
 

INTERACTIONS BETWEEN CALANOID COPEPOD HOSTS  

AND THEIR ASSOCIATED MICROBIOTA  

By 

Amalia Aruda Almada 

B.S., Georgetown University, Biological Sciences (2009) 

 

Submitted in partial fulfillment of the requirements for the degree of  

Doctor of Philosophy  

at the  

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

and the  

WOODS HOLE OCEANOGRAPHIC INSTITUTION 

February 2015 

 

 2015 Amalia Aruda Almada. All rights reserved. 

The author hereby grants to MIT and WHOI permission to reproduce and to 
distribute publicly paper and electronic copies of this thesis document in whole or in 

part in any medium now known or hereafter created. 
 

 
Signature of Author…………………………………………………………..................................... 

             Joint Program in Oceanography/Applied Ocean Science and Engineering 
Massachusetts Institute of Technology and Woods Hole Oceanographic Institution 

December 18, 2014 
 

 
Certified by…………………………………………………………………………………………. 

                                                                                                                      Dr. Ann M. Tarrant 
Associate Scientist in Biology 

Woods Hole Oceanographic Institution 
                                                                                                            Thesis Supervisor 

 
Accepted by………………………………………………………………………………................ 

                            Professor Martin F. Polz 
Chair, Joint Committee for Biological Oceanography 

Massachusetts Institute of Technology and Woods Hole Oceanographic Institution 



 

2



INTERACTIONS BETWEEN CALANOID COPEPOD HOSTS  
AND THEIR ASSOCIATED MICROBIOTA  

by 
Amalia Aruda Almada 

 
Submitted to the MIT/WHOI Joint Program in Oceanography/Applied Ocean Science and 

Engineering on December 18, 2014 in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy in Biological Oceanography 

 
 
 

ABSTRACT 

 

Zooplankton, such as copepods, are highly abundant environmental reservoirs of many bacterial 
pathogens. Although copepods are known to support diverse and productive bacterial 
communities, little is understood about whether copepods are affected by bacterial attachment 
and whether they can regulate these associations through mechanisms such as the innate immune 
response. This thesis investigates the potential role that copepod physiology may play in 
regulating Vibrio association and the community structure of its microbiome. To this end, the 
intrinsic ability of oceanic copepod hosts to transcriptionally respond to mild stressors was first 
investigated. Specifically, the transcriptional regulation of several heat shock proteins (Hsps), a 
highly conserved superfamily of molecular chaperones, in the copepod Calanus finmarchicus 

was examined and demonstrated that Hsps are a conserved element of the copepod’s 
transcriptional response to stressful conditions and diapause regulation. To then investigate 
whether copepod hosts respond to and regulate their microbiota, the transcriptomic response of 
an estuarine copepod Eurytemora affinis to two distinct Vibrio species, a free-living strain (V. 

ordalii 12B09) and a zooplankton specialist (V. sp. F10 9ZB36), was examined with RNA-Seq. 
Our findings provide evidence that the copepod E. affinis does distinctly recognize and respond 
to colonizing vibrios via transcriptional regulation of innate immune response elements and 
transcripts involved in maintaining cuticle integrity. Our work also suggests that association with 
E. affinis can significantly impact the physiology of Vibrio colonists.  Finally, the inter-
individual variability of the C. finmarchicus microbiome was examined to identify how 
specifically and predictably bacterial communities assemble on copepods and whether host 
physiology influences the bacterial community structure. Our findings suggest that copepods 
have a predictable “core microbiome” that persists throughout the host’s entrance into diapause, 
a dormancy period characterized by dramatic physiological changes in the host. However, 
diapausing and active populations harbor distinct flexible microbiomes which may be driven by 
factors such including the copepod’s feeding history, body size, and bacterial interactions. This 
thesis work highlights the role of copepods as dynamic reservoirs of diverse bacterial 
communities and implicates copepod host physiology as an important contributor to the activity, 
abundance, and community structure of its microbiome.   
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INTRODUCTION: 

We inhabit a microbial world; dynamic bacterial communities live in, on, and all around 

us. Once thought to be rare occurrences, bacterial associations with eukaryotic organisms are 

now known to be ubiquitous and to have dramatic implications for host biology (1, 2). The 

collective microbial community that inhabits an organism (i.e., the microbiome) can exert 

remarkable influence on the development, behavior, metabolism, and immunity of a broad 

diversity of animal hosts (1-3). The microbiome of animals can often be highly specific (4-6) due 

to the maternal transmission of bacterial symbionts and/or the interplay of host-microbe and 

inter-specific microbial interactions that sculpt the bacterial community structure (7-10). To 

enrich for specific bacterial symbionts and prevent invasion by harmful bacteria, animals have 

developed diverse mechanisms to initiate and regulate their associations with bacteria (3, 11). 

Those bacteria that successfully associate with animal hosts can in turn receive benefits 

including access to nutrient-rich environments (12), protection against environmental stressors 

(13), and enhanced persistence in the environment (14). Overall, our knowledge of the impact of 

the microbiome on animal biology and the mechanisms by which host- specific microbiomes 

form is still in its infancy, but has already transformed our existing understanding of the extent 

and function of the microbial biosphere.  

 

Microbial contributions to animal biology 

Animals are often considered ‘superorganisms’ whose biology represents a synergistic blend 

of bacterial and animal activity (15, 16) in light of the predominance in sheer numbers of 

bacterial cells relative to host cells (17, 18), and the contribution of microbes to host physiology 

(1). Research continues to uncover that fundamental host functions, including development (1, 

2), metabolism (19), immunity (20), and behavior (3), are not autonomous and often depend on 

the activity of the host’s microbiota. For example, the bobtail squid Euprymna scolopes depends 

on a light organ in order to camouflage itself, and the proper development of this light organ is 

only induced in the presence of their light-generating Vibrio fischeri symbiont. Colonization by 

V. fischeri leads to significant remodeling of the epithelial tissue in the light organ, and without 

exposure to their symbiont at the proper time, the organ’s development is irrevocably stalled 
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(21). The juvenile development of the giant tubeworm Riftia pachyptila is also intimately linked 

to the presence of its obligate symbionts.  The tubeworm symbionts pass through the skin of their 

hosts during early juvenile stages as the symbiont-housing organ (i.e., the trophosome) is 

established in the host’s mesodermal tissues (22). As Riftia enters later juvenile stages, the 

epidermal and muscle tissues surrounding the trophosome undergo massive apopotosis, 

ultimately enclosing the symbionts within the trophosome (22). Even in systems without 

symbioses as intimate as those of the bobtail squid and Riftia, bacteria can play essential roles in 

host development. For example, recent studies have shown that surface-bound signals produced 

by bacterial biofilms trigger larval settlement and development in a number of marine 

invertebrates including biofouling barnacles and the tube-dwelling polychaete worm Hydroides 

elegans (23, 24). In vertebrate animals such as mice, it has been shown that the normal gut 

microbiota can even affect brain development by altering neuroendocrine system signaling 

pathways (25).  

Beyond their influence on the normal development of animal hosts, microbiota can also drive 

host behavior in a manner that has significant implications for host ecology and evolution. For 

example, a recent study suggests that the microbiome of the fruit fly  Drosophila melanogaster 

can influence mating preference by altering the host’s production of cuticular hydrocarbon sex 

pheromones (26). In another study, the overall diversity of the bacterial community and the 

presence of certain bacteria on human skin were found to correlate with an individual’s 

‘attractiveness’ to hungry female Anopheles gambiae mosquitos (27). It was shown that humans 

that are poor attractants to A. gambiae have surface bacterial communities with high abundances 

of Pseudomonas and Variovorax, which may produce mosquito-repelling volatile compounds or 

even mask attractive human-produced volatiles. Beyond altering the host’s volatile signals, a 

growing body of literature shows that the gut microbiome can also affect the host’s intracellular 

signaling via neural, endocrine, and immune pathways, which can ultimately profoundly 

influence brain processing (28). Alteration of this ‘gut-microbiome-brain axis’ has been tied to 

changes in vertebrate emotional and stress responses. For instance, researchers found that 

feeding mice a probiotic of the lactic acid bacteria Lactobacillus rhamnosus reduced their overall 

anxiety as measured by changes in both mice behavior and brain chemistry (29).  
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Symbiotic associations with bacteria also provide important nutritional advantages that can 

enable invertebrate hosts to occupy novel nutritional niches (12). Such nutritional niches can be 

physical environments where food is scarce or diets that consist of nutrient-poor or difficult to 

digest food sources (30-32). Despite the presence of harsh chemicals and high temperatures, 

hydrothermal vents are highly productive ecosystems largely fueled by the activity of 

chemoautotrophic bacteria, which are often found in association with animal hosts (33, 34). The 

adult Riftia relies entirely on its intracellular sulfur-oxidizing symbiont for nutrition, which is 

physically demonstrated by the adult tubeworm’s lack of a gut and mouthparts (35). 

Hydrothermal vent shrimp also depend on symbiotic chemosynthetic bacteria as a nutritional 

source in this system by feeding directly on their epibionts and other free-living bacteria (36). In 

other environments, invertebrates can rely on obligate symbioses to provide the necessary 

nutrients that are lacking in their unique food sources (12). For example, the tsetse fly Glossina 

morsitans strictly feeds on vertebrate blood, a food source lacking in essential vitamins, which 

are supplemented by the obligate bacterial symbiont Wigglesworthia. This proposed role of 

Wigglesworthia is supported by the fact that the symbionts retain a large proportion of genes 

involved in the synthesis of vitamins despite having a streamlined genome (37), and the finding 

that compromised hosts lacking symbionts partially regain their normal physiology when they 

are supplemented with B-complex vitamins (38). The pea aphid Acyrthosiphon pisum similarly 

feeds on a nutritionally deficient food source (plant phloem) and relies on its obligate symbiont 

Buchnera for provision of nitrogenous nutrients such as amino acids (39, 40). Bacteria can also 

be essential players in digestive symbioses in which the host requires help to digest complex 

substrates like the lignocellulose found in wood and leaf matter (12, 41). Cellulolytic and 

fermentive bacterial symbionts are found in many insects, including the scarab beetle (42), the 

crane fly (43), and termites, which harbor complex microbial communities comprised of 

bacteria, archaea, and protists in their hindgut (32, 44-46). 

A diversity of invertebrates harbor bacterial symbionts that convey enhanced immunity to 

their hosts against invading pathogens by directly inhibiting the pathogens or by modulating the 

host’s immune activity (20, 47). In the case of the symbiotic bacteria associated with the 

embryos of the shrimp Palaemon macrodactylus (48) and the lobster Homarus americanus (49), 

the symbionts produce antifungal metabolites that protect the hosts against infection by 

pathogenic fungi. In the fruitfly Drosophila (50) and the bumble bee Bombus terristris (51), 
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individuals with a normal gut microbiome were less susceptible to parasitic infection than were 

germ-free individuals. In B. terristris it was observed that successful prevention of parasitic 

infection was more dependent on the type of microbes colonizing the gut than on the host’s 

genotype (51), highlighting the dramatic role that microbiota can play in enhancing the host’s 

immunocapacity (52). Studies that examined how the microbiome enhances host immunity 

suggest that commensal gut bacteria prime the immune system of hosts by eliciting a basal 

immune response that aids in fending off further pathogen infection (53, 54). Beyond priming the 

immune system, the obligate symbiont of the tsetse fly G. morsitans is thought to help direct the 

development of the cellular and humoral immune responses (31, 55).   Larval tsetse flies that 

lack the bacterial symbiont Wigglesworthia demonstrate an underdeveloped immune system as 

adults (55) and an increased susceptibility to parasitic infection (56). 

 

Specificity of host associations with bacteria 

Researchers are continually discovering that a vast diversity of animals, from sea 

anemones (5), to corals (4), to whales (6), to copepods (57, Chapter 3) demonstrate highly 

consistent species-specific bacterial communities. This is particularly true for hosts which have 

evolved to depend on their microbiota for survival (i.e., obligate symbioses). For many of the 

well-studied obligate symbioses (e.g., Riftia and chemosynthetic endosymbionts, pea aphid and 

Buchnera, tsete fly and Wigglesworthia, which are all described in the ‘Microbial contributions 

to animal biology’ section above), the necessity of the association derives from the host’s 

dependence on the symbiont for nutritional provision (12). These obligate bacterial symbionts 

are often passed down from the mother (i.e., vertical transmission) to eliminate the risks inherent 

in acquiring the symbiont from the surrounding environment (10). Interestingly, the intracellular 

chemosynthetic symbiont of Riftia is not passed from the mother but is acquired by juveniles 

from the environment (i.e., horizontal transmission) (35). As previously discussed, Riftia 

juveniles are colonized by their symbionts through the skin before the symbionts are ultimately 

enclosed in the host’s trophosome (22). Such a strategy requires tightly regulated host control 

mechanisms to ensure the acquisition of the specific obligate symbiont from a bacteria-rich 

environment.  There are many other cases of horizontally transmitted symbionts including V. 

fischeri and chemoautotrophic bacteria, which are acquired by the bobtail squid and marine 
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nematodes, respectively. One potential advantage of adopting such a strategy is that the symbiont 

population is derived from a genetically diverse free-living population, which can reduce the 

potential for random accumulation and persistence of deleterious alleles in the symbiont genome 

(10). However, acquisition and maintenance of symbionts from environments populated with 

potential microbial invaders requires a sensitive and highly coordinated host response (see ‘Host 

Regulation of the microbiome’ section below).  

Although many recent studies demonstrate the importance of host activity in structuring 

species-specific bacterial communities, bacterial growth dynamics, inter-specific interactions, 

and stochastic processes may also play important roles in structuring these highly stable 

associations (7-9).  In vivo studies demonstrate that successional changes in the bacterial 

members colonizing particles can be highly consistent (58, 59). Furthermore, a highly 

predictable linkage between the population structure of coastal ocean Vibrionaceae and their 

associated habitat has been observed in several studies (7, 60, 61). This consistency may derive 

from predictable growth dynamics in which the dominant bacterial members on a surface are 

characterized by an ability to rapidly colonize and form biofilms, while the less dominant 

members form more transient associations (62). The trade-off is that the transiently associated 

members can more flexibly and rapidly respond to new nutrient hotspots than the tightly 

associated, dominant members (62). Microbial dynamics on surfaces may be further modulated 

by antagonistic inter-specific interactions mediating competition between co-habitating bacterial 

populations through the production of antibiotics (63, 64) or more indirectly via environment 

modification due to rapid nutrient consumption by fast-growing populations (65). The 

competitive advantage of symbionts over other colonizing bacteria can also derive from their 

unique genetic arsenal, including genes that enable bacterial symbionts to specifically colonize 

their hosts (66, 67). Other studies have observed positive interactions between bacteria 

colonizing a surface in which a certain bacterial species promotes the growth of others (68) 

potentially via hydrolytic activity that releases nutrients otherwise unattainable by other bacteria 

(8). Alternatively, some recent studies have implicated stochastic birth-death and immigration 

processes as important drivers of observed Vibrio community assembly patterns on some 

invertebrate hosts (7, 9). Further study is needed to gain a better understanding of how the 

mechanisms of host activity, inter-specific bacterial interactions, and stochastic processes 

interact to shape the observed structure of bacterial communities that form on animal hosts.  
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Although a large diversity of organisms demonstrate species-specific microbiomes, when 

examined at a finer phylogenetic resolution it becomes apparent that individuals host unique 

assemblages of bacteria (69, 70). What factors drive the individual variability in microbiome 

structure is largely unknown, although a few recent studies suggest that dietary history (71, 72) 

and maternal effects (73) may be important contributors. In humans, the high variability in the 

relative abundance of bacterial members and overall diversity of the microbiome across 

individuals was not well explained by factors such as gender, temperature, and blood pressure 

(74). Further research is needed to explore how bacterial responses to host genetics, extrinsic 

environmental factors, and stochastic processes contribute to the high inter-individual variability 

of animal microbiomes largely results from.  The majority of the inter-individual microbiome 

variability studies have focused on human and mouse models, and few studies examining inter-

individual variability in invertebrates exist (7, 75, 76, Chapter 3). Exploration of these questions 

in invertebrate systems is particularly significant in light of the abundance and role of 

invertebrate hosts as environmental reservoirs of pathogenic bacteria (77). Furthermore, the 

tractability of invertebrate host systems for experimental manipulation and the preponderance of 

well-characterized bacterial symbioses in these systems could enable a deeper understanding of 

the mechanisms which guide bacterial community assembly on animal hosts.  

 

Host regulation of the microbiome 

There is growing recognition of the important role that host action, via mechanisms such 

as physical barriers, behavior, and innate immunity, plays in symbiont acquisition and 

maintenance (3, 11). Often the first line of defense for many groups of invertebrates, the hard, 

chitinous exoskeleton provides a physical and chemical barrier against pathogen attachment and 

invasion (78, 79). A potentially vulnerable point of entry into the host, the gut is lined with the 

peritrophic matrix, which acts like a sieve that surrounds and prevents bacteria, bacterial toxins, 

and hard food fragments from contacting the intestinal epithelium (11, 80-82). When the 

thickness and permeability of the peritrophic matrix is compromised in Drosophila, there is 

higher susceptibility to infection by pathogenic bacteria or mortality from bacterial toxins (83). 

Furthermore, ingestion of bacteria elicits a stronger immune response in individuals with a 

compromised peritrophic matrix, demonstrating the important role that this barrier defense 
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contributes to host immunity (83).  In cases where the peritrophic matrix is breached and the gut 

epithelium is damaged, repair mechanisms to restore tissue integrity are crucial to the host’s 

ability to endure infection (11, 53).  In those organisms without a hard exoskeleton barrier, 

mucous secretions can be an important method to simultaneously reduce encounters with 

unwanted bacteria and enrich for symbionts (2, 84). For example, in response to the presence of 

the bacterial cell wall component peptidoglycan in the surrounding seawater, the bobtail squid 

begins shedding ‘toxic’ mucus from the surface of its light organ (85). The mucous secretions 

contain antimicrobial molecules including reactive oxygen species (2) that inhibit the growth of 

most bacteria but enable the symbiont V. fischeri to densely aggregate and dominate the bacterial 

community in the mucus (86). V. fischeri is known to aggregate towards N-acetylneuraminic 

acid, another component of the squid mucus (87), further demonstrating that selection of the 

specific Vibrio symbiont commences before the symbiont directly contacts the host surface (2).  

Host behavior can also be an important mechanism to establish and regulate associations 

with microbiota in a diverse set of animals. In the case of the bobtail squid, a majority of the 

symbiont V. fischeri cells are predictably ejected from the light organ before sunrise to winnow 

down the symbionts and prevent their potential overgrowth and metabolic cost to the host (88).  

Symbiont-free juvenile kudzu bugs must ingest symbiont capsules left behind by the mother in 

order to acquire their bacterial symbionts. The  young will search for capsules if they are not in  

close proximity or if they are removed from the nest (89). It is also thought that infant iguanas 

attempt to pre-colonize their guts with the fermentative microbiota required for their herbivorous 

material diet by solely consuming the soil and feces in their nest chamber for the first few weeks 

of life (90). 

While physical barriers and behavioral adaptations can help the host to reduce the 

prevalence of non-specific bacterial associations, the innate immune system is also essential to 

the host’s ability to initiate and regulate its association with microbes, including symbionts 

selected from the environment (11). The innate immune system is typically thought of as a 

generic response to pathogens, but recent studies have revealed a deeper level of specificity and 

complexity than previously realized. For example, after repeated exposure to bacterial pathogens, 

the bumblebee Bombus terrestris demonstrates unexpectedly specific and prolonged resistance to 

future infections (91), and the freshwater crustacean Daphnia appears to pass this protection to 
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the next generation, as the offspring of mothers exposed to a particular bacterial strain had 

enhanced fitness upon challenge with the same strain (92).  

Elements of the innate immune system, such as C-type lectins, antimicrobial peptides 

(AMPs) and prophenoloxidase (proPO), enable invertebrate hosts to select for specific bacterial 

associates in addition to inhibiting growth of undesirable foreigners (5, 93, 94). C-type lectins 

can function as pattern recognition proteins, which enable the invertebrate host to recognize 

colonizing bacteria in order to acquire specific bacterial symbionts from the environment (10, 93, 

95). The marine nematode Laxus oneistus produces a mucus-secreted C-type lectin that mediates 

symbiont association with the cuticle by inducing symbiont aggregation and by directly binding 

to the symbiont’s bacterial antigens (93). C-type lectins can also function by internally inhibiting 

the proliferation of endogeneous bacteria by modulating the expression of AMPs (96) or by 

directly binding to bacteria and acting as antimicrobial agents (97).  The proPO cascade is 

induced when host recognition proteins are activated by microbial compounds including 

bacterial surface attachment proteins and cell wall components (98). Activation of the proPO 

system is thought to be an early and rapid response to microbial invaders that results in the 

production of cytotoxic compounds and melanin, a pigment that inactivates and physically 

encapsulates microbial invaders (99, 100). The activation of the proPO pathway initiates the 

conversion of the inactive prophenoloxidase into catalytically active phenoloxidase (101, 102), 

triggering the production of cytotoxic compounds and encapsulation of the microbial invaders 

(99, 100). AMPs, easily and rapidly synthesized, disrupt bacterial membranes (103) and can bind 

to bacterial cells to promote their phagocytosis (104).  In the early life stages of invertebrates, 

AMP production can be an important method by which hosts modulate bacterial colonization 

(105, 106). In the cnidarian Hydra, successive changes in expression patterns of perlucin family 

AMPs during embryogenesis mediate the formation of the microbiome (105). Furthermore, 

species-specific composition and expression patterns of arminin AMPs in adult Hydra help shape 

their highly stable, species-specific bacterial communities (5). Therefore, in Hydra AMPs are not 

unselective bacteriocides, but rather specific host regulators of microbiome community 

composition.   
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Impacts of animal host association on bacteria 

Association with animal hosts can convey a multitude of benefits to bacteria that can 

ultimately increase bacterial growth and productivity. One well-characterized benefit of host 

association is the provision of nutrients either directly or indirectly from the host (107). In the 

pea aphid-Buchnera symbiosis, the host directly provides the symbiont with the non-essential 

amino acid glutamate, which is then processed by the symbiont to form the essential amino acids 

required by the host (108). Other more indirect methods by which the host provides nutrients 

include sloppy feeding or host excretions wherein nutrients leaked by the host are absorbed by 

epibiotic bacteria (109-111). Host movement across chemical gradients present in habitats such 

as vent plumes and anoxic sediments can also provide chemoautotrophic symbionts with 

predictable access to essential inorganic compounds that would otherwise be difficult to obtain 

(36). Another important role that hosts can play is as refuge from environmental stressors and 

open ocean environments that are not permissive to certain bacteria such as strict anaerobes (13, 

14, 112, 113). As a whole, host-associated bacteria often demonstrate increased growth rates (36, 

114), productivity (115), and fitness (116) relative to their free-living counterparts.  

Association with animal hosts can also potentially provide long-term benefits that have 

important implications for microbial evolution, including enhanced persistence in the 

environment and increased genetic diversity (14, 117). Attachment to motile organisms (118) or 

hosts extensively dispersed by ocean currents (119) permits widespread dispersal of 

“hitchhiking” bacteria to otherwise unattainable new environments. Animal hosts can also serve 

as inocula to free-living microbial communities due to the periodic release of the host-associated 

symbionts into the natural environment (36, 88). In hydrothermal vent systems, this constant 

release of symbionts into the environment enables these bacterial species to dominate the free-

living community and outcompete other bacterial species for resources (36). Attachment to hosts 

such as zooplankton may also enhance persistence of bacteria by triggering a viable but 

nonculturable (VBNC) state, which is thought to enhance bacterial survival during unfavorable 

environmental conditions such as dramatic shifts in salinity and temperature (14, 120-122). In 

addition to enhancing the persistence of bacteria, host association can expose bacteria to novel 

DNA. The host surface can serve as a forum where closely-related bacteria that would otherwise 

be separated in the open environment can convene and exchange genetic material via horizontal 
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gene transfer (HGT) (1, 8). Such genetic exchanges can perpetuate the specificity of the host-

associated lifestyle in the case of the bacteria V. fischeri and Xenorhabdus nemtaophila whose 

genetic ability to initiate colonization of their specific hosts, bobtail squid and nematodes, 

respectively, may have been acquired via HGT (66, 67). Overall, association with animal hosts 

has profound implications for microbial ecology and evolution as well as on biogeochemical 

cycling, through direct and indirect effects that increase the growth, productivity, persistence, 

and genetic potential of the bacterial symbionts.  

 

GOALS OF THESIS: 

Roughly ten years ago, Dr. Rita Colwell and her team discovered an easy way to 

dramatically reduce the spread of cholera in Bangladesh. Simple filtration of drinking water 

through folded sari clothes reduced the cholera infection rate of Bangladeshi residents by 48% 

(123).  The filtration removed copepods harboring high amounts of the cholera bacteria Vibrio 

cholerae, which can heavily colonize the oral region and the egg sac of copepods (124). 

Although V. cholerae can attach to other chitinous zooplankton, the relationship between V. 

cholerae and copepods is the most extensively studied. Associations with copepods provide 

protection to V. cholerae, suggested by the bacteria’s enhanced survival and resistance to 

stressors in the presence of live copepods (124). The dispersal of copepods and their eggs by 

ocean currents is also a major mode of extended cholera distribution (119), underscoring the 

potential consequences of copepod-Vibrio associations for human health. We now know that 

many types of Vibrio bacteria, including pathogens, are prevalent on copepods (14, 125-130) and 

that colonization of copepods can have dramatic impacts on the proliferation, virulence, and 

physiology of many Vibrio species (122, 131-134).  

Although the literature generally classifies the association of V. cholerae and other 

vibrios with copepods as commensal, the nature of the relationship between copepods and their 

associated bacteria is unknown (126). Copepods have often been considered passive vectors of 

bacteria with little attention to whether copepods are affected by bacterial attachment and 

whether they can regulate bacterial associations through mechanisms such as the innate immune 

response. However, host gene function is known to be important in enriching for beneficial 
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microbes in systems as diverse as plants selecting bacterial Rhizobium strains (135) and the 

bobtail squid E. scolopes selecting for luminous V. fischeri (136). Evidence that host factors can 

be essential to selecting and maintaining bacterial symbionts in a diversity of animals continues 

to mount (5, 10, 93, 95, 105, 137-139), yet it is still unknown whether copepods actively interact 

with their microbial communities and select for or against particular bacteria. Furthermore, 

although copepods harbor distinct bacterial communities (140, 141), it is not understood how 

stable these bacteria-copepod associations are and whether changes in copepod physiology may 

affect bacterial community assembly. In light of copepods’ abundance, pervasiveness across 

aquatic habitats, and diverse microbiomes, copepod physiology could have an important 

influence on microbial ecology that has not yet been explored. 

  This thesis investigates the potential role that copepod physiology may play in 

regulating Vibrio association and the community structure of its microbiome. To this end, the 

intrinsic ability of oceanic copepod hosts to transcriptionally respond to mild stressors is first 

investigated (Chapter 2). Specifically, the transcriptional regulation of several heat shock 

proteins (Hsps), a highly conserved superfamily of molecular chaperones, was examined in the 

copepod Calanus finmarchicus. Several Hsps (Hsp21, Hsp22, and Hsp70A) were induced by 

handling stress and diapause (Hsp22), suggesting these genes are a conserved element of the 

copepod’s transcriptional response to stressful conditions. To then investigate whether copepod 

hosts respond to and regulate their microbiota, the transcriptomic response of an estuarine 

copepod Eurytemora affinis to two distinct Vibrio species, a free-living (V. ordalii 12B09) and a 

zooplankton specialist (V. sp. F10), was examined using next-generation sequencing 

technologies (Chapter 3). Our findings provide evidence that the copepod E. affinis does 

distinctly recognize and respond to colonizing vibrios via transcriptional regulation of elements 

involved in the innate immune response and cuticle integrity. Our work also suggests that 

association with E. affinis can significantly impact the physiology of Vibrio colonists.  Finally, 

the inter-individual variability of the C. finmarchicus microbiome was examined to identify how 

specifically and predictably bacterial communities assemble on copepods (Chapter 4). Our 

findings suggest that copepods have a predictable “core microbiome” that persists throughout the 

host’s entrance into diapause, a dormancy period characterized by dramatic physiological 

changes in the host. Furthermore, the differences in the structure of the “flexible” microbiome in 

diapausing and active individuals appears to be partially driven by factors including the 
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copepod’s feeding history, body size, and microbial interactions. The findings of this thesis work 

highlight the role of copepods as dynamic reservoirs of diverse microbial communities and 

implicate copepod host physiology and molecular responses as important contributors to the 

activity, abundance, and community structure of its microbiota (Chapter 5).   
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Heat shock protein expression during stress and diapause  

in the marine copepod Calanus finmarchicus
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ABSTRACT: 

Calanoid copepods, such as Calanus finmarchicus, are a key component of marine food 

webs. C. finmarchicus undergoes a facultative diapause during juvenile development, which 

profoundly affects their seasonal distribution and availability to their predators. The current 

ignorance of how copepod diapause is regulated limits understanding of copepod population 

dynamics, distribution, and ecosystem interactions. Heat shock proteins (Hsps) are a superfamily 

of molecular chaperones characteristically upregulated in response to stress conditions and 

frequently associated with diapause in other taxa. In this study, 8 heat shock proteins were 

identified in C. finmarchicus C5 copepodids (Hsp21, Hsp22, p26, Hsp90, and 4 forms of Hsp70), 

and expression of these transcripts was characterized in response to handling stress and in 

association with diapause. Hsp21, Hsp22, and Hsp70A (cytosolic subfamily) were induced by 

handling stress. Expression of Hsp70A was also elevated in shallow active copepodids relative to 

deep diapausing copepodids, which may reflect induction of this gene by varied stressors in 

active animals. In contrast, expression of Hsp22 was elevated in deep diapausing animals; Hsp22 

may play a role both in short-term stress responses and in protecting proteins from degradation 

during diapause. Expression of most of the Hsps examined did not vary in response to diapause, 

perhaps because the diapause of C. finmarchicus is not associated with the extreme 

environmental conditions (e.g., freezing, desiccation) experienced by many other taxa, such as 

overwintering insects or Artemia cysts. 
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INTRODUCTION: 

Marine food webs depend on herbivorous zooplankton such as copepods to process and 

repackage energy harnessed by photosynthetic primary producers. Representing often more than 

half of the zooplankton biomass in the temperate North Atlantic (Planque and Batten, 2000; 

Williams et al., 1994), the calanoid copepod Calanus finmarchicus provides an essential route of 

energy transfer to higher trophic levels either via direct predation or trophic links. The ecological 

success of C. finmarchicus is facilitated by its ability to avoid adverse seasonal conditions and 

high predation risk (Kaartvedt, 1996) by vertically migrating to depth and entering a facultative 

diapause during the last juvenile stages (typically stage C5) (Hirche, 1996). In the Gulf of Maine, 

a portion of the C. finmarchicus population enters into this diapause period during the warm 

spring and summer months and exits during mid to late winter to molt into adults; however, 

some C5 juveniles skip diapause and proceed to molt into adults, reproduce, and spawn another 

generation (Durbin et al., 2000; Durbin et al., 1997). The appropriate translation of 

environmental cues into the physiological changes required for diapause in C. finmarchicus 

suggests the involvement of complex but flexible internal regulatory processes. Despite the 

ecological implications of seasonal dormancy, shockingly little is understood about the factors 

that regulate the adaptive diapause response in calanoid copepods. 

True diapause, an endogeneously regulated process during which organisms undergo 

progressive physiological changes over several successive phases, is distinct from quiescence, an 

immediate response to changes in limiting environmental factors that is not restricted to a 

specific ontogenetic stage (Kostál, 2006). Diapause is characterized by a persistent reduction of 

metabolism, increased stress resistance, and an arrest of development at a specific life stage 

(Kostál, 2006). Many aspects of true diapause are observed in the physiology of dormant C. 

finmarchicus, including a preparatory phase that precedes unfavorable environmental conditions 

(Dahms, 1995; Hirche, 1996), a dormancy phase characterized by an endogeneous arrest in 

development, reduction of metabolism and respiration (Hirche, 1983; Ingvarsdóttir et al., 1999), 

and gene expression patterns consistent with increased stress resistance (Tarrant et al., 2008), and 

a distinct post-dormancy phase when development resumes (Hirche, 1996). Therefore, we refer 

here to the C. finmarchicus dormancy as a facultative diapause; however, we recognize that not 

all individuals or populations of C. finmarchicus appear to enter a diapause state at the same time 

or of similar intensity (Hirche, 1996), which is dissimilar from the true diapause observed in 
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other well-characterized organisms (e.g. Artemia cysts, overwintering insects). 

Diapause in C. finmarchicus is identified by a combination of classic behavioral, 

morphological, and biochemical characteristics: diapausing C5 copepodids accumulate at depths 

below 200 to 300 m in oceanic waters (Heath et al., 2004; Miller et al., 1991; Sameoto and 

Herman, 1990), have empty guts with thin epithelia (Bonnet et al., 2007; Hirche, 1983), and have 

large oil sacs (Miller et al. 2000). Indicative of arrested development, diapausing copepods have 

reduced transcriptional activity (i.e. low RNA:DNA ratios) (Wagner et al., 1998), low 

ecdysteroid levels (Johnson, 2004), and delayed molt progression (i.e. cessation of tooth 

formation) (Miller et al., 1991). Molecular markers of diapause include low expression of genes 

related to lipid synthesis, transport, and storage (ELOV, FABP, RDH) and high expression of 

ferritin and ecdysteroid receptor (EcR) in diapausing copepods (Tarrant et al., 2008). Further 

exploration of C. finmarchicus diapause using molecular techniques is required to understand the 

mechanisms regulating the physiological changes that characterize the diapause response. 

Heat shock proteins (Hsps) are a highly conserved superfamily of molecular chaperones 

that facilitate proper protein folding and localization while preventing protein aggregation (Feder 

and Hofmann, 1999; Hartl and Hayer-Hartl, 2002). Furthermore, previous research has shown 

that Hsps play a major role in diapause regulation in a wide range of organisms (Denlinger et al., 

2001; MacRae, 2010; Qiu, 2008; Yuan et al., 1996). Induction of Hsps by protein denaturating 

stressors (e.g., heat, toxins) appears to be an ancient and universal response within all examined 

taxa ranging from bacteria to plants, flies, and human beings (Hansen et al., 2008; Lindquist, 

1986; Sorensen et al., 2003). In addition to their well-known roles in stress tolerance, Hsps are 

integral to normal cell growth and development. Through protein-protein interactions, Hsps help 

to regulate fundamental cellular processes such as protein turnover, mitochondrial and 

endoplasmic reticulum trafficking, cell cycle progression, and steroid signaling (Beato and Klug, 

2000; Helmbrecht et al., 2000; Pratt, 1997; Taipale et al., 2010). During diapause, Hsps are 

thought to contribute to cell cycle arrest and increased stress (e.g. cold) resistance (Denlinger et 

al., 2001; MacRae, 2010; Rinehart et al., 2007). 

Unlike the classic stress response which is characterized by transient and universal 

upregulation of a wide range of Hsps, Hsp expression patterns observed during dormancy may 

be prolonged and highly variable among species and Hsp types (Denlinger et al., 2001). 

Comparison of Hsp70 regulation during the diapause periods of several insect species 
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demonstrates how the participation of a given class of Hsp in the diapause response can differ 

significantly; for example, Hsp70 is highly expressed during the pupal diapause of the flesh fly 

Sarcophaga crassipalpis (Rinehart and Denlinger, 2000), but expression is low during the adult 

diapause of the Colorado potato beetle Leptinotarsa decemlineata (Yocum, 2001) and the larval 

diapause of the bamboo borer Omphisa fuscidentalis (Tungjitwitayakul et al., 2008). In addition, 

different classes of Hsps can play distinct roles in dormancy within a species, as indicated by 

discordant expression patterns: in the pupal diapause of S. crassipalpis, Hsp90 is downregulated, 

while Hsp70 and several small Hsps are upregulated (Rinehart and Denlinger, 2000; Rinehart et 

al., 2007; Rinehart et al., 2000). However in some species, such as in the fruit fly Drosophila 

triauraria, Hsps do not appear to participate in diapause at all (Goto and Kimura, 2004; Goto et 

al., 1998). 

In light of the involvement (albeit varied) of Hsps in the diapause response of many 

organisms, we hypothesized that Hsps play a role in regulating C. finmarchicus diapause. In 

addition to their role in the stress response, Hsp70 and Hsp90 expression varies during the 

crustacean molt cycle (Cesar and Yang, 2007; Spees et al., 2003) and could therefore help 

regulate the developmental delay associated with diapause in C. finmarchicus. Production of 

Hsp70 and Hsp90 transcripts in C. finmarchicus has been previously examined in response to 

stressors such as increased temperature and exposure to toxins (Hansen et al., 2007; Hansen et 

al., 2008; Voznesensky et al., 2004), but not as a factor regulating diapause. Small Hsps have 

been shown to play an important role in stress tolerance during diapause in the crustacean 

Artemia franciscana (Clegg et al., 1999; Qiu, 2008; Qiu and MacRae, 2008), but have yet to be 

investigated in calanoid copepods. In this study, we examined the expression patterns of several 

large and small Hsps (Hsp90, 4 forms of Hsp70, Hsp21, Hsp22, p26) in individual diapausing 

and active C. finmarchicus C5 copepodids by quantitative real-time PCR (qRT-PCR). We also 

characterized expression of these genes during exposure to handling stress to identify inducible 

forms of Hsps and to confirm that diapause-associated patterns of Hsp expression were not a 

byproduct of incidental stressors. We further examined the phylogenetic relationships among the 

large Hsps to facilitate comparisons with inducible or diapause-associated Hsps in other taxa. 

This study represents the first characterization of Hsp expression in association with diapause in 

a calanoid copepod species and expands the current understanding of the molecular regulation of 

diapause. 
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MATERIALS AND METHODS: 

Identification and cloning of C. finmarchicus Hsp genes 

Material for initial cloning of Hsps was obtained from bulk samples of C. finmarchicus 

C5 copepodids that were collected in 2005, preserved in RNAlater (Ambion) at -80°C, and 

described previously (Tarrant et al., 2008). We searched the NCBI Expressed Sequence Tag 

(EST) database for C. finmarchicus Hsp sequences using the tblastn algorithm with selected 

crustacean Hsp21, Hsp22, p26, Hsp70 and Hsp90 sequences (Table 1). Specific primers were 

designed and commercially synthesized (Eurofins MWG Operon) to amplify partial Hsp 

sequences for cloning. Hsps were amplified from pooled C. finmarchicus cDNA using 0.25 μl 

Amplitaq gold polymerase per 50 μl reaction. The PCR conditions were as follows: 94°C/10 

min; 40 cycles of 94°C/15 sec, 60-67°C/30 sec, 68°C/7 min; 68°C/7 min; hold at 4°C. Products 

were visualized on 1% agarose gels, excised, and purified using the MinElute gel extraction kit 

(Qiagen). PCR products were cloned into pGEM-T Easy (Promega) and sequenced. 

 

Phylogenetic analysis 

The phylogenetic relationships among the C. finmarchicus Hsp70 and Hsp90 partial 

sequences and Hsps from a broad selection of taxa were determined using maximum likelihood 

analyses. We retrieved representative Hsp70 sequences from yeast, bacteria, red algae, human, 

insects, and crustaceans (Table B.1), including two Hsp70 sequences that had previously been 

reported from C. finmarchicus (Hansen et al., 2008; Voznesensky et al., 2004). The selected 

Hsp70 sequences encompass all four monophyletic groups of eukaryotic Hsp70s as defined by 

intracellular localization (i.e., cytosol, endoplasmic reticulum, mitochondria, and chloroplast) 

(Boorstein et al., 1994; Daugaard et al., 2007; Rhee et al., 2009). Similarly, for phylogenetic 

analysis of Hsp90 we retrieved sequences from yeast, plants, human, nematodes, insects, and 

crustaceans that are representative of the four eukaryotic Hsp90 subfamilies: cytosolic (Hsp90A), 

endoplasmic reticulum (Hsp90B), mitochondrial (TRAP), and chloroplast (Hsp90C) (Chen et al., 

2006) (Table B.2). This dataset also included one Hsp90 EST previously examined in C. 

finmarchicus (Hansen et al., 2007). Using the multiple sequence alignment program MUSCLE 

(Edgar, 2004), we aligned the Hsp sequences and then trimmed the variable 5’ and 3’ regions for 

a total sequence length of ~ 650 amino acids for each Hsp family. We first conducted analyses 

of the Hsp70 and Hsp90 sequences in order to classify the Hsp subfamily types represented by 
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our cloned sequences. Maximum likelihood analyses were run using RaxML (v7.0.4, Stamatakis, 

2006) under a RTREV+G model of protein evolution (selected by AIC with ProtTestv1.4, 

Abascal et al., 2005). In a second analysis we retrieved additional insect Hsp70 and Hsp90 

sequences that had been studied for their role in diapause (reviewed by MacRae, 2010). We 

aligned these sequences with representative Hsps from each subfamily and conducted maximum 

likelihood analyses as described above. Support for nodes was assessed as a proportion of 1000 

bootstrap replicates and the most likely trees were constructed and visualized in FigTree v1.3.1 

(http://tree.bio.ed.ac.uk/software/figtree/) with bootstrap values > 50% reported. 

 

Handling stress effects on gene expression 

To test whether handling stress affects Hsp expression in C. finmarchicus, shallow C5 

copepodids were collected in the southwestern Gulf of Maine at a station 25.5 km east/northeast 

of Chatham, Massachusetts, USA (41° 46’ N/ 69° 38’ W) on 18 May 2010 during a cruise 

aboard the NOAA Ship Delaware II. Zooplankton were collected between 13:10 and 13:30 local 

time from 0-20 m using a 70-cm diameter ring outfitted with a 150 μm conical mesh net. Once 

the net was recovered, the contents of the cod end were poured onto a 150 μm mesh sieve and 10 

ml of copepods were added to each of three, covered, black, 7.6-liter ice-chilled containers of 

ambient filtered seawater stored in several closed ice chests. To mimic the stress that may be 

experienced during extended waiting times associated with the processing of collected copepod 

samples, each 7.6-liter ice-chilled container was left for a specific time (t = 0, 2, 3 hours) before 

its contents were gently sieved and transferred to an ice-chilled Petri dish. From the Petri dish, 

live C. finmarchicus C5 copepodids were individually captured using a wide-bore glass Pasteur 

pipette, mounted on a depression slide, photographed on a stereomicroscope equipped with a 

digital camera (see below), preserved in microcentrifuge tubes with 500 μl RNAlater 

(Ambion), and stored at -20°C until analysis. For this study, we pooled three C5 copepodids per 

tube to increase sample RNA yield for 10 (t = 0 h and 2 h) and 9 (t = 3 h) total samples. For each 

of the three time points, we used qRT-PCR (see below) to measure expression of six 

selected Hsp transcripts (i.e. Hsp70A, Hsp70B, Hsp70D, Hsp90, Hsp21, and Hsp22; in a pilot 

study Hsp70C was not reliably amplified and p26 did not appear to be induced) and three 

previously identified molecular markers of diapause (ELOV, RDH, ferritin) (Tarrant et al., 2008). 
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Sampling of deep and shallow C. finmarchicus 

To assess the relationship between diapause and Hsp expression, C. finmarchicus C5 

copepodids were collected in the southwestern Gulf of Maine during a cruise in 2006 aboard the 

NOAA Ship Albatross IV using a 1 m2 Multiple Opening-Closing Net and Environmental 

Sensing System (MOCNESS) (Wiebe et al., 1976) outfitted with 333  

Zooplankton were collected in two depth strata: 169 to 208 m and 0 to 50 m (hereafter referred to 

as the deep and shallow samples, respectively). On 20 May 2006 the deep sample was collected 

at a station in Franklin Basin just to the north of Georges Bank (41° 54’ N/68° 16’ W) between 

11:15 and 11:50 local time. The shallow sample was collected at a station 83 km to the west of 

the Franklin Basin station in southern Wilkinson Basin (41° 53’ N/69° 17’ W) between 17:08 

and 17:21 local time on the same day. Water depths at the stations where the deep and shallow 

samples were collected were 220 m and 198 m, respectively. Upon recovery of the MOCNESS, 

the contents of the cod end were immediately poured into a transparent, ice-chilled 1.5-liter 

container and stored in a closed ice chest. Live C. finmarchicus were periodically transferred 

from this container to an ice-chilled Petri dish with a 44-ml Pasteur pipette. From the Petri dish 

they were individually captured using a wide-bore glass Pasteur pipette, mounted on a depression 

slide, photographed, individually preserved in microcentrifuge tubes with 500  

(Ambion), and frozen (-20°C). Observations of gut contents or fecal pellet production were noted 

while viewing the live animals. Photographs of single animals were taken with a Canon EOS- 

20D digital camera mounted on a Zeiss Stemi 2000C stereomicroscope, and all measurements 

were calibrated with digital photographs of a stage micrometer taken just prior to sampling. The 

length, width, oil sac volume, and fractional fullness (after Miller et al., 2000) of each copepodid 

were estimated from these photographs as described previously (Tarrant et al., 2008). 

 

 RNA extraction 

Total RNA was extracted from preserved individual or pooled C5 copepodids using the 

Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad) with slight modification. C5 

copepodids were homogenized in 1 ml PureZOL using a teflon homogenizer. The homogenate 

was added to pre-spun (16,000 x g/ 30s) Phase Lock Gel Heavy 2 ml tubes (5 PRIME), mixed 

with 200 μl of chloroform and centrifuged at 14,000 x g for 5 min at 4°C. The upper aqueous 

phase was mixed (1:1) with isopropanol, added to the extraction columns, and processed 
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according to the manufacturer’s protocol, including on-column DNase digestion. RNA yield and 

purity were quantified using a Nanodrop ND-1000 spectrophotometer. RNA quality was 

visualized for selected individual samples on a denaturing agarose gel. 

 

Quantitative real-time polymerase chain reaction (qRT-PCR) 

ELOV, ferritin, RDH, and 16S qRT-PCR primers and assay conditions have been 

described previously (Tarrant et al., 2008). Assays were developed to measure expression of C. 

finmarchicus Hsps by qRT-PCR. Oligonucleotide primers were designed against the cloned Hsp 

sequences to target 75-150 bp amplicons (Table 2). For the handling stress assays, total RNA 

was extracted from pooled (3 individuals/tube) shallow C5 copepodids collected at three time 

treatments (0, 2 and 3 hours in an ice-chilled bucket) and used to prepare cDNA (300 ng RNA 

per 20 μl reaction). Expression of ferritin, RDH, 16S and selected Hsps was measured by 

qRTPCR using SsoFast EvaGreen Supermix (Bio-Rad) from 10 ( t = 0 h and t = 2 h) or 9 (t = 3 

h) pooled samples. To compare expression between deep and shallow animals, total RNA was 

extracted from individual deep and shallow C5 copepodids and used to prepare cDNA (200 ng 

RNA per 20 μl reaction). Expression of the eight Hsps, ELOV, ferritin, RDH, and 16S 

(housekeeping gene) was quantified via qRT-PCR from 21 individual deep and 21 individual 

shallow C5 copepodids. Expression of Hsp21, Hsp22, and RDH was measured using SsoFast 

EvaGreen Supermix, and the other genes were measured using iQ SYBR Green Supermix (Bio- 

Rad). In all Hsp assays, plasmid standards were run in duplicate on the same plate. For each 

gene, all samples were run in duplicate wells on a single plate. 

All qRT-PCR reactions were run in an iCycler iQ Real-Time PCR detection system (Bio- 

Rad). The iQ SYBR Green PCR mixture consisted of 11 μl molecular biology grade distilled 

water, 12.5 μl iQ SYBR Green Supermix, 0.25 μl 5’-primer (10 μM), 0.25 μl 3’ primer (10 μM), 

and 1 μl cDNA. The PCR conditions were: 95°C/30 min; 40 cycles of 95°C/15 s, 64-66°C/45 s. 

The SsoFast EvaGreen PCR mixture consisted of 9 μl molecular biology grade distilled water 

12.5 EvaFast, 1.25 μl 5’-primer (10 μM), 1.25 μl 3’ primer (10 μM), and 1 μl cDNA. The PCR 

conditions were: 95°C/30 min; 40 cycles of 95°C/5 s, 62-64°C/45 s. After amplification by either 

procedure, PCR products from each reaction were subjected to melt-curve analysis to ensure that 

only a single product was amplified. Selected products were also visualized on 15% TBE gels 

and consistently yielded single bands. 
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 Normalization and analysis of qRT-PCR expression data 

For both the handling experiment and the diapause study, 16S ribosomal RNA was 

used as a housekeeping gene (Tarrant et al., 2008). Expression was normalized using the Pfaffl 

method (Pfaffl, 2001), a relative quantification approach that allowed for consistent comparison 

of gene expression without requiring plasmid standards  

(‘Expression’ = Etarget
ΔCt target(sample-calibrator)/E16S 

ΔCt 16S (sample-calibrator)). For each of the Hsps the 

amplification efficiency was calculated from a standard curve generated by amplification of 

serially diluted plasmid standards. The amplification efficiencies for ELOV, RDH, and ferritin 

were previously calculated from a relative standard curve of serially diluted cDNA (Tarrant et 

al., 2008). To calculate the ‘Expression’ of each Hsp, the mean threshold cycle (Ct) of the 0-hour 

treatment samples (handling experiment) or of the shallow samples (diapause study) was used as 

the ‘calibrator’ (also known as the reference sample). The Ct values for duplicate wells were 

averaged and relative expression values were base-10 log-transformed for statistical analysis. 

 

Statistical analysis 

Two-sample, two-tailed t-tests for the morphometric parameters, RNA:DNA ratios, and 

expression of ELOV, RDH, and ferritin were performed to confirm that deep and shallow 

samples represented diapausing and active copepods, respectively. 16S and Hsp expression in 

deep and shallow samples were also evaluated with two-sample, two-tailed t-tests. One-way 

ANOVAs were used to compare qRT-PCR expression between handling stress treatments (0, 2, 

and 3 hour). Planned posthoc comparisons (Dunnett test) in genes with significant ANOVA 

results compared the 0-hour treatment mean (control) with the 2- and 3- hour treatment sample 

means. 

 

RESULTS: 

Identification of C. finmarchicus Hsp genes and phylogenetic analyses 

Through a search of the C. finmarchicus ESTs at NCBI, we identified eight different 

putative Hsp sequences (Hsp90; 4 forms of Hsp70 designated Hsp70A, Hsp70B, Hsp70C and 

Hsp70D; Hsp21; Hsp22; and p26; Table 1). The Hsp70 forms and Hsp90 were highly conserved, 

with Expect values (E-values) less than 10-40 and about 50% identity with Hsp proteins 

previously annotated from Artemia. In comparison, the small Hsps (Hsp21, Hsp22, p26) were 
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more variable, with larger E-values and about 30% identity with amino acid sequences from 

Artemia. The partial Hsp sequences we amplified ranged in size from 361 to 637 bp (Table 1). 

Alignments of our C. finmarchicus clones with several crustacean and insect Hsp sequences 

demonstrated that the cloned Hsp70A and Hsp90 sequences encode the 3’ ends of the predicted 

proteins, while Hsp70 (B, C, and D), Hsp21, Hsp22, and p26 all encode the 5’ ends (Fig. A.1-5, 

respectively). 

Phylogenetic analyses based on maximum likelihood criteria confirm that the C. 

finmarchicus sequences are members of the Hsp70 and Hsp90 families (Fig. 1 and 2, 

respectively). In the Hsp70 analysis we considered the sequences of bacterial origin (i.e., the 

monophyletic group of bacteria, plastid, and mitochondrial sequences) as the outgroup. 

Similarly, bacterial Hsp90 homologs (high-temperature protein G, HTPG; Chen et al., 2006) 

were used to root the Hsp90 tree. All three monophyletic groups of the Hsp70 family that have 

been described in animals are represented by our four partial Hsp70 sequences: one form is 

closely related to cytosolic forms of Hsp70 (i.e., Hsp70A), two to mitochondrial forms (Hsp70B, 

and Hsp70C), and one to endoplasmic reticulum-associated forms (Hsp70D). The Hsp70 

sequences that were identified in our study are distinct from those previously examined in C. 

finmarchicus (Hansen et al., 2007; Voznesensky et al., 2004) (Fig. 1).The Hsp70 described by 

Voznesensky (2004) falls into a clade with Hsp70A from our study and an Hsp70 from the 

intertidal copepod Tigriopus japonicus (Rhee et al., 2009) although bootstrap support for this 

clade is weak (< 50%). The two C. finmarchicus sequences in this clade share only 58% identity, 

suggesting that they represent distinct genes. The C. finmarchicus Hsp70 described by Hansen et 

al. (2008) falls into a clade distinct from the subfamilies associated with the cytosol, endoplasmic 

reticulum, and bacterial origin. Sequences within this clade include divergent human and 

Drosophila Hsp70-like genes (e.g., human Hsp70_14 and Hsp70_4) that have been demonstrated 

in human to be functionally distinct from other forms of Hsp70 (Kaneko et al., 1997; Wan et al., 

2004). The Hsp90 that we have identified in C. finmarchicus is identical to an EST sequence 

previously reported by Hansen et al. (2007) and it falls into a well-supported clade (100% 

bootstrap support) with cytosolic (Hsp90A) sequences from other organisms including 

crustaceans, insects, and human (Fig. 2). 
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Handling experiments 

In a pilot study (data not shown), p26 was not as strongly induced as other small Hsps, 

and our assay did not reliably amplify Hsp70C (melt curves indicated non-specific products); 

therefore, expression of p26 and Hsp70C were not measured in the handling experiment. Of the 

six examined Hsps (Hsp90, Hsp70A, Hsp70B, Hsp70D, Hsp21 and Hsp22), expression of three 

of these was significantly induced in shallow animals by a handling stress of increased waiting 

time before sampling: Hsp70A (one-way ANOVA; F = 4.38, p = 0.023), Hsp21 (F = 4.99, p = 

0.015) and Hsp22 (F = 4.22, p = 0.027). Expression of Hsp70A, Hsp21, and Hsp22 was 

significantly higher in the 3-hour treatment relative to the control treatment at hour 0 (Dunnett’s 

test: D = 2.34, 2.34, 2.35, respectively; Fig. 3). The median expression in the 3-hour treatment 

for Hsp70A, Hsp21, and Hsp22 was 2.95, 2.11, and 1.82 times higher than in the 0-hour 

treatment, respectively. Expression of these three Hsp transcripts was not significantly different 

between the 2-hour and 0-hour treatments. Genes previously identified as molecular markers of 

diapause (ELOV, ferritin, RDH) (Tarrant et al., 2008) showed no significant change in 

expression with handling stress (one-way ANOVA; F =2.087, p = 0.15 for ELOV, F = 0.21, p = 

0.81 for ferritin, F = 3.13, p = 0.061 for RDH; there was suggestive, but inconclusive, evidence 

that expression of RDH was lower during later sampling periods when compared to hour zero). 

 

Outliers 

Scatterplots of all morphological and gene-expression data were used to identify outliers 

(not shown). Two individual shallow C. finmarchicus C5 copepodids collected in 2006 for the 

diapause study had degraded oil sacs when photographed (thereby eliminating the possibility of 

estimating oil sac volume and fractional fullness) and were therefore excluded from these 

morphometric analyses. Two individual deep C. finmarchicus C5 copepodids collected in 2006 

were also excluded from further analysis based on very low expression of the housekeeping gene 

and every other gene examined, likely caused by mRNA degradation. Finally, a few individual 

wells produced poor melt curves during amplification of p26 and Hsp70D so these wells and 

their replicates were eliminated from further analysis of p26 and Hsp70D. Removal of all 

outliers due to low expression or poor melt curves yielded individual deep copepod samples of n 

= 18 (p26), n = 16 (Hsp70D), and n = 19 (all other genes), and n = 21 individual shallow 

copepod samples for all genes in the diapause study. 
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Hallmarks of diapause 

For all examined physiological, biochemical, and molecular indicators of diapause, the 

shallow and deep samples followed patterns expected of active and diapausing copepods, 

respectively (Table 3). Morphometric analysis demonstrated that animals collected from deep 

water had significantly larger oil sac volumes and greater oil sac fractional fullness, as would be 

expected of diapausing copepods. A majority of the shallow animals had food in their guts while 

the guts of all examined individual deep copepodids were empty. Higher RNA to DNA ratios, 

reflective of increased transcriptional activity, were observed in shallow animals. Moreover, 

expression of genes related to lipid synthesis (ELOV and RDH) were significantly lower while 

ferritin expression was significantly higher in deep animals (Fig. 4a-c). As expected, expression 

of the housekeeping gene, 16S, did not significantly differ between the shallow and deep samples 

(two-sample, two-tailed t-test; t = 0.48, p = 0.93; Fig. 4d). 

 

Hsp expression in deep and shallow samples 

Expression of the eight cloned Hsps was quantified in deep and shallow copepod samples 

(Fig. 5); Hsp70C expression was below the sensitivity of our assay and was not analyzed further. 

Two of the Hsps (Hsp70A and Hsp22) exhibited significantly different expression between the 

deep and shallow samples (two-sample, two-tailed t-tests; Hsp70A: t = -5.86, p < 0.0001; Hsp22: 

t = 3.15, p = 0.0032). The median expression of Hsp70A was 7.52 times higher in the shallow 

samples than in the deep samples (95% CI: 3.74-15.09), while the median expression of Hsp22 

was 2.19 times higher in the deep samples than in the shallow samples (95% CI: 1.32-3.62). 

There was suggestive, but inconclusive, evidence that p26 expression was also higher in the deep 

samples (t = 1.80, p = 0.081). 

 

DISCUSSION: 

In this study we isolated 8 Hsp transcripts (Hsp90, Hsp70A, Hsp70B, Hsp70C, Hsp70D, 

Hsp21, Hsp22, p26) and examined their expression in association with diapause and handling 

stress in the marine copepod Calanus finmarchicus. The cloned C. finmarchicus Hsps showed 

high sequence similarity to corresponding genes from shrimp and Artemia, with the greatest 

conservation among Hsp90 and Hsp70 forms and relatively lower conservation among small 

Hsps. These findings are consistent with observations that small Hsps have diversified within 
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many lineages and generally exhibit a lower degree of conservation (reviewed by Denlinger et 

al., 2001; Haslbeck et al., 2005). Phylogenetic analyses based on maximum likelihood trees 

indicate that the C. finmarchicus Hsp70 and Hsp90 transcripts represent cytosolic (Hsp70A, 

Hsp90), mitochondrial (Hsp70B and Hsp70C) and endoplasmic reticulum (Hsp70D) forms. 

Cytosolic forms of Hsp70 and Hsp90 are of particular interest for this study because these forms 

are typically induced in response to stress (Chen et al., 2006; Daugaard et al., 2007; Taipale et 

al., 2010). While Hsp mRNA expression has been shown in many studies to be an accurate 

indicator of stress responsiveness and/or preparation for diapause in a variety of species (e.g. 

Tungjitwitayakul et al., 2008; Yocum, 2001; Zhang and Denlinger, 2009), future studies may 

benefit from measuring both mRNA and protein expression, as these two can indicate different 

regulatory processes and timescales of response. 

Exposure to a handling stress of increased waiting time before sampling induced two 

small Hsps (Hsp21 and Hsp22), as well as Hsp70A. Induction of small Hsps in C. finmarchicus 

was not surprising, as they play a direct role in stress tolerance in arthropods (Clegg et al., 1999; 

MacRae, 2010; Qiu and MacRae, 2008). The cytosolic Hsp70 subfamily includes a mixture of 

constitutively expressed (cognate) and inducible forms (Daugaard et al., 2007), with the 

inducible genes varying among taxa (e.g., in mammals the cognate and inducible forms of 

cytosolic Hsp70 resulted from lineage-specific duplication and subsequent diversification). 

Induction of Hsp70 has been reported following thermal stress in C. finmarchicus (Voznesensky 

et al., 2004) and following thermal stress or metal exposure in the intertidal copepod Tigriopus 

japonicus (Rhee et al., 2009). Our phylogenetic analysis showed that the sequences from 

Voznesensky et al. (2004) and Rhee et al. (2009) fall within the cytosolic Hsp70 subfamily and 

form a clade with C. finmarchicus Hsp70A, which was induced by handling in our study (Fig. 1). 

In contrast, Hsp70B, Hsp70C, and Hsp70D clustered with constitutively expressed mitochondrial 

and endoplasmic reticulum forms, so we expected that they would not be induced by stress. Our 

results confirm this, as none of these transcripts were significantly induced by handling stress. 

Our phylogenetic analysis also clustered the C. finmarchicus Hsp70 sequence previously 

identified by Hansen et al. (2008) with human Hsp70-like proteins (Hsp70_14, Hsp70_4) that are 

known to share low sequence and functional similarity with cytosolic Hsp70 forms (Kaneko et 

al., 1997; Wan et al., 2004). Therefore, previously reported differences in C. finmarchicus Hsp70 

inducibility by stressors (Hansen et al., 2008; Voznesensky et al., 2004) may be attributed, at 
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least in part, to differences in the ‘Hsp70’ transcripts examined. Cytosolic forms of Hsp90 are 

also sometimes induced in response to stress (Chen et al., 2006; Taipale et al., 2010); however, 

this is not observed in all species. Cytosolic Hsp90 was not significantly induced by thermal 

stress in T. japonicus (Rhee et al., 2009) or by naphthalene exposure in C. finmarchicus (Hansen 

et al., 2008), although Hansen et al. (2007) suggested that Hsp90 may be induced by combined 

chemical and thermal stress in C. finmarchicus. Hsp90 was not induced by handling in our study. 

Unlike the small Hsps, Hsp90 does not play a direct protective role in stabilizing denatured 

proteins (reviewed by MacRae, 2010) but acts as a molecular chaperone to enable the proper 

folding of a wide range of cellular proteins (Taipale et al., 2010), which may help explain our 

findings. 

Two of the genes induced by handling stress in shallow samples, Hsp70A and Hsp22, 

were also differentially expressed between active and diapausing copepods. Diapause was 

classified using both traditional and molecular markers (Table 3), and associations between these 

two markers were identical to those observed by Tarrant et al. (2008). Expression of Hsp70A was 

both elevated in active animals and induced upon handling in shallow samples. We speculate that 

the observed differential expression of this gene reflects greater exposure of copepods to 

stressors while active in the upper ocean, such as temperature gradients encountered during diel 

vertical migrations, visual predators, solar radiation (including ultraviolet radiation; Wold and 

Norrin, 2004), turbulence, and starvation. In contrast, diapausing copepods likely experience a 

more stable environment at depth with far fewer stressors. Like Hsp70A, Hsp22 was induced 

upon handling in shallow samples; however, Hsp22 expression was elevated in diapausing 

animals. These observations could be explained by differential induction of Hsp22 during the 

process of collecting active and diapausing samples (i.e., if Hsp22 is more inducible in 

diapausing copepods); however, we consider this unlikely since diapausing copepods are 

expected to be in a state of torpor with reduced responsiveness to external stimuli (Hirche, 1983). 

Instead, we speculate that Hsp22 plays a role in both stress response and diapause in C. 

finmarchicus. Qiu and MacRae (2008) found that in Artemia, Hsp22 is similarly induced both in 

response to thermal stress and in preparation for diapause. 

The role of Hsp70 and Hsp90 in mediating diapause varies greatly among insect taxa. For 

example, while changes in Hsp70 expression are not a component of the larval diapause of the 

blowfly (Tachibana et al., 2005), the pupal diapause of the corn earworm (Zhang and Denlinger, 
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2009) or the adult diapause of a fruit fly (Goto et al., 1998), Hsp70 is highly induced in the pupal 

diapause of the solitary bee (Yocum et al., 2005) and the onion maggot (Chen et al., 2006). 

Conversely, Hsp70 is down-regulated in the larval diapause of the corn stalk borer (Gkouvitsas 

et al., 2009) and the bamboo borer (Tungjitwitayakul et al., 2008). Hsp90 demonstrates similar 

discrepancies in diapause-related expression patterns, including down-regulation in the pupal 

diapause of the flesh fly (Rinehart and Denlinger, 2000), up-regulation at the termination of the 

larval diapause of the blow fly (Tachibana et al., 2005), and constant expression in the pupal 

diapause of the solitary bee (Yocum et al., 2005). 

The variation in diapause-associated expression patterns of Hsp70 and Hsp90 among taxa 

cannot be attributed to differences in the developmental stage at which diapause occurs. In 

addition, our phylogenetic analyses demonstrate that all of the genes described in the studies 

cited in the preceding paragraph belong to the cytosolic subfamilies (Fig. B.1 and B.2); therefore, 

variability in Hsp70 and Hsp90 expression patterns among taxa cannot be attributed to different 

subfamily membership. However, within the Hsp subfamilies, more recent duplication events 

have given rise to multiple isoforms of cytosolic Hsp70 and Hsp90 genes (Chen et al., 2006; 

Daugaard et al., 2007; Taipale et al., 2010). In our analyses, non-inducible and inducible (both 

positively and negatively by diapause) Hsp70 and Hsp90 isoforms were distributed throughout 

the clusters of the cytosolic subfamily, which highlights the need for studies of the inducibility 

and function of individual Hsp isoforms. 

In conclusion, this study represents the first characterization of Hsp expression in 

association with diapause in a calanoid copepod and expands the current understanding of the 

molecular regulation of diapause. We have identified a small Hsp (Hsp22) that is upregulated 

during diapause. We have also identified three Hsps (Hsp70A, Hsp21, and Hsp22) that were 

induced by handling stress. We now know that diapause in C. finmarchicus is marked by 

changes in lipid metabolism (FABP, ELOV, RDH), endocrine signaling (EcR), and protection 

from cellular stress and protein degradation (Hsp22, ferritin) (Tarrant et al., 2008, current study). 

Enhanced stress tolerance is a particularly common feature of diapause, regardless of the 

developmental stage during which diapause occurs and/or differences in the degree of metabolic 

arrest (MacRae, 2010; Qiu, 2008; Rinehart et al., 2007; Sonoda et al., 2006). In the case of C. 

finmarchicus, the environmental conditions experienced during diapause are relatively minor 

(i.e., small variation in temperature, not subject to freezing or desiccation) compared to those 
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experienced by overwintering insects or Artemia cysts, so the induction of ferritin and Hsp22 

may be sufficient for protection of proteins and other cellular components. Future work will be 

needed to identify the full complement of genes and protein products associated with diapause, 

and particularly the mechanisms that regulate preparation for and emergence from diapause. 
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Figure legends: 

Fig. 1 : Maximum likelihood analysis of Hsp70 from Calanus finmarchicus and representative 

Hsp70 sequences. Bootstrap percentages of 1000 replicates are indicated above branches when 

they are greater than 50%.  Sequences of bacterial origin (i.e., the monophyletic group of 

bacteria, plastid, and mitochondrial sequences) were used as the outgroup. Sequences selected 

for these analyses are principally from Rhee et al. (2009), Boorstein et al. (1994), and Daugaard 

et al. (2007) with some additions (Table B.1 for full list of sequences and accession numbers). 

‘ C. finmarchicus 70 (V)’ and ‘ C. finmarchicus 70 EST’ represent Hsp70 sequences previously 

characterized by Voznesensky et al. (2004) and Hansen et al. (2008), respectively.  Symbols 

denote Hsp70 forms that are non-inducible [�] and inducible [(+)] by stress as described in this 

study as well as in studies listed in Table B.1. Distance bar at the bottom of the tree indicates 

branch length scale, or the number of substitutions per amino acid site. 

 

Fig. 2: Maximum likelihood analysis of Hsp90 from Calanus finmarchicus and representative 

cytosolic (Hsp90A), endoplasmic reticulum (Hsp90B), chloroplast (Hsp90C) and mitochondrial 

(TRAP) Hsp90 genes. Bootstrap percentages of 1000 replicates are indicated above branches 

when they are greater than 50%.  Bacterial Hsp90 homologs (i.e., high-temperature protein G, 

HTPG) sequences were used to root the tree. Sequences are primarily from Chen et al. (2005; 

2006) with some additions (see Table B.2 for full list of sequences and accession numbers). 

Symbols denote copepod Hsp90 forms that are non-inducible [�] and inducible [(+)] by stress as 

described in this study and Rhee et al. (2009). Distance bar at the bottom of the tree indicates 

branch length scale, or the number of substitutions per amino acid site. 

 

Fig. 3 (a-f). Sample means (± 95% CI) and jitter plots of base-10 log-transformed gene 

expression of pooled (3 individuals/tube) shallow Calanus finmarchicus C5 copepodids exposed 

to handling stress. Expression was calculated relative to mean expression at t = 0 hour and 

normalized to 16S rRNA expression. Expression of Hsp70A, Hsp21, and Hsp22 was significantly 

higher in the 3-hour treatment than in the 0-hour treatment (Dunnett test values represented by 

‘D’ = 2.34, 2.34, 2.35, respectively; p < 0.05). 
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Fig. 4 (a-d). Sample means (± 95% CI) and jitter plots of base-10 log-transformed gene 

expression of ELOV, RDH, ferritin, and 16S in individual deep (�) and shallow (�)  Calanus 

finmarchicus C5 copepodids. Expression values are calculated relative to mean expression in 

shallow samples and normalized to 16S rRNA expression (for ELOV, RDH, and ferritin).  

 

Fig. 5 (a-g). Sample means (± 95% CI) and jitter plots of base-10 log-transformed Hsp 

expression in individual deep (�) and shallow (�)  Calanus finmarchicus C5 copepodids. 

Expression was calculated relative to mean expression in shallow samples and normalized to 16S 

rRNA. 
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Table 1.  Annotation of cloned Calanus finmarchicus Hsps.  Accession numbers are 
given for the selected crustacean Hsps used to search the EST database (“BLAST 
input”) and the subsequent C. finmarchicus EST hits. Portions of each EST sequence 
were cloned in the present study. The percent identity was calculated as the 
percentage of identical amino acids in the input sequence relative to the C. 
finmarchicus EST.  

       

Gene Name 
BLAST 
input 

Calanus 
EST hit 

EST 
length 
(bp) aE-value 

Input/EST 
identity 

(% 
identity) 

Cloned 
sequence 

length 
(bp) 

Hsp90 
Metapenaeus 

ensis 
(ABR66910) 

ES414827 413 7.00E-41 104/128 
(81) 361 

Hsp70A 
Artemia 

franciscana 
(AAL27404) 

EL965576 667 1.00E-71 152/221 
(53) 630 

Hsp70B 
Artemia 

franciscana 
(AAL27404) 

EH666605 650 6.00E-57 110/205 
(53) 586 

Hsp70C 
Artemia 

franciscana 
(AAL27404) 

ES237720 665 1.00E-55 110/211 
(52) 637 

Hsp70D 
Artemia 

franciscana 
(AAL27404) 

FG342764 496 5.00E-52 102/164 
(62) 463 

Hsp21 
Artemia 

franciscana 
(ABD19712) 

EH667182 700 4.00E-07 30/102 
(29) 536 

Hsp22 
Artemia 

franciscana 
(ABD19713) 

FK041659 665 1.00E-09 30/87 
(34) 502 

p26 
Artemia 

franciscana 
(ABC41138) 

EH666286 634 3.00E-13 34/97 
(35) 551 

aE-values based on BLAST search on 5 August 2010. 
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Table 2.  Oligonucleotide primer sequences and annealing temperatures (Tm) used in 
qPCR assays. IQMix and EvaFast are distinct qPCR reagents (see text for additional 
details). 

    
Gene Primer Sequence Tm IQMix Tm EvaFast 
Hsp90 F: 5'-TCATCCGGATTCAGCTTGGAG-3' 64 60 

  R: 5'-GGTGGCATGTCGCTGTCATC-3' 64 60 
Hsp70A F: 5'-CGAAACAGCAGGAGGAGTGATG-3' 64 60 

  R: 5'-TGACAGCAGGTTGGTTGTCTTG-3' 64 60 
Hsp70B F: 5'-TGGAGGGAAAGGCAGCTAAAG-3' 66 60 

  R: 5'-CATCGCTGGAACTAACCCAAGC-3' 66 60 
Hsp70D F: 5'-GGGTGGAGGTGATCCCTAATG-3' 66 60 

  R: 5'-TGCACCACTTCATCAGTCCAC-3' 66 60 
Hsp22 F: 5'-GGCTACAAGCCAAGTGAGCTG-3' — 64 

  R: 5'-GAGACCATGGTGTGGCCTTC-3' — 64 
Hsp21 F: 5'-TGCAAACACAGCAACAAGCTG-3' — 62 

  R: 5'-GCCTCGGAAAGAGCATTCTTC-3' — 62 
p26 F: 5'-CTTGCCAAGCATGAGACCAAG-3' 64 60 

  R: 5'-GGATTGACCCCAGATGGTAATG-3' 64 60 
ELOV F: 5'-GTCTGGTGGTGTTTCTTCTCC-3' 64 60 

  R: 5'-CACATGCAGAGAGGTAAGTTGG-3' 64 60 
RDH F: 5'-CTAGCCAGGTTGCTGATGAAG-3' — 64 

  R: 5'-TCTTGGAGATGGTGAGGTCTG-3' — 64 
ferritin F: 5'-AATATCAGACCAAGCGTGGAG-3' 64 60 

  R: 5'-AGCTTCCATTGCCTGAATAGG-3' 64 60 
16S F: 5'-AAGCTCCTCTAGGGATAACAGC-3' 64 62 

  R: 5'-CGTCTCTTCTAAGCTCCTGCAC-3' 64 62 
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Table 3.  Evidence for diapause in deep copepod samples. Two-sample, two-tailed 
t-tests were conducted using reported expectations as the alternative hypothesis. 
Sample sizes were as follows: n = 21 shallow, n = 19 deep. Gene expression 
reported as base-10 log-transformed differences relative to the average shallow 
sample expression. RNA:DNA ratios are also base-10 log transformed. 95% 
confidence intervals are provided for means, and asterisks indicate significance of 
the t-test as follows: ** indicates p < 0.0001, * indicates p = 0.0002.  
     
Indicator of diapause Expectation Deep Shallow t 
ELOV expression Deep < Shallow -1.77 ± 0.43 0.00 ± 0.28 -6.94** 
RDH expression Deep < Shallow -0.55 ± 0.23 0.00 ± 0.14 -4.05* 
Ferritin expression Deep > Shallow 0.81 ± 0.19 0.00 ± 0.15 6.51** 
Oil sac volume (mm³) Deep > Shallow 0.40 ± 0.053 0.14 ± 0.052 6.97** 
Oil sac fractional 
fullness (mm³) Deep > Shallow 0.78 ± 0.077 0.33 ± 0.098 7.43** 

RNA:DNA ratio Deep < Shallow 0.30 ± 0.12 0.67 ± 0.13 -4.23* 
Empty gut (%) Deep > Shallow 100% 9.5% N/A 
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Figure A.1: Alignment of translated Hsp70 sequences from Calanus finmarchicus (this study), 
Bombyx mori (BAA32395), Drosophila auraria (CAA04699), Artemia franciscana 
(AAL27404), Mytilus galloprovincialis (M.gall; AAW52766), and Manduca sexta (AAF09496). 
The Hsp70A sequence identified in this study is 210 amino acids and aligns at the 3’ end of the 
approximately 640 amino acid long Hsp70 protein while the Hsp70B, Hsp70C and Hsp70D 
clones range in size from 150-200 bp and align at the 5’ end. 
 

 

                             10        20        30        40        50        60        70              
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B.mori              MVKMRWSLFALVLVVPAVCADDKKEKDKDIGTVIGIDLGTTYSCVGVY.KNGRVEIIANDQGNRITPSYV  

D.auraria           ..............................MPAIGIDLGTTYSCVGVY.QHGKVEIIANDQGNRTTPSYV  

A.franciscana       ..........................MAKA.PAIGIDLGTTYSCVGVF.QHGKVEIIANDQGNRTTPSYV  

M.gall              ..........................MAKTGPAIGIDLGTTYSCVGVF.QHGKVEIIANDQGNRTTPSYV  

M.sexta             ..........................MAKA.PAVGIDLGTTYSCVGVF.QHGKVEIIANDQGNRTTPSYV  
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C.finmarchicus 70C  AFTEDGSKLVGAVARRQAVTNPLNTFYATKRLIGRRFDDPDTAKDQKIVPFKICEASNGDAWVEDDKG..  

C.finmarchicus 70D  AFTKDGGRLVGDAAKNQMTMNPANTIYDVKRLIGREWTDEVVQEEILHLPFKVKGGKQRPLIQVETSLGN  

B.mori              AFTQDGERLIGDAAKNQLTTNPENTVFDAKRLIGREWSDQTVQHDVKFFPFKVVEKNSKPHVQVQTSQGD  

D.auraria           AFT.DSERLIGDPAKNQVAMNPRNTVFDAKRLIGRKYDDPKIAEDMKHWPFKVVSDGGKPKIGVEYKGEA  

A.franciscana       AFT.DTERLIGDAAKNQVAMNPNNTIFDAKRLIGRRFEDATVQSDMKHWPFDVISDGGKPKVQVEFKGEK  

M.gall              AFT.DTERLIGDAAKNQVAMNPVNTVFDAKRLIGRKFDDATVQSDMKHWPFTVVNDASKPKVTVDYKGET  

M.sexta             AFT.DTDRLIGDAAKNQVAMNPNNTIFDAKRLIGRKFEDATVQADMKHWPFEVVSDGGKPKIKVAYKGED  
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C.finmarchicus 70C  KQYSPSQIGAFVLEKMKHTAEDFVGEKVKHAVVTVPAYFNDAQRQATKDAGKIAGLSVERVINEPTAACL  

C.finmarchicus 70D  KTFSPEGVSAMALEYMKNTAEEYLEKEVTDAVITVPAYFDDKQRQATK......................  

B.mori              KVFAPEEISAMVLTKMKETAEAYLGKKVTHAVVTVPAYFNDAQRQATKDAGTISGLNVMRIINEPTAAAI  

D.auraria           KRFAPEEISSMVLVKMRETAEAYLGETVTDAVITVPAYFNDSQRQATKDAGRIAGLNVLRIINEPTAAAL  

A.franciscana       KTFAPEEVSSMILVKMKETAEAYLGSPVSNAVITVPAYFNDSQRQATKDAGAIAGLNVLRIINEPTAAAI  

M.gall              KTFFPEEISSMVLVKMKETAEAYLGKLVNNSVITVPAYFNDSQGQATKDAGTISGMNVLRIINEPTAAAI  

M.sexta             KTFFPEEVSSMVLTKMKETAEAYLGKTVQNAVITVPAYFNDSQRQATKDAGTISGLNVLRIINEPTAAAI  
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                    ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus 70A  ......................................................................  

C.finmarchicus 70B  AYGMDK..SEDKVIAVFDLGGGTLMC............................................  

C.finmarchicus 70C  AYGLDKG.AEEQKIVVYDLGGGTFDVSILDM.......................................  

C.finmarchicus 70D  ......................................................................  

B.mori              AYGLDKK.EGEKNVLVFDLGGGTFDVSLLTIDNG.VFEVVATNGDTHLGGEDFDQRVMEHFIKLYKKKKG  

D.auraria           AYGLDKNLQGERNVLIFDLGGGTFDVSILTIDEGSLFEVRATAGDTDLGGEDFDNRLLTHLADEFKRKFR  

A.franciscana       AYGLDKKTVGEKNVLIFDLGGGTFDVSILTIEDG.IFEVKSTAGDTHLGGEDFDNRLVNHFVQEFKRKYK  

M.gall              AYGLDKKVGGERNVLIFDLGGGTFDVSILTIKDG.IFEVKSTSGDTHLGGEDFDNRMVNHFIQEFKRKHK  

M.sexta             AYGLDKKGSGERNVLIFDLGGGTFDVSILTIEDG.IFEVKSTAGDTHLGGEDFDNRMVNHFVQEFKRKYK  

 

                            290       300       310       320       330       340       350       

                    ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus 70A  ......................................................................  

C.finmarchicus 70B  ......................................................................  

C.finmarchicus 70C  ......................................................................  

C.finmarchicus 70D  ......................................................................  

B.mori              KDIRKDNRAVQKLRREVEKAKRALSSSHQVKIEIESFFEGDDSSETLTRAKFEELNMDLFRSTLKPVQKV  

D.auraria           KDLRSNPRALRRLRTAAERAKRTLSSSTEATIEIDALFEGHDFYTKVSRARFEELCPDLFRNTLQPVEKA  

A.franciscana       KDIAVNKRALRRLRTACERAKRTLSSSTQASIEIDSLFEGIDFYTSITRARFEELCADLFRGTLEPVEKS  

M.gall              KDISENKRAVRRLRTACERAKRTLSSSTQASVEIDSLFEGVDFYTSITRARFEELNADLFRGTMEPVEKA  

M.sexta             KDLTTNKRALRRLRTACERAKRTLSSSTQASIEIDSLFEGIDFYTSITRARFEELNADLFRSTMEPVEKS  
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M.gall              LRDAKLDKAAVHEIVLVGGSTRIPKIQKLLQDFFQGKELNKSINPDEAVAYGAAVQAAILSGDKSEEVQD  

M.sexta             LRDAKMDKSQIHDIVLVGGSTRIPKVQKLLQDFFNGKELNKSINPDEAVAYGAAVQAAILHGDKSEEVQD  
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M.sexta             LLLLDVTPLSLGIETAGGVMTTLIKRNTTIPTKQTQTFTTYSDNQPGVLIQVFEGERAMTKDNNLLGKFE  
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M.sexta             LTGIPPAPRGVPQIEVTFDIDANGILNVSAVEKSTNKENKITITNDKGRLSKEEIERMVNEAEKYRNEDE  
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M.sexta             KQKETIQAKNALESYCFNMKSTMED.EKLKDKISDSDKQTILDKCNDTIKWLDSNQLADKEEYEHKQKEL  

 

                            640       650       660       670       680           

                    ....|....|....|....|....|....|....|....|....|....|....|. 

C.finmarchicus 70A  EEMTRPMMSK..............................................  

C.finmarchicus 70B  ........................................................  

C.finmarchicus 70C  ........................................................  

C.finmarchicus 70D  ........................................................  

B.mori              EDVVQPIIAKLYQGQGGVP.............PPGAPEDDDFKDEL..........  

D.auraria           TRHCSPIMTKMHQQGAGAQ.............AGGGPGANCGQQAGGFGG......  

A.franciscana       EKVCNPIITKLYGQAGGML.......ADSLVVWRSSSGCYCSRCWNRQWPNY....  

M.gall              EGVCNPIITKLYQSAGGAPGGGMPNFGGAGGAPGGAPGAGGT..GGSGGPTIEEVD  

M.sexta             EGICNPIITKLYQGAGGMP.GGMP..GGMPGFPGGAPGAGGAAPGGGAGPTIEEVD  
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Figure A.2: Alignment of translated Hsp90 sequences from Caenorhabditis elegans 
(NP_506626.1), Calanus finmarchicus (this study), Metapenaeus ensis (ABR66910.1), Penaeus 

monodon (ABM54577.1), Drosophila melanogaster (D.mel; NP_523899.1), and Apis mellifera 
(NP_001153536.1). The partial Hsp90 sequence identified in this study represents 119 amino 
acids and aligns at the 3’ end of Hsp90A (~720 amino acids).  

 
 

                         10        20        30        40        50        60        70              

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  ......................................................................  

C.elegans       .......MSENAETFAFQAEIAQLMSLIINTFYSNKEIYLRELISNASDALDKIRYQALTEPSELDTGKE  

M.ensis         ..MVEETMTEEVETFAFQAEIAQLMSLIINTFYSNKEIFLREIISNSSDALDKIRYESLTDPSKLDSGKD  

P.monodon       ..MPEETMSEEVETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNSSDALDKIRYESLTDPSKLESGKD  

D.mel           .......MPEEAETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNASDALDKIRYESLTDPSKLDSGKE  

A.mellifera     MSTEMETKAEDVETFAFQAEIAQLMSLIINTFYSNKEIFLRELISNSSDALDKIRYESLTDPSKLDNGKE  

 

                         80        90       100       110       120       130       140         

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  ......................................................................  

C.elegans       LFIKITPNKEEKTLTIMDTGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSAFLVA  

M.ensis         LFIKLVPNKEDRTLTIIDSGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSAYLVA  

P.monodon       LFIKLVPNKDDRTLTIIDSGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSAYLVA  

D.mel           LYIKLIPNKTAGTLTIIDTGIGMTKSDLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSAYLVA  

A.mellifera     LFIKIIPNKNDGTLTIIDTGIGMTKADLVNNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSAYLIA  

 

                        150       160       170       180       190       200       210       

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  ......................................................................  

C.elegans       DKVVVTSKNNDDDSYQWESSAGGSFVVRPFNDPEVTRGTKIVMHIKEDQIDFLEERKIKEIVKKHSQFIG  

M.ensis         DKVTVVSKNNDDEQYVWESSAGGSFTVRHDTGEPIGRGTRITLHLKEDQTEYLEERRVKEIVKKHSQFIG  

P.monodon       DKVTVVSRNNDDEQYIWESSAGGSFTVRHDTGEPIGRGTKITLHLKEDQTEYLEERRVKEIVKKHSQFIG  

D.mel           DKVTVTSKNNDDEQYVWESSAGGSFTVRADNSEPLGRGTKIVLYIKEDQTDYLEESKIKEIVNKHSQFIG  

A.mellifera     DKVTVISKHNDDEQYLWESSAGGSFTVRHDNGETLGRGTKIVLHVKEDQAEYLEESKIKEIVKKHSQFIG  

 

                        220       230       240       250       260       270       280       

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  ......................................................................  

C.elegans       YPIKLVVEKEREKEVEDEEA.......VEAKDEEKKEGEVENVADDA........DKKKTKKIKEKYFED  

M.ensis         YPIRLLVEKERDKEVSDDEEEEKE...EKEEEAEEDKPKIEDVGEDEDADKEKGDDKKKKKTVKEKYTED  

P.monodon       YPIKLLVEKERDKEVSDDEEEEKE...EKEEEAEEDKPKIEDVGEDEEADKEKGEDKKKKKTVKEKYTED  

D.mel           YPIKLLVEKEREKEVSDDEADDEKKEGDEKKEMETDEPKIEDVGEDEDADKKDK.DAKKKKTIKEKYTED  

A.mellifera     YPIKLVVQKEREKELSEDEAEEE....EEEKKEDDGKPKIEDVDENEEAPEEEG.KKKKKKTIKEKYTED  

 

                        290       300       310       320       330       340       350       

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  ......................................................................  

C.elegans       EELNKTKPIWTRNPDDISNEEYAEFYKSLSNDWEDHLAVKHFSVEGQLEFRALLFVPQRAPFDLFENKKS  

M.ensis         EELNKTKPLWTRNPDDISKEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFLPRRAPFDLFENRKQ  

P.monodon       EELNKTKPLWTRNPDDISKEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFLPRRAPFDLFENRKQ  

D.mel           EELNKTKPIWTRNPDDISQEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFIPRRTPFDLFENQKK  

A.mellifera     EELNKTKPIWTRNSDDITQEEYGEFYKSLTNDWEDHLAVKHFSVEGQLEFRALLFIPKRMPFDLFENKKR  

 

                        360       370       380       390       400       410       420       

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  ......................................................................  

C.elegans       KNSIKLYVRRVFIMENCEELMPEYLNFIKGVVDSEDLPLNISREMLQQSKILKVIRKNLVKKCMELIDEV  

M.ensis         KNKIKLYVRRVFIMENCEELIPEYLNFINGVVDSEDLPLNISREMLQQNKILKVIRKNLVKKTLELFEEL  

P.monodon       KNKIKLYVRRVFIMENCEELIPEYLNFINGVVDSEDLPLNISREMLQQNKILKVIRKNLVKKTLELFEEI  

D.mel           RNNIKLYVRRVFIMDNCEDLIPEYLNFMKGVVDSEDLPLNISREMLQQNKVLKVIRKNLVKKTMELIEEL  

A.mellifera     KNNIKLYVRRVFIMDNCEQLIPEYLNFIKGVVDSEDLPLNISREMLQQNKILKVIRKNLVKKCIELFEEL  

 

                        430       440       450       460       470       480       490       

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  ......................................................................  

C.elegans       AEDKDNFKKFYEQFGKNLKLGIHEDSTNRKKLSDFLRYSTSA.GDEPTSLKEYVSRMKENQTQIYYITGE  

M.ensis         IDDKESYKKFYENFSKNLKLGIHEDSTNRKKLAEFLRYHTSASGDEMSSLKEYVSRMKENQKHIYFITGE  

P.monodon       VDDKESYKKFYENFSKNLKLGIHEDSTNRKKLAEFLRYHTSASGDEMSSLKEYVSRMKENQKHIYFITGE  
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D.mel           TEDKENYKKFYDQFSKNLKLGVHEDSNNRAKLADFLRFHTSASGDDFCSLADYVSRMKDNQKHVYFITGE  

A.mellifera     AEDKDNYKKFYEQFSKNIKLGIHEDSSNRNKLSDLLRYHTSSSGDEVCSLKDYVGRMKENQKHIYFITGE  

 

                        500       510       520       530       540       550       560       

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  ......................................................................  

C.elegans       SKDVVAASAFVERVKSRGFEVLYMCDPIDEYCVQQLKEYDGKKLVSVTKEGLELPETEEEKKKFEEDKVA  

M.ensis         TREQVQNSAFVERVKKRGFEVIYMTEPIDEYCVQQLKEYDGKQLVSVTKEGLELPEDEEEKKKFEEQKTK  

P.monodon       TREQVQNSAFVERVKKRGFEVIYMTEPIDEYCVQQLKEYDGKQLVSVTKEGLELPEDEEEKKKFEEQKTK  

D.mel           SKDQVSNSAFVERVKARGFEVVYMTEPIDEYVIQHLKEYKGKQLVSVTKEGLELPEDESEKKKREEDKAK  

A.mellifera     SKDQVANSSFVERVKKRGFEVVYMTEPIDEYVVQQMKEFDGKQLVSVTKEGLEFPEDEDEKKKREEDKAK  

 

                        570       580       590       600       610       620       630       

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  .........................................NMERIMKAQALRDTSTMGYMAAKKHLEIN  

C.elegans       YENLCKVIKDILEKKVEKVGVSNRLVSSPCCIVTSEYGWSANMERIMKAQALRDSSTMGYMAAKKHLEIN  

M.ensis         FENLCKVMKDILDKRVEKVVVSNRLVTSPCCIVTSQYGWTANMERIMKAQALRDTSTMGYMAAKKHLEIN  

P.monodon       FENLCKVMKDILDKRVEKVVVSNRLVTSPCCIVTSQYGWTANMERIMKAQALRDTSTMGYMAAKKHLEIN  

D.mel           FESLCKLMKSILDNKVEKVVVSNRLVDSPCCIVTSQFGWSANMERIMKAQALRDTATMGYMAGKKQLEIN  

A.mellifera     YENLCKVMKNILDNKVEKVVVSNRLVDSPCCIVTSQYGWTANMERIMKAQALRDTSTMGYMAAKKHLEIN  

 

                        640       650       660       670       680       690       700       

                ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus  PDHAILENLRQRAEADKNDKSVKDLVMLLFETALLSSGFSLEDPAVHAQRIHRMIKLGLGIDDDTDDVAD  

C.elegans       PDHAIMKTLRDRVEVDKNDKTVKDLVVLLFETALLASGFSLEEPQSHASRIYRMIKLGLDIGDDEIEDSA  

M.ensis         PDHSIIETLRQKADADKNDKSVKDLVMLLFESSLLSSGFSLEDPGVHASRIYRMIKLGLGIDEDDSPIEE  

P.monodon       PDHSIIETLRQKADADKNDKSVKDLVMLLFESSLLSSGFSLEDPGVHASRIYRMIKLGLGIDEEDAPMEE  

D.mel           PDHPIVETLRQKADADKNDKAVKDLVILLFETSLLSSGFSLDSPQVHASRIYRMIKLGLGIDEDEPMTTD  

A.mellifera     PDHTIIETLHQKAETDKNDKAVKDLVILLFETALLSSGFTLDEPQVHAARIYRMIKLGLGIDEEESVPEE  

 

                        710       720        

                ....|....|....|....|....| 

C.finmarchicus  AVVDDSDMPPLEGDAEDASR.....  

C.elegans       VPSSCTAEAKIEGAEEDASRMEEVD  

M.ensis         AETQEEEMPPLEGDDEDASRMEEVD  

P.monodon       AETLEEDMPPLEGDDEDASRMEEVD  

D.mel           DAQSAGDAPSLVEDTEDASHMEEVD  

A.mellifera     QTT..EEIPPLEGDTEDSSRMEEVD  
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Figure A.3: Alignment of translated Hsp21 sequences from Calanus finmarchicus (this study), 
Artemia franciscana (ABD19712), and Bombyx mori (BAD74197.1). The Hsp21-like sequence 
identified in this study represents 181 amino acids aligned towards the middle of an 
approximately 200 amino acid long Hsp21 protein. 

 

                            10        20        30        40        50        60        70              

 

                   ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus 21  QMGSMQSMGQMGAVGGMQSQQTQSAKATQSVQAQQSILQTQQQAVESRGDVEDQDFFVPLKHIAKVKKNA  

A.franciscana 21   MSGMRLARSLLL.LGRPQSRHLFWGR............RTWDPFEELR..MIMREMENQFQNINQNVFKA  

B.mori 21          MADSGLKRNIPIKLGDFSVIDTEFSSIRERFDAE..MRKMEEEMSKFRSELMNRESNNFFKSTTSTTTSS  

 

                            80        90       100       110       120       130       140         

                   ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus 21  LS............EATAMAKMRD....GVFELVVNIHGFEPEDVKIVCVEQAVFVKAKH..VTAEGF.V  

A.franciscana 21   LPSSFK........EETAVPVISSKGDDNMYRLVLDLSGFKPEDVKIDLMDRNLRVTGKCEQKTSDGCRM  

B.mori 21          QHSDSRQLAEPSHWDSLNSPLIQDEGDGKTLKLRFDVSQYTPEEIVVKTVDNKLLVHAKHEEKSDTKS.V  

 

                           150       160       170       180       190       200            

                   ....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus 21  NNVYEQKFNLPEDVDTGKLTSGMSRDGILMIRVPRR..ASPERIIAIKRDVQI......DAVKKA  

A.franciscana 21   YHETQREYLLPENVNLNELKSAFTDSGYLTIEAPMPE.GMKPKEIPINRGAQQIESESKESKRED  

B.mori 21          YREYNREFLLPKGTNPEAIKSSLSRDGVLTVEAPLPQLAITDRNIPIQKH...............  
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Figure A.4: Alignment of translated Hsp22 sequences from Calanus finmarchicus (this study), 
Artemia franciscana (ABD19713), and Culex quinquefasciatus (XP_001847194). The Hsp22-
like sequence identified in this study represents 168 amino acids aligned towards the 5’ end of an 
approximately 200 amino acid long Hsp22 protein. 
 

                                10        20        30        40        50        60        70              

                       ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus 22      DHFLQDPFFNSSWSDMDKVRDHFAQ.QTQTMSKRFEDNWSKRESSLNADNRNNFSLVPASDPPMFKNLLM  

A.franciscana 22       MTTL.VPW.TDQWT..DPWEDPFADLPVETFTGRWRDPFAA.............DVYKPYGLPR.THLHR  

C.quinquefasciatus 22  MSIIPILF.RDSFM......DDFMR.PSIMEKSLFDDEFPA.............NLLVANIPTR.RG...  

 

                                80        90       100       110       120       130       140         

                       ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus 22      PRKWMMPKLFDDNFGSMLKMKDSNLISMKNDDTKMEISLDTAGYKPSELTVNVSDGEISIEGKHEEKS..  

A.franciscana 22       RRRRRRIRTVQRVFS.....RKGTDVRTREDDKEWEITMQLPGFLPSDITVNSTDKEIIVHGVHKERPDY  

C.quinquefasciatus 22  PKRRRCTCVTEN........QQNNAVQKKSRES.FEVSIDVQNFKPEEISVKMVDNYITVEGKHEEKQD.  

 

                               150       160       170       180       190       200       210       

                       ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus 22      ..EEGHTMVSRQFSKKYTLPAEAKLTEVASNL......................................  

A.franciscana 22       EGEEGY..VSREIRRRFVPPKTINPGELSSTFSSDGELRIHAPKAIPGE..PRQRRIQIMPAPIGSRFEG  

C.quinquefasciatus 22  ..EEGF..VSRHFVRKYRLPEGHDLEKVASSLSSDGVLTIRAPRLALPEVPAKERTIPIVRTEQIAEDEP  

 

                              

                       ....|.. 

C.finmarchicus 22      .......  

A.franciscana 22       ENEEEWP  

C.quinquefasciatus 22  KSQKTAD  
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Figure A.5: Alignment of translated p26 sequences from Calanus finmarchicus (this study), 
Artemia sinica (ABC41137.1), and Artemia franciscana (ABC41138). The p26-like sequence 
identified in this study represents 180 amino acids aligned towards the 5’ end of an 
approximately 200 amino acid long p26 protein. 
 

 

 

                            10        20        30        40        50        60        70              

                    ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus p26  KLGLPGTNVTQLLRFSDTLSAHIPIHSCTGLVWQSCAIQPSQSLVIHCNQPVGRTADSASMGDSDMSPKA  

A.sinica p26        MALNPWYGGFG..GMGDPWSDPFGFGGIGGGM.DLDIDRPFRRRMM.......RRAPDTSRALKELATPG  

A.franciscana p26   MALNPWCGGFG..GMTDPWSDPFGFGGFGGGM.DLDIDRPFRRRMM.......RRGPDTSRALKELATPG  

 

                            80        90       100       110       120       130       140         

                    ....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

C.finmarchicus p26  KVSYDQNKFEVESNVNDYLPEELSIKTEGDVLIVLAKHETKAEGGQSFVSKQFEQRFSLPSGVNPEKISS  

A.sinica p26        SLRDTADEFQVQLDVGHFLPNEITVKTTDDDILVHGKHDERSD.EYGHVQREFRRRYRLPEHVKPESVSS  

A.franciscana p26   SLRDTADEFQVQLDVGHFLPNEITVKTTDDDILVHGKHDERSD.EYGHVQREFRRRYRLPEHVKPESVSS  

 

                           150       160       170       180       190       200      

                    ....|....|....|....|....|....|....|....|....|....|....|....|... 

C.finmarchicus p26  KLSKDGFLTVTAPRESVAISAYK.............KKGAIENAPGQVYSQSE..........  

A.sinica p26        TLSSDGVLTIHAPKTALSSPTERIVPITPAPAVGRIEGGTAGTTTGSTASSTPARSTRSGGAA  

A.franciscana p26   TLSSDGVLTIHAPKTALSSPTERIVPITPAPAVGRIEGGTTGTTTGSTASSTPARTTRSGGAA  
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Table B.1: Hsp70 sequences used in phylogenetic analyses. Hsp70 sequences and information regarding their cellular localization and 
responsiveness to stress are principally from Rhee et al. (2009), Boorstein et al. (1994), Daugaard et al. (2007), and MacRae (2010) as 
noted, with some additions. 

Species Common name Localization  
c
Stress/ 

e
Amino acid Reference 

   

d
diapause 

        response     

Bacillus megaterium Hsp70 Bacteria 

  
P05646 Boorstein et al., 1994 

Chlamydophila pneumoniae Hsp70 Bacteria 

  
AAA23121.1 Boorstein et al., 1994 

Culex quinquefasciatus EST Mosquito aMitochondria 

 
FF223480 

 
Drosophila melanogaster Hsc5 Fruit fly 

a
Bacterial 

origin cNot inducible NP_523741 

 
Escherichia coli Hsp70 Bacteria 

  
P04475 Boorstein et al., 1994 

Haematobia irritans EST Horn fly aMitochondria 

 
FD461791 

 
Homo sapiens Hsp70_9 Human Mitochondria cNot inducible NP_004125.3 Daugaard et al., 2007 

Porphyra purpurea Hsp70  Red algae Plastid 

 
CAA44160.1 Boorstein et al., 1994 

Saccharomyces cerevisiae SSC1 Baker's yeast Mitochondria 

 
AAA63792.1 Boorstein et al., 1994 

      
Aedes aegypti Hsc70 Mosquito aER cNot inducible ABF18258 Rhee et al., 2009 

Bombyx mori Hsp70  Silk moth aER cInducible BAA32395 Rhee et al., 2009 

Drosophila melanogaster Hsp70_3 Fruit fly aER cNot inducible NP_727563 

 
Homo sapiens Hsp70_5 Human ER cNot inducible NP_005338 Daugaard et al., 2007 

Nasonia vitripennis EST Parasitic wasp aER 

 
XM_001606413 

Saccharomyces cerevisiae KAR2 Baker's yeast ER 

  
Boorstein et al., 1994 

Schizosaccharomyces pombe  Fission yeast ER 

 
CAA45762 Boorstein et al., 1994 

Spodoptera frugiperda Hsc70 Fall armyworm aER cNot inducible AAN86047 Rhee et al., 2009 

      
Artemia  franciscana Hsp70 Brine shrimp aCytoplasm 

 
AAL27404 Rhee et al., 2009 

Blomia tropicalis Hsp70  Mite aCytoplasm 

 
AAQ24552 Rhee et al., 2009 
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Bombyx mori Hsc70 Silk moth aCytoplasm cNot inducible BAB92074 Rhee et al., 2009 

Calanus  finmarchicus Hsp70 (V) Marine copepod aCytoplasm 

 
(not in NCBI) Voznesensky et al. 2004 

Chilo suppressalis Hsc70 Striped rice borer aCytoplasm cNot inducible BAE44308 Rhee et al., 2009 

Chironomus yoshimatsui Hsc70 Midge larva aCytoplasm cNot inducible AAN14526 Rhee et al., 2009 

Crassostrea virginica Hsp70  Eastern oyster aCytoplasm cInducible CAB89802 Rhee et al., 2009 

Drosophila melanogaster Hsc70_4 Fruit fly aCytoplasm cNot inducible NP_524356 

 
Drosophila melanogaster Hsp701A Fruit fly aCytoplasm 

 
NP_524063 

 
Drosophila melanogaster Hsp70AB Fruit fly aCytoplasm 

 
AAG26896 

 
Homo sapiens Hsp70_1AB Human aCytoplasm 

 
NP_005337 

 
Homo sapiens Hsp70_2 Human Cytoplasm cNot inducible NP_068814 Daugaard et al., 2007 

Homo sapiens Hsp70_6 Human Cytoplasm cInducible NP_002146 Daugaard et al., 2007 

Ostrea edulis Hsp70  European oyster aCytoplasm cInducible AAM46635 Rhee et al., 2009 

Pachygrapsus mamoratus Hsp70 Marbled crab aCytoplasm 

 
ABA02164 Rhee et al., 2009 

Saccharomyces cerevisiae SSA1 Baker's yeast Cytoplasm 

 
CAA31393 Boorstein et al., 1994 

Tetranychus urticae Hsc70 Spider mite aCytoplasm 

 
ABC33921 Rhee et al., 2009 

Tigriopus japonicus Hsp70 Marine copepod aCytoplasm cInducible ABX89903 Rhee et al., 2009 

Tribolium castaneum Hsc70 Red flour beetle aCytoplasm cNot inducible XP_973521 Rhee et al., 2009 

Calanus finmarchicus 70 EST Marine copepod 

 

        

EH666705 Hansen et al., 2008 b,c Not inducible 

Caligus clemensi EST Copepod sea louse 

  
GO396551 

 
Drosophila melanogaster Hsc70CB Fruit fly 

  
NP_648687 

 
Homo sapiens Hsp70_14 Human 

 

cNot inducible NP_057383 Wan et al., 2004 

Homo sapiens Hsp70_4 Human 

 

cNot inducible NP_002145 Kaneko et al., 1997 

Lepeophtheirus salmonis EST Copepod sea louse 

  
FK926374 

 

      
Chilo suppressalis Hsc70 Rice stem borer aCytoplasm dConstant BAE44308 MacRae, 2010 

Culex pipiens Hsp70 Mosquito aCytoplasm dDown AAX84696.1 MacRae, 2010 
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Culex pipiens Hsc70 Mosquito aCytoplasm dDown XP_001850527.1 MacRae, 2010 

Delia antiqua Hsp70 Onion maggot aCytoplasm dUp AAY28732.1 MacRae, 2010 

Drosophila triauraria Hsp70 Fruit fly aCytoplasm dConstant BAC77410.1 MacRae, 2010 

Helicoverpa zea Hsc70 Corn earworm aCytoplasm dConstant ACV32641.1 MacRae, 2010 

Helicoverpa zea Hsp70 Corn earworm aCytoplasm dDown ACV32640.1 MacRae, 2010 

Leptinotarsa decemlineata Hsp70A  CO potato beetle aCytoplasm dUp AAG01177.2 MacRae, 2010 

Leptinotarsa decemlineata Hsp70B CO potato beetle aCytoplasm dConstant AAG42838.1 MacRae, 2010 

Lucilia sericata Hsp70 Blow fly aCytoplasm dConstant BAD12047.1 MacRae, 2010 

Megachile rotundata Hsc70 Leafcutter bee aCytoplasm dConstant AAS57865.1 MacRae, 2010 

Megachile rotundata Hsp70 Leafcutter bee aCytoplasm dUp AAS57864.1 MacRae, 2010 

Omphisa fuscidentalis Hsc70 Bamboo borer aCytoplasm dVariable ABP93403.1 MacRae, 2010 

Omphisa fuscidentalis Hsp70 Bamboo borer aCytoplasm dDown ABP93405.1 MacRae, 2010 

Sarcophaga crassipalpis Hsc70 Flesh fly aCytoplasm dConstant AAD17996.1 MacRae, 2010 

Sarcophaga crassipalpis Hsp70A Flesh fly aCytoplasm dUp AAD17995.2 MacRae, 2010 

Sarcophaga crassipalpis Hsp70B Flesh fly aCytoplasm dUp ABL06944.1 MacRae, 2010 

Sesamia nonagrioides Hsc70 Corn stalk borer aCytoplasm dUp AAY26452.2 MacRae, 2010 

Sesamia nonagrioides Hsp70 Corn stalk borer aCytoplasm dDown ABZ10939.1 MacRae, 2010 

a denotes inferred cellular localization from our phylogenetic analyses 
bHansen et al., 2008 saw modest but insignificant increases of Hsp70 in response to naphthalene exposure   
c denotes response to stress 

 d 
denotes response to diapause. Diapausing insect species and indicated diapause response are from MacRae, 2010  

and internal 

citations.  

  e Accession numbers in italics represent nucleotide 

sequences  
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Table B.2: Hsp90 sequences used in phylogenetic analyses. Hsp90 sequences are principally from Chen et al. (2006; 2005) and 
MacRae (2010) as noted, with some additions. 

Species Common name 
a
Stress/

b
diapause 

c
Acession no. Reference 

    response     

Apis mellifera Hsp90A1 Honey bee 

 
NP_001153536.1 Chen et al., 2006 

Apis mellifera Hsp90A2 Honey bee 

 
XP_395168.3 Chen et al., 2006 

Apis mellifera Hsp90B1 Honey bee 

 
XP_395614.3 Chen et al., 2006 

Apis mellifera TRAP1 Honey bee 

 
XP_623366.1 Chen et al., 2006 

Arabidopisis thaliana Hsp90A1 Thale cress 

 
NP_200076.1 Chen et al., 2006 

Arabidopisis thaliana Hsp90A2 Thale cress 

 
NP_200414.1 Chen et al., 2006 

Arabidopisis thaliana Hsp90B1 Thale cress 

 
NP_194150.1 Chen et al., 2006 

Arabidopisis thaliana Hsp90C1 Thale cress 

 
NP_178487.1 Chen et al., 2006 

Caenorhabditis elegans Hsp90A1 Nematode 

 
NP_506626.1 Chen et al., 2006 

Caenorhabditis elegans Hsp90B1 Nematode 

 
NP_502080.1 Chen et al., 2006 

Caenorhabditis elegans TRAP1 Nematode 

 
NP_741219.2 Chen et al., 2006 

Calanus finmarchicus Hsp90 (EST) Marine copepod aInducible ES414827.1 

 
Caligus rogercresseyi (EST) Copepod sea louse 

 
FK890997.1 

 
Desulfovibrio desulfuricans Hsp90 Bacteria 

 
YP_387643.1 

 
Daphnia magna Hsp90 Water flea 

 
ABI35831.1 

 
Drosophila melanogaster Hsp90A1 Fruit fly 

 
NP_523899.1 Chen et al., 2006 

Drosophila melanogaster Hsp90B1 Fruit fly 

 
NP_651601.1 Chen et al., 2006 

Drosophila melanogaster TRAP1 Fruit fly 

 
NP_477439.2 Chen et al., 2006 

Desulfovibrio vulgaris Hsp90 Bacteria 

 
YP_011855 

 
Escherichia coli HTPG1 Bacteria 

 
NP_415006.1 Chen et al., 2006 

Homo sapiens Hsp90AA1 Human 

 
NP_005339.2 Chen et al., 2005 

Homo sapiens Hsp90AA2 Human 

 
AAA36024.1 Chen et al., 2005 
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Homo sapiens Hsp90AB1 Human 

 
NP_031381.2 Chen et al., 2005 

Homo sapiens Hsp90B1 Human 

 
NP_003290.1 Chen et al., 2005 

Homo sapiens TRAP1 Human 

 
NP_057376.1 Chen et al., 2005 

Lepeophtheirus salmonis (EST) Copepod sea louse 

 
FK920985.1 

 
Metapenaeus ensis Hsp90 Sand shrimp 

 
ABR66910.1 

 
Penaeus monodon Hsp90 Giant tiger prawn 

 
ABM54577.1 

 
Saccharomyces cerevisiae Hsp90A1 Baker's yeast 

 
AAA02743.1 Chen et al., 2006 

Saccharomyces cerevisiae Hsc90A2 Baker's yeast 

 
AAA02813.1 Chen et al., 2006 

Streptomyces coelicolor HTPG1 Bacteria 

 
NP_631561  

 
Tigriopus japonicus Hsp90  Marine copepod aInducible ACA03524.1 

 

     
 Lucilia sericata Hsp90 Blow fly bVariable BAD12048.1 MacRae et al., 2010 

Chilo suppressalis Hsp90 Rice stem borer bUp BAE44307.1 MacRae et al., 2010 

Delia antiqua Hsp90 Onion maggot bVariable CAI64494.1 MacRae et al., 2010 

Drosophila triauraria Hsp90 Fruit fly bConstant BAC77528.1 MacRae et al., 2010 

Helicoverpa zea Hsp90 Corn earworm bDown ACV32639.1 MacRae et al., 2010 

Megachile rotundata Hsp90 Solitary bee bConstant AAS57866.1 MacRae et al., 2010 

Nasonia vitripennis Hsp90 Parasitic wasp bDown XP_001605191.1 MacRae et al., 2010 

Omphisia fuscidentalis Hsp90 Bamboo borer bDown ABP93404.1 MacRae et al., 2010 

Sarcophaga crassipalpis Hsp90 Flesh fly bDown AAF69019.1  MacRae et al., 2010 
 

a denotes response to stress 
b denotes response to diapause. Diapausing insect species and indicated diapause response are    

reviewed by MacRae (2010) 
cAccession numbers in italics are nucleotide sequences 
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Chapter Three 

 

The copepod Eurytemora affinis mounts a targeted 

transcriptional response to colonization by Vibrio bacteria
1
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ABSTRACT: 

Living zooplankton, such as copepods, are highly abundant environmental reservoirs of 

many bacterial pathogens. Although copepods are known to support diverse and productive 

bacterial communities, little is understood about whether copepods actively interact with or 

regulate their bacterial associations. Here we report that the estuarine copepod Eurytemora 

affinis mounts a specific response to colonizing Vibrio species. We exposed adult female E. 

affinis to a putative copepod symbiont (Vibrio sp. F10 9ZB36) or a free-living Vibrio (V. ordalii 

12B09) for 24 hours and compared the E. affinis transcriptomic response using high-throughput 

sequencing. We identified a total of 78 genes differentially expressed with Vibrio exposure, with 

many of these genes associated with the innate immune response, cuticle integrity, and the 

general stress response. The magnitude of the E. affinis transcriptomic response varied greatly 

between the two Vibrio treatments, with the majority of the genes differentially expressed with 

V. sp. F10-exposure and very few with V. ordalii-exposure (3 genes down-regulated).  We 

further profiled the expression of six genes up-regulated upon V. sp. F10 association by 

quantitative PCR, and we suggest that the expression of these genes (3 C-type lectin-like, 2 

chitin-binding, 1 saposin-like transcript) may represent a mechanism by which E. affinis 

recognizes and maintains symbiotic Vibrio bacteria. We further report that Vibrio differ in their 

ability to attach to E. affinis and that colonization of E. affinis can specifically alter Vibrio 

culturability.  These findings suggest that rather than merely being passive vectors, copepods can 

actively regulate their Vibrio colonizers, which may ultimately impact the abundance, activity, 

and community structure of copepod-associated vibrios.  
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INTRODUCTION: 

Beyond the classically described contribution of zooplankton to aquatic food webs, their 

role as environmental reservoirs of a diversity of microbes, including many bacterial pathogens, 

is increasingly recognized (1-4). The dynamic associations with living zooplankton convey 

multiple benefits to their associated bacterial communities including a steady supply of nutrients 

(5-7) and protection from environmental stressors (2), leading to increased growth rates (8) and 

production (9) relative to those bacteria free-living in the surrounding seawater. Attachment to 

migrating zooplankton permits widespread dispersal of “hitchhiking” bacteria to new 

environments (1) and provides access to unique microenvironments (10, 11), which is reflected 

in the distinct microbial communities found on zooplankton relative to the ambient environment 

(12, 13). Colonization of the copepod exoskeleton by Vibrio bacteria is a relatively well-studied 

zooplankton-bacteria interaction due to the prevalence of pathogenic Vibrios (e.g., V. cholerae, 

V. parahaemolyticus) on these abundant chitinous organisms (3, 4, 12, 14-17) and the dramatic 

impacts of these associations on the proliferation, virulence, and physiology of many Vibrio 

species (2, 18-21). Despite evidence that living zooplankton in particular harbor unique and 

distinct Vibrio communities (22, 23), little work has been done to explore whether the specificity 

of these communities may derive from direct action by the zooplankton host. A growing body of 

literature has demonstrated the importance of invertebrate host factors in selecting and 

maintaining obligate bacterial symbionts (24-31), yet whether copepod hosts are able to actively 

select for or against particular Vibrio colonizers is still unknown. 

Crustaceous zooplankton, such as copepods, are constantly immersed in an environment 

enriched with potential microbial invaders. Crustaceans’ first line of defense against unwanted 

microbial invasion is a hard, rigid exoskeleton that provides a physical and chemical barrier 

against pathogen attachment and invasion (32, 33). The gut is also a vulnerable point of entry 

into the host, but the thin peritrophic membrane, composed of proteins and chitin, lines the mid-

gut of arthropods to protect against abrasion by hard food fragments and to serve as a barrier 

against microbial invasion (34-36). When the dynamic protection of the cuticle fails, activation 

of the innate immune defense quickly follows. Although crustaceans lack an adaptive immune 

system equipped with specificity and memory, recent studies have revealed a deeper level of 

complexity of the innate immune system than previously appreciated. For example, copepods 

demonstrated specific memory upon repeated encounters with cestode parasites (37), and the 
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offspring of Daphnia mothers exposed to a particular bacterial strain had enhanced fitness upon 

challenge with the same strain (38). The complex activity of the innate immune system depends 

on dynamic mechanisms, such as the prophenoloxidase (proPO) cascade and antimicrobial 

peptide (AMP) production. Activation of the proPO system is thought to be an early and rapid 

response to microbial invaders that results in the production of cytotoxic compounds and 

melanin, a pigment that inactivates and physically encapsulates microbial invaders (39, 40). 

AMPs are key effectors in the elimination of bacteria, including Vibrio (41), and they are easily 

and rapidly synthesized due to their small size (42). AMPs act by forming holes in microbial 

membranes to disrupt cellular integrity and function (42) and by binding to bacterial cells to 

enhance downstream phagocytosis of these cells (43). Recent work has shown that in addition to 

inhibiting growth of undesirable foreigners, the production of AMPs enables invertebrate hosts 

to select for specific microbial associates (26, 29-31).  

Despite the growing understanding of the complexity of the innate immune response and 

the potential for dynamic interactions between invertebrate hosts and their microbiota (26, 27, 

29-31),  little attention has been paid to whether copepods actively interact with their microbial 

communities. In this study, we addressed the question of whether copepods differentially 

respond to distinct Vibrio colonizers. We chose as our model the copepod Eurytemora affinis, an 

invasive and abundant species (44, 45) that naturally associates with a diversity of pathogenic 

vibrios (46) and has been consistently used in the few laboratory studies examining copepod- 

Vibrio interactions (14, 15, 47). The objective of this study was to quantitatively measure the 

colonization densities of two ecologically distinct Vibrio species (V. sp F10 and V. ordalii) on 

the copepod E. affinis and the subsequent transcriptomic response of E. affinis to the Vibrio 

colonizers.  The two Vibrio species selected inhabit similar coastal environments to E. affinis 

(14, 48, 49) and possess distinct physical characteristics and ecological specializations: V. sp. 

F10 is classified as a putative copepod symbiont (49) that lacks the ability to degrade chitin (50), 

while V. ordalii 12B09 is classically described as a ‘free-living’ Vibrio (48). V. ordalii has been 

implicated in vibriosis of fish (51) and the strain V. ordalii 12B09 also demonstrates 

pathogenicity towards the marine invertebrate Artemia (T. Mincer, personal communication) 

through the production of the signaling chemical indole (52). We found that V. ordalii elicited 

virtually no transcriptomic response in E. affinis, whereas V. sp. F10 elicited a highly consistent 

and targeted immune response in the copepod host. Furthermore, we observed that colonization 
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of E. affinis triggered dramatic changes in the culturability of V. sp. F10. Our findings provide 

evidence that the copepod E. affinis distinctly recognizes and responds to colonizing vibrios and 

suggest that association with E. affinis can significantly impact the physiology of Vibrio 

colonists.   

 

MATERIALS AND METHODS: 

Bacterial cultures 

Several Vibrio species (Table S1) were screened for their pathogenicity towards and 

ability to colonize Eurytenora affinis. Ultimately, V. ordalii 12B09 WT and V. sp. F10 9ZB36, 

were selected for the E. affinis transcriptome profiling experiments based on their high 

colonization densities of E. affinis and their distinct ecological specializations and 

pathogenicities towards E. affinis. Vibrio growth was measured over 24 hours under different 

temperature (15 °C, 18 °C, 30 °C) and salinity (15 PSU, 30 PSU) regimes to confirm their ability 

to survive and grow under the E. affinis exposure conditions (15 PSU, 18 °C) (Figure S1). 

To prepare Vibrio cultures for E. affinis exposure experiments, glycerol stocks of Vibrio 

cultures (stored at -80 °C) were streaked onto seawater complete (SWC) agar plates containing 

15 PSU artificial seawater (ASW), peptone, yeast extract, and glycerol before a 24 hour 

incubation at room temperature. Several colonies were then transferred into 10 mL of SWC 

liquid media, shaken at 200 rpm, and incubated for 19 hours at 28 °C (18 °C for V. sp. F10 based 

on growth curve results; Figure S1). For RNA-Seq and qPCR experiments profiling the 

transcriptomic response of E. affinis to Vibrio, 1 mL of the overnight liquid culture was 

transferred to 100 mL of SWC liquid media (15 PSU) and incubated for 19 hours at 100 rpm (V. 

ordalii at 28 °C and V. sp F10 at 18 °C). For all experiments, cultures were pelleted at 5,500 x g 

for 5 minutes, and rinsed twice with 0.22-μm sterile filtered artificial seawater (15 PSU) before 

diluting to the desired cell density (2 x 107 CFU mL-1 for the Illumina expression profiling and 

qPCR studies).  

To test whether V. sp. F10 and V. ordalii secrete extracellular chitinases, overnight 

cultures were grown in SWC media as described above and spread onto plates comprised of 

approximately 2% (w/v) colloidal chitin in 1x marine agar (2216). Colloidal chitin was prepared 
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from crab shell chitin flakes (Sigma) (53) and dyed with Remazol Brilliant Violet (54). When 

extracellular chitinases hydrolyze the chitin substrate and covalently linked dye, a clear halo is 

left surrounding the chitinase-producing culture. Those cultures that do not secrete chitinases 

will successfully grow on the plate but will not produce a clear halo.  

 

Gnotobiotic cultures of the estuarine copepod Eurytemora affinis 

Eurytemora affinis cultures that originated from the Baie de L’isle Verte in the St. 

Lawrence estuary were generously provided by Carol Lee (University of Wisconsin). The 

copepod cultures were maintained at 12 °C and 15 PSU on a 14 h light/10 h dark cycle with 

moderate air bubbling (1-2 bubbles/second). The cultures were fed with the red cryptophyte 

Rhodomonas lens three times a week at a concentration of 1 x 106 cells mL-1.  

At the beginning of the Vibrio exposure experiments, E. affinis were treated for 24 hours 

with an antibiotic mixture of ampicillin (0.3 mg mL-1), streptomycin (0.1 mg mL-1), and 

chloramphenicol (0.05 mg mL-1) in autoclaved seawater (15 °C, 15 PSU). The antibiotic 

treatment was performed at 15 °C in order to gradually acclimate the copepods to the higher 

temperature used in the Vibrio exposure experiments (18 °C) that is more amenable to Vibrio 

growth. During the antibiotic treatment, copepods were aerated with moderate bubbling (~2 

bubbles/sec) and fed 1 x 106 cells mL-1 of R. lens. The efficacy of the antibiotic treatment was 

tested by placing individual whole copepods, homogenized copepods, or 400 μL of seawater 

from flasks containing either antibiotic-treated or untreated copepods into 2 mL of Marine Broth 

2216 (Difco).  The presence of bacteria was estimated by measuring the absorbance at 600 nm of 

each Marine Broth treatment after 48 hours of incubation at 22 °C. We found that the antibiotic 

cocktail virtually eliminated the natural microbiota of E. affinis individuals (Figure S2) and had 

no observable impact on copepod survival, mobility, or feeding. 

We also tested the potential impact of residual antibiotics in the copepods on Vibrio 

growth. A pool of five antibiotic-treated mature, adult female copepods were rinsed in sterile 

artificial seawater, homogenized in 200 μL of sterile artificial seawater, and passed through a 

0.22-μm filter to remove copepod parts and any remaining microbiota, while retaining any 

residual antibiotics. We consider ‘mature, adult females’ to include ovigerous females and non-

77



 

ovigerous females with enlarged oviducts full of large oocytes, as previously defined (55). The 

filtered copepod solution was diluted 1:3 in sterile ASW before addition to equal volumes of 

SWC liquid media and V. sp. F10 culture (1:1:1). Antibiotic control samples consisted of SWC 

liquid media added to equal volumes of sterile ASW and V. sp. F10 culture, while the negative 

control consisted of SWC liquid media. All treatments were aliquoted into triplicate wells of one 

96-well plate and incubated at 18 °C for 24 hours before reading the absorbance at 600 nm. The 

sterile-filtered, homogenized copepod sample had 1.5-fold higher growth than the antibiotic 

control samples, demonstrating no harmful impact of residual antibiotics on V. sp. F10 growth. 

The increased growth in the antibiotic treatment is likely due to the nutrients released by 

homogenizing and sterile-filtering the copepods.  

 

E. affinis- Vibrio exposure experiments   

Copepods were fed 1 x 106 cells mL-1 of R. lens 24 and 48 hours before Vibrio exposure. 

After 24 hours of treatment with an antibiotic cocktail (as described above), copepods were 

rinsed with autoclaved seawater (15 °C, 15 PSU) onto an autoclaved 400-μm sieve and into 

sterile Petri dishes. To validate the effectiveness of the antibiotic treatment within each 

experiment, three antibiotic-treated copepods were placed into individual 600 μL aliquots of 

SWC media and incubated for 24 hours at room temperature before reading the absorbance at 

600 nm. Any experiments with significant growth in the SWC treatments by 24 hours were 

terminated. 

For survival and attachment experiments, 5 adult copepods (males and females) were 

captured with a transfer pipette for each treatment replicate (n = 2). For the transcriptomic 

profiling experiment, 20 mature, adult females were captured for each treatment replicate (n = 5). 

Follow-up qPCR experiments were performed with pools (n = 10 - 20 per replicate) of mature, 

adult females. Once copepods were placed into autoclaved 50 mL glass flasks containing 

autoclaved seawater (15 °C, 15 PSU), the flasks were inoculated with the desired titer of Vibrio. 

The samples were then moved to an 18 °C incubator (14 h light/10 h dark cycle), where they 

were aerated with moderate bubbling for 24 hours. Copepod samples used for gene expression 

studies were gently rinsed onto autoclaved 333-μm mesh, transferred using plastic pipettors into 
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1 mL of PureZOL (Bio-Rad), and stored at -80 °C until RNA extraction (Figure S3). Follow-up 

qPCR analysis also tested whether the E. affinis response to V. ordalii was influenced by the 

production of indole, an exotoxin known to be produced by wild type V. ordalii as a grazing 

deterrent (52). Specifically, pools of mature, adult female E. affinis (n = 10 per replicate) were 

exposed to either V. sp. F10 9ZB36, V. ordalii 12B09 Wild Type (“WT”), or V. ordalii 12B09 

∆tnaA (“K/O”, no indole production) (52) in two independent experiments before qPCR analysis. 

To quantify the colonization density of Vibrios on E. affinis after 24 hours, copepods 

were rinsed onto an autoclaved 333-μm mesh sieve with sterile ASW (18 °C, 15 PSU). After 

noting any mortality, pools of copepods (n = 3-5 per replicate) were transferred to 1.5 mL 

microcentrifuge tubes containing 200 μL of filter-sterilized ASW and homogenized with sterile 

plastic darts. Homogenized copepods were then serially diluted, plated onto SWC agar, and 

incubated for 20 hours at room temperature before counting colony-forming units (CFU). 

Follow-up experiments examined the growth of V. sp. F10 or V. ordalii WT recovered from E. 

affinis and plated on thiosulfate-citrate-bile salts-sucrose (TCBS) agar, a culture medium that is 

highly selective for Vibrio species. Direct counts of the copepod-associated Vibrios were also 

performed by fixing the remaining serial dilutions of homogenized copepods in formalin (1%), 

staining with DAPI (10%), and filtering onto a 0.22-μm black polycarbonate filter. Filters were 

mounted in Citifluor (Citifluor Ltd.), and cells were counted with an epifluorescence scope under 

blue light excitation.  

 

RNA extractions and library sequencing 

Total RNA was extracted from E. affinis samples using the Aurum Total RNA Fatty and 

Fibrous Tissue Kit (Bio-Rad). Samples were homogenized in 1 ml PureZOL using a teflon 

homogenizer and processed according to the manufacturer’s protocol, with final elution from 

columns in 40 μL of warmed elution buffer (Tris buffer). For the qPCR study, residual genomic 

DNA was removed with on-column DNase digestion, and the final elution was followed by re-

precipitation with 1 μL of Glycoblue (Life Technologies), 2.5x volume of 100% ethanol, and 

0.15x volume of 3.25M ammonium acetate to increase the purity of extracted samples. RNA 

yield and purity were quantified using a Nanodrop ND-1000 spectrophotometer, and RNA 
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quality was visualized on a denaturing agarose gel. Quality of RNA samples submitted for 

Illumina sequencing was further assessed using a Bioanalyzer. The E. affinis samples, like many 

other arthropods, yield one sharp peak on the Bioanalyzer due to a hidden break in their 28S 

rRNA that causes it to run at about the same size as the 18S rRNA. 

Directional, polyA-enriched RNA libraries were built by the Hudson Alpha Genomic 

Services Laboratory with the NEBNext® Ultra Directionality Kit (New England BioLabs) from 

1 μg of total RNA from each sample. The average fragment size of each library was 

approximately 300 bp. Libraries were quantified by quantitative PCR using a SYBR Fast 

Illumina Library Quantification Kit (Kapa Biosystems) before sequencing on a HiSeq2000 

machine. For transcriptome assembly, a library was constructed from a sample of pooled RNA 

made by combining approximately 200 ng from each sample [Control (n=4), V. sp. F10-exposed 

(n=4), V. ordalii-exposed (n=4)]. The library constructed from this pooled sample was sequenced 

using a paired-end approach with 100 bp reads at a total sequencing depth of 50 million reads. 

The libraries constructed from each of the twelve individual samples were multiplexed and 

sequenced across two lanes of the HiSeq2000 using a paired-end approach with 50 bp reads at a 

total depth of 25 million reads per sample for differential expression analysis.  

 

De novo transcriptome assembly and post-assembly analysis 

A library constructed from pooled adult female E.affinis RNA and sequenced on the 

Illumina HiSeq2000 platform produced 111 million 100-bp, paired-end, directional reads. 

Trimmomatic software (56) was used in paired-end mode to remove adaptor sequences, low 

quality sequences (phred score < 20 bp), and the first 12 bp of the 5’ end of the read, which often 

contain a biased nucleotide composition due to nonrandom hexamer priming (57). Reads greater 

than 50 bp in length after quality trimming were retained for assembly, resulting in a total of 102 

million reads for assembly. An E. affinis transcriptome was assembled de novo with the RNA-

seq assembler Trinity (version r2013-08-14) using default parameters for paired-end, directional 

reads (58). The assembled transcriptome consisted of 138,581 contiguous consensus sequences 

(contigs) that were grouped into 82,891 Trinity components (‘genes’). The size range of the 

transcripts was 201-23,627 bp with an N50 (weighted median) of 2,087 bp. The E. affinis 
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assembly is qualitatively similar to other recently reported copepod and amphipod 

transcriptomes (Table S5).  The assembled E. affinis transcriptome is accessible through the 

Transcriptome Shotgun Assembly database (TSA, Bioproject PRJNA242763).  

Trinity-supported protocols and scripts for downstream analyses were followed using 

default parameters (59) to align reads associated with each library to the assembled 

transcriptome and to estimate abundances of the assembled transcripts (RSEM). Abundance 

counts of genes were TMM- (trimmed-mean of M-values) and FPKM- (fragments per kilobase 

per million reads mapped) normalized to account for differences in RNA production across 

samples (60) and gene length, respectively. Principal components analysis (PCA) of the TMM- 

and FPKM- normalized abundance counts of all biological replicates across the three treatments 

identified one outlier in the control treatment that was subsequently dropped from further 

analysis (Figure S4). Analysis of differentially expressed genes across the three treatments was 

performed with edgeR software (61) with a minimum 2-fold difference in expression and a p-

value cutoff for false discovery rate (FDR) of 0.05. We chose a 2.0-fold threshold in light of 

previous findings that known modulators of host-microbiota interactions are regulated within this 

range (62).  

Representative sequences corresponding to the differentially expressed genes were 

provisionally annotated using blastx against the NCBI non-redundant (nr) database with a 

threshold e-value of 10-4. The Eurytemora affinis genome was released in the midst of our 

analysis, so a blast search against the genome with a threshold e-value of 10-10 was performed to 

validate the origin of the differentially expressed genes as belonging to E. affinis. The remainder 

of the transcriptome was annotated by blastx against the Swissprot database. Blast2GO (63) was 

also used to gain further information about the gene ontology (GO) terms and conserved protein 

domains associated with the genes of interest. In addition, Vibrio sequences captured within the 

transcriptome assembly were identified through blastx searches against a Vibrio nr database with 

a threshold of 10-5. 
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Cloning and Quantitative PCR (qPCR)  

To confirm the predicted sequences of the genes of interest and to generate standards for 

qPCR, 205-790 bp regions were cloned and sequenced as described previously (64). All primer 

sequences are provided in Tables S2 and S3.  Material for cloning was obtained from mature, 

adult E. affinis females preserved in PureZOL at -80 °C. Complementary cDNA (cDNA) was 

synthesized from 1 μg of total RNA per 20 μL reaction using the I-Script cDNA-synthesis kit 

(Bio-Rad) according to the manufacturer’s instructions. PCR products were cloned into pGEM-T 

Easy (Promega) and sequenced. For qPCR experiments, cDNA was synthesized from 450 ng of 

total E. affinis RNA in a 20 μL reaction. The 20 μL cDNA reaction was diluted with molecular 

biology grade water, such that each microliter of diluted cDNA contained 10 ng of total RNA.   

Gene expression was measured using SsoFast EvaGreen Supermix (Bio-Rad) on an 

iCycler iQ real-time PCR detection system (Bio-Rad).  The 20 μL EvaGreen reaction mixture 

contained 10 μL master mix, 8 μL molecular biology grade water, 1 μL diluted cDNA and 1 μL 

of 10 μM primers. The PCR conditions were: 95 ⁰C for 2 min followed by 40 cycles of 95 ⁰C for 

5 s and 62 ⁰C - 64 ⁰C for 10 s. All samples and standards were run in duplicate wells on the same 

plate for each gene of interest. After amplification, PCR products from each reaction were 

subjected to melt-curve analysis to ensure that only a single product was amplified. Selected 

products were also visualized on 1.5% agarose gels and consistently yielded single bands.  

Gene expression was calculated relative to a standard curve of serially diluted plasmid 

standards encompassing the amplicon of interest and then base-2 log-transformed. A 

normalization factor equal to the geometric mean of the selected housekeeping genes (65) was 

subtracted from the gene expression values. Three housekeeping genes were chosen from the 

Illumina data based on their moderate expression and low coefficient of variation between 

samples (i.e., thioredoxin domain-containing protein 5 (comp52262_c0), thyroid adenoma-

associated protein homolog (comp59254_c0), human leucine-rich repeat neuronal protein 2-like 

(comp53361_c0)). The housekeeping genes exhibited stable expression throughout the study 

except for one V. sp. F10-exposed sample that exhibited very low expression of all three 

housekeeping genes and was subsequently removed from further analysis. Results from three 

independent exposure experiments were combined to give a total of 9 biological replicates in the 

V. sp. F10 and V. ordalii WT-exposed treatments, 10 in the control treatment, and 7 in the V. 

ordalii ∆tnaA- exposed treatment. One-way ANOVAs were used to compare gene expression 

82



 

among Vibrio-exposure treatments.  For those genes that demonstrated unequal variance in 

expression across treatments, Welch ANOVAs were used. Unplanned post-hoc comparisons 

(Tukey’s test) in genes with significant ANOVA results compared all possible pairs of treatment 

means.  

 

RESULTS: 

E. affinis survival and Vibrio attachment experiments  

The copepod E. affinis had high survival rates across a range of inoculation densities, 

incubation durations, and purportedly pathogenic Vibrio species tested (Table S1). The majority 

of the Vibrio species tested (i.e., V. splendidus RSK9, V. splendidus LGP32, V. nigripulchritudo 

Sfn27) had no influence on E. affinis survival. V. campbelli HY01, V. penaecidae AQ115, and V. 

ordalii 12B09 demonstrated weak and variable pathogenicity towards E. affinis at inoculation 

titers in the range of 2-7 x 107 CFU mL-1. When we further screened V. ordalii 12B09 at high 

inoculation titers (1 x 108 CFU mL-1) and exposure times (48 hours), we observed an average 

mortality of 35% (± 15%) across three independent experiments. Exposure to V. sp. F10 did not 

cause E. affinis mortality at any of the inoculation densities tested (2 - 6 x 107 CFU mL-1). 

The colonization density of E. affinis differed by Vibrio species and inoculation titer of 

Vibrio. The Vibrio attachment experiments demonstrated that as the inoculation titers of V. 

ordalii WT increased, the abundance of culturable V. ordalii WT recovered from copepods 

increased exponentially (Figure 1; Table S4). At low inoculation titers, V. ordalii WT did not 

colonize E. affinis as much as other Vibrio strains; V. nigripulchritudo Sfn27 and V. penaecidae 

AQ115 colonized E. affinis 10-fold more than V. ordalii WT at an inoculation titer of 2 x 107 

CFU mL-1 (Figure 1). Interestingly, the culturability of V. sp. F10 on SWC agar was consistently 

below detectable levels (below 30 colonies per pooled copepod sample) for all inoculation titers 

tested.  

The abundance estimates of Vibrio associated with copepods obtained from direct and 

culturable counts (on SWC agar) were highly consistent for both V. ordalii and V. penaecidae 

(Figure 2; Table S4). Conversely, there was great discrepancy (106 fold difference) between the 
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direct and culturable counts (on SWC agar) for V. sp. F10 across all inoculation titers tested 

(Figure 2; Table S4).  The culturability of V. sp. F10 appears to rapidly decrease upon 

association with copepods, as we observed a 300-fold decrease in culturability between 6 and 24 

hours of E. affinis colonization (Figure S5). In contrast, the culturability of V. ordalii WT on 

SWC media changed only slightly during this time period (Figure S5). We observed that the V. 

sp. F10 free-living in the incubation flasks did not have reduced culturability on SWC agar, 

suggesting that the change in the V. sp. F10 culturability is specific to association with copepods. 

The change in culturability of Vibrio upon copepod colonization is also dependent on the Vibrio 

species, as V. ordalii WT colonizing copepods had similar direct and culturable counts (TCBS 

and SWC media) (Figure 3). Interestingly, copepod-associated V. sp. F10 demonstrated highly 

consistent culturable and direct counts when the samples were plated on TCBS agar (Figure 3). 

We also observed that colonies of V. sp. F10 recovered from copepods were yellow on TCBS 

media, which indicates sucrose metabolism, while those of V. ordalii WT were not.  

Further characterization of the chitin-degrading ability of V. sp. F10 and V. ordalii using 

the Remazol Brilliant Violet-dyed colloidal chitin plates suggested that V. ordalii WT and V. 

ordalii ∆tnaA do secrete exogeneous chitinase based on the presence of clear halos surrounding 

the colonies. The V. sp. F10 9ZB36 colonies did not clear the labeled chitin, suggesting that this 

strain does not degrade colloidal chitin (Figure S6). 

 

RNA-Seq differential expression analysis  

 Overall, the global gene expression pattern of the V. sp. F10-exposed treatment was most 

distinct from the control treatment, demonstrated by the separation of the treatments on a PCA 

plot (Figure 4A). Conversely, the global expression pattern of the V. ordalii-exposed treatment 

was very similar to the control treatment. A heat map of the genes differentially expressed 

between treatments also suggests high similarity in expression patterns between the V. ordalii-

exposed and the control treatments, whereas the V. sp. F10-exposed replicates are distinct from 

the other treatments and highly congruent within the V. sp. F10 treatment (Figure 4B).  

A total of 78 genes were differentially expressed with a fold change > 2 and an FDR > 

0.05 across the three Vibrio-exposure treatments (Figure S7; Table S6). Among these, the 38 
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genes with annotation information represent diverse organismal functions including cell 

signaling, immune function, maintenance of cuticle integrity, cellular transport, metabolism, and 

the stress response (Figure 5).  Gene categories involved in the host response to microbiota, 

namely cuticle integrity, immune response, and stress response, comprised approximately half of 

the annotated differentially expressed genes (Figure 5).  

The majority of the 78 differentially expressed transcripts originated from the V. sp. F10-

exposed treatment. The 47 genes up-regulated by V. sp. F10-exposure are primarily involved in 

the stress response, cuticle integrity (chitin metabolism, chitin binding) and the innate immune 

response (C-type lectins, saposin-like) (Figure 5, Table S6). V. sp. F10-exposure also induced 

mild up-regulation of several cell transport and cell signaling genes and mild down-regulation of 

several cell signaling, metabolism, stress response, and immune elements (14 total down-

regulated genes). Exposure to V. ordalii WT induced few transcriptional changes in E. affinis, 

with a total of two transcripts of unknown function strongly down-regulated (6-8 fold change in 

expression) and one stress response element mildly down-regulated. A total of 53 genes were 

differentially expressed between the V. sp. F10- and V. ordalii-exposed treatments, 16 of which 

were unique to this comparison (Table S8) and were primarily up-regulated in the V. sp. F10-

exposed treatment. The majority of these genes were of unknown function with a few involved in 

cell signaling and maintenance of cuticle integrity (Table S8).   

Interestingly, two genes were similarly regulated in direction and magnitude in the V. sp. 

F10- and V. ordalii-exposed treatments (Figure 5, Table S7). These two transcripts had no 

significant match to the nr or InterProScan databases, although a BLAT (BLAST-like Alignment 

Tool) search against the E. affinis genome confirmed their origin as Eurytemora (99-100% 

nucleotide match to E. affinis genome; data not shown). The two commonly regulated transcripts 

could represent candidate markers of E. affinis exposure to Vibrio given that they are both 

strongly down-regulated regardless of whether a slight (V. ordalii-exposed) or more moderate (V. 

sp. F10-exposed) transcriptional response was mounted.  

We also identified a few Vibrio transcripts in our transcriptome assembly that were 

detected at low levels only in the V. sp. F10 treatments. Although these transcripts were all of 

unknown function, these genes could serve as important targets for further studies of the 
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mechanisms of V. sp. F10  colonization of copepods and the mechanisms that trigger the change 

in culturability of V. sp. F10  upon association with E. affinis (Table S9).  

We also briefly surveyed the genomes of V. sp. F10 9ZB36 and V. ordalii 12B09 to 

identify whether several pathways known to be involved in regulating host interactions, namely 

sialic acid synthesis, toxin production, and quorum sensing, were present. We found that V. sp. 

F10 and V. ordalii both have the HapR quorum-sensing regulator of virulence and hemolysin. V. 

ordalii has several other toxin-encoding genes including those that code for the Zona occludens 

toxin, the pore-forming toxin HlyA, a 'Death on curing' toxin, and the ParE toxin. V. sp. F10 did 

not have as many toxin-encoding genes, but did have a gene coding for a YafQ toxin. V. ordalii 

also has a gene involved in sialic acid metabolism (Sialic acid utilization regulator, RpiR family). 

 

E. affinis gene expression profiling via qPCR 

Eight genes were selected for further qPCR profiling based on their known function in 

the innate immune response to microbes. Six of these genes were highly differentially expressed 

within the transcriptome profiling study (three C-type lectin-like transcripts, a saposin-like 

transcript, and 2 chitin-binding transcripts). The three C-type lectin-like transcripts selected for 

further study are all predicted via InterPro (66) to have mannose-binding domains, and two of the 

transcripts (comp49674_c0, comp46353_c1) are predicted by SignalP (67) to have signal 

peptides, suggesting they may be secreted.  Mannose-binding C-type lectins can function as 

pattern recognition proteins to initiate acquisition of bacterial symbionts from the environment 

(24, 25, 28), but can also internally inhibit the proliferation of endogeneous bacteria by 

modulating the expression of AMPs (68) or directly binding to bacteria and acting as 

antimicrobial agents (69).  The saposin-like transcript further profiled in this study is also 

predicted by SignalP to have a signal peptide and to be secreted. Saposin-like proteins with 

antimicrobial activity are found in diverse organisms (e.g., amoebae, nematodes, and humans 

(70-72)). Saposins can act as pore-forming AMPs in invertebrates (73, 74), and their expression 

can be induced following microbial infection (75). Finally, the two chitin-binding transcripts 

selected (comp43891_c0, comp47090_c0) are both predicted to have chitin-binding domains 

(InterPro), which are often found in genes involved in maintaining the integrity of the arthropod 

gut to prevent against invasion of microbes and their toxins (36, 76). 
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Two genes that were not differentially expressed in the transcriptome analysis, 

prophenoloxidase and catalase, were selected for further study in light of their highly conserved 

and significant role in the innate immune response. The proPO cascade is induced when host 

recognition proteins are activated by microbial compounds including bacterial surface 

attachment proteins and cell wall components such as lipopolysaccharides and peptidoglycans 

(77). The activation of the proPO pathway initiates the conversion of the inactive 

prophenoloxidase into catalytically active phenoloxidase (78, 79), triggering production of 

cytotoxic compounds and encapsulation of the microbial invaders (39, 40). Catalases are 

essential proteins that decompose reactive oxygen species, specifically hydrogen peroxide, 

produced as part of the innate immune response (80-82). 

The Illumina expression analysis was strongly supported by the qPCR studies, with 

consistency in the magnitude and direction of induction of the target genes across the E. affinis 

treatments (Table 1).Expression of the targeted innate immune elements (three C-type lectin-like 

transcripts, saposin-like transcript) was significantly induced in the V. sp. F10-exposed copepods 

compared to the control, V. ordalii WT, and V. ordalii ∆tnaA- exposed treatments (Figure 6). 

While the basal expression of the immune resistance genes (C-type lectin-like and saposin-like 

transcripts) was variable across the independent replicate control samples, their expression was 

highly and uniformly up-regulated across V. sp. F10-exposed biological replicates, suggesting a 

highly conserved and targeted immune response to V. sp. F10-exposure. Conversely, the 

expression of these genes in V. ordalii WT-exposed copepods was more variable than in the 

control or V. ordalii treatments. In follow-up experiments with the V. ordalii knockout strain 

unable to produce indole (V. ordalii ∆tnaA), we observed more variable expression of the target 

genes in the V. ordalii WT treatment than in the V. ordalii ∆tnaA-exposed or control treatments, 

suggesting that there may be some individual variability in the host’s response to indole. 

However, there was no statistically significant difference between the control and the V. ordalii-

exposed treatments for any of the immune transcripts examined (Figure 6).  The chitin-binding 

transcripts were more subtly and variably up-regulated in the V. sp. F10-exposed treatment 

(Figure 6), implying that these genes may be regulated within a smaller range than the other 

examined immune elements under these Vibrio exposure conditions. In accordance with the 

Illumina sequencing results, prophenoloxidase and catalase were not differentially expressed 

across the different Vibrio-exposure treatments (Figure 7).  
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DISCUSSION: 

In this study, we demonstrate the potential for the estuarine copepod E. affinis to 

discriminately interact with colonizing Vibrio species. In response to colonization by V. sp. F10, 

E. affinis consistently up-regulated a targeted set of genes, many of which are involved in cuticle 

integrity and immune elements, including C-type lectin-like transcripts and a saposin-like 

transcript.  Conversely, there was virtually no transcriptomic response of E. affinis to V. ordalii. 

Our work also shows that Vibrio species vary in their colonization of and physiological response 

to E. affinis. A putative copepod symbiont, V. sp. F10, strongly associates with E. affinis but 

does not detectably grow on SWC agar plates after 24 hours of E. affinis colonization.  

Although it has been observed that commensal and pathogenic colonizing bacteria often 

elicit similar immune responses in invertebrate hosts, the magnitude of the response is 

significantly lower in commensal associations (83, 84). Therefore, the moderate number of 

genes induced by V. sp. F10 association with E. affinis may reflect the ecological specialization 

of V. sp. F10 as a commensal symbiont of living zooplankton that lacks the ability to degrade 

chitin (49, 50, 85-87). The up-regulation of genes with chitin-binding properties upon V. sp. F10 

exposure  may reflect the renewal of the peritrophic membrane to restrict the bacteria from 

invading the host through the gut (83). The immune response genes up-regulated by V. sp. F10 

association, specifically saposin-like genes and C-type lectins, also belong to families that are 

characteristically involved in symbiont acquisition from the environment (24, 25, 28) and in 

symbiont maintenance (26, 27, 29, 30). Furthermore, components of highly conserved innate 

immune pathways such as the Toll and IMD signaling pathways (31, 88) and the 

prophenoloxidase cascade (39, 78, 89) were not up-regulated by V. sp. F10 exposure, which 

lends additional support to the hypothesis that the response elicited by V. sp. F10 is one of 

recognition and maintenance of a commensal symbiont rather than elimination of a harmful 

invader.  

E. affinis exposure to V. ordalii induced a limited transcriptomic response despite the 

observation that V. ordalii 12B09 can digest chitin (this study), contains several toxin-encoding 

genes, and can be pathogenic towards some marine invertebrates (this study; T. Mincer, 

personal communication). However, we found that E. affinis was resilient to V. ordalii and a 

suite of other purportedly pathogenic Vibrio species. Our study shows that although V. ordalii 
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has been classified as predominantly free-living (48), it can colonize E. affinis at a density 

typical of copepods’ natural microbiota (1 x 105 cells copepod-1) (2, 8, 90, 91). Yet our findings 

suggest that significant colonization by Vibrio does not necessarily elicit a significant molecular 

response in the E. affinis host. If further localization studies were to demonstrate that V. ordalii 

loosely and transiently attaches to the copepod cuticle, it might imply that E. affinis only 

recognizes tightly and stably associated microbiota like V. sp. F10. Another hypothesis to 

explain the limited E. affinis transcriptomic response is that our exposure timeframe may have 

missed the full E. affinis response to V. ordalii colonization. Two of the genes that were strongly 

down-regulated by V. ordalii exposure were similarly down-regulated in the V. sp. F10 

treatment, suggesting that these unknown transcripts may be candidate markers of Vibrio 

exposure (Figure 5). Characterization of the function of these two transcripts and examination of 

their expression patterns upon copepod exposure to other Vibrio species warrant further study.  

Attachment to E. affinis alters the metabolism of V. sp. F10, quickly and dramatically 

reducing its culturability on SWC agar to below the detection limit. This phenomenon is not 

observed in the free-living V. sp. F10 collected from the ambient seawater, suggesting that this 

process is specific to the surface of the copepod and is not likely caused by a broadly secreted 

factor. The association of viable but non-culturable (VBNC) bacteria with copepods and other 

zooplankton has been previously observed in environmental samples that harbored bacteria non-

culturable on standard media but detectable by immunological or PCR-based methods (14, 21, 

92, 93). The VBNC phenomenon is thought to enhance bacterial survival during unfavorable 

environmental conditions including dramatic shifts in salinity and temperature (14, 21, 92, 93). 

Although many previous studies describe VBNC vibrios as non-culturable on TCBS agar (93-

95), a highly selective medium often used for isolation and enumeration of vibrios, in our study 

the V. sp. F10 associated with copepods is culturable on TCBS agar but non-culturable on SWC 

agar. Further study is needed to identify which components unique to TCBS media, including 

sucrose and bile salts, lead to the observed differences in the culturability of copepod-associated 

V. sp. F10 on SWC and TCBS agar plates. Bile salts are known to affect the physiology of many 

bacteria (96) and can serve as stimuli for biofilm formation, increased motility, and activation of 

virulence genes in several vibrio species (97-99). Even upon entering the VBNC state vibrio 

species can be highly sensitive to bile salts (100), leading to one hypothesis that the non-

culturable copepod-associated V. sp. F10 could have undergone a physiological and/or 
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transcriptional change leading to restored culturability upon exposure to the bile salts present in 

the TCBS agar. In light of V. sp. F10’s extensive colonization of living zooplankton in the 

natural environment, future work should also investigate whether the change in culturability in V. 

sp. F10 triggered by association with copepods confers a fitness advantage to V. sp. F10.  

In summary, this study demonstrates that the estuarine copepod E. affinis dynamically 

and discriminately interacts with colonizing Vibrio species. Specifically, we have shown that E. 

affinis can distinctly respond to colonizing Vibrio through up-regulation of immune elements that 

may be involved in recognition and maintenance of symbiotic Vibrio associates. Further 

transcriptomic studies of other ecologically relevant copepod – Vibrio interactions (e.g., V. 

cholerae) in the context of our results could identify whether colonization by such naturally 

associating, chitinolytic Vibrios elicits a stronger immune response in E. affinis than do non-

chitinolytic symbionts (i.e., V. sp. F10).  The effect of E. affinis association on V. sp. F10 

culturability highlights our limited understanding of the physiological impacts of copepod 

colonization on other ecologically relevant Vibrio species. Furthermore, the observed variability 

between Vibrio species in their colonization of E. affinis raises the question of whether this 

pattern is driven by the copepod host’s differential innate immune response to the colonizing 

Vibrio. We propose that continued study of the dynamics of copepod-Vibrio interactions may 

reveal that copepods exert significant control over Vibrio activity, abundance, and community 

structure in the natural environment.  
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FIGURES AND TABLES: 

 

Figure 1: Colonization densities of the estuarine copepod Eurytemora affinis differs by Vibrio species and inoculation titer. 

After 24 hour exposure to a Vibrio species, pools of copepods (n = 5 per replicate) were rinsed with artificial seawater, homogenized, 
and plated on seawater complete agar (15 PSU). Plates were incubated for 24 hours at room temperature before counting. Colonization 
densities per copepod are shown as the base-10 log-transformed means ± 95% confidence interval. A best-fit line of the base-10 log-
transformed V. ordalii colonization densities per copepod across a range of inoculation titers is shown (R2 = 0.76; y = 2 x 10-8x + 
3.62).  All treatments, except for V. penaecidae, consisted of two biological replicates of pooled copepods.   
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Figure 2: Association with the copepod E. affinis specifically alters the culturability of V. sp. F10.  After 24 hour exposure to a 
Vibrio species, pools of copepods (n = 5 per replicate) were rinsed with artificial seawater, homogenized, and were either plated on 
seawater complete agar (15 PSU) (solid circles) or stained with DAPI (star symbol). Colonization densities are listed as the base-10 
log-transformed means ± 95% confidence interval of two biological replicates. All treatments, except for V. penaecidae, had two 
biological replicates.   
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Figure 3: Culturability of V. sp. F10 associated with E. affinis is restored using TCBS media. V. sp. F10 and V. ordalii WT 

isolated from pools (n = 5) of homogenized adult, mature female E. affinis or from the ambient seawater were either directly stained 
with DAPI (star symbols), plated on seawater complete agar (filled circles) or plated on thiosulfate-citrate-bile salts-sucrose (TCBS) 
agar (hollow circles) and incubated at room temperature for 20 hours. Culturable counts were normalized by the approximate volume 
of E. affinis (~2.5 x 10-5 mL) in order to directly compare the bacterial counts in the ambient seawater and on the copepods.  
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Figure 4:  Vibrio exposure treatments show distinct transcriptional profiles. (A) Principal component analysis demonstrates 
strong distinction between the V. sp. F10-exposed and control treatments, whereas the V. ordalii and control treatments are similar.  
(B) Heat map representing the base-2 log-transformed FPKM expression values of the 78 differentially expressed genes (fold change 
> 2, FDR > 0.05) across the three Vibrio exposure treatments. Horizontal groupings indicate hierarchical clustering of expression 
values across all biological replicates.  The V. sp. F10-exposed biological replicates demonstrate congruent expression patterns within 
the treatment that are distinct from the expression patterns of the V. ordalii-exposed and control treatments. 
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Figure 5: Impact of Vibrio exposure on E. affinis gene expression.  

(A) Functional gene ontology terms associated with the 78 differentially expressed genes identified by Illumina sequencing. The total 
gene number in each category is indicated on the pie chart. Those functional categories known to be involved in the transcriptional 
response to microbiota (i.e., cuticle integrity, stress response, immune response) are outlined with a dashed line.  (B) Highlight of E. 

affinis genes that were most altered by exposure to Vibrio. Fold changes (FC) in gene expression for each Vibrio exposure condition 
relative to the control treatment. Positive and negative FC values reflect genes up-regulated and down-regulated, respectively, 
compared to the control treatment. Genes highlighted with bolder colors are more intensely altered by Vibrio exposure, with red hues 
indicating up-regulation and blue hues indicating down-regulation. Those genes further profiled by qPCR are in bold.  
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Figure 6: qPCR validation of RNA-Seq gene targets up-regulated in V. sp. F10-exposure treatment. Gene expression values 
listed were normalized to housekeeping genes and base-2 log-transformed. A 95% confidence interval is centered at the mean 
expression value for each treatment. The F-statistics and p-values from one-way ANOVAs or Welch ANOVAs (‘F(W)’) are listed for 
each profiled gene. Tukey’s post-hoc comparisons demonstrated that the V. sp. F10 treatment was different from all other treatments 
in all genes shown above (except for ‘Chitin-binding (comp47090)’) where the V. sp. F10 treatment was only significantly different 
from the V. ord K/O and control treatments). Gene expression was measured in pools of E. affinis adult females in three independent 
experiments (sample sizes: control (n = 10 biological replicates), V. ordalii WT (n = 9), V. ordalii tnaA knockout (‘K/O’) (n= 7), V. sp. 

F10 (n = 8)).
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Figure 7: qPCR validation of RNA-Seq gene targets not up-regulated in the V. sp. F10-exposure treatment. Gene expression 
values listed were normalized to housekeeping genes and base-2 log-transformed. A 95% confidence interval is centered at the mean 
expression value for each treatment. Gene expression was measured in pools of adult female E. affinis in three independent 
experiments (Sample sizes: control (n = 10 biological replicates), V. ordalii WT (n = 9), V. ordalii ∆tnaA (n= 7), V. sp. F10 (n = 8)).  
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Table 1: Expression patterns of genes identified in the Illumina study and further validated via qPCR are directly comparable. 
Base-2 log-transformed fold change (FC), Base-2 log-transformed counts per million (CPM), and false discovery rate (FDR) refer to 
the Illumina study and base-2 log-transformed (average) FC refers to the qPCR study comparing (A)  V. sp. F10-exposed vs. control 
E. affinis and (B) V. sp. F10-exposed vs. V. ordalii WT-exposed E. affinis. Log-transformed FC is reported as a positive number for 
transcripts exhibiting higher expression in the (A) V. sp. F10-exposed or the (B) V. ordalii-exposed treatments.  

 

    Illumina 
 

qPCR 
Transcript name Component name log2FC log2CPM FDR 

 

log2FC 

Saposin-like comp58868_c1 -3.76 7.94 1.03E-35 
 

-1.35 
Chitin-binding comp43891_c0 -1.35 3.07 5.12E-06 

 
-0.76 

Chitin-binding comp47090_c0 -1.96 3.17 6.08E-10 
 

-1.20 
C-type lectin-like  comp46353_c0 -5.04 2.94 2.82E-07 

 
-1.88 

C-type lectin-like  comp47544_c0 -3.93 4.92 1.97E-20 
 

-0.12 
C-type lectin-like  comp49674_c0 -4.50 7.32 9.64E-08 

 
-2.28 

Catalase  comp50873_c0 0.21 5.09 1.00 
 

-0.01 
Prophenoloxidase comp58098_c0 0.01 7.90 1.00   0.05 
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qPCR 
Transcript name Component name log2FC log2CPM FDR   log2FC 

Saposin-like comp58868_c1 4.34 7.92 9.85E-73 
 

3.68 
Chitin-binding  comp43891_c0 2.11 2.94 1.15E-02 

 
1.24 

Chitin-binding comp47090_c0 1.86 3.23 3.94E-10 
 

2.29 
C-type lectin-like  comp46353_c0 7.29 2.97 1.17E-56 

 
4.00 

C-type lectin-like  comp47544_c0 4.47 4.92 6.85E-36 
 

4.27 
C-type lectin-like  comp49674_c0 6.47 7.30 5.07E-41 

 
3.97 

Catalase  comp50873_c0 -0.25 0.16 1.00 
 

-0.03 
Prophenoloxidase comp58098_c0 -0.01 0.91 1.00   -0.21 
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SUPPORTING FIGURES AND TABLES: 

 

 Figure S1: Growth curves of Vibrio ordalii 12B09 (Figure 2A) and Vibrio sp. F10 9ZB36 

(Figure 2B)  in seawater complete media (SWC) at different salinities (15 and 30 PSU) and 

temperatures (15 °C, 18 °C, 30 °C). The conditions represented in bold font and by black 
circles (18 °C, 15 PSU) were those used in the E. affinis-Vibrio exposure experiments. The 
results represent the mean ± SE of two experiments run in triplicate wells. 
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Figure S2: Validation of an antibiotic cocktail used to reduce the natural microbiota of 

Eurytemora affinis. Copepods were treated with a mixture of ampicillin (0.3 mg mL-1), 
streptomycin (0.1 mg mL-1), and chloramphenicol (0.05 mg mL-1) for 24 hours. Individual whole 
copepods, homogenized copepods, or 400 μL of seawater from flasks containing either antibiotic 
treated or untreated copepods were placed into 2 mL of marine broth and the absorbance was 
measured after 48 hours of incubation at 22 °C. These boxplots represent 10 independent 
experiments.   
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Figure S3: Workflow of E. affinis exposure to Vibrio species and downstream analyses. The 
antibiotic treatment was performed at 15 °C in order to gradually acclimate the copepods to the 
higher temperature used in the Vibrio exposure experiments (18 °C) that is more amenable to 
Vibrio growth. 
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Figure S4: Principal component analysis of FPKM- and TMM-normalized Illumina gene 

expression data across all Vibrio samples suggests one biological replicate of the control 

treatment is an outlier. This biological replicate (plotted in black in the lower right hand 
corner) was subsequently dropped from further analysis.  
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Figure S5: Association with the copepod E. affinis rapidly and specifically alters the culturability of V. sp. F10.  After either 6 or 
24 hour exposure to a Vibrio species, pools of copepods (n = 5 per replicate) were rinsed with artificial seawater, homogenized, and 
were either plated on seawater complete agar (15 PSU) (solid circles) or stained with DAPI (star symbol). Colonization densities are 
listed as the log10 of means ± 95% confidence interval of two biological replicates. All treatments had two biological replicates.   
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Figure S6: Exogeneous chitinase production of Vibrio strains was tested using a Remazol Brilliant Violet-labeled colloidal 

chitin agar plate. (A) The sterile plate control is purple due to the labeled chitin particles. (B) Vibrio cultures that do not produce 
exogeneous chitinase will grow on the marine agar plate, but those (C) Vibrio cultures that secrete chitinases will grow and also 
produce a clear halo surrounding the colony due to the cleavage of the chitin particles and the Remzaol dye. Our results suggest that V. 

ordalii 12B09 wild type (C) and ∆tnaA (results not shown) produce an exogeneous chitinase, while V. sp. F10 9ZB36 does not (B).  
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Figure S7: Volcano plot representing the differentially expressed genes present in the different Vibrio exposure treatments. 

Genes that are identified as significantly differentially expressed below a 0.1% false discovery rate (FDR) are indicated in red. (A) V. 

ordalii vs. control treatment (B) V. sp. F10 vs. control treatment and (C) V. ordalii vs. V. sp. F10 treatments. The base-10 log-
transformed false discovery rate (FDR) as a function of the base-10 log-transformed fold change (FC) is plotted on the y- and x-axes, 
respectively. As demonstrated above, a majority of the differentially expressed genes are captured with our subsequently instated 
threshold of a FC > 2 and a FDR > 0.05. 
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Table S1:  E. affinis mortality rates after exposure to different Vibrio species at 18 °C, 15 PSU for 24 or 48 hours.  

Vibrio strain 

Inoculation 

density  

(CFU mL
-1

) 

Mortality   

(%) 

Length of 

Exposure            

(h) 

Sex of copepods in 

experiment 
Purpose of exposure 

V. sp. F10 9ZB36 1 x 107 0 ± 0 a 24 Males and females (>400 um) Survival and attachment 
V. sp. F10 9ZB36 2 x 107 0 ± 0 a 24 Ovigerous females Transcriptome and attachment 
V. sp. F10 9ZB36 2.5 x 107 0 ± 0 a 24 Males and females (>400 um) Survival and Attachment 
V. sp. F10 9ZB36 6 x 107 0 ± 0 a 24 Ovigerous females Survival and attachment 
V. ordalii 12B09 WT 6 x 106 0 ± 0 24 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 6 x 106 0 ± 0 48 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 7 x 106 5 ± 5 24 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 2 x107 0 ± 0 24 Ovigerous females Transcriptome and attachment 
V. ordalii 12B09 WT 3 x 107 10 ± 10 a 24 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 6 x 107 0 ± 0 24 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 6 x 107 0 ± 0 24 Ovigerous females Survival and attachment 
V. ordalii 12B09 WT 6 x 107 5 ± 5 48 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 7 x 107 5 ± 5 24 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 1 x 108 30 ± 30 a 48 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 1 x 108  13 ± 13 a  48 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09 WT 1 x 108 63 ± 13 a 48 Males and females (>400 um) Survival and attachment 
V. ordalii 12B09∆tnaA 2 x107 0 ± 0 24 Ovigerous females Transcriptome and attachment 
V. splendidus RSK9 7 x 107 0 ± 0  24 Males and females (>400 um) Survival and Attachment 
V. splendidus LGP32 5 x 107 0 ± 0  24 Males and females (>400 um) Survival and Attachment 

V. nigripulchritudo Sfn27 2 x 107 0 ± 0 a 24 Males and females (>400 um) Survival and Attachment 

V. campbelli HY01 2.5 x107 0 ± 0 a 48 Males and females (>400 um) Survival and Attachment 
V. campbelli HY01 3 x 107 13 ± 13 a 48 Males and females (>400 um) Survival and Attachment 
V. penaecidae AQ115 2 x 107 0 ± 0  24 Males and females (>400 um) Survival and Attachment 
V. penaecidae AQ115 4 x 107 5 ± 5  24 Males and females (>400 um) Survival and Attachment 
V. penaecidae AQ115 5 x 107 0 ± 0  24 Males and females (>400 um) Survival and Attachment 
a indicates that 2 replicates of n = 5 individuals were tested. All other treatments tested 2 replicates of n = 10 individuals 
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Table S2: Cloning primer sequences and melting temperatures. 

Transcript name Transcript ID   Primer sequence 
Tm    

(°C) 

Cloned 

sequence 

length (bp) 

C-type lectin-like comp47544_c0 F CGGATGTGTTTCTGTTGAGCA 63 407 
   R TTGCTGCAAGTTGAGAGAGC    
C-type lectin  comp49674_c0 F TCTTCATGGCCAGGAGAAGG 64 505 
   R TGCTACATCATTCCAGAGTCCA    
C-type lectin-like comp46353_c1 F AGCATTGGTTCTATTTCTGGAGA 63 417 
   R AGGAGCATTAATGGCCCAGT    
Chitin-binding comp47090_c0 F CATCTACACCCACCTACAATACTAC 62.2 298 
   R CTACAATTCTACATTTCAGCTGG    
Chitin-binding comp43891_c0 F GCTGTTCCTCTTAGTCTCTCTC 63 205 
   R GTAGAGAGGTGGAGCGCAG    
Catalase comp50873_c0 F GATGCCGCAAACTACTCACC 65.5 543 
   R CTGGTTTGGTTTGGTCCTGAG    
Prophenoloxidase comp58098_c0 F CTGCAATGCGTGATCCTCTC 65 790 
   R CTTCTCACTCCGCTGCTG    
Thioredoxin domain-
containing protein comp52622_c0 F CAAGTTCTACGCTCCCTGG 65 689 

   R GAGTTCGTCCTTCTCTGCC    
Thyroid adenoma-
associated protein homolog comp59254_c0 F CTGCCTGAAGAAGCTCACTC 65.5 735 

   R CTTGAAACCGTGTAGCCGAG    
Leucine-Rich Neuronal 
protein comp53361_c0 F CTACTGTACCTTGACCTCAGC 65.5 588 

   R CGTGACGTCATTGATCCAGG    
Saposin-like comp58868_c1 F TACCCCGTCTTCCTTGAACC 60.5 590 
    R TCCATGCAAAGGTACAACAGT     
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  Table S3: qPCR primer sequences and melting temperatures. 

Transcript name Transcript ID   Primer sequence 
Tm    

(°C) 

C-type lectin-like comp47544_c0 F CGGATGTGTTTCTGTTGAGC 62 
   R CCCTCCATTCCTTCATCAGTAG   
C-type lectin  comp49674_c0 F CTGATGAAGGTATGGAGGGTC 63 
   R GCTAGCTGATATCCATGGGTG   
C-type lectin-like comp46353_c1 F AGCTGTCTGACCAACTCCTTAG 63 
   R GGTTCATCTTGTTCTGTCTTGC   
Chitin-binding comp47090_c0 F GCTACATCTACTTCACCATCCTAC 64 
   R CTGTACTTGGATGGCAAGCTAC   
Chitin-binding comp43891_c0 F GCTGTTCCTCTTAGTCTCTCTC 62 
   R ACAGTCAAATGGATGAGGAAC   
Catalase comp50873_c0 F ACAGGCTCGGACCTAACTTTG 64 
   R CTGGTTTGGTTTGGTCCTGAG   
Prophenoloxidase comp58098_c0 F CATCACCAAGTCTCCGCTTC 64 
   R GGTAGAACCATTGTCTCAGGC   
Thioredoxin domain-containing 
protein comp52622_c0 F GATTGTACCGAGCATCAGTCC 64 

   R GCTCATTCACCCAGTCCTTG   
Thyroid adenoma-associated 
protein homolog comp59254_c0 F ACCTAGGCTTGTCACTGAGC 64 

   R TGAAGAACAGTCCCTCTCCG   
Leucine-Rich Neuronal protein comp53361_c0 F TGACTGGTCCAAGCTCTCTG 64 
   R CGTGACGTCATTGATCCAGG   
Saposin-like comp58868_c1 F CGTCTTCCTTGAACCTGAGG 63 
    R CAGCTCCTGTACATTCTTCAC   
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Table S4: Vibrio bacteria colonization densities of the estuarine copepod Eurytemora affinis after 24 hour exposure at 18 °C, 15 

PSU.  After exposure, copepods (n = 5 per replicate) were rinsed with artificial seawater, homogenized, and plated on seawater 
complete agar (15 PSU) or stained with DAPI to obtain culturable and direct counts of Vibrios attached to E. affinis, respectively. 
Counts values are listed as means ± standard error of two biological replicates. The V. sp. F10 and V. nigripulchritudo Sfn27 survival 
experiments were performed with 2 replicates of 5 pooled individuals. The V. ordalii, V. splendidus RSK9 and LGP32, and V. 

penaecidae survival experiments were performed with 2 replicates of 10 pooled individuals. qPCR and transcriptome experiments 
were performed with 2 replicates of 5 pooled individuals. a Indicates these counts are approximates given that there were fewer than 30 
colonies. b Indicates there is one biological replicate. 

Vibrio strain 

Inoculation 

density 

(CFU mL
-

1
) 

Density of culturable 

bacteria attached to 

copepods 

(CFU/copepod) 

Density of total 

bacteria attached 

to copepods 

(direct cell 

counts/copepod) 

Density of 

culturable 

bacteria on 

controls      

(CFU/copepod) 

Sex of copepods in 

experiment 
Purpose of exposure 

V. sp. F10 9ZB36 1.0 x 107 0 ± 0 a 2.3x106 ± 4.0x105 0.6 ± 0.6  Males and females (>400 μm) Survival and attachment 
V. sp. F10 9ZB36 2.0 x 107 18.5 ± 1.5 a 2.0 x106 ± 5.0x105 2.5 ± 1 Mature, adult  females RNA-Seq and attachment 
V. sp. F10 9ZB36 2.0 x 107 4.9 ± 1.1 a 7.4 x105 ± 2.7x105 8.5 ± 1 Mature, adult  females qPCR and attachment 
V. sp. F10 9ZB36 2.0 x 107 15.6 ± 9.9 a 5.0 x106 ± 1.1x106 0.75 ± 0.25 Mature, adult  females qPCR and attachment 
V. sp. F10 9ZB36 2.5 x 107 0 ± 0 a 1.2 x106 b  0 ± 0  Males and females (>400 μm ) Survival and Attachment 
V. sp. F10 9ZB36 6.0 x 107 6.0 ± 2.0 a - 0.75 ± 0.75 Mature, adult  females Survival and attachment 
V. ordalii 12B09 WT 6.0  x 106 2.1x103 ± 6.0x102 - 0.2 ± 0.2  Males and females (>400  μm) Survival and attachment 
V. ordalii 12B09 WT 7.0  x 106 7.0x103 b  - 2.8 ± 0.4 Males and females (>400  μm) Survival and attachment 
V. ordalii 12B09 WT 2.0  x 107 2.7x104 ± 9.0x103 3.1x104 ± 4.5x103 2.5 ± 1 Mature, adult  females RNA-Seq and attachment 
V. ordalii 12B09 WT 2.0  x 107 3.2x104  ± 1.4x104 4.9x104  ± 3.5x103 8.5 ± 1 Mature, adult  females qPCR and attachment 
V. ordalii 12B09 WT 2.0  x 107 9.0x104  a 3.1x104  a 0 ± 0 Mature, adult  females qPCR and attachment 
V. ordalii 12B09 WT 2.0  x 107 1.4x104  ± 6.0x103 1.6x105  ± 1.5x104 0.75 ± 0.25 Mature, adult  females qPCR and attachment 
V. ordalii 12B09 ∆tnaA 2.0  x 107 4.0x104  ±  9.5x103 9.0x104  ±  6.5x103 0.75 ± 0.25 Mature, adult  females qPCR and attachment 
V. ordalii 12B09 ∆tnaA 2.0  x 107 3.6x104  ±  5.0x103 9.0x104  ±  6.5x103 0 ± 0 Mature, adult  females qPCR and attachment 
V. ordalii 12B09 WT 3.0  x 107 2.0x104 ±  1.0x104 3.3x104 ±  8.5x103 1.25 ± 0.75 Males and females (>400  μm) Survival and attachment 
V. ordalii 12B09 WT 6.0  x 107 3.4x104  ± 2.0x103  2.0 x105 ± 2.0x104 0.2 ± 0.2  Males and females (>400  μm) Survival and attachment 
V. ordalii 12B09 WT 6.0  x 107 4.4x104  ± 1.0x103 - 0.75 ± 0.75 Mature, adult  females Survival and attachment 
V. ordalii 12B09 WT 6.0  x 107 5.4x104  ± 2.5x103 - 0 ± 0  Mature, adult  females Survival and attachment 
V. ordalii 12B09 WT 7.0  x 107 1.2x105 ± 6.1x104 2.0 x104 ±  2.5x104 2.8 ± 0.4 Males and females (>400  μm) Survival and attachment 
V. splendidus RSK9 7.0  x 107 3.1 x 104  ± 1.5 x 103 - 0.8 ± 0.4 Males and females (>400  μm) Survival and Attachment 
V. splendidus LGP32 5.0  x 107 6.7x104  ± 3.5x103 - 0.8 ± 0.4 Males and females (>400  μm) Survival and Attachment 
V. nigripulchritudo Sfn27 2.0  x 107 2.1 x105 ± 1x104 - 0 ± 0 Males and females (>400  μm) Survival and Attachment 
V. penaecidae AQ115 4.0 x 107 1e5 b   2.1e5 b 1.25 ± 0.75 Males and females (>400 um) Survival and Attachment 
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Table S5: Comparison of the present study with recent studies utilizing next-generation sequencing technologies to assemble 

de novo transcriptomes of crustacean species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Species Description 

Read 

length 

(bp) 

Number 

of reads 

(million) 

Contigs 
 

'Genes' 
N50 

Contig 

length 

range 

Platform Assembler Investigator 

Eurytemora 

affinis  

Estuarine 
copepod 100 100 138,581 82,891 2,087 201-

23,627 Illumina Trinity 
Almada 
(current 
study) 

Calanus 

finmarchicus 

Marine 
copepod 100 80 241,778 124,618 987 201-

25,048 Illumina Trinity Tarrant 

Calanus 

finmarchicus 

Marine 
copepod 100 400 206,041 96,090 1,418 300- 

23,068 Illumina Trinity 
Lenz et al. 
(2014) PLoS 

ONE 

Tigriopus 

californicus 

Intertidal 
copepod 384 0.6 22,262 42,473 

(925: 
mean 
contig 
length) 

8807 
(max) 454 

CLC 
Genomics 
Workbench 

Barreto et 
al. (2011) 
Mol Ecol 

Parhyale 

hawaiensis 
Amphipod 400 3 89,664 25,735 1,510 ~60-

8,000 454 Newbler 
Zeng (2011) 
BMC 

Genomics 

Calanus 

sinicus 

Marine 
copepod 380 1.5 56,809 ~14,000 873 ~100-

3,500 454 Newbler 
Ning et al. 
(2013) PLoS 

ONE 
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Table S6: E. affinis genes differentially expressed in the V. sp. F10 exposure treatment, compared to the control samples. 

Abbreviations: ‘FC’ = fold change relative to the control treatment; ‘FDR’ = false discovery rate; ‘GOs’ = gene ontology terms. Blank 
entries reflect a lack of significant blast hits with associated GO terms at the set parameters (E-value < 1 x 10-4). Differentially 
expressed genes that were further profiled via qPCR are in bold. Genes that have a red ‘#’ are those that are differentially expressed in 
both Vibrio exposure treatments in comparison to the control samples. 

 

Transcript 

Description 

Transcript 

ID 
FC FDR 

Top BLASTx 

Hit Species 

Top Hit 

Accession 

Number 

Min. E-

Value 

Mean 

similarity 
GOs InterProScan results 

CELL SIGNALLING PROCESSES 

homeobox protein nkx comp12937_c0 -3.18 3.34E-02 
Strongyloides 

ratti 

(nematode) 
CEF65008 1.50E-05 47.00% F:DNA binding 

 IPR001356 (homeobox 
domain); IPR009057 
(homeodomain-like domain) 

a disintegrin and 
metalloproteinase with 
thrombospondin motifs 
partial 

comp42146_c0 1.87 2.21E-02 
Stegodyphus 

mimosarum 

(spider) 
KFM61983 6.86E-73 72.00% 

P:proteolysis; 
F:metalloendopeptidase 
activity 

IPR001590 (peptidase_M12B 
domain); IPR024079 
(metallopeptidase catalytic 
domain) 

f-box kelch-repeat protein 
at2g44130-like comp42229_c0 1.16 3.68E-08 

Pyrus x 

bretschneideri 

(pear) 
XP_009335865 1.28E-06 46.67% - signal peptide domain; 

transmembrane domain  

cholesterol desaturase daf-
36-like comp36258_c0 1.80 4.63E-06 

Latimeria 

chalumnae 

(coelacanth) 
XP_006009329 6.46E-

104 61.33% 

F:2 iron, 2 sulfur 
cluster binding; 
F:oxidoreductase 
activity; P:oxidation-
reduction process 

IPR017941 (Rieske [2Fe-2S] 
iron-sulphur domain); 
PTHR21266 (iron-sulfur 
domain containing); 
transmembrane helix domain 

phosphatidylethanolamine-
binding protein comp48058_c1 -1.26 9.38E-05 

Danaus 

plexippus 
(butterfly) 

EHJ71177 8.45E-18 47.67% - 

IPR008914, PTHR11362 
(phosphatidylethanolamine-
binding protein PEBP family); 
cytoplasmic domain; 
transmembrane helix domain 

beta-crystallin a1 comp51193_c0 1.29 9.21E-15 
Lepeophtheirus 

salmonis 
(copepod) 

ADD38111 1.21E-35 54.33% - 

IPR001064 (Beta/gamma 
crystallin); signal peptide 
domain ; IPR011024 (Gamma-
crystallin-related domain) 

hypothetical protein comp57629_c1 1.16 2.78E-05 Daphnia pulex 
(waterflea) EFX79782 7.28E-91 39.67% 

F:serine-type 
endopeptidase inhibitor 
activity 

SSF54403 (cystatin/monellin 
family); IPR002223 
(Proteinase inhibitor I2, Kunitz 
domain);   IPR018073 
(Proteinase inhibitor I25, 
cystatin, conserved site ); 
signal peptide domain 
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METABOLISM 

hypothetical protein comp45348_c0 -3.36 6.21E-09 
Ciona 

intestinalis 
(tunicate) 

XP_002121160 4.00E-42 56.33% - 

 PTHR10366 (NAD dependent 
epimerase/dehydratase);  
IPR027417 (P-loop containing 
nucleoside triphosphate 
hydrolase); transmembrane 
helix domain 

violaxanthin de-epoxidase comp42733_c0 1.38 4.73E-14 Physcomitrella 

patens (moss) XP_001773358 5.55E-13 40.00% 

F:violaxanthin de-
epoxidase activity; 
C:chloroplast; 
P:oxidation-reduction 
process 

IPR012674 (calycin domain); 
IPR010788 (violaxanthin de-
epoxidase ) ; IPR011038 
(calycin-like superfamily); 
signal peptide domain 

hypothetical protein comp53782_c0 1.12 5.86E-05 Daphnia pulex 
(waterflea) EFX83386 1.13E-92 55.00% F:hydrolase activity 

IPR002018, IPR019826 
(carboxylesterase, type B 
domain/active site); 
IPR029058 (alpha/Beta 
hydrolase fold domain);  
PTHR11559 (carboxylesterase 
family); signal peptide domain  

aldehyde dehydrogenase 
family 3 member partial comp56580_c0 -1.00 6.01E-04 

Stegodyphus 

mimosarum 

(spider) 
KFM66996 3.36E-

175 69.33% 
F:oxidoreductase 
activity; 
P:biological_process 

IPR012394, PTHR11699 
(Aldehyde dehydrogenase 
NAD(P)-dependent family); 
IPR016162 (Aldehyde 
dehydrogenase, N-terminal 
domain); IPR016163 
(Aldehyde dehydrogenase, C-
terminal domain); cytoplasmic 
domain; transmembrane 
domain 

aldehyde oxidase 2-like comp59156_c0 -1.07 3.99E-04 Daphnia pulex 
(waterflea) EFX86357 0.00E+00 60.67% F:molecular_function 

IPR005107 (CO 
dehydrogenase flavoprotein, 
C-terminal domain); 
IPR000674 (aldehyde 
oxidase/xanthine 
dehydrogenase, a/b 
hammerhead domain); 
IPR016208 (Aldehyde 
oxidase/xanthine 
dehydrogenase family); 
IPR008274 (Aldehyde 
oxidase/xanthine 
dehydrogenase, molybdopterin 
binding domain) 

118



RESPONSE TO STRESS 

inter-alpha-trypsin 
inhibitor heavy chain h4 comp32809_c1 1.59 1.53E-04 Crassostrea 

gigas (oyster) EKC36390 6.50E-
102 55.67% - no IPS match 

Cytochrome P450  comp55690_c0 -1.50 2.38E-03 
Tigriopus 

japonicus 
(copepod) 

AIL94133 1.16E-87 53.67% 

P:oxidation-reduction 
process; F:iron ion 
binding; 
F:oxidoreductase 
activity, acting on 
paired donors, with 
incorporation or 
reduction of molecular 
oxygen; F:heme 
binding 

IPR001128 (cytochrome P450 
family); IPR002401 
(cytochrome P450, E-class, 
group I family); signal peptide 
domain 

glutathione s-transferase 
mu 1 comp46208_c1 -1.04 4.77E-03 

Oryctolagus 

cuniculus 
(rabbit) 

NP_001075721 2.87E-37 51.33% F:protein binding 

IPR004046 (Glutathione S-
transferase, C-terminal 
domain); IPR004045 
(Glutathione S-transferase, N-
terminal domain); IPR010987 
(glutathione S-transferase, C-
terminal-like domain) 

CUTICLE INTEGRITY 

chitotriosidase comp55805_c0 1.28 6.34E-11 Daphnia pulex 

(waterflea) EFX90412 2.17E-
134 66.00% 

F:hydrolase activity, 
acting on glycosyl 
bonds; 
P:biological_process 

IPR017853 (glycoside 
hydrolase, superfamily); 
IPR011583 (chitinase II 
domain); IPR002557 (chitin-
binding domain); IPR029070 
(chitinase insertion domain); 
PTHR11177 (chitinase 
family); signal peptide domain   

chondroitin proteoglycan-
2-like comp35157_c0 1.88 4.63E-06 

Tribolium 

castaneum 

(beetle) 
XP_008192409 4.01E-08 60.33% 

C:extracellular region; 
P:chitin metabolic 
process; F:chitin 
binding 

IPR002557 (chitin-binding 
domain); PTHR23301 (chitin-
binding peritrophin A family) 

chitin-binding protein comp43891_c0 2.10 3.42E-11 
Drosophila 

virilis (fly) 
XP_002048076 3.65E-05 57.67% 

P:chitin metabolic 

process; 

C:extracellular 

region; F:chitin 

binding 

chitin-binding domain 

(PFAM); signal peptide 

domain 

chondroitin 

proteoglycan-2-like 
comp47090_c0 2.03 5.71E-10 

Tribolium 

castaneum 

(beetle) 

XP_008192409 1.86E-09 60.33% 

F:chitin binding; 

P:chitin metabolic 

process; 

C:extracellular region 

IPR002557 (chitin-binding 

domain) 
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IMMUNE SYSTEM PROCESSES 

C-type lectin-like comp47544_c0 4.61 2.55E-28 - - - - - 

IPR016186 (c-type lectin-like 

domain); IPR016187 (c-type 

lectin fold domain); signal 

peptide domain 

macrophage mannose 
receptor partial comp50187_c1 -1.80 8.02E-04 Chaetura 

pelagica (bird) KFU96626 1.50E-15 41.67% F:carbohydrate binding 

IPR001304 (c-type lectin 
domain);  PTHR22803 
(mannose, phospholipase, 
lectin receptor related family); 
IPR016187 (c-type lectin fold 
domain); signal peptide 
domain 

hepatic lectin-like comp49674_c0 6.93 4.15E-49 
Oreochromis 

niloticus (fish) 
XP_005459156 3.02E-05 37 

F:carbohydrate 

binding 

IPR001304 (c-type lectin 

domain); IPR016186 (c-type 

lectin-like domain); 

IPR016187 (c-type lectin 

fold); cytoplasmic domain; 

transmembrane helix 

domain 

C-type lectin-like comp46353_c0 8.21 3.99E-14 - - - - - 
IPR016186 (c-type lectin-like 
domain); IPR016187 (c-type 
lectin fold) 

C-type lectin-like comp46353_c1 7.64 6.90E-45 - - - - - 

IPR016186 (c-type lectin-like 

domain); IPR016187 (c-type 

lectin fold) 

C-type lectin-like comp40027_c0 5.99 3.99E-14 - - - - - IPR016186 (c-type lectin-like); 
IPR016187 (c-type lectin fold) 

c-type mannose receptor 
2- partial comp43463_c0 -1.16 1.41E-02 

Saccoglossus 

kowalevskii 

(worm) 
XP_006825556 2.63E-18 44.67% F:carbohydrate binding 

IPR001304 (c-type lectin); 
IPR016186 (c-type lectin-like);  
PTHR22803 (mannose, 
phospholipase, lectin receptor 
related); IPR016187 (c-type 
lectin fold); signal peptide 
domain 

Saposin-like comp58868_c1 4.52 2.49E-73 - - - - - 

IPR011001 (saposin-like 

domain); IPR008139 

(saposin B domain); signal 

peptide domain 
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TRANSPORT 

sodium-dependent 
phosphate transporter 1-a-
like 

comp51144_c0 1.12 3.86E-03 
Metaseiulus 

occidentalis 
(mite) 

XP_003742817 1.38E-67 52.67% 

F:inorganic phosphate 
transmembrane 
transporter activity; 
C:membrane; 
P:phosphate ion 
transport 

 IPR001204 (phosphate 
transporter family); 
cytoplasmic domain; 
transmembrane helix domain  

peptide transporter family 
1-like comp56914_c0 1.64 2.73E-07 

Dendroctonus 

ponderosae 

(beetle) 
ENN73556 3.13E-

159 59.33% 

F:transporter activity; 
C:membrane; 
P:oligopeptide 
transport 

IPR000109 (Proton-dependent 
oligopeptide transporter 
family); PTHR11654:SF96 
(peptide transporter family 1); 
IPR018456 (PTR2 family 
proton/oligopeptide symporter, 
conserved site); IPR016196 
(Major facilitator superfamily 
domain, general substrate 
transporter domain); 
transmembrane helix domain; 
cytoplasmic domain 

hypothetical protein comp57280_c0 1.04 1.96E-05 Daphnia pulex 
(waterflea) EFX71591 1.72E-

149 52.00% - 

IPR002035 (von Willebrand 
factor, type A domain);  
IPR013642 (Chloride channel 
calcium-activated);   
PTHR10579 (calcium-
activated chlorine channel 
regulator); cytoplasmic 
domain; transmembrane 
domain 

adp-ribosylation factor comp45127_c0 2.03 2.68E-05 
Dugesia 

japonica 

(flatworm) 
P91924 1.69E-71 82.33% 

P:response to stress; 
P:catabolic process; 
P:signal transduction; 
P:vesicle-mediated 
transport; P:transport; 
C:Golgi apparatus; 
F:ion binding 

IPR006689 (Small GTPase 
superfamily, ARF/SAR type); 
IPR027417 (P-loop containing 
nucleoside triphosphate 
hydrolase domain); IPR005225 
(Small GTP-binding protein 
domain) 
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UNKNOWN 

Unknown comp62318_c0 2.83 3.06E-02 - - - - - signal peptide domain 

Unknown comp16598_c0 2.65 2.13E-02 - - - - - transmembrane helix domain; 
cytoplasmic domain 

Unknown comp16910_c0 4.16 2.58E-08 - - - - - no IPS match 

Unknown comp17377_c0 2.48 1.09E-03 - - - - - 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); 
signal peptide domain 

Unknown comp17945_c0 1.24 3.75E-10 - - - - - 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); 
signal peptide domain 

hypothetical protein comp18829_c0 1.90 1.49E-08 Helobdella 

robusta (leech) XP_009029394 8.92E-04 44.00% - signal peptide domain 

Unknown comp58868_c2 4.00 9.54E-12 - - - - - no IPS match 

Unknown comp58868_c3 4.07 5.23E-19 - - - - - no IPS match 

Unknown comp56716_c0 1.26 2.04E-02 - - - - - no IPS match 

Unknown# comp51822_c0 -5.53 6.05E-03 - - - - - transmembrane helix domain 

Unknown comp52925_c1 2.50 4.15E-49 - - - - - 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); 
signal peptide domain  

Unknown comp53341_c1 1.67 4.97E-02 - - - - - 

IPR029469 (PAN-4 domain); 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); 
signal peptide domain 

Unknown comp53341_c2 1.64 3.86E-03 - - - - - 

IPR029469 (PAN-4 domain); 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); 
signal peptide domain 

Unknown comp53492_c0 1.76 1.89E-02 - - - - - cytoplasmic domain; 
transmembrane helix domain  

Unknown comp49776_c0 -6.42 3.61E-03 - - - - - no IPS match 

Unknown comp50150_c0 1.08 4.43E-02 - - - - - coiled-coil domain; 
transmembrane domain  
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Unknown comp46444_c2 2.83 3.53E-04 - - - - - signal peptide domain 

Unknown comp46722_c0 2.46 5.94E-04 - - - - - no transmembrane domain 

Unknown comp47218_c0 1.06 3.34E-02 - - - - - signal peptide domain; 
transmembrane helix domain 

Unknown comp46043_c0 2.93 3.99E-04 - - - - - no IPS match 

Unknown comp44011_c0 3.11 9.29E-07 - - - - - no IPS match 

Unknown# comp40339_c0 -8.35 3.53E-04 - - - - - signal peptide domain; 
transmembrane domain  

Unknown comp40368_c0 1.99 4.09E-06 - - - - - 

G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); 
SSF57414 (hairpin loop 
containing domain-like 
superfamily) 

Unknown comp41942_c0 1.99 2.82E-12 - - - - - no IPS match 

Unknown comp42970_c0 -4.86 4.83E-02 - - - - - transmembrane domain 

Unknown comp43319_c0 2.19 1.33E-06 - - - - - 

IPR003014 (PAN-1 domain);  
IPR003609 (apple-like 
domain) SSF57414 (hairpin 
loop containing domain-like 
superfamily); signal peptide 
domain  

Unknown comp33114_c0 -4.03 2.31E-03 - - - - - no IPS match 

Unknown comp36118_c0 1.31 5.91E-06 - - - - - 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); 
signal peptide domain 

Unknown comp36128_c0 1.86 6.66E-04 - - - - - transmembrane, cytoplasmic 
domain  

Unknown comp39845_c0 3.38 1.48E-02 - - - - - no IPS match 
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Table S7: E. affinis genes differentially expressed in the V. ordalii exposure treatment, compared to the control samples. 

Abbreviations: ‘FC’ = fold change relative to the control treatment; ‘FDR’ = false discovery rate; ‘GOs’ = gene ontology terms. Blank 
entries reflect a lack of significant blast hits with associated GO terms at the set parameters (E-value < 1 x 10-4). Genes that have a red 
‘#’ are those that are differentially expressed in both Vibrio exposure treatments in comparison to the control samples. 

 

 

Transcript 

Description 

Transcript 

ID 
FC FDR 

Top BLASTx 

Hit Species 

Top Hit 

Accession 

Number 

Min. E-

Value 

Mean 

similarity 
GOs InterProScan results 

RESPONSE TO STRESS 

Knottin-like inhibitory 
protein comp44575_c0 -2.81 2.86E-03 - - - - P:defense response 

IPR003614 (knottin, scorpion-
toxin-like domain); signal 
peptide domain 

UNKNOWN 

Unknown# comp40339_c0 -7.66 1.17E-02 - - - - - signal peptide domain; 
transmembrane domain  

Unknown# comp51822_c0 -5.90 1.17E-02  -  -  -  - - transmembrane helix domain 
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Table S8: E. affinis genes differentially expressed in the V. ordalii exposure treatment, compared to the V. sp. F10 exposure 

treatment. Abbreviations: ‘FC’ = fold change relative to the control treatment; ‘FDR’ = false discovery rate; ‘GOs’ = gene ontology 
terms. Blank entries reflect a lack of significant blast hits with associated GO terms at the set parameters (E-value < 1 x 10-4). Gene 
entries that are in bold are those that are not differentially expressed in any other treatment comparison. 

Transcript 

Description 

Transcript 

ID 
FC FDR 

Top 

BLASTx Hit 

Species 

Top Hit 

Accession 

Number 

Min. E-

Value 

Mean 

similarity 
GOs InterProScan results 

CELL SIGNALLING PROCESSES 

beta-crystallin 

a1 
comp45441_c0 -1.14 1.76E-02 

Lepeophtheirus 

salmonis 

(copepod) 

ADD38111 8.62E-37 54.33% - 

 G3DSA:2.60.20.10 (crystallin 

superfamily);  IPR011024 

(gamma-crystallin related 

domain); IPR001064 

(Beta/gamma crystallin domain) 

a disintegrin and 
metalloproteinase 
with 
thrombospondin 
motifs partial 

comp42146_c0 -1.36 9.78E-02 
Stegodyphus 

mimosarum 

(spider) 
KFM61983 6.86E-73 72.00% 

P:proteolysis; 
F:metalloendopeptidase 
activity 

IPR001590 (peptidase_M12B 
domain); IPR024079 
(metallopeptidase catalytic 
domain) 

f-box kelch-
repeat protein 
at2g44130-like 

comp42229_c0 -1.07 8.22E-06 
Pyrus x 

bretschneideri 

(pear) 
XP_009335865 1.28E-06 46.67% - signal peptide domain; 

transmembrane domain  

f-box kelch-

repeat protein 

at2g44130-like 

comp21522_c0 -1.30 8.33E-03 

Pyrus x 

bretschneideri 

(pear) 

XP_009335865 4.15E-07 46.33% F:protein binding 

SSF117281 (kelch motif 

superfamily); IPR006652 (kelch 

repeat type 1); IPR015915 

(kelch-type beta propeller 

domain) 

elongation 

factor 1-delta  
comp45173_c0 -2.97 4.22E-02 

Artemia salina 

(brine shrimp) 
P32192 9.88E-26 65.00% 

C:eukaryotic translation 

elongation factor 1 

complex; P:translational 

elongation; F:translation 

elongation factor activity 

IPR014038 (translation 

elongation factor EF1B, 

beta/delta subunit, guanine 

nucleotide exchange domain)  

beta-crystallin a1 comp51193_c0 -1.15 7.31E-12 
Lepeophtheirus 

salmonis 
(copepod) 

ADD38111 1.21E-35 54.33% - 

IPR001064 (Beta/gamma 
crystallin); signal peptide domain ; 
IPR011024 (Gamma-crystallin-
related domain) 
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METABOLISM 

hypothetical 
protein comp45348_c0 3.10 4.76E-13 

Ciona 

intestinalis 
(tunicate) 

XP_002121160 4.00E-42 56.33% - 

 PTHR10366 (NAD dependent 
epimerase/dehydratase);  
IPR027417 (P-loop containing 
nucleoside triphosphate 
hydrolase); transmembrane helix 
domain 

violaxanthin de-
epoxidase comp42733_c0 -1.26 4.46E-10 Physcomitrella 

patens (moss) XP_001773358 5.55E-13 40.00% 

F:violaxanthin de-epoxidase 
activity; C:chloroplast; 
P:oxidation-reduction 
process 

IPR012674 (calycin domain); 
IPR010788 (violaxanthin de-
epoxidase ) ; IPR011038 (calycin-
like superfamily); signal peptide 
domain 

hypothetical 
protein comp53782_c0 -0.96 3.65E-03 Daphnia pulex 

(waterflea) EFX83386 1.13E-92 55.00% F:hydrolase activity 

IPR002018, IPR019826 
(carboxylesterase, type B 
domain/active site); IPR029058 
(alpha/Beta hydrolase fold 
domain);  PTHR11559 
(carboxylesterase family); signal 
peptide domain  

aldehyde 
dehydrogenase 
family 3 member 
partial 

comp56580_c0 0.82 9.10E-02 
Stegodyphus 

mimosarum 

(spider) 
KFM66996 3.36E-175 69.33% F:oxidoreductase activity; 

P:biological_process 

IPR012394, PTHR11699 
(Aldehyde dehydrogenase 
NAD(P)-dependent family); 
IPR016162 (Aldehyde 
dehydrogenase, N-terminal 
domain); IPR016163 (Aldehyde 
dehydrogenase, C-terminal 
domain); cytoplasmic domain; 
transmembrane domain 

aldehyde oxidase 
2-like comp59156_c0 -4.14 5.26E-25 Daphnia pulex 

(waterflea) EFX86357 0.00E+00 60.67% F:molecular_function 

IPR005107 (CO dehydrogenase 
flavoprotein, C-terminal domain); 
IPR000674 (aldehyde 
oxidase/xanthine dehydrogenase, 
a/b hammerhead domain); 
IPR016208 (Aldehyde 
oxidase/xanthine dehydrogenase 
family); IPR008274 (Aldehyde 
oxidase/xanthine dehydrogenase, 
molybdopterin binding domain) 
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RESPONSE TO STRESS 

Knottin-like 
inhibitory protein comp44575_c0 -3.54 2.77E-02 - - - - P:defense response 

IPR003614 (knottin, scorpion-
toxin-like domain); signal peptide 
domain 

inter-alpha-
trypsin inhibitor 
heavy chain h4 

comp32809_c1 -1.34 1.12E-02 Crassostrea 

gigas (oyster) EKC36390 6.50E-102 55.67% - no IPS match 

Cytochrome 
P450  comp55690_c0 1.67 4.54E-05 

Tigriopus 

japonicus 
(copepod) 

AIL94133 1.16E-87 53.67% 

P:oxidation-reduction 
process; F:iron ion binding; 
F:oxidoreductase activity, 
acting on paired donors, with 
incorporation or reduction of 
molecular oxygen; F:heme 
binding 

IPR001128 (cytochrome P450 
family); IPR002401 (cytochrome 
P450, E-class, group I family); 
signal peptide domain 

glutathione s-
transferase mu 1 comp46208_c1 0.90 4.84E-02 

Oryctolagus 

cuniculus 
(rabbit) 

NP_001075721 2.87E-37 51.33% F:protein binding 

IPR004046 (Glutathione S-
transferase, C-terminal domain); 
IPR004045 (Glutathione S-
transferase, N-terminal domain); 
IPR010987 (glutathione S-
transferase, C-terminal-like 
domain) 

CUTICLE INTEGRITY 

Chitotriosidase comp33461_c0 -1.30 3.23E-04 
Daphnia pulex 

(waterflea) 
EFX90412 8.52E-80 73.33% 

F:hydrolase activity, acting 

on glycosyl bonds; 

P:biological_process; 

P:carbohydrate metabolic 

process 

IPR017853 (Glycoside hydrolase, 

superfamily ); PTHR11177 

(chitinase family);  IPR011583 

(chitinase II domain); 

IPR001579 (Glycoside hydrolase, 

chitinase active site); signal 

peptide domain 

hypothetical 

protein 
comp32479_c0 -1.58 1.25E-03 

Daphnia pulex 

(waterflea) 
EFX90414 1.20E-45 63.33% 

F:hydrolase activity, acting 

on glycosyl bonds; 

P:biological_process 

 IPR017853 (Glycoside 

hydrolase, superfamily domain); 

IPR001223 (Glycoside hydrolase, 

family 18, catalytic domain); 

IPR029070 (chitinase insertion 

domain); PTHR11177 (chitinase 

family) 

chitotriosidase comp55805_c0 -1.29 2.82E-09 Daphnia pulex 

(waterflea) EFX90412 2.17E-134 66.00% 
F:hydrolase activity, acting 
on glycosyl bonds; 
P:biological_process 

IPR017853 (glycoside hydrolase, 
superfamily); IPR011583 
(chitinase II domain); IPR002557 
(chitin-binding domain); 
IPR029070 (chitinase insertion 
domain); PTHR11177 (chitinase 
family); signal peptide domain   

chondroitin 
proteoglycan-2-
like 

comp35157_c0 -1.60 4.70E-06 
Tribolium 

castaneum 

(beetle) 
XP_008192409 4.01E-08 60.33% 

C:extracellular region; 
P:chitin metabolic process; 
F:chitin binding 

IPR002557 (chitin-binding 
domain); PTHR23301 (chitin-
binding peritrophin A family) 
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chitin-binding 
protein comp43891_c0 -1.35 5.12E-06 Drosophila 

virilis (fly) XP_002048076 3.65E-05 57.67% 
P:chitin metabolic process; 
C:extracellular region; 
F:chitin binding 

chitin-binding domain (PFAM); 
signal peptide domain 

chondroitin 
proteoglycan-2-
like 

comp47090_c0 -1.96 6.08E-10 
Tribolium 

castaneum 

(beetle) 
XP_008192409 1.86E-09 60.33% 

F:chitin binding; P:chitin 
metabolic process; 
C:extracellular region 

IPR002557 (chitin-binding 
domain) 

IMMUNE SYSTEM PROCESSES 

C-type lectin-like comp47544_c0 -3.93 1.97E-20 - - - - - 

IPR016186 (c-type lectin-like 
domain); IPR016187 (c-type lectin 
fold domain); signal peptide 
domain 

macrophage 
mannose receptor 
partial 

comp50187_c1 1.99 6.07E-05 Chaetura 

pelagica (bird) KFU96626 1.50E-15 41.67% F:carbohydrate binding 

IPR001304 (c-type lectin domain);  
PTHR22803 (mannose, 
phospholipase, lectin receptor 
related family); IPR016187 (c-type 
lectin fold domain); signal peptide 
domain 

hepatic lectin-
like comp49674_c0 -4.50 9.64E-08 Oreochromis 

niloticus (fish) XP_005459156 3.02E-05 37 F:carbohydrate binding 

IPR001304 (c-type lectin domain); 
IPR016186 (c-type lectin-like 
domain); IPR016187 (c-type lectin 
fold); cytoplasmic domain; 
transmembrane helix domain 

C-type lectin-like comp46353_c0 -4.98 2.64E-17 - - - - - 
IPR016186 (c-type lectin-like 
domain); IPR016187 (c-type lectin 
fold) 

C-type lectin-like comp46353_c1 -5.04 2.82E-07 - - - - - 
IPR016186 (c-type lectin-like 
domain); IPR016187 (c-type lectin 
fold) 

C-type lectin-like comp40027_c0 -3.53 1.33E-08 - - - - - IPR016186 (c-type lectin-like); 
IPR016187 (c-type lectin fold) 

c-type mannose 
receptor 2- 
partial 

comp43463_c0 0.98 5.84E-02 
Saccoglossus 

kowalevskii 

(worm) 
XP_006825556 2.63E-18 44.67% F:carbohydrate binding 

IPR001304 (c-type lectin); 
IPR016186 (c-type lectin-like);  
PTHR22803 (mannose, 
phospholipase, lectin receptor 
related); IPR016187 (c-type lectin 
fold); signal peptide domain 

Saposin-like comp58868_c1 -3.76 1.03E-35 - - - - - 
IPR011001 (saposin-like domain); 
IPR008139 (saposin B domain); 
signal peptide domain 
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TRANSPORT 

sodium-
dependent 
phosphate 
transporter 1-a-
like 

comp51144_c0 -0.83 1.47E-01 
Metaseiulus 

occidentalis 
(mite) 

XP_003742817 1.38E-67 52.67% 

F:inorganic phosphate 
transmembrane transporter 
activity; C:membrane; 
P:phosphate ion transport 

 IPR001204 (phosphate transporter 
family); cytoplasmic domain; 
transmembrane helix domain  

sodium-

dependent 

nutrient amino 

acid transporter 

1-like 

comp12362_c0 -3.61 2.30E-02 

Bombus 

terrestris 

(bumblebee) 

XP_003400703 2.47E-49 60.33% 

P:neurotransmitter 

transport; 

F:neurotransmitter:sodium 

symporter activity; 

C:integral to membrane 

IPR000175 

(Sodium:neurotransmitter 

symporter family);   SSF161070 

(SNF-like superfamily); 

transmembrane helix domain; 

cytoplasmic domaiin 

peptide 
transporter 
family 1-like 

comp56914_c0 -1.29 3.37E-04 
Dendroctonus 

ponderosae 

(beetle) 
ENN73556 3.13E-159 59.33% 

F:transporter activity; 
C:membrane; P:oligopeptide 
transport 

IPR000109 (Proton-dependent 
oligopeptide transporter family); 
PTHR11654:SF96 (peptide 
transporter family 1); IPR018456 
(PTR2 family proton/oligopeptide 
symporter, conserved site); 
IPR016196 (Major facilitator 
superfamily domain, general 
substrate transporter domain); 
transmembrane helix domain; 
cytoplasmic domain 

hypothetical 
protein comp57280_c0 -0.92 6.55E-04 Daphnia pulex 

(waterflea) EFX71591 1.72E-149 52.00% - 

IPR002035 (von Willebrand 
factor, type A domain);  
IPR013642 (Chloride channel 
calcium-activated);   PTHR10579 
(calcium-activated chlorine 
channel regulator); cytoplasmic 
domain; transmembrane domain 

UNKNOWN 

Unknown comp62318_c0 -3.06 2.01E-04 - - - - - signal peptide domain 

Unknown comp16910_c0 -3.22 3.16E-10 - - - - - no IPS match 

Unknown comp17945_c0 -1.25 3.84E-09 - - - - - 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); signal 
peptide domain 

hypothetical 
protein comp18829_c0 -1.85 8.61E-11 Helobdella 

robusta (leech) XP_009029394 8.92E-04 44.00% - signal peptide domain 
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Unknown comp58868_c2 -3.73 1.56E-16 - - - - - no IPS match 

Unknown comp58868_c3 -4.14 5.26E-25 - - - - - no IPS match 

Unknown comp56716_c0 -1.16 4.82E-01 - - - - - no IPS match 

Unknown comp52925_c1 -2.18 2.85E-22 - - - - - 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); signal 
peptide domain  

Unknown comp53341_c1 -1.47 1.65E-01 - - - - - 

IPR029469 (PAN-4 domain); 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); signal 
peptide domain 

Unknown comp53341_c2 -1.47 2.96E-03 - - - - - 

IPR029469 (PAN-4 domain); 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); signal 
peptide domain 

Unknown comp53492_c0 -1.46 7.38E-02 - - - - - cytoplasmic domain; 
transmembrane helix domain  

Unknown comp46444_c2 -2.99 8.67E-13 - - - - - signal peptide domain 

Unknown comp46722_c0 -1.93 6.30E-04 - - - - - no transmembrane domain 

Unknown comp46043_c0 -3.07 5.77E-08 - - - - - no IPS match 

Unknown comp44011_c0 -2.49 2.18E-08 - - - - - no IPS match 

Unknown comp40368_c0 -1.16 1.09E-02 - - - - - 

G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); 
SSF57414 (hairpin loop containing 
domain-like superfamily) 

Unknown comp41942_c0 -1.48 1.33E-07 - - - - - no IPS match 

Unknown comp43319_c0 -1.95 3.69E-08 - - - - - 

IPR003014 (PAN-1 domain);  
IPR003609 (apple-like domain) 
SSF57414 (hairpin loop containing 
domain-like superfamily); signal 
peptide domain  
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Unknown comp36118_c0 -1.02 3.57E-03 - - - - - 
G3DSA:3.50.4.10 (hepatocyte 
growth factor superfamily); signal 
peptide domain 

Unknown comp36128_c0 -2.07 2.75E-06 - - - - - transmembrane, cytoplasmic 
domain  

Unknown comp39845_c0 -2.85 2.28E-03 - - - - - no IPS match 

Unknown comp73005_c0 -3.92 7.86E-03 - - - - - no IPS match 

Unknown comp63041_c0 3.79 2.40E-02 - - - - - coiled coil domain 

Unknown comp60209_c0 -1.39 4.23E-03 - - - - - signal peptide domain 

Unknown comp57815_c2 1.41 2.74E-02 - - - - - 
signal peptide domain; 

transmembrane helix domain 

Unknown comp48674_c0 -3.48 4.49E-02 - - - - - no IPS match 

hypothetical 

protein 
comp43699_c0 8.02 3.92E-02 

Acartia 

pacifica 

(copepod) 

AGN29688 9.37E-48 69.67% - no IPS match 

Unknown comp41891_c0 -3.40 2.30E-02 - - - - - signal peptide domain 

Unknown comp40961_c0 -2.49 2.30E-02 - - - - - transmembrane helix domain 

Unknown comp39791_c0 -2.42 3.85E-04 - - - - - coiled-coil domain 

Unknown comp16303_c0 5.03 2.46E-02 - - - - - 
signal peptide domain; 

transmembrane helix domain 
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Table S9: Vibrio transcripts identified in the assembled E. affinis transcriptome that are unique to the V. sp. F10-exposed 

treatment. The top blastx hit, GenBank accession number, and e-values are listed as well as the TMM- and FPKM- normalized 
expression values in the V. sp. F10-exposed treatment.  

 

Transcript BLASTx Top Hit GenBank ID E-value 
Normalized 

expression 

comp67439_c0 
hypothetical protein                
[Vibrio alginolyticus] WP_005380312.1 1.70E-14 F10: 2.58 

comp26848_c0 
hypothetical protein                   
[Vibrio sp. F10]  WP_017036182.1 1.20E-11 F10: 4.4 

comp18425_c0 
hypothetical protein               
[V. sp. F10] WP_017035998.1 9.70E-19 F10: 1.8 

comp23751_c0 
 hypothetical protein                       
[Vibrio anguillarum] WP_019282965.1 1.80E-31 F10: 6.7 
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Chapter Four 

 

Specificity of the bacterial communities associated with 

the copepod Calanus finmarchicus
1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                             
1 To be submitted with: Manoshi S. Datta (co-first author for her contributions to the 16S rRNA 
sequencing analysis), Mark Baumgartner, Otto Cordero, Tracy Mincer, Ann Tarrant, Martin Polz 
Proposed journal: Journal of the International Society for Microbial Ecology 
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ABSTRACT: 

Animal microbiomes represent complex systems structured by dynamic interactions 

between host and microbial cells. Here, we investigate how specifically and reproducibly 

microbial communities assemble on ecologically relevant, marine invertebrate hosts and whether 

changes in host physiology can act as a selective force on host-associated microbial 

communities. We compared the abundance and composition of the bacterial communities on 

individual active and diapausing Calanus finmarchicus copepods collected from Trondheimfjord, 

Norway and examined the predictive power of host morphometrics on observed abundance 

patterns of microbial members. Our findings suggest that C. finmarchicus copepods have a 

predictable “core microbiome” that persists throughout the host’s entrance into diapause, a 

dormancy period characterized by significant physiological changes in the host. Furthermore, we 

observe that the differences in the structure of the “flexible” microbiome in diapausing and 

active individuals appear to be at least partially driven by factors including the copepod’s feeding 

history, copepod body size, and competitive microbial interactions. Ultimately our study 

provides a framework to better understand the processes that underlie microbial community 

assembly on C. finmarchicus copepods and suggests that host physiology may be an important 

selective force on copepod-associated bacterial community structure.  
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INTRODUCTION: 

Microbial community composition can profoundly impact ecosystem biodiversity and 

function, yet the underlying forces that shape microbial community assembly are not well 

understood (1-3). Host-associated microbial communities provide unique systems in which to 

study the mechanisms that shape microbial community structure.  Living hosts can often exert a 

strong selective force on associated microbiota, which is reflected in the frequent observation of 

species-specific (4-7) and even host site-specific (8, 9) microbiomes. The specificity of these 

complex microbial assemblages can be observed in terms of conserved taxonomy at high 

phylogenetic levels and/or function of the microbial community members (10-12).  Identification 

of the predominant and consistent members of the host-associated community (‘the core 

microbiome’) can provide insight into how reliably the microbiomes assemble and the potential 

functional roles selected for by the host (13). 

Although species-specific core microbiomes have been described in a variety of host 

organsisms, there can also be dynamic variability in microbial community composition across 

individuals (12, 14-16) and time (17, 18). The mechanisms that lead to variability in microbiome 

structure are poorly understood, although several studies suggest that inter-microbial interactions 

may be important contributors (8, 19, 20). In the human nasal cavity, for example, the presence 

of two species of resident bacteria (Corynebacterium accolens, C. pseudodiphtheriticum) was 

observed to be an important determinant of the occurrence of Staphylococcus aureus (19, 20), an 

opportunistic pathogen found in the nasal cavities of 20-30% of humans (21). In vitro co-

cultivation experiments demonstrate that C. accolens supports the growth of S. aureus and that 

C. pseudodiphtheriticum inhibits the growth of S. aureus, suggesting that inter-species 

interactions contribute to the host variability in S. aureus presence in the nasal cavity (19). Host 

physiology and host life history are also thought to function as important selective forces on 

microbial community assembly and inter-individual variability in microbiome structure (16, 22). 

Research in vertebrates has shown that factors including dietary history (23, 24), maternal effects 

(25), genetics (25, 26), and gender (27) can be important determinants of host-derived inter-

individual microbiome variability, but few such studies exist in invertebrate systems (e.g., 28).  

Alternatively, stochastic birth-death and immigration processes have also been implicated as 
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important drivers of assembly patterns of certain phylogenetic taxa on some invertebrate hosts 

(29).  

The purpose of this study was to identify how specifically and reproducibly bacterial 

communities assemble on ecologically relevant, marine invertebrate hosts and whether dramatic 

changes in the physiology of a host population can act as a selective force on host-associated 

bacterial communities. We were also interested in examining whether inter-individual variability 

in the host microbiome could be attributed to bacterial interactions and/or inter-individual 

variability in host physiology. We examined the bacterial communities of marine copepods, 

abundant crustaceans known to cause dramatic impacts on the proliferation, virulence, and 

physiology of many bacterial species, including several pathogens (30-34). Several studies have 

suggested that copepod-associated bacterial communities are distinct from free-living 

communities in the water column (35, 36), but the mechanisms that drive the community 

assembly on these organisms have not yet been explored. We specifically studied the bacterial 

communities of the dominant large copepod in the North Atlantic, Calanus finmarchicus, which 

initiates a facultative diapause period typically during the last juvenile developmental stage (the 

fifth copepodite stage) (37) to avoid adverse seasonal conditions and high predation risk (38). 

This diapause period is characterized by a vertical migration to depth, arrested development, 

greatly reduced activity and metabolic rate, and cessation in feeding and molting (39, 40). The 

dramatic physiological changes associated with diapause in C. finmarchicus provide a unique 

system to study how a sustained change in the physiology of an invertebrate host may alter the 

abundance and community structure of its microbiome.  

We collected numerous individual diapausing and active C. finmarchicus from 

Trondheimfjord, Norway to quantify bacterial abundance  and community composition in light 

of morphometric data collected from each copepod. This first comprehensive analysis of the 

microbiome of individual copepods suggests that copepods have “core” bacterial members that 

persist throughout the host’s entry into diapause. Furthermore, the distinct community structure 

of the “flexible” microbiome (i.e., the non-‘core’ members) of active and diapausing copepod 

populations appears to be partially driven by host factors including the copepod’s feeding history 

and body size and by inter-specific bacterial interactions on the copepod surface. Overall, we 

observe that specific and predictable bacterial communities form on C. finmarchicus hosts which 
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may ultimately be driven by selective forces imposed by the host environment and/or host 

genetics in addition to inter-specific bacterial interactions.  

 

METHODS: 

Sampling of surface and deep C. finmarchicus 

C. finmarchicus C5 copepodids were collected at Tröllet station near Trondheim, Norway 

over two sampling dates (6 June 2012, 11 June 2012) aboard the NTNU research vessel R/V 

Gunnerus (see Table S1 for details about sampling locations and times). Zooplankton were 

collected with a double trip close-open-close system using a 75 cm diameter ring outfitted with a 

150 μm conical mesh net to capture samples in two depth strata: 250-350 m and 0-50 m 

(hereafter referred to as the deep and shallow samples, respectively). Depth was monitored in 

real time with an acoustic transmitter attached to the sampling net. Once the net was recovered, 

the contents of the cod end were poured into 10 gallon buckets filled with cold, sterile-filtered 

(0.22 μm) seawater. Before use, buckets were wiped with 10% bleach and thoroughly rinsed with 

MilliQ water and sterile-filtered (0.22 μm) seawater. Seawater samples were taken in tandem at 

representative depth intervals to capture the free-living bacterial communities (10 m intervals 

from surface to 50 m, 25 m intervals from 250-350 m). Water samples were taken with 5 L 

Niskin bottles, and temperature and salinity measurements were obtained with a SeaBird 

Conductivity, Temperature, and Depth (CTD) sensor.  

Once back on shore, zooplankton and water samples were stored in the dark at 4°C for a 

few hours (< 6) until processing on the same day of collection. Live C. finmarchicus were 

periodically sieved (500 μm) from the larger bucket, rinsed with cold, sterile filtered seawater, 

and placed into an ice-chilled Petri dish. From the Petri dish they were individually captured 

using ethanol sterilized (95%) wide-bore glass Pasteur pipettes or forceps, mounted on 

autoclaved glass slides, photographed alive with a Canon EOS-20D camera attached to a Zeiss 

Stemi 2000C stereomicroscope, and placed in preservative. Copepod samples collected for 

bacterial community composition analysis were placed into microcentrifuge tubes containing 750 

μl of RNALater (Ambion) and frozen (-20°C) until processing. Copepod samples collected for 

bacterial abundance counts were preserved in 1% formalin and kept at 4°C until processing. 
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Seawater samples were similarly preserved in 1% formalin for abundance counts or filtered (1 L) 

onto Sterivex and frozen at -80°C before DNA extractions. 

 

Morphometrics 

The prosome (i.e., the anterior portion of the copepod body) length and width, oil sac 

volume, and fractional fullness (41) of each copepodid were estimated from digital photographs 

of the live copepod samples as described previously (42). All measurements were calibrated with 

digital photographs of a stage micrometer taken repeatedly during sampling. Observations of gut 

contents were noted while viewing the live animals. The true prosome volume of C. 

finmarchicus is thought to be well approximated by numerical integrations of lateral views of the 

prosome as previously described (41). Prosome volume of a subset of copepod samples was 

calculated using three commonly used methods that are listed in order of increasing accuracy and 

complexity: the cubic function of body length (30), ellipsoid approximation using prosome 

length and prosome width (43), and numerical integrations of lateral views of the prosome (41). 

There was high consistency between the ellipsoid approximation method and the numerical 

integration method (Figure S1), prompting our use of the simpler ellipsoid approximation 

method to calculate prosome volume as a proxy for copepod body volume. Two-sample, two-

tailed t-tests of the various morphometric variables were performed to compare the deep and 

shallow copepod populations for each sampling date in order to validate trends expected of 

diapausing and active populations, respectively. The relationships between the morphometric 

parameters (body length, body width, body volume, oil sac volume, oil sac fractional fullness, 

and food in gut) within and across copepod populations were evaluated by correlation analysis. 

The relationship between presence of food in the gut with the other morphometrics was not 

examined in the deep copepod population due to the low number of deep copepods with food in 

their guts. 

 

 

Bacterial abundance 

Staining with SYBR-Gold nucleic acid stain (Life Technologies) has been shown to 

provide greater contrast between bacterial cells and autofluorescent chitinous exoskeletons than 
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other traditional stains such as DAPI or SYBR Green (44-46). To enumerate the bacterial 

communities associated with individual C. finmarchicus, formalin-preserved copepods were first 

briefly homogenized within 1.5 mL Eppendorf tubes with a sterile plastic pestle and placed in a 

water bath sonicator for 3 mins to detach cells from the copepod carapace. Homogenized 

copepod samples were diluted (1:8) in 0.22-μm sterile-filtered artificial seawater and two 

replicate 2-mL aliquots of each diluted copepod sample were filtered onto a black polycarbonate 

0.22 μm filter with vacuum pressure < 10 mm Hg. Blanks of 0.22-μm sterile-filtered artificial 

seawater were processed exactly as were copepod samples. For each water sample collected at 

the depths of copepods sampling, five replicate 1-mL aliquots were filtered onto a black 

polycarbonate 0.22-μm filter to enable enumeration of the free-living bacterial cells. Each 

polycarbonate filter was directly stained with 2x SYBR Gold (10,000x stock solution diluted in 

sterile-filtered TE buffer) for 15 minutes (47) and mounted in Citifluor (Citifluor Ltd.). Copepod 

and water filters were counted in a randomized order with an epifluorescence scope under blue 

light excitation. Cells on each replicate filter were counted with 50 random view fields and an 

average count was calculated across replicates to estimate the total bacterial cell abundance in 

each sample. 

Bacterial abundance counts were pooled across the two sampling days (6/6/2012 and 

6/11/2012) to increase the sample size from each depth (n = 20 individuals for each depth) and to 

minimize the effect of outliers. Bacterial cell density was calculated by dividing each 

individual’s calculated bacterial cell abundance by its prosome volume. Two-sample, two-tailed 

t-tests for copepod bacterial cell counts (cells individual-1) and bacterial cell density (cells mm-3) 

were performed to examine differences in the abundance of bacteria associated with diapausing 

and active copepod populations. To investigate potential interactions between host physiology 

and bacterial load, relationships between the morphometric parameters (prosome length, 

prosome width, prosome volume, oil sac volume, oil sac fractional fullness) and the abundance 

counts on individuals within each copepod population (shallow, deep) were examined via 

correlation analysis. Two-sample, two-tailed t-tests were used to examine whether shallow 

copepods with food in their guts had higher bacterial cell counts (cells individual-1) than those 

shallow copepods without food in their guts. Due to the low number of deep copepods with food 

in their guts as expected for diapausing copepods, this relationship was not examined in the deep 

population. Due to the strong correlation of depth with the examined morphometric parameters 
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(Table S2), the relationship between bacterial abundance counts and the various morphometric 

parameters was only examined within rather than across copepod populations.  

 

DNA extraction 

DNA was extracted following a modified protocol described previously (48). Sterivex 

filters were removed from their casing and cut using a sterile razor blade in a sterile Petri dish. 

The cut filters and individual copepod samples were each transferred with ethanol-flamed 

forceps into 2 mL screw-cap tubes containing a mixture of molecular biology grade 0.1 mm 

silica, 1.4 mm zirconium, and 4 mm silica beads (OPS Diagnostics PFMM 4000-100-28). To 

each tube, 400 μL of a DNA extraction buffer (0.1M Tris buffer (pH 8), 0.1 M NaEDTA (pH 8), 

0.1 M phosphate buffer (pH 8), 1.5 M NaCl, 0.5% CTAB) and 100 μL of sodium dodecyl sulfate 

(10%) were added before 2.5 mins of beadbeating at top speed on a vortexer using a Vortex-

Genie2® adapter (Mo-Bio). To each sample, 20 μL of lysozyme (10%) was added before 

incubation at 37°C for 30 mins. This was followed by a 30 min incubation with 20 μL of 

proteinase-K (10 mg mL-1). The tubes were filled with 500 μL of phenol:chloroform:IAA 

(25:24:1, pH 8.0), slowly inverted on a rotating tube holder for 10 minutes, and spun at 12,000 x 

g for 5 mins. The supernatant was then extracted with 400 μL of chloroform and similarly 

inverted and spun down. DNA was precipitated from the samples with 1 μL of GlycoBlue (Life 

Technologies) and 0.6 x volume of isopropoanol (100%) at room temperature overnight. 

Precipitated DNA was spun down at 13,000 x g for 30 mins before rinsing twice with 70% 

ethanol. DNA was re-suspended in 30 μL of molecular biology grade water and stored at -20 °C. 

Copepod and seawater samples were extracted in random order, and blanks were processed 

simultaneously on each extraction day.  

 

16S rRNA library preparation 

Libraries for 16S rRNA paired-end sequencing were prepared following a previously 

described protocol (49) with some modifications. The PCR mixtures consisted of 0.25 μl of Q5 

polymerase (New England Biolabs) with 1x Q5 buffer, 300 μM of dNTPs, 0.4 μg μl-1 of bovine 

serum albumin (BSA), 0.3 μM of each primer, and 2 μl of DNA template for each 25 μl reaction. 
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To obtain adequate PCR product from the copepod samples, the addition of BSA was required, 

likely due to the presence of inhibitory substances in the copepod DNA as has been previously 

observed (35, 50). Quantitative PCR (qPCR) was performed before each PCR step to optimize 

the number of amplification cycles used. Selected qPCR products were also visualized on 2% 

TBE (tris-borate-EDTA) agarose gels to confirm the presence of the correct amplicon at each 

step.  

Low quantities of DNA template in the copepod samples prevented proper amplification 

with the  PE16S_V4_U515_F and PE16S_V4_E786_R primers (49), which target the V4 region 

of the 16S rRNA gene and contain a second-step priming site. Consequently, the copepod 

samples were first amplified with U515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and E786R 

(5’-GGACTACHVGGGTWTCTAAT-3’) primers lacking the priming sites for 15 cycles to 

enrich for 16S rRNA V4 template. During the second amplification step, the samples were 

amplified for 10 cycles with the PE16S_V4_U515_F and PE16S_V4_E786_R primers (49). The 

Illumina-specific adapters (49) were added in the third and final amplification step following 

similar conditions as the previous PCR steps, except that 0.4 μM of the barcoded reverse primer, 

0.4 μM of the PE-III-PCR-F primer and 4 μl of the AMPure-cleaned PCR product were used 

with 7 cycles of amplification. At each PCR step, samples were run in quadruplicate 25 μL 

reactions, then pooled and cleaned using Agencourt AMPure XP-PCR purification (Beckman 

Coulter, Brea, CA) according to the manufacturer’s protocol. The seawater samples were diluted 

1:100 in molecular biology grade water in order to use the same amplification scheme for both 

the copepod and seawater samples. Illumina libraries of DNA extraction blanks, no-template 

control (NTC) samples, and mock community samples consisting of 9 known microbial DNA 

templates (49) were prepared simultaneously with the copepod and seawater samples and 

sequenced. 

After a final qPCR, all of the deep and shallow copepod libraries were multiplexed and 

gel extracted using the NucleoSpin® Gel and PCR Clean-up kit (Machery-Nagel) according to 

the manufacturer’s instructions to eliminate a band identified by preliminary sequencing as the 

copepod 18S rRNA amplicon (data not shown). Another qPCR was performed before 

multiplexing the gel-extracted copepod samples and the seawater samples. The multiplexed 

copepod and seawater libraries were sequenced on a single lane using a paired-end approach 
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with 200 bp reads on the HiSeq 2000 Illumina sequencing machine at the BioMicro Center 

(Massachusetts Institute of Technology [MIT], Cambridge, MA).  

 

Distribution-based Clustering (DBC) 

Raw FASTQ files were merged and quality filtered using a combination of USEARCH 

(51), mothur (52), and custom Perl and Python script tools. Operational Taxonomic Units 

(OTUs) were clustered using distribution-based clustering (DBC), an OTU-calling algorithm that 

reduces the number of redundant OTUs by considering both genetic distance and the distribution 

of the sequences across environmental samples in calling an OTU (49). Therefore, this method is 

different than typical methods that use a fixed distance cut-off to estimate total species since a 

combination of sequence similarity and distribution is used to inform the clustering instead. To 

reduce sequencing errors, DBC was run on the quality-filtered sequences with the –k_fold 10 set 

initially at 90% sequence identity to clean up potential sequencing error by merging candidate 

sequences into OTUs if they were 10-fold less abundant than the OTU representative. This step 

resulted in a total of 15,060 OTUs across seawater and copepod samples. DBC was then run on 

the cleaned output with a –k_fold 0 and 95% identity, meaning that there was no abundance 

requirement for OTUs to be merged into an existing OTU representative with which it shared 

95% identity. This step resulted in a total of 9,642 OTUs across all copepod and seawater 

samples. The sequential DBC steps reduced the redundancy in OTUs that were derived from the 

same organism or population by clustering sequences that were at least 95% similar and had 

highly correlated distributions across samples. 

 

Sequence analysis 

 Initial hierarchical cluster analysis of the relative frequency of the most abundant OTUs 

across all sequenced samples was performed in R with a Euclidean distance metric and average-

linkage clustering. The general trends observed were robust to the choice of clustering method 

(average- or complete-linkage) and distance metric (e.g., maximum, binary).  Rarefaction curves 

and the Shannon index of diversity were calculated with the R package vegan. Further analysis 

focused on the most abundant OTUs (98 total) present at a mean relative abundance > 0.001 
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(reads/individual copepod sample) across all copepod individuals (excluding those identified as 

‘chloroplast’) from both sampling dates (6/6/12, 6/11/12). The OTU relative abundances were 

base-10 log-transformed. To account for zeros in the data, 5.5 x 10-6 (equivalent to the smallest 

non-zero OTU relative frequency) was added to all OTUs with a relative frequency of 0. 

Copepod samples were ordered by average-linkage clustering of the Spearman correlation values 

between the log-transformed copepod communities. The top OTUs were also ordered by 

average-linkage clustering of the Spearman correlation values of their log-transformed 

abundance distribution across all copepod individuals. The “core” microbiome was defined as 

those OTUs present at non-zero relative abundance in at least 95% of the copepod samples 

collected on 6/6/12 and 6/11/12 (25 total). The “flexible” microbiome was defined as those 

remaining members of the most abundant 98 OTUs that were not in the core microbiome (73 

total).  

 To explore the potential for positive or negative correlations between microbial 

members present on copepods, we calculated the Pearson correlation values between log-

transformed OTU abundances with SparCC, a program designed to reduce the compositional 

effects inherent in correlation analysis of metagenomic data based on relative abundances (53).  

The default options were used for this analysis (-i 20, -x 10, -t 0.1). We focused on the top 102 

OTUs found across all copepod individuals on 6/11/12 (excluding those identified as 

‘chloroplast’), as this was the sampling date where no deep copepods had food in their guts. 

Deep individuals with food in their guts observed on the earlier sampling date likely do not 

represent diapausing copepods, but rather diel vertical migrators (DVM), a phenomenon where 

active copepods descend to depth to avoid predators during the day. Therefore, we restricted the 

SparCC analysis to the 6/11/12 sampling date for which all deep copepods had no food in their 

guts.  

 Multivariate linear regression with depth, prosome volume, oil sac fractional fullness, 

and presence of food in gut was performed to examine which morphometric parameters 

significantly (stringent value of p < 0.001) predicted the log-transformed relative abundance 

patterns of each OTU found on copepod individuals sampled on 6/11/12 (102 total). A 

phylogenetic tree of the top 102 copepod OTUs was made by first aligning these OTU sequences 

against the SILVA 16S rRNA reference database (54).  Based upon this alignment, FastTree (55) 

was used to prepare a tree based upon a generalized time reversible evolutionary model. 

144



RESULTS: 

Copepod morphometric analysis: 

The shallow and deep samples followed patterns expected of active and diapausing 

copepods, respectively, in terms of the examined physiological indicators of diapause (Figure 1; 

Table S3). Morphometric analysis demonstrated that animals collected from deep water had 

significantly larger oil sac volumes, and oil sac fractional fullness, as would be expected of 

diapausing copepods. Additionally, the majority of shallow copepods had food in their guts, 

indicating recent feeding, while the majority of the deep copepods had no food in their guts, 

suggesting the cessation of active feeding, which is characteristic of diapausing copepods (Figure 

1D; Table S3). Within each population, there was also notable inter-individual variability in the 

measured morphometric parameters (Figure 1). The deep population had higher variance in body 

and oil sac volume, while the shallow population had greater variance in oil sac fractional 

fullness. These overall trends were consistent across both sampling dates, although there were 

some differences in the morphometric variables between the two sampling dates. On the earlier 

sampling date (6/6/2012), the deep samples had slightly, but significantly smaller values than the 

later deep samples (6/11/12) for all measured morphometric parameters (prosome 

length/width/volume, oil sac volumes, oil sac fractional fullness) (Figure S2; Table S3). 

Conversely, the shallow samples collected on the later date (6/11/12) had slightly, but 

significantly larger values than the earlier date (6/6/12) for all parameters (except for oil sac 

fractional fullness which was not statistically different between the two dates) (Figure S2; Table 

S3).  

 

Bacterial abundance counts:  

Our results demonstrate that the bacterial density on individual C. finmarchicus is 103-104 

times higher than that of an equivalent volume of ambient seawater, similar to findings in 

previous zooplankton studies (56) (Table S4; Figure S3).  The bacterial load (cells individual-1) 

and bacterial cell density (cells mm-3) on individual copepods collected from shallow depths was 

approximately two times greater than those copepods collected at depth (t = 5.016, p < 0.0001) 

(Figure 2; Table S4). The inter-individual variability in the bacterial abundance counts of 
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shallow copepods (95% confidence interval: 5 x 104) was lower than in deep copepods (3.3 x 

104) (Figure 2A). The average (± 95% confidence interval) bacterial load (cells/individual) 

observed in the shallow (4.5 x 105) and deep (2.8 x 105) copepod populations were also 

consistent with findings in other crustacean zooplankton studies when a similar approximation of 

body volume is used (Table S4). However, our findings demonstrate that the body volume 

approximation that uses a cubic function of prosome length (Figure S1), which is often used in 

copepod bacterial abundance studies (56), can underestimate body volume, leading to 2-fold 

overestimation of bacterial cell density in C. finmarchicus (Table S4).  

 Coupling the copepod morphometric analyses with the bacterial abundance counts, we 

observed that bacterial load (cells/individual) was unrelated to body volume in both the shallow 

(p = 0.59) and deep (p = 0.35) populations (Figure 2B-C). Bacterial load (cells/individual) was 

negatively correlated with oil sac fractional fullness in the shallow (r = -0.47; p = 0.035) 

population, but there was no significant relationship observed in the deep population (p = 0.40) 

(Figure 2D-E). Within the shallow and deep copepod populations, bacterial cell counts 

(counts/individual) were unrelated to prosome length, prosome width, and oil sac volume (Figure 

S4). The presence of food in the gut was unrelated to bacterial cell counts (cells/individual) (p = 

0.613) (Figure S4-G) and bacterial cell density (cells/mm3) (p = 0.449) in the shallow copepod 

population.  

 

Community composition of copepods and ambient seawater: 

 The 16S rRNA amplicon sequencing of a total of 91 individual deep copepods, 108 

individual shallow copepods, 49 seawater samples, and 12 control samples generated a total of 

10,210,095 reads before quality filtering. OTU clustering with a distribution-based clustering 

algorithm (49) at the 95% sequence identity and distribution level resulted in approximately 

9,000 OTUs. Rarefaction analysis showed that the copepod and seawater samples reach an 

inflection point (Figure S5), suggesting that our sequencing effort sufficiently sampled most 

members of the copepod and seawater microbial communities. Hierarchical clustering of all 

samples by microbial community composition demonstrated that the copepod and seawater 

samples clustered separately from the positive and negative controls (Figure S6). The positive 
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controls (Mix9) amplified on each plate also clustered together and had very short branch lengths 

compared to the seawater and copepod clades, suggesting that the amplification of samples 

across plates was highly consistent.  

Our results demonstrate that copepod-associated microbial communities differ from 

ambient seawater communities in terms of overall diversity and structure of the microbial 

communities, as has been observed in previous studies (30, 36, 57) (Figure S6, S7). Deep and 

shallow copepod populations cluster into unique clades and demonstrate distinct relative 

abundance patterns of the microbial members, reflecting the significant differences in microbial 

community structure between active and diapausing copepods (Figure 3). Those few individuals 

from the deep population that clustered within the shallow population clade tended to have food 

in their guts (6 out of 11 deep individuals), a trait that is rare in diapausing copepods but 

common for active individuals, suggesting that these may be diapausing copepods that were 

awoken during collection or active copepods that are diel vertical migrators. The clade of deep 

copepods consisted of two distinct sub-groups, one of which (branches labeled in red on Figure 

3) was comprised of individuals that were significantly larger than the rest of the deep copepod 

population in all examined morphometric parameters (Table S5). Deep and shallow copepods 

also exhibited differences in the overall diversity of the microbial communities, with the 

microbiomes of the shallow copepods demonstrating higher levels of diversity than those of the 

deep copepod population (Figure S7).  

Through comparison of the microbial communities of numerous C. finmarchicus 

individuals, we identified a ‘core’ copepod microbiome persistent in nearly all samples. A core 

microbiome was present in both active and diapausing copepods, further highlighting the 

conservation of this microbial community structure despite the significant physiological changes 

that accompany entry into diapause (Figure 3). The 25 members of the core microbiome are from 

diverse phyla, including Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes (Table 

S6). The top 4 most abundant OTUs within the core are classified at the genus level as Vibrio 

(seq16), Propionibacterium (seq13), and Acinetobacter (seq111, seq68), all of which have been 

previously isolated from copepod samples (57-59), and several of which have chitin-degrading 

members (60, 61).   
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We observed that the deep and shallow copepod populations exhibited characteristic 

community structure in their flexible microbiomes. In the deep population, one 

Gammaproteobacteria OTU (seq1) comprised up to 80% of the microbial community and was 

found at low abundance within the shallow population. The flexible microbiome of the deep 

population had higher relative abundance of Oceanospirillaceae, Pseudoalteromonadaceae, 

Vibrionaceae, Piscirickettsiaceae, Colwelliaceae, Streptococceae, and Pseudoalteromonadaceae 

(Table S7). The flexible microbiome of the shallow population had higher relative abundances of 

Thiotrichales, Alcaligenaceae, Hyphomonadaceae, Flavobacteriaceae, Puniceicoccaceae, 

Verrucomicrobiaceae, Planctomycetaceae, and Rhodobacteraceae (Table S8).   

 

Correlation and multivariate linear regression analysis: 

We further probed which specific mechanisms may be driving the characteristic 

community structure observed in the diapausing and active copepod populations by coupling 

correlation analysis of OTU occurrence with multivariate linear regression analysis of copepod 

morphometrics. This approach allowed us to begin to distinguish microbial co-occurrence 

patterns that may be driven by changes in host physiology from those that may reflect true 

microbial interactions.  We identified several discrete groups of bacteria that were positively 

correlated with one another, representing the core, flexible deep, and flexible shallow 

microbiomes (Figure 4). Interestingly, bacteria that were highly positively correlated were often 

not closely related taxonomically, but their abundance patterns were frequently predicted by the 

same morphological characteristics in a multivariate linear regression model (Figure 4). We also 

observed several OTUs that were not related to any measured morphometric parameter, which 

may be due to a number of possibilities including the stringent p-value cutoff used, our focus on 

linear relationships between OTU occurrence and morphometric parameters, our omission of 

other important metrics of copepod physiology, or inter-specific bacterial interactions that 

encourage or prevent the co-occurrence of particular OTUs. 

 We observed that many OTUs that were enriched in the flexible microbiome of the deep 

population were well predicted by the depth of sample and body volume, while those of the 

shallow population were often predicted by depth of the sample, presence of food in the gut, 
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and/or oil sac fractional fullness. In several cases, we observed that the abundance pattern of an 

OTU was strongly predicted by several morphometric parameters in addition to depth of the 

sample, which shed light on the particular factors within each copepod population that were 

driving the characteristic flexible microbiome structure. For example, several members of the 

shallow flexible microbiome (e.g., Flavobacteriaceae (seq210)) were positively correlated with 

depth of the sample and presence of food in gut, suggesting that these OTUs are most abundant 

in the shallow copepod microbiome because they are driven by the presence of food in the gut. 

There are several examples of OTUs in both the deep and shallow flexible population for which 

abundance patterns were only predicted by depth of the sample (e.g., Rhodobacteraceae 

(seq317), Staphylococceae (seq462)). We hypothesize that this may be due to our inability to 

measure all of the physiological characteristics associated with the deep and shallow copepods 

that may be driving the observed microbiome structure. Several OTUs were strongly linked to 

one or more morphometric variables but not depth of the sample (e.g., Flavobacteriaceae 

(seq17), Chitinophagaceae (seq305)), which was primarily observed in those OTUs that were 

present across nearly all examined copepod individuals. For example, many of the members of 

the core copepod microbiome were positively correlated with each other and their abundance 

patterns were linked to prosome volume. This trend may be driven by the distinct subcluster 

within the deep copepod population that consists of individuals with significantly larger prosome 

volumes and lower relative abundances of the core microbiome members than the rest of the 

deep copepod population.  

 Although the members of the core and flexible shallow microbiome were often highly 

correlated to one another, we observed several negative correlations between OTUs 

characteristic of the deep flexible microbiome. A Pseudoalteromonadaceae (seq581) was 

negatively correlated to several other OTUs, namely a Colwelliaceae (seq67), Oceanspirillaceae 

(seq3), and a Pseudoalteromonadaceae (seq304). Another Oceanspirillaceae (seq387) was 

negatively correlated to a Vibrionaceae (seq546), Pseudoalteromonadaceae (seq788), 

Pseudomonadaceae (seq788), and a Streptococceae (seq1027). A Vibrionaceae (seq848) OTU 

was also negatively correlated with Pseudoalteromonadaceae (seq304) and Pseudomonadaceae 

(seq788) OTUs. A Streptococceae (seq372) OTU was negatively correlated with a 

Rhodobacteraceae (seq316) OTU as well. 
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DISCUSSION: 

Each individual animal host can be viewed as a habitat “patch” colonized by microbial 

communities structured by dynamic forces including selection by the host or stochastic 

processes.  Exploration of community assembly processes in host-associated microbiota is 

particularly important in light of the mounting evidence of considerable inter-individual 

variability in microbiomes (12, 14-16) and the significant implications of microbiome structure 

to host health (62). In this study, we analyzed the abundance and composition of the microbial 

communities of numerous individual Calanus finmarchicus copepods from Trondheimfjord to 

identify the specificity and reproducibility of microbial communities on these habitat “patches”. 

By collecting both active and diapausing copepod individuals, we further tested whether the 

structure of the copepod microbiome may be influenced by the physiological changes associated 

with the host’s entry into diapause. Our findings suggest that C. finmarchicus has a core 

microbiome that is common to both active and diapausing copepods, but that each copepod 

population harbors distinct flexible microbiomes, which may be driven by forces including host 

physiology and microbial interactions. 

Bacterial abundance counts of individual copepods suggested that bacterial load was in 

fact influenced by host physiology. For example, we observed that active copepods have a higher 

bacterial load than do diapausing copepods. This trend may be explained by previous findings 

that the nutrients provided by “sloppy feeding” or excretions from metabolically active copepods 

enhance bacterial abundance and activity (30, 63, 64). Alternatively, since epibiotic bacterial 

community succession can be related to the host’s age and time since molt (65, 66), the lower 

bacterial load on the diapausing copepods could be due to their greater age and a succession of 

their bacterial communities from transient founder species to less abundant constitutive species. 

Although the majority of the copepod morphometric factors examined did not significantly 

correlate with bacterial abundance within each copepod population, we did observe a significant 

negative correlation between bacterial abundance and oil sac fractional fullness within the active 

copepods. We hypothesize that the ‘fuller’ active copepods represent copepods that are closer to 

entering the diapause period and which may have consequently begun reducing metabolic rates 

and frequency of feedings, which may decrease the abundance of the gut or surface bacterial 

community. The abundance of bacterial communities within each copepod population was 
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independent of copepod body volume in accordance with previous studies (67). As the 

distribution of bacteria on the surface of copepods is known to be non-uniform and concentrated 

in nutrient-rich areas such as the mouthparts and gut (59), our results suggest that saturation of 

the copepod surface may be dependent on factors such as nutrient availability rather than space 

(67).  

Our observation of a “core” group in the copepod microbiome builds on previous 

literature that identified core microbial members in numerous organisms, including plants (68), 

insects (69), and humans (9). However, a rare aspect of the core microbome that we have 

identified in this study is the conservation of microbial members at considerably high 

phylogenetic resolution (i.e., family level). In many other systems, a ‘core’ microbiome is only 

apparent at much lower phylogenetic resolution (i.e., phylum) or in consideration of the 

conserved function of microbial members (10-12, 62). Many members of the core C. 

finmarchicus microbiome, (e.g., Vibrionaceae, Moraxellaceae, Chitinophagaceae), and the 

flexible microbiome (e.g., Flavobacteriaceae, Pseudoalteromonadaceae, Verrumicrobiaceae) 

have been found on copepods including C. finmarchicus in previous studies (36, 57-59, 70), but 

our approach of examining physiologically distinct individual copepods enabled the 

identification of those microbial members that stably and reproducibly associate with C. 

finmarchicus. Interestingly, two of the most abundant OTUs represented in the core microbiome 

are identified as Acinetobacter, a genus which is frequently found in association with eukaryotic 

hosts including as mutualists of insects (71) and even as opportunistic pathogens of humans (72). 

The abundance of several genera known to contain several pathogenic species (i.e., Vibrio, 

Actinobacter) persistently associated with C. finmarchicus enforces the concept that copepods 

represent important environmental reservoirs of human pathogens (30, 73).  

 Although the specific members comprising the flexible microbiome differed between the 

active and diapausing copepod populations, both had communities enriched in surface-associated 

and opportunistically pathogenic taxa. For example, the active copepods had flexible 

microbiomes consisting of many representatives of Flavobacteriaceae, including the 

Tenacibaculum, Lacinutrix, and Maribacter genera, all of which are known to associate with 

diverse eukaryotic hosts (74-76). The flexible microbiome of diapausing copepods was 

dominated by Vibrionaceae, Streptococceae and Pseudomonadaceae, which consist of many 
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opportunistic pathogenic species (77-79). Furthermore, Rhodobacteraceae, known to be 

important primary surface colonizers in marine systems (80), were predominant members of the 

flexible microbiomes of both active and diapausing samples. These findings suggest that 

although the members of the flexible microbiome do not persist across the host’s entry into 

diapause, that they may still be tightly associated copepod symbionts.  

We observed that many members of the flexible microbiome of the diapausing copepods 

that were positively correlated to one another were also significantly predicted by copepod body 

volume. This trend may be driven by the sub-population of the deep copepods that have 

significantly larger body volumes and display lower relative abundances of many microbial 

members in the flexible microbiome. Body size of C. finmarchicus individuals is strongly related 

to environmental conditions, namely temperature and food availability, experienced during 

juvenile development (81). Therefore, differences in copepod life history could lead to the 

observed differences in microbial community composition of the deep sub-population if the 

diapausing individuals grew up at a time (i.e., earlier in the diapause season) or place where food 

availability and/or temperature were higher (82).  

In the flexible microbiome of the shallow copepod population, we observed that the 

abundance patterns of many microbial members were strongly linked to the presence of food in 

the gut. These results make sense in light of previous findings that feeding history can influence 

the abundance and composition of microbial communities (23, 24, 83). Interestingly, we did not 

observe a significant relationship between the presence of food in the gut and the bacterial load 

of active copepods. Therefore, the active feeding of non-diapausing copepods may be an 

important mechanism of providing inocula for the flexible microbiome structure although inter-

bacterial competition and/or host activity could control the overall abundance of bacteria found 

on individuals of this copepod population.  

Positive and negative interactions between co-habitating bacterial populations are known 

to be important contributors to microbial community structure (84-86). Within the active and 

diapausing flexible microbiomes we observed several microbial members with highly correlated 

abundance patterns that were not significantly predicted by host morphometrics. These co-

occurrence patterns could be due to our inability to accurately capture the causative 

physiological attributes of the hosts or due to true microbial interactions on the copepod. Within 

152



the deep flexible microbiome, we observed several negative correlations between OTUs that may 

represent true antagonistic interactions as inferred from their phylogenetic associations. For 

example, several OTUs identified as Pseudoalteromonas, a genus characterized by species that 

synthesize a variety of biologically active molecules, were negatively correlated with OTUs from 

diverse taxa including Oceanspirillaceae, Vibrionaceae, Rhodobacteraceae and Colwelliaceae. 

Many of the diverse compounds synthesized by Pseudoalteromonas display anti-bacterial and 

bacteriolytic properties, which are thought to benefit the competitive ability of 

Pseudoalteromonas cells in colonizing surfaces and obtaining nutrients (87).  An OTU classified 

as Pseudomonas, another genus known to produce antibiotic compounds (88), was also 

negatively associated with Vibrionaceae and Oceanspirillaceae OTUs. Furthermore, none of the 

pairs of OTUs described above had relative abundance patterns that were well predicted by host 

morphometrics. Overall, our findings suggest that competitive interactions may be especially 

important in structuring the flexible microbiome of deep copepods.  

In summary, our study demonstrates that bacterial community assembly on similar 

ecological patches of C. finmarchicus invertebrates can be highly specific and reproducible.  Our 

findings also suggest that physiological changes within the host can influence abundance and 

composition patterns of bacterial community members in accordance with previous findings in 

other invertebrate systems. However, there were several bacterial members for which their 

abundance patterns across active and diapausing copepod populations were not well predicted by 

copepod morphometrics, which suggests that inter-bacterial dynamics may also be important 

contributors to microbial community structure on copepods.  Future studies should investigate 

whether the core members that we observe in our study are only associated with C. finmarchicus 

from Tronheimfjord, or whether they are more globally associated with marine copepods from 

diverse environments.  
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Figure 1: C. finmarchicus copepods demonstrate variability in physiology across and within 

deep and shallow populations. (A-C) The oil sac volumes (A), oil sac fractional fullness (B), 
and the body volumes (C) are higher in the deep population than in the shallow population. 
Boxplots are superimposed on jitter-plots of the morphometric values of all 16S rRNA and 
bacterial abundance samples from both sampling days (6/6/12, 6/11/12), with red crosses 
indicating outlier regions. Samples with food in guts and those without are represented by filled 
and empty circles, respectively. Two-sample, two-tailed t-test statistics from comparisons of 
deep and shallow populations for each morphometric parameter is indicated. *** indicates a p-
value of significance < 0.0001. (D) Percentage of copepods with food in gut, with the total 
number of individuals in each category indicated above the bars. The higher values for all of the 
morphometric parameters, as well as the low percentage of individuals with food in their guts, 
suggest that the deep population is in diapause. 
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Fig. 2: C. finmarchicus bacterial load is significantly different between deep and shallow 

populations and is correlated with host physiology. (A) The mean bacterial cell density of the 
deep copepod population is 2-fold lower than that of the shallow copepod population (t = 5.290, 
p < 0.0001). Boxplots are superimposed on jitter-plots of the bacterial cell densities in each 
population, with red crosses indicating outlier regions. (B-C) Bacterial cell counts 
(counts/individual) are unrelated to copepod body volume in both deep (B) and shallow 
populations (C). (D-E) Bacterial cell count (counts/individual) is unrelated to copepod oil sac 
fractional fullness in the deep population (D) but is negatively correlated with oil sac fractional 
fullness in the shallow population (E). A regression line is shown only if the correlation 
coefficient is significantly different from 0. *** indicates a p-value of significance < 0.0001, 
*indicates a p-value < 0.05. Bacterial abundance counts were pooled across the two sampling 
days (6/6/12, 6/11/12).  
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Figure 3: C. finmarchicus copepods have core microbial members that are persistent across 

deep and shallow populations and distinct flexible microbiomes between deep and shallow 

populations. The heat map represents the base-10 log-transformed relative abundance of the top 
OTUs (98 total) present at a mean relative abundance > 0.001 across all copepod individuals 
collected on both sampling dates (6/6/12, 6/11/12). The copepod samples are ordered on the 
matrix y-axis according to average-linkage clustering of the Spearman correlation values 
between all of the log-transformed copepod community relative abundance vectors. OTUs are 
ordered on the matrix x-axis by average-linkage clustering of the Spearman correlation values of 
the log-transformed abundances of the OTUs across all copepod individuals. The “core” 
microbial members are defined as those OTUs present at non-zero relative abundance in at least 
95% of the copepod samples. Samples collected from shallow and deep populations are 
represented by blue and black bars, respectively, in the ‘Depth of Sample’ column.   
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Figure 4: Co-occurrence analysis of copepod bacterial communities. SparCC was used to calculate correlations between the top 
102 OTUs present across all copepods collected on 6/11/12. The values represented on the matrix are (1 – the absolute value of the 
correlation statistic) such that those OTUs that are strongly correlated have smaller values and are shown in bolder colors. OTU pairs 
that demonstrate positive correlations are represented in red hues while negative correlations are shown with blue hues. The OTUs are 
phylogenetically clustered according to generalized time reversible evolutionary model. Multivariate linear regression was performed 
to examine how predictive each morphometric parameter was in explaining the log-transformed relative abundance patterns of a given 
OTU across copepod individuals. Those morphometrics that were strongly predictive (p < 0.001) of OTU abundance patterns are 
indicated in blue.  
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SUPPORTING FIGURES AND TABLES: 

 

Figure S1: Comparison of standard methods for calculating copepod prosome volume.  The scaling factor approximation 
estimates body volume as a cubic function of prosome length (volume = a*(length)3 where ‘a’ is a scaling factor for the copepod 
Acartia tonsa equivalent to 2.5 x 10-5). The ellipsoid approximation treats the prosome as an ellipse (volume = 1/6*(width)*(length)2). 
See Miller et al., (2000) for a description of the approximation method that numerically integrates the areas of lateral slices of the 
prosome. The estimated body volumes are plotted as a function of prosome length to assess the accuracy of the various 
approximations as prosome length increases. The best-fit lines for each approximation are plotted and their equations are:  Integrations 
of lateral  views (y = 0.0133x4.5113, R² = 0.9204), Ellipsoid approximation (y = 0.0118x4.5649, R² = 0.8972), Scaling factor 
approximation (y = 0.025x3, R² = 1).  
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Figure S2: Comparison of the morphometric characteristics of the deep and shallow copepod populations across the two 

sampling days (6/6/12 and 6/11/12). Two-sample, two-tailed t-test statistics are shown for tests of significant differences between 
sampling dates within each population. * indicates a p-value < 0.05 ** indicates a p-value < 0.01, *** indicates a p-value < 0.0001 
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Figure S3: Bacterial cell density is enriched on copepods compared to ambient seawater. Copepod bacterial cell counts were 
converted to cells/mL by dividing the cell counts by body volume, which was estimated using an ellipsoid approximation. Copepod 
cell counts are plotted at the mid-range of their collection depth (Shallow: 0-50m; Deep: 250-350m).  
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Figure S4: Bacterial load is not related to most C. finmarchicus morphometric variables. Bacterial cell counts 
(counts/individual) are unrelated to copepod oil sac volume (A-B), body length (C-D), and body width (E-F) within both deep and 
shallow copepod populations. All correlation coefficients are listed although none were statistically significant. Within the shallow 
population, a two-sample, two-tailed t-test did not demonstrate significant differences in cell abundance between those individuals 
with and without food in the gut. Abundance counts were pooled across the two sampling days (6/6/12, 6/11/12). Deep copepods are 
represented in blue and shallow copepods are represented in red.  
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Figure S5: Rarefaction curves of observed operational taxonomic units (OTUs) in (A-B) seawater and (C-D) copepod samples 
determined by the R package vegan.  
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Figure S6: Hierarchical cluster analysis of the relative frequency of the most abundant OTUs across all sequenced samples 

using a Euclidean distance metric and average-linkage clustering. Deep copepod samples are represented in light blue, shallow 
copepod samples are represented in dark blue, the seawater samples are represented in maroon and light red, the Mix9 (positive 
control) samples are represented in black, and the blanks are represented in bright red.  
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Figure S7: Boxplot of Shannon diversity index across seawater and copepod samples collected on 6/6/12 and 6/11/12.  
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Table S1: GPS locations, time, and sampling depth are given for all zooplankton tows and water samples across the two sampling dates. 

Date of 

sampling 
Sample type 

Sampling 

Depth 

(meters) 

Location of 

sampling 

Time 

(GMT) 

Depth of 

water at 

location 

(m) 

Number of 

samples analyzed 

(Abundance 

counts) 

Number of 

samples analyzed      

(16S sequencing) 

6-Jun-12 Deep copepod tow 250-350  63° 28.98’ N 
010° 17.97’ W 

14:26 - 
14:52 449 10 49 

  CTD cast and deep 
water sampling 

250, 275, 
300,  350  

63° 28.97’ N  
010° 18.28’ W 

14:58 - 
15:24 390 19 (4-5 

replicates/depth) 
8 (2 

replicates/depth) 

  Shallow copepod 
tow 0 - 50 63° 28.96’ N 

010° 18.28’ W 
15:32 - 
15:39 390 10 44 

  
CTD cast and 
shallow water 

sampling 

0, 10, 20, 
30, 40, 50  

63° 28.94’ N 
010° 18.38’ W 

15:44 - 
15:50 378 

23 (4-5 
replicates/depth; 
no data for 40 m) 

12 (2 
replicates/depth) 

11-Jun-12 Deep copepod tow 250 - 350  63° 28.99’ N 
010° 18.00’ W 

07:00 - 
07:30  448 10 43 

  CTD cast and deep 
water sampling 

200, 275, 
300, 325, 

350  

63° 28.99 ’N 
010° 18.00’ W 

07:44 - 
08:09 471 27 (3-5 

replicates/depth) 
10 (2 

replicates/depth) 

  Shallow copepod 
tow 0 - 50 63° 28.82’ N 

010° 17.67’ W 
08:14 - 
08:21  471 10 54 

  
CTD cast and 
shallow water 

sampling 

0, 10, 20, 
30, 40, 50 

63° 28.82’ N 
010° 17.68’ W 

08:32 - 
08:36  475 24 (4-5 

replicates/depth) 
12 (2 

replicates/depth) 
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Table S2: Correlation analysis of the different morphometric parameters. The correlation coefficients are listed unless otherwise 
noted (t-test statistics listed for food in gut comparisons). ***indicates a p-value <0.0001, ** indicates a p-value <0.001, * indicates a 
p-value <0.05  

Across all samples           

Morphometric Oil sac fractional fullness Body volume Body length 

Body 

width Food in gut  

Oil sac volume 0.851*** 0.906*** 0.726*** 0.916*** t = 5.477*** 
Oil sac fractional fullness 

 
0.614*** 0.361*** 0.658*** t = 4.757*** 

Body volume 
  

0.894*** 0.991*** t = 4.421*** 
Body length 

   
0.872*** t = 2.170* 

Body width 
    

t = 4.493*** 
  

    
  

Within deep population 
    

  

Morphometric Oil sac fractional fullness Body volume Body length 

Body 

width Food in gut  

Oil sac volume 0.771*** 0.906*** 0.906*** 0.916*** t = 5.478*** 
Oil sac fractional fullness 

 
0.496*** 0.247** 0.559*** t = 6.303*** 

Body volume 
  

0.913*** 0.989*** t = 5.052*** 
Body length 

   
0.876*** t = 1.882 

Body width 
    

t = 4.895*** 
  

    
  

Within shallow 
population 

    
  

Morphometric Oil sac fractional fullness Body volume Body length 

Body 

width Food in gut  

Oil sac volume 0.805*** 0.802*** 0.802*** 0.820*** t = 3.037** 
Oil sac fractional fullness 

 
0.427*** 0.12 0.465*** t = 2.200* 

Body volume 
  

0.886*** 0.990*** t = 2.875** 
Body length 

   
0.846*** t = 2.039* 

Body width         t = 2.575** 
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Table S3: Evidence for diapause in deep copepod samples. Two-sample, two-tailed t-tests were conducted using reported 
expectations as the alternative hypothesis. Sample sizes were as follows: n = 75 for deep and shallow (6/6/12) and n = 72 for deep 
(6/11/12) and n = 80 for shallow (6/11/12) for the morphometric analyses. Sample sizes for the RNA:DNA were n = 5 for deep and 
shallow for each time point.  

 

 

 

Indicator of diapause Expectation Deep            Shallow                   t 
Deep 

(6/6/12) 

Shallow 

(6/6/12) 
t 

Deep 

(6/11/12) 

Shallow 

(6/11/12) 
t 

Oil sac fractional 

fullness  

Deep > 
Shallow 

0.68 ± 
0.030 

0.44 ± 
0.030 

11.25*
** 

0.61 ± 
0.041 

0.46 ± 
0.041 

5.00*
*  

0.75 ± 
0.033 

0.41 ± 
0.047 

11.73*
* 

Oil sac volume (mm
3
) 

Deep > 
Shallow 

0.32 ± 
0.016 

0.17 ± 
0.016 

12.86*
** 

0.27 ± 
0.024 

0.19 ± 
0.021 

4.91*
* 

0.36 ± 
0.024 

0.14 ± 
0.018 

14.83*
* 

Prosome size  (mm
3
) 

Deep > 
Shallow 

0.92 ± 
0.035 

0.64 ± 
0.034 

10.98*
** 

0.83 ± 
0.047 

0.73 ± 
0.036 3.41* 

1.01 ± 
0.062 

0.56 ± 
0.036 

12.70*
* 

Empty gut (%) 

Deep > 
Shallow 89.1 50.9   78.7 50.7 N/A 100 51.3 N/A 

95% confidence intervals are provided for the 
means 

        ** Indicates significance of the t-test p < 0.0001 
        * Indicates significance of the t-test p < 0.001 
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Table S4: Abundance count results from our study are comparable with previous literature examining bacterial abundance on 
crustaceaous zooplankton. This is a modified table from Tang et al. (2010). 

Zooplankton 

type 

Zooplankton 

body volume 

(ml) 

Bacterial 

abundance 

(cells ind. 
-1

) 

Equivalent 

bacterial 

concentration 

(cells mm 
-3

) 

Ambient 

bacterial 

concentration 

(cells mm
-3

) 

Counting 

method 
Source 

Acartia tonsa 2.50E-05 2.00E+05 8.00E+06 1.00E+07 AODC direct 
counts 

Hansen & Bech 
(1996) 

Acartia tonsa 2.50E-05 2.0e3 - 4.5e5 8e4 - 1.8e7 NA Plate counts Tang (2005) 
Artemia 

franciscana 
3.10E-05 1.70E+04 5.60E+05 NA Plate counts Olsen et al. 

(2000) 
Daphnia 

cucullata 
1.20E-04 1.7e5-4.3e5 2.0e6 - 5.1e6 3.40E+06 SYBR Gold 

direct counts 
Tang et al. 

(2009) 

Calanus 

helgolandicus 

and Calanus 
finmarchicus 

5.50E-04 1.90E+05 3.50E+05 1.4e5 - 5e5 

DAPI direct 
counts 

(copepods); 
Flow cytometry 
(water sample) 

Moller et al. 
(2007) 

Calanus 

finmarchicus - 
Shallow 

4.1e-4 ± 2.2e-5 
(7.2e-4  ± 5.8e-5) 4.5e5 ± 5.0e4 1.2e6 ±  1.8e5 

(6.6e5 ± 1.1e5) 9.1e4-6.1e5 SYBR Gold 
direct counts This study 

Calanus 
finmarchicus -

Deep 

4.4e-4 ± 2.3e-5 
(9.7e-4 ± 7.9e-5) 2.8e5 ± 3.3e4 6.7e5 ± 1.3e5 

(3.1e5 ± 7.2e4) 3.1-6.0e4 SYBR Gold 
direct counts This study 

Values calculated from ellipsoid approximation of copepod body volume in parentheses. All other calculations based on a scaling 
factor equation. Zooplankton body volume and equivalent bacterial concentration values from this study are given as an average ±  

95% confidence interval values. 
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Table S5: Morphometrics of the distinct sub-group within the deep population as identified by Figure 3. The average ± 95% CI 
values for each morphometric variable as well as the t-test statistic derived from comparison of the distinct sub-group and the 
remainder of the deep population are listed. *** indicates a p-value < 0.0001, **p < 0.001. Sample sizes: n = 27 individuals in the 
distinct subgroup, n = 62 for the remainder of the deep population. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Morphometric 

Distinct deep 

subgroup  Remainder  t 

Prosome length 2.66 ± 0.056 2.51 ± 0.033 4.64*** 

Prosome width 0.89 ± 0.30 0.80 ± 0.20 5.17*** 

Prosome volume 1.13 ± 0.91 0.86 ± 0.053 5.39*** 

Oil sac volume 0.41 ± 0.37 0.29 ± 0.025 5.08*** 

Oil sac fractional fullness 0.76 ± 0.043 0.64 ± 0.043 3.27** 
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Table S6: Taxonomic classification of the C. finmarchicus “core” microbiome members identified in this study. The “core” 
microbiome was defined as those OTUs present at non-zero relative abundance in at least 95% of the copepod samples collected on 
6/6/12 and 6/11/12 (25 total). The top four operational taxonomic units (OTUs) are shown in bold.   

OTU Phylum Class Order Family Genus 

seq16 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio 

seq13 Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium 

seq68 Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

seq111 Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

seq130 Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae   

seq117 Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 

seq303 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingobium 

seq305 Bacteroidetes Sphingobacteria Sphingobacteriales Chitinophagaceae Sediminibacterium 

seq170 Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus 

seq790 Actinobacteria Actinobacteria Actinomycetales Corynebacteriaceae Corynebacterium 

seq150 Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae   

seq265 Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium 

seq389 Proteobacteria Alphaproteobacteria Rhizobiales Brucellaceae Brucella 

seq97 Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae Burkholderia 

seq203 Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Phenylobacterium 

seq52 Proteobacteria Alphaproteobacteria Rhizobiales Methylobacteriaceae Methylobacterium 

seq439 Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus 

seq183 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 

seq659 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Pelomonas 

seq129 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Delftia 

seq945 Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Phenylobacterium 

seq166 Actinobacteria Actinobacteria Actinomycetales Micrococcaceae Micrococcus 

seq259 Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bradyrhizobium 

seq467 Proteobacteria Gammaproteobacteria Oceanospirillales Halomonadaceae Halomonas 

seq191 Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bradyrhizobium 
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Table S7: Taxonomic classification of the “flexible” microbiome members in the deep (diapausing) C. finmarchicus population 

identified in this study. The “flexible” deep microbiome was defined as those remaining members of the top 98 OTUs that were not 
in the core microbiome and that had higher relative abundances in the deep population.  

OTU  Phylum Class Order Family Genus 

seq696 Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae   

seq1149 Proteobacteria Gammaproteobacteria 
  

  

seq901 Proteobacteria Gammaproteobacteria 

  

  

seq726 Unknown bacteria 
   

  

seq673 Proteobacteria 

   

  

seq506 Proteobacteria 
   

  

seq231 Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas 

seq581 Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas 

seq366 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Aliivibrio 

seq546 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Aliivibrio 

seq848 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio 

seq205 Proteobacteria Gammaproteobacteria 
  

  

seq1 Proteobacteria Gammaproteobacteria 

  

  

seq26 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Tenacibaculum 

seq5 Proteobacteria Gammaproteobacteria Thiotrichales Piscirickettsiaceae Methylophaga 

seq3 Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae   

seq555 Proteobacteria Gammaproteobacteria Alteromonadales Colwelliaceae Colwellia 

seq67 Proteobacteria Gammaproteobacteria Alteromonadales Colwelliaceae Colwellia 

seq235 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae   

seq316 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae   

seq304 Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas 

seq462 Firmicutes Bacilli Bacillales Staphylococcaceae Gemella 

seq372 Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus 

seq1027 Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus 

seq9 Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae   

seq78 Proteobacteria Gammaproteobacteria       
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Table S8: Taxonomic classification of the “flexible” microbiome members in the shallow (active) C. finmarchicus population 

identified in this study. The “flexible” shallow microbiome was defined as those remaining members of the top 98 OTUs that were 
not in the core microbiome and that had higher relative abundances in the shallow population.  

OTU  Phylum Class Order Family Genus 

seq243 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Escherichia/Shigella 

seq788 Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 
seq165 Proteobacteria Gammaproteobacteria Thiotrichales Thiotrichales_incertae_sedis Fangia 

seq668 Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae Tetrathiobacter 
seq40 Proteobacteria Alphaproteobacteria Caulobacterales Hyphomonadaceae Hyphomonas 

seq120 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Lacinutrix 
seq192 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Marivita 

seq17 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Maribacter 
seq43 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae   

seq210 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae   
seq98 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae   

seq571 Proteobacteria Gammaproteobacteria 
  

  
seq144 Proteobacteria Alphaproteobacteria Caulobacterales Hyphomonadaceae Hyphomonas 

seq317 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Roseibium 
seq239 Verrucomicrobia Opitutae Puniceicoccales Puniceicoccaceae Coraliomargarita 

seq264 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae   

seq1019 Verrucomicrobia Opitutae Puniceicoccales Puniceicoccaceae Coraliomargarita 
seq434 Unknown bacteria 

  

  

seq542 Proteobacteria Gammaproteobacteria Alteromonadales Alteromonadaceae Haliea 
seq1088 Planctomycetes Planctomycetacia Planctomycetales Planctomycetaceae   

seq18 Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae   
seq137 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Tenacibaculum 

seq214 Proteobacteria Gammaproteobacteria 
  

  
seq345 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Loktanella 

seq864 Unknown bacteria 
  

  
seq1185 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Sulfitobacter 

seq338 Unknown bacteria 
  

  
seq86 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Formosa 

seq328 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Bizionia 
seq343 Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Psychrobacter 

seq910 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Krokinobacter 
seq149 Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Psychrobacter 

seq677 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Paracoccus 
seq66 Proteobacteria Gammaproteobacteria Alteromonadales Pseudoalteromonadaceae Pseudoalteromonas 

seq188 Bacteroidetes Sphingobacteria Sphingobacteriales Saprospiraceae Aureispira 
seq182 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Loktanella 

seq387 Proteobacteria Gammaproteobacteria Oceanospirillales Oceanospirillaceae   
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CONCLUSIONS: 

Microbial ecologists seek to understand how microorganisms interact with one another 

and their environment. In marine ecosystems, microbial ecology has traditionally focused on 

those bacteria that are “free-living” in the environment, but it is increasingly apparent that 

particles and aggregates, including living organisms, are hotspots of microbial activity. Such 

“particle-associated” lifestyles have profound influences on microbial ecology and evolution, as 

well as on the fitness of the living “particles” themselves. Zooplankton, such as copepods, are 

highly abundant environmental reservoirs of diverse microbial communities. Association with 

copepods is known to have dramatic impacts on the persistence and physiology of many Vibrio 

species, yet whether copepods respond to or even shape these interactions is unknown. This 

thesis work investigated whether copepods are dynamic vectors of bacterial communities by 

exploring whether copepods elicit molecular responses to colonizing Vibrio bacteria and whether 

copepod host physiology influences the abundance and composition of their bacterial 

communities.  

While this thesis focused primarily on copepod-microbial interactions, there are also 

many knowledge gaps in how copepods themselves detect and respond to their physical 

environment. Copepods are an integral part of marine food webs due to their role in transferring 

energy from phytoplankton to higher trophic levels (e.g. commercially important fish, sea birds). 

The copepod Calanus finmarchicus is a particularly well-studied species in light of its 

predominance in the temperate North Atlantic, which is facilitated by its ability to avoid adverse 

seasonal conditions and high predation risk by vertically migrating to depth and entering a facultative  

diapause during the last juvenile stages (typically stage C5). Despite the ecological implications of 

seasonal dormancy in C. finmarchicus, very little is understood about the factors that regulate this 

diapause response. To this end, we characterized the expression patterns of several heat shock 

proteins (Hsps), a highly conserved superfamily of molecular chaperones, known to be important 

regulators of the stress response and diapause in other invertebrates. Unlike the classic stress 

response which is characterized by transient and universal up-regulation of a wide range of Hsps, 

Hsp expression patterns during diapause may be prolonged and highly variable among species and 

Hsp types (1). We found that several Hsps (i.e., Hsp21, Hsp22, and Hsp70) induced in response 

to stressors such as high temperatures and exposure to toxins in C. finmarchicus, were also 
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induced by handling stress in our study (2-5). We identified a small Hsp (Hsp22) that is also up-

regulated during diapause, suggesting that it may play a role both in short-term stress responses 

and in protecting proteins from degradation during diapause. Our findings also suggest that the 

inducibility of invertebrate Hsps during diapause is dependent on the cellular localization (e.g., 

cytosolic vs. ER subfamilies) and on the particular isoforms examined. Overall, it seems that 

Hsps play different roles in mediating diapause in different invertebrate species, which may be 

attributed to the intensity of the environmental conditions experienced during the diapause 

period. We noted limited changes in Hsp expression during diapause in C. finmarchicus, 

suggesting that the environmental conditions experienced during this diapause period may be 

relatively minor (i.e., small variation in temperature, not subject to freezing or desiccation) compared 

to those experienced by overwintering insects or Artemia cysts which strongly regulate Hsp 

expression (Chapter 2). 

A growing number of studies have highlighted the complexity of the innate immune 

response and the potential for invertebrate hosts to specifically regulate their associated 

microbiota (6-10). Therefore, we characterized the transcriptional response of the copepod 

Eurytemora affinis to distinct Vibrio species in order to investigate whether copepods can 

actively respond to different colonizing vibrios (Chapter 3).  Transcriptional profiling (RNA-

Seq) and quantitative PCR were used to examine the transcriptomic response of adult female E. 

affinis exposed to a putative copepod symbiont (Vibrio sp. F10 9ZB36) or a free-living Vibrio (V. 

ordalii 12B09) for 24 hours. Although we originally intended to perform these Vibrio exposure 

experiments with V. sp. F10 and a Vibrio species pathogenic to E. affinis, we found that E. affinis 

was highly resilient to the many Vibrio species tested (8 overall). V. ordalii 12B09 demonstrated 

some weak pathogenicity towards E. affinis at high inoculation densities and incubation times 

and is also known to be classically free-living in the environment, so we felt this would be an 

appropriate Vibrio strain to use as a contrast to V. sp. F10 in our exposure assays. Our findings 

provide evidence that the copepod E. affinis does distinctly recognize and respond to colonizing 

vibrios via transcriptional regulation of innate immune response elements and transcripts 

involved in maintaining cuticle integrity. The expression of six genes that were further profiled 

by qPCR were consistently up-regulated upon V. sp. F10 association and not differentially 

expressed upon V. ordalii exposure, suggesting that the expression of these genes (3 C-type 

lectin-like, 2 chitin-binding, 1 saposin-like transcript) may represent a mechanism by which E. 
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affinis recognizes and maintains symbiotic Vibrio bacteria. The two Vibrio species also 

demonstrated differences in their colonization densities of E. affinis, which suggests that Vibrio 

species may exhibit distinct affinities for copepods. Interestingly, the culturability of V. sp. F10 

was diminished after colonization of copepods, which is reminiscent of previous observations of 

viable but non-culturable (VBNC) Vibrio species associated with zooplankton (11-14). Together 

these findings suggest that rather than solely being passive vectors, copepods may actively 

regulate their Vibrio colonizers to ultimately influence the composition and activity of their 

associated Vibrio communities.  

The ecological factors that control the assembly of microbial communities on 

zooplankton are not well understood. In Chapter 4, the inter-individual variability of the C. 

finmarchicus microbiome was examined to identify whether host physiology influences the 

bacterial community structure and how specifically and predictably bacterial communities 

assemble on copepods. The dramatic physiological changes coupled to the vertical migration in 

the water column associated with diapause in C. finmarchicus provides a unique system to study 

how a sustained physiological change of a copepod host may influence its bacterial associates. 

By comparing the abundance and composition of the microbial communities on individual active 

and diapausing Calanus finmarchicus, our findings suggest that these copepods have a 

predictable “core microbiome” that persists throughout the host’s entry into diapause. 

Furthermore, the differences in the structure of the ‘flexible microbiome’ between diapausing 

and active individuals may be driven by host factors including feeding history and body size as 

well as microbial interactions. These findings suggest that the bacterial communities associated 

with copepods may be rather consistent and stable, with some influence of host physiology on 

the variability in community composition between active and diapausing copepod populations.  

Overall, this thesis work highlights the role of copepods as dynamic hosts of diverse 

microbial communities and implicates copepod host physiology and its innate immune response 

as important contributors to the prevalence and activity of its associated microbiota.   
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FUTURE DIRECTIONS: 

Immune response of diapausing Calanus finmarchicus 

 In many invertebrates, entry into diapause is characterized by enhanced resistance to 

environmental stressors (15). There is growing evidence that elements of the innate immune 

response are also induced by diapause, particularly those elements involved in anti-microbial 

responses. For example, the transcription of hemolin, a bacterial-induced cell-adhesion protein, 

is enhanced in the gut during the embryonic diapause of the gypsy moth Lymantria dispar (16). 

In addition, diapausing larvae of the blowfly Calliphora vicina have higher antimicrobial activity 

in the hemolymph in response to septic injury than do non-diapausing bacteria-challenged larvae 

(17). However, it seems that there is not just an overall change in the intrinsic activity and 

inducibility of the innate immune response of diapausing insects, but particularly a shift in the 

functioning elements of the immune response. Chernysh et al. (2000) noted that the relative 

composition of antimicrobial peptides present in diapausing blowfly larvae was markedly 

different than that of non-diapausing individuals, in terms of which peptides were induced and 

which peptides were no longer detectable. Although many diapausing insects do seem to have 

enhanced immune potential and inducibility by stressors, the influence of diapause on the 

immune response of other arthropods is not well understood.  

Diapausing C. finmarchicus exhibit gene expression profiles distinct from those of active 

copepods, including up-regulation of stress-related genes including ferritin (18) and heat shock 

proteins (Hsp22) (19). In light of previously observed differences in the infectivity of active and 

diapausing freshwater copepodids (20), it is possible that differential expression of immune 

responsive genes is also a characteristic that distinguishes active and diapausing C. finmarchicus. 

A search for homologs of the E. affinis Vibrio-responsive genes (Chapter 3) in the C. 

finmarchicus transcriptome followed by qPCR experiments in active and diapausing C. 

finmarchicus individuals would be an ideal way to begin to examine the question of whether 

diapausing C. finmarchicus have an enhanced anti-microbial response. Further field experiments 

could perform Vibrio colonization experiments of active and diapausing C. finmarchicus to 

compare the extent of bacterial colonization and the transcriptomic response of the active and 

diapausing animals.  
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One of our hypotheses for why the bacterial load of active C. finmarchicus individuals 

was negatively correlated to oil sac fractional fullness (Chapter 4) is that an up-regulation of the 

immune response as the copepods approach diapause caused a decrease in the abundance of the 

associated bacterial communities. To test this, the basal expression of immune elements in 

laboratory cultures of C. finmarchicus could be monitored as the individuals progress through the 

fifth copepodite stage. An alternative hypothesis for the results we observed in Chapter 4 is that 

the decrease in bacterial load is a by-product of bacterial community succession on the surface of 

the copepod. One way to test this would be to dissect the jaws of active C. finmarchicus 

individuals in order to estimate their age since the last molt (21) before performing bacterial 

abundance counts. This would allow us to determine if older animals do indeed have lower 

bacterial loads.  

 

Characterization of the copepod-Vibrio molecular dialogue 

Our study is the first to characterize the copepod response to Vibrio colonists, with the 

ultimate determination that copepods are not merely passive vectors of Vibrio. We hypothesize 

that our observation of up-regulation of a targeted set of genes known to be involved in 

invertebrate maintenance of bacterial symbionts reflects the E. affinis response to maintain a 

commensal relationship with the putative copepod symbiont V. sp. F10. Further work is needed 

to confirm this hypothesis, which could be tested by methods such as gene knockdown of the 

targets identified in Chapter 3 followed by colonization experiments with V. sp. F10. If with 

gene knockdown the localization of V. sp. F10 on E. affinis dramatically shifts, the colonization 

densities of V. sp. F10 increase, and/or the health of E. affinis is compromised, as measured by 

molecular or physiological markers, this would suggest that the up-regulated candidate genes we 

identified are in fact keeping the V. sp. F10 symbiont in check. Further study is also needed to 

identify the potential role that V. sp. F10 may play in its association with E. affinis. If the 

copepod is also benefiting from an association with V. sp. F10, this could be potentially detected 

by monitoring the survival rates and fecundity of V. sp. F10-colonized individuals. V. sp. F10 

could also benefit the copepod host through production of allelopathic chemicals that prevent 

colonization by other pathogenic bacteria or fungi, which could be tested by competitive 

colonization assays with V. sp. F10 and other additional microbial colonists.  
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Although we were unable to identify a Vibrio strain highly pathogenic to E. affinis in our 

experiments, it would warrant further study to test the pathogenicity of other known crustacean 

bacterial pathogens that persist at lower temperatures (18 °C) and salinities (15 PSU) as many of 

the bacterial pathogens we tested were originally isolated from tropical, marine systems. Our 

method of infection, specifically immersion, may also have contributed to the low mortality rates 

of the E. affinis exposed to the various vibrios. Injecting the copepods with the Vibrio pathogens 

or encouraging ingestion of the bacteria by allowing the vibrios to colonize their algal food 

sources may also be important alterations to the exposure methodology that could enhance the 

pathogenic potential of the Vibrio species. Furthermore, fungi are also known to be important 

pathogens of many crustaceans and could serve as an appropriate substitute for bacterial 

pathogens if a copepod bacterial pathogen is not easily found. 

In addition, it would be interesting to extend the RNA-Seq experiments to explore the E. 

affinis transcriptomic response to other ecologically relevant Vibrio species (e.g., Vibrio 

cholerae, V. parahaemolyticus) to see whether the expression of these identified Vibrio-response 

elements are well-conserved in the E. affinis response to other vibrios known to naturally 

associate with copepods. Furthermore, performing these same exposure experiments with Vibrio 

or other bacteria highly pathogenic to E. affinis, could help elucidate the range of transcriptional 

elements E. affinis utilizes to respond to harmful versus commensal bacterial associates.  

To gain a more comprehensive picture of the molecular elements utilized by both 

copepod and vibrios to interact with one another, future colonization studies could utilize 

transposon mutant libraries of the V. sp. F10 and strains to identify the genes required by Vibrio 

to colonize their copepod hosts. Transposon-insertion mutagenesis of Vibrio strains would 

provide libraries of randomly-generated mutants that will be evaluated for their ability to 

colonize copepods. By sequencing the entire library of mutants both before and after 

colonization of the copepods, it would be possible to determine which mutants were unable to 

compete with other members of the population based on a decrease in their relative frequency. 

Those mutants unable to compete will have lost key genetic elements during the insertion 

mutagenesis that prevents them from successfully colonizing their copepod host.  
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Implications of copepod host association on Vibrio persistence 

Association with copepods has been demonstrated to have profound implications on the 

proliferation, virulence, and physiology of many Vibrio species (14, 22-25). Given our 

observation of a change in culturability of V. sp. F10 upon association with the copepod E. 

affinis, further work should be done to identify whether this shift in culturability is also observed 

when other ecologically relevant Vibrio species (e.g., Vibrio cholerae, V. parahaemolyticus) 

colonize E. affinis for 24 hours or longer. Further comparisons of the colonization densities of 

these different Vibrio species on E. affinis could provide further insight into how association 

with copepods may help to regulate the abundance and activity of Vibrio species in the natural 

environment. Colonization experiments with different Vibrio strains on live and dead copepods 

would also help determine whether it is the chitinous structure of the copepods or selection by 

host physiology that influences the abundance and culturability patterns of the host-associated 

vibrios.  

 

Conservation and function of the copepod microbiome 

Host-associated microbial communities are known to vary across individuals, space and 

time (26-31). Our work demonstrates that C. finmarchicus individuals from Trondheimfjord can 

exhibit a ‘core’ microbiome that is consistent across individuals in both active and early 

diapausing populations. However, further work is needed to identify whether the core 

microbiome we have identified is conserved at other temporal (e.g., beginning and end of 

diapause, across years) and spatial (e.g., North Atlantic basin) scales. Examination of the 

microbiomes of individuals from other diapausing copepod species in similar environments (e.g., 

Calanus glacialis) would also uncover whether C. finmarchicus exhibits a species-specific 

microbiome as has been observed in other invertebrates (10) or if many copepod species are 

colonized by similar bacteria.   

Our study may also be missing important host-microbial interactions by not 

distinguishing between surface and gut-associated microbial members of C. finmarchicus. Future 

studies could explore the localization of the microbial community as the diapause period 

progresses to determine whether it is primarily the surface or gut-associated community that 
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shifts between the active and diapausing copepod populations. Further examination of the 

functional changes in the flexible microbiome during the transition to the diapausing period 

through metatranscriptomics would provide further information into how the associated 

microbiota are shifting with changes in the host environment.  
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