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Vibrio coralliilyticus (Vcor) is a bacterial pathogen that is well adapted to shellfish hatcheries
and is very pathogenic to the larvae of the Pacific oyster Crassostrea gigas. Vcor has been
associated with several large scale larval mortality events in the Pacific Northwest that
interrupt the supply of seed oysters available to farmers. Vcor can exist in hatcheries at ~102
CFU ml-1 without causing any mortality, but when a shift in the microbial community or
environmental conditions favor Vcor growth, it can rapidly increase to 103 or 104 CFU ml-1
and cause widespread larval mortality before hatchery managers can respond. There is a
clear need to be able to control Vcor populations to prevent them from ever reaching lethal
concentrations. This thesis assesses the ability of bacteriophages (phages) to reduce larval

oyster mortality by killing Vcor. Phages are viruses that selectively infect bacteria. There are
two scenarios that can lead to Vcor reaching a lethal concentration in a hatchery. The
scenario that is likely the most common is for a low concentration of Vcor to increase in the
larval culture water until it reaches lethal levels. The second scenario is for the Vcor to
increase in concentration in the bay or intake water and reach a lethal concentration before
coming into contact with the larvae. The first scenario was simulated by adding 600 and 6 x
103 colony forming units (CFU) ml-1 of Vcor to the larval culture water and allowing it the
opportunity to increase in concentration by not performing water changes for six days
before assessing larval mortality. The second scenario was simulated by adding 6 x 104 CFU
ml-1 Vcor to the larval culture water and assessing mortality after 48 hours. The addition of 2
x 103 plaque forming units (PFU) ml-1 of a cocktail of two purified phages prevented 600 CFU
ml-1 of Vcor from causing any larval mortality (38.3 ± 7.3% mortality in the absence of
phage) and reduced the mortality caused by 6 x 103 CFU ml-1 Vcor from 81.4 ± 3.5% in the
absence of phage to 46.3 ± 4.1%. Vcor added at 6 x 104 CFU ml-1 caused > 99% larval
mortality within 48 hours in the absence of phage, and the lowest concentration of a
cocktail of three purified phages that eliminated mortality was 2 x 107 PFU ml-1. Purified
phages had no negative effects on larval growth or survival and eliminated any detectable
negative effects from Vcor exposure. Larvae exposed to phage early in life had a higher
metamorphosis rate than the larvae only controls even if they had been exposed to a lethal
concentration of Vcor. This study demonstrates that phages can be very effective at
reducing larval mortality and any negative effects on growth or metamorphosis from
exposure to Vcor. Phages have the potential to benefit the shellfish industry by reducing the
frequency and severity of larval mortality events in hatcheries.
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CHAPTER 1-GENERAL INTRODUCTION
Overview
Oyster aquaculture provides a large economic contribution to rural coastal communities, with farmed
bivalves contributing $270 million to the economy of Washington state alone (NOAA, 2013) The US West
coast oyster industry relies very heavily on production of the Pacific Oyster Crassostrea gigas (C. gigas)
which is native to Japan and only able to reproduce naturally in a few West coast bays and estuaries.
Farmers on the West coast have been able to obtain seed of C. gigas by purchasing “eyed” larvae from
hatcheries and setting them as spat, making hatcheries essential for the industry. However, warm water
(Gradoville, et al., 2018; Ushijima, et al., 2018), dense larval populations and high nutrient inputs make
hatcheries an ideal environment for blooms of pathogenic bacteria (Bolinches, et al., 1986). Pathogenic
bacteria from the genus Vibrio have often been associated with large mortality events of farmed
bivalves all over the globe (Elston, et al., 2008; Estes, et al., 2004; Gay, et al., 2004; Lacoste, et al.,
2001b; Lacoste, et al., 2001a; Sugumar, et al., 1998; Tubiash, et al., 1965).
In this study we focused on controlling the pathogen Vibrio coralliilyticus RE98 (Vcor; previously
classified as Vibrio tubiashii). This pathogen was selected because it has been shown to be highly
pathogenic to both C. gigas and the Eastern oyster Crassostrea virginica (Richards, et al., 2015), it is
often found in Pacific North West (PNW) hatcheries during the larval production period (Bolinches, et
al., 1986; Elston, et al., 1981; Elston, et al., 2008; Estes, et al., 2004; Gradoville, et al., 2018) and several
strains of Vcor, including RE98, have been implicated in mortality events in PNW hatcheries (Elston, et
al., 2008; Estes, et al., 2004). These mortality events can greatly reduce the productivity of PNW
hatcheries and can interrupt the supply of oyster seed available for farmers. Despite best practices,
these mortality events are still common in hatcheries (Richards, et al., 2015). The larval die-offs from

2
Vcor often happen rapidly enough that many larvae die before the Vcor bloom is discovered and farmers
can respond, demonstrating the need to supplement current microbial control strategies to prevent
Vcor from reaching high enough densities to cause larval mortalities.

This study examines the effectiveness of using bacteriophages (phages) to reduce larval C. gigas
mortality by controlling Vcor populations. Phages are viruses that selectively infect bacteria and have
been shown to successfully reduce the concentration of a number of important aquaculture bacterial
pathogens (Mateus, et al., 2014) and reduce mortality of a large number of important aquaculture
species when challenged with bacterial pathogens (Ahmadi, et al., 2015; Jun, et al., 2014; Le, et al.,
2018; Nakai and Park, 2002; Oliveira, et al., 2012; Patil, et al., 2014; Pereira, et al., 2017; Vinod, et al.,
2006). Phages are believed to be the main regulators of bacterial populations in nature, (Hennes, et al.,
1995) and it is estimated that phages kill between 20-40% of all bacteria produced daily (Suttle, 1994).
Phages are highly specific, with each phage only able to infect a few species of bacteria, or even
individual strains within a single species. This level of specificity enables phages to be used to remove
specific pathogenic bacterial strains from a hatchery without disturbing the rest of the microbial
ecosystem. This study will add to the rapidly growing field of phage therapy by being the first published
study to test the ability of phages to protect oyster larvae from bacterial pathogens. It will examine the
ability of phages to protect larvae from exposure to a lethal dose of Vcor and determine the minimum
concentration of phage required to prevent a sub-lethal concentration of Vcor from increasing to lethal
levels.

Vcor: Distribution and ecology
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Vcor is a globally distributed, gram negative, rod shaped, bacteria from the family Vibrionaceae (BenHaim, et al., 2003b). It has been isolated from seawater in almost every tropical and temperate region
from the Great Barrier Reef to the UK (Ben-Haim, et al., 2003b; Elston, et al., 2008; Estes, et al., 2004;
Pollock, et al., 2010; Sussman, et al., 2008; Vizcaino, et al., 2010; Vezzulli, et al., 2010). It was first
identified as a coral pathogen, (Ben-Haim, et al., 2003b) and has been identified as an etiological agent
of bleaching, lyses and white syndrome disease in coral (Ben-Haim, et al., 2003b; Ben-Haim, et al.,
2003a; Sussman, et al., 2009; Sussman, et al., 2008; Ushijima, et al., 2014; Vidal-Dupiol, et al., 2014;
Vidal-Dupiol, et al., 2011; Vezzulli, et al., 2010). It has also been shown to be able to infect a very broad
host range including: 1) zooxanthella (Ben-Haim, et al., 2003a) 2) artemia (Austin, et al., 2005; de O
Santos, et al., 2011; Wietz, et al., 2011) 3) bivalves (Elston, et al., 2008; Estes, et al., 2004; Gay, et al.,
2004; Genard, et al., 2013; Hasegawa, et al., 2008; Jeffries, 1982; Richards, et al., 2015; Tubiash, et al.,
1965) and 4) rainbow trout (Austin, et al., 2005).

The broad distribution and host range of Vcor may be due to the genetic diversity present between
individual Vcor strains. Vcor does not exist as a single clonal population but has many highly polymorphic
strains, many of which are likely endemic to their region and have coevolved with their hosts (Pollock, et
al., 2010). There is very little known about the ecology of Vcor when it is not infecting an organism, but
Vcor has been isolated from apparently healthy coral and bivalve larvae (Pollock, et al., 2010) and exists
in high concentrations in marine sediments in the absence of an apparent host (Gradoville, et al., 2018).
Vcor can be as much as six times more abundant in association with debris and plankton than the
surrounding seawater (Turner, et al., 2009).
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Vcor abundance in temperate regions shows seasonality, reaching a peak in the late summer months
(Gradoville, et al., 2018; Vezzulli, et al., 2010). The PNW experiences wind-driven upwelling events that
bring cold, nutrient rich seawater to the surface during the summer. This upwelling typically occurs
around the same time that natural Vcor populations reach their peak abundance, which contributed to
the hypothesis that a high concentration of Vcor was present in the nutrient rich, deep seawater and the
upwelling of that seawater was seeding the surface water and estuaries leading to Vcor blooms (Elston,
et al., 2008). However a recent study on Vibrionaceae populations in Oregon and Washington estuaries
found that Vcor populations are negatively correlated with water depth, and upwelled water likely has a
much lower abundance of Vcor than surface seawater. Vcor is the dominant Vibrio species in estuaries
that have shallow water and lots of tide pools. The Vcor population was at its maximum relative
abundance in intertidal sediments and at low tide. Vcor growth is strongly correlated with temperature
and the warming of marine sediments and shallow water at low tide likely allow Vcor populations to
grow at much higher rates than those of other Vibrios The cooler coastal seawater brought into the
estuary at high tide dilutes the Vcor population and likely favors the growth of a more diverse group of
Vibrios Taken together this information suggests that the marine sediments in shallow estuaries are
likely the main reservoir for Vcor populations, rather than upwelled coastal waters (Gradoville, et al.,
2018).

That same study found that Vcor is particularly well suited to growth in hatchery conditions. The study
tested seawater at Whiskey Creek Hatchery in Netarts Bay, Oregon and found that standard hatchery
filtration techniques, such as sand filtration removed almost all of the Vibrios with the exception of Vcor.
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This greatly increased the relative abundance of Vcor compared to other Vibrio species in the hatchery.
The subsequent heating of the seawater further facilitated the growth of Vcor leading to Vcor
concentrations in larval rearing tanks that were 60 fold higher than in coastal seawater and 39 fold
higher than in hatchery intake seawater (Gradoville, et al., 2018). These conditions combined with larval
crowding and stress can make hatcheries susceptible to epizootic events (Berthe, 2005).

Vcor-associated epizootic events in shellfish hatcheries

Heavy die offs of larval and juvenile bivalves characterized by swarming bacteria near moribund larvae
were described by the Milford lab (ML) in an early publication on hatchery techniques for raising bivalve
larvae (Loosanoff and Davis, 1963). The disease associated with these die offs was later dubbed bacillary
necrosis and was characterized by swarming bacteria, clumped or abnormal cilia and detached vela
followed by tissue degradation. The bacteria were identified as members of Vibrionaceae and
tentatively classified as Vibrio anguillarum (Tubiash, et al., 1965). Bacteria that appeared identical to
those described by Tubiash, et al. (1965) were implicated in an epizootic event in Great Britain and were
experimentally shown to cause complete collapse of the culture of larval European oysters Ostrea edulis
within 48 hours when added to the culture water at a concentration of 105 CFU ml-1 (Jeffries, 1982). The
bacteria isolated by Tubiash et al (1965) were later identified as a novel species and named Vibrio
tubiashii (Hada, et al., 1984). One of the original strains described in 1965 (ATCC 19105) was recently
reclassified as Vcor. Strains RE22, ATCC 19105 (Wilson, et al., 2013) and RE98 (Richards, et al., 2014) that
had been previously classified as Vibrio tubiashii were reclassified as Vcor either based on a highly
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sensitive DNA and RNA based assay for detecting the Vcor zinc metalloprotease (RE22 and ATCC 19105 )
or complete genome sequencing (RE98).

Hatcheries may be inadvertently selecting for Vcor over other marine bacteria through their filtration
techniques, heating the seawater (Gradoville, et al., 2018), and by having high larval densities (Berthe,
2005). The recent reclassification of important larval pathogens as Vcor, as well as the continued
isolation of novel Vcor strains that are pathogenic to oyster larvae (Ushijima, et al., 2014) demonstrates
the importance of Vcor as an oyster pathogen and reinforces the need for a means of controlling Vcor in
shellfish hatcheries. Vcor has been implicated in a large number of hatchery epizootic events (Elston, et
al., 2008; Estes, et al., 2004; Hada, et al., 1984; Jeffries, 1982; Loosanoff and Davis, 1963; Richards, et al.,
2015; Tubiash, et al., 1965); the frequency and severity of which has recently threatened the financial
stability of some of largest oyster hatcheries in the United States (Richards, et al., 2015).

Vcor virulence factors
Much of the current knowledge of Vcor’s virulence factors was attained by studying Vcor in the context
of its ability to cause mortality in corals. Genomic and proteomic studies have shown that it has a
diverse array of virulence factors including: 1) chemotaxis and motility (Meron, et al., 2009; Winn, et al.,
2013) 2) host degradation such as hemolysins, toxins, and extracellular proteases (Ben-Haim, et al.,
2003a; de O Santos, et al., 2011; Hasegawa, et al., 2008; Kimes, et al., 2012; Delston, et al., 2003), 3)
antimicrobial resistance (Vizcaino, et al., 2010) and secretion of antibiotics (Wietz, et al., 2011) and 4)
Quorum sensing (Tait, et al., 2010).

7
Chemotaxis and motility
Chemotaxis and motility are important virulence factors for locating and attaching to a host in the early
stages of infection. Vcor alters its swimming speed based on its current pattern of movement, but can
travel at an average speed of 46 µm s-1 (Winn, et al., 2013). Swimming speed was not affected by oxygen
concentration (Winn, et al., 2013) or temperature (Garren, et al., 2016). Vcor has strong chemotaxis
toward coral mucus (Garren, et al., 2016; Meron, et al., 2009). Capillary tubes containing coral mucus
had 20 times as many Vcor as capillary tubes containing sterile seawater after exposure to Vcor (Meron,
et al., 2009). The tendency of Vcor to follow a chemical gradient toward mucus and congregate near the
mucus increased by > 60% at temperatures above 23°C (Garren, et al., 2016).

Motility is likely essential for Vcor infection because a non-motile mutant Vcor was unable to attach to
or infect coral (Meron, et al., 2009). Vcor has three main patterns of movement: 1) swimming in a
straight line, 2) run and reverse (swimming in a straight line then making a 180° turn and swimming
back) and 3) the three step flick (a cyclical pattern of movement characterized by running in a straight
line, flicking the flagella to reorient in a new position and reversing) (Winn, et al., 2013). It is speculated
that bacteria use variations of these basic motility patterns in response to stimuli to maximize their
chances of finding nutrients or more suitable environments. Coral mucus on live coral is home to many
photosynthetic symbionts which make it an oxygen rich environment during the day, but it becomes
almost completely anaerobic at night; this implies that Vcor would need the ability to move through
both oxic and anoxic conditions. Winn et al. (2013) found that Vcor decreased the frequency of the run
and reverse search pattern and increased the frequency of using the three step flick pattern in anoxic
conditions. There was no difference in the use of the straight swimming search pattern in oxic or anoxic
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conditions (Winn, et al., 2013). The change in swimming behavior based on oxygen concentration is
likely an adaptation that improves its ability to infect corals.

Host degradation
Tissue necrosis is one of the main symptoms of Vcor infection in oyster larvae (Tubiash, et al., 1965) and
coral (Ben-Haim, et al., 2003a). The degradation of host tissue is caused by toxins, hemolysins,
cytolysins, and proteases (Kimes, et al., 2012). Extracellular metalloproteases are involved in the lyses of
corals (Ben-Haim, et al., 2003a; de O Santos, et al., 2011; Sussman, et al., 2009; Sussman, et al., 2008)
and have been shown to be a virulence factor in bivalve larvae (Hasegawa, et al., 2008). The Vcor
genome codes for at least 17 extracellular proteases, of which zinc metalloprotease is believed to be
one of the most virulent (de O Santos, et al., 2011). Zinc metalloprotease expression is upregulated at
temperatures above 24°C (Ben-Haim, et al., 2003a) which may contribute to Vcor’s temperature
dependent pathogenicity. The supernatant from a Vcor culture can contain high concentrations of
extracellular metalloproteases. Adding Vcor supernatant to juvenile corals caused rapid coral bleaching
followed by lysis of the coral tissue (Sussman, et al., 2009). Coral polyps immediately contract when Vcor
supernatant is added to the culture water, and begin to expel zooxanthella within an hour (Cohen, et al.,
2013). Hasegawa et al., (2008) demonstrated that the supernatant from a Vcor culture could cause larval
mortality, but adding protease inhibitors to that supernatant greatly reduced larval mortality, while
adding hemolysin inhibitors had no effect on mortality. Adding filtered Vcor supernatant to larval
hatching water resulted in high levels of abnormal larvae, suggesting that the proteases or other
extracellular metabolites interfere with normal larval development (Brown and Losee, 1978). Zinc
metalloprotease is characteristic of Vcor and was the earliest virulence factor to be associated with Vcor
(Ben-Haim, et al., 2003a; Delston, et al., 2003). It has been used to develop a DNA and RNA based
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detection method for Vcor (Wilson, et al., 2013). A Vcor mutant unable to produce the zinc
metalloprotease produced significantly less protease and caused significantly less mortality than the
wild type (WT) strain (Hasegawa, et al., 2008). However, a later study found that a different mutant that
was also unable to produce zinc metalloprotease produced 4 metalloproteases not secreted by the WT
and was just as virulent toward drosophila and artemia (de O Santos, et al., 2011). This suggests that
Vcor has a wide range of virulence factors and is able to infect hosts through multiple mechanisms
(Mersni-Achour, et al., 2015).

Antimicrobial production and resistance

Vibrionaceae produce antimicrobial compounds that inhibit the growth of other bacteria (Elston, et al.,
1999; Vizcaino, et al., 2010; Wietz, et al., 2011). This antagonism toward other microbes can lead to
complex interactions when multiple Vibrio species simultaneously infect a host. Gay et al., (2004)
conducted an experiment where they simultaneously inoculated juvenile C. gigas with a combination of
pathogenic Vibrios. Some combinations of Vibrios resulted in lower mortality and some in higher
mortality than when C. gigas was inoculated with any of the individual strains. This suggests that some
Vibrios work synergistically with each other to increase mortality, while other Vibrios inhibit each other
and reduce mortality (Gay, et al., 2004). Corals have a complex community of microbial symbionts that
live on or around the corals (Thurber, et al., 2009). These bacteria have an intricate web of interactions
and many also have adaptations that allow them to inhibit the growth of other bacteria. In a study of 67
bacteria isolated from coral, 69.6% of isolates were able to inhibit the growth of at least one other
species of bacteria at 25°C. After excluding the isolates that were unable to inhibit any bacteria, the

10
average isolate was able to inhibit the growth of seven other isolates, but Vcor was able to inhibit the
growth of eleven isolates. Vcor was only inhibited by two of the 67 isolates at 25°C and none at 31°C.
Temperature had a significant effect on the production of inhibitory compounds and the average
number of strains that were inhibited by each bacteria at 31°C dropped to 6 and the number inhibited
by Vcor dropped to 5 (Rypien, et al., 2010). Vcor is resistant to many coral bacteria that are able to
inhibit other common coral pathogens (Vizcaino, et al., 2010), which likely gives it an advantage when
trying to compete with the resident coral microbiome to become established on a new coral host.

The ability of Vcor to inhibit bacteria is highly specific to the individual strain of Vcor. Wietz et al., (2011)
demonstrated that Vcor strain S2052 produced large amounts of the antibiotic andrimid, but two closely
related strains of Vcor were unable to produce andrimid. They also found that Vcor S2052 preferentially
attached to chitin and the presence of chitin caused Vcor S2052 to double the production of andrimid
and greatly reduce the production of all other secondary metabolites. The unique focus of strain S2502
on andrimid production and affinity for chitin is likely an adaptation to a unique ecological niche (Wietz,
et al., 2011). It is likely that Vcor strains are highly adapted to their preferred hosts and Vcor that is
adapted to infect corals will utilize a different set of virulence factors than Vcor that is adapted to infect
bivalves.

Quorum sensing

Quorum sensing plays an important role in regulating growth, colonization and production of toxins in
Vibrios (Tait, et al., 2010). There are a number of studies that focus on quorum sensing in other Vibrio
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species, but very little information on the role of quorum sensing in Vcor. It has been shown that Vcor
produces several signaling molecules associated with quorum sensing. These quorum sensing molecules
are upregulated with temperature (Kimes, et al., 2012; Tait, et al., 2010) and may allow Vcor to
coordinate its infection at a time when the coral is stressed.

Physiological response of C. gigas larvae to Vcor

The symptoms associated with Vibrio infection in oyster larvae have a very characteristic progression
that allowed the disease to be identified almost as soon as bivalves began being raised in hatcheries
(Loosanoff and Davis, 1963). The disease was dubbed vibriosis by Tubiash et al (1965) and is
characterized by swarming bacteria, a loss of motility and feeding, followed by clumping cilia, detached
velum, tissue necrosis and death (Loosanoff and Davis, 1963; Tubiash, et al., 1965; Brown and Losee,
1978; Elston, et al., 1981; Jeffries, 1982; Hada, et al., 1984; Bolinches, et al., 1986; Elston, et al., 1999;
Estes, et al., 2004; Elston, et al., 2008). Mortality typically occurs between eight and 48 hours after
experimental infection depending on the dose (Tubiash, et al., 1965), but takes as much as eight days to
occur in a natural infection, likely because of the much lower initial dose present in naturally occurring
epizootic events (Brown and Losee, 1978). Juvenile oysters are able to form abscesses between the shell
and the mantle to sequester pathogenic bacteria during an infection. If the oyster is able to deposit shell
to permanently sequester the bacteria, it can recover from the infection, but if the bacteria are able to
reproduce and overwhelm the abscess, the oyster will typically die from the infection (Elston, et al.,
1999).
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Exposure to sub-lethal levels of Vcor induces physiological changes in larval oysters. Larvae significantly
reduced feeding 48 hours after exposure to Vcor which led to metabolic changes (Genard, et al., 2013).
The presence of Vcor also caused the larvae to upregulate the expression of genes associated with the
innate immune system. Two genes associated with the recognition of pathogen associated molecular
patters (PAMPs) were upregulated after 24 hours, and a third PAMP recognition gene was upregulated
after 48 hours. These molecules bind to PAMPs, marking them for phagocytosis and destruction. One of
the genes upregulated at 24 hours is a lipopolysaccharide (LPS) binding protein that targets and destroys
gram negative bacteria. After 48 hours of Vcor exposure, larvae also began to upregulate the expression
of antimicrobial peptides, protease inhibitors, heat shock proteins that facilitate the repair of damaged
proteins, and several genes associated with antioxidant defenses (Genard, et al., 2013). The antioxidant
defenses help reduce the collateral damage done by reactive oxygen species used to destroy
phagocytized bacteria. Larvae exposed to Vcor had a different fatty acid composition than unchallenged
larvae, likely as a result of reduced feeding as well as using previously stored fatty acids as signaling
molecules to facilitate the innate immune response (Genard, et al., 2013).

Vcor: temperature dependence
Temperature plays a very large role in Vcor associated epizootic events. Vcor populations are positively
correlated with sea water temperature (Gradoville, et al., 2018) and it has been shown that quorum
sensing molecules are upregulated at temperatures above 24°C, which may help Vcor populations to
become most active at a time when other populations are stressed and may help to explain why
bacterial communities begin to shift toward a higher relative abundance of Vibrios during warm water
conditions (Tait, et al., 2010). The expression of nearly all known Vcor virulence factors are upregulated
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at temperatures above 27°C (Kimes, et al., 2012). The metabolome begins to shift (Boroujerdi, et al.,
2009) and the time that it takes to cause mortality in both corals and oyster larvae decreases as
temperature increases (Ben-Haim, et al., 2003a; Ushijima, et al., 2018; Ushijima, et al., 2014). The
increased pathogenicity of Vcor in warmer waters will likely make it a pathogen of even greater concern
as sea surface temperatures rise in the next century. This makes finding a means of controlling Vcor
populations of great interest to the conservation of coral reefs and the shellfish hatchery.
Vcor was chosen as the pathogen for this study because of its impact on economically important
species, its broad global distribution, its prevalence in PNW shellfish hatcheries and the likelihood that
Vcor infections will become even more frequent and severe as global temperatures climb.

Bacteriophage: Introduction and ecological importance

Bacteriophages are viruses that infect bacteria. The way they infect bacteria falls into one of three
categories: lytic, lysogenic or chronic. Lysogenic phages can incorporate their DNA into the host genome
and be peacefully replicated along with the host for many generations before an external trigger causes
the phage destroy its host and be released to the environment. Chronic phages establish long term
relationships with their host and can release progeny phage without destroying the host or ending the
infection. Lytic phage hijack host machinery to begin phage replication almost immediately and lyse the
host to release progeny phage to the environment (Housby and Mann, 2009). There are also a large
number of phages that can switch between infection modes depending on the environmental
conditions, but obligate lytic phages have the most potential for therapeutic use because they rapidly
destroy their bacterial host and are much less likely to be involved in shuttling genes between hosts.
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Phages are likely the most abundant organism on the planet and play a very important role in nutrient
cycling and regulating bacterial populations. Phage’s antimicrobial properties and therapeutic potential
were recognized almost immediately after their discovery (Sulakvelidze, et al., 2001), but their
abundance and ecological importance was not understood until the 1980s, despite outnumbering
bacteria at least 10:1 both in terms of total number of individuals and the number of species (ChibaniChennoufi, et al., 2004; Suttle, 2007). An electron microscope study of seawater from Yaquina bay,
Oregon in 1979 showed that seawater held a diverse array of phages (Torrella and Morita, 1979), but
researchers did not grasp the abundance of phages in the marine environment until 1989, when it was
shown that the concentration of marine virus particles, of which phages are the overwhelming majority,
was between 106 and 108 viral like particles per ml of coastal seawater (Bergh, et al., 1989). The
discovery that phages were far more abundant than previously believed helped to explain the
discrepancy between the actual amount of bacteria consumed by protozoan grazers and the amount of
grazing that would be required to maintain stable bacterial populations (Bergh, et al., 1989). Electron
microscope observations of bacteria and cyanobacteria in the irreversible final stages of lysis confirmed
that phages were active and responsible for a significant amount of mortality among cyanobacteria and
bacteria (Proctor and Fuhrman, 1990). It is estimated that between 20-40% of all marine heterotrophic
bacteria are lysed by phages every day (Suttle, 1994). This lysis plays an important role in nutrient
cycling by freeing up nutrients for use by heterotrophic bacteria, which sequesters those nutrients in the
lowest level of the food web, rather than allowing them to get passed up the food chain as the bacteria
are consumed by grazers (Fuhrman, 1999). Phages greatly shape the community structure of bacterial
populations (Hennes, et al., 1995) and contribute to the diversity of bacterial communities by ensuring
that no one species becomes dominant (Thingstad, 2000). Phage community structure changes along
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with bacterial community structure and phages likely contribute to controlling the microbiomes of
organisms afflicted with stress from bacterial diseases (Soffer, et al., 2015).

Bacterial defense against phage.

Bacteria and phages have a complex network of interactions that allow for the continued survival and
coexistence of both phages and their host bacteria. Bacteria and phages are locked in a constant “arms
race” where bacteria develop resistance to phage, and phage develop means of countering that
resistance (Buckling and Rainey, 2002). The ubiquity and diversity of phages, along with their rapid
evolution means that acquiring resistance against one phage has very little impact on the microbial
ecosystem in nature, but in a phage-therapy setting the development of resistant bacteria would reduce
the effectiveness of the treatment and if the resistant bacteria become integrated into the natural
population, it may require isolating new phages. Bacteria develop resistance to phage much more slowly
than to antibiotics (Valério, et al., 2017), but several steps can be taken to further reduce the chance of
bacteria developing resistance to phage. Using cocktails of phages that bind to different receptors
makes the development of resistant bacteria very unlikely (Mateus, et al., 2014; Tanji, et al., 2004), and
using high numbers of phages makes it likely that the original dose of phages added will contain mutants
able to counter resistant bacterial mutants (Matsuzaki, et al., 2005).
There is evidence of the arms race between phage and bacteria dating back three billion years (Hatfull
and Hendrix, 2011), which has led to a huge amount of diversity among phage and bacterial genomes
through novel mutations and horizontal gene transfer (Hatfull and Hendrix, 2011; Stern and Sorek,
2011). Phage and bacterial diversity is maintained through antagonistic coevolution (Buckling and
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Rainey, 2002) and a “kill the winner” scenario that keeps any one bacteria from becoming dominant
(Beckett and Williams, 2013). The interactions of phage and bacteria are complicated by the rapid
evolution of prokaryotes, the nature of the phage’s binding to bacteria, and high selective pressure from
the antagonistic coevolution of the two groups. Bacteria have numerous defense mechanisms against
phage, but there are three main ways that bacteria can develop resistance to a phage that have
implications for the success of phage therapy. The first is envelope resistance, where a change in, or loss
of, the phage receptor on the bacteria’s envelope renders the phage unable to bind to the bacteria. The
second is restriction-modification immunity in which the phage DNA is degraded upon entry into the
host cell (Labrie, et al., 2010; Lenski and Levin, 1985; Levin and Bull, 2004). The third is CRISPR, which
acts similar to an adaptive immune system by allowing bacteria to remember and rapidly destroy phage
DNA or plasmids that they have previously encountered (Barrangou, et al., 2007). Many bacteria also
possess mechanisms that allow them to self-destruct if successfully infected with a phage (Snyder, et al.,
2013), this prevents the replication of the phage and may be a mechanism to protect other genetically
identical bacteria from infection; however this mechanism has limited relevance to phage therapy
because it ultimately results in the death of the bacteria and would be unlikely to make a substantial
difference in a scenario where phages are being added to the water column in large numbers.

Envelope resistance

Attachment to a cell receptor is an essential step of the infection process (Bertozzi Silva, et al., 2016),
the loss or alteration of a receptor on the bacteria’s cell membrane may increase it resistance to phage,
(Lenski and Levin, 1985), but it usually comes at a fitness cost that allows wild type bacteria to compete
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with and survive alongside the phage resistant mutants in a nutrient limited environment (Avrani, et al.,
2011). This allows the phage population to persist despite the development of a resistant mutant. The
membrane receptors on pathogenic bacteria are targets for both phage and host immune systems,
which has resulted in many bacteria having adaptations allowing for rapid changes in cellular receptors
such as the O-antigen in Vibrio cholerae (Seed, et al., 2012). That phase shift in the O-antigen has been
shown to result in the rapid development of phage resistance in Vibrio cholerae (Yen, et al., 2017). To
counter this, many phage have hypervariable regions in the genes coding for receptor recognition
proteins (Montag, et al., 1987). Some phages are able to promote diversity in the protein responsible for
host recognition using a template dependent reverse transcriptase to introduce nucleotide substitutions
(Liu, et al., 2002). Bacteria that are resistant to wild type phage have appeared in laboratory studies, but
the researchers were able to isolate mutant phages from the original population that were able to infect
the resistant bacteria (Matsuzaki, et al., 2005), indicating that when using large numbers of phages, the
variability in replication makes it likely that enough genetic diversity will exist to overcome resistant
bacteria. Bacteria have also been shown to be able to mask their membrane receptors behind the
extracellular matrix (Labrie, et al., 2010) or by producing proteins that bind to their own receptors,
preventing phage binding (Nordström and Forsgren, 1974). Many phages are able to produce enzymes
that can destroy the extracellular matrix, allowing the phage to infect its host (Labrie, et al., 2010).

Envelope resistance during nutrient limitation

Nutrient stress causes bacteria to activate the stringent response, which is a global control mechanism
that causes them to limit growth, DNA synthesis and most gene expression (Madigan, 2012). Bacteria in
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this state are much less susceptible to antibiotics (Nguyen, et al., 2011), and often downregulate the
expression of cell surface receptors and membrane lipids (Death, et al., 1993; Madigan, 2012). Nutrient
stress often causes bacterial cell walls to change structure, becoming more cross linked (Pisabarro, et al.,
1985). Vcor degrades its cell wall to recycle lipids during periods of extreme nutrient stress (Boroujerdi,
et al., 2012). These changes to the cell wall often result in the temporary loss or alteration of cell surface
receptors required for phage binding. Many phages are unable to infect a host when it is in nutrient
limited conditions (Chibani-Chennoufi, et al., 2004; Moebus, 1996), and the phages that are able to
infect a starved host have a latent period that is almost twice as long and produce an order of
magnitude fewer progeny phages per infection, compared to when the host is in exponential growth
during infection (Schrader, et al., 1997).

Restriction modification immunity

Phages have many ways of overcoming the challenges posed by envelope resistance, so most bacteria
also have restriction modification systems to act as defenses against the intrusion of viral DNA. These
systems allow bacteria to recognize their own DNA based on methylation patterns, and they will rapidly
degrade any DNA that is not properly methylated. This can result in the destruction of phage DNA unless
it is methylated before it encounters a restriction endonuclease or the phage contains defenses against
restriction (Snyder, et al., 2013). Phages have developed several ways of avoiding the restriction of their
DNA, such as eliminating restriction sites on their DNA that allow the restriction enzymes to bind their
DNA, or replacing the cytosine that is recognized by the restriction endonuclease with a
hydroxymethlycytosine that can’t be recognized by the restriction endonuclease (Labrie, et al., 2010).

19

CRISPR immunity

It has recently been discovered that bacteria contain a defense mechanism against phages that is similar
to the adaptive immune system in vertebrates. This system consists of nucleotide base pairs that are
clustered randomly interspersed short palindromic repeats (CRISPR). The nucleotides between these
repeats, dubbed spacers, are an exact match of a nucleotide sequence from a phage or plasmid that the
bacteria or its ancestors have previously encountered (Barrangou, et al., 2007). Bacteria that survive
challenge with phage utilize CRISPR associated (CAS) proteins to take a specific portion of the phage
DNA and insert it into their genome as a novel spacer. This spacer acts as a memory to allow them to
immediately recognize that DNA if it is seen in the future (Snyder, et al., 2013). Experiments confirmed
the importance of spacers to phage immunity by showing that inserting a spacer into the genome of a
bacteria could give it immunity to a phage even if it had never previously encountered the phage. If the
spacer comes from a region of the genome that is conserved among closely related phages, the bacteria
can acquire immunity against all phages containing that sequence (Barrangou, et al., 2007). That same
study found that even a single base pair mutation in the region of the phage genome corresponding to
that spacer could eliminate the immunity provided by CRISPR. The high mutation rate among phages,
combined with the high titer of phages used in phage therapy make it likely that at least some of the
phages added to the culture water will have a single base pair mutation allowing them to overcome
CRISPR immunity should it occur.

Phage Therapy: overview
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Phages have such strong antibacterial properties that their ability to kill bacteria was noticed by Ernest
Hankin almost twenty years prior to their discovery, when he reported that a heat labile substance in
water from the Ganges and Jumna rivers in India could kill Vibrio cholerae. The realization that this
unknown substance was a virus came to two men independently, Frederick Twort in 1915 and Felix
d’Herelle in 1917. The first record of intentionally using phages therapeutically came only two years
later and was carried out by d’Herelle in 1919 when he successfully treated several children for
dysentery using a phage preparation (Sulakvelidze, et al., 2001). Phage therapy went through a period of
great success in the 1920-30’s, but the lack of understanding of phage biology led to the
commercialization of ineffective or improperly purified phage cocktails, including some which had
preservatives added that would have destroyed the phage (Housby and Mann, 2009). This led to a
skepticism toward phage therapy that would last for almost half a century.
The introduction of broad spectrum antibiotics following World War II (WWII) rendered phage therapy
obsolete in much of the world (Stone, 2002). However the Soviet Union continued using phage therapy
and developed several large institutes dedicated to conducting research on phages and producing large
quantities of therapeutic phages. There are many accounts of phages being used to cure people with
severe bacterial infections in former Soviet countries, and the Russian military utilized phages
extensively because they were much cheaper than antibiotics (Stone, 2002). However, much of this
research was only published in Russian or Polish and was virtually unknown in the English literature
(Sulakvelidze, et al., 2001). In the West, phages were studied extensively as model organisms for many
molecular biology applications, but their therapeutic use was only sporadic from the 1940s until the
early 1980s (Golkar, et al., 2014).
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A 1981 study demonstrated that phages could greatly reduce the in vitro concentration of an important
bacterial pathogen of the pond loach Misgurnus anguillicaudatus, and bacteria exposed to phage for
three hours lost their pathogenicity when injected into M. anguillicaudatus (Wu, et al., 1981). This trial
showed that phages could effectively destroy bacteria in vitro, but the prevailing belief at the time was
that phages had very little activity in vivo and would therefore be of little use as antimicrobials (Smith
and Huggins, 1983). The following year Smith and Huggins carried out a robust controlled trial that is
considered the beginning of phage therapy’s revival in the West. They demonstrated that phages were
more effective than antibiotics at protecting mice from a lethal Escherichia coli infection (Smith and
Huggins, 1982). Their following study showed that phages have high activity in vivo by demonstrating
that phages can prevent diarrhea in calves, sheep and piglets exposed to a lethal E. coli infection, and
one of their phage combinations could alleviate symptoms after the onset of the disease. They found
that calves responding well to the treatment had a high number of phages in their feces for as long as E.
coli was detectable in the feces, this indicated that the phages had multiplied rapidly within the
alimentary tract of the calves. All of the piglets and sheep responded well to the phages, but several of
the calves did not respond as well as the other calves. These calves were found to have high numbers of
mutant E. coli that were resistant to the most virulent phage. However, they found that these mutant E.
coli strains not only had reduced pathogenicity compared to the WT strain, but one of the other phages
in their cocktail was even more virulent toward this mutant than it was toward the WT (Smith and
Huggins, 1983).
The work of Smith and Huggins laid the foundation for the revival of phage therapy in the West, and
interest in phage therapy has recently increased greatly with the concern about antibiotic resistant
superbugs. Phage therapy has several major advantages over antibiotics 1) phages replicate at the site
of infection, meaning they will be concentrated where needed most, unlike antibiotics which would be
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distributed throughout the water column. If a relatively small number of phages reach the site of
infection, they can reproduce and lead to the destruction of a large number of bacteria potentially
making continual dosing unnecessary (Golkar, et al., 2014; Loc-Carrillo and Abedon, 2011). 2) Phages are
highly specific. This makes them unlikely to destroy beneficial bacteria, making it less likely for
opportunistic pathogens to take hold. The narrow host range also means that selective pressure for
resistance is placed on a relatively small number of bacteria compared to antibiotics, making it far less
likely that resistance will evolve (Loc-Carrillo and Abedon, 2011). 3) Phages are ubiquitous in the
environment, so their use has little to no negative environmental impacts, and because they follow
different mechanisms of infection than antibiotics, resistance to phage will not contribute to the
problem of antibiotic resistance (Loc-Carrillo and Abedon, 2011). 4) Phages are able to destroy biofilms
much more effectively than antibiotics (Parasion, et al., 2014).The advantages of phage therapy have led
to a recent resurgence in research and there is currently a growing number of publications
demonstrating that phages can be used to controls bacterial pathogens in human medicine (Bruttin and
Brüssow, 2005; Kutter, et al., 2010; Kutter, et al., 2015). The number of papers published on the use of
phages to control food or water borne bacterial pathogens is too extensive to review in this thesis, but
the American Society for Microbiology has recently released a comprehensive book summarizing the
current research on non-medicinal phage therapy (Sabour and Griffiths, 2010).

Phage therapy to control bacterial pathogens in aquaculture

The high incidences of disease in aquaculture, combined with concerns of antibiotic resistance and
antibiotic residues in effluent water has led to a large amount of research into the potential of using
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phage therapy to control bacterial pathogens in aquaculture. Aquaculture farms are essentially artificial
microcosms of the marine environment, which is naturally teaming with phages. There are few sectors
that are more suitable to phage therapy than aquaculture. The conditions that are conducive to the
growth of aquaculture species and their bacterial pathogens also appears to be conducive to the survival
of phages. Phage survival is not affected by the normal fluctuations in pH, salinity, temperature or
organic matter that an outdoor aquaculture facility might be subject to, and phage lysis of bacteria
actually increased as salinity and organic matter in the water increased (Silva, et al., 2014).

Phage therapy of fish and shrimp

The earliest work using phages to protect an aquaculture species demonstrated that adding phages to a
bacterial culture for three hours could eliminate the pathogenicity of that bacteria when it was injected
into the pond loach M. anguillicaudatus (Wu, et al., 1981). The most influential work demonstrating the
effectiveness of phages in aquaculture was done by Nakai, Park, and colleagues in the late 1990s and
early 2000s (Nakai, 2010; Nakai and Park, 2002). They tested multiple routes of administering phages to
fish and found that impregnating feed, intraperitoneal injection, and adding phages to the culture water
were effective at protecting yellowtail Seriola quinqueradiata from Lactococcus garvieae infection
(Nakai, et al., 1999) and ayu Plecoglossus altivelis from Pseudomonas plecoglossicida infection (Park and
Nakai, 2003). Intraperitoneal injection of phages could still offer protection even when administered up
to 24 hours after injection with L. garvieae (Nakai and Park, 2002; Nakai, et al., 1999). They also found
that phages were present in the spleens and kidneys of treated fish, while L. garvieae was found in the
spleens of control fish.
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There have been many studies since Nakai and Park that have shown phages are equally effective at
protecting other aquaculture species such as flounder, eel, catfish, shrimp and bivalves. For reviews of
phage therapy in aquaculture see Doss, et al., 2017; Kalatzis, et al., 2018; Letchumanan, et al., 2016;
Nakai, 2010; Nakai and Park, 2002; Oliveira, et al., 2012; Rao and Lalitha, 2015; Richards, 2014. One of
the most significant studies of phage therapy in aquaculture was performed by Vinod et al., (2006). They
isolated a phage that was virulent toward all 50 strains of Vibrio harveyi tested and conducted hatchery
tests in outdoor ponds of tiger shrimp Penaeus monodon. They found that after exposure to V. harveyi,
survival in the non-treated controls was only 17%, but antibiotics increased survival to 40% and phages
increased survival to 86% (Vinod, et al., 2006). The finding that phages are more effective than
antibiotics is in keeping with Smith and Huggins’ groundbreaking work with phages against E. coli (Smith
and Huggins, 1983). The antibiotics in Vinod’s experiment decreased V. harveyi concentrations
temporarily, but they returned to 105 CFU ml-1 after 16 days. V. harveyi was not detected in any of the
phage treated ponds throughout the duration of the experiment (Vinod, et al., 2006).

Phage therapy in bivalves

Molluscan bivalves may be very well suited to phage therapy. Adult oysters are well known to
concentrate large numbers of phages against Vibrio parahaemolyticus (Baross, et al., 1978; Comeau, et
al., 2005) and Vibrio vulnificus (DePaola, et al., 1997; DePaola, et al., 1998) in their tissues. Phage
concentrations in oysters are much higher than in the surrounding seawater and phages against V.
parahaemolyticus can exceed 106 PFU g-1 of oyster tissue (Baross, et al., 1978). These phages are present
all year even though the host bacteria become undetectable during the winter months. The persistence
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of the phage population in oysters despite the lack of observable hosts implies that oysters are able to
concentrate and maintain a stable phage population, making them ideal candidates for the prophylactic
use of phages. There have been no studies on the use of phages to improve oyster survival, but a study
of phage therapy against Vcor in corals demonstrated that the accumulation of phage can protect
against Vcor up to 33 days after the addition of the phages (Efrony, et al., 2007). In this study phages
and Vcor were added to the aquaria containing the coral simultaneously. The phages attached to the
Vcor in a matter of minutes, but did not reproduce or lyse the Vcor until it had bound to the corals. Once
the Vcor reached the coral it changed its metabolic state which triggered the phages to begin
reproduction and lysis. In this way the Vcor had transported the phage directly to the coral where it
remained in high enough concentration to protect the coral from a second Vcor infection 33 days later
despite multiple water changes between the two infections (Efrony, et al., 2007). It is likely that this
experiment is analogous to what would happen if oysters were allowed to accumulate phages prior to
Vcor exposure.

The only published study that has looked at the ability of phages to increase bivalve survival tested
whether phages could protect green lip abalone Haliotis laevigata from V. harveyi infection. They found
that the presence of phage could increase survival from 0 to 70% when exposed to V. harveyi (Wang, et
al., 2017). This trial confirms that phage therapy can be a very effective way of protecting farmed
bivalves from pathogenic bacteria. There have been numerous studies that have demonstrated the
ability of phages to remove bacteria that may be harmful to humans from adult oysters during postharvest handling (Teplitski, et al., 2009). These studies show that phages can work synergistically to
improve current microbial control techniques such as depuration (Pereira, et al., 2017; Rong, et al.,
2014), application of antimicrobial compounds (Pelon, et al., 2005), or high hydrostatic pressure
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(Ahmadi, et al., 2015). Phages can also be very effective at inhibiting bacterial growth when applied
directly to the surface of a shucked oyster (Jun, et al., 2014; Le, et al., 2018; Pelon, et al., 2005).

Summary

Vcor is a bacterial pathogen that contains a diverse array of virulence factors that make it highly
pathogenic to oyster larvae and allow it to thrive in a hatchery setting. Vcor has been associated with
several large larval mortality events in PNW shellfish hatcheries. The larval mortality has been severe
enough in the past that it has threatened the financial stability of several large hatcheries demonstrating
a need for an environmentally friendly means of controlling Vcor populations within shellfish hatcheries,
such as phage therapy. Phages are viruses that infect bacteria. They are the most abundant organisms
on the planet by far and their predation on bacteria is believed to be one of the major regulators of
bacterial populations. Phages have been used to cure infection and prevent the growth of bacterial
pathogens in a large number of applications, from food processing to human medicine. Phages have
recently been shown to be effective at increasing the survival of a number of important aquaculture
species when exposed to infectious bacteria. They have been successfully used to reduce the pathogen
load in post-harvest oysters, but there are no published studies on the ability of phages to improve
oyster survival from bacterial infection. This study will examine the ability of phages to increase larval
oyster survival by controlling the population of Vcor in a simulated hatchery environment.

Specific objectives
1. Develop a Vcor infection assay for C. gigas larvae.
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2. Assess the ability of phage to prevent larval mortality from exposure to a lethal concentration of
Vcor and determine the optimal concentration of phage required to do so.
3. Assess the ability of phage to prevent Vcor from reaching lethal levels in larval culture water and
determine the optimal concentration of phage required to do so.
4. Assess the long term effects of early exposure to phage and Vcor on larval growth, survival and
settlement.
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Abstract

Oyster hatcheries in the Pacific Northwest of the United States have been plagued by severe and
frequent larval mortality and epizootic events associated with the pathogenic bacterium Vibrio
coralliilyticus (Vcor). There is a clear need to be able to control Vcor populations in shellfish hatcheries.
Bacteriophages (phages) are viruses that infect bacteria and are known to play a major role in
controlling bacterial populations in nature. Phages have been reported to be effective in the control of
pathogens in rearing several aquaculturally-important species, but this approach has not been reported
for larval oysters. This study found that 1) adding 2x107 plaque forming units (PFU) ml-1 of a cocktail of
three Vcor-specific phages to larval cultures of the Pacific oyster Crassostrea gigas could eliminate
mortality of two-day, post fertilization (DPF) larvae exposed to 6.4x104 colony forming units (CFU) ml-1 of
Vcor, (>99% mortality without phage) 2) a single addition of phages to two-DPF larvae improved their
subsequent metamorphosis more than sixteen days later, 3) a cocktail of two Vcor specific phages with a
dose as low as 2x103 PFU ml-1 reduced mortality of two-DPF larvae from exposure to 6x103 CFU ml-1 Vcor
from 81% (no phage) to 46% and eliminated mortality from exposure to 6x102 CFU ml-1 Vcor (38%
mortality without phage) by preventing the Vcor from reaching a lethal concentration of 103 CFU ml-1 4)
phage concentrations did not decrease in larval culture water and phage were present in high numbers
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in pulverized larvae, six days after phage exposure. The ability of phage treatments to reduce larval
mortality and improve settlement after exposure to Vcor has the potential to benefit the shellfish
industry by allowing for the production of higher and more consistent yields of seed oysters.

Introduction

The Pacific coast oyster industry mainly relies on hatcheries for the production of seed oysters;
however, warm water (Gradoville, et al., 2018; Green, et al., 2018; Ushijima, et al., 2018), high larval
densities and nutrient inputs make hatcheries an ideal environment for blooms of pathogenic bacteria
(Berthe, 2005). Several strains of Vibrio coralliilyticus (Vcor; previously classified as V. tubiashii) have
often been implicated in epizootic events leading to high larval mortalities in Pacific North West (PNW)
hatcheries (Elston, et al., 2008; Estes, et al., 2004). These epizootic events can greatly reduce the
productivity of PNW hatcheries and can interrupt the supply of oyster seed available for farmers.
Despite best practices, Vcor-associated epizootic events are still common (Richards, et al., 2015) and
typically occur rapidly with high proportions of larvae dying before the Vcor-associated epizootic event
is discovered and hatchery managers can respond. Consequently, there is a need to control Vcor
populations within hatcheries to reduce the frequency and severity of Vcor-associated larval mortalities.

Bacteriophages (phages) have shown potential for use in controlling populations of pathogenic Vibrio
sp. in aquaculture settings (Kalatzis, et al., 2018; Letchumanan, et al., 2016). Phages are viruses that only
target bacteria and are believed to be the main regulators of bacterial populations in nature (Hennes, et
al., 1995). It is estimated that phages kill between 20-40% of all bacteria produced daily (Suttle, 1994).
They are highly specific (Carlton, 1999), with each phage only able to infect a few closely related species
or strains of a species of bacteria. This level of specificity may enable phages to be used to remove
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specific pathogenic bacterial strains from a hatchery without disturbing the rest of the hatchery’s
microbial ecosystem. Phages have been reported to reduce concentrations of pathogenic bacteria
during post-harvest processing of adult oysters (Ahmadi, et al., 2015; Jun, et al., 2014; Le, et al., 2018;
Pelon, et al., 2005; Pereira, et al., 2017; Rong, et al., 2014), increase survival of a number of important
aquaculture species (Doss, et al., 2017; Kalatzis, et al., 2018; Letchumanan, et al., 2016; Nakai, 2010;
Nakai and Park, 2002; Oliveira, et al., 2012; Rao and Lalitha, 2015; Richards, 2014) and protect corals
from Vcor infection (Cohen, et al., 2013; Efrony, et al., 2007) but there are no previously published
studies on the effectiveness of phages in protecting larval oysters from mortality caused by bacterial
infections.

Vcor is known to be ubiquitous in PNW bays and estuaries, existing at concentrations as high as 1x105
CFU g-1 in sediments of Netarts bay, Oregon and was found to be present in the larval tanks of a PNW
hatchery (Whiskey Creek Shellfish Hatchery, Netarts Bay, OR.) at concentrations of 1x102 CFU ml-1
throughout the summer of 2015, despite there being no reports of disease during that period
(Gradoville, et al., 2018). It is possible that Vcor exists in most PNW shellfish hatcheries at sub-lethal
concentrations, and only leads to disease when changes in the environment or structure of the microbial
ecosystem allow Vcor to increase until it reaches lethal concentrations. This study will examine the
ability of a low concentration of phages to prevent a sub-lethal concentration of Vcor from increasing in
larval culture water. This study will also determine the persistence of phages in seawater and larval
tissues to determine if a single dose of phages has the potential to protect larvae against subsequent
Vcor infections.

The Pacific oyster, C. gigas, has a complex life cycle. Under optimal conditions, larvae undergo
metamorphosis 14 to 18 days post fertilization (DPF) and irreversibly transition from free-swimming
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larvae to benthic, sessile juveniles, referred to as spat. Settlement and metamorphosis can be influenced
by a complex array of environmental factors such as water temperature (Rico-Villa, et al., 2009), diet
(Rico-Villa, et al., 2006; Rico-Villa, et al., 2009), substrate (Devakie and Ali, 2002; Su, et al., 2007) and
chemical cues (Bonar, et al., 1990; Coon, et al., 1990; Coon, et al., 1986; Turner, et al., 1994). Many of
the chemical cues that influence oyster metamorphosis are microbial in origin (Devakie and Ali, 2002;
Fitt, et al., 1990; Tamburri, et al., 1992; Wieczorek and Todd, 1998; Zhao, et al., 2003). Given the
complexity of factors that influence metamorphosis and the fact that there are no previously published
experiments looking at the effects of exposure to phages on larval oysters, it is important that we
determine if the addition of phages to the larval culture water affects settlement. Settlement trials are
also essential to assessing the long term effects of early stressors, such as Vcor exposure on the viability
of C. gigas larvae. Consequently, this study will test the hypothesis that adding a cocktail of three phages
to the larval culture water will improve survival and subsequent settlement and metamorphosis.

Methods

General methods

Larviculture conditions

Seawater was maintained at 25°C, 32 ± 2 salinity, and a pH of 8.2 ± 0.1 for all experiments. The pH was
maintained using soda lime to remove CO2 from the air prior to use for aeration. Larvae were fed a
microalgae diet consisting of Isochrysis galbana Caribbean strain (C-Iso) 2 to 6-DPF. If the experiment
continued beyond 6-DPF, larvae were fed a 50/50 (by cell concentration) combination of Chaeotocerous
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neogracile and C-iso from 7-DPF until the end of the experiment. Larvae were raised at a concentration
of 5 larvae ml-1 in experiments using 20 ml shell vials and 10 L containers or 30 larvae ml-1 in 24-well
plate experiments.

Quantifying live and dead larvae

Larvae were classified as either alive or dead based on the amount of tissue remaining within their
shells. If greater than 90% of tissue remained, the larvae were classified as alive. If less than 90% of
tissue remained, the larvae were classified as dead. The larvae were preserved with 0.1% formalin
(buffered to pH of 8.2 with sodium carbonate) and observed via light microscopy using a Leica DMIL LED
inverted microscope at 10x magnification. Vcor degrades the tissue within the shells facilitating
differentiation between live and dead larvae (Figure 2.5).

Measuring larval growth

Larvae that were preserved with 0.1% buffered formalin were photographed at 40x magnification using
a Leica DFC400 camera (Leica microsystems, Germany) on a Leica DMIL LED inverted microscope. The
software Leica Application Suite 4.8 was used to take photographs and the software Image Pro Premier
9 (Media Cybernetics, USA) was used to measure shell lengths. Larvae in the 10 L culture experiment
were measured on 9, 12, 16 and 24-DPF. Larvae were measured along a transect perpendicular to the
hinge, and spat were measured along the longest transect parallel to the hinge.

Statistical analysis
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The statistical software JMP Pro version 13 (SAS Institute, USA) was used for all analyses. The mean
response variable for all larvae, phage or Vcor in an individual culture container or well was used as the
statistical unit for all analysis. Mortality and settlement data were assessed by comparing the mean of
the proportion dead or set in all replicates of a treatment. Shell length data was assessed by finding the
mean shell length within a replicate, then finding the mean of the replicate means within a treatment.
Normalities of data were determined using the Shapiro-Wilk tests and homogeneities of variances were
determined using Levene tests. Proportions were normalized using an arcsine square root
transformation prior to carrying out statistical tests. One-way ANOVAs were performed on normally
distributed data. If the ANOVA showed a significant (p<0.05) difference among treatments, a Tukey HSD
test was conducted at a 0.05 level of significance. Phage and Vcor concentrations were Log10
transformed prior to conducting tests. If the variance and normality assumptions were violated, a
Kruskall-Wallace test was used with a Dunn Joint Ranking post hoc test.

Culture of Vibrio coralliilyticus (strain RE98)
Vcor RE98 was used for all experiments in this study. It was isolated from a PNW shellfish hatchery by
Elston, et al. (2008) and initially identified as a strain of Vibrio tubiashii. Whole genome sequencing by
Richards, et al. (2014) led to its reclassification as Vibrio coralliilyticus. Vcor was grown in LB broth with
NaCl added to obtain a final salinity of three percent (3%w/v LB) that was similar to that of salinities of
coastal waters. Overnight cultures of Vcor were used to inoculate fresh tubes of 3% LB the day of the
infection. The fresh Vcor cultures were grown until they reached OD600 of 0.8 (~6.4x108 colony forming
units (CFU) ml-1) when they were diluted with autoclaved seawater as necessary and added to the larval
culture water at a final concentration of 6.4x104 CFU ml-1 unless stated otherwise. Preliminary results
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indicated that this concentration was the lowest concentration to consistently cause >99% mortality of
C. gigas larvae within 48 hours of inoculation (Figure 2.1).

Production of the phage cocktail

The phages were isolated from seawater by Dr. Gary Richards, USDA Agriculture Research Service. They
were grown to a concentration of 1x1010 plaque forming units (PFU) ml-1 and purified with tangential
flow filtration (TFF) by Intralytix Inc. The purified phages were shipped overnight to Oregon State
University and the titers were confirmed upon arrival by performing a soft agar overlay plaque assay
(Adams, 1959). The 10 l experiments and those in the 24 well plates used a cocktail of three
bacteriophages that targeted Vcor RE98; however, one of the phages was found to contain genes that
may be associated with lysogeny after the completion of those experiments. The potentially lysogenic
phage was removed from the cocktail; therefore, the shell vial and low nutrient experiments were
carried out using a cocktail of two phages that target Vcor.

Developing a 48 hour Vcor infection assay with C. gigas larvae

Two-DPF larvae were added to 24 well tissue culture plates, with each well containing one ml of
autoclaved seawater as described previously (Richards, et al., 2015). Vcor was added to the wells at 0,
64, 640, 6.4x103 and 6.4x104 CFU ml-1. Mortality was quantified 48 hours post inoculation (HPI).

24-well plate experiment: acute (48 HPI) effects of purified phage cocktail (PPC) and crude phage
cocktail (CPC) on the motility and mortality of larvae challenged with Vcor RE98
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The crude phage cocktail (CPC) was filtered through a 0.22 µm filter to remove whole bacterial cells, but
TFF was not initially used to remove molecular contaminants released from phage-infected, lysed cells.
The purified phage cocktail (PPC) was filtered through a 0.22 µm filter before being further purified of
putative molecular contaminants using TFF. The effect that these putative cellular contaminants had on
larvae was tested by exposing two-DPF larvae to the CPC and PPC with and without the addition of Vcor
and monitoring larval motility and feeding behavior with light microscopy. The experiment was set up in
well plates as described in the previous section. The treatments were 1) larvae only, 2) larvae + PPC 3)
larvae + PPC + Vcor, 4) larvae + CPC, 5) larvae + CPC + Vcor and 6) larvae + Vcor. The phages were added
to the larvae at a concentration of 2x107 PFU ml-1 immediately prior to adding the Vcor at a
concentration of 6.4x104 CFU ml-1. Mortality and motility of the larvae were quantified at 3, 24 and 48
hours after inoculation. There were four replicate wells per treatment with approximately 30 larvae per
well. The individual wells were considered the experimental unit for statistical analysis.

10 l culture experiments: acute (48 HPI) effects of purified phage C. gigas cocktail on larvae challenged
with Vcor RE98

Larvae were raised in 10 L plastic containers filled with seawater filtered to 10 µm, to avoid removing
the natural bacterial flora and to simulate the conditions of a commercial oyster hatchery. Five replicate
containers were set up per treatment. Vcor and the purified phage cocktail were added once to two-DPF
larvae. The phages were added at a concentration of 2x107 PFU ml-1 followed by Vcor at a concentration
of 6.4x104 CFU ml-1. The treatments consisted of 1) larvae only, 2) larvae + PPC, 3) larvae + PPC + Vcor
and 4) larvae + Vcor. Mortality was quantified 48 hours after inoculation.

10 l culture experiments: larval settlement success after initial exposure to phages and Vcor RE98
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The larvae that survived the acute (48 HPI) effects of the inoculation with Vcor were raised until 24-DPF
to assess the effect of early exposure to phage and Vcor on the ability of larvae to set and
metamorphose. Complete water changes were performed every 48 hours, which would have
substantially diluted the concentration of any remaining phage and Vcor in successive cultures. During
the water changes, the larvae were rinsed on a series of different sized sieves. A 45 µm sieve was used
for water changed for larvae 4 to 14-DPF. Runts and larvae that died as a result of the acute Vcor
exposure were removed from the experiment 14-DPF by separating larvae using a 140 µm sieve. Larvae
that passed through the 140 µm sieve were preserved and quantified while larvae retained by the sieve
were returned to the culture containers. Larvae were sieved on a 240 µm sieve over a 140 µm sieve on
14 to 22-DPF to assess larval growth. Larvae > 240 µm began setting naturally on test marble tiles 16DPF. The marble tiles were removed 18-DPF and settled spat per tile counted. Epinephrine was used as
described by Coon, et al. (1986) to induce settlement of remaining larvae on 18, 20 and 22-DPF. The
larvae that successfully set and metamorphosed to spat were moved to a flow-through upweller system
and remaining larvae were returned to their culture containers. Any larvae that had not set after
exposure to epinephrine on day 22 were quantified and classified as runts that would not set. The spat
were allowed to grow in the flow-through system until day 24 to be able to differentiate live from dead
spat. Three subsamples of at least 100 larvae were taken from each replicate at each time point to
quantify growth and mortality.

20 ml shell vial experiment: simulating natural hatchery conditions by seeding water with sub-lethal
concentrations of Vcor.

The larvae were raised in 20 ml of autoclaved seawater in 35 ml borosilicate glass shell vials. Larvae
were one-DPF when placed in the shell vials and inoculated. The PPC and Vcor were added to culture
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water within ten minutes of each other at a range of concentrations according to their treatment.
Growth of the Vcor was encouraged by not having water changes for the entire experiment. The larvae
were preserved and mortality was quantified seven DPF. The treatments are listed in Table 2.1

Determining if larvae accumulate phage in their guts and tissue and assessing the persistence of phage
in larval culture water.

The concentration of phage in the larval guts or tissue six days after inoculation with phage was
determined by removing 26 larvae from the treatment that received 2x107 PFU ml-1 of PPC. These larvae
were thoroughly rinsed over a 40 µm sieve with autoclaved seawater, pulverized and added to 600 ml of
autoclaved seawater prior to being plated in a soft agar overlay plaque assay. Seawater from the same
vial was filtered through a 40 µm sieve to remove the larvae and plated in a soft agar overlay plaque
assay to determine the number of active planktonic phage in the culture water five days after
inoculation.

Results

Preliminary experiment: determining the concentration of Vcor necessary to cause >90% mortality in 48
hours.

The mean mortality of larvae exposed to 6.4x104 CFU ml-1 of Vcor was 100% ± 0% 48 HPI, which was
significantly higher than the mean mortality of larvae exposed to 6.4x103 CFU ml-1 (mean mortality 81%
±15.7%; P value 0.04, Tukey HSD). There was no significant differences among the mean mortalities of
larvae exposed to 0, 64 and 640 CFU ml-1 of Vcor 48 HPI (p > 0.98 Tukey HSD) (Figure 2.1).
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24-well plate experiment: acute (48 HPI) effects of PPC and CPC on the motility and mortality of larvae
challenged with Vcor RE98

The larvae exposed to CPC in the 24-well plates stopped swimming shortly after the addition of CPC;
84.9 ± 12.5% of the larvae in the CPC treatment and 80.3 ± 10.9% in the CPC + Vcor treatment were
immobile and resting on the bottom at three-HPI. Less than 2% of the larvae in any of the other
treatments were immobile at three-HPI. The effects of CPC on motility were temporary and there was
no significant difference between the mean motility of larvae in the CPC treatment and larvae-only
controls at 24 HPI (p = 0.70; Tukey HSD). Exposure to the PPC had no detectable effects on larval motility
and this treatment was able to eliminate any effects of Vcor on larval motility; there were no significant
differences among the motilities of larvae in the PPC, PPC + Vcor and larvae-only treatments (p > 0.05;
Tukey HSD) (Figure 2.2).

Larvae exposed to PPC + Vcor had a mean mortality of 7.6 ± 5.7% which was not significantly different
from the mean mortality of the larvae-only control (p = 0.97; Tukey HSD test) which had a mean
mortality rate of 3.6 ± 4.2%. The CPC + Vcor treatment had a mean mortality rate of 35.7 ± 14.2%. This
suggests that although crude phages can greatly reduce mortality from Vcor infection, purifying the
phage cocktail can completely eliminate mortality from Vcor infection. Larvae from the Vcor, PPC and
CPC treatments had mean mortality rates of 100 ± 0%, 8.4 ± 6.1% and 2.9 ± 3.7% respectively (Figure
2.3).

10 l culture experiments: acute (48 HPI) effects of purified phage cocktail on C. gigas larvae challenged
with Vcor RE98
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The mean mortality of 48 HPI larvae cultured in 10 l containers was 99.8 ± 0.3% in the treatment that
received Vcor RE98 without phages, this mortality rate was significantly higher than in all other
treatments (p-value < .001; Tukey HSD). The mean larval mortality in the Vcor + PPC treatment was 9.0 ±
0.8% and was not statistically different from either the PPC treatment (6.9 ± 3.5% mean mortality) or
the larvae-only control (6.0 ± 2.0% mean mortality; p-value = 0.14 ANOVA). After accounting for
mortality in the larvae-only control, the addition of purified phages eliminated mortality from Vcor
infection (Figure 2.4). The larvae exposed to Vcor alone had very little tissue remaining in their shells
after 48 hours, while the larvae exposed to phage and Vcor appeared healthy with guts containing
ingested algal cells (Figure 2.5).

10 l culture experiments: larval settlement success after initial exposure to phages and Vcor RE98

The treatment that received Vcor without phages had >99% mortality 48-HPI and was discontinued after
48-HPI. There was no significant difference between the mean shell lengths of larvae from the larvalonly, PPC, and PPC + Vcor treatments on days 9 (p-value 0.12; ANOVA) and 12 (p-value 0.76; ANOVA).
Larvae from the larvae-only treatment had a significantly larger mean shell length compared with the
PPC + Vcor treatment at 16-DPF (p = 0.015; Tukey HSD test) but there were no significant differences
between any of the treatments at 24-DPF (p = 0.47; ANOVA test) (Figure 2.6).

There was no significant difference in mean larval mortalities among the PPC, PPC + Vcor or larvae-only
treatments 4,12 and 16-DPF (p values for each day = 0.16, 0.11, 0.50, respectively; ANOVA), but the
phage treatment had significantly higher mean mortality than the larvae-only treatment 9 DPF (p = 0.01;
Tukey HSD).
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Sampled populations of the larvae-only, PPC, and PPC + Vcor treatments had mean percentages of runts
on a 140 µm sieve of 25.8 ± 5.9%, 37.3 ± 15.2% and 44.5 ± 21.1% respectively at 14-DPF (Figure 2.7);
however, the differences were not significant (p = 0.22; ANOVA). All larvae that passed through a 140
µm sieve were removed from the experiment 14 DPF. Larvae from the larvae-only treatment had a
mean value of 7.8 ± 1.5% runts that were not retained on a 240 µm sieve on 22-DPF, which was
significantly higher than in the PPC (mean 0.86 ± 0.2%) and PPC + Vcor treatments (mean 0.85 ± 0.2%; P
value <.0001; Tukey HSD).

Larval metamorphosis success after early exposure to phages and Vcor

The treatment that received Vcor without phages had >99% mortality 48 hours after inoculation. That
treatment was discontinued and no larvae survived to become spat. The PPC treatment had a mean
settlement rate of 37 ± 6.5% which was not statistically different from the PPC + Vcor treatment which
had a mean settlement rate of 40 ± 7.0%; both these treatments had a significantly higher settlement
rate than the larvae-only control (p <0.05; Tukey HSD) which had a mean settlement rate of 28 ± 2.3%
(Figure 2.8).

20 ml shell vial experiment: simulating natural hatchery conditions by seeding water with sub-lethal
concentrations of Vcor

Survival of larvae exposed to 6x102 CFU ml-1 Vcor and increasing concentrations of phage.

Mortality was assessed seven DPF and six days post inoculation. The larvae-only controls had 14.9 ±
5.0% mortality and the addition of phages had no effect on mortality in the absence of Vcor. The
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treatment with exposure to 6x102 CFU ml-1 Vcor in the absence of phage (Vcor2) had 38.3 ± 7.3%
mortality, but the addition of phages at 2x103, 2x104, 2x105, 2x106 and 2x107 PFU ml-1 completely
eliminated mortality from exposure to 6x102 CFU ml-1 Vcor. The mortality in these treatments was not
significantly different from the mortality in the larvae-only controls (Figure 2.9).

Survival of larvae exposed to 6x103 CFU ml-1 Vcor and increasing concentrations of phage.

The treatment with exposure to 6x103 CFU ml-1 Vcor in the absence of phage (Vcor3) had a mean
mortality of 81.4 ± 3.5%, but the simultaneous addition of 2x103 PFU ml-1 of phages reduced mortality in
the Vcor3 treatment to 46.3 ± 4.1%. Increasing the concentration of phages 10, 100 or 1000 fold only
decreased mortality a further 9 ± 5.2%. Increasing the concentration of phages to 2x107 PFU ml-1
decreased mortality to 19.7 ± 3.3%, which was not significantly different from the mortality in the
larvae-only controls (Figure 2.9).

Survival of larvae exposed to 6x104 CFU ml-1 Vcor and increasing concentrations of phage.

The treatment with larvae exposed to 6x104 CFU ml-1 Vcor in the absence of phage (Vcor4) had a mean
mortality of 98.5 ± 0.6%. The addition of 2x104 PFU ml-1 phages to the Vcor4 treatment only reduced
mortality by 4%, the addition of 2x106 PFU ml-1 phages reduced mortality to 61.0 ± 3.4%, and the
addition of 2x107 PFU ml-1 phages reduced mortality to 36.4 ± 4.6% (Figure 2.9).
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Survival of phage in seawater five days after inoculation and accumulation of phage in larval tissues six
days after inoculation

There were 4350 PFU isolated from the tissue of 26 larvae six days after inoculation with 2x107 PFU ml-1
PPC. There was 2.8 x 107 ± 2.2 x 106 PFU ml-1 isolated from the seawater of that same vial one day
earlier.

Discussion
Vcor epizootic events have been implicated in large-scale larval mortalities in oyster hatcheries (Elston,
et al., 2008; Estes, et al., 2004; Richards, et al., 2015) and there is a need for preventative measures to
control Vcor populations to maintain consistent seed production for farmers. This study shows that
adding Vcor strain-specific bacteriophages to larval culture tanks can greatly reduce or eliminate
mortalities from exposure to a lethal dose of Vcor and can increase the number of larvae that
metamorphose to grow as spat.

The first controlled studies demonstrating the potential use of phages to reduce mortality in
aquaculture were conducted over three and a half decades ago (Wu, et al., 1981). Since that time, the
benefits of using phages to reduce antibiotic use and improve survival in aquaculture have been widely
discussed in the literature and subject to many review articles (Doss, et al., 2017; Kalatzis, et al., 2018;
Letchumanan, et al., 2016; Nakai, 2010; Nakai and Park, 2002; Oliveira, et al., 2012; Rao and Lalitha,
2015; Richards, 2014). This has brought a renewed interest in phage therapy as a means of controlling
bacterial pathogens in aquaculture. Though previous phage therapy studies have shown phages can be
used to increase survival of important aquaculture species in the presence of pathogenic Vibrios (Lomelí-
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Ortega and Martínez-Díaz, 2014; Martinez-Diaz and Hipólito-Morales, 2013; Vinod, et al., 2006), this
study is the first to demonstrate that phages can also be used to protect larval oysters from mortalities
caused by a known bacterial pathogen.

Larvae that were exposed to phages, either alone or in conjunction with Vcor, had a significantly higher
metamorphosis rate than the larvae-only controls more than 16 days after exposure to the phage
treatment; despite the fact that the phages did not improve survival or growth rate compared to the
larvae-only controls. Plaque assays showed that there were no detectable planktonic phages in the
water column at the time of settlement; however, it has been shown that adult oysters accumulate
viruses in their tissue for long periods of time, (Baross, et al., 1978; Comeau, et al., 2005; DePaola, et al.,
1997; DePaola, et al., 1998; Elston, 1997) and this study showed that larvae can incorporate the phages
against Vcor into their microbiomes for at least six days. The location of the phage in the larvae was not
assessed, but the phages were not removed from the larvae by vigorous rinsing with seawater. The
presence of phage in larval tissue was not tested beyond six days, but it is possible phages persisted
through metamorphosis as part of the larval microbiome, even though previous water changes had
removed planktonic phages from the larval cultures. In support of this argument, it has been shown that
phages added to coral culture water can become incorporated into the microbiomes of corals at high
enough concentrations to protect the corals from subsequent Vcor infection for a period up to 33 DPI
(Efrony, et al., 2007). Vcor RE98 is known to occur frequently in PNW hatcheries (Elston, et al., 2008;
Estes, et al., 2004; Richards, et al., 2015) and if Vcor RE98 was present in the culture water at sub-lethal
levels, it could still reduce the fitness of the larvae (Genard, et al., 2013). Larvae exposed to phages
would likely have been less affected by naturally-occurring Vcor, which may have contributed to the
increased settlement rate.
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The specificity of the phages allows Vcor RE98 to be controlled without disrupting the normal bacterial
flora. This keeps the selective pressure on the microbial community at a minimum and means there is
very little chance of resistance developing in a non-target species and being transferred to Vcor via
horizontal gene transfer; however, it was discovered that after the well plate and 10 l experiments were
conducted that one of the phages used in the cocktail was lysogenic. Lysogenic phages are often
involved in shuttling genes between bacteria via horizontal gene transfer and there is a risk of possibly
conferring a virulence gene on a previously benign bacteria. For this reason the lysogenic phage was
removed from the cocktail and only two phages were used for the experiments simulating a natural
hatchery conditions by seeding the culture water with sub-lethal concentrations of Vcor. The cocktail
containing only two phages was less effective in reducing larval mortality than the cocktail composed of
three phages. If this phage cocktail is to be used to benefit oyster hatcheries, it should be expanded to
include a third phage able to target Vcor RE98 as well as phages that target other common pathogens.
We have recently isolated a number of phages that target other common pathogenic Vcor strains and
future work should be undertaken to determine if these phages can be included in the phage cocktail.

During the process of replication, phages lyse their host, releasing progeny phage to the environment
and leaving behind a lysed bacterial cell. Some of the components of these lysed cells, such as
lipopolysaccharides (LPS), have been shown to bind to a specific C. gigas toll-like receptor to illicit a
humoral immune response (Wang, et al., 2016) and may be toxic to oyster larvae (Wang, et al., 2018;
Xu, et al., 2016). The growth of Vcor during phage production may also result in the accumulation of
Vcor-produced extracellular metabolites, such as zinc metalloprotease that has been reported to be a
virulence factor for C. gigas (Hasegawa, et al., 2008). We demonstrated that if the cocktail was not
purified using TFF, the phage cocktail would slow larval growth and cause the larvae to temporarily stop
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moving. This demonstrates that purifying the phage cocktail of potential cellular contaminants is a
necessary step for phage therapy applications with bivalve larvae.

Larvae in the 10 l settlement and 24 well plate experiments were challenged with 6.4x104 CFU ml-1 Vcor,
a concentration of Vcor that, in the absence of phages, causes >99% mortality of larvae in less than 48
hours (Figure 2.1). This concentration was suitable for demonstrating the protective capabilities of the
phages, but it is unlikely that this concentration would occur in a hatchery that uses the phages
prophylactically. A natural Vcor population takes time to reach the necessary concentration to induce an
epizootic event and the phages would likely prevent the Vcor population from reaching a high
concentration. This scenario was simulated by adding 6x102 and 6x103 CFU ml-1 Vcor to the larval culture
water along with a range of phage concentrations. It was demonstrated that a phage concentration that
was 10,000 times smaller than that required to prevent mortality from exposure to 6x104 CFU ml-1 Vcor
could completely eliminate mortality from exposure to 6x102 CFU ml-1 Vcor and greatly reduce mortality
from 6x103 CFU ml-1 Vcor (Figure 2.9). The ability to prevent a low concentration of Vcor from increasing
to lethal levels will likely provide the greatest benefit to the shellfish industry. Phages are known to be
able to selectively bind to animal cells (Shan, et al., 2018) and persist in adult oysters for long periods of
time in the absence of a bacterial host (DePaola, et al., 1997; DePaola, et al., 1998), which indicates
phages have potential for prophylactic use. Future work should determine if these phages become
incorporated into the larval microbiome in sufficient quantities to protect against future Vcor infections.

This study showed that a purified phage cocktail can be very effective at protecting C. gigas larvae from
mortalities due to exposure to Vcor. The application of phage treatments may greatly benefit the
shellfish industry by increasing the quantity and consistency of seed oysters that hatcheries are able to
produce; however, to maximize the benefit that phage therapy can provide the shellfish industry, the
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phage cocktail should be expanded to include additional non-lysogenic phages against a broader range
of pathogens and an optimal dosing regimen should be developed to determine the ideal concentration
and frequency of phage additions to protect larvae from Vcor. If these concerns are addressed in future
work, phages may provide an environmentally friendly means of controlling bacterial pathogens in
commercial shellfish hatcheries.
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Figures:

Figure 2.1. Mortality of C. gigas larvae 48 hours post inoculation with Vibrio coralliilyticus RE98 (Vcor).
Two-day post fertilization larvae were exposed to 0, 64, 640 6.4 x 103 or 6.4 x 104 CFU ml-1 of Vcor in one
ml of seawater. Mortality was quantified 48 hours post inoculation. Different letters indicate a
significant difference (p<0.05; Tukey HSD test). Error bars represent one standard deviation from the
mean.

59

Figure 2.2. Mobility of C. gigas larvae over a 48 hour period following inoculation with Vibrio
coralliilyticus RE98 (Vcor) and crude (CCP) or purified (PPC) phage cocktails.
PPC – phage cocktail that had been purified with tangential flow filtration (TFF). CPC-crude phage cocktail
–phages that were not purified with TFF. The effect of putative cellular contaminants in the phage
cocktails on larval survival and phage efficacy was tested by exposing larvae to CPC and PPC with and
without the addition of Vcor. Larval mortality was assessed 3, 24 and 48 hours post inoculation.
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Figure 2.3. Mortality of C. gigas larvae over a 48 hour period following inoculation with Vibrio
coralliilyticus RE98 (Vcor) and crude (CCP) or purified (PPC) phage cocktails.
PPC – phage cocktail that had been purified with tangential flow filtration (TFF). CPC-crude phage cocktail
–phages that were not purified with TFF. The effect of putative cellular contaminants in the phage
cocktails on larval survival and phage efficacy was tested by exposing larvae to CPC and PPC with and
without the addition of Vcor. Larval mortality was assessed 3, 24 and 48 hours post inoculation.
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Figure 2.4. Mortality of 4-day post fertilization larvae 48 hours after exposure to purified phage and
Vibrio coralliilyticus RE98 (Vcor).
Two-day post fertilization larvae were inoculated with purified phage and Vcor in 10-liter containers.
Mortality was assessed 48 hours post inoculation. Different letters indicate a significant difference
(p<0.05; Tukey HSD). Error bars represent one standard deviation from the mean.
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A

B

Figure 2.5. Larvae 48 hours after exposure to Vibrio coralliilyticus RE98 (Vcor) with and without the
addition of phages.
Larvae that were exposed to Vcor without the addition of purified phages (A) all died within 48 hours
and had empty shells resulting from tissue degradation by Vcor. Larvae that were exposed to Vcor and
purified phages (B) showed no negative effects after 48 hours. Note the difference in the tissue
remaining in the shells between A and B
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Figure 2.6. Growth of larvae after initial exposure to Vibrio coralliilyticus RE98 and purified phages.
Shell lengths in microns were measured 9, 12, 16, and 24 days post fertilization (DPF). Measurements
taken 24 DPF are of settled spat, all other measurements are of free-swimming larvae.
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Figure 2.7. Percent of larvae classified as runts on days 14 and 22 post fertilization.
Larvae that were not retained on a 140 µm sieve 14 days post fertilization (DPF) or a 240 µm sieve 22
DPF were classified as runts and removed from the experiment. Treatments were compared only within
each time period. Different letters indicate a significant difference (p<0.05; Tukey HSD). Error bars
represent one standard deviation from the mean.
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Figure 2.8. Proportion of larvae that survived settlement and grew as spat until they were 24 days post
fertilization.
Larvae that survived inoculation with purified phage and Vibrio coralliilyticus RE98 two days post
fertilization (DPF) were grown until 24 DPF. Larvae that were retained on a 240 µm sieve were induced
to settle with epinephrine 18, 20 and 22 DPF. Settlement rate was calculated by dividing the number of
larvae that set and metamorphosed successfully by the total number of larvae stocked in each 10 l
culture container. Different letters indicate significant differences (p<0.05; Tukey HSD test). Error bars
represent one standard deviation from the mean.
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Figure 2.9. Mortality of seven-day old larvae six days after inoculation with Vibrio coralliilyticus RE98 and
purified phages.
Larvae were simultaneously inoculated with phage and Vcor one day post fertilization. Mortality was
assessed seven days post fertilization. The treatments are labeled with V to indicate the addition of
Vibrio coralliilyticus RE98 (Vcor) and P to indicate the addition of a purified cocktail of two phages. The
numbers following the P or V indicate the concentration of the phage or Vcor. Eg. V2P3: Vcor added to
larvae at a concentration of 6x102 CFU ml-1 along with phage added at a concentration of 2x103 PFU ml-1.

67
Tables:
Larvae only

6.4 x 102 CFU ml-1
Vcor

6.4 x 103 CFU ml-1 Vcor

2x103 PFU ml-1
PPC

2x103 PFU ml-1 PPC
+ 6.4x102 CFU ml-1
Vcor

2x103 PFU ml-1 PPC +
6.4x103 CFU ml-1 Vcor

2x104 PFU ml-1
PPC

2x104 PFU ml-1 PPC
+ 6.4x102 CFU ml-1
Vcor
2x105 PFU ml-1 PPC
+ 6.4x102 CFU ml-1
Vcor

2x104 PFU ml-1 PPC +
6.4x103 CFU ml-1 Vcor

2x106 PFU ml-1 PPC
+ 6.4x102 CFU ml-1
Vcor
2x107 PFU ml-1 PPC
+ 6.4x102 CFU ml-1
Vcor

2x106 PFU ml-1 PPC +
6.4x103 CFU ml-1 Vcor

2x105 PFU ml-1
PPC
2x106 PFU ml-1
PPC
2x107 PFU ml-1
PPC

6.4 x 104 CFU ml-1
Vcor

2x105 PFU ml-1 PPC +
6.4x103 CFU ml-1 Vcor

2x107 PFU ml-1 PPC +
6.4x103 CFU ml-1 Vcor

2x106 PFU ml-1
PPC + 6.4x104 CFU
ml-1 Vcor
2x107 PFU ml-1
PPC + 6.4x104 CFU
ml-1 Vcor

Table 2.1 List of treatments from the experiment simulating natural hatchery conditions by seeding
water with sub-lethal concentrations of Vibrio coralliilyticus RE98 (Vcor) and increasing concentrations
of a purified phage cocktail (PPC) consisting of two phages
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CHAPTER 3-GENERAL DISCUSSION

Overview

The overarching objective of this study was to determine if phages that target Vcor RE98 could reduce
larval mortality from Vcor infection when added to the larval culture water. The specific objectives of
this study were to 1) develop a Vcor infection assay for C. gigas larvae. 2) assess the ability and optimal
concentration of phages to prevent mortality of larvae exposed to a lethal concentration of Vcor, 3)
Assess the ability and optimal concentration of phage to prevent Vcor from reaching lethal levels in
larval culture water, and 4) Assess the long term effects of early exposure to phage and Vcor on larval
growth, survival and settlement.

We found that exposing larvae to 6.4 x 103 CFU ml-1 Vcor resulted in >80% mortality within 48 hours and
exposure to 6.4 x 104 CFU ml-1 Vcor resulted in >99% mortality within 48 hours. This mortality could be
greatly reduced by the simultaneous addition of a cocktail of two virulent phages that target Vcor RE98
at a concentration of 2 x107 PFU ml-1 and completely eliminated by the simultaneous addition of a
cocktail of three phages against Vcor at that same concentration. The concentration of phages required
to prevent a low concentration of Vcor from reaching lethal levels was much lower. The addition of a
cocktail of two phages at a concentration 2 x 103 PFU ml-1 prevented all mortality from Vcor when the
larval culture water was seeded with 6 x 102 CFU ml-1 Vcor and that concentration of phage still greatly
reduced mortality when the larval culture water was seeded with 6 x 103 CFU ml-1 Vcor. Exposure to the
highest dose of purified phages (2 x107 PFU ml-1) had no negative effects on the long term growth,
survival and settlement of larvae and was able to completely eliminate any negative effects from
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exposure to the highest concentration of Vcor (6.4 x 104 CFU ml-1). Larvae that had been exposed to
phage early in life had a significantly higher settlement rate than the larvae-only controls, even if the
phage exposure was in conjunction with Vcor exposure. We found that phages are very effective in
preventing Vcor from causing larval mortalities either by preventing a low concentration of Vcor from
increasing in the larval culture water, or by rapidly destroying a high concentration of Vcor before it can
harm the larvae.
Objective 1: Develop a Vcor infection assay for C. gigas larvae.
This study relied on the development of two Vcor infection assays that could provide consistent
mortality to allow us to determine if the addition of phage caused a reduction in mortality. The first
assay was designed to simulate a scenario where a high concentration of Vcor was brought into the
hatchery all at once. Vcor is not readily removed by typical water treatment methods such as sand
filtration (Gradoville, et al., 2018), so this scenario would likely to occur if there was a Vcor bloom in the
bay and the contaminated seawater was pumped into the hatchery. Vcor can cause the complete
collapse of a larvae culture within 48 hours of infection (Jeffries, 1982), so this assay was designed to
attain >99% mortality within 48 hours. This assay was based on a previously described infection assay
(Richards, et al., 2015), but research conducted in our lab had found that mortality from Vcor was
inconsistent in our laboratory trials. When adapting the assay described by Richards et al. (2015) we
initially used Vcor strain RE22, which is resistant to the antibiotic ampicillin. All of our initial trials used
ampicillin in an effort to avoid the compounding effects of the natural microbial flora associated with
the larvae. It was found that the ampicillin was preventing Vcor from becoming pathogenic either by
directly inhibiting the expression of virulence factors, or by preventing secondary infection from
opportunistic bacteria. Once we stopped using ampicillin we found that when using 6.4 x 104 CFU ml-1
Vcor, the mortality was >99% at all temperatures between 24-27°C and was not affected by washing the
bacteria, the growth phase of bacteria used, or the media used to grow the bacteria. We decided to
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conduct all assays at 25°C because that is the temperature used by the Molluscan Broodstock Program
to rear their larvae. LB broth with additional NaCl added for a final salinity of three percent (3%w/v LB)
was chosen to be consistent with the studies of Richards et al., (2015) and we chose to not wash the
bacteria to avoid removing the extracellular proteases which are an important Vcor virulence factor
(Hasegawa, et al., 2008). We chose to use exponentially growing bacteria that were at an optical density
(OD600) of 0.8 to provide a means of ensuring the bacteria would always be in the same growth phase
across all experiments. A further reason for using exponentially growing bacteria was that larval
mortality events are likely caused when environmental conditions allow for the rapid growth of Vcor,
and most mortality likely occurs while Vcor is growing exponentially. This assay was initially developed
using one ml of autoclaved seawater in wells of 24 well tissue culture plates, but has been scaled up to
100 l tanks using 10 µm filtered seawater. These conditions consistently led to >80% mortality 48 hours
after inoculation with 6 x 103 CFU ml-1 Vcor and >99% mortality after inoculation with 6 x 104 CFU ml-1
Vcor. There was no mortality at with 6 x 102 CFU ml-1 or lower concentrations of Vcor (Figure 2.1).

The second Vcor infection assay that we developed for this study was designed to simulate a sub-lethal
concentration of Vcor growing to lethal levels over time. Vcor is nearly ubiquitous in PNW hatcheries,
but usually exists around 102 CFU ml-1 and does not cause mortality until environmental conditions
change allowing it to grow to lethal levels (Gradoville, et al., 2018). For this infection assay we used all of
the same conditions as the 48 hour infection assay but used lower concentrations of Vcor and carried
out the assay for seven days without water changes. This allowed the Vcor to increase over time until it
slowly reached lethal levels. After seven days there was 14% mortality in the control treatment, 38%
mortality in the treatment that received 6 x 102 CFU ml-1 and >80% mortality in the treatment that
received 6 x 103 CFU ml-1 Vcor. The development of these infection assay provided the foundation for
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the study and allowed us to determine if the addition of phage could reduce the mortality of larvae
exposed to Vcor.

Objective 2: Assess the ability of phage to prevent larval mortality from exposure to a lethal
concentration of Vcor and determine the optimal concentration of phage required to do so.

The addition of a purified cocktail of three phages at a concentration of 2 x 107 PFU ml-1 completely
eliminated mortality from the simultaneous addition of 6.4 x 104 CFU ml-1 Vcor, a dose of Vcor that
causes >99% mortality within 48 hours in the absence of phage (Figure 2.4). Phage kill bacteria by lysing
them, which has the potential to release lipopolysaccharides (LPS) and other potentially harmful cellular
debris to the environment. LPS is a pathogen associated molecular pattern (PAMP) that is indicative of
gram negative bacteria. C. gigas larvae have several receptors that specifically bind to LPS to illicit a
strong humoral immune response (Genard, et al., 2013; Wang, et al., 2016; Wang, et al., 2017; Xu, et al.,
2016). LPS is toxic to larvae in high concentrations (Wang, et al., 2018); however, the lysis of Vcor by
phage had no discernable negative effects on the survival or motility of the larvae over a 48 hour period,
indicating that the amount of cellular debris released from the lysis of 6.4 x 104 CFU ml-1 Vcor is
insufficient to harm the larvae. Phages lack much of the cellular machinery required to reproduce and
are completely reliant on a host bacteria for reproduction. The phages used in this study were grown on
Vcor RE98. The phages were separated from the large bacterial debris by centrifugation then passed
through a 0.2 µm filter to remove any remaining whole bacterial cells. This process removes most of the
large cellular components, but the production of the phage cocktail likely results the release of soluble
LPS and metalloproteases that cannot be removed via centrifugation. During the early tests in this study,
we inferred that cellular contaminants were present in the final phage cocktail at concentrations
sufficient to cause the larvae to stop swimming almost immediately after the phage cocktail was added
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to the larval culture water, and remain motionless for between 24 and 48 hours (Figure 2.2). These
putative contaminants reduced the effectiveness of the phage cocktail (Figure2.3) and slowed larval
growth (Figure A.5), but the negative effects of these putative contaminants could be completely
removed by either subjecting the phage cocktail to TFF or dialysis with a 100 Kd pore size (Figures 4.2
and 4.3). If the phage cocktail is purified of these contaminants it can be extremely effective at
preventing mortality from exposure to a lethal dose of Vcor. We tested a range of concentrations of the
purified cocktail of three phages and found that 2 x 106 PFU ml-1 could reduce mortality from >99% to
40% after 48 hours of Vcor exposure, and 2 x 107 PFU ml-1 completely eliminated mortality from Vcor
(Figure A.6). Part way through this study it was discovered that one of the phages in the cocktail
contained genes that indicated it could become lysogenic. Lysogenic phages should be avoided in phage
therapy because of the potential of transferring a virulence gene between bacteria. For this reason, the
potentially lysogenic phage was removed from the phage cocktail but it was found that the cocktail
containing only two phages was less effective. The purified cocktail of two phages at a concentration of
2 x 106 PFU ml-1 could reduce mortality from >99% to 60% after 48 hours of Vcor exposure, and 2 x 107
PFU ml-1 could reduce mortality to 36% which was still significantly higher than the larvae-only controls
which had a mortality of 14% (p <0.05; Tukey HSD) (Figure 2.9).

Objective 3: Assess the ability and optimal concentration of phage to prevent Vcor from reaching
lethal levels in larval culture water.

The experiments conducted under objective two demonstrated that a high concentration of phages
could destroy a lethal dose of Vcor before it has time to negatively impact the larvae. This demonstrates
that phages could be used to control the Vcor population even if it has already reached a lethal
concentration. This could be beneficial if hatchery managers wished to only add the phages to the water
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column once a Vcor bloom has been detected; however, Vcor has a very short doubling time and larval
mortality from Vcor typically occurs before hatchery managers are aware that a problem exists. This
means that the most beneficial use of the phage cocktail might be to regularly add a small concentration
of phage to the water column to prevent the Vcor from reaching lethal concentrations. Vcor exists at
low levels in PNW hatcheries without causing epizootic events (Gradoville, et al., 2018). These
populations likely exist in a semi dormant state until hatchery conditions allow them to greatly increase
in concentration and cause mortality. Phages have been shown to bind to Vcor when it is not
metabolically active, but not actually infect or lyse the Vcor until environmental conditions change and
the Vcor becomes active (Efrony, et al., 2007). This implies that regular additions of a small amount of
phage would likely ensure the dormant Vcor is bound by a phage and will be lysed as soon as it becomes
active, preventing it from harming the larvae and ensuring that phages are reproducing at the exact
moment that the environment is favoring a Vcor bloom. Adult oysters are able to bio accumulate large
amounts of phage, in some cases the phages are present in the oyster tissue despite the inability to
detect appropriate hosts in the water column, suggesting that the phages are stable in the oyster tissue
for long periods, or another host that was not detectable was sustaining the phage population (Baross,
et al., 1978; Comeau, et al., 2005; DePaola, et al., 1997; DePaola, et al., 1998; Elston, 1997). We were
able to show that larval oysters are also able to accumulate high numbers of phage and maintain them
in their tissues for at least seven days after the phages were added to the water column. The
prophylactic use of phages to prevent Vcor from reaching lethal levels has the potential to not only
reduce larval mortality, but greatly reduce the number of phages required to protect the larvae which
would make the phage cocktail much more cost effective to produce. We were able to demonstrate that
adding 2 x 103 PFU ml-1 of a cocktail of two purified phages could eliminate mortality by preventing 6 x
102 CFU ml-1 Vcor from reaching lethal levels, and greatly reduce mortality from 6 x 103 CFU ml-1 Vcor by
preventing the unchecked growth of Vcor. This concentration of phage is 10,000 times smaller than the
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dose required to eliminate mortality from 6 x 104 CFU ml-1 Vcor, indicating that even if phages must be
added after every water change, the prophylactic use of phages to prevent low concentrations of Vcor
from increasing is much more effective than trying to treat a high concentration of Vcor and there is no
need to worry about trying to detect Vcor to decide when to administer the phages.

Objective 4: Assess the long-term effects of early exposure to phage and Vcor on larval growth,
survival and metamorphosis.

C. gigas have a complex life cycle. They start life as free swimming larvae before undergoing
metamorphosis to become sessile, benthic juveniles known as spat. Larval metamorphosis into spat is a
complex process that can be effected by a wide range of environmental variables (Devakie and Ali, 2002;
Rico-Villa, et al., 2006; Rico-Villa, et al., 2009; Su, et al., 2007) and chemical cues (Bonar, et al., 1990;
Coon, et al., 1990; Coon, et al., 1986; Turner, et al., 1994). Many of these chemical cues are microbial in
origin (Devakie and Ali, 2002; Fitt, et al., 1990; Tamburri, et al., 1992; Wieczorek and Todd, 1998; Zhao,
et al., 2003), so we wanted to assess whether the addition of a high concentration of phage and Vcor, or
the cellular components of that lysed Vcor altered the chemical cues in the water in a manner that
would affect the ability of larvae to successfully undergo metamorphosis and settlement. Settlement
trials are also a good indicator of larval viability because many larvae, that otherwise appear healthy,
often will not settle or metamorphose. We conducted a settlement trial where we inoculated 2 DPF
larvae with the purified cocktail of three phages at a concentration of 2 x 107 PFU ml-1 and 6.4 x 104 CFU
ml-1 Vcor. Larval growth, and survival were assessed 4, 9, 12, 16 and 24 DPF and there was no
consistently significant difference between the treatments that received phage, phage + Vcor, and the
larvae-only controls. The addition of phage not only had no negative effect of long-term growth or
survival, but it eliminated any negative long-term effects of Vcor on growth or survival (Figure 2.6). The
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larvae that had been exposed to phage 2 DPF, either alone or in combination with Vcor, had a
significantly higher settlement rate than the larvae-only controls (Figure 2.8), suggesting that a single
addition of phage early in life can improve settlement rate. The larval culture water was subjected to
complete water change every 48 hours, diluting the phages to the point where there were no detectable
planktonic phages in the larvae culture water at the time of settlement. This result suggests that the
improvement in settlement was likely due to phages incorporated into the larval microbiomes. The
presence of phage in the larval microbiome may have meant the larvae were less stressed from
exposure to sub-lethal levels of Vcor that may have been present in hatchery seawater, which would
allow them to metamorphose more successfully.

Future Work

This study has laid the foundation for future work that could increase the efficacy of phage therapy in
shellfish hatcheries. The future work can be divided into four areas: 1) Test the efficacy of the expanded
phage cocktail, 2) Assess the ability of prophylactically administered phages to improve larval survival, 3)
Determine the environmental conditions required for phage to inhibit the growth of Vcor, and 4)
Conduct large scale hatchery trials at a PNW shellfish hatchery.
Testing the efficacy of the expanded phage cocktail

The cocktail of three phages was more effective at reducing larval mortality than the cocktail of two
phages, but one phage had to be removed because it contained genes for lysogeny. Dr. Gary Richards
(USDA ARS) has isolated a phage that is lytic to a broad range of Vcor strains and contains no lysogeny
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genes. This phage will hopefully be incorporated into the phage cocktail in the future and an experiment
should be done comparing the ability of the new three phage cocktail and the current two phage
cocktail to reduce larval mortality from exposure to a lethal concentration of Vcor.

Assessing the ability of prophylactically administered phage to improve larval survival

This study had several key findings that suggest the prophylactic use of phages could be effective, but
the trial designed to test the efficacy of administering phages 24 and 48 hours prior to inoculating with
Vcor failed because the Vcor became contaminated and was no longer virulent. Future work should
determine the optimal concentration of prophylactically administered phages, how often they should be
added to protect against subsequent infections and how long larvae can incorporate phage into their
microbiomes.

Conducting large scale hatchery trials at a PNW shellfish hatchery

All of the experiments conducted in this study occurred in a laboratory with a maximum volume of 10 l
per culture vessel and the same strain of Vcor that was used to grow the phages. Trials should be
conducted to assess the ability of the phage to reduce larval mortality from naturally occurring Vcor in a
hatchery setting. Hatcheries likely have a much more diverse microbiome than our laboratory and the
ability of phage to persist in a hatchery environment may be different than in our laboratory due to the
increased potential of microbially produced proteolytic enzymes to degrade the phages.
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Appendix A-Additional experiments

A number of experiments were conducted but not included in the main body of the thesis either
because they were preliminary experiments that were essential for developing the protocols used in the
thesis but whose results would be redundant, or they assessed techniques that became irrelevant as the
study progressed.

Preliminary tests with a very crude phage cocktail.

The initial experiments conducted in this study used a very crude phage cocktail (VCPC) that was
produced on a small scale by the USDA ARS. The first trial with these phages attempted to replicate the
experiments conducted by Dr. Gary Richards (USDA ARS). This trial used a phage cocktail sent to us by
his lab and followed his protocol almost exactly. The only difference between our two protocols is that
the phage titer had decreased in concentration by an order of magnitude during shipping so we had to
add ten times the volume of VCPC to attain the same multiplicity of infection that he used. This trial
found that the VCPC greatly increased larval mortality. Exposure to 2 x 107 PFU ml-1 caused mortality to
increase from < 10% in the larvae only controls to > 60% in the treatment that received phage without
Vcor after 48 hours of exposure (Figure A.1). The next two experiments were designed to determine if
the toxicity of the VCPC was due to the phages themselves or putative contaminants within the phage
cocktail. It was found that Vcor cells that had been lysed by repeated freezing could illicit the same
response from larvae as the VCPC (Figure A.2), indicating that the toxicity was likely due to cellular
contaminants in the VCPC. The next experiment found that the toxicity of the VCPC at 2 x 107 PFU ml-1
was steadily decreasing with each experiment as the VCPC aged, indicating that the toxic compounds
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were being degraded over time (Figure A.3). The VCPC went from causing > 60% mortality when it was
fresh to causing < 20% mortality two weeks later. After three weeks the VCPC did not cause any
mortality when added at 2 x 107 PFU ml-1 and its ability to reduce larval mortality from Vcor infection
increased as the toxicity decreased. After three weeks it was able to completely eliminate mortality
from Vcor infection (Figure A.4), however the larvae continued to become motionless as soon as the
phage was added and remain motionless for up to 48 hours. It was found that the two week old VCPC
did not cause mortality or a loss of motility when it had been heated to 50°C for ten minutes. This
suggested that the toxicity was being caused by a heat labile protein such as a metalloprotease rather
than LPS. Intralytix (Maryland, USA) produced a crude phage cocktail (CPC) using those same phages
that caused the larvae to stop swimming for up to 48 hours, but did not increase larval mortality even
when it was fresh. The CPC likely had a smaller amount of the putative contaminant than the fresh
VCPC, but the loss of motility still meant the larvae were not feeding and exposure to the CPC resulted in
a significantly smaller shell length than the larvae only controls (p < .05; ANOVA) (Figure A.5).

We attempted to remove the contaminants by mixing the CPC with kaolinite or charcoal, but these
methods greatly reduced the efficacy of the CPC (Figure A.4). However, it was found that any detectable
negative effects of the phage cocktail could be eliminated either by tangential flow filtration (TFF) or
dialysis with a 100 Kd pore size. Intralytix produced a purified phage cocktail (PPC) using TFF that had no
detectable negative effect on larval survival (Figure A.6) or motility (Figure A.7) even when added at 2 x
108 PFU ml-1. The addition of 2 x 107 PFU ml-1 of the PPC completely eliminated mortality from Vcor
exposure.

Reducing the number of phages required for protection by adding phage to concentrated larvae.
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The previous experiments had demonstrated that 2 x 107 PFU ml-1 was the minimum concentration of
phage that could completely eliminate mortality from Vcor exposure, however the cost of producing
enough phage to provide that level of protection for an industrial hatchery would be prohibitive. There
are several times during the larval culture period where the larvae are highly concentrated. The purpose
of this experiment was to assess whether the number of phages required could be reduced by adding
the phage to the highly concentrated larvae and allowing them to ingest the phage before being added
to the larval culture tanks. Two different concentrations of phages were added to larvae that had been
concentrated to a density of 1000 larvae ml-1. The larvae remained in the beakers with the phages for up
to 7 hours before being diluted to approximately 35 larvae per ml and exposed to a lethal dose of Vcor
in a 24 well plate. This method proved completely ineffective and after three hours of being
concentrated with the phage, there was no difference in the mortality of the treatments that received
phage and those that did not. The phage was even unable to reduce the mortality of previously
concentrated larvae when the phage and Vcor were added to the water simultaneously in the same
manner as all previous experiments (Figure A.8). There are two possible explanations for these results 1)
the larvae were thoroughly rinsed with sterile seawater before being transferred to the well plates
where they would be inoculated. The intention of this rinse was to remove any phage that had not been
ingested by the larvae, but it also would have removed excess organic matter, resulting in a low nutrient
environment which may have reduced the ability of the phage to inhibit Vcor growth, 2) another
explanation is that the ability of phage to reduce larval mortality is partially due to the starting health of
the larvae, suggesting that the phage does not begin to lyse the Vcor until the Vcor has attached to the
larvae and changed its metabolic state. A healthy larvae may be able to resist infection until the phage
has lysed the Vcor, but a stressed larvae may be much more susceptible to the Vcor and not able to
survive long enough for the phage to make a difference. The ineffectiveness of this method may have
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been due to a combination of these two factors, but the effectiveness of the phage decreased the longer
the larvae were concentration, suggesting that stress played a role in larval mortality (Figure A.9).

Figures

Figure A.1 Mortality of 4 day post fertilization larvae 48 hours after exposure to the very crude phage
cocktail (VCPC) and Vibrio coralliilyticus RE98 (Vcor).
VCPC^7- larvae exposed to 2 x 107 PFU ml-1 of the VCPC. Vcor^3- larvae exposed to 6 x 103 CFU ml-1 Vcor.
Error bars represent one standard deviation from the mean.
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Figure A.2 Mortality of 4 day post fertilization larvae 48 hours after exposure to lysed Vibrio
coralliilyticus RE98 (Vcor) cells, the very crude phage cocktail (VCPC) or Vcor.
VCPC^7- larvae exposed to 2 x 107 PFU ml-1 of the VCPC. Vcor^3- larvae exposed to 6 x 103 CFU ml-1 Vcor.
Error bars represent one standard deviation from the mean.
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Figure A.3 Mortality of 4 day post fertilization larvae 48 hours after exposure to the very crude phage
cocktail (VCPC), Vibrio coralliilyticus RE98 (Vcor), or heat killed VCPC.
VCPC^7- larvae exposed to 2 x 107 PFU ml-1 of the VCPC. Vcor^3- larvae exposed to 6 x 103 CFU ml-1 Vcor.
Error bars represent one standard deviation from the mean.
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Figure A.4 Mortality of 4 day post fertilization larvae 48 hours after exposure to the very crude phage
cocktail (VCPC), crude phage cocktail (CPC), CPC purified with charcoal, CPC purified with kaolinite, or
Vibrio coralliilyticus RE98 (Vcor).
Char + CPC^7- larvae exposed to 2 x 107 PFU ml-1 of the CPC that had been purified with charcoal. Kao +
CPC^7- larvae exposed to 2 x 107 PFU ml-1 of the CPC that had been purified with kaolinite. Vcor^3larvae exposed to 6 x 103 CFU ml-1 Vcor. VCPC^7- larvae exposed to 2 x 107 PFU ml-1 of the VCPC. CPC^7larvae exposed to 2 x 107 PFU ml-1 of the crude phage cocktail (CPC). Error bars represent one standard
deviation from the mean.
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Figure A.5. Mean shell lengths (µm) of 4 day old larvae with and without exposure to 2 x 107 PFU ml-1 of
crude phage cocktail (CPC).
Different letters indicate significant difference (p < .05, Tukey HSD). Error bars represent one standard
deviation from the mean.
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Figure A.6. Mortality of C. gigas larvae 48 hours after exposure to Vibrio coralliilyticus RE98 (Vcor), a
crude phage cocktail (CPC), a phage cocktail purified through tangential flow filtration (PPC) or a PPC
further purified with dialysis.
CPC^7- larvae exposed to 2 x 107 PFU ml-1 of the crude phage cocktail (CPC). PPC^7- larvae exposed to 2
x 107 PFU ml-1 of the purified phage cocktail (PPC). Vcor- larvae exposed to 6 x 104 CFU ml-1 of Vcor.
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Figure A.7. Percent of larvae that were immobile 3, 24 and 48 hours after exposure to Vibrio
coralliilyticus RE98 (Vcor), a crude phage cocktail (CPC), a phage cocktail purified through tangential flow
filtration (PPC) or a PPC further purified with dialysis.
CPC^7- larvae exposed to 2 x 107 PFU ml-1 of the crude phage cocktail (CPC). PPC^7- larvae exposed to 2
x 107 PFU ml-1 of the purified phage cocktail (PPC). Vcor- larvae exposed to 6 x 104 CFU ml-1 of Vcor.
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Figure A.8. Mortality of C. gigas larvae that had been previously concentrated with phage for one hour,
48 hours after exposure to Vibrio coralliilyticus RE98 (Vcor).
Phage^7- larvae that had been exposed to 2x107 PFU ml-1 of purified phage. Con. Phage^7- larvae that
had been exposed to 2x107 PFU ml-1 of purified phage for one hour while concentrated at a density of
1000 larvae ml-1 before being diluted to 35 larvae ml-1. Vibrio - larvae that were exposed to 6 x 104 CFU
ml-1 Vcor. The larvae were not exposed to Vcor until after they had been diluted to 35 larvae ml-1.
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Figure A.9. Mortality of C. gigas larvae that had been previously concentrated with phage for three
hours, 48 hours after exposure to Vibrio coralliilyticus RE98 (Vcor).
Phage^7- larvae that had been exposed to 2x107 PFU ml-1 of purified phage. Con. Phage^7- larvae that
had been exposed to 2x107 PFU ml-1 of purified phage for one hour while concentrated at a density of
1000 larvae ml-1 before being diluted to 35 larvae ml-1. Vibrio - larvae that were exposed to 6 x 104 CFU
ml-1 Vcor. The larvae were not exposed to Vcor until after they had been diluted to 35 larvae ml-1.

Appendix B- Statistics

Table B.1 Results from ANOVA and Tukey HSD for the arcsine square root transformed proportion of
larval mortality 48 hours after exposure to increasing concentrations of Vibrio coralliilyticus RE98.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.2. Results from ANOVA and Tukey HSD for the arcsine square root transformed proportion of
immobile larvae three hours after exposure to Vibrio coralliilyticus RE98, a crude phage cocktail or a
purified phage cocktail.
Different letters represent a significant difference (p < .05; Tukey HSD).

94
Table B.3. Results from ANOVA and Tukey HSD for the arcsine square root transformed proportion of
immobile larvae 24 hours after exposure to Vibrio coralliilyticus RE98, a crude phage cocktail or a
purified phage cocktail.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.4. Results from ANOVA and Tukey HSD for the arcsine square root transformed proportion of
immobile larvae 48 hours after exposure to Vibrio coralliilyticus RE98, a crude phage cocktail or a
purified phage cocktail.
Different letters represent a significant difference (p < .05).
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Table B.5. Results from ANOVA and Tukey HSD for the arcsine square root transformed proportion of
larval mortality three hours after exposure to Vibrio coralliilyticus RE98, a crude phage cocktail or a
purified phage cocktail.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.6. Results from ANOVA and Tukey HSD for the arcsine square root transformed proportion of
larval mortality 24 hours after exposure to Vibrio coralliilyticus RE98, a crude phage cocktail or a purified
phage cocktail.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.7. Results from ANOVA and Tukey HSD for the arcsine square root transformed proportion of
larval mortality 48 hours after exposure to Vibrio coralliilyticus RE98, a crude phage cocktail or a purified
phage cocktail.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.8. Results from ANOVA and Tukey HSD for the arcsine square root transformed proportion of
larval mortality of four day post fertilization larvae48 hours after exposure to Vibrio coralliilyticus RE98
and a purified phage cocktail.
Different letters represent a significant difference (p < .05; Tukey HSD).

Table B.9. Results from ANOVA for the arcsine square root transformed proportion of larval mortality of
four day post fertilization larvae 48 hours after exposure to Vibrio coralliilyticus RE98 and a purified
phage cocktail excluding the treatment exposed to Vibrio coralliilyticus RE98 without phage.
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Table B.10. Results from ANOVA for the mean shell length of nine day post fertilization larvae after
exposure to Vibrio coralliilyticus RE98 and a purified phage cocktail seven days earlier.

Table B.11. Results from ANOVA for the mean shell length of 12 day post fertilization larvae after
exposure to Vibrio coralliilyticus RE98 and a purified phage cocktail ten days earlier.
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Table B.12. Results from ANOVA and Tukey HSD for the mean shell length of 16 day post fertilization
larvae after exposure to Vibrio coralliilyticus RE98 and a purified phage cocktail 14 days earlier.
Different letters represent a significant difference (p < .05; Tukey HSD).

Table B.13. Results from ANOVA for the mean shell length of 24 day post fertilization spat after exposure
to Vibrio coralliilyticus RE98 and a purified phage cocktail 22 days earlier.
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Table B.14. Results from ANOVA for the arcsine square root transformed mean proportion of larvae that
did not catch on a 140 µm sieve 14 days post fertilization.

Table B.15. Results from ANOVA and Tukey HSD for the arcsine square root transformed mean
proportion of larvae that did not catch on a 240 µm sieve 22 days post fertilization.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.16. Results from ANOVA and Tukey HSD for the arcsine square root transformed mean mortality
of nine day post fertilization larvae seven days after exposure to a purified phage cocktail and Vibrio
coralliilyticus RE98.
Different letters represent a significant difference (p < .05; Tukey HSD).

Table B.17. Results from ANOVA for the arcsine square root transformed mean mortality of 12 day post
fertilization larvae ten days after exposure to a purified phage cocktail and Vibrio coralliilyticus RE98.
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Table B.18. Results from ANOVA for the arcsine square root transformed mean mortality of 16 day post
fertilization larvae 14 days after exposure to a purified phage cocktail and Vibrio coralliilyticus RE98.

Table B.19. Results from ANOVA and Tukey HSD for the arcsine square root transformed mean
proportion of larvae that successfully set and metamorphosed to become spat.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.20. Results from ANOVA and Tukey HSD for the arcsine square root transformed mean mortality
of eight day post fertilization larvae seven days after exposure to a range of concentrations of a purified
phage cocktail and Vibrio coralliilyticus RE98.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.21. Results from ANOVA and Tukey HSD for the arcsine square root transformed mean mortality
of eight day post fertilization larvae seven days after exposure to a range of concentrations of a purified
phage cocktail and 102 CFU ml-1 Vibrio coralliilyticus RE98.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.22. Results from ANOVA and Tukey HSD for the arcsine square root transformed mean mortality
of eight day post fertilization larvae seven days after exposure to a range of concentrations of a purified
phage cocktail and 103 CFU ml-1 Vibrio coralliilyticus RE98.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.23. Results from ANOVA and Tukey HSD for the arcsine square root transformed mean mortality
of eight day post fertilization larvae seven days after exposure to a range of concentrations of a purified
phage cocktail and 104 CFU ml-1 Vibrio coralliilyticus RE98.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.24. Results from ANOVA and Tukey HSD for the Log10 transformed concentrations of a purified
phage cocktail 24 hours after being added to sterile seawater with and without the addition of Vibrio
coralliilyticus RE98.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.25. Results from ANOVA and Tukey HSD for the Log10 transformed concentrations of a purified
phage cocktail 48 hours after being added to sterile seawater with and without the addition of Vibrio
coralliilyticus RE98.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.26. Results from ANOVA and Tukey HSD for the Log10 transformed concentrations of Vibrio
coralliilyticus RE98 24 hours after being added to sterile seawater with and without the addition a
purified phage cocktail phage.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.27. Results from ANOVA and Tukey HSD for the Log10 transformed concentrations of Vibrio
coralliilyticus RE98 48 hours after being added to sterile seawater with and without the addition a
purified phage cocktail.
Different letters represent a significant difference (p < .05; Tukey HSD).
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Table B.28. Results from Kruskal-Wallace Rank Sum and Dunn Joint Ranking on the percent change of
the concentration of a purified phage cocktail over 48 hours after being added to sterile seawater with
and without the addition of Vibrio coralliilyticus RE98.
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