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Pyrosomes are widely distributed pelagic tunicates that have the potential to reshape marine food webs when they bloom.

However, their grazing preferences and interactions with the background microbial community are poorly understood. This is the
first study of the marine microorganisms associated with pyrosomes undertaken to improve the understanding of pyrosome
biology, the impact of pyrosome blooms on marine microbial systems, and microbial symbioses with marine animals. The diversity,
relative abundance, and taxonomy of pyrosome-associated microorganisms were compared to seawater during a Pyrosoma
atlanticum bloom in the Northern California Current System using high-throughput sequencing of the 16S rRNA gene, microscopy,
and flow cytometry. We found that pyrosomes harbor a microbiome distinct from the surrounding seawater, which was dominated
by a few novel taxa. In addition to the dominant taxa, numerous more rare pyrosome-specific microbial taxa were recovered.
Multiple bioluminescent taxa were present in pyrosomes, which may be a source of the iconic pyrosome luminescence. We also
discovered free-living marine microorganisms in association with pyrosomes, suggesting that pyrosome feeding impacts all
microbial size classes but preferentially removes larger eukaryotic taxa. This study demonstrates that microbial symbionts and
microbial prey are central to pyrosome biology. In addition to pyrosome impacts on higher trophic level marine food webs, the
work suggests that pyrosomes also alter marine food webs at the microbial level through feeding and seeding of the marine
microbial communities with their symbionts. Future efforts to predict pyrosome blooms, and account for their ecosystem impacts,

should consider pyrosome interactions with marine microbial communities.
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INTRODUCTION

Pyrosomes are globally abundant pelagic tunicates that can alter
marine ecosystems, especially when they bloom. Pyrosomes graze
efficiently'™ and, in turn, become prey to fish,%” sea turtles?
seabirds,”'® and marine mammals,”’ and provide habitats to
invertebrates.®'? Through sinking after death, vertical migration,
and fecal pellets, pyrosomes contribute to detrital food webs,
transport carbon below the mixed layer,® and feed benthic
megafauna.'®'* Thus, pyrosomes have the capacity to dramati-
cally alter energy and carbon cycles in marine ecosystems,
however, knowledge of pyrosome biology is limited.

Addressing pyrosome interactions with marine microorganisms
could improve the understanding of pyrosome biology, bloom
dynamics, and impacts to ecosystems because marine micro-
organisms are major players in animal biology,'> marine trophic
structure,’® and biogeochemical cycling.'” As filter feeders,
pyrosomes ingest numerous microorganisms. Retention of large
eukaryotic phytoplankton has been established,*>'® but feeding
on smaller abundant heterotrophic marine microbes has not been
directly tested.'”® Pyrosome bioluminescence suggests a host-
specific relationship with microbial symbionts, though none have
been identified.?>*2 The microbiomes of other tunicates provide
their host with nitrogen,” carbon,®* secondary metabolites,?
extending the host range into nutrient poor environments.

For non-tunicate gelatinous plankton, such as jellyfish and
ctenophores, microbial associates can be vectors for fish patho-
gens.?®28 |n addition, marine animals are a source of microbial
diversity to marine ecosystems, especially for the seawater rare
biosphere.?® These characteristics of pyrosomes and other
gelatinous animals point to great potential for pyrosome-microbe

interactions to influence pyrosome biology and seawater
microbial communities.

Here, we examined the microbial community of pyrosomes (i.e.,
the pyrosome microbiome) to expand the understanding of
pyrosome biology and impacts on marine microbial ecosystems.
Pyrosoma atlanticum colonies and surrounding seawater were
sampled during bloom conditions in the Northern California
Current System (NCC). We measured microbial community
structure and diversity via 16S rRNA gene sequencing, flow
cytometry, and microscopy. The goals of this study were to: (1)
compare the pyrosome microbial community to surrounding
seawater, (2) investigate the roles of specific microbial taxa in
pyrosome ecology, and (3) identify potential roles of pyrosomes in
controlling populations of marine microorganisms through feed-
ing. Together, these data demonstrate that pyrosomes shape, and
are shaped by, marine microbial communities. Future work to
account for their role in marine ecosystems, especially during
blooms, should consider pyrosome-microbe interactions.
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METHOD AND MATERIALS

Northern California Current (NCC) System during the 2018
pyrosome bloom

Pyrosomes and seawater were collected from the NCC, off the
Oregon Coast, in July 2018, near the peak of a multiyear bloom of
P. atlanticum.?°~3? Samples were collected from the R/V Sally Ride
(SR1810) along the Newport Hydrographic Line. Station D5 (Cast
20, 44.652141N; 125.117573W) was sampled on July 9, 2018 in
the presence of a strong temperature gradient in the top 20
meters and a chlorophyll peak at 17 meters (Supplementary
Fig. 1A). Station D3 (Cast 26, 44.651756N; 124.589313W) was
sampled on July 11, 2018 in the presence of a mixed layer depth
of 15 meters and a chlorophyll peak at the base of the mixed
layer (Supplementary Fig. 1B).

Pyrosome and seawater sampling

Pyrosomes were sampled using a coupled multiple opening and
closing net and environmental sensing system>® with mesh sizes
of either 333 um or 1T mm. Seawater was collected using a CTD
Rosette with 24 12 L Niskin bottles. At Station D5, three pyrosomes
were sampled between 50 and 75 meters, and seawater was
collected from 90, 25, 15, and 4 meters. At Station D3, four
pyrosomes were sampled between 0 and 100 meters, and
seawater was collected from 90, 25, 17, and 10 meters. 1L
seawater samples were filtered through a 1.6 um Whatman GF/A
microfiber filter and collected on 0.2um Pall Supor PES
membranes. Pyrosomes were rinsed three times with 0.2 um
filtered seawater to remove unattached microbes. Zooids
were extruded from the tunic by applying digital pressure along
the interior cavity of the pyrosome. The collected material (zooids,
pyrosome fecal material, and mucus) was transferred to a sterile
tube and allowed to settle for five min then rinsed three times
with 0.2 um filtered seawater to remove unattached microbes.
Samples for flow cytometry were fixed with 0.125% TEM-grade
glutaraldehyde (Tousimis) and incubated for 10 min in the dark at
room temperature before freezing in liquid nitrogen. Samples for
microscopy were rinsed with freshwater to prevent salt crystals
from inhibiting imaging and then fixed with 0.125% TEM-grade
glutaraldehyde. All samples including pyrosome tissue and
seawater were archived at —20 or —80 °C.

DNA extractions and PCR with universal 16S rRNA gene
primers

DNA extraction was done using the DNeasy Plant Tissue Mini Kit
(Qiagen) with the following modifications. Pyrosome tissue was
ground with a sterile pestle (Axygen, Tewksbury, USA) for 3 min
prior to extraction. Seawater and pyrosome samples were lysed by
bead beating with 0.55 and 0.25 mm sterile glass beads at 30 Hz
for 2 min after addition of lysis buffer, freeze-fractured three times,
incubated with Proteinase K (VWR Chemicals, Solon, OH, USA) at
20 mg/mL for 1 h at 55 °C, and incubated with RNase A at 100 mg/
mL for 10 min at 65 °C. To minimize amplification of eukaryotic
host DNA, the primer pair 515F-Y/806R was chosen to amplify the
165 rRNA V4 hypervariable region with conditions as published.>*
Reactions were performed with 0.5-2ng of DNA using the
QuantaBio 5Prime HotMasterMix (Qiagen Beverly, MA, USA). The
Agilent High Sensitivity Kit in the Bioanalyzer (Agilent Technolo-
gies, Waldbronn, Germany) confirmed amplicon size. Triplicate
reactions from each sample were pooled and paired-end
sequenced with lllumina MiSeq v.3 (lllumina, San Diego, USA).

Identification of amplicon sequence variants (ASVs)

The program dada2*® was used to identify unique ASVs from raw
sequence reads. Using the function filterAndTrim, forward and
reverse primer sequences were removed, maxEE was set to 2,
trunQ was set to 11, maxN was set to 0. The function orient.fwd
was used to orient sequences in the same direction. About 30% of
sequence reads were removed from each sample due to low
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quality. Error rates of forward and reverse reads were modeled
with learnerrors for 100 Million bases. Paired ends were merged
with mergePairs and unique sequences were inferred with the
function dada. Chimeras were removed with removeBimeraDenovo
using the “consensus” method. Taxonomy of the ASVs to the
species level was performed with the function assignTaxonomy
against RefSeq+RDP version 2,378 with 50 as the minimum
bootstrap confidence for assigning a taxonomic level. In addition
to Bacteria and Archaea sequences, chloroplast sequences from
eukaryotic phytoplankton were examined. The similarity of ASVs
to known sequences from environmental and microbial isolates
was determined through NCBI BLASTn*® against NT and ENV_NT.
For each ASV, we retained information from the top 20 best hits
including percent identity, accession number, and sample source
(i.e., host, sample, metadata). The phyloseq package40 was used to
combine, analyze, and graphically display ASV tables (Fig. 1). Raw
sequence data were deposited to BioProject PRINA659246. Data
on ASV taxonomy, sample attributes, and quality-filtered raw read
abundance are in Supplementary Tables 1 and 2 and Supple-
mentary Figs. 2 and 3.

Diversity metrics

Alpha and beta diversities were calculated to determine
differences in microbial community structure between pyrosomes
and seawater. Alpha diversity measures were performed on the
non-rarefied, non-standardized, data set to allow for the influence
of rare ASVs and singletons. Chaol and Shannon measures of
alpha diversity were calculated and visualized using the function
plot_richness in phyloseq™® using the wilcoxon test for significance.
Analysis of beta diversity was performed on ASV relative
abundance standardized to median size of the sequence libraries.
The phyloseq function ordinate was used to calculate Bray Curtis
dissimilarities and visualize the results with NMDS. Analysis of
similarity (ANOSIM)*" was used to test significance (p value) and
strength of clustering (R statistic) by sample type and depth,
which are displayed in Fig. 2 and Supplementary Fig. 4.

Differential abundance analysis

DESeq2** was used to identify ASVs that were significantly
differentially abundant in pyrosomes compared to seawater
following recommendations for microbiome data.** DESeq2 was
performed on the non-rarefied data set of ASV counts standar-
dized to the median size of the sequence libraries (Supplementary
Table 3 and Supplementary Fig. 5). The significance of differences
between pyrosomes and seawater for each ASV was assessed with
the Wald test using the Benjamini-Hochberg (BH) adjustment for
multiple tests. BH adjusted p values <0.01 were called “signifi-
cantly differentially abundant,” and ASVs with p values > 0.01 were
designated “not significantly differentially abundant”. Significantly
differentially abundant ASVs with positive log2(fold change) were
designated “pyrosome enriched” and those with negative log2
(fold change) were designated as “seawater enriched”.

Categorizing ASVs by potential ecological role

ASVs were categorized by their distribution across pyrosomes and
seawater, and similarity to known sequences (Supplementary
Fig. 6) to generate hypotheses on their ecological roles. The
number of ASVs in each category is displayed in Fig. 3. Pyrosome-
specific ASVs were considered as potential symbionts, broadly
defined to include commensal, mutualistic, pathogenic, and
parasitic interactions* (Supplementary Table 4). “Shared ASVs”
were present in both seawater and pyrosome samples, and could
either be significantly differentially abundant in the two sample
types or not (Supplementary Table 5). Analysis of shared ASVs was
limited to the most abundant. Shared ASVs were considered
potential symbionts or consumed prey. We identified ASVs that
were present in all pyrosomes (100% of pyrosome samples) as the
pyrosome “core” microbiome, regardless of their presence in
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Taxonomic Identification

unclassified Alphaproteobacteria . Colwelliaceae (Gammaproteobacteria)
Rhodobacteraceae (Alphaproteobacteria) . Congregibacter (Gammaproteobacteria)
Rhodospirillaceae (Alphaproteobacteria) . unclassified Gammaproteobacteria
SAR11 (Alphaproteobacteria) . Oceanospirillales (Gammaproteobacteria)
. Vibrionaceae (Gammaproteobacteria)
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Cryomorphaceae (Flavobacteriia) Nitrosopumilaceae (Thaumarchaeota)
Flavobacteriaceae (Flavobacteriia)

Flavobacteriia (Flavobacteriia)

Fig. 1 Top 50 most abundant ASVs in pyrosome and seawater samples colored by class and genus. Individual ASVs within the same genus
are indicated by horizontal black lines. Individual pyrosome samples are designated by the station where they were sampled and a unique
identifier (i.e., P1 = pyrosome 1). Individual seawater samples are designated by the station where they were sampled and the depth of

collection in meters.
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Fig. 2 The pyrosome microbiome is less diverse and distinct from surrounding seawater. Alpha diversity metrics for Chaol (A) and
Shannon diversity (B) were significantly less for pyrosomes than surrounding seawater (p values < 0.05, Wilcox test). NMDS of Bray Curtis
Dissimilarity (C) showed strong differences between seawater and pyrosomes (ANOSIM). Most ASVs (taxa) clustered with pyrosomes or
seawater, and a few ASVs overlapped between the two sample types. Supplementary Fig. 4 shows similarity of pyrosome diversity across

depths and significant changes in seawater diversity over depth.

seawater (Supplementary Table 6). This definition of core is
stringent compared to other studies, such as in sponges,45
especially given the compositional nature (i.e., relative abundance)
of our data set. Pyrosome core ASVs were considered potential
symbionts or potential consumed prey. “Seawater-specific ASVs”
were significantly enriched in seawater relative to pyrosomes (via
DESeq2) and were absent from all pyrosomes (Supplementary
Table 7) and were considered to belong to non-pyrosome-
associated microbial taxa. We acknowledge the caveat of the
compositional nature of the 165 rRNA gene data set,*® which
requires semiquantitative or qualitative interpretation.

Phylogeny of putative bioluminescent taxa

Phylogenetic analysis of ASVs belonging to Vibrionacae genera
Vibrio, Aliivibrio, and Photobacterium was performed to study
putative bioluminescent taxa in the pyrosome microbiome (Fig. 4
and Supplementary Table 8). Reference sequences from each
genera were chosen as in previous studies*” using E. coli as an
outgroup. Molecular Evolutionary Genetics Analysis (MEGA

ISME Communications (2021)1:11

v10.1.8)*® was used to align with ClustalW (240 bp) and construct
maximum likelihood trees with 1000 bootstraps using the
Hasegawa-Kishino-Yano (1985) model. Phylogenetic trees were
annotated and visualized with iTOL v5.%°

Flow cytometry

Flow cytometry was used to quantify the pigmented cells (i.e.,
phytoplankton) in the pyrosomes and seawater. Pyrosome flow
cytometry samples were pulverized with a sterile pestle and
filtered through a 50 pm filter to remove tissue that would clog
the flow cytometer. A BD influx high-speed cell sorter (BD
Biosciences, San Jose, CA) equipped with a small particle detector
collected data triggered on forward-scattered light (FSC). For each
particle, data on FSC, red fluorescence (chlorophyll), and orange
fluorescence (phycoerythrin) were collected. Flow cytometry data
were analyzed using FlowJo v10.6.2 and R v3.6.1 and deposited
into FlowRepository #FR-FCM-Z3YE. Pigmented cells were defined
based on their fluorescence signals above the autofluorescence of
the macerated pyrosome tissue. Cells were classified as pigmented
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picoeukaryotes (PPE, chlorophyll only) or Synechococcus (chlor-
ophyll and phycoerythrin). Welch's t test was used to compare
the relative abundance of Synechococcus to PPE in seawater
Vs. pyrosomes.

Microscopy

Triplicate 10 pL aliquots of preserved pyrosome samples were
analyzed using compound light microscopy and environmental
scanning electron microscopy (eSEM). A Nikon Epifluorescence
microscope equipped with a Canon EOS 5D camera was used to
capture images of cells greater than 10 um in diameter. A FEI
Quanta eSEM microscope was used to capture images of cells <
10 um. Images of whole cells were identified by morphology and
size”°>2 Cells were identified into broad groupings: diatoms
(single vs. chain, pennate vs. centric), flagellates, nanozooplank-
ton, mixed assemblages, and unidentified. Cells captured using
eSEM were also identified to the genus level where visibly distinct.
Brightness and contrast of images were adjusted using Image)
v1.52k or Adobe lllustrator v24.1.

RESULTS AND DISCUSSION
Pyrosome-specific microbial community
This is the first study to report on the microbial communities of
the entire organism of Thaliacean Order Pyrosomidae (pyro-
somes). In total, 4,437,471 high-quality sequences were obtained
from pyrosomes and seawater with a median of 268,634 reads per
sample (Supplementary Fig. 2A). From these sequences, 2284
unique ASVs were discovered from 25 phyla. Most sequences
belonged to Proteobacteria (80%), Bacteroidetes (6%), or Bacteria
unclassified at the phylum level (6%) (Supplementary Fig. 2B).

Major differences were evident between pyrosome and sea-
water microbial communities, suggesting pyrosome-specific
associations with marine microorganisms. Pyrosomes were
dominated by three ASVs from Alphaproteobacteria and Gamma-
proteobacteria lineages (Fig. 1A). In contrast, seawater contained
numerous closely related ASVs from many seawater-associated
lineages including SAR11, Flavobacteriia, Euryarchaeota, and
Thaumarchaeota (Fig. 1B). Pyrosome microbial communities were
significantly less diverse than seawater in richness (Chaol,
p value =0.02) and richness and evenness (Shannon, p value <
0.01) (Fig. 2A), though pyrosome microbiomes spanned a greater
range of alpha diversities than seawater samples. The low diversity
of pyrosomes relative to seawater was similar to observations of
ctenophores®™ and jellyfish,>* but contrasted with the high
diversity of benthic sponge and coral microbiomes relative to
seawater,>>>°

Beta-diversity analysis revealed pyrosome-specific microbial com-
munity structure, distinct from seawater (ANOSIM R statistic = 0.95,
p value<0.01), which included thousands of less abundant
microbial taxa in addition to the dominant taxa (Fig. 2C). Seawater
microbial communities partitioned significantly by depth (p value <
0.01, Supplementary Fig. 4B) likely due to vertical stratification at the
study site. In contrast, pyrosome microbial communities were similar
between stations and depths suggesting that host properties more
strongly control pyrosome microbial communities than exposure to
surrounding seawater (Supplementary Fig. 4C, D).

Two novel taxa dominate the pyrosome microbiome

Pyrosome microbial communities were numerically dominated by
two ASVs matching Alphaproteobacteria (ASV1) and Gammapro-
teobacteria (ASV2) (Fig. 1). At the extreme, a single ASV accounted
for 92% of the sequences recovered from one pyrosome (Fig. 1,
pyrosome 4). ASV1 was shared between pyrosomes and seawater
and was part of the pyrosome core microbiome (Supplementary
Tables 5 and 6 and Supplementary Fig. 7). Classified as an
Alphaproteobacterium, ASV1 was only 90% similar to existing
sequences, which included symbionts from a gutless marine
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annelid (Siboglinidae) known to depend on high densities of
microbial chemolithotrophic endosymbionts for nutrition.>” ASV2
was exclusively present in pyrosomes, but not part of the
pyrosome core. ASV2 belonged to the Order Vibrionaceae, Genus
Vibrio, but was only 92.1% similar to existing sequences from fish
guts and corals (Supplementary Table 4). The dominance of these
two ASVs suggests that numerous cells from these novel taxa
associate with pyrosomes as broadly defined symbionts.**

Aside from these two dominant ASVs, additional abundant
pyrosome-specific and shared ASVs were novel compared to
existing sequence databases. Similar to ASV2, ASV5 was one of the
most abundant shared ASVs, but was distinct (92.1% identity) from
other known Vibrio (Fig. 4 and Supplementary Table 5). Pyrosome-
specific ASV7 was classified as an Alphaproteobacterium with
88.8% similarity to sequences from coastal seawater, symbionts of
the tunicate Ciona intestinalis, and symbionts of the coral Gorgonia
ventalina (Supplementary Table 4). Similarly, pyrosome-specific
and core ASV12 was 79.9% similar to existing sequences including
seawater near coral reefs and the sponge Tethya californiana
(Supplementary Table 4). These abundant pyrosome ASV
sequences were distinct from known symbionts of other marine
invertebrates suggesting that pyrosomes contain unique sym-
bionts. Study of the microbiomes of other pelagic tunicates will
reveal whether these ASVs are unique to pyrosomes.

An exception to the pattern of dominance by a few ASVs was
an individual pyrosome where many diverse ASVs composed 50%
of its sequence reads (pyrosome 1, Fig. 1). This pyrosome matched
or exceeded seawater samples in alpha diversity (Fig. 2A and
Supplementary Fig. 3), indicating that pyrosome associations
with dominant symbionts may be dynamic, zooid, colony, or
condition specific. Dynamic infection of animal hosts by
symbionts or pathogens has been shown in other
animal-microbe systems. In the Hawaiian bobtail squid-Aliivibrio
symbiosis, the number of symbionts recruited from seawater
determines host colonization levels.*® Alternatively, variation in
dominant symbionts across individual pyrosomes could indicate
microbiome structuring at the individual colony level, similar to
observations in corals.”®

Pyrosome-specific symbionts and seawater-derived symbionts
form the pyrosome microbiome

To generate additional hypotheses on the ecological role of the
ASVs, we defined four groups of ASVs based on their distribution in
pyrosomes and seawater. First, we discovered 128 “pyrosome-
specific” ASVs (Fig. 3 and Supplementary Table 4), which may be
symbionts that lack a free-living seawater phase. Well-represented
microbial lineages in the pyrosome-specific group included
Actinomycetales, Cytophagales, Flavobacteriales, Sphingobacter-
iales, Planctomycetes, Rhodobacterales, Myxococcales, Desulfovi-
brionales, Pseudomonadales, Vibrionales, and Verrucomicrobiales.
These ASVs were most similar to sequences from a wide range of
sources including seawater, marine, and terrestrial animals, and
have been recovered from the microbiomes of hosts including
corals, sponges, and sea squirts (Supplementary Fig. 6 and
Supplementary Table 4). Second, we discovered 83 “shared ASVs”
defined as ASVs significantly enriched in seawater and present in
pyrosomes (n=20), enriched in pyrosomes and present in
seawater (n = 15), or numerous, but not significantly differentially
abundant between pyrosomes and seawater (n = 48) (Fig. 3). We
hypothesize that shared ASVs are pyrosome symbionts with a free-
living seawater phase or retained microbial prey from filter feeding.
Shared ASVs matched existing sequences from primarily seawater
sources with some best hits to symbionts of animal hosts
(Supplementary Fig. 6 and Supplementary Table 5). Microbial
lineages among shared ASVs included Flavobacteriales, Plancto-
mycetes, SAR11, Rhodobacterales, Rhodospirillales, Alteromona-
dales, and Nitrosopumilales (Supplementary Table 5). Next, we
discovered 21 ASVs that comprised the pyrosome core microbiome
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and were either absent in seawater (pyrosome specific) or present
in seawater (shared). Pyrosome core ASVs may be integral to
pyrosome biology as symbionts or as microbial prey. Lastly, we
discovered 140 “seawater-specific ASVs” defined as ASVs signifi-
cantly enriched in seawater samples and absent in pyrosomes
(Fig. 3). We hypothesize that seawater-specific ASVs are free-living
microorganisms not consumed by pyrosomes. Seawater-specific
ASVs were highly similar to existing sequences from ubiquitous
marine microbial lineages (Supplementary Fig. 6 and Supplemen-
tary Table 7). Together these results demonstrate that the
pyrosome microbiome is a combination of host-specific symbionts
that exist without a free-living seawater phase and microbial taxa
that are either recruited from seawater or grazed as prey. The
interaction of pyrosomes with a complex assemblage of micro-
organisms reflects what is understood for benthic tunicates?>™> but
contrasts with non-filter-feeding gelatinous animals such as
Ctenophora (comb jellies) which have no, or few, symbionts.>>¢°

Living host to a complex biofilm microbial community
Pyrosomes contained ASVs from several microbial lineages
implicated in the colonization or control of marine biofilms
including Amylibacter ulvae, Myxococcales, Actinobacteria, and
Planctomycetes (Supplementary Tables 4 and 5). Specifically, ASV3
was identical to Amylibacter ulvae, which was isolated from a
green alga®' and may contribute to algal morphology develop-
ment, disease resistance, nutrient provision, and spore release,®
and is abundant in biofilms on marine surfaces.®®> ASV3 was the
third most abundant taxa in pyrosomes and was also abundant in
seawater (Supplementary Fig. 7), consistent with the prevalence of
Amylibacter sp. in diverse coastal marine ecosystems.®* Plancto-
mycetes were represented in the pyrosome core and pyrosome-
specific microbiota by eight ASVs from the genera Rhodopirellula,
Phycisphaera, and Blastopirellula (Supplementary Tables 4-6). In
the whole data set, Planctomycetes were represented by over 50
ASVs, most of which were exclusively present, or enriched, in
pyrosomes relative to seawater (Supplementary Fig. 8). Plancto-
mycetes colonize marine surfaces including algae,®® sponges,®¢®”
ascidians,®® and corals®®®®7° through resistance to several
antibiotics.”’ The numerous Planctomycete ASVs discovered in
pyrosomes mirrors macroalgae microbial communities,”? thus
Planctomycetes may control pyrosome surface-associated bio-
films, participate in carbon cycling, and consume specific
polysaccharides produced by pyrosomes. Another group of
surface-related taxa among pyrosome-specific ASVs was of the
Order Actinomycetales (Supplementary Table 4), a lineage
prevalent in marine and freshwater habitats’>’* and common
symbionts of marine invertebrates. Pyrosome-specific Actinomy-
cetales ASVs were not present in seawater samples, though other
Actinomycetales ASVs existed in seawater (Supplementary Fig. 8).
Pyrosome-specific Actinomycetales ASVs were highly similar
(99-100%) to existing sequences from a wide range of sources
including sponges, plant hosts, wastewater, and ice (Supplementary
Table 4). Actinomycetes produce diverse bioactive secondary
metabolites with antibacterial and antifungal properties’>’¢ and
provide hosts with chemical defenses,”*”” an interesting possibility
for pyrosomes. Finally, three ASVs were identified as the
cooperative predatory microorganism Myxococcales (Supplemen-
tary Table 4).737° As broad spectrum predators, Myxococcales
appear to regulate microbial structure and protect hosts from
pathogens and disease®*® through secretion of vesicles®* and
antimicrobial enzymes.®> The presence of Amylibacter, Planctomy-
cetes, Actinomycetes, and Myxococcales suggest that pyrosome
colonies are living hosts to a complex surface-associated microbial
community with an active network of microbial predator-prey
relationships. The known physiologies of these taxa indicate a
dynamic balance between biofilm growth, fueled by pyrosome
exudates and seawater nutrients, and controlled through the
production of antimicrobial compounds and predatory behavior.
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Pyrosomes contain multiple lineages of bioluminescent taxa
Pyrosomes are known for their bioluminescence, however, the
bioluminescent mechanism is a subject of debate. A luciferase
similar to the cnidarian luciferase RLuc is present in the pyrosome
transcriptome, suggesting intrinsic bioluminescence of the pyro-
some.® However, several lines of evidence point to microbial
symbionts as the agents of pyrosome bioluminescence including:
the presence of bioluminescent Photobacterium,®” high bacterial
luciferase activity in luminous organelles® the propagation of
bioluminescence along pyrosome colonies without connective
tissue,®® variation in the rates of individual zooid responses to
light, and increased zooid recruitment with increased lumines-
cence®® As bioluminescence may be the basis for predator
evasion and inter-colony communication, identifying the mechan-
ism and potential microbial symbionts that provide biolumines-
cence is key to understanding pyrosome biology.

We discovered 14 ASVs from bioluminescent genera Aliivibrio,
Vibrio, and Photobacterium (Supplementary Table 8). These ASVs
were either pyrosome specific or pyrosome enriched (Fig. 4). We
hypothesize that pyrosome bioluminescence originates from at
least one of these symbionts. Notably, individual pyrosomes had
different combinations of ASVs from bioluminescent taxa (Fig. 4A).
ASV67, a Photobacterium related to known luminescent clades
(Fig. 4B), was present in all but one pyrosome. Three other
Photobacterium ASVs were related to both bioluminescent (Clade
I) and non-bioluminescent (Clade Il) Photobacterium. Aliivibrio,
represented by ASV557, was present in two pyrosomes and was
identical to A. fischeri (Supplementary Table 8 and Fig. 4B), the
bioluminescent symbiont of the Hawaiian bobtail squid E.
scolopes. The sporadic distribution of Aliivibrio among the
pyrosomes does not rule out its involvement in pyrosome
bioluminescence. In the symbiosis between A. fischeri and E.
scolopes cultivation of the symbiont reoccurs daily from low
concentrations.®® Vibrio was represented by nine ASVs with
varying phylogenetic relationships to known Vibrio (Supplemen-
tary Table 8 and Fig. 4B). ASV2 and ASV5 had the highest relative
abundances and formed a separate group from existing
sequences. The high abundance of ASV2 and ASV5 may indicate
their concentration in a luminescent organ. Alternatively, Vibrio is
a diverse group also responsible for pathogenesis®' and our short
16S rRNA gene reads limit robust reconstruction of Vibrio
phylogeny.*” These results are consistent with reports of Photo-
bacterium within the pyrosome light organ.®”

The presence of coexisting putative bioluminescent taxa
suggests that pyrosome bioluminescence could be the product
of multiple microbial taxa, consistent with functional redundancy
in animal microbiomes.®**® Other studies of pyrosomes also
detected multiple potentially bioluminescent microbial taxa.?”
Specific to bioluminescence, fish light organs exhibit such
functional redundancy with Photobacterium cosymbiosis.”* How-
ever, host and symbiont phylogeny in fish light organs are not
congruent, and suggest acquisition of the symbionts from the
environment.”> Further work on pyrosomes could demonstrate
whether the unique bioluminescence of pyrosomes are an
emergent property of coexisting luminescent taxa, arise from a
single symbiont, and reveal the degree of congruency between
symbionts and host evolution.

Pyrosomes graze diverse microbes with a preference for
eukaryotic phytoplankton

Pyrosomes capture planktonic microorganisms by filtering sea-
water across a mucus mesh.”®®” While several studies have
documented capture of eukaryotic phytoplankton,’*>'® little is
understood about the selectivity or efficiency of microbial prey
capture by pyrosomes, especially their consumption of abundant
marine microbial heterotrophs not detected by pigment-based
methods. Given their 0.6um mesh pore size,”® we expect
retention of microbial prey ranging from small Bacteria and
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Fig. 5 Pyrosomes retain ASVs from multiple free-living marine microbial lineages as prey. A Sign of log2 fold change (FC) for ASVs
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living potential prey ASVs across pyrosomes and seawater samples colored by lowest level of taxonomic classification. C log2 fold change of
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of means (t-test) indicates that T. pseudonana and Prymnesiophytes are significantly more abundant than P. ubique. Tests for taxa with only one
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Archaea to large eukaryotic microbes. To identify microbial prey,
we examined pyrosomes for the presence of well-characterized
abundant and free-living marine microorganisms. Specifically,
these potential prey included Pelagibacter (SAR11), Marinimicrobia,
Euryarchaeota, Thaumarchaeota, Synechococcus, and eukaryotic
phytoplankton.

We found evidence for retention of microbial prey across nearly
all tested free-living microbial lineages and predicted cell sizes,
but observed enhanced retention of large eukaryotic phytoplank-
ton. Diverse eukaryotic phytoplankton chloroplast ASVs were
significantly enriched in pyrosomes relative to seawater (Fig. 5A,
B), some of which were in the pyrosome core (Supplementary
Fig. 7), and included centric diatoms (Thalassiosira pseudonana),
pennate diatoms (Phaeodactylum tricornutum), and prymnesio-
phytes. ASVs from cryptophytes, dinoflagellates, and prasino-
phytes were also present in pyrosomes but were not significantly
different from seawater. ASVs from the smaller planktonic
microbes Synechococcus, Pelagibacter, Marinimicrobia, Euryarch-
aeota, and Thaumarchaeota were very abundant in seawater
samples (Fig. 5B) but present more sporadically across pyrosomes.
To test whether the sporadic presence of these ASVs could be due
to saturation of sequencing by dominant ASVs (above), we looked
at the abundance of the potential prey in an individual pyrosome
that was not dominated by a single ASV (pyrosome 1) (Fig. 1).
Pyrosome 1 had no other characteristics that distinguished it from
other pyrosome samples. We found that ASVs from Synechococcus,
Pelagibacter, and Nitrosopumilus were present, and that T.
pseudonana and Prymnesiophyceae were significantly more
abundant than Pelagibacter (p value < 0.05). Single ASVs repre-
senting the other taxa precluded statistical tests. The retention of
the smallest marine microbes (i.e., Pelagibacter) by pyrosomes is
consistent with observations in other pelagic tunicates where cells
smaller than mesh openings are consumed efficiently due to
direct interception on mucus fibers.®® The lower retention of
Pelagibacter in pyrosomes, relative to eukaryotic phytoplankton, is
consistent with low retention of Pelagibacter in appendicularians
and ascidians, due to unique microbial surface membrane
properties.'® However, we cannot rule out size as a major factor
in determining pyrosome retention of microbial prey.

Five of the eukaryotic phytoplankton ASVs were also observed
by microscopy and included Bacillariophyta, Prymnesiophyceae,
Thalassiosira sp., Chlorophyta, and Dinophyceae (Fig. 5G-K). Cells
ranged from 1 to 120 ym with the majority of the cells > 10 um.
These results were consistent with the sequence results showing
grazing of large phytoplankton. Flow cytometry analysis of
pyrosomes also revealed retention of chlorophyll-containing cells
including Synechococcus and PPE (Fig. 5D), also consistent with
sequence results (Fig. 5B). To test whether pyrosomes were
selectively feeding on one phytoplankton group, we compared
the relative abundance of Synechococcus to PPE in the seawater
and pyrosomes. The ratio of Synechococcus to PPE was 1.9-fold
higher in seawater than in pyrosomes, but this difference was not
significant (Welch's t test, p value = 0.09). Thus, these results do
not support positive selection for larger phytoplankton over small
cells. However, the robust quantification of phytoplankton relative
abundances enabled by flow cytometry did reveal large individual
variation in prey content. One caveat here is that the pulverization
of pyrosome tissue prior to flow cytometric analysis may have
destroyed some eukaryotic cells, leading to underestimation of
the number of retained eukaryotes. Possibly, the vertical and
horizontal migration of pyrosomes® means coexisting pyrosomes
fed on seawater from different depths or locations. Alternatively,
differences between individual pyrosomes may reflect colony size,
age, or digestion rates as observed in other gelatinous organ-
isms.'®"""%% In addition, 165 rRNA gene sequencing for detection of
eukaryotic phytoplankton presents challenges related to phylo-
genetic resolution.'®® Also, phytoplankton plastids are present in
different locations intracellularly and occur in different numbers
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across taxa,'® leading to different extraction efficiencies and
detection via sequencing.

This study is the first to demonstrate that pyrosomes retain a
wide range of microbial prey, not only large eukaryotic
phytoplankton. We found that pyrosomes preferentially concen-
trate large eukaryotic phytoplankton relative to smaller picocya-
nobacteria, Bacteria, and Archaea. Given high pyrosome seawater
filtration rates'” and massive abundances during blooms'34303
reaching up to 95 colonies per m?? these observations suggest a
major role for pyrosomes in restructuring marine microbial
communities and microbe-driven biogeochemical cycling. In
addition to physical parameters, such as temperature and
currents, shifting availability of microbial prey may regulate
pyrosome blooms. Thus, monitoring or modeling microbial
community structure alongside gelatinous zooplankton may serve
as a tool for predicting blooms and global contributions to the
carbon cycle.'® Additional experiments, particularly in situ graz-
ing experiments,'% will be required to robustly quantify pyrosome
feeding preferences and rates.

CONCLUSIONS

Our results reveal a distinct pyrosome microbiome that is
dominated by a few novel taxa, suggesting host-specific relation-
ships and high density of symbionts associated with pyrosomes.
Several taxa were related to known bioluminescent microorgan-
isms, suggesting that the unique bioluminescent properties of
pyrosomes are due to a microbial symbiont or multiple taxa in
cosymbiosis. Pyrosomes harbored sequences from a wide range of
free-living microbial taxa, consistent with grazing on a diversity of
microbial cells, however, eukaryotic phytoplankton dominated the
retained prey species. Numerous microorganisms from taxa that
colonize and control surface microbial communities were present,
indicating a complex microbial ecosystem on the surface of
pyrosomes. Together these results demonstrate that pyrosome
biology is intimately linked to marine microorganisms as
symbionts, pathogens, and prey. Pyrosome blooms may alter
community structure in microbial food webs, influencing biogeo-
chemical cycling and trophic structure in ecosystems.
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