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Abstract

Opysters hold a unique place within the field of aquaculture as one of the only organisms that is regularly shipped live to be
consumed whole and raw. The microbiota of oysters is capable of adapting to a wide range of environmental conditions within
their dynamic estuarine environments; however, human aquaculture practices can challenge the resilience of this microbial
community. Several discrete stages in oyster cultivation and market processing can cause disruption to the oyster microbiota,
thus increasing the possibility of proliferation by pathogens and spoilage bacteria. These same pressure points offer the oppor-
tunity for the application of probiotics to help decrease disease occurrence in stocks, improve product yields, minimize the risk of
shellfish poisoning, and increase product shelf life. This review provides a summary of the current knowledge on oyster
microbiota, the impact of aquaculture upon this community, and the current status of oyster probiotic development. In response
to this biotechnological gap, the authors highlight opportunities of highest potential impact within the aquaculture pipeline and

propose a strategy for oyster-specific probiotic candidate development.
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Introduction: Oyster Industry Growth
and the Challenges Posed by Disease

Aquaculture has become an economically important activity
around the world with production now exceeding wild fishery
harvests [1]. In comparison to fishing, aquaculture allows for
selectively increasing production of species used for industry
and consumption by humans [2]. The shellfish industry, in-
cluding cultured shellfish (Crassostrea gigas and Crassostrea
virginica), is valued at $323 million and comprises 35% of
total industry value [3]. New Jersey, the authors’ home state,
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has a growing oyster aquaculture industry that is supported by
the Haskin Shellfish Research Laboratory (HSRL) at the
Agricultural Experiment Station of Rutgers University [4].
In a survey conducted by HSRL staff, participants reported
that they sold 2,029,500 cultivated oysters in 2016 at a total
farm gate value of $1,370,060 [5]. With natural production
being limited, depleted or declining, an increasing demand
for seafood has created a large market opportunity for aqua-
culture products that have characteristically been more expen-
sive to produce. Loss of these valuable cultured stocks to
infectious diseases is an important issue affecting aquaculture
production worldwide. For example, in 2005, a mass mortality
event of Pacific oysters (C. gigas) took place on the East
Frisian coast in Germany due to conditions that were favor-
able for infection e.g., reduced oxygen content, limited water
exchange, reduced food availability, and higher pollution
levels [6]. In addition, the changing climate has resulted in
marine heatwaves that alter the abundance of opportunistic
Vibrio species, specifically Vibrio harveyi and Vibrio fortis,
associated with the Pacific oyster leading to mass mortalities
where the oysters are farmed around the world [7].
Interventions that could prevent or reduce these significant
losses of aquaculture stock to disease and heat shock could
boost productivity significantly.
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Oysters are one of the few animal foods consumed whole
and raw by humans in western culture; therefore, the safety of
this product can have significant health consequences for the
consumer. Incidence of acute gastroenteritis—a Vibrio
parahaemolyticus-related illness—has been increasing, with
the majority of these cases occurring in association with the
consumption of raw oysters [8]. In the summer of 2015, the
largest outbreak associated with consumption of raw oysters
harvested from British Columbia coastal waters occurred in
Canada [9]. Although fully cooking oysters does eliminate the
threat of bacterial illness, demand for raw oysters remains
high. The risks associated with raw oyster consumption are
relatively well-known but are insufficient to motivate con-
sumers to choose processed options that carry a reduced risk
of food-borne illness; consumers are unwilling to opt for
postharvest-processed oysters if the taste, texture, smell, and
esthetics of the oyster are altered [10]. Disease poses a health
threat to both the oyster and the consumer, so significant care
and attention are warranted to develop prophylactic and ther-
apeutic methods of managing bacterial pathogens.

Probiotics for Farmed Oysters

Although used in some forms of aquaculture, antibiotics are
not used in the cultivation of bivalve shellfish such as oysters.
Given growing consumer concerns over the use of antibiotics
in food production, the lack of antibiotics in shellfish aquacul-
ture is a point of pride for the industry. In the absence of
antibiotics, probiotics offer an alternative means by which
pathogens can be inactivated. These live microbial supple-
ments deliver in vivo benefits to the host through their specific
attributes such as antimicrobial substance production, compet-
itive exclusion of pathogens, immunomodulation, and com-
mensal microbiota modulation [2]. When administered alive
and at adequate concentrations, probiotics can have a favor-
able impact on the eukaryotic host health [2]. For example, an
inefficient immune response was associated with juvenile oys-
ter susceptibility to mass mortality events in Europe [11].
Developing probiotics for oyster immune support is a topic
worth investigating to achieve benefits such as increased stock
resilience to mortality events, hatchery water quality control,
successful transition between growing environments, and en-
hanced growth at every life stage.

Candidate bacteria strains with probiotic potential are often
derived from the digestive tract of the host as well as from its
environment [12]. Presently, there are commercial probiotics
prepared from different bacterial species such as Lactobacillus
spp., Bacillus spp., Carnobacterium spp., Enterococcus spp.,
and the yeast Saccharomyces cerevisiae among others that are
available for aquaculture use [2]. Unfortunately, the transfer of
this technology to bivalve aquaculture as reliable products
targeted to oysters has been slow. For example, probiotic
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candidate OY15—isolated from the oyster gut by NOAA
Fisheries Milford Laboratory—is a promising supplement that
has been shown to boost larval oyster survival [13]. However,
the road to bringing OY 15 to market includes challenges such
as gaining FDA approval-—which may prove difficult for this
benign Vibrio strain—and finding a sponsor for commercial-
scale production [14]. An organism-specific approach with
natural isolates may be the key to unlocking the benefits of
probiotics for a new market, so efforts such as these could
provide large benefits to the oyster aquaculture industry.

The Oyster Microbiota
Current Understanding of Natural Oyster Microbiota

Opysters are sessile invertebrates that feed primarily on phyto-
plankton collected from the marine environment through
filter-feeding activity. As a result of this connection with the
surrounding water, the marine environment is an important
determinant of oyster microbiota composition and function.
A milliliter of seawater typically contains 10* CFU bacteria,
10° CFU fungi, and around 3 x 10° viruses [15]. Free-floating
microbes are ingested by oysters, which filter up to 10 L of
water per hour [16]. Microbes entrained in the feeding current
of oysters may only impact the oyster temporarily, passing
through the digestive system along with food particles and
exiting the oyster as feces/pseudofeces. Those microbes that
colonize the various organs and surface of the oyster exert a
more persistent influence as part of the resident microbiota.
Despite this intimate connection with the surrounding sea-
water, oysters maintain a microbial community that is differ-
ent from that of its environment. The unique environmental
conditions within the oyster internal tissues foster anoxic/
hypoxic conditions and combine with a high concentration
of labile organic carbon from the oyster diet [17, 18] to create
unique niches for microbial communities to form that differ
from the source water. However, the oyster microbiota does
respond to variation in its environment, to which the processes
involved in aquaculture may add additional variability and
stress or stability (e.g., constant temperature and salinity with-
in a hatchery compared to field conditions). Studies of oysters
for the market tend to sample the entire adult oyster meat [19,
20], which is a logical strategy for a product that is intended to
be consumed whole. However, there are bacterial dynamics
specific to each life stage and the various tissues of the oyster
body that are useful to consider for effective probiotic appli-
cation before and after harvest. Organs of the oyster differ in
their exposure to the outside environment, richness of organic
substrates, and aerobic/anaerobic conditions. The unique set
of conditions in each organ selectively creates a characteristic
microbial composition [21]. Researchers have used all of the
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tissues summarized in Fig. 1 to characterize the natural oyster
microbiota [22].

Opysters can live in the higher salinities of the open ocean but
are much more likely to thrive in the dynamic conditions of
coastal estuaries. The activity of the oyster immune system
can be compromised by exposure to high salinity conditions
[23], manifesting as a positive correlation between salinity and
disease/mortality in C. virginica [24]. Additionally, oyster pred-
ators and competitors are more abundant in the open ocean, so
oysters are unable to effectively compete for their ecological
niche in these marine environments. Therefore, both wild and
cultured oysters grow optimally in coastal estuaries; this dynam-
ic environment experiences daily shifts in variables including
salinity, temperature, nutrients, and microbial composition.
Significant evolutionary pressure has been placed on oysters
growing in these environments to remain resilient to a broad
range of conditions [25]. The oyster microbiota may be a part
of the equation that has brought the oyster success in this highly
variable, challenging, and competitive environment.

Natural variation in the oyster microbiota in response to
environmental factors was recently reviewed with a focus on
the changes that functional and genetic diversity drive in both
transient and resident communities [26]. The majority of oys-
ter microbiota studies have focused on the microbial compo-
sition of C. gigas, which is the most widely cultivated species
and comprises over half of papers in the published literature
(Fig. 2a). Its congener C. virginica, and multi-species studies,
come in with the 2nd and 3rd largest number of studies,

followed by a mixture of other species that collectively com-
prise 15% of the current literature on the oyster microbiota.
Genetic methods such as 16S rRNA metabarcoding have fa-
cilitated a recent rapid rise in studies on the microbiota of all
organisms, with a notable increase in studies being published
in the last decade (Fig. 2b). Although our knowledge of oyster
microbiota is rapidly advancing, much remains to be explored
concerning their microbial interactions with the
environment [18], as well as the impact of human activity
(including unintentional pollution and intentional aquaculture
practices) on these natural processes.

The Impact of Aquaculture on Oyster Microbiota

Each step in the aquaculture process introduces the potential
for oyster microbiota disruption, as well as opportunities for
remediation with probiotics. Young oysters may be collected
from the environment as juveniles (aka “spat”) when larval
stages metamorphose and attach to hard surfaces.
Alternatively, these can be produced in hatcheries from
broodstock that have been induced to spawn to produce free
swimming larvae that are typically cultured in static tanks
containing sterilized seawater and fed mixtures of axenically
cultured phytoplankton. The spat produced in the hatchery or
collected from the wild are transplanted to containment sys-
tems such as cages or bags that allow the free inflow of
phytoplankton-laden waters and outflow of wastes as the oys-
ters develop further in the natural environment, where they are

Hemolymph (taken from adductor muscle):
Circulating hemocytes modulate the
microbiota. Many bacteria with antimicrobial
activity (including BLIS-production) reside

Intestine: Little digestion occurs in this system which transports
undigested material to be voided in the feces, so this community is
composed of transient bacteria [21].

Digestive Gland: High
nutrients, anoxic/hypoxic
conditions — high bacterial

diversity and abundance

here and aid host immune defenses. This
includes Vibrio, Pseudoalteromonas, and
Burkholderia 13, 25, 32).

Gonad: y-Proteobacteria and Gram-positive
bacteria are tightly bound to tissues [84].

[21,22], Dominated by
y-Proteobacteria and
Gram-positive bacteria [84].

Gills: Bacillus sp. and
a-proteobacteria are abundant [29].
Bacteria bound to the tissue and
compose 95% of taxa, the other 5% are
transient [84].

Extrapallial and Mantle Fluids: More
variable in bacterial composition, as
filter-feeding activity exposes these
fluids directly to the incoming seawater
[26] and conditions such as pH may
shift in response to the environment
[35]. Actinobacteria, Bacteroidetes,
Cyanobacteria,

Stomach: Putative core microbiota:
Firmicutes, Planctomycetes and
y-Proteobacteria [22]. Less niche
differentiation than the digestive gland
results in less bacterial diversity [22].

Crystalline Style: Extracellular
enzymatic digestion is carried out by
this structure, it remains untested
whether the very specific genera found
here (Cristispira and Spirochetes) play a
role in digestion [29].

Firmicutes, Chloroflexi, and
Proteobacteria dominate this community
that may play a role in shell
calcification [37].

Whole larvae: While the immune system is still
developing the larvae are dominated by Proteobacteria
(o, B, and ) [30] and Bacteroidetes [31], with lesser
amounts of Firmicutes and Cyanobacteria [32].

Shell: Rich in C and N, supports nitrifying and
denitrifying bacteria. Alphaproteobacteria,
Bacteroidetes, and Firmicutes are abundant [18].

Fig. 1 Oyster microbiota variation by tissue. Anatomical representation of the various body locations of the oyster and the typical microbiotas that are
associated with them. Tissue-specific factors that influence the composition and activity of transient and resident microbiota are also noted

@ Springer



Probiotics & Antimicro. Prot.

a 49% b _ N
- < '
'
2 v | /
L ©® '
S h
o
g ® ;
O Crassostrea gigas 2 o _| H
O Crassostrea virginica g o h
@ Multiple Spgmes & o _|
B Chama pacifica — N
i [e]
2% B Crassostrea plicatula
o B Ostrea edulis % l‘.{_') T
2% | m Saccostrea glomerata >
2% W Tiostrea chilensis § Q 4
=
2% E v -
24% 3
o -

15%

1958 1978 1998 2018

Fig. 2 Summary of the literature published on oyster microbiota and probiotics using data collected from 38 microbiome studies published between
1959 and 2018 (a) and cumulative number of non-review studies published in the field pertaining to the oyster microbiome and probiotics over time (b)

exposed to the ambient bacteria regimes of estuaries [27-29].
When the mature adult oysters reach market size, they are
collected and may be pre-treated for marketing in a process
called depuration to eliminate bacteria that is potentially harm-
ful to humans. Following these treatments, or as soon as pos-
sible after harvest, the oysters are placed under refrigeration
and shipped alive in containers for consumer consumption.
Throughout these processes, the oysters are challenged by
different stressors (such as physical, mechanical or environ-
mental stress) that can disturb their microbiota, potentially
resulting in dysbiosis. The microbial community changes oc-
curring as a result of these processes are summarized in Figs. 3
and 4.

Larvae Postlarvae/Juveniles

Adults

The microbial community varies through the lifespan and
commercial processing of oysters (Fig. 3). It is important to
highlight that microbial diversity could be low during hatch-
ery growth due to the homogeneous environment in which the
oysters are typically cultivated. Additionally, the risk of Vibrio
infection remains high from conception through the juvenile
stage, as the immune system is not yet fully developed [27]. A
transplantation event can occur during the juvenile or adult
stages, in which young oysters are moved from a hatchery
culture environment to estuaries for “grow-out.” As the oys-
ters grow in size, their immune system and the composition of
their microbiota also mature, allowing colonization by
Actinobacteria which are found predominantly in the adult life

Pre-market Treatment Shipping & Refrigeration

’

OYSTER ‘ '

S

! 0.(5‘\

Hatchery Growth: Low microbial diversity due to
homogeneous food sources and water sterilization with
UV and antibiotic treatments that allows proliferation of
a few specific bacteria. Changes the composition, not

Actinobacteria
found exclusively
in adults [28).

Shells closed: oyster metabolism
continues, consuming oxygen and
accumulating waste — favors
anaerobic, low-pH tolerant
microbes. Also, total volatile basic

Depuration: Most
bacteria voided, Vibrio
populations mostly intact
[34, 38).

abundance of bacteria in these young oysters [30].

Bacteroidetes notably higher
than adults, dominated by
Neptuniibacter, followed by
Marinicella, Rhodovulum and
Oceanicola--all found in the
marine environment [28).

N increases [44]). The obligate
anaerobe Psychrilyobacter genus
increases with time, independent
of temperature [19).

High-pressure
treatment: Temporary
decrease in aerobic
bacteria, Gram-negative
bacteria particularly
susceptible [42] certain
other bacteria survive
and thrive afterwards:

Refrigeration: Lower activity of
natural microbiota allows
cold-tolerant species to proliferate

Less-developed immune system
— microbiota similar to
surrounding water, susceptible to
Vibrio infection [27).

Transplantation:
Discrete disturbance
event [28,28)

such as Enterobacteriaceae and
the genus Pseudomonas.
Lactococcus and Lactobacillus
increase on the gills [40].

pseudomonads and
members of the genera
Moraxella/Acinetobacter
[40, 41)

Fig. 3 Where it starts and where it ends: microbiota shifts through the oyster’s development and preparation for consumer consumption
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Fig. 4 Opyster microbiota response to aquaculture processes. Specific species and genera changes in response to environmental variables manipulated as
part of the aquaculture process. Probiotics can be used to correct compositional shifts and restore the natural healthy microbiota

stage of oysters [28]. Knowledge of the immune status and
microbial dynamics in each stage of oyster growth could be
leveraged to develop microbiota-aware aquaculture practices.

Hatchery Growth

Early development stages are an important period for micro-
biota establishment that can have lasting effects with varying
levels of resilience to change. Larvae in hatcheries have lim-
ited exposure to the natural microbial assemblage of marine
environments, as they are typically raised in treated water with
low microbial diversity [30, 31]. Factors contributing to this
environmental state of low microbial diversity include water
and tank sterilization processes such as UV and antibiotics
treatments as well as the administration of homogenous, axe-
nically cultivated diets. UV treatment typically kills 90% of
the bacteria present—a sizeable, but incomplete, reduction in
the standing stock of bacteria. This leaves an “ecological vac-
uum” that is quickly filled again by the few bacteria that sur-
vive UV treatment [30] or bacteria that are introduced by
aquaculture husbandry practices. Although bacterial numbers
and diversity may remain high, this does not necessarily indi-
cate that the treatments are ineffective: a study of recirculating
systems found that the bacterial community maintained
throughout the study did not contain any pathogens [30].
Interestingly, decreases in water microbial diversity did not
cause a parallel decrease in oyster larvae microbiota diversity,
suggesting that water sanitation methods do not drastically
change the microbial diversity of the oyster larvae that the
systems are supporting, although changes in the specific taxa

may have occurred [30]. A study that compared hatchery lar-
vae, tank biofilm, and tank water found that the biofilm had a
bacterial composition intermediate to the other two compart-
ments [32]. Experimental antibiotic treatments have been
shown to have a lasting effect on the microbiota of young
oysters which persists for several weeks following transplan-
tation to grow-out sites [33]. The microbiota will eventually
acclimate and reflect the conditions of the new growth envi-
ronment, but the oyster could temporarily experience de-
creased fitness and ability to control its own microbiota [33].
Dysbiosis at this early stage of development can have conse-
quences that reverberate throughout the lifespan of the oyster,
as it may be unprepared for the challenges presented by the
microbial diversity of later growing environments.

Transplantation to Marine Environments

During the postlarvae and juvenile stages, the microbiota con-
tinues to change as the oyster tissues and immune system
develop and shape the resident microbiota. During this life
stage, the oysters are typically transplanted to nursery and then
grow-out sites in natural estuary environments where they will
complete maturation to market-size, fed by the natural marine
plankton assemblage. This drastic environmental change is a
unique disturbance experience for sessile organisms like oys-
ters. Only a few studies have looked at the effect of transplan-
tation on the oyster microbiota. Translocation of adult oysters
between two natural environments resulted in a higher diver-
sity of the microbiota, which happened to track a rise in Vibrio
spp. along with temperature [33]; although not all members of
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this genus are pathogenic, this suggests that the immune sys-
tem of the translocated oysters was less capable of eliminating
external pathogens. If the diversity of the hemolymph micro-
biota has low species evenness prior to a move, then Vibrio
will proliferate [27]. Current methods of probiotic treatment
typically focus on protecting oysters against pathogen chal-
lenge inside the hatchery, but little attention has been paid to
potentially easing transitions between growth environments in
later stages of development. How this transplantation process
affects the microbiota of the oyster has yet to be given much
consideration and could be a significant point for intervention.

Aquacultured oysters are subject to many of the same en-
vironmental stresses that affect wild oysters as they are grown
in aquaculture gear that is open to the natural environment.
Seasonal variability (which includes changes in temperature,
salinity, turbidity, and primary production) impacts the micro-
bial composition of the marine environment that oysters are
exposed to, while also influencing the immunity and internal
growth environment of the oyster as a microbial host [7, 34].
Variations in oxygenation of the water can exert a significant
influence on oyster microbial composition, with hypoxia
events causing significant stress to oysters that is reflected in
the microbiota [21]. Extreme temperature highs can cause heat
stress for the oysters and change the internal growth
conditions such as pH for the bacteria [35]. Heat stress is corre-
lated with increases in certain bacteria (e.g., Fig. 4) and pathogen-
induced mass-mortalities [36]. Biofouling organisms from the
marine environment will grow on the shells of oysters unless
oystermen regularly perform mechanical cleaning techniques;
whether microbiota dynamics play a role in biofouling has yet
to be explored. Species-specific factors such as water filtration
rate can also influence the relative exposure of oysters to bacteria
from the surrounding environment; for example, C. gigas has a
significantly higher water filtration rate than Ostrea lurida, which
is thought to explain the higher similarity between C. gigas and
the microbial composition of the surrounding water [37]. Oyster
microbiota fluctuations in response to the environment are com-
plex and require an understanding of the oyster as an organism as
well as an environment for microbial growth.

Increasing our understanding of natural impacts on the wild
oyster microbiota would inform farming practices for
aquacultured stocks and could serve to identify promising
probiotic candidate strains that could be applied during the
grow-out stage. Although oyster grow-out occurs in the natu-
ral environment, oystermen interact with their stocks regular-
ly; oysters may be periodically removed from their cages and
tumbled to mechanically remove epibionts and shape the
growth of the shell. This practice presents a potential oppor-
tunity for the regular application of probiotics to support oys-
ter health and growth during the grow-out period. This tem-
porary removal of oysters from the grow-out environment is
also an occasion for microbiota disruption; subtidally grown
oysters that would otherwise live their entire lives submerged
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must hold their valves shut when removed from the water.
While intertidal oysters do this routinely, the process may
involve holding oysters for extended periods above the sur-
face and exposing them to elevated temperatures if not held
under refrigeration. Whether this mechanical or environmen-
tal disruption also impacts the microbial community of the
oyster has yet to be explored.

Pre-market Treatment

Once oysters have reached market size and are ready for com-
mercial sale, postharvest processes may be carried out with the
goal of extending shelf life and preventing spoilage.
Following an external cleaning process, oysters are typically
subjected to one of two processes meant to flush the internal
tissues and remove or kill the resident microbiota. A
depuration process may occur which facilitates the purging
of biological contaminants by placing oysters in closed,
recirculating tanks. This process strips the oyster of much of
its bacterial diversity, but surface-attached bacteria such as
resident Vibrio populations tend to remain intact [34, 38].
Probiotic candidate trials of Streptomyces strains have lead
to the conclusion that these probiotics could be effective
coadjuvants for the oyster depuration process due to the ob-
served effect on bacterial microbiota modulation [39]. Oysters
subjected to high pressure treatments (aka high pressure pro-
cessing or HPP), may show a temporary decrease in total
aerobic bacteria, but are soon overrun by the few bacterial
species that survived the treatment, even when stored in re-
frigerated environments [20]. Microbes that are well-suited to
survive and thrive in these conditions are pseudomonads and
members of the genera Moraxella/Acinetobacter [40, 41],
whereas Gram-negative and aerobic bacteria are particularly
susceptible to the high pressure treatment process [42]. HPP
oysters were found to have higher bacterial counts after sev-
eral days than untreated control oysters that were used for
comparison [20], possibly because HPP kills the oysters and
thus prevents any bacterial control that may have otherwise
been exerted by a living oyster.

This potential resurgence in bacteria following postharvest
treatment can include human pathogens of concern
V. parahaemolyticus, Vibrio alginolyticus, and Aeromonas
hydrophila; although these may appear to be killed or
inactivated by HPP at the time of measurement and certifica-
tion, the meat can recover its bacteria populations soon there-
after [20]. Therefore, consumers have reason to be skeptical of
the claims being made by high pressure-treated products,
which may not be as free of pathogens as claimed. However,
this finding of a resurgence in HPP oysters was contradicted
by earlier studies which found reduced and/or consistent bac-
terial counts during posttreatment storage [42, 43]. All studies
of the effect of HPP on the oyster microbiota have relied on
culture-dependent methods, so the discrepancies found therein
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could be attributed to the well-established biases associated
with cultivation steps. Pathogenicity aside, the chemical
changes brought about by altering the oyster microbiota can
impact the organoleptic properties of the final product, making
them potentially less palatable to the consumer [44]. The op-
portunity remains for next-generation sequencing techniques
to compare the full diversity of the HPP oyster microbiota
with depurated oysters and non-depurated oysters, potentially
identifying probiotic treatments that could alter flavor profiles,
extend shelf-life, and protect consumers, as discussed below.

Shipping and Refrigeration

Acknowledging the changes that occur in the oyster microbi-
ota between harvest and market—despite attempts to sterilize
the oyster tissues—is essential to designing commercial sys-
tems that maximize the shelf-life and safety of the product.
When removed from the water, the oyster shell closes, trap-
ping seawater and microbes inside the extrapallial space of the
oyster. While the shell remains sealed, oxygen continues to be
used by the oyster, thus depleting the oxygenation of the
trapped seawater. Cut off from its means of water exchange,
wastes accumulate in the internal environment of the oyster
shell while the total volatile basic nitrogen increases [44].
Independent of storage temperature, the obligate anaerobe
Psychrilyobacter increases with storage time as
Proteobacteria decreases, rendering the ratio of these two
groups a potentially useful indicator of shelf-life and storage
times [19]. Oysters that have spoiled, regardless of their stor-
age temperature, are dominated by Pseudomonas [44]. The
action of fermenting bacteria was thought to cause the pH
drop that is observed in the gills during storage, which were
dominated by Lactococcus and Lactobacillus at the start of
refrigeration. The chemical composition of the internal envi-
ronment in live oysters is constantly changed by its continuing
metabolism. In shucked oyster meats, refrigerated conditions
allow the proliferation of Enterobacteriaceae and
Pseudomonas even at temperatures as low as 4 °C [40].
Whether the oyster product is alive or dead, refrigerated ship-
ping and storage conditions reduce the activity of natural mi-
crobiota and allows cold-tolerant species to proliferate.
Sensitivity analyses showed that the processing and transpor-
tation temperatures are significant risk factors; in order to sig-
nificantly reduce annual incidences of V. parahaemolyticus
infections, maintaining product temperatures below 12 °C is
key to reducing V. parahaemolyticus infections [45].
Additional protective effects within this refrigerated environ-
ment may be achieved through the application of cold-tolerant
candidate probiotics from the natural microflora of the oyster.
A robust natural microbiota may help circumvent the prolif-
eration of pathogens and spoilage bacteria during the storage
and transportation processes.

Developing Probiotic Candidates for Every
Stage of the Aquaculture Pipeline

Research Progress

The majority of oyster probiotic studies have focused on early
development of larvae, often beginning experiments within
2 days of the start of development [13, 46-52]. Significant
losses are typically observed in this first stage, so the focus
on this life stage is practical. Embryos are more susceptible to
bacterial disease than the subsequent veliger stage, which it-
self is more susceptible than the presetting larvae stage [53].
Opysters in the hatchery are typically provided with live phy-
toplankton feeds, so care must be taken to ensure that probi-
otic candidates will have no adverse impact on either the oys-
ters or the organisms upon which they feed [13]. A study of
juveniles that followed their transplantation into grow-out
sites demonstrated that natural probiotics isolated from oys-
ters, shrimps, and scallops enhanced growth and survival over
non-sterilized controls, as well as a commercial probiotic
product, which only fared better than the antibiotic control
[54]. This suggests that antibiotic-treated oyster juveniles are
poorly prepared for the transition to the natural environment
and stand to benefit from any treatment other than antibiotics.
The limited number of studies completed on oyster probiotics
has been focused on the larval stage, but there is also great
potential to leverage the protective effect of probiotics to ease
the transition of hatchery-raised oysters to their grow-out sites.

Setting and Achieving Aquaculture Production Goals
with Probiotics

Multiple goals can be achieved with probiotics such as en-
hanced growth, increased survival in early life stages and
transplantation, or the elongation of product shelf-life.
However, a single strain is not guaranteed to achieve all of
these goals; researchers should be careful not to overlook truly
valuable strains that offer a narrower range of benefits that fall
short of a panacea solution. The in vivo effectiveness of
probiotics may differ significantly from the in vitro trials typ-
ically used for the initial screening stages, so care must be
taken to give isolates due consideration through multiple as-
says. Most studies on probiotic candidates for larvae have
focused on survival, with less studies additionally monitoring
the impact of the treatment on oyster size distribution [52, 54]
or other potentially important factors such as settlement and
shell development. The CA2 strain (identified as a member of
the Alteromonas genus) was found to improve larval growth
and even sustain the larvae in starvation conditions, with pos-
sible explanations being that the probiotic provided a nutri-
tional supplement to the algae feed, aided in digestion, or were
involved in bivalve waste remediation [52].
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Choosing the Right Probiotic Candidate

Shrimp farms have held the lead in testing and applying new
aquaculture probiotics [55, 56]. However, success achieved in
the cultivation of other species does not transfer easily to the
context of the oyster. Different priorities such as control of
pathogen growth in seawater and the specific control of
Vibrio populations are goals unique to bivalve aquaculture
[48]. Table 1 lists the probiotic candidate strains that have
been tested in the context of oyster aquaculture. Members of
many genera are represented in the literature for having pro-
biotic potential in oyster aquaculture: Alteromonas,
Phaeobacter, Enterococcus, Pseudoalteromonas,
Aeromonas, Vibrio, and several bacilli (Table 1). This diversi-
ty of candidates mostly results from the isolation of bacteria
from the oyster itself and subsequent screening for effective
pathogen growth inhibition in the pathogen-inhibition plate

test. Nearly all studies were targeted at the inhibition of
Vibrio pathogens [13, 32, 4649, 54, 57-60]. Although mem-
bers of the Vibrio genus typically play the role of villain in the
context of shellfish aquaculture, heroes may be found in their
midst as specific strains have been found in possession of
abilities to hinder the success of their congeners [13]. In some
cases, chemical mechanisms by which bacteria inhibit patho-
gen growth have been identified: bacteriocin-like inhibitory
substance (BLIS) production by Aeromonas media as well
as the production of the antibiotics trophoditictic acid by
Phaeobacter sp. and amicoumacin by Bacillus pumilus
(Table 1). They may also be effective as competitors for sur-
face-attachment, as in the case of Pseudoalteromonas sp. D41,
thus limiting opportunities for pathogens to colonize surfaces
in the oyster and its growing environment (Table 1). Inclusion
in the summary in Table 1 does not imply effective inhibition
of the pathogen in question. Furthermore, all of the probiotic

Table 1 Summary of probiotic candidate strains tested on oyster species
Probiotic candidate Source Target host Tested against Strain characteristics Reference
Aeromonas media Aquatic environment C. gigas (larvae) Vibrio tubiashii BLIS-producing [49]
strain A199
Alteromonas Larvae hatchery C. gigas, and Vibrio coralliilyticus Antimicrobial activity, [48]
macleodii 0444 environment Ostrea edulis and Vibrio splendidus mechanism unknown
B. pumilus R106-95 Sponge C. virginica (larvae) Vibrio tubiashii and Produces the antibiotic [32, 46, 47, 57,
Roseovarius amicoumacin 58]
crassostreae
Burkholderia cepacia Scallops, oyster, Pinctada V. alginolyticus and [54]
and Pseudomonas shrimp mazatlanica V. harveyi
aeruginosa mixture (juveniles)
CA2 (Alteromonas sp.) ~ Algae or oyster larvae  C. gigas (larvae) No specific pathogen Exopolysaccharide synthesis, [50-52]
(not clear which) inability to utilize
inorganicsources of nitrogen
Enterococcus faecium Oyster C. gigas V. parahaemolyticus, High resistance to [59]
HL7 Streptococcus iniae, environmental
and Edwardsiellatarda stressors (salt, ethanol,
gastric
conditions, and oxidative
hydrogenperoxide)
Lactobacillus sp. Scallops, oyster, P. mazatlanica V. alginolyticus and Improved growth and survival, [54]
shrimp (juveniles) V. harveyi mechanism unknown
Phaeobacter Oyster C. virginica, V. coralliilyticus, Produces TDA [46-48, 57, 58]
inhibens/gallaeciensis C. gigas, and V. splendidus, (trophoditietic acid)
S4 O. edulis V. tubiashii,
(larvae) and R. crassostreae
Pseudoalteromonas Marine biofilm C. gigas, and O. V. coralliilyticus and Strong adhesive capabilities [48]
sp. D41 (coastal area of edulis V. splendidus and
Brest, a protein-enriched cell wall
France) surface
Streptomyces N7 Marine sediments Crassostrea sikamea  No specific pathogen Produce antibiotics and [39]
and RLS8 (juvenile) extracellular enzymes
Unidentified P02-45 Shellfish production  C. gigas (larvae) V. tubiashii Improved resistance to [60]
and P02-1 facilities pathogenic
Vibrio sp., mechanism
unknown
Vibrio spp. oysters, scallops, C. virginica (larvae) V. alginolyticus, Control of pathogenic Vibrio  [13]
strain OY 15 green Vibrio spp., sp.,
algae culture V. coralliilyticus unidentified mechanism
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candidates were not tested against all pathogen species/strains
of interest, so there is still potential for more permutations of
these probiotic and pathogen combinations to reveal even
more probiotic potential. The majority of effective strains
were isolated from the oyster microbiota or close relatives of
the oyster and consistently outperformed commercially avail-
able probiotic products [46, 59]. Why do commercial probi-
otic strains that are developed for general aquaculture appli-
cations have limited effectiveness when applied to oyster cul-
ture? Probiotic candidates isolated from distantly related or-
ganisms may not be adapted well enough to the unique con-
ditions in the oyster tissues or have properties needed to ef-
fectively target their specific pathogens. Experiments that test-
ed probiotic candidates isolated from the target host alongside
commercially available products originally developed for oth-
er organisms found no significant protective effect in the latter
[46]. Considering this phenomenon through the lens of the
“hologenome” concept, the aquacultured organism and its nat-
ural microbiota would be recognized as a superorganism (a
holobiont) that has evolved as a single entity [61]. Seeking
probiotic candidates that leverage this evolutionary history
between oysters and their symbionts maximizes the benefits
of probiotics to aquaculture, so oyster host biology should be a
priority in the development of probiotics.

Additional Variability to Consider

Treatment factors such as dosage frequency, concentration,
and environmental temperatures can significantly impact pro-
biotic effectiveness. The formulation of a probiotic product
must be considered for effective treatment; for example,
probiotics lyophilized with 100 mM sucrose were found to
eliminate any protective effect for oyster larvae [47, 57],
whereas granulation was found to be an effective solution
for oyster hatchery probiotics [57]. Additionally, a range of
bacterial concentrations must be tested for a probiotic candi-
date, as effectiveness can vary greatly depending on dosage,
appearing ineffective at low concentrations [47] or even intro-
ducing deleterious effects at concentrations that are too high
[52]. The margins for effective treatment have been demon-
strated to be as narrow as a 1-fold change in bacterial concen-
tration in some agricultural contexts [62]. High concentrations
of even neutral bacteria are thought to reduce growth of oys-
ters by inhibiting efficient feeding [50]. The temperature at
which the system is maintained can make a large difference
in probiotic effectiveness, as a temperature difference of 5 °C
erased the significant benefits that were seen in one treatment
[52]. Dosage frequency is also an important factor for effec-
tive protection. Although certain candidate probiotic strains
have been shown to benefit the target oyster, the presence of
these probiotic bacteria may be short-lived, as populations
have been observed to drop precipitously after just 24 h and
were undetectable after 72 h [49]. Similarly, when complete

water changes were performed to remove the probiotic bacte-
ria from the tank environment of the oysters, the benefits con-
ferred by the bacteria did not have a lasting effect on the
oysters [46]. If the benefit of the probiotics could be as tran-
sient as the bacteria themselves, then probiotic replenishment
is required to maintain these benefits. It is critical that the
optimal dose of probiotic bacteria be administered and
sustained in the tank environment to maintain the beneficial
effects of these probiotics beyond a 24-h time period. Creative
solutions for probiotic administration are required if probiotics
are to be used to address oyster aquaculture needs beyond the
hatchery. Achieving any benefits for oysters with probiotics in
the grow-out environment beyond the initial period of transi-
tion is a challenge because oystermen exert no control over the
oyster growth environment; however, regular interaction with
oyster stocks to perform cleaning processes could be an op-
portunity for the external application of probiotics.

When designing trials for the selection of probiotic candi-
dates based on antagonistic action towards pathogens, re-
searchers should consider the timing in which the probiotic
candidate and the pathogen are introduced into the ecological
niche. The most common use of probiotics in oyster cultiva-
tion is the prophylactic prevention of disease in oysters by
pathogenic bacteria infection. Figure 5a shows a timeline in
which probiotics could be introduced in the development and
processing of oysters. Additionally, a simplified design sche-
matic for in vivo trials is shown in Fig. 5b to emphasize the
difference between prophylactic and therapeutic uses of
probiotics. All studies listed in Table 1 with pathogen-
challenge components were conducted by applying pathogens
some period of time after the application of probiotics to
achieve prophylactic effects. No published studies have yet
tested the potential for therapeutic treatment of diseases al-
ready in progress (only applying probiotics after pathogen
introduction, Fig. 5b), but experience from the greater field
of probiotics suggests that therapeutic treatment would be un-
likely to be effective.

The intense focus on probiotic development for oyster lar-
val stages has resulted in studies that are shorter than—or
barely longer than—these life stages themselves, with many
studies only tracking probiotic effect for 2—10 days after their
application [13, 51, 52, 58]. Such studies miss the potential for
probiotics to confer long-term benefits to the oysters that go
beyond enhanced larval survival. The potential for probiotic
benefits to follow hatchery-raised oysters to their grow-out
locations was tested by removing free-floating probiotics from
the tank with a water change after an initial incubation period,
and then challenging oysters with pathogens at successive
time periods to observe if the probiotics still exerted an effect
on oyster disease susceptibility [58]. For longer studies in the
hatchery environment with no specific pathogen challenge,
researchers have reapplied probiotics following regular water
changes [52] or feedings [54]. Increased understanding of the
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Fig. 5 Potential objectives timeline for probiotics in oysters. Timeline
showing the steps where potential probiotics could be applied and their
purpose of application (a) and a design scheme for trials and tests,

dynamics governing microbiota changes throughout the aqua-
culture process could inform the appropriateness of study
timelines to achieve different beneficial outcomes for oyster
production.

Working with the Natural Inmune System of Oysters
Age-Specific Dynamics

The conditions for microbial growth can change with oyster
host life stage, largely driven by changes in oyster immune
function and behavior. Regardless of species, oyster
postlarvae have microbiotas very similar to that of the sur-
rounding water [29] and are particularly susceptible to
Vibrio infections [27], suggesting that the less-developed im-
mune systems of juveniles is a major determinant of their
microbiota composition. The immune response of juvenile
oysters was found to be an inefficient means of eliminating
both bacterial and viral infections [11]. The immune system of
oysters selectively agglutinates specific Vibrio spp. [47], ide-
ally causing a beneficial shift in the ratio of pathogenic and
beneficial taxa. Oysters become more selective feeders with
age, which has been correlated with a loss in microbiota di-
versity [28]. Although all of the causes are not well-under-
stood, other life stage patterns have been observed, such as a
much higher proportion of Bacteroidetes in the postlarvae
stage and finding Actinobacteria almost exclusively in adults
[28]. Actinobacteria isolates are often used as probiotics in
aquatic systems for their diverse secondary metabolites that
act as antimicrobials and combat Vibrio growth [56]. Studies
cataloging isolates from aquatic ecosystems have found
Actinobacteria in biofilters [63, 64], indicating that it is also
naturally present in the hatchery environment. Actinobacteria
have even been shown to increase shrimp growth when intro-
duced to their marine environment [56] and thus may be con-
sidered as a potential probiotic for adult oysters as well.
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especially for in vivo tests (b). The timing of pathogen introduction
determines whether the probiotic is applied for prophylactic
measurement or as a treatment/cure

Complementing the Oyster Inmune System

A mechanistic description of the oyster immune system and the
role of the microbiota within it was recently reviewed [65]. The
oyster immune system shapes the microbial community found
within oysters through the production of antimicrobial proteins
(AMPs) and reactive oxygen species (ROS) as well as the phago-
cytic activity of hemocytes that selectively neutralize potential
pathogens [66]. In turn, the oyster microbiota can influence the
immunocompetence of its host; oyster hemolymph was found to
host resident bacteria that confer some health benefits such as
antimicrobial activity [15]. A multi-tissue study found that the
microbiota associated with the hemolymph played the largest
role in the fitness of oysters undergoing transplantation, com-
pared to the relative influence of microbiota in the mantle, gill,
and gut [67]. Oyster immune particles found in the hemolymph
such as defensins are most effective against Gram-positive bac-
teria, but most oyster pathogens are actually Gram-negative [68].
Partnering with bacteria (5 species identified as Vibrio and
Pseudoalteromonas) that produce bacteriocin-like inhibitory sub-
stances (BLIS) helps to complete the immunological arsenal of
oysters; although these bacteria species compose only ~2% of
the total microbiota for oyster hemolymph, their impact on the
internal growth environment is powerful [15]. These BLIS com-
pounds detected in vivo likely modulate the hemolymph micro-
biota and provide defense against pathogenic infection. Vibrio
and Pseudoalteromonas persist in oyster hemolymph and likely
contribute to its defense, displaying anti-bacterial, bacteriolytic,
and algicidal activities [38]. Due to their bioactive molecules
preventing pathogen infection of fish eggs, these genera have
been used in aquatic biofilms as a probiotic [69]. The hemo-
lymph is also home to Alteromonas, a genus of Proteobacteria
which has been used in aquaculture for the anti-algal properties
of some of its members [70]. The apparent cooperation between
oysters and their microbiota to achieve effective immune de-
fenses could be leveraged as a probiotic candidate that has essen-
tially already been identified by the oyster itself.
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Including the Human Consumer in Probiotic Design

As oysters are shipped live and consumed whole, it is important
to understand not only what compromises and influences the
oyster microbiota, but also how it relates to the human microbi-
ota. Probiotic treatments applied in later stages in the aquaculture
process, such as pre-market treatment, could potentially provide
an additional health benefit to the human consumer. For exam-
ple, cyanobacteria, a familiar microorganism to marine environ-
ments, are found in the pallial fluids of oysters [37] and can also
be found in minute amounts within humans [71, 72]. Reported
health benefits attributed to spirulina include immunomodulation
and protection against influenza virus as it was shown in model
studies with mice [73], reduction of anti-tuberculosis treatment
induced hepatotoxicity in rats [74], antioxidant and immuno-
modulatory activities in animal models and in fermented food
products [75], and anti-diabetic activity in model rat studies [76].
Often sold as a dietary supplement for humans, the introduction
of cyanobacteria as a probiotic to oysters may have the potential
to become an indirect source of cyanobacteria supplementation
for humans. In the case of oysters, spirulina was reported as
contributing to the improved growth, modulated immune sys-
tem, and antioxidant protection in juveniles [77]. Cyanobacteria
already well-adapted to the aquatic environments found in hatch-
eries and estuary grow-out sites could provide benefits to both
oysters and their human consumers.

Another group of microorganisms with potential probiotic
benefit for oysters and humans is bacilli, which has been de-
scribed as “the friendliest to humans, animals, and plants™ [78].
Bacillus is the genus of spore-forming bacteria that produces
antimicrobials and has been increasingly used in probiotic for-
mulations. Bacilli are transient colonizers in humans, with es-
sential responsibilities in modulating human health [79-81] and
the potential to increase the longevity of its eukaryotic host [82].
Bacillus strains are used in various probiotic cocktails for
humans; consuming this Bacillus along with oysters could have
positive health benefits for humans [83]. Caenorhabditis
elegans treated with B. subtilis was found to have dramatically
increased life expectancy, so researchers hope to transfer this
beneficial effect to human applications [82]. Bacilli could be a
good match for the oyster aquaculture environment, as Bacillus
spp. have been found to be abundant in the gills of oysters
because these bacteria readily attach to surfaces [29, 84]. They
are likely to persist in hatchery environments with treated water,
as spores from this genus have been shown to survive through
the UV radiation that is commonly employed in hatcheries [78].
To maximize the potential for benefit to oysters and humans
while ensuring success in the aquaculture environment, genera
found at the confluence between these three microbiotas should
be given special consideration.

Regardless of whether oysters someday become a vehicle
for probiotic delivery to humans, there are many other poten-
tial benefits that humans can derive from oyster probiotics.

Restoring the non-pathogenic portion of the oyster microbiota
through probiotic supplementation could further enhance the
unique merroir of regional products, while also improving
oyster health and tissue preservation in transport. The micro-
bial contribution to oyster flavor and texture merits further
exploration for potential product improvement.

Conclusion

Opyster product losses that occur throughout the aquaculture pro-
duction cycle may be rooted in changes to the oyster microbiota;
using probiotics to limit oyster stock losses due to mortality
could increase the yield of aquaculture activities. The harvest
of wild and cultured oysters for human consumption supports
millions of dollars of economic activity in the USA alone, pro-
viding significant economic impetus for these stocks to be
protected. Antibiotic usage is associated with potential adverse
effects on the health of humans and environment, which neces-
sitates a search for alternative methods. Probiotics can be devel-
oped for oysters that address the needs of these populations in
various stages of the aquaculture process. Consideration should
also be given to improving the health and safety of the human
consumet, as oyster products are typically consumed whole and
raw. By considering the taxonomic groups shared between oys-
ters, humans, and the environment, probiotic candidates can be
chosen that maximize health benefit to all three and potentially
improve the experience of the finished product.
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