano et al.,
2004; Henriquez et al., 2014; Rodriguez-Marconi et al., 2015; Moreno-Pino et al., 2020).
These microbial communities exhibit a different taxonomic composition than the
microorganisms from the surrounding waters (Rodriguez-Marconi et al., 2015; Sacristdn-
Soriano, Pérez Criado ¢ Avila, 2020; Moreno-Pino et al., 2020; Cristi et al., 2022). Overall,
microbial eukaryotes associated with Antarctic sponges show greater diversity than
planktonic eukaryotic communities (Rodriguez-Marconi et al., 2015).

The unique metabolic potential of the Antarctic sponge microbiome contributes to the
survival and growth of the holobiont in this challenging environment (Moreno-Pino et al.,
2020, 2024). The roles of these symbiotic communities include nutrient cycling (carbon,
nitrogen, phosphorus, and sulfur), biosynthesis of secondary metabolites with defensive
properties, and biodegradation of xenobiotics, epibionts, food, and parasites (Bavestrello
et al., 2000; Cerrano et al., 2004; Totti et al., 2005; Henriquez et al., 2014; Steinert et al.,
2019; Moreno-Pino et al., 2020; Cristi et al., 2022; Moreno-Pino et al., 2024). However, to
the best of our knowledge, the temporal patterns of the microeukaryome associated with
the Antarctic sponges have not been previously studied.
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Despite the abundance and diversity of sponge-associated dinoflagellates, little is known
about this group of symbionts. Furthermore, their diversity of trophic modes and
symbiotic relationships have not been deeply studied in Antarctic sponges. To date, the
orders of dinoflagellates Gymnodiniales, Suessiales, and Syndiniales Group I have been
identified as associated with sponges from tropical, temperate, and polar environments
(Webster et al., 2004; Annenkova, Lavrov & Belikov, 2011; He et al., 2014; Rodriguez-
Marconi et al., 2015; Moreno-Pino et al., 2020). The most extensively documented
association occurs between tropical sponges of the Cliona genus and Symbiodinium
(Schonberg & Loh, 2005; Hill et al., 2011), with evidence of vertical symbiont transmission
across generations (Mariani, Uriz & Turon, 2000). These symbiotic dinoflagellates
contribute not only with glucose, fatty acids, and glycerol through photosynthesis but also
provide nitrogen in the form of amino acids via ammonia assimilation, thereby enhancing
the bioerosion rates of the sponges (Achlatis et al., 2018, 2019, 2021). Furthermore,
dinoflagellates produce secondary metabolites that protect the sponges against
environmental stressors (Miiller et al., 2007). These functional roles could have a
significant impact in the context of the Antarctic environment.

Photosynthetic and mixotrophic dinoflagellates of the Gymnodiniales were initially
described in Antarctic sponges, suggesting that these symbionts are a source of organic
carbon for their hosts (Webster et al., 2004). More recently, a high-throughput sequencing
approach revealed that Syndiniales from Group I, alveolate parasites, are the most
abundant order within the microbial eukaryotes in eight Antarctic sponges, with an
abundance of up to 50% (Rodriguez-Marconi et al., 2015). The Syndiniales comprise at
least five major marine alveolate (MALV) groups and are widely distributed,
abundant, and infect many hosts (Guillou et al., 2008). Furthermore, these organisms
contribute to biogeochemical cycles by providing organic matter to the microbial loop
(Moran et al., 2022).

In the present study, we use high-throughput sequencing of the V4 region of the 18S
rRNA gene to characterize the dynamics of the microbial eukaryotes associated with
Antarctic sponges. We focus on dinoflagellates, given their importance to benthic hosts
and their potential key role in a changing ocean. Specifically, we aim to (i) characterize the
diversity and community composition, trophic modes, and lifestyle of microbial
eukaryotes, and especially dinoflagellates, associated with Antarctic sponges; and (ii)
examine interannual changes in the diversity and community composition of microbial
eukaryotes and especially dinoflagellates, associated with Antarctic sponges.

MATERIALS AND METHODS

Sample processing and collection

Adult sponge and seawater (SW) samples were collected from Chile Bay, Greenwich
Island, Western Antarctic Peninsula (WAP) at depths between 8-15 m. The collection was
performed during November 2019, December 2019, February 2020, March 2020,
December 2020, and December 2021. Forty-seven sponge samples from the genera
Dendrilla, Mycale, Myxilla, Iophon, Isodictya, and Tedania, and an undetermined
Demospongiae were collected using SCUBA divers and stored separately with natural SW
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until processing (sample details are available at https://github.com/mlopezrod/Antarctic-
sponge_dino/tree/main/raw_data). These sponge genera were selected due to their
abundance and coverage on the rocky walls from Chile Bay. Sampling scheme considered
marking sampled individuals to avoid resampling them the following year, preventing
tissue damage and potential changes in their microbiome. Surrounding SW was collected
using a 5 L Niskin bottle and pre-filtered onboard through a 200 pm pore mesh to remove
large particles. The collected SW samples were stored in acid-washed containers and kept
in the dark until processing in the laboratory.

The sponge samples were rinsed with filtered SW, cleaned under a stereomicroscope to
remove dirt and ectoparasites, and stored at —80 °C until processing. The separation of the
microbial community intimately associated with the sponge from the host tissue was
carried out following the protocol described by Rodriguez-Marconi et al. (2015). SW
samples were filtered through 20, 3, and 0.2 pm pore size filters using a Swinnex support
system and a Cole Parmer 1-600 rpm peristaltic pump. Subsequently, filters were placed in
a 2-ml cryovial and stored at —80 °C until DNA extraction.

The Chilean Antarctic Institute (INACH) issued grants for sampling under permits N°
1042/ 2019, 1043/ 2019, 802/ 2020, 803/ 2020, and 656/ 2021.

Genomic DNA extraction, PCR amplification and sequencing
Metagenomic DNA was extracted from sponge and SW samples using the PowerSoil DNA
isolation kit (Mobio) and a standard protocol with cetyltrimethylammonium bromide
(CTAB) phenol-chloroform (Doyle ¢ Doyle, 1987), respectively. The gDNA integrity was
verified on an agarose gel (0.8% w/v) and quantified using fluorometry with Quantifluor
(Promega) and the HS dsDNA QubitTM Kit (Invitrogen™).

The V4 region of the 18S rRNA gene, targeting the microbial eukaryotic communities,
was amplified with primers E572F (CYGCGGTAATTCCAGCTC) and E1009R
(AYGGTATCTRATCRTCTTYG) (Comeau et al., 2011). The V4-PCR consisted of a 25 pl
reaction with 5X HF PCR buffer, 40 mM dNTPs, 1 uM of each primer, 2 units/pL of
Phusion enzyme, and 2 pL of template DNA. Amplification conditions were as follows:
initial denaturation for 30 s at 98 °C, 30 cycles of 98 °C for 10 s, 55 °C for 30 s, and 72 °C
for 30 s, followed by a 4 min 30 s extension at 72 °C. The amplicons were quantified with
Qubit and sequenced using the Miseq Illumina platform (300 bp paired-end) at the
Integrated Microbiome Resource (Dalhousie University, Halifax, Canada). Three separate
sequencing runs were performed.

Bioinformatics analysis

To infer the amplicon sequence variants (ASVs), we used the dada2 package version 1.26.0
(Callahan et al., 2016) in the R environment version 4.2.2 (R Core Team, 2022). Primers
were removed using cutadapt v4.2 (Martin, 2011). The reads were truncated and filtered
based on quality profiles of each sequencing separately using the following parameters:
truncLen = ¢(256,194), ¢(216,245), and ¢(262,195), truncQ = 2, maxEE = ¢(2,2), and
maxN = 0.
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The sequences were analyzed on a sequencing run base to obtain specific error models
and were subsequently dereplicated and merged. The reads were combined before
proceeding with chimera removal. The combined reads were then collapsed using the
“collapseNoMismatch” step, and chimeras were removed with the "removeBimeraDenovo"
function with the “consensus” method. The ASV's were annotated with an 80% bootstrap
confidence level using the Protist Ribosomal Reference database PR* v4.14.0 (Guillou et al.,
2012), incorporating the DINOREF database (Mordret et al., 2018). The annotated ASV
table was filtered to remove ASVs not assigned at the Kingdom, Supergroup, Division, and
Class levels and those assigned to Metazoa, Bacteria, chloroplasts, mitochondria,
Embryophyceae, Florideophyceae, and Phaeophyceae. Next, the ASV abundance matrix,
the taxonomic assignment matrix, and the metadata were combined using phyloseq
v.1.38.0 (McMurdie ¢ Holmes, 2013). Singletons and samples with less than 100 sequences
and 1 ASV were removed, which resulted in 26 sponge samples and 12 SW samples for
further analyses (Table S1). The sequences from different SW fractions were summed up
for diversity and taxonomic composition analyses. Two subsets of data were created, one
comprising the Dinoflagellata division exclusively and the other excluding these
microorganisms (called here as ‘non-dino community’).

Data analysis

We analyzed the eukaryotic community, separating the dinoflagellates from the rest of the
microbial eukaryotes due to the elevated copy numbers of the 185 rRNA gene within this
group, minimizing bias in the abundance estimations.

All analyses were conducted in R version 4.2.2 (R Core Team, 2022). The reads were
rarified using the rarefy_to_even_depth() function in phyloseq, based on the sample with
the lowest number of reads (E60 for the non-dino community and E36 for dinoflagellates).
Observed richness and Shannon’s index were calculated using the estimate_richness()
function in phyloseq. Also, we assessed phylogenetic diversity (PD) using Faith’s
phylogenetic diversity index (Faith, 1992) with the picante package (Kembel et al., 2010).
The plot_richness() and ggplot() functions of the phyloseq and ggplot2 packages
(Wickham, 2016) were used for the visualization of alpha diversity data (Observed
richness, Shannon, and PD). To assess the significance of the comparison of alpha diversity
between sponges and SW, we conducted the Wilcoxon rank sum test (Mann ¢ Whitney,
1947) for unpaired samples using the compare_means() function in ggpubr package
(Kassambara, 2020). Also, to evaluate if there were significant differences among the three
summers, we performed a Kruskal-Wallis test (Kruskal & Wallis, 1952) using the
compare_means() function for only the sponge genus with replicates across all three
summers. Then, a Wilcoxon test was conducted to determine which summers significantly
differ in alpha diversity indices.

Microbial community composition was analyzed using nonmetric multidimensional
scaling (nMDS) based on Bray-Curtis dissimilarities and Aitchison distances using the
metaMDS() function within the vegan package (Oksanen et al., 2022). ASVs with a total
relative abundance of less than 0.1% were excluded from the dataset, and Hellinger’s
transformation for Bray-Curtis dissimilarities or the centered log-ratio in the case of
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Aitchison distances were applied to normalize abundances (Rao, 1995; Legendre ¢
Legendre, 1998; Aitchison, 1986). To assess the significance of differences among habitat
(sponges and SW), summers, and sponge genera, we conducted an analysis of similarities
(ANOSIM) and multivariate permutational analysis of variance (PERMANOVA) (Clarke,
1993; Anderson, 2001). Before performing the PERMANOV A, we excluded sponge species
that were undefined and those without replicates. We utilized the permutational
multivariate analysis of dispersion (PERMDISP) (Anderson, 2006) to detect differences in
homogeneity among the groups evaluated in the PERMANOVA. The multivariate
statistical analyses used the anosim(), adonis2(), and betadisper() functions from the vegan
package.

For taxonomic composition analysis, the number of reads from each sample was
normalized by the median sequencing depth. The absolute abundance of ASVs was
transformed into relative abundance using the transform_sample_counts() function in
phyloseq. To preprocess the data, filters were applied to retain 90% of the sequences in at
least one sample for the non-dino community, and the dinoflagellate dataset. The
tax_glom() function in the phyloseq package was utilized to aggregate the relative
abundances of ASVs for assessing differences in composition at the class and genus levels.
The R package ggplot2 (Wickham, 2016) was used to create graphs.

After data preprocessing and aggregation at the genus level, genera within both the
non-dino community and dinoflagellate community were categorized into three trophic
groups (phytoplankton, protozooplankton, mixoplankton) based on the work of
(Schneider et al., 2020). These genera were also classified into two groups according to their
lifestyle: parasitic and non-parasitic. We excluded genera where bootstrap support was
below 80%. For taxonomic groups not annotated at the genus level, we used the
immediately higher taxonomic category with a confirmed assignment. For genera with
representatives in more than one trophic or lifestyle group, taxonomy at the species level
was used, although this level was not always automatically annotated. To assign the
taxonomy at the species level in these cases, ASVs were annotated with the highest score
against NCBI 18S rRNA and nt/nr databases (16-03-2024), using BLASTN 2.15.0+
(Altschul et al., 1990), provided they agreed with the PR* taxonomy initially assigned. The
trophic and lifestyle groups categorization was complemented with annotations of species/
genus-specific information from other studies (Gran-Stadniczeriko et al., 2019; Xiong et al.,
2021; Genitsaris et al., 2022; Lapeyra Martin et al., 2022).

To visualize and count the most abundant ASVs from the non-dino and dinoflagellate
communities that are shared or exclusive between sponge species and SW, we created
UpSet graphs using the ComplexUpSet package (Lex et al., 2014; Krassowski, 2020). A
heatmap showing the relative abundance of dominant dinoflagellate ASVs across all
samples was generated using the plot_heatmap() function in phyloseq.

Dino-Group-1-Clade 1 ASVs were placed in the reference phylogenetic tree using the
RAxXML evolutionary placement algorithm (Stamatakis, 2014). The reference tree was
constructed from full-length 18S rRNA gene sequences of Dinoflagellata with the
Apicomplexa sequence as the outgroup. The sequences were aligned using MAFFT v7.515
(Katoh et al., 2002), and the phylogenetic tree was constructed using RAXML v8.2.12 with
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Figure 1 Alpha diversity indexes (Observed richness, Shannon, and Phylogenetic diversity) of
eukaryotic microbial communities associated with Antarctic sponges (orange) and SW (blue). The
analysis includes the non-dino community (upper panel) and dinoflagellates (lower panel). Asterisks
indicate statistically significant differences determined by the Wilcoxon rank-sum test: **p = 0.0013,
*¥**p = 0.0008 and ****p = 4.213e-06, 5.591e-05 and 8.065e-05. Non-significant comparisons were
omitted. Dots represent individual samples, and N denotes the number of samples in each group. Indexes
computed with rarefied data to the minimum sampling depth (Iophon sp. and Myxilla (Burtonanchora)
sp._1_2020 for non-dino community and dinoflagellates, respectively).

Full-size k&l DOI: 10.7717/peer;.18365/fig-1

the General Time Reversible Categorical (GTRCAT) model. The resulting tree was

modified for visualization with FigTree v1.4.4 (Rambaut, 2018). Raw sequencing data for
this study was deposited on SRA under PRINA1069634 and PRJNA1069605 for sponge
microbiome and SW, respectively.

RESULTS

Diversity, community composition, trophic modes, and lifestyle of

microbial eukaryotes, especially dinoflagellates associated with Ant-
arctic sponges
We analyze the diversity and community composition of microbial eukaryotes associated
with Antarctic sponges. For this purpose, we sampled 26 sponges from the Demospongiae
class, including at least eight species from two orders and six families. We also analyzed 12
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Figure 2 Composition of microbial eukaryotes in Antarctic sponges and SW. Taxonomic composition at the division level of the microbial
eukaryote community, encompassing dinoflagellate and non-dino communities (A) and microbial eukaryotes without dinoflagellates (B). (C)
Dinoflagellate taxonomic composition at the genus level. Classes grouped the dinoflagellate genera. Relative abundances were calculated, with
normalization by median sequencing depth. Sample names are denoted using the sponge species, replicate and summer of sampling. D. antarctica:
Dendrilla antarctica; M. acerata: Mycale acerata; M. bouryesnaultae: Mycale bouryesnaultae; Myxilla (Burt): Myxilla (Burtonanchora) sp.; unde-
Demospongiae: undetermined Demospongiae; SW: surrounding seawater. Full-size K&l DOT: 10.7717/peerj.18365/fig-2

seawater (SW) samples collected from Chile Bay (WAP) during the austral summers of
2019, 2020, and 2021 (Table S1).

We recovered 398 ASVs and 889,127 sequences for the general microbial eukaryote
community (Table S2). In the microbial eukaryote community without dinoflagellates
(non-dino community), we obtained 438,458 sequences and 283 ASVs. Regarding the
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Figure 3 Trophic modes and lifestyles of eukaryotic microbes associated with Antarctic sponges and surrounding SW. (A) Barplots show the
relative abundance of trophic modes within the non-dino (left panel) and dinoflagellates communities (right panel). (B) Relative proportions of
lifestyles (parasitic or non-parasitic) in the non-dino community (left panel) and dinoflagellates (right panel). Trophic modes and lifestyles were
annotated based on taxonomic assignments at the genus level of ASV, representing the top 90% of most abundant sequences in at least one sample.
Sample names are denoted using the sponge species, replicate and summer of sampling. D. antarctica: Dendrilla antarctica; M. acerata: Mycale
acerata; M. bouryesnaultae: Mycale bouryesnaultae; Myxilla (Burt): Myxilla (Burtonanchora) sp.; undeDemospongiae: undetermined Demos-
pongiae; SW: surrounding seawater. Full-size K&] DOT: 10.7717/peer;j.18365/fig-3

dinoflagellates, we obtained 450,669 sequences grouped into 115 ASVs. The alpha diversity
analysis revealed significantly lower richness and diversity when comparing sponges to the
SW for the non-dino and dinoflagellate communities (Fig. 1, Table S3).

The general community composition of microbial eukaryotes associated with Antarctic
sponges shows a clear predominance of Dinoflagellata (85 + 18%), while other groups were
also notable in the SW, like Ochrophyta and Haptophyta (Fig. 2A). However, when we
visualize the non-dino community, other important divisions appear, such as
Apicomplexa, and Mesomycetozoa (Fig. 2B). At the class level, the most abundant
microbial eukaryotes from the non-dino community were Bacillariophyta (Ochrophyta)

Lopez-Rodriguez et al. (2024), PeerJ, DOI 10.7717/peerj.18365 .0 9/25


http://dx.doi.org/10.7717/peerj.18365/supp-6
http://dx.doi.org/10.7717/peerj.18365/fig-3
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

(27 + 26%) and Prymnesiophyceae (Haptophyta) (16 £ 19%). At the same time,
Coccidiomorphea, Gregarinomorphea (Apicomplexa), and Ichthyosporea
(Mesomycetozoa) were observed only in sponges (Fig. S1).

Protozooplankton and phytoplankton were the dominant groups in sponges (Fig. 3A).
We detected differences in trophic modes among sponge genera within the non-dino
community. Specifically, phytoplankton was most abundant in Dendrilla and Mycale,
whereas protozooplankton predominated in Myxilla (Burtonanchora) (Fig. 3A). In the
dinoflagellate communities, protozooplankton dominated all sponge genera (Fig. 3A).
Dinoflagellates were mainly represented by parasites, whereas non-parasitic
microorganisms dominated in the non-dino community (Fig. 3B, Tables S4, and S5).
Within the non-dinoflagellate community, Rhytidocystis (Coccidiomorphea) and
Paralecudina (Gregarinomorphea) were the most abundant parasitic genera (7 + 22% and
9 + 22%, respectively) (Table S4).

The nMDS based on Aitchison distance revealed a clear clustering pattern by habitat
(sponges and SW) for non-dino and dinoflagellate communities (Fig. 52). ANOSIM
confirmed that the composition of the non-dino and dinoflagellate communities was
significantly different (p = 0.001 Table S6).

When focusing on high-abundance non-dino microbial eukaryotes, ASV102
(Paralecudina), exclusive from sponges and belonging to the class Gregarinomorphea, was
the most shared, found in at least five species and representing 3.43% of the total
abundance. On the other hand, ASV080 (Rhytidocystis) from the class Coccidiomorphea
was identified in Dendrilla antarctica, an undetermined Demospongiae, and Mycale sp.,
with the highest proportion in the latter (85%) and absent in SW (Fig. S3A). Considering
only the most predominant dinoflagellate ASVs, ASV005, belonging to the Syndiniales
class, was shared across all sponge species (Fig. S3B). Together with ASV016 and ASV023,
ASV005 were highly abundant in sponges but low in SW (96% vs. 11%) (Fig. 54).

Interannual changes in the diversity and community composition of
microbial eukaryotes, especially dinoflagellates, associated with Ant-
arctic sponges

Overall, the sponge-associated dinoflagellate community was more stable than the SW
community due to the almost complete dominance of Syndiniales Dino-Group-I-Clade-1
in the former (98 + 7% vs. 12 + 11%) (Fig. 2C).

For the three genera of sponges present in the 3 years (Dendrilla, Mycale, and Myxilla
(Burtonanchora)) pairwise comparisons between summers indicated significant
differences in Shannon-Wiener alpha diversity index only for the dinoflagellate
communities (Fig. 4). Dinoflagellates and non-dino communities associated with Antarctic
sponges show compositional homogeneity between the different summers (Fig. 5A), with
the dinoflagellate community associated with Mycale acerata distinct from other species.
PERMANOVA analysis at the ASV level revealed significant variations among host genera
(non-dino community p = 0.024; dinoflagellates p = 0.006, Table S6). However, a
dispersion test using PERMDISP revealed significant differences in heterogeneity
(p = 0.04) among host genera for the non-dino community. Interestingly, the distribution
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Figure 4 Diversity measures of eukaryotic microbial communities associated with Antarctic sponges across different summers. Observed
richness, Shannon, and Phylogenetic diversity ecological indexes of the non-dino community (upper panel) and dinoflagellates (lower panel)
associated with Antarctic sponges over three summers. Significant differences in Shannon diversity across summers were assessed using the
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of ASVs belonging to the Syndiniales Dino-Group-I-Clade-1 (ASV005, ASV016, and
ASV023) across Dendrilla, Mycale, and Myxilla over the years indicates a consistent
pattern, typically comprising >75% of the relative abundances (Fig. 5B). Additionally, we
detected a noticeable increase in the relative abundance of ASV_005 between years,
moving from 35 + 38% in 2019 to 94 + 5% in 2021. Dino-Group-I-Clade-1 ASV005 was
highly abundant in sponge samples, especially within a 2021 Mycale sp. sponge, where it
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replicates over three summers.

comprised virtually 100% of dinoflagellate reads (Fig. 5B). The Dino-Group-I-Clade-1
ASV005 is the most abundant dinoflagellate in our dataset and was the only one shared

between all sponge species analyzed (Fig. S3B). Phylogenetic analysis of the Dino-Group-I-
Clade-1 clade ASVs (ASV005, ASV016, and ASV023) revealed their relationship with
uncultured Syndiniales from temperate waters of the Mediterranean (Fig. S5).
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DISCUSSION

Here, we used 18S rRNA gene sequencing to investigate the diversity, community
composition, trophic strategies, and lifestyle of microbial eukaryotes associated with
Antarctic sponges over 3 years, primarily focusing on the dinoflagellate community. A
large number of individuals and a high richness of the sponge species used in this study
enabled a detailed resolution of the dynamics of the microbial eukaryotes associated with
Antarctic sponges.

Trophic modes of plankton refer to their methods of carbon acquisition and have been
traditionally categorized into autotrophy, where phytoplankton use photosynthesis to
convert carbon dioxide and sunlight into organic matter, forming the foundation of the
aquatic food web, and heterotrophy, where zooplankton and bacterioplankton consume
organic material, including other plankton, detritus, and dissolved organic matter, thus
recycling nutrients within the ecosystem (Glibert ¢ Mitra, 2022). Mixotrophy represents a
flexible strategy where organisms can switch between autotrophy and heterotrophy
depending on environmental conditions, allowing them to optimize their nutritional
intake (Mitra & Flynn, 2010; Mitra et al., 2014). Recent studies have revealed that
mixotrophy is much more common and widely distributed among plankton than
previously known, highlighting its significant role in marine ecosystems (Flynn et al., 2019;
Mitra et al., 2023; Millette et al., 2023). In our study, trophic analysis was performed based
on a database of trophic modes of aquatic protists by Schneider et al. (2020) and detailed
curation of the assigned taxonomy. Our results showed that almost all
sponge-associated dinoflagellates were annotated as protozooplankton and most of them
were classified as parasites. These results underscore the complex trophic interactions and
specialized ecological roles dinoflagellates play in the Antarctic sponge microbiome,
contributing to the stability and functioning of these unique marine ecosystems.
Understanding the trophic strategies is crucial for insights into how parasitic
dinoflagellates contribute to the stability and ecological dynamics of Antarctic sponge
communities. Studying molecular taxonomy, ecology, and physiology of microbial
eukaryotes and specifically dinoflagellates can be particularly challenging. Dinoflagellates
represent a highly diverse taxonomic group with a high degree of horizontal gene transfer
(Wisecaver, Brosnahan ¢» Hackett, 2013) and a high number of 18S rRNA copies within a
single cell (Gong ¢ Marchetti, 2019). Additionally, they possess large and complex
genomes and exhibit nutritionally versatile and complex life histories (Murray et al., 2016).
Moreover, the environmental diversity of dinoflagellates currently needs to be better
reflected in culture collections or sequenced genomes, which hinders the proper
description of species and, consequently, the availability of suitable reference sequences for
taxonomic assignment. In the present study, many taxa could not be taxonomically
assigned to the genus level, including dominant groups, which unfortunately limits a
fine-scale understanding of the structure of microbial eukaryote and dinoflagellate
communities.
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Dinoflagellate communities associated with Antarctic sponges are
distinct from seawater and remain stable over time

The dinoflagellate community associated with sponges differed from its SW counterparts
in diversity and community composition. Recent studies have highlighted the importance
of dinoflagellates as abundant microeukaryotes within Antarctic sponges (Rodriguez-
Marconi et al., 2015; Moreno-Pino et al., 2024). However, while previous studies utilized
the V9 region (Rodriguez-Marconi et al., 2015; Moreno-Pino et al., 2024), we used the V4
region. The V9 region captures more diversity and is better suited for amplifying
genotypes, especially those of low abundance. On the other side, the V4 region is more
appropriate for higher taxonomic resolution because its high divergence and sequence
variation offer more significant species-level taxonomic distinctions of dinoflagellates
(Stoeck et al., 2010; Ki, 2012).

Our results revealed interannual stability in dinoflagellate communities associated with
Antarctic sponges. However, we observed differences in the Shannon index when
analyzing the impact of summers. This apparent contradiction could be attributed to the
limited number of sponge samples collected in 2021, potentially leading to an
underestimation of the richness of the dinoflagellate community. Smaller sample sizes
generally yield fewer detected species due to chance (Roswell, Dushoff ¢ Winfree, 2021),
directly impacting richness measurement and influencing the Shannon index, which
emphasizes species richness (Kim et al., 2017). Other explanation could be the dominance
of ASV005 in the sponge samples collected in 2021, which could have led to an uneven
distribution of species within the dinoflagellate community. In this point, it is important to
note that previous studies documented the temporal stability of the bacteriome in
Antarctic sponges, even in the face of sudden increases in SW temperature (Cdrdenas et al.,
2019; Happel et al., 2022). On the other hand, in the sponge Rhopaloeides odorabile from
the Great Barrier Reef, the Bacteria, Archaea, and Eukarya microbial communities also
remained stable across multiple nutrient and temperature stressors (Simister et al., 2012).
In this way, the stability of the microeukaryotic communities, mainly the dinoflagellates
associated with our Antarctic sponges, could suggest they are advantageous for the host in
this extreme and changing ecosystem.

Protist parasites in Antarctic sponges

Apicomplexa, Mesomycetozoa, and parasite groups from dinoflagellates dominate the
microeukaryotic community of Antarctic sponges. The Apicomplexa phylum
encompasses intracellular symbionts in Antarctic, temperate, and tropical sponges; but the
nature of their interactions has not been elucidated (Moreno-Pino et al., 2024; Chaib De
Mares et al., 2017; Cleary, 2019; Ferreira & Cleary, 2022). Although typically classified as
obligate parasites, they can interact with their hosts, including mutualism and
commensalism, as seen in coral microbiomes with corallicolids (Saffo et al., 2010; Kwong
et al., 2019). The genus Rhytidocystis was highlighted as a major taxon of Coccidiomorphea
(Apicomplexa, ASV080), although only in three of the 26 sponge microeukaryomes
analyzed. It is known as a coccidian-like parasite of polychaetes but can also be found in
mollusks, flatworms, and arthropods (Rueckert & Leander, 2009; Holt et al., 2022). To our
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knowledge, there is no evidence that Rhytidocystis has been described in Antarctica either
as a sponge or coral symbiont. However, sponges are recognized for providing
microhabitats for polychaetes and other invertebrates, particularly some associated with
Antarctic sponges that spend most of their life cycle within these hosts (McClintock et al.,
2005). In this way, the presence of Rhytidocystis in Antarctic sponges could be linked to its
host polychaetes residing within the sponge tissues.

We also detected Paralecudina (class Gregarinomorphea, order Eugregarinorida,
Apicomplexa, ASV102), reported previously in Antarctica as a parasite of krill (Cleary,
2019). Eugregarines are host-specific parasites found in the intestines, coeloms, and
reproductive vesicles of marine invertebrates (Leander, 2008; Rueckert, Betts ¢» Tsaousis,
2019). Symbiotic relationships with gregarines range from antagonistic to beneficial effects
(Rueckert, Betts & Tsaousis, 2019). Eugregarines are widespread in tropical and temperate
sponges and play a significant role in marine food web dynamics by regulating host
populations and influencing the carbon cycle (Chaib De Mares et al., 2017; Del Campo
et al., 2019). In Antarctica, eugregarines dominate the sediment and are among the
most abundant orders within the sponge microeukaryome, suggesting that the sediment
could serve as a microbial seed bank for sponges (Cleary ¢ Durbin, 2016; Moreno-Pino
et al., 2024).

Ichthyosporea (Mesomycetozoa) were previously discovered in the water column and
sediment of the WAP (Cleary ¢» Durbin, 2016). However, they had now been identified in
Antarctic sponges. Ichthyosporea is a class that includes osmotrophic microorganisms
found in fish, amphibians, and bivalves. Some of these species are mutualists that reside in
the digestive tracts of invertebrates, while others are parasites that can lead to the death of
their hosts (Mendoza, Taylor & Ajello, 2002; Glockling, Marshall & Gleason, 2013).
Previous studies have found Mesomycetozoa in only one sponge at very low abundance in
Fildes Bay, Antarctica (Moreno-Pino et al., 2024), and at abundances less than 1% in
sponges from the Caribbean and Mediterranean (Chaib De Mares et al., 2017), in contrast
to this study, where abundances reached up to 55%. Thus, it is likely that the differences in
abundance result from primer bias. The selection of gene regions, primers, and databases
can significantly affect microbial community diversity and identification (Stuart et al.,
2024). We evaluated the best primers for detection of Apicomplexa, Dinoflagellata,
Stramenopiles, Haptophyta, and Ichthyosporea, finding they amplify more than 75% of
sequences within the PR2 database for most groups (https://app.pr2-primers.org/pr2-
primers/; Vaulot et al., 2022). In particular, the primers used in this study have a higher
resolution for Ichthyosporea than previous studies, amplifying 90% of sequences from this
class within the PR2 database (https://app.pr2-primers.org/pr2-primers/; Vaulot et al,
2022).

Our previous analysis indicate that only the primers in Cleary et al. (2019) and Ferreira
¢ Cleary (2022) offer resolutions similar to this study. In contrast, those in Moreno-Pino
et al. (2024), Chaib De Mares et al. (2017) and Hardoim et al. (2021) amplify less than 25%
of the most abundant groups detected here. A common limitation in microeukaryote
analyses is the need for many databases to resolve taxa at the species level fully (Del Campo
et al., 2018). The PR2 database, chosen for its extensive coverage and accuracy for marine
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microbial eukaryotes (Guillou et al., 2012), identifies more OTU and resolves taxa to
deeper levels than the SILVA database (Kataoka ¢ Kondo, 2019).

Dominance of Syndiniales Dino-Group-I-Clade 1 in Antarctic sponges
The most abundant parasite group from dinoflagellates detected here is the Syndiniales
Dino-Group-I-Clade-1, an important player in ice-edge environments (Clarke et al., 2019).
Syndiniales, a type of marine alveolates, are present almost everywhere and can infect and
kill a wide range of hosts, including other protists (such as dinoflagellates, ciliates, and
radiolarians) and metazoans (such as copepods, cladocerans, and polychaete larvae)
(Guillou et al., 2008). Syndiniales have been reported to be abundant in sponges from
temperate and tropical waters (Hardoim et al., 2021; Chaib De Mares et al., 2017),
suggesting differences in thermal tolerances or distribution patterns among their strains
and species (Anderson & Harvey, 2020). Specifically, Dino-Group-I-Clade-1 has been
found in high abundance in tropical sponges (Cleary, 2019; Ferreira ¢ Cleary, 2022).
Together, these results demonstrate that parasites are abundant in Antarctic sponges and
could significantly influence nutrient dynamics and the community of microorganisms
associated with them; however, further research is needed to precisely define these
interactions and the ecological roles of these parasites.

The ASVs assigned to Syndiniales Dino-Group-I-Clade 1, ASV005, ASV016, and
ASV023 were consistently dominant in sponge tissues and very low in the surrounding
SW. This indicates they correspond to sponge-enriched sequence clusters (SESC). Previous
studies have reported the SESC of bacteria and fungi (Webster et al., 2010; Nguyen ¢
Thomas, 2018). These findings suggest that these taxa, enriched by the host sponge’s
filtration, may have advantages and adapt to the ecological niches within sponges. The
enrichment of ASV0016 in the sponge Mycale acerata reveals a unique, distinctive
dinoflagellate community and suggests a specific selection. Additionally, the differences in
the relative abundances of the same ASVs across sponges emphasize the preferential of
Syndiniales for certain sponge species.

We identified three dominant and recurrent Syndiniales Dino-Group-I-Clade 1 ASVs
in the summers. Among these, ASV005 was found to be the most dominant in the year
2021. The recurrence of Syndiniales over time has been significantly associated with the
host’s biomass, density, and cyclical patterns, such as annual blooms (Rizos et al., 2023;
Anderson ¢ Harvey, 2020). Notably, similar positive associations between Dino-Group I
and ciliates, apicomplexans, have also been observed in coral microbiomes (Bonacolta
et al., 2024).

The marine ecosystem has undergone significant changes due to the acceleration of
glacial melting, leading to the rapid warming of the climate and the cooling of Southern
Ocean waters. These changes have resulted in modifications to the dominant
phytoplankton species, with large diatoms being replaced by cryptophytes and small
flagellates (Moline et al., 2004; Queirés et al., 2024). In this changing environment,
Syndiniales parasites have emerged as critical players in the structure of the oceanic food
web (Cleary & Durbin, 2016). The dominance of Syndiniales Dino Group I has been
previously observed in tropical and temperate sponges (Chaib De Mares et al., 2017,
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Cleary, 2019; Ferreira ¢ Cleary, 2022), suggesting a crucial ecological interaction.
Parasite-rich ecosystems benefit biodiversity by modulating host population dynamics and
influencing energy flow (Hudson, Dobson ¢ Lafferty, 2006). In Antarctic marine
ecosystems, high-specificity parasites may help maintain diversity and shape seasonal
succession by reducing the fitness or causing the mortality of abundant species, thereby
creating opportunities for other species within the ecosystem (Cleary ¢» Durbin, 2016).

CONCLUSION

This study expands our understanding of the microeukaryome of sponges in polar regions,
and is the first to provide a detailed characterization of dinoflagellates associated with
Antarctic sponges. Our findings indicate that dinoflagellates dominate the microbial
eukaryote communities associated with Antarctic sponges. We also observed no
interannual variations in the microeukaryotic communities associated with Antarctic
sponges, and that parasitic dinoflagellates are remarkably stable and dominant, suggesting
that parasites in the Antarctic marine environment are crucial for ecosystem engineers as
sponges. Syndiniales, specifically Dino-Group-I clade 1, with their ability to regulate host
populations, may play a crucial role in the microbiome of Antarctic sponges. Future
research should further explore the roles of these parasitic dinoflagellates within Antarctic
sponges, which can include carbon fluxes and responses to ongoing environmental
changes in these primitive hosts.

ACKNOWLEDGEMENTS

We are grateful to Dr. Fernando Alfaro, Dr. Mario Moreno-Pino, Dr. Leslie Daille, Dr.
Gustavo Rodriguez, and Dr. (c) Patricio Flores-Herrera for their suggestions and
comments during the data analysis. Many thanks also to Marlene Manzano for assistance
in the laboratory. Additionally, we thank Andreas Schmider, Lea Happel, Yann Herrera,
José Hernandez, Alberto Ahumada, and Vicente Villalobos for sponge sampling.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This research was supported by Agencia Nacional de Investigacion y Desarrollo (ANID),
Fondecyt Grant N° 1230758, Subdireccion de CapitalHumano/Doctorado Nacional/2019-
doctoral fellowship N° 21192150 and INACH DG_15-20 Grant. The funders had no role
in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Agencia Nacional de Investigacién y Desarrollo (ANID) Fondecyt: N° 1230758.
Subdirecciéon de CapitalHumano/Doctorado Nacional/2019-doctoral fellowship: N°
21192150 and INACH DG_15-20.

Lopez-Rodriguez et al. (2024), PeerdJ, DOI 10.7717/peerj.18365 17/25


http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

 Marileyxis R. Lopez-Rodriguez conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

o Catherine Gérikas Ribeiro analyzed the data, prepared figures and/or tables, authored or
reviewed drafts of the article, and approved the final draft.

e Susana Rodriguez-Marconi performed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

o Génesis Parada-Pozo performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

e Maria Manrique-de-la-Cuba performed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

* Nicole Trefault conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Sampling was performed under permits from the Chilean Antarctic Institute (INACH).

Data Availability
The following information was supplied regarding data availability:
The 18S raw sequence reads are available at SRA: PRINA1069634.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.18365#supplemental-information.

REFERENCES

Achlatis M, Pernice M, Green K, Guagliardo P, Kilburn MR, Hoegh-Guldberg O, Dove S. 2018.
Single-cell measurement of ammonium and bicarbonate uptake within a photosymbiotic
bioeroding sponge. The ISME Journal 12(5):1308-1318 DOI 10.1038/s41396-017-0044-2.

Achlatis M, Schonberg CH, van der Zande RM, LaJeunesse RM, Hoegh-Guldberg O, Dove S.
2019. Photosynthesis by symbiotic sponges enhances their ability to erode calcium carbonate.
Journal of Experimental Marine Biology and Ecology 516(1):140-149
DOI 10.1016/j.jembe.2019.04.010.

Achlatis M, van der Zande RM, Webb AE, de Bakker DM, de Nooijer L], de Goeij JM. 2021.
Photosynthetically stimulated bioerosion in symbiotic sponges: the role of glycerol and oxygen.
Coral Reefs 40(3):881-891 DOI 10.1007/s00338-021-02091-0.

Aitchison J. 1986. The statistical analysis of compositional data. New York City: Springer.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment search tool.
Journal of Molecular Biology 215(3):403-410 DOI 10.1016/50022-2836(05)80360-2.

Lopez-Rodriguez et al. (2024), PeerdJ, DOI 10.7717/peerj.18365 18/25


http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1069634
http://dx.doi.org/10.7717/peerj.18365#supplemental-information
http://dx.doi.org/10.7717/peerj.18365#supplemental-information
http://dx.doi.org/10.1038/s41396-017-0044-2
http://dx.doi.org/10.1016/j.jembe.2019.04.010
http://dx.doi.org/10.1007/s00338-021-02091-0
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

Anderson MJ. 2001. A new method for non-parametric multivariate analysis of variance. Austral
Ecology 26(1):32-46 DOI 10.1111/j.1442-9993.2001.01070.pp.x.

Anderson M]J. 2006. Distance-based tests for homogeneity of multivariate dispersions. Biometrics
62(1):245-253 DOI 10.1111/§.1541-0420.2005.00440.x.

Anderson SR, Harvey EL. 2020. Temporal variability and ecological interactions of parasitic
marine Syndiniales in coastal protist communities. mSphere 5(3):10-1128
DOI 10.1128/mSphere.00209-20.

Annenkova NV, Lavrov DV, Belikov SI. 2011. Dinoflagellates associated with freshwater sponges
from the ancient Lake Baikal. Protist 162(2):222-236 DOI 10.1016/j.protis.2010.07.002.

Bavestrello G, Arillo A, Calcinai B, Cattaneo-Vietti R, Cerrano C, Gaino E, Penna A, Sara M.
2000. Parasitic diatoms inside Antarctic sponges. The Biological Bulletin 198(1):29-33
DOI 10.2307/1542801.

Bell JJ. 2008. The functional roles of marine sponges. Estuarine, Coastal and Shelf Science
79(3):341-353 DOI 10.1016/j.ecss.2008.05.002.

Bonacolta AM, Miravall J, Gomez-Gras D, Ledoux JB, Lopez-Sendino P, Garrabou J,
Massana R, Del Campo J. 2024. Differential apicomplexan presence predicts thermal stress
mortality in the Mediterranean coral Paramuricea clavata. Environmental Microbiology
26(1):e16548 DOI 10.1111/1462-2920.16548.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 2016. DADA2:
High-resolution sample inference from Illumina amplicon data. Nature Methods 13(7):581-583
DOI 10.1038/nmeth.3869.

Cérdenas CA, Font A, Steinert G, Rondon R, Gonzilez-Aravena M. 2019. Temporal stability of
bacterial communities in Antarctic sponges. Frontiers in Microbiology 10:470847
DOI 10.3389/fmicb.2019.02699.

Cattaneo-Vietti R, Bavestrello G, Cerrano C, Gaino E, Mazzella L, Pansini M, Sara M. 2000. The
role of sponges in the Terra Nova bay ecosystem. In: Ross Sea Ecology. Berlin, Heidelberg:
Springer Berlin Heidelberg, 539-549 DOI 10.1007/978-3-642-59607-0_39.

Cerrano C, Calcinai B, Cucchiari E, Di Camillo CD, Nigro M, Regoli F, Sara A, Schiaparelli S,
Totti C, Bavestrello G. 2004. Are diatoms a food source for Antarctic sponges? Chemistry and
Ecology 20(sup1):57-64 DOI 10.1080/02757540310001629198.

Chaib De Mares M, Sipkema D, Huang S, Bunk B, Overmann J, Van Elsas JD. 2017. Host
specificity for bacterial, archaeal and fungal communities determined for high- and
low-microbial abundance sponge species in two genera. Frontiers in Microbiology 8:2560
DOI 10.3389/fmicb.2017.02560.

Clarke KR. 1993. Non-parametric multivariate analyses of changes in community structure.
Australian Journal of Ecology 18(1):117-143 DOI 10.1111/j.1442-9993.1993.tb00438 x.

Clarke LJ, Bestley S, Bissett A, Deagle BE. 2019. A globally distributed Syndiniales parasite
dominates the Southern Ocean micro-eukaryote community near the sea-ice edge. The ISME
Journal 13(3):734-737 DOI 10.1038/s41396-018-0306-7.

Cleary DFR. 2019. A comparison of microeukaryote communities inhabiting sponges and seawater
in a Taiwanese coral reef system. Annals of Microbiology 69(8):861-866
DOI 10.1007/s13213-019-01476-5.

Cleary AC, Casas MC, Durbin EG, Gomez-Gutiérrez J. 2019. Parasites in Antarctic krill guts
inferred from DNA sequences. Antarctic Science 31(1):16-22 DOI 10.1017/50954102018000469.

Cleary AC, Durbin EG. 2016. Unexpected prevalence of parasite 185 rDNA sequences in winter

among Antarctic marine protists. Journal of Plankton Research 38(3):401-417
DOI 10.1093/plankt/fbw005.

Lopez-Rodriguez et al. (2024), PeerdJ, DOI 10.7717/peerj.18365 19/25


http://dx.doi.org/10.1111/j.1442-9993.2001.01070.pp.x
http://dx.doi.org/10.1111/j.1541-0420.2005.00440.x
http://dx.doi.org/10.1128/mSphere.00209-20
http://dx.doi.org/10.1016/j.protis.2010.07.002
http://dx.doi.org/10.2307/1542801
http://dx.doi.org/10.1016/j.ecss.2008.05.002
http://dx.doi.org/10.1111/1462-2920.16548
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.3389/fmicb.2019.02699
http://dx.doi.org/10.1007/978-3-642-59607-0_39
http://dx.doi.org/10.1080/02757540310001629198
http://dx.doi.org/10.3389/fmicb.2017.02560
http://dx.doi.org/10.1111/j.1442-9993.1993.tb00438.x
http://dx.doi.org/10.1038/s41396-018-0306-7
http://dx.doi.org/10.1007/s13213-019-01476-5
http://dx.doi.org/10.1017/S0954102018000469
http://dx.doi.org/10.1093/plankt/fbw005
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

Comeau AM, Li WK, Tremblay EC, Lovejoy C. 2011. Arctic Ocean microbial community
structure before and after the 2007 record sea ice minimum. PLOS ONE 6(11):e27492
DOI 10.1371/journal.pone.0027492.

Costa G, Lo Giudice A, Papale M, Rizzo C, Azzaro M, Guzzi A, Grillo M, Bertolino M. 2023.
Sponges (Porifera) from the Ross Sea (Southern Ocean) with taxonomic and molecular
re-description of two uncommon species. Polar Biology 46(12):1335-1348
DOI 10.1007/s00300-023-03205-w.

Cristi A, Parada-Pozo G, Morales-Vicencio F, Cardenas CA, Trefault N. 2022. Variability in host
specificity and functional potential of Antarctic sponge-associated bacterial communities.
Frontiers in Microbiology 12:771589 DOI 10.3389/fmicb.2021.771589.

Del Campo J, Heger TJ, Rodriguez-Martinez R, Worden AZ, Richards TA, Massana R,
Keeling PJ. 2019. Assessing the diversity and distribution of apicomplexans in host and
free-living environments using high-throughput amplicon data and a phylogenetically informed
reference framework. Frontiers in Microbiology 10:2373 DOI 10.3389/fmicb.2019.02373.

Del Campo J, Kolisko M, Boscaro V, Santoferrara LF, Nenarokov S, Massana R, Guillou L,
Simpson A, Berney C, de Vargas C, Brown MW, Keeling PJ, Wegener Parfrey L. 2018.
EukRef: phylogenetic curation of ribosomal RNA to enhance understanding of eukaryotic
diversity and distribution. PLOS Biology 16(9):¢2005849 DOI 10.1371/journal.pbio.2005849.

Downey RV, Griffiths H]J, Linse K, Janussen D. 2012. Diversity and distribution patterns in high
southern latitude sponges. PLOS ONE 7(7):e41672 DOI 10.1371/journal.pone.0041672.

Doyle JJ, Doyle JL. 1987. A rapid DNA isolation procedure for small quantities of fresh leaf tissue.
Phytochemical Bulletin 19(1):11-15.

Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biological Conservation
61(1):1-10 DOI 10.1016/0006-3207(92)91201-3.

Ferreira MRS, Cleary DFR. 2022. Microeukaryotic communities of golf-ball sponges inside and
outside of marine lakes. Journal of Sea Research 180(1916):102151
DOI 10.1016/j.seares.2021.102151.

Flynn KJ, Mitra A, Anestis K, Anschiitz AA, Calbet A, Ferreira GD, Gypens N, Hansen PJ,
John U, Martin JL, Mansour JS, Maselli M, Medi¢ N, Norlin A, Not F, Pitta P, Romano F,
Saiz E, Schneider LK, Stolte W, Traboni C. 2019. Mixotrophic protists and a new paradigm for
marine ecology: where does plankton research go now? Journal of Plankton Research
41(4):375-391 DOI 10.1093/plankt/fbz026.

Genitsaris S, Stefanidou N, Sommer U, Moustaka-Gouni M. 2022. Diversity of taxon-specific
traits of seasonally distinct unicellular eukaryotic assemblages in a eutrophic coastal area with
marked plankton blooms. Aquatic Microbial Ecology 88:167-185 DOI 10.3354/ame01992.

Glibert PM, Mitra A. 2022. From webs, loops, shunts, and pumps to microbial multitasking:
evolving concepts of marine microbial ecology, the mixoplankton paradigm, and implications
for a future ocean. Limnology and Oceanography 67(3):585-597 DOI 10.1002/In0.12018.

Glockling SL, Marshall WL, Gleason FH. 2013. Phylogenetic interpretations and ecological
potentials of the Mesomycetozoea (Ichthyosporea). Fungal Ecology 6(4):237-247
DOI 10.1016/j.funeco.2013.03.005.

Gong W, Marchetti A. 2019. Estimation of 18S gene copy number in marine eukaryotic plankton
using a next-generation sequencing approach. Frontiers in Marine Science 6:219
DOI 10.3389/fmars.2019.00219.

Gran-Stadniczeiiko S, Egge E, Hostyeva V, Logares R, Eikrem W, Edvardsen B. 2019. Protist
diversity and seasonal dynamics in Skagerrak plankton communities as revealed by

Lopez-Rodriguez et al. (2024), PeerdJ, DOI 10.7717/peerj.18365 20/25


http://dx.doi.org/10.1371/journal.pone.0027492
http://dx.doi.org/10.1007/s00300-023-03205-w
http://dx.doi.org/10.3389/fmicb.2021.771589
http://dx.doi.org/10.3389/fmicb.2019.02373
http://dx.doi.org/10.1371/journal.pbio.2005849
http://dx.doi.org/10.1371/journal.pone.0041672
http://dx.doi.org/10.1016/0006-3207(92)91201-3
http://dx.doi.org/10.1016/j.seares.2021.102151
http://dx.doi.org/10.1093/plankt/fbz026
http://dx.doi.org/10.3354/ame01992
http://dx.doi.org/10.1002/lno.12018
http://dx.doi.org/10.1016/j.funeco.2013.03.005
http://dx.doi.org/10.3389/fmars.2019.00219
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

metabarcoding and microscopy. The Journal of Eukaryotic Microbiology 66(3):494-513
DOI 10.1111/jeu.12700.

Guillou L, Bachar D, Audic S, Bass D, Berney C, Bittner L, Boutte C, Burgaud G, de Vargas C,
Decelle J, Del Campo J. 2012. The protist ribosomal reference database (PR2): a catalog of
unicellular eukaryote small sub-unit rRNA sequences with curated taxonomy. Nucleic Acids
Research 41(D1):D597-D604 DOI 10.1093/nar/gks1160.

Guillou L, Viprey M, Chambouvet A, Welsh RM, Kirkham AR, Massana R, Scanlan D],
Worden AZ. 2008. Widespread occurrence and genetic diversity of marine parasitoids
belonging to Syndiniales (Alveolata). Environmental Microbiology 10(12):3349-3365
DOI 10.1111/j.1462-2920.2008.01731 .x.

Happel L, Rondon R, Font A, Gonzalez-Aravena M, Cardenas CA. 2022. Stability of the
microbiome of the sponge Mycale (Oxymycale) acerata in the Western Antarctic Peninsula.
Frontiers in Microbiology 13:827863 DOI 10.3389/fmicb.2022.827863.

Hardoim CC, Lobo-Hajdu G, Custédio MR, Hardoim PR. 2021. Prokaryotic, fungal, and
unicellular eukaryotic core communities across three sympatric marine sponges from the
Southwestern Atlantic Coast are dominated largely by deterministic assemblage processes.
Frontiers in Microbiology 12:674004 DOI 10.3389/fmicb.2021.674004.

He L, Liu F, Karuppiah V, Ren Y, Li Z. 2014. Comparisons of the fungal and protistan
communities among different marine sponge holobionts by pyrosequencing. Microbial Ecology
67(4):951-961 DOI 10.1007/500248-014-0393-6.

Henriquez M, Vergara K, Norambuena J, Beiza A, Maza F, Ubilla P, Araya I, Chavez R, San-
Martin A, Darias J, Darias MJ. 2014. Diversity of cultivable fungi associated with Antarctic
marine sponges and screening for their antimicrobial, antitumoral and antioxidant potential.
World Journal of Microbiology & Biotechnology 30(1):65-76 DOI 10.1007/s11274-013-1418-x.

Hill M, Allenby A, Ramsby B, Schonberg C, Hill A. 2011. Symbiodinium diversity among host
clionaid sponges from Caribbean and Pacific reefs: evidence of heteroplasmy and putative
host-specific symbiont lineages. Molecular Phylogenetics and Evolution 59(1):81-88
DOI 10.1016/j.ympev.2011.01.006.

Holt CC, Boscaro V, Van Steenkiste NW, Herranz M, Mathur V, Irwin NA, Buckholtz G,
Leander BS, Keeling PJ. 2022. Microscopic marine invertebrates are reservoirs for cryptic and
diverse protists and fungi. Microbiome 10(1):161 DOI 10.1186/s40168-022-01363-3.

Hudson PJ, Dobson AP, Lafferty KD. 2006. Is a healthy ecosystem one that is rich in parasites?
Trends in Ecology & Evolution 21(7):381-385 DOI 10.1016/j.tree.2006.04.007.

Kassambara A. 2020. Ggpubr: ‘ggplot2’ based publication ready plots. R package. Available at
https://github.com/kassambara/ggpubr (accessed 28 September 2023).

Kataoka T, Kondo R. 2019. Protistan community composition in anoxic sediments from three
salinity-disparate Japanese lakes. Estuarine, Coastal and Shelf Science 224:34-42
DOI 10.1016/j.ecss.2019.04.046.

Katoh K, Misawa K, Kuma K-I, Miyata T. 2002. MAFFT: a novel method for rapid multiple
sequence alignment based on fast Fourier transform. Nucleic Acids Research 30(14):3059-3066
DOI 10.1093/nar/gkf436.

Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD, Blomberg SP,
Webb CO. 2010. Picante: R tools for integrating phylogenies and ecology. Bioinformatics
26(11):1463-1464 DOI 10.1093/bioinformatics/btq166.

Kersken D, Feldmeyer B, Janussen D. 2016. Sponge communities of the Antarctic Peninsula:

influence of environmental variables on species composition and richness. Polar Biology
39(5):851-862 DOI 10.1007/s00300-015-1875-9.

Lopez-Rodriguez et al. (2024), PeerJ, DOI 10.7717/peerj.18365 21/25


http://dx.doi.org/10.1111/jeu.12700
http://dx.doi.org/10.1093/nar/gks1160
http://dx.doi.org/10.1111/j.1462-2920.2008.01731.x
http://dx.doi.org/10.3389/fmicb.2022.827863
http://dx.doi.org/10.3389/fmicb.2021.674004
http://dx.doi.org/10.1007/s00248-014-0393-6
http://dx.doi.org/10.1007/s11274-013-1418-x
http://dx.doi.org/10.1016/j.ympev.2011.01.006
http://dx.doi.org/10.1186/s40168-022-01363-3
http://dx.doi.org/10.1016/j.tree.2006.04.007
https://github.com/kassambara/ggpubr
http://dx.doi.org/10.1016/j.ecss.2019.04.046
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1093/bioinformatics/btq166
http://dx.doi.org/10.1007/s00300-015-1875-9
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

KiJS. 2012. Hypervariable regions (V1-V9) of the dinoflagellate 18S rRNA using a large dataset for
marker considerations. Journal of Applied Phycology 24(5):1035-1043
DOI 10.1007/s10811-011-9730-z.

Kim BR, Shin J, Guevarra R, Lee JH, Kim DW, Seol KH, Lee JH, Kim HB, Isaacson R. 2017.
Deciphering diversity indices for a better understanding of microbial communities. Journal of
Microbiology and Biotechnology 27(12):2089-2093 DOI 10.4014/jmb.1709.09027.

Krassowski M. 2020. Krassowski/complex-upset. R package. Available at http://doi.org/10.5281/
zenodo.3700590 (accessed 5 August 2023).

Kruskal WH, Wallis WA. 1952. Use of ranks in one-criterion variance analysis. Journal of the
American Statistical Association 47(260):583-621 DOI 10.1080/01621459.1952.10483441.

Kwong WK, Del Campo J, Mathur V, Vermeij M]J, Keeling PJ. 2019. A widespread
coral-infecting apicomplexan with chlorophyll biosynthesis genes. Nature 568(7750):103-107
DOI 10.1038/s41586-019-1072-z.

Lapeyra Martin J, John U, Royer C, Gypens N. 2022. Fantastic beasts: unfolding mixoplankton
temporal variability in the Belgian coastal zone through DNA-metabarcoding. Frontiers in
Marine Science 9:786787 DOI 10.3389/fmars.2022.786787.

Leander BS. 2008. Marine gregarines: evolutionary prelude to the apicomplexan radiation? Trends
in Parasitology 24(2):60-67 DOI 10.1016/j.pt.2007.11.005.

Legendre P, Legendre L. 1998. Numerical ecology. Second Edition. Amsterdam: Elsevier English
Edition.

Lex A, Gehlenborg N, Strobelt H, Vuillemot R, Pfister H. 2014. UpSet: visualization of
intersecting sets. IEEE Transactions on Visualization and Computer Graphics 20(12):1983-1992
DOI 10.1109/TVCG.2014.2346248.

Mann HB, Whitney DR. 1947. On a test of whether one of two random variables is stochastically
larger than the other. The Annals of Mathematical Statistics 18(1):50-60
DOI 10.1214/aoms/1177730491.

Mariani S, Uriz M]J, Turon X. 2000. Larval bloom of the oviparous sponge Cliona viridis: coupling
of larval abundance and adult distribution. Marine Biology 137(5):783-790
DOI 10.1007/5002270000400.

Martin M. 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.Journal 17(1):10-12 DOI 10.14806/¢j.17.1.200.

McClintock JB, Amsler CD, Baker BJ, van Soest RW. 2005. Ecology of Antarctic marine sponges:
an overview. Integrative and Comparative Biology 45(2):359-368 DOI 10.1093/icb/45.2.359.
McMurdie PJ, Holmes S. 2013. Phyloseq: an R package for reproducible interactive analysis and
graphics of microbiome census data. PLOS ONE 8(4):e61217

DOI 10.1371/journal.pone.0061217.

Mendoza L, Taylor JW, Ajello L. 2002. The class Mesomycetozoea: a heterogeneous group of
microorganisms at the animal-fungal boundary. Annual Review in Microbiology 56(1):315-344
DOI 10.1146/annurev.micro.56.012302.160950.

Millette NC, Gast R]J, Luo JY, Moeller HV, Stamieszkin K, Andersen KH, Brownlee EF,
Cohen NR, Duhamel S, Dutkiewicz S, Glibert PM, Johnson MD, Leles SG, Maloney AF,
Mcmanus GB, Poulton N, Princiotta SD, Sanders RW, Wilken S. 2023. Mixoplankton and
mixotrophy: future research priorities. Journal of Plankton Research 45(4):576-596
DOI 10.1093/plankt/fbad020.

Mitra A, Caron DA, Faure E, Flynn K], Leles SG, Hansen PJ, McManus GB, Not F,
do Rosario Gomes H, Santoferrara LF, Stoecker DK, Tillmann U. 2023. The Mixoplankton
Database (MDB): diversity of photo-phago-trophic plankton in form, function, and distribution

Lopez-Rodriguez et al. (2024), PeerJ, DOI 10.7717/peerj.18365 22/25


http://dx.doi.org/10.1007/s10811-011-9730-z
http://dx.doi.org/10.4014/jmb.1709.09027
http://doi.org/10.5281/zenodo.3700590
http://doi.org/10.5281/zenodo.3700590
http://dx.doi.org/10.1080/01621459.1952.10483441
http://dx.doi.org/10.1038/s41586-019-1072-z
http://dx.doi.org/10.3389/fmars.2022.786787
http://dx.doi.org/10.1016/j.pt.2007.11.005
http://dx.doi.org/10.1109/TVCG.2014.2346248
http://dx.doi.org/10.1214/aoms/1177730491
http://dx.doi.org/10.1007/s002270000400
http://dx.doi.org/10.14806/ej.17.1.200
http://dx.doi.org/10.1093/icb/45.2.359
http://dx.doi.org/10.1371/journal.pone.0061217
http://dx.doi.org/10.1146/annurev.micro.56.012302.160950
http://dx.doi.org/10.1093/plankt/fbad020
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

across the global ocean. The Journal of Eukaryotic Microbiology 70(4):e12972
DOI 10.1111/jeu.12972.

Mitra A, Flynn KJ. 2010. Modelling mixotrophy in harmful algal blooms: more or less the sum of
the parts? Journal of Marine Systems 83(3-4):158-169 DOI 10.1016/j.jmarsys.2010.04.006.

Mitra A, Flynn KJ, Burkholder JM, Berge T, Calbet A, Raven JA, Granéli E, Glibert PM,
Hansen PJ, Stoecker DK, Thingstad F, Tillmann U, Vage S, Wilken S, Zubkov MV. 2014. The
role of mixotrophic protists in the biological carbon pump. Biogeosciences 11(4):995-1005
DOI 10.5194/bg-11-995-2014.

Moline MA, Claustre H, Frazer TK, Schofield O, Vernet M. 2004. Alteration of the food web
along the Antarctic Peninsula in response to a regional warming trend. Global Change Biology
10(12):1973-1980 DOI 10.1111/j.1365-2486.2004.00825.x.

Moran MA, Ferrer-Gonzalez FX, Fu H, Nowinski B, Olofsson M, Powers MA, Schreier JE,
Schroer WF, Smith CB, Uchimiya M. 2022. The Ocean’s labile DOC supply chain. Limnology
and Oceanography 67(5):1007-1021 DOI 10.1002/In0.12053.

Mordret S, Piredda R, Vaulot D, Montresor M, Kooistra WH, Sarno D. 2018. Dinoref: a curated
dinoflagellate (Dinophyceae) reference database for the 18S rRNA gene. Molecular Ecology
Resources 18(5):974-987 DOI 10.1111/1755-0998.12781.

Moreno-Pino M, Cristi A, Gillooly JF, Trefault N. 2020. Characterizing the microbiomes of
Antarctic sponges: a functional metagenomic approach. Scientific Reports 10:645
DOI 10.1038/s41598-020-57464-2.

Moreno-Pino M, Manrique-de-la-Cuba MF, Lopez-Rodriguez M, Parada-Pozo G, Rodriguez-
Marconi S, Ribeiro CG, Flores-Herrera P, Guajardo M, Trefault N. 2024. Unveiling microbial
guilds and symbiotic relationships in Antarctic sponge microbiomes. Scientific Reports
14(1):6371 DOI 10.1038/s41598-024-56480-w.

Miiller WE, Belikov SI, Kaluzhnaya OV, Perovi¢-Ottstadt S, Fattorusso E, Ushijima H,
Krasko A, Schroder HC. 2007. Cold stress defense in the freshwater sponge Lubomirskia
baicalensis: role of okadaic acid produced by symbiotic dinoflagellates. The FEBS Journal
274(1):23-36 DOI 10.1111/j.1742-4658.2006.05559.x.

Murray SA, Suggett DJ, Doblin MA, Kohli GS, Seymour JR, Fabris M, Ralph PJ. 2016.
Unravelling the functional genetics of dinoflagellates: a review of approaches and opportunities.
Perspectives in Phycology 3(1):37-52 DOI 10.1127/pip/2016/0039.

Nguyen MTHD, Thomas T. 2018. Diversity, host-specificity and stability of sponge-associated
fungal communities of co-occurring sponges. Peer] 6(2):e4965 DOI 10.7717/peerj.4965.

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin P, O’Hara R, Solymos P,
Stevens H, Szoecs E, Wagner H, Barbour M, Bedward M, Bolker B, Borcard D, Carvalho G,
Chirico M, De Caceres M, Durand S, Evangelista HBA, FitzJohn R, Friendly M, Furneaux B,
Hannigan G, Hill MO, Lahti L, McGlinn D, Ouellette MH, Cunha ER, Smith T, Stier A,
Ter Braak CJ, Weedon J. 2022. Vegan: community ecology package. R Package. Available at
https://github.com/vegandevs/vegan (accesed 5 August 2023).

Pita L, Rix L, Slaby BM, Franke A, Hentschel U. 2018. The sponge holobiont in a changing ocean:
from microbes to ecosystems. Microbiome 6(1):46 DOI 10.1186/s40168-018-0428-1.

Queiros JP, Borras-Chavez R, Friscourt N, Grof8 J, Lewis CB, Mergard G, O’Brien K. 2024.
Southern Ocean food-webs and climate change: a short review and future directions. PLOS
Climate 3(3):e0000358 DOI 10.1371/journal.pclm.0000358.

R Core Team. 2022. R: a language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. Available at https://www.R-project.org/.

Rambaut A. 2018. Figtree. Edinburgh: Institute of Evolutionary Biology, University of Edinburgh.

Lopez-Rodriguez et al. (2024), PeerdJ, DOI 10.7717/peerj.18365 23/25


http://dx.doi.org/10.1111/jeu.12972
http://dx.doi.org/10.1016/j.jmarsys.2010.04.006
http://dx.doi.org/10.5194/bg-11-995-2014
http://dx.doi.org/10.1111/j.1365-2486.2004.00825.x
http://dx.doi.org/10.1002/lno.12053
http://dx.doi.org/10.1111/1755-0998.12781
http://dx.doi.org/10.1038/s41598-020-57464-2
http://dx.doi.org/10.1038/s41598-024-56480-w
http://dx.doi.org/10.1111/j.1742-4658.2006.05559.x
http://dx.doi.org/10.1127/pip/2016/0039
http://dx.doi.org/10.7717/peerj.4965
https://github.com/vegandevs/vegan
http://dx.doi.org/10.1186/s40168-018-0428-1
http://dx.doi.org/10.1371/journal.pclm.0000358
https://www.R-project.org/
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

Rao CR. 1995. A review of canonical coordinates and an alternative to correspondence analysis
using hellinger distance. Qiiestiié: quaderns d’estadistica i investigacié operativa 19:23-63.

Rizos I, Debeljak P, Finet T, Klein D, Ayata SD, Not F, Bittner L. 2023. Beyond the limits of the
unassigned protist microbiome: inferring large-scale spatio-temporal patterns of Syndiniales
marine parasites. ISME Communications 3(1):16 DOI 10.1038/s43705-022-00203-7.

Rodriguez-Marconi S, De la Iglesia R, Diez B, Fonseca CA, Hajdu E, Trefault N. 2015.
Characterization of bacterial, archaeal and eukaryote symbionts from Antarctic sponges reveals
a high diversity at a three-domain level and a particular signature for this ecosystem. PLOS ONE
10(9):e0138837 DOI 10.1371/journal.pone.0138837.

Roswell M, Dushoff J, Winfree R. 2021. A conceptual guide to measuring species diversity. Oikos
130(3):321-338 DOI 10.1111/0ik.07202.

Rueckert S, Betts EL, Tsaousis AD. 2019. The symbiotic spectrum: where do the gregarines fit?
Trends in Parasitology 35(9):687-694 DOI 10.1016/j.pt.2019.06.013.

Rueckert S, Leander BS. 2009. Phylogenetic position and description of Rhytidocystis cyamus sp. n.
(Apicomplexa, Rhytidocystidae): a novel intestinal parasite of the north-eastern Pacific ‘stink
worm’ (Polychaeta, Opheliidae, Travisia pupa). Marine Biodiversity 39(4):227-234
DOI 10.1007/s12526-009-0014-7.

Ruocco N, Esposito R, Bertolino M, Zazo G, Sonnessa M, Andreani F, Coppola D, Giordano D,
Nuzzo G, Lauritano C, Fontana A. 2021. A metataxonomic approach reveals diversified
bacterial communities in Antarctic sponges. Marine Drugs 19(3):173
DOI 10.3390/md19030173.

Sacristan-Soriano O, Pérez Criado N, Avila C. 2020. Host species determines symbiotic
community composition in Antarctic sponges (Porifera: Demospongiae). Frontiers in Marine
Science 7:474 DOI 10.3389/fmars.2020.00474.

Saffo MB, McCoy AM, Rieken C, Slamovits CH. 2010. Nephromyces, a beneficial apicomplexan
symbiont in marine animals. Proceedings of the National Academy of Sciences of the United States
of America 107(37):16190-16195 DOI 10.1073/pnas.1002335107.

Schneider LK, Anestis K, Mansour J, Anschiitz AA, Gypens N, Hansen PJ, John U, Klemm K,
Martin JL, Medic N, Not F. 2020. A dataset on trophic modes of aquatic protists. Biodiversity
Data Journal 8:56648 DOI 10.3897/BDJ.8.e56648.

Schonberg CH, Loh WK. 2005. Molecular identity of the unique symbiotic dinoflagellates found in
the bioeroding demosponge Cliona orientalis. Marine Ecology Progress Series 299:157-166
DOI 10.3354/meps299157.

Simister R, Taylor MW, Tsai P, Webster N. 2012. Sponge-microbe associations survive high
nutrients and temperatures. PLOS ONE 7(12):e52220 DOI 10.1371/journal.pone.0052220.

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analysis and post-analysis of large
phylogenies. Bioinformatics 30(9):1312-1313 DOI 10.1093/bioinformatics/btu033.

Steinert G, Wembheuer B, Janussen D, Erpenbeck D, Daniel R, Simon M, Brinkhoff T,
Schupp PJ. 2019. Prokaryotic diversity and community patterns in Antarctic continental shelf
sponges. Frontiers in Marine Science 6:297 DOI 10.3389/fmars.2019.00297.

Stoeck T, Bass D, Nebel M, Christen R, Jones MD, Breiner HW, Richards TA. 2010. Multiple
marker parallel tag environmental DNA sequencing reveals a highly complex eukaryotic
community in marine anoxic water. Molecular Ecology 19(s1):21-31
DOI 10.1111/j.1365-294X.2009.04480.x.

Stuart J, Ryan KG, Pearman JK, Thomson-Laing J, Hampton HG, Smith KF. 2024. A
comparison of two gene regions for assessing community composition of eukaryotic marine

Lopez-Rodriguez et al. (2024), PeerdJ, DOI 10.7717/peerj.18365 24/25


http://dx.doi.org/10.1038/s43705-022-00203-7
http://dx.doi.org/10.1371/journal.pone.0138837
http://dx.doi.org/10.1111/oik.07202
http://dx.doi.org/10.1016/j.pt.2019.06.013
http://dx.doi.org/10.1007/s12526-009-0014-7
http://dx.doi.org/10.3390/md19030173
http://dx.doi.org/10.3389/fmars.2020.00474
http://dx.doi.org/10.1073/pnas.1002335107
http://dx.doi.org/10.3897/BDJ.8.e56648
http://dx.doi.org/10.3354/meps299157
http://dx.doi.org/10.1371/journal.pone.0052220
http://dx.doi.org/10.1093/bioinformatics/btu033
http://dx.doi.org/10.3389/fmars.2019.00297
http://dx.doi.org/10.1111/j.1365-294X.2009.04480.x
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

Peer/

microalgae from coastal ecosystems. Scientific Reports 14(1):6442
DOI 10.1038/541598-024-56993-4.

Totti C, Calcinai B, Cerrano C, Di Camillo C, Romagnoli T, Bavestrello G. 2005. Diatom
assemblages associated with Sphaerotylus antarcticus (Porifera: Demospongiae). Journal of the
Marine Biological Association of the United Kingdom 85(4):795-800
DOI 10.1017/S0025315405011720.

Vargas S, Kelly M, Schnabel K, Mills S, Bowden D, Worheide G. 2015. Diversity in a cold hot-
spot: DNA-barcoding reveals patterns of evolution among Antarctic Demosponges (Class
Demospongiae, Phylum Porifera). PLOS ONE 10(6):e0127573
DOI 10.1371/journal.pone.0127573.

Vaulot D, Geisen S, Mahé F, Bass D. 2022. pr2-primers: an 18S rRNA primer database for protists.
Molecular Ecology Resources 22(1):168-179 DOI 10.1111/1755-0998.13465.

Webster NS, Negri AP, Munro MM, Battershill CN. 2004. Diverse microbial communities
inhabit Antarctic sponges. Environmental Microbiology 6(3):288-300
DOI 10.1111/j.1462-2920.2004.00570.x.

Webster NS, Taylor MW, Behnam F, Liicker S, Rattei T, Whalan S, Horn M, Wagner M. 2010.
Deep sequencing reveals exceptional diversity and modes of transmission for bacterial sponge
symbionts. Environmental Microbiology 12(8):2070-2082
DOI 10.1111/j.1462-2920.2009.02065.X.

Webster NS, Thomas T. 2016. The sponge hologenome. mBio 7(2):553
DOI 10.1128/mbio.00135-16.

Wickham H. 2016. ggplot2: elegant graphics for data analysis. New York: Springer-Verlag.

Wisecaver JH, Brosnahan ML, Hackett JD. 2013. Horizontal gene transfer is a significant driver of
gene innovation in dinoflagellates. Genome Biology and Evolution 5(12):2368-2381
DOI 10.1093/gbe/evt179.

Xiong W, Jousset A, Li R, Delgado-Baquerizo M, Bahram M, Logares R, Wilden B,
de Groot GA, Amacker N, Kowalchuk GA, Shen Q. 2021. A global overview of the trophic
structure within microbiomes across ecosystems. Environment International 151:106438
DOI 10.1016/j.envint.2021.106438.

Lopez-Rodriguez et al. (2024), PeerdJ, DOI 10.7717/peerj.18365 25/25


http://dx.doi.org/10.1038/s41598-024-56993-4
http://dx.doi.org/10.1017/S0025315405011720
http://dx.doi.org/10.1371/journal.pone.0127573
http://dx.doi.org/10.1111/1755-0998.13465
http://dx.doi.org/10.1111/j.1462-2920.2004.00570.x
http://dx.doi.org/10.1111/j.1462-2920.2009.02065.x
http://dx.doi.org/10.1128/mbio.00135-16
http://dx.doi.org/10.1093/gbe/evt179
http://dx.doi.org/10.1016/j.envint.2021.106438
http://dx.doi.org/10.7717/peerj.18365
https://peerj.com/

	Stable dominance of parasitic dinoflagellates in Antarctic sponges
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


