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ARTICLE INFO ABSTRACT
Keywords: Atlantic sea scallops, Placopecten magellanicus, are the most economically important marine bivalves along the
Aquaculture microbiome northeastern coast of North America. Wild harvest landings generate hundreds of millions of dollars, and wild-

Host associated microbiome caught adults and juvenile spat are increasingly being cultured in aquaculture facilities and coastal farms.

However, the last two weeks of the larval maturation phase in hatcheries are often plagued by large mortality
events. Research into other scallop- and aquacultured-species point to bacterial infections or altered functionality
of microbial communities which associate with the host. Despite intense filtering and sterilization of seawater,
and changing tank water every 48 h, harmful microbes can still persist in biofilms and mortality is still high.
There are no previous studies of the bacterial communities associated with the biofilms growing in scallop
hatchery tanks, nor studies with wild or hatchery sea scallops. We characterized the bacterial communities in
veliger-stage wild or hatchery larvae, and tank biofilms using the 16 S rRNA gene V3-V4 region sequenced on the
Illumina MiSeq platform. Hatchery larvae had lower bacterial richness (number of bacteria taxa present) than the
wild larvae and tank biofilms, and hatchery larvae had a similar bacterial community (which taxa were present)
to both wild larvae and tank biofilms. Bacterial richness and community similarity between tank samples fluc-
tuated over the trial in repeated patterns of rise and fall, which showed some correlation to lunar cycle that may
be a proxy for the effects of spring tides and trends in seawater bacteria and phages which are propagated into
hatchery tanks. These results along with future work, will inform hatcheries on methods that will increase larval
survival in these facilities, for example, implementing additional filtering or avoiding seawater collection during
spring tides, to reduce bacterial taxa of concern or promote a more diverse microbial community which would
compete against pathogens.

Bacterial community
Vibrio

1. Introduction Atlantic deep-sea scallops, Placopecten magellanicus, are found along the
eastern coast of the United States and Canada, where they have long

Scallops are a diverse animal group of marine bivalve mollusks been a source of food and economic opportunity (The Centre for
(family Pectinidae) with global distribution in coastal waters (Fig. 1). Indigenous Peoples’ Nutrition and Environment, 2017; Tremblay et al.,
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2020). Wild populations of scallops are currently at an increased risk of
decline because of climate change (Marushka et al., 2019; Rheuban
et al., 2018), and on top of natural variation in scallop populations, this
makes the industry financially vulnerable (Coleman et al., 2021b;
rbouvier Consulting, 2019). Shellfish farms are of significant ecological
and economic value, as shellfish farms to remove nitrogen runoff and
clean coastal waters (Bayer, 2022a, 2022b), or to create artificial reefs
and habitats to improve surrounding biodiversity (Mercaldo-Allen,
2022). However, scallop aquaculture in the Northwest Atlantic, while
increasing, is still in its infancy with few farms in commercial operation
(Coleman et al., 2021a, 2021b). One of the bottlenecks to production is a
lack of hatcheries which is potentially hindered by a lack of under-
standing the interactions with microorganisms in wild and hatchery
settings.

All bivalves have a hinged hard shell (Wang et al., 2017), but sea
scallop juveniles and adults (Fig. 1) use developed shells and adductor
muscles to exert water pressure to move. Sea scallop adults are sessile
but not attached and prefer a sandy or shell hash bottom habitat. Sea
scallops are an extremely fecund species: females may release up to 270
million eggs per spawn (Langton et al., 1987), which typically occurs in
August - October along the coast of Maine, although scallops may spawn
multiple times per year under specific conditions (Bayer et al., 2019;
Thompson et al., 2014). Scallops utilize broadcast spawning for repro-
duction, releasing their eggs and sperm into the water column to
passively fertilize. Once fertilized, the larvae (Fig. 1) develop through
planktonic, trochophore, and veliger stages for approximately 40 days,
during which they are at the mercy of ocean currents and feed on algae
in the water column. Veligers will begin to settle to the bottom surface or
occasionally recruit together using spun mucus mats and sink to a
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surface for attachment (Meredith White, Mook Sea Farms, personal
communications), which has been noted in other marine animals
(Churchill et al., 2011). By the veliger stage, larvae begin to interact
more with biofilms on the bottoms of tanks. “Spat” is the term used to
describe the beginning of the juvenile phase (less than 15 mm) (Cull-
iney, 1974; Truesdell, 2014). As spat, mortality rates typically decrease
in hatcheries.

Scallops’ reproductive potential and industry demand make them a
prime target for hatchery- and farm-based production, and this has been
successfully achieved in some species, such as bay scallops, as well as to
restock wild populations in decline (Tettelbach et al., 2002). Hatcheries
collect wild sea scallop adults, or maintain cultured broodstocks, and
successfully spawn them in their facilities with the intention of forming a
plentiful population to grow to adulthood, spawn, and sell to create a
sustainable production cycle while also reducing disruption to the
scallops’ natural habitat. Unfortunately, in sea scallop hatcheries the last
two weeks of the larval maturation phase, the veliger-stage (Fig. 1), is
plagued by large mortality events, going from 60 million sea scallop
larvae down to several thousand individuals in a span of 48 h (Beal,
2014). Survival of clutches to maturity remains very low, with an
industry-standard rate around 1% (Downeast Institute, Maine, unpub-
lished data; (Andersen et al., 2011). This drastic winnowing of larvae
reduces the availability of cultured sea scallop spat for farmers, forcing
sea scallop farms to rely almost exclusively on sea scallop spat collected
from wild populations for stock and is seen as a bottleneck for growth of
the industry and achieving sustainable harvests.

Hatchery larval die-off is well-demonstrated not to be caused by
inadequate diet, lighting, temperature, or atmospheric pressure in
aquaculture facilities compared to wild conditions (Culliney, 1974;
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Fig. 1. Life cycle of Atlantic sea scallops. Photo Credits: Downeast Institute, Mook Sea Farms, and Hurricane Island.

Image is adapted from a previous version (Packer et al., 1999).
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Gouda et al., 2006; Pernet and Tremblay, 2004; Robinson et al., 2016).
Scallops are suspension filter feeders and are able to trap plankton and
other food particles in mucus; larvae by using particles collected on the
velum tissue while swimming, and adults by using particles collected
while filtering water through their specialized tissues, or gills. After
trapping particles, the scallop moves the food particles towards the
mouth using cilia on host tissues. Particles collected into a larger bolus
may be passed to the stomach, as they have a segmented organ system,
and eventually digesta is passed as feces. Alternatively, in adults, a bolus
may be rejected and released before digestion as “pseudofeces”. The
nature of filter feeding exposes animal tissues to a broad and random
variety of microorganisms dispersed in food particles and water.
Moreover, the accumulation of undigested feed, dead larvae, and feces
in hatchery tanks can support a microbial community which can in turn
affect larvae.

To date, there have been no previously published data on the mi-
crobial community associated with wild or farmed Atlantic deep-sea
scallops, Placopecten magellanicus, or on hatchery tank surfaces. In gen-
eral, there are relatively few studies that explore the microbial com-
munity of any scallop species with reported distinctions in the microbial
community based on scallop species (Liu et al., 2020), anatomical organ
sampled (Ma et al., 2019), and health status (Munoz et al., 2019; Yu
etal., 2019). In other animals, it is known that host species play a crucial
role in forming the host-associated microbiome, even among closely
related species (Kohl, 2020; Lim and Bordenstein, 2020). Not only are
diet and other biological factors selecting for microbiota, but many
animal species seed microbial communities into offspring during birth or
egg-laying, particularly pectinids (Holbach et al., 2015). However, the
environment may play a more important role than host species in
acquiring microbes by marine larvae (Boscaro et al., 2022). It is also
demonstrated in shrimp facilities that maintaining a healthy micro-
biome is critical to the success of production (Rajeev et al., 2021).

Days 1 - 10 of larval development
ED \

/,_o 9
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In this study, we collaborated with scallop hatcheries in Maine to
better understand microbial dynamics in hatcheries and scallops. Our
objective was to characterize the microbial community present in wild
scallop larvae, on tank surfaces, and in hatchery scallop larvae, and
assess the contribution of bacteria from tank sources to larval sinks. In
addition to describing communities, we hypothesized that bacterial di-
versity would be lower after tank cleaning, and that bacterial commu-
nities in static tanks would be less similar to those in flow-through tanks.
We also tested the a posteriori hypothesis that bacterial communities
were correlated with lunar cycle. The long-term goal of this research is
to standardize management practices that support beneficial micro-
biome assembly to improve animal health, and thereby enhance the
success of cultured scallop production.

2. Materials and methods
2.1. Hatchery tank setup

The experimental design and protocols for this project were devel-
oped in conjunction with our scallop industry partners to reflect typical
management practices and concerns. We collaborated with the Down-
east Institute (DEI) on the northern Gulf of Maine coast, (Beals, Maine,
US; 44.4806° N, 67.5986° W) to collect cultured larvae from hatcheries
and tank biofilm samples (graphical abstract). Following typical pro-
duction protocols which mimic industry standards, 350 L conical larval
development tanks were a static system for the first 10 days of life, at
which point larvae were ~150 um in size (measured along the shortest
linear distance in early stages) and large enough to be retained on 75-
micron water filters. After 10 days, larvae tanks either stayed in 90 L
conical static tanks or were transferred into 90 L conical flow-through
tanks with a flow rate of either 1.2 or 0.6 liters per minute (Fig. 2) for
the next stages of development, and stocked at starting densities of 5 or

Days 10 -45

“, -

Static tanks:
Drained every 48
hours and cleaned.
Refilled with new
filtered seawater.

Flow-through tanks:
Drained every 48
hours and cleaned.
Constantly
circulating filtered
seawater.

Larvae retained in
net filter.

Fig. 2. Scallop larvae development tank design. There were two larval tanks, both were static-water tanks until day 10 of larval development and then one was
switched to be a flow-through tank which constantly filters and recirculates. All tanks were drained and cleaned every 48 h. Image created with biorender.
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15 larvae per ml. Animals were fed a mixture of Chaetoceros muelleri,
Thalassiosira psuedonana, Pavlova lutheri, and Tisochrysis lutea cultured
microalgae at a density of 30,000 cells per ml of seawater in both static
and flow-through tanks. The flow-through tanks filtered circulating
water through a 10-micron filter in addition to previous filtering steps,
but reported ciliates present in the water which are known to graze on
bacteria but act commensally to larvae (Oliva and Sanchez, 2005; Song
et al., 2002). Aside from water movement in the tanks, all other envi-
ronmental and management parameters were the same between the
static and flow-through tank treatments.

Biofilm growth was sampled and mitigated every 48 h as follows.
Larvae were removed from all tanks with fine filtering (75 um), water
was completely drained out, the tanks were cleaned with soap, water,
and a low concentration bleach solution, and larvae were replaced into a
fresh tank of filtered seawater. Up to six swabs were collected from
distinct areas of the surface of tanks at each of the drawdown events,
treating each tank as an ecosystem rather than one experimental unit.
Three swabs were collected after the water was drained but prior to
cleaning, and three were taken off the tank sides after cleaning and
refilling the tanks. Additional swabs were collected from broodstock
tanks of adult scallops at the beginning of the trial.

The biofilm swabs from DEI were preserved for bacterial community
sequencing. The swab tips were snapped off into 2 ml tubes, immersed in
phosphate-buffered solution (PBS, pH = 8.0), and then stored at — 20 °C
until transported to the University of Maine for DNA extraction and
sequencing. The swabs were vortexed for 60 s before DNA extraction to
release the bacteria from the swab.

2.2. Larval sampling

To examine the bacterial communities in hatchery D-stage veligers,
larvae were collected from tanks at two consecutive draindowns, and
placed into four 2-ml tubes (> 20 larvae per tube) and preserved with
70% ethanol at room temperature until transported to the University of
Maine. Hatchery eggs were sampled within 48 h of spawn, larvae and
eggs within 72 h of spawn. Veligers were 32 days old at the Sept 26
sampling (spawn date Aug 25), and a second cohort were 21 days old at
the Oct 16 sampling (spawn Sept 24).

To complement the DEI hatchery larvae samples, we obtained wild
veliger samples which had been previously collected in October 2018
from the southern Gulf of Maine in Cape Elizabeth, Maine approximately
5 miles from shore at a station depth of 40 m (43.2925 N, 70.1159 W).
We collected larvae using a plankton net with a diameter of 0.5 m and a
mesh size of 80 um. To sample the entire water column, the plankton net
was released to approximately one meter above the substrate and then
was pulled by hand at a rate of approximately 0.5 m s™. Once collected,
the mixed zooplankton samples were preserved in 70% ethanol and
stored at — 20 °C. Hinged bivalve larvae were identified according to
reference manuals which illustrate mussels but not scallops (Johnson
and Allen, 2012; Tremblay et al., 1987), and separated from mixed
zooplankton samples under a dissecting microscope at 40x, and moved
into ethanol-preserved subsamples using sterile forceps. Based on the
time of year, known spawning timing of scallops elsewhere along the
coast combined with larval development time, bag position in the water
column, and local ecological knowledge from the partner grower (per-
sonal communication, Nate Perry), we presumed the veligers to be
P. magellanicus (Morse et al., 2020). However, to confirm identification,
we used a published P. magellanicus specific qPCR assay (Bayer et al.,
2019). Twelve samples of individual larvae were collected on
10/1/2018, one sample containing multiple larvae on 10/12/2018, and
one multiple from 10/26/2018. Samples were stored in 70% ethanol
and stored at — 20 °C until processing.

2.3. Bacterial community sequencing

Bulk DNA was extracted from veligers, swabs from tank surfaces, or
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no-template (water or the ethanol used to preserve wild veligers) control
samples (one from each extraction batch) using commercially available
kits optimized for water and tissue-based microbial communities (Qia-
gen Powersoil kit for veligers and Zymo Genomic DNA & Concentrator
kit for biofilm swabs), and some aliquots were archived. DNA extract
was roughly quantified and purity-checked with a Nanodrop spectro-
photometer. Samples underwent DNA amplicon sequencing of the 16 S
rRNA gene V3-V4 region, using primers 341 F (Fadrosh et al., 2014) and
806 R (Caporaso et al., 2011) and protocols consistent with The Earth
Microbiome Project (The Earth Microbiome Project WWW Document,
2011), and sequenced on an Illumina MiSeq platform using the
2 x 300-nt V3 kit (Molecular Research Labs, Clearwater, TX). The 200
samples and controls were sequenced across two plate batches. Raw
sequence data (fastq files and metadata) are publicly available from the
NCBI Sequence Read Archive (SRA) under BioProject Accession number
PRJINA913436.

Amplicon sequence data was processed to use our previously curated
workflows (Supplemental Material), which used the DADA2 pipeline
ver. 1.24 (Callahan, 2022) in the R software environment ver. 4.2
(RCoreTeam, 2022). The data from the two sequencing batches were
processed for quality control steps separately, and data from both
batches were combined prior to rarefaction. We started with 34,123,798
raw paired reads across the two sequencing runs. Trimming parameters
were designed based on visual assessment of the aggregated quality
scores at each base from all samples (plotQualityProfile in DADA2): the
first and last 10 bases were trimmed for batch 1, the last 25 bases were
trimmed for batch 2, and sequences were discarded if they had ambig-
uous bases, more than two expected errors, or matched the phi X
genome (used as sequencing positive-control). After filtering, 22,985,
705 paired non-unique reads remained.

The DADA algorithm was used to estimate the error rates for the
sequencing run, dereplicate the reads, pick sequence variants (SVs)
which represent ‘microbial individuals’, and remove chimeric artifacts
from the sequence table. Taxonomy was assigned using the Silva taxo-
nomic training data version 138.1 (Pruesse et al., 2007) and reads
matching chloroplasts and mitochondria were removed using the dplyr
package (Wickham et al., 2015). No-template control samples were used
to remove contaminating sequences from the samples by extraction
batch (Ishaqg, 2017). The sequence table, taxonomy, and metadata were
combined using the phyloseq package (McMurdie and Holmes, 2013) to
facilitate statistical analysis and visualization, representing 182 samples
and 31,451 taxa from 5,107,207 remaining sequences. Due to the large
variability in sequences per sample which passed quality assurance pa-
rameters (range 42-194,682 sequences/sample), and the knowledge
that some sample types would contain much lower microbial diversity
than others, the data were rarefied (Cameron et al., 2021; Weiss et al.,
2017) to 2988 sequences/sample which was chosen as the cutoff to
include all hatchery veliger samples. A total of 164 samples were
retained.

Normality was checked using a Shapiro-Wilkes test on alpha di-
versity metrics generated from rarefied data; observed richness (W =
0.94167, p-value = 9.934e-05) and evenness (W = 0.93813, p-value =
5.849e-05) were not normally distributed, but Shannon diversity was (W
= 0.98702, p-value = 0.3571). Linear models were run for comparisons
of alpha diversity metrics to compare by sample type. Linear mixed ef-
fect models with a sine and cosine function fitted to time (days of trial)
was used to study the tank samples as these showed a sine wave-pattern
in observed richness (Ime4 package (Bates et al., 2015)), in which
dirty/clean status and static/flow-through setup were used as fixed and
non-interacting factors, and date sampled was a random effect. The
emmeans package (Lenth et al., 2019) was used to generate pairwise
comparisons of factors in the model and a t.ratio > 1.96 was considered
acceptable. Tukey’s HSD was used to adjust for multiple comparisons. A
lunar cycle trend was evaluated using lunar phase dates (Yankee Pub-
lishing Inc, 2022). Generalized additive models were used to assess
trends in alpha diversity using time as a smoother (Pedersen et al.,
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2019). Tidal amplitude during the experiment is visualized in Fig. S1.
We selected bacterial genera which have been identified as indicators of
fecal contamination (Bifidobacterium, Enterobacter, Enterococcus,
Escherichia, Faecalibacterium, Lactobacillus, Lactococcus, Salmonella) as a
proxy for exploring the hypothesis that lunar high tides increase coastal
water contamination (Boehm and Weisberg, 2005; Rochelle-Newall
et al., 2015). However, it is worth noting that without culturing to
accompany this, we could not determine if these sequences were from
viable cells, and if these are strictly human fecal microbiota as some of
the genera can be found associated with marine animal hosts.

Jaccard unweighted similarity was used to calculate sample simi-
larity based on community membership (species presence/absence) and
non-parametric multidimensional scaling (run 20 stress = 0.2241668,
stress type 1 weak ties) and tested with permutational analysis of vari-
ance (permANOVA) by using the vegan package (Oksanen et al., 2020).
Beta dispersion, or tightness of community clustering, was tested using
beta-dispersion models and Tukey’s Honest Significant Difference (HSD)
to account for multiple comparisons.

Core taxa were identified using the microbiome package (Lahti and
Shetty, 2020), designated as shared across 70% of samples in the subset
group comparisons (e.g. wild versus hatchery larvae), and at least
0.001% abundance of the bacterial SV. Random forest feature prediction
with permutation was used to identify differentially abundant SVs based
on factorial conditions (Archer, 2022). The SourceTracker algorithm
(Knights et al., 2011) which had been modified for the R platform was
used to identify source:sink effects based on anatomical location. This
was used to determine if the cecum could be the source for population
sinks in the colon, as a proxy for the model’s applicability to the human
gut anatomical features and microbial communities. Plots were made
using the ggplot2 (Wickham, 2016), ggpubr (Kassambara, 2022), and
phyloseq packages. The code for the analysis in the R platform is pro-
vided as Supplementary Material.

3. Results
3.1. Wild and hatchery larvae contained distinct richness

The variability in circumstances under which scallop samples were
collected prevents a thorough examination of patterns of bacterial
richness and diversity; however, bacterial richness (Fig. 3) in wild ve-
ligers was higher than in tank systems by an estimated 116 SVs (Im, t.
ratio = 2.1, p = 0.04), and both sample groups displayed the greatest
variability in richness between samples (Figs. 3 and 5). There is a visual

Placopectin magellanicus

NA

300

Observed Bacterial Richness (SVs)

eggs larvae and eggs  veligers
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trend implying wild veligers contained more bacterial richness than
hatchery-based veligers (Fig. 3), but this was not statistically significant
(Im, p > 0.05). The evenness of bacterial SV abundance across sample
types was not significantly different (Im, p > 0.05).

The top 25 most abundant bacterial SVs identified at the genus-level
(Fig. 4), as well as all SVs identified at the phylum-level (Fig. S2)
demonstrate different bacterial taxa present in wild eggs and larvae
compared to hatchery-sourced eggs and larvae. Notably, the genera
Flavobacterium, Pseudomonas, Psychrobacter, and Suttonella were only
found in hatchery-sourced eggs and larvae; and Pelomonas, Polaribacter,
Porphyromonas, Oleispira, and Sphingobacterium were only found in wild
caught eggs and larvae.

3.2. Bacterial community richness fluctuated over time

The observed richness in tank surface samples fluctuated over the sea
scallop veliger rearing trial (Fig. 5), starting low at the beginning and
showing three bell distributions with a 7-12-day period, the vacillation
of which generally fits a sine curve distribution. This pattern was muted
but still present in samples from late October, which may indicate an
underlying sequencing batch effect accounted for during data analysis.
The richness in tank biofilms appears to follow the lunar cycle (Sept 7,
2021 - new moon, Sept 13 - first quarter, Sept 20 - full, Sept 28 - last
quarter, Oct 6 - new, Oct 12 - first quarter, Oct 20 - full, Oct 28 - last
quarter), in which richness is high when the moon is about 50% and
richness is low during new and full moon phases. Date was a significant
factor (Im or GAM, p < 0.01), but we did not find a statistical correlation
between richness and lunar phase (Fig. S3; lm or GAM, p > 0.05).
However, the number of days since the full moon was significantly
correlated with bacterial community richness in tanks (Fig. 6, Im or
GAM, p < 0.01), with a low during the full moon, peaking ~ 21 days
after the full moon, and decreasing again just before the next full moon.
Using date and days since the full moon together increased the explan-
atory power of the models, implying both a seasonal and lunar effect.

Days since the last full moon and lunar phase percent were signifi-
cant factors in explaining the variation in bacterial community simi-
larity among tank surface samples, using a distance-based constrained
ordination (Fig. 7, anova p < 0.01 for each factor). Samples taken close
to full moons clustered together, as did those taken during new moons,
and the samples collected at approximately 21 days after a full moon
also clustered together.

We used feature prediction algorithms to identify important bacterial
SVs based on the number of days since the full moon, to determine if

tank tank

dirty, drained cleaned, refilled

Tﬁ++$ﬁé EM;

wild eggs wild fertilized eggswild veligers tank tank

Fig. 3. Bacterial richness of cultured veligers (pink), wild veligers (brown), dirty hatchery tank biofilms (blue, left), and clean hatchery tank biofilms (blue, right).

Richness is measured as the number of bacterial sequence variants (SVs).
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certain taxa were time dependent (Fig. 8). Aureispira and Bernardetia
litoralis, common marine bacteria, were relatively high during the full
moon, and Cutibacterium, Lawsonella clevelandensis, and a member of
the Comamonadaceae family were present in the week after. Three
weeks after the full moon, Veillonella and Pseudomonas were abundant,
and Acidipropionibacterium was abundant in the week leading up to the
full moon. We selected bacterial genera which have been identified as
indicators of fecal contamination, as a proxy in our dataset for exploring
the hypothesis that lunar high tides increase coastal water contamina-
tion from land-based human waste water (Boehm and Weisberg, 2005;
Rochelle-Newall et al., 2015). We found several low-abundance SVs
which identified to the Bifidobacterium, Enterococcus, Faecalibacterium,
Lactobacillus, and Lactococcus genera (Fig. S4), but no Enterobacter,
Escherichia, or Salmonella. The number of reads from fecal indicator
genera was not correlated with tank bacterial richness, number of days

since the last full moon, or lunar phase percent (data not shown).
Lactobacillus reads were high around the full moon and low or not pre-
sent at other sampling dates.

3.3. Bacterial communities were not altered by tank water flow or
cleanliness

Bacterial richness was not significantly different (p > 0.05) between
tanks which had been occupied by larvae for 48 h, and which had just
been drained, scrubbed clean, and refilled with filtered seawater (Fig. 3,
S5), when considering simple comparisons (Im) or complex ones over
time (GAM). Richness by tank state was also not different between clean
and dirty tanks when data were subset by sequencing batch, and by
static/flow-through groups. Cleaning had only a small but significant
effect on bacterial community clustering in tanks (Fig. 9) using
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Fig. 5. Observed bacterial richness in (A) wild Atlantic sea scallop veliger-stage larvae or (B) hatchery-based larvae and tank surface biofilms. Color designates
sample type, and size of the points in panel B indicates days since the previous full moon. The date of tank surface swabbing is either immediately after filtered
seawater has been used to fill the tank (cleaned, refilled) or 48 h after (dirty, drained). In panel B, a generic sine wave by date is visualized in a dotted line, and a
general additive model of observed richness by date is visualized in a smooth line. Hatchery eggs were sampled within 48 h of spawn, larvae and eggs within 72 h of
spawn. Veligers were 32 days old at the Sept 26 sampling (spawn date Aug 25), and a second cohort were 21 days old at the Oct 16 sampling (spawn Sept 24).
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unweighted and weighted abundance metrics, and constrained (per-
manova, p < 0.05) and unconstrained (anova, p < 0.05) models. This
appears to be attributable to differences in the abundance of a few
bacterial taxa in specific samples rather than patterns of richness or
abundance across the entire group, as random forest feature prediction
was only 64% accurate (data not shown).

Static-water-flow compared to continuous-water-flow (flow-
through) did not generate different levels of bacterial richness overall
(Im, p > 0.05), or when comparing only those dates during which both
systems were used on larvae of the same age (Im, p > 0.05). There was
only an equivocal difference when accounting for time as a smoothing
feature in the model (GAM, p = 0.04). There was a slight difference
unconstrained ordination clustering (data not shown) in the presence/
absence of bacterial communities between static and flow-through

Fig. 6. Bacterial richness in sea scallop hatchery tank
biofilm communities compared to the number of days since
the last full moon. Richness was measured as the number of
bacterial sequence variants (SVs). Tank state describes
whether swabbing was either immediately after filtered
seawater has been used to fill the tank (cleaned, refilled) or
48 h after (dirty, drained). Tank setup indicates if water
was static, constantly filtered and recirculated in a flow-
through system, or setup information was not available
(n/a). Lines represent the best fit for the data for dirty or
cleaned tank samples (method = loess).

Tank state
dirty, drained
45 cleaned, refilled

Tank setup
@ flow_through
A nfa

B static

setups (unweighted Jaccard, permanova, f = 1.4, p = 0.02), but this
was nearly insignificant when accounting for abundance (unweighted
Jaccard, permanova, f = 1.4, p = 0.045) which implies that tanks likely
have some rarely abundant bacteria driving the effect in the unweighted
comparison.

3.4. Bacterial diversity and richness was different between tanks and
veligers

The bacterial communities found in wild veligers were distinct from
those found in tanks, using presence/absence (unweighted Jaccard,
permanova, p < 0.001) or abundance-based metrics of similarity
(weighted Bray-Curtis, permanova, p < 0.001), and this pattern was
observed in both sequencing batches (Fig. 9). Hatchery veliger bacterial
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communities clustered nearby tank samples collected from the same
dates. There were 53 bacterial SVs which were determined to be
important (p < 0.05) to the distinct bacterial community clustering by
sample type, with 30% accuracy identifying wild veligers’ bacterial
communities, and 100% accuracy identifying tanks from biological
samples (Fig. S6). Notably, Fusobacterium and Tenacibaculum were
abundant in wild veligers and tanks, and several Pseudomonas were
abundant in hatchery veligers, tanks, or both.

3.5. Tanks were not an important microbial source for veligers

Despite clustering near to the tank bacterial communities in ordi-
nations, there was no core microbiota (defined as shared by 70% of
samples) among all tank and hatchery veligers (data not shown), or at
the October timepoint (data not shown). Only a few SVs were shared
between veligers and tanks at the September timepoint (Fig. S7), iden-
tified as Corynebacterium, Acineobacter, Paracoccus, Bradyrhizobium,
Pseudomonas, Cloacibacterium, Flavobacterium, and Vicinamibacter-
iaceae. Even fewer bacterial SVs were identified as being sourced from
the tank and seeding the microbial community in veligers (Fig. 10). Data
were subset to include tank samples taken from the day before or the
same day as the two scallop veliger sampling days. The most likely tank-
sourced SVs (7 total) were identified as Fusobacterium, Anaerococcus spp.
Porphyromonas, and Pseudomonas. Scallop veligers were more likely to
be the source of bacteria found in tank surfaces (Fig. S8, 19 SVs total),
including other strains of Fusobacterium, Porphyromonas, Cutibacterium
granulosum, Desulfomicrobium orale, and more.

4. Discussion

In this study, we collaborated with a coastal Maine hatchery raising
Atlantic sea scallops to identify host-associated bacterial communities in
wild and hatchery larvae as well as the bacterial communities of the
biofilms in the larvae tanks. To our knowledge, there are no other
published studies on P. magellanicus microbial communities, although
there are some investigating single-microorganism disease dynamics. In
other scallop species, bacterial infections have altered the microbial
diversity and core bacterial community members (Munoz et al., 2019;
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Fig. 7. Constrained ordination of bacterial communities in
tank samples. Each point represents the bacterial commu-
nity from one sample. Similarity between samples was
calculated using Distance-based Redundancy Analysis
(dbDRA), and significant model factors (anova, p < 0.01)
are displayed with arrow lengths relative to their impor-
tance in the model (f value). The shape of points indicates
whether swabbing was either immediately after filtered
seawater has been used to fill the tank (cleaned, refilled) or
48 h after (dirty, drained). Tank setup indicates if water
75 was static, constantly filtered and recirculated in a flow-
through system, or setup information was not available
25 (n/a).

Lunar phase percent

Clean or dirty

@ dirty, drained
A cleaned, refilled

Yu et al., 2019). Our objective was to identify the microbial community
present in wild scallop larvae, on tank surfaces, and in hatchery scallop
larvae, and assess the contribution of bacteria from tank sources to larval
sinks. The results from 16 S rRNA sequencing revealed trends that
hatchery veligers and tanks have lower bacterial richness than wild
veligers.

We did not observe many bacterial taxa shared between wild and
hatchery-sourced larvae, and no taxa could be considered “core” as none
were identified in > 70% of veliger samples, even when data were
subset to compare only wild caught or only hatchery-based samples. The
dominant genera in this study were also different from the dominant
genera identified in other species of scallops and in other geographic
locations (Ma et al., 2019; Yu et al., 2019). Collectively, this suggests a
high degree of stochasticity in microbial community acquisition, and a
large impact of environmental microbial communities, on marine larvae
(Boscaro et al., 2022). The small number of scallop larvae samples
available for this study is a limitation, however, these samples do pre-
sent the first information on bacteria associated with Atlantic sea
scallops.

When comparing wild veliger, hatchery veliger, and tank bacterial
communities, hatchery veliger bacterial communities appear to be an
intermediate between wild veliger and tank bacterial communities.
Having similar bacterial taxa to both wild larvae and tank biofilms im-
plies that hatchery-raised veligers are likely acquiring microbiota from
broodstock, other larvae, and their environment. The genera Fla-
vobacterium, Pseudomonas, Psychrobacter, and Suttonella were only found
in hatchery-sourced eggs and larvae, which are commonly found in
marine systems and affiliated with marine animals. Flavobacterium and
Pseudomonas are often increased by human activities in marine and
other ecosystems (Crone et al., 2020; Nogales et al., 2011), and Pseu-
domonas has been isolated from lesions of diseased Yesso scallops (Liu
et al., 2016, 2013; Yu et al., 2019).

Various species of Vibrio bacteria have been identified as causative
agents in scallop death in hatcheries (Munoz et al., 2019; Riquelme
et al., 1996; Yu et al., 2019). Antibiotics treatment in hatchery systems
was explored several decades ago as a means to reduce infections in
scallop hatcheries with minimal success, but the inclusion of sediment
which would act as a microbial source was also not successful at
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Fig. 8. Relative abundance of bacterial SVs which were significantly differentially abundant by number of days since the previous full moon. The 159 SVs were
determined to be differential to samples based on classification by time since the previous full moon, using random forest feature prediction. Only significant features

(p < 0.05) with more than 50 sequencing reads were visualized.

reducing Vibrio contamination (Holbach et al., 2015). In other aqua-
cultured species, the use of bacteria (Richards et al., 2017), algae, and
bacteriophages (Richards et al., 2021) against Vibrio showed success,
highlighting the need for multi-trophic strategies to control infection.
We observed relatively few reads identified as Vibrio sppHowever, in-
sights into Vibrio reduction in scallops and other bivalves may help re-
searchers develop ecologically-based management strategies to reduce
Vibrio or other pathogenic species while providing potentially useful
microbial exposure to larvae.

4.1. Microbial connection between wild scallop larvae and their
environment

Microbial communities in oceans are volatile over short time periods
as water currents (Zorz et al., 2019) and phages targeting microorgan-
isms (Breitbart et al., 2018; Needham et al., 2013) turn over populations
in a matter of hours to days. In addition to vertical stratification of
communities in the water column (Cui et al., 2019), coastal microbial
communities are affected by runoff from human activities (Viau et al.,
2011), and even affected by the lunar cycle causing higher tides which
can in turn lead to increased connectivity between ocean, estuarine, and
land-based sources of nutrients and particulates (Boehm and Weisberg,
2005). Studies of northwestern Atlantic ocean waters show long-term

stability in the community of microorganisms through seasonal trends
and continuity in environmental conditions (Needham et al., 2013; Zorz
et al., 2019). Yet, as ocean waters continue to warm and acidify, espe-
cially in the Gulf of Maine (Pershing et al., 2021), the changing envi-
ronment may be more suited for different marine microorganisms, and
possibly increase the abundance or pathogenic activity of them (Kurpas
et al, 2021). Given that we observed time-based and
environmental-based effects in microbial communities even in water
removed from external conditions, it is likely that viruses and micro-
biota are surviving the filtration and sterilization of seawater, and that
trends in microbial communities in local ocean water will propagate as
trends in hatchery tanks where they may affect larval survival.

The microorganisms in ocean waters often seed the microbial com-
munities of marine organisms (Sousa et al., 2021). Wild larvae of various
marine species contain a large number of environmentally sourced
bacteria (Boscaro et al., 2022), and this may reflect a lack of microbial
selection on the part of the host, or the constant influx of environmental
microorganisms might overwhelm host-selection trends. Scallops rely on
innate mechanisms to maintain homeostasis, including a complex
combination of mucus production, phagocytosis, and the production of
various cytokines for cell signaling to coordinate host responses (Grayfer
etal., 2020; Song et al., 2015). Disease dynamics in wild scallops are still
poorly understood, and offer only suggestions of polymicrobial
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Fig. 9. Non-metric multidimensional scaling (NMDS) plot of bacterial community structure from wild Atlantic sea scallop veliger-stage larvae (brown circles),
cultured veliger larvae (pink circles), and tank-associated biofilms (blue triangles). Each point represented the bacterial community from one sample, using different
methods of calculating similarity. Data were subset by sequencing batch 1 (A,B) or 2 (C,D). Similarly calculated using unweighted Jaccard similarity to evaluate
presence/absence (A, C) or weighted Bray-Curtis to evaluate presence and abundance (B,D).

infections and complex etiological factors of disease, though for many
events a causative agent was only putatively assigned (Belvin et al.,
2008; Gulka et al., 1983; Gulka and Chang, 1985; Leibovitz et al., 2009;
Stokesbury et al., 2007). This hesitancy is partly due to the complexity of
tracking infectious disease in wild animal and marine populations,
especially without pre-event health monitoring, microbial activity in-
dicators, or the ability to isolate these microorganisms for scallop
infection trials. However, if scallop larvae indeed pick up their associ-
ated microorganisms from their local environment and exert little to no
host selection on that community, that may indicate that the hatchery
tank microbial community is a critical source for influencing scallop
community acquisition.

4.2. Trends in scallop hatchery tanks

We observed shared bacteria between our hatchery veligers and our
tanks. Previous identification of bacterial communities in the water of
Yesso scallop (Patinopecten yessoensis) hatchery tanks showed commu-
nity succession in response to scallop larvae stage (Yu et al.,, 2019).
Specifically, Vibrio, Pseudoalteromonas, and Sulfitobacter dominated in
the larval trochophore stage, approximately the first 10 days of life, and
then Glaciecola dominated during the D-veliger stage, days of life
~10-40 (Yu et al., 2019). We found some Vibrio and Pseudoalteromonas
in our tanks, but our tanks had much more Pseudomonas across the
sampling time.

10

We also observed a repeating pattern in the rise and fall of bacterial
taxa richness in scallop tank surfaces, which correlated to the lunar tidal
cycle using statistical analysis on a limited time series, but in the absence
of corresponding fresh seawater samples we were unable to confirm this.
However, this trend was corroborated by a slight but significant effect of
the lunar cycle on beta diversity in our tanks. The hatchery’s location on
Beal’s Island, ME is only 64 km from the mouth of the Bay of Fundy and
therefore, has a relatively large tidal range of 3-5 m across a lunar cycle.
A Land Ocean Biogeochemical Observatory located in nearby Machias
Bay, ME demonstrates that turbidity in this estuary doubles from a neap
to a spring tidal cycle and concomitant trends in nitrate and chlorophyll
can be observed during this transition (Brady and Maxwell, 2014; Liberti
etal., 2022). In short, tidal dynamics in this region are almost certainly a
major contributor to particulate and nutrient dynamics which in turn
will shape microbial dynamics. The lunar phase has previously been
shown to affect California coastal waters with increases in enterococci at
the new and full moon stages on a 12-day cycle (Boehm and Weisberg,
2005). Enterococci in land-based waste water can be washed into river
and coastal waters during storms in areas without sufficient stormwater
and sewage infrastructure (Francy et al., 1993), and can persist in
coastal waters which are rich in organic matter and turbid enough to
reduce UV damage to microbial cells (Myers and Juhl, 2020;
Rochelle-Newall et al., 2015). We found some fecal indicator bacteria in
our tank samples, as well as other taxa which were associated with
certain times in the lunar cycle. Aureispira was high during the full
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Fig. 10. Bacterial sequence variants from tank surfaces identified as possible sources for bacteria in scallop hatchery veligers in (A) September (B) and October. The
SourceTracker algorithm was used to identify bacteria which were significantly (p < 0.05) likely to be sourced from tanks and contributed to veliger communities
(sinks). Data were subset to include tank samples taken from the day before or the same day as the two scallop veliger sampling days.

moon, and is a predator of Vibrio when sufficient calcium is present
(Furusawa et al., 2015), which is provided in scallop larval rearing tanks
via chemical buffering additives. Aureispira and Bernardetia litoralis are
commonly found in coastal waters. Cutibacterium and Acid-
ipropionibacterium are commonly found on human skin, and Lawsonella
clevelandensis has received attention for being pathogenic to humans in
rare cases, but has been found in fish previously (Itay et al., 2022).
Veillonella and Pseudomonas are commonly found in all environments,
where their behavior and pathogenicity can be context-specific.

Our tank samples were collected 48-hours after fresh ocean water
had been filtered and used to refill the tanks, which accounts for the time
lag in our richness pattern as compared to the lunar cycle. Additional
research is needed to determine if the microbial communities in
hatchery veligers would mirror this repeating pattern observed in tanks,
and if this creates a biologically meaningful effect for larvae. Many
marine animals spawn according to a lunar cycle (Bulla et al., 2017),
including scallops in the wild. For example, sperm production is highest
around the first quarter but fertilization success is highest in the third
quarter (Bayer, 2022a, 2022b; Jekielek, 2022). It is possible that
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hatcheries which synchronize their spawning to the lunar cycle would
have improved larval survival, if there are as yet unknown cues which
the animals respond to or they have developed enough to ward off
environmental microorganisms influxing during the lunar high tides.

Ciliates were observed in scallop larval tissues in the flow-through
group. Over 150 species of ciliates associate with various scallop spe-
cies, primarily Trichodinids which have flagella distributed around the
cell (peritrichous) (Getchell et al., 2016). Under most conditions, these
ciliates are considered to be scallop commensals (Oliva and Sanchez,
2005; Song et al., 2002), and we observed no indication that ciliates
were the cause of die-off or large-scale changes to the microbial com-
munity. Ciliates often graze on bacteria, and may be feeding inside the
developing scallop, and harbor their own microbial community which
may be one source for the species of Pandoraea bacteria found in tanks
(Kostygov et al., 2016). Pandoraea are more commonly known for
opportunistic infections in cystic fibrosis patients, but it’s possible that
they can subsist on the mucus chain produced by scallop larvae when
they create rafts in preparation to settle.
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4.3. Potential benefits to scallop production

The long-term goal of this research is to standardize management
practices to support beneficial microbiome assembly to improve animal
health, and thereby enhance the success of cultured scallop production
and overall aquaculture industry. Globally, scallop meat is a growing
commodity (Food and Agriculture Organization of the United Nations,
2018), and the Atlantic sea scallop fishery in the United States is integral
to many coastal industries (Agriculture Council of Maine, 2013; Maine
Department of Marine Resources, 2020; The Hale Group, 2016). Farmed
scallop productions currently rely on collections of wild scallop spat but
wild population crashes, habitat quality, harvesting intensity, and,
increasingly, ocean acidification and warmer water temperatures
(Cooley et al., 2015; Culliney, 1974; Rheuban et al., 2018), all threaten
the sustainability and economic viability of this industry (Cooley et al.,
2015; Ferraro et al., 2017; Stokesbury et al., 2007). There are consid-
erable year-to-year spatial and temporal fluctuations in natural spat
volume which demonstrably results in unpredictable spat supply for the
scallop farming sector, and instability for farmers (rbouvier Consulting,
2019; Rheuban et al., 2018; The Hale Group, 2016). If stability in pro-
duction of cultured juvenile sea scallops could be achieved, total scallop
harvest has the potential to grow three-fold in Maine alone over the next
10-15 years (The Hale Group, 2016), and, as an additional benefit, the
wild scallop population would have one less stressor. Thus, there is a
critical need to decouple this reliance and improve reproducibility of
production such that farmed scallop production can become economi-
cally viable. If production facilities can take in and store seawater in
advance of a lunar high tide, they may be able to avoid the alterations to
water chemistry and microbiota in tanks.
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