
Frontiers in Microbiology | www.frontiersin.org 1 May 2022 | Volume 13 | Article 824950

PERSPECTIVE

doi: 10.3389/fmicb.2022.824950

Edited by: 
Kyle Matthew Meyer,  

University of California,  
Berkeley, United States

Reviewed by: 
Rodney Feldmann,  

Kent State University,  
United States

 Brady Keith Quinn,  
University of New Brunswick  

Saint John, Canada

*Correspondence: 
Suzanne L. Ishaq  

sue.ishaq@maine.edu

Specialty section: 
This article was submitted to  

Systems Microbiology,  
a section of the journal  

Frontiers in Microbiology

Received: 29 November 2021
Accepted: 01 April 2022
Published: 06 May 2022

Citation:
Ishaq SL, Turner SM, Tudor MS, 

MacRae JD, Hamlin H, 
Kilchenmann J, Lee G and 

Bouchard D (2022) Many Questions 
Remain Unanswered About the Role 

of Microbial Transmission in Epizootic 
Shell Disease in American Lobsters 

(Homarus americanus).
Front. Microbiol. 13:824950.

doi: 10.3389/fmicb.2022.824950

Many Questions Remain Unanswered 
About the Role of Microbial 
Transmission in Epizootic Shell 
Disease in American Lobsters 
(Homarus americanus)
Suzanne L. Ishaq 1,2*, Sarah M. Turner 2,3, M. Scarlett Tudor 2,3, Jean D. MacRae 4, 
Heather Hamlin 2,5, Joelle Kilchenmann 5, Grace Lee 6 and Deborah Bouchard 2,3

1 School of Food and Agriculture, University of Maine, Orono, ME, United States, 2 Aquaculture Research Institute, Orono, 
ME, United States, 3 Cooperative Extension, University of Maine, Orono, ME, United States, 4 Department of Civil and 
Environmental Engineering, University of Maine, Orono, ME, United States, 5 School of Marine Sciences, University of Maine, 
Orono, ME, United States, 6 Department of Neuroscience, Bowdoin College, Brunswick, ME, United States

Despite decades of research on lobster species’ biology, ecology, and microbiology, there 
are still unresolved questions about the microbial communities which associate in or on 
lobsters under healthy or diseased states, microbial acquisition, as well as microbial 
transmission between lobsters and between lobsters and their environment. There is an 
untapped opportunity for metagenomics, metatranscriptomics, and metabolomics to 
be added to the existing wealth of knowledge to more precisely track disease transmission, 
etiology, and host-microbe dynamics. Moreover, we need to gain this knowledge of wild 
lobster microbiomes before climate change alters environmental and host-microbial 
communities more than it likely already has, throwing a socioeconomically critical industry 
into disarray. As with so many animal species, the effects of climate change often manifest 
as changes in movement, and in this perspective piece, we consider the movement of 
the American lobster (Homarus americanus), Atlantic Ocean currents, and the 
microorganisms associated with either.

Keywords: microbial community assembly, environmental microbiome, epizootic shell disease, shell associated 
community, Atlantic Ocean microbiome

INTRODUCTION

The American lobster, Homarus americanus (family Nephropidae), is an iconic and delicious 
(authors, personal communications) marine crustacean found along coastal waters in the 
Northwestern Atlantic Ocean, from latitude ~56° N, present day Labrador Peninsula in Canada, 
down to latitude ~34° N, present day North Carolina, in the United  States. Lobsters have a 
hard carapace, which they molt regularly to grow, and large but unequally sized front claws 
used for feeding and defense (Aiken, 1980). While not all lobster species have been extensively 
studied, generally, lobsters are mid-trophic level community members, who transfer energy 
from primary producers further up the food chain (Radhakrishnan et  al., 2019). In addition 
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to exhibiting some grazing of algae and plants and predation 
on various bivalves and crustaceans, lobsters primarily scavenge 
detritus and turn over decaying material in the ecosystem 
(Radhakrishnan et al., 2019). In the past few decades, increasingly 
prevalent infectious disease, a slow northward migration, and 
stress from warming or acidifying waters have piqued research 
interests, and a significant amount of research on lobster biology 
and ecology has been accomplished.

Marine ecosystems are an untapped opportunity for 
metagenomics, metatranscriptomics, and metabolomics to 
increase our knowledge of ocean and lobster-associated 
microbiomes—the collective genomes of the bacteria, fungi, 
archaea, protozoa, and viruses in a community. For example, 
phages are known to infect and destroy large numbers of 
marine microorganisms in very short periods of time, effectively 
remodeling the microbial ecosystem (Breitbart et  al., 2018). 
Further, horizontal gene transfer, whether mediated by phage 
infection or otherwise, is extremely common in hosts (Degnan, 
2014) and marine systems (Nakamura, 2019). Metagenomics 
and whole-genome sequencing would allow for greater resolution 
of genomic data and the ability to better identify microbial 
individuals. Coupled with time-resolved sampling, this would 
allow for better tracking of individual microbiota over time 
and space. Changing environmental conditions are known to 
rapidly effect changes in microbial gene expression, and plasticity 
in biochemical substrates allows the same microbial individual 
to act very differently. Here, we  consider the microbiological, 
biological, ecological, social, and economical impacts of the 
movement of lobsters, ocean currents, and the microorganisms 
associated with either.

Slowly but Steadily, Lobsters Are Migrating 
Northward
Perhaps the most apparent change in movement is that of 
animal habitat. Lobsters prefer colder waters and become 
physiologically stressed after extended periods in waters 
warmer than 22°C. In the past several decades, densities 
have dramatically declined in coastal waters which have 
warmed, as lobster populations slowly migrate north at a 
rate of ~43 miles per decade (Pinsky et  al., 2013). While the 
Gulf of Maine has seen a recent lobster population boom, 
attributed to this range shift, Gulf waters are also warming 
quickly and populations are expected to continue to march 
northward. Meanwhile, warming temperatures are altering 
animal health, lobster-associated microbial communities, and 
ocean microbial communities, further mechanisms for 
destabilizing the population.

American lobsters have long been part of the diet and livelihood 
of coastal communities, beginning with historical accounts through 
present day, including Beothuk, Eastern Abenaki, Mi’kmaq, 
Passamaquoddy, and Wampanoag peoples [The Centre for 
Indigenous Peoples’ Nutrition and Environment (CINE), 2017], 
as well as peoples in New England and Mid-Atlantic U.S., and 
the eastern maritime provinces of Canada. Currently, lobster catch, 
or landings, measures from ~10 million pounds per year in 
southern New England to ~140 million pounds per year from 

the Gulf of Maine, representing 79% of the total value caught 
by Maine fishermen (Atlantic States Marine Fisheries Commission, 
2021; Department of Marine Resources, 2021) where the industry 
generates around half a billion dollars annually (Commercial 
Fishing Historical Landings Data, 2020). The lobster industry in 
Canada generates nearly 1 billion dollars annually (Government 
of Canada, Fisheries and Oceans Statistical Services, 2021). Intra-
industry relations between indigenous and non-indigenous Canadian 
fishermen as well as negotiations between Maine fishermen and 
both marine mammal conservation groups and offshore energy 
producers have often turned contentious, illustrating how vital 
the lobster industry is along the eastern seaboard. The lucrative 
nature of the current market, combined with high barriers to 
entry, ongoing territorial disputes, and conflicts with state and 
federal policy makers have led to prolonged regulatory and social 
battles in many coastal areas (Levinson-King, 2020). In recent 
decades, a myriad of reasons, including overfishing of other 
lucrative species and climate change driven population shifts, have 
led to the siloing of Maine’s lobster fishers, with many families 
and communities depending primarily on lobster for income 
(Steneck et al., 2011; Stoll et al., 2016). In Southern New England, 
where lobster abundance declined by around 70% in recent years, 
state managers suggested a complete closure of the fishery (Steneck 
et al., 2011). In Maine, where rural communities tie their cultural 
identity to the lobster fishery and have little flexibility to pursue 
other opportunities (Stoll et  al., 2016), a similar collapse of the 
industry would have significant and widespread social and economic 
impacts, in addition to the ecological impacts.

Epizootic Shell Disease Is More Prevalent 
Over Time and With Increased Temperature
Considering emerging diseases, epizootic shell disease (ESD) has 
been particularly perplexing since it was first observed in 
H. americanus in the mid-1990s and has dramatically increased 
in prevalence along U.S. coastal waters (Castro et  al., 2012). Shell 
diseases in crustaceans are common, generally cause softening 
or pitting of the shell, and depending on the disease, have microbial 
or environmental causes (Tlusty et  al., 2007; Sweet and Bateman, 
2015) In ESD, shell degradation can lead to lesions with poly-
microbial communities present but it does not spread to internal 
tissues (Watson, 2005). Research studies have linked ESD to 
disease-associated mortality (Hoenig et  al., 2017; Groner et  al., 
2018), but it remains to be determined if ESD microbial communities 
are the direct cause of mortality or if shell degradation increases 
the susceptibility of the animal to other infections, predation, 
and/or physical damage. Chitinolytic bacteria were originally 
suspected of degrading shells, and though present and active on 
shells, microbial chitinase enzymes are not as active on shells as 
microbial proteolytic and cellulolytic enzymes (Bell et  al., 2012). 
Disease diagnosis is difficult prior to the development of physical 
signs of disease, and many potential bacterial pathogens have 
been identified ubiquitously on apparently healthy lobsters, (e.g., 
Meres, 2016; Bouchard, 2018; Ishaq et  al., 2021a) or in marine 
environments (Watson, 2005). A study used amplicon sequencing 
and did not find putative ESD pathogens to also exist in tank 
biofilms and that putative pathogens may be associated with more 
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disease symptoms but not disease onset (Whitten et  al., 2014). 
Rather than being associated with a different community, ESD 
is associated with having more bacterial growth present, as confirmed 
by scanning electron microscopy of shells (Tlusty et  al., 2007).

In decades of research, the causative microbial or viral agent 
for ESD has not been identified, though many studies attempted 
to Castro et al. (2012). Previous research has used several regions 
of the 16S rRNA gene to identify bacterial species using denaturing 
gradient gels (e.g., Chistoserdov et  al., 2012; Quinn et  al., 2013) 
or communities using amplicon sequencing (e.g., Whitten et  al., 
2014; Meres, 2016; Reardon et  al., 2018), and one study used 
amplicon sequencing on the 18S rRNA gene to identify eukaryotes 
associated with ESD (Quinn et  al., 2009). One study using 
denaturing gradient gels also used infection models under 
experimental conditions to determine if putative infectious bacteria 
might be causative agents (Quinn et al., 2012). To our knowledge, 
no study has explored the microbial community using shotgun 
sequencing metagenomics techniques to identify microbial genomes 
of any bacteria, fungi, archaea, protozoan, or virus present or 
using shotgun sequencing metatranscriptomics to identify active 
gene transcriptions from microorganisms present, from healthy 
and diseased shells to investigate those functional changes.

Further, lobsters do not respond to ESD as they respond to 
typical bacterial infections, although there are some gene expression 
changes in ESD lobsters which indicate less growth and more 
innate immune activity (Tarrant et al., 2010). In vitro antimicrobial 
activity of hemolymph collected from lobsters was not higher 
in ESD lobsters compared to healthy controls (Bouchard, 2018) 
and was lower in both ESD and healthy lobster hemolymph 
compared to hemolymph spiked with the bacteria Escherichia 
coli as a positive control (Bouchard, 2018). Assuming that the 
lack of response is because the ESD-associated microbial 
community is recognized by the lobster as commensal, this lends 
weight to the theory that shell microbial community taxonomic 
structure is not changed, only microbial function is. The immune 
response dynamic was suppressed when hemolymph was collected 
from ESD lobsters that had been housed in warmer waters; in 
vitro antimicrobial activity was lowest in those kept in the 
warmest waters compared to medium or low temperatures (Dove 
et al., 2005; Bouchard, 2018). ESD progression is faster in lobsters 
housed under warmer temperatures for prolonged periods (Barris 
et  al., 2018) and, regardless of when or where the study took 
place, ESD is more prevalent in ocean waters which are routinely 
above 22°C (Glenn and Pugh, 2006; Tanaka et  al., 2017; Groner 
et al., 2018). Studies that use higher resolution of spatial patterns 
of ESD prevalence and environmental conditions support the 
importance of water temperature, as ESD can be  found even 
in areas of otherwise optimal lobster habitat (Tanaka et al., 2017).

INTERACTIONS OF MOVEMENT, 
MOLTING BEHAVIOR, AND 
TEMPERATURE

Disease transmission dynamics of ESD have not been 
elucidated, and while the general consensus is that ESD is 

not transmitted from one animal to the next under laboratory 
conditions, this appears to be  based on one note in a 
conference proceeding (Duboise and Moulton, 2005). This 
consensus is further tempered as most aquaculture-based 
lobsters are housed individually to prevent antagonism or 
cannibalism, which would preclude horizontal transmission 
of bacteria via direct contact, as well as via water if there 
is only one lobster per tank. Multiple lobsters may be housed 
per tank and separated by divider screens which allow water 
flow, which would theoretically spread the infection if it 
were simply a factor of localized exposure to certain 
microorganisms. There is also a general consensus that it is 
too difficult for tank systems to replicate the complex factors 
which would contribute to disease transmission in the wild. 
Further, because tank systems regularly filter water, possible 
causative agents could be  removed from the tank system 
over time. In a study of wild-caught lobsters which were 
group housed but individually separated by mesh screens 
which allowed water flow, ESD signs did not worsen over 
time in most lobsters nor did they appear on apparently 
healthy lobsters after being co-housed with ESD-affected 
lobsters for over a year (Bouchard, 2018).

In wild populations along the United  States coast, daily 
lobster movement has not been documented to be  a factor 
in spread of disease (Watson, 2005), as even very mobile 
lobsters tend to have localized ranges (Watson, 2005; Scopel 
et  al., 2009), and migration from deeper, cooler water to 
shallower, warmer water, and back was not associated with 
the spread of ESD (Watson, 2005). Those lobsters which migrate 
long distances appear to move further south and tend toward 
shallower waters on the move (Watson, 2005), contrary to the 
hypothesis that diseased lobsters would seek cooler waters in 
which to recuperate. However, movement of lobsters and disease 
transmission may be  more of a problem in other locations: 
lobsters along the Canadian coast have been documented to 
move farther (Campbell, 1986; Morse et al., 2018), and American 
lobsters were released in the late 1990s and became invasive 
around Scandinavia and Britain where they pose various risks 
to European lobsters, Homarus gammarus (Whitten et al., 2014).

Lobsters molt regularly to shed their outer carapace and 
grow a new, larger shell. Molting frequency is somewhat seasonal 
based on food availability and ocean temperatures, and typically 
takes place during summer (June to August) and again in fall 
(September to October). The molt itself leaves lobsters vulnerable 
to environmental conditions and may result in subsequent 
disease signs (Aiken, 1980; Howell et  al., 2005; Groner et  al., 
2018). If conditions are not favorable, or if a female is egg-bearing, 
the time between moltings will be  prolonged. Taking longer 
to molt can increase ESD progression (Groner et  al., 2018). 
Warmer temperature can induce molting earlier in spring 
(Groner et  al., 2018), and molting out of sync with typical 
seasonal conditions can increase the risk of ESD if summer 
temperatures were hotter or prolonged (Groner et  al., 2018). 
In wild and cultured lobsters, molting can reduce or remove 
signs of ESD entirely; however, if the outer carapace and deeper 
layers have been damaged, the new shell may show scarring 
or deformities (Stevens, 2009), which if severe enough can 
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prevent detachment of the old carapace. It is often in the 
process of molt that lobsters die from ESD-related issues.

There is another hypothetical mechanism for horizontal 
transmission which previous research has considered. Lobsters 
can be  cannibalistic or in the process of molt, lobsters may 
consume shed carapaces (Aiken, 1980), including the associated 
microbial community, although uneaten molted shells are 
removed from aquaculture systems to prevent fouling tank 
water. Consuming a molted shell that contains potentially 
pathogenic microorganisms raises several questions. If ESD 
were caused by infectious or toxin-producing microorganisms, 
would consuming a carapace and associated microbial community 
be  linked to morbidity and mortality in lobsters, as those 
hypothetical pathogens wreaked havoc internally? Various studies 
refute this possible mechanism, discussed in Tlusty et al. (2007). 
There is evidence that healthy Caribbean spiny lobsters (Panulirus 
argus) will avoid other spiny lobsters that are infected with a 
virus (Behringer et  al., 2006), although Homarus americanus 
females do not avoid ESD-positive males in laboratory settings 
based on olfactory cues in the water (Rycroft et  al., 2012).

WARMER WATER COULD ALTER HOW 
AND WHICH MICROORGANISMS ARE 
CARRIED BY OCEAN CURRENTS

Ocean microbial communities are diverse and dynamic, and 
coastal anthropogenic activities can alter the microorganisms 
present, nutrient cycling, and other ecological processes (Stewart 
et al., 2008; Nogales et al., 2011), as well as induce antimicrobial 
resistance (Chen et  al., 2019). Ocean currents are known to 
curate marine microbial communities by geographic location 
(Cavicchioli, 2015) and depth (Zinger et  al., 2011). Ocean 
currents were also implicated as driving the bacterial community 
assembled on the shell of topshell sea snails, Phorcus sauciatus, 
found in coastal Northeastern Atlantic Ocean waters around 
Europe and the Mediterranean (Sousa et  al., 2021). Not only 
are currents transporting microbial communities, but the 
varying environmental conditions along the way may alter 
the microorganisms, including making them tolerant to higher 
temperatures (Doblin and van Sebille, 2016).

Air currents, too, transport bacterial and fungal communities 
which are assembled from land, water, or urban environments 
where the clouds were formed (Amato et al., 2017). Combined 
with local weather, aerosolized microorganisms contribute to 
disease outbreaks when environmental conditions cause animal 
and human hosts to be  more susceptible to infection or to 
microbial transmission (e.g., coughing more during dust storms; 
Griffin, 2007). It is feasible that microbial transmission along 
air or water currents could contribute to removing, adding, 
or circulating disruptive microorganisms in coastal waters which 
affects lobsters. For example, land-sourced microbial communities 
which are transported in air (Mayol et  al., 2017) or water 
runoff (Adyasari et al., 2020) change the microbial communities 
found in coastal ocean waters, and this could have a protracted 
effect in summer when water circulates more slowly. During 

the summer, the Gulf Stream slows along eastern North America 
as warming land temperatures alter winds and push them 
across coastal water currents on an east–west axis, rather than 
with water currents on a northward path (Roarty et  al., 2020). 
Around Cape Cod, summer winds contribute to a recirculating 
eddy in Massachusetts Bay which does not mix with deeper 
water nearly as much as it does in winter (Robinson, 2005).

While the hypothesis of currents and ESD transmission 
was discussed in a regional conference panel (Robinson, 2005), 
and air and water currents have been extensively studied in 
coastal waters in this region, including for lobster larval dispersal, 
this has never been evaluated for currents and ESD via water 
or vectored by larvae. If climate change and/or disease affects 
lobster populations in warmer waters, will microbial dispersal 
along ocean currents bring disease from southern to northern 
lobster populations even before temperatures rise there? Ocean 
currents have been implicated in the rapid and far-reaching 
spread of infectious disease in marine animals (McCallum 
et  al., 2003), including in corals (Dobbelaere et  al., 2020), 
starfish (Aalto et al., 2020), and fish (Stene et al., 2014; Alaliyat 
et  al., 2019), using agent-based, environmental-based, and 
combination modeling of empirical infection data. While not 
yet implicated in lobster shell diseases, there is a plausible 
scenario in which ocean currents flowing from southern New 
England, where disease is more prevalent (Glenn and Pugh, 
2006; Tanaka et  al., 2017) and warmer temperatures select 
hardier microorganisms (Mayers et al., 2016), bring taxonomically 
similar but functionally different microorganisms further north. 
Or, phage dispersal along currents could induce horizontal 
gene transfer and a change of activity in existing host-associated 
microorganisms (Degnan, 2014). Even if those microbial or 
viral travelers are not infectious, per se, those microorganisms 
would still be  in a geographic position to take advantage of 
altered lobster homeostasis due to warming waters or thinner 
shells caused by increasing acidity.

Warming and acidifying ocean waters work independently, 
and conjunctively, to weaken lobster immune and physical 
defenses (e.g., shell quality) and make them more susceptible 
to infectious disease (Harrington et  al., 2020). While host 
susceptibility does play a small role in ESD, published studies 
suggest it has more to do with structural capacity of the shell 
than a weakened immune response or other symptoms associated 
with heat stress in terrestrial animals, e.g., “leaky gut” (Tlusty 
et  al., 2007).

Separate from environmental conditions and host susceptibility 
is the capacity for microbes to colonize hosts and transfer 
between them, which could temper disease transmission. In 
an elegantly simple microbial transmission model, a bacterium 
was inoculated into germ-free zebrafish (Danio rerio) to track 
immigration and emigration through an animal population. 
Aeromonas veronii was isolated from the gastrointestinal tract 
of conventional zebrafish with typical microbiota, and colony 
lines created in which the same bacteria were added to a new 
germ-free fish colony, re-isolated, and added to new fish for 
a total of 22 passages. As compared to the ancestral bacterial 
lines, these replicate lines were more “fish-associated” and were 
able to colonize more fish in a given period of time, as well 
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as cultivate larger cell counts in those fish they colonized 
(Robinson et al., 2018). Robinson et al. made use of a modified 
A. veronii with increased capacity for genetic mutation, to 
better study adaptation to a host. However, given enough time 
and the right environmental conditions, it is likely that other 
microorganisms could become better at colonizing animals in 
aquaculture systems.

In the case of ESD, in which it appears that the same 
bacteria are present but forming larger and more complex 
biofilms, the assembly, and succession of that shell biofilm 
community over time is likely to affect transmission dynamics. 
Further, water temperatures affect biofilm formation and 
dynamics, and so do pollution and nutrients in water runoff 
that finds its way into coastal waters—even if the pollution 
itself is not affecting lobsters directly. For example, Aquimarina 
and Thalassobius species of bacteria have long been posited 
to be  involved with ESD lesions (Chistoserdov et  al., 2012). 
Both were found to be  part of biofilms associated with plastic 
waste after incubation in sea water for 40 days, though both 
were rare until after a further 94-day incubation (Jacquin et al., 
2021), implying they might join biofilms after initial colonizations.

MARINE AND AQUACULTURE 
ENVIRONMENTS FOSTER DIFFERENT 
DYNAMICS AFFECTING MICROBIAL 
TRANSMISSION

Marine and aquaculture environments offer contrasts in their 
dynamics which likely generate distinct mechanisms of selection 
for host disease resistance or susceptibility, for microbial 
transmission, and for pathogen virulence or symbiosis. Marine 
environments have wildly diverse microbial communities which 
turn over quickly and dramatically with phage infection (Breitbart 
et  al., 2018), weather patterns (Angly et  al., 2016), or human 
settlement pollution (Nogales et  al., 2011; Chen et  al., 2019). 
Marine environments are likely to select for traits which favor 
microbial transmission between different animal hosts, as well 
as for long-term survival in the water when moving between 
hosts (Rebollar et  al., 2016). Host-associated and free-living 
Aquimarina species were not demonstrated to have different 
biochemical capacities, although species varied widely in their 
abilities to be  commensal or pathogenic (Silva et  al., 2019). 
Silva et  al. further noted that while many host-associated 
microbial strains have reduced genome sizes compared to their 
free-living, wild-type counterparts, Aquimarina did not differ 
in genome size by isolation source and that it had a larger 
genome than most known marine isolates. This could imply 
that Aquimarina are particularly adept at switching from host- 
to environmental-associated as needed.

Aquaculture facilities may select for host-species specificity 
in enclosed production systems, in which the only hosts available 
are from a single species and most likely at the same lifestage. 
Aquaculture production, like any selective practice, has the 
potential to increase or decrease microbial virulence, discussed 
in Kennedy et al. (2016). Aquaculture systems can be  static 

and refreshed, flow through with no recirculation (one-time 
pass through), or recirculating with mechanical and biofiltration. 
All aquaculture facilities present surfaces on which microbial 
biofilms might accumulate (de Carvalho, 2018). Over time, 
even with regular draining and cleaning, microbial inhabitants 
may increase their ability to attach to surfaces, produce 
exopolysaccharides and other film materials, and remain in 
the system. Even if these biofilm-formers are not infectious, 
an abundance of microbial biofilms can still generate toxins 
or other compounds which affect host health. For example, 
microbial biofilms can alter the chemistry of surfaces and 
prevent shellfish larvae from settling and continuing their 
development (Qian et  al., 2007). While lobster larvae do not 
attach upon settlement, biofilms on surfaces can affect the 
hospitality of their local environment. Biofilms also generate 
planktonic microbial cells which may be  ingested or come into 
contact with animals. Poly-microbial biofilms can offer long-
term protection and safe harbor for infectious microorganisms, 
which may then be  released into the tank system to cause 
sporadic outbreaks (Levipan et  al., 2020). However, previous 
studies which track bacterial communities in tanks and lobsters 
have not demonstrated much correlation between bacterial 
concentration and health in spiny lobster phyllosoma (larvae; 
Bourne et al., 2004), or American lobster adults (Bouchard, 2018).

DISCUSSION: WHERE CAN 
AQUACULTURE DRAW LESSONS 
FROM?

Aquaculture systems can both simplify and complicate marine 
host microbiomes, as they contain a fraction of the biological 
diversity—not to mention typically offering a single and nearly 
static ecosystem—which dramatically reduces microbial diversity 
in water and animals. For example, preliminary data indicate 
that bacterial communities on lobster shells have dramatically 
more bacterial diversity when coming from ocean waters versus 
having spent several months in filtered-and -recirculated-water 
tank systems, even with light exposure and water temperatures 
which mimic seasonal variation (Ishaq et  al., 2021a,b). This 
effect can be  beneficial for isolating and removing infectious 
disease from a population, especially if the causative agent is 
an obligate host-associated microorganism or virus.

However, this does not remove the possibility of infectious 
built-environment-associated microorganisms. Aquaculture 
systems are potentially open to similar problems faced by water 
management systems in human settlements: pipes and storage 
tanks can foster microbial communities (Borella et  al., 2004; 
Douterelo et  al., 2016; Ling et  al., 2018), and surfaces could 
act as attachment points for biofilms—especially in pipes with 
valves or other connection points. No sterilization mechanism 
is completely effective forever, either, as evidenced by the 
selection of chlorine-tolerant microorganisms in disinfection 
systems for human settlement water treatment (Liu et al., 2018).

Nor does a depauperate tank microbial community allow 
animal hosts to accumulate a diverse host-associated community 
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which may protect them from infections. For example, laboratory 
mice in the same cage will transfer microorganisms through 
physical contact and grooming behaviors; transfer via air, cage 
surfaces, or other objects (i.e., fomites); and through feces as 
mice are coprophagic. If small groups of animals are left in 
the same cage under clean laboratory conditions, eventually 
their microbial communities will homogenize between individuals 
in each cage (Hildebrand et  al., 2013). Over time, the cages 
act like islands, and without an influx of new microorganisms, 
the collective microbial community in the different cages will 
experience drift or random changes to the abundance of those 
remaining microorganisms (Nemergut et al., 2013). Yet, microbial 
transmission within a tank system does not appear to be spreading 
ESD among tank mates, even when lobsters showing ESD signs 
were grouped together which would theoretically increase negative 
microbial exposures (Bouchard, 2018).

Probiotics have been considered as a treatment or preventative 
for ESD (Underwood, 2018), as many aquatic microorganisms 
and viruses are antagonistic toward other species. Probiotics 
might be effective as topical treatments for tank or shell bacteria; 
however, while a topical probiotic could hypothetically be effective, 
it would not be practical at a scale needed to make an appreciable 
difference in wild populations. Not only are aquaculture facilities 
lacking to house the number of diseased lobsters which are 
caught annually, but application as a topical treatment to diseased 
lobsters which are captured and released would be  extremely 
labor intensive and creates the potential for ecological ramifications 
of the probiotic in the wild. Further, probiotics may not 
be  effective if ESD is mediated by altered microbial activity of 
the typical shell microbiota. In that hypothetical scenario, then, 
a probiotic or even bacteriophage-based topical treatment would 
need to disrupt or remove the biofilm on shells to give lobsters 
time to heal and perhaps molt before reassembly. If molting 
times were predicted by geographic region and seasonal 
temperature fluctuations, this strategy could be  implemented 
to time it with molting. Given the sheer number of lobsters 
which are captured each year, this would be  a sizable and 
costly undertaking, but priority could be  given to ovigerous 
females to maximize impact. Probiotics could also be implemented 
fairly easily in aquaculture systems, or in other short-term 
lobster holding tanks, though it may take weeks or months to 

see any improvement using microbial treatment alone. Tank 
environmental conditions could be  manipulated subsequently 
to induce molting after receiving anti-biofilm treatments, but 
this alters the molting pace by a scale of weeks, not days.

Despite economically driven interest and decades of research 
on lobster biology, ecology, and microbiology, there are still 
unresolved questions about lobster microbial communities 
in general, and regarding ESD in particular. There is an 
untapped opportunity for metagenomics, transcriptomics, and 
metabolomics to be added to the existing wealth of knowledge, 
to more precisely track disease transmission, etiology, and 
host-microbe dynamics.

AUTHOR CONTRIBUTIONS

SI conceptualized and wrote this perspective. SI, ST, MT, JM, 
HH, JK, GL, and DB contributed to refining the scope and 
ideas, writing, and reviewing. All authors contributed to the 
article and approved the submitted version.

FUNDING

This project was supported by the USDA National Institute 
of Food and Agriculture (Hatch project number ME0-22102, 
Ishaq) through the Maine Agricultural and Forest Experiment 
Station (publication number 3865).

ACKNOWLEDGMENTS

The authors are grateful to the previous efforts of those who 
enabled us to conduct lobster research which led to the 
development of these concepts. This includes the State of Maine 
Department of Marine Resources, Maine Lobster Research 
Education and Development (RED) board, University of Maine 
Aquatic Animal Health Laboratory Staff, Emily Thomas and 
Dawna Beane, as well as University of Maine undergraduate 
students Laurel Anderson, Emily Tarr, and Helen Reese.

 

REFERENCES

Aalto, E. A., Lafferty, K. D., Sokolow, S. H., Grewelle, R. E., Ben-Horin, T., 
Boch, C. A., et al. (2020). Models with environmental drivers offer a plausible 
mechanism for the rapid spread of infectious disease outbreaks  in  marine 
organisms. Sci. Rep. 10:5975. doi: 10.1038/s41598-020-62118-4

Adyasari, D., Hassenrück, C., Montiel, D., and Dimova, N. (2020). Microbial 
community composition across a coastal hydrological system affected by 
submarine groundwater discharge (SGD). PLoS One 15:e0235235. doi: 10.1371/
journal.pone.0235235

Aiken, D. E. (1980). “Molting and growth,” in The Biology and Management of 
Lobsters. eds. J. S. Cobb and B. F. Phillips (New York: Academic Press), 91–163.

Alaliyat, S., Yndestad, H., and Davidsen, P. I. (2019). An agent-based approach 
for predicting patterns of pathogen transmission between aquaculture sites 
in the Norwegian fjords. Aquaculture 505, 98–111. doi: 10.1016/j.
aquaculture.2019.02.044

Amato, P., Joly, M., Besaury, L., Oudart, A., Taib, N., Moné, A. I., et al. (2017). 
Active microorganisms thrive among extremely diverse communities in cloud 
water. PLoS One 12:e0182869. doi: 10.1371/journal.pone.0182869

Angly, F. E., Heath, C., Morgan, T. C., Tonin, H., Rich, V., Schaffelke, B., et al. 
(2016). Marine microbial communities of the great barrier reef lagoon are 
influenced by riverine floodwaters and seasonal weather events. PeerJ 4:e1511. 
doi: 10.7717/peerj.1511

Atlantic States Marine Fisheries Commission (2021). American Lobster. Atlantic 
States Marine Fisheries Commission. Available at: http://www.asmfc.org/
species/american-lobster (Accessed October 11, 2021).

Barris, B. N., Shields, J. D., Small, H. J., Huchin-Mian, J. P., O’Leary, P., 
Shawver, J. V., et al. (2018). Laboratory studies on the effect of temperature 
on epizootic shell disease in the American lobster, Homarus americanus. 
Bull. Mar. Sci. 94, 887–902. doi: 10.5343/bms.2017.1148

Behringer, D. C., Butler, M. J., and Shields, J. D. (2006). Avoidance of disease 
by social lobsters. Nature 441:421. doi: 10.1038/441421a

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/s41598-020-62118-4
https://doi.org/10.1371/journal.pone.0235235
https://doi.org/10.1371/journal.pone.0235235
https://doi.org/10.1016/j.aquaculture.2019.02.044
https://doi.org/10.1016/j.aquaculture.2019.02.044
https://doi.org/10.1371/journal.pone.0182869
https://doi.org/10.7717/peerj.1511
http://www.asmfc.org/species/american-lobster
http://www.asmfc.org/species/american-lobster
https://doi.org/10.5343/bms.2017.1148
https://doi.org/10.1038/441421a


Ishaq et al. Lobster Microbes on the Move

Frontiers in Microbiology | www.frontiersin.org 7 May 2022 | Volume 13 | Article 824950

Bell, S. L., Allam, B., McElroy, A., Dove, A., and Taylor, G. T. (2012). Investigation 
of epizootic shell disease in American lobsters (Homarus americanus) from 
Long Island sound: I. characterization of associated microbial communities. 
J. Shellfish Res. 31, 473–484. doi: 10.2983/035.031.0207

Borella, P., Montagna, M. T., Romano-Spica, V., Stampi, S., Stancanelli, G., 
Triassi, M., et al. (2004). Legionella infection risk from domestic hot water. 
Emerg. Infect. Dis. 10, 457–464. doi: 10.3201/eid1003.020707

Bouchard, D. A. (2018). Investigating Present-day Health Issues of the American 
Lobster (Homarus americanus). Available at: https://digitalcommons.library.
umaine.edu/etd/2890/ (Accessed October 11, 2021).

Bourne, D. G., Young, N., Webster, N., Payne, M., Salmon, M., Demel, S., 
et al. (2004). Microbial community dynamics in a larval aquaculture system 
of the tropical rock lobster, Panulirus ornatus. Aquaculture 242, 31–51. doi: 
10.1016/j.aquaculture.2004.08.047

Breitbart, M., Bonnain, C., Malki, K., and Sawaya, N. A. (2018). Phage puppet 
masters of the marine microbial realm. Nat. Microbiol. 3, 754–766. doi: 
10.1038/s41564-018-0166-y

Campbell, A. (1986). Migratory movements of ovigerous lobsters, Homarus 
americanus, tagged off grand Manan, eastern Canada. Can. J. Fish. Aquat. 
Sci. 43, 2197–2205. doi: 10.1139/f86-269

Castro, K. M., Cobb, J. S., Gomez-Chiarri, M., and Tlusty, M. (2012). Epizootic 
shell disease in American lobsters Homarus americanus in southern New 
England: past, present and future. Dis. Aquat. Org. 100, 149–158. doi: 10.3354/
dao02507

Cavicchioli, R. (2015). Microbial ecology of Antarctic aquatic systems. Nat. 
Rev. Microbiol. 13, 691–706. doi: 10.1038/nrmicro3549

Chen, J., McIlroy, S. E., Archana, A., Baker, D. M., and Panagiotou, G. (2019). 
A pollution gradient contributes to the taxonomic, functional, and resistome 
diversity of microbial communities in marine sediments. Microbiome 7, 104. 
doi: 10.1186/s40168-019-0714-6

Chistoserdov, A. Y., Quinn, R. A., Gubbala, S. L., and Smolowitz, R. (2012). 
Bacterial communities associated with lesions of Shell disease in the American 
lobster, Homarus americanus Milne-Edwards. J. Shellfish Res. 31, 449–462. 
doi: 10.2983/035.031.0205

Commercial Fishing Historical Landings Data (2020). Maine Department of 
Marine Resources. Available at: https://www.maine.gov/dmr/commercial-
fishing/landings/historical-data.html (Accessed October 11, 2021).

de Carvalho, C. C. C. R. (2018). Marine biofilms: a successful microbial strategy 
with economic implications. Front. Mar. Sci. 5:126. doi: 10.3389/fmars.2018.00126

Degnan, S. M. (2014). Think laterally: horizontal gene transfer from symbiotic 
microbes may extend the phenotype of marine sessile hosts. Front. Microbiol. 
5:638. doi: 10.3389/fmicb.2014.00638

Department of Marine Resources (2021). Commercial Fishing Historical Landings 
Data. The State of Maine. Available at: https://www.maine.gov/dmr/commercial-
fishing/landings/historical-data.html Accessed October 22, 2021.

Dobbelaere, T., Muller, E. M., Gramer, L. J., Holstein, D. M., and Hanert, E. 
(2020). Coupled epidemio-hydrodynamic modeling to understand the spread 
of a deadly coral disease in Florida. Front. Mar. Sci. 7:1016. doi: 10.3389/
fmars.2020.591881

Doblin, M. A., and van Sebille, E. (2016). Drift in ocean currents impacts 
intergenerational microbial exposure to temperature. Proc. Natl. Acad. Sci. 
U. S. A. 113, 5700–5705. doi: 10.1073/pnas.1521093113

Douterelo, I., Jackson, M., Solomon, C., and Boxall, J. (2016). Microbial analysis 
of in situ biofilm formation in drinking water distribution systems: implications 
for monitoring and control of drinking water quality. Appl. Microbiol. 
Biotechnol. 100, 3301–3311. doi: 10.1007/s00253-015-7155-3

Dove, A. D. M., Allam, B., Powers, J. J., and Sokolowski, M. S. (2005). A 
prolonged thermal stress experiment on the American lobster, Homarus 
Americanus. J. Shellfish Res. 24, 761–765. doi: 10.2983/0730-8000(2005)24[761:AP
TSEO]2.0.CO;2

Duboise, S. M., and Moulton, K. D. (2005). “Defining the etiology of epizootic 
shell disease: the importance of genetic investigations of the associated 
bacterial and viral ecology,” in State of Lobster Science: Lobster Shell Disease-
Assessing Research Priorities for Understanding How Lobster Biology and 
Health Issues Impact Productivity. Aquatic Forum Series 05–1. eds. M. F. 
Tlusty, H. O. Halvorson, R. M. Smolowitz and U. Sharma (Boston: New 
England Aquarium), 36–41.

Glenn, R. P., and Pugh, T. L. (2006). Epizootic Shell disease in American 
lobster (Homarus Americanus) in Massachusetts coastal waters: interactions 

of temperature, maturity, and Intermolt duration. J. Crustacean Biol. 26, 
639–645. doi: 10.1651/S-2754.1

Government of Canada, Fisheries, and Oceans Statistical Services Landings 
(2021). Government of Canada, Fisheries. Available at: https://www.dfo-mpo.
gc.ca/stats/commercial/land-debarq/sea-maritimes/s2016av-eng.htm (Accessed 
October 11, 2021).

Griffin, D. W. (2007). Atmospheric movement of microorganisms in clouds of 
desert dust and implications for human health. Clin. Microbiol. Rev. 20, 
459–477. doi: 10.1128/CMR.00039-06

Groner, M. L., Shields, J. D., Landers, D. F., Swenarton, J., and Hoenig, J. M. 
(2018). Rising temperatures, molting phenology, and epizootic Shell disease 
in the American lobster. Am. Nat. 192, E163–E177. doi: 10.1086/699478

Harrington, A. M., Harrington, R. J., Bouchard, D. A., and Hamlin, H. J. 
(2020). The synergistic effects of elevated temperature and CO2-induced 
ocean acidification reduce cardiac performance and increase disease 
susceptibility in subadult, female American lobsters Homarus americanus 
H. Milne Edwards, 1837 (Decapoda: Astacidea: Nephropidae) from the Gulf 
of Maine. J. Crustacean Biol. 40, 634–646. doi: 10.1093/jcbiol/ruaa041

Hildebrand, F., Nguyen, T. L. A., Brinkman, B., Yunta, R. G., Cauwe, B., 
Vandenabeele, P., et al. (2013). Inflammation-associated enterotypes, host 
genotype, cage and inter-individual effects drive gut microbiota variation 
in common laboratory mice. Genome Biol. 14:R4. doi: 10.1186/gb-2013-14-1-r4

Hoenig, J. M., Groner, M. L., Smith, M. W., Vogelbein, W. K., Taylor, D. M., 
Landers, D. F. Jr., et al. (2017). Impact of disease on the survival of three 
commercially fished species. Ecol. Appl. 27, 2116–2127. doi: 10.1002/eap.1595

Howell, P., Giannini, C., and Benway, J. (2005). “Status of shell disease in Long 
Island Sound,” in State of Lobster Science: Lobster Shell Disease-Assessing Research 
Priorities for Understanding How Lobster Biology and Health Issues Impact 
Productivity. Aquatic Forum Series 05–1. eds. M. F. Tlusty, H. O. Halvorson, R. M. 
Smolowitz and U. Sharma (Boston: New England Aquarium), 106–114.

Ishaq, S. L., Lee, G., MacRae, J., Hamlin, H., and Bouchard, D. (2021a). Poster: 
The Effect Of Simulated Warming Ocean Temperatures On The Bacterial 
Communities On The Shells Of Healthy And Epizootic Shell Diseased 
American Lobster (Homarus americanus). Available at: http://wmf2021-asm.
ipostersessions.com/Default.aspx?s=12-58-7C-01-43-1D-F9-46-AA-
EB-03-56-6A-E1-E0-5D (Accessed October 11, 2021).

Ishaq, S. L., Lee, G., Turner, S. M., MacRae, J., Hamlin, H., and Bouchard, D. 
(2021b). The effect of simulated warming ocean temperatures on the bacterial 
communities on the shells of healthy and epizootic shell diseased American 
lobster (Homarus americanus). Available at: https://www.esa.org/longbeach/ 
(Accessed October 11, 2021).

Jacquin, J., Callac, N., Cheng, J., Giraud, C., Gorand, Y., Denoual, C., et al. 
(2021). Microbial diversity and activity During the biodegradation in seawater 
of various substitutes to conventional plastic cotton swab sticks. Front. 
Microbiol. 12:604395. doi: 10.3389/fmicb.2021.604395

Kennedy, D. A., Kurath, G., Brito, I. L., Purcell, M. K., Read, A. F., Winton, J. R., 
et al. (2016). Potential drivers of virulence evolution in aquaculture. Evol. 
Appl. 9, 344–354. doi: 10.1111/eva.12342

Levinson-King, R. (2020). Inside Canada’s decades-long lobster feud. BBC. 
Available at: https://www.bbc.com/news/world-us-canada-54472604 (Accessed 
October 11, 2021).

Levipan, H. A., Irgang, R., Yáñez, A., and Avendaño-Herrera, R. (2020). Improved 
understanding of biofilm development by Piscirickettsia salmonis reveals 
potential risks for the persistence and dissemination of piscirickettsiosis. 
Sci. Rep. 10:12224. doi: 10.1038/s41598-020-68990-4

Ling, F., Whitaker, R., LeChevallier, M. W., and Liu, W.-T. (2018). Drinking 
water microbiome assembly induced by water stagnation. ISME J. 12, 
1520–1531. doi: 10.1038/s41396-018-0101-5

Liu, S.-S., Qu, H.-M., Yang, D., Hu, H., Liu, W.-L., Qiu, Z.-G., et al. (2018). 
Chlorine disinfection increases both intracellular and extracellular antibiotic 
resistance genes in a full-scale wastewater treatment plant. Water Res. 136, 
131–136. doi: 10.1016/j.watres.2018.02.036

Mayers, T. J., Bramucci, A. R., Yakimovich, K. M., and Case, R. J. (2016). A 
bacterial pathogen displaying temperature-enhanced virulence of the microalga 
Emiliania huxleyi. Front. Microbiol. 7:892. doi: 10.3389/fmicb.2016.00892

Mayol, E., Arrieta, J. M., Jiménez, M. A., Martínez-Asensio, A., Garcias-Bonet, N., 
Dachs, J., et al. (2017). Long-range transport of airborne microbes over 
the global tropical and subtropical ocean. Nat. Commun. 8:201. doi: 10.1038/
s41467-017-00110-9

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.2983/035.031.0207
https://doi.org/10.3201/eid1003.020707
https://digitalcommons.library.umaine.edu/etd/2890/
https://digitalcommons.library.umaine.edu/etd/2890/
https://doi.org/10.1016/j.aquaculture.2004.08.047
https://doi.org/10.1038/s41564-018-0166-y
https://doi.org/10.1139/f86-269
https://doi.org/10.3354/dao02507
https://doi.org/10.3354/dao02507
https://doi.org/10.1038/nrmicro3549
https://doi.org/10.1186/s40168-019-0714-6
https://doi.org/10.2983/035.031.0205
https://www.maine.gov/dmr/commercial-fishing/landings/historical-data.html
https://www.maine.gov/dmr/commercial-fishing/landings/historical-data.html
https://doi.org/10.3389/fmars.2018.00126
https://doi.org/10.3389/fmicb.2014.00638
https://www.maine.gov/dmr/commercial-fishing/landings/historical-data.html
https://www.maine.gov/dmr/commercial-fishing/landings/historical-data.html
https://doi.org/10.3389/fmars.2020.591881
https://doi.org/10.3389/fmars.2020.591881
https://doi.org/10.1073/pnas.1521093113
https://doi.org/10.1007/s00253-015-7155-3
https://doi.org/10.2983/0730-8000(2005)24[761:APTSEO]2.0.CO;2
https://doi.org/10.2983/0730-8000(2005)24[761:APTSEO]2.0.CO;2
https://doi.org/10.1651/S-2754.1
https://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2016av-eng.htm
https://www.dfo-mpo.gc.ca/stats/commercial/land-debarq/sea-maritimes/s2016av-eng.htm
https://doi.org/10.1128/CMR.00039-06
https://doi.org/10.1086/699478
https://doi.org/10.1093/jcbiol/ruaa041
https://doi.org/10.1186/gb-2013-14-1-r4
https://doi.org/10.1002/eap.1595
http://wmf2021-asm.ipostersessions.com/Default.aspx?s=12-58-7C-01-43-1D-F9-46-AA-EB-03-56-6A-E1-E0-5D
http://wmf2021-asm.ipostersessions.com/Default.aspx?s=12-58-7C-01-43-1D-F9-46-AA-EB-03-56-6A-E1-E0-5D
http://wmf2021-asm.ipostersessions.com/Default.aspx?s=12-58-7C-01-43-1D-F9-46-AA-EB-03-56-6A-E1-E0-5D
https://www.esa.org/longbeach/
https://doi.org/10.3389/fmicb.2021.604395
https://doi.org/10.1111/eva.12342
https://www.bbc.com/news/world-us-canada-54472604
https://doi.org/10.1038/s41598-020-68990-4
https://doi.org/10.1038/s41396-018-0101-5
https://doi.org/10.1016/j.watres.2018.02.036
https://doi.org/10.3389/fmicb.2016.00892
https://doi.org/10.1038/s41467-017-00110-9
https://doi.org/10.1038/s41467-017-00110-9


Ishaq et al. Lobster Microbes on the Move

Frontiers in Microbiology | www.frontiersin.org 8 May 2022 | Volume 13 | Article 824950

McCallum, H., Harvell, D., and Dobson, A. (2003). Rates of spread of marine 
pathogens. Ecol. Lett. 6, 1062–1067. doi: 10.1046/j.1461-0248.2003.00545.x

Meres, N. J. (2016). “Surface biofilm interactions in epizootic shell disease of 
the American lobster (Homarus americanus),” in Microbial Biofilms. eds. D. 
Dhanasekaran and N. Thajuddin (Rijeka: IntechOpen).

Morse, B. L., Quinn, B. K., Comeau, M., and Rochette, R. (2018). Stock structure 
and connectivity of the American lobster (Homarus americanus) in the 
southern gulf of St. Lawrence: do benthic movements matter? Can. J. Fish. 
Aquat. Sci. 75, 2096–2108. doi: 10.1139/cjfas-2017-0346

Nakamura, Y. (2019). “Horizontal gene transfer in marine environment: a 
technical perspective on metagenomics,” in Marine Metagenomics. eds. T. 
Gojobori, T. Wada, T. Kobayashi and K. Mineta (Springer: Singapore), 65–84. 
doi: 10.1007/978-981-13-8134-8_6

Nemergut, D. R., Schmidt, S. K., Fukami, T., O’Neill, S. P., Bilinski, T. M., 
Stanish, L. F., et al. (2013). Patterns and processes of microbial community 
assembly. Microbiol. Mol. Biol. Rev. 77, 342–356. doi: 10.1128/MMBR.00051-12

Nogales, B., Lanfranconi, M. P., Piña-Villalonga, J. M., and Bosch, R. (2011). 
Anthropogenic perturbations in marine microbial communities. FEMS 
Microbiol. Rev. 35, 275–298. doi: 10.1111/j.1574-6976.2010.00248.x

Pinsky, M. L., Worm, B., Fogarty, M. J., Sarmiento, J. L., and Levin, S. A. 
(2013). Marine taxa track local climate velocities. Science 341, 1239–1242. 
doi: 10.1126/science.1239352

Qian, P.-Y., Lau, S. C. K., Dahms, H.-U., Dobretsov, S., and Harder, T. (2007). 
Marine biofilms as mediators of colonization by marine macroorganisms: 
implications for antifouling and aquaculture. Mar. Biotechnol. 9, 399–410. 
doi: 10.1007/s10126-007-9001-9

Quinn, R. A., Metzler, A., Smolowitz, R. M., Tlusty, M., and Chistoserdov, A. Y. 
(2012). Exposures of Homarus americanus shell to three bacteria isolated 
from naturally occurring epizootic shell disease lesions. J. Shellfish Res. 31, 
485–493. doi: 10.2983/035.031.0208

Quinn, R. A., Smolowitz, R., and Chistoserdov, A. (2009). Eukaryotic communities 
in epizootic Shell disease lesions of the American lobster (Homarus americanus, 
H. Milne Edwards). J. Shellfish Res. 28, 913–922. doi: 10.2983/035.028.0422

Quinn, R. A., Smolowitz, R., and Chistoserdov, A. Y. (2013). Culture-independent 
analysis of bacterial communities in hemolymph of American lobsters with 
epizootic shell disease. Dis. Aquat. Org. 103, 141–148. doi: 10.3354/dao02565

Radhakrishnan, E. V., Phillips, B. F., Lakshmi Pillai, S., and Padua, S. (2019). 
“Ecology and global distribution pattern of lobsters,” in Lobsters: Biology, 
Fisheries and Aquaculture. eds. E. V. Radhakrishnan, B. F. Phillips and G. 
Achamveetil (Singapore: Springer Singapore), 151–176.

Reardon, K. M., Wilson, C. J., Gillevet, P. M., Sikaroodi, M., and Shields, J. D. 
(2018). Increasing prevalence of epizootic shell disease in American lobster 
from the nearshore gulf of Maine. Bull. Mar. Sci. 94, 903–921. doi: 10.5343/
bms.2017.1144

Rebollar, E. A., Simonetti, S. J., Shoemaker, W. R., and Harris, R. N. (2016). 
Direct and indirect horizontal transmission of the antifungal probiotic 
bacterium Janthinobacterium lividum on green frog (Lithobates clamitans) 
tadpoles. Appl. Environ. Microbiol. 82, 2457–2466. doi: 10.1128/AEM.04147-15

Roarty, H., Glenn, S., Brodie, J., Nazzaro, L., Smith, M., Handel, E., et al. 
(2020). Annual and seasonal surface circulation over the mid-Atlantic bight 
continental shelf derived from a decade of high frequency radar observations. 
J. Geophys. Res. C: Oceans 125:e2020JC016368. doi: 10.1029/2020jc016368

Robinson, B. (2005). “Discussion of population responses,” in State of Lobster 
Science: Lobster Shell Disease-Assessing Research Priorities for Understanding 
How Lobster Biology and Health Issues Impact Productivity. Aquatic Forum 
Series 05–1. eds. M. F. Tlusty, H. O. Halvorson, R. M. Smolowitz and U. 
Sharma (Boston: New England Aquarium), 137–139.

Robinson, C. D., Klein, H. S., Murphy, K. D., Parthasarathy, R., Guillemin, K., 
and Bohannan, B. J. M. (2018). Experimental bacterial adaptation to the 
zebrafish gut reveals a primary role for immigration. PLoS Biol. 16:e2006893. 
doi: 10.1371/journal.pbio.2006893

Rycroft, N., Radcliffe, K., McDougal, E., Halverson, J., Gerlach, G., 
Deppermann, J., et al. (2012). No olfactory recognition of Shell disease 
in American lobsters, Homarus americanus. J. Shellfish Res. 31, 527–532. 
doi: 10.2983/035.031.0212

Scopel, D. A., Golet, W. J., and Watson, W. H. III (2009). Home range dynamics 
of the American lobster, Homarus americanus. Mar. Freshw. Behav. Physiol. 
42, 63–80. doi: 10.1080/10236240902781498

Silva, S. G., Blom, J., Keller-Costa, T., and Costa, R. (2019). Comparative 
genomics reveals complex natural product biosynthesis capacities and carbon 
metabolism across host-associated and free-living Aquimarina (Bacteroidetes, 
Flavobacteriaceae) species. Environ. Microbiol. 21, 4002–4019. doi: 
10.1111/1462-2920.14747

Sousa, R., Vasconcelos, J., Vera-Escalona, I., Delgado, J., Freitas, M., González, J. A., 
et al. (2021). Major ocean currents may shape the microbiome of the topshell 
Phorcus sauciatus in the NE Atlantic Ocean. Sci. Rep. 11, 12480. doi: 10.1038/
s41598-021-91448-0

Stene, A., Bang Jensen, B., Knutsen, Ø., Olsen, A., and Viljugrein, H. 
(2014). Seasonal increase in sea temperature triggers pancreas disease 
outbreaks in Norwegian salmon farms. J. Fish Dis. 37, 739–751. doi: 
10.1111/jfd.12165

Steneck, R. S., Hughes, T. P., Cinner, J. E., Adger, W. N., Arnold, S. N., 
Berkes, F., et al. (2011). Creation of a gilded trap by the high economic 
value of the Maine lobster fishery. Conserv. Biol. 25, 904–912. doi: 10.1111/j.
1523-1739.2011.01717.x

Stevens, B. G. (2009). Effects of epizootic shell disease in American lobster 
Homarus americanus determined using a quantitative disease index. Dis. 
Aquat. Org. 88, 25–34. doi: 10.3354/dao02135

Stewart, J. R., Gast, R. J., Fujioka, R. S., Solo-Gabriele, H. M., Meschke, J. S., 
Amaral-Zettler, L. A., et al. (2008). The coastal environment and human 
health: microbial indicators, pathogens, sentinels and reservoirs. Environ. 
Health 7(Suppl 2):S3. doi: 10.1186/1476-069X-7-S2-S3

Stoll, J. S., Beitl, C. M., and Wilson, J. A. (2016). How access to Maine’s 
fisheries has changed over a quarter century: the cumulative effects of 
licensing on resilience. Glob. Environ. Change 37, 79–91. doi: 10.1016/j.
gloenvcha.2016.01.005

Sweet, M. J., and Bateman, K. S. (2015). Diseases in marine invertebrates 
associated with mariculture and commercial fisheries. J. Sea Res. 104, 16–32. 
doi: 10.1016/j.seares.2015.06.016

Tanaka, K. R., Belknap, S. L., Homola, J. J., and Chen, Y. (2017). A statistical 
model for monitoring shell disease in inshore lobster fisheries: a case study 
in Long Island sound. PLoS One 12:e0172123. doi: 10.1371/journal.pone.0172123

Tarrant, A. M., Stegeman, J. J., and Verslycke, T. (2010). Altered gene expression 
associated with epizootic shell disease in the American lobster, Homarus 
americanus. Fish Shellfish Immunol. 29, 1003–1009. doi: 10.1016/j.fsi.2010.08.008

The Centre for Indigenous Peoples’ Nutrition and Environment (CINE) (2017) 
in Traditional Animal Foods of Indigenous Peoples of Northern North America. 
eds. H. Kuhnlein and M. Humphries (Montreal: McGill University Press)

Tlusty, M. F., Smolowitz, R. M., Halvorson, H. O., and DeVito, S. E. (2007). 
Host susceptibility hypothesis for shell disease in American lobsters. J. Aquat. 
Anim. Health 19, 215–225. doi: 10.1577/H06-014.1

Underwood, G. (2018). Isolation and identification of probiotic bacteria for 
the management of epizootic shell disease. master’s Thesis. Providence: 
University of Rhode Island.

Watson, W. (2005). “Can lobster movements contribute to the spread of 
shell disease?” in State of Lobster Science: Lobster shell Disease-Assessing 
Research Priorities for Understanding How Lobster Biology and Health 
Issues Impact Productivity. Aquatic Forum Series 05–1. eds. M. F. 
Tlusty, H. O. Halvorson, R. M. Smolowitz and U. Sharma (Boston: New 
England Aquarium), 98–100.

Whitten, M. M. A., Davies, C. E., Kim, A., Tlusty, M., Wootton, E. C., 
Chistoserdov, A., et al. (2014). Cuticles of European and American lobsters 
harbor diverse bacterial species and differ in disease susceptibility. Microbiology 
3, 395–409. doi: 10.1002/mbo3.174

Zinger, L., Amaral-Zettler, L. A., Fuhrman, J. A., Horner-Devine, M. C., 
Huse, S. M., Welch, D. B. M., et al. (2011). Global patterns of bacterial 
beta-diversity in seafloor and seawater ecosystems. PLoS One 6:e24570. doi: 
10.1371/journal.pone.0024570

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1046/j.1461-0248.2003.00545.x
https://doi.org/10.1139/cjfas-2017-0346
https://doi.org/10.1007/978-981-13-8134-8_6
https://doi.org/10.1128/MMBR.00051-12
https://doi.org/10.1111/j.1574-6976.2010.00248.x
https://doi.org/10.1126/science.1239352
https://doi.org/10.1007/s10126-007-9001-9
https://doi.org/10.2983/035.031.0208
https://doi.org/10.2983/035.028.0422
https://doi.org/10.3354/dao02565
https://doi.org/10.5343/bms.2017.1144
https://doi.org/10.5343/bms.2017.1144
https://doi.org/10.1128/AEM.04147-15
https://doi.org/10.1029/2020jc016368
https://doi.org/10.1371/journal.pbio.2006893
https://doi.org/10.2983/035.031.0212
https://doi.org/10.1080/10236240902781498
https://doi.org/10.1111/1462-2920.14747
https://doi.org/10.1038/s41598-021-91448-0
https://doi.org/10.1038/s41598-021-91448-0
https://doi.org/10.1111/jfd.12165
https://doi.org/10.1111/j.1523-1739.2011.01717.x
https://doi.org/10.1111/j.1523-1739.2011.01717.x
https://doi.org/10.3354/dao02135
https://doi.org/10.1186/1476-069X-7-S2-S3
https://doi.org/10.1016/j.gloenvcha.2016.01.005
https://doi.org/10.1016/j.gloenvcha.2016.01.005
https://doi.org/10.1016/j.seares.2015.06.016
https://doi.org/10.1371/journal.pone.0172123
https://doi.org/10.1016/j.fsi.2010.08.008
https://doi.org/10.1577/H06-014.1
https://doi.org/10.1002/mbo3.174
https://doi.org/10.1371/journal.pone.0024570


Ishaq et al. Lobster Microbes on the Move

Frontiers in Microbiology | www.frontiersin.org 9 May 2022 | Volume 13 | Article 824950

be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Ishaq, Turner, Tudor, MacRae, Hamlin, Kilchenmann, Lee and 
Bouchard. This is an open-access article distributed under the terms of the Creative 

Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) and the copyright owner(s) 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Many Questions Remain Unanswered About the Role of Microbial Transmission in Epizootic Shell Disease in American Lobsters (Homarus americanus)
	Introduction
	Slowly but Steadily, Lobsters Are Migrating Northward
	Epizootic Shell Disease Is More Prevalent Over Time and With Increased Temperature

	Interactions of Movement, Molting Behavior, and Temperature
	Warmer Water Could Alter How and Which Microorganisms Are Carried by Ocean Currents
	Marine and Aquaculture Environments Foster Different Dynamics Affecting Microbial Transmission
	Discussion: Where Can Aquaculture Draw Lessons From?
	Author Contributions
	Funding

	References



