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Abstract

High mortality rates of cultured Pacific oysters (Crassostrea gigas) during the summer
months have regularly occurred on oyster farms in British Columbia, Canada over the last
10 years, but little is known about the microbial and environmental conditions that con-
tribute to such mortality events. The objective of the study was to determine correlative
factors associated with the onset of a summer mortality event in oysters (mean+ SD shell
height: 14.2+0.5 mm) grown in suspended culture at four stocking densities (150, 300,
450, 600 oysters tray~') from May 11 to September 17, 2018. Variables examined included
both biotic (oyster growth, mortality, reproductive development, and microbiome (approxi-
mately every week); Vibrio and harmful algal species abundance) and abiotic (temperature,
salinity, turbidity, dissolved oxygen, pCO,, pH, and aragonite saturation) ones. Both the
absolute abundance of V. aestuarianus and the relative abundance of Vibrio spp. increased
with observed oyster mortality and declining health. Mortality was highest on August 12
and associated with a prior period of elevated temperatures (i.e., increasing temperatures
from early July to early August) and increased oyster growth/reproductive development. At
that time, systemic mixed microbial infections and necrotic gill tissue in histological cross
sections were observed in 19% of oysters that appeared healthy macroscopically. Cumula-
tive percent mortalities per tray ranged from 34 to 75%, the highest-density trays having
significantly less mortality and smaller shell width, shell length, and gonad length than
lower-density trays. This study demonstrates the significant impact of summer mortality
on Pacific oysters and highlights the biotic (host growth, reproductive development, and
microbiome composition as well as Vibrio spp. abundance) and abiotic (water temperature)
factors associated with the observed mortality in this region.

Keywords Bacterial pathogens - Marine heatwaves - Microbiome - Oyster mortality
events - Shellfish aquaculture

Handling Editor: Gavin Burnell

Extended author information available on the last page of the article

Published online: 20 February 2024 ) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10499-024-01415-5&domain=pdf

Aquaculture International

Introduction

Pacific oysters (Crassostrea gigas) are one of the most extensively cultured bivalve species
in the world (FAO 2018). In British Columbia (BC), Canada, Pacific oysters have been an
important farmed species for over a century and have a significant socio-economic role
in coastal communities (Quayle 1988; DFO 2013). Oyster aquaculture in Baynes Sound,
BC generally relies on hatchery-produced seed grown in suspended culture for their first
year, followed by shell hardening on an intertidal beach before being sold on the half-shell
market. Baynes Sound is a small passage between Vancouver Island and Denman Island
that is extensively farmed, with 137 shellfish tenures that include 90% of the intertidal area
(Bendell 2019), although not all farms are always active. In recent years, the BC oyster
aquaculture industry has been faced with recurring summer mortalities of unknown aetiol-
ogy. Typically, these mortality events can cause losses of 20— 100% of the farmed prod-
uct throughout the summer. High temperature, reproductive development, and opportunis-
tic pathogens are well-studied factors that have been implicated in Pacific oyster summer
mortality in other regions of the world (Katkansky and Warner 1974; Garnier et al. 2007;
Wendling and Wegner 2013; Azéma et al. 2016; Green et al. 2019), but little is known
about the causative factors in BC (Cowan et al. 2023).

Summer mortality events generally occur during periods of elevated temperature and
reproductive effort (Cotter et al. 2010; Wendling and Wegner 2013). The process of game-
togenesis and spawning in Pacific oysters is energy-intensive, their gonads developing
rapidly and accounting for over 50% of their body volume when fully developed (Imai
et al. 1965; Quayle 1988). During that period, oysters may have a compromised immune
system with reduced thermo-tolerance and anti-microbial activity (Li et al. 2007; Huvet
et al. 2010; Wendling and Wegner 2013). The intensity of reproductive effort has been
positively correlated with the susceptibility of Pacific oysters to summer mortalities in both
field (Imai et al. 1965; Perdue et al. 1981; Cotter et al. 2010) and laboratory (Delaporte
et al. 2007; Huvet et al. 2010; Wendling and Wegner 2013) studies. Further, gonadal tissue
may be more susceptible to infections by opportunistic pathogens, such as Vibrio spp. (De
Decker et al. 2011).

Bacterial pathogens have been considered a key factor in some Pacific oyster summer
mortality events. The most well-documented bacteria associated with oyster mortali-
ties include Vibrio aestuarianus and V. splendidus, both implicated in mass mortalities in
various commercial farms in France (Lacoste et al. 2001; Garnier et al. 2007; Barbosa-
Solomieu et al. 2015; Azéma et al. 2016), and Nocardia crassostrea, involved in summer
mortalities in Puget Sound (Washington, USA) and Nanoose Bay, Denman Island, and
Scott Island (BC) (Elston et al. 1987; Friedman et al. 1991; Friedman and Hendrick 1991).
Although the genus Vibrio contains several opportunistic pathogens affecting humans and
many marine species (Baker-Austin et al. 2018), V. aestuarianus is associated with signifi-
cant mortalities in Pacific oysters, older individuals being most susceptible (Azéma et al.
2016). In other regions of the world, changes in oyster microbial community structure (par-
ticularly increases in Vibrio spp. abundance) coincide with summer mortalities, providing
evidence of their association with summer mortality events (Green et al. 2019; King et al.
2019b, c).

Diverse and stable microbiomes are important for host immunity and can protect
them from colonization by pathogens (Kamada et al. 2013). Pacific oyster microbi-
omes typically decrease in diversity when disease symptoms are observed (Lokmer
and Wegner 2015; Green et al. 2019; King et al. 2019b). The use of high-throughput
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sequencing targeting the 16S rRNA gene provides an effective way to assess changes
in microbial communities associated with Pacific oyster summer mortality (Wendling
et al. 2014; Green et al. 2019; King et al. 2019b). For example, King et al. (2019b)
demonstrated an increase in rare operational taxonomic units (OTUs), belonging to
Vibrio harveyi and another unidentified Vibrio sp., in the microbiomes of diseased oys-
ters compared with those in healthy oysters.

Alteration of the culture density of oysters may be a potential method to mitigate
summer mortalities because high culture densities potentially reduce oyster growth rate
and reproduction by limiting food availability and space (Chavez-Villalba et al. 2010).
A reduction in food concentration has been shown to reduce the reproductive effort
of oysters and resulted in reduced mortalities in controlled experiments (Delaporte
et al. 2007; Enriquez-Diaz et al. 2009). Conversely, higher densities may contribute to
higher mortalities due to competition for space and resources and/or to increased trans-
mission of pathogenic agents between hosts (Baker-Austin et al. 2018).

Literature on Pacific oyster summer mortality suggests that it is a complex multifac-
tor disease progression with several different cumulative sublethal stressors contribut-
ing to the susceptibility by opportunistic disease agents (King et al. 2019b). That could
include harmful algal species such as Alexandrium spp. that increase the susceptibility
of oysters to infections by V. tasmaniensis (Abi-Khalil et al. 2016). Similarly, exposure
to adverse environmental conditions or variability can cause diseases and mass mor-
talities of oysters (King et al. 2019a).

The present study evaluates the role of both biotic (oyster growth, reproductive
development, microbiome, and stocking density; Vibrio abundance; harmful algal
species and concentrations) and abiotic (temperature, salinity, turbidity, dissolved
oxygen, pCO,, pH, and aragonite saturation) factors in summer mortality of Pacific
oysters grown in suspended culture at four different densities (150, 300, 450, 600 oys-
ters tray~!). Two key questions were addressed: (1) does oyster stocking density influ-
ence the timing and magnitude of oyster mortality and (2) does the microbiome of
oyster gill tissue change over the course of the summer and during periods of elevated
mortality?

Materials and methods
Experimental design

This investigation was conducted in Metcalf Bay, Baynes Sound, BC (49.250° N,
124.456° W) (Fig. 1) from May 11 to September 17, 2018 using the commercial prac-
tices of suspended oyster culture in the region. Oysters at the start of the experiment
were 14.2+0.5, 4.7+0.2, and 11.0+0.3 mm (mean + SD) in shell height, width, and
length, respectively, and 8 months in age. They were placed in Dark Sea oyster trays
(LXWxH: 69%x69x9 cm) at four different common commercial stocking densities
(150, 300, 450, 600 oysters tray_1 or 71.4, 142.8, 214.3, 285.6 oysters m_z) with four
replicate trays per density, for a total of four blocks in a Latin square design (Supp.
Fig. 1). The blocks of trays were suspended from rafts in the water column at 5-m
depth (at mid-point of the block) and 1.5 m apart horizontally.
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Fig. 1 A Map of Pacific Northeast with the field site location shown with a square. B Baynes Sound show-
ing Metcalf Bay in black square (H), Fanny Bay in black up-pointing triangle (A ), and Chrome Island in
black circle (@)

Environmental factors

A YSI EXO2 multiparameter water quality sonde (YSI, Yellow Springs, OH, USA) was
deployed at 5-m depth in Fanny Bay (49.507° N, 124.829° W), 6.7 km from the field site,
for the duration of the experiment and measured temperature, salinity, turbidity, and oxy-
gen saturation at 10-min intervals. An Onset® HOBO® pendant (Onset, Bourne, MA,
USA) was attached to an experimental tray block (in Metcalf Bay only) at mid-height and
recorded temperatures at 10-min intervals. Daily water temperatures at the Chrome Island
lighthouse (49.496° N, 124.765° W, 6.5 km from the field site) from 1969 to 2018 were
downloaded from the Department of Fisheries and Oceans (DFO 2019).

Eleven water samples were periodically (every 6 — 12 d) collected throughout the summer
for carbon chemistry analysis in 350-ml soda-lime glass bottles from surface water (0 m)
directly above the trays, care being taken to limit the introduction of air bubbles (Evans et al.
2019). Bottles were preserved with 200 ul of a saturated mercuric-chloride solution and
capped with polyurethane-lined metal caps. Samples were analyzed using a Burke-o-Lator
(Hales et al. 2004), and partial pressure of carbon dioxide (pCO,), temperature-adjusted
hydrogen ion concentration (pHy), and aragonite saturation state (€2,,,,) computed using the
CO2SYS program on MATLAB (Van Heuven et al. 2011; Evans et al. 2019).

Oyster monitoring and collection

Approximately every 2 weeks between May 11 and September 17, 2018, the shell height,
length, and width of 10 haphazardly-selected oysters from each tray were measured.
Dimensions used were described by Galstoff (1964): height is the distance between the
umbo and the ventral valve margin, length is the maximum distance between the anterior
and posterior margin parallel to the hinge axis, and width is the greatest distance between
the top and bottom shell halves. To assess mortality, 100 haphazardly-selected oysters
from each tray were examined. Dead oysters were defined as those with no shell-closing
response. Live and dead oysters were both returned to the trays after counting. Starting on
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May 23, and on a total of nine sampling dates, one oyster that appeared healthy was hap-
hazardly collected from each tray (N=16 per sampling date, N, = 144) for microbiome
and histological analysis. Oysters were scrubbed with a bristle brush to remove biofouling,
then opened using a shucking knife and scalpel that were disinfected for approximately
2 min in 70% v/v ethanol between processing each oyster. A transverse cross section
(~3 mm thick) was cut through the visceral mass of each oyster and preserved in David-
son’s solution for histological examination (Howard et al. 2004). A small piece of gill tis-
sue was removed and preserved in 500 ul of RNALater (Invitrogen, Carlsbad, CA, USA)
and stored at— 80 °C for later DNA extractions.

Histology

Transverse tissue cross sections were taken perpendicular to the dorsal-ventral margin
from healthy oysters, which included gill, stomach, labial palps, and gonad tissue, and they
were processed using routine histological techniques and embedded in paraffin. Five-um-
thick tissue sections were de-paraffinized, rehydrated, and stained with Harris’ modified
hematoxylin and eosin (H&E) stain. Tissue sections from the 16 healthy oysters sampled
on August 12 (during the mortality event) were also stained with Gram stain.

Histology slides were examined via light microscopy and the gonad development of
each oyster was categorized based on the stages described by Steele and Mulcahy (1999):
undifferentiated (0), early active (1), late active (2), ripe (3), partially spent (4), totally
spent (5), post-spawning (6), and resorption (7). Images of each oyster cross section were
captured via light microscopy and traces of gonad area (GA) and total oyster area (OA)
were prepared on QGIS (QGIS 2020). The GA, OA, and maximal gonadal length (GL) of
each oyster were quantified using ImagelJ software (Schneider et al. 2012), and the gonado-
somatic index (GSI) was calculated as the proportion of GA to OA. In addition, the histol-
ogy slides were examined for the presence of pathogens and pathology.

DNA extraction

In addition to the 16 gill clippings collected per sampling date, two weak oysters (slow
shell-closing response) and four moribund oysters (no shell-closing response, but not yet
undergoing liquefactive necrosis), were collected and preserved for DNA extraction dur-
ing a mortality event on August 12. Each gill clipping was transferred from RNALater to
a 1.7-ml microcentrifuge tube containing 500 pl of lysis buffer (1-M Tris—HCI, pH 8.0;
0.5-M EDTA, pH 8.0; 1% sodium dodecyl sulfate) and ~ 30 mg of silica beads, and homog-
enized using a Mini Bead-beater (BioSpec Products, Bartlesville, OK, USA) for 30 s. Pro-
teinase K (250 pg) was added to each sample, followed by incubation in a shaker incu-
bator (Excella E24, New Brunswick Scientific, Edison, NJ, USA) for 16 h at 37 °C and
150 rpm. Chloroform:isoamyl alcohol (24:1, 500 ul) was subsequently added to each sam-
ple, vortexed for 1 min, and centrifuged at 14,000 g for 5 min. The upper aqueous phase
was removed and placed in a clean microcentrifuge tube for DNA purification by ethanol
precipitation. Ice-cold ethanol (100%, 400 ul) was added and samples were centrifuged
at 14,000 g for 10 min. The supernatant was removed and the pellet washed with 200 pl
of ethanol (80%). The samples were centrifuged at 14,000 g for 10 min and the superna-
tant was removed. The pellet was air dried and re-suspended in 50 ul of Tris EDTA buffer
(10 mM Tris—HCl and 1 mM EDTA-Na,).
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Microbial composition

A volume of 5 pl (diluted to 25 ng ul~") from each oyster DNA sample was pooled across
the four replicates for each density and time point during the experimental trial. Addition-
ally, the weak-response oyster samples were pooled and the moribund oyster samples were
pooled, for a total of 38 samples for high-throughput sequencing analysis of microbial
communities. Amplicons of the V3 — V4 region of the 16S rRNA gene were generated by a
nested PCR with two rounds of amplification, both using a 20-pl reaction volume contain-
ing 10 pl of 2X GoTaq Green Master Mix (Promega Corporation, Madison, WI, USA),
2 pl of both forward and reverse primers (1 pM final concentration), 1 pl of template DNA,
and 7 pl dH,0, using a SimpliAmp Thermal Cycler (Thermo Fisher Scientific, Waltham,
MA, USA). The first round of PCR used the primers F357 (5' TACGGGAGGCAGCAG)
and R806 (5’GGACTACVSGGGTATCTAAT), with thermocycling settings of 95.0 °C hot
start for 4 min, followed by 25 cycles of 95.0 °C for 30 s, 53.4 °C for 45 s, and 72.0 °C for
2 min, followed by a final elongation step for 5 min at 72.0 °C (Fisher et al. 2016). The
second round of PCR used the forward primer F341, which included a variable Ion Xpress
barcoded region (bold) and a sequencing adaptor (underlined and bold) (5" CCATCTCAT
CCCTGCGTGTCTCCGACTCAGCTAAGGTAACGATTACGGGAGGCAGCAG  39)
and the reverse primer 806R, which contained a P1 adaptor (underlined) (5 CCACTACGC
CTCCGCTTTCCTCTC TATGGGCAGTCGGTGATGG ACTACVSGGGTATCTAAT
37). The thermocycling settings were 95.0 °C hot start for 4 min, followed by 20 cycles
of 95 °C for 30 s, 65.0 °C for 45 s, and 72.0 °C for 2 min, followed by a final elongation
step for 5 min at 72.0 °C. Following PCR amplification, each product was purified with the
Agencourt AMPure XP magnetic bead cleanup protocol (Beckman Coulter, Inc., Brea, CA,
USA), using a magnetic PCR plate rack, and quantified on a Qubit 2 Fluorometer using the
Quant-iT dsDNA BR Assay Kit (Thermo Fisher Scientific).

Following purification of the second PCR products, barcoded amplicons from each sam-
ple were pooled at equimolar amounts and the library dilution factor was determined based
on quantification with an Ion Library Quantitation Kit on an ABI QuantStudio 3 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). An Ion 520 and Ion 530 Kit-
Chef on an Ion Chef Instrument was used to prepare DNA for sequencing, which was com-
pleted on an Ion 530 chip with 400 bp chemistry on an Ion S5 XL System (Life Technolo-
gies Inc., Carlsbad, CA, USA). Sequencing data were processed in Torrent Suite 5.10.0
with Pre-BaseCaller and BaseCaller Args set to disable-all-filters. The resulting multi-
plexed BAM (binary alignment and map) file was exported and passed to AMPtk v1.2.5
(Palmer et al. 2018) for de-multiplexing with the AMPtk ion script using default param-
eters (minimum read length 100 bases, trim all reads to 300 bases, no barcode mismatches,
2 base primer mismatch allowed, USEARCH v9.2.64, VSEARCH v2.9.0). Concatenated
de-multiplexed data files were used for OTU clustering at 97% with AMPtk cluster and
filtered with AMPtk filter. The taxonomic designation was assigned using the AMPtk tax-
onomy script and the AMPtk bacterial 16S database, prepared from rdp_16S_v16 from
drive5 Bioinformatics Software and Services.

Quantification of Vibrio aestuarianus

Vibrio spp., including V. aestuarianus, were isolated from local oysters as described in
Cowan et al. (2023). The isolates were used to design species-specific recA primers and
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probes for use in the detection and quantification of V. aestuarianus. Each 10-ul gPCR
reaction contained 5 pul SSO Advanced Universal Probes Supermix (Bio-Rad, Hercules,
CA, USA), 0.25 pl of both forward (5'-AGGTTCGATCATGCG CCTAG-3') and reverse
(5'CTGACGATTCCGGGCCATAG-3') primers, 0.1 pl of probe (5'-[HEX] TACGATGGA
TGTTGAAACCATCTCTACTG [BHQ1]-3"), 1.9 pl of dH,0, and 2.5 pl of extracted DNA
from a sampled oyster at 25 ng pl~'. Reaction conditions included an initial denaturation
phase of 5 min at 95 °C followed by 40 cycles of 15 s at 95 °C and 15 s at 60 °C. All
samples were analyzed in duplicate in a 384-well, hard-shell PCR plate (Bio-Rad) on a
CFX384 Real-Time System using the Bio-Rad CFX Maestro version 1.1 software (Bio-
Rad). The standard curve was prepared through five tenfold dilutions of a known density
of cultured V. aestuarianus. The RecA qPCR amplicons were Sanger sequenced in both
directions (Eurofins MWG Operon Inc., Huntsville, AL, USA), a consensus sequence was
aligned by ClustalW on MEGA 10, and a basic local search tool analysis was conducted on
the National Center for Biotechnology Information Sequence Database.

Potentially harmful phytoplankton

Water samples (15 in total) were collected approximately weekly during the experiment for
analysis of phytoplankton composition and biomass. One 15-m vertical tow, using a 20-um
mesh plankton net, and one discrete water sample at 5-m depth, using a Van Dorn bottle,
were taken at Metcalf Bay and stored in 125-ml bottles. The samples were preserved with
a final concentration of 0.3 and 0.04% v/v Lugol’s iodine solution, respectively. Potentially
harmful algal species were identified, as identified by Cassis et al. (2011) and Nicky Haigh
(Microthalassia Consultants Inc., pers. comm), and included Alexandrium spp., Dictyo-
cha speculum, Dinophysis spp., Heterosigma akashiwo, Protoceratium reticulatum, Pseu-
donitzschia spp., and Rhizosolenia setigera. Identification of all phytoplankton taxa was
done to the lowest practical taxonomic level, based on morphology (Hasle 1978), with a
compound microscope using a Sedgewick-Rafter slide. The total phytoplankton abundance
was subjectively scored on a qualitative scale from 1 to 5, which corresponds to a range of
very low (1-2 cells ml™!) to very high (10,000 cells ml™h.

Statistical analysis and visualization

All statistical analyses and visualizations were performed using the R statistical language
(R Core 2020). Values in the present study are represented as mean + standard deviation
unless otherwise indicated. Graphics were created using the packages ggplot2 (Wick-
ham 2016) in R and Microsoft Excel 2016. To examine the density-dependent effects on
oyster size, reproductive effort, and mortality, end values from each tray were compared
with a linear mixed-effects regression (LMER), with density as a fixed factor and block
as a random effect using the Ime4 package (Bates et al. 2019). Pairwise comparisons were
conducted using the Tukey HSD significance test in the emmeans package with a=0.05
(Lenth et al. 2020). The assumptions of normality and homoscedasticity for a linear model
were confirmed by the Shapiro—Wilk test and Levene’s test, respectively. Size and repro-
ductive effort values were square-root transformed and final cumulative mortality was arc-
sine transformed to meet those assumptions.

The 16S rRNA gene OTUs were investigated using the Vegan package (Dixon 2003).
The read number varied from 13 to 185,473. Seventeen samples below the threshold of
9150 reads based on the rarefication curve were removed, and the remaining 21 samples
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were rarefied to 9150 reads. Non-metric multidimensional scaling (NMDS) plots using
Bray Curtis dissimilarity were generated for exploratory data analysis and a permutational
multivariate analysis of variance (PERMANOVA) was used to examine statistical differ-
ences in microbial community composition between groups. Similarity percentage analy-
sis (SIMPER) was used to further examine which OTUs contributed to the significant dif-
ference in microbial composition. The relationship between height, width, and length was
examined by principal components analysis (PCA).

Results
Mortality

From May 11 to July 15 there was no observed mortality in any of the replicate trays
(Fig. 2). Mortality was first noted on July 30 with 10.75 + 1.97% mortality across all densi-
ties, which coincided with a period of elevated temperature. Cumulative mortality meas-
ured on September 17 was 52.9+11.8% across all densities.

Effects of stocking density

Cumulative mortality decreased with increased stocking densities, the highest stock-
ing density having significantly lower mortality than the lowest one (p=0.023)
(Fig. 3). Density also had significant effects on oyster shell width (p =0.001) and length
(»p=0.002), with higher densities having significantly smaller oysters than lower ones
(Fig. 4). Oyster shell height decreased with increasing stocking density, although the
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Fig.2 Percent oyster survival over time at four stocking densities (150, 300, 450, and 600 oysters tray™').

Daily water temperatures (red line) were acquired from DFO monitoring at Chrome Island lighthouse (DFO
2019). Fitted curves are smoothed conditional means using local polynomial regression fitting
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Fig.5 Final mean+SE (n=4) oyster gonad area, oyster area, and gonad length in the four oyster stocking
densities (150, 300, 450, and 600 oysters tray~'). Significant differences among treatments are indicated
(p<0.05, Tukey HSD test)

effect was marginally non-significant (p =0.057) (Fig. 4). Gonad length also decreased
significantly with increasing density (p =0.049), the lowest and highest stocking densi-
ties being significantly different from one another (Fig. 5). Both gonad area and oyster
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area also decreased with increasing stocking density, but the effects were non-signifi-
cant (p=0.718 and p=0.070, respectively) (Fig. 5).

Growth and reproductive development

Throughout the experiment, the average shell height, width, and length of oysters
across all trays and densities increased from 14.2+0.5, 4.7+0.2, and 11.0+0.3 mm to
60.0+0.9, 19.2+0.6, and 35.9+ 0.9 mm, respectively. The relationship between height,
width, and length was examined by PCA, with PC1 describing 98.3% of the variation
in those size measurements. Based on PCI1, the oysters had an average 320.0% increase
in shell size from May 11 to July 30 at the onset of the mortality event. Similarly, oys-
ter reproductive development shifted from predominantly undifferentiated gonads
(14/16 individuals) with 1 male and 1 female on May 23 to predominantly late active
and ripe gonads (15/16 individuals) with 8 males and 8 females on July 30 at the onset
of the mortality event. Over the same period, a change in gonad area from 0.04 +0.14
to 14.49+12.79 mm? was observed and the gonadosomatic index increased from
0.48 +1.66 to 24.23 +11.90% gonad occupation. A PCA of reproductive effort assessed
the correlation between developmental stage, gonad area, gonad length, and gonado-
somatic index, PC1 describing 79.4% of the variation in reproductive effort (Fig. 6).
Throughout the period of observation, there was a linear relationship between log-
transformed values of oyster size (PC1) and values of reproductive development (PC1)
(R2=0.652, p<0.00001).

401 Density A
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- A 300
Q m 450 . "
=301 + 600 + % A
S +
] .
§' Date - N « 4,
E 17 Sept . 4 J « .m
n
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8 23 May Aoy ‘,},. ., +i - .
k3 +o o4 L
©10 o+ A 4 =
% ‘ e m + Ang b
x M 1+ m
A A + A
0.
20 40 60 80

Oyster Size (PC1)

Fig.6 Each point represents a replicate tray containing 150, 300, 450, or 600 Pacific oysters. Principal
component (PC) 1 of oyster size variables described 98.3% of the variation in shell height, width, and
length. PC1 of oyster reproductive development described 79.4% of variation in oyster gonad length, gonad
area, gonadosomatic index, and gonad developmental phase
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Environmental observations

The YSI-EXO2 sonde, located at Fanny Bay, recorded data from May 11 to August 2. The
average daily temperature was 15.7+2.0 °C (min: 11.0 °C, max: 18.9 °C), oxygen saturation
was 114.1+£11.3% (min: 91.0%, max: 143.4%), salinity was 26.2+ 1.1 ppt. (min: 23.3 ppt,
max: 28.0 ppt), chlorophyll was 35.37+64.13 pg 1! (min: 0.15 pg 17!, max: 317.5 ug 1Y),
and turbidity was 5.26+9.67 formazin nephelometric units (fnu) (min: 0.06 fnu, max: 49.3
fnu). Eleven surface carbonate chemistry samples were collected at Metcalf Bay from July
18 to September 18. The pH, pCO,, and aragonite saturation throughout the study was
8.17+0.02 (min: 8.1, max: 8.3), 258.5+15.7 yATM (min: 167.0 pATM, max: 349.0 pATM),
and 2.34+0.10 (min: 1.96, max: 2.95), respectively. Throughout the experiment, the daily
average temperature recorded by the HOBO® pendants at 5-m depth was 16.1+2.0 °C (min:
11.0 °C, max: 19.9 °C) whereas the daily average temperature on the 10 days preceding
the first observed mortality, from July 21 to July 30, was 18.7+0.6 °C (min: 16.6 °C, max:
19.9 °C). Those daily temperature averages derived from HOBO® deployments, recorded at
10-min intervals, had a strong correlation with the single daily temperature sample from the
Chrome Island lighthouse (R?=0.88). The Chrome Island data provide a historic context for
the recorded temperatures, with the 5 days preceding the onset of the mortality event exceed-
ing the 80th percentile for the last 30 years for their respective dates.

Necropsy and histological observations

No macroscopic lesions or abnormalities were observed in any of the 144 oysters sampled
for histopathology and no pathologies from pathogens of regional concern (Bower 2017)
were detected via histological examination. However, irregularly shaped microcolonies of
Rickettsia-like organisms were observed within the stomach epithelium of one specimen
that was collected on August 12 (Supp. Fig. 2). In addition, three of 16 specimens collected
on August 12 (during the mortality event) displayed necrosis in the gills and other periph-
eral tissues that was associated with the presence of mixed types of bacteria (Fig. 7). Those
samples had the highest proportion of OTU1 in 16 s rRNA amplicon sequencing and the
highest abundance of V. aestuarianus in qPCR analysis.

16S rRNA Amplicon Sequencing

A total of 1056 OTUs were present and the average per sample was 310.6+111.0 OTUs.
Of the 1056 OTUs, 983 were identified to class and 340 to genus. The most common
classes were Gammaproteobacteria (310 OTUs), Alphaproteobacteria (165), Flavobacteria
(89), and Deltaproteobacteria (84), while the most common genera were Arcobacter (17
OTUs), Vibrio (11), and Psychromonas (8). Eight of the most abundant OTUs, primarily of
the genera Vibrio, Serratia, Pseudomonas, and Psychromonas, made up 48.6% of the read
counts across all samples (Fig. 8).

The NMDS of Bray Curtis dissimilarity clustered by density (not shown) revealed
that there was no significant difference in microbial composition based on stocking den-
sity, a result that was supported by the PERMANOVA (p=0.599, R?=0.156). There
was, however, a significant difference (p=0.009, R>=0.349) in bacterial composition
among groups of samples associated with observed low (<0.1% d™1, medium (0.1-2%
d™h, and high (>2% dh percent mortalities (Supp. Fig. 3). The PERMANOVA analysis
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Fig. 7 Histological tissue sections of a Pacific oyster that appeared healthy macroscopically that was col-
lected on August 12 during the mortality event. Figures A and C stained with H&E and figures B and D
stained with Gram stain. Figures A and B are low magnification showing healthy labial palps (LP) adjacent
to necrotic gill tissue (G). Figures C and D are high magnifications of the necrotic gill tissue showing mixed
bacterial infections (arrows) that are more easily discerned with Gram stain
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Fig. 8 Stacked bar plot of Pacific oyster bacterial microbiome. Shown identities are the nearest result from
the AMPtk v1.2.5 16S rRNA gene database (Palmer et al. 2018) using AMPtk taxonomy with 97% nucleo-
tide clustering. Data pooled across all density treatments
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suggests that there was a significant difference between the low and medium mortality
groups (p=0.003, R?=0.169) and the low and high ones (p=0.012, R>=0.244), but not
between the medium and high mortality groups (p=0.079, R?=0.172). The variation
between clusters of samples from low, medium, and high mortality groups was driven
predominantly by OTU1. For example, OTU1 explained 36.0% of the variation among
samples that appeared healthy and the combined weak and moribund samples in the PER-
MANOVA (p=0.028, R?>=0.111). In addition, OTU1 shared 99.7% nucleotide similar-
ity with several Vibrio spp. including V. aestuarianus (GenBank: KY923252.1) (Saulnier
et al. 2017).

Quantification of Vibrio aestuarianus

Twenty-four of 144 samples were above the limit of detection of 1.78 log,, cells ng™! of
DNA (Fig. 9) and the standard curve had an R? of 0.991 and an amplification efficiency
of 1.006 (y= —3.308x +44.388). The concentration of V. aestuarianus was highest in
moribund oysters and was elevated during periods of observed mortality from July 30
to September 17. The qPCR product had a 99.3% nucleotide similarity with V. aestuari-
anus (GenBank: AJ580855.1) and 90.9% similarity to the next closest match, V. scoph-
thalmi (GenBank: CP016307.1).

.
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Fig.9 Quantitative polymerase chain reaction results for the detection of Vibrio aestuarianus in Pacific
oyster gill tissue samples. Sixteen samples were collected from oysters that appeared healthy macroscopi-
cally per week and the group averages are shown with black bars. Four moribund and two weak individuals
were collected during the mortality event on August 12, 2018. The red dot is the same oyster with a mixed
microbial infection shown in Fig. 7
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Phytoplankton

Rhizosolenia setigera was the most abundant potentially harmful (Nicky Haigh, Micro-
thalassia Consultants Inc., pers. comm.) phytoplankton species present in the upper water
column in Baynes Sound in the summer of 2018, with an average of 233.5 cells ml™! across
all samples (Fig. 10). Other prevalent, potentially harmful phytoplankton species included
Pseudonitzschia pungens-type (69.4 cells ml™"), Eucampia zodiacus (17.9 cells ml~!), and
H. akashiwo (1.5 cells mlI™"). The average concentration of the total phytoplankton com-
munity collected during the experimental was 3500+ 1000 cells m1~".

Discussion
Summary of observed mortality

Water temperatures increased rapidly to over 19 °C at the end of July in Baynes Sound,
which coincided with the onset of Pacific oyster mortalities in our study. Mortalities
of the cultured oysters occurred during a period of rapid growth, with an increase in
shell size of 320% between May 11 and July 30. Gametogenesis occurred simultane-
ously, most oysters developing gonads between May 23 and July 30. The correlation of
Pacific oyster growth and reproductive development with their susceptibility to summer
mortality and infection by opportunistic pathogens has been previously described (e.g.,
Cotter et al. 2010; De Decker et al. 2011; Wendling and Wegner 2013). The observed
accumulation of V. aestuarianus and OTU1 in the gills during the mortality event was,
therefore, likely a result of increased proliferation of bacteria, including pathogenic spe-
cies, higher water temperatures, and increased host susceptibility to infection associated
with elevated temperature, rapid host growth, and the onset of gametogenesis.
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Fig. 10 Concentrations of the most abundant phytoplankton species at 5-m depth in Metcalf Bay. The red
line is percent survival of the oysters
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Environmental data and harmful algal species

Environmental characteristics can play a critical role in Pacific oyster summer mortality
(King et al. 2019a). Our observed values and associated variations of carbonate chem-
istry, oxygen, chlorophyll, salinity, and turbidity were all within the optimal range for
promoting Pacific oyster growth. The water temperatures increased rapidly from early
July to mid-August, the former date coinciding with the onset of mortalities (Fig. 2).
Elevated temperatures can increase the proliferation and virulence of pathogens while
simultaneously increasing physiological stress, impaired immune responses, and sus-
ceptibility of the hosts (Malham et al. 2009; Kimes et al. 2012; Wendling et al. 2014;
Barbosa-Solomieu et al. 2015).

Among the taxa of potentially harmful algal species observed in the present study,
there is limited evidence of cumulative impacts associated with disease susceptibility
or reduced oyster fitness. Keppler et al. (2005) and Abi-Khalil et al. (2016) consid-
ered that H. akashiwo and Alexandrium spp. were harmful phytoplankton taxa that
may have contributed to cumulative stress and mortalities of oysters. However, labo-
ratory experiments suggest both increased disease susceptibility and sublethal affects
occur in oysters when phytoplankton concentrations are 10,000 and 1000 times
greater than the observed concentrations in the present study for H. akashiwo and
Alexandrium spp., respectively (Keppler et al. 2005; Abi-Khalil et al. 2016). Fur-
ther, flagellate diel migration in situ would lessen the harmful exposure relative to
laboratory-based, constant exposure conditions. However, it should be noted that the
causes of summer mortality can vary across time and space and, while not seeming
to be important in the present work, harmful algae could be involved in some cases
of oyster summer mortality.

Effect of stocking density

In our study, there was a negative relationship between starting stocking densities and
size, reproductive effort, and mortality of oysters. That contrasts with Chéavez-Villalba
et al. (2010) who did not observe a significant effect of stocking density on Pacific oys-
ter survival in Mexico. Their densities (ranging from 7.6 to 181.5 oysters m™~2), how-
ever, were somewhat lower compared to those in the present work (71.4 to 285.6 oysters
m~2). As in our study, they observed lower oyster growth at the highest stocking density;
however, they did not quantify or characterize factors related to gametogenesis or repro-
ductive effort (Chavez-Villalba et al. 2010). Additionally, their study was conducted in
a subtropical lagoon, where they observed many months that exceeded the maximum
average daily temperature observed in our study. Field observations suggest reducing
food availability with higher stocking densities will reduce gonad development (Royer
et al. 2008; Chavez-Villalba et al. 2010). Combined, those field studies provide evidence
that limiting food availability may indirectly reduce mortalities through a reduction in
oyster growth and reproductive effort. Controlled laboratory studies on food availability
have yielded comparable results with increased food availability causing significantly
higher summer mortalities (Lipovsky and Chew 1972; Delaporte et al. 2007; Malham
et al. 2009). The observed effect of stocking density on survival in our study suggests
that higher densities in the summer could be an effective and easily implementable
method for farmers to mitigate the extent of summer mortalities.
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Histology and microbial analysis

Histological examination of oyster cross sections did not reveal the presence of any
pathologies of regional concern (Bower 2017). Micro-colonies of Rickettsia-like
organisms were observed within the stomach epithelium of one specimen; however,
there was no associated host response or pathology. Furthermore, infections with
that bacterium have not been implicated in previously published investigations
concerning the cause of summer mortality of Pacific oysters. Three of 16 specimens
collected on August 12 (during the mortality event) displayed necrosis of the gills
and other peripheral tissues that were associated with a mixed microbial infection.
The gram stain showed an abundance of gram-positive and gram-negative bacteria
within the necrotic tissues.

During the observed period of mortalities in the present study, the abundance and
relative proportion of V. aestuarianus increased in healthy, weakened, and moribund
oyster samples. Vibrio aestuarianus was first isolated from seawater, clams, oysters,
and crabs along the Oregon coast and later reported as a pathogen of Pacific oysters
in France (Tison and Seidler 1983; Labreuche et al. 2006a). Following the association
of V. aestuarianus with Pacific oyster summer mortality in France (Garnier et al.
2007), it was split into two sub-species, V. aestuarianus subsp. aestuarianus (Tison
and Seidler 1983) and V. aestuarianus subsp. francensis (Garnier et al. 2008). Due to
the significance of Pacific oyster summer mortality in France, V. aestuarianus subsp.
francensis has been well-studied (e.g., Labreuche et al. 2006b, 2010; Parizadeh et al.
2018). Like most pathogenic Vibrio spp., the virulence of V. aestuarianus to Pacific
oysters is strain-dependent (Garnier et al. 2008; Baker-Austin et al. 2018). Investigations
into a highly pathogenic strain of V. aestuarianus subsp. francensis (01/32) revealed an
extracellular zinc metalloprotease that confers the cytotoxicity and virulence (Labreuche
et al. 2006a, b, 2010). This metalloprotease induces morphological changes in oyster
hemocytes, causing reduced function and survival, leading to host immunosuppression.

At a temperature of 5 °C, V. aestuarianus can be present in oysters at concentra-
tions below the detectable limits, but is detectable following thermal stress (Pari-
zadeh et al. 2018). That observation suggests that V. aestuarianus may have been
present in oysters throughout May and June, at concentrations below the qPCR limit
of detection, and did not proliferate until more favorable environmental and physi-
ological conditions supported its rapid growth. Lokmer and Wegner (2015) dem-
onstrated that the composition and abundance of OTUs in healthy Pacific oyster
microbiomes change significantly with temperature treatments, but not from a chal-
lenge with a virulent Vibrio sp. Similarly, a study with a simulated marine heatwave
of A5 °C over 6 days resulted in a cumulative Pacific oyster mortality of 77.4%, a
reduction in microbial diversity, and a 324-fold increase in V. harveyi concentration
(Green et al. 2019).

It is currently unknown if V. aestuarianus in Baynes Sound is an opportunistic
pathogen that can grow rapidly as a secondary infection or a causative mechanism
in observed Pacific oyster summer mortalities. Future work should characterize the
virulence of V. aestuarianus through controlled laboratory challenges of Pacific oysters
with strains isolated from this area.

@ Springer



Aquaculture International

Growth and reproductive effort

This study provides evidence for the association of reproductive effort with summer
mortality. Such a link has been observed in field studies conducted in other parts of the
world (Imai et al. 1965; Lipovsky and Chew 1972; Perdue 1983; Cotter et al. 2010) as
well as in laboratory trials (Delaporte et al. 2007; Huvet et al. 2010; Wendling and Weg-
ner 2013), but not in cultivated oysters in coastal waters of BC. At the onset of summer
mortality on July 30, we observed a gonadosomatic index of 24%, whereas during the
anomalously warm period in May, the oysters had a GSI of only 0.48%. Many summer
mortality studies have focused on Pacific oysters in their second summer when they typ-
ically have a much higher GSI (e.g., Perdue 1983; Azéma et al. 2016). Mature gametes
in Pacific oysters are associated with oyster size, not age, and the amount of reproduc-
tive effort is a product of food availability (Quayle 1988; Enriquez-Diaz et al. 2009). In
addition, there is evidence that the proportion of female oysters is positively correlated
with food supply and oyster age (Quayle 1988; Cowan et al. 2023). Pacific oysters are
protandrous hermaphrodites and are thought to be all males during their first summer
of reproductive development (Pauley et al. 1988). In contrast, in the present study, a
substantial proportion of oysters (e.g., 50% on July 30) were female throughout their
first summer. The mechanism by which gametogenesis could increase susceptibility to
summer mortality is not well understood (De Decker et al. 2011). The process of game-
togenesis may directly lower the immune response of oysters by reducing the number
of circulating hemocytes (Delaporte et al. 2006). De Decker et al. (2011) also observed
that V. splendidus preferentially infects gonad tissue, however, we detected only V. aes-
tuarianus in gill epithelium.

Despite the correlations in occurrence of gametogenesis and summer mortality in field
and laboratory studies, there is little evidence that triploid oysters with reduced reproduc-
tive capacity experience lower summer mortalities. Triploid oysters are often considered
partially sterile, with approximately 0.06% of the reproductive potential of diploid oys-
ters (Allen and Downing 1986; Suquet et al. 2016; Houssin et al. 2019). Their gonado-
somatic index is also significantly lower than that of diploids (Jeung et al. 2016). Suquet
et al. (2016) observed gametes in 92.9% of diploid oysters and in only 42.0% of triploid
individuals. Despite their reduced reproductive effort, Wadsworth et al. (2019) observed
significantly higher summer mortalities in triploid Eastern oysters (Crassostrea virginica)
compared with diploids. Comparative studies of diploid and triploid Pacific oysters may
present an opportunity for the differential examination of the role of reproductive effort and
energy utilization in summer mortality (Allen and Downing 1986).

Conclusions

The present study demonstrated that summer mortalities of 52.9 +11.8% can occur dur-
ing the first summer of growth of Pacific oysters in suspended culture in Baynes Sound.
We demonstrated that increased V. aestuarianus abundance, elevated water tempera-
tures, and rapid growth/gametogenesis are associated with summer mortalities in the
region. The effect of stocking density on mortality suggests that reducing food avail-
ability may alter Pacific oyster susceptibility to summer mortality. An improved under-
standing of oyster energetics during periods of gametogenesis may identify improved
management strategies for oyster farmers in the region.
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