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Flaviviruses cause some of the most detrimental vertebrate diseases, yet little is
known of their impacts on invertebrates. Microbial activities at the animal-water
interface are hypothesized to influence viral replication and possibly contribute
to pathology of echinoderm wasting diseases due to hypoxic stress. We assessed
the impacts of enhanced microbial production and suboxic stress on
Apostichopus californicus associated flavivirus (PcaFV) load in a mesocosm
experiment. Organic matter amendment and suboxic stress resulted in lower
PcaFV load, which also correlated negatively with animal mass loss and microbial
activity at the animal-water interface. These data suggest that PcaFV replication
and persistence was best supported in healthier specimens. Our results do not
support the hypothesis that suboxic stress or microbial activity promote PcaFV
replication, but rather that PcaFV appears to be a neutral or beneficial symbiont
of Apostichopus californicus.
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Introduction

Over two decades of research have highlighted the crucial importance of viruses to
aquatic ecosystem function, where they cause significant microbial mortality (Bergh et al,
1989; Suttle et al.,, 1990; Fuhrman, 1999). High throughput sequencing technologies have
enabled discovery of a vast diversity of viruses associated with marine invertebrates
through metagenomic and transcriptomic approaches (Breitbart et al., 2002; Ng et al,
2009; Thurber et al., 2009; Shi et al., 2016). These studies have widened viral family host
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ranges and provided insight into viral evolutionary history,
circumventing cell culture biases which affect the majority of
invertebrate taxa (Holmes, 2016). The viral metagenome
approach and mining host transcriptomes (e.g., RNASeq) has also
identified putative agents of invertebrate holobiont abnormalities
(Hewson et al., 2014; Soffer et al., 2014; Work et al., 2021; Grupstra
etal, 2022), and the detection of metazoan viruses that may be shed
into overlying waters or surrounding benthic habitats (Allen et al.,
2017; Wolf et al,, 2020; Dominguez-Huerta et al., 2022; Solomon
and Hewson, 2022; Zayed et al., 2022). Despite the increasing
application of metagenomic approaches to metazoan-associated
viruses, few studies have investigated the autecology of novel
viruses in concert with host biology (e.g., growth, death,
and physiology).

Over a decade of scientific investigation failed to identify a
single microbial agent associated with Asteroid Idiopathic Wasting
(AIW; also known as Sea Star Wasting Disease) (Mccracken et al.,
2023). A wide diversity of DNA and RNA viruses were identified in
metagenomic survey of grossly normal and AIW-affected
specimens (Hewson et al., 2014; Hewson et al., 2018; Hewson
et al., 2020a; Jackson et al., 2020). Aquino et al. (2021) associated
AIW with microbial activities on exposed tissues at the animal-
water interface. They found signs consistent with AIW could be
elicited by suboxic conditions in aquaria, and also by organic
substrate amendment that increased bacterial abundance (and
presumably respiration) on their exposed surfaces. Importantly,
viral richness increased in tissues over time as animals transitioned
from grossly normal to abnormal (Hewson et al., 2020a). Another
study of the asteroid Pycnopodia helianthoides during challenge
experiment with tissue homogenates filtered through 0.2 um filters
found that the sea star associated densovirus (SSaDV) increased in
abundance when the host was incubated with tissue homogenates of
the sea star (Hewson et al., 2014). Yet, SSaDV was not associated
with AIW symptoms in a wide suite of specimens (Hewson et al.,
2018). This observation supports that enhanced microbial activity
stimulated by tissue homogenates may lead to greater replication of
SSaDV and other viruses. Because enhanced microbial activity may
reduce O, concentrations at the animal-water interface, it is possible
that suboxic conditions may lead to viral proliferation. Indeed,
several viruses replicate faster under hypoxic host cell conditions in
culture by hijacking hypoxia inducible factors (Vassilaki and
Frakolaki, 2017; Frakolaki et al., 2018). Whether enhanced viral
load enhances the effects of hypoxic stress on tissues or through
buildup of toxic compounds under suboxic conditions (Alessandra
et al., 2003) remains unclear.

A metagenomic study of grossly abnormal Apostichopus
californicus (Giant Pacific Sea Cucumber; formerly Parastichopus
californicus) from Ketchikan, Alaska, United States in 2016 revealed
the presence of a flavivirus, which was among the first enveloped
RNA virus ever recovered in surveys of aquatic invertebrates
(Hewson et al., 2020b). Flaviviridae are pathogens of humans and
other vertebrates, but also include related families that infect
invertebrates and plants. The majority of invertebrate flaviviruses
do not have defined pathogenesis, and indeed there are few studies
of entry, replication, and egress of invertebrate flaviviruses in living
hosts. The Apostichopus californicus associated flavivirus (PcaFV)
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was most closely related to several genomes recovered during RNA
viral surveys of a tunicate (NCBI Genbank accession CAI5758347),
a shark (the Wenzhou Shark flavivirus) and a crab (Portunus
trituberculatus) in China, discovered through whole organism
transcriptomes (Shi et al., 2016). Together with these close
relatives, this virus forms a clade of viruses together with the
Tamana Bat virus, which was recovered from bat guano in a cave
in Trinidad (De Lamballerie et al., 2002; Hewson et al., 2020b). This
group of “Aquatic Invertebrate Flaviviruses” (aiFVs) includes
members that have been recovered from fish and mollusks (Parry
and Asgari, 2019), suggesting that it has evolved in marine habitats
separately from insect or other terrestrial invertebrate flaviviruses.
The virology of aiFVs is not yet known since their recovery comes
from single timepoint genomic/transcriptomic surveys. Despite
this, aiFVs may be useful markers to examine how extracellular
hypoxia may affect viral load in invertebrate tissues since they are
easily distinguishable from other RNA viruses which occur widely
in echinoderm tissues (Jackson et al., 2018; Hewson et al., 2020b).

In this study, we tested the hypothesis that water column and
animal surface hypoxia positively affect PcaFV load in tissues by
reducing oxygen concentrations and enriching organic matter
amendment in experimental mesocosms. Enrichment of organic
matter stimulates microbial activity, which we hypothesized would
lead to microbiome variation favoring facultative and strict
anaerobes, and that depleted O, would likewise favor bacteria
with anaerobic metabolisms. We found that suboxic conditions
and organic matter amendment had no impact on PcaFV load
within tissues, but rather that PcaFV load correlates strongly and
positively with various indicators of animal health.

Materials and methods

Specimen collection to assess
PcaFV tissue distribution

Sea cucumbers were collected at 2 locations (Juneau, Alaska and
Friday Harbor, Washington, USA) to assess the presence and load
of PcaFV and other aquatic invertebrate flaviviruses (Supplemental
Table 1). Twenty individual Apostichopus californicus specimens
were collected by SCUBA divers during routine fisheries surveys by
Alaska Department of Fish and Game from near southeastern
Alaska in June/July 2021. Specimens were immediately placed
into a refrigerated hold on the ship in zip-lock bags before
transport to the lab in Juneau later in the day. There, specimens
were frozen at -20°C and couriered overnight to Cornell University
(Ithaca, NY, USA) where they were frozen at -80°C on arrival.
Specimens (n = 9) from the Friday Harbor Laboratory were
collected by dredge in waters adjacent to the lab and frozen
immediately at -80°C before transport to the laboratory at Cornell
University. Additionally, samples of A. californicus with grossly
abnormal lesions (n = 5) were collected from Nanoose Bay, British
Columbia, Canada on 1 September 2021 (Supplemental Table 1;
Lim et al, 2023). Samples were refrigerated upon collection and
frozen at -20°C before being couriered to Cornell University. In
addition to A. californicus, 20 specimens of Cucumaria miniata
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from the Juneau sampling in June 2021 were also collected and
processed as described above.

Prior to dissection, sea cucumber carcasses were thawed at
room temperature until they were pliable to touch. Small
subsamples (~ 200 mg) were removed from the dorsal and
ventral body wall, longitudinal muscle, oral tentacle, respiratory
tree, and digestive tract, and immediately placed into 2 mL Bead
Basher tubes (Zymo Research) and frozen at -80°C. RNA was
extracted from all specimens in this study using the Zymo Tissue
and Insect RNA kit following manufacturer’s protocols. Extracted
RNA was quantified on an ND-1000 Nanodrop spectrophotometer.

Reverse transcriptase loop-mediated
isothermal amplification (RT-LAMP) of
PcaFV and comparison to qRT-PCR

RT-LAMP was performed in duplicate in 25 pL reactions
containing 1X WarmStart Colorimetric RT-LAMP Master Mix
(New England Biolabs), 0.5 uL of fluorescent dye, 2.5 uL primers
designed using the New England BioLabs primer tool around a
portion of the PcaFV NS5 amplicon (GenBank accession
MT949664), and 5 pL of extracted RNA. The primer master mix
comprised 16 UL of the 100uM PcaFV_NS5_FIP and PcaFV-
NS5_BIP primers, 2 pL of 100uM PcaFV_NS5_F3 and
PcaFV_NS5_B3 primers, 4 UL of the 100uM PcaFV_NS5_LoopF
and PcaFV_NS5_Loop B primers (Supplemental Table 2), as well as
56 UL of nuclease-free water (diH,O). Reactions were performed in
optically clear quantitative PCR tubes (Applied Biosystems).
Negative controls comprised 5 uL of diH,O, while positive
controls used 5 UL of PcaFV synthetic gene fragment. The tube
strips were incubated in a water bath at 65°C for 30 min. After
incubation, tubes were removed from the bath and scored based on
color change. Positive detections were scored when the reaction
appeared yellow and negative detections were scored when the
reaction appeared red. Positive controls were consistently red, and
negative controls were consistently yellow. When positive controls
had not turned yellow, reactions were further incubated for 15 min
in the bath, and then reassessed. Possible detections were scored
when the reactions turned orange. Fifty-two RNA extracts which
represented positive detection (RT-LAMP reactions appeared
yellow), possible detection (RT-LAMP reactions appeared orange)
and no detection (RT-LAMP reactions appeared red) were further
subject to qRT-PCR using primers PcaFV_NS5_F3,
PcaFV_NS5_R3, and PcaFV_NS5_Pr probe (see below).

Organic matter amendment and depleted
oxygen experimental design

Forty-two specimens of Apostichopus californicus were collected
by SCUBA divers in Thimbleberry Bay (57.0297N, 135.2283W),
near Sitka, Alaska on 10 November 2021 and transported together
in plastic tubs to the lab at the University of Alaska Southeast
(Japonski Island, Sitka). Specimens were immediately weighed,
photographed, and placed into individual mesh containers within
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7 x 1200 L outdoor mesocosms (6 specimens per mesocosm) filled
with seawater from the nearby Sitka Channel. Two mesocosms
served as controls (no amendment), 4 mesocosms were subject to
daily organic matter (20 uM) amendment, and 1 mesocosm was
continuously sparged with N, (Airgas, medical grade; the other 6
mesocosms were bubbled continuously with air). Seawater was
subject to 50% volume water change daily and specimens were
not fed during captivity. Mesocosms were covered while not
sampled (i.e., they were light limited). We selected two organic
matter substrates (glucose and peptone) based on their ability to
stimulate microbial activity in prior work (Bianchi et al., 1998) in
addition to two common constituents of dissolved organic matter in
coastal environments (N-acetylglucosamine and fucose +
rhamnose). We monitored dissolved oxygen levels in each
mesocosm using continuous submersible HOBO loggers.

Tissue sampling

Surface swabs of each individual were collected daily by rubbing a
Puritan polyester sterile swab over a ~ 1 cm” area of epidermis. Swabs
were cut using clean scissors to remove the polyester tip and placed
into 2 mL cryovials containing RNALater. Tube feet samples were
collected from each specimen daily using disposable plastic forceps,
and feet were placed immediately into cryovials containing
RNALater. A 5mm biopsy punch of the dorsal body wall was
collected from half of the individuals in each mesocosm at 0, 1, 3,
and 6 d, which were then preserved in RNALater. All specimens were
photographed and weighed daily. All RNALater preserved samples
were frozen at -80°C and transported in liquid N, to the laboratory at
Cornell University. Animal carcasses were frozen at -20°C and
transported on blue ice to Cornell.

Quantitative reverse transcriptase
PCR of PcaFV

Because metagenomic detection of PcaFV in Apostichopus
californicus was based on body wall homogenates (Hewson et al.,
2020a), we first sought to understand tissue tropism of this virus.
We assessed two molecular biology approaches to detect and
quantify PcaFV in sea cucumber tissues based on reverse
transcriptase loop mediated isothermal amplification (RT-LAMP)
and quantitative reverse transcriptase PCR (qQRT-PCR) and applied
these to several tissue samples from field-collected specimens
(Supplemental Materials). Based on these results, we used qRT-
PCR to detect PcaFV in specimens obtained during the suboxia and
organic matter amendment experiment.

Quantitative reverse transcriptase PCR (qQRT-PCR) using
primers PcaFV_NS5_F3 (5- CCA GCC ATG GAT GAG TAA
TG-3") and PcaFV_NS5_R3 (5’- GCT GAA CTG CTC CTG AAA
CC-3’), and probe PcaFV_NS5_Pr3 (5-[FAM]CAC GAA TGT
ACG GCA ACG GAC G[TAMRA]-3’) was used to determine
PcaFV load within individual tissue RNA extracts. qRT-PCR
reactions were performed in duplicate for each specimen and
compared against duplicate reactions of oligonucleotide standards
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spanning the amplicon region (from 10> to 107 copies pl™) and
using 4 negative controls (nuclease free H,O only). PCR reactions
(20 pL) contained 1 X Luna Universal Probe One-Step Reaction
Mix (New England Biolabs), 1X Luna WarmStart RT Enzyme Mix
(New England Biolabs), 8 pmol each of primers and probes, and 1
pL of template RNA. Reactions were thermal cycled in an ABI
StepOne qPCR machine. Reactions were initially held at 55°C for
10 min, followed by an initial denaturation step at 95°C for 1 min.
Reactions were then subject to 45 cycles of denature at 95°C and
anneal at 56°C, with fluorescence data collected after the annealing
step. Linearity of standards was checked during downstream
analysis of qQPCR data.

Relative microbial activity via
bromodeoxyuridine incorporation

Relative microbial activity was measured in each mesocosm and
from the surface of 2 specimens per mesocosm by
bromodeoxyuridine (BrDU) incorporation as described previously
(Nelson and Carlson, 2005). Five 2 mL water samples were retrieved
from each mesocosm by pipette and placed into 2 ml cryovials.
Water samples (5 replicates) were collected from the surface of each
of two haphazardly chosen specimens by pressing the pipette tip
against the dorsal epidermis and slowly retrieving sample, which
was then placed into 2 mL cryovials. Water samples were inoculated
with 0.04 nmol BrDU and incubated in the mesocosm for 8 h.
Incubations were then retrieved, and flash frozen in liquid N,.

A standard for comparison between BrDU blots was made by
amending 50 mL of water collected from an aquarium with 0.04
nmol BrDU. A single sheet of chromatography paper was placed in
a Tupperware container soaked with 6X SSC Buffer with a nylon
transfer membrane on top and allowed to soak for 10 minutes. The
nylon transfer filter was then mounted in a slot blot manifold.
Samples (0.5 mL) were pipetted into slot wells, where each
membrane included 6 standards, then vacuum filtered through
the membrane. The membrane was placed sample side down
onto a stack of 3 sheets of chromatography paper with the lysis
solution, then immediately turned sample side up and incubated for
10 min. This was repeated in the same fashion for neutralization
solution. The membrane was then placed sample-side down on a
piece chromatography paper soaked in FixDenat for 15 s, followed
by 30 min incubation on the FixDenat stack. The membrane was
placed between two sheets of chromatography paper and baked at
80°C for ~1 h.

The dried membrane was placed in a plastic tray, 25 mL
Blocking Solution was added, and the apparatus incubated on a
rotating incubator at 30 rev min" for 1 h. After this time, the
blocking solution was poured off and 6 mL of Antibody Incubation
Solution was added to the tray, which was placed on a rotating
incubator at 30 rev min™' for 3 h. The antibody incubation solution
was poured off and 25 mL wash solution was added, which was
incubated on rotating incubator for 5 min. The wash step was
repeated. After washing, the wash solution was poured off, and 25
mL of maleic acid buffer was added and incubated on rotating
incubator for 5 min. This maleic acid buffer treatment then was
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repeated. The nylon transfer membrane was placed in a plastic tray,
sample side up, to which 4 mL of the Supersignal West Femto was
added and incubated for 2 minutes. The membrane was visualized
in a BioRad ChemiDoc system at high sensitivity and 4 x 4 binning
with an exposure time of 600 s.

Tissue protein content

Protein content was measured in body wall tissues using RIPA
buffer extraction and Bradford reagent spectrophotometry. Two
biopsy punch (5 mm) tissue samples were harvested from frozen
animal carcasses and placed into 2 mL microcentrifuge tubes. RIPA
buffer (2 mL; 150mM NaCl, 10 mM Tris, 1 mM EDTA, 1% Triton
X-100, 0.01% sodium doecyl sulfate, and 0.01% sodium
deoxycholate) was added to each sample, and samples were
homogenized in a mortar and pestle for 2 min or until the tissue
was completely homogenized. Samples were incubated at room
temperature in a shaking incubator for 2 h. Following this, tubes
were centrifuged at 16,000 x g at 4°C for 20 min, and supernatant
removed into a new microcentrifuge tube. Protein quantity was
determined against a bovine serum albumin standard following the
approach of (Gotham et al., 1988). Bradford reagent (1500 uL) was
added to 30 pL sample, allowed to incubate at room temperature
for 15 min, then absorbance at 595 nm measured on
a spectrophotometer.

Tissue lipid content

Lipid content was assessed following the approach of Lee et al.
(1996). Two biopsy punch (5 mm) tissue samples were harvested
from animal carcass dorsal body wall and placed into 15 mL
centrifuge tubes. Tissue samples were weighed, amended with 12
mL chloroform:methanol, then homogenized in a mortar and pestle
until the tissue had completely disintegrated and resembled a paste.
The homogenates were centrifuged at 3,000 x g for 10 min in a
benchtop centrifuge and the solvent fraction removed into fresh
centrifuge tubes. Three microcentrifuge tubes per sample were
weighed, and then 2 mL of the solvent fraction from each tissue
sample homogenate was placed into the tubes. Tubes were then
placed into a rotating vacuum desiccator until they were dry.
Sample tubes were then re-weighed, and mass difference
calculated on aggregate for all replicate tubes per sample as a
percentage of wet weight.

Statistical analyses

All statistical analyses of significance on tissue biochemistry,
microbial activity, animal mass loss, and PcaFV load were
performed in XLStat (Addinsoft SARL). Normality of data
distribution was tested for each parameter by the Shapiro-Wilk
test. With the exception of mass loss and PcaFV load, all other
parameters did not follow a normal distribution. Hence in all
downstream comparisons we used nonparametric tests of
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association. A correlation matrix was calculated across all variables
by Kendall statistic. The effects of treatment on individual
parameters were compared by Kruskal-Wallis tests.

16S rRNA amplicon sequencing and
bioinformatic analysis

Surface swabs were collected from 42 animals over the course of
7d (sampledont=0d,1d,3d,5d,and 7 d) and frozen at -20°C until
further processing. DNA was extracted from frozen swabs using Zymo
Quick-DNA Fungal/Bacterial kits (Zymo Research) as per the
manufacturer’s protocol. Bacterial communities in sample extracts
were identified using dual-barcoded PCR (polymerase chain reaction)
amplification and sequencing of the V4 region of the 16S rRNA gene
(Kozich et al., 2013; Apprill et al., 2015; Parada et al., 2016). Each 40 pL
PCR reaction comprised 1X PCR master mix (One-Taq Quick-Load
2x Master Mix with Standard; New England Biolabs), 0.125 uM of
each barcoded primer (515f; 5-GTG YCA GCM GCC GCG GTA A-
3’ and 806r; 5-GGA CTA CNV GGG TWT CTA AT-3’), and 2 uL of
template (swab extract). 16S rRNA amplicons were pooled at
equimolar concentrations using SequalPrep Normalization Plate kit
(Invitrogen) and sequenced on one lane of Illumina MiSeq (2 x 250
paired end) at the Cornell University Biotechnology Research Center.
16S rRNA amplicon sequences were submitted to NCBI (BioProject
accession number PRINA947521).

The raw sequencing data were processed in QIIME2 (v. 2022.8)
(Bolyen et al., 2019) where the following files were generated - an
amplicon sequence variant (ASV) table, phylogenetic tree, and
taxonomy table. After importing the raw sequences, the forward
and reverse reads were joined using the vsearch join-pairs
command (Rognes et al.,, 2016). Joined reads were then quality
filtered using quality-filter q-score and denoised using the Deblur
plugin to create an ASV table (Amir et al., 2017). A Deblur trim
length of 250 nt was chosen based on Phred quality. A phylogenetic
tree was then constructed using the SEPP q2-fragment-insertion
plugin with the Greengenes 13-8 reference database (Janssen et al.,
2018), and taxonomic assignments were made using the SILVA
database 138 release and a naive bayes classifier plugin trained on
the V4 hypervariable region of the 16s gene (Bokulich et al., 2018).

All 16S rRNA analyses were performed using the R statistical
language (v. 4.2.1) (R Core Team, 2022). The ASV table,
phylogenetic tree, and taxonomy table were imported using
qiime2r (v. 0.99.6) (Bisanz, 2018) and combined into a single
object using phyloseq (v. 1.40.0) (Mcmurdie and Holmes, 2013).
Alpha diversity analysis was calculated using Shannon diversity and
chaol richness indexes phyloseq (v. 1.40.0) and statistical
comparison was done using a Wilcox using ggpubr (0.6.0). Beta
diversity was calculated using weighted UniFrac distances and
ordinated using a principal coordinate analysis (Lozupone and
Knight, 2005). Statistical testing on weighted UniFrac distances
was performed with a permutational analysis of variance
(PERMANOVA) using the adnois2 function in the Vegan
package (v. 2.6-4) (Dixon, 2003). Differential abundance was
determined using the Phylofactor package (v. 0.0.1) (Washburne
et al., 2017).
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Results

Detection method validation
and tissue distribution

We developed a reverse-transcriptase isothermal amplification
(RT-LAMP; Notomi et al., 2000) approach to rapidly screen RNA
extracts for PcaFV across tissue types. The RT-LAMP approach was
validated by PCR amplification and sequencing of a region within
RT-LAMP amplicons which matched 100% nucleotide identity with
the target sequence, and by comparing RT-LAMP detections with
PcaFV copy number, determined by quantitative reverse
transcriptase PCR (qRT-PCR; Supplemental Figure 1). While
PcaFV load (via qRT-PCR) of possible detection, combined
possible, and negative detections were not significantly different
from negative detections, positive PcaFV detections via RT-LAMP
had significantly higher PcaFV copies than both negative detections
(p = 0.040, ANOVA) and possible detections (p = 0.04, ANOVA)
(Supplemental Figure 1).

RT-LAMP detected PcaFV in 50% of Juneau specimens and
78% of Friday Harbor specimens, but not in any of the 15 tissue
samples collected from 5 grossly abnormal specimens from
Nanoose Bay, nor in any Cucumaria miniata tissues from Juneau
in June 2021 (Supplemental Table 1). PcaFV was detected across all
tissue types sampled but in varying prevalence. In both Juneau and
Friday Harbor, PcaFV was most consistently in ventral body wall
samples (Supplemental Figure 2; ns between tissue types; Fisher’s
Exact Test). Quantitative PCR across tissue types revealed the
greatest load in body wall specimens, followed by respiratory tree,
but lowest abundance in gonad and digestive tract samples (p<0.001
for all comparisons, Kruskal-Wallis test).

Impact of organic matter amendment and
suboxic conditions on A. californicus

Suboxic conditions induced by dinitrogen sparging (DS), and
organic matter (OM) amendment had variable impact on A.
californicus (Table 1). Water column oxygen concentrations in
glucose treatments were no different from controls and were
higher (11.8-119 g L' or saturated) than DS treatment (3.5g LY,
while peptone amendment resulted in lower oxygen conditions
compared to controls (10.8 g L™"). DS treated specimens had
significantly greater mass loss over the 7-d experiment (p<0.001,
Kruskal-Wallis test), but mass loss by specimens in all other
treatments were not different to controls (Figure 1). Body wall
lipid content was not significantly different between control and
treatments (ns, Kruskal-Wallis test). Tissue protein contents were
significantly higher in glucose and fucose+rhamnose amendments
than controls (p<0.01 for both, Kruskal-Wallis test). Microbial
activity on animal surfaces was significantly less in DS and
glucose treated cucumbers than controls (p<0.01 for both,
Kruskal-Wallis test; Figure 1). However, there was no difference
in microbial productivity between treatments.
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TABLE 1 Response patterns across measured variables of A. californicus to treatments.

DS Glucose

Fucose/
Rhamnose

Peptone

N-Acetylglucosamine

Mass Loss - =

Lipids % Mass = =

Protein % Mass = +
Surface Microbial Activity - -
Bacterioplankton Activity = -
PcaFV load in Body Wall = =

PcaFV load in Respiratory Tree - -

Microbiome Richness = _

Microbiome Similarity 2 1

1 0 2

= indicates no significant impact; + indicates significantly higher than controls; - indicates significantly lower than controls; numbers correspond to most similar communities. DS, dinitrogen

sparged. Statistical significance determined by ANOVA.

Impact of OM amendment and DS on
PcaFV load

OM amendment and DS had no impact on tissue PcaFV loads
in the body wall (Figure 2). PcaFV loads in the respiratory tree of
DS, N-acetylglucosamine and glucose treated specimens were
significantly lower (p<0.05, ANOVA) than controls but were not
different for Fucose+Rhamnose. PcaFV loads generally decreased in
tube feet samples over time (Figure 3); however, treatments had no
impact on PcaFV load variation over time. There was a significant
positive correlation between microbial activity and body wall PcaFV
load (R* = 0.83, Pearson, p = 0.041), and a significant negative
correlation between body wall protein content and body wall PcaFV
load (R® = -0.84, Pearson, p = 0.035) when specimens were
aggregated per treatment (Table 2). When individual specimens
were considered separately, there were significant and positive
correlations between microbial activity on animal surfaces and
overall (R2 = 0.23, Kendall, p = 0.040) and last -3-day mass loss
(R2 = 0.22, Kendall, p = 0.050), and between microbial activity and
respiratory tree viral load (R*> = 0.26, Kendall, p = 0.023). There
were also significant and positive correlations between body wall
PcaFV load and body wall lipid content (R2 = 0.41, Kendall, p =
0.002) and microbial activity (R? = 0.44, Kendall, p = 0.010). Body
wall lipid content also significantly and positively correlated with
microbial activity (R* = 0.31, Kendall, p = 0.010), but protein
content significantly and negatively correlated with microbial
activity (R* = -0.28, Kendall, p = 0.007). Respiratory tree PcaFV
load positively and nonlinearly correlated with mass load in
tissues (Figure 4).

Impact of organic matter amendment on
microbiome composition

Microbiome composition varied strongly at the start of the

experiment in both alpha and beta diversity (Figures 5 and 6). After
7d incubation, both Chaol and Shannon Diversity were
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significantly higher in controls than in amendments of Peptone
and N-Acetylglucosamine, and in Chaol alone in Glucose treated
specimens (Figure 6). Beta diversity also varied with treatment. The
beta diversity between treatments was not statistically different at
time zero (Weighted Unifrac; Permanova: p = 0.302) (Figure 5). By
day 7, except for fructose + rhamnose, the microbiomes of sea
cucumbers treated with organic matter and DS shifted away from
the controls, which had similar microbial communities. Glucose,
peptone and N-acetylglucosamine, DS treatments both formed
respective clusters, signaling similar compositional shifts. We also
found a negative correlation between ASVs from the family
Arcobacteraceae and animal productivity (Figure 7). However, we
did not find statistically significant correlations between the
microbiome composition and any other parameters.

Discussion

Our results suggest that PcaFV likely does not cause acute
pathology in A. californicus. Rather, our results suggest that PcaFV
may behave like an endogenized virus that is supported by grossly
normal tissues (Lequime and Lambrechts, 2017) or perhaps a
symbiont similar to other microorganisms in echinoderm tissues
(de Ridder and Foret, 2001). The variable PcaFV load and
prevalence within populations (Supplemental Materials) indicates
that PcaFV is not itself an endogenized virus. However, our results
are consistent with the idea that most metagenomically discovered
viruses recovered from grossly normal tissues do not cause gross
pathology (Gudenkauf et al., 2014; Gudenkauf and Hewson, 2016).

Tissue distribution of PcaFV

The pattern of PcaFV occurrence and abundance within
different tissue types suggest that surfaces with greatest contact
with surrounding waters harbor the highest PcaFV infection. PcaFV
was most frequently detected and had the highest load in the body
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FIGURE 1

Physical and chemical characteristics of Apositchopus californicus
body wall tissues during organic matter amendment and suboxic
stress experiment. Top to bottom: Mass loss as a proportion of initial
mass over the 7 d of the experiment; Body wall lipid concentration
determined by chloroform extraction; Body wall protein
concentration determined by Bradford assay; Microbial activity on
animal surfaces as determined by BrDU incorporation; Microbial
activity in plankton samples of incubation tanks. Microbial activity
values are expressed relative to a single standard prepared from
artificial seawater from an aquarium. a,b denotes significant
difference to control (Kruskal Wallis Test, df=5)

wall, followed by the respiratory tree. RT-LAMP frequently detected
PcaFV in the longitudinal muscle tissues of Friday harbor
specimens, and in the respiratory trees of Juneau specimens.
Variation in detection between Friday Harbor and Juneau
specimens may suggest unmeasured environmental variables may
affect the distribution of PcaFV between tissue types. Our results
show PcaFV has a different occurrence pattern to the Apostichopus
japonicus nodavirus, which was found primarily in digestive tract
specimens (Wang et al., 2021), and the un-named virus discovered
by microscopy in both digestive tract and respiratory tree tissues

Frontiers in Marine Science

10.3389/fmars.2023.1295276

| BResp Tree MGonad Olntestine O Body Wall |

T 1
F2 g g g _%_
o
£ ‘f g i g
g 1 ¢ .
E. g a a e
o d
> 0.1 d bd a d
8 f
Qo
S 001
>
[TH
3
o 000t
H & & & & & @
S S N & S
2 S o & & &
& N &
S ) &
& & S
(N & <

T mOh  m24h  m72h  O168h

Z 10

k-]

2

g 10

3

< 1

{=2

=

3

2 o

o

o

T 001

S

[-%

g 0001

('S

[

E=

]

FIGURE 2

Tissue (top) level response to treatment with organic matter
amendments and Tube foot (bottom) response over time to organic
matter amendment and dinitrogen sparging. The only significant
explanatory variable for treatment was tube foot PcaFV load at 0 h
(ANOVA, df=429, p<0.0001). a - f denotes significant difference at
p< 0.05 (Kruskal-Wallis Test).

(Deng et al, 2008). To date there are no reports of any virus
recovered from body wall tissues. Our data support that tissues
exposed to surrounding seawater or water exchange internally may
bear the greatest burden of PcaFV infection.

Impact of suboxic stress and
organic matter load on PcaFV
and Apositchopus californicus

The overall profile of A. californicus responses (Table 1) to
suboxic conditions induced by DS suggests that this species is
sensitive to low oxygen stress, which results in decreased
microbial activity on their surfaces. While body wall PcaFV load
was not reduced in the DS treatment, it was significantly lower in
the respiratory tree, suggesting that in internal, seawater-filled
spaces the impacts of hypoxia may be more pronounced than in
external surfaces, consistent with studies of host gene expression in
this organ (Huo et al., 2017). Holothurians may compensate for
hypoxic conditions through accelerated respiratory rate (Ru et al.,
2020), but long-term hypoxia may result in respiratory tree
degradation in the absence of viruses or other pathogens (Huo
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FIGURE 3
Mean PcaFV load in Apostichopus californicus tube feet in specimens that had >10 copies ng™* PcaFV at the start of the experiment.

TABLE 2 Correlation matrix of biochemical, microbial productivity, and viral load parameters measured in the OM amendment and DS experiment.

Variables Overall = Mass Body Resp. Tube Foot Body Microbial = Microbial
mass lossin  Wall Viral Tree Viral Viral Load at Wall Activity Activity
loss last4d Load Load Initial Time Protein  Animal Overlying
(prop (prop. (copies (copies Point (copies % mass  Surface Water
d? d? ng RNA"  ng RNA™Y)  reaction 1)

)

Overall mass 1 0.305 ns ns ns ns ns 0.233 ns

loss (prop. day

1)

Mass loss in 0.971 1 ns ns ns ns ns 0.233 ns

last 4 d (prop.

day 1)

Body Wall ns ns 1 ns ns 0.411 ns ns 0.438

Viral Load

(copies ng

RNA™)

Resp. Tree ns ns ns 1 ns ns ns 0.260 ns

Viral Load

(copies ng

RNA™)

Tube Foot ns ns ns ns 1 ns ns ns ns

Viral Load at
Initial Time
Point (copies
reaction 1)

Body Wall ns ns ns ns ns 1 ns ns 0.307
Lipid % mass

Body Wall ns ns -0.842 ns ns ns 1 ns -0.283
Protein %

mass

Microbial ns ns ns ns ns ns ns 1 ns
Activity

Animal Surface

Microbial ns ns 0.830 ns ns ns ns ns 1
Activity
Overlying
Water

Values on bottom of table are aggregate values by treatment, and on top of the table are individual values. Values are Kendall Rank correlation coefficients, since only mass loss followed normal
distribution. ns, not significant; Resp., Respiratory; prop., proportion.
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et al., 2018). Our results therefore do not support our hypothesis
that hypoxic conditions lead to proliferation of viruses in
animal tissues.

The results of organic substrate amendment were variable and
suggest that organic substrates that are atypical of natural dissolved
organic matter generated the largest response in both animal
biochemistry and PcaFV load. Glucose, which is usable by around
half of bacterioplankton taxa (Giovannoni and Rappe, 2000), led to
significantly elevated protein content of tissues, lower surface
microbial and plankton activity, and lower PcaFV loads in both
body wall and respiratory tree tissues. Peptone, which is commonly
used in marine bacterial culture media (Moebus, 1980), significantly
decreased body wall lipid content, but significantly increased PcaFV
load in respiratory tree tissues, and had no impact on other
measured parameters. The response pattern to glucose was most
like the DS treatment, although measured oxygen levels were not
different from controls. In contrast, oxygen levels were reduced in
the peptone treatment and produced an opposite effect to DS
treatment. Hence, these data do not support that lower oxygen
conditions alone resulted in the lower PcaFV load observed in
glucose treatments. The elevated PcaFV load in peptone treatments,
however, may indicate that lower oxygen conditions leading to
animal mortality may progress past an intermediate stage in which
marginally lower oxygen conditions result in enhanced PcaFV load,
but as the animals progress to death PcaFV loads may decline.

Of the natural organic matter mimics there were no effects on
PcaFV load, and only marginal effects on host and surrounding
microbiota. N-acetylglucosamine, which is a subcomponent of
bacterial and eukaryotic cell walls and highly abundant in coastal
DOM (Riemann and Azam, 2002), led to no significant changes in
productivity, tissue biochemistry, nor PcaFV loads in any tissue.
Fucose and rhamnose, which are subcomponents of macroalgal
detritus (Bayu et al., 2021), led to greater protein content in tissues,
but had no impact on other biochemical parameters, mass loss,
microbial activity or PcaFV load in any tissues. These results suggest
that the overall load of natural organic matter mimics was

Treatment

Iz‘ Control

‘Z‘ Fucose Rhamnose

lz‘ Glucose
( ‘z‘ Peptone
) m nAcG

N2

-0.1 0.0
Axis 1 [54.0%]

Principal coordinate analysis of Weighted UniFrac distances of bacterial communities (i.e., 16S rRNA amplicon libraries) of Apostichopus californicus
surfaces in response to organic matter amendment and dinitrogen sparging (N2) at experiment initiation (t = 0 d; left; PERMANOVA, p = 0.301) and

after 7 d incubation (right; PERMANOVA, p = 0.001).
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FIGURE 6

Alpha diversity of Apostichopus californicus surface-associated
microbiomes as measured by 16S rRNA amplicon sequencing, (A)
Shannon Index and (B) Chaol Estimator in response to organic
matter amendment and dinitrogen sparging at 0 and 7 d incubation.
**p< 0.01, ***p< 0.0001. Fucose_Rhamnose, Fucose + Rhamnose
addition; Glu, Glucose amendment; N2, dinitrogen sparged; NAcG,
N-acetylglucosamine.

insufficient to generate changes in microbial activity that would lead
to oxygen depletion.

In contrast to animal biochemical parameters and PcaFV load,
the response of A. californicus microbiomes provide evidence that
OM amendment of several substrates mimics the impacts of
decreased oxygen. Despite high variation in microbiome
composition at the onset of experimental treatment between
treatments, microbial communities converged based on treatment
by 7d incubation. The microbiome composition in the glucose
amendment was most like the peptone amendment, both of which
had significant but juxtaposed impacts on PcaFV load in respiratory
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trees. The most similar community to the DS treatment was N-
acetylglucosamine, which did not exhibit effects on animal
biochemistry, nor PcaFV load in tissues. Microbiomes had
significantly lower amplicon sequence variant richness in glucose,
peptone, and N-acetylglucosamine, suggesting that these substrates
led to dominance of few taxa or the loss of taxa through competitive
exclusion or toxicity. Of microbiome constituents, only ASV
annotations of Arcobacter, a microaerophilic genus (Roalkvam
et al,, 2015), correlated negatively with surface microbial activity,
and there were no other correlations with any parameter measured.
The negative correlation with microbial activity is consistent with
our observation that low oxygen concentrations in the DS treatment
and glucose amendment led to lower microbial activity, presumably
due to less efficient metabolism under anaerobic conditions. Some
strains of Arcobacter use sulfur as an electron acceptor and can grow
organ heterotrophically on complex OM (Roalkvam et al,, 2015),
and Arcobacter spp. oxidize sulfides in microaerophilic conditions.
Overall, these data suggest that the treatment impacts on the
microbiome are different from the impacts on animal
biochemistry and PcaFV load in tissues. However, the similar
response of glucose to DS in terms of both microbiome
composition and animal biochemistry and PcaFV load may point
to glucose causing low oxygen conditions at the animal-
water interface.

Potential role in epidermal disease process

The presence of PcaFV, which as yet has no known pathology in
its host, primarily in the body wall of A. californicus (Supplemental
Materials) is intriguing since this is the most frequently abnormal
tissue type in described diseases. Ulcerative or deteriorating
(wasting) body wall, commonly referred to as skin ulcerative
diseases (SKUDs), are believed to be caused by a wide variety of
pathogens and environmental stressors including viruses. However,
current studies have been unable to replicate infection of suspected
pathogens in vivo, or to separate these conditions from
environmental stressors such as hypoxia (Delroisse et al., 2020).
SKUDs have been reported across a wide geographic region. One
study reported a cross-species infection event of covert mortality
nodavirus (CMNV), a virus believed to be found in shrimp,
infecting Apostichopus japonicus which led to wasting and
ulceration of the intestinal epithelium (Wang et al., 2021). A
study of an A. japomicus mass mortality event in an indoor
farming facility near the Dalian coast (China) proposed a
potential synergistic role of viral and bacterial co-infection
contributing to a weakening of the respiratory tree, alimentary
canal, and water vascular system endoplasmic reticulum and
mitochondria (Deng et al., 2008). Additional studies show
bacterial pathogens may contribute to disease and wasting states
in sea cucumbers. Eight bacterial cultures isolated from an indoor
sea cucumber farm challenged A. japonicus resulted in skin
ulceration and viscera ejection syndrome (Deng et al., 2009).
These studies indicate that a wide variety of pathogens and
environmental conditions may result in similar ulcerative
lesions, and that these gross observations may not be indicative of
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Phylofactor analysis of Apostichopus californicus-associated microbial assemblages after 7 d incubation during the organic matter amendemend and
dinitrogen sparging experiment with respect to microbial productivity. Phylofactor uses a generalized linear model to regress the isometric log ratio
between opposing clades (clades separated by an edge) in a phylogenetic tree. This is performed iteratively, where the first factor, Factor 1,
represents the edge that maximizes a user defined metric. Here, we maximized the F statistic, and highlight three factors (Factors 1, 2, and 8) that
show the relationship between members in the family Arcobacteraceae and productivity near the animal surface. The y-axis shows the isometric
long ratio (ILR), and the x-axis shows the degree of productivity. The number of amplicon sequence variants (ASVs) indicates how many bacterial
strains belong to each factor, where a value of 1 indicates a phylogenetic branch tip (1 species).

any unique or individual pathogen or the impact of
environmental stressors.

While it is tempting to ascribe PcaFV as a potential cause for
SKUDs, our results suggest that PcaFV is not a pathogenic agent in
holothurian body wall lesions. Specimens of A. californicus with
body wall lesions that were collected during a mass mortality event
in Nanoose Bay, British Columbia (Lim et al., 2023), did not bear
PcaFV. In the OM amendment and DS study presented in this
report, loads of PcaFV in tube feet samples collected from almost all
animals over the 7d incubation declined over time, and PcaFV load
over time was only explained by initial timepoint tube foot PcaFV
load. Importantly, respiratory tree PcaFV load correlated positively
with animal mass loss over time (i.e., animals that lost less weight
and were presumably more normal than individuals with greater
weight loss, had the greatest PcaFV load). If PcaFV generates host
pathology, it was expected that its detection and load would
correspond inversely with abnormal (greater) weight loss. Body
wall PcaFV load positively correlated with relative microbial
activity. Since microbial activity variation is presumably driven by
animal excretion (Uthicke, 2001), this trend may be explained by
normal specimens excreting greater amounts of material than
abnormal specimens. Furthermore, body wall PcaFV load
correlated significantly and positively with body wall lipid
content, which is a marker of tissue health. Taken together, our
data supports the idea that PcaFV does not correlate with poor
animal health, but instead it appears that PcaFV may proliferate in
healthy tissues.

Frontiers in Marine Science

Conclusions

The results of this study provide new information about
flavivirus distribution and dynamics within a marine host. We
found no evidence of any negative impact of PcaFV on A.
californicus. Rather, PcaFV appears related positively with animal
health, indicating that it may have limited pathology under the
conditions it was observed or may represent an attenuated viral
strain that may lead to pathologies under stressful environmental
conditions, when new virulent strains emerge, or host immunity is
compromised. While some OM amendment and DS had significant
impacts on tissue biochemistry and microbial productivity on and
within A. californicus, and impacts on microbiome composition and
richness, the response pattern of measured variables suggests that
PcaFV load does not respond positively to DS. Overall, these data
do not support the hypothesis that PcaFV replication and
persistence is positively associated with suboxic conditions, but
rather that conditions influencing the health state of its host play a
role in PcaFV dynamics within tissues. The mechanisms by which
PcaFV replicates and environmental and biological factors which
may influence its dynamics in tissues remain unclear, however our
study suggests that OM load in surrounding waters may change the
A. californicus microbiome composition and potentially O,
conditions on their epidermis. The overall condition of A.
californicus may be influenced by environmental conditions, and
this in turn may influence both productivity of surrounding water
(and surface microbial activity), and perhaps PcaFV load. However,
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these effects appear to be very small in magnitude. Key questions
remain as to whether PcaFV elicits pathology under other, untested
environmental variations, such as elevated temperature. However,
our work does not support that PcaFV causes pathology or
deleterious health consequences under low oxygen conditions,
and most impacts on PcaFV load are a downstream consequence
of factors influencing the overall health of the animals.
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