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ABSTRACT PAGE

Unusual mortalities of cultured Crassostrea virginica in late spring have been reported
from farms in the Chesapeake Bay from 2014 to 2017. None of the usual causes (e.g. disease,
poor husbandry) were likely responsible, and mortalities occurred without clear signs of
biological or physical stressors. Mortalities in the spring of 2014 were particularly high on over a
dozen farms in Virginia, most of which were on the bayside of the Eastern Shore. Estimated
losses were over 50%; however, mortalities only occurred within a four-week period between
mid-May and early June. Farmers that had unusually high mortality in their crop were
exclusively growing triploid oysters, which implicated triploidy as an important factor and even
led to calling these events “triploid mortality.” Many affected farmers were also growing a
“northern cross,” oysters made by crossing brood stock from New England to brood stock from
Virginia, and relatively high fecundity was found in some triploid oysters sampled from these
farms. It was hypothesized that the genetic contribution from the New England parent of the
northern cross was causing aberrant gametogenesis in triploid oysters during the late spring,
and that this caused triploid mortality. A controlled field test was conducted to evaluate this
hypothesis and to further examine the role of genetics and gametogenesis in triploid mortality.

To investigate the effect that ploidy and brood stock origin have on susceptibility to
triploid mortality, four triploid and four diploid types of oysters, produced by crossing different
combinations of brood stock of Virginia, Louisiana, and Maine origin, were deployed to three
commercial oyster farms that experienced unusually high mortality in 2014, as well as to a
control site lacking reports of unusual spring mortality. The survival and growth of oysters from
each group were measured throughout the spring and summer of 2016. A mortality event
(>20% mortality) was observed in late spring at one site. The mortality event was only
associated with triploid groups, with cumulative mortality ranging from 12 to 24% among
groups. Mortality in the “northern cross” was not especially high (23%).

The effect that gametogenesis had on the mortalities was investigated by examining
histological cross sections of triploid and diploid oysters from the site where triploid mortality
occurred, as well as from the control site where there was no triploid mortality. Diploid oysters
at the affected site became gravid and spawned earlier than diploid oysters at the control site.
Gonad development in triploid oysters was abnormal and variable, so categories were
developed for classifying gonad development in triploid oysters and making comparisons
between sites. No obvious difference was observed in gonad development between triploid
oysters at the two sites. Cross-sections from male triploids did not typically contain any
spermatozoa, and cross sections from females usually contained only a few oocytes.

Gonad development may not be strongly associated with triploid mortality, but the
physiology associated with abnormal gametogenesis in triploid oysters could be a major
contributing factor. More work is needed on the physiological consequences of gametogenesis
in triploid oysters to explain triploid mortality.

Xii



The relationship between reproduction and mortality in triploid
Crassostrea virginica



Introduction



The aquaculture industry for Crassostrea virginica in Virginia has grown dramatically
since the mid-2000s, and Virginia now leads the East coast in aquaculture production of eastern
oysters (Hudson, 2017). Since at least 2012, however, several commercial farms for C. virginica
in Virginia have been prone to annual episodes of mass mortality, in which a significant percent
of the crop dies during late spring. Such mortalities put oyster farmers at risk of substantial
financial loss and can potentially impact the larger economic viability of oyster aquaculture in
Virginia. Reports from commercial farmers have prompted a series of investigations from the
Virginia Institute of Marine Science (VIMS), and this thesis is a part of a larger and continuing
effort into understanding the etiology of “triploid mortality.” Previous work at VIMS provides

context for the mortality episodes and for the efforts in this thesis to identify their cause.

VIMS was first notified of unusually high mortality on commercial farms in June of 2014.
Farmers observed mortalities in the 2013 year class, which were reported to be near market
size, but not in oysters of the 2014 year class. Estimated losses were over 50%; however,
mortalities only occurred within a four week period between mid-May and early June. Over a
dozen farms had unusually high mortality in the spring of 2014. Most of these were on the
bayside of the Eastern Shore of Virginia. Several affected farmers also reported that substantial

losses occurred in spring in prior years, albeit to a lesser extent than that in 2014.

The genetics of the dying oysters was a primary focus. All farmers that had unusually
high mortality were exclusively growing triploid oysters. This implicated triploidy as an
important factor in the mortalities and even led to calling this “triploid mortality,” but at the
time, it was uncertain if diploid oysters were susceptible. Another variable was the pedigree of
the affected triploid oysters. Many of the affected farmers were growing triploid oysters

produced by crossing tetraploid oysters with a pedigree from mid-Atlantic origin with diploid



oysters from a line developed in New England. The resulting triploid was referred to as the

“northern cross.”

Days after receiving reports from farmers, live oysters (2013 year class) from affected
farms were sent to VIMS for examination. Oysters were examined for disease pathology by the
VIMS Shellfish Pathology Lab and for ploidy and fecundity by the Aquaculture Genetics and
Breeding Technology Center (ABC). Overall, pathogens were not implicated in the mortalities.
Haplosporidium costale was absent, which was perhaps the most likely suspect given the timing
of mortalities, and infections from H. nelsoni and Perkinsus marinus were rare and

inconsequential (R. Carnegie, unpublished).

The most interesting finding from the oysters, which were verified to be triploid, was
their fecundity. Several triploid oysters had highly developed gonads which was noticeable via
gross examination, and a biopsy revealed many of the triploid oysters had eggs (40%). Some of
the triploids were even considered highly fecund females based on qualitative assessment (15%)
(S. Allen, unpublished). Prior experience with triploid C. virginica suggested that triploid oysters
of this size would be less likely to contain eggs or have high fecundity, including a study in 2013
in which only 14% of triploid oysters sampled had eggs and only 1% were considered fecund

females (Peachey and Allen, 2016).

Based on the reports and the examination of live samples, a hypothesis for the cause of
triploid mortality was developed (Guévélou et al., in prep). The hypothesis was that the genetic
contribution from the New England parent of the “northern cross” was affecting gametogenesis
in triploid oysters during the late spring, and that this aberrant gametogenesis was the primary

cause for triploid mortality.



A primary factor in this hypothesis was the time of year that oysters were dying, i.e., in
late spring. Spring mortality was thought unusual because environmental conditions, such as
temperature and dissolved oxygen, are expected to be generally favorable in the Chesapeake
Bay during this time. Late spring is significant, however, for reproduction. Oysters in the
Chesapeake Bay are expected to have fully developed gonads and spawn in May/June (Kennedy

and Krantz, 1982).

That gametogenesis might be an important contributing factor to mortality had
precedence. Mass mortality events during the summer months, or summer mortality, have
been reported in farmed diploid C. gigas in many parts of the world, including Japan
(Koganezawa, 1975; Ventilla, 1984), France (Goulletquer et al., 1998; Samain and McCombie,
2008), the West Coast of the US (Cheney, 2000; Perdue et al., 1981), Ireland (Cotter et al., 2010),
and Germany (Watermann et al., 2008), and common among these mortality events is a
relationship between gonad development and susceptibility (Glude, 1975; Koganezawa, 1975;
Malham et al., 2009; Maurer and Comps, 1986; Samain and McCombie, 2008; Wendling and
Wegner, 2013). Koganezawa (1975) suggested abnormally extensive gonad development,
brought on by eutrophic conditions, was causing a “physiological disorder and metabolic

disturbance” that led to the mortality.

It seems incongruous that gametogenesis could be contributing to mortality in triploid
oysters because they are supposed to be reproductively sterile and are, in fact, valued for their
reduced fecundity. Maintenance of somatic tissues in triploid oysters during the warmer
months, perhaps the most valued quality of triploid oysters, derives from their reduced
fecundity. The unusually high fecundity in the triploid oysters sampled from the affected farms,
however, provided some evidence that gametogenesis could be causing the physiological stress

responsible for the mortalities. Additionally, genetics strongly influence timing of gonad

5



maturation and spawning in C. virginica (Barber et al., 1991). Thus, the unusually high fecundity
in the triploid oysters may have been associated with the lineage of the “northern cross,” which

was not represented in earlier studies examining fecundity of triploid C. virginica.

Triploid mortality cost oyster farmers hundreds of thousands of dollars in 2014, and so it
was critical to test the hypothesis, as well as investigate other potential causative factors, as
soon as possible. In the summer of the same year as the reports of triploid mortality (2014),
scientists at VIMS designed an experiment that would begin immediately (Guévélou et al., in
prep). To test oysters that would be susceptible to mortality in spring (the following year), test
subjects had to be nearly market size by then, which meant they had to be spawned early in the
year (Feb — Mar). It was too late in the year to spawn oysters that would be near market size by
2015, and thus seed for the experiment had to be collected from farmers. A group of diploid
oysters and three genetically different groups of triploid oysters, including the “northern cross,”
were deployed to five commercial sites in the Chesapeake Bay, four of which had triploid
mortality in 2014. Field sampling involved regularly monitoring environmental conditions,

survival, and taking live samples for disease pathology and assessment of gonad development.

The results from this initial experiment did not provide conclusive evidence for a cause
of triploid mortality. Mortalities were observed in the spring for diploids and triploids at several
sites (>20%) but were not especially high in the “northern cross.” Pathogens were not
associated with mortalities, and despite finding a high percentage of triploid females, including
some females with high fecundity, there was no clear connection between the gonad

development of triploid oysters and the mortalities.

The initial experiment (2014-2015) had the potential to provide insight into the cause of

triploid mortality and how farmers could prevent it. The opportunistic nature of the



experiment, however, meant several variables could not be controlled. Collecting experimental
oysters from farmers meant pedigrees, age, and early life history of the seed were uncertain and
variable. Gear and the husbandry of the oysters were provided by each farmer and varied
among sites. Also, limited resources restricted the number of site visits, sampling periods, and
samples that could be processed for examination of gonad development. A larger, more
controlled experiment was warranted to further examine the hypothesized role of genetics and

gametogenesis in triploid mortality.

This thesis consists of the investigation ensuing from the initial experiment in 2014-
2015. It comprises the first controlled field test addressing triploid mortality, and tests the
hypothesis developed by Guévélou et al. (in prep) in two parts. The first chapter primarily
details the mortality, growth, and environmental conditions from the field test, which involved
four genetically distinct diploid and triploid crosses, including the “northern cross.” The second
chapter examines the relationship between gametogenesis and triploid mortality from
observations of gonad development in diploid and triploid oysters during the reproductive
season. Both chapters have been written as independent manuscripts. The thesis concludes
with a synthesis that highlights potential causes and solutions to triploid mortality, as well as

includes suggestions for future research.



Chapter 1: The effect of ploidy and brood stock origin on growth and spring mortalities
of commercially raised Crassostrea virginica



1. Introduction

Over the last two decades, the once prolific harvests of the eastern oyster, Crassostrea
virginica, have been partially restored in the Chesapeake Bay through hatchery-based
aquaculture. Hatchery-based aquaculture has been especially important for expanding the
fishery in Virginia because it has allowed farmers to grow disease resistant and genetically
improved oysters in face of disease pressure from Haplosporidium nelsoni and Perkinsus
marinus. From 2005 to 2016, hatchery production of seed in Virginia has increased from 20M to
264M (13 fold), and the number of cultured oysters sold has increased 40 fold (Hudson, 2017;
Murray and Oesterling, 2006). Virginia now leads the East coast in aquaculture production of

eastern oysters (Hudson, 2017).

An important genetic improvement provided by hatchery-based aquaculture in Virginia
is triploidy. Over the last ten years, oyster aquaculture in Virginia has been characterized by a
near exclusive use of mated triploid oysters, which are produced by mating tetraploid to diploid
oysters. Triploid oysters made up 80-95% of all planted oysters on Virginia farms between 2009-
2016, (Hudson and Murray, 2016, 2015, 2014, Murray and Hudson, 2013, 2012, 2011, Murray
and Oesterling, 2010, 2009), and in 2015 and 2016, 94% of seed sold from Virginia hatcheries
were triploid oysters (Hudson, 2017). Preference for triploid C. virginica in the Chesapeake Bay
is driven by their added value from faster growth (Dégremont et al., 2012; Harding, 2007) and
better meat quality during the warmer months (Allen, 1988). These advantages are at least
partially the result of the reduced fecundity of triploid oysters, which may enable more energy
allocation to growth and prevent the significant reduction in condition associated with spawning

(Allen and Downing, 1986).



Despite the apparent popularity of farming triploid oysters in Virginia, the benefits of
growing triploid oysters may come with some disadvantages, for example, so called “triploid
mortality.” Since at least 2012, several oyster farms in the Chesapeake Bay have experienced
annual mortality episodes, in which substantial mortalities (> 20% of the crop) occur within a
matter of weeks in the late spring, typically between May and July. An acute incidence of
triploid mortality in 2014 led to losses as high as 50-80% on some farms (K. Hudson, pers.
comm.). According to many of the affected farmers, only adult oysters were susceptible
(spawned the previous year), especially those fastest growing and approaching market size (76
mm from hinge to bill). No regional pathogen was associated with these mortalities (R.
Carnegie, VIMS, unpublished), nor have any unusual environmental conditions been consistently
associated with the events, which make these mortalities unusual for oyster farmers in the

Chesapeake Bay.

Recent mass mortalities of C. virginica in the Chesapeake Bay share common features
with the long-reported summer mortalities of C. gigas around the world. Since the 1940s,
possibly even 1912 (Takeuchi et al., 1960), episodes of summer mortalities of cultured C. gigas
ranging from 10% to > 70% have been reported in Japan (Koganezawa, 1975; Ventilla, 1984).
Similar mass mortalities were reported on the West Coast of the US starting in the 1950s (Glude,
1975), France in the 1980s (Goulletquer et al., 1998), as well as Ireland (Cotter et al., 2010) and
Germany (Watermann et al., 2008). As with the mass mortalities in Virginia, many cases of
summer mortality involved only adult oysters and could not be attributed specifically to a
pathogen or environmental condition (Cotter et al., 2010; Glude, 1975; Koganezawa, 1975;
Maurer and Comps, 1986; Wendling and Wegner, 2013). Also consistent among most cases of

summer mortality was evidence for a positive relationship between gonad maturation and
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susceptibility (Glude, 1975; Koganezawa, 1975; Malham et al., 2009; Maurer and Comps, 1986;

Samain and McCombie, 2008; Wendling and Wegner, 2013).

Ironically, gametogenesis is suspected as a primary cause of mortalities of triploid C.
virginica, despite the expectation that triploid oysters are “sterile.” First, the timing of
mortalities in late May and June implicates gametogenesis as a factor, as late spring is a time
when gametogenesis is normally accelerating in diploid oysters (Kennedy and Krantz, 1982).
Second, numerous triploid oysters examined in recent years have had mature gonadal
development, which was surprising considering how rare fecund triploid C. virginica have been
in previous studies (Barber and Mann, 1991; Lee, 1988; Peachey and Allen, 2016). In fact,
several triploid oysters sampled from affected commercial farms in 2014 and 2015 had
uncharacteristically extensive gonadal development relative to that observed for triploid
gametogenesis (S. Allen, unpublished; Guévélou et al., in prep). Significant gonadal
development may represent aberrant gametogenesis in triploid oysters, and this may be causing

physiological stress responsible for mortalities in late spring.

Associated with the unusually extensive gonad development in the triploid oysters may
be the genetic background of the commercial oysters. Nearly all the farms affected by mass
mortalities in 2014 were on the bayside of the Eastern Shore of Virginia, the area in Virginia
commonly growing oysters called the “northern cross.” The “northern cross” oysters were
produced by mating tetraploid oysters with a pedigree from mid-Atlantic stocks to diploid
oysters from a selected line developed from New England stocks. Since most of the farms
reporting triploid mortality were growing the “northern cross” oysters, triploid mortality was

suspected to be associated with this genotype (Guévélou et al., in prep).
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The existence of physiologically-different races of oysters, which differ in traits related
to reproduction, may be a factor in mortalities from the “northern cross” (Loosanoff and
Nomejko, 1951). Reproduction in oysters is influenced by climate, and in northern climates
where the reproductive season is shorter, the spawning period is brief (Galstoff, 1964; Kennedy
and Battle, 1964). In more southern regions, such as the mid-Atlantic or Gulf coasts, the
reproductive season is far more protracted, with multiple opportunities to spawn in a year
(Galstoff, 1964; Kennedy and Krantz, 1982; Supan and Wilson, 2001). The regional difference in
gametogenesis has a genetic link. For example, oysters from New England that were
transplanted to Delaware Bay maintained their innate (northern) spawning cycle, maturation
culminating with a single spawning period, after multiple generations of propagation in the
Delaware Bay (Barber et al., 1991). The hypothesis that triploid mortality may have a genetic
component derives from the expectation that northern genes affecting reproduction are passed
to the triploid oyster by the northern diploid oyster, and these genes may influence
gametogenesis, causing aberrant gametogenesis in otherwise sterile triploid oysters (Guévélou
et al., in prep).

Despite the follow-up investigations of Guévélou et al. (in prep) to the original 2014
incidents, many questions remain concerning the origins of triploid mortality. Most important
are questions relating to susceptibility, namely if only a specific triploid genotype (i.e., the
“northern cross”) is susceptible, and whether adult diploid oysters would also die under the
same circumstances that triploids were dying. To address these questions and test the
importance of the relative size of oysters and environmental conditions in mass mortalities, we
performed a field test from 2015 to 2016 with four genetically distinct diploid and triploid
crosses of C. virginica. Crosses were designed to produce a range of genotypes that would

putatively affect gametogenic development by using brood stock originating from Virginia,
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Louisiana, and Maine. To best re-create conditions that were involved in mortalities of past
years, oysters were spawned in February of 2015 so that they would be near market size by
spring of 2016, and oysters were deployed to three commercial sites affected by mass mortality
in 2014. All groups were sampled regularly, measured, and monitored for mortality throughout
the early growing season of 2016. As such, this project represents one of only several
comparisons of growth between diploid and mated triploid C. virginica in the Chesapeake Bay,

as well as the first controlled field study addressing the unusual mass mortalities in Virginia.

2. Methods

2.1 Brood Stock

Brood stock consisted of diploid and tetraploid C. virginica of varying genetic origin.
Tetraploid brood stock consisted of two lines (series of propagated generations), one of Virginia
genetic origin and one partially of Louisiana genetic origin. Diploid oysters were of Virginia or
Maine genetic origin. The tetraploid brood stock from Virginia were created in 2013 as a
propagation of the GEN line, which has been bred in the Chesapeake Bay by the Aquaculture
Genetics and Breeding Technology center (ABC) at the Virginia Institute of Marine Science
(VIMS) since 2000. The tetraploid brood stock of Louisiana genetic origin were produced in
2013 and were from the VBOY line created in conjunction with ABC and bred by Louisiana State
University. The VBOY line is a hybrid, as its pedigree involves parentage from both Virginia and
Louisiana. Diploid oysters from Virginia were made in 2012 and were from the DEBY line, which
was developed by the Burreson lab at VIMS in the early 1990s (Ragone Calvo et al., 2003) and
has been continued by ABC for nearly two decades. Maine diploid oysters were from a selected

line provided by a commercial hatchery in Maine.
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2.2 Crosses

Triploid and diploid oysters were simultaneously produced at the VIMS research
hatchery in Gloucester Point, VA in February of 2015. Male and female diploid oysters from
Virginia (V) and Maine (M) were crossed in a 2x2 matrix to produce four diploid crosses (VV, VM,
MV, MM). Eggs from the same V and M female diploid oysters were also crossed to male
tetraploid oysters from Virginia (V) and of partial Louisiana origin (L) in another 2x2 matrix to

produce triploid crosses (VVV, VVM, LLV, LLM) (Fig. 1.1).

All crosses were conducted via strip spawning (Allen and Bushek, 1992). For each of the
two diploid brood stocks (V & M), five to eight females were stripped and eggs were pooled.
Each pool was then split into four aliquots. One aliquot of the egg pool from either V or M was
allocated for each of the sperm sources (2N —V and M; 4N —V and L — Fig. 1.1). For each sperm
source, five males were used, so each aliquot of diploid eggs was further subdivided five ways so
that an individual male was fertilizing one fifth of the eggs from each egg source. After each
subdivided batch of eggs had been allowed to complete fertilization, they were re-pooled into

the eight major crosses depicted in Fig. 1.1.

2.3 Larvae and Seed

Larvae were reared at two hatcheries to ensure success in producing pediveliger larvae.
After fertilization, a portion of the embryos from each cross were transferred directly into tanks
at the hatchery in Gloucester Point, and the rest were transported in 50ml Falcon Tubes to a
commercial hatchery in Gwynn’s Island, VA. Pediveliger larvae were successfully produced for
all crosses at both hatcheries, and all were allowed to metamorphose on finely crushed oyster

shell at the hatchery in Gloucester Point, VA in March 2015.
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Throughout the spring, post-metamorphic oysters, or seed, were graded several times
to ensure the earliest possible deployment to the field and to imitate the commercial
production process. By June of 2015, when seed were larger than 3/4” (19 mm), a sample from
each cross (n=10-15) were measured for shell height (maximum dimension from the hinge to
the bill) and subsequently deployed to the field. A few thousand seed from each cross were
deployed to four experimental field sites. At all sites, seed were reared in the intertidal zone in

bags nested within single tier bottom cages.

2.4 Sites and Experimental Deployment

Experimental sites consisted of three commercial oyster aquaculture leases on the
bayside of the Eastern Shore of Virginia and one on the western side of the Chesapeake Bay in
Virginia: east — Nandua Creek (ND), Pungoteague (PG), Occohannock Creek (OC), and west — the
Rappahannock River (RR) (Fig. 1.2). Mass mortalities were observed at all three Eastern Shore
sites in 2014. The Rappahannock River site was selected as a control because mass mortalities
in recent years were absent. Between February 29 and March 3 of 2016, oysters were deployed
to start the experiment. From each cross at each site, 450 oysters were haphazardly selected
and equally split into 3 bags. At RR, ND, and OC, oysters were reared in single-tier bottom cages
in the subtidal zone, and each bag was randomly assigned a position within the cages. Bags and
cages were held in their assigned position throughout the experiment. For PG, oysters were
reared in triple-tier bottom cages in the subtidal zone. Bags and cages did not remain in the
same position throughout the study, but cages remained in the same area during the

experiment.

2.5 Ploidy Verification
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Oysters were sampled twice to verify ploidy via flow cytometry (FCM) by staining cells in
DAPI/DMSO (Allen and Bushek, 1992). All FCM measurements were made with a Sysmex-Partex
Cyflow Space flow cytometer (Partec GmbH, Minster, Germany). In April of 2015, when seed
were only 2 months old (prior to field deployment), 25 oysters from each cross were sampled by
disaggregating cells from whole individuals. Ploidy verification was repeated during the
experimental deployment (February/March 2016) by dissecting a sample of a gill lamella from

each individual of each cross from each site (n=15).

2.6 Site Visits

All sites were visited throughout the spring, summer, and fall of 2016. Site visits were
monthly except in May and June when they were twice a month. All sites were visited within
three days on eight occasions, within four days on one occasion, and within eight days on one
occasion. Sites were visited 10 times overall post deployment (February/March of 2016): April
11-April 18, May 9-May 11, May 23-May 25, June 6-June 9, June 27-June 29, July 11-July 13,

August 8-August 10, September 20-22, October 18-20, and November 15-17.

2.6.1 Mortality

Mortalities were counted during each site visit. Each time, the number of live oysters
and empty shells were counted from each bag and empty shells were removed. Moribund
oysters, which were any oysters failing to seal their shell commissure, were also counted and
removed. The percent cumulative mortality for each bag at each time was then calculated with

the following equation:

Cumulative dead

Cumulative mortality =
y Number deployed
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where cumulative dead was the cumulative sum of dead and moribund oysters from the bag,
and number deployed was the number of total oysters (live and dead) in the bag on the first
mortality assessment (April 11-18). Of the 96 total bags in the experiment, 94 of them ranged
from 146-155 in number deployed. Two bags, one involving the MV cross at ND and one the
VVV cross at PG, had 171 and 198 deployed, respectively. Mean cumulative mortality was
calculated for each cross at each site by averaging the cumulative mortalities among the three

bags.

2.6.2 Live Samples

Live oysters were sampled, without replacement, at experimental deployment and
during all subsequent site visits in the spring and summer (April-August). During experimental
deployment, fifteen oysters from each cross at each site were haphazardly selected prior to
assigning oysters to bags. For all sampling times after experimental deployment, oysters were
randomly sampled. Random selection consisted of sorting and ordering oysters in piles of 10,
selecting a pile with a random number generator, ordering the oysters from the pile, and then
selecting the individual oysters with a random number generator. Five oysters from each bag
were selected, except in May and June in which seven oysters from each bag of triploid oysters

were selected.

2.7 Oyster Measurements

Shell height, defined as the maximum length between the hinge and bill, was measured
for all live samples, as well as for all empty shells and moribund oysters. All live oysters were
also measured for meat weight. Meat weight was calculated by summing the weight of the
excised section for histology as well as the weight of the remaining tissue (corpus) because of

the requirements for histological preparation. The histological section was weighed immediately
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after dissection; the corpus was separated from the valve and placed on a mesh net for several

minutes prior to being weighed.

2.8 Histology

Samples were processed for histology by procedures used routinely by the VIMS
Shellfish Pathology Lab (Carnegie and Burreson, 2011). For all live samples, the excised sample
for histology consisted of an approximately 4 mm section of tissue that was cut perpendicular to
the anterior —posterior axis, slightly ventral of the labial palps. Sections were fixed in Davidson’s
solution for 48 hours, and subsequently stored in 70% ethanol. Only some individuals among
preserved sections of all individuals were selected for complete histological processing, i.e.,
those sites and sampling periods that could provide data on triploid mortality. In cases of full
histological processing, sections were then embedded in paraffin, sectioned at 5 um, and

stained with hematoxylin and eosin.

2.9 Disease Pathology

Some samples were selected post-hoc for disease pathology based on mortality results.
Infections of parasitic organisms were described by prevalence (percent infected) and weighted
prevalence. Weighted prevalence (WP) for both Haplosporidium nelsoni and Perkinsus marinus

was calculated with the following equation:

WP 5(Heavy) + 4(Moderate to Heavy) + 3(Moderate) + 2(Light to Moderate) + Rare or Light
- Number of samples

where heavy, moderate to heavy, moderate, light to moderate, and rare or light represent
qualitative ratings of infection intensities. Infections of H. nelsoni were considered rare if there
was between 1 and 10 plasmodia in the cross section, light if there was more than 10 plasmodia

in the entire cross section but less than 3 plasmodia per field (field=400x), moderate if there was
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between 3 and 5 plasmodia per field, and heavy if there was more than 5 plasmodia per field
(Carnegie and Burreson, 2011). Intensities in P. marinus were considered rare if between 1-10
cells were in the cross section, light if between 11-40 cells were present, moderate if many cells
were present but were contained in the epithelium of the gut, and heavy if the infection was
systematic throughout the cross section (Mann et al., 2014). All disease pathology, via visual

examination of histology slides, was completed by the VIMS Shellfish Pathology Laboratory.

2.10 Environmental Conditions

2.10.1 Temperature and Salinity

Temperature and salinity were monitored at each field site during the experiment. For
RR, PG, and OC, temperature, from January 1 to August 10, 2016, was recorded in one-hour
intervals using a HOBO® conductivity logger (Onset Computer Corporation, Bourne, MA)
attached to one of the cages holding the experimental oysters. Temperature at ND was
recorded in a similar fashion; however, all temperature data collected at ND before April 12
were lost because of mechanical failure of the logger. Conductivity was also recorded in one-
hour intervals from the HOBO® conductivity loggers; however, data collected before May 10 for
OC and before June 8 for ND and PG were invalid due to calibration failure. Conductivity data
from the loggers were calibrated using point measurements made at each site with a YSI model
85 handheld instrument (YSI Inc. / Xylem Inc., Yellow Springs, OH), and conductivity was
converted to salinity using HOBOware software (Onset Computer Corporation, Bourne, MA).
For RR, salinity was recorded daily from VIMS’ nearby research hatchery on Locklies Creek, VA.
Additional salinity measurements, taken in 15-minute intervals, were made at ND and PG using
a 6600 V2-4 Multi-Parameter Water Quality Sonde (YSI Inc. / Xylem Inc., Yellow Springs, OH)
between May 10 and July 12. In cases at ND and PG where data from the conductivity logger

and sonde were available, data from the sonde were reported. Temperature and salinity
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measurements were averaged for each day, when appropriate, to determine average daily

values.

2.10.2 Dissolved Oxygen, pH, and Chlorophyll a

Dissolved oxygen concentration, pH, and chlorophyll a concentration were monitored at
ND and PG during the time a mortality event was expected (May-July). Measurements were
taken in 15-minute intervals using a 6600 V2-4 Multi-Parameter Water Quality Sonde (YS! Inc. /
Xylem Inc., Yellow Springs, OH), between May 10 and July 12. The sondes were cleaned and re-
calibrated three times during their deployment (May 24, June 7, and June 27) following the
manufacturer’s recommendations (YSI, 2006). Some short periods of data collection were lost

because of malfunctions from the equipment.
2.11 Analyses

2.11.1 Shell Height: Live Samples

Mean shell height was determined for each cross at each site for three sampling
periods: June 2015 (seed deployment), February/March 2016 (experimental deployment), and
August 2016 (end of experiment). For an estimation of growth, the difference in mean shell
height between February/March 2016 and August 2016 was calculated for each cross at each
site. To determine differences in size, statistical analysis was used to compare mean shell height
among crosses in June 2015 and August 2016. A one-way ANOVA was used for data from June
2015 (prior to any deployment). Shell height data from August 2016 was fit with the following

two-way ANOVA model:

Yi=uto+ B +a B +eg;
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where Yij is the shell height in August 2016, u is the overall mean, & is the effect of genotype

(i.e. VV, VM, etc), ﬂ is the effect of site, Otﬁ is the interaction of genotype and site, and & is

the residual error. Data were assessed for normality and homogeneity of variance, and when a
significant difference was found, post-hoc analyses with Tukey Honest Significant Differences
(HSD) test were used to determine pair-wise differences among factor variables. For both
ANOVA tests, a=0.05.
2.11.2 Shell Height: Live vs. Dead

Shell heights of live samples and dead/moribund oysters were compared post-hoc
(based on mortality results) to determine if mortalities during an episode of mass mortality were
size-selective. For each sampling period during a mortality event, two sample, two-tailed Welch
t-tests were used to determine if there was a significant difference between the mean shell
heights of live and dead/moribund oysters from each triploid cross at a=0.05. Welch t-tests
were used because of the unbalanced sample sizes between live and dead/moribund oysters,

which at times led to unequal variance.

2.11.3 Meat Weight

Mean meat weight was determined for each cross at each site for every sampling period
in 2016. Two-way ANOVA models were used to fit meat weight separately at three sampling
periods: April 2016, determined as the "early (gametogenic) development" condition, May 2016
(dates: 23-25), determined as the “ripe” condition, and August 2016, determined as the "post-
spawned" condition. May 23-25 was deemed the period in which diploid oysters were “ripe”
based on post hoc histological observation of VV at RR and ND (Chapter 2). Meat weight was
compared for each time period with the same two-way ANOVA model used for shell height.

Data were assessed for normality and homogeneity of variance. In cases where a significant
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interaction was found, a priori contrasts were used to determine significant differences between
the primary crosses of interest: the Virginia diploid (VV) and the Virginia triploid cross (VVV).
Contrasts were done using a two-sided t-test at alpha=0.05. All analyses were performed in R (R

Core Team, 2016).

3. Results

3.1 Ploidy

In April of 2015, all samples from triploid crosses were verified triploid (n=25) except for
VVM, which had 1 diploid oyster among the 25 sampled. All samples from the diploid crosses
were verified diploid. In February/March 2016, all samples from triploid crosses were verified
triploid (n=15) except for LLM at PG and LLM at RR, which each had one diploid oyster among the
15 sampled. All samples from diploid crosses in February/March 2016 were verified diploid.
Noteworthy was that in two MM crosses sampled in February/March 2016, MM at ND and MM
at OC, three of the 15 samples also contained a significant number of haploid cells, indicating the

production of sperm in those animals. No other samples contained haploid cells.

3.2 Shell Height: Live Samples

3.2.1 June 2015
Prior to field deployment, mean shell height from seed of all crosses ranged from 22 to

27 mm (Fig. 1.3).

3.2.2 February/March 2016
At the start of the experiment, range in mean shell height across all sites was 44 to 82 mm
(Fig. 1.3). VVV at RR had the greatest mean shell height (n=15). Various triploid crosses had the

greatest mean shell height at the other three sites: VVV at ND (79 mm), LLV at PG (68 mm), and
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LLM at OC (74 mm). At all sites in February/March 2016, MM had the lowest mean shell height
(RR: 60 mm), (ND: 57 mm), (PG: 44 mm), (OC: 58 mm). Among diploid oysters, VV had the greatest
shell height at RR (74 mm) and ND (69 mm), whereas MV had the greatest mean shell height at

PG (54 mm) and VM had the greatest mean shell height at OC (65 mm) (Fig. 1.3).

3.2.3 August 2016

At the end of the experiment, mean shell height ranged from 61 to 91 mm in crosses
among all sites, with LLM at ND having the greatest mean shell height and MM at PG having the
lowest mean shell height. Shell height data for August 2016 was normally distributed and met
the assumption for homogeneity of variance. Results from the ANOVA revealed genotype
(F=16.9, p<0.05) and site (F=41.3, p<0.05) to be significant predictors of mean shell height, but
the interaction was not significant (F=1.5, p=0.07) (Table 1.1). Genotypes across all sites and the

overall sizes of oysters at each site were therefore compared using post-hoc analyses.

Pair-wise comparisons were made among genotypes with the Tukey HSD test (Table 1.1).
Oysters of LLM (group a) had the greatest mean shell height (84 mm), which was significantly
greater than that of all the diploid genotypes, but not any of the other triploid genotypes (VVV —
82 mm, LLV — 82 mm, and VVM — 80 mm). VVV had significantly greater mean shell height than
MV (77 mm), VM (75 mm), and MM (68 mm), but not significantly greater than VV (79 mm).
Among diploid oysters, the mean shell height for VV was not significantly greater than that of MV
or VM, but was significantly greater than that of MM. All crosses had a significantly greater mean

shell height than MM.

Tukey HSD pair-wise comparisons were made among sites (Table 1.1). Average mean

shell height was not significantly different between RR (84 mm) and ND (82 mm), and both were
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significantly greater than mean shell height at OC (78 mm). Average mean shell heights at RR,

ND, and OC were all significantly greater than at PG (71 mm).

3.2.4 Growth

The increase in mean shell height between February/March 2016 and August 2016 (about
4% months) ranged from 6 mm to 20 mm among all crosses (Fig. 1.4). Several groups at PG had
the overall greatest increase in shell height (LLM: 20 mm; VVM: 18 mm; VM: 18 mm). At all sites,

triploid genotypes appeared to have similar increases in shell height to those of diploid genotypes.

3.3 Meat Weight

3.3.1 Trends in Meat Weight

Throughout the experiment, mean meat weight ranged from 1.1 g (MM, PG, March) to
12.4 g (LLM, ND, June). Meat weight noticeably decreased in many of the diploid crosses at RR,
ND, and OC from May to August; the mean among all diploid genotypes at RR, ND, and OC,
combined, decreased from 7.9 g to 5.6 g (Fig. 1.5). Combined meat weight for triploid genotypes
at RR, ND, and OC, decreased only slightly (9.5 g to 9.4 g) during the same time. Growth at PG
clearly showed a different dynamic overall. Mean meat weight among all diploid genotypes at PG
decreased from 4.3 g to 2.9 g, while the meat weight of triploid genotypes increased from 3.7 g

to4.7g.

3.3.2 Early Development (April)

Data for meat weight in April 2016 were normally distributed; however, variance was not
homogeneous, and therefore data were log transformed prior to modeling to meet this
assumption. The ANOVA revealed that genotype (F=16.6, p<0.05), site (F=95, p< 0.05), and their
interaction (F=2, p<0.05) were significant predictors in mean meat weight during early

development. Statistical comparisons among genotypes were therefore restricted to within sites,
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so a priori contrasts were used to determine if there were significant differences in meat weight
between VV and VVV at each site. Mean meat weight of VVV was significantly larger than that of

VV at RR, ND, and OC, but not PG (Table 1.2).

3.3.3 Ripe (May 23-25)

Data for meat weight from May 2016 were normally distributed but variance was not
homogeneous, so data were log transformed to meet this assumption. Genotype (F=20.1, p<0.05)
and site (F=228.8, p <0.05) were significant predictors in mean meat weight; however, the
interaction was not (F=1.6, p=0.053). Despite not having a significant interaction, the same a
priori contrasts made for early development were made for the ripe time period for consistency.
No significant difference in mean meat weight existed between VVV and VV at RR or PG. At ND

and OC, the mean meat weight in VVV was significantly greater than VV (Table 1.2).

3.3.4 Post-spawned (August)

Data from August 2016 also had to be log transformed. Significant effects from genotype
(F=41.1, p< 0.05), site (F=157.4, p< 0.05), and their interaction (F=2.4, p< 0.05) were found from
the ANOVA. Again, a priori contrasts were made between VVV and VV at each site. Mean meat

weight of VVV was significantly greater than VV at RR, ND, and OC, but not PG (Table 1.2).

3.4 Cumulative Mortality

3.4.1 Mortality at All Sites

Mean cumulative mortality for crosses at all sites ranged from 4% to 60% by the end of
the experiment (Fig. 1.6). At all sites, MM had the greatest cumulative mortality by November:
60% + 4 (standard deviation) at RR, 57% + 4 at ND, 37% * 5 at PG, and 46% + 6 at OC. The
highest rate of mortality for MM occurred between June and September at all sites. The VV

cross had the lowest average cumulative mortality at all sites by November, with 5% + 1 at RR,
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5%+ 2atND, 7% + 4 at PG, and 4% + 3 at OC. Between the hybrids, VM had noticeably higher
mean cumulative mortality (25% + 3) than MV (16% + 8) at RR. At all other sites, mean
cumulative mortality of VM and MV were similar: 22% + 7 and 26 £+ 7 at ND, 19% + 7 and 19% + 2
at PG, and 11% + 6 and 9% * 4 at OC, respectively. For triploid oysters, mean cumulative
mortalities by November were less than 20% for all crosses at RR, PG, and OC, and no sudden
increase in cumulative mortality was observed in the expected mortality window (May-July). A
sharp increase in mean cumulative mortality did occur for triploid crosses at ND, however,
during the expected mortality window. Cumulative mortality increased by 24%, 23%, 14%, and

12% in VVV, VVM, LLV, and LLM, respectively, between May 10 and June 27.

3.4.2 Mortality at ND

The mortality of each group at ND throughout 2016 is depicted in Fig. 1.7. Between
May 10 and June 7, cumulative mortality increased noticeably in VVV, VVM, and LLV (increases
of 22%, 18%, and 11%, respectively). Cumulative mortality increased less in VM, MV, MM, and
LLM during this time period (5%, 7%, 6%, and 6%, respectively) and increased very little in VV
(0.3%). Cumulative mortality gradually increased for all triploid groups from June 7 to
November 15, with LLM having the largest increase (14%). The VM and MV oysters had similar
gradual mortality as LLM from June 7 to November 15, whereas cumulative mortality in the MM
oysters increased rapidly from June to September. The VV oysters had little mortality

throughout, with a cumulative mortality of 5% by November 15.

3.5 Shell Height: Live vs. Dead Triploids at ND

Mean shell heights for live and dead/moribund oysters were determined from May 24
to June 27 for triploid oysters at ND (Table 1.3). For dead/moribund triploid crosses during this

time period, shell height ranged from 48 mm to 121 mm, with a mean of 80 mm + 12. Shell
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height in live triploid crosses ranged from 35 mm to 110 mm, with a mean of 81 mm + 12. For
each sampling period, Welch t-tests were used to determine if there was a significant difference
in shell height between live and dead/moribund oysters within each cross. Among all 12
comparisons, in only one instance was there a significant difference in mean shell height:
dead/moribund oysters from LLV had significantly greater mean shell height (91 mm £ 12 mm)

than live oysters (80 mm + 11 mm) (t=-3, p < 0.05) on June 7.

3.6 Histopathology

3.6.1 Triploids at ND

All triploid oysters sampled on May 24 at ND were selected for histopathology, as this
was during the spike in mortality in VVV, VVM, and LLV in late spring. Infections of H. nelsoni
were detected in VVM, LLV, and LLM; however, prevalence was low for oysters in all crosses (<
10%) (Table 1.4). The intensity of observed infections was low as well, as only one infection was
determined light to moderate (in LLM), and all other infections were light. No infections of P.

marinus were detected in any of the triploid oysters sampled at ND on May 24.

3.6.2 Maine Diploid Cross

Due to high cumulative mortality in MM, MM samples were selected for histopathology.
Samples of MM were selected from the control site (RR) and the site with a mass mortality
event (ND). For both sites, samples from August 8" were selected, as this immediately
preceded the largest increase in cumulative mortality of MM at these sites. No infections of H.
nelsoni were detected in MM samples; however, infections of P. marinus were relatively
common, as 66% from RR and 60% from ND were infected (Table 1.4). Intensities from RR
ranged from rare to moderate-heavy, but most (70%) were rare. At ND, intensities ranged from

rare to heavy, and moderate infections were most common (44%).
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3.7 Environmental Conditions

3.7.1 Temperature

No major differences were observed in average daily temperature among the
experimental sites from the available data. In a few instances, however, comparisons among all
sites were not possible due to gaps in the data set (Fig. 1.8). No data was available between May
24 and June 5 at RR and before April 12 at ND. Among all available data, average daily
temperatures in winter (Jan 1-March 20) ranged from -1.7 to 16.3 °C, from 9.4 to 28.0 °C in the

spring (March 21-June 20), and from 24.0 to 33.4 °C in the summer (June 21-August 10).

Temperature data from all sites were examined within the time of late spring mortalities
at ND (May 10-June 27) (Table 1.5). From May 10 to May 24, average daily temperatures were
similar at all sites, with a mean of 19.9, 19.6, 19.0, and 19.3°C at RR, ND, PG, and OC, respectively.
The means of the average daily temperatures were also similar from May 24 to June 7 among ND
(25.4°C), PG (25.4°C), and OC (25.1°C). Data were not available from May 24 to June 5 at RR.
Among all sites from June 7 to June 27, mean of the average daily temperature were also similar

(RR: 26.8°C; ND: 26.5°C; PG: 26.0°C; OC: 26.3°C) (Table 1.5).

3.7.2 Salinity

Average daily salinity at ND, PG, and OC was similar throughout the experiment (Fig.
1.9). The mean of the average daily salinities was 18.0 ppt at ND, 18.3 ppt at PG, and 19.0 ppt at
OC, with ranges of 16.7-19.5 ppt, 16.3-19.7 ppt, and 16.4-21.3 ppt, respectively. Average daily
salinity was noticeably lower for RR than the other sites, with a mean of 13.9 ppt and a range
from 11.4 ppt to 16.3 ppt. An unusually large drop in salinity, from 16.3 to 12.6 ppt, was

measured at RR from July 15 to July 16, and was likely caused by a rainfall event.

3.7.3 Dissolved Oxygen, pH, and Chlorophyll a
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Average daily dissolved oxygen, pH, and chlorophyll a monitored from May 10 to July 12
at ND and PG are reported in Figure 1.10, 1.11, and 1.12. The two sites were similar for these
values except for the chlorophyll a concentrations, which were noticeably lower at PG than at

ND for most days (Fig. 1.12).

4. Discussion

4.1 Growth and Changes in Meat Weight

Shell height and meat weight were regularly measured among genetically distinct
diploid and triploid oysters during their second growing season. This represents one of
relatively few studies that measure growth in genetically similar diploid and mated triploid C.
virginica (Callam et al., 2016; Dégremont et al., 2012; Harding, 2007; Stone et al., 2013; Walton

et al., 2013).

4.1.1 Shell Height

Diploid and triploid oysters were near market size (76 mm) at most sites by the spring of
2016. Several triploid crosses at ND and RR were larger than 76 mm by the start of the
experiment in February/March of 2016, just 12.5 months after spawning. Spawning early in the
year (February) was therefore successful in producing near market size oysters by the following
spring, deemed by farmers most susceptible to mass mortality events in late spring. In previous
studies, mated triploid oysters grown in the Chesapeake Bay did not reach a mean shell height
of 76 mm until approximately 14.5 months (Harding, 2007) or 22 months (Callam et al., 2016)
after spawning, which undoubtedly is due to later spawns in these studies (May and June,

respectively).

Triploid oysters were generally larger than diploid oysters by the end of the experiment
(August 2016). Across all sites in August, the mean shell height in the four triploid crosses was
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greater than in the four diploid crosses. The range in mean shell heights among all crosses,
however, was relatively small (~13 mm), and in the most direct comparison between triploid
and diploid oysters considering brood stock origin, VVV did not have a significantly greater mean

shell height than VV, with the VVV oysters only being 3 mm larger at 18 months of age.

Pronounced differences have been observed in shell growth between genetically similar
diploid and mated triploid C. virginica. Dégremont et al. (2012) found triploid oysters had
significantly greater shell height than genetically similar diploid oysters when grown in a low
salinity (< 15 ppt) and two medium salinity (15-25 ppt) sites in the Chesapeake Bay. By 17
months post spawning, the overall mean shell height in triploid oysters was 19 mm greater than
in diploid oysters (Dégremont et al., 2012), more than six times greater than the difference we
found between VVV and VV at 18 months. Walton et al. (2013) also found a significant
difference in shell height between half-sibling diploid and triploid oysters reared in Grand Bay,
Alabama. At 17 months, shell height in triploid oysters was 12 mm greater than in diploid

oysters (Walton et al., 2013).

Shell height results from Callam et al. (2016) were similar to the present study. At a low
salinity site (5-12 ppt) and medium salinity site (13-20 ppt) in the Chesapeake Bay, Callam et al.
(2016) observed no significant differences in shell height between genetically similar triploid and
diploid crosses made from selectively bred lines. These crosses were made with selectively bred
diploid oysters from Virginia and the GEN tetraploid line and are thus analogous to the VVV to
VV comparison in the present study. The average difference in final shell height between
triploid and diploid oysters from selectively bred lines for the Callam et al. (2016) study was

approximately 2 mm, similar to that between VVV and VV (3 mm).
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A distinguishing feature in Callam et al. (2016) was that shell height differences between
diploid and triploid oysters were site dependent. Among selectively bred lines, triploid oysters
did not have significantly greater shell height than diploid oysters at the low and medium
salinity sites, yet triploid oysters often had significantly greater shell height than diploid oysters
at a higher salinity site (13-25 ppt) with higher disease pressure (Callam et al., 2016). Other
studies have not found the difference in shell height between mated triploid and diploid C.
virginica to vary significantly based on site (Dégremont et al., 2012; Stone et al., 2013). Using
whole volume and dry tissue mass as metrics for growth, Davis (1994) found triploid C. gigas
grew faster than diploid oysters in nutrient-rich environments, or sites that promote overall high
growth rates in oysters, but not in environments with overall reduced growth rates, or less
productive sites. Evidence from this study suggests differences in shell height between triploid
and diploid oysters may not be as dependent on site productivity. Despite significant
differences in overall growth rate among sites in this study, relative shell growth among
genotypes was similar at all sites, with triploid genotypes always having slightly greater shell

height than diploid genotypes.

Faster growth in triploid oysters has often been attributed to a difference in energy
allocation during the reproductive season (e.g. Allen and Downing, 1986; Shpigel et al., 1992).
Gametogenic effort slows somatic growth in oysters (Mann, 1979), and triploid oysters, which
show reduced and retarded gonadal development (Allen and Downing, 1990, 1986; Barber and
Mann, 1991), may thus have more energy to allocate to somatic growth during the spring and
summer (Purdom, 1972; Stanley et al., 1981). In terms of shell height, however, triploid C.
virginica often do not have a faster growth rate during the reproductive season (Callam et al.,
2016; Harding, 2007). Triploid oysters in this study also did not clearly have a faster growth rate

in shell height during the time of expected greatest reproductive effort in diploid oysters
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(spring/summer of second growing season). More noticeable was a slightly faster growth rate in
triploid oysters between summer (June 2015) and late winter (Februrary/March 2016) of the
first year. Matthiessen and Davis (1992) found a similar timing for a faster growth rate in shell
height for triploid oysters, with triploid C. virginica growing faster than diploid C. virginica during
the late summer and early fall of their first year. Several other studies have also found triploid
oysters with faster growth rates than diploid oysters within the first year (Barber and Mann,
1991; Guo et al., 1996; Walton et al., 2013). Guo and Allen (1994a) suggested differences in
growth in the first year in molluscs, before sexual maturity, was evidence that energy allocation
cannot account for the increased growth. Gametogenesis, however, is not absent during the
first growing season in many molluscs, such as C. virginica (Coe, 1932), and therefore the energy

allocation theory cannot be entirely ruled out from having an effect during the first year.

Hypotheses for the larger size in triploid compared to diploid oysters include their
increased heterozygosity (Stanley et al., 1984) and increased cell size (Guo and Allen, 1994b).
Heterozygosity was attributed to the reason why triploid oysters produced from meiosis |
inhibition grew faster than triploid oysters produced by meiosis Il inhibition (Stanley et al.,
1984), and has also been found to correlate with increased body size in triploid and diploid C.
gigas at the group level (Wang et al., 2002). Less evidence for a correlation between
heterozygosity and increased size has been found at the level of the individual oyster (Wang et
al., 2002). Increased size of triploid cells may lead to a larger body size, or polyploid gigantism,
because molluscs do not compensate for increased cell size with a reduction in cell number
(Gilbert, 1997). The effect of cell size on body size is evident early in development. Triploid C.
gigas larvae are typically larger than diploid larvae 24 hours post-fertilization, even if both

originated from equally sized diploid eggs (Guo et al., 1996).
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The similar size of triploid and diploid oysters at 18 months suggests none of these three
primary mechanisms for causing triploid oysters to be larger-resource allocation, polyploid
gigantism, and heterozygosity-had a substantial effect during our experiment. One possible
explanation may be that the genetics of the brood stock had considerable influence and
overshadowed effects from these mechanisms. The DEBY oysters, used to make VV, have been
mass selected for fast growth for many generations (Frank-Lawale et al., 2014; Ragone Calvo et
al., 2003). Tetraploid brood stock used in this experiment have not undergone the same
programmatic mass selection for faster growth. Triploid oysters in this experiment may have
had significantly faster growth rates than the diploid oysters if made from tetraploid lines that

had been subject to mass selection like the DEBY line.

4.1.2 Meat Weight

Meat weight provided a clearer distinction between triploid and diploid oysters.
Triploid crosses had noticeably greater final meat weight (August) than diploid crosses at the
three sites with the highest overall growth (RR, ND, and OC). Statistical analysis supported these
observations. VVV had significantly greater final meat weight than VV at these three sites. The
difference was manifest over the late spring and summer, as at most sites, diploid oysters
experienced a noticeable decrease in meat weight from late May to August. During the same

time, meat weight in triploid oysters at these sites did not change substantially.

The decrease in the meat weight of diploid oysters is likely attributable to spawning. In
diploid C. virginica in the Chesapeake Bay, spawning generally occurs between May and
September (Kennedy and Krantz, 1982), and diploid oysters in this study had a sharp decrease in
meat weight within the expected spawning period (May-August). The stable meat weight in
triploid oysters suggests they did not spawn or did not release a substantial number of gametes.

Another explanation may be based on the high variation in fecundity of triploid oysters (Allen
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and Downing, 1990; Jouaux et al., 2010). Although some triploid oysters may produce a
significant number of gametes and spawn concurrently with diploid oysters, many other triploid
oysters within the cohort may have low fecundity. A substantial decrease in the mean meat
weight of a triploid cohort would therefore be unexpected. Allen and Downing (1990, 1986)
found high variation in fecundity of triploid C. gigas associated with stable mean meat weight
during the spawning interval for diploid oysters, despite histological evidence that some triploid
oysters spawned during this period (Allen and Downing, 1990, 1986). Normand et al. (2008),
however, found contrasting results in triploid C. gigas. Histological evidence in Normand et al.
(2008) also suggested triploid oysters spawned within the same time interval as diploid oysters,
yet dry meat weight in triploid oysters decreased substantially and similarly to diploid oysters
during this time, suggesting many triploid oysters released a substantial number of gametes.
Histological assessment is required to determine if stable meat weight in triploid oysters during

this experiment is due to a lack of spawning, overall low fecundity, or high variation in fecundity.

Meat weight in diploid and triploid oysters increased similarly prior to the spawning
period. Oysters of both ploidies substantially increased in meat weight at most sites during the
spring (February/March to May), which may reflect similarities in the physiological processes in
diploid and triploid oysters during the early stages of gametogenesis. Triploid and diploid C.
virginica are likely under similar endogenous and exogenous influences initiating
gametogenesis, and thus the observed anabolism may be a result of food allocation from the
environment to fuel gametogenesis, or gonadal growth. Another possibility is that the increase
in meat weight represents somatic growth. Shell height data from this study, however, does not
suggest triploid oysters were allocating relatively more energy to somatic growth than the
diploid oysters were during this time, and thus the anabolism may be specific to gametogenesis

for both ploidies. The consequence of this energy load, intended for gamete production,
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becoming arrested in triploid oysters as evidenced from reduced fecundity (Allen and Downing,

1990; Barber and Mann, 1991) may have implications for mortalities of triploid oysters in late

spring.

4.2. Mortality Trends at All Sites

Diploid oysters from Maine brood stock (MM) had the highest cumulative mortality at
all sites by August. One explanation for the high levels of mortality in MM is P. marinus. The
MM oysters were produced from a line selected in Maine for resistance to H. nelsoni, and the
line has likely had low selection pressure from P. marinus. Although Perkinsus spp. are
prevalent in C. virginica in the Gulf of Maine (Marquis et al., 2015), P. marinus is considered to
have a low impact in the state (Proestou et al., 2016). Also, at most sites, the highest levels of
mortality in MM were in late summer, the time disease pressure from P. marinus is expected to
be nearing the maximum in the Chesapeake Bay (Burreson and Ragone Calvo, 1996).
Histopathology provided additional evidence. Infections of P. marinus were common in MM

oysters, and several infections were heavy in August.

Other aspects of the mortality and pathology in MM suggest P. marinus may not be the
primary cause. Significant cumulative mortality (>20%) in MM occurred before July at RR, ND,
and PG, putatively before the time of highest pressure from P. marinus. Similarly, MM at PG
had significant mortalities from February/March to July, yet little mortality in late summer. Even
late summer mortalities may not be due primarily to P. marinus. Many of the MM sampled in
August, at 18 months, were not even infected with P. marinus (34% at RR, 40% at ND). Other
factors, such as those related to the different environmental conditions in Maine and Virginia,
may therefore be responsible for causing mortalities in MM. One potential contributor is

thermal stress. Although C. virginica can tolerate a wide temperature range (Galstoff, 1964),
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MM oysters derived from an environment with a substantially lower temperature range than
that in Virginia. For example, a recent study found that the average daily water temperature
was an average 5.8°C greater on a Virginia farm site than on a Maine site from April to October,
and that the average daily temperature could get 10°C warmer on the Virginia site (Proestou et
al., 2016). Differences in salinity may also provide an explanation. The line used to make MM
oysters have been selected in a higher salinity environment (27-33 ppt) than the moderate

salinity sites in this study (13-16 and 16-21 ppt).

The VV oysters proved to be an adequate control for mortality in this experiment. At all
sites, VV suffered very little mortality throughout the year. The VV oysters were made from a
DEBY line that has been selected in the Chesapeake Bay for ~14 generations (Frank-Lawale et al.,
2014; Ragone Calvo et al., 2003), and thus were expected to have the lowest mortality;
however, our survival results are exceptional even for DEBY. Recent studies testing DEBY
oysters reared in Virginia, both in 2012-2013 (Proestou et al., 2016) and 2010-2011 (Callam,
2013), found higher cumulative mortality rates after 15 months (> 50%) and 17 months ( > 20%),
respectively. Site difference may largely explain the difference in mortality in DEBY between
this study and Proestou et al. (2016). Results from Callam (2013), however, are for DEBY oysters
reared at the same RR site as in this study. Our results may thus represent some breeding gains

in the DEBY line over the 5 years since the experiment in Callam (2013).

The reciprocal crosses, VM and MV, had nearly the same cumulative mortality at three
of the four sites. The difference occurred at RR, where VM oysters had a final mean cumulative
mortality slightly higher (+9%) than MV. Hawes et al. (1990) also found similar performance in
reciprocal crosses of C. virginica made from geographically separated populations. Hawes et al.
(1990) produced reciprocal crosses using a non-selected line from Long Island Sound and an

MSX resistant line from New Jersey and found that reciprocals had similar growth. Reciprocal
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crosses have also been made in hybridization studies of shellfish, including those with
Crassostrea spp. (Soletchnik et al., 2002) and Argopecten spp. (Zhang et al., 2007), as well as
between crosses of geographically separated populations of Pinctada martensii (Zhifeng et al.,
2011). Using C. gigas and C. angulata, Soletchnik et al. (2002) did not find a difference in
survival between reciprocal crosses. Different morphological traits, however, have been
observed between reciprocal crosses of other shellfish, such as larger shell height and total
weight in reciprocal crosses of A. irradians concentricus and A. irradians irradians (Zhang et al.,
2007) and differences in shell thickness between reciprocal crosses of P. martensii (Zhifeng et

al., 2011).

Cumulative mortality in the Virginia-Maine hybrids was not halfway between the
mortality of MM and VV crosses. The hybrids had cumulative mortality that deviated positively
from the mean cumulative mortality of VV and MM, exemplifying heterosis (Falconer and
Mackay, 1996). If heterosis is defined as the difference in the mean cumulative mortality of VV
and MM and the mean cumulative mortality of VM and MV, then heterosis in the hybrids was
11.9%, 6.8%, 3.2%, and 15.3% at RR, ND, PG, and OC, respectively. Heterosis from crosses of
non-inbred lines of C. virginica were also observed in Mallet and Haley (1983). Mallet and Haley
(1983) collected C. virginica from geographically separated rivers in New Brunswick, Canada and
mated oysters from different rivers (“crosses”) as well as oysters from the same rivers (“parental
populations”). Two of the three crosses had higher survival than the mean of the corresponding
parental populations, and the deviations from the mean were between 10-12%, similar to the
average deviation in the present study (9.3%) (Mallet and Haley, 1983). Results from Mallet and
Haley (1983) and the present study suggest as a trait, mortality involves nonadditive genetic
effects in C. virginica. Non-additive genetic effects have also been well documented in C. gigas

using inbred lines (Hedgecock et al., 1995; Hedgecock and Davis, 2007).
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4.3 Triploid Mortality

The primary objective in this study was to gain a better understanding of the recurring
mortality events of triploid C. virginica, or triploid mortality, in Virginia. Triploid mortality was
expected to match reports from previous years. Most reports indicated mortalities would occur
in late spring (May-June), significant numbers (>20%) would die within a matter of weeks, and

then relatively little mortality would occur throughout the summer.

4.3.1 Sites

Triploid mortality was not observed at most sites. As expected, no triploid mortality
occurred at the control site; however, triploid mortality was also absent at two of the three
previously affected sites on the Eastern Shore (PG and OC). The diploid control, VV, and all
triploid crosses had little mortality during the spring, as well as throughout the rest of the year
(< 20%) at these sites. The MM oysters had substantial mortality in late spring at all sites, but
the pattern of mortality of MM often did not match previous reports of triploid mortality. At RR,
ND, and OC, MM died throughout the year as opposed to over several weeks and had highest
mortalities in late summer as opposed to late spring. Mortality of MM at PG, however, more
closely matched reports of triploid mortality because mortalities ceased by early summer.
Overall, mortalities of MM, as well as of the hybrids (VM and MV), were suspected to be caused
by a lack of adaptation to local conditions (e.g., disease pressure, thermal stress, salinity) than

by causes of triploid mortality.

Triploid mortality was only observed in Nandua Creek (ND). Mortalities in several
triploid crosses in late spring at ND (VVV, VVM, and LLV) were characteristic of triploid mortality,
increasing by greater than 10% between May 10 and June 7. By the end of June, cumulative

mortality in these crosses ranged from 18-25%, and then little mortality was observed in these
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crosses throughout the rest of the year. These are the first observations of a triploid mortality

event in a controlled field test.

4.3.2 Ploidy and Genotype

The triploid mortality event at ND enabled susceptibility be determined based on ploidy
and genotype. The two most important questions from a commercial perspective were (1) are
diploid oysters susceptible, and (2) are mortality events associated with a specific genotype.
Very few mortalities occurred in the control diploid, VV, during the documented event at ND,
and thus only triploid oysters may be susceptible to these late spring mortality events.
Originally coined “triploid mortality” due to triploid susceptibility, these findings provide a literal
meaning to this term as a phenomenon specific to triploid oysters. Triploid mortality was
associated with several triploid genotypes. Similarly, there was no support for the hypothesis by
Guévélou et al. (in prep) that the “northern cross,” VVM, was particularly susceptible to triploid
mortality. Mortality rates increased in multiple triploid genotypes in late spring, and mortality in
VVM was typical. In fact, the cross with the greatest mortality between May 10 and June 27 at

ND was VVV.

Triploid mortality could not be associated with one triploid genotype, yet genotype may
still be an important factor in its expression. Among the four triploid genotypes at ND,
cumulative mortality varied substantially by the end of June, ranging from 13% in LLM to 25% in
VVV. The variation in mortality is not well explained by the contribution of the diploid parent.
The VVV and VVM cross had similar mortality throughout the spring at ND, despite sharing
tetraploid parents and having diploid parents from geographically separated regions. Variation
in mortality was more closely associated with the contribution of the tetraploid parent.

Mortalities were lower in triploid oysters produced by the tetraploid oysters with some

39



Louisiana origin (LLV and LLM) than in triploid oysters produced by the tetraploid oysters of

Virginia origin (VVV and VVM).

An explanation for the different cumulative mortality between LLM and VVV, VVM, and
LLV is that LLM oysters did not undergo typical “triploid mortality.” Although LLM had a
cumulative mortality of 13% by the end of June and a similar final cumulative mortality (21%) as
LLV (20%), the pattern of mortality in LLM was unique among triploid oysters at ND. In VVV,
VVM, and LLV, cumulative mortality sharply increased between May 10 and June 7, and then
slightly increased through the summer and fall. Mortality in LLM had a different pattern, more
closely resembling that of VM and MV: substantial mortalities first occurring between May 24
and June 7, followed by a gradual increase in mortality throughout the rest of the experiment.
Based on timing, it is not clear if mortalities of LLM represent triploid mortality, or if LLM oysters
died from factors that are not specific to triploid mortality, such as those related to mortality in
VM and MV (e.g., P. marinus, thermal stress, salinity). Overall, differences in mortality among
triploid genotypes suggests triploid mortality may have a genetic component. More research is

underway to determine the genetic basis of triploid mortality and if susceptibility is heritable.

4.3.3 Other Factors Related to Mortality

The onset of triploid mortality at ND occurred between May 10 and May 24. During this
time, the average daily temperature ranged from 18 to 21°C, and the mean of the average daily
temperature values was 19.6 °C. Interestingly, 19°C corresponds with the onset of many
summer mortality events of C. gigas in France (Ropert et al., 2008). Over a six-year span,
summer mortality events at three sites in France generally began each year once water
temperatures reached 19°C (Ropert et al., 2008). No substantial change in salinity was observed

during the mortality event at ND. During the onset (May 10 to May 24), salinity at ND ranged
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from 16.9 to 18.8 ppt, and there was also little variation in salinity (16.7 to 18.8 ppt) during the

entire mortality window at ND (May 10 to June 27).

Environmental conditions were similar between ND and unaffected sites. Dissolved
oxygen measurements were similar at ND and PG from May to July. Additionally, dissolved
oxygen concentrations were never less than 3.9 mg/L at either site, well above hypoxic
conditions (< 2 mg/L) and a level which would likely cause considerable stress. Temperature
was also similar at all sites throughout 2016. Salinity was similar among all sites on the Eastern
Shore, and pH did not differ substantially between ND and PG. The only exception was

chlorophyll a, which was noticeably higher at ND than at PG in late spring.

Disease and relative size of oysters were insignificant factors in triploid mortality. No
evidence of disease pressure was found in triploid oysters sampled from ND amid the mortality
event. Prevalence of H. nelsoni infections were low and infections of P. marinus nonexistent,
which corroborates findings from triploid mortality events in prior years (R. Carnegie,
unpublished; Guévélou et al., in prep). The relative size of live and dead oysters was the same.
Therefore, there was no support for the claim that faster growing oysters within a cohort are

more susceptible to triploid mortality.

4.3.4 Triploid Mortality and Summer Mortality of C. gigas

This study represents the first controlled field test to address the unusual mass
mortalities of triploid C. virginica in the Chesapeake Bay. A mortality event was observed in late
spring (> 20% mortality); however, the event was less severe than those reported by farmers in
prior years. The findings suggest these late spring mortality events are specific to triploid
oysters, thus giving new meaning to their previously coined name, “triploid mortality”

(Guévélou et al., in prep). There was not, however, evidence that a specific triploid genotype
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(i.e., the “northern cross”) was responsible for events in previous years. Also, although triploid
mortality events can be site-specific and vary from year to year, there is a lack of etiology for

triploid mortality at the ND site, specifically.

Cases of summer mortality in C. gigas remain unexplained and share similarities with
triploid mortality in C. virginica. Summer mortality episodes have regularly occurred in Japan
(Koganezawa, 1975), France (Goulletquer et al., 1998), and the west coast of the US (Glude,
1975), often resulting in high crop losses (> 50%) of adult oysters during the summer months.
Like triploid mortality, many cases of summer mortality in C. gigas occur within a period of
several weeks (e.g., Cheney, 2000; Ropert et al., 2008), and are not necessarily due to extreme
environmental conditions (Cheney, 2000; Glude, 1975; Koganezawa, 1975; Ropert et al., 2008).
In cases in Japan and Washington state (USA), timing of peak mortalities during summer
mortality events and extreme water conditions differed, such as the maximum temperature
(Cheney, 2000; Koganezawa, 1975). The severity of summer mortalities among several sites in
France often had no strong relationship with water temperatures (Ropert et al., 2008). As with
triploid mortality in Virginia, summer mortality has been associated with site specificity and
annual variability (Glude, 1975; Ropert et al., 2008). For example, sites in Washington state
(USA) were separated as “high mortality areas” and “low mortality areas” for summer mortality
of C. gigas from 1956 to 1973. Within this time span, mortalities in “high mortality areas” could
range from 63% one year to 9% the following year (Glude, 1975). Also like triploid mortality, no
pathogen has been systematically associated with episodes of summer mortality in adult oysters

(Glude, 1975; Koganezawa, 1975; Samain and McCombie, 2008).

Effects of gametogenesis have been implicated as a primary cause of both triploid
mortality and summer mortality. Early hypotheses of the cause for summer mortality centered

around physiological stress due to significant gonad development (Glude, 1975; Koganezawa,
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1975), and in later studies, the relative amount of gonad development has been found to have a
positive relationship with susceptibility (Huvet et al., 2010; Samain and McCombie, 2008).
Gametogenesis is implicated in triploid mortality because the timing of mortalities coincides
with full gonadal maturation in local diploid oysters, as well as because of recent observations of

triploid C. virginica with significant gonadal development (Guévélou et al., in press).

The most important commonality between triploid mortality and summer mortality may
be the susceptibility of triploid oysters. Based on the hypothesis developed by Koganezawa
(1975), triploid C. gigas were expected to be less susceptible to summer mortalities owing to
their reduced gonad development (Cheney, 2000; Gagnaire et al., 2006; Samain and McCombie,
2008). Triploid oysters, however, have suffered summer mortalities in a similar way as diploid
oysters in studies in France (Samain and McCombie, 2008) and Washington state (Cheney,
2000). Overall, the cause for summer mortalities in triploid oysters has not been well explained.
Samain and McCombie (2008) reported some triploid oysters from the affected population
reached a similar level of gametogenic development as diploid oysters, which suggests gonadal

development in triploid oysters may be a factor.

Advanced gonadal development has not been ruled out as the cause for triploid
mortality in Virginia; however, based on the evidence that diploid oysters are not susceptible,
advanced gonadal development alone does not appear to be a risk factor for triploid mortality.
Instead, susceptibility may be more broadly related to gametogenesis in triploid oysters, which
is manifested by a variety of abnormal patterns of gonadal development (Allen and Downing,
1990; Jouaux et al., 2010). Further study into triploid mortality should investigate the

association between gametogenesis and mortality in triploid oysters.
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Table 1.1. Results from the ANOVA for mean shell height () in August of 2016 for genotypes and
sites, and results from the Tukey’s Honest Significant Differences post-hoc analysis of pair-wise
comparisons among genotypes and among sites. “Group” indicates variables that are not
significantly different (shared letters) and are significantly different (no shared letters) at
alpha=0.05. Abbreviations for crosses are found in Figure 1.1: L=Louisiana, M=Maine, V=Virginia.
Sites are RR=Rappahannock River, ND=Nandua Creek, PG=Pungoteague, and OC=0Occahannock
Creek.

Shell Height: August 2016

ANOVA

Factor df SS F p
Genotype 7 11100 16.9 <0.05
Site 3 11610 41.3 <0.05
Genotype x Site 21 2981 1.5 0.07

Tukey's Honest Significant Differences: Genotype

Genotype X df SE Group
LLM 84 449 1.25 a
A% 82 449 1.25 ab
LLV 82 449 1.25 abc
VVM 80 449 1.25 abc
\A% 79 449 1.25 bcd
MV 77 449 1.25 cd
VM 75 449 1.25 d
MM 68 449 1.25 e

Tukey's Honest Significant Differences: Site

Site X df SE Group
RR 84 449 0.89 a
ND 82 449 0.89 a
ocC 78 449 0.89 b
PG 71 449 0.89 C
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Table 1.2. Results from ANOVA for mean meat weights (X), and results from a priori contrasts
made between VV and VVV for meat weight measurements made at “early development” (April
2016), “ripe” (May 2016), and the “post-spawn” sampling times (August 2016) for all field sites
(RR=Rappahannock River, ND=Nandua Creek, PG=Pungoteague, and OC=0ccahannock Creek).

Early Development (April 2016)

ANOVA

Factor df SS F p
Genotype 7 3.3 16.6 <0.05
Site 3 8.1 95 <0.05
Genotype x Site 21 1.2 2 <0.05

a priori contrasts

Site VV x (g) VVV % (g) SE t p
RR 6.0 8.9 1.1 -2.7 <0.05
ND 6.6 8.3 1.1 -2.02 <0.05
PG 34 3.2 1.2 -0.1 0.9
ocC 6.1 7.4 1.1 -1.2 0.2

Ripe (May 2016)

ANOVA

Factor df SS F p
Genotype 7 3.3 20.1 <0.05
Site 3 16.4 228.8 <0.05
Genotype x Site 21 0.8 1.6 0.05

a priori contrasts

Site VV % (g) VWV % (g) SE t p
RR 8.2 9.8 0.05 1.7 0.09
ND 8.3 10.2 0.04 25 <0.05
PG 3.2 3.5 0.07 04 071
oC 6.7 9.6 0.49 41 <0.05

Post-Spawn (August 2016)

ANOVA

Factor df SS F p
Genotype 7 6.3 41.1 <0.05
Site 3 10.3 157.4 <0.05
Genotype x Site 21 11 24 <0.05

a priori contrasts

Site VV X (g) VVV x (g) SE t p
RR 7.6 11.5 1.1 -4.1 <0.05
ND 5.0 9.0 1.1 -6.1 <0.05
PG 2.9 3.6 1.2 -0.7 0.48
ocC 5.3 8.1 1.1 -3.3 <0.05
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Table 1.3. Mean shell height (mm) of live and dead/moribund Crassostrea virginica sampled at ND on May 24, June 7, and June 27. For each
sampling time, mean shell height was compared between live and dead/moribund samples within each cross using a Welch t-test. n: number of
observations; X: sample mean; SD: standard deviation, t: t statistic; p: p-value. Abbreviations for crosses are found in Figure 1.1: L=Louisiana,
M=Maine, V=Virginia.

May 24 June 7 June 27
n X sD t p n X sD t p n X sD T p

Live 21 85 9 21 85 10 21 85 9

VvV Dead 35 37 10 -0.6 0.5 66 83 10 0.9 0.4 7 82 12 0.6 0.6
Live 21 79 11 21 81 11 21 79 10

VVM Dead 36 33 9 -1.0 0.2 47 32 11 -0.5 0.6 1 82 3 -1.0 0.3
Live 21 78 10 21 80 11 21 80 16

LLV Dead 53 84 1 -2.0 0.08 58 91 1 -3.0 <0.05 13 90 14 -2.0 0.06
Live 21 90 10 21 91 11 21 90 11

LLM 2. | -0. 7 . 4
Dead 6 85 7 0 0 18 92 11 0.3 0 26 87 12 0.9 0
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Table 1.4. Prevalence and weighted prevalence (WP) of infections of Haplosporidium nelsoni
and Perkinsus marinus for Crassostrea virginica sampled on May 24 and August 8 at Nandua
Creek (ND) and Rappahannock River (RR). Presence of pathogens was determined via histology.
n: number of observations. Abbreviations for crosses are found in Figure 1.1: L=Louisiana,
M=Maine, V=Virginia.

Haplosporidium nelsoni Perkinsus marinus
Date Site Cross n Prev. (% WP Prev. (% WP
May 24 ND vvw 21 0 0 0 0
ND VWM 21 5 1 0 0
ND LLV 21 5 1 0 0
ND LM 21 10 3 0 0
Aug 8 RR MM 15 0 0 66 0.9
ND MM 15 0 0 60 15
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Table 1.5. Mean of average daily temperature values (°C) at all sites during the mortality event at
ND (May 10-June 27). Means are reported within sampling visits to ND: from May 10 to May 24,
from May 24 to June 7, and from June 7 to June 27. *No data were available between May 24
and June 5 for RR. Sites are Rappahannock River (RR), Nandua Creek (ND), Pungoteague (PG), and
Occohannock Creek (OC).

May 10-May 24

May 24-June 7

June 7-June 27

RR 19.9* --* 26.8
ND 19.6 25.4 26.5
PG 19.0 25.4 26.0
OC 19.3 25.1 26.3
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Figure 1.1. The spawning design for Crassostrea virginica produced by crossing diploid oysters
(2N) from Virginia (V) and Maine (M) in a 2x2 matrix, resulting in four diploid crosses (VV, VM,
MV, and MM), as well as crossing the same female diploid oysters to male tetraploid oysters
(4N) with Virginia (V) and Louisiana (L) origin to create four triploid crosses (VVV, VVM, LLV, and
LLM).
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Figure 1.2. Map of commercial farms where the eight crosses of Crassostrea virginica were

reared from June 2015-November 2016. ® Rappahannock River (RR); A Occohannock Creek
(OC); ® Nandua Creek (ND); ¥ Pungoteague (PG)
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Figure 1.3. Mean shell height (mm) for four triploid crosses (black) and four diploid crosses
(white) of Crassostrea virginica sampled prior to deployment in the field (D) in June 2015 (Jun
’15), at each site at the start of the experiment in February/March 2016 (Feb '16), and at the
end of the experiment in August 2016 (Aug '16). RR: Rappahannock River; ND: Nandua Creek;
PG: Pungoteague; OC: Occohannock Creek. Abbreviations for crosses are found in Figure 1.1:
L=Louisiana, M=Maine, V=Virginia.
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Figure 1.4. Increase in mean shell height (growth; mm) for four diploid crosses (white) and four
triploid crosses (black) of Crassostrea virginica from the start of the experiment in
February/March 2016 to the end of the experiment in August 2016. RR: Rappahannock River; ND:
Nandua Creek; PG: Pungoteague; OC: Occohannock Creek. Abbreviations for crosses are found in
Figure 1.1: L=Louisiana, M=Maine, V=Virginia.
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Figure 1.5. Mean meat weight (g) for four triploid (black) and four diploid (white) crosses of
Crassostrea virginica reared at four sites from February-August of 2016. RR: Rappahannock River;
ND: Nandua Creek; PG: Pungoteague; OC: Occohannock Creek, 1: “early development” time
period, 2: “ripe” time period, “3” post spawn time period. Abbreviations for crosses are found in
Figure 1.1: L=Louisiana, M=Maine, V=Virginia.
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Figure 1.6. Mean cumulative mortality (%) in four triploid crosses (black) and four diploid
crosses (white) of Crassostrea virginica at four sites in the Chesapeake Bay from April-November
of 2016. Error bars represent + standard deviation. RR: Rappahannock River; ND: Nandua Creek;
PG: Pungoteague; OC: Occohannock Creek. Abbreviations for crosses are found in Figure 1.1:
L=Louisiana, M=Maine, V=Virginia.
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Figure 1.7. Mean cumulative mortality in four triploid crosses (black) and four diploid crosses
(white) of Crassostrea virginica at Nandua Creek (ND) from April-November of 2016. Error bars

represent * standard deviation. Abbreviations for crosses are found in Figure 1.1: L=Louisiana,
M=Maine, V=Virginia.
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Figure 1.8. Average daily temperature (°C) from January 1 to August 10 of 2016 at each of the
four sites where crosses of Crassostrea virginica were reared from June 2015-August 2016. RR:
Rappahannock River; ND: Nandua Creek; PG: Pungoteague; OC: Occohannock Creek.

56



25 © RR
° ND
v PG
oC
g
& 20
2
£
‘T
)]
>
T
a
[
o
o
o 15+
Z
10
T
May

Jun Jul Aug

Figure 1.9. Average daily salinity (ppt) from May 10 to August 10 of 2016 at each of the four sites
where crosses of Crassostrea virginica were reared from June 2015-August 2016. RR:
Rappahannock River; ND: Nandua Creek; PG: Pungoteague; OC: Occohannock Creek.
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Figure 1.10. Average daily dissolved oxygen (mg/L) from May 10 to July 12 of 2016 at two of the
sites where crosses of Crassostrea virginica were reared from June 2015-August 2016. ND:
Nandua Creek; PG: Pungoteague.
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Figure 1.11. Average daily pH from May 10 to July 12 of 2016 at two of the sites where crosses
of Crassostrea virginica were reared from June 2015-August 2016. ND: Nandua Creek; PG:
Pungoteague.
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Figure 1.12. Average daily chlorophyll a (ug/L) from May 10 to July 12 of 2016 at two of the sites
where crosses of Crassostrea virginica were reared from June 2015-August 2016. ND: Nandua

Creek; PG: Pungoteague.
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Chapter 2: Observations of gametogenesis and condition in Crassostrea virginica
associated with triploid-specific spring mortalities on commercial farms in the
Chesapeake Bay
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1. Introduction

Chromosome set manipulation, or ploidy manipulation, has been widely applied in
agriculture and aquaculture. For aquaculture, benefits of ploidy manipulation have been
investigated in finfish and shellfish species since the 1970s, and much of the applied research
has involved the induction and commercial production of triploid animals (Lincoln et al., 1974;
Refstie et al., 1977; review by Piferrer et al., 2009). Triploidy is valued for its expected sterility,
which may lend to improvements in cultured animals via the avoidance of decreased meat
quality and decreased growth rate associated with sexual maturation (Lincoln et al., 1974;

Refstie et al., 1977; Stanley et al., 1981).

Triploidy has been artificially induced in many species of shellfish (Piferrer et al., 2009)
including the commercially important oysters Crassostrea gigas and Crassostrea virginica. Both
species were originally induced as chemical triploid oysters by inhibiting the release of a polar
body during meiosis in diploid zygotes (Allen and Downing, 1986; Stanley et al., 1981); however,
commercially produced triploid oysters are now typically created through mating tetraploid and
diploid oysters (Guo et al., 1996). As expected, chemical and mated triploid C. gigas and C.
virginica have demonstrated highly reduced fecundity compared to diploid counterparts (Allen
and Downing, 1990; Barber and Mann, 1991; Guo and Allen, 1994b; Lee, 1988; Peachey and

Allen, 2016; Suquet et al., 2016).

Triploid oysters have proven valuable for aquaculture. They often grow faster than
diploid oysters (Barber and Mann, 1991; Dégremont et al., 2012; Guo et al., 1996; Harding,
2007; Matthiessen and Davis, 1992; Walton et al., 2013). Perhaps more importantly, triploid

oysters offer more consistent meat quality during the warmer months, maintaining higher
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carbohydrate levels during warm conditions (Allen and Downing, 1986; Davis, 1994; Shpigel et
al., 1992) as well as meat weight throughout the spawning season (Allen, 1988; Chapter 1).
Faster growth, higher carbohydrate levels, and more consistent meat quality alighed with the
expectation that reduced fecundity gives triploid oysters an energetic advantage over diploid
oysters during the reproductive season, and has made triploid oysters a popular aquaculture

product worldwide (Dunham, 2011).

Recent mass mortalities of triploid C. virginica in the Chesapeake Bay however, have
revealed an unexpected cost of growing triploid oysters (Guévélou et al., in prep; Chapter 1).
Since at least 2012, several farms along the Chesapeake Bay have experienced annual mortality
episodes resulting in a >20% crop loss. Affected farms were exclusively growing triploid oysters,
and mortalities typically occurred over a few weeks between May and July. A series of follow-up
investigations have found mortalities are not associated with pathogens (R. Carnegie, VIMS,
unpublished; Guévélou et al., in prep; Chapter 1) nor coincide with extreme temperatures, large
changes in salinity, or levels of dissolved oxygen (Guévélou et al. in prep; Chapter 1). In Chapter
1, evidence was also found that diploid oysters are not susceptible during a mortality event,
suggesting the mortality events are triploid-specific and especially fitting of the originally coined

name of “triploid mortality.”

Most analogous to triploid mortality in C. virginica are the summer mortality events that
have been observed in diploid C. gigas around the world for decades (Cotter et al., 2010; Glude,
1975; Goulletquer et al., 1998; Koganezawa, 1975; Takeuchi et al., 1960; Ventilla, 1984;
Watermann et al., 2008). An explicit cause for summer mortality has remained elusive (Samain
and McCombie, 2008); however, metabolic demand associated with high reproductive effort is
believed a primary factor, based on the positive relationship between gonad development and

susceptibility in many studies (Huvet et al., 2010; Koganezawa, 1975; Perdue et al., 1981). In
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fact, this association has led many to suggest triploid C. gigas may be less susceptible to summer
mortality due to their reduced fecundity (Cheney, 2000; Gagnaire et al., 2006; Samain and
McCombie, 2008; Shpigel et al., 1992), yet field studies have produced mixed results (Cheney,
2000; Samain and McCombie, 2008). It is unclear why triploid oysters may be just as susceptible
to summer mortality; however, one explanation is susceptible triploid oysters are expending
reproductive effort similar to that in diploid oysters. Samain and McCombie (2008) mentioned
batches of triploid oysters suffering from summer mortality contained individuals in “an

advanced state of reproduction.”

Triploidy generally causes reduced gonad development and fecundity in oysters, yet
high variation in gonad development may be just as characteristic. Early histological
observations revealed gametogenesis to be highly abnormal in chemical triploid C. gigas
compared to diploid oysters, yet the number of gametes varied substantially among individuals
and some produced many eggs (Allen and Downing, 1986). More recently, Jouaux et al. (2010)
examined gonads of mated triploid C. gigas throughout a time series and parsed the variation in
gametogenesis into two main categories. Most triploid oysters had abnormal gametogenesis
with reduced fecundity, referred to as B triploids, while some (25%) had diploid-like
gametogenesis and fecundity similar to diploid oysters, referred to as a triploids (Jouaux et al.,

2010).

Like summer mortality, triploid mortality may be primarily due to the physiological
factors associated with gametogenesis. For one, triploid mortality events coincide with gonadal
maturation and spawning in local diploid oysters. Recent investigations have also found some
triploid oysters from affected farms to have substantial oocyte production (S. Allen,
unpublished, Guévélou et al., in prep). High fecundity was expected to be unusual in triploid C.

virginica based on previous experience (Peachey and Allen, 2016), and thus the exceptional
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gamete production was linked to mortalities. Currently, however, no clear association between

fecundity and mortality in triploid C. virginica has been demonstrated.

Fecundity in triploid oysters is a possible factor in triploid mortality, yet so too are other
possible patterns of gonad development. Like triploid C. gigas, gametogenesis in triploid C.
virginica has been found to be abnormal and vary substantially among individuals of the same
age (S. Allen, unpublished, Guévélou et al., in prep). It remains unclear how the abnormal
gametogenesis in C. virginica can be measured or categorized to facilitate comparisons.
Patterns of gonad development, such as the a/B classification by Jouaux et al. (2010) for C.
gigas, have not been identified for C. virginica, and analysis of gametogenesis in C. virginica is
comparatively limited. A comprehensive analysis of gonad development in triploid C. virginica is

required to identify possible development patterns and their association with triploid mortality.

Physiological factors associated with triploid mortality are likely influenced by highly
variable environmental conditions. In a companion study (Chapter 1), the genetic and
environmental component of triploid mortality was evaluated by deploying the same four
genetically distinct triploid groups to four sites in the Chesapeake Bay: three sites with previous
reports of triploid mortality and one with no known history of triploid mortality. Most of the
triploid groups had a similar increase in mortality during a triploid mortality event; however,
triploid mortality was observed at only one of the commercial sites. Despite the clear site
effect, no clear difference in environmental factors (e.g. temperature) distinguished the site

with mortality (Chapter 1).

Determining the cause of triploid mortality likely involves identifying a site effect from
Chapter 1, namely the difference in the triploid oysters at the site with mortality compared to

the other sites. In this study, we extend the investigation into the cause of triploid mortality by
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qualitatively comparing histological cross sections of gonad between oysters at the site with and
without triploid mortality from Chapter 1. To do so, we comprehensively characterize and
categorize gonad development in triploid C. virginica. We also search for evidence of broad
physiological differences in oysters at these sites by condition index, and ultimately evaluate the
leading hypothesis that triploid mortality in C. virginica is driven by physiological factors related

to gametogenesis.

2. Methods

Material for this project was available from a field experiment occurring from June 2015
to November 2016 (Chapter 1). Therefore, an abbreviated version of the methods involving

brood stock, spawns, deployment, and ploidy verification are presented here.

2.1 Brood Stock, Crosses, and Larvae

Triploid and diploid C. virginica were simultaneously produced at the VIMS research
hatchery in Gloucester Point, VA in February of 2015. Brood stock consisted of diploid oysters of
Virginia and Maine origin and tetraploid oysters of Virginia or Virginia-Louisiana origin. Male
and female diploid oysters from Virginia (V) were crossed to produce the reference diploid
oysters (VV). Eggs from the same V female diploid oysters, as well as eggs from the Maine
diploid oysters (M), were crossed to male tetraploid oysters from Virginia (V) and of Virginia-

Louisiana origin (L) to produce four triploid crosses (VVV, VVM, LLV, and LLM).

All crosses were conducted via strip spawning (Allen and Bushek, 1992). Eggs from five
to eight females from each brood stock source (V & M) were pooled and each pool was split into
three aliquots for each of the three sperm sources (i.e., VA 2N, VA 4N, LA 4N). Each aliquot of
eggs was then further subdivided into fifths and fertilized by an individual male from each sperm
source. After each subdivided batch of eggs had been allowed to complete fertilization, they
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were recombined into the major crosses: VV, VVV, VVM, LLV, and LLM. Larvae were reared at
the hatchery in Gloucester Point and a commercial hatchery on Gwynn’s Island, VA. Pediveliger
larvae from both hatcheries were allowed to metamorphose on finely crushed oyster shell at

the hatchery in Gloucester Point, VA in March 2015.

2.2 Sites and Experimental Deployment

Experimental oysters were planted at field sites without replication in June 2015, about
9 months before sampling began, and deployed as replicated groups at the onset of sampling in
March/Feburary 2016. Several thousand seed from each cross were deployed to four
experimental field sites in June 2015. Experimental sites consisted of three commercial oyster
aquaculture leases on the bayside of the Eastern Shore of Virginia and one on the western side
of the Chesapeake Bay in Virginia: Nandua Creek (ND), Pungoteague (PG), Occohannock Creek
(OC), and the Rappahannock River (RR). Oysters were deployed to start the experiment
between February 29 and March 3 of 2016. From each cross at each site, 450 oysters were
haphazardly selected and equally split into 3 bags. At RR, ND, and OC, oysters were reared in
single-tier bottom cages in the subtidal zone. For PG, oysters were reared in triple-tier bottom

cages in the subtidal zone.

2.3 Ploidy Verification

Oysters were sampled twice to verify ploidy via flow cytometry (FCM) by staining cells in
DAPI/DMSO (Allen and Bushek, 1992) as described in Chapter 1. In short, oysters from all
crosses (n=25) were sampled prior to field deployment (April 2015) and during the initial field

sampling (February/March 2016) (n=15).

2.4 Site Visits
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Sites were visited monthly or bimonthly throughout spring and summer in 2016.
Bimonthly visits were made in May and June. All sites were visited within three days on eight
occasions, within four days on one occasion, and within eight days on one occasion. From the
time of deployment (February/March of 2016), sites were visited 7 times overall: April 11-April
18, May 9-May 11, May 23-May 25, June 6-June 9, June 27-June 29, July 11-July 13, August 8-

August 10.

2.5 Sampling

2.5.1 Live Samples

Live oysters were sampled, without replacement, at time of deployment and during all
subsequent site visits in the spring and summer (April-August). At time of deployment, fifteen
oysters from each cross at each site were haphazardly selected. Oysters were randomly
sampled during all other sampling times of the experiment. Random selection consisted of
sorting and ordering oysters in piles of 10, selecting a pile with a random number generator,
ordering the oysters from the pile, and then selecting the individual oysters with a random
number generator. Five oysters from each bag were selected, except in May and June when
seven oysters from each bag of triploid oysters were selected. For each sample, fouling was
removed and shells were thoroughly cleaned prior to recording morphometric data and

shucking.

2.5.2 Moribund Samples
Moribund oysters were often encountered during site visits. Oysters were considered

moribund if the shell commissure was only partially sealed. All moribund oysters were sampled.

2.5.3 Preservation for Histology
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From all samples (live and moribund), an approximately 4 mm section of tissue was cut
perpendicular to the anterior—posterior axis, slightly ventral of the labial palps. For live samples,
tissue sections were weighed. All tissue sections were fixed in Davidson’s solution for 48 hours,

and subsequently stored in 70% ethanol.

2.5.4 Preservation for Condition Index

All live samples were measured and preserved so they could be processed for condition.
Following dissection for histology, the remaining tissue, or corpus, was placed on a mesh net to
drain residual oyster liquor, weighed, vacuum sealed, and stored at - 80°C. Shells from each live

sample were stored at - 20°C.

2.6 Post-hoc Selection

2.6.1 Samples for Histology and Condition

Only a portion of all preserved samples were selected to be processed for histology and
condition index. Samples were selected based on mortality in the field (Chapter 1). All samples
were selected from ND because it was the only site where a triploid mortality event occurred in
2016. At ND, mortalities were high (>20%) in VVV, VVM, and LLV between May and July of 2016

(Chapter 1). All samples were also selected from RR for comparison.

2.6.2 Additional Samples for Histology

Two additional contrasts were possible because of additional samples selected for
histology. First, VV samples were selected from OC in April and May because growth rate was
similar at OC, ND, and RR (Chapter 1), and since OC was on the Eastern shore, like ND, it
provided an additional control site for triploid mortality in 2016. Second, moribund oysters
sampled during the middle of the mortality event at ND (May 24) were selected to compare

condition of live vs. moribund oysters.
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2.7 Histology

Samples were processed for paraffin histology following the procedure used routinely
by the VIMS Shellfish Pathology Lab (Carnegie and Burreson, 2011). Sections were dehydrated,

embedded in paraffin, sectioned at 5 um, and stained with hematoxylin and eosin.
2.8 Condition Index

Condition index was calculated for each live sample from an estimation of dry meat
weight and a measurement of dry shell weight. Dry meat weight was estimated using the wet
weight of the corpus, dry weight of the corpus, and weight of the histological section. To
determine dry weight of the corpus, corpus samples were freeze-dried using a Labconco
FreeZone 6 or Labconco FreeZone 4.5 (Kansas City, MO) for 72 h prior to weighing (Guévélou et

al., 2017). The dry meat weight (DW) was then calculated with the following equation:

Dry Corpus .
—— x (Wet Corpus + Section) = DW
Wet Corpus

where dry corpus is the weight of the corpus after freeze-drying, wet corpus is the weight of the
corpus prior to freeze-drying, and section is the weight of the tissue dissected for histology. To
measure dry shell weight, shells were baked at 100°C for 24 h and weighed. A condition index

was then calculated with the following equation (Walne and Mann, 1975):

DW x 1000
Dry Shell Weight

= Condition Index

where DW is dry meat weight and dry shell weight is the weight of shells post-baking.

2.9 Qualitative Gametogenesis
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The hematoxylin and eosin stained slides were examined with a Nikon Eclipse E200
compound microscope. Transverse sections were evaluated for follicle and gamete

development between the mantle and digestive gland.

2.9.1 Diploid Stages
Diploid oysters were assigned a stage of gametogenic development similar to that used
by Kennedy and Krantz (1982) for C. virginica, Allen et al. (1986) for Mya arenaria, and (Allen

and Downing, 1990) for Crassostrea gigas:

Inactive (I): Dormant, practically no follicles present.

Very Early Active (VEA): Few small follicles devoid of lumina. Mostly gonia, only very few

immature oocytes and spermatocytes may be present. Some follicles may be branching.

Early Active (EA): Follicles have lumina and are largely branched. Immature oocytes proliferating

in females, proliferation of primary and secondary spermatocytes in males.

Active (A): Follicles branched and conjoined to form canals. Mature oocytes outnumber
immature oocytes. Spermatids and spermatozoa present in males. Some connective tissue

remains.

Late Active (LA): Pronounced follicle canals. Large oocytes disconnected from follicle wall in
females, spermatozoa most common contents of follicles in males. Little connective tissue

remains.

Ripe (R): Follicles distend from mantle to digestive tissue, either filled with oocytes or

spermatozoa. Nearly no connective tissue remains.
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Spawning (S): Slightly shrunken follicles and irregular arrangement of oocytes in females. In
males, irregular arrangement of spermatozoa. Follicles in males may be partially empty.

Gametes may be present in gonoduct. Still very little connective tissue present.

Advanced Spawning (AS): Continuation of follicle contraction in females. Follicles more empty in

males. More connective tissue present in females and males.

Spawned Out (SO): Collapsed follicles and disorganization of the gonad. Hemocytes may be

present and connective tissue makes up majority of the gonad area.

Diploid oysters were also assigned to intermediate stages (i.e. early active to active or EA-A)
when appropriate. No intermediate stages were assigned between the spawning, advanced

spawning, and spawned out stages.

2.9.2 Sex in Diploid Oysters

Sex of each diploid was recorded. In most cases of early development, sexes in inactive
or very early active stages were unidentifiable. Diploid oysters were classified female if oocytes
were present, male if spermatogenic cells were present, and hermaphrodites if oocytes and

spermatogenic cells were present.

2.9.3 Triploid Oysters

Gametogenesis, as expected, was abnormal in triploid oysters. Therefore, several
aspects of gonad development were examined in further detail among the triploid oysters: the
morphology of gonia, the extent of follicle development, and the type and relative abundance of

cells in the follicles.

2.10 Analysis
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Statistical analysis was used in comparisons of sex ratio and of condition. For sex ratio,
Fisher’s Exact Test was used to test for significant differences at a = 0.05. For condition, Welch's
t-test was used to test for significant differences at a = 0.05. All statistical analyses were done in

R (R Core Team, 2016).

3. Results

3.1 Ploidy Verification

Results of ploidy verification were reported in the previous study (Chapter 1). In short,
all samples from putative diploid crosses were diploid, and all samples from putative triploid
crosses were triploid, except 4% of the oysters in the VVM group sampled in April and 7% of the
oysters in the LLM group sampled from RR in March, which were diploid. These individuals were

discarded and left out of all analyses.

3.2 Diploid Development

3.2.1 ND vs. RR: Winter/Spring

The diploid oysters (VV) at ND consistently had more advanced gametogenic
development than the diploid oysters at RR during sampling periods in the winter and spring
(Fig. 2.1). In February/March, most diploid oysters at ND were in the early active stage. Most
diploid oysters at RR in February/March were in the very early active stage. By April, 80% of
diploid oysters at ND were active, active to late active, or late active, compared to 0% at RR. In
early May, the majority of diploid oysters at ND were ripe (47%), and the least developed diploid
oysters were late active. No diploid oysters were ripe at RR in early May and most had not
progressed to the late active stage (60%). By late May, nearly all diploid oysters at ND were ripe

(80%) or had spawned (13%), whereas at RR only 27% of diploid oysters were ripe and none had
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spawned. Two weeks later in early June, nearly all diploid oysters at ND had spawned (93%)

compared to just 53% at RR (Fig. 2.2).

3.2.2 ND vs. RR: Summer

Diploid oysters at ND and RR often had similar gametogenic stages during the summer
(Fig. 2.2). In late June, nearly all diploid oysters at ND and RR had spawned. Most diploid
oysters were in a post-spawning stage in July at both sites; however, several diploid oysters
(33%) were ripe at ND in July, whereas none were ripe at RR. In August, nearly all diploid
oysters were in post-spawning stages at ND and RR. The exceptions were two diploid oysters at

ND, which were in the late active stage in August (Fig. 2.2), perhaps having recycled.

3.2.3 OCvs. RR

Diploid oysters at OC had more advanced gametogenic development than diploid
oysters at RR during April and May (Fig. 2.3a). In April, a few diploid oysters at OC had
developed beyond the active stage. No diploid oysters had made it to the active stage at RR by
April. Additionally, the majority of diploid oysters at OC were in the active stage (40%), whereas
diploid oysters at RR were predominantly in the early active stage (67%). By late May, nearly all
(94%) diploid oysters at OC were ripe (47%) or nearly ripe (47%). Most diploid oysters at RR

were in the late active stage (53%), and only 27% were ripe.

3.2.4 NDvs. OC

Diploid oysters at ND had only slightly more advanced gametogenic development than
diploid oysters at OC during April and May (Fig. 2.3b). At both sites in April, the most advanced
diploid oysters were in the late active stage, and diploid oysters in the active stage were most
common (ND: 40%; OC: 40%). A few diploid oysters at OC, however, were less developed than

any of those at ND. Diploid oysters with the least development at OC were very early active to
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early active (13%), whereas all diploid oysters at ND were at least in the early active stage. Also,
a greater percentage of diploid oysters at ND were active, active to late active, or late active
(80%) than at OC (53%) in April. In late May, nearly all diploid oysters at ND were ripe (80%),
whereas only 47% were ripe at OC. It should be noted that the difference between late active

and ripe seems a minor distinction.

3.2.5 Sex in Diploid Oysters

The sex ratio was similar among diploid oysters at ND, RR, and OC. Excluding the
unidentifiable diploid oysters from February/March, 63% of diploid oysters sampled at ND and
65% at RR were female (Fig. 2.1 and Fig. 2.2). Males made up most of remaining diploid oysters
(ND: 33%; RR: 34%), but there were also a few hermaphrodites at each site throughout the year
(ND: 3%; RR: 2%). Females were also most common at OC (Fig. 2.3). In April and May, 63%,
70%, and 77% of diploid oysters at ND, RR, and OC were female, respectively. The remainder of

samples at these sites were male, except for the hermaphrodite at ND in April.

Sex ratio among diploid oysters at ND and RR shifted in late summer. In
February/March, nearly all diploid oysters that could be sexed were female (ND: 92%; RR: 100%)
(Fig. 2.1). Females were the majority at ND and RR at all sampling times from April to July,
except for late June when males were more common (60%) than females (33%) at ND. In

August, however, most diploid oysters at ND (53%) and RR (60%) were male (Fig. 2.2).

3.3. Triploid Abnormalities

3.3.1 Gonia
Gonad development was abnormal in triploid oysters, with the most common
abnormalities involving the gonia. In some triploid oysters, follicles contained a population of

gonia of uniform size and shape. The nuclei of these gonia ranged from slightly basophilic to
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slightly acidophilic, and often had a conspicuous nucleolus. Gonia fitting this description were
referred to as a gonia, and their presence was highly correlated with the production of
spermatogenic cells. Typically, a gonia existed in one or two layers along the follicle wall,

immediately exterior to primary spermatocytes (Fig. 2.4).

A population of more abnormal gonia, B gonia, were present in all other triploid oysters.
B gonia were almost always present in multiple layers along the follicle wall and were typically
surrounded by a slightly acidophilic matrix (Fig. 2.5). Nuclei of B gonia varied more in size than
nuclei in a gonia but were typically larger and more acidophilic than the nuclei in a gonia.
Owing to a variety of abnormalities, the nature of the nucleic contents also varied more in
gonia. Often, a significant portion of the nucleus in B gonia was completely void, juxtaposed by
a darkly staining region in the remainder of the nucleus (Fig. 2.5). Many nuclei in B gonia also
contained condensed chromosomes, evident from bulky, rod-shaped, basophilic structures in
the nucleus (Fig. 2.5). Often, nuclei in § gonia were completely opaque, and in many of these

cases, it appeared the nucleus had retracted (Fig. 2.5).

3.3.2 Abnormal Manifestations

Several unusual manifestations were observed within follicles of triploid oysters. In
several instances, follicles in triploid oysters contained discrete, spherical clusters of gonia. The
distinguishing characteristic of these clusters was a thick acidophilic matrix embedding the gonia
(Fig. 2.6al1 and 2.6a2). Clusters were observed within both males and females, and their
location in the follicle varied from along the follicle wall to the center of the lumen. Similarly,
follicles in triploid oysters often contained discrete, spherical void spaces (Fig. 2.6b). These void
spaces were most conspicuous in males with significant spermatocyte production, varied in
location within the follicle, and were about the same size as the clusters of gonia (Fig. 2.6b).

Also unusual were findings of hemocytes in follicles of triploid oysters during the early spring
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and summer. In several instances between May and August, follicles of triploid oysters
contained hemocytes, and their abundance varied from partial to near complete occupation of

the follicle.

3.4 Delay and Variability in Triploid Gametogenesis

3.4.1 Follicle Development

Follicle development was retarded and more variable in triploid oysters compared with
diploid oysters. Collectively among diploid oysters, follicles amassed more of the gonad area
over time, resulting in near total occupation by late spring or early summer. A similar overall
progression in follicle development was observed in triploid oysters; however, this development
progressed more slowly. Variance in the extent of follicle development was also much higher
among triploid individuals. Even in mid-summer, when most triploid oysters had advanced

follicle development, a portion (approximately 15%) still had rudimentary, unbranched follicles.

3.4.2 Gametes

The occurrence of gametes in triploid oysters progressed from nearly absent in
February/March to highly variable throughout the late spring and summer. In February/March,
nearly all triploid oysters had follicles containing only gonia, and by April many triploid oysters
still had not produced any oocytes or spermatocytes. For the rest of the year, the type and
relative abundance of gametic products varied widely among triploid oysters. No gametes were
observed in many triploid oysters, but most common were triploid oysters that had a few
oocytes dispersed within the entire histological cross section. Some triploid oysters produced a
substantial number of oocytes. In these instances, oocytes were sometimes irregularly

distributed within the gonad. For example, in some individuals a section of the gonad was filled
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with many oocytes, whereas follicles in the rest of the gonad contained no oocytes. A few

triploid oysters did, however, have an abundance of oocytes throughout the gonad.

High variation was observed in the type and number of spermatogenic cells present
among triploid oysters undergoing spermatogenesis. Many triploid oysters had follicles
containing an abundant number of primary spermatocytes. Usually in these cases, a much
smaller number of spermatids was found near the center of the follicle. A substantial number of
spermatids relative to the primary spermatocytes was rare, as was the presence of any number
of spermatozoa. Many triploid oysters also had follicles that contained only one type of
spermatogenic cell. For instance, many triploid oysters had follicles containing only primary
spermatocytes, yet there were also many triploid oysters with follicles containing only small
populations of spermatids or spermatozoa. Overall, only 17% of triploid oysters with
spermatogenic cells had spermatozoa, and only one triploid oyster had a gonad resembling a

ripe diploid male.

3.5. Development in Triploid Oysters

The two major aspects for judging stages of sexual maturation in diploid oysters —
follicle development and gamete production — were not strongly correlated in triploid oysters.
Overall, the proliferation of follicles and gamete development were not synchronized, often
exemplified by triploid oysters with well-developed follicles lacking any gametes, or by triploid
oysters with rudimentary follicles filled with spermatozoa. Without a clear correlation between
follicle and gamete development, triploid oysters could not be accurately assigned to a stage of

gametogenic development as was done in the diploid oysters.

3.6 Spawning in Triploid Oysters
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Many triploid oysters showed evidence of spawning. Like diploid oysters, triploid
oysters would sometimes have gametes in the gonoduct and the cellular structure of the
follicles would be highly disorganized. Triploid oysters spawned regardless of the maturity of
meiotic cells. For example, many triploid oysters appeared to have released spermatocytes or
spermatids. Spawning in triploid oysters primarily took place between July and August at both

sites.

3.7 Categories of Triploid Oysters

Triploid oysters were classified based on sex. Like diploid oysters, triploid oysters could
be broadly classified as male or female based on the presence of spermatogenic cells or oocytes;
however, it was necessary to amend the classifications to capture the unique variation in triploid

maturation. Categories apply only to triploid oysters sampled between May and August.

3.7.1 Sterile Triploids
In some cases, triploid oysters had little follicle development and produced no oocytes

or spermatogenic cells. These triploid oysters were considered sterile triploids (S) (Fig. 2.7).

3.7.2 Triploid Females: Fecund/Non-fecund

All triploid females had greater follicle development than sterile triploids and contained
mostly B gonia. Females were broadly distinguished into two categories based on oocyte
production. Oocyte production was approximated from visual examination of the entire cross
section and was based on follicle development. If, on average, the follicles within an individual
contained one or more oocytes, the female was classified as a fecund female (FF) (Fig. 2.8).
Otherwise, females were considered non-fecund females (NFF) (Fig. 2.9). In several instances,
triploid oysters could be assigned NFF status despite the absence of oocytes in the cross section,

based on follicle architecture.
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3.7.3 Triploid Males: o / 8

All triploid males had follicles containing spermatogenic cells. Two types of triploid
males were distinguished, primarily from differences in gonia. Males contained either mostly a
gonia (a males) or mostly B gonia (B males). Several triploid males contained significant
numbers of both types of gonia. In these cases, males were classified by the gonia in higher
abundance. Interestingly, the extent of gametic production was different between a males and
B males. All a males had follicles containing a proliferation of primary spermatocytes (Fig. 2.10).
Often, follicles in a males also contained a smaller number of spermatids, and sometimes
spermatozoa. Primary spermatocytes were often present in B males in small numbers. It was
common for the majority of follicles in B males to be empty, with only several follicles containing
small populations of spermatogenic cells. Also, follicles in B males sometimes contained only

spermatids or spermatozoa, which was not observed in a males (Fig. 2.11).

3.7.4 Hermaphrodites
Triploid oysters were only considered hermaphrodites if substantial numbers of

spermatogenic cells and oocytes were present (Fig. 2.12).

3.8 Sex in Triploid Oysters

Sex ratios were first examined for each cross at each site; however, crosses were pooled

at each site because no clear differences were observed in the sex ratio among crosses.

3.8.1 ND vs. RR: Late Spring

The sex ratios in triploid oysters were similar at RR and ND throughout late spring (May
9-June 7) (Fig. 2.13). In early May, NFF was most common at both sites (ND: 53%; RR: 43%). The
percentage of NFF increased by late May at both sites (ND: 54%; RR: 58%), and by early June the

vast majority of triploid oysters at ND and RR were NFF (ND: 64%; RR: 71%). In contrast, FF
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females made up a much smaller, unchanging percentage throughout late spring, ranging from
6-8% at ND and 5-11% at RR. Also, the percentage of a males was similar between ND and RR
in early May (24% and 33%, respectively) and late May (17% and 11%, respectively). The largest
difference in sex ratio in late spring was due to a higher percentage of a males at ND (16%) than
RR (4%) in early June. Beta males made up a similar percentage at ND and RR in early May (ND:
17%; RR: 10%), late May (ND: 21%, RR: 23%), and early June (ND: 11%, RR: 12%). Very few

triploid oysters were classified as sterile throughout late spring (10% overall).

3.8.2 NDvs. RR: Summer

Sex ratios in triploid oysters at ND and RR were noticeably different in the summer (Fig.
2.14). Inlate June, there was a lower percentage of NFF at ND (56%) than at RR (79%), as well as
a higher percentage of a males at ND (30%) than at RR (7%). The sex ratio between ND and RR
was completely different in July. The percentage of NFF was even more dissimilar between the
sites, as just 32% of triploid oysters at ND were NFF compared to 77% at RR. Also, FF were far
more common at ND (35%) than at RR (15%) in July, as were B males (17% and 3%, respectively)
and a males (13% and 3%, respectively). In August, the sex ratios at ND and RR were more

similar, however FF were now more common at RR (32%) than at ND (18%) (Fig. 2.14).

3.8.3 ND and RR: Trends

A clear shift in triploid sex ratio occurred between the spring and summer at both sites
(Fig. 2.13 and Fig. 2.14). From May to early June, NFF became increasingly common at both
sites. The opposite appeared to happen during the rest of the summer, resulting in NFF being
rare at ND and RR by August. Associated with this decrease in NFF were increases in FF and a

males, the latter making up more than half of all triploid oysters by August (52% RR, 62% ND).

3.8.4 Live vs. Moribund During Mortality Event
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Many of the moribund triploid oysters sampled during the mortality event at ND were
able to be processed and classified (n=30). During the mortality event, the frequency of NFF in
live and moribund were about the same, comprising at least half, 54% and 50%, respectively
(Fig. 2.15). The percentage of a males was also similar (live: 17%; moribund: 14%). Differences
were found in the proportions of FF and  males. The percentage of FF was substantially higher
in moribund (23%) than live (8%) triploid oysters, and there was a higher percentage of f males
in live (21%) than in moribund (13%) triploid oysters. Despite these trends, no significant
difference was found between the sex ratio in the live and moribund triploid oysters from

Fisher’s Exact Test (p=0.2).

3.9 Condition

3.9.1 Trends at ND and RR

Oysters at ND and RR had similar overall trends in condition (Fig. 2.16). In all crosses,
condition increased from March to early May. By early May, nearly all crosses had reached their
maximum mean condition, with VVV at RR the only exception. Maximum mean condition was
similar between crosses at RR and their counterparts at ND. Among triploid oysters, the highest
mean conditions were in VVV and VVM (53.1 and 53.3, respectively), which was substantially
higher than maximum mean condition in LLV and LLM (39.4 and 44.2, respectively). The
maximum mean condition in the diploid oysters (50.0) was also lower than that of VVV and
VVM, but higher than that of LLV and LLM. Condition decreased in all crosses over June, July,
and August. Within each site, the diploid oysters had the sharpest decrease in condition over

this time period (Fig. 2.16).

3.9.2 Diploid Oysters: RR vs. ND
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The mean condition of diploid oysters at RR was always higher than that of diploid
oysters at ND between early May and August (Fig. 2.16). In late May, diploid oysters at RR had a
higher mean condition index (43.2) than diploid oysters at ND (39.7), but the difference was not
significantly different (t=1.3 ; p=0.2). Diploid oysters at RR did, however, have a significantly
higher mean condition index than diploid oysters at ND in early June (RR: 32.2; ND: 27.1) (t=4.7;
p < 0.05), late June (RR: 27.6; ND: 20.5) (t=3.8; p < 0.05), and August (RR: 27.5; ND: 18.4) (t=5.1;

p < 0.05).

3.9.3 Triploid Oysters: RR vs. ND

Triploid crosses at RR always had a higher mean condition index than their counterparts
at ND from early May to August. The difference was often statistically significant (Fig. 2.16).
Additionally, the magnitude of this difference between triploid oysters at RR and ND increased
over the summer, resulting in distinctive patterns at RR and ND. In general at RR, mean
condition in triploid crosses decreased gradually after early May, and the magnitude of the
decrease from early May to August was moderate (25%, on average). At ND, the decline in
condition of triploid crosses from May to August was more rapid and the total decrease was
more extreme (52%, on average). By August, most triploid crosses at RR had a mean condition
similar to their mean condition in April, whereas all triploid crosses at ND were below their

mean condition in March (Fig. 2.16).

4. Discussion

4.1 Gametogenesis in Triploid C. virginica

Gamete production was largely inhibited by triploidy for C. virginica, confirming
previous histological examinations (Barber and Mann, 1991; Lee, 1988 ; Guévélou et al., in

press) as well as previous estimates of fecundity of triploid C. virginica females (Peachey and
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Allen, 2016). Histological sections in males did not typically contain any spermatozoa, and
sections from females usually contained only a few oocytes. Lee (1988) and Barber and Mann
(1991) observed these generalities from histological sections in chemical triploid C. virginica, as
did Guévélou et al. (in press) in mated triploid C. virginica and Allen and Downing (1990) in
chemical C. gigas. Jouaux et al. (2010) also reported most mated triploid C. gigas had highly
reduced gamete production based on histological examination; however, in contrast to studies
in C. virginica and chemical C. gigas, Jouaux et al. (2010) reported all mated triploid C. gigas
males produced spermatozoa. This finding, as well as the estimation by Peachey and Allen
(2016) that triploid C. virginica females contain 15% of the eggs of triploid C. gigas females,

suggest triploid C. virginica are typically much less fecund than triploid C. gigas.

Reduced gamete production was one of several ways gametogenesis in triploid C.
virginica was abnormal. Unlike the more uniform development found among a cohort of diploid
oysters, triploid oysters were highly variable in the extent and nature of gonad development for
each sampling period in the spring and summer. Variation in gonad development of triploid
oysters was also largely associated with abnormal manifestations in the gonads. Most common
were irregular gonia (B gonia), which closely matched descriptions of abnormal oogonia in
chemical triploid C. gigas (Allen and Downing, 1990) and abnormal gonia in mated triploid C.
gigas (Jouaux et al., 2010). The B gonia were found in many triploid oysters throughout the
spring and summer and were associated with the most extreme deviations from diploid
development. These deviations varied; however, they can be summarized by a lack of
synchrony between follicle development and gamete production. For example, some triploid
oysters with B gonia had extensive follicle development and no gametes, whereas some had

relatively undeveloped follicles filled with spermatozoa.
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The contrasting level of follicle development and gamete production made it unclear
what stage in development the triploid oysters had reached. Developmental stages for
gametogenesis of diploid C. virginica are based on a strong relationship between the
progression of follicle and gamete development (Kennedy and Battle, 1964; Loosanoff, 1942),
and thus the gonad structure of most triploid oysters did not correspond with any of the
development stages created for diploid C. virginica. Defining precise developmental stages for
triploid oysters would have presented several challenges. For one, the gonad structure in
triploid oysters varied much more extensively than in diploid oysters. Abnormalities allow many
more manners of development, and thus this variation would not have been accurately
summarized by a few number of categories. Similarly, any new criteria for triploid-specific
developmental stages would have introduced too much subjectivity to be useful. For instance,
the relative value of follicle development compared to gamete development as a function of
overall gametogenic development can only be determined subjectively. Summarizing and
comparing gonad development in triploid oysters required a less subjective method of
characterizing development, and this was accomplished by categorizing triploid oysters without

regard to a stage of development.

We developed six categories for classifying triploid oysters based on their gonad
development, representing the first classification system for gonad development of triploid C.
virginica. Much of the categorization was based on broad qualities such as the type of gametes
produced (i.e. male, female, hermaphrodite) or an overall lack of gonad development (sterile);
however, more refined categorization was possible based on the qualities of the gonia. Gonia
were useful in distinguishing triploid oysters because regular gonia (a gonia) and B gonia rarely
coexisted in similar numbers. All triploid oysters with a majority of a gonia had extensive follicle

development as well as a proliferation of primary spermatocytes, and thus were classified as a
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males. Every other non-sterile triploid oyster had a majority of B gonia. Many with 8 gonia had
oocytes, which were classified as non-fecund (NFF) or fecund (FF) females. A portion of triploid

oysters with B gonia contained only spermatogenic cells and were considered  males.

Gonia type appeared to largely dictate gonad development in triploid C. virginica. This
was best exemplified by the difference in males with a gonia and 3 gonia. Although both
contained spermatogenic cells, a males and B males had little else in common. Compared to a
males, B males often had smaller, rudimentary follicles, which usually contained fewer
spermatogenic cells than follicles of a males. Most striking was the difference in the type of
spermatogenic cells produced. Follicles of a males typically contained many primary
spermatocytes and a few spermatids, whereas follicles of f males often contained only
spermatids or spermatozoa. Follicles comprising gonia and only spermatids or spermatozoa is
specific to triploid oysters for C. virginica. Even ripe diploid C. virginica always contain

substantial numbers of primary spermatocytes.

Applying gonia characteristics to categorize triploid C. virginica borrows from the
classification system Jouaux et al. (2010) developed for mated triploid C. gigas. Jouaux et al.
(2010) also found abnormal gonia to be common in triploid oysters and referred to them as
arrested in prophase, or as “locking events,” and the presence or absence of these abnormal
gonia was the basis of the classification system. Triploid oysters were examined throughout the
course of gametogenesis, and most triploid oysters (75%) observed by Jouaux et al. (2010)
contained locking events, while the rest of the triploid oysters examined did not demonstrate
any locking events. Most importantly, Jouaux et al. (2010) found the presence or absence of
these gonia to be strongly associated with gamete production. Triploid oysters without locking
events appeared to develop like diploid oysters and produce significant numbers of gametes,

whereas triploid oysters with locking events produced many fewer gametes. Jouaux et al.
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(2010) thus classified triploid oysters with diploid-like development as a triploids, and those

with locking events and reduced gametes as B triploids.

Abnormal gonia were linked to patterns of gametogenesis in triploid C. virginica;
however, we did not observe an association between gamete production and their presence as
in Jouaux et al. (2010) for C. gigas. Abnormal gonia were more closely related to sex in C.
virginica. Follicles containing mostly normal, uniformly shaped gonia were reserved to males,
whereas triploid females always contained abnormal gonia, which were even present in triploid
females with oocyte production rivaling that in female diploid oysters. The association suggests
a and B gonia are spermatogonia and abnormal oogonia, respectively, and their morphology
provides some supporting evidence. Using electron microscopy, Eckelbarger and Davis (1996a)
described spermatogonia in diploid C. virginica to have a single nucleolus and a spherical
nucleus containing sparse heterochromatin, all of which correspond to the morphology of a
gonia in triploid oysters. Additionally, the gonia in diploid males were morphologically identical
to a gonia. Morphological evidence that § gonia were abnormal oogonia is less straightforward,
mostly because oogonia in diploid C. virginica are not as easily observed nor have they been as
clearly described. Although Eckelbarger and Davis (1996b) also closely examined oogenesis in
diploid C. virginica, they did not observe a distinct population of “mitotically dividing oogonia.”
Additionally, descriptions of oogonia from light microscopy studies are varied. Both Coe (1932)
and Galstoff (1964) claimed spermatogonia and oogonia to be so similar in appearance as to be
indistinguishable; however, Kennedy and Battle (1964) described oogonia to have a larger nuclei
(diameter: 5.6 to 6.0 um) than spermatogonia (diameter: 3.2 to 4.1 um). According to
classifications by Eckelbarger and Davis (1996b), Kennedy and Battle (1964) were more likely
describing oocytes in the “premeiotic” or “previtellogenic” stage. Regardless, size may be telling

evidence that B gonia are undergoing oogenesis. Although their size varied considerably, B
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gonia were generally larger than a gonia, and thus may have been in the process of enlarging

and differentiating from oogonia to oocyte.

Spermatogonia developing normally and oogonia developing abnormally in triploid C.
virginica would also corroborate previous evidence in triploid oysters and many species of
triploid finfish. A common pattern in triploid oysters (Allen and Downing, 1990; Barber and
Mann, 1991; Lee, 1988) and triploid finfish (review by Benfey, 1999) is for the early, mitotic
stages of spermatogenesis to appear to proceed normally and result in a proliferation of primary
spermatocytes, but for the number of meiotic daughter cells to be greatly reduced. In female
shellfish and finfish, however, triploidy appears to often affect even earliest stages of oogenesis,
inhibiting the production of normal, early stage primary oocytes and resulting in abnormalities
in oogonia (in finfish: Carrasco et al., 1998; Li et al., 2018; Piferrer et al., 1994; Solar et al., 1984;
in shellfish: Allen and Downing, 1990). For example, Carrasco et al. (1998) observed gonads of
female triploid Oncorhynchus mykiss up to 44 months old to consist of mainly oogonia, during
which time female diploid oysters underwent vitellogenesis and spawning. Carrasco et al.
(1998) described the oogonia to have nuclei of variable size and show abnormalities, such as
pyknosis, stranded cytoplasm, and vacuolization. Allen and Downing (1990) reported triploid
females of C. gigas contained mostly abnormal oogonia, which also had pyknotic nuclei, and
that immature or developing oocytes were nonexistent. We observed developing oocytes in

triploid C. virginica; however, they were rare compared to mature oocytes and B gonia.

The failure of gamete production in triploid finfish has often been attributed to synaptic
errors during prophase of meiosis | preventing further maturation (Piferrer et al., 2009;
Thorgaard and Gall, 1979). Although synaptic errors are likely involved in aberrant
gametogenesis in triploid finfish and shellfish, there is a lack of evidence that synaptic errors are

the cause of sterility for triploid oysters. For triploid females, synaptic errors may not even have
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a strong effect on oogenesis. Post-vitellogenic oocytes dissected from C. gigas have been found
to vary in the completeness of synapsis (Guo and Allen, 1994b). Some oocytes had complete
synapsis, containing 10 trivalents; however, oocytes also often exhibited incomplete synapsis,
containing a mixture of tri-,bi-, and univalents, suggesting incomplete synapsis did not inhibit
oocyte development (Guo and Allen, 1994b). Guo and Allen (1994b) also suggested synaptic
error may not even be strongly related to fecundity based on the lack of correlation between

the completeness of synapsis in oocytes of individual triploid C. gigas and their fecundity.

The cause for sterility in triploid organisms of many species is likely more complicated
than a failure to complete synapsis. Triploidy effects more than chromosome pairing, and other
effects, such as an increase in cell size (Guo and Allen, 1994b; Small and Benfey, 1987), may
disrupt the detailed cellular mechanisms of gametogenesis (Carrasco et al., 1998). Carrasco et
al. (1998) and Han et al. (2010) suggested in lieu of errors during meiosis, triploidy may cause
sterility in female O. mykiss via interference in the interactions between germ cells and follicle
cells. In many salmonid species, oocytes develop from germ cells that are connected by
intercellular bridges and encircled by stroma cells, forming clusters (Carrasco et al., 1998;
Takashima, 1980). Oocytes eventually exit the cluster and become encircled by follicular cells
which aid in further development of the oocyte (Peters, 1978). Both Carrasco et al. (1998) and
Han et al. (2010) observed that in triploid O. mykiss the immature oocytes remained
sequestered inside the clusters, and they suggested this made it impossible for follicular cells
and oocytes to interact so that oocytes could progress through meiosis. Carrasco et al. (1998)
suggested that the cellular interactions and communication leading to the segregation of
oocytes from the clusters may be disrupted due to the altered dimensions of triploid cells. It

remains unclear, however, which specific alterations in cell dimension due to triploidy may be
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important in disrupting oogenesis, as well as how some oocytes in triploid O. mykiss are able to

segregate from the clusters and develop normally.

Differentiation processes can be disrupted in triploid male finfish and shellfish. Males
producing spermatids, but not spermatozoa, have been found in triploid C. virginica (Guévélou
et al., in press), C. gigas (Allen and Downing, 1990), and O. mykiss (Carrasco et al., 1998). Itis
possible that differentiation is not completed because the spermatids are aneuploid, which may
affect gene expression (Carrasco et al., 1998). The failure to complete spermiogenesis may also
be an example of a disruption in the cellular interactions involved in the mechanics of
gametogenesis, similar to that suggested by Carrasco et al. (1998) and Han et al. (2010) to

explain a lack of oocyte production.

A better understanding of the mechanisms for disrupted gametogenesis of triploid
oysters may be found by determining why certain triploid individuals are more fecund than their
counterparts. High variation in gamete production has proven a consistent characteristic within
cohorts of triploid Crassostrea spp. (Allen and Downing, 1990; Guo and and Allen, 1994b; Jouaux
et al., 2010; Normand et al., 2008; Peachey and Allen, 2016; Suquet et al., 2016; Guévélou et al.,
in press) , making them good test subjects for these type of comparisons. Dheilly et al. (2014)
began this investigation with a genomic approach by examining the difference in gene
expression between nearly sterile and fecund triploid C. gigas, identified using criteria from
Jouaux et al. (2010) (nearly sterile=B, fecund=a). Compared to stage lll, or ripe, a triploids and
stage Il diploid oysters, stage Il B triploids upregulated many of the same genes associated with
early stages of gametogenesis. The a triploids upregulated several genes involved in cell cycle
checkpoints, including those involved in DNA replication, transcription regulation, and cell
growth in females, as well as those involved in the pachytene cell cycle checkpoint and

chromosome alignment in males. Dheilly et al. (2014) suggested upregulating these genes
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involved in cell cycle checkpoints, or ‘over compensating’, may be what allows triploid oysters to

overcome the third set of chromosomes to produce gametes.

Results from Dheilly et al. (2014) provide insight into the gene regulation expected in
fecund and non-fecund triploid oysters; however, it is unclear how and when certain triploid
oysters start upregulating the genes associated with fecundity. Jouaux et al. (2010) suggested
triploid C. gigas are destined to be fecund or non-fecund based on early stages of gonia
development, meaning processes involved in ultimately upregulating these genes likely happen
in these early stages. Alternatively, the processes involved in becoming fecund may also
manifest later in development. Our time series suggests many female triploid C. virginica only
contain substantial numbers of eggs several months after diploid oysters have spawned, and in
the preceding months most of the females are non-fecund. Many C. virginica triploid females
may have therefore transitioned from a non-fecund to a fecund triploid oyster during the
summer, meaning processes important to fecundity in females may occur well after the onset of
gametogenesis. Fecundity in male triploid C. virginica did not have similar timing. Spermatozoa

were just as rare in triploid oysters early in the spring (May) as they were in the summer.

Sex differentiation mechanisms may be important to the fecundity of triploid oysters
(Dheilly et al., 2014). Dheilly et al. (2014) found stage Il B triploid oysters to upregulate genes
specific to the opposite sex, including stage Ill B females upregulating genes associated with
spermatogenesis, and suggested this may be responsible for the impaired gamete production in
non-fecund triploid oysters. The C. virginica B males in our study may represent the phenotype
of these mixed gene expressions. The B males had spermatogenic cells in their lumens, yet the
follicles were lined with layers of what was likely abnormal oogonia. A gonad containing mostly
abnormal oogonia and a few spermatogenic cells has not been previously described in triploid

oysters; however, it is not a new observation in triploid animals. The appearance of
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spermatogenic cells in non-fecund triploid females has been observed in triploid finfish
(Carrasco et al., 1998; Han et al., 2010; Krisfalusi et al., 2000; Li et al., 2018) and may occur
because of failed ovarian development (Carrasco et al., 1998; Han et al., 2010). It is possible
that B males from this study, as well as the stage Ill B females upregulating genes associated
with spermatogenesis in Dheilly et al. (2014), were undergoing a similar process. If so,
differentiating from an ovary to a spermary may not be a cause of impaired gametogenesis in C.
virginica and C. gigas, but rather a response to failed oocyte production. Interestingly, this
differentiation also appears to be associated with successful gamete production in triploid C.

virginica. Spermatozoa were much more common in B males than a males.

Changing sex during the reproductive season may also be common in triploid C.
virginica. On average from both sites, the proportions of alpha males changed from 8% to 57%
from July to August, while the proportion of females changed from 79% to 33%, and therefore
many triploid oysters may have changed sex between July and August. Most of the evidence of
triploid oysters spawning took place from July to August, and thus one possibility is that many
triploid oysters changed sex after spawning; however, this has no precedence for C. virginica.
Sex change in Crassostrea spp. is not believed to occur until after oysters go through a dormancy
period (Bayne, 2017; Thompson et al., 1996), which in Virginia would occur over the winter.
Interestingly however, a similar change occurred in the sex ratio of diploid oysters at ND and RR
during the same time, as the percentage of diploid males increased from 23% to 57% from July
to August. Another explanation for the change in sex ratio in triploid oysters is that many non-
fecund females changed to alpha males. Beta males were not found to substantially increase in
frequency during the summer, and thus if differentiation from ovary to spermary occurred, it

must have occurred rather rapidly between sampling periods in July and August.

4.2 Triploid Gametogenesis and Mortality
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Gonad development in triploid C. virginica was evaluated to test the hypothesis of
Guévélou et al. (in press) that aberrant gametogenesis is a primary cause for triploid mortality.
We looked for evidence by comparing gonad development between triploid oysters from the
site that had triploid mortality (ND) and a control site (RR) (Chapter 1). Between May 10 and
June 27 at ND, triploid crosses experienced mortality between 10-24%, whereas practically no
mortality occurred in triploid crosses at RR (Chapter 1). Differences in gonad development
related to mortality were expected to occur preceding, during, or immediately following the
mortality event; however, we found little difference in gonad development between triploid
oysters at ND and RR during this time. In fact, the triploid sex ratio was nearly identical between
the sites in the spring. Both sites contained mostly non-fecund females and low proportions of
fecund females, B males, and a males. We also looked for evidence for the hypothesis by
Guévélou et al. (in press) by examining moribund triploid oysters sampled during the mortality
event at ND. A noticeable difference was observed in the percentage of fecund females in the
moribund (23%) and live (8%) triploid oysters from May 24; however, this was not sufficient to
distinguish the moribund and live triploid oysters overall. That is, like the live triploid oysters,
the moribund triploid oysters were mostly non-fecund females, and there was no statistical
difference between the triploid sex ratio of moribund and live triploid oysters on May 24. We
therefore could not clearly distinguish gonad development between triploid oysters from ND

and RR, or between moribund and live triploid oysters, amidst the triploid mortality event.

There are several explanations for why we did not detect a difference in gonad
development among triploid oysters in the spring. For one, the mortality event was moderate
(~20%). Obvious differences in gonad development between triploid oysters at ND and RR, or
moribund and live triploid oysters, may have been detectable if triploid mortality had been

worse. It is also possible that none of the triploid sex categories represent a product of
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gametogenesis that increases the risk of mortality. Fecund females were suspected to be
associated with mortality based on how rare they were in early observations of triploid C.
virginica (Peachey and Allen, 2016), yet seemingly more common in recent triploid mortality
investigations (Guévélou et al., in press). Fecund females may be especially vulnerable to
triploid mortality based on their higher frequency among moribund triploid oysters in the
spring, but they do not appear to be driving the mortality event. Moribund triploid oysters were
made up of all sex categories and fecund females made up a small percentage. Therefore, no
strong relationship may exist between any of the categories and triploid mortality.

Gametogenic processes involved in triploid mortality may not be associated with a phenotype as

distinct as sex or high fecundity.

Data from triploid oysters sampled in the summer also suggest the extent of gonad
development is not a good predictor of mortality in triploid C. virginica. Fecund females were
common at both sites in the summer, and many showed signs of spawning, all while little
mortality occurred in the triploid oysters. Spawning and the time immediately ensuing have
been found to be metabolically demanding times for bivalves (Soletchnik et al., 1997; Tran et al.,
2008) and associated with reduced thermotolerance (Li et al., 2009; Wendling and Wegner,
2013). Producing gametes and spawning does not appear to cause mortality in triploid C.
virginica per se, which emphasizes that any relationship between gametogenesis and mortality

in triploid C. virginica likely depends on other factors.

4.3 Evidence for a Site Effect Related to Triploid Mortality

The diploid oysters proved another aspect of gametogenesis, other than sex or
fecundity, can vary substantially between oysters at different sites in the Chesapeake Bay.

Diploid oysters at ND had more advanced development than diploid oysters at RR in the spring,
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and even showed signs of spawning several weeks earlier than diploid oysters at RR. The diploid
oysters at ND also had more advanced development than diploid oysters at OC in the spring,
albeit to a lesser extent. Variation in the time diploid oysters reached ripeness at ND, OC, and
RR may exemplify a site effect important to triploid mortality. Triploid mortality is site
dependent; however, distinguishing features of sites that experience triploid mortality have not
been identified (Chapter 1). Diploid oysters ripened earliest at the triploid mortality site, and
also ripened earlier at the sites with previous experience with triploid mortality. Environmental
factors promoting an earlier onset or more rapid gametogenic development may therefore be

important characteristics of sites with triploid mortality.

The environmental factors expected to be most important in regulating gametogenesis
in oysters, and thus the most likely candidates for the site effect, are temperature and food
supply (Bayne, 2017; Chavez-Villalba, Jorge Pommier et al., 2002; Fabioux et al., 2005).
Temperature has generally been found to affect the rate and onset of gametogenesis (Chavez-
Villalba, Jorge Pommier et al., 2002; Fabioux et al., 2005), whereas food supply is generally
expected to affect the extent of development (Bernard et al., 2011; Jouaux et al., 2013; Samain
and McCombie, 2008). In this project however, temperature may not explain differences in
gametogenesis among diploid oysters. In Chapter 1, temperature was found to be similar at ND,
RR, and OC for most of the year, including between RR and OC from January 1 to May 24.
Temperatures were also similar at ND and RR from April 12 to May 24, although no temperature
data was recorded at ND for the winter and early spring (Jan 1 to April 12) (Chapter 1). Although
possible, it is unlikely that oysters at ND were exposed to consistently higher temperatures in
the winter and early spring compared with oysters at RR and OC, given the proximity of the sites
and the similar depth oysters were reared at each site. It is therefore more likely that food

supply was driving the differences in gametogenesis.

95



The ultimate significance of the site effect is the potential for it to have impacted the
gametogenesis and physiology of the triploid oysters. We were not able to find conclusive
evidence that temporal aspects of gametogenesis differed between triploid oysters at ND and
RR because of their abnormal gonad development; however, a difference in the trend of triploid
sex ratios may be a consequence of the site effect. At both sites, non-fecund females made up
most triploid oysters in the spring, and over the summer the number of non-fecund females
decreased while the number of fecund females increased. The change in these relative
frequencies may represent a change in the population of non-fecund females developing into
fecund females, and importantly, this may have been happening earlier at ND than at RR.
Fecund females outnumbered non-fecund females and reached a maximum at ND in July,
whereas the same did not occur at RR until August. If increasing fecundity signifies a general
progression in the gametogenesis of triploid oysters, the earlier peak in proportion of fecund
females at ND may represent either an earlier onset or more rapid gametogenic development in

triploid oysters at ND.

The trends in triploid sex ratio at ND and RR draw a similarity with the variation in
development in the diploid oysters, but the patterns are not directly comparable because of
how fundamentally different gametogenesis manifests in diploid and triploid oysters. Diploid
oysters have a regular development cycle and often have relatively little inter-individual
variation within a population, which makes measuring incremental development within a
population possible. Triploid oysters have irregular development and high variation in gonadal
structure at all times of the year, which makes measuring any sort of incremental change within
a population much more difficult. In fact, the presumed transition from non-fecund to fecund
female was the only sign of incremental development we measured in triploid oysters. This is

not enough evidence to confirm triploid oysters at ND had an earlier onset or a more rapid rate
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of gametogenesis than triploid oysters at RR. If the site effect caused differences in the extent
of gonad development between triploid oysters at ND and RR, quantitative methods are likely

necessary to reveal this type of information.

Even if triploid oysters at ND had a different rate of gametogenesis than triploid oysters
at RR, it is not clear how this could lead to triploid mortality. The most obvious difference in
gametogenesis between triploid oysters at ND and RR manifested in summer, well after the
triploid mortality event. Differences in the gametogenic cycle may, however, reflect how
triploid oysters at ND and RR allocated energy differently during the year. Diploid C. gigas have
been found to shift energy among growth, reproduction, and maintenance based on food
abundance (Ernande et al., 2004). In areas of high food abundance, diploid C. gigas have been
observed to allocate more energy to growth and reproduction, whereas in areas of lower food
abundance, more energy is allocated to maintenance (Ernande et al., 2004). A similar pattern
was observed in Daphnia magna when rations were manipulated (Glazier et al., 2011). The
relevance is that decreasing investment in maintenance may increase the risk of mortality
(Patridge and Sibly, 1991), and thus susceptibility of triploid oysters at ND may be related to a
lower investment in maintenance based on a response to the site effect. It is also possible that
the appearance of gonads in triploid oysters would not reflect such a difference in energy
allocation. Abnormalities may mask a measurable association between gonad development and
energy invested to reproduction. A better estimate of the energy invested into reproduction for
triploid C. virginica, such as measuring relative energy stores, may be needed to determine if a

difference in energy allocation is a driving factor in triploid mortality.

Measures of condition index (Cl) may also estimate energy allocation based on changes
in somatic tissue. The gravimetric Cl we used estimated the tissue mass to shell mass ratio, and

major changes in this ratio were expected in cases of spawning and as a function of anabolic and
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catabolic processes. Generally, Cl in oysters is expected to be correlated with energy storage
cycles, such as levels of glycogen reserves, and the gametogenic cycle (Gabbott and Stephenson,
1974; Li et al., 2009; Mann, 1978; Ruiz et al., 1992). Diploid oysters at ND and RR showed a
mostly similar trend in Cl, increasing in early spring, peaking in early May, and generally
decreasing throughout the late spring and summer. The rise in Cl in early spring is typical for
oysters in the Chesapeake Bay, and likely represents an anabolic state made possible from high
levels of feeding (Austin et al., 1993). Much of the decline in the Cl in diploid oysters during the
rest of the year can be attributed to the loss of tissue weight from spawning; however, this is
not the case for the initial decline from early May to late May. Between early May and late
May, only 13% of diploid oysters from ND showed evidence of spawning, yet the mean Cl in
diploid oysters at ND and RR substantially declined. This decrease also does not appear
associated with a certain stage of gametogenesis. Diploid oysters at ND and RR had substantial

differences in gametogenic stage in early and late May.

The decrease in mean Cl from early May to late May might signify a turning point in the
energy budget of oysters at ND and RR. Diploid oysters in early spring increased in Cl and meat
weight (Chapter 1) because energy allocated from the environment exceeded the energetic
costs associated with respiration and maintenance. Metabolic demands likely increased
throughout May due to a combination of rising temperatures and increased body weight (Dame,
1972). Additionally, less energy may have been allocated from the environment over the spring
because less food was available or due to decreases in filtration rate or assimilation efficiency,
both of which have been observed to decrease in late stages of gametogenesis for diploid C.
gigas (Soletchnik et al., 1997). Oysters may have then needed to utilize energy stores for
respiration and maintenance, resulting in a catabolic state and net decrease in Cl. Interestingly,

this turning point in Cl from early May to late May also represents the onset of triploid mortality
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for triploid oysters at ND, and all triploid groups at ND had a similar timing in the peak and initial
decline in Cl. Triploid oysters may too undergo a catabolic state in late May, and this transition

may represent the beginning of the susceptibility window for triploid mortality.

The mean Cl also significantly differed between oysters at RR and ND in late spring and
summer, which provides additional evidence of a physiologically important site effect. In diploid
oysters, the difference in mean Cl occurred during the spawning window (between late May and
August), and corroborated qualitative observations of spawning. Diploid oysters at ND had a
much sharper decline in Cl from late May to early June compared to those at RR. Nearly all
diploid oysters at ND showed evidence of spawning during this interval, and thus the sharp
decline in mean Cl is attributed to a concurrent shedding of gametes. Only some (53%) diploid
oysters at RR showed evidence of spawning from late May to early June, and thus the lack of
synchronized spawning likely explains the less severe decline in mean Cl for RR diploid oysters.
Diploid oysters at ND and RR had a similar trend in Cl for the remainder of the summer, however

diploid oysters at RR appeared several weeks delayed to the pattern in the ND diploid oysters.

The Cl often differed between triploid oysters at ND and RR, however it did not have as
clear an onset as in diploid oysters. Consistent differences between triploid oysters at ND and
RR weren’t observed until the latter part of the summer. In general, all triploid genotypes at ND
had a major decline in Cl from early May to August while triploid oysters at RR had a relatively
minor decline. Therefore, the Cl of each triploid genotype was significantly higher at RR than ND

for nearly all sampling times from late June to August.

Declines in Cl in triploid oysters throughout the summer are likely due to several factors,
including those not related to meaningful physiological changes. For instance, a relatively

greater increase in shell weight compared to soft tissue weight could explain some of the
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decrease in Cl over the summer in our study (Bayne, 2017; Li et al., 2009). In fact, this may have
made up a substantial portion of the minor decline in Cl for triploid oysters at RR. The Cl from
triploid oysters at RR demonstrated an expected pattern for triploid oysters during the
reproductive season. Triploid C. gigas have been found to maintain higher carbohydrate levels
than diploid oysters at elevated temperatures (Shpigel et al., 1992) and over the reproductive
season in the field (Allen and Downing, 1986), which has been attributed to a relationship
between reduced fecundity and a reduced demand for energy reserves. The triploid oysters at
ND did not have a similar pattern; their decline was comparable to that in the diploid oysters.
Interestingly, fecundity may not explain the different trend in Cl between triploid oysters at RR
and ND. The proportion of fecund females appeared roughly similar between triploid oysters at
the two sites outside of July, however we cannot rule out there were differences in fecundity

without quantitative data on overall gamete production.

Differences in Cl between triploid oysters at ND and RR may be due to a difference in
energy demand. Taken together, gametogenesis data and Cl data clearly show a difference in
the timing of spawning between diploid oysters at ND and RR, and ND diploid oysters may have
needed to allocate more energy to gametogenesis to spawn earlier. Triploid oysters at ND may
have been responding to similar environmental cues, and although largely not successful in
gamete production, may have been expending energy reserves at an accelerated rate. Future
research on the variation in energy expenditure and the metabolic demands for triploid C.
virginica during gametogenesis are needed to test these possibilities, which may provide

important insight into triploid mortality.
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Figure 2.1. Percentage of diploid Crassostrea virginica individuals of each gametogenic stage sampled from Nandua Creek (top) and Rappahannock
River (bottom) for four time periods in winter and spring of 2016: February 29-March 1, April 11-12, May 9-10, and May 23-24. Dotted line
represents mature gametogenic development (ripe stage). ND: Nandua Creek; RR: Rapphannock River; I: Inactive; VEA: Very early active; EA: Early
Active; A: Active; LA: Late Active; R: Ripe; S: Spawning; AS: Advanced Spawning; SO: Spawned Out; U: Unidentifiable; F: Female; M: Male; H:
Hermaphrodite.

101



pd
O

June 6-7 June 27-29 July 11-12 Aug 8-9

100 | |
80 | |
60 | |
| |

| |

DoOmDO
I N ] I

% observed

Py
A

0] T i

60 |
80 |
100 |

% observed

Figure 2.2. Percentage of diploid Crassostrea virginica individuals of each gametogenic stage sampled from Nandua Creek (top) and Rappahannock
River (bottom) for four time periods in late spring and summer of 2016: June 6-7, June 27-29, July 11-12, and August 8-9. Dotted line represents
mature gametogenic development (ripe stage). ND: Nandua Creek; RR: Rapphannock River; I: Inactive; VEA: Very early active; EA: Early Active; A:
Active; LA: Late Active; R: Ripe; S: Spawning; AS: Advanced Spawning; SO: Spawned Out; U: Unidentifiable; F: Female; M: Male; H: Hermaphrodite.
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Figure 2.3. Percentage of diploid Crassostrea virginica individuals of each gametogenic stage sampled from sites in the Chesapeake Bay during
April 11-12 and May 23-24 of 2016. a. Occohannock Creek (top) and Rappahannock River(bottom). b. Nandua Creek (top) and Occohannock Creek
(bottom). ND: Nandua Creek; RR: Rapphannock River; OC: Occohannock Creek; I: Inactive; VEA: Very early active; EA: Early Active; A: Active; LA:
Late Active; R: Ripe; S: Spawning; AS: Advanced Spawning; SO: Spawned Out; U: Unidentifiable; F: Female; M: Male; H: Hermaphrodite.
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Figure 2.4. Gonadal follicles of triploid Crassostrea virginica containing a gonia (a) and primary spermatocytes (P Sc). Scale bar = 10 pum.
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Figure 2.5. Gonadal follicles of triploid Crassostrea virginica containing B gonia (B), of which some have nuclei with void areas (A1), condensed
chromosomes (A2), or opaque, retracted nuclei (A3). Scale bar =10 um

105



Figure 2.6. Gonadal follicles of triploid Crassostrea virginica containing abnormalities. al.
Clusters of gonia in follicles containing a gonia and primary spermatocytes. a2. Clusters of gonia
in follicles containing B gonia. b. Void spaces in follicles containing spermatocytes. Gc: gonia
cluster; Sc: spermatocyte; V: void space; a : a gonia; B: B gonia. Scale bar = 10 um.
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Figure 2.7. Triploid Crassostrea virginica classified as sterile (S) with little follicle development and no gametes. F: gonadal follicle; DD: digestive
diverticula. Scale bar= 50 um.
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Figure 2.8. Triploid Crassostrea virginica classified as fecund female (FF) with many oocytes. F: gonadal follicle; Oc: oocyte. Scale bar=50 um.
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Figure 2.9. Triploid Crassostrea virginica classified as non-fecund female (NFF) with few oocytes. F: gonadal follicle; Oc: oocyte. Scale bar=50 um.
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Figure 2.10. Triploid Crassostrea virginica classified as a male (aM) with follicles containing many primary spermatocytes. F: gonadal follicle; P Sc:
primary spermatocyte. Scale bar=50 um.
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Figure 2.11. Triploid Crassostrea virginica classified as B male (BM) with follicles containing spermatozoa. F: gonadal follicle; Sz: spermatozoa.
Scale bar=50 um.
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Figure 2.12. Triploid Crassostrea virginica classified as hermaphrodite (H) with follicles containing many oocytes and primary spermatocytes. F:
gonadal follicle; Oc: oocyte; P Sc: primary spermatocyte. Scale bar=50 um.
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Figure 2.13. Percentage of triploid Crassostrea virginica individuals of each sex category sampled from Nandua Creek (top) and Rapphanock River
(bottom) in 2016 for May 9-10, May 23-24, and June 6-7. ND: Nandua Creek; RR: Rapphannock River; S: Sterile; NFF: Non-fecund female; FF:
Fecund female; aM: a Male; fM: B Male; H: Hermaphrodite.
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Figure 2.14. Percentage of triploid Crassostrea virginica individuals of each sex category sampled from Nandua Creek (top) and Rapphanock River
(bottom) in 2016 for June 27-29, July 11-12, and August 8-9. ND: Nandua Creek; RR: Rapphannock River; S: Sterile; NFF: Non-fecund female; FF:
Fecund female; aM: a Male; fM: B Male; H: Hermaphrodite.
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Figure 2.15. Percentage of moribund (top) and live (bottom) triploid Crassostrea virginica
individuals of each sex category sampled during a mortality event in Nandua Creek on May 24,
2016. S: Sterile; NFF: Non-fecund female; FF: Fecund female; aM: a Male; BM: B Male; H:

Hermaphrodite.
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Figure 2.16. Mean condition index from February to August of 2016 for diploid and triploid
Crassostrea virginica reared at two commercial sites in the Chesapeake Bay. Letters on y axis
represent months (March-August). Error bars are + standard error. Dotted lines represent the
first sampling period during the mortality event at Nandua Creek. Asterisks (*) represent
significant differences between counterparts at RR and ND with Welch’s t-test a=0.05. RR:
Rapphannock River; ND: Nandua Creek.
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Conclusion
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“Triploid mortality” is defined as mortality of near market size triploid oysters, typically
exceeding 20% and occurring in late spring. Triploid mortality affects populations of triploid C.
virginica without clear signs of biological or physical stressors, such as infections from pathogens
or sudden changes in water temperature, salinity, or dissolved oxygen. It is also largely
unpredictable. In Virginia, oyster farms on the Eastern Shore are at greatest risk based on the
reported episodes in previous years; however, triploid mortality does not consistently occur at
the same sites every year. Reports of triploid mortality now also extend outside of the
Chesapeake Bay, as in the last few years, triploid mortality has affected several farms in

Alabama.

Four years after the initial reports from commercial farms in Virginia, triploid mortality
remains an enigma. Through the work reported here, | was able to reject one aspect of the
hypothesis for its etiology. That is, the geographic origin of the diploid parent (e.g., Maine) is
not the primary factor dictating the occurrence of triploid mortality. Triploid oysters produced
from diploid brood stock originating from Maine are indistinguishably susceptible to triploid

mortality as triploid oysters from other genetic origins.

Less clear is the relationship between patterns of gametogenesis in triploid oysters and
mortality. Gametogenesis was only partially examined in this study. | focused on the products
of gametogenesis, or gonad development, which is not a comprehensive examination of the
biological process. Based on qualitative examination of the gonad via histology, the phenotypes
of gonad development expressed in triploid oysters do not explain mortality. For example,
there was no clear relationship between the extent of gonad development, i.e., fecundity, and

triploid mortality.
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Gonad development may not be strongly associated with triploid mortality, but it still
seems likely that the process of gametogenesis in triploid oysters could be a major contributing
factor. Triploid mortality begins when diploid oysters are becoming gravid, a time when
substantial energy is invested into maturing germ cells. In this study, the timing of the
gametogenic cycle, as indicated by diploid oysters, varied between sites, and the site in which
the diploid oysters spawned earlier was the site with triploid mortality. It was unclear if
gametogenesis or reproductive effort varied between sites in the triploid oysters because of lack

of differentiation in gonad development.

We hypothesize that reproductive effort in triploid oysters varied among sites, and that
the triploid oysters at the affected site were susceptible to triploid mortality because they were
expending similar reproductive effort as the diploid oysters on site, but to a different end. This
hypothesis could not be effectively evaluated from examining gonad development. Different
reproductive effort in triploid oysters at the affected site was not apparent by examining gonads
likely because, unlike diploid oysters, fecundity and gonad development are not strongly linked
to reproductive effort in triploid oysters. Additionally, consequences associated with the result
of reproductive effort in the triploid oysters, abnormal and arrested gonad development, are
also not apparent by examining gonads. Perhaps more work is needed on investigating the
physiological consequences of arrested gametogenesis in triploid oysters to explain triploid

mortality.

There remains no obvious resolution to counter triploid mortality in C. virginica.
Susceptibility to triploid mortality may be a condition of triploid C. virginica in certain
environments, and it is not clear if any action, such as husbandry techniques or brood stock
selection, could prevent triploid mortality at these sites. Husbandry techniques have been

attempted to mitigate mortality in farmed oysters in the past. In the 1970s, Japanese farmers
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adopted methods to reduce gonad development in diploid C. gigas in attempts to prevent
episodes of summer mortality (Koganezawa, 1975). The farmers adopted a process of
“hardening,” in which oyster seed are reared in an intertidal zone for up to a year before being
moved to a subtidal zone. Little growth was expected while oyster seed were in the intertidal
zone; however, this practice prevented the oysters from producing “heavy gonads and excessive
spawning” before they could be sold (Ventilla, 1984). Japanese farmers also moved crop from
nutritionally rich to nutritionally poor areas during the reproductive season in attempts to
reduce gonad development (Ventilla, 1984). For most farmers in Virginia, these practices may
not be possible, let alone practical. Additionally, although these practices may reduce

reproductive effort, they also stunt growth, reducing the profitability of the farm.

An alternative solution for farmers affected by triploid mortality is to grow diploid
oysters. Many farmers in Virginia exclusively grow triploid oysters; however, if triploid mortality
remains unresolved, farmers may decrease their financial risk by growing diploid oysters
alongside their triploid oysters (Allen, 2017). Diploid oysters may not be susceptible to triploid
mortality and likely have comparable performance to triploid oysters at many sites in Virginia.

In this thesis, selectively bred diploid oysters had excellent survival during the spring and
summer (> 95%) and a similar growth rate as triploid oysters. In fact, the only time when
triploid oysters were clearly a superior product, based on meat weight and condition index, was
in the summer after the diploid oysters had spawned. Poor summer condition in diploid oysters
warrants growing enough triploid oysters to have a high quality product during the summer
months; however, diploid oysters may be just as valuable of a product at other times in the year.
Growing a portion of each, with a crop rotation designed for selling triploids in the summer

months, may be the best option for farmers with sites affected by triploid mortality.
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If there is a practical solution to preventing triploid mortality, it may only be through
selective breeding. As a relatively new phenomenon, the genetic basis of triploid mortality is
unclear and mostly untested. This thesis only examined a few constructs of triploids and
showed no substantive differences. To more thoroughly evaluate the genetic effect on triploid

mortality, we need to determine genetic variation among controlled crosses, or families.

The opportunity exists to improve triploids by breeding them for “triploid mortality
resistance” if heritability for this trait is high enough. Unlike improving diploids and tetraploid
oysters through breeding, however, improving triploids is an indirect process. Superior triploid
families cannot be propagated from generation to generation, and thus improvement in triploid
oysters must come from gains in the diploid and tetraploid oysters used as parents. Currently,
the Aquaculture Genetics and Breeding Technology Center (ABC) is improving diploid and
tetraploid oysters through family breeding by simultaneously selecting for traits relevant to the
commercial industry. If breeding for resistance to triploid mortality is deemed feasible, either
the diploid oysters, tetraploid oysters, or both would need to be the object of selection, even
though the trait is manifest in the triploid progeny. This means potentially adding another
dimension, triploid progeny testing, to the programmatic breeding at ABC. Efforts are currently
underway at ABC to evaluate the genetic basis of triploid mortality, which may lead to breeding

for triploid oysters that are more resistant to triploid mortality.
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